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A B S T R A C T

In photosynthetic light harvesting, states with energy well below that needed for charge separation can be found in abundance. They do not hinder the quantum
efficiency of the primary processes; on the contrary, they can be highly functional, extending the absorption towards the red. Although many properties of these states
are well described based on spectroscopic and theoretical studies, the physical mechanisms underlying their working are not known. Here we propose a mechanism
which utilizes high-frequency vibrations of the photosynthetic pigments and the combined spatio-energetic aspect of the excitation dynamics. We present numerical
calculations of the excitation dynamics in explicit electron-vibrational basis, with parameters based on photosynthetic complexes such as the Lhca4 complex of higher
plants. The electron-vibrational states have two roles. For the trapped, low-energy excitation they provide a thermally populated ladder out of the trap. And for the
high-energy excitation they provide local-bath states, effectively forming a bridge over the trap.

1. Introduction

In photosynthesis, light energy is absorbed by the pigments within
the photosystems. The energy is then transferred through the photo-
system to its core, where it eventually reaches a reaction center (RC).
There the energy is used to drive charge separation for which, de-
pending on the species, a specific amount of energy is needed. The
excited state energy landscape of the light-harvesting complexes is built
in such a way that it both enables absorption of light across a wide
range of the sunlight spectrum and facilitates an efficient energy
transport to the core [1]. This is reminiscent of the situation in semi-
conductor photovoltaics (PV), where all the light energy absorbed
above a particular band gap thermalizes to the band edge, and only
then it can be extracted as charge. There is a fundamental difference,
though. In PV, states below the bandgap act as traps, decreasing the
overall efficiency. Accordingly, there has been much effort in trying to
get rid of these traps [2,3]. In contrast, in photosynthesis, where the
light-harvesting quantum efficiency is very high, excited states with
energy lower than that of the reaction center are found frequently. Such
states have been observed in the antenna complexes Lhca3 and Lhca4 of
photosystem I, in the major light-harvesting complex II (LHCII) in
higher plants and algae [4–7], in the fucoxanthin-chlorophyll a/c
binding protein (FCP) antennas of diatoms [8] and in other complexes
[9]. These low-energy excited states may be formed by strong

interaction of a particular pigment with its local (protein) environment,
strong excitonic interaction between neighboring pigments (leading to
exciton splitting) and by formation of a charge transfer state which
mixes with an excitonic state. Because these states are often observed in
spectroscopic measurements, they are referred to as red states or red
forms.

Not only do these red states not hinder the light harvesting cap-
ability of the photosynthetic apparatus, on the contrary, they have been
attributed several functional roles. First, in line with their trapping
ability, they have been speculated to play a role in the process of non-
photochemical quenching (NPQ), a photoprotective dissipation of ex-
cess excitation energy [6,10]. For the NPQ-related functionality the red
states must be able to recombine quickly to a ground state. However,
this is not always the case. Another function of low-lying states is the
stabilization of a quasi-final state within one light-harvesting complex.
This is typically achieved by strong excitonic interaction, giving rise to
a low-energy state, delocalized among a particular group of pigments,
with decreased sensitivity to energy disorder [11]. Perhaps both the
most straightforward and puzzling function of the red states is the ex-
tension of the absorption spectrum to the region energetically below the
energy of the reaction center. This is the case of photosystem I and is
the main motivation of the current study [12,13]. Finally, there is the
possibility of the low-energy states forming without any specific func-
tion. Due to the large concentration of pigments within the light-
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harvesting proteins (about 0.5 M [1]), occasional formation of red
states by the mechanisms described above, in particular by formation of
a mixed exciton-CT state, seems inevitable and was indeed observed
[7].

As pointed out recently, explaining the functionality of the low-
energy states is one of the big current challenges in photosynthesis. In
the paper highlighting the importance of the low-energy states, the
authors review the possible origins and spectroscopic signatures of the
low-energy states, together with known cases of occurrence [9].

The main conceptual difference between the light harvesting in
semiconductors and photosynthetic membrane is the spatial extent of
the excitation. In the semiconductor the excited states are highly de-
localized: the free electrons can be well described by the well-known
Bloch functions, and excitons, when formed, are of the Wannier-Mott
type, with large delocalization extent and small binding energy, leading
to a fast dissociation [2]. Charge is then extracted from the bulk. In
contrast, in photosynthetic membrane the excitation forms Frenkel-type
excitons, with the electron closely associated with the hole, and with a
relatively small spatial extent of delocalization [14]. This has obvious
consequences for the excitation dynamics. Crucially, the influence of
the low-energy states is profoundly different. In the photosynthetic
case, the excitation can spatially avoid the red state, or escape from it
by transfer to a spatially separated state. On the other hand, a low (or
high) energy state can represent an obstacle on the way to the reaction
center. It is precisely this interplay of the energetic and spatial land-
scape that makes the photosynthetic light-harvesting dynamics rich and
complex and that enables the functional role of the low-energy states.

In this work we address the latter two modi operandi of the low-
energy states mentioned above. First, we focus on the detrapping from
the red state, for instance after absorption of a low-energy photon. In
PSI the low-lying states extend the absorption into the red. As shown by
fluorescence excitation and transient absorption spectroscopy, at phy-
siological temperature the quantum efficiency of the charge separation
after absorbing a red photon approaches unity [13]. This implies effi-
cient detrapping from the red states, necessary for providing enough
time to reach the reaction center and separate the charge before re-
combination happens. But how is this achieved? Interestingly, the ef-
ficiency significantly decreases at cryogenic temperatures, freezing the
excitation in the low-energy state. This hints at a thermally activated
mechanism. Here, we propose a vibronic mechanism of detrapping. It
involves the thermal population of a higher intrapigment vibrational
state, which is resonant with the excited state of the higher-energy
pigment. As a result, once the excitation reaches this state, it is rapidly
transported away from the red state. Interestingly, the same mechanism
can be used to describe excitation transfer through a high-energy bar-
rier.

Another process which we address is for the excitation to avoid the
red states present in the photosystem. As mentioned above, the pre-
sence of low-lying, essentially localized states is detrimental in semi-
conductor PV. Why is this not the case for the photosynthetic appa-
ratus? Low-energy states can often be formed at a place through which
the energy is bound to be transferred on its way to the RC [15]. Ex-
periments of Palsson et al. have shown that, even at cryogenic tem-
peratures, half of the excitation quanta makes it to the reaction center,
in the presence of deep low-energy traps [13]. Why does the presence of
the red states not substantially lower the quantum efficiency of trans-
port? When the excitation falls into the ‘trap’, the excess energy has to
be dissipated into some vibrational modes, traditionally thought of as
the ’bath’ for the electronic degrees of freedom (DOF). The most
strongly coupled vibrational modes to the electronic DOF are the in-
trapigment modes, acting as a local bath. Here we argue that ’dis-
sipating’ the excess energy into such modes results in a ’transiently hot
bath’ either at the donor or the acceptor site. During the lifetime of the
vibrational excitation, the energy is not lost and the excitation can use it
to escape from the trap. When treating the intramolecular vibrational
modes explicitly, as a part of the system, this effect becomes clearly

visible. As a result, the low-energy states do not act as traps during the
lifetime of the vibrational energy.

Vibrational-electronic effects in photosynthetic complexes have
been explored in detail recently in the context of nonlinear spectro-
scopy [16–22]. The coupling of the electronic DOF to the local pigment
vibrations was shown to facilitate downhill energy transfer across large
energy gaps [23], and to influence the first steps in charge separation in
PSII-RC [24,25], to give a few photosynthetic examples. Interestingly,
strong vibronic coupling can also alter the inner excited state structure
of isolated pigments, by mixing of Qx and Qy transitions in pigment
molecules [26]. This effect modifies the coupling between the pigments
and their spectroscopic response. Concerning the effect on dynamics,
the (resonant) vibrations are typically discussed in the context of ac-
celeration of the energy/charge transfer over energy gaps [27]. In that
case, the resonance and vibronic mixing are the key parameters. Here,
we propose yet another role of these vibronic effects, relying, among
other, on the finite lifetime of the vibrations and the spatial aspect of
the problem. We show that by utilizing the intramolecular vibrational
modes, the low-energy, red, states are easier to escape from and harder
to fall into. These results explain how the low-lying excited can be
present and functional in the efficient light-harvesting photosynthetic
apparatus.

2. Results

2.1. Detrapping: the three-state model

To study the essential features of a trap state in the presence of high-
frequency vibrations, we use a simple scheme consisting of two excited
states e1, e2 and a low-lying state acting as a red trap (Fig. 1). As the
origin of such low-energy states is typically a mixing with a CT state, we
denote this state CT. The three electronic states (e1, e2, CT) are each
coupled to one vibrational mode. The CT state is supposed to be dy-
namically localized due to the energy gap and its large displacement
with respect to the excited state e1. The displacement of the second
excited state e2 (with respect to e1) is small, meaning that the e1-e2
states are excitonically mixed, and the e1 → e2 transfer is determined
by exciton relaxation. The excitation dynamics within the whole CT-e1-

Fig. 1. Three-state model, containing a low-energy state with charge-transfer
character (CT) and two exciton states e1, e2, all coupled to one vibrational
mode with frequency Ω. Here we show a simplified one-dimensional scheme,
but in fact each diabatic state (e1, e2, and CT) is coupled to its own effective
nuclear coordinate (corresponding to a vibration with frequency Ω). The re-
sulting electron-vibrational dynamics is therefore considered in the 3-dimen-
sional basis of the effective nuclear coordinates Q1-Q3 (not shown). Initially the
lowest eigenstate (corresponding to the zero-phonon (ZPL) level of CT) is ex-
cited. This is followed by thermal population of the first vibrational sublevel of
CT with subsequent transfer (black arrow) to the ZPL of the higher exciton state
(predominantly localized at e1). Then, population of the e1-e2 dimer is stabi-
lized by relaxation (black arrow) to the lower exciton state (with predominant
contribution of e2).

P. Malý, et al. Chemical Physics 522 (2019) 69–76

70



e2 manifold is described by Redfield theory in the basis of the exciton-
vibrational (vibronic) eigenstates in a multi-dimensional configuration
space (as in Ref. [28]). Recently, we have verified by comparison with
hierarchical equations of motion (HEOM) that Redfield theory in the
vibronic basis gives quantitatively correct results over a wide range of
parameters, covering the ones used here [29]. The spectral density has
the same overdamped Brownian oscillator profile for the electronic and
nuclear coordinates, but we use a different scaling of its amplitude for
the electronic and vibrational parts (given by dimensionless factors Φ2

and ϕ2, respectively, as described in [28]). As described in Ref. [30],
the coupling constants are experimentally accessible in the form of the
zero-phonon line (ZPL) linewidth (Φ2) and vibrational relaxation rate
(ϕ2). The full theoretical description of the model, including the system,
bath, their interaction, and the vibronic Redfield theory, can be found
in Appendix A1. The concrete values of the parameters used for cal-
culation can be found in the caption of Fig. 2.

In Fig. 2 the kinetics of the CT → e1 → e2 detrapping is shown in the
site representation (where we present populations of the sites e1, e2
and CT, obtained as the sum of their contributions to all the vibronic
states). The initially populated CT is depopulated due to uphill transfer
to the intermediate exciton level (localized mostly at e1), followed by
relaxation to the lower level (predominantly localized at e2). At
thermal equilibrium (reached within about 80 ps) population of inter-
mediate e1 is very small, whereas steady-state populations of e2 and CT
are determined by their relative energies. In our example, e2 is higher
than CT, so that its population is less than of CT. In real systems, the
excitation is further transferred from e2 to other pigments and, finally,
to the reaction center. In this way the energy will be trapped by the
charge transfer states of the RC, and if these trap states lie lower in
energy than the antenna CT, this CT will be sooner or later completely
depopulated. The efficiency (quantum yield) of the whole process is
determined by a competition between energy transfer to the RC and
nonradiative losses (including deactivation of the red CTs) [31]. The

bottleneck of this process is the detrapping from the CTs, which is very
slow. Below we consider the possibility to increase the detrapping rate
in the presence of vibrations, coupled to the excited states.

In Fig. 2 we demonstrate that the detrapping rate can be sig-
nificantly increased if the vibrational mode is in resonance with the
energy gap between the electronic states. Tuning of the vibrational
frequency around the gap between the CT and neighboring antenna
state (which is about 600 cm−1 in a real antenna, for example in Lhca4
[32]), a more than two-fold speed up of the CT depopulation can be
obtained (Fig. 2). This depopulation is mirrored by a fast population of
the primary acceptor state, e2, from where the excitation can be quickly
delivered to the RC. In a real antenna, we can have a manifold of
strongly coupled excited states instead of just two corresponding to our
model. The effect will qualitatively be the same. What is important is
the resonance of the gap between the CT and the nearest excited state
with some vibrational quantum.

It can be shown that the effect of electron-vibrational resonance is
more pronounced when increasing the exciton coupling Me1e2 between
the e1-e2 states (see Fig. S3 in the Supplementary Information (SI)).
Large coupling produces higher degree of e1-e2 delocalization and
faster relaxation rate, meaning that stabilization of the mixed CT-e1
population becomes more efficient. The degree of detrapping can also
be changed by shifting the diabatic e2 energy (at fixed coupling value)
as shown in Fig. S4 in the SI. The detrapping enhancement due to the
vibrational resonance (shown in Fig. 2) is more pronounced when the
CT state is more localized; the difference between the resonant and off-
resonant cases is larger upon decreasing the exciton-CT coupling MCTe1

and/or increasing the displacement Δ of the CT state (which is larger
due to the possible CT character). The Huang-Rhys factor S = Δ2/2 for
the vibration in the excited states equals 0.02, which corresponds to the
typical values found in natural complexes. Increase of S (stronger vi-
bronic effects) produces faster transfer, but the resonant effect becomes
less pronounced (see Fig. S5 in the SI). On the other hand, for smaller S
the resonance is deeper, but the transfer becomes slower.

Thinking about the eigenstate kinetics, two pictures are equivalent:
the probabilistic, rate picture and the stochastic picture. Because of
detailed balance, the trapping rate (vibrational relaxation) is by a factor
of E k Texp( / )B (about 20 under realistic parameters, at room tem-
perature) faster than its uphill counterpart. The excitation which
manages the uphill step (thinking in the stochastic view) has a very
limited window of opportunity to escape the trapping region. The de-
trapping thus works when the escape rate outcompetes the trapping
one. This is enabled by our vibronic mechanism.

The working details of the three-level scheme, including the vi-
bronic mixing effects, the sensitivity to its parameters and some spec-
troscopical signatures can be found in the first section of the SI. These
details are to a large extent model-specific and are not crucial for the
concept of vibronic detrapping. They, however, provide a deeper in-
sight into the working of this mechanism.

2.2. Detrapping: the four-state model

In a real antenna, the excited state e1 is in fact coupled to a rich
manifold of exciton states responsible for the transfer to the reaction
center, where the excitation of the primary donor initiates a sequence of
charge transfer steps resulting in the formation of the final radical pair
(RP). Coupling of e1 to many states produces, in principle, a better
stabilization of the energy detrapped from the CT. This is sometimes
called an ‘entropic’ effect, when the transfer from a single state to a
large number of states is largely unidirectional, with a suppressed back-
transfer rate. If, in addition, the final RP is lower in energy than CT
(which usually is the case), the population balance will be further
shifted towards predominant formation of RP. This can be illustrated by
a four-state model (Fig. 3), where the exciton states of the antenna are
still described by just two states (e1, e2), but stabilization of the de-
trapping occurs in the presence of one more low-lying state, i.e. the

Fig. 2. Kinetics of the e1, e2 and CT populations in the site representation,
calculated at room temperature. Displacements of the {e1 e2 CT} diabatic states
along {Q1 Q2 Q3} coordinates are Δ = {0.2 0.2 0.9}. Parameters of the spectral
density: γ = 600 cm−1, λ = 400 cm−1; Φ2 = 0.3, ϕ2 = 0.1. Couplings between
diabatic states are {MCTe1 MCTe2 Me1e2} = {25 0 150} cm−1. Time delays are
0–80 ps. Initial conditions: lowest vibronic level (b = 1, corresponding to ZPL
of the CT state) is excited. Energies of the zero-phonon levels (ZPL) of the {e1 e2
CT} diabatic states are {600 200 40} cm−1; vibrational frequencies are
Ω = 470, 570, 610, 675, 775 cm−1.
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final RP. Such a scheme gives faster (compared to the three-state
model) depopulation of the initially excited CT. Furthermore, by tuning
the vibrational frequency around the CT-e1 gap we find a more pro-
nounced resonance effect.

2.3. Transfer over a red trap

To study the transfer over a red CT state (where population of the
CT-ZPL with subsequent detrapping can be outcompeted by direct vi-
bration-assisted superexchange between the excited states) we consider
the four-state model shown in Fig. 4.

We take the initial excitation localized at the site e0. This can be
modeled by supposing an impulsive optical excitation of the whole
complex from the ground state, with all the transition dipoles artifi-
cially set to zero except one for the e0 diabatic state. The initial wa-
vepacket will be localized near the bottom of e0 even if the e0-ZPL is
delocalized due to resonant mixing with the vibrational sublevel of CT.

Excitation of higher levels of e0 is about Δ2/2, i.e. only 2% of the ZPL.
Kinetics of the site populations upon excitation of e0 are shown in

Fig. 5. For the CT state we show the total population (magenta curves)
and a population of CT-ZPL (black curve). The difference corresponds to
population of the hot vibronic states of CT, mixed with the e0 and e1
states. Notice that in Fig. 5 we explore the case when both e0-CT and
e1-CT gaps are in resonance with the vibrational frequency.

Without vibrational relaxation (coupling to vibrational bath is
ϕ2 = 0) we observe quick population of the vibronic states of CT with
immediate transfer to e1/e2 (see top left frame of Fig. 5). Population of
the final e2 state is faster than population of the CT-ZPL. Notice that
relaxation to CT-ZPL still exists even at φ2 = 0 due to some degree of
electronic mixing present in all the vibronic states. Although we use
small coupling to the electronic bath in this example (Φ2 = 0.03) re-
laxation to CT-ZPL is non-negligible. This relaxation becomes faster for
non-zero coupling to the vibrational bath (see next two frames with
ϕ2 = 0.0002 and 0.0006). Notice, however, that in these two cases the
vibronic states of the CT are populated faster than the CT-ZPL and the
rate of e0 → CT → e1/e2 transfer still competes with the red (CT-ZPL)
state population. Further increase of the vibrational relaxation rate (to
ϕ2 = 0.006) significantly reduces the speed of direct e0 → CT → e1/e2
superexchange (bottom right frame). The total CT population is now
dominated by the CT-ZPL contribution (magenta and black curves are
now growing synchronously). This is the ‘detrapping’ limit, when the
CT-ZPL is populated first, i.e. prior to the e1/e2 population. Larger
values of ϕ2, i.e. ϕ2 = 0.06 and 0.6 do not change the kinetics compared
with the ϕ2 = 0.006 case (see Fig. S6 in the SI).

Similar switching from the ‘passage over red state’ to the ‘detrap-
ping’ is observed when the e0 state is moved out of resonance (see Figs.
S6, S7 in the SI). Kinetics are qualitatively similar to the case of ‘double
resonance’ (shown in Figs. 5 and S6), but noticeably slower (as shown
in Fig. S7).

3. Conclusions

Photosynthetic chlorophyll pigments have high-frequency, under-
damped intramolecular vibrational modes, coupled to the electronic
degrees of freedom. We have demonstrated that the presence of such

Fig. 3. Left: Four-state model, containing a charge-transfer-character (CT) state, exciton states e1, e2, and a final radical pair (RP) coupled to a single vibrational
mode with frequency Ω. Initial population of the lowest sublevel (ZPL) of CT is followed by population of the e1-e2 dimer (similar to Fig. 1), that is stabilized by
relaxation to the final RP. Right: Kinetics of the CT, e1, e2, and RP populations in the site representation calculated at room temperature. Displacements of the {e1 e2
CT RP} diabatic states along {Q1 Q2 Q3 Q4} coordinates are Δ = {0.2 0.2 0.9 0.9}. Parameters of the spectral density: γ = 400 cm−1, λ = 200 cm−1; Φ2 = 0.3,
ϕ2 = 0.1. Couplings between diabatic states are {MCTe1 Me1e2 Me2RP} = {25 150 100} cm−1 (other couplings are zero). Time delays are 0–100 ps. Energies of the
electronic levels (ZPL) of the {e1 e2 CT RP} diabatic states are {600 200 40–150} cm−1; vibrational frequencies are Ω = 500 (dashed), 600 (solid), 700 (dotted)
cm−1.

Fig. 4. Four-state model, containing three excited states e0, e1, e2 and charge-
transfer (CT) state coupled to a single vibrational mode with frequency Ω.
Vibronic dynamics is considered in the 4-dimensional basis of the effective
nuclear coordinates Q1-Q4 (not shown). Initially the e0 site is excited. This is
followed by transfers to the CT (with population of its ZPL and vibrational
sublevels) with subsequent transfer to higher exciton level of the e1-e2 dimer
(predominantly localized at e1) and relaxation to the lower level (with pre-
dominant contribution of e2).
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vibrations can contribute decisively to the functionality of low-energy
states. For the excitation of the low-energy states (e.g. after absorption
of a red photon), the vibrational levels provide transient states through
which the energy can escape the trap. For the excitation with higher
energy, the vibrational states provide a way over the trap, without
falling (i.e. relaxing) into it and getting trapped. The key features of the
vibrational modes are their high frequency to bridge the energy gap
between the trap and higher-energy pigments, their long (ps) lifetime,
providing enough time to escape to the adjacent pigments and avoid
trapping, and reasonably large Huang-Rhys factor S (coupling to the
excited electrons). In our calculations these requirements are fulfilled.
Crucially, the parameters we used are in the range typical for the low-
energy photosynthetic pigments [9,33]. For instance, the spectral
density measured for LHCII contains a lot of modes with S about 0.02
and some vibrational modes characterized by even stronger coupling,
i.e. 388 cm−1 and 742 cm−1 modes with S = 0.06 and S = 0.04, re-
spectively [34]. The values describing the interaction with the en-
vironment take into account this experimentally obtained spectral
density. Natural photosynthetic systems have some degree of energetic
disorder. As a result, the resonance between the energy gaps and vi-
brational frequencies will never be perfect. However, as we also show
in the last section of the SI, the vibronic transfer mechanism is relatively
forgiving to detuning [30]. Because of the multitude of available

vibrational modes, we expect our mechanism to be robust in the pre-
sence of disorder [35]. In our calculations, the small systems reach
thermal equilibrium, inevitably with significant population of the low-
lying state. In contrast, real photosynthetic systems, such as photo-
system I, are much larger and less connected, making the spatial pro-
pagation of the excitation important. As a result, the excitation can
escape from the trap and the kinetics of the detrapping/trap avoidance
are crucial. It is the interplay of the spatial and energetic aspects, which
makes the kinetics matter. Our vibronic mechanism enables fast de-
trapping and transfer over the trap state. We therefore propose that the
vibronic mechanism outlined here can contribute to the remarkable
functionality of low-energy states in photosynthetic light harvesting.
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Appendix A. Theoretical description

In this Appendix we provide the theoretical description of the problem, including the electron-vibrational Hamiltonian, the interaction with a
vibrational bath, and Redfield theory for the system dynamics.

A.1. Electron-vibrational Hamiltonian

The system (excited-state) Hamiltonian in the site (diabatic) representation is [30,36]:
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The electron-vibrational states are given by a direct product of the electronic (one-exciton) wavefunctions |n〉 and vibrational wavefunctions |ajs〉
for j-th mode depending on effective nuclear coordinates (labelled ‘s’). The basis wavefunctions |ajs〉 are unshifted, i.e. they have zero displacement
along the s-coordinates. The creation and annihilation phonon operators βjs

+ and βjs for the j-th nuclear mode are working in this unshifted basis.

Fig. 5. Kinetics of the e0, CT, e1 and e2
populations in the site representation cal-
culated for room temperature. Kinetics of
the total CT population (magenta) is shown
together with the kinetics of the CT-ZPL
level only (black). Displacements of the {e0
e1 e2 CT} diabatic states along {Q1 Q2 Q3

Q4} coordinates are Δ = {0.2 0.2 0.2 0.8}.
Couplings between diabatic states are
{MCTe0 MCTe1 Me1e2}={25 25 150} cm−1

(other couplings are zero). Energies of the
electronic levels (ZPL) of the {e0 e1 e2 CT}
diabatic states are {660 600 200 40} cm−1;
vibrational frequency is Ω = 600 cm−1.
Time delays are 0–20 ps. Parameters of the
spectral density: γ = 400 cm−1,
λ = 200 cm−1; Φ2 = 0.03, ϕ2 = 0 (top left),
0.0002 (top right), 0.0006 (bottom left), and
0.006 (bottom right).
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Displacement of the electronic surfaces along the s-coordinates (characterized by dimensionless Δn
js values) is described by the shifting operators

ΩjΔn
js(βjs + βjs

+)/√2, where Ωj is the frequency of j-th mode. As each of the N pigments has its own vibrational mode, the electronic surfaces will be
dependent on the nuclear coordinates in the N-dimensional configuration space. The zero-phonon transition energy corresponding to a pure elec-
tronic excitation of the n-th state is ωn0. The interaction between the diabatic states is given by the energies Mnm that are assumed to be independent
on the vibrational coordinates. Diagonalization of the Hamiltonian (1) gives the exciton-vibrational (vibronic) eigenstates:

= = =H C C E ; |b C |n, a ; Ee
e e e

n,a
n,ab
e

bb
e

bb b
(2)

where |n,a〉 denote a product of the electronic |n〉 and vibrational wavefunctions |a〉, where |a〉=|a11, …ajs,…. 〉 is the product of wavefunctions
corresponding to the s-th coordinate of the j-th vibrational mode. Ce is the transformation matrix matrix, whose elements show participation of the
unshifted states |n,a〉 in the vibronic states of the one-exciton manifold b.

A.2. System-bath interaction Hamiltonian

The system-bath Hamiltonian in the site representation is:

= +

= + +

V |n ·(Q ) n|

Q ( );

e n n j,s n
js

js n
js

js
1
2 js js (3)

where ϕn are bath-induced fluctuations responsible for vibrational relaxation of the s-coordinate of the j-th mode (Qjs) in the corresponding elec-
tronic (diabatic) states. The coupling is linear in the vibrational coordinate Q measured from the minimum of the potential surface [37,38].

The coupling of the n-th site to the bath degrees of freedom (phonons and vibrational modes of the environment) is described by a correlation
function, given by 〈Φn(t)Φn(0)〉. In the frequency domain the system-bath coupling is described by the spectral density C(ω), which is given by the
Fourier transformation of this correlation function 〈Φn(t)Φn(0)〉 (a more detailed explanation of these features is given in Ref. [30]). Switching from
the site representation to the exciton basis, one finds that fluctuations of the site energies produce off-diagonal dynamic disorder, i.e. fluctuations
connecting different exciton eigenstates (and inducing relaxation between any pair of the exciton states, containing some participation of the n-th
site). The Redfield relaxation tensor, that arises from the perturbative treatment of the system-bath interaction in the exciton basis, is proportional to
the spectral density C(ω) and to the exciton wavefunction amplitudes (giving participation of the n-th site to the exciton states involved). In this
manner, the Φ term in Eq. (3) is responsible for electronic relaxation. Similarly, it can be shown that the fluctuation term represented by the product
of ϕ and the vibrational coordinate Q (counted from the potential minimum) induces relaxation between the neighboring vibrational sublevels (a→
a ± 1) of a harmonic oscillator. The combined action of the two terms (acting on the electronic and vibrational system coordinates) describes a
relaxation within a mixed exciton-vibrational (vibronic) manifold [30].

Notice that in Eq. (3) we neglect the off-diagonal coupling, i.e. bath-induced modulation of interaction energies Mnm. We suppose that fluc-
tuations acting on different sites (n), different vibrational modes (j), and different nuclear coordinates (s) are uncorrelated. In the following it is
convenient to treat the ϕn and Φn quantities as dimensionless. The matrix elements of the system-bath Hamiltonian in the eigenstate (adiabatic)
representation are:

= +V C V C[( ) ] .bb
e

e
e

bb (4)

A.3. Redfield relaxation tensor

The Redfield tensor can be calculated in a standard way [37–41]:

= + + +( )R V V̄ J J V V̄ J V V̄ Jb b b b b b b b b b b b b b
b

b b bb bb b b
b

b b bb bb1 2 3 4 4 2 3 1 2 4 1 3 2 4 3 1 3 1 3 4 2 4

= =( )J C1
2

coth 1 ; ,bb bb k T bb b b2
bb
B (5)

where Vbb' is the matrix element of the system-bath Hamiltonian in the eigenstate representation. We take the bath spectral density in the form of an
overdamped Brownian oscillator (with reorganization energy λ and damping constant γ):

=
+

C ( ) 2 .2 2 (6)

If C(ω) is expressed in the units of energy, then the Vbb' elements in Eq. (5) should be expressed through the dimensionless ϕ and Φ amplitudes
(horizontal bar means an averaging over the bath). In Eq. (4) we suppose that the λ and γ values are the same for all the electronic states, but the
differences in system-bath coupling for different sites can be accounted for by a scaling of the ϕ and Φ amplitudes.

The Redfield tensor Rb1b2,b3b4 determines the dynamics of the one-exciton populations ρb1b2(t). In the Liouville space the populations are given by
vector ρα(t), whereas the one-exciton relaxation tensor is Rαβ, with α = b1+(b2 − 1)Nb and β = b3+(b4 − 1)Nb, where Nb is the vibronic cutoff,
i.e. the number of one-exciton vibronic states included into the modelling of the dynamics. For computation, the Rαβ tensor can be expressed as a
product B ⊗ A of the tensors Bb2b4 and Ab1b3. In matrix notation:
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+ + + +
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(7)
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Here I is a unity operator, Cn is a fragment of the Ce corresponding to a fixed electronic site n (the sum of independent contributions from
different sites appears since we use an uncorrelated fluctuation model). In terms like CnQnCn we assume a matrix multiplication, B*J denotes an array
multiply (product of the elements of the matrices), ⊗ stand for a Kronecker tensor product. Such a form is useful for numerical evaluation of the
Redfield tensor. The dynamics of vibronic populations is then given by:

= i R ,
(8)

where ωα = ωb1b2 = ωb1 − ωb2. In the present modeling (restricted to a 4-state model with a single vibration, i.e. n = 1–4, j = 1, s = 1–4) we
suppose for simplicity that

= = =( ) ( ) ; ( ) ;g
js

n
js

n
2 2 2 2 2

(9)

i.e. couplings to electronic and vibrational baths are site-independent (with additional scaling for the CT state in proportion to its displacement
value).

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.chemphys.2019.02.011.
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