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Abstract. Double-quantum four wave mixing signals contain signatafeexciton correlations
and can distinguish between couplings arising from traorsiind excited-state charge densities.
The former (resonant couplings) determine single-exgitmperties, while the latter affect the
two-exciton manifold.

Photosynthetic antennas consist of coupled pigments eseldeth proteins [1].
Their optical properties are strongly affected by the cogs between transition-charge
densities of different pigments. These couplings conirajle-exciton absorption, ex-
citon delocalization and energy transport.

The Frenkel exciton model is widely used to simulate theogphsignals of coupled
chromophores[1]. The model is based on the Heitler-Long@naimation, where the
wavefunction of the aggregate is constructed out of direadpcts of wavefunctions of
isolated molecules. The Hamiltonian of a complex in thidg$esads [1-3]

. fpa MEN O 1MEN L a
H® =S enBlBm+ S JmBlBn+ 5 KB Bl BmBh, (1)
m mn mn
whereBﬁq is the exciton creationB, - annihilation) Pauli operators of two-level sys-
tems, &y, is the excitation energy of chromophomg Jy, is the resonant excitonic
coupling between transition charge densities of two chq@meoes andK, coupling
is given by Coulomb interaction between excited state ahaensities of two chro-
mophores. In this basis the Hamiltonian is block-diagonitth wingle-, double-, and
higher-exciton manifolds. In the single-exciton manifdlie diagonal elements of the
Hamiltonian are the transition energies of individual noolles,ey, and the off diago-
nal elements reflect inter-molecular interactidnBoth types of couplings affect the
double-exciton manifold. A state with two chromophomesnd n excited, (mn), is
characterized by the diagonal element, its enegigw &, + Kmn. The off-diagonal el-
ements are induced klycoupling. TheJ andK couplings thus have different physical
significance:J couplings are all off-diagonal elements of the Hamiltoniaixing ex-
citon statesK couplings represent the shifts of the double-exciton stéiéso known
as bi-exciton binding energies).
In a dipole approximation for the charge densities the dagplare given by:
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where l,, is a transition dipole moment of chromophareand d,, a corresponding
dipole moment in the excited state. Most simulations ontyude thel couplings: the



permanent dipole moments are neglected. However, elécstacture calculations of
Bacteriochlorophyll molecules (BChls), which are the m@igments in photosynthetic
complexes, show that their excited state dipole is compakaith the transition dipole
[4]. Additional K couplings then affect double-exciton energies: they dameifor pig-
ments with very different energies (like in heteronucle®dR), where the) couplings
are not effective.

To probe theK couplings we propose to use the double-quantum coherecice te
niquek; = k; + ko — k3 (Fig. 1C) [5,8]. The signal is described by two Feynman
diagrams (Fig. 1D). Both involve excited state absorptiad anonitor the double-
exciton resonances during delayduringts single- and double-exciton resonances are
mixed. The two diagrams have opposite signs and candgkad. The signal is thus
generated by exciton correlations when the double-exeitargies are not additive, i.
e. & # &+ €. Fourier transform with respect tp — Q, andt; — Q3 generates the
two-dimensional signal, directly displaying double-ggniresonances alorfp. Since
duringt; the evolution of single-exciton coherences is equivalepttase-rotation, we
sett; = 0. Simulations were based on the response function formdgpectron code)
as described in ref [6].
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Fig. 1. A: configuration of BChls in photosynthetic Fenna-Mattheé®ison complex; B: esti-
matedK = Kq couplings of the complex in [Cﬁ]l]; C: scheme of the coherent double-quantum
technique; D: its Feinman diagrams of the contributing kithet space pathways.

We apply this technique to the Fenna-Matthews-Olson (FM&imex of a green
sulfur bacteria [1]. This is a trimer of small noninteragtildentical subunits, each
consisting of seven BChls (see Fig. 1A). A single unit is ligusufficient for simula-
tions of optical signals. The broad absorption band of thamlex extends from 11800
cm! to 12800 crit. We use the single-exciton Hamiltonian of ref. [K.couplings
were calculated by Eq. (3) using dipole moments obtainech ftbarge distributions
of ref. [4]; the permanent dipole of a BChl molecule is peienlar to its N atoms



plane, pointing towards Mg; the dipole amplitude was set.®o The calculated
couplings (a se€ig) are given in Fig. 1B.
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Fig. 2. Simulation results of double-quantum signal of Fenna-Matts-Olson complex using
K =0 andK =Ky as of Fig. 1B.

Fig. 2 compares the two-dimensional signal o= Kq (Fig. 1Bright) and forK
switched off (eft). Three main double-exciton resonances algcan be observed
atK = 0 as marked by dashed lines. The peak pattern along®gtnd Q3 reveals
and elaborate exciton resonances. Khe Ky simulations show a similar peak pattern,
while some double-exciton signatures are now blue-shified¢an be seen from the
dashed lines. Peak intensities change significanti@fpr 1240@m L.

Recently performed two dimensional photon echo experimesiealed single-
exciton dynamics and relaxation pathways [7] This dynansigoverned by thé cou-
plings and is not affected ly. Our simulations address a different class of phenomena,
by using a different technique which shows a high sensgjtidtK couplings, and thus
provides a direct probe of excited state permanent dipolmemis. Excited state dipole
moments can be extracted by comparing the clear and wellvexs peak pattern with
experiment. Both intermoleculdrandK couplings can be obtained using a combina-
tion of different two-dimensional techniqudg: = —k; + K + k3 is most sensitive td
couplings [7], whereas the presented double-quantum igeéis a direct probe df
[5]. By combining these techniques the entire exciton Heomiin can be derived from
experiment.
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