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Aggregates of light harvesting 2 (LH2) complexes form the major exciton-relaying domain in
the photosynthetic unit of purple bacteria. Application of a generalized master equation to pairs
of the B850 units of LH2 complexes, where excitons predominantly reside, provide quantitative
information on how the inter-LH2 exciton transfer depends on the distance, relative rotational
angle, and the relative energies of the two LH2s. The distance dependence demonstrates significant
enhancement of the rate due to quantum delocalization of excitons, the qualitative nature of which

remains robust against the disorder.

The angle dependence reflects isotropic nature of exciton

transfer, which remains similar for the ensemble of disorder. The variation of the rate on relative
excitation energies of LH2 exhibits resonance peaks, which however is fragile as the disorder becomes
significant. Overall, the average transfer times between two LH2s are estimated to be in the range
of 4 — 25 ps for physically plausible inter-LH2 distances.

While the natural photosynthesis has low energy con-
version efficiency overall, light harvesting (LH) processes
constituting its initial stage are executed with almost
perfect quantum efficiency.!™* Decades of spectroscopic
and computational studies* 2! have shown that Frenkel-
type excitons??23 are actively utilized in these LH pro-
cesses. This is puzzling because Frenkel excitons are frag-
ile and easily disrupted even in the presence of modest
amount of disorder and fluctuations. How natural LH
complexes utilize such delicate forms of excitons and cre-
ate robustly efficient mechanisms of energy transfer is an
issue of fundamental importance that has been subject
to extensive investigations in recent years.*?2436 These
efforts have contributed significant progress in describing
relatively short length scale exciton dynamics confined
within a single LH complex. However, how exciton trans-
port occurs across aggregates of multiple LH complexes
and how quantum nature of Frenkel-type excitons plays
a role in such long range exciton transfer still remain
poorly understood. The photosynthetic unit (PSU) of
purple bacteria®737 is one of the best examples to inves-
tigate this issue because of its organizational simplicity,
significant electronic coherence within its constituting LH
complexes, and well-established structural and energetic
information.

Under normal light conditions, the PSU of a pur-
ple bacterium contains®%7 two types of LH antenna
pigment-protein complexes referred to as LH1 and LH2.
Of these, LH2 complexes play the primary role of harness-
ing photons in the form of delocalized excitons. These
excitons are relayed among LH2 complexes towards re-
action centers enclosed within LH1 complexes, leading
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to production of charges that are eventually needed for
creating proton gradients across the membrane. Struc-
tural and spectroscopic data focusing on individual char-
acteristics of LH2 complexes are relatively well known at
present.>*%7 However, many important issues still need
to be clarified in understanding how the whole aggre-
gates of LH2 complexes function as a reliable and effec-
tive medium for the migration of excitons.

For example, how does the exciton transfer dynam-
ics between LH2 complexes depend on their relative ar-
rangement such as inter-LH2 distance and relative orien-
tations? To what extent does coherent delocalization of
excitons contribute to the enhancement of exciton trans-
fer rate? How can the aggregates of LH2 complexes serve
as efficient exciton migration domain without apparent
energetic downhill features? Most importantly, what as-
pects of quantum effects due to delocalized Frenkel exci-
tons remain robust against the disorder? Clear answers
for these questions will help identifying the genuine roles
of the quantum nature of excitons in the LH processes.

Since the pioneering computational work by Ritz et
al.,*3 it has been widely accepted® 73744 that the inter-
LH2 exciton transfer takes about 10 ps. However, there is
no experimental measurement firmly supporting this es-
timate yet. Low temperature transient absorption spec-
troscopic data®® indicate that inter-LH2 exciton transfer
can take 1 — 7 ps or even longer. Three-pulse photon
echo peak shift measurement*® suggests that the average
time of transfer is about 5 ps at room temperature. How-
ever, details of the arrangement of LH2 complexes in sam-
ples used for these spectroscopic studies are not clearly
known. This makes quantitative modeling of such spec-
troscopic results a very difficult task. The experimental
data*>46 and the estimate by Ritz et al.*® for inter-LH2
exciton transfer time are roughly of the same order (ps
time scale). Recent high level computational studies*”-4®



dra2—1H2 ~ 7 — 10 nm

FIG. 1: The range of inter-LH2 distances estimated from
AFM images.?%*2 Note that drgo_rme = le + 2Rgs (see Eq.
(2)). Each LH2 complex here consists of 27 bactreiochloro-
phylls (BChls). Nine of them facing up in the plane (red) form
the B800 unit. Eighteen of them showing sideways (blue) for
the B850 unit.

also support such estimates. However, these do not yet
serve as sufficient evidence for accepting 10 ps as a solid
estimate.

Let alone the quantitative information as noted above,
there are many conceptual questions that have signifi-
cant implications. For example, which experimental con-
ditions affect the long range exciton dynamics most? Are
there any physical variables that are difficult to con-
trol experimentally but have significant influence on how
quantum effects contribute to inter-LH2 exciton dynam-
ics? What kinds of physical observables truly reflect
quantumness of excitons and can be detected even in the
presence of disorder? Addressing these questions is an
important step for proper interpretation of experimental
measurements as well.

Atomic force microscopy (AFM) data on patches
of membrane show that the actual arrangement of LH2
complexes vary for different samples. In particular, the
nearest-neighbor inter-LH2 distances appear to be quite
variable. Considering the sensitivity of rates on the dis-
tance, such a variation is expected to widen the distri-
bution of inter-LH2 exciton transfer rates substantially.
The actual arrangement of LH2 complexes of in wvivo
PSUs still remains unknown, but there is no reason to
believe that they are more ordered than those observed
from the AFM images. Furthermore, even if there were
no disorder in the structural arrangement of LH2 com-
plexes, the inter-LH2 exciton dynamics depend signifi-
cantly on the disorder in the excitation energy of each
bacteriochlorophyll (BChl), the major pigment molecule
in the LH2 complex.? Thus, quantitative modeling of any
spectroscopic signal relevant to inter-LH2 exciton trans-
fer dynamics*®*4% should involve averaging over some en-
semble, the identification of which also remains an im-
portant issue.
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In a recent work,? we have reported a computa-
tional study incorporating all-atomistic simulation, elec-
tronic structure calculation, and a coarse-grained quan-
tum dynamics method called generalized master equation
for modular exciton density (GME-MED),* and simu-
lated exciton dynamics between B850 units of LH2 com-
plexes from Rhodoblastus acidophilus’ (formerly known
as Rhodopseudomonas acidophila) for some select set of
parameters. This study? was motivated by the ques-
tions of whether and why the natural sizes of LH2 com-
plexes, having only 8-10 fold symmetries, are optimal, a
question that also motivated another theoretical study.®!
Outcomes of our study? suggest that the optimality can
be explained in terms of maximum stability of hydro-
gen bonding of BChls with tryptophan and tyrosine,
which results in minimum energetic disorder and max-
imum inter-LH2 exciton transfer rates. The model de-
veloped in this work? and the GME-MED method?* can
be employed to examine how different characteristics of
LH2 complexes influence the relay of delocalized exci-
tons, and to gain deeper insights into the interplay of
quantum delocalization and the disorder for the realiza-
tion of their functionality. An important first step to this
end is to investigate the dependence of inter-LH2 exciton
kinetics on detailed molecular features, energetics, and
the disorder as clearly as possible. This work addresses
this issue through a comprehensive computational study
of the exciton dynamics between two B850 units of LH2
complexes for Rhodoblastus acidophilus. The model and
approximations used in this work are similar to those
of our previous work.? Major features of the model and
methods are summarized below.

First, an important assumption being made here, as
was done before,? is that the the majority of the inter-
LH2 exciton dynamics can be represented by those be-
tween the B850 units, the lower bands of the LH2 com-
plex where excitons reside predominantly. This assump-
tion can be justified from the fact that the intra-LH2
transfer from its B800 unit to B850 unit is fast,’ which
takes about 1 ps on average. Further justification of
this approximation will be provided later. The current
model for the B850 unit has evolved through previous
computational studies and spectroscopic modeling.3%3755

The coordinates of BChls constituting the B850 unit,
assuming that they are all on the same plane (zy—plane),
can be expressed as

- ( cos(2mn/9 — v) ) ’ )

sin(27n/9 — v)

cos(2mn/9 4+ v) > 7 @)

Tn = Rs ( sin(2mn/9 + v)

where the parameters were determined from molecular
dynamics simulation trajectories as reported before,? and
are respectively R, = 2.604 nm, Rg = 2.753 nm, v =
10.2°. Note that the direction of z-axis is chosen to bisect
the oy and B; BChls and 2v is the angle between them.



Assuming that the transition dipoles of a and 8 BChls
have the same axial angles, the three dimensional vectors
of transition dipoles can be expressed as

sin 6 cos(2mn/9 — v + @a)

P = | sindsin(2mrn/9 — v+ @q) ) (3)
cos 0
sin @ cos(2mn/9 + v + ¢p)
Pgn = It sin @ sin(27mn/9 + v + ¢p) ; (4)
cosf

where 6 = 96.6°, ¢, = —106.6°, g = 60.0°. The mag-
nitude of the transition dipole moment, y = 6.4 D, was
chosen based on previous studies.'™

The B850 unit of the second LH2 is represented by the
following coordinates.

r

, R, cos(2mn/9 — v + ) + donz—Lu2 (5)
an R, sin(2mn/9 — v +7) ’

o ( Becos(2mn/9 + v+ ) + diua-Lu (6)
An — Rgsin(2mn/9+v +7) ’

where dppgo—_Lu2 is the center-to-center distance of the
two LH2 complexes and + is the in-plane rotation angle
of the second LH2 complex. Similarly, the coordinates of
the transition dipoles of the 2nd B850 can be expressed
as

sinf cos(2mn/9 — v + o + )

My = p | sinfsin2rn/9—v+oa+7v) | , (7)
cos
sin @ cos(2mn/9+ v + 0o + )
My, =p | sinfsinmn/9+v+ea+7) | . (8)
cos 6

The total exciton-bath Hamiltonian for the pair of
B850 units can be expressed as

Hr = ¢glg)(g|+H) +H) g+ He o+ 0He+ Hy+Hey , (9)

where |g) is the ground electronic state with energy e,
Hg i is the exciton Hamiltonian for the kthe B850 unit
in the absence of disorder, H. . is the electronic cou-
pling Hamiltonian between the two B850 units, and §H,
represents the disorder in the exciton Hamiltonian. The
detailed expression for Hg i is as follows.
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where |agn) (|Bk.n)) represents the excited state where
only oy ,-BChl (8 ,,-BChl) is excited, with the exci-
tation energy eo, (€g,), and Jsg(n — m) is the elec-
tronic coupling between |sy ) and |qg,m) states. The two
nearest neighbor electronic couplings determined before,?
Jap(0) = 239 ecm™! and J,p(1) = 140 cm™!, are used
here. For all other non-neighbor electronic couplings
within each B850 unit, the following transition dipole
interactions are used.

C sn
Tog(n —m) = (11)
|dsn gl
where dgpgm = Tsp — Tgm, C = 223.43578 (in the

units where the distances are in nm and the electronic
couplings are in cm™1), and kg gm is the following
orientational factor for the transition dipole interac-
tion: Rsn,gqm = Hgp - lu’qm/.u“2 - 3(”’97}, ’ dsn,quﬂqm :
dsn,qm/(uz\dsnqu\z). Note that the value of C above
also includes the screening effect within the LH2 com-
plex. Likewise, the electronic coupling Hamiltonian be-
tween two B850 units is also given by

9
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where
Cké
J;:n qm — % ) (13)
sn,qm
with d¢ =rg — 1, and k¢ o Mt —
sn,qgm SN qm sn,qm “sn /'l'qm 1%

3(/1'sn dgn qm)()u’;m dgn qm)/(,u |dsn,q'm|2)' The use of
C above amounts to assuming that the screening factor

between two different LH2 complexes is the same as that
within each LH2 complex. While this assumption may
incur some errors considering the distance dependence
of screening factors in general, they are not expected to
alter major conclusions of this work.

The term dH, in Eq. (9), which represents the disor-
der, is given by

2 9
OHe =3~ {Feapmlann)(@ral + 3, ,

k=1n=1

6k,n> </Bk,n| } )

(14)
where deq, , and deg, , are specific realizations of the
disorder in €,, and €g,. Hp in Eq. (9) represents the
bath, all the vibrational and environmental degrees of
freedom, and is modeled as an independent sum of har-
monic oscillators as follows: Hy, = 3 hw; (b;bj + 1/2),
where b}(b]—) is the creation (annihilation) operator of
the jth harmonic oscillator. All the bath modes are
collectively expressed by a single index j. The last
term in Eq. (9) represents the exciton-bath interaction
Hamiltonian and is assumed to have the following form:
Hep = Zi:l Zj Z?L:l Zf:a hgsn,j (bj + bj) ‘Sk,n><sk,n|v
where g, ; represents the exciton-bath coupling of the
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FIG. 2: (a) Dependence of GME-MED and MC-FRET rates on the LH2-LH2 distances. The value of A for T=200 K is 78190
and that for T=300 K is 48215. (b) Dependence of rates on relative angles between two B850 complexes at T= 200 K (upper
panel) and 300 K (lower panel) with I, = 2 nm, for which drg2—rr2 = 7.506 nm. The GME-MED rates and the MC-FRET
rates are compared for each case. (c) Dependence of rates on relative energies between two B850 complexes at T= 200 K (upper
panel) and 300 K (lower panel) with I, = 2 nm, for which drg2—rm2 = 7.506 nm. The GME-MED rates and the MC-FRET

rates are compared for each case.

jth mode to the site excitation state |sy ). The defini-
tion of the spectral density and the model of the spectral
density being used in this work is provided in the Sup-
porting Information (SI).

Starting from an initial condition where the exciton is
in thermal equilibrium in the first B850 unit (denoted as
1), the ensuing time dependence of its exciton population
was calculated in the presence of the second B850 unit
employing the following time-local form of GME-MED:*

0

apl(t) = {Was1(O)p2(t) = Wis2(t)p1 (1)}, (15)

J

For the determination of the effective forward rate from
the population dynamics, a transfer time 73, can be de-
fined as the shortest time satisfying the following relation:

Z

In [p1(7er) — Z—lpg(Ttr) =-1. (16)
2
Then, an effective forward rate can be defined as
Z 1
k= —"——, 17
4 Zy + Za Tir (a7)

where 7, = Z e~%n./kT  the exciton partition func-
tion of the B850 unit of the kth LH2. It is important
to note that this includes the diagonal contributions of
the exciton-bath coupling, and thus accounts for the con-
tribution of the reorganization energy to the equilibrium
population.

The effective forward rate defined by Eq. (17) satisfies
the detailed balance and amounts to assuming that the
population relaxation rate is equal to the inverse of 7.,
the time when the population difference becomes an 1/e
factor of its initial value. For genuine rate processes,

where p;(t) and py(t) are probabilities to find excitons
in the two B850 units, respectively. The expression for
Wa1(t) (Wi2(t)) and the approximations involved are
detailed in the SI.

this agrees with the actual forward rate. For more
general case but with monotonic population decay, this
can serves as a good measure for the effective forward
rate. For the remainder of this work, we thus term
Eq. (17) as the effective GME-MED rate. Examples
of actual population dynamics when the GME-MED
rate is different from MC-FRET rate are shown in the SI.

Dependence of rates on dima—pu2: Figure 2(a) shows
distance dependences of the GME-MED rates and the
MC-FRET rates at two different values of temperature,
200 K and 300 K. Also shown are fitting curves of these
data in the asymptotic limit by a function A/dS o 119,
which represents the FRET rate®®®7 for transition dipole
interactions. For the values of dpys_ppe2 in the range of
5—25 nm that are being considered here, the rates change
by about four orders of magnitudes as is clear from the
logarithmic scale in Fig. 2(a). Deviation from the FRET-
like behavior with transition-dipole interaction becomes
apparent for distances smaller than 15 nm, about three
times the diameter of LH2, where the rates are as small
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FIG. 3: Dependences of average values of GME-MED rates and MC-FRET rates at 300 K. Each point was determined by
averaging over an ensemble of 10,000 realizations of the disorder in site excitation energies of BChls with standard deviation,

200 cm ™.

(a) The distance dependence for v = 0 and Epga1) — Ermze) = 0. (b) The dependence on relative angle for

dru2—rme = 7.506 nm and Eppa1) — Epmze) = 0. (c) The dependence on Eppa(1) — Epm2(2), the bias of average excitation
energies between two LH2 complexes, for drg2—rp2 = 7.506 nm and v = 0.

as ~ 0.01 ps—!.

It is important to note that both the GME-MED rate
and the MC-FRET rate exhibit much steeper distance
dependences than the FRET rate. This pattern clearly
demonstrates that the combination of multipolar effects
and the dark exciton states make positive contributions
to the transfer of excitons, and their magnitudes become
substantial as the distance becomes shorter. For exam-
ple, for digo_ru2 = 6 nm, the factor of enhancement
turns out to be about 10.

In general, contribution of multipolar effects does not
always lead to the increase of exciton transfer rate.?® 60
For some types of chromophores and relative configura-
tions of the donor and the acceptor, they can in fact
result in reduction of the rate. In this sense, the level
of enhancement for the inter-LH2 exciton transfer rate,
as observed in Fig. 2(a), reflects significant quantum
effects. This indicates that the quantum delocalization
does more than simply increasing effective dipole moment
because if so the distance dependence should remain the
same. Thus, the distance dependence of inter-LH2 ex-
citon transfer demonstrated here serves as a good ex-
ample that the multipolar effects and contributions from
dark exciton states, both originating from the delocalized
quantum nature of excitons, provide a robust mechanism
to make substantial enhancement of the exciton transfer
rate.

For the particular case of two degenerate LH2s with-
out disorder as considered above, the GME-MED rates
are smaller than the MC-FRET rates. In other words,
non-Markovian effects due to finite time scale of intra-
LH2 exciton dynamics cause the rate to be smaller than

J

Dependence of rates on relative energies of LH2 com-
plezes: Figure 2(c) shows the variation of exciton trans-

the prediction of MC-FRET. This may not always be the
case for other situations. At least, it is clear from Fig.
2(a) that such non-Markovian effects become more sig-
nificant as the distance becomes shorter. However, the
discrepancy between the two is in fact rather small in the
range of physical distances observed from AFM images,
7 — 10 nm (see Fig. 1), and at "= 300 K. This suggests
that the use of MC-FRET is reasonable for modeling the
exciton dynamics in natural aggregates of LH2 complexes
at room temperature, even without considering the dis-
order. As will be seen below, inclusion of the disorder
makes the discrepancy between the two even smaller.

Dependence of rates on 7: Figure 2(b) shows the
dependences of rates on the angle ~y, the relative in-plane
rotational angle of the two B850 units (see Egs. (5) and
(6)). The periodic modulation of the rate reflects the
nine-fold symmetry of the LH2 complex. The variation
with angle is slightly larger for T=300 K than for T=200
K. This shows that more delocalization of exciton in
the lower temperature makes the rate less sensitive to
the angle. Note that this effect cannot be explained
in terms of conventional temperature dependence of
the contribution of the bath spectral density, which is
independent of the rotational angle ~. Overall, the
variation of the rate with the angle ~y is fairly small. The
range of modulation is less than 10% of the mean value.
These are even smaller than the discrepancies between
GME-MED and MC-FRET rates. Thus, one can view
that the inter-LH2 exciton transfer rate is virtually
isotropic. This is even more true for the rate averaged
over the ensemble of disorder as will be shown later.

fer rates with the change of relative excitation energies of
two LH2 complexes, Er o)~ Erma2) = €a; —€a,- Here,
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FIG. 4: Distributions of inter-LH2 transfer rates for

dra2—rpm2 = 7.506 nm and v = 0 at 300 K.

note that €,, and €,, refer to the excitation energies o
BChl entering the Hamiltonian in the absence of disor-
der, H?, of Eq. (10), which are assumed to be the same
as those for £ BChls. These also correspond to average
excitation energies of BChls in the presence of disorder.
The pronounced rates near 0, 150, and —150 cm ™! re-
flect the discrete quantum nature of exciton levels and
the broadening due to exciton-bath coupling within each
B850 unit. The resonance becomes significant when there
is matching of exciton states, which results in faster rates.
It is interesting to note that the MC-FRET rate overesti-
mates this enhancement when compared with the GME-
MED rate.

The variation of the rate with the relative LH2 energy
is much larger than that due to the in-plane rotation an-
gle 7. As yet, its extent is relatively moderate within
the range of energies considered. The maximum factor
of difference of the transfer rates within the range consid-
ered is about 7. The range of actual Eppo1) — Erma(2)
in aggregates of LH2 complexes is expected to be less
than 100 cm™! according to modeling of spectroscopic
data.?®® Thus, the actual variation of the rate due to
the energy difference is expected to be even smaller. If
the exciton transfer is only between those due to single
pigment molecules, the transfer rate is likely to be much
more sensitive to the relative energy.

Dependence of rates on the disorder: In order to under-
stand the effects of the disorder on the inter-LH2 exciton
transfer rate, GME-MED calculations were conduced for
each ensemble of 10,000 realizations of the Gaussian dis-
order in excitation energies of BChls, with the standard
deviation ¢ = 200 ecm™!, and at T = 300 K. Figure 3
shows the resulting average rates with the variation of
inter-LH2 distance, angle, and the relative energy. The
corresponding GME-MED results without the disorder,

which were shown in Fig. 2, are also compared here.

Figure 3(a) shows that the disorder reduces the aver-
age rate by about a factor of 4 and makes the distance
dependence slightly steeper. However, the qualitative na-
ture of the distance dependence does not change signif-
icantly. In other words, the quantum characteristics of
the distance dependence are robust against the disorder.
Table I provides numerical values of average GME-MED
rates and their standard deviations for seven values of
inter-LH2 distances. These show that the average trans-
fer time of 10 ps estimated by Ritz et al.*® corresponds
only to dypo_ru2 = 8 ~ 8.25 nm. On the other hand, for
diuo—ru2 = 7.5 ~ 9 nm, the range of inter-LH2 transfer
time is estimated to be about 4 ~ 25 ps.

Figure 3(b) shows that the disorder almost removes the
variation of the inter-LH2 exciton transfer rate with the
angle . There is practically no difference between the
average GME-MED and MC-FRET rates. Figure 3(c)
shows that the disorder removes the resonance structure
and makes the energy dependence similar to that of clas-
sical Marcus-like®'% inverted parabola but with much
weaker reorganization energy. The averaged GME-MED
and MC-FRET rates almost agree here as well. In an-
other words, the disorder has an effect of washing out
non-Markovian effects. It is also important to note that
the dependence of the average rate on the relative en-
ergy of LH2s has become much more moderate than that
without disorder. Considering that the standard devia-
tion of the disorder in the excitation energy of LH2 as
a whole (not that of the individual BChl) is less than
100 ecm~! according to spectroscopic modeling,35° the
corresponding average rate is expected to vary less than
20% of that between two LH2s with the same energy.
In other words, the combination of quantum effects and
the disorder in this case make the inter-LH2 transfer rate
robust against the relative energy difference of LH2s.

Figure 4 shows distributions of MC-FRET and GME-
MED rates for three different values of relative LH2 ener-
gies for dygo_ g2 = 7.506 nm. It is clear that there is no
appreciable discrepancy even at the level of distributions
between MC-FRET and GME-MED rates. Examples of
average population dynamics shown in the SI also con-
firm this fact. Thus, the disorder seems to genuinely wash
out the non-Markovian effects and make MC-FRET rate
as reliable alternative to full GME-MED calculation for
inter-LH2 exciton transfer dynamics.

In summary, this work reports comprehensive compu-
tational results elucidating the dependences of inter-LH2
exciton transfer rates, modeled as those between B850
units, on three major physical features, and also the ef-
fects of disorder on such dependences. These data are
the first of this kind and will serve as valuable resources
for quantitative understanding of the trends on exciton
transfer kinetics between LH2 complexes. Most impor-
tantly, these results offer new and important informa-
tion on how quantum delocalization of excitons, non-
Markovian effects, and the disorder contribute to the ex-
citon transfer kinetics, as highlighted below.



TABLE I: Average GME-MED rates and their standard devi-
ations for different values of the inter-LH2 distance dru2—vu2,
calculated for an ensemble of 10,000 realizations of the Gaus-
sian disorder in the excitation energies of BChls with standard
deviation 200 cm ™" at 300 K.

drmz—vm2 (nm) (ki2) (psfl) Stand. dev. of k1_2’s (psfl)

7.506 0.234 0.111
7.756 0.168 0.0809
8.006 0.119 0.0552
8.256 0.0915 0.0408
8.506 0.0681 0.0325
8.756 0.0510 0.0235
9.006 0.0397 0.0183

e Quantum delocalization of excitons results in sig-
nificant deviation in the distance dependence of the
exciton transfer rate from the trend expected for
that between transition dipoles. The deviation is
appreciable at distances shorter than three times
the diameter of the LH2 complex, and reaches up
to a factor of 10 at the closest distance tested. This
also means that the inter-LH2 exciton transfer rates
for the nearest and the second nearest neighbors of
LH2 complexes cannot be modeled accurately by
conventional FRET rate for transition dipole inter-
actions.

e The fact that the exciton-transfer rate is almost
isotropic in the absence of disorder except for mi-
nor modulation, can only be explained in terms of
delocalization of excitons. In the presence of disor-
der, the rate for each realization of disorder can be
less isotropic. However, the average rate for the en-
tire ensemble of the disorder is even more isotropic
because the ensemble of disorder does not have spe-
cific preference for certain direction.

e The inter-LH2 exciton transfer rates show reso-
nance structure with respect to the relative ener-
gies of LH2 complexes, which however disappears
once averaging over the disorder is taken.

e Within typical inter-LH2 distances observed from
AFM images, the non-Markovian effects due to fi-
nite time scale of intra-LH2 exciton dynamics do
not make significant contributions to the inter-LH2
exciton transfer rate. Such effects become even less
significant when averaged over the disorder.

As stated above, the qualitative trend of the distance
dependence and near isotropic nature of the inter-LH2
exciton transfer rates, both of which originate from delo-
calized nature of excitons, appear to be intact on average
even in the presence of the disorder. On the other hand,
the non-Markovian effect, subtle modulation of inter-LH2
rate with respect to the angle, and the resonance struc-
ture with respect to the relative excitation energies of
LH2 are found to be fragile when disorder is introduced.
Of course, the fragility refers to the specific features of

ensemble averaged physical observables, not necessarily
the quantumness of exciton transfer mechanism at indi-
vidual pair level.

The effect of the disorder on the energy dependence of
rates, as demonstrated by Fig. 3(c), has significant impli-
cations in broader context. The near inverted parabolic
dependence of the average rate with respect to the rel-
ative LH2 energies could easily be misinterpreted as an
evidence for classical rate behavior with very small reor-
ganization energy. However, the analysis demonstrated
here clarifies that such apparent classical-like behavior is
simply due to the fragility of the resonance structure that
appears in Fig. 2(c).

There are two important issues that require some clar-
ification and further investigation. First, the contribu-
tion of the B800 unit needs to be examined more thor-
oughly. Transfer rates between B850 units are much
slower than those for the intra-LH2 transfer from B800 to
B850, which take about 1 ps. Since the energy difference
between the exciton energies of two units is significantly
larger than the thermal energy at room temperature, it
is reasonable to assume that the B800 to B850 transfer
can be viewed almost as irreversible and the majority
of the exciton population (about 95% or more) resides
in the B850 unit. Therefore, even though direct inter-
LH2 transfer through B800 units were possible because
of their proximity, their net contribution to inter-LH2
exciton dynamics is expected to be marginal. Still, con-
sidering the dispersive nature of the dynamics and the
possibility of some kind of correlated transfer, it is worth-
while to examine the contribution of the B800 unit more
carefully. Recently completed models for the full LH2?
and the GME-MED method* in fact make such investi-
gation straightforward, which will be conducted in the
near future.

Second, the approximations involved in the current
implementation of the GME-MED method* need to be
tested against more accurate methods. The distance cor-
responding to inter-LH2 transfer time of 10 ps is about
8.1 nm according to Table I. This is similar to the esti-
mate for the distance (about 8 nm) based on the infor-
mation available from the work*347 by Schulten’s group.
Therefore, the two appear to be consistent. Still, it would
be much more satisfactory to compare the GME-MED
method with more accurate methods for exactly the same
model and parameters. This will be the subject of future
investigation as well.

Some quantitative details presented in this work
may need to be modified once more accurate quantum
dynamics calculations are conducted and more refined
models are employed. In addition, the effects of time
dependent fluctuations that cannot be represented by
quantum bath or static disorder need to be understood
better. However, considering the reasonability of as-
sumptions and models employed here, it is expected
that such modification is not likely to alter the major
conclusion regarding the quantum effects and their
interplay with the disorder.



Acknowledgments

This work was mainly supported by the Office of
Basic Energy Sciences, Department of Energy (DE-

SC0001393), and partially supported by the National Sci-
ence Foundation (CHE-1362926) for the development of
quantum dynamics methods. The author also acknowl-
edges computational support by the Queens College Cen-
ter for Computational Infrastructure for the Sciences.

*

Electronic address: seogjoo.jang@qc.cuny.edu
Blankenship, R. E. Molecular Mechanisms of Photosynthe-
sis, 2nd Ed.; Wiley Blackwell: Oxford, 2014.

Scholes, G. D. Quantum-coherent electronic energy trans-

fer: Did nature think of it first? J. Phys. Chem. Lett. 2010,

1, 2-8.

3 G. D. Scholes, G. R. Fleming, A. Olaya-Castro, and R. van

Grondelle, Lessons from nature about solar light harvesting.

Nature Chemistry 2011, 3, 763-774.

Jang, S. J.; Mennucci, B. Delocalized excitons in natu-

ral light harvesting complexes. Rev. Mod. Phys. 2018, 90,

035003.

Renger, T.; May, V.; Kithn, O. Ultrafast excitation energy

transfer dynamics in photosynthetic pigment-protein com-

plexes. Phys. Rep. 2001, 343, 137-254.

6 Hu, X.; Ritz, T.; Damjanovic, A.; Autenrieth, F.; Schul-
ten, K. Photosynthetic apparatus of purple bacteria. Quar.
Rev. Biophys. 2002, 35, 1-62.

7 Cogdell, R. J.; Gali, A.; Kéhler, J. The architecture and

function of the light-harvesting apparatus of purple bacte-

ria: from single molecules to in vivo membranes. Quart.

Rev. Biophys. 2006, 39, 227-324.

Renger, T. Theory of excitation energy transfer: From

structure to function. Photosyn. Res. 2009, 102, 471-485.

Jang, S.; Cheng, Y.-C. Resonance energy flow dynamics

of coherently delocalized excitons in biological and macro-

molecular systems: Recent theoretical advances and open

issues. WIREs Comput. Mol. Sci. 2013, 3, 84-104.

10 Cheng, Y. C.; Fleming, G. R. Dynamics of light harvesting
in photosynthesis. Annu. Rev. Phys. Chem. 2009, 60, 241—
262.

11 Jankowiak, R.; Peppert, M.; Zazubovich, V.; Pieper, J.;
Reinot, T. Site selective and single complex laser-based
spectroscopies: A window on excited state electronic struc-
ture, excitation energy transfer, and electron-phonon cou-
pling of selected photosynthetic complexes. Chem. Rewv.
2011, 111, 4546-4598.

12 Olaya-Castro, A.; Scholes, G. D. Energy transfer from
Forster-Dexter theory to quantum coherent light harvest-
ing. Int. Rev. Phys. Chem. 2011, 30, 49-77.

13 Pachén, L. A.; Brumer, P. Computational methodologies
and physical insights into electronic energy transfer in pho-
tosynthetic light-harvesting complexes. Phys. Chem. Chem.
Phys. 2012, 14, 10094-10108.

14 Schréter, M.; Ivanov, S. D.; Schulze, J.; Polyutov, S. P.;
Yan, Y.; Pullerits, T.; Kithn, O. Exciton-vibrational cou-
pling in the dynamics and spectroscopy of Frenkel excitons
in molecular aggregates. Phys. Rep. 2015, 567, 1-78.

15 Chenu, A.; Scholes, G. D. Coherence in energy transfer and
photosynthesis. Annu. Rev. Phys. Chem. 2015, 66, 69-96.

16 Konig, C.; Neugebauer, J. Quantum chemical description

of absorption properties and excited processes in photosyn-

[

thetic systems. Chem. Phys. Chem. 2012, 13, 386-425.

17 Lee, M. K.; Huo, P.; Coker, D. F. Semiclassical path in-
tegral dynamics: Photosynthetic energy transfer with re-
alistic environment interactions. Annu. Rev. Phys. Chem.
2016, 67, 639-668.

18 Mirkovic, T.; Ostroumov, E. E.; Anna, J. M.; van Gron-
delle, R.; Govindjee,; Scholes, G. D. Light absorption and
energy transfer in the antenna complexes of photosynthetic
organisms. Chem. Rev. 2017, 117, 249-293.

19 Levi, F.; Mostarda, S.; Rao, F.; Mintert, F. Quantum me-
chanics of excitation transfer in photosynthetic complexes:
a key issue review. Rep. Prog. Phys. 2015, 78, 082001.

20 Curutchet, C.; Mennucci, B. Quantum chemical studies of
light harvesting. Chem. Rev. 2017, 117, 294-343.

2l Kondo, T.; Chen, W. J.; Schlau-Cohen, G. S. Single-
molecule fluorescence spectroscopy of photosynthetic sys-
tems. Chem. Rev. 2017, 117, 860-898.

22 Frenkel, J. On the transformation of light into heat in
solids. 1. Phys. Rev. 1931, 37, 17-44.

2 Davydov, A. S. Theory of molecular excitons; Plenum
press: NewYork-London, 1971.

24 Leegwater, J. A. Coherent versus incoherent energy trans-
fer and trapping in photosynthetic antenna complexes. J.
Phys. Chem. 1996, 100, 14403-14409.

25 Huo, P.; Coker, D. F. Theoretical study of coherent exci-
tation energy transfer in cryptophyte phycocyanin 645 at
physiological temperature. J. Phys. Chem. Lett. 2011, 2,
825-833.

26 QOlbrich, C.; Stritmpfer, J.; Schulten, K.; Kleinekathéfer, U.
Theory and simulation of the environmental effects on FMO
electronic transitions. J. Phys. Chem. Lett. 2011, 2, 1771—
1776.

2T Skochdopole, N.; Mazziotti, D. A. Functional subysystems
and quantum redundancy in photosynthetic light harvest-
ing. J. Phys. Chem. Lett. 2011, 2, 2989-2993.

28 Kreisbeck, C.; Kramer, T. Long-lived electronic coherence
in dissipative exciton dynamics of light-harvesting com-
plexes. J. Phys. Chem. Lett. 2012, 3, 2828-2833.

29 Kassal, I.; Yuen-Zhou, J.; Rahimi-Keshari, S. Does coher-
ence enhance transport in photosynthesis? J. Phys. Chem.
Lett. 2013, 4, 362-367.

30 Chin, A. W.; Prior, J.; Rosenbach, R.; Caycedo-Soler, F.;
Huelga, S. F.; Plenio, M. B. The role of non-equilibrium
vibrational structures in electronic coherence and recoher-
ence in pigment-protein complexes. Nature Phys. 2013, 9,
113-118.

31 Ai, Q.; Yen, T.-C.; Jin, B.-Y.; Cheng, Y.-C. Clustered ge-
ometries exploiting quantum coherence effects for efficient
energy transfer in light harvesting. J. Phys. Chem. Lett.
2013, 4, 2577-2584.

32 Kim, C. W.; Park, J. W.; Rhee, Y. M. Effect of chro-
mophore potential model on the description of exciton-



phonon interactions. J. Phys. Chem. Lett. 2015, 6, 2875—
2880.

33 Lambert, N.; Chen, Y.-N.; Cheng, Y.-C.; Li, C.-M.;
Chen, G.-Y. Quantum biology. Nature Phys. 2013, 9, 10—
18.

34 Croce, R.; van Amerongen, H. Natural strategies for photo-
synthetic light harvesting. Nat. Chem. Bio. 2014, 10, 492—
501.

35 Fujita, T.; Brookes, J. C.; Saikin, S. K.; Aspuru-Guzik, A.
Memory-assisted exciton diffusion in the chlorosome light
harvesting antenna of green sulfur bacteria. J. Phys. Chem.
Lett. 2012, 3, 2357-2361.

36 Thyrhaug, E.; Zidek, K.; Dostal, J.; Bina, D.; Zigman-
tas, D. Excitonic structure and energy transfer in the Fenna-
Matthews-Olson complex. J. Phys. Chem. Lett. 2016, 7,
1653-1660.

37 Sundstrém, V.; Pullerits, T.; van Grondelle, R. Photosyn-

thetic light-harvesting: Reconciling dynamics and structure

of purple bacteria LH2 reveals function of photosynthetic

unit. J. Phys. Chem. B 1999, 103, 2327—-2346.

Montemayor, D.; Rivera, E.; Jang, S. J. Computational

modeling of exciton-bath Hamiltonians for light harvesting

2 and light harvesting 3 complexes of purple photosynthetic

bacteria at room temperature. J. Phys. Chem. B 2018, 122,

3815-3825.

39 Scheuring, S.; Sturgis, J. N. Chromatic Adaptation of Pho-
tosynthetic Membranes. Science 2005, 309, 484-487.

40 Sturgis, J.; Tucker, J. D.; Olsen, J. D.; Hunter, C. N ;
Niederman, R. A. Atomic force microscopy studies of native
photosynthetic membranes. Biochemistry 2009, 48, 3679—
3698.

41 Olsen, J. D.; Tucker, J. D.; Timney, J. A.; Qian, P.; Vas-
silev, C.; Hunter, C. N. The organization of LH2 complexes
in membranes from Rhodobacter sphaeroides. J. Biol. Chem.
2008, 283, 30772-30779.

42 Qumino, A.; Dewa, T.; Noji, T.; Nakano, Y.; Watanabe, N.;
Hildner, R.; Bosch, N.; Kohler, J.; Nango, M. Influence
of phospholipid composition on self-assembly and energy-
transfer efficiency it networks of light harvesting 2 com-
plexes. J. Phys. Chem. B 2013, 117, 10395-10404.

43 Ritz, T.; Park, S.; Schulten, K. Kinetics of excitation mi-
gration and trapping in the photosynthetic unit of purple
bacteria. J. Phys. Chem. B 2001, 105, 8259-8267.

44 Caycedo-Soler, F.; Rodriguez, F. J.; Quiroga, L.; John-
son, N. F. Light-harvesting mechanism of purple bacteria
exploits a critical interplay between the dynamics of trans-
port and transfer. Phys. Rev. Lett. 2010, 104, 158302.

4% Timpmann, K.; Woodbury, N. W.; Freiberg, A. Unravel-
ing exciton relaxation and energy transfer in LH2 photosyn-
thetic antennas. J. Phys. Chem. B 2000, 104, 9769-9771.

46 R. Agarwal, M. Yang, Q.-H. Xu, G. R. Fleming, J. Phys.
Chem. B 2001, 105, 1887-1994.

47 Striimpfer, J.; Schulten, K. The effect of correlated bath
fluctuations on exciton transfer. J. Chem. Phys. 2011, 134,
095102.

48 Striimpfer, J.; Sener, M.; Schulten, K. How quantum co-

herence assists photosynthetic light-harvesting. J. Phys.

Chem. Lett. 2012, 3, 536-542.

Jang, S.; Rivera, E.; Montemayor, D. Molecular level de-

sign principle behind optimal sizes of photosynthetic LH2

complex: Taming disorder through cooperation of hydrogen
bonding and quantum delocalization. J. Phys. Chem. Lett.

2015, 6, 928-934.

4 Jang, S.; Hoyer, S.; Fleming, G. R.; Whaley, K. B. Gen-

eralized master equation with non-Markovian multichro-
mophoric Forster resonance energy transfer for modular ex-
citon densities. Phys. Rev. Lett. 2014, 113, 188102.

51 Cleary, L.; Chen, H.; Chuang, C.; Silbey, R. J.; Cao, J.
Optimal fold symmetry of LH2 rings on a photosynthetic
membrane. Proc. Natl. Acad. Sci. USA 2013, 110, 8537—
8542.

1 Jang, S.; Newton, M. D.; Silbey, R. J. Multichromophoric
Forster resonance energy transfer from B800 to B850 in the
light harvesting complex 2: Evidence for subtle energetic
optimization by purple bacteria. J. Phys. Chem. B 2007,
111, 6807-6814.

53 Jang, S.; Dempster, S. E.; Silbey, R. J. Characterization
of the static disorder in the B850 band of LH2. J. Phys.
Chem. B 2001, 105, 6655-6665.

5 Jang, S.; Silbey, R. J. Single complex line shapes of the
B850 band of LH2. J. Chem. Phys. 2003, 118, 9324-9336.

55 Jang, S.; Silbey, R. J.; Kunz, R.; Hofmann, C.; Kéhler, J.
Is there elliptic distortion in the light harvesting complex 2
of purple bacteria? J. Phys. Chem. B 2011, 115, 12947—
12953.

56 Férster, T. Intermolecular energy migration and fluores-
cence. Ann. Phys. (Berlin) 1948, 437, 55-75.

57 Forster, T. Transfer mechanisms of electronic excitation.
Discuss. Faraday Soc. 1959, 27, 7-17.

%8 Scholes, G. D. Long range resonance energy transfer in
molecular systems. Annu. Rev. Phys. Chem. 2003, 54, 57-
87.

% Fiickel, B.; Kohn, A.; Harding, M. E.; Diezemann, G.;
Hinze, G.; Basché, T.; Gauss, J. Theoretical investigation
of electronic excitation energy transfer in bichromophoric
assemblies. J. Chem. Phys. 2008, 128, 074505.

% Yang, L.; Caprasecca, S.; Mennucci, B.; Jang, S. The-
oretical investigation of the mechanism and dynamics of
intramolecular coherent resonance energy transfer in soft
molecules: A case study of dithia-anthracenophane. J. Am.
Chem. Soc. 2010, 132, 16911-16921.

51 Marcus, R. A. On the theory of oxidation-reduction reac-
tions involving electron transfer. I. J. Chem. Phys. 1956,
24, 966-978.

52 Marcus, R. A. Theory of electron-transfer rates of solvated
electrons. J. Chem. Phys. 1965, 43, 679-701.

63 Marcus, R. A.; Sutin, N. Electron transfers in chemistry
and biochemistry. Biochim. Biophys. Acta 1985, 811, 265—
322.



S1

Appendix A: Supporting Information: Robust and Fragile Quantum Effects in the Transfer Kinetics of
Delocalized Excitons between LH2 Complexes

1. Spectral Density and Lineshape functions

It is assumed that there is only one local contribution to the spectral density, which is defined as follows:

T(w) =7h>_ g2 0w —w;) . (1)
J
For the above spectral density, the following model that has been used in previous works' ™ is used.
2 3
J(w) = ﬂﬁ<n1we‘“/“’“l T %%e‘w/w“s) : (S2)
We2 Wes

where 1, = 0.22, 9 = 0.78, 3 = 0.31, hwe; = 170 cm ™!, Awes = 34 cm ™!, and Awes = 69 cm L.
In applying the GME-MED method,* it is necessary to calculate line shape functions and reorganization energy as

defined below.
aol / RACy (S3)

T Jo w
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Gilt) = 5 [ T D singer) (34)
G.(t) = %/0 dwjoE(:) coth <QZ:T> (1 — cos(wt)) , (S5)

where kp is the Boltzman constant. For the spectral density of Eq. (S2), the exact expressions for A and G;(t) are as
follows:

A = A(Mmwe, + Nawe2 + 2n3we 3) (S6)
— T2.0
G;(t) = t 1 :
(t) =mnitan™ " (11,0) + 7721 +722,0
73,0
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where 7; 0 = tw,,;. On the other hand, for G,(t), an interpolation formula® for coth(Aw/2kpT) leads to the following
approximation:

G, (t) ~ %{ In(1+72) + 2In(1 + 72) + 2In(1 + 72).
+47(1 +561/2) /TS/2 dr’ tan_l(T')}
0, 0
Tg 2 7'12
1+7¢8 + (1+60)1+72
2 72 1
Trmaep end +7ip)}
+2773{ Té + 373 2 T{l + 37'12
1+72)2  (146)2(1+78)?
2 7'51 +37'22
(1420)% (1+735)2

2 752/2
a1 50/2) (1+T52/2)}’ (S8)

where 0; = hw,, /kT, 11 = Tio/(1 +0;), Ti2 = Ti0/(1 +20;2), and 73, = 75,0/(1 + 50;/2).
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2. Expressions for transfer rates in the GME-MED

Within the second order approximation with respect to J¢ ’s

sn,qm S
9
W1*>2( ) ﬁRe Z Z Jgn quscn’,q’m’
n,n’ mm’=1s,s",q,qg' =«
t
/O A7 (g2,m|Z2(7)|a, e (81 1 167 (T)[51,1) - (S9)

Wa_,1(t) has the same expression as above except that 1 and 2 are interchanged with each other. In the limit of
t — o0, the Wi_2(t) (Wa_1(t)) approaches the multichromophoric Forster resonance energy transfer (MC-FRET)
rateS from 1 to 2 (2 to 1).

For the line shape expressions entering Eq. (S9), an approximation that neglects off-diagonal components in the
exciton basis is used as detailed below. For this, denote the pth eigenstate of H?, (with k = 1 or 2) with energy €,,
as |¢p, ), and define the following transformation matrix: l

Uk,snp = <3k,n|§0pk> . (S10)
Let us also introduce
B 9
Ape = OO0 Uk snl DA (S11)
s=an=1

pk, Z Z |Uk snp| ) (812)

s=an=1

B 9

Gpoor®) = DD Ukys,nl))Gr(t) (S13)

s=an=1

where A, G;(t), and G,(t) are defined by Egs. (S3)-(S5). Then, within the approximation that considers only the
diagonal elements in the exciton states, Eq. (S9) can be expressed as

Cpl/kBT
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- e
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e = €pr — Apy » (S15)
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The expression for Wa_,1(t) is the same as Eq. (S14) except that 1 and 2 are interchanged with each other.

3. S3. Comparison of real time population dynamics

Figure S1 compares the population dynamics based on the GME-MED method with the exponential dynamics
based on the MC-FRET rate (left column) and also the population dynamics averaged over the ensemble of disorder.
Three inter-LH2 distances were considered. The deviation of the GME-MED dynamics from the MC-FRET data on
the left column indicates that the population dynamics is non-exponential and makes the effective GME-MED rate
slower than the MC-FRET rate. The almost perfect agreement of the ensemble averaged population dynamics on
the right hand side is consistent with the fact that the corresponding average GME-MED rate becomes virtually the
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FIG. S1: Time dependent population of the exciton in the initial B850 unit calculated from the GME-MED method (blue solid
line) and the exponential decay based on the MC-FRET rate (red dashed line). The left column is for the case where there is
no disorder. The right column shows the average population dynamics for the entire ensemble of the disorder as specified in
the text.

same as the average MC-FRET rate.
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