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The time development of the site occupation probabilities in hexagonal model of
photosynthetic units is investigated. The method based on Stochastic Liouville
Equations allows to describe the excition transfer with a trap (reaction center)
in coherent, quasicoherent and mbnormnaigmmgmm.

I INTRODUCTION

An energy captured in an antenna system (AS)
(PSU) is transferred to a reaction centre
tons.

of the photosynthetic unit
(RC) in a form of localized Frenkel exci-

The motion of excitons is permitted by electronic interactions between an-
tenna pigment molecules. The excitation energy transfer has been investigated in
a number of theoretical works, mostly supposing the incoherent regime [1,2].

In the last years the structure of variety antenna systems has been experimen-
tally established [3]. The most striking property is their prevailing regularity. The
photosynthetic membrane of purple bacteries shows well ordered two-dimensional
arrays of photosynthetic units in which RC complex is surrounded by a ring like
structure. The cyclic assembly is hexameric or dodecameric ring of a - 3 polypep-
tide pairs and their associated bacteriochlorophylles [3,4].

The simplest model of such antenna system co
placed on the regular hexagonal with reaction cente

Kudzmauskas supposed [5] that the exciton w

coherently, while the exciton motion between globulas occurs by means of the mech-
anism of incoherent excitons. They used PME wit

b homogeneous initial condition
to calculate quantum yields and fluorescence decay time.

ntains globulas (n = 1,.. .,8)
r (RC) in the center (n = 7).
ithin a single globula propagates
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Pearlstein and Zuber discussed the unability of the :Xormnms.w picture _d.\i:o:
oMm Forster mechanism for exciton transfer to explain regularity .3, cyc _M.wﬂ.
1 a
cmmmm systems [4]. The necessity of incorporating of coherent and intermadi
tenn .
i ds:
ime was suggested on following groun o
Rm:w.vw milummmﬁm homogenous, linewidth of the photosynthetic v_mamznm.mﬂmv\ vmmnww
y orders of ,Swmsz.:mm smaller than the observed, inhomogenous, widths o
man
tion bands . .
mcmoww “Mé ormonmam [6] and also [7-10] showed that the dynamics of exciton phonon
interaction is much less randomizing than Em.io:m#.% mcvammm. 0 mererslecady
: These are new arguments against conclusions given in {11}, w icl EM altead
iticized by Nedbal [12], that the coherence time in antenna system is abon
critl '
|ﬁ AUA . . - -|
o %mmnmo:a% Borisov investigated several interaction mechanisms @mdemiﬂ mJQ
nd exchange) and tried to point out a principal role of an ~=8_.305an ar
szn . e. He also questioned a common use of the Forster nmmosmu_u.”.%m wzm_ma
ance. : > Fo "
.hmw description of the exciton transfer in PSU. He indicated the possibility of a
~ . .
lication of the coherent picture for the exciton Bo:m.u: {13,14]. N
r The character of the exciton motion (coherent or Enoromgnv is :m mms v,
beside the electronic intermolecular interaction, also by the meeo:-_ﬂwa hv %“Mwwm
1 i i o adm
i i i i ny difficulties. It is necessary :
nteraction. This fact introduces mal . : . it some
JB lifications. We are interested only in a propagation of the mxn.;ourvc =M~ i
mw M namics of the bath. There are many theoretical methods mo?jmn e pro MZ
nmmmdww:m the time dependence of the exciton occupation probability muzmv. e
Wﬂmsaozma some of them in our previous papers discussing the role of coherence
5,16]. o o -
mﬂmn%rm m_soMn important one from the methodological point of view 1s the ﬁo%=<o
lution Generalized Master Equation method (GME). .H.ro chm::w: m_.oM.:pr mﬁwﬂ
herent regime to the incoherent one is well pronounced in m.vmrwio:n_ on. mQZm
dependence of the memory functions wmn(t) (MFs) entering convolution
le_m‘wﬁm method can be connected with the Haken-Strobl wao&mmsn M:ocm_zm
Equation method (SLE) (for a review see [18]), which can also mmmn:.vw o@O?MWm:.HMM
EM: as incoherent regime and which is in this respect 8.3@@32@ wit . !
icroscopic nature of parameters can be introduced for instance by the connection
O -
MEQZM [10]. A generalization to energetically heterogeneouse systems was given
o :
1 19]. . . . )
" T.,O:_ the other hand, the memory functions {MFs), which are zwm SMM_& emw:nﬁ
i _ for some simple examples. (Henceforth,
i volution GME, are known only . : rt
Wmmﬂmw\—amo“o understand n,o=<o_:30= Generalized Master Equations for vnovmg_mmw
ow\: ) Amrm:. use in the practical calculations of the time mm<m_0ﬁam=n. Om_a e site
onoﬂ.vmﬁoa probabilities P,(t) is rather cumbersome. A general m:w_v\:vamaoxwmm.m
i functions in finite systems can be found in
i alculation of coherent memory | A
Wﬂ, »,M.Wmnm we demonstrated the destructive role of the site-energy difference for
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the coherent regime.

The aim of the present paper is to model the time dependence of the exciton
site-occupation probabilities Po(1) in hexagonal PSU and follow consequences of
different kinds of excitation transfer regimes. We have chosen the SLE method for
its capability of describing the coherent regime as well as incoherent one and owing
to its proper description of the role of the trap.

Excitation energy is transfered through the antenna system to RC where pri-
mary processes take place. In our treatment, RC is modeled as a sink. The con-
sequences of the sink in energy transfer processes are different in the coherent and
incoherent regime [21]. Is it necessary to admit that in the exciton transfer treat-
ment by GME method this fact has not been for a long time taken properly into
account {17]. Cépek and Szics [22] were the first who pointed out the necessity of
a “transformation” of MF. Absence of such a transformation could lead to com-
pletely errorenous results. They gave a prescription for a proper inclusion of the
trap into the SLE method, too [22]). There is no such unique prescription for GME
method.

In the following section we shall review shortly the theoretical description
of GME and SLE methods and the transition between the coherent regime and
incoherent one. In section 4, the parameters for SLE treatment of our model
including a trap will be shown and in section 3, the results are presented. At the
end the conclusions will be given.

II. GME AND SLE METHODS

Exciton motion in PSU can be described by the site occupation probabilities
P (t). Exciton-bath interaction and exciton trapping at the reaction center (RC),
however, render an exact solution impossible.

The most general approach, starting from the first principles, is the Liouville
equation

L0
_m‘WMESJ:u = _..m,&sﬂ:u. AMV

Here H is the Hamiltonian of PSU including phonons, p is the density matrix,
m, n, (r, s) are molecular ( vibrational) indices. The solution of (1), if found, would
give a full information on the probability of any excitonic and vibrational state for
any pigment molecule at any time.

Looking only for the exciton site occupation probabili ties Po(t) (relevant but
reduced information) it is, however, much easier to solve GME [17]

%Mwss = MU\Q (W (t = 7)Pa(T) — wom(t — T Pu(r)ldr+ In(t)  (2)

ws = MBS-._J:..
r
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From now on, for physical reason connected with initial conditions [17], the initial
condition term I,,(t) will be ignored. . o

The memory functions w,, in (2) are complicated functions of hamiltonian
matrix elements and temperature and, in most cases, can not be found explicitly.
They reflect the character of the exciton motion ~ coherent or incoherent ~ in their
decay for long times. . . .

Only in exceptional cases (see the next section) GME can be further simplified
to the Pauli Master Equations (PME)

a

WM@SQV = MUAE.::%:QV = Fam Pm(t)) (3)

m

with transition rates

Frn H\SS:T.YT..

There is another model which can describe both coherent and incoherent mo-
tion and which is in this respect comparable with GME. This is the Haken-Strobl
Stochastic Liouville Equation {SLE) method. The basic equations of the model
read [18] .

mvmh.:: = [Ho, plmn — ihémn M 2Ym—p(Pmm — Ppp)—
- mwﬂw - miav:ﬁ:\. +Thn vba_: = MQSI:@::L TC

M Tm-n
n

Here pmy, is the density matrix for the exciton system, P,, = Pmm, Ho :&.mamm to
the exciton system unperturbed by the exciton-phonon coupling. The off-diagonal
parameters vy describe the phonon induced hopping of excitons, the I'’s control
the decay of the off-diagonal elements pn. (m # n) which parallels the loss of
coherence of the exciton motion.

Im

III. COHERENT AND INCOHERENT EXCITON MOTION

Transition from the coherent to incoherent character of the exciton motion
could be well demonstrated on a simple example, namely homogeneous dimer with

an intermolecular distance R.
Without interaction with a bath, the exciton motion between two molecules

with an intermolecular interaction J(R) has the coherent (oscillating) character,
which is governed by the Schrodinger equation. Let us create, at £ = 0, the
excitation with P;(0) = 1. Solving the Schrodinger equation, one can obtain

Po(t) = (1 — cos(JE/R))/2.

Let us allow an interaction between the exciton and a bath (phonons). In our
recent papers we succeded in calculation of the long time asymptotics of the MFs
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for the exciton interacting locallly with phonons (bath) |
the two-channel character of MFs and we were able to
parameters in SLE with microscopic parameters enterin

For instance the memory function for a symmetric
scale a form

8-10,23]). We demonstrateq
connect, vrmzoﬂm:o_ommnm_
g the Hamiltonian.

Wy = Wy = Ae™ Bt + mmﬁuv = ioh + wic

where A and B were given [8,10] for initialy relaxed lattice. We also determined
[10] the role of parameters like temperature, strength of exciton-phonon interaction
ete. in the exciton motion character in a linear chain.

From microscopically derived Wmn One can obtain the microscopic meaning of
parameters v in SLE. The following cases have been discussed [18]

Purely coherent ezciton motion

There is no exciton-bath interaction. Then w;, = Swmor without damping and

HHMQ:uSHo..Hrmnmmm no possibility of application of PME to this type of
exciton motion.

Purely incoherent ezciton motion

This limiting regime takes place when the exciton motion is owing to the second

channel with negligible memory effects. One can use the PME with transition rates

Nu,mw = M)}m = .\.E_WMAHVA:

Quasi-incoherent excilon motion

In this case T' > J, and memory functions ywacch decay rapidly with time. On
the long time scale, one can use PME with transition rates

Fig =295 + .\w\qmwv

Quasi-coherent lransfer

In this case the memory functions waceh
so strong, that the use of PME would be Jjus
SLE.

Kenkre was the first who pointed out the non-loca

tions , previously obtained also by Sokolov [24],
interaction J in Hy,

effective rates.
Pearlstein [21]
the coherent excito

are damped, but this damping is not
tified. One has to solve the GME or

| character of memory func-

even for only nearest neighbor
and discussed consequences [25]. He tried also to introduce

was the first who discovered another role of the trap {sink) in
n transfer regime than in the incoherent one. He demonstrated
on finite chain with not very strong trap that in the coherent case the transfer of
the excitation to the trap is slower. In the following development, of theories based
on GME method, Pearlstein ’s conclusion has received, however, no response.
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dimer takes for long time

To take into account the role of a trap (sink) on the exciton transfer one has
to complete the SLE (2) by a term

|QA%§« + «m:uvbw:: \M

Analysing carefully the time dependence of Nst. Cépek and mMOom vo_umwa_”mw

the necessity of “transformation” of memory functions MF. As s NS: on i mo-
ample, absence of such a transformation nO:E. lead to completely wﬁo:wo

mx: Q,m:o_.m— prescription for such transformation of memory functions in more

mwzwn.m_ cases has not yet appeared. This is also one of the reasons to use the SLE

w:m.&oa in our model here.

IV. MODEL

Experiments analysing the structure of PSU has led to rmamnomoswﬂw _Mﬂomhm
working with a planar cyclic hexagonal arrangement of globulas with RC in the
nmsemﬂnz. our model the exciton motion within a m_occ_m.wm m:EuOmmm nowmnn.:a NEM SM
shall not calculate the occupation Eovwz_;m.am of finding the exciton on E%Sr :_m
intraglobula molecules [5,15]. Our probabilities P,(t) refer to globulas as a whole.
To describe the interglobula exciton transfer we shall use the SLE . . ;

The Hamiltonian Hy relates to the unperturbed exciton system and Eoﬁ es
only the interaction between neighboring globulas. The symmetry of the problem
leads to the following form of H,

0JO0OD0DO0OJI
JOJOGOGOI
0J0JOOI
00J0JOI
0060J0J1
JOO0OOJOI
IFr1 11110

The off-diagonal elements of the mw:::oiw:. govern the coherent part .5 mr.mamxw
citon motion. [ is the resonance (hopping) integral vﬂ”ﬂo: RC and individua
1 ce integral between antenna globulas. .
m_ovﬂn\”\meme_m MMMOMHNMMM on ﬁrmmOormnm:nm effects in the exciton transfer .mum therr
consequences. We shall include in our model the transfer through the n:w.m_nowﬂ.o:M
channel [10] and we shall neglect a strong nmngan:wm.mmvm:amza._mLS __:ooamwmow
channel (ymn = 0 for m # n) for which there is :o.m:mg experimental evidence.
The coherent memory functions are then damped with factor I' = Yo-
SLE (2) is completed by the “sink” term

[Q:v...wﬂ + maﬂvb«:: \w_
which describes the capture of the exciton in RC by the help of a trapping rate o.
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V. RESULTS AND DISCUSSION

ities P,(t) is shown on following figures for various initial conditions and a broad
range of parameters. The time scale is given by J/h in psec—1,
At first the initial condition corresponds to the excitaty

molecules at ¢ = 0, it means that P,(0) = 6,,.
development of

on of one of antenna
We are interested in the time

Pi(t) A o= n .
Pa(t), ..., Py(t) AS L. .
Pr(t) RC

We demonstrate the influence of the loss of coherence allowing the increase of the

120

1.00 T T v
1.00 : . ; 4
; a | h c ]
g 4 0.80
0.30 xﬂ , g 4
0.60 [ ] .
¢ M -
2040 [ ]
(=% H ]
020 | - 1 .
3 ] 5 ! 10 n.uo = 20.00
0-99 00 10.00 20.00
&.OO tme {ps)
time {ps] "
1.00 S : . ]
1 b ]
080 | .
° | . Fig. 2. Time dependence of the occupation
Na “ i . : ,ye, .
3 § . probabilities
m.oho i 4 Pi() AS — o o me
Py(t),...,Ps(t) AS - - - - - - - -
Pr(t) RC
forT'=1.0 and
a=0.1 a)
1.0 b)
freted 10.0 nv

damping parameter in MF

I'=9y=0.1 Fig.1
1.0  Fig2
10.0  Fig.3

and the influence of the increase of the trapping rate ¢

oc=0.1 Dv
1.0 b)
100 ¢

o .\m\ mowmw Mms M_M MWUMM:WH_WME@ the probabilities P, (t) oscillate. With increasing
r goDOm&:mnoQ (coherent) regime is @nmm.m:mm only in initial wgwmma.o P

We see that the increase of the trapping rate o from zero om s Shercapluce
of the exciton on the RC. On the other hand, for large o, o e Mxn . M.n o
to move around the decoupled AS avoiding the RC before being trapp
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the incoherent and coherent regime in the presence of a trap is nontrivia] [21] and
the use of not-properly-transformed memory functions [16,17] as in [15] could be

It ~.m very omﬁ:. argued [2] that after the initia] period of severa) psec the
Occupation probabilities should reach a homogenous distribution in PSU and one

of coherence in exciton transfer unjustified. The oscillatory behaviour may be
preserved in the antenns system for long times. Here, one should realize (M:mp
a.momv\ of memory after same time 7, does not mean necessarily that after that
time, the transfer is already incoherent. The reason is that, after an individual
transfer (hop) the memory effects enter once more into game. Zmﬁon:«: this w:wp
means to distort e.g. the above mentioned suppressing role of _.:Qmmmm:mm o mmw_.ﬂ
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time (ps] for JIh=1I/h = 3,06 =05 and '=0.1.

Initially is excited PSU.

the Pauli-like theories.
In previous pictures we followed the excitation coming to the PSU for instance

from neighboring units. This corresponded to the initial condition Pi0)=1. We
supposed equal site energies of globulas in AS and RC. To be nearer to the exper-
imental situation after (mostly optical) excitation we shall simulate the possible
energy heterogenity of the initial distribution in PSU showing on next figures the

time development of the occupation probabilities of

antenna globulas a)
reaction center b)
photosynthetic unit ¢)
for J/h = I/h = 0.3 (14], and o = 0.5 [ps7!], [15] with more-general initial

distribution. The initial excitation at { = 0 is

homogenous P.(0) =177 n=1...,7, Fig.4.5.
AS Pa(0)=1/6  n=1,---6, Fig6.7.
RC P(0) =1 Fig.8.9.

123




0.0% 05 BT BT 0.00, 00 ’ ’

10.00 20.00

time [ps} tine NET
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S
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time (ps) photosynthetic unit <)

for Jfh = I/ = 3,0=05and I'=1.0.
Initially is excited PSU.

and I' = 0.1 or 1.0.

energies; the latter fea-
ture may be, however, negligible for dynamical properties in later times, ie. it is

neglected in this study limited to coherent effects in PSU.
We see that in the more coherent regime
tion of coherent effects s in the case of initial excitation of RC.

Up to now we have used the homogenous Hamiltonian H,. To demonstrate
the influence of the difference of interantenna and antenna-
(J = I) the results for two times greater J/h are also s
results do not coincide as believed up to now [2,5]

reaction center transfer
hown. In any case the

VI CONCLUSIONS

Let us start with the description of the exciton motion in hexagonal PSU by
the Pauli Master equation. Thorough discussion of the _.znormwa:ﬁmxo:ozgosos
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time [ps]

in the hexagonal model of PSU has been given in papers by Kudzmauskas et al.
[5], Valkunas et al. [26]} and Borisov [14]. . S
Using the homogeneous initial condition, a nio.mxvo:mzﬂm.m .monm.,\ aw in aa
long time development of antenna and reaction 85”2. Eovmv:;:&. was ovﬁmﬁm :
The crucial point is that none of the decay times is o.oscmnnmm with the exciton
transfer within an antenna system. Two exciton kinetics are connected s;r.nrm
Symmetry of the system. One characteristic period is the decay Om.n:o mxo;Mu
within the AS (here not taken into account) and the other ~ the seizure of the
exciton by the RC, . .
The aim of our work was a computer modeling of coherence A.wmmnnm in mxona.o:
transfer in hexagonal PSU. We used the Stochastic Liouville equation method with
a proper inclusion of a trap. . .
We developed a method of solving SLE which m:oim.cm to o_umm:: the mo_:r.o:
for any initial conditions solving system of 49 &mmnmzsw_. equations for .am:m:%
matrix elements pmn. We did not try to fit input parameters in SLE to m.xvmzim:ﬁm_
data (also in PME treatment the obtained parameters are very ambiguous). On
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the other hand, we wanted to demonstrate, on a short time scale, consequences of
the coherent exciton transfer regime, as suggested recently [14,21].

The obtained data were calculated and graphicaly presented for J /i scaled to
1 psec. Qualitative conclusions are not changed for another time scaling.

We used up the advantage of the SLE in capability of describing, besides the
exponential onorﬁ.m:CV as PME method, also oscillatory (coherent, or incoherent)
time development of the globula occupation probabilities P,(t). The coherence ef-
fects in the sense of time oscillations are preserved for shorter times with increasing
incoherence, requiring the ultra-short time optical measurements for their discovery.
The oscillatory character of Fo(t) is smeared Am<m~mmmmv in antenna and reaction
center probabilities (Figs. 4-9) in the case of homogenous excitation of either AS
or RC. The most probable opportunity to discover the oscillatory coherence effects

regime in AS.
The second important result is the effective decoupling of RC from the AS
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with increasing the trapping rate o. The excitation remains stored in AS avoiding

the transfer to RC. .
The obtained results are the first step in our understanding of coherence effects

in hexagonal cyclic PSU. A more complete model would require further steps in a
more complete set of input parameters for SLE method which includes:
a) site-energy distribution in PSU

b) hopping assisted channel (v;; # 0)
For inclusion of the energy-inhomogeneity, we can use the extended SLE

method which was developed by Cépek and Szdcs [19].
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