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ABSTRACT

For Frenkel excitons moving on cyclic and linear molecular chains modeling in part
photosynthetic antenna systems we investigate the influence of dynamic and static disor-
der on their optical line shapes. The dynamic disorder describes the influence of vibra-
tional degrees of freedom and is taken into account by fluctuations of the transfer matrix
element between neighbouring molecules. The fluctuations are represented by dichotomic
Markov processes with coloured noise. We obtain a closed set of equations of motion for
the correlation functions determining the optical line shape which is solved exactly. The
line shapes are discussed for various sets of the model parameters and arrangements of
molecules and their dipole moments.
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1 Introduction
In recent years many investigations, both from the experimental and theoreti-
cal side, have been directed towards the understanding of exciton transfer and
optical properties of photosynthetical units [1-6]. Energy captured in the an-
tenna system (AS) of a photosynthetic unit (PSU) is transferred to a reaction
centre (RC) in the form of (localized) Frenkel excitons. Although consider-
able progress has been made during recent years, our knowledge about the
mechanism of energy transfer in photosynthesis ;s still far from complete.

During the last years the structure of a variety of antenna systems has
been experimentally established [2-5]. The most striking property is their
prevailing regularity. In the next section we shall review some examples[5]. A
more detailed representation is given in [1 -6].

Almost all studies of the exciton transfer in antenna systems have pre-
viously used a model of homogeneous ASs. The principal result of the inves-
tigation during the last decade is that it is necessary to give up this picture.
In contrast, ASs are built up from small basic units which possess a certain
symmetry. Pigment molecules are often close enough to perturb each other's
electronic transitions significantly. The perturbations result from resonance
interactions that produce so called exciton effects in optical spectra [6]. The
same resonance interactions also generate exciton transfer through the various
antenna arrays to the RCs.

The transfer of excitons ia caused by electronic interactions between an-
tenna pigment, molecules. Papers by Forster and Dexter [7,8] are the basis
for the description of the exciton transfer in the so called weak-coupling limit.
This picture uses the Pauli Master equations (PME) for the time development
of the site occupation probabilities and random walk computer modeling of
the exciton transfer on homogeneous antenna systems with a trap. A great
advantage of the weak-coupling limit is the so called Forster prescription which
connects the transition rates entering the PME with optical observables.

Theoretical investigations of exciton dynamics in molecular aggregates
without resorting to the weak-coupling limit have followed several directions.
After a microscopic treatment of the exciton-phonon interaction by Haken and
Reineker [9], the microscopic theory was developed by Silbey and coworkers
[10]. Before this development of a microscopic theory the Stochastic Liouville
Equation (SLE) method has been introduced and expanded by Haken, Strobl,
Reineker and their coworkers [11-12]. Kenkrc and coworkers [13] transferred
the Generalized Master Equation (GME) method to this problem. The re-
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lations among the various approaches have been discussed by Kenkre [13];
many details are still under investigation and become transparent step by step
(14-37). Our investigations show that there is a wider agreement between the
various theories of exciton dynamics than their diverse structure might lead
one to believe.

After early attempts [38] transfer of excitons in antenna systems has
been investigated in the past in a number of theoretical works, mostly suppos-
ing the incoherent regime [39-43] on energetically homogeneous but also on
heterogeneous antenna systems [40]. Pearlstein and Zuber [44] discussed, on
the basis of Knox's results (45] the failure of the theories using the Pauli Mas-
ter equation with the Forster transition rates, and argued for a regularity
of antenna systems. The necessity of incorporating coherent and interme-
diate transport regimes was stressed [44] on following grounds: a) intrinsic,
homogeneous linewidths of the photosynthetic pigments may be by many or-
ders of magnitude smaller than the observed inhomogeneous widths of the
absorption bands, b) microscopic theories [46,18] showed that the dynamics of
exciton-phonon interaction is much less randomizing than previously supposed.
Kenkre and Knox [13] stated, that the coherence time in AS of PSU is about
10"2 — 10"1 psec. Their conclusion was based on their prescription relating the
memory functions entering the GME to observables which could be obtained
from the experiment. Nedbal proved [47] that Kenkre's and Knox's assump-
tions hold only in the so called "weak coupling" regime. Extending results
of Kenkre and Rahman, Capek and Barvfk derived [18] the polaron memory
functions entering GME beyond the week-coupling limit. Memory functions
have a two-channel form, one channel corresponds to the incoherent hopping
and the second one to the coherent motion of the exciton with reduced band
width. The coherence time entering the quasicoherent memory function has
nothing to do with the time given by the Kenkre-Knox's prescription. The
time derived from the KKs prescription gives the decay only of the first inco-
herent part of the memory functions. Barvfk and Capek [18] guessed on the
basis of the microscopic model, that the exciton coherence time in the antenna
systems of the photosynthetic units could be much longer then given by Kenkre
and Knox. A series of papers have been started dealing with consequences of
the coupled coherent-incoherent exciton transfer regime in connection with the
trapping of the exciton in the reaction center.

From arguments mentioned above it follows that it is worthwhile to
investigate excitons in linear and cyclic molecular oligomers (dimer, trimer,
tetramer, hexamer, ...) modeling in this way various basic units of antenna sys-
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tems of PSU. We have investigated [48-50] optical properties in various regimes

of the exciton transfer for different arrangements of molecules and their dipole

moments in the real space and for various polarizations of absorbed light. We

used the stochastic proces with a dichotomic noise to describe the influence of

the bath and possible static disorder on the exciton optical lineshapes. This

paper should complete our investigation. It is dealing with the transfer integral

fluctuations.

The paper is set out as follows. In the next Section we give a review of
basic units of antenna systems. In Section 3. we define at first the Hamiltonian
of the problem we are dealing with and describe shortly the coherence effects
in the exciton transfer. In Section 4 we introduce the coloured noise model
for the influence of the bath and of the static disorder. In Sec. 5. the basic
units we are dealing with are described. In section 6. optical line shape theory
is reviewed and applied to our model units. Results of our modeling of the
exciton optical line shapes for different regimes of the excitation transfer are
presented in Sec. 7. The influence of the transfer integral fluctuations in
basic motlel units of the antenna systems of the photosynthetic units is taken
into account. Discussion is given in Sec.8. We are dealing specially with the
comprison of the influence of the transfer integral fluctuations with the Socai
energy ones.

2 Basic units of antenna systems in bacteria
photosynthetic units.

2.1 Structure

Various models for basic units of AS of bacteria PSU can be found in the
literature [1-6]. Let us shortly summarize main conclusions from the recent
review [5],

In the past the knowledge of energy transfer was mainly derived from
steady- state spectroscopic experiments, with the advent of laser systems pro-
ducing stable (sub-)picosecond light pulses of low energy and with high repe-
tition rate, and tunable through the infrared absorption bands of the various
BChl pigments [3], However, now the situation has changed dramatically [5].

Purple photosynthetic bacteria contain bacteriochiorophyll a (BChl a)
or bacteriochlorophyli b (BChl b) as a dominant pigment in the light har-
vesting antenna and the reaction center.

The reaction center of Rb. sphaeroides and Rps. virides is surrounded



by the LH1 core antenna, which consists of pairs of small transmembrane
polypeptides ( a and /3) to which BChl is noncovalently attached in 1:1 sto-
chiometry. In vivo, the LH1-RC core has a constant number of 24 BChl per
RC (12 a and 12 /?). The results of the structure investigation are compatible
with a model for the organization of a and p polypeptides in the membrane in
which the minimal structure unit is a (aff BCht2) complex. These minimum
units form a circular structure with the centers of all BChl pigments and their
Qw transitions moments in a single plane parallel to the membrane.

Several species of purple bacteria contain, in addition to the LH1 core
antenna, a peripheral LH2 antenna at higher excited state energy, with major
BChl absorption between 820 nm and 860 nm, depending on the species, and a
second major BChl a Qj, transition around 800 nm. The LH2 protein backbone
consists of transmembrane a- and /3-polypeptides, which bind three BChla per
a/3-pair.

The AS of Rhodospinllum sphaeroides and RhodospiriHum capsulata
contains two major light-harvesting pigment-protein complexes, B800-850 (LH2)
and B875(LH1). In [3] Grondelle concluded that the minimal unit of the B800-
850 complexes contains two a and two p polypeptides, six bacteriochlorophyl
(BChl a) molecules and three carotenoid molecules (Fig.3 in [3]). BChl 850
molecules form a rectangle with optical transition moments Qy circularly de-
generate in a plane and moments Qx perpendicular to this plane. Moments
Qy and Qx of the dimer BChl 800 lie approximately in a plane parallel to that
of the BChl 850 Qy's. The BChl 800 molecules have their transition moments
mutually perpendicular. In the Scherz-Parson model it is assumed that the
spectral red-shift of the long- wavelength absorption band of B800-850, to 850
nm as compared to 770 nm for BChla in a solution, is due mainly to an exciton
dimer effect as is apparently the case for the long-wavelength band in the Rps.
viridis reaction center.

The organization of the pigments in LH2 of Rb. sphaeroides was ex-
tensively studied but up to now no agreement exists about the aggregation
state and minimum functional unit (ap, a.ifhi etc. } A unit composed of
(ap}2, containing 6 BChla molecules and three carotenoids explains most of
the Bteady-state and time resolved spectroscopic properties of LH2. The cyciic
(apBCh^e structure based on structural considerations has been proposed.

A complex analogous to B800-850 can be isolated from mutant Rps.
sphaeroides R26 without carotenoid. The investigation of this complex B855
led to the application of the strongly coupled exciton model. In the photo-
synthetic purple bacteria, the BChl 875 molecules form the long-wavelength
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antenna that surrounds and interconnects the reaction centers. Hexameric ar-
rangement of the Q-helices was proposed with BChl Qy transitions moments
circularly degenerated and in the same plane and the Qx transition moments
all parallel and perpendicular to this plane. Measured absorption and fluores-
cence polarization spectra of chromatophores of Rps. sphaeroides R -26 show
a profile asymmetry in the short wavelength region and higher polarization in
long wavelength region.

The B877 antenna of Rhodospinllum rubrum has been reported to con-
tain several types of antenna pigments. Three to five BChl 905 molecules exist
per reaction center and form a special light-harvesting complex that separates
the remaining bulk BChl 875 pigment molecules from the reaction center. For
the Chi a/b light harvesting complex a model has been proposed in which the
three Chi b molecules are organized in a strongly exciton coupied trimer. Three
Chi 6 molecules are supposed to be located at the vertices of an equilateral
triangle such that their interaction leads to an exciton splitting of the three
absorption bands with more than 80 % of the Chi b oscillator strength at 652
nm and about 12 % at 665 nm.

Crystals of the B800-850 LH2 complex of Rps. acidophila suggest a
trimeric (Q/?)^ structure as the basic unit, which in the crystal are further
arranged as [(Q/J)2]3 units, in agreement with a suggestion originally proposed
by Scherz and co-workers.

2.2 Spectroscopy

The major BChl(a or 6 ) absorption in LH1 and LH2 is strongly red-shifted
relative to the absorption of BChl in organic solvents. The shift raises upon
lowering the temperature.

Both LH1 and LH2 are believed to have a quite similar organization of
their pigments. The organization of the BCHIa of LH2 (absorbing at 820 - 860
nm) is belived to be rather similar to that of BChl a of LH1, with a dimer
of BChla as basic structure. All BChl moleculs in LH1 and LH2 have their
major Qy transitions in the plane of the membrane. Within this plane there
is, however, no preferential orientation. Previously, the low-temperature spec-
troscopic and excitation transfer properties of the purple bacterial antenna
have been described in terms of the "two pool" hypotesis, in which the LH1
spectrum of Rb. sphacroidus was proposed to be composed of the major form
(B880) and a minor long-wavelength form (B896). Fast excitation transfer was
proposed to take place from D880 to B896, leading to the strong depolariza-
tion of the fluorescence. Recently, the optical experiments have demonstrated
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that LH1 and LH2 absorption spectra are in fact inhomogeneously broadened.
Observation suggests that in membranes at 4 K an excitation transfer occurs
over at least a few photosynthetic units. These results can be fully explained
by assuming inhomogenous broadening as the dominant factor in determing
the shape of LH1 and LH2 absorption spectra. Within the framework of this
concept, LH1 and LH2 may be regarded as clusters of weakly coupled dimers
among which fast excitation transfer takes place. Whithin the context of this
model B896 represents the distribution of energetically lowest cluster states.

Below 100 K the LH1 antenna behaves like a spectrally heterogeneous
system. LH1 is spectrally heterogeneous and consists of at least two, but possi-
bly many spectral forms. There are strong indications that the transfer among
the identical LH1 dimers is fast. Recently was obtained direct evidence for
sub-picosecond energy transfer in the LH1 antenna. The spectral equilibra-
tion after a 200 fs laser flash occured in membranes of Rs, mbrum on a time
scale of 320 fs. Also the observation of a low, on a picosecond timescale con-
stant, polarization is consistent with rapid (sub-)picoseeond energy transfer
between differently oriented BChl6 antenna molecules.

Grondalle means that three effects may contribute to the relatively effi-
cient energy transfer and annihilation at 4 K in Rps. viridis: i) the LHl-RC
structure is highly organized and probably well connected ii) the width of the
inhomogeneous distribution function is probably relatively small in the case of
Rps. viridis iii) the transfer rate is high. A hexameric arrangement of six {a(i
BChi2)2 units around the RC analogous to the electron micrographs of Rps.
viridis was taken as the structural model by Pullerits and Freiberg.

In contrast to the weak coupling of dimers model, the B850 and B875
hole-burning results were iterpreted in terms of a strong exciton coupling model
in which all (a@ BChl2) pairs are organized in a cyclic unit cell and strongly
excitonically coupled. Whithin the context of this model, B896 and B870 are
the lowest exciton states of the LH1 and LH2 unit cells. The isolation of a
subunit form B820, of LH1 of Rs. rubrum and Rb. skaeroides has added
significantly to understanding of the spectroscopy of LH1 in relation to the
qggregation state. It was concluded that two excitonicly interacting BChla
molecules are responsible for the spectral properties of B820 with little or no
interaction between different dimers. The dimers have a head-tail arrange-
ment, putting most of the oscillator strength in the red-shifted transition.
The high- energy component could only be observed by a small dip in the
polarized excitation spectrum around 790 ran. The B820 absorption band is
inhomogeneously broadened and in fact behaves like a single state system.

as expected for a strongly coupled dimer. Only two B820 units are required

to form B875. The interaction whithin a dimer have not been altered much

during the tetramerization.
In Prosthecochloris aestuarii the antenna complex contains 21 BChl a

molecules that are distributed evenly over three identical subunita. The planes
of the BChl a molecules tend to be more or less parallel. The absorption spec-
trum consists of seven bands, usually ascribed to BChl a resonance interaction
within a subunit. The bands are relatively narrow, in agreement with the idea
that they are due to oligomcric exciton states. Excitation transfer probably
occurs efficiently among all the 21 BChl a pigment molecules in a trimer.

One sees that there is plenty of the model basic units used to explain the
structural and spc-ctroscopical cxperimantal data. As can be seen from several
examples above mentioned, no finite conclusion about the general structure
of LH1 and LH2 could be drawn. Common accpeted feature seems to be a
circular structure. Only in few cases it was possible to determine the structure
of the light harvesting antenna systems experimentally. Recent measurment
of the crystal structure of LH2 from Rhodopseudomonas ar.idophila strain
10050 shows that the active aasemrnbly consists of two cylinders of helical
protein subunits which enclose the pigment molecules [51]. Eighteen bacteri-
ochlorophyll a molecules sandwiched between the helices form a continuous
overlaping ring, and a further nine are positioned between the outer helices
with bacteriochlorin rings perpendicular to the transmembrane helix axis.

It is desirable to investigate the exciton transfer and optical properties
on cyclic oligomers taking into account the interaction with a bath and also a
possible static disorder present in some antenna systems [5].

3 Coupled coherent and incoherent exciton
motion

To describe the exciton transfer on the microscopic level we should be dealing

with the Hamiltonian

where the first part Ho describes the purely coherent exciton transfer and the
second part H^t) models the influence of vibrations. Due to the influence of
the Hamiltonian H\{t) exciton transfer can be not described in the coherent



regime. Exciton transfer becomes coupled coherent- incoherent one.

3.1 Coherent Hamiltonian

We consider a single exciton on a symmetric finite linear or cyclic molecu-

lar oligomer with the tight-binding Hamiltonian Ho describing the coherent

exciton transfer

Ho = X!^mnaman- (1)

Here a+ and am are creation and annihilation operators, respectively, for ex-
citons at site m and Jmn is the transfer integral between sites m and n, con-
taining the Coulomb and exchange interaction integrals. In the case of nearest
neighbour interaction we have

(2)

3.2 Coherence effects in the exciton transfer

In recent years, considerable interest has been concentrated in the theory of
the coupled coherent-incoherent exciton transfer and several different treat-
ments have been developed: the generalized master equations (GMB) method
[13], stochastic approaches by Haken, Strobl and Reineker (HSR) based on
the stochastic Liouville equations (SLE) [12] and non-stochastic microscopic
models of Silbey (GS) and his coworkers [10].

We have contributed to the development of the excitation transfer theory
in several directions.

We have thoroughly investigated memory functions (MF) wmn(t) enter-
ing the generalized master equations (GME) in various regimes of the excita-
tion transfer using microscopical models.

We derived [14-17] the coherentmemory functions for general finite sys-
tems, as well as their relation to so called propagators. Calculation of the
memory functions for the system containing a guest molecule from exact ener-
gies and eigenstates implies drastic changes in the quantum yield of the guest
molecule. When the energy difference between the guest and host molecules
increases, the exciton tries to avoid the trap and prefers to move within the
unperturbed part of the system.

Interaction of the excitation with a bath has been modelled by the inter-
action with phonons. Our method of calculation of wmn{t) was based [18-21]
on a summation of special kinds of divergent (in limit t —> oo) terms in the
perturbation expansion of wmn(t). The most divergent terms yield wmn(t) in
form of the rescaled coherent memory functions with rescaled transfer inte-
grals Jmn. Further corrections are due to less divergent terms. We derived
these corrections for arbitrary lattices composed of equivalent sites and for the
nearest- neighbour transfer integral only. We obtained, for bare excitons and
polarons, new memory functions (MFs) which have

* the two-channel form with

* two different decay times and different range of individual components
in the real space.

In the first channel a pronounced role of the long range coherent memory
functions is preserved. Inverse time decay rate is the so called coherence time.
The second channel corresponds in the long time limit to phonon assisted
hopps with a range given by Jmn ^ 0. The purely coherent memory functions
play a crucial role also in the noncoherent regime of the excitation transfer.

Kenkre and Knox [13] stated, that the coherence time in AS of PSU is
about 1CT2 - 10"' psec. Their conclusion was based on their prescription re-
lating the exciton polaron memory functions entering the GME to observables
which could be obtained from the experiment. Nedbal proved that Kenkre's
and Knox's assumptions hold only in the so called "weak coupling" regime.

We derived the polaron memory functions entering GME beyond the
week-coupling limit. The coherence time entering the quasicoherent memory
function has nothing to do with the time given by the Kenkre-Knox's prescrip-
tion. The time derived from the KKs prescription gives the decay only of the
incoherent part of the polaron memory functions.

These new results call for revision of some conclusions given by Kenkre
about relations between GME, GS and HSR methods which were based just
on the lowest-order perturbational results for a dimer. We have shown [22]
that there is a greater agreement between various theories considered than
their diverse structures might lead one to believe and than it could be guessed
from result of Kenkre using only the lowest-order results for memory functions
wmn{t) in dimer.

We constructed the theory which interpolates between the HSR and GS
methods [31].

Formal correspondence between GME and HSR theories led also to a
revocation of the problem how to include a trap (here modeled as a sink) into
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GME. Our results differ appreciably from previous ones.
Pearlstein with his coworkers were the first who recognized that the con-

sequences of the sink on the energy transfer processes are different in the co-
herent and incoherent regimes. This fact has not been for a long time properly
taken into account in the GME treatment.

Capek and Szocs [57] were the first who pointed out the necessity of a
"transformation" of memory functions in presence of the sink. They gave a
prescription for a proper inclusion of the sink into HSR method, too. This led
us to an application of HSR equations in computer modelling of the excita-
tion transfer in photosynthetic systems [25-30]. We discovered "fear of death
effect": In the near coherent exciton transfer regime the exciton preffers to
move in the rest of the system befor being trapped for a large trapping rate.

Recently, we succeeded [32-35] in derivation of the new form of the
(quasi)-coherent part of the memory functions in presence of the trap (in the
full-sink model) with serious consequences on the excitation transfer [32] which
were also proved in case of the semi-infinite chain [36]. New memory function
were also used to obtain characteristics entering the Continuous Time Random
Walk method [37].

The microscopic treatment of the influence of the bath (vibrations) on
the exciton transfer is generally very complicated and one resorts usually to
the stochastic treatment.

4 Stochastic treatment of the bath

In what foliows we shall work with the stochastic treatment of the bath with
the so called dichotomic noise. This treatment [52] is an extension of the
Stochastic Liouville Equation model.

4.1 White noise

In the Haken-Strobl stochastic model the influence of the phonons on Frenkel
excitons was modeled by a <5-correlated Gaussian stochastic process which is
taken into account in the second part of the Hamiltonian

(3)

11
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Eq. (3) describes fluctuations of the local excitation energy en(t) and of the
nearest neighbour matrix element Jmn(t) which are characterized by vanishing
mean values and by two-time correlation functions in the following way:

(tn(t)) = 0, (4)

(5)

(Jnm(t)) = 0, (6)

- r). (7)

Many results of this treatment, which covers the full regime between the lim-

iting cases of purely coherent and purely incoherent motion are summarized

in [12].

It is argued [53] that the Haken-Strobl stochastic model retains its phys-
ical validity in narrow band systems and at the temperature high compared to
the Debye temperature and the temperature associated with the band width.
In a sense the Haken- Strobl stochastic treatment describes the limiting case
of strong motional narrowing of optical lines by lattice vibrations.

4.2 Dichotomic coloured noise

To overcome one of the simplifying assumptions of the Haken-Strobl model,
namely the white noise treatment of the stochastic process resulting in the
(5-shaped correlation function, the model was generalized [54,55], in addition
to an attempt by Capek [56,57], by replacing the 6- correlated process by
one with exponentially decaying correlation functions [58]. Mean values and
correlation functions are given by

(8)
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= 6mnA
2 exp(- \( t - r)),

= 0, (10)

+ Sms6nr)A
2j exp(-\j(t - r)). (11)

The model generalized in this way is on one hand much richer but on the other
hand also considerably more complicated.

Especially for dichotomic stochastic processes, A and Aj are the am-
plitudes of the local energy and transfer integral fluctuations, and A and Xj
describe the average rates of the switchover between the two values. Fur-
thermore multitime correiation functions of energy fluctuations at one site are
calculated according to the following rule:

= 0, (12)

(13)

U >

For Gaussian stochastic processes the expressions for multitime correlation
functions are more complicated.

In addition to the investigation of the influence of the exciton-phonon
interaction, another motivation to deal with the coloured noise is the consid-
eration of the limit of the correlation time tending to infinity. In this limit
(A —» 0) one ends up with the exciton motion on a static random lattice (i.e.
the problem of Anderson localization).

Hence one expects for finite correlation times to observe the interplay
between static and dynamic (phonon) disorder.
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5 Basic model units.
In this subsection we shall specify the Hamiltonians Ho which describes the
purely coherent exciton transfer in molecular oligomers. The short review in
the Section 2 showed that different arrangements of molecules and their dipole
moments are used in the various treatments of the exciton transfer in antenna
systems of photosynthetic units. We shall investigate in the next section optical
properties of almost all possible but not necessarily realistic arrangements of
molecules and their optical moments.

The transfer integral J for dipole-dipole interaction depends (in the sim-
plest model of point dipoles) on the mutual orientation of dipole moments.
According to Pearlstein [6], using dipole separation R given in nm, dipole
strength (i1 given in D'2 ( D= Debye= 1CT16 esu.cm, J is in cm"1), angle a

between the two moments, angles 0 between each moment and the line joining
them, the transfer integral becomes

J = Jgk,

where

Ju = (5.04^7 R3)

k = cos a — 3 cos /3] cos ft-

For dipoles parallel and in line (cv = fi\ = 0-i = 0) J reaches the largest possible
absolute value k = —2. Similarly, for parallel dipoles each perpendicular to
the line joining them (a = 0, /?j = 02 = 90°) k = 1. In case of perpendicular
dipoles, but with one in line with the line joining them, (a = (3^ = 90°, /?i = 0)
k — 0. We shall use Jo a s &n e n e rgy unit, in following examples Jo = 1 holds.

To describe the exciton states in detail it requires precise information
regarding transitions dipole strengths and orientations. We shall consider -
in addition to the arrangement of moments //„ parallel to z-axis - also three
examples, displayed on Fig. 1, of symmetric arrangement of dipoles in a plane
perpendicular to z-axis:
A) the dipoles point radially inward or

14



B) the dipoles are oriented perpendicular to heights (in the case of a triangular
arrangement) and to diagonals (in the other cases) or

C) the dipoles are oriented along the sides.

5.1 Cyclic trimers

The symmetry of the regular triangle leads to the following form of Ha

/ 0 J J\
H0=\j 0 .7

for a cyclic trimer. The Hamiltonian Ho for the linear trimer is obtained by
setting //3J = H13 = 0.

For dipole moments parallel to the z-axis we have k — 1 and for dipole
moments in a plane perpendicular to the z-axis we consider the following cases:
(A) the dipoles point radially inward with

2n 7T

x\) 3 6*

. . 2?r n.
•J 0

and k = 7/4;
(B) the dipotes are oriented perpendicular to heights of the trimer with

fa = )ixyc,oa(n~ + —),

2 T T ,

and k = —5/4;
(C) the dipoles point along the sides with
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I'xn =
27T Tt

2-K TV,

+ J

and k = 1.

5.2 Cyclic tetramers
The symmetry of the regular tetramer leads to the following form of HD

/ ( ) ,7 0 .7 '
.7 0 .7 0
0 J 0 J

\.J 0 J 0,

for a cyclic tetramer. The. Hamiltonian Ho for the linear tetramer is obtained

by setting H^\ = HXA = 0.

For dipole moments in a plane perpendicular to the z-axis the following

cases are considered:

(A) the dipoles point radially inward with

- ) ,

and fc = 3/2;
(13) the dipoles are oriented perpendicular to diagonals of the tetramer with

, 7T 7T

(n2 + i ' '

16



IV = - + 3-)

and k = -3/2;

C) the dipoies point along the sides with

7T

2 H

7T

2 "

n
h 2

7T

and k = 0.

5.3 Cyclic hexamers

The Hamiltonian #o relates to the unperturbed motion and inciudes again
only the interaction between nearest neighbors. The symmetry of the problem
leads to the following form of Ho

(0 J 0 0 0 J\
J 0 J 0 0 0
0 J 0 J 0 0
0 0 J 0 J 0
0 0 0 J 0 J

\J 0 0 0 J 0}

for cyclic hexamer. The Hamiltonian Ha for the linear hexamer is obtained by

setting W6,i = #i,6 = 0-

For dipole moments in a plane perpendicular to the z-axis we again

consider the following cases:

(A) the dipoles point radially inward with

then ̂  lixvCOS(n-
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and k = 5/4;

(B) the dipoles are oriented perpendicular to diagonals of the hexagon with

)

2TT
— )

and fc = -7/4;
(C) the dipoles are oriented along the sides of the hexagon with

fixn = nIvcos(-(n - 1) —),

V = /iii/Bin(-(n- 1)
6

a n d fc = — 1.

6 Line shape of optical absorption

6.1 Optical line shape theory for coloured noise

Optical line shapes of excitons on linear molecular chains have been investi-
gated [59] in the last years for dichotomic as well as for Gaussian coloured
stochastic processes. In dimers [59], the use of dichotomic coloured noise for
the calculation of the line shape resulted in a closed set of equations for cor-
relation functions, which is easily solved, at least numerically. In the slow
modulation limit (A = 0) the peak structure could be explained by combining
quantum mechanical and statistical considerations. With increasing value of
the fluctuation rate (A —» 00) the lines broaden, coalesce into an asymmetric
line and finally, in the fast modulation limit, a single, motionally narrowed line
with a Lorentzian line shape is formed.
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In the case of a Hnear chain optical absorption spectra have been ap-
proximately calculated [59] by a method based on the Mori formalism [60]. A
dynamical t-matrix scheme has been developed to arrive at a set, of equations
for the correlation functions which determine the excitonic optical line shape.
The coupling among the correlation functions has its origin in the coherent
interaction between molecular sites. The solution is based on the "RPA-tike"
decoupling which does not take into account the difference between Gaussian
and dichotomic stochastic processes. Unfortunately, the approximation scheme
holds only for a restricted range of parameters: A/A < y/2.

Recently Warns and Reineker succeeded [52] to calculate and correlate
transport and optical properties of the exciton on a dimer under the influence
of dichotomic coloured noise, They could observe some correlation between the
oscillatory time behaviour of the diagonal elements of the density matrix { site
occupation probabilities) and the width of homogeneous and inhomogeneous
optical profiles. The transition to the nonoscillatory behaviour of the site
occupation probabilities takes place when the width of the optical line shape
is greater then 4 J.

The optical line shape of linear trimers has been determined recently
[48-50] from an exact closed system of coupled linear equations which covers
exactly the range of small A. The influence of the exciton-phonon interaction
has been modeled by fluctuations of the local energies as well as by fluctua-
tions of the transfer integrals. The number of correlation functions involved in
the optical absorption calculations rises rapidly with the number of molecules
involved. We investigated also various approximation schemes which produce
results which are close to the exact ones.

In the following we shall model [52-59] the influence of the exciton-
phonon interaction by fluctuations of the local energies as wefl as by fluctua-
tions of the transfer integrals.

Because of the uncertainty in the orientation of the dipole moments we
calculate the optical absorption line shapes for all dipole moment orientations
[6] mentioned in the previous section.

In the framework of linear response theory [62] and using the fluctuation
dissipation theorem [60] the line shape of the optical absorption is given by
the following expression

= Re
Jo

(14)
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(...) denotes the thermal equilibrium expectation value (quantum mechanical
and statistical mean value). Assuming that in the thermal equilibrium the
number of excitons is negligible, the equilibrium density operator is given by

Po.ex = (15)

with |0) denoting the excitonic ground state. fi{t) is the optical dipole mo-
ment operator in the Heisenberg picture and can be expressed via the exciton
creation and annihilation operators in the following way:

(16)

where //„ is the optical transition matrix element, at site n. The time depen-
dence of the Heisenberg operator is given by

(17)

(18)

where the time development operator U(t) (h = 1}

U{t) =f e x p (-if H(r)dr\ (19)

fulfills the equation of motion

i^U(t) = H(t)U{t). (20)

The dipole moment correlation function becomes
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In the following section we calculate the optical line shapes of linear and cyclic
molecular chains with a single molecule per site. The optical transition dipole
moments of the molecules are then equivalent. At first, dipole moments are
assumed to be oriented parallel to the z direction. The optical line shape is
then given by the following expression

I
^0

dt f (22)

Secondly, the optical transition dipole moments are assumed to be oriented in
three different ways in the x-y plane: either the dipoles point radially inward,
or the dipoles are perpendicular to heights or diagonals or the dipoles point
along the sides.

The optical line shape is in this case for x-polarization of the light

= Be (23)

The equation of motion for the matrix elements Unm{t) of ttie time evolution
operator for Jn+\(t) = Jn,n+i(t) = Jn+hn(t) is given by

-t(Jn+l(t)Un+l,m(t) + JB_ (24)

with the initial condition

*/».m(0) = (25)

6.2 Application to cyclic oligomers
Introducing

(26)
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the equation of motion (24) transforms into

dt Xn{t) = - ie n( t )Jf»(t)-

-i{Jn+l(t)Xa+l(t) (27)

with the initial condition

Xn{0) = 1. (28)

The optical line shape in z polarization then reads

(29)

For various arrangements of dipole moments ( X = A, B, C) one obtains (see

Sec. 2.3)

Let us define

(30)

(31)

The equation of motion transforms into

= -i£n(t)wn(t) - ij
cos(2irn/N
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c,os{2nn/N + aft) ,
cos(2;r(rc - l)/JV + aft) ™"1

(32)

(33)

(34)



with the initial condition

(35)

The optical line shape for x-polarization of the light then reads

" £>„(()>• (36)

7 Results

The influence of bath in the stochastic model with the dichotomic coloured
noise is taken into account by flucatuations of the local energies and the transfer
integrals. In our recent papers [48-50] we have been dealing with the exciton
optical lineshapes in linear and cyclic trimers, tetramers and hexamors taking
into account mainly the influence of the local energy fluctuations.

In this section the exciton optical line shapes in cyclic trimers and tetramers
are presented for various polarizations of the light and for the transfer in-
tegral fluctuations in graphical form. Discussion and comparison of these
results with our previous one is postponed to the next section.

7.1 Cyclic trimers

Taking into account only the transfer integral fluctuations in the Hamiltonian

Hi(t) =
j3(ty

0 J2{t)
J2{t) o ,

we arrive for IZ(LJ), l£(w), I^(U>) and / f (u), by a similar procedure us in
papers [48-50] at resuits presented in Figs. 1 to 4.

7.2 Cyclic tetramers

The Hamiltonian describing transfer integral fluctuations is given by
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f: • w-ww 'i

0
h(t)

0
Mt)

Mt)
0

Mt)
0

0
Mt)

0

Mt)

Mt)\
0

Mt)
o )

The line shapes Iz (u) and l£(u)) are presented in Figs. 5 and 6. The optical line
shapes I f (uj) are identical to l£(oj) given in Fig. 6. .7 = 0 in the configuration
C because k = 0.

7.3 Cyclic hexamers

In the case of cyclic hexamers the transfer integral fluctuations are presented
by the following Hamiltonian

/ 0
i ( t

o
0
0

Jt(t)
o

J2(t)
0
0

0
Mt)

0

Mt)
0

0
0

/.to
0

Mt)

0
0
0

Mt)
0

0
0
0

Mt)
<> -hit)

In this case the line shapes Iz(u)),
7 to 10.

), /.f (w) arid I%[ui) are shown in Figs.

8 Discussion

The investigation of optical properties of antenna systems of photosynthetic
units has a long history. Let us pick up only two conclusions from the recent
investigations:

For a long time, the bacteriochlorophyll absorption band of the core an-
tenna (B880 in Rhodospirillum rubrum, B870 in Rhodobacter sphareoides,
B890 in Chromatium minutissimum) was believed to be spectrally homo-
geneous, but recent data leave little doubt about its being inhomogeneously
broadened. The interpretation, based on spectrally resolved picosecond fluo-
rescence kinetic data, suggests several spectral components to contribute to the
880 band and it is assumed that the spatial arrangement of bacteriochlorophylls
with different excitation energies facilitates the excitation energy trapping by
photoactive RC's.
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It was also shown that in PS I systems the time resolved spectra indicate
that the emitting Chi a species is not limited to the long-wavelength form(s)
but is nearly homogeneously distributed over all of the spectral forms present
throughout the emission lifetime. The excitations are equilibrated spectrally
in less than 1 ps, but require considerably more time (several picoseconds)
to be distributed homogeneously in space. In this connection the extent of
the excitonlike (delocalized) character of PS I antenna excitations was also
discussed.

We investigated theoretically the optical properties of different models
for the basic units of the antenna systems of the photosynthetic units.

We have calculated in a serie of papers [48-50] the optical absorption
line shape for Frenkel excitons on cyclic and linear model oligomers. The
interaction between the molecules is taken into account by nearest neighbour
transfer matrix elements and the influence of the phonons and of the static
disorder is modeled by a stochastic process with dichotomic coloured noise
which gives rise to fluctuations of the local excitation energies and of the
transfer integrals. It is assumed that fluctuations at different sites and between
different molecular pairs are independent and that their correlation functions
decay exponentially.

The optical line shape has been determined from an exact closed sys-
tem of coupled linear equations. The parameters in these equations are the
transfer matrix element J between nearest neighbours, the strength A of the
fluctuations of the local excitation energies and the decay constant A of the
correlation functions of these fluctuations. The number of equations increases
rapidly with the number N of molecules involved. Therefore, we have devel-
oped a procedure in MAPLE (symbolic programming) [63] which, for arbitrary
N, allows to obtain the complete set of equations for the correlation functions.
MAPLE generates the LATEX output of this set of equations. Furthermore,
MAPLE produces the coefficient matrix of these equations in FORTRAN.

Results of our present calculation which takes into account the influence
of the transfer integral fluctuations are shown in Figs. 1-10. The arrangement
of the pictures is as follows. In rows the strength of the noise Aj increases,
while in columns, beginning at the static case, the parameter Xj increases.

The arrangement of the pictures is analogous to that in our previous pa-
pers [48-50]. In rows the strength of the noise Aj increases, while in columns,
going from top (the static case) to bottom, the parameter Xj increases.
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Influence of number of molecules
The number of molecules in cyclic, oligomers gives in the static case

(Xj = 0) the number of eigenstates and eigenenergies and their degeneracy.
Comparing, for instance, the optical line shapes for cyclic trimer and tetramer,
one observes new optical transitions in the case of the tetramer and apprecia-
ble oscillator strength connected with them. For A., —* oo, the difference
is almost lost, but the optical line shape for the cyclic tetramer is still more
symmetric than in the trimer case. Comparing the trimer with the hexamer
one sees that for small values of Aj and Xj the optical line shapes for the
hexamer are sharper than those for the trimer and have the inverse order.

Influence of dipole moment arrangements
We calculated the optical line shapes for various arrangement of dipoies.

The arrangement of dipoles changes not only the rules for allowed optical
transitions but changes also the dipole-dipole transfer integral, even its sign
may be reversed. It results in an inversion of the order of allowed optical
transitions [44]. In the case of tetramer, the arrangement of dipoles (C) leads
to ,/ = 0.

Influence of bath
It is seen that for small values of Xj, i.e. slow fluctuations, the line shape

is strongly structured; it could be related to the energy structure in the static
case. With increasing values of A.;, but still keeping Xj < Aj , the lines become
broader and the structure of the spectra is smeared out. Furthermore, due to
the disorder, transitions are allowed which in the completely ordered case are
forbidden. For Xj > A} motional narrowing of the optical lines takes place
and the differences in the spectra shape between various oligomers vanish.

Comparison of the transfer integral vs. local energy fluctuations
Let us compare optical line shapes presented in this paper for transfer

integral fluctuations with those presented in [48-50] for local energy fluctu-

ations. We shall discuss the same values of the parameters: A = A./ and
X = Aj .

Cyclic trimer, z-polarization.
The optical line shapes are for small values of A much more narrow in

the case of local energy fluctuations. For larger values of A the pronounced

splitting takes place in the case of the transfer integral fluctuations. This

featuer is mostly pronounced by the linear trimer.
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Cyclic trimer, A,B>C.

The transfer integral fluctuations lead to the more pronounced splittcd
structure of the optical line shape than in the case of the local energy fluctu-
ations. The so called motional narrowing takes place for smaller A in the case
of the local energy fluctuations.

Cyclic tetramer, z-polarization.
The optical line shapes are for small values of A much more narrow in

the case of local energy fluctuations. For larger values of A the pronounced
splitting takes place in the case of the transfer integral fluctuations. This
feature is mostly pronounced by the linear tetramer.

Cyclic tetramer, A.
The optical line shapes are for larger values of A and for medium value

of A entirly different. In the case of the local energy fluctuations minimum
accures in the center where in the case of the transfer integral fluctuations
the maximum take place. For larger values of A the pronounced splitting does
not take place and the optical line shape in both types of the fluctuations are
nearly the same.

Cyclic hexamer, z-polarization.
The optical line shapes are for small values of A much more narrow in

the case of local energy fluctuations. For larger values of A the pronounced
splitting takes place in the case of the transfer integral fluctuations. This
feature is mostly pronounced by the linear hexamer.

Cyclic hexamer, A,B,C.
The transfer integral fluctuations lead to the more pronounced splitted

structure of the optical line shape than in the case of the local energy fluctu-
ations. The so called motional narrowing takes piace for smaller A in the case
of the local energy fluctuations.

9 Conclusions

The aim of our investigation of the exciton optical lineshapes in cyclic oligomcrs
was not the direct comparisson of our results with the experimental data. We
would like to collect data for cyclic oligomers and to present the influence of
the bath and probable static disorder taken into account by the help of the
fluctuations of the local energies and of the transfer integrals. We have used
the dichotomic coloured noise which has been at present tractable for us. But
we know, that the results for lineal chain coincide for both types of noise
( dichotomic and Gaussian) unless AA. The presented spectra are the first
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step to the understanding of the influence of the bath and the static disorder.

To reach a level which allows the direct comparisson with the experiment we

would like

• to include possible and probable dimerization of the rings and

• to increase the number of the molecules involved.

The calculations in both directions are running.
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Figure captions
Fig.l: Optical line shapes IZ(UJ) for Jo —

Fig.2: Optical line shapes /^(w) for Jo =
Fig.3: Optical line shapes 1%{u} for Jo =
Fig.4: Optical line shapes f£(u>) for Jo =
Fig.5: Optical line shapes Iz{w) for JQ =

Fig.6: Optical line shapes /*(w) for Jo =

Fig.7: Optical line shapes /*(w) for Jo =
Fig.8: Optical line shapes l£(u)} for Jo =
Fig.9: Optical line shapes / f (w) for Jo =

Fig. 10: Optical line shapes I%{w) for Jo

1 and various values of Aj and Xj.

1 and various values of Aj and Xj.

1 and various values of Aj and Xj.

1 and various values of Aj and Xj.

1 and various values of Aj and \j.

1 and various values of Aj and \j.

1 and various values of Aj and Xj.

= 1 and various values of Aj and Xj.

= 1 and various values of Ay and Xj.

= 1 and various values of Aj and Xj.
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