J. Phys. Chem. A998,102,4381-4391 4381

Ultrafast Exciton Motion in Photosynthetic Antenna Systems: The FMO-Complex
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Excitation energy transfer in the Fentlslatthews-Olson (FMO) photosynthetic antenna complex of
chlorobium tepidum is investigated theoretically. On the basis of a dissipative multiexciton theory, the
numerical simulations reproduce the cw-absorption and, in using the same parameters, the differential absorption
of ultrafast pump-probe experiments. EXxciton relaxation processes are included via a coupling to the vibrations
of the protein matrix. In order take into account a delocalized pretgigment interaction a correlation

radius of the protein vibrations is introduced. The model allows for the study of the temperature dependence
of optical spectra and enables one to utilize exciton relaxation data as a probe for a global-shape estimation
of the spectral density of low-frequency protein vibrations. In fitting the cw-absorption measured at 5 and
107 K, the strength of the exciton-vibrational coupling, the related correlation radius and spectral density,
and the inhomogeneous broadening of the exciton levels are determined anew. The obtained parameters are
used to reproduce 150 fs pumprobe spectra as well as transient anisotropy pumped and probed at different
wavelengths and different temperatures.

I. Introduction response measured in ordinary absorption and also in circular
nd linear dichroism experiments. The protein environment has

In recent years, ultrafast spectroscopic techniques have beerEeen taken into account 2-fold. First the BChl transition

widely used to study the photosynthetic apparatus of baCte”aenergies (so-called site energies) are assumed to be shifted due

as well as that of higher plants. ‘In combining the spectroscopic to a different binding site in the protein, and second there is an

analysis with structural data it is possible to reach a deeF)erinhomo eneous distribution of BChl energies at the same site
understanding of the functionality in the sub-picosecond time 9 9

region of these natural molecular nanostructures in different FMO monomers. Here we want to present an
Most success could be achieved in following the different extension of the standard approach and take into account also

steps of charge separation proceeding in the reaction center o hghf:osrir:ggeenrgeroys spectrum, (i.e., dynamical fluctuations of the
purple bacteria. After the pioneering work of Michel, Huber, o g|es). ) ) )
and Deisenhofer in clarifying the molecular structure of the The Q|st|nQU|shabIe structures in the cw-absorption and their
bacterial reaction centéra huge amount of data has been altérnation with temperature favors the FMO-complex to study
accumulated. In the last years structural data have been alsgl€t@ils of excitation energy (exciton) relaxation. In particular,
offered for the peripheral antenna complexes of the photosystem@N€ €an expect to obtain data on some details of the protein
Il of higher plants (LHC-I1} and on the antenna complex Il of  ViPrations. Since the coupling to these vibrations is not too
purple bacteria (LH-I8, both with a resolution of several strong relaxation malnly_proceeds via transitions among the
angstroms. The highly symmetric structure of the LH-II e_xcnon_leve_ls accompanied by the emission or absorption of
complex is a topic of femtosecond spectroscopy and, in smglewbraﬂona} quanta Qf the protein (the medium the BChls
particular, stimulated a lot of experiments on ultrafast exciton &€ eémbedded in). In this manner one can probe the spectral

motion, exciton localization, and exciton relaxation (see, e.g. 4€nsity of the protein vibrations (density of states combined
ref 4). with the distribution of the excitonvibrational coupling

But there already exist structural data of a green bacteria cOnstants).
antenna complex for more than 20 years. This complex is Related pumpprobe experiments in the femtosecond-time
known as the FennaMatthews-Olson (FMO) complex-7 It region have been carried out recently by Freiberg and co-
is arranged by protein trimers where every protein monomer Workers2 and in the groups of Aartsiaand Struve? By
contains seven bacteriochlorophyll (BChl) molecules. The €xciting an upper level in the manifold of (single-)exciton states,
BChls are more or less uniformly distributed in the protein One can detect by a second probe beam tuned to a lower lying
matrix at a nearest BChI-BChl distance of about 11 A. In exciton state how relaxation appears among the different levels.
contrast to the broad and structureléggs-absorption of the It is typical for the studied sub-picosecond time region that
LH—II, the absorption of the FMO-complex shows substructures coherences among different exciton levels have to be considered.
reflecting delocalized electronic singlet excitations of the various Appropriate simulations can be carried out within the dissipative
BChls. As in other antenna complexes, these excitations canmultiexciton modet>1©
be described within a Frenkel-exciton model since any charge The measurements in refs 12 and 14 are based on the FMO-
transfer among different chromophores is absent. This standardcomplex of Chlorobium tepidum which differs from that of
exciton concept has been applied by Pearlstein an#°land Prosthecochloris aestuarii. Hence, it is necessary to adjust all
recently by Gilen'®and Louwe et al! to study the linear optical  ingredients (BChl excitation energies and irt&Chl couplings)
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for the simulation of the data in refs 12 and 14. This has been absorption, pumpprobe spectra, and the transient anisotropy

achieved in fitting cw-absorption spectra from ref 12.
In utilizing the dissipative multiexciton theory, we chose a

are explained in detail in section III.

way which enables us to describe the electronic (excitonic) states!!- Model and Simulation Technique

in a satisfactory manner but also allows to account for the
coupling to the many vibrational modes present in such
pigment-protein complexes. More sophisticated quantum

A. The Hamiltonian. To obtain a Hamiltonian, which
allows for the formation of multiexciton states and includes the
coupling to vibrational degrees of freedom, let us start with an

chemical techniques to determine the electronic structure of anexpansion with respect to the adiabatic electronic states. These
antenna complex cause huge numerical efforts, and less can bare denoted agj, = |jpCand belong to a single BChl molecule
done to include vibrational modulations of the electronic spectra j at positionR;. For the present purposes it suffices that the

and interstate couplings (see, e.g., ref 17).

Our approach starts with a simple model for the electronic
spectra of the various BChls including the ground statar
the first excited singlet statey®),). Since the coupling among
those BChls is weak which belong to different monomers of
the FMO trimer it suffices to concentrate on the seven BChls
of a single monomer. This is a good approximation in particular
for femtosecond pumpprobe spectra. However, to interpret

these types of spectra transitions from the single-exciton states

electronic quantum numbepscomprise the electronic (singlet)
ground-state & the S-state, and a higher excited singlet state
Sn. The last one is only characterized by its transition energy
which should roughly be equal to that for the transition from
the ground state to the-State. The basic Hamiltonian obtained
in this manner reads

H= %ij(Q)ljpDJlbl + 1/2;1]. - JZ@J. ERY (1)

to higher excited states have to be included. The next higher The first contribution contains the vibrational Hamiltonieify

excited states following the single-exciton states are reached= T(qQ) + U;,(Q) whereQ

via a simultaneous excitations of two BChlis leading to the
formation of the two-exciton manifold. Alternatively, a higher
lying singlet state smay be excited. All these excitations are
coupled via Coulomb forces. According to the smallest
interpigment distance of about 11 A, Coulomb forces can be
described in the approximation of interacting point dipoles.

The delocalization of these excitations is caused by the
dipole—dipole coupling and results in the formation of multi-
exciton stated®16.1826 There may exist different manifolds,
every manifold is characterized by the number of excitations
in the complex and splits off into the various exciton levels. In
the present case we haMgo = 7 BChls in the protein monomer
of the FMO-complex. For example, this resultsNigg = 7
exciton levels in the single-exciton manifold, andNRo((Nmol
+ 1)/2 = 28 exciton levels in the two-exciton manifold. The
two-exciton manifold and probably higher exciton-manifolds
come into play if nonlinear optical experiments are carried out
(compare refs 24 and 26).

The electronic levels of a single BChl as well as the electronic
coupling among different BChls are modulated by intramolecu-
lar vibrations as well as by the huge amount of vibrational
degrees of freedom of the protein matrix. The very slow protein
motions, with vibrational periods much larger than any char-

= {Qz} denotes the set of intra- as
well as intermolecular vibrational coordinates. According to
the complex structure of the antenna system this set cannot be
specified in more detail. Instead, we will introduce later on an
alternative quantity the spectral density of the vibrational modes,
which allows for a description of the coupling of these modes
to the excitons. Such a use of a vibrational spectral density is
based on the concept of normal modes for the protein environ-
ment (see, for example, ref 16). Accordingly, we identify the
Q with these normal modes and have to use parabolic potential
energy surfaces (PE®)p(Q) = Ejp — ABjp + Schoe(Q: —
Q)24 for them. Ej, is the excitation energy of the electronic
state pJand AEp, = 5 :hw:Q%4 denotes the polarization
energy (polaron shift) defined by the dimensionless displacement
Q¥ of the PES. Furthermorey; is the vibrational frequency

of modeé.

Details of the geometry of the FMO antenna complex enter
the third term of eq 1 which gives the Coulomb interaction
between BChl aRj and BChl atR;. Taking the point-dipole
approximation it readsiij = ﬁiﬁj/|Rij|3 — 3(1:\tiRij)(ﬁjRij)/|Rij|5.

The dipole operator includes transitions frogit&S,; and from
S1to S it = di(So— S0)liSt> <jSol + di(St — SISt +
hc. Finally, the fourth term in eq 1) denotes the coupling to
the electric field of the external laser pulses which contains in

acteristic time of the exciton system, can be accounted for by the pump-probe configuration the pump (pu) and the probe
introducing static disorder (inhomogeneous broadening). The (pr) contribution

faster low frequency protein vibrations as well as the high
frequency intramolecular vibrations are considered as forming
a heat bath with temperatuffewhich couples to the electronic

degrees of freedom. For the FMO-complex this coupling is
thought of to be relatively weak, and not any observation of

ER,t) = Z eE(t) explikR — QY} +cc (2

S=pu,pr

The carrier waves of the two pulses are characterized by their
wave vectorsks and their frequencie®2s. The directions of

vibrational coherences has been reported. Hence, a perturbag, jinear polarization of the pulses are given by the unity vectors
tional treatment seems to be appropriate. Such a model easnyes and the pulse envelopes are denotedEsy). Since the

allows for the description of electronic excitation energy
dissipation. Emitting or absorbing vibrational quanta of ap-

wavelength in the visible region is long compared to the
extension of an antenna system, the position ved®&f the

propriate energy the exciton may jump to neighboring levels. gchis have been replaced by a single quarfitiabeling the
How probable such processes are depends on the manner thghole complex.

excitonic transition energy fits the range where the spectral
density of the vibrations is sufficient large.

In the following section we shortly review the dissipative

For the treatment of the ultrafast exciton dynamics in
chromophore complexes like the FMO-complex one can choose
a representation using single BChl states or delocalized multi-

multiexciton approach (details can be found in ref 16) and exciton states (eigenstates of the complex). In any case, it is
specify it to the protein monomer of the FMO-complex of necessary to formulate all rate-expression governing the dis-
Chlorobium tepidum. The results of simulating the cw- sipation in these eigenstates (compare also refs 15, 16, and 27).
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Only in this case the correct time asymptotics are obtained which exciton representation is necessary. In contrast to the energy
lead to a thermal equilibrium population of the exciton states. spectrum, the vibrational spectrum and the excitaibrational
Therefore, it is most appropriate to expand the Hamiltonian with coupling constantgg‘)(M,N) are completely unknown for both
respect to the delocalized exciton states. Since all states havaypes of FMO-complexes. They will be defined in an indirect
to be distinguished with respect to the number of excited BChl way via reasonable assumptions with respect to the spectral
we arrange the Hamiltonian eq 1 in such a manner to indicate density of the protein vibrations. However, there exists a
explicitly the presence of a single excitation in the antenna resonance Raman study of the high-frequency vibrations of the
complex, the presence of two excitations, and so on. A single BChls embedded in the FMO complék. Some of these
excitation appears after light absorption in the visible region intramolecular vibrational modes in the low-frequency region
and is of the amount of the transition energy from the ground might influence the exciton relaxation in the FMO-complex
to the S-state. The state of two of such excitations present at especially for larger energetic differences within the exciton
different BChl molecules may become degenerated with the statemanifold as they occur for instance in a direct relaxation from
of a single BChl excited into the State. the blue edge of the manifold to the bottom. But for smaller
B. Multiexciton States. For every type of excitations one  energies the spectral density of the protein vibrations should
can define delocalized exciton states. Besides the ground statéetter fit the energetic range of exciton relaxation. In principle,
|0Cone obtains multiexciton statésNCwith energy spectrum  both cases localized as well as delocalized vibrations of the
enn.  Here,n counts the number of excitations present in the environment are taken into account by the introduction of a
complex (the number of excitons) ahds the quantum number  correlation radius of the vibrations as we will see below. The
of the internal state within thigi-exciton manifold. These  value of the correlation radius will be fitted to the experiment.
multiexciton states are defined as eigenstates of the exciton parfFrom this it can be decided whether exciton relaxation is

of Hamiltonian eq 1 governed by delocalized protein vibrations or localized BChl
1 vibrations.
_ i I3 (RO C. Dissipative Dynamics. The optical spectra measured on

Hex g Epliptpl + zzJ"(R” ) 3 the FMO antenna complex are mainly influenced by transitions

among the various electronic states of the coupled BChl

The expansion of this quantity using gggenstateseads molecules. Although vibrational coherences, in particular those
induced by the protein matrix, have been observed at other
He = % €,nNNONN]| (4) complexes, nothing is known on such phenomena for the present

n,

system. Hence, it suffices to choose a theoretical description
which considers all vibrational degrees of freedom of the protein
anironment as a passive system, only accepting and dissipating
electronic excitation energy. Dissipative quantum dynamics

This exciton Hamiltonian can be calculated if structural data of

the antenna system are available as well as the magnitudes o

the various excitation energies and transition dipole moments. ~. ; -

In the case of Prosthecochloris aestuarii for which the FMO- V&S the conce_ptual_framework to deal ‘.N'th this type of system.

complex has been originally resolved these data are at hand_Therefo_re, we |dent|fy_ the protein environment as a thermal

For the structural somewhat different complex of Chlorobium reservor and the various (delocalized) exciton states as the
active (relevant) system.

Tepidum we fit the cw-absorption spectra of ref 12 to adjust The method of our choice is the density matrix approach

ou_:_;:ec;;%lﬁ)aﬂ m|-|cr:1cr‘r(1aill.tonian eq 4 does not depend on any based on the reduced density matrix (RDM) of the mulltiexciton
vibrational degree of freedom, what has been indicated in eq 3syst¢m. . To have a compact notation we abbreviated the
by the dependence of the dipeldipole coupling on a reference multl_excnon State.quD by |vand get the RDM ap,(1).

; © . . Starting from the time-dependent statistical operator of the whole
distanceR, betwe_en t_he Interacting EChls. I exciton—vibrational system the RDM is obtained via a trace

To get the multiexciton expansion of the Hamiltonian eq 1 operation with respect to the vibrational degrees of freedom.
we use the completeness relatior=D nn|NNIAN|. 1t follows In the following we provide that the RDM obeys the multiex-
citon variant of the multilevel Redfield equatiéh3 Its

— 4O Q)
H = H™|0mD] + nZo%H (M.N)InMIBN| + Hyip + dissipative part reduced to the so-called secular t&rnesds

H™ (5) d _
mZn _p,uv \diss_ Zé;lv(z RK",upKK - Z Rﬂ*’/{ pﬂﬂ) -

Before explaining the first part of this Hamiltonian in more detail 1- 6w) (X[R/mc +R_J]+ RW) Puur (6)
we note thatH,ij, describes the vibrational dynamics at the 3 '
reference configuration of the antenna complex defined for the
case at which any electronic excitation is absent (3GijeAll
terms characterizing transitions among different exciton mani-
folds (optical excitation and deexcitation) are collected in the
last term of eq 5HM". Transitions within a givem-exciton
manifold are contained iHM(M,N) = Sunenn + Y hos
d®(MN)Q:. The diagonal part gives the energy specteum R, = (1 + N(@my) IMMNMMNo, ) +

vyhergas the off.dlago(gal part_ follgvys from the ex_cPfon N~ ) IMMNMMN =) (7)
vibrational coupling. g:”(M,N) is originated by the linear

electron-vibrational coupling defined via the displacement wheren(w) is the Bose-Einstein distribution, and denotes
Qgp) of the BChl PES and a linear expansion of the dipole the spectral density.J is the crucial quantity, which governs
dipole coupling with respect to the varioQs. Furthermore,a  the relaxation of excitons. Since the frequency dependence of
transformation of both expansions into the delocalized multi- this quantity is hardly obtainable an ansatz will be used for

The Redfield tensor splits off into energy relaxation and (pure)
dephasing rates, given Bs .. andR,,, respectively. Since the
exciton levels within a given manifold are supposed to lie not
equally spaced, the so-called coherence transfer ¥édosot
contribute here. The energy relaxation rates are obtained as
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reproducing the measured data. To remain sufficient simple manifold

and to keep the number of fit parameters as small as possible,

we neglect a possible modulation of the dipetépole interac-  J (2MN,2MN;w) = Z G (2M)c;;(2N)c (2M)c(2N) x
tion by the protein environment. Hence the excitetbrational =1k

coupling is caused by the environment induced modulation of [IP0) + IP(0) + IP(0) + I ()] +

thg energy Ie\(els of the seyen BChls ohly. As already outlined, 27’y ¢, (2M)c; (2N)G, (2M)c (2N) [Ji(i)(w) + Ji(|l)(w)] +
this coupling is characterized by the dlsplacem@&@ of the i

PES of BChlj in the electronic state. A transformation of 2% ¢ (2M)e (2N)e. (2M)c. (2N) JO 11
this coupling into the basis of delocalized exciton states defines g Z i(2M)e;i(2N)c; (2M)e; (2N) Jj () (11)

the spectral density in the exciton representation. In the case

of the one-exciton manifold, which is of main interest for the Here the coefficientc;(2M) of the two-exciton statg2MO
following, we obtain describes for = j how the $-state of thath BChl contributes

to the two-exciton state, and foez j the contribution from the
simultaneously excited BChisandj in the S state is considered.

J(IMN,IMN;w) = z Ci(lM)Ci(1N)Cj(1M)Cj(1N)‘]i(jl)(w) Pure dephasing processes are only of some importance for
7 the line width of the lowest exciton level. Nevertheless, we
(8) shortly offer a microscopic picture for them. To do this, one
has to include intoH™(M,N) contributions quadratic with
The ¢(1IM) term denotes théth component of theéith one- respect to the vibrational degrees of freed8r#. Neglecting

exciton eigenvector, and the two-site spectral density reads asf’;]gts)ig ggﬁhé:%’:risptlgigg Ff)ﬁ]r;‘ ct:nesteiiggpr;)BCI:rr:lth(?gupelling ewe
INw) = 143 :0’QQI0(w — we). If every pigment  rodu -S| upll up). IS way w
céuples to Iocalizegd \iibra";ions only, the two-site spectral density gg:\?\;génf%eegﬁgﬂg'Stf:;rGEt]gﬁ ddtighgilgli-éitgto? Sﬁg{g\l‘rgnces
would become proportional td; (that is, it would equal zero
|f_ dlffgrent BChls are con5|der¢_ad). Qn the contrary, if aII_ RanZCiz(lN)cjz(lN)ﬁ(T) +
vibrations are completely delocalized with respect to the protein T
matrix, J* should only weakly depend dnandj. Since for z--c-z(lN)c-z(lN)exp(—Ri-/RC)¢ M (12)
the considered system it seems reasonable to assume the v ! ! z
existence of localized as well as delocalized vibrations, we where ¢1(T) = Y:k(S)(1 + 2n(wg) and ¢o(T) = 43¢
propose the following ansatz kg(sl)n(a)g)(l + n(wg). Note that we assumed an indepen-
dence ofg(T) and¢,(T) on the BChl index.
W AR, D. The Nonlinear Optical Response.As already outlined
Ji(w) =€ ™7 J0(S,0) 9) in some foregoing papef&8 it is of technical advantage in
determining the ultrafast optical response if the density matrix

L — . is expanded with respect to the carrier waves of the external
which |nterpolates between the two Ilmmng cases. The quar_mty pump and probe fields (compare also ref 22). We write
R. can be interpreted as a correlation radius of the exciton

vibrational interaction. It determines how the modulation of * (opunpn) )
the site energies of different BChls are correlated via protein ~ £(t) = Z Oy () expli Z n(kR — Q)}
vibrations. In the limitR. — 0, these vibrations should be MpuMpr=—"c° STPUpr (13)

identified with intramolecular vibrations of the BChls. For the

remaining single-molecule spectral density we tested three The appearance of the vect@rindicates that the dynamics of
different forms which qualitatively differ in their high energetic @ single complex positioned & is concerned. To calculate
tail. Throughout the simulations we tried short, medium and the macroscopic polarizatioR(Rt), which determines the
long tails described by exp?w?), expawlws) and 1/f? + optical signal, it is necessary to sum up the expectation values
?), respectively. For all three types a satisfying fit of the ©f the dipole operatof =3 g(R) of all complexes contained

temperature-dependent linear absorption could be obtained." ;T]e rprot:e )[/v(\alumein dvant f the expansion 13. First
However, from the investigation of the exciton dynamics it could ere are two main advaniages ot Ine expansio . ISt
. . L the expansion enables one to extract from the overall light-
be concluded that the medium tail spectral density gives the induced polarization wave the particular pa®by(R.) =
best characterization of the exciton vibrational coupling. The P P P&rbiti,

. . ; : : e01PO(t) expi(kpR— Qpt) (With np= 0, npr = 1) which travels
full single-molecule spectral density used with medium tail reads in probe-pulse direction. This contribution is needed to

calculate the related time-integrated absorption signal of the

D —owlw probe-pulse measured in a pumprobe setup which is given
Imol(Spw) = hGEe foe (10) ass

c

Sot = 22,(€,&0) [t IM{E, (OPOH(1)}  (14)
whereiG determines the integral strength and gives the 1o econd advantage of the expansion 13 concerns the
position of the maximum. For the coupling of the higher excited |, merical solution of the RDM equations. Since only the
S, states to the protein environment, we assu@e’ = 7 envelopes of the external fields enter these equations, any fast
Qgsl) (In the simulation of pumpprobe spectra for simplicity  oscillation with the optical period®2,! or Q ' is absent,

n = lis taken.). In this way the related relaxation rates can be making their numerical solution more stable. For the numerical

traced back also 0dmo(S1,w) and we obtain for the related  computations, the field envelop&g,(t) andEy(t) are taken as
spectral density governing exciton relaxation in the two-exciton real functions of Gaussian shape.
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The equations of motion for the expansion coefficients of spectra which are obtained after diagonalizihg (eq 3). Here
the RDM read we have in mind a calculation of realistic homogeneous spectra
which are then also convoluted with an inhomogeneous
distribution function. Concerning static disorder it is most

0
—(Mpulpr) — __; _ _ (MpuMpr) L . .. . .
at%vp =i, = NpQp — Npp)o, + adequate to introduce an inhomogeneous distribution of site
i energies and diagonalizé., for many different realizations of
_Z Eo(Of (&laim + 1K Cp et L) — disorder. But such an approach would be numerically too time-
h consuming here because much effort is necessary to optimize
B — 1K |2 v L) 4 Gaim — 1K oM L) — the microscopic parameters which will be speglfle_d below. In
VLG i Al 5 m-1Ky a recent pape¥ the appropriate treatment of static disorder was
0+ 1K™ L 4 fou< pR + —(o™e)y (15 investigated for the linear absorptlo_n and C|rc__ular dlchrqlsm of
JvEo,tyc ™} + {pu=>pr} 3t( " Jiss (19) the FMO-complex of Prosthecochloris aestuarii. From this study

we have learned that the error by convoluting the stick spectra
The equations already take notice of the fact that the total dipole instead of a random generation of site energies is in ordinary
operatofi: of the antenna complex has only off-diagonal matrix linear absorption neglectable but for the circular dichroism
elements with respect to the quantum number of the exciton spectra remarkable. Since we expect our spectra to be
manifolds. Hence, due to the action of the pump and probe broadened partly homogeneously, we may well expect the error
field, neighboring exciton manifolds are coupled and the caused by the present treatment of static disorder even smaller
numbers,, andny are changed also. In general, we therefore than in ref 35.

get an infinite set of coupled differential equations. However,  Another advantage of the calculation of homogeneous spectra

as discussed at length in ref 26 the relatign+ npr = m—n lies in the fact that this enables us to study also the temperature
among the different indices characteriziageyi) — . holds dependence of optical spectra. In this way we hope to extract
if the rotating wave approximation has been invoked. from the simulations in the frequency domain the parameters
Since the probe pulse acts only weakly we include the probe of the protein dynamics which influence exciton relaxation. The
field strength up to a linear approximation (i.e is limited obtained set of parameters will be tested afterwards in the time

to the value§ —1,0,1). Thus, the set of differential equations  gomain by fitting ultrafast pump probe spectra measured on
is closed becausap, is determined byn, and the exciton chlorobium tepidum.

guantum numbemnandn. For the latter and in the case of an
arbitrary strong pumppulse we have to include their full range
(i.e., in the considered caseandn could take values from O

(ground state) up to 7 for the 7-exciton manifold). In the

Since this FMO-complex has a microscopic structure slightly
different from that of Prosthecochloris aestuarii, which has been
treated within the standard model, another reason for a

. . . ) " recalculation of the linear absorption is to achieve a fine-tuning
following we will restrict ourselves to low pump intensities

where excitor-exciton annihilation, which gives nonradiative of the parameters Qeterm|n!ng the exciton spectrum. .
transitions between higher exciton manifotdsan be neglected. To get the desired exciton spectrum we start with the
In this low-intensity case it is sufficient to take into account Microscopic data of chlorobium tepiddnand determine the
the one-exciton manifold plus a possible polarization between intermolecular Coulomb interactions between the pigments
the one and the two-exciton manifold. This restriction is Within the point dipole approximation (see the foregoing
equivalent to an approach based on the third-order nonlinearsection). The directions @, dipole moments were taken along
susceptibility ¢®-theory, see, e.g., ref 19 and 22). Henae,  theN; — Ny axis of the BChls which correspond to thig-Np
andn are restricted t¢0,1,2}. axis in the Brookhaven Protein Data Bank nomenclature.
We should mention here that an inclusion of non-radiative Besides the known geometry the two crucial quantities entering
transitions between the two and the one-exciton manifold (IC the calculation of the interactions between pigments ar€{he
process) could lead to an additional broadening of the excited- dipole strength of the BChls and the relative dielectric constant
state absorption. However, to the best of our knowledge, besidese, of the protein environment. In a recent papesn optical
a picosecond pumpprobe stud$* on the FMO-complex of steady-state spectra of the FMO-complex of Prosthecochloris
Prosthecochloris aestuarii, there is no experimental estimationaestuarii a screening of the Coulomb interaction by has
of the IC-coupling constant in the femtosecond region. For been taken into account and far= 2.4 the best simulations
clarity, we omit the introduction of a further parameter and have been obtained. However, as it has been brought into
neglect IC processes. In the case of the LHC-II we were able discussion in ref 36, in addition to the screening one has to
to estimate this constant from a fit of the intensity dependence consider also local field corrections of the dipole moments what
of pump—probe spectr&+2® Therefore, similar femtosecond  gives altogether a correction factor okd{(e; + 2)/32. Thus
experiments on the FMO-complex would be very helpful to for ¢, = 2.4 the Coulomb interaction would be reduced only by
clarify the role of nonradiative transitions and, following from g factor 0.9. We followf and takee, = 1. In comparison to

this, of excitor-exciton annihilation. monomeric BChla in solution, for which for instance in acetone
a Qy dipole strength of 41 Bwas measured, it is assumed
IIl. Results that due to the protein environment in the FMO-complex the

A. Linear Absorption. We start with the investigation of ~ Qy transitions of the BChls exhibit an increased dipole strength
the linear optical response of FMO monomers in the frequency (at the expense of other transitions in the four orbital model).
domain and simulate in the following the linear absorption Values between 50 and 70?see for instance the references
measured by Freiberg et ®lon the FMO complex of chloro-  cited in ref 11) are commonly used. Here we will take a dipole
bium tepidum in dependence on temperature. This calculation strength of 51 Bwhich is close to the value 50.8Buggested
goes one step further than standard approaches. These negleby Fenné In Table 1 the resulting Coulomb interactions for
dynamic disorder and take into account static disorder by an FMO-monomers of chlorobium tepidum in poirdipole ap-
inhomogeneous broadening of excittishaped, so-called stick  proximation are listed.
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TABLE 1: Calculated Dipole—Dipole Interactions in
FMO-Monomers of Chlorobium tepidumin Units of cm™1,
Used Dipole Strength for theQ, Transition of the BChls
|ds;—s/* = 51 D7

BChl 2 3 4 5 6 7
1 —187 11 -9 11 —14 =7
2 49 14 3 23 1
3 —-111 -1 —16 32
4 —122 —33 —101
5 164 —4
6 53

In order to determine the linear absorption spectra the external
field (eq 2) is reduced to a cw-excitation with a weak probe
beam with frequenc{2 and amplitudeEg. SinceEg is time- 00
independent, the expansion coefficients? of the RDM are 7800 7900 OO0 eveomgttomy 800 8400

time independent, too. Following from this, the equations of Figure 1. Linear absorption at different temperatures. The calculated

motion (eq 15) are reduced to a set of algebraic equations whichspectra for the optimized parameter set (see text and 2nd row of Table
have to be solved in the limit of weak excitation. Hence, there 2) are drawn as thick lines. Thin lines show the calculated homogeneous

is no depopulation of the ground state (i.e., we hayst)=1). spectra (i.e., before convoluting with a Gaussian distribution function).
The linear absorption can be easily deduced from the The points represent the experimental values measured by Freiberg et
12
frequency dispersed sign&lu(Q) = 2QIMELPLM e Of al.
St (€9 14). Here[l [dient denotes an orientational averaging, TABLE 2: Optimized Site Energies E;, of the Seven BChls

andPY) is the envelope of the light-induced polarization wave (j = 1...7) in the FMO-Monomers of Chlorobium Tepidum

g i ; ; i (This Work) and of the FMO-Monomers of Prosthecochloris
traveling in the probepulse direction. It is obtained from the Sestuarii from Former Works. The Abbreviations OKT and

1) — r=: 1 1 . .
RDM as PG = ZmleoU(lTx'fo Y. The dipole matrix element for  ps Refer to Two Different Sample Preparations
the optical transition from the ground state to tith single- Es, [eV]
St

exciton state readslino = CIN|Y;i|00 As a result, the _
absorption coefficient is obtained as a superposition of seven BChl  thiswork  ref11  ref10 ref9 (OKT) ref9 (PS)
Lorentzians corresponding to the seven possible single-exciton 1 1.589 1527 1.542 1.580 1.556

transitions i.e.,o(2) = YnvAN(R — wino). The single line g iggg i-ggi i-gig igig 12%
follows as @emo is the volume density of the complexes) 2 Lo51 1527 1538 1543 1534
5 1.549 1.558 1.535 1.550 1.589

A (O — _2nQ Ao 2 YIN 6 1.541 1544 1.520 1.527 1.532
in(€2 ~ @1n0) = - Mewol dinol 7 1557 1541 1.544 1.508 1.555

(Q — 0y + (yf2)

(16) TABLE 3: Single-Exciton Energies €1y, Dipole Strength of
the Related Transitions from the Ground State in Units of
The exciton line widthsy;n/2 are given by the (temperature the Q, Dipole Strengths of the BChls, and Temperature

dependent) energy relaxation and the pure dephasing rates a@fe%engentlHomqgeneousILine Widthgin(T = 5 and 107 K)
yin/2 = SwRiv-1m + Ruo. Finally, to take into account static ~ °F the Single-Exciton Levels
disorder we assume a Gaussian distribution fundif@ane — l[divol>  yin(T=5K)  yin(T =107 K)

@1mo). It broadens the exciton levels;no Which correspond N en[eV(nm)] [51D7 [em™] [em™]

to a reference configuration. The introduction of a single 1  1.502(825.6) 0.53 0.59 1.58
distribution for all seven exciton transitions has been done to 2  1.520 (815.4) 1.23 5.23 20.42
restrict the fit parameters to an acceptable amount. The 2 ig?lzll ggégég ;g; gg-gzs gg-é;
measured linear absorption spectratf2) then follows as a 5 1558 (795:8) 0.69 7558 08.93
sum of COI’]VO|UtiOﬂSX(Q) = szda)lNof(a)lNo - (I)lNO)AlN(Q 6 1.580 (784.7) 0.08 42.72 46.72
— W1ND)- 7 1598(775.6)  0.62 0.92 0.97

Besides the site energidSs,, together with the mutual
Coulomb interaction among the BChls, the inhomogeneous line ¢ parameters. Now, temperature only enters via the homoge-
width oinh, the spectral densit¥mo(S,) and the correlation a5 jine widthg/in. In Figure 1 the experimental spectra at
radiusR; of the BCht-protein coupling will influence the shape 5 4 at 107 K are shown in comparison to the theoretical

02:2;253 igt(rjae.te'rb\rﬁ?r?i:]dlrt]ﬁeuljirfgz ngpg?aﬁgh g‘eerstrirri lnla:;i? spectra obtained with the optimized set of site energies given
b 9 P P ’ Yin the second row of Table 2. In addition, the homogeneous

the seven site energi&y,, the inhomogeneous widthnn, and - .
s - spectra are also shown as thin lines. The obtained homogeneous
the parameter&G, w., and R characterizing the pigment . . . o
P We Re 9 Pig | line widths of the different transition®— |1INOdepend on

protein coupling (compare egs 9 and 10). To find the optimal )

parameter set, a standard Simplex optimization algofitims (€ €xciton quantum numbeX as well as on temperature
been used. This procedure was applied to search for the(compare Table 3). At5K, the transition to the lowest exciton
minimum of the mean-square discrepancy between the experi-l€vel occurring at 825.6 nm exhibits the smallest line width,
mental and the theoretical spectra. The program has beerPecause at this temperature no energy transfer occurs to higher
written in such a way that the best possible simultaneous fit of €xciton states. The homogeneous line width of this transition
the linear absorption at two different temperatures (5 and 107 is determined by the pure dephasing which has been chosen
K) is found. In this way we avoid to introduce additional independent of temperature and small compared to the linear
temperature dependence via a temperature dependence of thelectron-vibrational coupling constant (i.e., small with respect
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Figure 2. Spectral density of the pigmenprotein coupling according Figure 3. Relaxation in the single-exciton band, calculated for an initial
to eq 10 with optimized parametehs = 5.0 meV andfiw. = 4.6 population of the fourth exciton statgia1{t = 0) = 1, using the

meV (37 cnt?). As vertical lines the position of those exciton transition ~ parameters of the linear absorption fit.
frequencies are labeled, at which the spectral density enters the exciton
dynamics. Short lines represent energetic differences between neighborgensity is shown, characterized by two parameters which were
ing (i.e., 1+-12, 12-13, ..., 16-17) one-exciton states. Longer lines  giained from the optimization procedure %6 = 5.0 meV
are posn_loned at tr_]e energy differences between the next but onefor the integral coupling strength afieh. = 4.6 meV (37 cm?)
neighboring levels (i.e., 1113, 12-14, ..., 15-17). ) C " L
for the peak position of the spectral density. The latter is in

to the integral strengthG of the spectral density). Therefore nice agreement with hole burning studies on the FMO-complex
we usefig’= 0.1 meV andp, = 0. of Prosthecochloris a_estu_a??iwhere a mean frequency of low-

At higher temperatures upward energy transfer from the frequency protein vibrations of 30 cth was found. The
lowest exciton state occurs and a broadening of this line as well OPtimized inhomogeneous width of 101 chhowever, is much
as the other lines appears. This becomes obvious for thelarger than the 20 cnt estimated in ref 39. But in general,
absorption spectrum at 107 K. Looking on the measured spectravalues around 70 cnt are common in photosynthetic antenna
there seems to be a temperature-dependent redistribution offOmMplexes.
oscillator strength between the two absorption peaks at 815 and Also drawn in Figure 2 are the transition frequenciesn
803 nm. However, the spectra calculated without inhomoge- Petween nearest-neighbor exciton leveds\(u-1, thin vertical
neous broadening demonstrate that this observation is relatedines) and between next but one leveisigu-2, longer lines).
to the temperature dependent broadening of an intermediateSince the value of the spectral density at the frequencies of the
transition Occurring at 810 nm. Since this excitation lies transitions between the exciton states within one manifold
energetically slightly closer to the low energetic absorption determines the exciton relaxation rates, the shape of the spectral

maximum at 815 nm the latter is risen relative to the other density gives a rough view on exciton relaxation. From Figure
maximum at 803 nm by the broadening. 2 we can conclude that the excitons preferably relax step by

As a genera| trend we observe for the homogeneous line step down the ladder of exciton states. But also a relaxation

widths an increase with increasing quantum number of the one-between next but one neighboring states is possible but with
exciton state (one exception is the highest one-exciton lower probability, since the spectral density is smaller for the
state-compare also Table 3). Moving to higher energies, the related transition energies. This may explain why the high
absorption is thus determined more and more by homogeneousenergetic transitions are broadened stronger than the low-
broadening. This is determined by both the spectral density €nergetic ones. Simply there are more possible states to relax
and the correlation radius of the exciton vibrational coupling. to what shortens the lifetime and broadens the level.
From our fit routine an optimal correlation radiis = 21 A To illustrate this relaxation the density matrix has been
was determined. This value is in the order of the extension of propagated in the absence of external fields, for a temperature
the whole FMO-monomer what can be understood as a proofof 20 K and an artificially generated initial excitation. Since it
for the existence of delocalized exciton vibrational interaction. will be important for the pumpprobe spectra discussed in the
Thus we can identify the vibrations which are responsible for next section we assume for simplicity that at time zero all
exciton relaxation with vibrations of the protein body the occupation probability is in the fourth one-exciton state (i.e.,
pigments are embedded in. However, in addition to the protein p1414t = 0) = 1). In Figure 3 the exciton dynamics is shown.
vibrations it might be worth taking into account also low- As it could be concluded already from the spectral density, the
frequency parts of localized BChl vibrations. This would open exciton relaxes step by step down to the bottom of the manifold,
new dissipation channels especially for higher energies as theywhich is reached after about 2 ps. Also we see a relaxation
occur for instance in a relaxation from the top of the one-exciton between next but neighboring levels, for instance betwa4n
manifold directly to the bottom. This would broaden the optical and|120 In the next section the dynamics of exciton will be
transition to the highest one-exciton state and should improve studied under realistic excitation conditions.
the simulation especially for short wavelengths. We will leave  We want to finish our investigations in the frequency domain
this for future work and concentrate here on the relaxation from by comparing different approaches for the calculation of linear
the states energetically at the maximum of the absorption atabsorption. In particular we will see how important a realistic
803 nm to the bottom of the manifold at 825 nm. model for the homogeneous absorption lines of the FMO-
Transitions among the different exciton states and thus the complex is. In Figure 4 the approach of this work is compared
homogeneous broadening are determined by the spectral densityvith a case for which the homogeneous line width has been
of the pigmentprotein coupling. In Figure 2 the spectral neglected (dashed line) and with another simulation in our model
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o8 I s ‘ I ' & _ Sot(Epu' Epr! T) - Stot(Epu =0, Epr)
0‘0 Sol(Epu = O' Epr)
Here, S(Epu Epr, 7) is the time-integrated absorption signal
of a weak probe pulse centered at a delayafter the action of
a strong pump pulse (see eq 14)(&pu = 0, Epr) denotes the
linear absorption measured by the probe pulse alone. An
orientational averaging with respect to all possible orientations
(of the isolated FMO-complexes dissolved in solution) has been
incorporated into the definition of both quantities. Here, this
averaging has been carried out numerically. The pump and the
probe-field polarization are taken at the magic angle (54.7
In accordance with the experiment, both pulses have a pulse

0o, o0 0 perS o0 0 a0 width (fwhm) of 150 fs, and the pump pulse acts at 803 nm.

wavelength [nm] The dynamics of the system is probed by the weak probe
Figure 4. Simulation of the linear absorptiort & K using different pulse at 803, 815, and at 825 nm where the exciton stafes
approaches and the parameter set of Figure 1. Solid line: same as in12[] and |11[] respectively, are located. According to the
Figure Iilhf\?vis(;‘tflg)'i’:_%nsﬁggﬁg%zi‘i?goafgsg-ﬁt- ; ”e?(')‘ﬁ:]”%l}?zsiﬂ:‘n‘i’g‘intermediate strength of inhomogeneous broadening we neglect
enous . . : : P
localized excito&vibratignal coupling (iF)e.FeC — OF)).p this effect in determining the purrprobe spectrq. .

In Figure 5 the calculated spectra are shown in comparison
to the experimental signals. The computations reproduce the
behavior of the measured spectra very well. For short delay
éimes and for all probe wavelengths the differential absorption
Signal falls on a femtosecond time scale reflecting the pump
ulse-induced ground-state bleaching and stimulated emission.
his is followed by a 500 fs rise of the probe pulse signal at
803 nm, a 2 psise at 815 nm, atha 2 psdecrease foly =
826 nm. To see how these signals correlate with the relaxation
of excitons in Figure 6 the (orientational averaged) level

N " . ) . "t populations of one-exciton states are shown. Due to the finite
dynamic disorder and (ii) the introduction of a correlation radius width of the pump pulse it is energetically broad enough to

for the vibrations proofed to be important for the interpretation o, -ite hesides the resonant transition to the $1atigalso partly

of the measured Iinear absorption and its temperature _de_pen-the stateg130and |12 However, from a comparison to the
dence. If we look again at Table 2 where besides our optimized .oce of an artificially created excitation ¢f4’as it was

site energies of the FMO monomers of Chlorobium tepidum .\ estigated in the end of last section (see Figure 3), we see

the determir_led site energies of Prosthecochlori; aest_uarii froMipat there is a relaxatiofl 41— |1200already on the time scale
form_er studies are_also sh_own, we see that, in spite of the ot the pump pulse width. This explains the slightly delayed
precisely known microscopic structure, very different results o mtosecond decrease of the probe signals at 815 nm after the
have t_)een obtained. Clearly this indicates the difficulties in sighal at 803 nm which instantaneously follows the pump pulse
modeling such a complex system. (The deviations between experimental data and simulations for
B. Pump—Probe Signal. Next, we demonstrate that the negative delay times may be caused by different pulse shapes).
parameters obtained from the fit of the linear absorption can be Sstimulated emission from the lowest exciton state at 826 nm
also used to simulate ultrafast pumprobe spectra. To do this,  occurs due to exciton relaxation into this state. This relaxation
we concentrate on the measurements of Freiberg'écalried takes about 2 ps as it can be seen in Figure 6 in full agreement
out at the FMO-complex of Chlorobium tepidum. To simulate with the 2 ps fall of the probe pulse signal at 826 nm in Figure
these measurements it is necessary to fix two additional 5. Moreover the 500 fs rise time of the 803 nm signal and the
parameters which concern the higher excited B&hbtates. 2 ps rise of the 815 nm signal directly correlate to the
From nonlinear measurements on BChl in soluffdinjs known depopulation of the exciton leve|&4Tand |12[] respectively,
that the monomeric excited-state absorption is located aroundreflecting the decay of stimulated emission from these levels.
100 cn1! to the blue of the §— S transition. We also take  After about 3 ps the pumpprobe signal becomes quasi
this value in our calculations what reduces the number of stationary for all probe wavelengths, indicating that the relax-
additional parameters to one namely the dipole monig; ation within the one-exciton manifold is finished.
— Sn) = gds,—s, of the intramolecular excited state absorption,  However, the pumpprobe signal is also influenced by
where the unit vectog gives the direction of the dipole moment  excited state absorption between the one- and the two-exciton
of the BChl at sitg and we have taken the same dipole strength manifold. This contribution to the optical response of the
for all BChls. For simplicity we assume also that these dipole aggregate proofs to be sensitive to intramolecular excited-state
moments are parallel to th®, dipole moment of the BChls  absorption of the BChls as will be shown now. In Figure 7 the
(i.e., di(S1 — S) = ds—s/ds—5,0j(So — S1). The ratio of the  pump-probe signal for the optimal ratio of dipole moments
magnitude of dipole momentl,—s/ds,—s, will be fitted in the ds,—s,/ds,—s, = 0.5, which was used to simulate the pump probe
calculation of pump-probe spectra. Since all the other signalin Figure 5, is shown together with simulations for dipole
parameters were fixed before we are able to study the role of moment ratios of 0.25 and 0.75. The latter two clearly differ
intramolecular excited-state absorption for the nonlinear optical from the first what enables us to state that it is possible to extract
response of the FMO complex. this intramolecular parameter of the BChl embedded in the FMO
To determine the differential absorption measured in a pump  protein from our simulation. Note that all the other parameters
probe setup, it is necessary to start from the following relation were fixed already from the simulation of linear absorption.

17)

06 |
304t

02

but assuming localized vibrations (i.d&%; — 0 (long dashed
line)). Especially at a shorter wavelenggh< 815 nm), where

the homogeneous broadening is strong, there are considerabl
deviations from our approach which go in opposite directions
for the two alternative cases considered here. One may concludéJr
from this that taking a smaller correlation radius of the exeiton
vibrational interaction increases the homogeneous line width
and therefore should accelerate exciton relaxation.

We summarize that both points (i) taking into account
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Figure 7. Variation of ultrafast pumpprobe spectra of Figure 5 with

changing intramolecular excited state absorpta,s/ds,~s, = 0.25
(left), 0.5 (middle), and 0.75 (right).
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Figure 5. Simulation of the 15 K two-color pumpprobe experiments
of Freiberg et at? (curves with circles) at a pump wavelength of 803
nm and for different probe wavelengths. Solid curvig; = 803 nm.
Dashed curveiy = 815 nm. Long dashed curvet, = 826 nm.
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Figure 6. Level population in the one-exciton manifold after excitation
with a 150 fs pump pulse acting &f, = 803 nm. Excitation corresponds
to that taken in the measurements of the ultrafast pump probe spectrg(perpendicular) polarized pump and probe pulsesratehotes

(Figure 5). the delay between the pulses. Of particular interest is the value

As in the case of linear absorption also the temperature Of the anisotropy at zero delay, which takes the value 0.4 for
dependence of purﬁ-n)robe spectra can be described within randomly orientated isolated two-level SyStemS. In the case of
our approach as it is shown in Figure 8 for the simulation of a @ multilevel system this initial value of the anisotropy may
two color pump probe experiment from ref 12Ta& 20 K and become larger than 0.4. A multilevel system may be created,
T=160K. Asin Figure 5 the pump pulse acts at 803 nm, and for instance, by the interaction between two-level systems as
the exciton relaxation is probed at the bottom of the one-exciton considered in ref 41, or simply it might be represented by a
manifold atlpr =825 nm. With increasing temperature, exciton molecule hang two Optlca”y allowed transitions with different
relaxation gets faster, resulting in a steeper decline of the signalPolarizations. The latter was investigated for degenerated
at 160 K, where the stationary value is reached after 1 ps excited levels in ref 42 and for the case in which the molecule
whereas it takes 2 ps at 20 K. Since at h|ghe|’ temperaturesEXhibitS excited state abSOfption between the first and a hlgher
higher one exciton states are thermally populated after relax- €xcited state in ref 43.- Considering the FMO-complex, we have
ation, excited-state absorption starting from these states to the2 Mixture of all the above-mentioned cases. There are several
two-exciton manifold rises the stationary value of the pump  different polarized transitions between the ground state and the
probe signal. one-exciton manifold, and excited state absorption to higher

C. Anisotropy of the Pump—Probe Spectra. Since the  €xciton manifolds may take place also.

vector character of the external field has been taken into account, In a recent study by Savhikin et #the transient anisotropy
we can calculate the anisotropy of the puﬁmobe signai was measured at 19 K on trimers of Chlorobium tepldum and

defined as presented together with simulations of the initial anisotngy.
However, since there were no parameters available the authors
used the site energies and Coulomb interactions determined for
Prosthecochloris aestuariin ref 9 (see Table 2 (OKT)) for their
simulations. We are now in the position to remove this
inconsistency by taking our parameters from the fit of the linear

10'0.;.
Figure 8. Two-color pump-probe spectra at two different tempera-
tures. Pump wavelength at 803 nm, probe wavelength at 825 nm.

Ay, — Ao

"0)= Ao, + 280, o

Here, Aoy (Aap) is the differential absorption for parallel
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Figure 9. Two-color anisotropy at 19 K, pump wavelength at 815 Figure 10. One-color anisotropy at 19 K, pump and probe wavelength
nm, probe wavelength at 825 nm. Top: Measured pump probe signalsat 815 nm. Top: Measured purprobe signals for parallel (thin line
for parallel (squares) and perpendicular (circles) polarized pump and with squares) and perpendicular (thin line with circles) polarized pump
probe pulses in comparison to the theoretical curves (full lines). and probe pulses in comparison to the theoretical curves (full lines).
Bottom: resulting anisotropy. Experimental data: circles. Theory: full Bottom: resulting anisotropy. Experimental data: circles. Theory: full
line. Experimental data were taken from Savhikin et*al. line. Experimental data were taken from Savhikin et*al.

is a further nice proof of the capability of our approach and it
tepidum from the previous sections. (Note that also intramo- Ma justify the neglect of inhomogeneous broadening as done
lecular excited state absorption is taken into account.) More- N€r for the calculation of the pumjprobe spectra. If the
over, since we consider dynamic fluctuations of the BChl Inhomogeneous broadening were strong it would lead to a
energies, it is possible to look also on the time evolution of the destructive interference of the quantum beats, thus the latter
anisotropy and we may ask how this can be explained by the Should not be observable. _ . . .
relaxation of excitons. In Figure 9 the anisotropy is shown Finally we want to see how exciton relaxation manifests in
together with the pump probe signals for a pump wavelength the one color anisotropy pumped and probed at 815 nm. The

at 815 nm and,,, = 825 nm. The pumpprobe curves obtained simulation are shown together with the experimental data of
with parallel and perpendicular polarizations of pump and probe "€f 14 in Figure 10. In contrast to the two-color case, now the

pulse very nicely resemble the experimental data, and also, thePUMP~Probe spectra only qualitatively fit the experiment. In
resulting anisotropy is in very good agreement with the agreement with the experiment we obtain also a femtosecond

experiment. Strong variations of the anisotropy for negative decrease of the signals for parallel and perpendicular polarized

delay times and overlapping pump and probe pulses are cause®uUmp and probe pulse and a foIIo_wmg 2 ps fise to stationary
by coherent processes as discussed in detail for three levelV@Ues- The latter, however, differ remarkable from the
systems in ref 43. For positive delay times the theoretical and exper.lmenta.l values.. It is as‘O”'Sh'“Q’ therefc.)re,l thaF the
experimental anisotropy remain essentially constant-a6.1. resu!tlng anisotropy fits well the experimental finding (i.e.,
However, a closer look at the theoretical curve reveals a low Starting air(0) = 0.35 followed by a fs decrease we see that
amplitude oscillation of the signal for delay times1000 fs. exciton relaxatllon manifests itself in t.he 2 ps nse of the
The period of this oscillation is about 220 fs what corresponds 2NiS0tropy, which afterwards reaches its stationary value of
to an energetic differencen#t/220 fs ~ 19 meV occurring ~0.36.
between the two lowest exciton states at 815 and 826 nm. Due
to the finite pulse width (fwhm= 150 fs) the pump pulse acting
at 815 nm is spectrally broad enough to excite also the lowest A dissipative multiexciton model has been introduced which
exciton state directly however with much lower probability. Due is capable for a consistent description of experiments on
to this coherent excitation, a quantum beating of the stimulated oligomer photosynthetic antenna systems in the frequency and
emission starting from these two levels modulates the anisotropyin the time domain. Details of the exciton relaxation within
with a time constant that corresponds to the energy differencethe single- and the two-exciton band could be described in using
of the two involved transitions. Because of dephasing intro- a particular type of protein spectral density. This quantity
duced here by the relaxation of excitons the pump pulse inducedcombines the density of states of the protein vibrations and the
coherences will be destroyed and the quantum beats in thedistribution of coupling strength to the multiexciton system.
anisotropy disappear. Models for the spectral density which account for localized as
Shifting the pump pulse energetically between the two states well as delocalized vibrations in the antenna system have been
should increase the spectral overlap to the lowest state anddiscussed.
therefore increase the effect. Infactin ref 14 it was mentioned The approach could be successfully applied to the FMO-
that changing the pump wavelength leads to strong oscillations complex of chlorobium tepidum. We reproduced the temper-
of the measured anisotrop§. Moreover the experimental ob-  ature dependence of the linear absorption and could simulate
served oscillations are dominated also by a 220 fs period. Thisultrafast pump-probe spectra together with the transient ani-

absorption and the isotropic pumprobe spectra of Chlorobium

IV. Conclusions
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