
Chapter 4

Unraveling the Hidden Nature of Antenna Excitations

Arvi Freiberg∗
Institute of Physics, University of Tartu, Riia 142, 51014 Tartu, Estonia and Institute
of Molecular and Cell Biology, University of Tartu, Riia 23, 51010 Tartu, Estonia

Gediminas Trinkunas
Institute of Physics, Savanoriu 231, LT-02300 Vilnius, Lithuania

Summary.............................................................................................................................................................................................55
I. Introduction................................................................................................................................................................................56

A. Light Harvesting........................................................................................................................................................56
B. Irregular Pigment Organization and the Energy Funneling Principle...........................................................56
C. Light Harvesting by Purple Photosynthetic Bacteria........................................................................................58

II. Disordered Frenkel Exciton Model for Absorbing States
of Circular Antenna Aggregates............................................................................................................................................59

III. Shortcomings of the Disordered Frenkel Exciton Model.................................................................................................63
IV. Excitonic Polaron Model of the Antenna Fluorescing States..........................................................................................64

A. Ground States of the Excitonic Polarons in Regular and Disordered Circular Aggregates....................66
B. Ensemble-averaged Characteristics of the Antenna Excitonic Polarons....................................................68

V. Evaluation of the Model Parameters from the Experimental Spectra...........................................................................70
A. Resonant Coupling Energy, Inhomogeneous Spectral Broadening, and Reorganization Energy........70
B. The Wavelength-dependent Exciton–Phonon Coupling and the Weighted Density

of the Phonon States...............................................................................................................................................72
VI. Conclusions and Outlook........................................................................................................................................................76
Acknowledgments.............................................................................................................................................................................77
References.........................................................................................................................................................................................77

Summary

The three main parameters that determine the electronic structure and dynamics of the photosynthetic
antenna excitations are the resonant (exciton) coupling energy, the inhomogeneous spectral broadening,
and the exciton–lattice coupling energy. Generally, information about these factors can be obtained by
optical spectroscopy. However, in conventional optical spectroscopy only ensemble-averaged data are
accessible. Adequate theoretical modeling is, therefore, required to uncover various hidden parameters.
Here, we focus on the peripheral LH2 and core LH1 antenna complexes from purple bacteria. These
bacteriochlorophyll-containing antennas show quasi-linear optical spectra that allow detailed spectro-
scopic studies not only at cryogenic temperatures but at physiological temperatures as well. The strongly
overlapping chlorophyll spectra in higher plant antennas are in that respect much less informative. Sec-
ondly, the bacterial antennas present wonderfully ordered quasi- one-dimensional structures of pigment
molecules amenable for straightforward physical modeling. Complexity of the antennas and incomplete
structural data render similar level of multi-parameter modeling in higher plants more challenging.
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We notice that the generally applied disordered Frenkel exciton model, while sufficient for describing
steady-state absorption spectra, falls short in characterization of the fluorescence emission properties
of the bacterial antennas. Therefore, an excitonic polaron model is introduced, much better suitable for
description of the relaxed excited electronic states in the disordered one-dimensional bacteriochloro-
phyll aggregates representing the emitting antenna structures with relatively strong interaction between
excitons and lattice vibrations. The static disorder considerably reduces critical exciton–lattice coupling
energy required for initiation of the smooth exciton self-trapping transition. It also allows coexistence of
multiple self-trapped excitons in the same lattice. Such a situation in regular structures is only possible
at higher dimensions. The exciton self-trapping might promote energy transport and trapping processes
in bacterial photosynthesis by broadening the LH2 and LH1 antenna spectra and by maximizing their
fluorescence emission rate.

I. Introduction

A. Light Harvesting

Photosynthesis utilizes two coupled pigment sys-
tems, a light-harvesting (LH) antenna and a
photochemical reaction center, cooperating in
conversion of solar energy into chemically sta-
ble high-energy products sustaining life on Earth.
Together, the antenna and the reaction center
form an entity called photosynthetic unit, the con-
cept first introduced in the beginning of 1930s
(Emerson and Arnold, 1932) to explain efficiency
of the photosynthetic solar energy conversion.
L. N. M. Duysens and collaborators (Duysens,
1952; Vredenberg and Duysens, 1963) provided
an early experimental proof of this concept by
spectroscopic means. Subsequent biochemical
studies revealed further complexity with differ-
ent pigment-protein complexes performing the
antenna and reaction center functions. Detailed
research on molecular level vastly expanded our
understanding of the photosynthetic apparatus
and its functioning with new insights provided by
the high-resolution crystallographic characteriza-
tion of the bacterial photosynthetic reaction cen-
ter (Michel and Deisenhofer, 1990) as well as of a
number of LH units of both bacterial (Fenna and
Matthews, 1975; McDermott et al., 1995; Koepke
et al., 1996) and higher plant origin (Loll et al.,
2005; Amunts et al., 2007). By now, it is firmly

Abbreviations: Bchl – bacteriochlorophyll a; DOS – density
of states; FLN – fluorescence line narrowing; FWHM –
full width at half maximum; LH – light-harvesting; PSB
– phonon sideband; SDF – site/state distribution function;
ZPL – zero phonon line; 1D, 2D, 3D – one-, two-, three-
dimensional

established for all photosynthetic organisms that
the LH antenna proteins are composed of a large
number of pigment molecules. Their task is to
collect sunlight and deliver energy to the reaction
center protein. The latter, by contrast, comprise
only a few pigment molecules, whose organiza-
tion and interactions are optimized for unidirec-
tional electron transfer across the photosynthetic
membrane leading to a long-lived charge sepa-
ration state. The turnover time of the reaction
centers is much shorter than intervals between
its photon capture. The additional light harvest-
ing by antenna structures is increasing the pho-
ton capture frequency and, thus, increasing the
efficiency of the photosynthetic unit by several
orders of magnitude. Further enhancement is
achieved by broadening spectral range of the light
harvesting above that of the reaction center only.1

B. Irregular Pigment Organization
and the Energy Funneling Principle

The most abundant LH complexes are com-
posed of different forms of chlorophyll or bacte-
riochlorophyll molecules that are non-covalently
bound to the surrounding protein matrix. Struc-
tural studies give evidence for complex spatial
pattern of the pigments. In all known antenna
complexes, the densely packed pigment con-
stellations (including dimers, trimers, and larger
oligomers of up to thousand molecules) inter-
lace with scarcely occupied regions. The spatial
heterogeneity is not accidental. It was demon-
strated in a series of modeling papers (Fetisova

1 This unique principle of natural photosynthesis has lately
been introduced into modern photovoltaic technology (see
Markvart, 2000 for a review).
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et al., 1985, 1989; Fetisova, 2004) that the clus-
tered antenna structure increases efficiency of the
delivery of excitations from the antenna to the
reaction center compared with that of a system
with uniform distribution of the pigments.

The spatial structure of the antenna complexes,
especially the mutual orientation of the pigments,
also determines to a large extent their spec-
troscopic properties and excited-state dynamics.
High local concentration of the pigments, favor-
ing extensive inter-pigment couplings, causes
coherent de-localization of the excited states
over at least a part of the cluster. Therefore,
as first realized already 70 years ago (Franck
and Teller, 1938), delocalized Frenkel excitons
(Knox, 1963; Davydov, 1971) rather than excited
states of individual molecules are relevant elec-
tronic excitations for the densely packed arrays
of the antenna pigments. It, however, took hard
work and determination of several generations
of scientists (Robinson, 1967; Sauer and Austin,
1978; Pearlstein, 1982; Scherz and Parson,
1986; Novoderezhkin and Razjivin, 1993, 1995)
until the exciton concept in photosynthesis has
been generally accepted (Van Amerongen et al.,
2000). The progress made in high-resolution
structural studies of LH complexes of purple bac-
teria (Karrasch et al., 1995; McDermott et al.,
1995; Koepke et al., 1996; Walz et al., 1998;
McLuskey et al., 2001) has strongly stimulated
these investigations (Jimenez et al., 1996; Sauer
et al., 1996; Scholes et al., 1997, 1999; Wu et al.,
1997b; Sumi, 1999a, b, 2000; Sundström et al.,
1999; Van Oijen et al., 1999; Scholes and Flem-
ing, 2000; Green and Parson, 2003; Hu et al.,
2002; Van Grondelle and Novoderezhkin, 2006).

Excitons are scattered by various structural
irregularities (generally called disorders) that
exist in the assembly of molecules. Relative to
the exciton lifetime or to the time-window of
the measurement these irregularities are static
or dynamic (time dependent). The static and
dynamic disorders produce spectral line broad-
ening called inhomogeneous and homogenous
broadening, respectively. Thermal fluctuations in
the positions of atoms and molecules mediated
by electron–phonon2 coupling are the main cause
of the homogeneous broadening of the exciton

2 The term “phonon” in this text is loosely assigned to any
vibrational motion, extended or localized, if not otherwise
indicated.

spectra (Mukamel, 1995; Renger and Marcus,
2002; Heijs et al., 2005). In contrast to, for exam-
ple, molecular crystals, the excitons in pigment-
proteins are affected both in nature and dynamics
by physical size and structure of these complexes
(Sumi, 2000; Scholes and Rumbles, 2006). A
very large inhomogeneous line-broadening char-
acteristic for nano-particle type pigment-proteins
may even obscure their exciton features. This cer-
tainly was one of the main factors slowing down
the progress of recognizing excitons in the photo-
synthetic antennas.

In the antenna pigment-protein complexes,
it is worth distinguishing between spectral
inhomogeneity and spectral heterogeneity
(Pullerits et al., 1994). The heterogeneity is a
result of large-scale systematic differences in
the surroundings of the pigment molecules (e.g.,
due to binding to different polypeptides or to
different parts of a polypeptide chain), while
the inhomogeneity is caused by small, random
fluctuations in the positions and orientations
of the pigment molecules. The heterogeneity
results in the absorption spectrum in more or less
distinct lines or bands, which can be attributed to
spatially distinct groups of the pigments in the
antenna structure as shown in Fig. 4.1.

In the spectroscopy of organic impurity crys-
tals such combination of the inhomogenous
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Fig. 4.1. Relationship between the structural arrangement
of the Bchl molecules in the LH2 light-harvesting complex
from the purple bacterium Rps. acidophila and their absorp-
tion spectra in the near-infrared region at 5 K. The Bchl
molecules are represented by their bacteriochlorin cores. The
B850 absorption band corresponding to the closely spaced
upper-ring molecules (B850 is a conventional term, here the
band is at 868 nm in Rps. acidophila) is the main focus of
this work
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and heterogenous broadenings is known as the
Shpol’skii effect (Gooijer et al., 2000).

A spatially ordered arrangement of different
spectral forms of the pigments in the heteroge-
neous antennas improves the photosynthetic unit
efficiency if the groups of the antenna pigments
are spatially organized with respect to the reac-
tion center in a way that an energy gradient
is created driving the excitation energy toward
the reaction center (Duysens, 1986). The green
photosynthetic bacteria as well as cyanobacte-
ria, which contain extra-membranous accessory
antenna complexes (chlorosomes and phycobil-
isomes, respectively), are the two archetypical
representatives of such a funnel type antenna
arrangement (Porter et al., 1978; Fetisova et al.,
1988, 1995). The same principle facilitates effec-
tive exciton transfer also in the purple bacteria
(Freiberg et al., 1987; Godik et al., 1988; Pullerits
and Freiberg, 1991; Freiberg, 1995).

C. Light Harvesting by Purple Photosynthetic
Bacteria

The photosynthetic membrane of many purple
bacteria contains two types of LH complexes,
the core LH1 and the peripheral LH2 complex.
The LH1 complex directly surrounds the reac-
tion center (Karrasch et al., 1995; Walz et al.,
1998; Roszak et al., 2003; Bahatyrova et al.,
2004), whereas LH2, usually not in straight
contact with the reaction center, transfers its
energy to the reaction center via the core com-
plex (Sundström et al., 1999; Hu et al., 2002;
Cogdell et al., 2006). Both LH1 and LH2 con-
tain a remarkable circular assembly of the light-
harvesting pigments in their protein matrix. The
basic building block of these structures is a het-
erodimer of a α- and β-apoproteins. The whole
LH2 complex consists of either nine (Rhodopseu-
domonas (Rps.) acidophila, Rhodobacter (Rb.)
sphaeroides) (McDermott et al., 1995) or eight
(Rhodospirillum (Rs.) molischianum) (Koepke
et al., 1996) such αβ-heterodimers, each non-
covalently binding three bacteriochlorophyll a
(BChl) molecules and one carotenoid molecule.
The LH1 complex from Rb. sphaeroides con-
sists of 16 αβ-heterodimers (Walz et al., 1998),
each binding two Bchl molecules and one or two
carotenoid molecules.

The arrangement of Bchl molecules in the
LH2 complex from Rps. acidophila (McDermott
et al., 1995) and the related absorption spectrum
are shown in Fig. 4.1. A striking feature of the
organization of the 27 Bchl molecules in this
LH2 complex is their partition into two concen-
tric rings. The upper ring consists of a group
of 18 closely coupled (intermolecular separation
<1 nm) Bchls with their bacteriochlorin planes
oriented parallel to the vertical symmetry axis
of the complex. These molecules give rise to
absorption around 850–870 nm (different in dif-
ferent species) named as the B850 band. The
nine loosely packed Bchls (intermolecular dis-
tance≥2 nm) in the lower ring are responsible for
the B800 absorption band. These molecules have
their bacteriochlorin planes perpendicular to the
symmetry axis.

A single-ring arrangement of the Bchls in LH1
reminds that in the upper circle of LH2. These
strongly coupled pigments give rise to an absorp-
tion in the 875 nm region. All the three spectral
bands (B800, B850, and B875) of the LH1 and
LH2 antenna complexes originate in the lowest
Qy singlet electronic transition.

Upon excitation, the energy is funneled
from B800 to B850 molecules in 1–2 ps
(Sundström et al., 1986; Godik et al., 1987;
Van Grondelle et al., 1987; Freiberg et al., 1989;
Shreve et al., 1991). Subsequent electronic
energy transfer from LH2 to LH1, i.e., between
the B850 and B875 antenna rings, is less uni-
form (Nuijs et al., 1986; Sundström et al., 1986;
Godik et al., 1987, 1988; Freiberg et al., 1989).
In wild type membranes (chromatophores) of Rb.
sphaeroides, for example, most (∼70%) of the
LH2 excitations carry their energy to LH1 very
fast, in less than 10 ps, while the rest are much
delayed, taking about 50 ps (Godik et al., 1987;
Freiberg et al., 1988, 1989). It was proposed
that those of the LH2 complexes that exhibit
restrained transfer rate, must lie in a periph-
ery of the antenna cluster (Godik et al., 1987;
Freiberg et al., 1989; Zhang et al., 1992). The
proposed antenna pattern, with some remote LH2
and some LH2 that are directly coupled to LH1,
is remarkably similar to the antenna topology dis-
covered more than a decade later by atomic force
microscopy (Scheuring, 2006).

The overall (quasi-equilibrium) lifetime of
excitations in intact membranes with the reac-
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tion centers in the photoactive state is 50–70 ps
(Borisov and Godik, 1972; Godik and Borisov,
1977; Sebban and Moya, 1983; Freiberg et al.,
1984; Sebban et al., 1984; Borisov et al., 1985;
Dobek et al., 1990). There is a general consensus
that this lifetime is primarily limited by the slow
rate of energy transfer from the core LH1 antenna
to the reaction center trap (see Zhang et al., 1992;
Timpmann et al., 1993; Beekman et al., 1994;
Timpmann et al., 1995; Freiberg et al., 1996;
Katiliene et al., 2004 for relevant discussions).

The experimentally confirmed ultrafast
excitation energy funneling toward the reaction
center assigns special role to the densely packed
B850 and B875 rings of Bchls. Characterized
with the lowest electronic transition energies in
the respective LH2 and LH1 complexes, they
govern the functionally important flow of the
solar excitation energy in the photosynthetic
membranes of purple bacteria. Our aim in this
chapter is not only a better qualitative under-
standing of the origin of the lowest electronic
excited states of the B850 and B875 pigment
aggregates, but also a quantitative evaluation
of the main physical parameters related to this
origin. The study is based on theoretical analysis
and numerical simulations of the steady-state
conventional and selective spectroscopy data
obtained on ensembles of disordered LH2 and
LH1 complexes at low temperatures. As a
convention, the term “selective” will be used to
denote excitation of an electronic state within its
inhomogeneously broadened origin band. Such
excitation results in line-narrowed fluorescence
(FLN) and absorption (hole burning) spectra.
Since high-resolution structural information is
available only for the peripheral LH2 antenna
complex, the main discussion is based on the
B850 aggregate. However, most of the results are
applicable for the B875 aggregate as well.

II. Disordered Frenkel Exciton Model
for Absorbing States of Circular
Antenna Aggregates

The X-ray structure of Rps. acidophila refined
to a resolution of 0.2 nm (Papiz et al., 2003)
shows distances close to 0.87 nm between the
central Mg atoms of the Bchls in the B850 basic
unit and only slightly larger space of 0.97 nm

between the adjacent units. Close arrangement
and large dipole strength of the Qy elec-
tronic transition give rise to significant resonant
interactions between the neighboring Bchls that
readily distribute (delocalize) the excited states
over at least part of the B850 molecules. Hence, a
natural starting point to describe the excited states
of the B850 assembly is by applying the Frenkel
exciton model (Davydov, 1971). In its idealized
form (without static and dynamic disorders taken
into account), the key aspects of this model are
as follows (Van Amerongen et al., 2000). The
proper exciton eigenstates are characterized by
a quantum number, k, which can take the val-
ues 0, ±1, ±2, . . . , ±8, 9. Owing to the circular
symmetry and tangential orientation of the tran-
sition dipoles of the Bchl molecules almost on
the B850 ring plain, only the states k = ±1 carry
an appreciable transition-dipole moment, making
them easily accessible by ground-state absorp-
tion spectroscopy. The symmetric k = ±8 states
at the upper-energy edge of the exciton state
manifold are very weak, whereas the remain-
ing 14 states are inaccessible from the ground
state. These strict optical selection rules in reg-
ular aggregates are characteristic for the delo-
calized exciton states and result from the fact
that the exciton wavefunctions are the Bloch
states that span over the whole molecular struc-
ture. In addition, the exciton states of the B850
aggregate are influenced by a periodic dimeric
organization of the Bchl molecules in the ring
imposed by the supporting α- and β-apoproteins
(Liuolia et al., 1997).3 Because of that, a site
excitation energy difference for the neighboring
Bchls appears together with two nearest-neighbor
exciton coupling energies, V and V ′. Their ratio
estimated in the dipole–dipole coupling approx-
imation from the X-ray structure (Papiz et al.,
2003) is V ′/V ≈ 0.76. The exciton band that is
2(V + V ′) broad is split into two Davydov sub-
bands, separated by a bandgap of 2(V − V ′). As
can be seen in Fig. 4.2a (central bars), each Davy-
dov subband comprises of four pair-wise degen-
erate exciton states and one non-degenerate state
at either the low-energy or the high-energy edge.

3 Making connection with the solid-state physics terminol-
ogy: there are two molecules per unit cell of the ring
structure.
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Fig. 4.2. Panel a: excitonic level diagrams for regular (cen-
tral thin bars) and diagonally disordered (flank thick bars)
B850 aggregates. The arrows indicate transition dipole
moments for the disorder-split k = ±1 and k = ±8 exciton
states. A single diagonal disorder realization of site energies
from a Gaussian distribution (see Eq. 4.2) with σ = 0.6V is
represented. Panel b: the absorption spectrum (dotted curve)
and the corresponding DOS (thick curve) for an ensemble
of 2000 B850 aggregates. The shapes drawn with thin line
represent ensemble distributions of 18 individual exciton
states. The filled gray areas highlight the distributions for
the split k = ±1 and k = ±8 states. The model parameters
suitable for LH2 from Rb. sphaeroides have been used in
these calculations

Certain amount of static structural disorder
exists in all proteins. As already indicated, these
fluctuations lead to heterogeneous and inho-
mogeneous spectral line broadening. The low-
temperature persistent hole burning studies of
Small and Völker (Van der Laan et al., 1990;
Reddy et al., 1992) provided the first clear
proof that the B800, B850, and B875 bands
are inhomogeneously broadened. These data
nicely corroborated the indirect evidence that
was obtained previously from picosecond time-
resolved measurements (Freiberg et al., 1987,
1989; Zhang et al., 1992). More recently, the
large variability of the antenna spectra both at
cryogenic and physiological temperatures was
affirmed by single complex studies (Tietz et al.,

1999; Van Oijen et al., 1999). In hole burning
spectroscopy, an intense, narrow bandwidth laser
selects a sub-population of chromophores in the
inhomogeneous absorption band. Photochemical
and/or photophysical processes cause bleaching
of the chromophores resonant with the laser
frequency. While the photochemical mechanism
acts directly on the chromophores, the photo-
physical mechanism is believed to modify only
the environment of the chromophores. The miss-
ing absorption at excitation frequency appears as
nearly homogenously broadened inverted spectral
profile, a hole, in the inhomogeneous absorption
band. The narrow spectral holes burned in the
low-energy region of the LH2 and LH1 absorp-
tion spectra failed to spot any significant phonon
sidebands (Van der Laan et al., 1990; Reddy
et al., 1992). This was taken (erroneously, as we
shall see shortly) as a proof of a rather weak
coupling between the pigment molecules and the
surrounding protein matrix (below referred to as
electron– or exciton–phonon coupling), promot-
ing the disordered Frenkel exciton approach for
the photosynthetic excitations.

As follows, a disordered Frenkel exciton
model is introduced in relation with absorption
spectra of the B850 aggregates. In this model,
perturbations of the exciton states by static vari-
ances of the Qy transition energies and coordi-
nates of individual Bchl molecules are considered
more significant than the dynamic disorder due
to vibrating protein and pigment nuclei. Since the
results of this theory are widely known (Jimenez
et al., 1996; Wu et al., 1997a; Novoderezhkin
et al., 1999), only those of its aspects will be
discussed that are needed to understand the flu-
orescence emission anisotropy measurements of
the LH2 complexes as a function of the excitation
wavelength (Timpmann et al., 2004a). In these
experiments, the edges of the exciton state man-
ifold corresponding to the k = ±1 and k = ±8
states were probed. Hence, the width of the B850
exciton band and the corresponding exciton cou-
pling energies could be first reliably estimated.
Similar studies for the LH1 complex (i.e., the
B875 aggregate) were performed in (Timpmann
et al., 2005).

The rigid-lattice exciton Hamiltonian, which
takes into account both diagonal (or energetic),
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δεn, and off-diagonal (or structural), δtnm, disor-
ders reads4

H0 =
N∑

n=1

(ε0 + δεn) |n〉〈n|

+
N∑

n,m=1;n
=m
(tnm + δtnm |n〉〈m|). (4.1)

Here, |n〉 and 〈n| represent the ket and bra vec-
tors, respectively, for the excitation that is local-
ized on the n-th Bchl molecule (shortly, on site
n), N is the total number of the sites, and
tnm denotes the intermolecular coupling energy
between the sites n and m (n 
= m). Physically,
the first sum in Eq. (4.1) relates to the individ-
ual molecular excitations, while the second term
accounts for the electronic couplings between the
molecules. The latter couplings are mediated by
the Coulomb interactions of the electrons and
nuclei whose leading contribution is the transition
dipole–dipole term. Due to the achieved reso-
nance of the transition frequencies the molecular
excitations start moving around, in principle cov-
ering the whole aggregate. The maximal absolute
value of the coupling, V = max {|tnm|} (corre-
sponding to the αβ intra-dimer coupling in the
LH2 structure of Rps. acidophila), is in the fol-
lowing computations utilized as an energy unit.

The Qy excited state energies, εn, of the Bchls
are assumed to be random variables distributed
according to the normal law, P (εn), with the
mean, ε0, and the standard deviation, σ 5:

P (εn) = 1√
2πσ 2

exp

(
−(εn − ε0)

2

2σ 2

)
. (4.2)

Equation (4.2) thus constitutes the diagonal dis-
order model, where εn = ε0 + δεn. As for the
off-diagonal model, there are many ways how
the structural disorder can be implemented (Jang
et al., 2001). For example, one could distribute
the Bchl distances, Rn, from the symmetry center
of the aggregate in conformity with the normal
law (4.2). In this case, ε0 should be replaced with

4 The division of the static disorder into two independent
types is an approximation that originates from the matrix
representation of Hamiltonian (4.1). In fact, the structural
and site energy disorders are interrelated.
5 The full width at half maximum (FWHM) of the distribu-
tion function is defined as FWHM = 2

√
2 ln 2σ .

the mean radius R0, while σ , with the standard
deviation from the mean, σR . It was, however,
shown (Fidder et al., 1991) that as far as the
steady-state properties of the excitons are con-
sidered, the effects of random diagonal and off-
diagonal disorder are almost indistinguishable.
This notion in relation to the B850 excitation was
confirmed in (Wu and Small, 1998). Therefore, in
most of our calculations just the diagonal disorder
is applied.

The disordered Frenkel exciton wavefunctions

|k〉 =
N∑

n=1

ank |n〉 (4.3)

and its energy spectrum, Ek, are found by solving
the eigenvalue problem

N∑

m=1

〈n|H0 |m〉 amk = Ekank. (4.4)

The intensities and positions of the absorption
bands are determined by the square of the tran-
sition dipole moments of the exciton states. The
latter can be expressed as follows:

μk =
N∑

n=1

anken, (4.5)

where en stands for the unit vector of the transi-
tion dipole moment representing a Bchl molecule
on site n.

Shown with the flank bold bars on Fig. 4.2a
are the exciton levels calculated for a model
B850 circular aggregate subject to static diagonal
disorder. The foremost influence of the disorder
on the exciton level structure is via spreading
the state manifold (the exciton band broadening)
and lifting the pair-wise degeneracy of the states.
In an ensemble representation of Fig. 4.2b the
Davydov bandgap is, therefore, practically lost.
The underlying mechanism of these changes is
the disorder-induced mixing of the Frenkel exci-
ton eigenstates. While in a perfect aggregate the
exciton wavefunctions are Bloch states spread
all over the structure, in disordered aggregates
they shrink and the excitons localize on smaller
parts of the aggregate.6 The mixing also relaxes

6 In the solid-state literature, such localization is known as
Anderson localization.
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the strict selection rules of the regular aggregate,
resulting in redistribution of the k = ±1 (and
k = ±8) states transition dipole strength among
other states. Hence, the lowest k = 0 as well as
the intermediate exciton states become optically
available as shown in Fig. 4.2b. Since, however,
the dipole strength is still concentrated on the
low-energy edge of the density of the exciton
states distribution (DOS), the coherent nature of
the antenna excitons is largely preserved at the
moderate disorder used (σ = 0.6V ). This justi-
fies our usage of the same quantum number (k)
entry for denoting both the delocalized excitons
in regular antenna lattices as well as for the local-
ized excitations in the disordered structures to
underline their relationship.

A distribution of weak and narrow spectral
holes on the low-energy side of the B850 absorp-
tion band was recorded (Reddy et al., 1992).
This dispersion, conveniently named as B870,
was assigned to the expected distribution of the
disordered Frenkel exciton k = 0 states. Indeed,
the individual k = 0 states, being the lowest
excited states of the aggregate, must be spectrally
very sharp. Their width at close to zero tem-
peratures should approach (2πT1)

−1, being only
limited by the exciton lifetime T1 of the order
of 1–2 ns (Monshouwer et al., 1997; Timpmann
et al., 2004a). The similar distribution found in
LH1 was called B896 (Reddy et al., 1992). Inho-
mogeneous and relaxation broadening obstructs
observation of the split k = ±1 (as well as of all
other states) in steady-state ensemble conditions.
Their presence was, however, confirmed by tran-
sient hole burning spectroscopy (Freiberg et al.,
1998a, b) using spectrally narrow (transform-
limited) subpicosecond laser pulses and, more
directly, by single molecule fluorescence excita-
tion spectroscopy (Van Oijen et al., 1998, 1999).

As demonstrated in Fig. 4.2b, disorder in prin-
ciple opens up the whole antenna exciton band
for observations by ground state absorption. The
energy gap between the mean energies of the
split k = ±1 and k = ±8 exciton state couples
could then be operationally considered as a mea-
sure of the exciton bandwidth. In reality, however,
the rather weak exciton band top (the k = ±8
states region) overlaps with broad absorbance of
non-functional pigments present both in purified
LH2 protein solutions as well as in intact mem-
branes (Rätsep et al., 2005). Moreover, due to the
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Fig. 4.3. Mean value of the energy gap between the k = ±1
and k = ±8 state couples as a function of the static disor-
der. The solid circles and open squares are for the diago-
nal and off-diagonal disorder respectively. The bars indicate
standard deviation of the gap distribution functions. Off-
diagonal disorder has been simulated according to reference
(Jang et al., 2001) by randomly distributing the Bchl dis-
tances R0 from the centre of the LH2 ring in accordance
with normal distribution with standard deviation σoff

disorder-induced band broadening (see Fig. 4.3),
the very weak k = ±8 spectral structure is almost
smeared out. These issues seriously complicate
recording of the exciton band top using conven-
tional absorption spectroscopy.

It turns out that boundaries of the exciton
band in circular aggregates may still be accessed
by taking advantage of their special polarization
properties. In the regular aggregates the transi-
tion dipole moments of all degenerate state pairs
are mutually perpendicular in the ring plane. We
have checked that this perpendicularity is in aver-
age preserved also in the disordered aggregates
with split state pairs. For each state pair then
energy exists where the excitons with perpendic-
ular polarizations will be excited at equal prob-
ability. Fluorescence anisotropy minima appear
designating these excitation energies, unless the
angle distribution is not too broad.

Figure 4.4 demonstrates a fairly sharp angle
distribution close to the solid angle obtained
for the k = ±1 states and the much broader
one in case of the k = ±8 states. In agree-
ment with experiment (Timpmann et al., 2004b,
2005), the sharp k = ±1 distribution results
in deep and narrow low-energy anisotropy
dip, while the broad distribution representing
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Fig. 4.4. Distributions of angles between the transition
dipole moments of the k = ±1 (thin line) and k = ±8 (thick
line) states calculated for an ensemble of 2000 diagonally
disordered B850 aggregates with σ/V = 0.6. Model param-
eters suitable for the LH2 from Rps. acidophila have been
used. Indicated are FWHMs of the distribution functions

the k = ±8 states produces but a shallow
high-energy anisotropy depression. Since the
remaining state pairs confirmed still larger aver-
age deviation from the solid angle than the k =
±8 states, the anisotropy minima are practically
observable only for the k = ±1 and k = ±8
exciton band border states (see further details
in Section V). Given that off-diagonal disorder
creates more diffuse band edges than diagonal
disorder (see Fig. 4.3), the latter model is better
suited for description of the antenna fluores-
cence anisotropy data (Trinkunas and Freiberg,
2006).

III. Shortcomings of the Disordered
Frenkel Exciton Model

We have already pointed out that the B870
zero-phonon hole distribution was interpreted
as a distribution of the lowest (k = 0) states of
the Frenkel excitons in disordered ensembles
of the B850 aggregates. Yet, calculations have
shown (Freiberg et al., 1999, 2003b) that if the
exciton coupling energy and the standard devia-
tion of the disorder are kept within the commonly
accepted limits, it is impossible to reproduce the
B870 band in terms of its width, relative peak
position (with respect to the B850 absorption
maximum, �E), and fractional intensity (relative

0.4 0.6 0.8 1.0

200 200

400 400

0.02 0.04 0.06 0.08 0.10

C
ou

pl
in

g 
en

er
gy

, V
  (

cm
–1

) 

Standard deviation, s (V units) 

Standard deviation, sR (R0 units) 

600 600

800 800

Fig. 4.5. Consistency plots for the diagonal (circles) and off-
diagonal (squares) disorder models of the LH2 excitonic
states. The open symbols correspond to the average gap
between the k = 0 state energy and the midpoint of the
k = ±1 state energies. Solid symbols represent the FWHM
of the k = 0 state energy distribution

to the total B850 absorption intensity). Figure 4.5
highlights the same inconsistency from a dif-
ferent prospective.

The FWHM and �E both depend on disorder
as well as on exciton coupling energy. There-
fore, it is possible to build two separate curves
(one for FWHM and the second for �E) that
describe the relationship between the coupling
energy and the disorder by fixing each parameter
to its experimental value (FWHM = 147 cm−1

and �E = 204 cm−1, as measured for the LH2
complexes from Rb. sphaeroides at 5 K (Freiberg
et al., 2003b; Timpmann et al., 2004a)). A cross-
ing of the curves would then provide consistent
values of the coupling energy and disorder vari-
ables. As can be seen from Fig. 4.5, no cross-
ing is observed within realistic limits of the cou-
pling energy (V between 100 and 1,000 cm−1)
and relative disorder (σ/V between 0.2 and 1.0
or σR/R0 between 0.02 and 0.1).

Listed below are a few other experimental
observations for ensembles of LH2 complexes
that cannot find satisfactory explanation within
the disordered Frenkel exciton approach:

(i) Due to weak exciton–phonon coupling suggested
by the hole burning experiment (Reddy et al.,
1992), the resonant fluorescence spectrum cannot
be much broader than the B870 absorption band.
However, the width of the respective ensemble
emission spectrum exceeds this figure by more than
a factor of two (Freiberg et al., 1999, 2003b).
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(ii) Evidence has been found from the FLN experi-
ment that the broad emission spectrum is essen-
tially homogeneously broadened suggesting that
the exciton–phonon coupling for the transition
from the relaxed excited state must be strong
(Timpmann et al., 2001). This is in contrast
with the red edge of the absorption spectrum,
which appears mostly inhomogeneously broad-
ened. For LH1 complexes, similar inconsistencies
between the narrow hole burning absorption spec-
tra (Reddy et al., 1992) and broad FLN spectra
(Van Mourik et al., 1992; Monshouwer et al.,
1995; Timpmann et al., 2004a) have been noticed
and discussed (Pullerits et al., 1994; Timpmann
et al., 2004a).

(iii) Rising the temperature from cryogenic tempera-
tures to room temperature should thermally pop-
ulate the strongly allowed k = ±1 exciton states
and result in a significant reduction of the flu-
orescence lifetime. Yet, the fluorescence life-
time is virtually independent on temperature up
to ∼170 K, while shortening thereafter only by
about 20% (Freiberg et al., 2003b). On the basis
of the exciton model this can only be explained
by assuming static disorder that is much too large
to be consistent with the absorption spectrum.

(iv) To explain temperature dependences of the conju-
gate absorption and fluorescence spectra of LH2
complexes from three different bacterial species
using the same dynamic theory model an extra red
shift of the lowest exciton state by ∼90 cm−1 was
required (Urboniene et al., 2005, 2007).

It is thus quite clear that the genuine Frenkel
exciton model, which includes only static disor-
der, misses some essential aspects of the reality.
In solids the phonons scatter the excitons caus-
ing homogeneous line broadening (Mukamel,
1995). Strong scattering also leads to fast pro-
cesses on time scales of the nuclear movements
known as excitonic polaron formation and exci-
ton self-trapping. The latter term refers to the fact
that by coupling to the surroundings the exci-
ton may induce a deformation of the lattice that
lowers the exciton energy and causes its long-
time trapping on a limited region of the material
space (Lu and Mukamel, 1991; Meier et al.,
1997; Tanaka, 2003). In bulk ionic and molec-
ular crystals, where the exciton self-trapping is
most thoroughly studied (Rashba, 1982; Ueta
et al., 1986; Song and Williams, 1992), character-

istic multi-phonon self-trapped exciton emission
bands are commonly observed. These broad and
featureless spectra are much red shifted (Stokes
shifted) relative to the typically more structured
free exciton emission bands.

One could think of the B850 and B875 cir-
cles of resonantly coupled Bchl molecules as
being electronically one-dimensional (1D). This
concept is valid as long as the nearest-neighbor
couplings much surpass those between the
non-nearest-neighbors and also the symmetry-
breaking electron-lattice couplings. Differently
from regular two-dimensional (2D) and three-
dimensional (3D) lattices, where self-trapping
has an energetic threshold and happens abruptly,
in 1D arrays the process is smooth tak-
ing place at any non-vanishing electron-lattice
coupling energy (Rashba, 1982; Sumi, 1994;
Cruzeiro-Hansson et al., 2000). Similar topolog-
ical differences exist relative to the Anderson
localization. Therefore, in contrast to the bulk
solids, the spectra of the excitons self-trapped in
1D lattice may necessarily not be broad and a
great deal Stokes shifted. Clear-cut spectra cor-
responding to shallow self-trapped excitons have
been recorded in some low-symmetry molecular
crystals such as β-perylene (Matsui et al., 1984).
As follows, a polaronic model of excitons in the
B850 and B875 antenna aggregates is introduced.
The model is based on the adiabatic Holstein
Hamiltonian (Holstein, 1959), being the simplest
means to introduce polaronic effects into 1D
molecular arrays. Alternative approaches, which,
however, have not been applied for comparison
with experiment, can also be found (Meier et al.,
1997; Damjanovic et al., 2002).

IV. Excitonic Polaron Model
of the Antenna Fluorescing States

The relevant excitonic polaron Hamiltonian reads:

H = H0 + c
∑

n

qn |n〉〈n| + 1

2

∑

n

q2
n. (4.6)

It is modified compared with the original Hol-
stein equation by including static disorder in
the rigid-lattice Hamiltonian, H0, as shown in
Eq. (4.1). The second term in Eq. (4.6) stands
for the exciton–phonon coupling energy and the
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last term represents the lattice potential energy.
The lattice kinetic energy is ignored because of
the applied adiabatic approximation, νm/V << 1,
where νm is the vibrational frequency inducing
the polaronic lattice distortion. Further variables
in Eq. (4.6) are qn, the local lattice distortion
at site n and c, the coupling constant charac-
terizing the short-range, on-site exciton–phonon
coupling. It is worth noticing here that c2/2 =
ELR defines the site reorganization energy, i.e.
an energy which is thermalized (absorbed by the
surrounding lattice) as a result of optical excita-
tion/excited state decay in a single antenna site.

By expressing the eigenstates of the exciton–
lattice system in the basis of local state vectors

|v〉 =
∑

n

ϕnv |n〉 (4.7)

with amplitudes ϕnv, the expectation value of the
Hamiltonian (4.6) can be derived as:

Jν({ϕnν} , {qn}) = 〈ν|H |ν〉 =
∑

n

εnϕ
∗
nνϕnν

+
∑

n

∑

m( 
=n)
tnmϕ

∗
nνϕmν

+ c
∑

n

qnϕ
∗
nνϕnν

+ 1

2

∑

n

q2
n

(∑

m

ϕ∗mνϕmν

)
.

(4.8)

Population of the quantum states is defined by
temperature. In case of sparse states and at suffi-
ciently low temperatures, the conditions that are
relevant to our subjects, only the lowest-energy
or ground excitonic polaron state is populated.
Normalization of the ground state (indicated by
subscript 0) amplitudes of the excitonic polarons,
ϕn0, is accomplished by adding a Lagrange mul-
tiplier E0:

J ′0 = J0 − E0(
∑

i

ϕ∗i0ϕi0 − 1). (4.9)

To determine the ground state properties, such
as its energy, localization length, and reorgani-
zation energy, variations of the functional (4.9)
with respect to parameters {ϕn0} , {qn}, and E0
are performed. By varying

{
ϕ∗n0

}
, a system of

coupled equations is obtained

[
εn + cqn + 1

2

(
∑

i

q2
i

)]
ϕn0 +

∑

m( 
=n)
tnmϕm0

= E0ϕn0, (4.10)

where the optimal distortions,

qn = − cϕ∗n0ϕn0∑
i

ϕ∗i0ϕi0
, (4.11)

have been found from the following condition:

∂J ′0({ϕn0} , {qn})
∂qn

= 0. (4.12)

The optimal distortions obey a sum rule
∑

n

qn = −c. (4.13)

By substitution the distortions (4.11) into
Eq. (4.10) a coupled system of discrete nonlinear
Schrödinger equations is obtained for the optimal
ground-state exciton amplitudes

εnϕn0 +
∑

m( 
=n)
tnmϕm0 − c2 |ϕn0|2 ϕn0 = E0ϕn0.

(4.14)

These amplitudes determine the modified poten-
tial of the site energies due to dynamic lattice
deformations:

ε̃n = εn − c2

2
|ϕn0|2 . (4.15)

Equations (4.14) are nonlinear with respect
to the amplitudes ϕn0. The cubic term, pro-
portional to c2, while introducing dependence
of the ground state properties on initial exci-
tation amplitudes, also excludes analytic solu-
tions of Eq. (4.14), even for the simplest set
of the coupling matrix elements. This problem
was overcome by applying an iterative procedure
described in (Noba and Kayanuma, 1998). In this
method, the distortions (4.11) are first calculated
for certain initial or seed (hence the superscript
s) set of amplitudes,

{
asnk
}
. Then, Eq. (4.10) are

solved numerically using distortions as parame-
ters. The obtained lowest state eigenvector is sub-
sequently used as a seed for the next iteration. The
procedure is repeated until convergent energy and
amplitudes are obtained.
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A. Ground States of the Excitonic Polarons
in Regular and Disordered Circular Aggregates

The most important parameters characterizing
excitonic polarons and/or self-trapped excitons in
the ground state are their energy, Es

0, localization
length (or shortly size), Ls

0, and superradiance
enhancement factor, F s

0 .
The eigenvalue Es

0 is obtained as an expec-
tation value of Hamiltonian (4.6), Es

0 =
min Jν(

{
ϕs
n0

}
). In experimental spectra, it

relates to sharp zero phonon lines (ZPL),
representing the phononless energy of self-
trapped excitons. The phonon sidebands (PSB)
that accompany ZPLs in absorption/fluorescence
spectra lay above/below the ZPL energy. Their
maxima are shifted relative to the ZPL position
by a potential energy of lattice distortion, λs

0, also
called reorganization energy:

λs
0 =

c2

2

∑

n

|ϕn0|4. (4.16)

The localization length, Ls
0, may be defined as the

inverse participation ratio (Leggett et al., 1987;
Fidder et al., 1991; see Dahlbom et al., 2001
for other conventions) that represents the size in
terms of the lattice sites shared by the excitonic
polaron wavefunction:

Ls
0 =

1
∑
n

|ϕn0|4
. (4.17)

From Eqs. (4.16) and (4.17) it then appears that
the reorganization energy is inversely propor-
tional to the excitonic polaron size:

λs
0 =

c2

2Ls
0

. (4.18)

The superradiance enhancement factor, F s
0 , mea-

sures emission intensity of excitonic polarons rel-
ative to that of single solvated pigments:

F s
0 =

∑

nm

(enem) ϕ∗n0ϕm0. (4.19)

Polaronic features of excitons depend most on
the dimensionless coupling constant, g, being
defined as a ratio, g = ELR/2V = c2/4V , of the
site reorganization energy and half of the exciton
bandwidth. When g exceeds a certain threshold

value, gc, the excitons in 2D and 3D systems
abruptly self-trap. At g > gc, both delocalized
(free) and localized (self-trapped) excitons may
coexist, separated by a potential barrier in a
configurational coordinate space. In ordered 1D
systems, however, just a single ground state is
present. Its properties change smoothly with g
beginning from a totally delocalized exciton state
at g = 0 towards progressively more localized
(self-trapped) states (Rashba, 1982; Kabanov
and Mashtakov, 1993; Sumi, 1994; Noba and
Kayanuma, 1998; Romero et al., 1999).

Disorder breaks ideal periodicity of the circu-
lar antenna aggregates. Therefore, all their states
are more or less Anderson-localized from the
outset, i.e., already at g = 0. The concrete state
properties are, however, determined by a com-
bined effect of the resonant interaction, static dis-
order, and exciton–phonon coupling. In that the
latter factor may be decisive. It has been shown
(Trinkunas and Freiberg, 2005) that in disordered
1D aggregates the exciton–phonon coupling not
only promotes further localization of excitons
(beyond the margin set by competition of reso-
nant interaction and static disorder) but, similar to
the 2D and 3D lattices, it also introduces abrupt
self-trapping type branching of the states at cer-
tain critical g value. These branched states can
be obtained by solving Eq. (4.10) for two seed
amplitude distributions, one that corresponds to
a localized single-site excitation and the sec-
ond, to a totally delocalized excitation creating
equal amplitudes on all sites. Multiple stable self-
trapped excitons with different size and reorgani-
zation energy may thus coexist in a disordered 1D
array if exciton–phonon coupling is sufficiently
strong.

Figure 4.6 presents the ground state character-
istics (Ek

0, Lk
0, and Fk

0 ) of excitonic polarons in
a single diagonally disordered B850 aggregate as
a function of g. The simulations are performed
for the initial amplitude distributions that corre-
spond to the first three (k = 0, ±1) disordered
Frenkel exciton eigenvectors (Eq. 4.3). The seed
amplitude distributions with equal (delocalized)
or single-site (localized) excitation probabilities
referred to above have no practical reasoning
because it is hard to produce such initial states.
At the same time, it is in principle possible to
selectively excite the disordered Frenkel exciton
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states using narrowband lasers. The only limi-
tation is that the energy gap between the adja-
cent exciton states in the rigid lattice should be
larger than the characteristic phonon energy, hνm,
mixing these states. We shall revisit this issue in
Section V.B.

As can be seen from Fig. 4.6, by exciting
the k = 0 state all the three characteristics fol-
low a smooth path with increasing g, typical for
the regular 1D aggregate. Yet, the self-trapping
transition that in this particular case is recog-
nizable at g ≈ 0.55 by contraction of the exci-
tonic polaron size (panel b) as well as by strong
increase of its emission strength (panel c) gen-
erally appears much earlier than in the ordered
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Fig. 4.6. Ground state properties – (a), the energy, (b), the
localization length and (c), the superradiance enhancement
factor – of the three excitonic polaron states distinguished
by the initial amplitude distributions k in diagonally disor-
dered circular aggregates as a function of the exciton-lattice
coupling constant g. A single realization of diagonally disor-
dered site energies as shown in Fig. 4.7b is applied to calcu-
late the data. Dashed vertical lines indicate abrupt changes
(bifurcations) of the state properties discussed in the text.
The vertical dotted line at g = 0.27 crossing all panels points
the coupling strength used when calculating the distributions
of the lattice deformation energy in Fig. 4.7a

aggregate (see Fig. 4.8 below). The dependences
for k 
= 0 seed distributions are even more intri-
cate. They initially follow the same path as the
k = 0 state but then new branches split off (at
the g values indicated with vertical dashed lines).
All the three initial conditions thus result in self-
trapped excitons, which have distinct ground state
energies as well as other characteristics. Different
states on one and the same aggregate can be stable
only if they are separated by energy barrier(s).
Energy transfer along such a structure is enabled
by incoherent hopping mechanism or by tunnel-
ing, the former mechanism being temperature-
sensitive, while the latter not.

To visualize conformational distortions of
large cyclic aggregates such as B850 caused by
dynamic exciton–phonon coupling, it is helpful
to stretch out the molecular subunits in a linear
way and plot the deviations from the site energies
according to Eq. (4.15) against the site number.
Figure 4.7a presents such distributions for the two
self-trapped exciton states of Fig. 4.6, simultane-
ously supported at g = 0.27. The respective static
site energy distribution is shown in Fig. 4.7b. One
can observe that the deformations corresponding
to the two states are largely localized on separate
areas of the aggregate. Also, excitons tend to self-
trap around the sites with lowest energy, in agree-
ment with (Emin and Bussac, 1994; Stoneham
et al., 2007).
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with k = 0 and k = −1, respectively
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B. Ensemble-averaged Characteristics
of the Antenna Excitonic Polarons

The data in Figs. 4.6 and 4.7 represent just a
single diagonal disorder realization sampled out
from the distribution (4.2) of molecular rings that
are assumed to simulate the B850 antenna com-
plexes. We are already aware that the onset of
self-trapping and the number of coexisting states
depend on excitation. In statistical ensembles of
antenna rings the excitation conditions vary con-
siderably from ring to ring due to fluctuating
absorption spectra. Figure 4.8 provides ensemble
characteristics of the excitonic polarons in the
B850 antenna aggregates as a function of g, aver-
aged over 5,000 diagonal disorder realizations.

As one can see, within the wide error bars
the overall behavior of the curves in Fig. 4.8 is
similar for those in Fig. 4.6. The large uncer-
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Fig. 4.8. Ensemble averaged characteristics of self-trapped
excitons in the B850 aggregates as a function of the exciton-
lattice coupling constant: (a) energy; (b) localization length
and (c) superradiance enhancement factor. Average is taken
over 5,000 samples from the Gaussian distribution (Eq. 4.2)
with σ = 0.6V and ε0 = 0. The symbols and error bars
designate the mean and the FWHM, respectively, of the
corresponding distributions. The inset on panel c shows the
normalized distribution of superradiance enhancement fac-
tors at g = 0 and at g = 0.3. Shown with thick solid line are
the data for the regular (disorder free) B850 aggregate

tainty is due to disorder and varying excitation
conditions as emphasized above. With growing
exciton–phonon coupling the excitonic polaron
energy and its localization length both smoothly
decrease beginning from the respective average
disordered Frenkel exciton values of −2.5V and
of 6.3 sites. At the selected relative static disorder
σ = 0.6V , which satisfies most of the experi-
ments, see Section V), the Frenkel excitons are
localized on about one third of the aggregate cir-
cle. Dynamic interactions further reduce this size.
At g ≈ 0.3, relevant for the LH2 complexes, the
average number of occupied sites is just 3.1, more
than twice less compared with the initial (g = 0)
value. The behavior of F0 is most fascinating
(Fig. 4.8c). The relative emission power, being
initially as high as 2.1 grows with g, achieves
a maximum of ∼3.0 at g ≈ 0.3, and decreases
thereafter. The efficiency of incoherent excitation
energy transfer increases with emission rate of
the donor molecules (Scholes, 2003). Any pro-
cess that enhances the antenna ability to emit
thus serves for optimization of photosynthetic
energy transfer and trapping processes. The inset
on Fig. 4.8c compares distributions of superradi-
ance enhancement factors at g = 0 and 0.3. It is
obvious that in the LH2 complexes the efficiency
gain due to exciton self-trapping may be essential.
Due to different geometry, however, the increase
of F0 in LH1 is rather minor (from five to less
than six).

The large effects of disorder on the exci-
tonic polaron characteristics may be best appre-
ciated from comparison with the regular circular
aggregate (bold curves in Fig. 4.8). As it was
already noticed, disorder considerably reduces
the exciton–lattice coupling strength required for
the exciton self-trapping. While in the regu-
lar B850 aggregate the self-trapping transition
is expected at g = 0.6, in qualitative agree-
ment with previous works on linear aggregates
(Kabanov and Mashtakov, 1993; Sumi, 1994;
Noba and Kayanuma, 1998), it occurs at g ≈ 0.3
in more realistic disordered conditions. Other
effects of disorder apparent in Fig. 4.8 (lowering
of the transition energy, shrinking of the exci-
ton size, and redistribution of the dipole strength
between the exciton states) have been discussed
in Section II and do not require further comments.

A well-known qualitative relationship exists
between the free exciton size and its transition
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Fig. 4.9. (a) Relationship between the participation ratio
L−1

0 and the ZPL position chE−1
0 for the ground state of self-

trapped excitons at g = 0.24. (b) The same as in panel (a)
for the lowest k = 0 Frenkel exciton states (g = 0). Panels
(c) and (d), the distribution of zero-phonon holes (the B870
band) for the B850 aggregates in B800 deficient LH2 com-
plexes from Rb. sphaeroides (solid lines) and the simulated
distributions of the relative transition dipole strength for
the two models (scattered points). A diagonally disordered
ensemble of 104 aggregates emulating B800 deficient LH2
complexes has been used in the simulations

energy: the larger the exciton, the lower its energy
(Scholes and Rumbles, 2006). Here, we are trying
to establish whether similar correlation exists in
disordered ensembles of self-trapped (Fig. 4.9a)
and Frenkel (Fig. 4.9b) excitons. For convenience
the data in Fig. 4.9 are plotted in the L−1

0 −
chE−1

0 (exciton participation ratio – wavelength
of ZPL) axes scale. Here h and c have the usual
meaning of the Planck’s constant and of the speed
of light, respectively. An ensemble of the B800
deficient LH2 complexes was assumed character-
ized with g = 0.24. At this exciton–lattice cou-
pling constant the majority of the antenna rings
host just a single self-trapped exciton state, while
about 10% of them support two such states.

Figures 4.9a and b illustrate positive correla-
tions that exist between the participation ratio and
the ZPL position in the ensembles of self-trapped
excitons and excitons, respectively. The exci-
tons and self-trapped excitons that absorb/emit at
longer wavelengths are generally more localized.
However, the slope of an imaginary line through
constellations of the data points is considerably

greater in the case of the self-trapped excitons
than excitons. Furthermore, while the Frenkel
exciton data points are densely flocking on the
low left hand corner of the graph signifying delo-
calization, the data for the self-trapped excitons
are widely spread toward more localized states.

Figures 4.9c and d compare the calculated
according to Eq. (4.19) distributions of the rel-
ative transition dipole strength with the exper-
imental distribution (Freiberg et al., 2003b;
Rätsep et al., 2005) of zero-phonon holes (the
B870 band). As seen, the excitonic polaron model
(Fig. 4.9c) is able to reproduce the high-energy
slope and the maximum of the experimental
curve very well. The discrepancy observed at the
low-energy side is explained by the fact that the
simplified calculations do not take into account
the actual spectral lineshapes. As it will be in
more detail described below, the transition dipole
strength in the excitonic polaron spectra is shared
by narrow ZPL and broad PSB. Division of inten-
sity between these components depends on size of
the excitonic polarons. At blue side intense ZPLs
dominate the spectrum, whereas at red side the
spectral intensity is concentrated into PSBs. By
virtue of the hole burning technique, the low-burn
distribution of the zero phonon hole depths (the
B870 band) emphasizes contribution of the ZPLs.
In agreement with Fig. 4.9c, therefore, a decent
fit could only be expected at high-energy side of
the spectrum where most exciton-like excitonic
polaron states donate. The match in the case of
the Frenkel exciton model (Fig. 4.9d) is in almost
every aspect much less satisfactory.

At any excitation wavelength the antenna rings
corresponding to broad range of participation
ratios and, according to Eq. (4.18), of reorgani-
zation energies are simultaneously excited. Since
the reorganization energy is related to the shift
and broadening of the spectra, the efficiency
of selective spectroscopy methods (such as hole
burning and FLN) is reduced when applied to
ensembles of self-trapped excitons. Let us explain
the situation once again using a configuration
coordinate representation of Fig. 4.10.

The four excited state parabolas in this fig-
ure represent two free exciton states (with their
potential energy minima unshifted relative to the
ground state curve) and two self-trapped exciton
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Fig. 4.10. A configuration coordinate diagram for excita-
tions in B850 antenna aggregates. The shifted self-trapped
exciton (STE) diabatic potential energy curves are for the
two self-trapped exciton states (represented by dashed and
thick solid lines) that belong to different or the same antenna
rings. The numbers denote approximate reorganization ener-
gies in wave numbers estimated from the selective fluores-
cence data for the B850 aggregates from Rb. sphaeroides.
The un-shifted excited states indicated with k-numbers rep-
resent average positions of the two lowest disordered exciton
distributions in Fig. 4.2b

states (shifted curves).7 The self-trapped excitons
selected out from an ensemble of the B850 rings
have the same ZPL energy but different reor-
ganization energies (small for dashed and large
for thick solid line). Therefore, the fluorescence
recorded upon resonant excitation with a nar-
rowband laser (horizontal arrow) appears to be
a sum of two (narrow for small and broad for
large reorganization energy) overlapping spectra
that are difficult to separate. No such broadening
mechanism is available for the Frenkel excitons.
At all excitation wavelengths nearly the same
sharp lineshape is produced. Obviously, only the
excitonic polaron model is compatible with the
experiments on LH2 and LH1 antenna complexes
where poor selectivity of the FLN spectra was
observed (Van Mourik et al., 1992; Freiberg et al.,
2003a, b; Monshouwer et al., 1995).

7 An energy difference between the k = 0 exciton state and
the self-trapped exciton states is due to dynamic lattice
deformation. Therefore, by analogy with regular lattices, it
might be called the self-trapping binding energy.

V. Evaluation of the Model Parameters
from the Experimental Spectra

A. Resonant Coupling Energy, Inhomogeneous
Spectral Broadening, and Reorganization
Energy

The excitonic polaron model identifies three
main parameters that determine the true nature
of the photosynthetic antenna excitations, those
being the resonant (exciton) coupling energy,
the inhomogeneous spectral broadening, and the
reorganization energy. Large amount of hetero-
geneity usually prevents assessment of these
parameters from the conventional optical spec-
tra of aggregates. Non-conventional approaches
are, therefore, required to obtain necessary infor-
mation and to test the models. As follows, a
method of evaluation of the interrelated exci-
ton coupling energy, inhomogeneous spectral
broadening, and reorganization energy from flu-
orescence anisotropy spectra is demonstrated
(Timpmann et al., 2004a, 2005; Trinkunas and
Freiberg, 2006).

Figure 4.11 shows fluorescence anisotropy as a
function of the linearly polarized excitation light
wavelength for the B800-deficient LH2 com-
plexes from Rb. sphaeroides. This mutant sample
was chosen for the illustration in order to display
the B850 spectroscopy in its most basic form,
having getting rid from the complications due to
the quasi-monomeric B800 molecules.
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Fig. 4.11. Absorption (measured: thin solid curve; simu-
lated: thick solid curve) and fluorescence anisotropy (see
Eq. 4.23) excitation spectra (experimental: squares; simu-
lated: dashed curve) of purified B800-deficient LH2 com-
plexes from Rb. sphaeroides at 5 K. The polarized fluores-
cence was recorded broadband at the long-wavelength part
of the emission spectrum where the anisotropy is constant
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The fluorescence anisotropy, r , is related to the
linearly polarized fluorescence emission intensi-
ties Ivv and Ivh as

r = Ivv − Ivh

Ivv + 2Ivh
. (4.20)

Here, the Ivv and Ivh are the emission intensities
polarized, respectively, parallel and perpendicular
to the orientation of the electric vector of the
excitation light. In agreement with the previous
measurements on wild type complexes (Kramer
et al., 1984; Visschers et al., 1995; Timpmann
et al., 2004b), the low anisotropy observed at
shorter wavelengths rises steeply across the B850
absorption band closing a theoretical limit of 0.4
at its long-wavelength slope. In addition, how-
ever, there are two anisotropy drops pointed out
with arrows, a shallow high-energy depression at
757 nm and a deeper and narrower low-energy
dip at 851 nm. As discussed above, these min-
ima could be related to the weakly (k = ±8) and
strongly (k = ±1) absorbing exciton band edges,
respectively.

The fluorescence spectrum (with emission fre-
quency νe) of a single LH2 complex upon
selective excitation at νa can be calculated as
(Trinkunas and Freiberg, 2006):

I (νe, νa) = N−1
pol

∑

k

∣∣μk

∣∣2 ∣∣μk
∣∣2 Fk(νe)

×
�/2∫

−�/2

A(Ek−νa+ν ′)dν ′. (4.21)

In Eq. (4.21), μk is the transition dipole moment
vector of the absorbing Frenkel exciton states
(Eq. 4.5), μk is the transition dipole moment
vector of the emitting excitonic polaron states,
Fk(νe) is the normalized emission profile of self-
trapped excitons, A(Ek − νa) is the normalized
homogenously broadened absorption profile of
Frenkel excitons centered at Ek, and Npol is the
number of different self-trapped exciton states
per complex. At low temperatures when energy
transfer is absent the fluorescence from all these
states should be accounted for independently. The

sum in Eq. (4.21) counts the Frenkel exciton
states that have energy between νa −�/2 and
νa +�/2 and is required for comparison with
experiment, because � limits the available exci-
tation selectivity (Agarwal et al., 2002; Freiberg
et al., 1999). � = √8 ln 2σext , where σext , the
standard deviation of the external diagonal dis-
order, is determined by random variations of the
mean transition energy in different complexes.

The emission profile, Fk(νe), is modeled by a
function:

Fk(νe) = l(Ek
0) exp(− λ

k

0

hνm
)

+f k(νe)

[
1− exp(− λ

k

0

hνm
)

]
, (4.22)

where l(Ek
0) represents the ZPL centered at Ek

0
and f k(νe), the associated PSB. The dimension-
less parameter S = λk

0/hνm, commonly named as
the Huang-Rhys factor, corresponds to an aver-
age number of phonons that accompany absorp-
tion or fluorescence emission transitions (see,
e.g., Rebane, 1970). In actual computations that
assumed extreme low temperatures, the shape of
l(Ek

0) was approximated by a Gaussian of experi-
mentally limited FWHM (∼1.5 cm−1), while that
of f k(νe), by the following function:

f k(νe) =

⎧
⎪⎨

⎪⎩

Ek
0−hνe
(λ

k

0 )
2

exp

(
−|Ek

0−hνe|
λ
k

0

)

0

, hνe<Ek
0

, hνe≥Ek
0

⎫
⎪⎬

⎪⎭
.

(4.23)

The fluorescence anisotropy dependence for a
single aggregate was computed using an equation
rk = (3 cos2 αk − 1)/5 (αk is the angle between
the transition dipole moment vectors of absorbing
(μk) and emitting (μk) states). At low tempera-
tures the emitting state is always the ground state
of the self-trapped excitons. The parallel, Ipar ,
and perpendicular, Iper , fluorescence emission
components were obtained from Eq. (4.21) by
multiplying each k-term under the sum with ori-
entation factors 1+ 2rk and 1− rk, respectively.
Ensembles averages < Ipar > and < Iper > were
then calculated, being directly related to the
experimental intensities Ivv and Ivh, respectively.
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The simulated data, averaged over an ensem-
ble of 10,000 diagonal disorder realizations, are
compared with the experiment in Fig. 4.11. The
couplings between all pigment were calculated
in transition dipole–dipole approximation using
the crystallographic structure of LH2 of Rps.
acidophila strain 10,050 (Papiz et al., 2003).
Adjusted by fitting circular dichroism spectra, the
site energy difference in the basic heterodimer
unit was set to a value of 0.8V . Similar figure was
suggested by (Koolhaas et al., 1997). Simultane-
ous fine-tuning of this number of free parameters
for large ensembles is computationally costly. To
curtail the procedure, an iterative approach briefly
described below was applied. We began with sim-
ulations of the absorption spectrum, from which
rough estimates for the relative disorders, σ/V
and σext/V were obtained. Then a zero-order
value of V was evaluated from simulations of the
anisotropy curve. Finally, the fluorescence spec-
trum characteristics (peak position and FWHM)
were fitted as a function of excitation wavelength.
This comparison is sensitive to the site reorgani-
zation energy, ELR , as well as to the mean vibra-
tional frequency, νm. The emission bandshape is
also susceptible to disorder. Adjustment of the
disorder parameters for the emission spectrum
launched next twist of the search. The iterative
procedure was continued until satisfactory match
with experimental data was achieved.

The fits in Fig. 4.11 seem very reasonable,
considering the possibility that slight differences
between real and used crystal structures may
exist. Moreover, the calculated spectra under-
standably lack any contribution from the non-
functional Bchls (see Rätsep et al., 2005). This in
large explains the absorption spectrum discrep-

ancy observable at 787 nm. The anisotropy curve
very well reproduces the positions of the two
experimental minima. The deviations observed in
the middle and upper exciton band regions with
higher DOS (see Fig. 4.2b) may be explained by
partial failure of the adiabatic criterion in this
range. Comparison with the absorption spectrum
proves that the two anisotropy minima are indeed
well correlated with the k = ±1 and k = ±8
states at the exciton band boundaries. The best-
fit parameters obtained from all these compar-
isons are gathered into Table 4.1. For overview,
Table 4.1 also includes fitting parameters for all
other bacterial antenna aggregates analyzed so far
with similar approach. Due to space limits, how-
ever, we cannot comment on those other results
in any length.

B. The Wavelength-dependent Exciton–Phonon
Coupling and the Weighted Density
of the Phonon States

Much of the controversy underscored in Section
III between the absorbing and emitting properties
of the LH2 and LH1 antennas is a result of the
early estimates (Reddy et al., 1992; Wu et al.,
1997a) of the Huang-Rhys factor and the effective
phonon frequency: S ≈ 0.3 and Vm ≈ 20 cm−1,
respectively. These numbers, obtained from the
photophysical hole-burning experiments, suggest
very small reorganization energy compatible with
rather weak exciton–phonon coupling. It was only
recently realized (Pieper et al., 1999; Rätsep and
Freiberg, 2003) that the hole-burning spectra of
the antenna complexes are strongly distorted due
to limited inhomogeneous spread of the lowest

Table 4.1. Model parameters for the B820, B850, and B875 ring aggregates of bacterial antenna complexesa

Sample V/V ′ σint/σext 〈ε0〉ext ELR g
σint
V

Bandwidthb

cm−1 cm−1 cm−1 cm−1 (sim/exp)
LH2 from Rb. spaeroides 315/245 220/60 12,390 160 0.25 0.70 1,280/1,250
B800-deficient mutant
LH2 from Rb. spaeroides

370/290 240/60 12,400 190 0.26 0.65 1,450/1,500

LH2 from Rps. acidophila 350/270 180/40 12,160 200 0.28 0.51 1,480/1,450
LH3 from Rps. acidophila 320/250 200/50 12,800 180 0.28 0.64 1,300/1,290
LH1 from Rb. spaeroidesc 420/330 230/50 12,130 185 0.22 0.55 1,950/1,950
aThe estimated standard deviation of the parameters is typically 10%, except for the mean of the Bchl transition energies 〈ε0〉ext
where it is about 0.25%.
bExciton bandwidth determined as an energy gap between the anisotropy dips (sim: from simulations, exp: from experiments).
cApparent variances with the data in (Timpmann et al., 2004a) are explained with different static disorder models applied.
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states. Moreover, since the photophysical bleach-
ing mechanism just redistributes the hole burning
products within the spectra range of the origi-
nal absorption band, the hole burning spectra are
obscured by the absorbance of the products. A
thorough analysis made in (Rätsep and Freiberg,
2003, 2007) concluded that reliable characteri-
zation of the exciton–lattice coupling in antenna
systems requires a more involved selective spec-
troscopy technique referred to as differential flu-
orescence line narrowing (�FLN).

Analogous to the hole-burning spectrum,
which is obtained as a difference between the
pre- and post-burn absorption spectra, the �FLN
spectrum is a difference between the FLN spectra
recorded before and after burning spectral holes.
Thus, the �FLN spectrum corresponds to the
emission of those chromophores that are selec-
tively bleached out between two successive FLN
measurements. The main advantage of the �FLN
method is that it yields almost undistorted ZPLs
together with the corresponding phonon structure
(see Fig. 4.12), so that electron–phonon and/or
exciton–phonon coupling strengths can be deter-
mined directly (Rätsep and Freiberg, 2003, 2007).
Stabilized lasers and samples of very high optical

11400 11200 11000

In
te

ns
ity

 (
a.

u.
)

Wavenumber (cm–1)

SDF

Fig. 4.12. Experimental (thin solid line with noise) �FLN
spectrum of B800-deficient LH2 complexes from Rb.
sphaeroides at 5 K. The narrow line at 11,351 cm−1

(881 nm) is the ZPL. Its width is limited by the resolution
of the experimental setup. The three contributions to the
calculated PSB (thick solid line) are: real-PSB (dotted),
pseudo-PSB (dash-dotted), and multi-PSB (short dashed).
A Gaussian SDF with FWHM equal to 151 cm−1 and peak
at 11,447 cm−1 is represented with dashed line (See text for
further details)

quality that almost do not scatter light are still
required for successful measurements.

Within the basic model that includes adiabatic,
harmonic, Condon, and linear electron-phonon
coupling approximations, the single site/state
fluorescence spectrum at zero temperature of
chromophores embedded into an amorphous pro-
tein matrix may be written down as (Hayes et al.,
1994):

L(ν) = e−sl0(ν −)

+
∞∑

R=1

SR e
−S

R! lR(ν −+ Rνm), (4.24)

where S is the already defined Huang-Rhys fac-
tor. The first term in Eq. (4.24) describes ZPL,
while the second one characterizes PSB. The
ZPL of shape l0 peaks at frequency . The lR-
terms with R = 1, 2, . . . correspond to the one-
phonon and multi-phonon transitions. The area-
normalized one-phonon spectral profile, l1 (ν),
also called the weighted density of the phonon
states, is an important characteristics of dynam-
ical systems that interact with their surroundings.
It is a product of two frequency-dependent terms,
the density of vibrating states and the electron–
phonon coupling strength (Rebane, 1970).

The �FLN spectrum in the short burn time
limit may be represented as (Pieper et al., 1999):

�FLN(ν) ∝
∞∑

R,P=0

(
SR e

−S

R!
)(

SP e
−S

P !
)

×
∫

dN(− νC) lR (ν −+ Rνm)

× lP (νE −− Pνm) . (4.25)

Here, N(− νc) is the Gaussian inhomogeneous
site/state distribution function (SDF) centered at
νC . The ZPL at the excitation frequency νE corre-
sponds to the transitions with R,P = 0. All other
transitions constitute the PSB.8 The Huang-Rhys
factor S is calculated from Eq. (4.26)

8 Only excitations within the inhomogeneously broadened
fluorescence origin band that are resonant with ZPLs are
spectrally selective, resulting in line-narrowed FLN spec-
tra. The excitation is nonselective with respect to such
sites/states whose fluorescence origin band lies at lower
energy than the excitation wavelength, so that the fluorescing
state is populated via relaxation. As a result, non-line-



74 Arvi Freiberg and Gediminas Trinkunas

e−S = IZPL

IZPL + Ireal−PSB

, (4.26)

where IZPL is the integral intensity of the ZPL
and Ireal−PSB , that of the real phonon sideband
(real-PSB). The latter term requires an explana-
tion. In selective spectra, including �FLN, the
intensity of PSB with respect to ZPL is always
larger than in the corresponding homogeneously
broadened spectrum represented by Eq. (4.24).
This is because of two additional contributions,
the so-called pseudo-PSB and multi-PSB, which
appear in inhomogeneously broadened spectra
due to non-resonant excitation via the phonon
sidebands9 (Kikas, 1978; Sapozhnikov and Alek-
seev, 1984; Pieper et al., 1999; Rätsep and
Freiberg, 2003).

Figure 4.12 demonstrates a model analysis of
the �FLN spectrum for the B800-deficient LH2
complexes at 881-nm excitation. As seen, the
real-PSB that according to Eq. (4.26) reports
about the exciton–phonon coupling strength con-
stitutes only a bit more than half of the exper-
imental PSB. If the observed PSB was used to
calculate the Huang-Rhys factors, instead of the
real-PSB much exaggerated value of S would
have been obtained. Careful simulations of the
experimental spectra are thus required to derive
correct model parameters from the selective spec-
tra. Notice that the simplified PSB fit presented
in Fig. 4.12 ignores a sharp feature of the exper-
imental sideband of pseudo-local phonon origin
shifted by 18–20 cm−1 with respect to ZPL.

In relation with Figs. 4.9 and 4.10, reduced
efficiency of the selective spectroscopy methods,
when applied on the ensembles of LH anten-
nas, was emphasized. Setting up just a single
variable, e.g., excitation wavelength, does not
guarantee top selectivity. At least two coordi-
nates (excitation energy and the participating
ratio/reorganization energy) should in the present
model be simultaneously addressed for more
complete selection. This is also the key for under-

narrowed (inhomogeneously broadened) fluorescence spec-
tra are obtained.
9 The terms “resonant” and “nonresonant” are generally used
to describe the two contributions to the line-narrowed optical
spectra according to the mode of their excitation. Whereas
ZPL and real-PSB correspond to the resonant excitation, the
pseudo-PSB and multi-PSB constitute the nonresonant parts.
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Fig. 4.13. The �FLN spectra (two top curves) of the B800-
deficient LH2 complexes from Rb. sphaeroides at 5 K. The
area-normalized spectra are measured at 881 nm with burn
fluence of 0.4 J cm−2 (top) and 21.6 J cm−2 (middle). The
bottom curve is the FLN spectrum recorded after hole burn-
ing with fluence of 21.6 J cm−2. The spectra are arbitrarily
shifted relative to each other for clarity. The latter FLN
spectrum is redrawn with dotted line in the inset to compare
with the initial FLN spectrum (black continuous line) before
any deliberate hole burning. Notice that in the FLN spectrum
the scattered laser line at zero frequency obscures the ZPL

standing the fast broadening and loss of structure
of the experimental �FLN spectra with increas-
ing burn fluence shown in Fig. 4.13.

Initially, under low burn fluence, the exciton-
like polarons with smallest participation ratio
and strongest ZPLs will be burned out, resulting
in narrow and structured �FLN spectrum.
According the fluence buildup, the high-
participation-ratio antenna forms, corresponding
to self-trapped excitons, start gradually disappear
that broadens the remaining spectrum. Because
of this burn dependence, all the parameters
evaluated from the selective spectra, such as S
factors, should be extrapolated to the zero-burn
limit. The inset of Fig. 4.13 shows that the FLN
spectrum remaining after extensive burning still
pretty much reminds the original FLN line shape,
except the rather small low-frequency part that
has been burned out. These observations suggest
that in agreement with Fig. 4.9a the bulk of the
excitations generated at the low-energy edge
of the absorption spectrum (e.g., at 881 nm)
correspond to the dynamically self-trapped
excitons.

According to Fig. 4.9a, variations of the FLN
spectra with excitation wavelength should appear,
the spectra excited at longer wavelength being
generally broader (stronger coupled) than those
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Fig. 4.14. Excitation wavelength dependence of the energy
gap (open circles: experiment, filled circles: simulations)
and of the Huang-Rhys factor (open triangles: experiment,
filled triangles: simulations) in the FLN spectra of B800-
deficient LH2 complexes from Rb. sphaeroides at 5 K. The
energy gap definition is provided in the inset. Sketched with
solid vertical lines is the B870 distribution of the spectral
hole depths

measured at shorter wavelengths. Figure 4.14,
where excitation wavelength dependence of the
gap (as defined in the inset) and the Huang-
Rhys factor is shown for the B800-deficient
LH2 complexes, fully confirms these expecta-
tions. The gap, a measure of the reorganization
energy, havings a minimum value of ∼127 cm−1

at 878 nm. It increases toward longer wavelengths
until becoming saturated at ∼157 cm−1 above
894 nm.10 Where comparison is available (exper-
imental evaluation of the factors from the FLN
spectra is technically limited by the ability to
burn well-defined spectral holes), the experimen-
tal and model behaviors of the gap and are
similar. The exciton–phonon coupling is strong
because the Huang-Rhys factor is greater than
1 over the whole spectral range available to
the measurements. As seen, the simulations pre-
dict that S may reach 3 or even greater values
at the far-red edge of the spectrum. A reason-
able fit was achieved with νm in the range of
40–50 cm−1. In Section V. A mean frequencies
around 30–40 cm−1 were used. It is worth notic-
ing that with all these frequencies the adiabatic
approximation of the Holstein model is well
obeyed, since νm/V ≈ (40–50)/370 << 1.

10 An increase of the gap below 878 nm is due to the excita-
tion energy relaxation as explained above and has no rel-
evance to the exciton–phonon coupling change, our main
concern here.
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Fig. 4.15. One-phonon functions obtained for the B800-
deficient LH2 complexes from Rb. sphaeroides (thick solid
curve) and for the FMO complexes from Chlorobium
tepidum (thin solid curve). The inset compares the low-
temperature sidebands in the fluorescence excitation spec-
trum of a B800 molecule in a single LH2 complex from
Rs. molishianum (scatter) (Hofmann et al., 2005) and in the
�FLN spectrum of the FMO complexes (continuous line)
(Rätsep and Freiberg, 2007). To achieve the overlap the ZPL
at 827.1 nm in the FMO spectrum was shifted until it coin-
cided with the origin of the single molecule spectrum and
then its x-axis was reversed

The selective spectroscopy model described, in
principle, allows the one-phonon profile, l1 (ν),
to be recovered from experimental spectra. A
solution of such inverse problem for the B800-
deficient LH2 complexes is shown in Fig. 4.15.11

Exposed also in this figure is the similarly com-
puted profile for the FMO antenna complex. It is
a generally believed that a single Bchl molecule
is responsible for the fluorescence emission of
the FMO complex. This indeed might be the
case because, as demonstrated in the inset, the
shape of the PSB in the FMO emission spectrum
almost coincides with the PSB in the fluorescence
excitation spectrum of quasi-monomeric B800
molecules in the LH2 complex from Rs. molishi-
anum, measured in a single molecule experiment
(Hofmann et al., 2005). The FMO spectrum thus
provides a reference one-phonon spectrum of a
single Bchl molecule locally coupled to protein
environment.

11 Let us notice again (see remark at Fig. 4.12) that for sim-
plicity the pseudo-local phonon feature of the experimental
spectrum has been ignored in these simulations.
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As can be seen from Fig. 4.15, the two pro-
files differ considerably. The one-phonon spec-
trum of B850 is much broader than that of FMO
(FWHM equal to 58 cm−1 and 41 cm−1, respec-
tively) with its peak at almost twice higher fre-
quency (36 cm−1 and 22 cm−1, respectively). To
the extent that the FMO spectrum represents the
true local response of the protein to the electronic
transition in every single Bchl molecule, these
differences could be associated with assembly of
the Bchl molecules into the B850 aggregate. Let
us notice that the peak phonon energy is gen-
erally smaller than the energy gap between the
adjacent exciton states of the B850 aggregate at
the lower Davydov subband region (∼100 cm−1

(Wu et al., 1997b; Freiberg et al., 1999; Van Oijen
et al., 1999)). This validates the selective excita-
tion approximation discussed in Section IV.A.

The knowledge of the one-phonon profile and
the Huang-Rhys factor (i.e., the spectral density
function) provides a method for calculation of the
reorganization energy of the excitonic polarons
according to Eq. (4.27):

λ0 = hS

∞∫

0

dνl1 (ν)ν. (4.27)

Taking S = 1.6 for the B850 aggregate and S =
0.4 for the FMO complex (those are the Huang-
Rhys factor values at half height of the cor-
responding SDFs (see Fig. 4.14 and reference
Rätsep and Freiberg, 2007), the reorganization
energies of 128 cm−1 and 25 cm−1, respectively,
were obtained by integration between 0 and
500 cm−1. In the case of FMO, one is justified to
write λFMO

0 ≡ EFMO
LR . In reference (Adolphs and

Renger, 2006), the same feature was calculated
equal to 40 cm−1. The much bigger site reorga-
nization energy of EB850

LR = 190 cm−1 found for
the Bchls in the B850 complex of B800-deficient
LH2 complexes from the anisotropy simulations
(see Table 4.1) is qualitatively consistent with
the basic idea followed in this work that exci-
tons in the tightly packed antenna aggregates are
rather strongly coupled to the environment. In this
regard, it is worth noticing that the surroundings
of the aggregated Bchls include both the protein
subunits and the neighboring pigments, differ-
ently from the lone Bchl in the FMO complex
hosted just by the protein. Since L0 = ELR/λ0

(see Eq. 4.18), one gets L0 ≈ 1.4, the value
which is within the standard deviation of calcu-
lated sizes of the excitonic polarons at g = 0.3
(Fig. 4.8b).

VI. Conclusions and Outlook

In this chapter, the origin of the electronic
excited states in the ring-shaped bacteriochloro-
phyll aggregates has been studied by theoreti-
cal analysis and numerical evaluation of various
spectroscopic parameters characterizing these
states. Such aggregates govern the functionally
important ultrafast funneling of the solar exci-
tation energy in the photosynthetic membranes
of purple bacteria. The optical spectroscopy data
of LH1 and LH2 antenna complexes acquired at
low temperatures when the quantum aspects of
the material excitations dominate were investi-
gated in terms of collective (exciton and exci-
tonic polaron) quantum eigenstates. The limited
size and the known spatial structure of the aggre-
gates greatly support such detailed analysis. On
broader molecular physics vista, these aggre-
gates may be considered as unique model sys-
tems of a 1D topology having fixed (geneti-
cally predetermined) size with practically zero
dispersion.

We have shown that the absorbing and the
emitting electronic states of the antenna
aggregates could not be adequately described
within the common disordered Frenkel exciton
approach. This is understandable since in 1D
molecular arrays already infinitesimal couplings
between the exciton and the bath of vibrational
modes (that in the antenna pigment-protein
complexes involve movements of both the
protein and the pigment atoms) develop excitonic
polarons and/or self-trapped excitons with non-
uniform displacement of the nuclear coordinates.
The Holstein Hamiltonian has been applied
for characterization of steady-state eigenstates
of the excitonic polarons is 1D systems. To
analyze real situations, static disorder should be
included. Despite apparent simplicity of such
a model, its quantitative evaluation in the case
of the B850 and B875 aggregates happened to
be challenging. This is because the energetic
parameters that govern the electronic structure
and the dynamics of the antenna excitations



4 Nature of Antenna Excitations 77

such as σ, V, ELR are all of the same order of
magnitude. Also, new effects distinct from those
in the regular 1D systems appear. At exciton–
phonon couplings above some critical strength,
the disordered antenna aggregates may support
multiple self-trapped excitons with different size,
reorganization energy, and spatial location. In
certain sense they become similar to the 2D and
3D ordered systems where free excitons coexist
with the self-trapped excitons, separated by an
energy barrier. Yet, the excitons in disordered 1D
aggregates are always to some extent localized
by static disorder. Attracted by the low energy
sites of the lattice they can further dynamically
localize by the self-trapping mechanism. The
critical exciton–phonon coupling value for the
coexistence depends on particular disorder
realization.

Exciton self-trapping generally results in broa-
dened and Stokes shifted fluorescence spectra,
potentially improving efficiency of the incoherent
energy transfer between the antenna complexes.
Furthermore, at g ≈ 0.3 and σ ≈ 0.6V , appro-
priate numbers for the B850 aggregate, the
emission rate is at the highest possible value,
being a couple of times larger than that for
disordered Frenkel excitons. This notable
amplification of the emission rate might also have
photosynthetic relevance by optimizing energy
transport and trapping processes. It was recently
proposed (Markvart and Greef, 2004) that the
incoherent Förster energy transfer mechanism
and the thermally activated transport of self-
trapped excitonic polarons are closely related.
Efforts are still required to explicitly demonstrate
this idea on clusters of antenna complexes and
on complete photosynthetic membranes.

The excitonic polaron model presented in this
chapterforthefirsttimeallowsaconsistentdescrip-
tion of the low-temperature absorption and emis-
sion spectra of bacterial antennas. The spectra
measured at physiological temperatures generally
require more sophisticated analysis based on den-
sity matrix methods (see e.g. Van Grondelle and
Novoderezhkin, 2006; Urboniene et al., 2007).
However, recent studies (Schröder et al., 2006) of
theLH2complexesusingnon-Markovianaswellas
modified Redfield approaches have demonstrated
that it is difficult to choose between the various
dynamic models, as their differences are smeared
out by ensemble average. Therefore, the energetic

parameters obtained at low temperatures are very
valuable for the calibration of various dynamic
theories.
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