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Modeling of energy transfer in 
photosynthetic light harvesting

VLADIMIR I. NOVODEREZHKIN AND RIENK VAN GRONDELLE

ABBREVIATIONS

BChl Bacteriochlorophyll
CD Circular dichroism spectrum
Chl Chlorophylls
DBV Dihydrobiliverdin
EA Excitation anisotropy spectrum
EET Excitation energy transfer
FL Fluorescence spectrum
FLN Fluorescence line-narrowing

FMO Fenna–Matthews–Olson
HEOM Hierarchical equation of motion
LH1 Bacterial light-harvesting complex 1
LH2 Bacterial light-harvesting complex 2
LHCII Major plant light-harvesting complex II
MR Modified Redfield theory
OD Absorption spectrum
PE545 Phycoerythrin 545
PEB Phycoerythrobilin
PSI Photosystem I
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PSII Photosystem II
RC Reaction center
SF Standard Förster theory
SR Standard Redfield theory
TA Transient absorption
TG Transient grating

13.1  INTRODUCTION

In the primary steps of photosynthesis, solar pho-
tons are absorbed by special membrane-associated 
pigment–protein complexes (light-harvesting 
antennas) and the electronic excitations are effi-
ciently transferred to a reaction center (RC), where 
they are used to drive a transmembrane charge sep-
aration.1–8 Antenna complexes consist of ordered 
arrays of light-harvesting pigments (i.e., chloro-
phylls (Chls) in higher plants, bacteriochlorophylls 
(BChls) in photosynthetic bacteria, or bilins in 
marine photosynthesis) bound to proteins. High-
resolution studies revealed the structure of the 
Fenna–Matthews–Olson (FMO) complex of green 
bacteria,9 the LH210–12 and LH113–15 complexes of 
purple bacteria, the major light-harvesting com-
plex (LHCII) of higher plants,16–18 core complexes 
of photosystem I (PSI)19–21 and photosystem II 
(PSII),22–25 and biliprotein complexes phycoery-
thrin 545 (PE545)26,27 and phycocyanin 64528 from 
photosynthetic cryptophyte algae. The number 
of pigments in an elementary antenna subunit is 
ranging from a few (7–8 BChls in FMO, 8 bilins 
in PE545, 14 Chls in the LHCII monomer) to 96 
Chl in the PSI-core. The average distance between 
nearest-neighbor pigments in most of these com-
plexes can be as short as 9–12 Å, thus giving rise to 
strong pigment–pigment interactions (i.e., interac-
tions producing appreciable mixing of the excited 
states of individual pigments). As a result, the whole 
antenna is generally characterized by a complicated 
manifold of excited states, including collective elec-
tronic excitations (excitons) with a high degree of 
delocalization in combination with more localized 
excitations due to the presence of weakly coupled 
pigments.

Generally, electronic excitations of the pig-
ments are coupled to collective nuclear modes of 
the  pigment–protein complex. Modulation of the 
electronic transition energies of individual pig-
ments (denoted below as the “site energies”) by slow 
conformational motion of the protein matrix pro-
duces disorder, resulting in more localized exciton 

wavefunctions as well as inhomogeneous broaden-
ing of the electronic transitions due to ensemble 
averaging. Coupling of excitations to fast nuclear 
motion (intra- and interpigment vibrations, pho-
nons) results in: (1) homogeneous broadening 
of the electronic transition spectra, (2) their red 
shift due to reorganization effects (associated with 
changes in equilibrium position of the nuclear 
modes after electronic excitation), (3) a further 
decrease of the delocalization size due to polaron 
effects, and (4) the transfer of electronic excitation 
within the excited state manifold, including fast (fs) 
relaxation between exciton states within strongly 
coupled clusters and slower (ps) energy migration 
between clusters or monomeric sites. Relaxation/
migration induced by the coupling of the electronic 
excited states to a continuum of low-frequency 
phonons and high-frequency vibrational modes29–35 
is the basic mechanism of photosynthetic light har-
vesting producing ultrafast cascading from higher- 
to lower-energy states, effective energy migration in 
the antenna and the delivery of excitation energy to 
the RC. Since the biochemical isolation of antenna 
complexes and the discovery of their structure, 
these energy transfer events have been studied using 
a variety of advanced laser spectroscopic methods, 
including time-resolved (sub-100 fs) nonlinear 
techniques together with theoretical modeling (see 
for a review References 2–7, 36–39).

Due to the collective character of an excitation 
in photosynthetic complexes, the usual theory 
of resonance energy transfer, that is, Förster the-
ory40 (treating the interactions between chromo-
phores perturbatively and, therefore, valid only 
for localized excitations) cannot give an adequate 
picture of excitation energy transfer (EET). The 
generalized Förster theory41–46 considers energy 
transfer between clusters with arbitrary degree of 
delocalization but is restricted to weak intercluster 
interactions.

In the standard Redfield theory47 (see Chapter 12), 
all exciton couplings are taken into account explic-
itly, thus allowing a description of all types of exci-
ton relaxation/migration processes within strongly  
coupled antenna complexes, including coupled 
dynamics of the populations and coherences 
between the exciton states. In this theory, the 
dynamics is described in the pure exciton basis, 
where the relaxation between exciton states is  
accounted for by including exciton-phonon coupling 
as an off-diagonal perturbation. Such an approach 
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was used to model the energy transfer dynam-
ics within the B850 band of LH2,48–50 intra- and 
interband B800-B850 energy transfer in the whole 
LH2 antenna,51,52 intra- and interband dynamics 
in the Chl b-Chl a LHCII complex,53 excited state 
equilibration dynamics in FMO,54,55 equilibration 
dynamics in the PSI core,56 and energy/electron 
transfer in the PSII-RC.57–59 Recently, the Redfield 
theory was successfully applied to model the time 
evolution of 2D-electronic spectra obtained for the 
PSII-RC.60 The standard Redfield approach can be 
generalized by including strong coupling of excita-
tions to a few vibrational modes. Relaxation in such 
a system can be described on the basis of electron-
vibrational eigenstates. This approach allowed to 
describe the electron transfer coupled to coherent 
nuclear motion in the bacterial RC,61–64 exciton-
vibrational relaxation in Chl a-b heterodimers 
from LHCII,65,66 long-lived vibrational coherences 
in LH1,67,68 and coupled exciton-vibrational relax-
ation in LH1.38,69 In recent studies, this method has 
been used for quantitative explanation of a coher-
ent exciton-vibrational dynamics revealed by a 2D 
electronic spectroscopy of PSII-RC,60,70,71 includ-
ing identification of the predominantly excitonic, 
mixed exciton-vibrational, and pure vibrational 
coherences in the experimental static72 and time-
resolved73 2D frequency maps.

In the modified version of the Redfield the-
ory,74,75 the diagonal (in the exciton basis) part of 
the electron-phonon coupling is taken into account 
nonperturbatively, thus giving more realistic line 
shapes and relaxation rates due to the inclusion of 
multiphonon processes.76 The modified Redfield 
theory allowed a better quantitative treatment 
of spectra and dynamics in LH2/LH1,77 FMO,78 
PE545,79,80 Lhca4,81 PSI,82 LHCII,83–86 PSII-RC,87–91 
and PSII-core,92 including the conformational fluc-
tuations of the single-molecule spectra observed 
for LH1/LH277,93–96 and later in LHCII.4,97 Recently, 
the theory was used to model the 2D-photon 
echo spectra in FMO,98 B800-820 complex,99 and 
LHCII.100 Notice that the present version of the 
modified Redfield theory is restricted to relaxation 
dynamics of populations and does not include one-
exciton coherences.

In more versatile approaches, both exciton cou-
plings and phonon dynamics are taken into account 
in a nonperturbative manner, for example, in the 
recently developed method based on hierarchi-
cally coupled equations of motion (HEOM) for the 

density operator.101,102 In this approach, the exciton 
mixing is a function of the phonon reorganization 
dynamics. When the value of the exciton coupling 
exceeds the reorganization energy, the mixing is 
not significantly affected by the phonons, and the 
dynamics can be described in terms of unperturbed 
exciton eigenfunctions (Redfield limit). In the case 
of a big reorganization energy (i.e., strong coupling 
to phonons) the relaxation of nuclear modes from 
the region of strong mixing to the bottom of the 
potential surfaces of the electronic excited states 
produce “dynamic localization,” corresponding to 
the Förster limit. Thus, the method of hierarchical 
equations includes the Redfield and Förster pic-
tures as limiting cases. The hierarchical equations 
have been used to model the coherent dynamics in 
the FMO complex,102–106 in the B850 band of the 
LH2 complex,107,108 dynamics within the LH1-RC 
core complex,109 energy transfer between two 
B850 rings,107 and transfers between the B850 and 
LH1(B875) rings,110 energy transfer in the B800 
ring of LH2,111 and recently in LHCII monomeric 
subunit.112,113

In this chapter, we present a quantitative com-
parison of the different energy transfer theories, 
that is, modified Redfield, standard and generalized 
Förster theories, as well as the combined Redfield–
Förster approach. We demonstrate the physical 
limitations of these approaches and determine criti-
cal values of the key parameters (energy gaps and 
couplings between the pigments) corresponding to 
these limits. We show that the modified Redfield 
theory is able to describe quantitatively the spec-
troscopy and energy transfer dynamics of a variety 
of photosynthetic light-harvesting complexes. We 
also notice that the Redfield-model predicts unreal-
istically large transfer rates between weakly coupled 
isoenergetic pigments (resonance artifact).

We consider three examples where these theo-
ries are applied to photosynthetic light-harvesting 
complexes.

 1. In the first example, we consider the 
phycobiliprotein complex PE545, which consists 
of eight relatively strongly coupled pigments 
and therefore can be modeled with the modified 
Redfield theory.

 2. The second example is the trimeric LHCII 
complex that contains clusters of Chls with 
strong coupling within clusters and weak 
coupling between quasi-isoenergetic pigments 
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from adjacent clusters. In this case, a realistic 
estimation of the energy transfer rates requires 
the combined Redfield–Förster theory.

 3. Finally, we consider the excitation dynamics 
within the B800 ring that is characterized by 
relatively weak couplings between neighboring 
BChls with the same transition energies. The 
modified Redfield theory does not work in this 
case. On the other hand, the B800 complex 
displays sizable excitonic features in linear spectra 
and coherent components in the nonlinear 
responses. Thus, the Förster theory is not suitable 
for modeling as well. We model the spectra and 
dynamics in this complex using the hierarchical 
equation method. Interestingly, reasonably good 
results can also be obtained with the standard 
Redfield approach, that is, free from the resonance 
artifact if nonsecular population-to-coherence 
transfer terms are included.

13.2  PHYSICAL MODELS OF 
ENERGY TRANSFER

13.2.1  Collective excited states of 
the light-harvesting antenna

The effective storage of solar energy in photo-
synthesis is possible due to the presence of light- 
harvesting pigments (chlorophylls, carotenoids, 
bilins) in antenna complexes with long-lived 
excited states (with respect to energy transfer 
times) and a high cross-section for light absorp-
tion. The elementary excitation of the antenna is 
described by the wavefunction |n〉, which cor-
responds to excitation of the n-th pigment. 
Quantum mechanics dictates that when neigh-
boring pigments are coupled, because they are 
close by, the excited state of the complex is given 
by a superposition of such wavefunctions, that is, 
c1|n1〉 + c2|n2〉 + ⋯, where one excitation is shared 
between a number of molecules. Such a collective 
excitation (denoted “exciton”) is different from 
independently excited molecules n1, n2, … due to 
correlations (“coherences”) between them, given 
by c1*c2…. Such coherences can be produced if 
the electronic Hamiltonian contains off-diagonal 
terms, that is, H ~ |n2〉〈n1|. In this coherent state, 
one molecule “knows” about the excitation of its 
neighbors. This dramatically changes the spectrum 
of a pigment aggregate as well as the energy trans-
fer dynamics. In natural antenna complexes, these 

features produce more efficient light absorption, 
faster conversion from short- to long-wavelength 
spectral bands, and increase the irreversible trap-
ping of excitations by the RC.

The Hamiltonian of the antenna on the basis of 
the local excited-state wavefunctions |n〉 is

 
H E n n M n m
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n
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(13.1)

where
N is the number of light-harvesting molecules in 

the antenna
En is the electronic transition energy of the n-th 

molecule (for simplicity we consider two-
level molecules)

Mnm is the interaction energy between the n-th 
and m-th molecules

The off-diagonal couplings Mnm produce new (col-
lective) eigenstates delocalized over a number of 
sites instead of excitations of individual pigments. 
The energies ωk and wavefunctions |k〉 of the exciton 
eigenstates can be obtained by the diagonalization 
of the Hamiltonian (Equation 13.1):
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where the collective exciton states |k〉 are com-
posed of a coherent superposition of the individual 
molecular excitations |n〉. The wavefunction ampli-
tudes cn

k  reflect the participation of the n-th site in 
the k-th exciton state.

Generally, the energies ωk of the exciton states 
exhibit some shifts from the site energies En due to 
exciton splitting (determined by couplings Mnm). The 
resulting exciton band is then given by a manifold of N 
discrete exciton transitions. Interaction with phonons 
induces a homogeneous broadening (in combination 
with additional shifting) of the corresponding spectral 
lines (as described in the next section).

13.2.2  Exciton–phonon coupling 
and spectral line shapes

The line shape corresponding to excitation of the 
k-th exciton level (from the manifold of N one-
exciton levels) is given by the coupling of this level 
to fast nuclear modes (low-frequency phonons 



13.2 Physical models of energy transfer 273

determined by collective modes of the pigment-
protein matrix and intramolecular high-frequency 
vibrations). Absorption (OD) and fluorescence (FL) 
spectra of the whole complex are then given by the 
sum of contributions from all exciton components:
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where
Pk denotes the steady-state population
dk represents the transition dipole moment of 

the k-th exciton state
The function gkkkk(t) determines the line-broad-

ening of the k-th exciton state due to exciton–
phonon coupling

λkkkk is the corresponding reorganization energy 
(the Stokes shift of the emission of the k-th 
level is equal to 2λkkkk)

Here, we use the simplest form for the OD/FL spec-
tra that can be further generalized by including the 
phenomenological Markovian term responsible for 
relaxation-induced broadening or complex non-
Markovian term describing the off-diagonal fluctu-
ations inducing broadening and additional shift of 
the exciton transition energies.114 The gkkkk(t) func-
tion and λkkkk are related to the exciton– phonon 
spectral density C(ω)74,115,116:
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where
T is the temperature
kB is the Boltzmann constant
Cn(ω) is the spectral density in the site repre-

sentation corresponding to phonon-induced 
modulation of the transition energy of the 
n-th site (we assume that modulations of dif-
ferent sites are uncorrelated and we do not 
include modulations of the pigment–pigment 
interaction energies)

Equation 13.3 yields the homogeneous line shape. 
In the presence of static disorder (disorder of the site 
energies En and couplings Mnm), the homogeneous 
FL profiles should be averaged over a random dis-
tribution of En and Mnm that will perturb energies 
and eigenfunctions of the exciton states. Nonlinear 
spectral responses can be expressed in terms of the 
line-broadening functions (Equation 13.4) as well, for 
example, pump-probe,74,83,84,87,88,117 Stark spectra,90,118 
three-pulse photon echoes,116 and 2D echoes.98

The spectral density needed to evaluate the 
spectral responses can be obtained from molecular 
dynamics simulations35 or can be extracted from 
experiments, for example, from hole-burning29 or 
fluorescence line-narrowing (FLN) spectra.30,31 In 
Figure 13.1, we show the Cn(ω) function for the 
chlorophyll (Chl) a molecules in the LHCII com-
plex obtained from FLN data.30

13.2.3  Modified Redfield and 
generalized Förster theories

When the spectral density Cn(ω) is specified, the func-
tions (Equation 13.4) provide a unified tool for calculat-
ing not only the spectral shapes (Equation 13.3) but also 
energy transfer rates. Thus, the rate of population trans-
fer from the state k' to the state k expressed in terms of 
line-broadening functions (Equation 13.4) is74–76:
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where F(t) and A(t) are line-shape functions cor-
responding to fluorescence of the donor state and 
absorption of the acceptor, respectively, defined 
by Equation 13.3, while V describes the interac-
tion between donor and acceptor. Equation 13.5 
(usually denoted as the modified Redfield equa-
tion76) is valid for arbitrary delocalization of the 
donor and acceptor states. In contrast to the stan-
dard Redfield equation, here the exciton–pho-
non coupling is not supposed to be weak, but the 
corresponding displacements of the equilibrium 
positions of the nuclear modes are taken to be 
independent of the exciton wavefunctions, that 
is, polaron effects are neglected. Equation 13.5 
is therefore valid if the exciton delocalization is 
controlled by the static disorder rather than by a 
phonon-induced dynamic localization (i.e., the 
disorder-induced localization size is less than the 
polaron length).74,75 However, in the case of trans-
fer between weakly coupled molecules (where any 
delocalization is completely destroyed by polaron 

effects), the application of the modified Redfield 
equations (Equation 13.5) can give the wrong 
results. In this case an approach with localization 
of excitation at the donor and acceptor sites will 
work better.5,6,8,76

If the donor and acceptor states are localized at 
the m-th and n-th sites (i.e., cm

k¢ =1 and cn
k =1), then 

V is time independent and given by

 V M
kk nm¢ =

2

 (13.6)

where Mnm is the interaction energy correspond-
ing to a weak coupling between the localized sites n 
and m. Switching to the Fourier-transforms of F(t) 
and A(t), we can rewrite the integral in the form of 
donor-acceptor spectral overlap.76 Thus, we obtain 
the Förster formula.40

Notice that in the Redfield (13.5) and Förster 
(13.6) formulas the “V” term describes a perturba-
tion inducing energy transfer. In the Förster pic-
ture, the phonons are included explicitly, but the 
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Figure 13.1 The model spectral density C(ω) containing one overdamped Brownian oscillator and 48 
high-frequency modes with frequencies and relative Huang–Rhys factors taken from a low-temperature 
FLN experiment on LHCII.30 Parameters of the Brownian oscillator and couplings of high-frequency modes 
have been adjusted from the fit of the low-temperature nonselective 7 K fluorescence spectrum of LHCII 
complex (see insert).
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exciton coupling M (time independent!) is taken 
into account perturbatively. In contrast, in the 
Redfield picture the exciton coupling M is included 
explicitly (because we use the exciton basis), and 
the phonons are treated as a perturbation. As a 
result the interaction term V in (13.5) is modulated 
by the fast phonon dynamics, that is, becomes time 
dependent.

The standard Förster formula can be generalized 
to the case of energy transfer between two weakly 
connected excitonic clusters.41–46 The rate of energy 
transfer from the k′-th exciton state of one cluster 
to the k-th state of the other cluster is
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where n and m designate molecules belonging to 
different clusters. In this generalized Förster for-
mula, the donor and acceptor states k′ and k can 
have an arbitrary degree of delocalization (cor-
responding to arbitrarily strong excitonic inter-
actions within each cluster), but the intercluster 
interactions Mnm are supposed to be weak, thus 
producing only a small spatial overlap between the 
k′ and k wavefunctions. It is important that in the 
case of delocalized donor and/or acceptor states 
the transfer rate can be increased (depending on 
the geometry) in proportion to the product of the 
effective delocalization lengths of donor (Ndel)D and 
acceptor (Ndel)A, that is, (Ndel)D(Ndel)A as was first 
pointed out in References 41,42,119. Due to this 
phenomenon, the rate of excitation trapping by the 
bacterial reaction center located in the center of the 
ring-like LH1 antenna is increased in proportion 
to the degree of delocalization in the antenna.5,41,42 
Similarly, the rate of transfer between the two ring-
like LH1 or LH2 complexes can be increased due to 
delocalisation,48 as well as transfer within cylindri-
cal aggregates.119

In the case of significant spatial overlap of the 
wavefunctions cm

k¢  and cn
k  the transfer rate cannot 

be calculated by treating Mnm as a perturbation 
(as in Equations 13.6 and 13.7). In this case, the 
energy transfer should be calculated on the basis 
of the exciton states of the whole system. The rates 
of relaxation between these states (with arbitrary 
wavefunction overlap) are then given by the modi-
fied Redfield theory (Equation 13.5).

13.3  QUANTITATIVE COMPARISON 
OF REDFIELD AND FÖRSTER 
FORMULAS

In this section, we compare the modified Redfield 
and Förster approaches by calculating energy trans-
fer rates within a Chl aggregate assuming a real-
istic spectral density. All essential features can be 
illustrated for the simplest cases of energy transfer 
between two monomeric Chl sites, or between a 
Chl dimer and a monomeric Chl.

13.3.1  Transfer between two 
molecules

In Figure 13.2, we compare the transfer rates within 
a Chl dimer (as a function of the energy gap ΔE = 
E1 − E2 and interaction energy M12 between them) 
calculated using the Förster (Equation 13.6) and 
modified Redfield (Equation 13.5) theory with the 
experimental spectral density (shown in Figure 
13.1). We calculate the downhill transfers between 
the two eigenstates at 77 K. In the Redfield approach, 
this corresponds to a relaxation rate from a higher 
to a lower level, whereas in the Förster theory this 
is a hopping from one localized state to another 
(because delocalization is just simply ignored in 
the Förster picture). The difference between the two 
theories vanishes for large energy gaps and becomes 
dramatic when the energy gap is reduced. Figures 
13.3 through 13.5 illustrate this issue in more detail.

In Figure 13.3, we show transfer rates as a func-
tion of the energy gap for different couplings. The 
difference between the two rates is compared with 
the delocalization length N cdel n n

k= ( )-S
4
 calculated 

as the inverse participation ratio120 of the k-th level 
that varies from 1 (in the localized limit) to 2 (uni-
form delocalization over two molecules).

In the case of strong coupling (M12 = 255 cm−1), 
the Redfield rates are higher than those predicted 
by the Förster theory. Deviation between the two 
rates is proportional to the deviation of the delo-
calization length from the localized limit. For large 
energy gaps (ΔE > 5M12) corresponding to the 
localized limit (1 < Ndel < 1.1) Förster and Redfield 
theories give approximately the same rate.

For lower couplings (M12 = 100 and 55 cm−1) 
the two theories give the same results everywhere, 
but for small gaps (ΔE < 5M12) excitations become 
delocalized and the Redfield theory starts to give 
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bigger rates than the Förster theory, where delocal-
ization is not taken into account.

Both for strong and moderate coupling cases 
(M12 = 25−255 cm−1), the Redfield theory predicts 
2–5 times faster energy transfer in the isoenergetic 
case (ΔE = 0) due to delocalization. However, this 
deviation of the Redfield rates from the Förster limit 
becomes anomalously (and unrealistically) high in 
the weak coupling limit (M12 < 20 cm−1). Thus, for 
M12 = 8 cm−1 we obtain localized excitations for  
ΔE > 30 cm−1 and transfer rates of about 0.1 ps−1 
(time constant of 10 ps) predicted both by the Förster 
and Redfield theories. On the other hand, for very 
small gaps (ΔE < 20 cm−1) the Förster theory gives 
0.1–0.25 ps−1 (time constants of 4–10 ps), whereas the 
Redfield theory predicts an abrupt increase in the 
transfer rate up to 25 ps−1 (time constant of 40 fs) 

in the ΔE = 0 limit, that is, we can have a more than 
two orders of magnitude increase in transfer rate! 
Formally, such fast transfer is possible if the excita-
tion is truly delocalized over two isoenergetic mol-
ecules (even if these molecules are well separated in 
space and weakly interacting). In reality such kind 
of delocalization will be destroyed by the polaron 
effects (dynamic localization), a feature that is not 
included into the Redfield approach. Obviously, 
the Förster theory (where localization is assumed a 
priori) gives more correct results in this case.

Figure 13.4 shows the difference between the two 
theories as a function of interaction energy for fixed 
values of the energy gap ΔE. In the delocalized limit 
(for small energy gaps), the curves corresponding 
to Redfield rates display sharp peaks corresponding 
to resonance between the vibrational frequencies 
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(corresponding to high-frequency modes of the 
spectral density shown in Figure 13.1) and the  
exciton splitting value. This is not surprising 
because the Redfield transfer is phonon induced. 
For larger gaps, this phonon resonance becomes 
damped due to dephasing induced by the energy 
difference between the donor and acceptor states 

(note that this dephasing is determined by the 
~exp(i(ωk − ωk′)t) term in (13.5) appearing due to 
the AkFk′* factor).

Figure 13.5 shows the ratio between the Redfield 
and Förster rates in the weak coupling limit. In the 
region M12 < 30 cm−1, this ratio is close to unity 
for large gaps, that is, for ΔE > 100 cm−1 (the case  
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ΔE = 100 cm−1 is shown in the right panel of Figure 
13.5). For smaller gaps (see the panel ΔE = 20 cm−1 
in Figure 13.5), the Redfield rates can be 10-fold big-
ger (in the region around M12 = 20 cm−1). Finally, for 
the gap values close to zero the Redfield rate can be 
more than two orders of magnitude higher (in the  
region M12 < 10 cm−1).

13.3.2  Transfer between clusters

In Figure 13.6, we consider energy transfer between 
a monomeric Chl and a Chl dimer. The latter is 
characterized by equal site energies (E1 = E2), 

parallel configuration of the transition dipoles, and 
coupling of M12 = 50 cm−1. Such a dimer is charac-
terized by two exciton levels with symmetric and 
anti-symmetric exciton wavefunctions. The first one 
is higher in energy and has a dipole strength that is 
two times larger than that of a monomer (this level 
can be denoted as “superradiant”). The second (for 
this geometry the lower) level is dipole forbidden 
due to the anti-symmetric character of its wave-
function. Below we consider the transfer from these 
two levels to the Chl monomer as a function of the 
energy gap (ΔE = E1 − E3) and couplings between 
the monomeric and two dimeric sites (M31 and M32).
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First, we consider the case of equal couplings 
(M31 = M32 = 20 cm−1). In this case, the rate of 
Förster-type transfer from the forbidden state 
equals to zero (due to absence of dipole–dipole 
interactions), whereas the Redfield-type transfer 
from this level yields a finite rate (due to phonon-
induced relaxation) (Figure 13.6, left frame). Notice 
that for the higher superradiant level, both theories 
give the same result at least for large energy gaps.

For different couplings (M31 ≠ M32), the effec-
tive dipole moment responsible for the Förster-type 
transfer from the forbidden state becomes nonzero 
(due to nonsymmetric interaction with the dimeric 
sites, producing a nonequal superposition of the 
two anti-parallel dipoles). Also, the Förster rate 
becomes slightly less than the Redfield rate for the 
superradiant level (Figure 13.6, right and middle 
frames).

We conclude that modified Redfield is more pref-
erable for energy transfer between the exciton bands 
separated by a large energy gap (because modified 
Redfield always works well for large gaps, while the 
generalized Förster may underestimate rates in this 
case). In the case of a small gap between the bands, 
the Förster theory should be used to avoid the res-
onance artifacts of the Redfield approach, but the 
generalized Förster rates may lead to an underesti-
mate of the true rates in this case.

13.3.3  Combined Redfield–Förster 
approach

In the combined Redfield–Förster appro
ach,8,82,98,99,113 the relaxation dynamics within 
strongly coupled clusters (with intracluster interac-
tions Mnm > Mcr, where Mcr is some critical cutoff 
value) is calculated with the modified Redfield the-
ory, whereas transfers between these clusters (with 
intercluster couplings Mnm < Mcr) are modeled by 
the generalized Förster theory. A typical value for 
the coupling cutoff Mcr is about 15–20 cm−1.82,86,98 
The most difficult is the case when the real cou-
plings are near this cutoff. In this case, the Redfield 
theory overestimates the rates due to the presence 
of “resonance” artifacts (2–3 orders of magnitude 
increase of the rates for realizations of the disorder 
giving zero gap between donor and acceptor states), 
whereas the generalized Förster approach underes-
timates them due to neglecting the delocalization 
and also due to the appearance of symmetry-for-
bidden transfers (as illustrated by Figure 13.6).

13.4  MODELING OF BILIPROTEIN 
COMPLEX PE545

As a first example, we consider the phycobiliprotein 
antenna complex PE545 isolated from the unicellu-
lar photosynthetic cryptophyte algae Rhodomonas 
CS24. The structure of the isolated complex PE545 
is known at 0.97 Å resolution27 (Figure 13.7).
Spectroscopic studies performed after the discovery 
of the structure combine the results from absorp-
tion (OD), circular dichroism (CD), fluorescence 
(FL), and excitation anisotropy (EA) spectrosco-
pies and ultrafast nonlinear techniques, including 
transient grating (TG) and transient absorption 
(TA)27,28,121 and more recently 2D-photon echo.122 
The 8 bilins of the complex are relatively strongly 
coupled with nearest-neighbor couplings ranging 
between 17 and 92 cm−1, thus allowing modeling 
based on the pure modified Redfield approach. In 
this way the steady-state spectra and TA kinetics 
have been reproduced at a quantitative level.79

13.4.1  The model

PE545 consists of four polypeptide chains, α1, α2 
plus two β subunits, arranged in a complex known 
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Figure 13.7 Structure of the PE545 complex, top 
view (a) and side view (b). (From Novoderezhkin, 
V.I. et al., Biophys. J., 99, 344, 2010.)
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by convention as a dimer of αβ monomers. This 
complex is unusual in that it contains a deep, water-
filled slot between the monomers. Each β subunit is 
covalently linked to three phycoerythrobilin (PEB) 
chromophores, labeled PEB82C, PEB158C, PEB50/61C 
(for subunit C) and PEB82D, PEB158D, PEB50/61D 
(for subunit D), where the numbers indicate the 
cysteine residues to which the chromophores are 
bound.26,27 The PEB50/61 chromophores are linked 
to two cysteine residues, via their A and D pyr-
roles. Each α subunit contains a covalently linked 
15,16-dihydrobiliverdin (DBV) chromophore, 
DBVA and DBVB, respectively, which are spectrally 
red-shifted compared to the PEBs due to extended 
conjugation. Transition dipole moments of each 
bilin have been calculated using the CIS/6-31G 
method, and the couplings between them have 
been obtained using the transition density cube 
method.79

As shown in Figure 13.7, the eight pigments 
of the complex are arranged in two parallel lay-
ers. In the first layer (“top” in Figure 13.7) there is 
strong coupling (92 cm−1) between PEB50/61C and 
PEB50/61D. In the “bottom” layer, there are two pairs 
with moderate coupling, that is, DBVB–PEB82C and 
DBVA–PEB82D (45 and 46 cm−1). These two pairs 
are well separated and almost uncoupled, but they 
have sizable coupling (33–40 cm−1) with the nearest 
pigments from the top layer, in particular with the 
PEB50/61C–PEB50/61D dimer. As a result, it is impos-
sible to find any pigment (or group of pigments) 
with weak (<30 cm−1) coupling to the remaining 
molecules of the complex. This means that there 
are no channels for Förster-type energy transfer, so 
that the complex should be considered as a single 
strongly coupled cluster with the energy transfer 
rates calculated in the delocalized basis. To this end, 
we use the modified Redfield approach. The exciton 
model includes static disorder (accounted for by 
introducing uncorrelated shifts of the site energies). 
The unperturbed (unshifted) site energies are free 
parameters of our model that should be determined 
from the fit of the spectra using an evolutionary-
based search.

13.4.2  Simultaneous fit of spectra 
and kinetics

Simultaneous fit of the steady-state spectra (OD, 
FL, circular dichroism [CD], and excitation anisot-
ropy [EA]) obtained for PE545 at 77 and 300 K is 

shown in Figure 13.8. A similar quality of the fit 
can be obtained for several sets of the site ener-
gies. Fitting of the 77 K TA kinetics (Figure 13.9) 
rules out most of them (giving poor TA shapes or 
wrong time scales of the TA spectral evolution), 
leading us to one model with the best fit of the data  
(a detailed description of the model was presented 
in Reference 79).

The origin of the eight exciton states of the com-
plex are revealed by the bar plot in Figure 13.8, dis-
playing the disorder-averaged participation of each 
of the pigments in each of the exciton states.

The three lowest states k = 1–3, responsible for 
the 567 nm spectral sub-band, are determined 
by contributions from DBVA, DBVB, and PEB82C. 
There is a sizable coherence between DBVB, and 
PEB82C, which appears due to the relatively strong 
coupling (45 cm−1) and the small energy difference 
between these pigments. Coherence between them 
and DBVA is negligible. This means that depend-
ing on the realization of the disorder an excitation 
within the 567 nm band is localized either at DBVA 
or at the DBVB-PEB82C dimer.

The higher energy 545 nm sub-band (levels from 
k = 4 to 8) is determined by PEB82D, two PEB158, 
and two PEB50/61 pigments. The states k = 4 and 8 
correspond to the exciton levels of the PEB50/61C–
PEB50/61D heterodimer. Exciton mixing of the 
two PEB50/61 sites is relatively small due to the big 
energy gap between them. The k = 5 state is mostly 
determined by PEB158C with a small contribution 
of PEB50/61C. The moderate coupling between these 
sites (23 cm−1) still produces sizable coherence due 
to the small energy gap between them. The levels 
k = 6 and 7 are determined by PEB82D and PEB158D 
with some coherence between them because they 
are also close in energy.

In our model, these excitonic effects produce 
some redistribution of dipole strength over the 
levels (Figure 13.8d). The individual PEB and DBV 
pigments are characterized by a dipole strength of 
about 150 and 200 debye2, respectively, whereas 
some of the exciton states can have a dipole 
strength of 300 and 400 debye2 (in the PEB and 
DBV regions around 567 and 545 nm, respec-
tively). The corresponding delocalization length 
(calculated as the inverse participation ratio) is 
varying from 1 to 2–2.5 with an averaged delocal-
ization size no more than 1.2–1.3. Interestingly, 
this relatively small degree of delocalization is 
still capable of producing a sizable electronic 
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coherence and support quantum-coherent energy 
transfer as observed recently in 2D-photon echo 
experiments.122,123

Recently, the site energies determined from 
the fit (shown in Figure 13.8) have been veri-
fied by direct molecular dynamics MD-QM/

MM calculation.80 The MD-QM/MM site ener-
gies allowed to model the spectra of PE545 with 
a similar quality as compared to our original 
model,79 which was extracted from the spectral 
and kinetic fit. The largest difference between 
the two energy sets is that the MD-QM/MM 
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calculations predict a smaller gap between the 
PEB50/61C and PEB50/61D sites, in better accordance 
with chemical intuition.

13.4.3  Excited-state population 
dynamics

The fit of the steady state and TA spectra provides 
us with a detailed picture of the pathways and tim-
escales of the energy transfer in the PE545 complex.

Short-wavelength excitation (505 nm in the TA 
experiment) populates the higher states of the 545 
nm sub-band (k = 4–8) determined by PEB82D, two 
PEB158, and two PEB50/61. The highest level deter-
mined by PEB50/61D exhibits fast (180 fs) decay due 
to relaxation within the PEB50/61 dimer (with a 
time constant of about 300 fs) in combination with 
transfer to other sites. Transfer to DBVA, DBVB, 
and PEB82C includes the superposition of many 
pathways with sub-ps and ps time constants alto-
gether producing energy flow away from the 545 
nm region and population of the 567 nm sub-band 
within 2–4 ps. This is followed by slow redistribu-
tion within the 567 nm sub-band within 50 ps and 
even longer times.

The fastest channels of energy transfer in 
the complex (faster than 1.5 ps) are shown in 
Figure 13.10, where they are related to the posi-
tion of the pigments in real space. According to 
this scheme, the initial excitation is quickly redis-
tributed within the PEB50/61 dimer in the center of 
the complex. Subsequently, the excitation “slowly” 
migrates to the outer layer (containing four pig-
ments, that is, DBVA, DBVB, and two PEB82 bilins). 
Viewed from the top as in Figure 13.10, this looks 
like motion from the central dimer to the periph-
eral sites.

The coherent oscillations of the 2D echoes122 
observed during the first 130 fs with a period of 
500 cm−1 can be assigned to a quantum coherence 
created between PEB50/61D and PEB82D (with some 
admixture of PEB158D). The resulting quantum 
beats correlate approximately with the expected 
frequencies and they should disappear with simi-
lar times due to pure dephasing in combination 
with fast relaxation from PEB50/61D to PEB50/61C. 
Notice that at first glance the PEB50/61 dimer is a 
better candidate for a coherent mixing. Indeed, 
the PEB50/61D–PEB50/61C coupling (92 cm−1) exceeds 
the PEB50/61D–PEB82D one (40 cm−1), but also the 
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PEB50/61D–PEB50/61C energy gap is larger, that is, 
1000 cm−1 according to our model. Therefore, it is 
much more difficult to coherently excite such a pair 
of states with a 25 fs laser pulse.122

13.5  ENERGY TRANSFER IN THE 
MAJOR LIGHT-HARVESTING 
COMPLEX II OF HIGHER 
PLANTS

The energy transfer in the peripheral light- 
harvesting complex LHCII from higher plants is 
an example of transfer that cannot be modeled by 
pure Redfield theory.

The structure of the trimeric LHCII complex has 
been obtained at 2.72 Å17 and later at 2.5 Å resolu-
tion.18 The 14 chlorophylls (Chls) present in each 
monomeric subunit of LHCII were unambiguously 
assigned to 8 Chls a and 6 Chls b. Knowledge of the 
effective dipole moments of Chl a and b124 together 
with the spectral density of their exciton-phonon 
coupling30,83 allows a quantitative calculation of all 
the spectral and dynamic properties of the complex 
using one unified physical picture. Only the site 
energies of the Chls still remain unspecified and 
therefore should be determined from the spectro-
scopic data.

Studies by transient absorption, time-resolved 
fluorescence, and photon echo techniques revealed 
major components of the Chl b → Chl a transfer of 
150–300 and 600 fs83,125–134 together with minor ps 

components. Experiments with selective excitation 
in the region between the absorption peaks of Chl b 
(650 nm) and Chl a (675 nm) provided strong evi-
dence for long-lived (10–20 ps) excited states in this 
spectral region.83,127–129 In a more recent study,100 
the energy transfer dynamics in LHCII has been 
explored by the 2D-photon echo technique.

In previous papers,4,6,84 we have presented an 
exciton model (with specific site energies for the  
14 Chls) that allowed the simultaneous and quanti-
tative fit of all the available spectroscopic data using 
the modified Redfield approach, including recent 
studies by single molecule spectroscopy.6,97 These 
studies, however, were restricted to modeling of 
the excitation dynamics within isolated monomeric 
subunits. In the following sections, we discuss our 
latest results obtained by modeling of the whole tri-
meric LHCII complex.8,86

13.5.1  Simultaneous fit of linear 
spectra and transient 
absorption in LHCII trimer

The arrangement of the Chls within the LHCII tri-
mer according to the crystal structure17 is shown in 
Figure 13.11a and b. On the stromal side there are 
two tightly packed clusters of Chls a (red-encircled 
for one monomeric subunit), that is, the trimer 
a610–a611–a612 and the dimer a602–a603. They 
are closely connected with three Chls b on the stro-
mal side, Chls b601, b608, and b609. The structure 
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Figure 13.11 Arrangement of chlorophylls within the LHCII trimer at the stromal (a) and lumenal (b) 
sides (in both frames the top view from the stromal side is shown). Chlorophylls are represented by three 
atoms: the central magnesium atom and two nitrogen atoms. The connecting line between the two 
nitrogen atoms defines the direction of the Qy transition dipole. Red, Chl a nitrogen; blue, Chl b nitrogen; 
gray, magnesium; green, nitrogen of Chl a604 and Chl b605 (according to the structure reported by Liu  
et al.17). Clusters of Chls a, Chls b, and a mixed group containing long-lived intermediate sites (Chl a604 
and Chl b605) are encircled by red, blue, and green, respectively. (c–e) Simultaneous fit of OD, LD, CD, and 
time-dependent TA spectra using the modified Redfield approach. Experimental OD/LD spectra135 and 
CD spectrum136 have been measured for the LHCII trimer at 77 K (c, red points). Experimental TA spectra8 
are obtained upon 650 nm (d, red points) and 662 nm excitation (e, red points) with 120 fs pulse and 
pump-probe delays of 150, 300, 650, and 1650 fs. Calculated spectra (c, d, e, blue lines) are obtained 
with the disordered exciton model for the whole trimer, where the unperturbed site energies within a 
monomeric subunit have been adjusted in order to obtain the best simultaneous fit of the data. Blue, red, 
and green arrows show the bands corresponding to Chls b, Chls a, and intermediate sites, respectively. 
(From Novoderezhkin, V.I., Phys. Chem. Chem. Phys., 12, 7352, 2010. With permission.)
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suggests significant coupling between Chls b601′ 
from an adjacent monomeric subunit and b609 
(and similarly for the other subunits). Hence, one 
can consider the b601′–b608–b609 group (encircled 
in blue in Figure 13.11a) as a b-cluster, which is 
expected to have a short excited-state lifetime due 
to excitation energy transfer to the a610–a611–a612 
and a602–a603 clusters of the two subunits. In the 
Chl a-region, one can expect fast exciton relaxation 
within the a610–a611–a612 and a602–a603 clusters 
as well as slower hopping between them.

On the lumenal side, there are two groups of 
pigments, that is, the a613–a614 dimer (encircled 
by red) and the b605–b606–b607–a604 tetramer 
(within the green circle). The b605, b606, b607, and 
a604 sites of the tetramer are weakly connected to 
the remaining part of the complex. The excited-state 
dynamics within this latter cluster must be domi-
nated by fast downhill transfer of excitations from 
the b-sites to the monomeric a604 pigment, which 
is the best candidate for a long-lived “bottleneck” 
state, the presence of which was suggested in previ-
ous experimental studies.127–129

The fits of the room-temperature spectra (OD/CD) 
of the LHCII monomer and trimer are not so criti-
cal with respect to variation of the site energies 
within the Chl a and b bands,137 in contrast to the 
low-temperature fits.8,84

A simultaneous fit of the 77 K OD, LD, and CD 
spectra of the LHCII trimer is shown in Figure 
13.11c. Modeling has been done using the modified 
Redfield theory with the same parameters as in our 
previous model.84 However, including the CD into 
the fit required some (slight) adjustment of the site 
energies.8

This updated model has been further verified by 
a calculation of the magic angle 77 K TA spectra 
upon 650 and 662 nm excitation.8 In contrast to 
the previous model (where TA spectra have been 
calculated for the monomeric subunit only),84 here 
we have modeled the spectral evolution within the 
whole LHCII trimer.

13.5.2  Coupling cut-off and 
combined Redfield–Förster 
approach

A consistent fit of the data (shown in Figure 
13.11) allows to obtain detailed informa-
tion about pathways and time scales of energy 

transfer in the LHCII complex. However, the 
pure Redfield approach is not sufficient to obtain 
a realistic estimate of the relaxation rates, because 
the couplings between the monomeric subunits 
are small, as well as some couplings within the 
monomeric subunit (i.e., couplings between the 
stromal and lumenal clusters). Thus, the energy 
transfer picture in the whole LHCII trimer 
should be built using the combined Redfield–
Förster theory. Such an approach requires the 
determination of the cutoff coupling Mcr showing 
where the phonon-induced localization of excita-
tions (i.e., dynamic localization and/or polaron 
effects) becomes dominant. This phenomenon 
is expected when the reorganization energy 
exceeds the exciton bandwidth,138 which is the 
case for most photosynthetic antenna complexes. 
However, the phonon-induced localization can 
be neglected if it is overruled by the disorder-
induced localization (determined both by the 
nonequality of the site energies and their random 
shifts due to slow conformational  dynamics). In 
the region M > Mcr, the phonon-induced effects 
can be present but they are not dominant, as sup-
posed in the modified Redfield theory.74,75 In 
contrast, in the M < Mcr region the delocaliza-
tion is completely destroyed by phonons, as sup-
posed a priori in the Förster approach. The Mcr 
value can be roughly estimated by the presence 
(or absence) of excitonic effects in the spectra. 
For example, in the bacterial B800 antenna the 
couplings of 19 cm−1 (and varying from 14 to 27 
cm−1 in earlier calculations139) are still capable to 
produce excitonic linear spectra140 and signatures 
of electronic coherence in the nonlinear spectral 
responses.52,99 Thus, the Mcr should not exceed 
these values. A value of Mcr = 20 cm−1 was taken 
by Fleming cs82,98. In our recent paper,86 we have 
modeled energy transfer within the LHCII tri-
mer by using the Redfield–Förster theory with  
Mcr = 15 cm−1.

Verification of the Mcr values can be done by com-
paring the Redfield–Förster picture with the exact 
solution given by hierarchical equation approach 
(HEOM).112,113 It was found that the critical cutoff 
Mcr indicating which exciton couplings should be 
broken is dependent on the energy gap between the 
corresponding sites. In the case of LHCII, the most 
realistic is the Redfield–Förster mode with Mcr = 16 
and 30 cm−1 for the stromal- and luminal-side Chls, 
respectively.113
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13.5.3  Intramonomeric relaxation 
rates

The scheme of energy transfer within one mono-
meric subunit obtained with the Redfield–Förster 
theory86 is shown in Figure 13.12.

At the stromal side there is very fast (50 fs) relax-
ation within the a610–611–612 and b608–609–
601′ trimers, slower (425 fs) relaxation within the 
a602–603 dimer, and sub-ps (300–800 fs) transfer 
between these clusters, including fast b → a conver-
sion (with the fastest channel of 290 fs).

At the lumenal side, there is fast (100–200 fs) relax-
ation within the a613–614 and a604–b605–606–607 
clusters. This relaxation within a604–b605–606–607 
produces a quick localization at the “bottleneck” 
sites, that is, the relatively long-lived b605 and the 
even longer-lived a604 site. The relaxation from 
b605 to a604 is slow (3.6 ps), but still much faster 

than the transfer from b605 to other sites. Thus, the 
real “bottleneck” is a604. The transfer from a604 to 
the a613–614 cluster is very slow (33 ps).

Migration between the stromal- and lumenal-side 
clusters is slow. Weak coupling between the stromal 
b608–609–601′ and lumenal a604–b605–606–607 
clusters produces slow transfer between them with 
the fastest channel of about 7  ps (mostly deter-
mined by the b606–b608 coupling). This is much 
slower than the downhill transfer from the corre-
sponding sites.

There is slow transfer from the lumenal-side 
“bottleneck” a604 to the stromal-side clusters, that 
is, to a602–603 (with a total 43 ps time constant) 
and to a610–611–612 (with a total 40 ps time con-
stant). Thus, the total decay of a604 is about 21 ps  
due to transfer to the stromal side clusters. (In 
combination with the 33 ps transfer to the lumenal 
a613–614 cluster, we then obtain a 13 ps lifetime).
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Figure 13.12 Time constants of relaxation between the exciton levels of the Chl a and Chl b clusters 
within one monomeric subunit of the trimeric LHCII complex at 77 K. Arrows indicate the fastest relaxation 
channels (slow 10–50 ps channels of intercluster migration are not shown—see the text). The numbers 
associated with each of the arrows show the time constants. Vertical positions of the levels correspond 
to the energies of the exciton states averaged over disorder. A vertical bar of 200 cm−1 is shown as 
a reference. Participation of certain pigments in the exciton states is shown by ellipses with the area 
proportional to the square of the wavefunction amplitude averaged over disorder. (From Novoderezhkin, 
V.I. et al., Phys. Chem. Chem. Phys., 13, 17093, 2011.)
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Equilibration between the stromal- and lume-
nal-side a-clusters (i.e., a602–603, a610–611–612, 
and a613–614) is determined by several compo-
nents with time constants of 10–50 ps. The overall 
equilibration rate is determined by population of 
the donor states, that is, it is temperature dependent.

13.5.4  Intra- and intermonomeric 
transfers in LHCII trimer

The competition between intra- and intermono-
meric energy transfer in the whole LHCII trimer as 
revealed by the combined Redfield–Förster theory86 
is illustrated in Figures 13.13 and 13.14.

Figure 13.13 shows the energy-transfer scheme 
within the stromal layer of the LHCII trimer, fol-
lowing the hypothetical excitation of the stromal 
blue-most b608 site. After excitation of the b608–
609–601′ cluster, energy is transferred on a sub-
ps time scale to the a602–603 and a610–611–612 
clusters within the same subunit that contains b608. 
The fastest transfer (290 fs) occurs from the lower 
exciton level of the b608–609 dimer (with b609 

having a stronger participation) to the higher exci-
ton level of the a602–603 dimer (which is localized 
at a603). This transfer pathway is expected, consid-
ering the small distance between b609 and a603. 
Furthermore, from b601′ being located in the sec-
ond subunit, energy transfer takes place to the two 
neighboring clusters, that is, a602′–603′ and a610′–
611′–612′. The total effective time constant of the 
latter transfer is ~700 fs. Thus, the strong coupling 
within the b601′–b608′–b609 cluster results in fast 
sub-ps conversion to the stromal-side Chl a clusters 
in the two monomeric subunits connected to this 
Chl b cluster.

The initial, fast b → a transfer is followed by 
slower intermonomeric transfer from the a602–
603 cluster to the same clusters in the other two 
subunits, that is, a602′–603′ and a602″–603″. 
The higher and lower exciton states of these clus-
ters are localized at the a603 and a602 pigments, 
respectively. Excitation of the higher level (local-
ized at a603) gives rise to a relatively fast (6.3 ps) 
transfer to the nearest a602′ site, but the largest 
fraction of energy from a603 flows to the lower 
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Figure 13.13 Intermonomeric transfer within the stromal-side layer of the LHCII trimer. (a) Labeling of 
the pigments is the same as in Liu et al.17 but we use notations like a603, a603′, a603″ instead of a603(1), 
a603(2), a603(3) to distinguish between pigments from different monomeric subunits (each of the three 
subunits is encircled). Chls are represented by three atoms: the central magnesium atom (red, pink, or 
blue; notice that the colors are the same as in Figure 13.12) and two nitrogen atoms NB and ND (black) 
that define the directions of the Qy transition dipole. (b) Main pathways of energy transfer from the 
b608–609–601′ cluster among the stromal pigments (implying initial excitation of the highest level with 
a predominant contribution of b608), including intracluster relaxation (blue arrows), transfer to the Chl 
a clusters of the two nearest subunits (red arrows), and inter-monomeric transfers in the Chl a-region 
starting from the a602–603 dimer (magenta arrows). (From Novoderezhkin, V.I. et al., Phys. Chem. Chem. 
Phys., 13, 17093, 2011.)
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a602 site or to the a610–611–612 trimer. From 
a602, the dominant (fastest) intermonomeric 
pathway is uphill to a603″ (occurring within  
16 ps), while isoenergetic transfers take place 
to both a602′ and a602″ with time constants of 
21 and 26 ps, respectively. Hence, an exchange 
between the subunits in quasi-equilibrium must 
be temperature dependent, being determined by 
isoenergetic and uphill energy transfer from the 
high energy a602/a603 site. Notice that experi-
mental studies141 showed that depolarization 
upon long-wavelength 680 nm excitation decays 
at 5 ps over the whole Chl a Qy–b and at room 
temperature and slows down to 8–30 ps at 13 K 
(for 675–685 nm detection, respectively).

On the lumenal side of LHCII (see Figure 13.14), 
b606 is the blue-most pigment. This pigment is part 
of the a604–b605–606–607 cluster, which contains 
the long-living, “bottleneck” a604 site. After rapid 
equilibration within this cluster, only slow migra-
tion takes place from a604, including 33- and 80-ps 
transfer steps to the a613–614 and a613′–614′ 
dimers, respectively.

Energy transfer obviously also occurs between 
the lumenal and stromal layers of the LHCII 

trimer. The intermonomeric stromal-lumenal 
transfer in the Chl a region is mostly deter-
mined by migration between the a602–603 and 
a613–614 clusters. There is a 12-ps transfer from 
the higher energy state of a613–614 (localized 
at a614) to the a602″–603″ dimer, and 18- and 
62-ps transfers from the higher and lower states 
of a602–603 (localized at a603 and a602, respec-
tively) to a613′–614′.

A combination of the intra- and intermono-
meric pathways produces complicated dynamics 
within the LHCII trimer. The complete energy-
transfer dynamics in the LHCII trimer includes the 
following:

Fast (sub-ps) conversion from Chls b to Chls a  
at the stromal side, followed by fast (sub-ps) 
equilibration between the Chl a clusters on the 
stromal side

Slower (10 ps or more) equilibration within each 
monomeric subunit between the Chl a clusters 
at the stromal side and those at the lumenal side

Even slower (20 ps and more) migration between 
the Chl a clusters located on different monomeric 
subunits
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Figure 13.14 Inter- and intramonomeric transfer within the lumenal-side layer of the LHCII trimer. 
Arrangement of pigments corresponds to the view from the stromal side (as in Figure 13.13), but 
the stromal-side layer (which is above the lumenal one) is not shown. Colors of the magnesium atom 
(cyan, green, or orange) correspond to the colors in Figure 13.12. (a) Labeling of the pigments (each 
of the three LHCII monomers is encircled). (b) Main intermonomeric pathways of energy transfer from 
the a604–b605–606–607 cluster (implying initial excitation of the blue-most state with predominant 
contribution of b606), including fast intracluster relaxation (light blue arrows), slower migration between 
the intermediate long-lived a604 and b605 sites (green arrow), migration from the “bottleneck” a604 
site (also shown by green arrows), and transfer between the Chl a clusters (orange arrows). (From 
Novoderezhkin, V.I. et al., Phys. Chem. Chem. Phys., 13, 17093, 2011.)
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The slow energy-transfer channels through the 
“bottleneck” a604 site at the lumenal side give rise 
to additional dynamics, including

Fast (sub-ps to 4 ps) migration from the Chls b at 
the lumenal side to the “bottleneck” a604 site

Slow (33 ps) transfer from a604 to the lumenal-side 
Chls a

Reasonably slow (21 ps) transfer from a604 to the 
stromal-side Chl a clusters

Interestingly, the total decay of the a604 
“bottleneck” (with time constants of 13 ps and 
more) is still faster than the intermonomeric 
 equilibration between the Chl a clusters.

13.6  EXCITATION DYNAMICS 
WITHIN THE B800 ANTENNA

The peripheral light-harvesting complex LH2 
from purple photosynthetic bacteria consists of 
two highly symmetric rings of bacteriochlorophyll 
(BChl) molecules (see Figure 13.15): the  inner 
ring  of 18(16) tightly packed BChls absorbing 
around 850 nm (B850 band), and the outer ring of 
9(8) weakly interacting BChls with an absorption 
maximum near 800 nm (B800 band).10–12 The 
energy transfer dynamics includes migration of 
excitations around the B800 ring, superimposed on 
the transfer to exciton states of the B850 ring (for a 
review see References 3–5). The possible interplay 
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Figure 13.15 (a) Structure of LH2 antenna of Rs. molischianum.11 (b) The absorption spectrum of the LH2 
antenna of Rs. molischianum measured at 77 K149 (points) and calculated using the standard Redfield 
theory52 (solid lines). The calculated absorption is shown together with contributions of the individual exciton 
components. (From van Grondelle, R. and Novoderezhkin, V.I., Phys. Chem. Chem. Phys., 8, 793, 2006.)
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of intraband B800 → B800 and interband B800 → 
B850 energy transfer has been the subject of intense 
studies by hole burning,142–147 pump-probe,148–158 
three-pulse photon echo,159,160 and two-dimensional 
(2D) photon echo techniques99 together with 
 theoretical modeling.51,52,99,161

The isotropic transient absorption (TA) kinet-
ics in the 800 nm region exhibits a biexponential 
decay.149–158 According to earlier interpretations, 
the slow (1.2–1.9 ps) component has been assigned 
to B800 → B850 transfer, whereas the fast (0.3–0.8 
ps) component has been taken to reflect the hop-
ping of localized excitations around the B800 
ring. The TA anisotropy near 800 nm decays with 
approximately the same (0.3–0.5 ps) time constant, 
apparently supporting the idea of fast hopping-
type migration around the B800 ring giving rise 
to depolarization. However, this intuitive picture 
(neglecting excitonic effects and implying inco-
herent migration within the B800 band) is not 
supported by quantitative modeling. Due to the 
isoenergetic character of the BChls excited states, 
even weak coupling between them creates sizable 
excitonic coherences (not destroyed by the disor-
der) that should be taken into account in order to 
reproduce the absorption (OD),140 circular dichro-
ism (CD),162 polarized pump-probe kinetics,52 and 
the shape of the 2D photon echo spectra99 observed 
within the B800 band.

Modeling performed with the standard Redfield 
theory has led to a detailed picture of the energy 
transfers in the B800 ring (as well as in the whole 
B800–B850 antenna) based on a quantitative fit of 
the measured TA kinetics.52 It has been shown that 
impulsive excitation creates coherences between 
the B800 states that decay with a time constant of  
0.3–0.5 ps, producing a fast decay of the TA anisot-
ropy from 0.4 to 0.2. This is followed by a slow 
migration around the B800 ring with a time con-
stant of several ps producing further depolariza-
tion from 0.2 to 0.1. Thus, it has been demonstrated 
that the fast sub-ps component of the anisotropy 
decay does not reflect any population migration at 
all, but is connected with the coherence dynamics. 
The population equilibration within the B800 ring 
occurs on the ps time scale being even slower than 
the interband B800 → B850 energy transfer.52

A recent 2D photon echo study of the B800-820 
complex99 has revealed the presence of excitonic 
effects within the B800 band, thus confirming ear-
lier suggestions.52,140 The dynamics within the B800 

band indicates that there is no significant intraband 
B800 → B800 transfer on a time scale preceding the 
interband B800 → B850 transfer, as suggested by 
polarized TA modeling.52

In a more recent study,111 we have revisited the exci-
tation dynamics within the B800 ring using the hier-
archically coupled equations of motion for the density 
operator.101,102 In the following sections, we discuss 
some of these results, including the findings that unveil 
the origins of the resonance artifact of the modified 
Redfield theory (discussed in Section 13.3).

13.6.1  Linear spectra: Homogenous 
B800 ring

To understand the origin of the excitonic spectra 
of the LH2 B800 ring (in the case of LH2 of Rs. 
molischianum consisting of 8 B800 BChls), it is use-
ful to analyze the OD spectra for a homogeneous 
ring calculated with the standard Redfield (SR), 
modified Redfield (MR), hierarchical equations of 
motion (HEOM), and standard Förster model (SF).

In the HEOM approach, the dynamics is given 
by the density matrix in the site representation pnm 
(j1, j2, …, jN), where n, m number the sites (from 
1 to N), and integers jn describe the state of the 
phonon bath of the n-th site. Each density matrix 
element (for each pair of states) feels the state of 
phonons for all other sites, meaning that the coher-
ent superposition of the excited molecules depends 
now on the phonon reorganization dynamics in the 
whole system. Thus, there are no time-independent 
collective (exciton) eigenstates anymore. Initially 
some of the sites can be excited coherently (near  
the crossing point of their potential surfaces), but the  
following phonon relaxation to the bottom of the 
potentials (where they are not so strongly mixed 
with the potential surfaces of other sites) can break 
the intersite coherences, producing more localized 
excitations (so-called dynamic localization). This 
dynamics is given by the hierarchy of coupled equa-
tions for pnm (j1, j2, …, jN) with all possible sets of 
n.m and {jn} values. The hierarchy is terminated if 
j1 + j2 +  ⋯  + jN exceeds some cutoff value.101,102,106 
The linear optical responses can be calculated by 
solving HEOM for the density matrices elements 
p0n(j1, j2, …, jN), corresponding to the coherences 
between the ground “0” state and the excited state 
of the n-th site.

In Figure 13.16, we calculate the OD spectra 
of a homogeneous B800 ring for nearest-neighbor 
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coupling M = −5 and −30 cm−1 (note that the real 
coupling value is 19 cm−1).139 In the absence of static 
disorder and without dynamic localization (as sup-
posed in SR/MR) the excited state manifold consists 
of delocalized exciton eigenstates, that is, k = 0, ±1, 
±2, ±3, and 4 levels shift from the monomeric transi-
tion energy by 2M, M, 0, −M, and −2M, respectively, 
where M is the nearest-neighbor coupling. For an 
in-plane orientation of the transition dipoles, all the 
dipole strength is concentrated in the two k = ±1 
levels broadened due to relaxation to other levels. 

This exciton relaxation between delocalized states 
(with a big spatial overlap of their wavefunctions) is 
rather fast, producing a significant broadening. The 
largest broadening is observed for small couplings 
M, when all the levels are almost isoenergetic.

In our example, the SR/MR theories predict too 
broad an OD spectrum at M = −5 cm−1 (as shown 
in Figure 13.16a). The real spectrum is narrower as 
shown by the HEOM calculation. This narrowing is 
caused by dynamic localization destroying the exci-
ton states and producing more localized excitations 
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Figure 13.16 Comparing OD spectra for a homogeneous B800 ring (i.e., without energetic disorder) 
calculated with the standard Redfield (SR, magenta), modified Redfield (MR, red), hierarchical equations 
(HEOM, blue), and localized (Förster) model (SF, green).The spectra are calculated for two different 
pigment–pigment couplings, that is, M = −5 cm−1 (a) and −30 cm−1 (b) at 77 K. The energy is counted 
from the energy of the pure electronic transition (that is the same for all the sites). Vertical bars show 
the positions of the eight exciton levels (k = 0, ±1, ±2, ±3, and 4), including their reorganization shift. 
The dipole allowed k = ±1 degenerate pair is shown by a thick bar (other levels shown by thin bars are 
forbidden). All the spectra are normalized to unity. (From Novoderezhkin, V.I. and van Grondelle, R., 
J. Phys. Chem. B, 117(38), 11076, 2013.)
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with slower hopping-type energy transfer. Notice 
that for M = −5 cm−1 the HEOM approach almost 
coincides with the fully localized SF model. The 
only difference is the more asymmetric line shape 
predicted by HEOM.

Increase of coupling to M = −30 cm−1 produces 
bigger splitting of the levels, thus blocking the up-
hill transfer from the k = ±1 states. The allowed  
k = ±1 levels become more red-shifted, more sepa-
rated from the higher levels, and are not so much 
lifetime broadened. The SR/MR models give the 
OD spectrum with a characteristic narrowing and 
red-shifting, in contrast to SF, where the exciton 
splitting is not included (see Figure 13.16b, where 
the SF spectrum is peaking near the zero energy 
with some red-shifting due to reorganization). The 
HEOM spectrum is closer to the SR/MR picture, 
but the HEOM line shape is more asymmetric.

13.6.2  Excited-state dynamics in a 
homogenous ring: Secular 
versus nonsecular Redfield

The excited-state dynamics for a homogeneous ring 
is shown in Figure 13.17. Using the HEOM method, 
we calculate the dynamics of the one-exciton den-
sity matrix in the site representation (supposing 
that the site n = 1 is initially populated, whereas all 
other initial populations and coherences are set to 
zero).We show populations p11 and imaginary parts 
of the coherences p12″ (where pnm denote elements 
of the density matrix in the site representation). 
Notice that the imaginary parts of the coherences in 
the site representation pnm″ are responsible for the 
creation of coherences between the exciton states. If 
they are oscillating, they will produce beats in the 
third-order spectral responses (pump-probe anisot-
ropy, 2D photon echo). If they exhibit aperiodic 
decay, they will give nonoscillatory contributions 
to the spectral responses, for example, additional 
anisotropy decaying on the same time scale.

The results obtained with HEOM are compared 
with the other approaches, that is, full (nonsecular) 
SRf and secular SRs versions of the SR theory.

For strong coupling (−60 cm−1), the difference 
between the three theories is not so big. The full 
Redfield SRf gives the same oscillatory amplitudes 
as the HEOM-model, but oscillations exhibit faster 
decay. In the secular Redfield SRs the oscillations 
decay even faster, and also the oscillatory amplitudes 

are significantly reduced. Decrease of coupling to 
−40 and −30 cm−1 results in more pronounced dif-
ferences between the secular SRs and nonsecular 
approaches (SRf and HEOM). The amplitude of the 
first maximum of the coherence p12″ developing 
during 50 fs is significantly less in SRs, and also the 
population p11 decay becomes faster in the secular 
version displaying an increasingly larger deviation 
from both SRf and HEOM.

In the weak coupling case (−20, −12, and −7 cm−1),  
the initial population decay occurs on the ps time 
scale. Nonsecular theories predict also a very long-
lived coherence. In contrast, the coherence in the 
secular case decays quickly (i.e., during 0.25 ps). 
Population equilibration in the SRs picture is unre-
alistically fast, showing about 100 fs time constant.

On the other hand, for very weak coupling  
(−12 and −7 cm−1) there exists some deviation of the 
full Redfield from the HEOM. According to the SRf 
model, the amplitude of the coherence p12″ devel-
oping in 100–200 fs is significantly smaller than for 
the HEOM approach. In addition, the population 
p11 decay is slower as compared to HEOM (due to 
the one-phonon character of the relaxation in the 
standard Redfield).

Comparing the difference between the secular 
and nonsecular kinetics in the examples discussed, 
we conclude that nonsecular terms (coupling 
between one-exciton populations and coherences 
between the exciton states) give only a minor con-
tribution to the dynamics in the case of strong 
exciton coupling, but can change dramatically the 
apparent kinetics in the weakly coupled antenna.

The strongly coupled system is characterized 
by a big exciton splitting, so that the coherences 
between exciton states pk1k2 are oscillating at high 
frequencies ωk1k2 that are very different for different 
pairs of the eigenstates (k1, k2). Thus, the coher-
ence to coherence (pk1k2 ↔ pk3k4) and population to 
coherence transfers (pk1k2 ↔ pk1k1, pk2k2) are essen-
tially nonresonant, and therefore not effective (at 
least on the timescale exceeding (ωk1k2 − ωk3k4)−1 or 
(ωk1k2)−1, respectively).

In the case of weak coupling, the splitting ωk1k2 is 
small and there is no significant difference between 
the pure population (pk1k1 ↔ pk2k2) and population 
to coherence transfer (pk1k2 ↔ pk2k2, pk1k1) even on 
the ps time scale. The coherences are continuously 
repumped from the populations, and the density 
matrix determined by a coherent superposition of 
pk1k1, pk2k2, and pk1k2 remains localized in the site 
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representation. In other words, in the presence of 
coherences the excitations keep memory about 
their initial localization, and this can significantly 
slow down the transfer to other sites. Without 
re-pumping from the populations (as supposed in 
the SRs model), the coherences decay very quickly  
(in 100–200 fs for all couplings, as shown in Figure 
13.17) rapidly resulting in the formation of a den-
sity matrix determined by the noncoherent contri-
bution from delocalized exciton eigenstates. The 
relaxation between delocalized exciton states is 
very fast (about 100 fs in our examples) and does 
not depend on the exciton coupling M. Thus, we 
obtain the 100 fs equilibration even in very weakly 
coupled systems (see the SRs kinetics at M = −12 
and −7 cm−1), whereas more realistic approaches 
(SRf and HEOM) give time constants of several ps 
in the case of (very) weak coupling.

Similar unrealistically fast transfer has been 
obtained with the modified Redfield theory, where 
the coherences are not included at all (see Section 
13.3, Figures 13.2 through 13.5). Considering two 
weakly coupled isoenergetic sites, we formally 
obtain delocalization between them. The MR the-
ory (where the coherences between exciton states 
are neglected) gives a sub-100 fs population transfer 
in such systems for M < 15–20 cm−1. To exclude this 
“resonant artifact” a combined Förster–Redfield 
theory can be used. As nicely shown in Figure 13.17, 
this resonance artifact is absent in the SRf approach 
and in the more general HEOM approach.

13.7  CONCLUSIONS

A quantitative comparison of the energy transfer 
theories and their application to photosynthetic 
antenna complexes reveals possibilities and 
 limitations of these approaches. In the case of compact  
and relatively strongly coupled antenna subunits, the 
Redfield relaxation theory in the exciton basis is a 
 powerful tool to explore the spectral and equilibration  
dynamics at a quantitative level. However,  in  the 
presence of weakly coupled and isoenergetic pigments  
(or clusters) the Redfield theory can strongly 
 overestimate the transfer rates. This is connected to 
the formal use of delocalized wavefunctions in the 
region where phonon-induced dynamic localization 
occurs. The corresponding energy transfer channels 
can be better modeled by the Förster or generalized 
Förster theories assuming localization a priori. The 
corresponding rates are more realistic (especially for  

transfer between isoenergetic levels), but they are 
generally underestimated (e.g., in the case of dipole 
forbidden levels connected via phonon-induced 
transfer). Combination of the modified Redfield 
and generalized Förster theories is the best solution 
for heterogeneous systems with different couplings 
between the pigments (covering both weak and 
strong coupling limits).

Application of the theory to light-harvesting 
complexes of algae (PE545) and higher plants 
(LHCII) (as illustrated in this review) and other 
complexes allowed to build a consistent and quanti-
tative picture of the pattern of energy transfer, thus 
leading to deeper and more detailed understanding 
of how photosynthetic antenna complexes perform 
their function of light harvesting.

The B800 ring is an excellent example of a sys-
tem where the interpigment coupling (−19 cm−1) 
is exactly in between the strong and weak coupling 
limit. In this region, the excitations are predomi-
nantly localized, but there are still some coher-
ences giving sizable contributions to the spectral 
responses. When using the localized (Förster) the-
ory, one can obtain rather realistic population kinet-
ics (for a more detailed discussion of this feature see 
Reference 111), but the coherences are omitted. On 
the other hand, in the Redfield picture it is quite dif-
ficult to model the almost localized excitations in 
terms of the excitonic (delocalized) basis. To obtain 
the correct localized dynamics, one should describe 
very precisely a superposition of the exciton popula-
tions and the coherences between the exciton states 
(including nonsecular transfer between them). This 
is not included into the secular version of the stan-
dard Redfield and in the modified Redfield theory. 
In the full version of the standard Redfield, the non-
secular transfer is taken into account but only in 
terms of single-phonon transitions. The hierarchical  
equations (HEOM) method would be the best solu-
tion to the problem, but this method is numerically 
expensive.
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