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Microscopic Theory of Exciton Annihilation: Application to the LH2 Antenna System
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The multiexciton density matrix theory is utilized to achieve a microscopic description of ex@imiton
annihilation (EEA). We apply the theory to the 18 bacteriochlorophyll (BChl) molecules of the B850 ring of
the light-harvesting complex LH2 é&thodobacter sphaeroideBhe simulation of the EEA process reproduces

the intensity-dependent transient absorption kinetic experiments very well, and insight is obtained on
microscopic parameters such as the internal conversion rate of BChl in LH2. The exciton dynamics and the
different relaxation processes are visualized by constructing a multiexciton spectrogram.

manifold? (for details, see also ref 14). After this has been
included into the density matrix theory, we calculate the transient
_absorption spectra of ref 16, and the results of our simulations
Femtosecond spectroscopy has been used to reveal detailgre visualized with the help of a multiexciton spectrogram.

of excitation energy (exciton) relaxation and transfer in various petajls of the measurements are not reported here but can be
types of chromophore complexes. To study higher excited statesiynd in ref 16.

and to discover new relaxation channels such as excégaoiton

annihilation (EEA), it is a common practice to vary the intensity

of the laser pulse used to excite the chromophore complex. Multiexciton Density Matrix Approach

Annihilation experiments have been reported for dye ag-

gregates? and various photosynthetic antenna systems: the Besides the ground-state and the single-exciton state, the
FMO-complex? LH1,%*and LH2° So far, EEA has been often  myitiexciton theory includes multiple excitations, i.e., the
described by the rate equation(r,t)/dt = —yn(r,t)* with the simultanous presence of two, three, etc. excitons, with the
exciton densityn(r t) at the spatial position and the annihilation specification that higher excited states,-€3ates) of single
rate constany (for a recent overview, see ref 7). Besides such chromophores are accounted for, too. The two-exciton states,
a macroscopic description valid for larger aggregates, various o example, include states in which the excitations are on
microscopic theories have been presented including a correCtsgnarated chromophores as well as states in which an individual

computation of the rate constagnt™** An anharmonic oscillator  cpromaphore is in the, Sstate. Taking the complete Hamiltonian
description of Frenkel excitons could be utilized recently,o. which includes electronic chromophore excitations and an

In this letter, we report on the description of EEA processes by electronic interchromophore coupling (dipelipole interac-

a generalization of the multiexciton density matrix theory, i.e., tion), its diagonalization yields the multiexciton statésyl]
the.ap.proa(.:h which directly accounts for muItip[e eIecFronic corrésponding to the presence Nffold excitations in the
excitations in chromophore complex€sThe theory is applleql complex. Once these states have been used as a representation
to the_ B850 ring O.f the LH2 complex d&thodobacter sphaeroi- of the density operator, we end up with the multiexciton density
deswith 18 bacteriochlorophylls (BChls) (see, for example, ref matrix planBuit). If on = Bu, it describes the multiexciton

15). population in theN-exciton manifold, otherwise the density

EEA is usally described as follows. If two excitations being . o
. . matrix elements represent so-called coherences (within the same
in the S-state of the chromophores move close together, their . .
manifold as well as between different ones).

excitation energy can be used to create a higher excifed S . .
state (i > 1) at one chromophore leaving behind the other in ~ The equation of motion fop(aw,fu;t) has to account for
the S ground state (exciton fusion). In a second step, an ultrafast /€ctronic excitation energy dissipation as well as a coupling
internal conversion process moves the chromophore that is justt the radiation field. It has_bee_n derived previously in the usual
in the higher excited Sstate back to the Sstate. If this view ~ Markov and Bloch approximatid'’and reads

on EEA is embedded into the multiexciton theory, the descrip-

Introduction

tion automatically accounts for the exciton fusion because the 9 Y — .
~o(afwit) = —iQ(ay, oPuit) +
two-exciton states incorporate the mixture of tweeKcitations ot (@) (@)oY
and a single Sexcitation. Now, EEA is obtained as an effective 9 . a )
radiationless transition from the two-exciton to the single-exciton (8tp (o3 M’t))diss+ (E)t’O (o8 M’t))fiem @

bemio Wg%“;nngrrﬁsgﬁnh%‘fggﬁin should " be addressed.  E-mall: wherehQ(an,fw) is the energy difference of the two states,
T'Humggmt_umvergi& at Berln. and fu. The dissipative part includes both the inter- and
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a . .
&P(aNﬁwt) diSS: _6aNﬂM(yzk(aN*yN)p(aN’aN!t) -
zk(yN’aN)p(VvaN;t) + z k(o yn-1) P (0, 0 t) —

YN YN-1

Z KN4 2:0) (1Y it)) — (10— 0, )T (ay) +

YN+1
TBw)e(anByit) (2)

The field part accounts for optical transitions and is given by

i
= %E(t)( z (O YNz ) PNz Bst) —

VN£1

Z P VM DU (YmesBw) (3)

YM£1

0
(&p(aN’ﬁM;t))

field

whereu(on,yn+1) denotes the transition dipole moment. The
sum goes over the states of the neighbored manifolds and
YN-1 OF ym+1 and ym—1. In the dissipative part, the damping
rates for the so-called coherences are

1
[(oy) = Ezk(awﬁm) (4)

The intra manifold relaxation (i.eM = N) is given by

k(oBy) = 279Q%(a,BlL +
N(Q (B0 B (R (0sBN) — H(LBn,a))] (5)

where n(w) is the Bose-Einstein distribution, thed(o,An)
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Figure 1. Transient absorption kinetics versus delay time for pump
pulse with 100 fs duration and energies of 128, 64, 32, 16, andl 8
cn? (from top to bottom). Pump pulse wavelength was 850 nm; probe

pulse wavelength was 860 nm. Experimental (dotted) and simulated
(solid) values are shown.

rotating wave approximation, and remembering that the dipole
operator couples only between different manifolds, we obtain
an expression in which the regions of the density matrix with
different multiexciton indices were transformed with different
frequencies. We still have only one density matrix and all
frequencies of the order @i are eliminated, making numerical
calculation easier.

Numerical Results and Discussion

For the simulation of the spectra of the B850 ring of LH2,
we have taken the dipole moments, coupling parameters, and

comprise the multiexciton vibrational coupling constants, and energies as given in ref 15. The dipole moment of the-SS,
j(w) denotes a site-independent spectral density. We have takenransition of BChl is estimated to be of similar magnitude as

a form forj(w) which has been experimentally determined for
the LH2 in ref 18. It accounts for the modulation of the

the $ — S; dipole moment?20 therefore, we took the mean
dipole—dipole coupling constant of the B850. It should be

chromophore excitation energies by vibrational modes, but for pointed out that beside the overall system bath coupling factor,

simplicity, we neglect the modulation of the dipeldipole

which has been chosen to fit the long-time transient absorption

interaction. The second type of rate constants describes thesignal, the only fitting parameter in our model, is the internal
intermanifold relaxation, i.e., the EEA process. If related to the conversion ratekc, of a single BCh.

transition between the two- and the one-exciton manifold, it
reads

ke = 3 IC, MSIPIC, (MSHIKT  (6)

where|C,,(m,Sy)|2 is the probability that within the two-exciton
state|oz[the mth chromophore is in the higher excitegtSate.
Themth chromophore relaxes via internal conversion from the
Sy to the S-state with the rate ok!®). With a probability of
|Cs,(M,S1)|2, the system finds itself afterward in the one-exciton
state|(,0]

To reduce the computational costs, we want to get rid of the

highly oscillatoric behavior of the elements of the multiexciton
density matrix with different manifold indices. Therefore, we

expand the reduced density matrix in plane waves of the mean

intermanifold transition frequency

p(aByit) = z G p(n)(aNiﬁM;t)

n=-—o0

()

and express the electric field BE§t) = ¥ ,Ep(t) cospt), where
the frequencies are in the same ranggz @. The summation

The transient absorption was calculated¥y = (A(wpu,wpr)

— Alwp))/A(wpr), WhereA(wpuwpr) is the absorption of the probe
pulse at the presence of the pump pulse &(d,) is the
absorption in the absence of the pump pulse. According to the
experiment, we used in the simulations for both the pump and
the probe pulse linearly polarized electric field-pulses of 100
fs duration with a Gaussian envelope and with the magic angle
(54.7) between the polarization directions. The orientational
average has been considered in the simplest way by multiplying
the transient absorption by a factor'tf. We have taken a sum
over four different phases between pump and probe pulse to
extract the part of the absorption that is linear in the probe-
pulse intensity! The inclusion of static disorder has been left
for further investigations.

To determine the internal conversion rate, we fitted the
measured transient absorption decay at early times and for the
highest excitation intensities. The respective time constant for
internal conversion is 76t 5 fs. With this and the above-
mentioned fixed parameters, the experimental transient absorp-
tion kinetics at different excitation intensities of the experiment
could be simulated very well (Figure 1). In a recent artiéli,
was estimated that for the highest excitation intensities used
here, the average number of excitations per LH2-82This

of the electric field extends over both the excitation and probe justifies the neglect of higher excited states beyond the two-
pulses. Neglecting the fast oscillating parts, i.e., using the exciton manifold, at least for the lower intensities. Nevertheless,
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Figure 2. Population of the one- and two-exciton manifold for pump
pulse energies as in Figure 1.
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Figure 3. Scheme of the multiexciton spectrogram. The elements of
the multiexciton density matrix are ordered by the corresponding
eigenenergies, increasing from left to right and top to bottom. Parts
with different manifold indicesM, N= 0, 1, 2, are separated as shown.

there is some deviation from the measured data at the two
highest intensities, indicating that excited-state absorption from
the two-exciton to the three-exciton state becomes important.
(Its neglect leads to an overestimation of the signals.)

Figure 2 shows the overall populationBy(t) = 3q,-
lo(o,am;t)] (M =0, 1, 2) with Y m=0,12 Pm(t) = 1 calculated
for the different pump intensities of Figure 1. The population
decay from the two-exciton manifold into the single-exciton
manifold through the EEA process can be clearly identified.
During the pump-pulse action, processes such as ground-state
absorption (0— 1), excited-state absorption (+ 2), and
stimulated emission (2> 1, 1— 0) occur. At the highest pump
intensity, there is a decrease in the one-exciton manifold at the
end of the pump pulse, which is caused by a combination of 1 102 10~4 10-¢

ground-state depletion and excited-state absorption. . - ) . .

Having fixed the parameters, one can visualize some other- Figure 4. Multiexciton spectrogram for the highest pump intensity of

. ” ! . Figure 1 at—50 fs, pump pulse maximum, and 100 and 200 fs delay
wise unmeasurable internal dynamics of the system. In the {ime (from top to bottom). The absolute value of each density-matrix
multiexciton spectrogram, we plot the absolute value of each element,p(an,Swt)l, is shown by a logarithmic color scale. See also
element of the multiexciton density matiip(on,Sn;t)| ordered Figure 3. The coherences labeled a, b, and c are discussed in the text.
by energy as shown in Figure 3 with a logarithmic color scale
(Figure 4). The elementg(an,Sum;t)] (N = 0, 1, 2) belonging and coherences. Looking at the coherences between the ground
to the same manifold represent populations (diagonal part, and single-exciton state, one can distinguish between the two
= ) and coherences (off-diagonal part) of tkexciton states strongly allowed transitions (marked as “a” in Figure 4) and
on andfn. In contrast the elementp(an,Swm;t)| with N = M two weaker ones at higher energies (marked as “c” in Figure
describe coherences between different manifolds caused by thet), which are well-known from other studies of the completely
coupling to the external field. The pictures provide the basis symmetric LH25 The two transitions marked as “b” in Figure
for a quantitative discussion of the main features of the 4 are mediated by the two-exciton manifold, as could be clarified
dissipative dynamics. The pump pulse excites both populationsby a detailed inspection of the time evolutithBetween the
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one-exciton and the two-exciton manifold, quite a number of (3) Gulbinas, V.; Valkunas, L.; Kuciauscas, D.; Katilius, E.; Liuolia,

iti ; V.; Zhou, W.; Blankenship, R. El. Phys. Chem1996 100, 17950.
transitions are aIIowed.' Both the coherencgs and populatlons (4) Bradforth. S. E.- Jimenez, R.: van Mourik, F.. van Grondelle, R.
relax.to the low-energy S|d§ of the corresponding mann‘old. Aftgr Fleming, G. RJ. Phys. Cheml995 99, 16179.

a while, the coherences die out, and the one-exciton population  (5) Valkunas, L.; Akesson, E.; Pullerits, T.; Sundst;oV. Biophys.

thermalizes. J. 1996 70, 2373.

In conclusion, we can state that our multiexciton density 108(76) Ma, Y.-Z.; Cogdell, R. J.; Gillbro, TJ. Phys. Chem 8997 101,

matrix not only allowed for a reproduction of measured data, ~(7) van Amerongen, H.; Valkunas, L.; van GrondellefRotosynthetic
and in this way for a determination of the BChl internal EXCI(tg)nss,lst e%:PworldRSCIgngg% Sllng?fgre, 2000; Chapter 12.

; ; inai ; una, A.Phys. Re. B. , .
conversion rate, bl_Jt also gave a detailed insight into the (9) Gaimuskas, E.; Feller, K.-H.. Gadonas, @pt. Commun1995
microscopic dynamics. Here, we concentrated on the energy1g 360.
representation of the internal multiexciton dynamics offeringa  (10) Malyshev, V. A.; Glaeske, H.; Feller, K.-&hem. Phys. Letl.999

direct access to the optical excitation and the different relaxation 30?1%)17F'eyzhov L V.; Kozlov, G. G.; Malyshev, V. A Knoester, 3
processes. The real-space representation of the multiexcitony,on, Phys2001 114 5322. R v

dynamics and thus of EEA will be discussed in detail in a  (12) Renger, T.; May, V.; Sundsim V.; Kiihn, O.J. Chin. Chem. Soc.
forthcoming paper. 200Q 47, 807.
(13) Renger, T.; May, V.; Kan, O.Phys. Rep2001, 343 137.
. (14) Briggemann, B.; May, V., to be submitted for publication.
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