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Theoretical characterization of excitation energy transfer in chlorosome light-harvesting antennae
from green sulfur bacteria

Takatoshi Fuijita; [ Joonsuk Hut, Semion K. Saikirt, Jennifer C. Brooke? and Alan Aspuru-Guzik{l

1Department of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts 02138, USA
2Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT

We present a theoretical study of excitation dynamics irctiierosome antenna complex of green photosyn-
thetic bacteria based on a recently proposed model for tHeawar assembly. Our model for the excitation
energy transfer (EET) throughout the antenna combineschastic time propagation of the excitonic wave
function with molecular dynamics simulations of the supoénular structure, and electronic structure calcula-
tions of the excited states. We characterized the opticagaties of the chlorosome with absorption, circular
dichroism and fluorescence polarization anisotropy depagtsa. The simulation results for the excitation dy-
namics reveal a detailed picture of the EET in the chlorosd@uherent energy transfer is significant only for
the first 50 fs after the initial excitation, and the waveliketion of the exciton is completely damped at 100
fs. Characteristic time constants of incoherent energystea, subsequently, vary from 1 ps to several tens of
ps. We assign the time scales of the EET to specific physicalegses by comparing our results with the data
obtained from time-resolved spectroscopy experiments.

I. INTRODUCTION species of green sulfur bacteria (GSB). Recently, Ganapa-
thy et al. ] have proposed a structure of molecular ag-
. . . . gregates composing the chlorosome from mu@riepidum

The Chlorosome is a light-harvesting antenna found ""hacteria, which synthesize BCHIchlorosomes. The BChls

Iglieet?] sulf:xr and moslt of gfreen r;r(])n—stulfur bfacthenta.t Ur?.' acking in these chlorosomes is more regular as compared
Ike the anténna complexes Irom other types of phototrophiG, e \yiig type of bacteria, thus the intermolecular dist&an

bacteria, where the light-absorbing pigment bacteriaehlo can be estimated with a higher accuracy. In order to reveal

phyll (BChl) molecules are held by protein Siziding, molecular alignment in BChl aggregates the authors utllize

in the chlorosome BChls are self-aggregated in muItlp!ea solid-state nuclear magnetic resonance technique cehbin

supramolecular assemblies. These structures, enclosad i ith cryo-EM imaging. Linear dichroism spectra of individ-

I|p|_d morjolayer, _form an ovoid shaped body with the charac-ual chlorosomes [20] confirm that the chlorosomes from the
teristic size ranging from tens to several hundreds of naom

N Elect . EM)I[1-3] and th tical stud mutant bacteria are less disordered than those from the wild
_ers.B ec rontTr:crcr)]scort)t): ( : th[ t th] agChI eoretical stud-, pe. Additionally, the aggregate structure proposed 8] [1
1es ] support the hypo esis that the BLAIS are organizefy, e peen supported by two-dimensional polarization ftore
into tubular elements —rolls, while sheet-like aggregiaes]

: o1 V) = cence microscopy experiments|[21]. We utilize the aggeegat
may coexist. The uncertainty in the structural characiion model from [18] to calculate excitation dynamics and optica

of chlorosomes stems from the large disorder in aggregatergsponse o€. tepidum assuming that the structural dissimi-

EoThpolsmg thte cr(;loro?‘ge. :[I'Iheh?r;:orosotme IS cton5|dered li%lrity between the mutant and the wild type of bacteria islsma
€ the fargest and mosteent igh-harvesting antenna sys- 4nq'its influence on EET within the chlorosome is negligible.

tems found in nature_[6=111]. This observation motivates an the model of Ganapathet al. [19] (Figure 1a)syn-anti

tset;ﬁggtﬁziedgztslg thfedgfé%no?f ?ﬁg'gﬁ'g'?gt??:ﬁf; [ onomer stacks (Figure 1b) are basic building blocks of the
1] 99reg P9 y ggregate. The stacks form rings that are organized into he-
: lical cylinders. Finally, several concentric cylinderghwthe
In the light-harvesting complex (LHC) of green photosyn-interlayer spacing of the order of 2.1 nm form the main body
thetic bacteria the light energy absorbed by the chloroseme of the chlorosome.
transferred through two consequent units (the baseplaie [1
and Fenna-Matthews-Olson (FMO) complexes [18] in green In our recent letter [22], we have shown that in the chloro-
sulfur bacteria and the baseplate and B808-B866 complexes some the memoryfiects associated with the environment
green non-sulfur bacteria) to reaction centers, where@xci fluctuations — dynamic disorder — assist the excitdtudion
dissociation occurs. Unlike the chlorosome, which corstain for a broad range of static structural imperfections. Wercha
BChlsc, or e depending on the species, the other functionahkcterized the EET by combining all-atom molecular dynam-
units of the LHC contain BChla embedded in a protein en- ics (MD) simulations, time-dependent density functiota-t
vironment. ory (TDDFT) excited-state calculations, and open quantum

In this study we focus on the energy transfer properties ofyStem approaches. In this paper, we revise the excitation

the chlorosome fronChlorobaculum tepidum (C. tepidum)  Structure model in order to obtain more reliable optical and
transport properties. To the sake of consistency we provide

a detailed discussion of the model. We analyze the energy

spectra of the BChl aggregates and compare them with the re-
*Electronic address: tfujita@fas.harvard.zdu sults obtained from optical spectroscopy measuremerits [23
TElectronic address$: aspuru@chemistry.harvard.edu [27]. We estimate characteristic time constants of the gnerg
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densities obtained from M DDFT calculations. Section IV

(b) < B presents the optical properties of the roll. The EET in the
,T,I chlorosome is discussed in Section IV C to F. Section IV G
> summarizes EET time scales in comparison with the exper-
XA { imental data. In section V we discuss the limitation of the
a9 %< model. We conclude the study by summarizing our results in
X AW .
Ji,ﬂ 0\ Section VI.
205 A
/
'§ Il. THEORY
7
We first introduce the excitonic Hamiltonian for the chloro-

some. Each BChl is treated as a two-level system of ground
and theQy excited state, the excitation energy of which de-
pends on the nuclear configuration. In the single exciton ap-
proximation, the Hamiltonian for the aggregate of BChls can
be written as follows:

FIG. 1: The structural model of chlorosomes from the mutant

tepidum bacterial[[19]. (a) The schematic model of the molecular as-
sembly. (b) The atomistic structure of thgn-anti monomer stacks. H = Z Em(R)|m>(m| + Z an(R)|m><n|
m m#n
+T(P) + V&(R), 1)

transfer in the chlorosomes and compare them with the exper-

imental data. Finally, we examine the EET in the Ch|0rosome/vhere|m> denotes the state where the excitation is localized
by modeling fluorescence polarization anisotropy decay. Ouat m-th BChl (site) and all other sites are in the ground states.
simulations allow for a unified description of the coheremta em(R) represents an excitation energy of theh site with the
incoherent energy transfer and depict the overall timetevol nuclear configuratiork, andVim(R) is a coupling between
tion of EET processes in the chlorosome. the electronic transitions of the-th andn-th BChls. Here

The EET in chlorosomes have been studied using variou$ (P) andVg(R) are the kinetic energy and the ground-state
time-resolved spectroscopy techniques [23] 26-34]. Rer la potential energy for the nuclear coordinates, respegtivis
convenience, we briefly review the characteristic timeescal the next step, we decompose the total Hamiltonian without
measured for chlorosomes fro@hlorobaculumtepidum (C.  any assumption of the functional form into a system and bath
tepidum). One-color transient absorption (TA) measurementcontributions as:
in the wavelength region of 750-790 nm has provided four
major time constants of 200-300fs, 1.7-1.8 ps, 5.4-5.9ms, a H = Hs + Hsg + Hp, )
30-40 psl[28]. The authors have assigned the first time to re-
laxation from higher to lower exciton states, the second and
third times to the EET within BCht aggregates in éfierent Hs = Z (em) |my(m] + Zan|m><n|, @)
energy-transfer steps, and the fourth time component to the m mEn
EET from BChlc aggregates to the baseplate. Qualitatively
similar results have been obtained by two-pulse photon echo
and one-color TA experiments |[31]. A recent two-color TA
study with 685 nm pump and 758 nm probe has also yielded
four time measurements of 120 fs, 1.1-1.2 ps, 12-14 ps, and
46-52 psl[26], while the authors have regarded all time com- Hg = T(P) + V&(R), (5)
ponents as the EET within BChlaggregates. More recently,
two-dimensional (2-D) electronic spectra have been measur where Aen(R) = en(R) — (em). The bracketg) denote the
to explore exciton dynamics during the first 200 fs after exci average over the nuclear configurations, and the Condon ap-
tation [27]. The authors have shown that the amplitude of thproximation was used in order to omit the dependendépf
positive peak decays with arffective time constant of 40 fs onR.
and have explained changes in the 2-D spectra by proposing The time dependence of the site energig&®) comes from
exciton difusion on a sub-100 fs time scale. The experimentshe dependence of their coordinalesn timet. This dynamic
above have suggested that there are several EET processeslisorder arising from the nuclear motions is determined by
the chlorosomes from sub-100 fs to several tens of ps, whiléhe atomistic simulations. We use MD simulations to gener-
interpretation of them is still controversial. ateR(t) and TDDFT excited-state calculations to obtaiR),

The remainder of this paper is organized as follows: Secwhich is consistent with the models proposed previolisly-[35
tion Il presents the model of exciton dynamics in the chloro:39] Thus, in contrast to many studies based on a quantum
some. Section Il describes details of the site energy and exnaster equation, this approach can describe the systdm-bat
citonic coupling calculations. Section IV A shows spectralcoupling in complete atomistic detail.

Hss = ) Aen(R)jmy(m, 4)
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In addition to the dynamic disorder, there is another disorthe exciton dynamics modéhen), (Ae%), andr,, can be ob-
der among excitation energies of the BChls which does nofained from the MIPTDDFT calculations for a singlsyn and
change on the time scales of the exciton dynamics. The physnti BChls dimer considering the symmetry of the roll.
ical origins of this static disorder are due to the existence In order to check the memoryffects, we compare our
of different homologues of the BChls [40+42], structural im-model with the Haken-Strobl-Reineker (HSR) model [49, 50]
perfections of supramolecular arrangements, and vamtio where the site energy fluctuations do not depend on their
among individual chlorosomes. Experimentally, the disord memory. In the HSR model, the correlation functions of the
among individual chlorosomes is estimated from low tempersite energies are approximated as
ature spectral hole burning [23,/43] and single molecule fluo
rescence spectroscopy [20} 21,144, 45]. It fdlilt to predict (Aem()Aen(0)) = 2(Aeq) Tmd(D). (10)
this static disorder from MD simulations. Thus we account
for the static disorder by introducing random shifts in the a Using ed 1D, the time evolution of the density matrix can be
erage site energy from a Gaussian distributi¢en — (em)) =  Obtained as follows [49, 50]:

1/ \2ro2 exp(—(em - (em))2/20'2), whereo is the standard

0 i
deviation for the static disorder. Theis assumed to be iden- 3P0 =5 [Hs.p(O)] + Z Yl Amo (DA,
tical for all BChls. m
If we treat the nuclear degrees of freedom classically, the N ¥
wave function of the exciton system is described with the 2AmAmD(t) 2F OAnA], (11)

time-dependent Schrodinger equatior [46]: ,
whereA, = [m)m|. Here, a pure dephasing rate for theth
0 i is (i 2., _ 2
|h—|w(t)> _ H(t)|x//(t)), (6) siteyn is given by - 17%ym = 2<Aem> Tm- _
ot We also construct a classical hopping model using the fol-

whereH(t) = Hs + Hss(®). In this approach, short MD trajec- 10Wing equation([52].

tories are sampled from a full MD trajectory, and the exditon 9

system is propagated under a unitary evolution for each shor 5 Pm®) = Z KamPn(t) — Z Ken Pm(t), (12)
MD trajectory. Here in analogy to previously developed mod- n n

els [38/39], it is assumed that the excitonic system does NQhhere the hopping rate fromth to n-th sitesknm is given
affect the bath dynamics. The density matrix of the excitoni y [B2]

systemnp is obtained as an average of these unitary evolutions:

V2,
1M Ko = —erf dwAm(w)Fn(w). (13)
p(t) = o5 D )it Y L
: Here, pn is a population fom-th site, andAm(w) and Fp(w)
A similar approach has been previously applied to smaltligh are normalized absorption and emission and spectra ahthe
harvesting systems such as the FMO complex[[37-39] anth andn-th sites, respectively. With the use of[egd 10, the ab-
light-harvesting complexes Il (LHII) of purple bacterlag[3 sorption and emission lines can be derived as Lorentz func-
. tions [52] so that the overlap of the absorption and emission
For a large number of BChls present in the chlorosome, i§Pectra becomes:
is computationally unfeasible to calculate site energfesio

pigment molecules along an MD trajectory. Here, we take an zﬂf dwAm(w)Fr(w)
approximate approach to obtain the site energy fluctuabgns —o0
solving a set of Langevin equations with white noise: _ 4ym + ¥n) (14)
P Aen(t) A(wm — wn)? + (Ym + yn)?’
€m
aAEm(t) - T + Fm(®). (8) wherefiom = (em).

where the stochastic fordey(t) is determined byFny(t)) =
0 and(Fm(t)Fn(0)) = 2<Ag§1>5(t)/7-m_ The corresponding I11. SITEENERGY AND EXCITONIC COUPLING
energy gap correlation function is froml[gq 8 is CALCULATIONS

a2 t We set up a model of three-concentric five-stacked (3x5)
(Aem(®Aen(0)) = <A6m> exp(——). (%) rings so that polarizations from several layers can be incor
porated into excited-state calculations. Rings frotiiedent
This procedure gives the same results as the Kubo-Andersonayers consist of 60, 80 or 100 BChl molecules, and theiii radi
stochastic model[[47,_48]. The relaxation time of theare 6.1, 8.2, and 10.2 nm, respectively. The total number of
bath fluctuations, r,, can be determined by integrat- the BChl molecules in the structure is 1200.
ing autocorrelation functions of the site energies, = The force field parameters of the BCHlwere prepared
o dt(Aen(t)Aen(0)) / (A€2). Thus, the input parameters for as follows: Onesyn-anti monomer unit was extracted from

Tm



Ganapathy’s original structure, and the Mulliken charges o 8000
the dimer were used as partial charges in the force field. The T T
Mulliken charges were calculated with the Becke three param -, 200 | .
eter Lee-Yang-Parr hybrid functional [53,/54] and 6-31G**
basis set. Other parameters were adopted from the General
Amber Force Field [55].

After the geometry optimization, an MD simulation was
performed using a CUDA implementation of NAMD pack-
age [56/ 577] with a 1 ns equilibration time and 20 ps produc-
tion time. The temperature was fixed at 300 K. Then,@e W
excitation energies were computed for the and theanti
monomers with the 4 fs time step. The TDDFT calculations 0 500 1000 N 1500 2000
were performed using the Q-CHEM quantum chemistry pack- Frequency (cm™)
age [58] with the 6-31G basis set and the long-range coudecte
hybrid functional of Becke [59]. Finally, the results were i

terpolated to 2 fs time steps. FIG. 2: Spectral densities for thgyn (red) and theanti (blue)

In our previous papef [22], we employed the point-dipolemonomers with the harmonic prefactor. Low-frequency regiof
approximation (PDA) with experimental estimates of th@ira the spectral densities are shown in the inset.
sition dipole moments. This approximation is strictly dpat
ble only if the intermolecular distance is much larger tHaa t
size of the molecules [60, 61], which is not the case in theunctions [35/ 37, €5]:
chlorosome where both sizes are comparable. In order to re-
lax the PDA, we decided to apply transition charges from the . w «
electrostatic potentials (TrEsp) method|[61] adfiecs a com- m(w) = ke T ﬁ dt (Aem(t) Aem(0)) COS (1). (15)
promise between accuracy and computational times.

In the TrEsp method [61], the Coulomb interaction be-!N €d[1% we used a harmonic prefactor in order to negate
tween transition densities is approximated as a sum of paithe temperature dependence of the classical correlatius fu
wise interactions of atomic charges. We employ optimally-t0n- _1-6_5] In the obtained temperature-independent spectr
weighted charge$ [62] to obtain partial atomic charges fronflensity, Figure 2, the strong peaks around 1600 to 2000 cm
transition densities, where Mulliken charges of the trimsi '€ due to internal vibrational modes of the BChl, while the
densities were used as the reference. A single paiyrefinti Ipw—frequency region is ascribed to intermolecular intera
stacked monomers in the 3x5 rings were computed quantuniions between the BChl molecules.
mechanically, and all other molecules were treated asradter ~ 1he reorganization energies 658.7 and 719.9'cfor syn
point charges. The transition densities were calculatatyus andanti monomers, respectively, were calculatedizs =
multi-layer fragment molecular orbital methodis|[63] in eon [, dwj(w)/w. These values are larger than those calculated
junction with configuration interaction singles and the8s3 ~ fom the spectral densities with the standard prefattdyif65
basis set. ABINIT-MP(X)[[63. 84] program package was used?Ur previous papef [22]. Our MDDDFT calculations imply
for the excitonic coupling calculations. Finally, the TgEs that the reorganization energies of the B@hih the roll is

charges of theyn andanti monomers were used to calculate larger than that in solvent (69 ci) [6€]. This large reorga-
all excitonic couplings in the structure. nization energy can be a signature of a fast energy relaxatio

within Qy exciton states in the roll.
The chlorosome pigments should be distinguished from
ideal J-aggregates where the J-band with the largest ascill
IV RESULTS tor strength is also the lowest exciton state (LES) [23, 43].
P3enctilet al. [23] has shown that LESs in chlorosomes from
C. tepidum are distributed within 760-800 nm range, while
the absorption maximum is at 750 nm. We hypothesise that
the relatively large reorganization energy enhances the re
The results of the METDDFT calculations are summarized laxation from the absorption maximum to the lower exciton
in Table I. The calculated average site energies are 15243%ates, leading to the energy funneling to the baseplate.
and 15319.4 cit for the syn and theanti monomers, respec-  The relaxation time constants for trsyn and theanti
tively, and the corresponding standard deviations are2532.monomers were calculated to be 8.80 and 4.51 fs, respsactivel
and 556.5 cm’. Although thesyn and theanti monomers These values are in good agreement with those estimated by
do not experience the exact same environment, tiferdi the atomistic simulation for the FMO compléx [37] 39]. How-
ence in the averages and standard deviations of the site eaver, the bath correlation time obtained from fitting to the
ergy are small. The spectral densities for e and theanti experimental absorption spectrum of the chloros [27] is
monomers are shown in Figure 2. The spectral densities wergeveral times longer than the present values. The reason for
calculated as a weighted cosine transform of the corr@latiothis discrepancy can be, for instance, due to the fact that
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ourab initio model assumes a weak electron-vibrational cou-
pling. Moreover, our model accounts for static disordehia t
chlorosome, which was not included in the phenomenological
model from Ref.[[27]. We expect that our calculations previd

a lower bound estimate for the bath correlations times.

B. Spectra

To compute the absorption and circular dichroism (CD)
spectra we ran simulations of the exciton dynamics using ten
stacked rings (Figure 3a), where each ring is composed of
60 BChis. Initial conditions of the site energy fluctuations (b) 5 6
Aen(t = 0) were obtained from the Gaussian distribution with
a variance(Ae,%>, and the Euler-Maruyama scheme was ap- &
plied to solve ed8 in order to obtaike,(t) and defineH(t).

Initial conditions of the wave functions were chosen as alloc

ized state on aanti monomer (Figure 3), and wave functions

were propagated with the time step of 1.0 fs by diagonaliz- W
ing H(t) at each step. The quantum trajectories were averaged

over 1000 diterent realizations of each static disorder. 2 1 3 4

The absorption and CD spectra were calculated from the
exciton propagation by using the following expressidns [35

39]:
. FIG. 3: (a) A model of ten-stacked rings for the exciton dyiwm
jwt . (b) The schematic picture of initially excited monomer {radd its
| abs(w) “Ref dte Z(/Jm Hn) neighboring monomers in the ten-stacked rings. In (a) efgyhtails
mn .
. of the BChls are not shown for clarity.
X {{Um(t, 0)) — (Upn(t. 0))} . (16)
resulting FWHM corresponds to the inhomogeneous broaden-
lcp(w) o ing of the LES.
< Figure 4a shows the FWHMs of absorption spectra and
wt
Rej; dte Z«Rm = Rn) " (im X pn)) the LES as a function of in comparison with the experi-
me ments|[2B] 27]. We found that the both FWHMSs can be repro-
X {{Umn(t, 0)) = (Upn(t. 0))} . (17)  duced witho- = 300 cn?,
whereUpm(t, 0) is an (n,n) element of the time evolution op- ~ The absorption and the CD spectra with= 300 cntt are
erator for theH (t). shown in Figure 5. The CD spectrum of chlorosomes from

Treatingo as a phenomenological parameter, we first esthe wild type ofC. tepidum, for example, has two negative
timate its value by comparing the calculated spectra wigh th @hd one positive banﬂl%], whereas there is one positive and
experiments. Specifically, we compare our result with spect ON€ negative peak in another experiment [24]. Our CD spec-
measured for the wild type of bacteria because optical propflum agrees with the one reported by Sagal. [24] and the
erties of the three-point mutant are not well establishde T recently measured spectra for the three-point mutaht [26F.
full width at half maximum (FWHM) of the absorption spec- simulated result further supports the supramoleculacsira
tra were calculated as a function of and compared with Proposed by Ganapatteyal. [19]
the experimental value from Ref. [27]. As both the dynamic Figure 4b shows the peak positions of the absorption max-
and static disorder are included in the exciton dynamias, thimum and the LES as a function of. The peak positions
linewidth of the absorption spectra computed witH ety 16 reare overestimated compared with the experiments [25]. One
flects both homogeneous and inhomogeneous broadening. of the reasons for that is the small basis set in the TDDFT

In addition to the FWHM of the absorption spectra, we excited-state calculations. The energffetience between the
further validate our model by comparing the inhomogeneougbsorption maximum and the LES is only 23 ¢nwithout
broadening of the LES. The inhomogeneous broadening dhe static disorder. The absorption maximum is insensitve
the LES has been experimentally estimated from the FWHMr, while the LES decreases with increasing The energy
of the fluorescence spectrum at the temperature of 4 K [23Qifference abr = 300 cn! is 457 cnmt* and in reasonable
To calculate the corresponding linewidth, the LESs were obagreement with about 530 cthestimated for the wild type
tained by diagonalizing the system Hamiltonian with théista chlorosomel[23].
disorder, and the FWHM were estimated from a standard devi- In the following, we discuss how these results are re-
ation of 10000 dterent realizations of the static disorder. The lated to experimental observations. Experimental stuthes
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FIG. 4: (a) Full-widths at half maximum (FWHMSs) of absorptio FIG. 5: (a) Absorption and (b) CD spectra obtained from excit

spectra (red-solid) and the lowest excited state (LESk¢shlid) as  dynamics with the static disorder= 300 cnt?.

a function of a standard deviation of the static disordepdginental

linewidths of the absorption spectra (red-dotted) and &8 (blue-

dotted) were taken from Refs. [27] arid][23], respectiveb) Reak ticed that we treat the static disorder with a simplified mode

positions of the absorption spectra (red) and the LES (lls@)func-  of random shifts in the site energies. In contrast, methodat

tion of a standard deviation of the static disorder. of BChl molecules will have an influence on both site ener-
gies and excitonic couplings by distorting the supramdéecu
arrangements. It remains to be seen how those modifications

shown [41[42] that absorption spectra of chlorosomes froninduce the disorder in the site energies and excitonic cogspl

cells grown at low light intensities exhibit red shift up toa. ~ ata molecular level.

cml. Borregoet al. [41] have found that the red shift is

correlated with content of BChd homologues more methy-

lated at C-8 and C-12 positions. Chewet al. [42] have C. Coherent energy transfer
discussed possiblefects of those modifications of BCll
One possibility is that the modifications stabilize forratof Here, we will discuss the coherent energy transfer within

larger BChl aggregates which can be assembled into a largbe roll. In order to show how an exciton is delocalized af-
chlorosome containing a greater number of B&hl An-  ter the initial excitation of a single site, we compute eowit
other possibility is that the modifications increase disord dynamics using eds 6] 7, ahfl 8. In addition to the site pop-
in the aggregates and allow a much higher packing densitylations, we present pairwise concurrence between iitial
of BChl ¢ in the chlorosomes without causing crystalliza- excited site and other sites to characterize the role ofreohe
tions. Our theoretical calculations show that the peak-posience in the exciton dynamics. The pairwise concurrence [67]
tion of the absorption maximum becomes red-shifted as thés defined as Rmlp(t)|i)|, wherei andm refer to the initially
static disorder increases. This tendency agrees with the egxcited site and other sites.

perimental observations. However, the computed shift can-

not account for the whole red-shift of the absorption line ob

served in experiments. Our results are also consistentlgth

larger linewidths|[42] and larger Stokes shifts|[41] obsekin

chlorosomes grown at lower light intensities. It should be n
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Figure 6 shows the population and coherent dynamics of
selected monomers calculated with= 300 cnt?. The popu- @ 5L 05 i
lation of initially excited site decays quickly with a timer-
stant of 25 fs without a oscillatory behavior, which reflects 4k
large exciton-vibration couplings. The coherences irszea
and decay within 40-50 fs; these values give an estimate of a
decoherence time. The results suggest that the exciton is co
herently delocalized within 40-50 fs after the initial ebation
of a localized state on a single site, and the coherent pespag
tion is quickly damped due to the dynamic disorder. 1F

In Figure 7, we show the population and coherence dynam- o . . . .
ics among the roll at selected times. By comparing Figures
7a and 7b, the coherences spread and are suppressed more 0 20 40, 60 80 100
rapidly than the populations, while transport directiorestae Time (fs)
same. These features are qualitatively similar for all rach , , , ,
values of the static disorder. The results show that the ofost (b) 5 : —
the excitation is distributed over neighboring BChls dgriine
100 fs after initial excitation, which is comparable to thdés 4+ .
100 fs exciton diusion model recently proposed in Réf.[27]. N

)

MzZ(nm

D. Exciton diffusion within theroll

To quantify exciton transport on a timescale longer than
the decoherence time we compute second moments of the site 0 l l l l
populations as a function of time. The second moments of the 0 20 40 60 80 100
exciton propagation throughout the circumference (Mand Time (fs)
the coaxial (Mz) directions (see Figure 3a) calculated with
o = 300 cnt! are shown in Figure 8. Both components of
the second moment initially scale quadratically and then i FIG. 8: Second moments of the exciton populations in the ifa) ¢
early in time. The transition from the initial ballistic iege to  cumference ¥.) and (b) coaxial i..) directions (see Figure 3a)
the difusive regime is observed at 20-30 fs, which is consisWwith the static disordes = 300 cntl. Three models compared are
tent with the time scale of suppression of quantum coherencdgubo-Anderson (black), Haken-Strobl-Reineker (red), aledsical
discussed in the previous section. In contrast to our earlighoPPing (blue) models.
study with the PDA couplings [22], the results show that M
is comparable to M. It has been suggested that gya-anti
monomer stacks run perpendicular to the symmetry axis in th&tion function is exponential like the Kubo-Anderson migde
chlorosome from three-point mutaht [19], while they run-par lineshapes are closer to the Gaussian [69]. It follows thet t
allel to the symmetry axis in the chlorosomes from the wildKA model gives larger overlap between the donor absorption
type of bacterial [19, 68]. Our results may imply that excitonand the acceptor fluorescence spectra. Therefore, the memor
diffusion is insensitive to the supramolecular arrangementsffects of the bath fluctuations give larger hopping rates be-
which is relevant to the robust EET. tween pigments and thus lead to the larger excitdiusiion.

The second moments calculated using the HSR and hogNote that the memoryfkects is more pronounced if the bath
ping model are also shown in Figure 8. The HSR $edent ~ correlation time is larger than the present value as sugdest
from the classical hopping model only within the first 30 fs from the experimental study [27].
that correspond to the ballistic exciton propagation. In-co  Finally, we investigate the dependence of the exciton dif-
trast, the KA model gives a fiiciently faster spread of exci- fusion on the static disorder. fiision codicients in the cir-
ton population over the roll. Thisfiect can be attributed to cumference and coaxial directions were calculated as a func
the non-zero memory of the bath fluctuations as we discussetbn of o and are shown in Figure 9. The HSR model gives
it in Section II. almost the same fiuision constants as the hopping model:

The mechanism by which the memorffexts enhance the the diference is only in the initial ballistic propagation up to
diffusion can be explained by considering site-to-site hoppinground 30 fs. The KA models gives about twice as largf@ i
rates. The hopping rate is determined by the overlap besion codficients as those from the HSR without the static dis-
tween donor fluorescence and acceptor absorption spettra.drder, while the memoryfiects become small with increasing
the correlation function of the site energy is a delta fumntti o. The time when an exciton arrives at the opposite site of
(HSR model), absorption and fluorescence lineshapes becorttge roll from the initial site excitation can be used as theeti
Lorentzian so that the Franck-Condon factor is an overlap o$cale of exciton equilibration over the single-layer ralhere
two Lorentz functions (elg14). On the other hand, if the corre the exciton populations are equal for all sites. This time ca
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represent Mg atoms of the BChl molecules, and the size of the M
atom reflects the population values. In (b) and (c), atom®anding

FIG. 9: Exciton difusion codicients in the (a) circumferenc®(,)
the Mg are only shown.

and (b) coaxial directions as a function of a standard dewiadf the

static disorder. Three models compared are Kubo-Andeitsank),

Haken-Strobl-Reineker (red), and hopping (blue) models.
layers in the 2x10 rings. The single exponential fitting @& th
inner population yields the time constant of 1.1 ps, and tioub

be calculated asRi7)?/2Dy ., whereR: is the radius of the exponential fitting does not improve the fit. The time of the

roll. For the roll of radiusR: = 6.1 nm (60 BChl molecules inter-layer EET is faster than that of the exciton equililma

per a ring) with the static disorder of 300 chwe obtain the  within the layer. The time scale of exciton equilibratioreov

equilibration time to be 8.1 ps. the outer layer can be estimated as 14.4 ps by taking into ac-
count the diameter of the outer layer. The result suggeats th
for a localized initial excitation the exciton is first disuted

E. Inter-layer and inter-roll energy transfer among diferent layers with the characteristic time of 1.1 ps

and then equilibrated over the roll in 8.1-14.4 ps, respelbti

So far we have focused on the single-layer roll, yet chlorofor the inner and outer rolls.
somes may consist of several multi-layer rolls as suggested Figure 11a shows the population dynamics between the two
from EM imagesl[3, 19]. Here we explore the EET among dif-double rolls. Exponential fitting for the population of thet|
ferent layers and rolls. We set up two-concentric ten-&dck roll gives two time constants of 1.4 ps (26%) and 69.8 ps
(2x10) rings and two-roll system consist of 2x10 rings for (76%). The faster time component of 1.4 ps is compared to
analysis of the inter-layer and inter-roll EET. Rings fromet that of inter-layer transfer and thus describes the eneagigt
inner and outer layers consist of 60 and 80 BChls, respeder between outer layers of the left and right rolls. Becaafse
tively. Their structures and initial conditions for exaitoy-  the small contact between the rolls, the inter-roll energgs-
namics are shown in Figure 10b and 11b. In order to speefer becomes slower after the excitorfidses over the left roll.
up our quantum dynamics simulations, we have developed @he inter-roll EET transfer occurs on major time scale 0869.
code for large systems which can propagate wavefunctions ips, which is much larger than the exciton equilibration over
parallel. The simulation conditions are same as those in ththe single roll. Note that the two-roll system is an extreme
earlier sections, and exciton populations were obtaingd wi structure. In chlorosomes, a roll may be surrounded by other
o =300 cntt. rolls or lamellar layerd [3]. Thus, the estimated time cant

Figure 10a shows the populations of the inner and outet.4 and 69.8 ps can be considered as the lower and the upper
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FIG. 12: The polarization anisotropy decay of the threé&esiaings
with the static disordes- = 300 cnr.

citation pulse. We use the three-stacked rings to calcthate
anisotropy decay.

Figure 12 shows the polarization anisotropy decay for
the three-stacked rings structure. The initial value of the
anisotropy is close to 0.8, and the residual value is abd@t 0.
The anisotropy shows the oscillatory behavior within 50 fs
FIG. 11: (a) Exciton populations of the left (red) and righit) rolls  after the excitation pulse, reflecting wavelike motion oé th
in the system composed of two two-concentric ten-stackegsri(b) ~ exciton. Single exponential fitting to the anisotropy peofil
Top view of the structure and the populations at 0 ps (th&lribn-  yields 30 fs as the depolarization time. The depolarization
dition of the exciton dynamics). The exciton population¢@t0.1  time can be compared to the decoherence time estimated from
and (d) 50 ps are also presented. The pink spheres repregent Mhe coherences in site basis in Section IV C. Note that the
atoms of the BChl molecules, and the size of the Mg atom reflect,trafast depolarization time of sub-100 fs has not been re-
the population values. In (b)-(d), atoms surrounding theaigonly  gq|yeq by earlier time-dependent polarization anisotrepy
shown. periments([26|_29, 30, B3]. For example, the one-color TA
anisotropy in the wavelength region of 720-790 nm has given
asingle decay time of 1.7-3.9 ps [30]. The lack of the ulsafa
component in the earlier experiments is probably due taether
limited time resolution.

bounds of the inter-layer energy transfer time scale.

F. Anisotropy decay
G. Timescales

Transient anisotropy decay directly probes the oriematio
dynamics of transition dipole moments in a system congjstin  |n this final section, we summarize the various time scales
of multiple chromophores and has been used in the analysis @f EET obtained from our simulations. Table Il shows
the lifetimes of coherent energy transfer and associatad-qu the theoretical time scales in comparison with experimenta
tum coherence [70-76]. Following Ref. [76], we calculatetime scales measured for chlorosomes from wild typ€of
the fluorescence anisotropy decay based on the exciton dyepidum. It should be noticed that the EET time scales may
namics. In the exciton propagation model we have added thige afected by the presence of the baseplate acting as an ex-
ground state and theffediagonal system-radiation Hamilto- citon drain, which lies outside the scope of this paper. Ex-
nian, Hij(t) = E(t) - wj to eql3. HereE(t) is an electric field  citon dynamics in the whole light-harvesting system, which
for an excitation pulse, ang, is a dipole moment operator. is composed of the chlorosome, baseplate, and FMO com-
An (i, j) component of polarization tensey; is defined as the  plexes, is being studied in our group, which will be subnditte
i-th component of the dipole moment after applying an elecelsewhere.
tric field polarized in the direction. The anisotropy decat) The experimental studies [23,/26, 31] have suggested that
can be calculated agt) = 3y?/(45¢° + 4y), wherea andy  there are four major time constants in the EET processes.
are isotropic and anisotropic tensor invariants of poti  Here, we compare our results with the time components of
tensor, respectively'__[_’W]. An initial condition was chosen 120 fs, 1.1-1.2 ps, 12-14 ps, and 46-52 ps which were ob-
the ground statp = |G)(G|, and an 8 fs Gaussian-envelopedtained with 685 nm pump and 758 nm probel [26], which
electric field of frequency 14890 crhwas applied as the ex- should have a minimal contribution from the baseplate BChl
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a. Our simulations show the coherent propagation of excibeen suggested [79481]. In order to account for tiisce
tons for the initial 50 fs after excitation. The lifetime ¢fis  polaron models have been proposed [35/82, 83]. In general,
coherent energy transfer can be estimated from the decohe-strong coupling between the exciton and vibrations renor-
ence time and the depolarization time. The first componenmalizes the exciton energy and also reduces its mobility. In
of 120 fs can be associated with the coherent EET which deRef. [35], the authors investigated thfieets of polaron for-
scribes wavelike motions of the exciton. The depolarizatio mation in absorption spectra of LHII of purple bacteria com-
times of 30 fs is smaller than the first component of the TAplexes, using a combined molecular dynantoantum chem-
experiments. A possible reason for this is that in terms ofstry approach. They found that the interaction of the excit
the Bloch equation interpretation, the time componentief t tion with the intramolecular vibrations at about 1670 ¢mman

TA experiments will describe the population dec@y)(time,  be described as a weakly coupled polaron. The estimated po-
while the depolarization time includes a pure dephasing timlaron binding energy was about a half of the exciton band-
(T)) as well [ 7P]. The incoherent EET subsequently takesvidth. In the case of a chlorosome we expect thiee
places after the ultrafast process. We have obtained 1drps fto be weaker. While the polaron binding energy should be
the inter-layer EET within a single roll and 1.4 ps for the en-about the same, the electronic excitation couplings betwee
ergy transfer between neighboring layers of the doubls.roll the molecules should be stronger due to about 30% closer
The time scale of 1.1-1.4 ps is in good agreement with thepacking of BChls. Then, comparing the intermolecular cou-
second time component of 1.1-1.2 ps; the second componeptings in LHII and the chlorosome within a same model one
describes the inter-layer energy transfer. The 8.1-14tihpes  gets about three times stronger an intermolecular interact

is comparable to the third component of 12-14 ps, suggestn the latter case. This estimate is consistent with the hétl s
ing that the third component reflects the exciton equilibrat  of the chlorosome and the LHII absorption lines as compared
within a single roll. The time constant of 69.8 ps correspond to the corresponding monomers.

qualitatively to the 46-52 ps. The forth time component is

; : . S . Secondly, our classical phonon bath model accounts for de-
tentatively assigned as the exciton equilibration ovéiedént

. . ! phasing processes only and no feedback of the system on the
rolls, while this would not be the case if a roll were surroedd |+, s included. Thus, the long time population dynamics

by lamellar Iaye_rs. ) calculated within this model corresponds to an infinite tem-
Based on the interpretations above, we speculate on the CQle a1 re case. However, similar approaches based onoahssi

responding time scales of the EET in the chlorosor‘r_\es baseghonon baths have been compared with reduced density ma-
on the structure from the three-point mutant. The first comy;ix methods [84=€6], and they can yield reasonable results

ponent describes the lifetime of the coherent energy teansf oo hared to exact calculations for a wide range of parame-
which largely depends on the exciton-vibration coupling: R ;¢

organization energies will be similar for the wild type ahé t _

three-point mutant as long as the local packing structure is Finally, the supramolecular structure that we use corre-
the same. Therefore, the first component reflecting the eohefPONds to mutant bacteria. Thus one can argue that it may
ent energy transfer may be similar for the wild type and theP€ diferent from the structure of a chlorosome in wild type
three-point mutant. We also expect that the second compd®epidum. Forinstance in [€8] the authors suggestediecent
nent describing the inter-layer EET is similar for the wigpe ~ @ggregation of BCht and BChld in green sulfur bacteria. We
and the three-point mutant, because the same 2.1 nm spacifigPect that the dierent aggregation can introduce additional
was observed for both the wild type and the three-point mugorrections to the excitation dynamics that have to be studi
tant [3/19]. The third component describing the energylequi in more details.

bration over the roll is sensitive to a radius of the roll. Hid

study [3] finds that the diameter of the roll of the three-poin

mutant is larger than that of the wild type. According to our

interpretation and the experimental observation, thel tiivine

component of the three-point mutant will be larger than that VI. CONCLUSIONS

of the wild type. This could be an experimental verificatién o

our assignment of the experimental time scales. In this work, we have characterized the EET in the chloro-

some by combining MD simulations, excited-state calcula-
tions with TDDFT, and stochastic propagation of an excitoni
wave function. Our study shows that the coherent energy
transfer occurs for 50 fs after the initial excitation, amhe t

The model introduced in Section Il utilizes several basicwavelike motion of the exciton is damped to vanish in 100 fs
assumptions. Firstly, eqd.](6) arid (8) are equivalent to thelue to the dynamic disorder. The incoherent energy transfer
quantum Langevin equation for the exciton wave funciiof) [78 subsequently takes place in the characteristic time cotssta
written in a site basis. This equation is strictly applieainla  from 1 ps to several tens of ps. The existence of multiple time
weak exciton-vibration coupling regime. However, for matu  scales reflects a hierarchy of the structures in the chloneso
light-harvesting structures an intermediate strengterad-  We have interpreted the experimental time scales in terms of
tion between the electronic excitations and the high-feeqy  the theoretical results and also presented a possibleceerifi
BChl vibrational modes of the range of 160@000 cnt! has  tion of our assignment.

V. DISCUSSION
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TABLE I: Results from MODTDDFT calculations. Averages and
standard deviations of the site energies, relaxation tiofieke site
energies, the pure dephasing rates, and reorganizatiogienare
provided forsyn andanti monomers.

(@m?) &)em?) (fs) ylem?) — Er(em™)
syn  15243.0 532.2 8.88 938.8 658.7 (266.5)
anti  15319.4 556.5 4,51 525.8 719.9 (298.5)
aReorganization energies calculated from the spectralitiensgvith
the standard prefactof. [22]

TABLE II: Energy transfer time scales obtained from our siations
in comparison with the experimental time scales.

Theoretical time scales

Decoherence time 40-50 fs

Equilibration over single roll 8.1-14.1 ps

Inter-layer transfer 1.1-14ps

Inter-roll transfer 69.8 ps

Fluorescence anisotropy decay 30fs
Experimental time scales

One-color TA anisotropy decay (720-790 nm) [30] 1.7-3.9 ps
One-color TA (720-790 nm) [23] 200-300 fs, 1.7-1.8 ps, 5.9+, 30-40 ps
Two-pulse photon echo (740-780 nm) [31] 140 fs, 1 ps, 10 p3,28
Two-color TA (685 nm pump, 758 nm probe) [26] 120 fs, 1.1-1s212-14 ps, 46-52 ps
2-D spectral line-shape dynamics [27] 40 fs

a Decay time of the amplitude at the position of initial
maximum [27].
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