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ABSTRACT: The most recent crystal structure of the FennaMatthewsOlson
(FMO) protein complex indicates the presence of an additional eighth chromophore, which has been proposed to serve as a link between the chlorosome and the
remaining seven chromophores. Here, we investigate the implications of this
scenario through numerical calculations with the generalized BlochRedﬁeld
(GBR) equation and the noninteracting blip approximation (NIBA). It is shown
that the oscillations often observed in the population relaxation of sites 1 and 2 may
be completely suppressed in the eight-site model due to the initial preparation.
Second it is demonstrated that while the presence of the eighth chromophore does
not cause a dramatic change in the energy-transfer eﬃciency, it does however lead
to a dominant energy-transfer pathway that can be characterized by an eﬀective
three-site system. Finally, we conﬁrm that the energy-transfer process in the eightsite complex remains eﬃcient and robust through computations of the optimal
values of the bath parameters.
SECTION: Statistical Mechanics, Thermodynamics, Medium Eﬀects

T

he FennaMatthewsOlson (FMO) protein is one of the
simplest and most well studied light-harvesting systems. The
protein complex exists as a trimer of three identical subunits
whose function is to link the chlorosome antenna complex,
where light harvesting takes place, with the reaction center,
where charge separation occurs. FMO is also one of the earliest
light-harvesting systems for which a high-resolution crystal
structure has been obtained.1 This early crystal structure indicated that each of the three FMO subunits contains seven
Bacteriochlorophyll (Bchl) chromophores, which serve as the
primary energy-transfer pathway between the chlorosome and
the reaction center.25 Recently, however, a more careful crystallographic analysis of FMO has been performed that demonstrates that the individual subunits contain eight Bchls, not
seven.6,7 The eighth Bchl resides on the surface of the protein
complex, and it has been suggested that this additional chromophore is often lost during sample preparation.
From an energy-transfer perspective, the presence of an
additional chromophore may challenge the current understanding of how exciton transfer occurs in FMO. For example, in many
r 2011 American Chemical Society

previous studies on the seven Bchl complex, it is thought that two
nearly independent energy-transfer pathways exist.811,13 Sites 1
and 6 are approximately equidistant from the antenna complex,
and both are assumed to be possible locations for accepting the
excitation from the chlorosome. From there, the energy is
subsequently funneled either from site 1 to 2 (pathway 1) or
from site 6 to sites 7, 5, and 4 (pathway 2). The terminal point
through either route is site 3, where the exciton is then
transferred to the reaction center (see Figure 1a). The couplings
within each of the pathways are much larger than the couplings
between the two, which implies that the two routes are nearly
independent.9,13,14 In the second paper of this series, the two
pathways and the respective probability of traversing each have
been quantiﬁed using a ﬂux analysis.13
However, this two-pathway picture is not entirely consistent
with the recent experimental data. The new crystal structure
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Figure 1. Energy diagrams for the eight-site model (a), the reduced
four-site model (b), and the reduced three-site model (c) used in the
calculations of Figure 3.

indicates that the eighth chromophore resides roughly midway
between the baseplate and the Bchl at site 1.6,7,15 Additionally,
Renger and co-workers argued in ref 15 that the eighth Bchl
provides the most eﬃcient path for exciton injection into FMO
as a result of its position and orientation with respect to the
chlorosome. If this is correct and site 8 serves as the primary
acceptor of excitation energy from the chlorosome, then a
preferential energy-transfer route emerges through pathway 1.
Due to the weak interpathway couplings, the secondary channel
involving the remaining four chromophores in pathway 2 is
largely bypassed in this scheme. This observation may have a
signiﬁcant impact on the eﬃciency and robustness of the energytransfer process. The main objective of this work is to address this
issue by exploring how the dynamics and the energy-transfer
eﬃciency in FMO are aﬀected by the presence of the eighth site
and a realistic environment.
The ﬁrst major conclusion of the present study is related to the
population dynamics in FMO. In many of the previous studies of
the seven-site model of FMO, the population relaxation dynamics are modeled with site 1 or site 6 initially populated.812
Under either of these initial conditions, pronounced oscillations
in the short-time dynamics are observed. However, when site 8
is initially excited,15 the oscillations in the populations are
completely suppressed. This lack of oscillations has been independently observed in the dynamics recently reported in refs
1517. Here, we provide a simple explanation for this behavior.
The eighth Bchl maintains a large energy gap with the other
seven sites in FMO in order to facilitate eﬃcient directed energy
transport. However, it is also rather weakly coupled to the
remaining Bchls. This leads to a slow incoherent decay of the
initial population at site 8 and hence a broad distribution of initial
conditions at the dimer. The consequence of this result is that the
population oscillations generally observed between sites 1 and 2
are completely suppressed, which illustrates the importance of
the initial conditions on the dynamics of the dimer.
The second key result of this work demonstrates that if the
eighth Bchl is the primary acceptor of excitation energy from the
chlorosome, as recently proposed, then a primary energy-transfer
pathway in FMO does indeed emerge.15 Note that this situation
is substantially diﬀerent from the previous interpretations of the
energy ﬂow in the seven site models where two independent
pathways are generally assumed to exist. The extent of this eﬀect
and its impact on the energy-transfer eﬃciency is quantiﬁed by
introducing reduced models of FMO that consist of only a subset
of the sites in the full system. It is demonstrated that sites 8, 1, 2,

LETTER

and 3, which constitute pathway 1, provide the largest contribution to the dynamics of the full system. The remaining four sites
of pathway 2 are seen to play a relatively small role. Despite the
fact that only a single pathway dominates the energy-transfer
process, we also show that the presence of the extra Bchl
does not signiﬁcantly impact the eﬃciency or robustness of
FMO. The eight-site model leads to only a slight increase in the
transfer time as compared with the seven-site system and thus
maintains the same high eﬃciency as observed in previous
studies of FMO.
Based upon energetic arguments, it has been suggested that
the presence of the eighth Bchl leads to optimal energy transfer in
FMO.15 That is, its location near the chlorosome allows for a
large coupling to the antenna complex as well as substantial
overlap of the absorption spectrum of the eighth Bchl with the
ﬂuorescence spectrum of the chlorosome. These factors result in
eﬃcient transfer of the excitation energy into FMO while
simultaneously allowing the eighth chromophore to maintain a
large energy gap with the remaining Bchls and hence a favorable
energy-transport landscape. These features implicitly suggest
that there should be an optimal value of the site energy of the
eighth Bchl. Here, it is demonstrated that this observation is
correct. However, in this case, the behavior is independent of the
presence of the chlorosome and can be understood by considering a further reduction of pathway 1 to only three sites. The result
of this procedure is a downhill conﬁguration of three more or less
equally spaced sites (see Figure 1c), which is known to allow for
highly eﬃcient energy transfer.18
Recently, several studies have shown that the environment
does not have an entirely destructive role in the energy-transport
properties of excitonic systems.11,13,1922 Instead, the environment can serve to enhance both the eﬃciency and robustness of
the energy-transfer process. Optimal values have been shown to
exist for the temperature as well as other bath parameters, which
maximize the energy-transfer eﬃciency in several light-harvesting
systems. Moreover, the experimentally ﬁtted model parameters
for FMO are near-optimal in many cases. An extensive search for
the optimal environmental parameters has been recently presented in refs 11 and 23. In addition to the above ﬁndings, we also
explore the eﬀect of the eighth Bchl on the environmentally
assisted energy-transport properties in FMO. It is found that the
optimal values of the bath parameters are similar to those found
in the seven-site model but are closer to the experimental values
in general. As has been observed before, the energy-transfer
eﬃciency is relatively stable over a broad range of parameters,
illustrating the robustness of the network.11
In the next paragraphs, we present the average trapping time
formalism, which is used in the remainder of the discussion as a
measure of the energy-transfer eﬃciency.11,24 This is followed
by a brief outline of the generalized BlochRedﬁeld (GBR)
approach and the model Hamiltonian for the eight-site FMO
complex used in the numerical calculations. The results for the
population dynamics and the development of the reduced
models for FMO are discussed in the ensuing section. Calculations of the trapping time as a function of the site energies and
bath parameters are then presented. There, it is demonstrated
that optimal values exist for many of these parameters and
additionally that the experimentally ﬁtted values for FMO are
near-optimal.
Average Trapping Time. The formalism for calculating the
averaging trapping time in light-harvesting systems has been presented in detail previously in refs 11 and 18. Here, we provide only
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the salient results. The total system is characterized by a discrete
N-site system Hamiltonian, Hs, and its interaction with the environment, Hsb. Each site of the system is coupled to an independent bath
of harmonic oscillators with the respective Hamiltonians, Hb =
(1/2)∑j(p2j + ω2j x2j ). The total Hamiltonian is then given by
H ¼

N

N

∑n εnjnæÆnj þ n6∑¼m Vnm jnæÆmj
þ

N

ðnÞ
∑n jnæÆnj½HbðnÞ þ ∑j cðnÞ
j xj 

ð1Þ

where c(n)
denotes the coupling coeﬃcient of site n to the jth
j
mode of its associated bath. The values of the site energies, εn,
and coupling constants, Vnm, are speciﬁed below.
The time evolution of the reduced density matrix of this system
can be conveniently described in the Liouville representation as
∂FðtÞ
¼ Ltot FðtÞ
∂t
¼ ðLs þ Ltrap þ Ldecay þ Lsb ÞFðtÞ

ð2Þ

where LsF = i/p[Hs,F] describes the coherent evolution under the
bare system Hamiltonian Hs. In light-harvesting systems, the
energy ﬂows irreversibly to the reaction center, which is modeled
here through the trapping operator [Ltrap]nm,nm = (ktm + ktn)/2,
where ktn denotes the trapping rate at site n. Notice that the
trapping operator is a completely real quantity. As a result, it leads
to pure exponential decay of the populations in eq 2. The energy
transfer in FMO exhibits almost unit quantum yield. As a result,
the decay rate of the excitation at any site to the ground state, kd, is
expected to be much smaller than the trapping rate, kt . kd. This
allows for the simpliﬁcation Ldecay = 0.
Generalized BlochRedﬁeld Equation. It remains to account for
the Liouville operator describing the systembath coupling Lsb
in eq 2. For a harmonic bath linearly coupled to the system, the
time correlation function of the bath coupling operators is given
by the standard relation25,26




1Z ∞
pβω
CðtÞ ¼
dω JðωÞ coth
cosðωtÞ  i sinðωtÞ
π 0
2

which deﬁnes the complex expansion coeﬃcients αj with the
condition ν0 = ωc.
The dynamics in FMO have been computed using a variety
of methods ranging in both accuracy and cost.9,10,14,16,23,27 Here,
we choose the approximate generalized BlochRedﬁeld (GBR)
method, which follows from a second-order cumulant expansion
in the systembath interaction. It provides an accurate but
computationally friendly approach for the propagation of the
density matrix over much of the physically relevant parameter
space.11,24 Due to the decomposition of the bath autocorrelation
function in eq 5, the systembath interaction may be accounted
for through the introduction of auxiliary ﬁelds. The GBR
equation of motion for the reduced density matrix is then given
by
∂FðtÞ
¼ ðLsys þ Ltrap ÞFðtÞ  i
∂t

where λ is the bath reorganization energy and ωc is the Debye
cutoﬀ frequency. For this special choice, the correlation function may be expanded in terms of the Matsubara frequencies,
νj = (2πj/pβ), as11,25,26
!
2λ
4λωc ∞
ωc
þ
CðtÞ ¼
 iλωc eωc t
pβ
pβ j ¼ 1 ω2c  ν2j

∑


¼

νj
4λωc ∞
eνj t
2
pβ j ¼ 1 ωc  ν2j

∑

∞

∑ αj eν t
j¼0
i

ð5Þ

∞

ð6Þ

The coupling of each Bchl to an independent bath leads to the
additional sum over the N sites where the system operator An =
|næÆn| and gn,j denotes the jth auxiliary ﬁeld coupled to site n. The
auxiliary variables are subject to the initial conditions gn,j(0) = 0
and obey the equations of motion
∂gn, j ðtÞ
¼ ðLsys þ Ltrap þ νj Þgn, j ðtÞ  i Reðαj Þ½An , FðtÞ
∂t
ð7Þ
þ Imðαj Þ½An , FðtÞþ
where the plus subscript denotes anticommutation.
Trapping Time. The mean residence time at site n is, by
deﬁnition
Æτn æ ¼

Z ∞
0

dt Fnn ðtÞ

ð8Þ

where Fnn denotes the population at site n. The average trapping
time is then given simply as the sum of the residence times at each
of the N sites, Ætæ = ∑N
n=1 Æτnæ. Invoking the steady-state solution of
eq 2, LtotÆtæ = F(0), then the average trapping time is given by the
compact expression
Ætæ ¼ TrðL1
tot Fð0ÞÞ

ð3Þ
where β = 1/kBT and J(ω) = (π/2)∑j(c2j /ωj)δ(ω  ωj) is the
spectral density of the bath. For simplicity, we assume that the
spectral density is the same for each of the independent baths and
given by the Drude form
ω
ð4Þ
JðωÞ ¼ 2λωc 2
ω þ ω2c

N

∑n j∑¼ 0½An, gn, jðtÞ

ð9Þ

where the trace is taken over the site populations of the reduced
density matrix.
Eight-Site FMO Model. The Hamiltonian for FMO is constructed from the crystal structure recently deposited in the
protein data bank (pdb code: 3eoj).7 The site energies are taken
from those computed in ref 15, and the coupling element
between sites n and m is calculated from the dipoledipole
approximation
!
dn 3 dm
ðdn 3 rnm Þðdm 3 rnm Þ
3
Vnm ¼ C
ð10Þ
jrnm j5
jrnm j3
Additional details and the explicit system Hamiltonian are given
in the Supporting Information. Aside from the eighth site, the
most signiﬁcant diﬀerence between the present model Hamiltonian
and the model previously derived by Cho et al.28 is in the energy
diﬀerence between sites 1 and 2. In the current case, the energy
transfer through pathway 1 is entirely energetically favorable,
whereas a barrier is present between sites 1 and 2 in the model of
ref 28.
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been recently discussed in ref 27. The population dynamics
described therein may be formulated as the generalized master
equation3032
∂Pn ðtÞ
¼
∂t

Z t
0

dt 0

N

∑ Knmðt  t0 ÞPm ðt0 Þ
m¼1

ð11Þ

where Pn(t) denotes the population of site n at time t. The
elements of the time-dependent transition matrix are constructed
in the standard fashion33
Knm ðtÞ ¼ ð1  δnm ÞWmn ðtÞ  δnm

Figure 2. Site populations in the eight-site model of FMO calculated
with the GBR when Bchl 1 (a) or 8 (b) is initially excited. The
populations of the remaining sites 5, 6, and 7 are never larger than
10% and not shown. The site populations of the dimer are calculated
using the NIBA of eq 11 (c) with site 1 initially excited and (d) with
distributed initial conditions deﬁned in 14. In all cases, the temperature is
300 K with a reorganization energy of 35 cm1 and cutoﬀ frequency of
ω1
c = 50 fs.

Unless otherwise stated, the bath is characterized by the
experimentally ﬁtted values for the reorganization energy of
1 8,28
35 cm1 and Debye frequency of ω1
c = 50 fs (105 cm ).
Additionally, the temperature is 300 K, and the trap is located at
site 3 with a trapping rate of kt = 1 ps1.
Population Dynamics and Suppression of the Oscillations. The
time evolution of the populations in the eight-site model of FMO
calculated from eq 2 using the GBR is shown in Figure 2a and b
for the initial population located at site 1 and site 8, respectively.
The bath parameters are taken at their ﬁtted values speciﬁed
above, and the trap at site 3 is not included. The most striking
diﬀerence seen between Figures 2a and b is the absence of the
oscillations in the populations of the dimer when site 8 is initially
excited. Other recent studies of the eight-site model of FMO
have also observed a similar lack of oscillations.1517 The origin
of this eﬀect may be traced to the initial conditions at the dimer.
The energy diﬀerence between site 8 and the remaining sites is
much larger than that of any of its respective couplings. This
small coupling and large energy gap lead to the rather slow
incoherent exponential relaxation of the population of site 8 seen
in Figure 2b. The resulting initial conditions at sites 1 and 2 are
then given by a corresponding incoherent distribution. It is this
dephasing that suppresses the oscillations generally observed in
the dynamics of the dimer.
By applying the noninteracting blip approximation (NIBA) to
the spin-boson model, Pachon and Brumer established that a
necessary condition for the presence of the oscillations in the dimer
is an eﬀective low temperature.27 The results of Figure 2 demonstrate that the initial conditions impose an additional constraint
on the observation of population oscillations. Note that there are a
variety of other initial preparations, such as starting from an
eigenstate of the total system or exciting the system with incoherent
light,29 which will also suppress the oscillations in the dimer.
In order to analyze the inﬂuence of the initial conditions in more
detail, the dynamics of the dimer calculated using the NIBA are
presented in Figures 2c and d. This approximation is equivalent
to a second-order master equation in the polaron-transformed
Hamiltonian,25,31 and its validity for light-harvesting systems has

∑k WnkðtÞ

ð12Þ

where δnm is the Kronecker delta function and the individual rate
kernels are given by the NIBA


R t 0 R t0 00 00
2
Wnm ðtÞ ¼ 2jVnm
jRe eiðεn  εm  2λÞt  2 0 dt 0 dt Cðt Þ
ð13Þ
As deﬁned previously, the coupling between sites n and m is
denoted by Vnm, εn is the energy of site n, λ is the reorganization
energy, and C(t) is the bath correlation function given in eq 5. The
results shown in Figure 2c are calculated from eq 11 with the initial
population located at site 1 and are seen to capture the key features
of the full GBR dynamics shown in Figure 2a. The decay is
accounted for by setting the transfer elements Kn1 and Kn2 to zero
for all sites n > 2, which allows for population transfer from the
dimer to the remaining Bchls but prevents any back-transfer.
Eﬀectively, this results in the addition of traps at sites 1 and 2 and
thus leads to the population decay of the dimer. Without this
decay, the two-site dynamics reproduce those of ref 27.
As has been alluded to previously, the lack of oscillations in the
dimer when the initial population is located at site 8 may be
explained by creating a distribution of initial conditions at site 1.
All of the population is initially located at site 1 in Figure 2a,
whereas in Figure 2b, the corresponding initial conditions are
given by the population steadily ﬂowing from site 8. This slow
incoherent decay of the population at site 8 may be adequately
ﬁtted to the single exponential P8(t) = exp(γt), where γ = 3
ps1. Assuming that site 8 decays only into site 1, the population
of the latter is given by 1  P8(t), and the corresponding
transition rate is W81 (t) = γ exp(γt). The inﬂuence of site 8
on the oscillatory behavior of the dimer can then be captured by
convoluting the dynamics given in Figure 2c (denoted by Pn(t))
with this initial condition34
P̅ n ðtÞ ¼

Z t
0

dt 0 Pn ðt  t 0 ÞW81 ðt 0 Þ

ð14Þ

The result of this procedure is shown in Figure 2d. As is evident,
the oscillatory behavior has completely disappeared. For large γ,
the transition rate becomes a delta function, and the dynamics of
Figure 2c are recovered. However, oscillations in the populations
of both states can be observed only if the decay rate out of site 8 is
increased 5-fold. The role of γ on the population dynamics of the
dimer is shown in more detail in Figure 1 of the Supporting
Information. The presence or absence of the trap simply eﬀects
the long-time decay of the dimer populations and is irrelevant for
the short-time oscillatory behavior. These results demonstrate the
importance of the initial preparation of the populations on the
oscillations in the dynamics.
It should be noted that while the NIBA calculations lead to
qualitatively similar population dynamics to those given by the
GBR, neither of the two approaches are exact. In FMO and other
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Figure 3. The trapping time as a function of the site energy of Bchl 8.
The solid (black) line and dashed (blue) line in (a) correspond to the
results calculated from the full eight-site model and with only the four
sites of pathway 1, respectively. The dotted (green) line is the trapping
time calculated from the four-site model with the addition of site 4. The
red dots correspond to the optimal site energies, and the vertical dashed
line indicates the ﬁtted value of the site energy of Bchl 8 of 505 cm1
determined in ref 15. Panel (b) contains results for the three-site model
calculated with the GBR (solid black line), F€orster theory (dotted green
line), and hierarchical equation of motion (dashed blue line). The
remaining parameters are the same as those in Figure 2.

light-harvesting systems, many of the model parameters are of
the same order of magnitude. For instance, the couplings, Vnm,
and energy diﬀerences, εn  εm, as well as the reorganization
energy, λ, and thermal energy, β1, are all of comparable
magnitude. As a result, methods based on second-order perturbation theory are, in general, insuﬃcient to quantitatively
describe the dynamics. A systematic procedure for computing
higher-order contributions to the NIBA rates has been derived
and recently implemented.13,32 This leads to non-negligible
corrections to the dynamics in the spin-boson model, FMO
and LH2 (unpublished). Thus, while the results in Figure 2 and
those of ref 27 capture the qualitative features that are necessary
to analyze the energy- transfer behavior, there will be quantitative
corrections from higher-order terms.
Pathway Analysis and the Ladder Conﬁguration. Regardless of
the presence or absence of oscillations, it is readily seen from
Figures 2a and b that the population primarily ﬂows through
pathway 1. Among the sites in pathway 2, only site 4 ever
accumulates more than 10% of the population. Particularly for
times less than 500 fs, the sites from pathway 2 are scarcely
populated. Similar behavior of the population dynamics has been
seen in many other simulations of the seven-site model for
FMO.9,10,1417 These observations lead to the ﬁrst reduced
model for FMO, which consists of only the four sites in pathway
1 shown in Figure 1b. As demonstrated below, this model is able
to capture the key qualitative features of the energy-transfer
process. One may proceed further by noting that sites 1 and 2 are
coupled more strongly than the energy diﬀerence between the
two. Additionally, sites 8 and 3 are widely separated from either
site in the dimer. The couplings between the distant sites and
dimer are also rather weak (see values in the model Hamiltonian
in the Supporting Information and Figure 1b). As a result, there
can be rapid coherent energy transfer between sites 1 and 2,
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whereas the transfer to sites 8 or 3 will be comparatively slow.
Therefore, when the initial population is located at site 8, we may
simply assume that these two sites of the dimer behave as
one eﬀective site with an energy that is the average of the two
(270 cm1). A similar “mean state” idea for developing this type
of reduced model has been suggested in ref 35, which explores
the behavior of a dimer embedded in the PC645 photosynthetic
network. Furthermore, the coupling between site 8 and the
terminal site 3 is negligibly small. This leads to a three-site model
for FMO where the couplings are determined by the nearestneighbor values, as shown in Figure 1c.
Site Energy of Bchl 8. Figure 3 displays the average trapping
time calculated as a function of the site energy of Bchl 8. It
contains two additional key ﬁndings of this work. The ﬁrst is that
the trapping time behavior, and hence the eﬃciency, seen in the
eight-site model of FMO is largely governed by the sites in
pathway 1. The second feature is that an optimal value exists for
the site energy of Bchl 8, and moreover, the optimum is near the
ﬁtted value determined in ref 15. The source of the latter is the
highly eﬃcient ladder conﬁguration shown in Figure 1c.
Figure 3a displays the average trapping time calculated with
the full Hamiltonian given in the Supporting Information along
with the corresponding results for the four-site model of FMO
(see Figures 1a and b). The bath parameters are taken at their
experimentally ﬁtted values with the temperature of 300 K.
Figure 3b contains the results from the three-site model shown
in Figure 1c. For this case, the exact trapping time calculated from
the hierarchical equation of motion method is also presented, as
well as the results of a F€orster theory calculation. As can be seen,
both the GBR and the F€orster calculations predict optimal values
of the site energy that semiquantitatively capture the behavior of
the exact hierarchical results. The application of F€orster theory to
the dynamics in FMO (as well as higher-order corrections) is the
focus of the second paper of this series.13
These results demonstrate that the energy transport is dominated by a subset of the sites in FMO and furthermore that the
mechanism is correctly described by F€orster theory. While the
four-site model does not quantitatively capture the trapping time
results of the full eight-site system, it does reﬂect the necessary
qualitative features of the dynamics. Of the remaining sites in
Figure 2, site 4 was seen to have the largest impact on the
population relaxation. Calculations that consist of pathway 1 plus
site 4 shown in Figure 3a are seen to capture almost all of the
behavior seen in the full eight-site system. Increasing the trapping
rate at site 3 decreases the diﬀerences seen between the trapping
times of the four- and ﬁve-site models.
In ref 15, it was noted that the site energy of Bchl 8 maximizes the overlap with the chlorosome emission spectrum while
simultaneously maintaining a large energy gap with the remaining seven core Bchls. This indicates that there should be an
optimal value of the site energy of Bchl 8. In addition to the
observation that the trapping time behavior may be captured by a
simpliﬁed model of FMO, there is another interesting feature
seen in Figure 3. The trapping time displays a minimum as a
function of the energy of the eighth site for all of the constructed
models. Moreover, for the eight-site model, the optimal value of
the site energy is rather close to the ﬁtted value of 505 cm1.15
Increasing the energy diﬀerence between site 8 and site 1
decreases the back-transfer rate but also decreases the spectral
overlap between the two. The position of the optimal value is no
coincidence. The three-site model in Figure 1c readily demonstrates that this particular choice for the site energy leads to a
3049
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Figure 4. The trapping time as a function of the reorganization energy
of all Bchls (a) and as a function of the reorganization of site 8 only (b)
while the remaining seven sites are ﬁxed at the experimentally ﬁtted
value of λ = 35 cm1. The trapping time as a function of the bath cutoﬀ
frequency and temperature are shown in (c) and (d), respectively. In all
cases, the trap rate at site 3 is 1 ps. The solid (black) and dashed (blue)
lines correspond to initial excitation at site 8 and site 1, respectively. The
red dots indicate the optimal trapping times, and the dotted vertical lines
correspond to the respective experimentally ﬁtted values. The remaining
parameters are the same as those in Figure 2.

downhill conﬁguration of three sites that are approximately
equally spaced and equally coupled. The impact of the geometry
of the system on the energy-transfer properties of excitonic
systems has been analyzed in detail in ref 18. There it was shown
that this conﬁguration is among the most favorable. The qualitative behavior of the trapping time in the full, complicated eightsite system becomes obvious with the aid of the reduced models.
Note also that the average trapping time varies little over a large
range of values of the energy of site 8, indicating the robustness of
the energy-transfer process. Below, it is demonstrated that many
of the other ﬁtted parameters are near-optimal as well.
Optimal Bath Parameters. The average trapping time calculated as a function of the reorganization energy is shown in
Figures 4a and b. Figure 4a varies the reorganization energy of all
eight sites simultaneously (in this model, all chromophores are
assumed to have identical environments), whereas Figure 4b
varies only that of site 8 while keeping all of the others at the ﬁtted
value of 35 cm1. In order to demonstrate that the presence of
the additional chromophore does not lead to a dramatic increase
in the trapping time, two diﬀerent initial conditions are taken
with either site 1 or site 8 initially excited. As expected, a slightly
larger trapping time is observed with the initial population at site
8 due to the larger distance to the trap. However, the diﬀerence
between the two scenarios is not substantial. Additionally, the
qualitative behavior of the two initial conditions is quite similar,
and both lead to an optimal value of the reorganization energy
that is close to the experimentally ﬁtted value of 35 cm1. It has
been proposed from recent numerical simulations that the
reorganization energy in FMO should be approximately twice
as large as the experimentally ﬁtted value used here.36 The
optimal values of λ in Figure 4a (55 cm1) and b (40 cm1)
are consistent with a somewhat larger value of the reorganization
energy. Note however the diﬀerence in the scales of the average
trapping time in Figures 4a and b. While the optimal value in
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Figure 4b is closer to the experimentally ﬁtted value, the average
trapping time is larger than the corresponding values in Figure 4a.
Additionally, the results in Figure 4a display a much greater
sensitivity to the reoganization energy than those in Figure 4b.
The mean trapping time is more sensitive to variations of the
reorganization energy than was observed for the site energy in
Figure 3, but there is still a large range of λ where the trapping
time is near-optimal.
Finally, Figures 4c and d displays the results for the average
trapping time calculated as a function of the Debye frequency and
as a function of the temperature. As in Figure 4a, two initial
conditions are shown with the initial population at either site 1 or
site 8. Again, the average trapping time from site 1 is always faster
than that for site 8. Nevertheless, the two initial conditions
display qualitatively similar behavior for both the temperature
and Debye frequency. Additionally, an optimal value of the Debye
frequency is observed that is close to the experimentally ﬁtted
value of 105 cm1. The increase in the trapping time with increasing temperature has also been observed in the ﬁrst paper of
this series.11 It is a consequence of the fact that increasing the
temperature in a purely downhill setting leads to a corresponding
increase of the back-transfer rate away from the trap. In general,
the results in Figure 4 for the average trapping time as a function
of the bath parameters are similar to those observed previously
for the seven-site model of FMO.11 There is one notable difference however. In all cases, the Hamiltonian for the eight-site
FMO model recently proposed by Renger et al.15 leads to
optimal conditions that are closer to the experimentally ﬁtted
values than those calculated previously11 using the Hamiltonian
of ref 28.
The FMO protein serves as one of the model light-harvesting
systems, and the qualitative features of the energy-transfer
process have been understood for some time. However, recent
experimental evidence has shown that many of the previously
developed theoretical models are not entirely complete. An
additional chromophore is present in each subunit of FMO that
resides between the chlorosome and site 1. In this work, we have
shown that the presence of the eighth site does not signiﬁcantly
alter the previous conclusions that have been reached with
regards to environmentally assisted exciton transport.11 Optimal
values exist for many of the bath parameters, and moreover, the
optimal conditions are generally closer to their respective
experimentally ﬁtted values than those in the seven-site FMO
models. Additionally, the dependence of the average trapping
time with respect to variations of the bath parameters is rather
weak, illustrating the overall robustness of the energy-transfer
process.
However, the presence of the eighth Bchl may necessitate a
reassessment of our understanding of the energy-transport process in FMO. Given that site 8 is the primary entry point for the
exciton into FMO, Figure 2 clearly exhibits a complete suppression of the population oscillations that are generally observed in
the seven-site models of FMO. That is, the coherent population
oscillations observed in previous studies depend on the special
choice of initial conditions. Here, we have shown that the origin
of the suppression is the slow decay of the initial population at
site 8, which leads to an incoherent distribution of initial conditions at the dimer. In the physical setting, there will be an
additional source of dephasing due to the extra step from the
chlorosome to FMO. This will broaden the distribution of initial
conditions even more and further suppress the oscillations in
the dimer.
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An additional feature of the eight-site model that is markedly
diﬀerent from the previous seven-site conﬁguration is observed
in the population dynamics shown in Figure 2 and the average
trapping times displayed in Figure 3. These results demonstrate
that the energy ﬂow in the eight-site model is dominated by a
subset of the chromophores, whereas it has been previously
assumed that two independent pathways involving all of the
Bchls are available for the energy-transfer process. The qualitative features of the transport in the eight-site model are largely
determined by the dynamics of pathway 1. Sites 4, 5, 6, and 7
provide a rather small contribution to the overall eﬃciency in this
case. The agreement between the results for the full eight-site
system and those for the reduced four- and three-site models
shown in Figure 1 provide further support to this claim. Nevertheless, the eight-site model and the seven-site model display
similar energy-transport eﬃciencies. The origin of this behavior
in the former is evident from Figure 1c, which shows that the
eighth Bchl forms an optimal downhill ladder conﬁguration with
the dimer and site 3.18 This result demonstrates the usefulness of
the reduced models in providing an intuitive explanation of many
of the key features present in the numerical results.
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