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Part I

I N T R O D U C T I O N

Photosynthesis is a fascinating process which effectively provides
nearly all energy to life on Earth. Although the overall sunlight-to-
biomass efficiency is barely a couple of percent, the quantum effi-
ciency of its primary processes, from photon absorption to charge
separation, is approaching unity in some organisms. In others, the
photosynthetic apparatus can quickly switch between efficient light
harvesting and energy dissipation, to protect from excess light. All
this is realized in the highly disordered and fluctuating biological
environment. From a physicist’s point of view, the photosynthetic
light-harvesting complexes present an extremely interesting example
of open quantum systems to study. By nature of their function, they
interact strongly with light, making them ideal candidates for spec-
troscopical studies. The purpose of these studies is two-fold. First,
they provide a deep insight into the working of natural systems.
Apart from the priceless pure understanding of the mechanisms and
building principles, this proves to be an inspiration for construction
of artificial light-harvesting devices. And second, the photosynthetic
pigment-protein complexes provide an ideal playground for a phys-
icist who wants to study the dynamics of open quantum systems.
These complexes operate across many regimes: on the border of the
classical and quantum, somewhere between ordered and disordered,
weakly and strongly coupled systems, exhibiting dynamics across
15 orders of magnitude of timescales. And all this can be studied
and controlled by interaction with light, the control of which, with
the advent of ultrafast lasers, have reached an unprecedented level.
The studies in this thesis are addressing the influence of the molecu-
lar motion of the environment (the bath) on the electronic excitation
(system) dynamics.
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I N T R O D U C T I O N

1.1 photosynthetic light harvesting

Photosynthetic organisms capture energy from sunlight and store it in energet-
ically rich chemical compounds. In the initial, so-called primary processes of
photosynthesis the light energy is absorbed and subesequently transferred to
a reaction center, where it is used for charge separation. The thus-built charge
is then used for driving the chemical reactions. While the overall efficiency of
photosynthesis (sunlight to biomass) is barely units of percent[1], the quantum
efficiency of the primary processes can be very high, reaching 100% under light-
harvesting conditions. The primary processes of photosynthesis take place in
the pigment protein complexes situated in the photosynthetic membrane, in
plants the thylakoid membrane, in purple bacteria the chromatophore mem-
brane[2]. The light-harvesting machinery consists mostly of light-harvesting
complexes (LHCs), with only a few reaction centers. In plants this was experi-
mentally observed by Emerson and Arnold[3] in the 1930s and first described
by Duysens[4] in the fifties. The excitation, absorbed most probably somewhere
on the periphery of the photosystem, is then funneled to the reaction center in
the heart of the photosystem. Today, owing to cryo-EM and X-ray crystallog-
raphy, the structure of most photosystems is known at atomic resolution of
few Angrströms. In this part we will focus in more detail on the structure and
function of the light harvesting complexes. A more detailed description of the
whole photosynthetic apparatus can be found in Chapter 2, which is reviewing
the role of the light-harvesting complexes in the context of the whole photosyn-
thetic membrane.

In Fig. 1.1 the structure of light-harvesting antennas LH2 from purple bac-
teria and LHCII of higher plants and algae is presented. They are pigment
protein complexes: the protein trans-membrane helices serve as a functional
scaffold, providing fixed binding places for the pigments, which carry out the
light harvesting function. The protein scaffold thus determines the pigment
position and orientation (and therefore interactions) and local environment, ef-
fectively tuning their transition energies. This structural function is practically
indispensable for the functionality, as random aggregation of chlorophyll pig-
ments at similar concentrations leads to a phenomenon called concentration

3
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Figure 1.1: Structure of main light harvesting complexes of plants (LHCII, right) and
purple bacteria (LH2, left). Rendered from PDB structures 1NKZ (LHCII)[5] and 2FKW
(LH2)[6] in VMD [7].

quenching[8]. There, due to the pigment proximity resulting in electronic or-
bital overlap, states are formed which rapidly dissipate the excitation energy,
preventing an efficient light harvesting.1 The tuning of pigment transition en-
ergies by their local protein environment is also crucial in shaping the energy
landscape for the excitation. This happens for example electrostatically, geomet-
rically (macrocycle deformation), or by hydrogen bonding[9–11].

The pigments which can be found in light-harvesting complexes are chloro-
phylls and carotenoids. Fig. (1.2) shows their structure and the orientation of
their transition dipoles. Due to the delocalized π-electron systems, these pig-
ments have large extinction coefficients (about 100 mM−1cm−1[2]). Their first
excited, S1, states have transition energies around 650-800 nm (1.5 - 1.9 eV). The
Car S1 state is dark as it is not dipole-allowed, the Chls have Qy and Qx bands
due to the broken symmetry of the porphyrin ring. The Car and Chl higher-
excited states absorb around 300-450 nm (2.8 - 4.1 eV). The lifetime of the chl S1

excited state (in the protein environment) is about 3-4 ns[13], given by a com-
bination of radiative and non-radiative relaxation channels, together with inter-
system crossing to a triplet state[2]. This long lifetime of the excited state is the
key to the efficiency of primary processes of photosynthesis, providing enough
time for the excitation to reach the reaction center and form a charge-separated
state. The excited electrons form so-called Frenkel excitons, where the electron
is closely associated with its ’hole’ (localized at the same pigment molecule)[14].

1 An exception are chlorosomes of green sulphur bacteria, giant rolls of highly-ordered self-
assembled chlorophyll pigments capable of highly-efficient light harvesting.
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Figure 1.2: Chemical structure of chlorophyll, bacteriochlorophyll and carotenoid
lutein pigment molecules. Pictures adapted from [2] with permission from Wiley-
Blackwell, transition dipole orientation taken from [12].

Due to the strong interaction between the pigment transitions, the excitons are
not generally localized on individual pigments, but get delocalized over some
extent of the antenna. The theory of such molecular excitons was developed by
Davydov[15, 16]. Due to the energetic and structural disorder (Anderson local-
ization[17]), these delocalized states differ substantially from the ones found in
crystalline materials such as semiconductors. As a result, the excitation moves
on a combined landscape both in energy and in space. It is this partial delocal-
ization and combined spatial and energetic aspect that opens room for the intri-
cate functionality of the photosynthetic pigment-protein complexes. The exci-
tonic delocalization tunes the absorption bands, modulates the energy transfer
by a wavelike motion, and even provides larger robustness against environ-
mental fluctuations (see also next section). Meanwhile, the spatial propagation
ensures that the excitation ends up in the reaction center and enables presence
of low-energy states and functional switching by multitude of transfer path-
ways. The author of this thesis is strongly convinced that only by considering
both the structural (i.e. spatial) and energetic (i.e. spectroscopic) view, one can
truly understand the function of the photosynthetic complexes. The picture of
the excitation hopping between pigments with varying energies is not true. At
the same time, the idea that the bands in the absorption spectrum belong to the
LHC supramolecule is also incorrect.
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Figure 1.3: The spatio-energetic landscape for the electronic excitation in light-
harvesting complexes LHCII. The density depicts the excitation probability, while the
excitation energy is colour-coded (red is low, blue is high). Top left: the lowest ex-
citon for one set of (average) pigment energies. The exciton is delocalized between
the pigments of the so-called terminal emitter. Top right: the excitation distribution in
a quasi-stationary ambient-temperature thermal equilibrium in a monomeric unit of
LHCII. Bottom: The same distribution in a trimeric LHCII within photosystem 2. Note
that the excitation is localized on the outer side of the LHCII antenna, with the lowest
energy states on the outer rim. For visualizing the excitation density at individual pig-
ments we use a 3-dimensional Gaussian function. The pictures are rendered in VMD[7]
using the calculated excitonic states and crystal structures 1RWT[18] and 5XNL[5].
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Fig. 1.3 presents one possibility of depicting the excitation density and en-
ergy in pigment-protein complexes. The excitation density and energy are cal-
culated from the reduced density matrix (RDM) transformed into site basis:
P(x) = ∑n |φn(x)|2 ∑i ci

nc
j
nρij, E(x) = ∑nm ∑ij Hnmci

mρijc
j
n|φn(x)|2. For the def-

inition of the RDM elements ρij in the exciton basis, the transformation coef-
ficients to site basis ci

n, and the form of the system Hamiltonian Hnm see the
following section 1.2. These expressions are derived based on formulating the
system RDM operator in the spatial basis, with the pigment excitation density
|φn(x)|2, requiring zero differential overlap of the excitation at different pig-
ments. On the top of Fig. 1.3, the monomeric unit of LHCII is shown, on the
left the lowest exciton state (for the average transition energies of the pigments)
and on the right the quasi-stationary thermal equilibrium state. Note the delo-
calization of the single exciton, that is, an energy eigenstate, over the pigments
of the so-called terminal emitter of pigments. This (quantum) delocalization
is characteristic for photosynthetic complexes. The thermal distribution repre-
sents the (mixed) state of the complex, with the exciton populations weighted
by the Boltzmann distribution factors. On the bottom of Fig. 1.3 the density
of excitation harvested by a single LHCII antenna within the photosystem 2

(PS2) is shown, a few picoseconds after excitation, before it starts to jump to
the neighbouring complexes (assuming much faster intra- then inter-complex
dynamics). Note how the lowest-energy states are located on the outside of the
LHCII, enabling the subsequent propagation of the excitation within the PS2.
This picture was calculated from the excitonic structure based on the crystal
structure and energies obtained by spectroscopical measurements. However, it
is only one snapshot of the (average) position of all the molecular nuclei. In
reality all the molecules move, from high-frequency intrapigment vibrations to
lower-frequency environmental phonon-like vibrations to slow motion of the
whole protein. In this thesis we investigate what is the influence of such mo-
tion, across many timescales, on the structure and dynamics of the excitonic
states.

1.2 open quantum systems

In describing the pigment-protein complexes, one has to include the electronic
degrees of freedom of the pigments, described by coordinates r, and the nuclear
degrees of freedom of the pigments and their environment, with coordinates
Q. The Hamiltonian of a pigment in its protein environment is
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Hpig = Hel(r) + Hn(Q) + Hel−n(r, Q). (1.1)

In the Born-Oppenheimer approach one can solve for the electronic energy
eigenstates for fixed nuclear coordinates, getting the adiabatic Hamiltonian:

Hpig = |g〉
(
eg + T(Q) + Vg(Q)

)
〈g|+ |e〉 (ee + T(Q) + Ve(Q)) 〈e| . (1.2)

Here, T(Q) is the nuclear kinetic energy and Vg,e(Q) are the potentials in the
ground and excited states. In principle there will be more excited states (such
as Qy, Qx etc. for chl, see previous chapter), but, in first approximation, they
can be treated independently in the same fashion. The Hamiltonian (1.2) can
be conveniently rearranged as

Hpig = |g〉 eg 〈g|+ |e〉 (ee + λ) 〈e|
︸ ︷︷ ︸

HS

+ |e〉∆V(Q) 〈e|
︸ ︷︷ ︸

HS−B

+ T(Q) + Vg(Q)
︸ ︷︷ ︸

HB

, (1.3)

where we use the reorganization energy (of the environment)
λ =

〈
Ve(Q)− Vg(Q)

〉
and the potential difference (energy gap) operator

∆V(Q) = Ve(Q)− Vg(Q)−
〈
Ve(Q)− Vg(Q)

〉
, (1.4)

defined so that 〈∆V(Q)〉 = 0. This separation is common in open quantum sys-
tems, where we divide the problem into the system HS part, the environment
called bath HB, and their interaction HS−B.

In the full light-harvesting complex the Hamiltonian consists of the individ-
ual pigments (with their respective environment) and the couplings between
them:

H =
N

∑
n=1

H
(n)
pig + ∑

n 6=m

Jnm. (1.5)

This notation is a shorthand for H
(n)
pig = H

(n)
pig ⊗

i 6=n
1
(i), the Hilbert space becomes

multidimensional, the system states are product of the individual pigment
states. One can always (even for weakly or non-interacting at all pigments)
introduce collective states:
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|g〉 = |g1〉 ... |gN〉
|en〉 = |g1〉 .. |en〉 .. |gN〉

|enm〉 = |g1〉 .. |en〉 .. |em〉 .. |gN〉 . (1.6)

Here |g〉 is the ground state of the complex, |en〉 a one-exciton state, |enm〉 a two-
exciton state and so on. Staying in the one-exciton manifold, the Hamiltonian
using the collective states reads

H = |g〉 eg 〈g|+ ∑
n

|en〉 (en + λn + ∆Vn(Q)) 〈en|+ ∑
n 6=m

|en〉 Jnm 〈em| . (1.7)

This is the standard form of the Frenkel exciton model (FEM)[14]. From this
form of the Hamiltonian it is apparent that there are two important interactions:
the coupling between the pigment transitions Jnm and coupling of the electrons
to their environment ∆V(Q). These, together with the pigment energies, deter-
mine the nature of the excitonic states. The Frenkel exciton model is a kind
of configuration interaction method known from quantum chemistry, based on
the approximation of non-overlapping orbitals from different pigments[19].

The interpigment interaction can be written using the electronic transition
densities [19]:

Jnm = 〈en| H |em〉

Jnm =
∫

dr1dr2
ρ
(eg)
n (r1)ρ

(eg)
m (r2)

|r1 − r2|
. (1.8)

In many cases (when the molecules are not too close together and at unfavor-
able orientation) a dipole-dipole approximation can be used for the calculation
of the interaction energy:

Jnm =
f

4πε0

µ1 · µ2 − 3 (µ1 · r̂) (µ1 · r̂)

r3 , (1.9)

where f is a screening factor, r = |r1 − r2| is the distance between the two
pigments and r̂ = (r1 − r2) /r is the direction between the two pigments.
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The interaction with the environment can be evaluated when we consider the
(relaxed) minima of the ground and excited state potentials. Taylor-expanding
the potential around the minimum we get

V(Q) = V(Q0) + ∑
j

∂V

∂qj
|Q0

(

qj − q0
j

)

+
1
2 ∑

i,j

∂2V

∂qi∂qj
|Q0

(

qj − q0
j

)2
+ ... (1.10)

Now, as we already included the ground and excited state energies eg, ee, we
can set V(Q0) = 0. In the potential minimum also the first derivatives vanish,
leaving the second order term as the leading one. We will restrict ourselves to
this quadratic term, which is called harmonic approximation. The potential is
then the same as for a harmonic oscillator and produces harmonic oscillatory
motion of the vibrational wavepacket. Let us choose the coordinate system
in such a way that the ground state is not displaced and the excited state is
displaced by q0

j = dj, and denote the oscillation frequencies ∂2V
∂q2

j

= ωj (using

dimensionless units for the coordinates). The energy gap, eq. (1.4), is then

∆V = −∑
j

ωjdjqj. (1.11)

The coupling of the n-th pigment excited state to the j − th vibrational mode
(coordinate) in the environment is thus − |en〉ωjdj 〈en| qj. It is a pure-dephasing
type (diagonal in system diabatic states), linear coupling2. The strength of the

coupling is customarily quantified by the so-called Huang-Rhys factor Sj =
d2

j

2 .
This can be directly obtained from experiments such as fluorescence line nar-
rowing (FLN)[20, 21] and is tightly connected to the reorganization energy
λ = ∑j Sjωj. The vibrational modes are well described by the correlation func-
tions of their coordinates, Cj(t) = d2

j ω2
j

〈
qj(t)qj(0)

〉
, and the collection of bath

modes is described by their spectral density3

J(ω) = ∑
j

d2
j ω2

j δ(ω − ωj). (1.12)

Finally, the dynamics of the energy gap can be described by the energy gap
correlation function

2 Sometimes it is called bilinear coupling, but it is actually quadratic in the system part, clearly
seen in second quantization HSB = −∑n b†

nbn ∑j ωjdjqj.
3 Sometimes the mode density is defined without the ω2 factor, which is then added when

defining the bath spectral density (the Fourier transform of the bath correlation function)[22].
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C(t) = 〈∆V(t)∆V(0)〉 . (1.13)

In the frequency domain this corresponds to the bath spectral density,

C(ω) = (1 + n(ω)) (J(ω)− J(−ω)) , (1.14)

where n(ω) =

(

e
h̄ω

kBT − 1
)−1

is the temperature-dependent Bose-Einstein factor

of the mode occupation.
Let us now look at the excitonic states of the system. These will be the energy

eigenstates of the Hamiltonian (1.7). In theory of decoherence, it is common to
speak about a so-called preferred basis, which determines the states the sys-
tem ends up in. This basis is given by the strongest interaction[23]. In our case,
we have the interaction with the environment on the diagonal and the inter-
pigment coupling is off-diagonal. In case the coupling to the bath is strong,
the localized pigment excitations are the preferred basis. If, however, the inter-
pigment interaction dominates, the excitons, energy eigenstates, will become
delocalized. For illustration, let us take two strongly-coupled pigments very
weakly interacting with their environment. The exciton states will be

|ε1〉 = cosϑ |e1〉 − sinϑ |e2〉
|ε2〉 = sinϑ |e1〉+ cosϑ |e2〉 , (1.15)

where ϑ, the so-called mixing angle, is given by

tan2ϑ =
2J12

e2 − e1
(1.16)

and the energies of the excitons are

ε1
2
=

e2 − e1

2
± 1

2

√

(e2 − e1)
2 + 4J2

12. (1.17)

The stronger the coupling between the pigments and the smaller energetic gaps
between them, the larger the exciton delocalization. The presence of these de-
localized states leads to the need of the combined spatio-energetic picture pre-
sented at the end of the previous section.

Knowing the structure of the excitonic states of the system, one can try to
follow their dynamics. The dynamics of a quantum mechanical system is gov-
erned by the Schrödinger equation for the system wavefunction. In systems
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as large as photosynthetic pigment-protein complexes, following the complete
wavefunction would be intractable. Instead, we choose the open quantum sys-
tems approach, where we restrict the explicit description to the system (exci-
tons) and treat the environment in some effective way. Due to the system-bath
interaction, the system gets entangled with the bath. One then cannot use the
system wavefunction anymore. However, it is possible to use the density ma-
trix description: for the total system plus bath W = |Ψ〉 〈Ψ| ,where |Ψ〉is a total
wavefunction. From the Schrödinger equation directly follows the Liouville-von
Neumann equation for the density matrix:

∂W(t)

∂t
= − i

h̄
[H, W(t)] = −iLW(t). (1.18)

In the second equality we used the Liouvillian superoperator to represent the
commutator with the Hamiltonian. Liouvillian is an operator in the so-called Li-
ouville space, a vector space in which the density matrix is a vector. The advan-
tage of the density matrix description is that it enables one to follow the system
path through the Liouville space by tracing over the environment: ρ = TrBW.
The equation for this reduced density matrix can be derived by a projector
formalism. Choosing a projector restricting to the system part (the Argyres-
Kelley projector): P• = W

eq
B TrB• and defining the complementary projector

as Q = 1 − P , one arrives after some manipulation at the Nakajima-Zwanzig
equation:

∂PW(t)

∂t
= −iPLPW(t)−

∫

dτPLQe−iQL(t−τ)QLPW(τ). (1.19)

In the first term we recognize the system (coherent, unitary) dynamics, while
the second term is the dissipative term. This equation is a good starting point
for the derivation of approximative equations of motion. Here we plainly present
these equations for the two limiting cases of localized and delocalized excita-
tion presented above. In natural pigment-protein complexes typically none of
the interactions is strictly dominating. Let us first write the equation (1.19) in
components, in some particular basis:

∂ρij(t)

∂t
= −iωijρij(t)− ∑

kl

∫ t

0
dτRijkl(t − τ)ρkl(τ). (1.20)

The coherent part of the dynamics is represented by coherent oscillations
with frequencies ωij, while the dissipative part is governed by the relaxation
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tensor Rijkl, here with included memory of the bath. The particular form of
this expression depends on the nature of the excitons.

For delocalized excitons the Redfield-type equations can be used (here writ-
ten in the time-indepedent form):

∂ρij(t)

∂t
= −iωijρij(t)− ∑

kl

Rijklρkl. (1.21)

Written in the exciton state components, we can immediately recognize the co-
herences (superpositions between states) ρij(t) oscillating at ωij and dephas-
ing with a rate Rijij, and the excitonic populations ρii which do not oscil-
late but are subject to population transfer with rates kij = Riijj. The Redfield
equations are a result of second-order perturbation theory in the system-bath
coupling. As such, the elements of R can be directly expressed by the bath
spectral density, for instance the (time-independent) energy transfer rates are

kij = ∑n

∣
∣ci

n

∣
∣
2
∣
∣
∣c

j
n

∣
∣
∣

2
Cn(ωji) (ci

n are the coefficients of transformation to the ex-
citon basis, the sinϑ and cosϑ terms in eq. (1.15)). The other terms include
transfer between coherences and populations, Riikl, and can often be neglected
if the chosen basis indeed is the preferred one (so-called secular approxima-
tion). Detailed description of the Redfield relaxation tensor and its extension to
the situation when some high-frequency vibrations are considered explicitly is
given in chapter 3.

For localized excitations the coherences dephase very rapidly and the non-
secular terms can be left out. Then it is sufficient to solve dynamics of the
populations, and typically a Förster-type theory can be used:

∂ρii(t)

∂t
= ∑

j

(
kijρjj − k jiρii

)
. (1.22)

The population (Pi = ρii) transfer rates are derived by second-order perturba-
tion theory in the interpigment coupling, leading to

kij =

∣
∣Jij

∣
∣2

2π

∫

dωAi(ω)Fj(ω). (1.23)

Here the overlap integral consists of the emission spectrum of the donor Fj(ω)
and absorption of the acceptor Ai(ω). This formulation, derived first by Förster[24]
is tremendously useful as it is expressed by (in principle) experimentally acces-
sible quantities. It is, however, also misleading, as there is no real event of pho-



14 introduction

ton emission and absorption. The absorption and emission spectra can also be
expressed by the bath spectral density, as we will see in the following section.

1.3 interaction with light

When considering the interaction of the light-harvesting complexes with light,
it is important to keep in mind that they are on to two orders of magnitude
smaller than the wavelength of the light (size of a pigment is about a nm, LHCII
about 10 nm, wavelength of the light 500 nm). The interaction of the light with
the pigments can then be very well described by the dipole approximation. The
external electric field is added to the Hamiltonian as p → p − eA, where A is

the vector potential, E = − ∂A
∂t . From the kinetic energy term p2

2me
we thus get

(neglecting the ∝ A2 term for its magnitude and using [p, A] = ih̄∇ · A = 0 in
Coulomb gauge)

He−l = − e

m
p · A. (1.24)

Considering a harmonic wave E ∝ e−iωt, we can use A(t) = i
ω E(t). We will be

interested in the transition between the pigment states, that is, in the element

〈en| He−l |g〉 = − ie

mω
〈en| p · E0eikre−iωt |g〉 . (1.25)

Now the dipole approximation can be applied: to this end we consider a pig-
ment at position r = r0 and expand the exponential as
eikr = eikr0 {1 + ik (r − r0) + ...}. The wavevector is k = 2π

λ , so for |r − r0| ≪ λ
only the first term survives, and the electric field does not oscillate over the
extent of the light-harvesting complex. We thus get

〈en| He−l |g〉 = − ie

mω
〈en| p · E(r0, t) |g〉 . (1.26)

The final trick is to use the commutator with the system Hamiltonian H0 to
express the electronic momentum, [r, H0] = i h̄

m p. Bearing in mid that H0 |en〉 =
en and denoting h̄ωeng = en − eg, we get

〈en| He−l |g〉 = −ωeng

ω
〈en| er |g〉 · E(r0, t). (1.27)

Discussing near-resonant situations ωeg

ω ≈ 1, dropping the r0 dependence and
recognizing the dipole moment operator er, we arrive at
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He−L = −µ · E(t). (1.28)

The transition dipole operator can be written in the basis of the pigment states
as

µ = ∑
n

|en〉 µn
eg 〈g|+ h.c.. (1.29)

Clearly the light causes transitions between the ground and excited state. In the
definition of the transition dipole moment operator we have considered that it
does not depend on nuclear coordinates Q, that is, the nuclear coordinates do
not change during an optical transition (Condon approximation).4 What is the
effect of the interaction with light on the system dynamics? To see that, let us
include the light-electron interaction into the dynamics, getting

∂ρ(t)

∂t
= −iLρ(t) +

i

h̄
[µ, ρ(t)] E(t). (1.30)

Now, let us assume that we are able to solve the dynamics of the system un-
perturbed by light, e.g. by solving an equation such as (1.19): ρ(t) = U (t −
t0)ρ(t0). We can then pass to so-called interaction picture (IP) by defining
ρ(t) = U (t)ρ(I)(t), the IP density matrix evolves only due to the interaction
with light:

∂ρ(I)

∂t
= +iV(t)ρ(I)(t)E(t). (1.31)

Here, we defined the operator of commutator with the transition dipole mo-
ment as V(t)• = U †(t) 1

h̄ [µ, •]U (t). In the following we will treat the interaction
with light as a perturbation, expanding the response of the system in the orders
of He−l. The idea is to integrate the equation (1.31) and plug it into itself. In
zeroth order we get the unperturbed, free-evolving system:

ρ
(I)
0 (t) = 1ρ(I)(t0) → ρ0(t) = U (t − t0)ρ(t0). (1.32)

In the first order we have

4 We would like to emphasize that this has nothing to do with the speed of the transition. Con-
sider a long, weak pulse of light acting on a pigment molecule: to get the final state of the
molecule one has to integrate over the time evolution during the pulse action. Every interac-
tion with light leads to the transition |g〉 ↔ |e〉, and after every such interaction the system
evolves in the ground and excited state, including the reorganization of the nuclei (see the
diagrams in Fig. 1.4). The timescale of the transition is given by the dephasing of the optical co-
herence between the ground and excited state. The final state after the pulse action, however, is
given by the combined action of all the possible interactions with the pulse during its duration.
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ρ
(I)
1 (t) = i

∫ t

t0

dτV(τ)ρ(I)
0 (τ)E(τ). (1.33)

Switching back from the IP we have

ρ1(t) = i
∫ t

t0

dτU (t − τ)VU (τ)ρ(t0). (1.34)

Assuming the system was initially in equilibrium, U (τ)ρ(t0) = ρ(t0) = ρ(−∞) =
ρeq, and making the substitution t1 = t − τ we obtain

ρ1(t) =
i

h̄

∫ ∞

0
dt1U (t1)

[
µ, ρeq

]
E(t − t1). (1.35)

Continuing analogically we get for the higher orders of interaction:

ρ2(t) =

(
i

h̄

)2 ∫ ∞

0
dt1

∫ ∞

0
dt2U (t2)

[
µ,U (t1)

[
µ, ρeq

]]
E(t − t2)E(t − t2 − t1),

(1.36)

ρ3(t) =

(
i

h̄

)3 ∫ ∞

0
dt1

∫ ∞

0
dt2

∫ ∞

0
dt3U (t3)

[
µ,U (t2)

[
µ,U (t1)

[
µ, ρeq

]]]
×

E(t − t3)E(t − t3 − t2)E(t − t3 − t2 − t1) (1.37)

and so on in higher orders. To follow the evolution of the system density ma-
trix corresponds to the microscopic description of the system. In order to get a
macroscopic response of the sample, one has to consider the sample polarization
arising from its interaction with light. Macroscopic polarization is the mean
value of the transition dipole moment [25],

P(n)(t) = Tr{µρn(t)}. (1.38)

Generally one can speak of a n − th order response to n interactions with light:

P(n)(t) =
∫ ∞

−∞
dt1...

∫ ∞

−∞
dtnS(n)(tn, ..., t1)E(t − tn)...E(t − tn − tn−1 − ... − t1),

(1.39)
where we have defined an n − th order response function as
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Figure 1.4: Double-sided Feynman diagrams for visualizing the perturbative approach
to light matter interaction. Absorption ending in population (left) and creating macro-
scopic polarization (middle); stimulated emission in pump probe experiment (right).
The ladder represents the evolution of the density matrix in the Liouvillle space: the
wiggly arrows represent the commutator of interaction with light, between them the
system propagates unperturbed by light. The full arrow represents the action of the
transition dipole operator creating the macroscopic polarization signal.

S(n)(tn, ..., t1) =

(
i

h̄

)3
θ(tn)...θ(t1)×

Tr
{

µU (tn)
[
µ,U (tn−1)

[
µ, ...

[
µ,U (t1)

[
µ, ρeq

]]
...
]]}

. (1.40)

The Heaviside θ(t) functions assure causality of the response and, in the fre-
quency domain, result in the function having no poles in the lower half of the
complex plane. This has interesting results such as Kramers-Kronig relations
(and, more generally, fluctuation-dissipation theorem)[25]. Using the Maxwell
equations for an electric field propagating through a medium, the n − th order
polarization can be connected to the resulting field as E

(n)
S (t) ∝ iP(n)(t)[26].

Let us stay at the lowest orders for a while, considering absorption of light,
that is, the very first event in photosynthetic light harvesting. A microscopic way
of looking at the absorption is to consider the probability of the system being
excited after the interaction with the light. Then it corresponds to the second
order response, because one needs two interactions with the light field (absorp-
tion is proportional to intensity), as is clear considering absorption corresponds
to |g〉 〈g| → |en〉 〈en|, which needs action of µ from left and right to occur.
A macroscopic description of absorption follows the macroscopic polarization,
D = ε0E + P, P(1) = ε0χ(1)E, D = ε0εrE. An rlectric field E(ω) propagating
through a material creates a polarization field:

P(1)(ω) = S(ω)E(ω) = ε0εr(ω)E(ω). (1.41)
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The light propagates with a phase factor eikr, the wave-vector is k = n ω
c and the

refractive index is n2 = εr. Considering a complex refractive index n = n′ + in′′,
its imaginary part is directly related to the absorption, the wave propagating
as ein′ ω

c re−n′′ ω
c r. Relating to the relative permitivity, we get for the (intensity)

absorption coefficient

α = 2n′′ω
c
= 2

ω

2cn′ Im {εr} . (1.42)

Combining equations (1.41) and (1.42), we get

α(ω) =
ω

ε0nc
Im
{

S(1)(ω)
}

α(ω) =
ω

ε0nc
Re

{
1
h̄

∫ ∞

0
dteiωtTr

{
µU (t)

[
µ, ρeq

]}
}

. (1.43)

On first sight it might not be obvious that this expression and the absorption
probability (1.36) will lead to the same result. However, at closer look the only
difference is that while the polarization has only one action by the last transi-
tion dipole moment (either from left or from right, due to the cyclic invariance
of the trace), the second-order density matrix (DM) has a commutator. The two
expressions can be put to the same form by rearranging the real part in ex-
pression (1.43). Important is the physical picture of absorption: the interaction
with the electric field brings the system from the ground to the excited state,
|g〉 → |e〉. As a proper linear process this needs only one interaction with light,
and the transition amplitude is proportional to E. The transition probability
is calculated as a square of the amplitude (Fermi’s golden rule) and thus is
proportional to the light intensity. In the language of perturbation theory, the
absorption constitutes two interactions with light (the excitation probability is
proportional to intensity). The first interaction with the field brings the system
in superposition of its ground and excited state, ρeng(t), also often termed op-
tical coherence. After some time evolution, a second interaction with the light
comes (creating the macroscopic polarization, or, equivalently, bringing the sys-
tem into the excited state). The frequency response (the absorption spectrum)
of the transition g → en of the system is determined by the time evolution
of the optical coherence: its oscillation frequency determines the peak position
and its damping determines the line shape.5 As any system dynamics, the evo-
lution of the optical coherence can be derived from an equation such as (1.19),

5 Strictly speaking this holds only considering weak, near-resonant optical fields, as is the case
in photosynthesis, both in Nature and in the laboratory. For strong driving, Rabi oscillations
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often treating the interaction with the bath perturbatively. An extremely useful
second-order perturbative expression is a so-called cumulant expansion, which
is even exact for harmonic (i.e. Gaussian) baths and systems without energy
transfer (such as isolated pigments)[27]. The optical coherence evolution is then
expressed as

ρeng(t, t0) = e−iωeng(t−t0)−g(t−t0)ρeng(t0), (1.44)

where g(t) is a so-called lineshape function (because it determines the transi-
tion line shape, see above), expressed by the energy gap correlation function or
bath spectral density

g(t) =
∫ t

0
dτ
∫ τ

0
dτ′C(τ′)

g(t) = − 1
2π

∫ ∞

−∞

C(ω)

ω2

(

e−iωt + iωt − 1
)

. (1.45)

For completeness, the absorption spectrum written as a sum of the system
excitonic transitions is

α(ω) =
ω

ε0nc ∑
n

∣
∣µeng

∣
∣2
∫ ∞

0
eiωte−iωengt−gn(t), (1.46)

composed of the absorption lines with oscillator strength
∣
∣µeng

∣
∣2 and their re-

spective lineshape.
The advantage of the response function formalism is that it enables to di-

rectly visualize linear and nonlinear spectroscopical experiments, described in
the language of perturbation theory. The reason why this works is that linear
and multidimensional nonlinear spectroscopy experiments are often conducted
in the weak field regime, staying in the respective order of the perturbation the-
ory. Higher light intensities can lead to the presence of higher orders of pertur-
bation: an example common in spectroscopy of photosynthetic systems is multi-
ple exciton generation and the resulting exciton-exciton annihilation[28]. In Fig.
1.4 some of the linear and nonlinear processes discussed above are presented by
so-called double-sided Feynman diagrams, which follow the evolution of the
reduced density matrix in the Liouville space. We have seen how absorption
consists of two interactions with light, the first bringing the system to an op-
tical coherence and the second to a population. In nonlinear experiments, the

between the system energy levels occur, and the system evolution is determined also by the
light field.
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logic is the same: take for example the currently popular two-dimensional elec-
tronic spectroscopy, which probes a third order response. Subject to a sequence
of three pulses, the system evolves in an optical coherence between the first
pair (coherence time) and in the population (or same-manifold state superposi-
tion) between the second pair (waiting time). After the third pulse the system
emits a 3rd order signal field, whose frequency and phase is detected by a het-
erodyne detection. By scanning the pulse delays, one can get the absorption
frequencies, their time evolution, and the frequencies at which the signal was
emitted. A more straightforward technique probing the response is pump and
probe (also called transient absorption) spectroscopy. There the first two inter-
actions happen during the interactions with the first pulse (the pump), and the
third pulse (the probe) produces a signal field interfering with the probe itself
(self-heterodyned detection). More detailed description of nonlinear techniques
can be found for instance in[25, 26]. In the following section, we will focus on
single-molecule spectroscopy, a fluorescence-detected technique which enables
observation of excitation dynamics on the microscopic level.

1.4 single molecule spectroscopy

In order to observe ultrafast processes such as excitation dynamics, a physicist
studying photosynthesis, such as the author of this thesis, has nonlinear op-
tical spectroscopy at his disposal. Initiating the photo-induced response by a
precisely-timed laser pulse, the ensemble of billions of probed complexes can
be synchronized. Subsequent pulses can alter and/or probe the resulting en-
semble macroscopic response, in the pump and probe fashione outlined in the
previous section. In photosynthesis, this approach has a rich history, starting
with incoherent light flashes[3] of the Emerson-Arnold experiment (see Ref. [2]
and refs therein). The true advent of time-resolved spectroscopy then came with
the visible radiation MASER, LASER (Light Amplification by Stimulated Emis-
sion of Radiation) (demonstrated first by Theodor H. Maiman in 1960, Ref. [29]
by C. Townes is recommended for the laser story). From nanoseconds down to
femtoseconds, the dynamics of excitation within the photosystem got resolved
in ever increasing detail.

This approach, however, has one disadvantage: it cannot be used to observe
processes for which the ensemble synchronization is not possible. Such a pro-
cess is the slow, thermally-induced molecular motion of the proteins. The pho-
toexcitation can affect the protein motion indirectly, by changing local charges,
by local heating, or, more subtly, by an induced pH gradient[30, 31]. How-
ever, the slow molecular motion in light-harvesting pigment-protein complexes
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such as LHCII or LH2 cannot be directly controlled by light. (This is in stark
contrast to photoactive proteins such as rhodopsins, which undergo isomer-
ization upon photoexcitation[32]). A different approach is then needed. Single-
Molecule Spectroscopy (SMS) circumvents the need of ensemble synchroniza-
tion by observing single members of the ensemble, individual LHCs. As the
signals from single nanoscopic objects are very weak, their detection on a dark
background is essentially the only way to go. For photosynthetic complexes
this means fluorescence-detected SMS.

The scheme of a confocal microscope setup used for SMS in LaserLab Ams-
terdam is presented in Fig. 1.5. The advantage of this setup is the versatility re-
sulting from the separation into the excitation and detection part. The (opaque)
detection box contains two sensitive avalanche photo-diodes (Perkin-Elmer), ca-
pable of single-photon counting, with detection synchronized with the laser to
measure in time-correlated mode, and a liquid-nitrogen-cooled CCD (Roper Sci-
entific), capable of measuring a spectrum of a single LHC in less than a second.
Switching between the APDs and CCD detection is done by flippable mirrors
(New Focus). The sample cell can be closed and flushed with deoxygenated
buffer and cooled down, for increased stability of the measured complexes. It
is fixed in a x-y piezoelectric stage (Physik Instrumente) inbuilt in a commercial
microscope (Nikon) operating in confocal (custom-built) mode. With the plan-
fluor objective (Nikon), replaceable filters and custom-built optical path, detec-
tion across the visible spectrum, from blue to near-infrared is easily possible.
The excitation with the Ti:Sapphire ∼ 200 fs pulsed laser source (Coherent) is
also very flexible: it can either be used directly, tuning the laser cavity, or it can
pump additional nonlinear optics such as an OPO (Coherent), PCF or simply
a non-linear crystal. Further pulse manipulation such as pulse-picking, ampli-
tude modulation, pair-generation, polarization adjustment etc. is also possible.
The desired excitation light is then sent to the microscope, where it excites
the sample and the fluorescence signal is detected. This setup was originally
built by Danielis Rutkauskas[33], improved by Tjaart P.J. Krüger, who added
the OPO and a beam expander[34], substantially expanded in capabilities by J.
Michael Gruber, who added the excitation lifetime measurement (TCSPC, with
one more APD and a router) and light intensity modulation (AOM)[35], and
further extended by the author of this thesis, who added the pulse-picker (PP),
photonic-crystal fibre (PCF), and the two-pulse excitation (MI) technique.

More information about the practical limits of SMS on photosynthetic LHCs
and the accessible timescales, from < 100 fs to 10 s, can be found in chap-
ter 2 which follows this introduction. In Fig. 2.2 on page 33 in chapter 2 the
timescales accessible by the SMS setup at VU Amsterdam are presented, ex-
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Figure 1.5: Scheme of the Single-Molecule Spectroscopy at VU Amsterdam, separated
into the excitation and detection parts. Verdi: pump laser, Mira: Ti:Sapphire mode-
locked laser, OPO: Optical parameteric oscillator, PCF: photonic crystal fibre, AOM:
acousto-optic modulator, PP: pulse-picker, BS: beam splitter, MI: Michelson interfer-
ometer, DBS: dichroic beam splitter, CP: confocal pinhole, F: edgepass filter (typically
long-pass), APDs: two avalanche photodiodes, GR: grating, CCD: charge-coupled de-
vice camera.

plicitly naming the techniques and observed effects. Here we will focus on the
interplay of the ultrafast and slow timescale, that is, observing how the slow
protein motion on the order of seconds affects the ultrafast excitation energy
relaxation, which occurs on a timescale of 100 fs. As we discussed above, the
time resolution can be obtained by using femtosecond laser pulses, while the
single-LHC resolution is achieved by confocal detection of the fluorescence.
Our strategy therefore is to combine these two approaches. Due to the versa-
tile design of our SMS setup, we can use the detection part practically as it
is, and employ excitation by a pulse-pair with a variable delay. In the follow-
ing we describe in detail the SMS setup in the configuration for the two-pulse
measurement and discuss the working and limitations of the method.

The two-pulse SMS technique is in detail described in Chapter 5, here we
describe the working principle. The basic idea is best demonstrated by consid-
ering a three-level system excited by a pair of saturating pulses. The system
consists of a ground state 0, an excited state resonant with the pulse spectrum
2, and an off-resonant state 1 to which the excitation can relax from the reso-
nant state, Fig. 1.6. Before the arrival of the pulses the system is in the ground
state. During the action of the first pulse, the system will coherently oscillate
between the ground and excited state (Rabi oscillations). However, these oscil-
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lations will be damped by the dephasing of the optical coherence, eq. (1.44).
As the photosynthetic pigments are strongly-coupled to their environment, the
typical decay time of the optical coherence is < 100 fs (yielding broad homo-
geneous lineshape, eq. (1.46)). As a result, the description becomes equivalent
to the rate equation description using Einstein coefficients. As the absorption
and stimulated emission coefficients are the same and the pulse is saturating,
the system will have 50% chance of being excited, P0 = P2 = 1

2 . Now, if the
second pulse comes immediately after, nothing changes, as the transition is
already saturated. However, if there is a delay between the pulses sufficient
for the excitation to fully relax to the off-resonant state, the second pulse en-
counters situation P0 = 1

2 , P2 = 0, P1 = 1
2 . If the system is in the off-resonant

state, nothing happens, as this state does not interact with the pulse, and the
probability of the system excitation does not change, that is, P1 = 1

2 . If, how-
ever, the system was in the ground state, it can get, again with probability 1

2 ,
excited. As a result, the system will end up in the state P0 = 1

4 , P2 = 1
4 , P1 = 1

2 .
The system fluorescence is proportional to the population of the excited states
P1 + P2, that is, it rises from 1

2 FL0 at zero delay to 3
4 FL0 at large delay, with the

energy relaxation rate k12. By observing the fluorescence emission modulation
with the pulse delay, one can infer the rate with which the energy relaxes to an
off-resonant state.

In practice, there are two main differences from the situation just described.
First, the pulse length is comparable to the energy relaxation time, so that part
of the excitation already relaxes during the action of the pulse. This can be
easily taken into account mathematically by solving for delta pulses and then
convoluting with the (assumed Gaussian, realistically more hyperbolic secant
(sech2), pulse envelope). And second, the real system, the light-harvesting com-
plex, does not consist of two excited states, but of a dense excitonic manifold
of partially-resonant states. Connecting this situation to the effective two-state
model is more challenging and is described in Chapter 6. Importantly, rather
than fitting directly the fluorescence modulation signal with the full excitonic
model, we chose to proceed from both sides. The experimental data were fitted
by the just described three state model. And the very same effective three-state
description was constructed from the Frenkel exciton model. The experiment
and theory can then be compared on the level of the effective relaxation rate.

The general SMS setup scheme is presented in Fig. 1.5, here we describe
the particular setting for the two-pulse SMS in detail. We use directly the out-
put of the Ti:Sapphire laser (MiraF, Coherent, pumped by Verdi 6W, Coherent),
the utilized tuning range is from 780 nm to 830 nm. The laser pulses pass
through a pulse picker (PulseSelect, APE) to decrease the repetition rate from



24 introduction

Figure 1.6: Working principle of the two-pulse single-molecule spectroscopy. Left: the
effective three-level scheme, with the ground state |0〉, resonant state |1〉 and off-
resonant state |2〉. kFL is the fluorescence (FL) rate (typically 1

3 ns ), kL the rate of ex-
citation by light, and kR is the measured relaxation rate kR = 1

τR
. Top right: the prob-

abilities for the state population during the interaction with the two pulses delayed
by τ > τR (time runs left to right). Bottom right: the system excitation probability (to
which the FL intensity is proportional) as a function of the pulse delay.

the original 76 MHz to 1-2 MHz. This is done to avoid accumulation of triplet
species between the pulses (typically 3Chl →3Car), which could influence the
kinetics by singlet-triplet annihilation[36]. The absence of S-T annihilation is
verified by lowering the repetition rate two times and observing halving of the
fluorescence intensity. The picked pulses are split into pairs by custom-built
Michelson interferometer (MI) and delayed by a delay line (Newport) in one
of the interferometer arms. After the interferometer the pulse duration was
measured using collinear interferometric (also called fringe-resolved) autocor-
relation. This is done by mixing the pulses in a β−BBO crystal (Eksma Optics)
by second-harmonic generation. By several coloured glass filters the second
harmonic around 400 nm is separated from the fundamental and its intensity
is detected by a camera (Roper Scientific). Measuring the full, coherent inter-
ferometric autocorrelation is very tedious for 200 fs pulses in an interferometer
without phase stabilization. It was used only to check the pulse shape (by com-
parison with calculation for Gaussian and sech2 pulse). For subsequent routine
pulse length measurements, a vibrator was attached to one of the mirrors in
the MI. The interferometric autocorrelation signal consists of the pulse enve-
lope part and the pulse interference part. By a suitable combination of scanning
speed, vibrational frequency and detector integration time, the coherent oscil-
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latory part can be averaged out, leaving only the autocorrelation signal. Fitting
of this signal then directly gives the intensity autocorrelation, from which the
pulse length can be deduced. After the interferometer the pulses pass through
a Berek polarization compensator (NewFocus) to achieve near-circular polar-
ization, a beam expander and enter the confocal microscope (Eclipse TE300,
Nikon). There the individual complexes (LH2 in this case) are illuminated and
the fluorescence is detected by the standard procedure described previously,
using a dichroic beam splitter (815DCLP, Chroma), a long-pass filter (Thor-
labs FELH750) and focusing on an avalanche photodiode (APD, Perkin-Elmer).
In the actual measurement the pulse length is first measured, as its value is
needed for the fitting when extracting the relaxation time. As we use 200 fs
pulses, their subsequent stretching in the microscope objective+beam expander
can be neglected (about 4000 fs2, which stretches the 200 fs pulse by less than
8 fs). The illumination intensity is then adjusted to reach near-saturation levels
with one pulse (blocking one branch of the MI), clearly visible when observing
the rise of fluorescence intensity with increasing illumination power, well after
the declination from linear dependence. In the linear regime no intensity dip
with zero-delay pulses is observed. Working just on the onset of the saturation
curve is also not recommended, as incomplete saturation results in shallower
dips, which can yield slower relaxation if fitted by a fully-saturated model.
This can be seen by the fact that while the width of the dip depends only on
the relaxation rate (for fixed-length pulses), the depth of the modulation de-
pends both on the rate and the level of saturation. After the intensity is set
the measurement proceeds by measuring the complexes on an individual basis,
recording the fluorescence trace while constantly scanning the pulse delay. The
scanning range and speed are to be determined empirically, the range is given
by the typical relaxation rate (in our case ca. ±1 ps), the scanning speed (in
our case ca. 300 fs per s) is a trade off between signal-to-noise ratio and acqui-
sition of multiple relaxation times from one complex before it photobleaches.
Researchers used to coherent, nonlinear spectroscopy experiments with shorter
pulses, might ask about the role of the interference between the pulses and the
coherent response of the material. For example, it has been demonstrated by
van Hulst et al.[37] that detecting the fluorescence and scanning two coherent
pulses over each other yields an excitation spectrum. In our case the conditions
are quite different though. The employed pulses are relatively long (200 fs) and
narrowband (4 - 5 nm). The constant, relatively fast delay line motion decreases
phase stability (we verified that the measurement yields the same results with
the vibrating mirror in MI, disqualifying the role of coherence). The pulse inten-
sity is relatively high (∼ 1 pJ/pulse, in a diffraction-limited spot), beyond the
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linear (perturbative) regime. And finally, the detector integration time (100 ms)
is way longer than the coherent oscillation period at a given scanning speed.
As a result, there might be a weak, coherent part of the response, but this is
averaged out during the scanning and does not contribute to the signal modu-
lation.

The theory and results obtained by the two-pulse SMS technique are de-
scribed further in chapters 5 and 6. In this section we rather provided a practi-
cal description of the setup, highlighting the important factors for the measure-
ment, in the hope that it will be of use those wishing to follow in our footsteps.

1.5 thesis outline

In the following chapter 2 the introduction into the world of photosynthetic
light harvesting continues. The chapter, based on a published review article,
presents the function of light-harvesting complexes (LHCs) in the context of
the whole photosynthetic membrane, through the eyes of single-molecule spec-
troscopy (SMS). The features and capabilities of SMS of LHCs are discussed
and demonstrated on particular examples. The function of LHCII, the major
light-harvesting complex of plants, is described, from conformational dynam-
ics of single complexes, to their role within the whole photosystem.

The next four chapters present original research work investigating the in-
fluence of fast and slow molecular motion on excitation dynamics. In chapter
3 we begin with the fastest, high-frequency intramolecular vibrations. These
vibrations are strongly-coupled to the electronic degrees of freedom and can
get mixed with the excitonic states, producing so-called vibronic states. We
develop a theory of including such high-frequency vibrations into the system
description and investigate how the vibrations influence the excitation energy
transfer.

In chapter 4 we turn our attention to the slowest molecular motion, the slow
protein conformation changes. By single-molecule spectroscopy, we observe
fluorescence blinking and spectral distribution of individual LHCII antenna
monomers. To describe the measured data, we derive equations for the Frenkel-
exciton model, in which we combine excitation by light, fast exciton dynam-
ics, slow protein diffusive motion with state switching, and a photoprotective
mechanism of energy dissipation.

In the last two chapters we investigate the influence of the slow protein mo-
tion on the ultrafast excitation dynamics. To this end, in chapter 5, we develop a
two-pulse single-molecule spectroscopy of photosynthetic complexes. The SMS
setup microscope facilitates the single-LHC sensitivity, and excitation by de-
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fined pulse pairs provides the femtosecond time resolution. We apply the tech-
nique to LH2 antenna complexes of purple bacteria, observing how the slow
protein motion causes fluctuations of the ultrafast energy relaxation time.

Finally, in chapter 6, we put together several experiments on the LH2 an-
tennae and describe them by a single Frenkel-exciton model (FEM). We con-
struct a theoretical description of the two-pulse SMS technique implemented
in the previous chapter, within the framework of the FEM. The combination of
spectroscopic techniques, described by a single theoretical model, allows us to
identify the ’static’ energetic disorder of the pigments as the effect of the slow
protein conformational motion. We describe the principles of constructing a
robust light-harvesting antenna in a noisy, fluctuating environment.





2
F R O M I S O L AT E D L I G H T- H A RV E S T I N G C O M P L E X E S T O
T H E T H Y L A K O I D M E M B R A N E : A S I N G L E - M O L E C U L E
P E R S P E C T I V E

The conversion of solar radiation to chemical energy in plants and green al-
gae takes place in the thylakoid membrane. This amphiphilic environment
hosts a complex arrangement of light-harvesting pigment-protein complexes
that absorb light and transfer the excitation energy to photochemically active
reaction centers. This efficient light-harvesting capacity is moreover tightly reg-
ulated by a photoprotective mechanism called non-photochemical quenching
(NPQ) to avoid the stress-induced destruction of the catalytic reaction center. In
this Review we provide an overview of single-molecule fluorescence measure-
ments on plant light-harvesting complexes (LHCs) of varying sizes with the
aim of bridging the gap between the smallest isolated complexes, which have
been well-characterized, and the native photosystem. The smallest complexes
contain only a small number (10-20) of interacting chlorophylls, while the na-
tive photosystem contains dozens of protein subunits and many hundreds of
connected pigments. We discuss the functional significance of conformational
dynamics, the lipid environment and the structural arrangement of this fas-
cinating nano-machinery. The described experimental results can be utilized
to build mathematical-physical models in a bottom-up approach, which can
then be tested on larger in vivo systems. The results also clearly showcase the
general property of biological systems to utilize the same system properties for
different purposes. In this case it is the regulated conformational flexibility that
allows LHCs to switch between efficient light-harvesting and a photoprotective
function.

This chapter is based on the following publication:

J. M. Gruber∗, P. Malý∗, T. P. J. Krüger, and R. van Grondelle, Nanophotonics 7,
81 (2018), ∗the authors contributed equally
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2.1 introduction

Photosynthesis relies, among many other fascinating processes, on the capabil-
ity of organisms to absorb sunlight and to efficiently transfer the resulting exci-
tation energy to reaction centers (RCs) [2]. The relatively long-lived electronic
excitations, in isolation typically decaying in a couple of ns, are eventually
converted into a more stable form of chemical energy. The process spanning
light absorption to temporal stabilization of the energy in the form of chemical
bonds is often summarized and referred to as the light-dependent reactions
of photosynthesis. It involves a complex synergy of ingeniously designed nano-
machinery in the form of protein complexes that perform their function despite
the high protein density and constantly fluctuating environment of the thy-
lakoid membrane. Single-molecule fluorescence techniques are perfectly suited
to study these light-dependent reactions on a wide range of time scales due to
their intrinsic strong interaction with visible light. The four main constituents
in plant thylakoids are photosystem II (PSII), Cytochrome b6f, photosystem
I (PSI) and the ATP synthase. Their relative sizes compared to the thylakoid
membrane and a model of the main reaction pathways are depicted in Fig. 1A.
PSI and PSII are large pigment-protein clusters, the structures of which are per-
fectly adopted to ensure that almost every absorbed photon can be utilized to
drive photochemistry [38]. The RCs are surrounded by so-called antenna com-
plexes that increase the effective absorption cross section of individual RCs and
provide enough energy for an optimum photochemical turnover rate (see Fig.
1B). The smallest complexes contain only a small number (10-20) of interact-
ing pigments, while the native PSII contains dozens of protein subunits and
many hundreds of connected pigments [39, 40]. In plants, the major antenna is
a trimeric complex called light-harvesting complex II (LHCII). One monomeric
subunit contains 8 chlorophyll (Chl) a pigments, 6 Chl b, 2 luteins (Lut), neoxan-
thin and one additional xanthophyll [18, 41] as illustrated in Fig. 1C. The state
of the latter pigment depends on the external stress level of the plant and is
either violaxanthin (no or low stress) or zeaxanthin (high stress) [42]. So-called
minor antenna complexes, known as CP24, CP26, and CP29 are the structural
link between the LHCII complexes and the core of PSII. Those minor complexes
are monomeric and highly homologous to the LHCII subunits.

Additional to the main purpose of effective light-harvesting, a second im-
portant function is the down-regulation of the amount of available excitation
energy under strong light conditions to avoid the stress-induced destruction of
the catalytic reaction center. This photoprotective mechanism is located in the
antenna system and leads to a strong reduction in the fluorescence monitored
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Figure 2.1: The photosynthetic apparatus of higher plants. (A) The thylakoid mem-
brane, with the main photosynthetic supramolecular complexes, photosystems I and
II, cytochrome b6f and the ATP synthase. The notations indicate the relevant charge ex-
change and redox reactions. (B) Top view of the photosystem II C2S2M2supercomplex.
Depicted are the two core complexes containing the reaction center, minor LHCs CP24,
CP29 and CP26, and the LHCII antenna complexes. Adapted from Ref. [43], Copyright
(2013) Springer. (C) Closer view of the LHCII antenna trimer; grey ribbons: protein
backbones, green: chl a blue: chl b chlorine rings (phytol chains are omitted for clarity),
yellow: carotenoids.
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from leaves, a phenomenon referred to as non-photochemical quenching (NPQ)
of Chl a fluorescence [44–47].

2.2 the single-molecule approach

The function of the light-harvesting complexes (LHCs) is determined by the
structure and conformational flexibility of the protein scaffold. As a result, there
are large variations of the LHC properties both from complex to complex and
in a single complex over time. In order to investigate their functional role, it is
therefore necessary to address the LHCs on an individual basis. The LHCs, by
virtue of their function, interact strongly with light, and it is the fate of the light
excitation which bears functional significance. Optical spectroscopy is therefore
an obvious method of choice.

The first single-molecule spectroscopical observations were done in 1989 by
Moerner and Kador by measuring absorption of dye molecules frozen at low
temperature in a crystalline matrix [48]. However, the technique quickly moved
to fluorescence emission only a year later, following the lead of Orrit and
Bernard [49]. The reason is that fluorescence can be detected against a dark
background, providing a much better signal-to-noise ratio (SNR) than for ab-
sorption measurements. For a first-hand review see Ref. [50]. For an excellent
overview of the concepts of single-molecule spectroscopy (SMS), including ap-
plication to LHCs, see also Ref. [51]. Using the fluorescence detection approach,
the first measurements of single LHCs were performed on LH2 antennas of
purple bacteria in the late nineties. The first results were published by Bopp
et al. [52], showing the polarization dependence of the fluorescence intensity
and lifetime of single LH2 complexes at room temperature. In the following
year, van Oijen et al. succeeded in measuring fluorescence excitation spectra of
single LH2s frozen in polymer films at 1.2K [53]. In the same year, Ying and
Xie published room-temperature results of individually measured cross-linked
allophycocyanin complexes, a derivative of the main light-harvesting complex
of cyanobacteria [54]. Following these successes and additional improvement of
experimental instrumentation, various LHCs have been observed and studied
by SMS under various conditions.

Most of the information about the structure of the manifold of the excited
states of LHCs has been obtained from low-temperature measurements in crystal-
line-like matrices [53, 55]. At the other hand, experiments at physiological tem-
perature and in environments resembling the native one are more relevant
for assessing the biological function. Physiological temperature brings further
challenges, though, such as decreased stability and increased mobility of the
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Figure 2.2: Timescales of photosynthetically-relevant electronic processes observable
by SMS. Top: processes taking place at the indicated timescale. Bottom: corresponding
SMS techniques which can be used for their measurement; see text for further details.

complexes. The motion of the complexes can be countered in several ways: by
immobilizing them by a weak electrostatic interaction on a surface , by coun-
teracting their movement by an external electric field [56], or by active particle
tracking [57]. The LHC photo-induced instability and eventual denaturation,
however, present a limit on the possible measurement time and the excitation
light intensity, which in turn determine the achievable SNR and, in effect, also
the time resolution.

As mentioned above, fluorescence detection of single molecules provides a
much higher SNR than absorption detection. The direct time resolution of the
detection is given by the photon counting statistics. A typical excitation life-
time, given both by the radiative and non-radiative recombination, is on the or-
der of nanoseconds. When another photon is absorbed by the LHC within the
excitation lifetime, singlet-singlet annihilation occurs (the equivalent of Auger
recombination known in semiconductor nanocrystals). Thus at some point fur-
ther increasing the excitation intensity does not appreciably increase the signal
and only leads to a decreased photostability of the complexes. Moreover, the
constituent pigments can, when excited, undergo intersystem crossing into a
triplet state, which acts as an excitation quencher via singlet-triplet (S-T) annihi-
lation. The detection efficiency depends on the particular setup, but typically is
in order of a couple of percent. Overall, the practically achievable fluorescence
signal intensity from a non-quenched, continuously-excited single LHC is in the
order of thousands of counts per second. The major source of noise for such a
low signal intensity is the photon-counting shot noise. From the considerations
above it follows that the typical minimum integration time is >1 ms. However,
higher time resolution can be achieved by utilizing modulated, pulsed excita-
tion. Using an acousto-optical modulator (AOM), microsecond timescales can
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be accessed [58]. In addition, utilizing a pulsed laser as an excitation source,
time-correlated single-photon counting (TCSPC) becomes an option, providing
picosecond to nanosecond time resolution. Finally, utilizing coherent or inco-
herent sequences of pulses, it is possible to follow the excitation dynamics with
sub-100 fs resolution [59, 60]. With a combination of these techniques, it is pos-
sible to observe, for example, the fluctuations of the ultrafast dynamics on a
slow timescale of seconds, dominated by protein conformational dynamics. In
Fig. 2, the electronic processes of interest can be found, together with their cor-
responding timescales, covering a range of >15 decades. For each process a
method of SMS adequate for their study is given.

Yet another degree of freedom which can be explored to obtain informa-
tion about the structure of the complexes is the polarization state of both the
excitation and emitted light. This is beautifully illustrated on the chlorosome,
the light harvesting antenna of green sulphur bacteria comprised of up to 200

000 highly-ordered bacteriochlorophyll molecules. Circular dichroism [61] and
polarization-resolved fluorescence excitation [62] SMS were used to elucidate
the pigment ordering in single chlorosomes. Also correlation of excitation and
emission polarization was used to investigate energy funelling in single LH2

antennas of purple bacteria[63].

2.3 characterization of isolated complexes

The main function of light-harvesting complexes is, as indicated by their name,
to harvest solar radiation in the visible frequency range. The protein scaffold
contains dozens of pigments that are organized in an ideal way to achieve a
high pigment density and efficient energy transfer without introducing unfa-
vorable non-radiative decay channels [8]. In this context, the term ‘efficiency’
should be understood as the ratio of the relevant energy transfer time to the
average lifetime of electronic excitations. The resulting electronic excited state
manifold is, due to the well-connected pigments, highly sensitive to the pres-
ence of energy traps that can potentially quench the whole pigment assembly.
The timescale of energy quenching is then determined by the time it takes for
an excitation to reach the energy trap (energy diffusion) and the quenching rate
of the trap itself [38, 64]. Fluorescence blinking observed in single LHCs is an
illustrative example of such a quenching mechanism.

Fluorescence blinking is a phenomenon characterized by abrupt changes be-
tween the fluorescent state and a fully dark state in single pigments or quan-
tum dots. It is a characteristic signature of a single quantum emitter and is
virtually always present in SMS measurements. In pigment aggregates, like in
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LHCs, the fluorescence is not fully inhibited but quenched on the characteristic
time scale of energy transfer and trapping mentioned above. This effect results
in a large dynamic range of partially quenched states [65, 66]. However, fluo-
rescence blinking in pigment aggregates usually closely resembles blinking in
single molecules due to the fast energy equilibration and the strong quench-
ing character of the trap, which effectively looks like a dark state of the whole
pigment aggregate due to the small number of detected photons. In Fig. 3, a typ-
ical SMS experiment on single LHCII complexes is demonstrated. A scanned
fluorescence image, showing emission from LHCs immobilized on a surface,
is shown in Fig. 3A. A typical intensity trace of a single LHCII emission ex-
hibiting blinking can then be found in Fig. 3B. The intensity correlates with the
fluorescence lifetime.

The described quenching phenomena in isolated LHCs will directly influ-
ence the efficiency of light-harvesting, which raises the question whether they
play a role in native light-harvesting as well, or more precisely, whether this
quenching is responsible or involved in NPQ. One explanation for the molecu-
lar mechanism governing NPQ is that conformational changes in antenna com-
plexes open up non-radiative decay channels via the carotenoid pigments and
lead to excitation energy quenching [67]. Fluorescence blinking observed in all
isolated single antenna complexes is likely caused by the same or a very similar
mechanism involving conformational changes of the pigment-protein complex.
Experimental data on the main light-harvesting complex II (LHCII) of plants
indicate that fluorescence blinking can indeed be influenced and possibly reg-
ulated by subtle changes in protein conformation and/or interaction with the
environment [66, 68]. It was shown that lowering the pH can shift the equi-
librium between highly fluorescent and dark states from the light-harvesting
(unquenched) state to quenched configurations. This in vitro experiment mimics
the build-up of a pH gradient across the thylakoid membrane in native systems,
widely recognized as a main trigger of NPQ [45]. An even stronger quenching
response can be obtained by removing detergent and therefore influencing the
amphiphilic surrounding and solvation of the pigment-protein complexes. Cu-
riously, fluorescence blinking from the homologous minor peripheral antenna
complexes in PSII (CP24, CP26, and CP29) showed a different environmental
response when performing a similar pH- and detergent-dependence. This be-
havior, which supports the view that the major part of NPQ takes place in
LHCII complexes [44, 47, 67] was ascribed to the strong abundance of partially
quenched fluorescence states in these complexes.

Studies on single antenna complexes of bacterial systems [70] and cyanobac-
teria [30] also show photo-activated switching events to quenched states and
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Figure 2.3: An illustration of a SMS measurement of individual LHCII trimers. (A) A
confocal scan of a 10 µm x 10 µm surface area. Bright spots: fluorescence emission
from single LHCs immobilized on a poly-l-lysine (PLL) covered surface. The intensity
profile is given by the point-spread function. After such a scan the complexes are mea-
sured one by one. (B) A fluorescence intensity trace (black line) of a single LHCII trimer
that illustrates blinking events both in the millisecond and second time range. The cor-
responding fluorescence lifetime (without the contribution of S-T annihilation) is de-
picted on the right axis (red line). Reproduced from Ref. [58] with permission from the
PCCP Owner Societies. (C) Series of recorded spectra of three selected LHCIIs, demon-
strating spectral diffusion and state switching. Reprinted from Ref. [69] with permis-
sion of Elsevier. (D) Probability distribution of blinking events in LHCII trimers that
typically show a power-law behavior for off-times from a few milliseconds to hundreds
of seconds. On-times generally follow the same power-law dependence but exhibit an
exponential tail at longer dwell times. Off-time data is offset for clarity. Reprinted with
permission from Krüger et al. [31]. Copyright (2011) American Chemical Society.
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another study even suggests a precursor role of fluorescence intermittency in
purple bacteria for NPQ in plants [71]. The authors in the latter study fur-
ther argue that conformational memory, in contrast to purely stochastic con-
formational switching, is a precondition for functional control of native light-
harvesting [72].

Fluorescence blinking in single molecules (e.g. quantum dots) is commonly
analyzed with a two-state model to extract blinking statistics and dwell time
probability distributions [73, 74]. Such a distribution extracted from the fluo-
rescence blinking of LHCII antennas is given in Fig. 3D. This analysis allows
to quantitatively describe and investigate changes in the blinking pattern. The
resulting probability density distribution of blinking events shows typically a
power-law behavior for off-times from a few milliseconds to hundreds of sec-
onds, while on-times generally follow the same power-law dependence but
exhibit an exponential tail at longer dwell times. However, multi-chromophoric
systems show substantial intermediate fluorescence intensity levels and it turns
out that accurately resolving individual intensity levels and accounting for shot
noise in the data result in a deviation from the pure power-law behavior at short
dwell times, as demonstrated for LHCII [31] in Fig. 3D. The origin of fluores-
cence intensity changes and blinking in LHCs is assumed to be subtle changes
in protein conformation [75]. Experimental evidence for a direct relationship be-
tween the protein flexibility and the number of intensity changes was obtained
in a recent study on cyanobacterial LHCs containing different concentrations
of cross-linkers [30]. Additional supporting arguments for the important role
of protein conformational changes are the quasi-stability of intensity levels, the
short decay lifetime of dark states, such as triplets and radicals, and the fact
that antenna complexes also show significant spectral diffusion and switch-
ing [69]. Spectral traces for three LHCII complexes showing such behavior are
demonstrated in Fig. 3C.

The spectral diffusion trajectories can be mathematically well-described by
a random walk [76]. The underlying physical mechanism in LHCs is the pro-
tein conformational dynamics on their potential energy surface (PES). Using
a combination of normal mode analysis, charge density coupling and transi-
tion charges, it can be theoretically shown that the LHC protein fluctuations
predominantly influence the pigment transition energies (Renger et al. 2012).
Indeed, the changes in the fluorescence spectra of individual complexes have
been successfully modelled with a Frenkel-exciton model, including Gaussian
disorder of the individual pigment transition energies [69, 77]. Apart from the
excited state energies, including the final, fluorescent state, the LHC protein
fluctuations also lead to pronounced changes in the energy transfer within the
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excitonic manifold. Using a pulse sequence for excitation, fluctuations of the
intercomplex energy transfer rate in the range of 100 fs were observed in single
LH2 complexes of purple bacteria [60]. The same excitonic model that describes
the spectral diffusion can be used to model these fluctuations, with the dynam-
ics described by modified Redfield/generalized Förster theory.

Interesting conclusions regarding excitonic states can also be made from the
measured and modeled single-molecule fluorescence emission spectra of the
mutant LHCII-A2 [78]. This monomeric LHCII mutant lacks two Chls (a611

and a612) of the strongly coupled Chl cluster (a610-a611-a612), which is the
lowest-energy site (terminal emitter) in the wildtype complex. The mutant spec-
tra exhibit a significantly increased heterogeneity in fluorescence peak position
and the full width half maxima (FWHM) is increasing with a gradual distri-
bution of red shifted spectra. These results can be explained by the disrupted
terminal emitter domain which leads to an increased population, and therefore
fluorescence, of the blue shifted Chl cluster a602-a603 and to a varying contri-
bution from Chl a610. The latter is strongly influenced by static disorder (i.e.
protein motion) and significantly red shifted due to the larger reorganization
energy related with the localized excitation. These findings illustrate the func-
tion of the delocalized Chl cluster a610-a611-a612 as a robust terminal emitter
domain in the wildtype that is less susceptible to the fluctuating environment.

Next to the continuous spectral diffusion, the intensity blinking and spectral
switching presents discrete changes (on the ms - s timescale of measurement).
In the blinking case these can be described by rapid switching between several
protein conformational states with a different energy, represented by various
PESs [75, 79]. The connection to the excitonic model, which qualitatively de-
scribes the spectral diffusion, can be made by assuming that the dark state
arises from energy transfer to a short-lived state with fast non-radiative recom-
bination. The protein dynamics then modifies specific parameters of the exci-
tonic model, such as interpigment coupling, which regulate this transfer [80].
In the case of spectral switching, the above-mentioned model for spectral dif-
fusion uses a pure excitonic approach to explain fluorescence spectral shifts of
LHCII to within ∼15 nm of the ensemble peak position, but fails to explain the
large variety of spectra that have been observed, including red-shifts of >100

nm [68, 69]. An illuminating result was obtained when individual antenna com-
plexes from PSI were investigated [81]: these complexes, which are structurally
homologous to LHCII, typically fluoresce much further into the red, but are
capable of switching their red emission off completely and reversibly. Their
spectra then temporarily resemble those of LHCII complexes of PSII. The an-
tenna complexes of PSI and PSII can therefore be approximated by a single
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generic protein structure and their spectra are governed by a particular equi-
librium between two or more conformations, each connected to a characteristic
spectrum. Furthermore, the red spectra of PSI complexes are known to orig-
inate from mixing between charge-transfer and exciton states of a Chl dimer
[82] and a similar mechanism is likely the basis for the strongly red-shifted
spectra of PSII complexes. Finally, the fraction of LHCII complexes exhibiting
red-shifted emission was shown to increase as NPQ is mimicked to a greater
extent [68], in agreement with the tradition of using red-shifted emission as a
signature for NPQ.

The emerging picture is that of a highly dynamic protein structure that sig-
nificantly influences the electronic properties of the constituting pigments on
timescales ranging from 100 fs to seconds. The environment of a pigment-
protein is therefore an important parameter in this intrinsic flexibility and cru-
cial to understand its functional relevance.

2.4 lipid environment

The native environment of LHCs is the lipid membrane, which creates an al-
most two-dimensional scaffold. The lateral binding and interaction of embed-
ded LHCs with other protein complexes is regulated by the structural arrange-
ment of thylakoid structures. The isolation of well-defined photosystem mega-
complexes (e.g. PSII C2S2M2 supercomplexes as illustrated in Fig. 1B) nicely
demonstrates this lateral ordering. The hydrophobic core of the lipid bilayer
shields the inner pigments of photosynthetic complexes from detrimental chem-
ical reactions and uncontrolled electrostatic interactions. In order to study in-
dividual complexes, photosynthetic pigment-protein complexes are commonly
solubilized and isolated in detergent micelles that mimic this hydrophobic in-
terface. Detergent solubilized LHCs of plants exhibit a fluorescence lifetime of
more than 3.5 ns, which is characteristic for their light-harvesting capacity as
antennas when compared to the overall trapping times of PSII on the order of
about 300 ps. The term ‘trapping time’ describes the time it takes until an elec-
tronic excitation results in a stable charge separated state in the RC. Removing
the detergent from solubilized LHCs results in protein aggregation and signifi-
cant fluorescence quenching. Furthermore, the removal of detergent also leads
to quenching in individual, immobilized complexes that do not form aggre-
gates with other complexes [68, 83]. This quenching effect has been thoroughly
studied and often been linked to and discussed with regards to its role in NPQ
[84, 85]. The direct link to native system remains, however, elusive.



40 from isolated lhcs to the thylakoid membrane : a single-mol . perspective

One approach to investigate the underlying molecular mechanism of fluores-
cence quenching and its functional relevance for native photoprotection is to
disentangle the interaction of complexes with detergent or lipids from protein-
protein interactions. It is furthermore crucial to control the number of inter-
acting complexes in order to better understand crowding effects. The size of
detergent deprived LHC aggregates is, for example, hard to determine in typi-
cal ensemble experiments.

Although the dual function of LHC complexes (light-harvesting and photo-
protection) has been extensively studied in detergent micelles, ensemble experi-
ments have indicated that the properties of LHC complexes can differ in a lipid
environment. Detergent isolated complexes can be incorporated back into a
lipid environment to investigate this dependence on the environment. A variety
of ensemble studies have been performed on LHC complexes incorporated into
liposomes, a spherical vesicle consisting of a lipid bilayer shell around an aque-
ous core [86–90]. Those experiments also contain the effect of protein-protein
interaction of multiple complexes within a single liposome which makes it dif-
ficult to extract purely the influence of the lipid environment [91]. Alternatively,
LHCII complexes have recently been isolated from their native thylakoid envi-
ronment by using styrene maleic acid (SMA) [65]. This SMA copolymer solubi-
lizes lipid nanodisk particles that contain a single protein complex.

SMS is an ideal method to investigate these research questions as it provides
quantitative data on the size of the sample and allows to investigate the dy-
namic and time-dependent behavior of individual complexes. The fluorescence
intensity of LHCII complexes in single nanodisks together with the average
fluorescence lifetime allows to estimate their size based on the calculated rel-
ative absorption compared to detergent isolated complexes [65]. The amount
and kinetics of S-T annihilation, a non-linear quenching mechanism observed
for multiple excitations in one complex, are the same in SMA nanodisks and
detergent isolated LHC trimers. The obtained results therefore demonstrate the
successful isolation of trimeric LHCII complexes in SMA nanodisks in their na-
tive trimeric structure. The observed unquenched fluorescence lifetime of 3.5
ns for single LHCII complexes in SMA nanodisks coincides with detergent iso-
lated complexes and notably differs from 2 ns typically found from ensemble-
average experiments on native thylakoid structures [92]. A distribution of the
fluorescence lifetime and intensity in LHCII complexes measured in SMA nan-
odiscs and in detergent is shown in Fig. 4A and B. Combining bulk and single
molecule measurements, the fluorescence characteristics of LHCs incorporated
in liposomes can be investigated with respect to the number of LHC complexes
per liposome [91]. The same unquenched fluorescence lifetime of up to 3.5
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Figure 2.4: Comparison of the fluorescence lifetime of about 150 LHCII trimers in the
lipid environment of SMA nanodisks (A) and in detergent (B). The color code repre-
sents the overall dwell-time probability of complexes within an intensity bin of 50 cps
and a lifetime bin of 100 ps. The two graphs depict the fluorescence lifetime without
the contribution of S-T annihilation while the measured fluorescence intensity is sat-
urating slightly at larger lifetime values due to the effect of annihilation. Reproduced
from Ref. [65], Copyright (2016) Society of Photo Optical Instrumentation Engineers.

ns has been found for liposomes that contain only one or a very small num-
ber of complexes, therefore avoiding protein-protein interactions and protein
crowding. This experiment revealed that the properties of individual LHCs re-
main similar to those in detergent, in line with the results from LHCs in lipid
nanodisks [65, 93]. However, protein interactions of multiple units of LHC com-
plexes and protein clustering result in a reduced fluorescence yield. Finally, en-
semble experiments on LHCs incorporated into membrane scaffolding protein
nanodisks have shown the same result [93]. These studies show conclusively
that a lipid environment per se is likely not the reason for the decreased fluores-
cence lifetime of antenna complexes found in thylakoid structures. It does not,
however, exclude the possibility that specific protein-lipid interactions or struc-
tural changes of the lipid bilayer (e.g. thickness or curvature) have an indirect
influence on the excited-state lifetime via protein conformation or electrostatic
interactions with charged head-groups. Indeed, lipids do play a crucial role for
the structural assembly and functionality of photosynthetic complexes [94–96].

The significant decrease of the fluorescence lifetime for liposomes that con-
tain many protein complexes points towards the hypothesis that protein-protein
interactions and protein clustering play a major role in the decrease of the ob-
served fluorescence lifetime [91]. This is consistent with the strong quenching
effect observed in detergent deprived protein aggregation studies. It is also
consistent with an increased influence of protein-protein interactions within
the native thylakoid membrane. Contrary to lateral aggregation in lipid bilayer
structures, the aggregated structures in solution could be even less ordered
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due to a higher degree of freedom in three dimensions. That would influence
the conformational state of individual proteins within the aggregate and there-
fore change the excitonic manifold of strongly and weakly coupled pigments.
The discrepancy could also be explained by the large dynamic range of flu-
orescence intensities exhibited by complexes in SMS experiments, where the
highest intensities correspond to 3.5 ns lifetimes, while 2 ns reflects the average
intensity. In other words, the conformational and energetic flexibility of these
complexes gives rise to a large range of partially quenched complexes both in
detergent micelles and lipid nanodisks [65, 66, 81]. This highly flexible protein
conformation landscape has recently also been shown by Molecular Dynamics
simulations on a monomeric LHCII complex [97].

2.5 fully assembled psii supercomplexes

A complementary experimental approach to investigate the functional signif-
icance of fluorescence intermittency and to get closer to the native structure
of the thylakoid membrane is to measure at room temperature individual PSII
particles that contain multiple antenna complexes as well as two reaction cen-
ters.

A very pure sample of so-called C2S2PSII supercomplexes can be isolated bio-
chemically [98] and the sample homogeneity can in SMS experiments again be
confirmed by calculating the relative absorption cross section of individual com-
plexes [58]. These C2S2PSII supercomplexes are comprised of the dimeric core
(C2), two strongly bound LHCII trimers (S-trimer) and two copies of CP26 and
CP29 each. The measurements further revealed that larger C2S2M2 supercom-
plexes frequently lost some of their weaker bound LHCII trimers (M-trimer),
which clearly show up as isolated LHCII complexes. An example of a fluctu-
ating fluorescence intensity and lifetime trace of a C2S2supercomplex is in Fig.
5A. In the inset the comparison of the 3 ns lifetime of an isolated LHCII is
contrasted with a shorter, 100 – 150 ps lifetime of the C2S2. This measured av-
erage excited state lifetime of C2S2 supercomplexes is at a first glance almost
identical to the fluorescence decay of photo-chemically active PSII complexes
measured at 104 times smaller excitation intensities in solution [99]. The cause
for the fast lifetime in these SMS experiments is, however, not photochemical
quenching but another competing quenching mechanism. The used excitation
intensity in SMS experiments fully inhibits photochemical quenching because
the first couple of excitation cycles will result in a charge separated state and
subsequently in a negatively charged quinone QA. This situation is usually re-
ferred to as a ‘closed’ reaction center because the rate of charge separation is
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reduced significantly and the fluorescence lifetime is determined by the ex-
cited state lifetime of the surrounding antenna complexes [92, 100]. Triplet
states on the carotenoid pigments with an excited state lifetime of a few mi-
croseconds cannot be the main reason because control experiments show nei-
ther accumulation nor decay of a quencher in the microsecond time range. The
most likely explanation for the quenched fluorescence lifetime of PSII super-
complexes in the described SMS experiments are instead multiple quenched
monomeric LHCs, which is consistent with the frequent blinking events on
individual isolated antennas. Modulation of the excitation intensity with a pe-
riodic onand off pattern on the millisecond time scale furthermore shows the
reversible and light-induced switching from an unquenched fluorescence life-
time of 3.5 ns to the quenched situation of about 100-150 ps. The fluorescence
decay traces for various modulation cycles are depicted in Fig. 5B, showing
the decay of the quencher on a millisecond time scale. This outcome supports
the hypothesis that the reaction centers are closed (detection of a 3 ns fluo-
rescence lifetime) but the supercomplexes are most of the time quenched by
trap states on individual LHC monomers. Detailed Monte Carlo simulations
that are based on a coarse grained model of C2S2 supercomplexes show similar
fluorescence and confirm the feasibility of this interpretation. This is a direct il-
lustration of how environmental control (induced by strong excitation intensity
in this case) over a fluctuating antenna can regulate light-harvesting in plant
photosynthesis.

From a theoretical point of view, there are two types of approaches to sim-
ulate the excitation dynamics in the supercomplexes. One is a bottom-up ap-
proach, keeping the (essentially quantum) description of the individual LHCs,
and putting them together, attempting a large-scale quantum-correct descrip-
tion. Such a calculation was performed for PSII, reproducing the experimental
fluorescence decay curves [101] and demonstrating the robustness of energy
transfer [102]. However, when keeping the full description it is hard to reduce
the number of parameters in order to deduce the key physical principles. The
latter aim is fulfilled in the second approach, which employs a coarse-grained
description of the supercomplex. This method is able to correctly describe NPQ
in PSII, based on annihilation measurements [103], and fluorescence decay in
LHCII aggregates [104]. Recently, a combination of these two approaches, mak-
ing a ‘cut’ on the level of LHCs, was presented, describing NPQ in PSII probed
by fluorescence decay and pulse-amplitude modulation [105].

The described research clearly showcases the general property of biological
systems to use the same effect for different purposes. LHCs are ingeniously de-
signed nanoparticles that maximize the absorption of sunlight and efficiently
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Figure 2.5: (A) Fluorescence intensity traces of a C2S2 supercomplex (blue line) with
intensity variations on a second time scale that resemble fluorescence blinking events
exhibited by isolated antenna complexes. The quenched average lifetime (red line) is
shown on the right y-axis. The corresponding fluorescence decay histograms of the
C2S2 supercomplex (blue line in A) and the LHCII complex (black line in Fig. 1A),
accumulated over 60 s, are shown in the inset of (A) on a semi-logarithmic scale with
the same respective colors. The instrument response function with a FWHM of 38 ps
is depicted in green. (B) The light-induced fluorescence intensity kinetics of an exem-
plary single C2S2 complex for three different excitation modulation settings. Periodic
modulation of the excitation intensity (i.e. switching the laser illumination on and off)
and histogramming the fluorescence photon arrival times into one such modulation
cycle allows one to directly visualize the accumulation and decay of a quencher on the
millisecond time scale. The dashed lines indicate a fitted single-exponential function
of the form F(t)= F0 + F1Â·e-kt. The decay kinetics were normalized to F0 = 1 (identical
steady state conditions due to the same excitation intensity for all modulation settings).
Reproduced from Ref. [58] with permission from the PCCP Owner Societies.
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transfer the excitation energy further to the reaction center. The key properties
are a long lifetime of electronic excitations on densely packed pigments in a pro-
tein environment and their efficient energy transfer without significant losses.
At the same time, their conformational flexibility opens up the possibility to
induce energy dissipation channels for photoprotection on a fast timescale and
in an environmentally controlled manner.
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3
T H E R O L E O F R E S O N A N T V I B R AT I O N S I N E L E C T R O N I C
E N E R G Y T R A N S F E R

Nuclear vibrations play a prominent role in the spectroscopy and dynamics
of electronic systems. As recent experimental and theoretical studies suggest,
this may be even more so when vibrational frequencies are resonant with trans-
itions between the electronic states. Here we present a vibronic multilevel Red-
field model for excitonically coupled electronic two-level systems with a few
explicitly included vibrational modes and interacting with a phonon bath. By
numerical simulations we illustrate the effects of the quantized vibrations on
the dynamics of energy transfer and coherence in a model dimer. We find that
the resonance between the vibrational frequency and the energy gap between
the sites leads to a large vibronic states delocalization, which then results in
faster energy transfer and longer-lived mixed coherences.

This chapter is based on the following publication:

P. Malý, O. J. G. Somsen, V. I. Novoderezhkin, T. Mančal, and R. van Grondelle,
ChemPhysChem 17, 1356 (2016)
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3.1 introduction

Excitation energy transfer in electronic systems, such as photosynthetic pigment-
protein complexes, has been over the years experimentally studied by increas-
ingly faster time-resolved techniques. The latest nonlinear spectroscopy tool
is the two-dimensional electronic spectroscopy (2DES)[106]. In 2007 this tech-
nique was applied to the Fenna-Matthews-Olson (FMO) complex of purple bac-
teria, where, among other dynamics, long-lived coherent oscillations were ob-
served[107]. This observation sparked interest in coherent phenomena in such
systems. 2DES was used to observe in more detail FMO[108], antenna com-
plexes of marine algae[109], major light harvesting antenna LHCII[110] and
reaction center (RC)[111, 112] of higher plants to name a few examples. In all
cases the omnipresent, robust oscillations were found at cryogenic and even at
room temperature.

Accordingly, much of the following work was devoted to the investigation
of the origin of these long-lived oscillations and their relation to the energy
transfer in the system. Originally, they were associated with electronic coher-
ences[113]. One proposed mechanism was that correlated bath fluctuations at
different sites can result in long-lived coherence between the corresponding
states. However, no evidence for such correlations was found by modelling
based on molecular dynamics simulations [114]. Also direct separation of the
coherences into electronic and vibrational is not possible, as can be seen by com-
paring the oscillation frequencies with known vibrational modes[112]. Gradu-
ally, the consensus has been reached that the oscillation longevity and frequen-
cies must be explained by mixing of electronic and vibrational coherences[115–
120]. Especially the vibrational modes with frequencies resonant with electronic
energy gaps were suggested to be important for both spectroscopic signals and
energy transfer dynamics[112, 121–125].

In order to investigate the role of the vibrations in the electronic system
dynamics, several ingredients have to be present in the model. These include
the interaction between the pigments, a few explicitly quantized vibrational
modes, and interaction with an external phonon bath. There are several levels
of description of such a situation with increasing complexity. The first level
involves N interacting pigments with a few quantized vibrational modes and
one corresponding generalized coordinate for every vibrational mode. That is,
the configuration space for every vibrational mode is one-dimensional.

The interaction with the external bath can then be described by second or-
der perturbation theory. Such a description by a multilevel Redfield theory was
developed by Jean et al.[126, 127]. They have derived the equations of motion
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for such a system and have shown the equivalence of the weak and strong-
coupling limit to the Fermi golden rule and Landau-Zener regime, respectively.
Later Egorova et al. investigated the range of validity of the multilevel Red-
field theory by comparison with other methods and concluded it is appropriate
for the description of coherent ultrafast dynamics[128]. More importantly for
this paper, they also calculated the dynamics of the vibrational wavepacket af-
ter photo-excitation[129]. They showed that the vibrational wavepacket evolves
coherently and that the coherence survives several nonadiabatic transfers be-
tween the excited state potentials. The model was later successfully applied
to describe primary charge separation in the photosynthetic reaction center of
purple bacteria by Novoderezhkin et al.[130]. It was concluded that vibrational
modes are important for the formation of the charge-separated state.

The next complexity level keeps the one-dimensional description of the quan-
tized vibrational modes, but uses an exact model for the treatment of the
phonon bath. Such a description is provided by the hierarchical equations of
motion (HEOM). HEOM in the presence of quantized vibrational modes were
derived by Tanaka and Tanimura [131] and later extended for the presence
of underdamped vibrational modes by Tanimura [132]. The advantage of this
method is its validity for different strengths of the coupling to the bath, the
disadvantage is the relatively high computational demand. These equations
were applied to larger systems such as FMO (7 pigments)[117] and LHCII (14

pigments)[123] with several vibrational modes, using the massively parallel
calculation on graphical cards[133]. Finally, the HEOM were used by Fuller et
al.[112] to simulate the coherent dynamics of photosystem II reaction center as
observed by 2DES. Of particular interest for this paper is their examination of
the effect of the vibrations on the charge transfer (CT) state formation. Firstly,
it is remarked that almost all present vibrational modes are in resonance with
some energy gap between the states in the system. Then the authors describe
the vibrational modes by sharp and broader peaks in the phonon spectral den-
sity. They show that in the sharp case, which they call coherent, the charge
separation is faster than in the broad case. As we will see later on, this can be
explained by the resonance mechanism described in this work.

Another exact approach for description of the bath using polaron transforma-
tion was developed by Kolli et al.[134]. On a FMO-inspired four-site model they
demonstrate the effects of non-equilibrium bath and illustrate the distinction
between the electronic and vibrational components of the oscillatory features.
Later the authors applied this approach to a larger PE545 antenna system of
cryptophyte algae, investigating the role of quantized vibrations quasi-resonant
with excitonic energy gaps[116].
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Yet another possibility was explored by Chin, Prior et al.[135, 136]. They use
time-dependent density-matrix renormalization group method together with
orthogonal polynomials technique (TEDOPA method), allowing them to fol-
low the dynamics of the system and the bath. The key principle is the unitary
transformation of the oscillator bath into an infinite one-dimensional chain of
harmonic oscillators. In the context of photosynthetic complexes, the authors
apply TEDOPA to a FMO-inspired dimer[122]. They demonstrate that the pres-
ence of a vibrational mode resonant with the excitonic energy gap can result in
longer-lived coherences and can even lead to a coherence revival.

The one dimensional description of the quantized vibrational mode has, how-
ever, some disadvantages. As all the pigments effectively interact with the same
vibrational mode, the fluctuations along its coordinate will be correlated for all
of them. This can lead to unrealistic behaviour, such as prolongation of coher-
ence lifetime. Also nonequilibrium vibrational dynamics of this mode, such as
dynamic Stokes’ shift, cannot be correctly reproduced. The more complex level
of description is using one generalized coordinate for each vibrational mode
and for each pigment, i.e. independent vibrational modes for each pigment.
The dimension of the configuration space for every mode is then N. As is im-
mediately apparent, the scaling of the problem with the number of pigments
and/or quantized modes increases dramatically. This description was actually
originally proposed by Förster in 1965[137]. It was then recently rediscovered
in the context of coherent dynamics of the photosynthetic complexes by Chris-
tensson et al.[115] and independently by Tiwari et al.[121]. In the latter work
a ’symmetric’ dimer, i.e. with equal excited-state displacements, is investigated.
In this special case the dissipative dynamics occurs only along the correlated
nuclear motion direction, which permits effective treatment of the energy trans-
fer dynamics as a one-dimensional problem. The special case of a symmetric
dimer was also used in discussing the bath correlation[138] and in describing
the 2DES oscillatory features[139]. Also Butkus et al. have investigated in de-
tail the signatures of the vibrational and electronic degrees of freedom in the
2DES spectra[120, 140]. An excellent review on the subject of the interplay of
electronic and vibrational degrees of freedom, presenting HEOM and Multi-
Configuration Time-Dependent Hartree (MCTDH), another method capable of
dealing with explicit vibrations, was written by Schröter et al.[141]. While these
studies were of mostly qualitative nature, Novoderezhkin et al. used the same
multidimensional configuration space description to obtain quantitative fit of
experimental 2DES frequency maps. This enabled characterization of the ob-
served coherences in the B820 subunit of the LH1 complex of purple bacte-
ria[142] and in the reaction center of photosystem II of higher plants[125].
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In this paper we describe the interaction of a system which includes inde-
pendent quantized vibrational modes on every pigment with a phonon bath.
This allows us to observe the interplay of coherent and dissipative dynamics.
Our work is thus a logical continuation of the theory development outlined
above. The paper is structured as follows. First, we formulate the theoretical
description of the interacting pigments with explicitly quantized vibrational
mode and in interaction with the phonon bath. We show that the electronic
and vibrational modes effectively feel two baths, albeit arising from the same
environmental modes. Using such system-bath interaction, we derive expres-
sions for the Redfield theory dynamics. Then we apply this description to a
model vibronic dimer of pigments with one vibrational mode on each of them.
We study the influence of the vibrations on the system dynamics, in particu-
lar the role of the resonance of the vibrational frequency with the energy gap
between the pigment electronic transitions.

3.2 results and discussion

Theoretical description

The system and bath

In the traditional open quantum systems approach the electronic degrees of
freedom (DOF) are treated explicitly in the system Hamiltonian HS and all
vibrations are included in the bath HB. These two are then coupled by the
interaction Hamiltonian HSB, which factorizes into the system part and bath
part Φ. As our goal is to study the role of resonant vibrations, let us include
one vibrational mode from the bath explicitly quantized in the system Hamil-
tonian. Originally the bath modes are typically considered being independent
and noninteracting. However, when a specific vibrational mode is included
into the system, not only the electronic DOF but also this vibrational mode will
be linearly coupled to the rest of the bath modes, which remain to be treated
perturbatively. The mathematical procedure of this mode transformation can be
found in the supporting information (SI). As a result, there are two system-bath
interaction terms, one coupling the bath modes to the electronic DOF and the
other to the quantized vibrational mode. There are thus effectively two baths,
although originating from the same vibrational modes in the environment. Ac-
cording to the DOF they act on, we call these baths ’electronic’, with operator
Φ(2), and ’vibrational’, with operator Φ(1). The Hamiltonian of one pigment
can be written as
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Hpigment = HB +
[
eg + Hvib(Q)

]
|g〉 〈g|

+
[

ee + λ + Hvib(Q − Q0) + Φ(2)
]

|e〉 〈e| , (3.1)

where
Hvib(Q) =

h̄Ω

2

(

P2 + Q2
)

+ Q
√

2Φ(1). (3.2)

Here |g〉 and |e〉 are the ground and excited electronic state of the pigment with
energies eg,e, λ is the reorganization energy and Hvib is the Hamiltonian of the
quantized vibration. Ω is the vibrational frequency, Q is the vibrational coordi-
nate, displaced by Q0 in the excited state, and P is the canonical momentum.

The motivation for separating the two baths is not only mathematical. Phys-
ically, the two baths correspond to different processes. Because of the DOF it
couples to, the ’electronic’ bath Φ(2) causes fluctuations of the electronic en-
ergy gap. In contrast, the interaction with the ’vibrational’ bath Φ(1), coupled
linearly to the quantized coordinate, causes transitions between the vibrational
states. One can perform a linear absorption measurement. The width of the
zero-phonon line (ZPL) at low temperature is then given by the ’electronic’ bath
Φ(2)only, which causes dephasing of the optical coherence between the ground
and excited state. One can also perform a time-resolved measurement such as
transient absorption, observing a dynamic Stokes’ shift, i.e. intramolecular vi-
brational relaxation. The relaxation rate is then given only by the ’vibrational’
bath Φ(1). It is thus in principle possible to obtain the parameters of these two
baths by different experiments.

Let us proceed to the description of an aggregate of interacting pigments.
The total Hamiltonian is then

H = ∑
n

Hn ⊗m 6=n 1m + ∑
n 6=m

Jnm ⊗l 6=n,m 1l, (3.3)

where Hn is the Hamiltonian of one pigment defined above and Jnm is the
element of the operator of interaction between the pigments.

In the Born-Oppenheimer approximation the electronic and nuclear DOF are
independent. The basis functions for the ground and excited states of each
pigment can then be written as a product of their vibrational and electronic
parts:
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|gνn
n 〉 =

∣
∣
∣χ

(g)νn
n

〉

|gn〉 ,

|eνn
n 〉 =

∣
∣
∣χ

(e)νn
n

〉

|en〉 . (3.4)

Here n ∈ 1...N counts the pigments and the greek indeces νn ∈ 1...NV count
the vibrational levels. To shorten the notation we will occasionally make use of
multiindices ν = ν1...νN in the text below.

The collective states of an aggregate of these N pigments are

|gν〉 =
∣
∣gν1

1
〉

...
∣
∣gνN

N

〉
= ⊗n |gνn

n 〉 ,
|eν

n〉 =
∣
∣gν1

1
〉

... |eνn
n 〉 ...

∣
∣gνN

N

〉
= ⊗m 6=n |gνm

m 〉 |eνn
n 〉 . (3.5)

Here |gν1...νn〉 are the ground state levels and
∣
∣eν1...νn

n

〉
are the singly-excited

states. Now we will write the explicit elements of the Hamiltonian in this basis.
We again separate the total Hamiltonian into system part HS, bath part HB

and system-bath interaction HSB. Let us write the system Hamiltonian in the
exciton-vibrational basis. The ground state block is (setting eg = 0)

〈gν| HS |gµ〉 =
(
Πnδνnµn

)

(

∑
m

νmh̄Ωm

)

. (3.6)

Here Ωn is the vibrational frequency at the n− th pigment. The matrix elements
of the one exciton block read as

〈eν
n| HS

∣
∣
∣e

µ
m

〉

= δnm

(
Πlδνlµl

)

(

en + ∑
l

νl h̄Ωl + λn

)

+ (1 − δnm) J
νnνmµnµm
nm , (3.7)

where λn is the reorganization energy and the coupling terms are given by the
electronic coupling Jnm and the vibrational wavefunction overlap

J
νnνmµnµm
nm = Jnm

〈

χ
(e)νn
n

∣
∣
∣ χ

(g)µn
n

〉 〈

χ
(g)νm
m

∣
∣
∣ χ

(e)µm
m

〉

. (3.8)

The ’electronic’ bath is independent of the vibrational DOF and causes the fluc-
tuations of the electronic levels. The ’vibrational’ bath causes νk → νk ± 1 tran-
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sitions between the vibrational levels. We can write the system-bath interaction
separately for the ground state block:

〈gν| HSB |gµ〉 = ∑
i

Kg
i,νµΦ

(1)
i , where

Ki,νµ =
(√

µiδνiµi−1

+
√

µi + 1δνiµi+1

)

Πj 6=iδνjµj
(3.9)

and for the one-exciton block:

〈eν
n| HSB

∣
∣
∣e

µ
m

〉

= δnm

(
Πlδνlµl

)
Φ

(2)
n

+ δnm ∑
i

Ki,νµΦ
(1)
i (3.10)

We introduced the index tensor Ki,ν1..Nµ1..N to shorten the notation of νi = µi ± 1
transitions.

The system-bath interaction will be treated in second-order perturbation the-
ory, where the bath is fully described by its correlation function (resp. spectral
density in the frequency domain). We have the ’vibrational’ correlation function

C
(1)
n (Ω) =

2
h̄2 Re

∫ ∞

0
eiΩt

〈

Φ
(1)
n (t)Φ

(1)
n (0)

〉

, (3.11)

the ’electronic’ correlation function

C
(2)
n (Ω) =

2
h̄2 Re

∫ ∞

0
eiΩt

〈

Φ
(2)
n (t)Φ

(2)
n (0)

〉

(3.12)

and the cross-correlation term

C
(12)
n (Ω) =

2
h̄2 Re

∫ ∞

0
eiΩt

〈

Φ
(1)
n (t)Φ

(2)
n (0)

〉

= C(21)(Ω). (3.13)

In the following calculations we will set these baths formally uncorrelated for
now, i.e. C

(12)
n (Ω) = 0 ∀n. We will also consider baths coupled to different

pigments uncorrelated, in accord with [143].
The interaction with light will be treated in the dipole approximation:

HSL = −µE(t). (3.14)



3.2 results and discussion 57

Here µ is the dipole moment operator. In the Condon approximation the dipole
moment operator is independent on the vibrations:

µ = ∑
n

|en〉 µn 〈g|+ h.c. (3.15)

When we consider the case when the coupling between the pigments is
stronger than the coupling to the bath (strong coupling regime), the preferred
basis is the exciton basis. This is obtained by diagonalization of the one-exciton
block of the system Hamiltonian with an orthogonal transformation H →
C†HC. The resulting states are superpositions of the electron-vibrational states,
so they are called vibronic states:

|εi〉 =
N

∑
n=1

∑
µ

ci
n,µ

∣
∣
∣e

µ
n

〉

. (3.16)

According to this transformation, also the system-bath interaction and dipole
moment operators are transformed into the excitonic basis. The particular ex-
pressions can be found in the SI.

The dynamics

In the reduced description the system dynamics can be calculated using a mas-
ter equation of the following form:

∂ρ

∂t
= − i

h̄
[HS, ρ]−R(t)ρ +

i

h̄
[µ, ρ]E(t). (3.17)

Here R(t) is a rank four tensor arising from the perturbative treatment of
the system-bath interaction. The solution of this equation is then formally
expressed by a propagator: ρ(t) = U (t)ρ(0). In this text we will use time-
independent Redfield theory where the relaxation tensor (also called Redfield
tensor) can be expressed as following. Let us define, similar to [144], the auxil-
iary operators for the ’electronic’ and ’vibrational’ bath

Y (2)
ijkl =

1
2

N

∑
n=1

∑
ν,µ

ci
n,νc

j
n,νck

n,µcl
n,µC

(2)
n (ωki),

Y (1)
ijkl =

1
2

N

∑
n=1

N

∑
m=1

∑
p

∑
ν,µ,κ,λ

ci
n,νc

j
n,µck

m,κcl
m,λ

Kp,νµKp,κλC
(1)
p (ωki). (3.18)
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In the 1-exciton block we separate the Redfield tensor into the ’electronic’ and
’vibrational’ bath terms: R(e)

ij,kl = R(1)
ij,kl +R(2)

ij,kl

R(o)
ij,kl = −

(

Y (o)
ijkl + Y (o)

jilk

)

+ δjl ∑
s

Y (o)
siks + δik ∑

s

Y (o)
sjls,

o = 1, 2 (3.19)

In the ground state there is only the ’vibrational’ bath. Defining the auxiliary
operator

Y (g)
νµκλ = ∑

n

Kn,νκKn,λµC
(1)
n (Ωn

κν), (3.20)

we can write the Redfield tensor as

R(g)
νµ,κλ = −

(

Y (g)
νµκλ + Y (g)

µνλκ

)

+δµλ ∑
σ

Y (g)
σνκσ + δνκ ∑

σ

Y (g)
σµλσ. (3.21)

Here we denote the vibrational frequency differences Ωn
µν = (µn − νn)Ωn.

It is also possible to describe the evolution of the optical coherences, i.e.
ρigν

(t), by Redfield theory, but in the time-independent case this leads to unre-
alistic Lorenzian lineshapes. We therefore better use a second-order cumulant
expansion, which is even exact for the case of a harmonic oscillator bath, which
will be our case. There are again two lineshape functions corresponding to the
two baths:

g
(o)
n (t) =

∫ t

0
dτ
∫ τ

0
dτ′C(o)

n (τ′), o = 1, 2 (3.22)

The transformed g functions can be expressed by considering the dynamics of
the energy gap, i.e.

〈

He
SB ii − H

g
SB νν

〉

for the 1-exciton - ground state coherences,
leading to
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ge
i (t) = ∑

n
∑
νµ

|ci
nν|2|ci

nµ|2g
(2)
n (t) +

+
N

∑
n=1

N

∑
m=1

∑
p

∑
νµκλ

ci
n,νci

n,µci
m,κci

m,λ

Kp,νµKp,κλg
(1)
p (t). (3.23)

The evolution of the optical coherences is then[25, 144]

Uigν
(t) = exp

{

−ge
i (t)−

1
2
(
Rii,ii +Rgνgν,gνgν

)
t

}

. (3.24)

Here the R are the Redfield tensor elements expressing the population transfer
from the respective states leading to so-called lifetime dephasing.

Spectroscopy

The spectra can be calculated by the response function formalism as a response
to the electric field[25]. The n-th order polarization is then

P(n) =
∫ ∞

−∞
dt1...

∫ ∞

−∞
dtnS(n)(tn, tn−1...t1)

E(t − tn − tn−1 − ... − t1)...E(t − t1),

S(n)(tn, tn−1...t1) = Tr{µU (tn)[µ, ...U (t1)[µ, ρeq]}, (3.25)

where U (t) is the system ’free’ propagator without the electric field. In our
case U (t) is obtained by solving Eq. (3.17) without the electric field. The signal
is then connected to the polarization through the Maxwell equations. We thus
get the absorption spectrum

α(ω) ∝ ω ∑
i

∑
ν

|µi,gν
|2Re

∫ ∞

0
dt eiωtUi,gν

(t)ρeq. (3.26)

Numerical simulations

System description

In this part we present the application of the theory presented above for a
coupled dimer of pigments, N = 2. Unless different values are explicitly given,
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the parameters used for simulation can be found in Table 3.1. The vibrational
frequency Ω = 340 cm−1 is chosen because it corresponds to a known vibration
of chlorophyll and was observed in the experimental 2DES spectra[111, 112].
The transition dipole moments of the pigments are parallel oriented (head-
to-head) and are of the same size. To characterize the excited states, we use
their Huang-Rhys factors, which relate to the dimension-less displacement as
Sn = d2

n/2 (dn is denoted Q0 in the theory section above). As we have two
pigments and one quantized vibrational mode on each of them, we describe
the excited state potential in a space of two generalized coordinates, see Fig.
3.1. Such a potential surface in the exciton picture and its influence on the
exciton delocalization was studied in detail by Beenken et al.[145].

Except for the resonance study, see below, we use an overdamped Brownian
oscillator (BO) for the model of the bath:

C(ω) =

(

1 + coth
(

ω

2kBT

))
2λωΛ

ω2 + Λ2 . (3.27)

(We will measure frequencies and energy in wavenumbers, i.e. h̄ = 1, [ω] =
[E] = cm−1). Because both effective baths arise from the same environmental
modes, we use the same bath correlation time τcorr = Λ−1 ≈ 50 fs for both
of them. We then vary only the strength of the system-bath coupling, i.e. the
reorganization energy. For uncoupled pigment at 77K these bath parameters

give approx. 250 fs vibrational relaxation time τR = k−1
R =

(

C(1)(Ω)
)−1

and

55 cm−1 wide ZPL (3-4 nm in the typical wavelength range). This form of a
bath and parameters in this range are commonly used in photosynthetic light-
harvesting complexes[144]. Sometimes also high-frequency modes are included
in the bath spectrum, but these would be here represented by the explicitly
quantized modes. The procedure of including the quantized modes in the bath
was investigated by Roden et al.[146].

In the calculations, four vibrational levels on each pigment were used as a
diabatic site basis. After diagonalization the levels were truncated to 13 lowest
levels in the one-exciton manifold. This restriction is valid as the higher energy
vibronic states have negligible oscillator strength and lie out of the Franck-
Condon region. They will thus never get populated, neither by interaction with
light nor by the system dynamics. Numerically it was checked that the increase
both in the basis size (4 → 6 states) and number of levels (13 → 16) did not
produce appreciable difference in the calculated quantities.

To discuss our system, we will use the following quantities: absorption spec-
trum with peak designations, vibronic (excitonic/vibrational) population dy-
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Figure 3.1: The configuration space with the parabolic potentials of the ground state (0),
and excited states of the pigments. The excited states are displaced from the ground
state along the respective generalized coordinates.

Parameter Value

ZPL Energy difference ∆E = e2 − e1 = 300 cm−1

Electronic coupling J12 = 75 cm−1

Huang-Rhys factor S1 = 0.7, S2 = 0.25
Vibrational frequency Ω = 340 cm−1

Temperature 77K (kBT = 53.7 cm−1)
Bath reorganization energy λ1 = 20 cm−1, λ2 = 50 cm−1

Bath inverse correlation time Λ = 100 cm−1

Table 3.1: System parameters



62 the role of resonant vibrations in electronic energy transfer

namics with level characterization, vibronic coherence dynamics with coher-
ence characterization, site populations and intersite coherence. For illustration
we will also plot the vibronic wavepacket in the configuration space. We would
like to emphasize at this point that the absorption spectra are experimental
quantities and also the vibronic coherence and population dynamics can be to
a large extent followed by 2DES.

The absorption spectrum is calculated from the diagonalized Hamiltonian
using a second-order cumulant expansion as described before (see eq. (3.26)).
Peak designations are read from the origin of the corresponding transitions. It
turns out that 77K is a temperature low enough for only the transitions from the
vibrational ground state

∣
∣g0

1
〉 ∣
∣g0

2
〉

to be visible in the linear spectrum due to the
Boltzmann distribution of the ground state populations in thermal equilibrium.

The vibronic states are directly populated by interaction with light and their
population dynamics are calculated using Redfield master equation (3.17) as
described above. Corresponding to experimental conditions in nonlinear spec-
troscopy such as 2DES or broadband transient absorption, the initial condition
is excitation by a spectrally broad δ−pulse (two interactions with the field),

ρij(0) = ∑
ν

µigν
ρ

eq
gνgνµgν j. (3.28)

The system is considered to be in thermal equilibrium before the excitation,

ρ
eq
gνgν =

e−Ων/kBT

∑ν e−Ων/kBT
.

To characterize the vibronic levels in the one-exciton manifold, we calculate
their localization on the respective sites (pigments),

li = (l1(i), l2(i)) , ln(i) = ∑
ν

|ci
n,ν|2. (3.29)

As well as the dynamics of the vibronic populations, we calculate the evo-
lution of the vibronic coherences, called just coherences in this text. Quantum
mechanically coherences are defined as coherent superpositions of states. As
such, the system eigenstates, here called vibronic states, themselves are also
coherent superpositions of the diabatic, site states. However, in this work we
denote as coherences the superpositions between the vibronic states. That is,
the off-diagonal elements of the system density matrix in the eigenstate (vi-
bronic) basis. Our motivation is that exactly these coherences are observed by
2DES as oscillations in the population time.

Like vibronic populations, coherences are also directly created by light. We
describe them by their vibronic levels origin and the ’intersite mixing’ ratio
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ξij = ∑
ν,µ

(

|ci
1ν|2|c

j
2µ|2 + |cj

1ν|2|ci
2µ|2

)

, (3.30)

which determines how much the two sites are mixed in the particular coher-
ence ρij. This can be also expressed by the state localization, ξij = l1(i)l2(j) +
l1(j)l2(i) = 1 − l1(i)l1(j) − l2(i)l2(j), in another words, ξij corresponds to the
probability that states i and j are localized on different pigments. This mea-
sure helps to distinguish the prevailing character of the coherence. Purely vi-
brational coherences, i. e. superpositions of different vibrational states on the
same pigment, have ξij = 0. In contrast, the electronic coherences, i. e. superpo-
sitions of electronic excitation on different pigments, have ξij = 1. ξij reaches
these extremum values only in the case when the states constituting the coher-
ence correspond to the diabatic states. In practice, this occurs only in the case
of uncoupled pigments, see below. In the general, coupled case ξij close to zero
(one) means prevailing vibrational (electronic) character of the coherence ρij.
Depending on the chosen basis, different measures with similar function can
be used, such as those in Refs. [120, 142].

Site populations are calculated as overall population of the particular site
(pigment), including all vibrational states, i.e. Pn = ∑ν ∑i,j ci

nνρijc
j
nν.

Intersite coherence is calculated as the coherence between the two sites traced
(i.e. averaged) over the vibrations:

P12 = Trvibρ1ν,2µ =

= ∑
i,j

∑
νµ

ci
1,ν1ν2

ρijc
j
2,µ1µ2

〈

χ
g
µ1

∣
∣
∣ χe

ν1

〉 〈

χe
µ2

∣
∣
∣ χ

g
ν2

〉

.

(3.31)

In contrast to the vibronic coherences, the intersite coherence is calculated in
the diabatic, site basis. The real part of P12 measures the delocalization of the
excitation between the two sites, while its imaginary part reflects the amount
of dynamic coherence between the two sites.
The vibronic wavepacket is calculated as the probability of the system to be at
given time at the given point Q = (Q1, Q2) of the configuration space:

wp(Q, t) = |Ψ(Q, t)|2 = 〈Q| ρ(t) |Q〉 . (3.32)
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Uncoupled pigments - The quantities and measures

First, to get a feeling about the role of the two baths and the measures de-
fined above, we show the case of two uncoupled pigments, i.e. J = 0 cm−1,
see Fig. 3.2. In the absorption spectrum, Fig. 3.2A, we can see the ZPLs of the
two pigments and the two vibrational progressions. The width of the ZPLs is
determined only by the electronic bath, for the higher vibrational peaks the life-
time broadening caused by the vibrational relaxation also partially contributes.
As this effect is comparatively small, we can say that the linewidth is deter-
mined by the pure dephasing due to the electronic levels fluctuations. On the
other hand, the vibronic population dynamics, Fig. 3.2B, is given purely by
the vibrational bath. For λ1 = 0 cm−1 the populations would be stationary
as there is no transfer between the pigments and thus the electronic fluctua-
tions are absolutely correlated for all states at a given pigment. As there is
no mixing between the sites, all states are fully localized (i.e. site basis ⇔ vi-
bronic basis). The small oscillations of the vibronic populations are given by the
populations↔coherences transfer and disappear in the strict secular approx-
imation (see below). Because there is no transfer between the pigments, the
site populations (not shown) stay constant. In the coherence figure, Fig. 3.2C,
the real part of the 5 most intense coherences (sorted by initial amplitude) are
shown. As is apparent from the ξij measure, we have two kinds of coherences:
purely vibrational with ξij = 0 and electronic with ξij = 1. The electronic ones
dephase quickly due to the ’electronic’ bath. The vibrational ones are long-lived
and dephase only by lifetime dephasing given by the ’vibrational’ bath. This is
best seen by setting λ1 = 0 cm−1 , in which case the electronic coherences will
decay rapidly while the vibrational ones will live forever. Finally, the intersite
coherence, Fig. 3.2D, is affected mostly by the electronic bath. As mentioned
above, its imaginary part corresponds to the amount of dynamic coherence in
the system, while its real part reflects the amount of intrinsic delocalization
between the pigments due to their coupling. In this J = 0 cm−1 case they both
decay to zero.

Coupled pigments

Let us now switch on the coupling, setting J = 75 cm−1 (intermediate cou-
pling regime) and study the dependence of the system properties on the en-
ergy detuning ∆E. In Fig. 3.3 all studied properties are depicted for three dif-
ferent energy gaps. We remind the reader that the vibrational frequency is
Ω = 340 cm−1. In the absorption spectrum, Fig. 3.3A-C, we can see the peaks
to shift and the oscillator strength is redistributed. As the states become delocal-
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Figure 3.2: Uncoupled pigments A: Absorption spectrum, B: Vibronic population dy-
namics, C: Coherences dynamics and D: Intersite coherence. Coupling J = 0 cm−1,
other parameters as in Table 3.1.
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ized, one-exciton states consist of several diabatic states and a simple transition
designation as in Fig. 3.2A is no longer possible. As expected, different vibronic
states are initially populated with increasing ∆E, see Fig. 3.3D-F. For smaller en-
ergy gaps the lowest vibronic state (which is almost the pure ZPL of the lower
pigment), gets populated faster than for larger ∆E.

The coherences, Fig. 3.3G-I, are sorted by initial amplitude, including the 5

most intense ones, the ones between the strongly-populated states and the long-
lived ones. All the ’localized’ coherences with small ξij are again long-lived. On
the other hand, not all long-lived coherences have small ξij: for near-resonant
energy gaps there can be delocalized coherences with ξij ∈ (0.4..0.6) which can
be also long-lived. The reason for this is that they are delocalized between the
sites in exactly the same way, i.e. li = lj, and therefore the fluctuations that
the constituent states feel are correlated, decreasing the dephasing. An exam-
ple is the coherence 2-5 with ξ25 = 0.5 for ∆E = Ω. To get some insight into
the actual structure of the coherences and the constituent states, we give the
participation ratios |ci

n,ν|2 of states 2 and 5 in the site basis states in Table 3.2.
We can see that these two vibronic states are composed of completely different
exciton-vibrational states. However, since the ’electronic’ bath fluctuations are
the same for different vibrational states on the same pigment and it is this ’elec-
tronic’ bath which mostly causes the decay of the 2-5 coherence, only the total
localization on the respective pigments given by li is important in determin-
ing the coherence lifetime. This demonstrates the usefulness of the introduced
measures. One more remark is in order. Naively we would expect the mixed co-
herences to be easily recognizable in the experiment as their frequencies gener-
ally differ from the frequency of the vibrational mode characteristic for purely
vibrational coherences. However, as we see from the coherence 2-5 example,
even such a mixed coherence can oscillate on frequency ε5 − ε2 = 341 cm−1, i.
e. practically at Ω. Indeed, much attention has been given to distinction of the
kinds of coherences in recent years [115, 120, 142].

For higher energy gap resonances the effect of longer coherence lifetime will
be obscured by the lifetime dephasing, as the delocalized states near the poten-
tial energy surfaces (PES) intersection have higher energy and undergo rapid
relaxation. A good example is coherence 1-4 in the ∆E = 2Ω case. The effect of
lifetime dephasing only can be nicely seen on the purely vibrational coherence
3-7 in Fig. (3.2). Note that the effect of mixed coherences longevity is absent in
the off-resonant ∆E = 500 cm−1 case, where the only long-lived coherences are
purely vibrational.
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Figure 3.3: Coupled pigments - Properties of the system calculated for three different
energy gaps ∆E, other parameters are in Table 3.1. A-C: Absorption spectrum, states
sorted by their energy, D-F: Dynamics of the vibronic states population, G-I: Vibronic
coherence dynamics, ordered by their initial amplitude, J-L: Intersite coherence dynam-
ics, M-O: Site population dynamics
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site basis st. 2: ε2 = 12607 cm−1 st. 5: ε5 = 12948 cm−1
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Table 3.2: Participation ratio of states 2 and 5 from Fig. 3.3D in specific pigment states.
These states constitute the long-lived mixed coherence 2-5 in Fig. 3.3G.

The intersite coherence, Fig. 3.3J-L, oscillates because of the coherences it orig-
inates from, with increasing detuning the overall delocalization (corresponding
to the real part of the intersite coherence) decreases as is expected.

To show the presence of long-lived mixed coherences, we calculate the total
amplitude of coherence present in the system, Acoh(t) = ∑i,j>i |ρij(t)|2 for dif-
ferent energy gaps, see Fig. 3.4A. Surprisingly, the amount of coherence present
in the system decays in almost the same way for all given energy gaps. From
the results presented in Figs 3.2 and 3.3 we know that for off resonant cases
there are long-lived vibrational coherences present, while in the resonant cases
the coherences become mixed, i.e. the constituent states become delocalized.
Putting these two pieces of knowledge together, we must conclude that there
are longer-lived mixed coherences when the energy gap is in resonance with vi-
brational frequency. That is, a redistribution of the dynamic coherence lifetime
between the vibrational and mixed coherences takes place.

Finally, the site populations, Fig. 3.3M-O show transient oscillatory behaviour
when the delocalized states are populated and then more monotonous evolu-
tion when the excitation becomes more localized. Most importantly, they show
a clear trend of faster dynamics in the resonant ∆E = kΩ cases, where the en-
ergy gap is a multiple of the vibrational frequency. This hints in the direction
of resonant-vibrations increased population transfer and will be investigated in
the next sections.

Role of resonance

In order to quantify the effective rate of population transfer between the sites,
we fit the first 600 fs of the higher-site population dynamics with an exponential
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Figure 3.4: (A) Total coherence amplitude present in the system calculated for four dif-
ferent energy detunings. (B) Comparison of the ’Secular’ and Full Redfield calculation
of the transfer time dependence on the energy detuning.

decay, obtaining the effective transfer time. Let us study the effect of changing
the energy gap on this transfer time. Because the Redfield rates also depend
on the value of the spectral density at the transition frequency and we are
interested only in the effect of the resonance at the moment, let us use a flat
spectral density:

C(ω) =







T λ
Λ

, ω > 0

eω/kBTT λ
Λ

, ω < 0
. (3.33)

Here the ω > 0 value coincides with the ω → 0 limit of the Brownian oscil-
lator (3.27) and the negative frequencies are exponentially damped to preserve
the detailed balance, i.e. correct thermodynamics. In Fig. 3.5 we study the trans-
fer time for two cases of interpigment coupling and four different lower-site dis-
placements. Both for strong and weak coupling there are clear minima around
the resonant ∆E = kΩ detunings. The slight shift of the minima from exact res-
onance is caused by fitting the oscillating higher-energy pigment population
with an exponential decay. This procedure works worse for more oscillating
populations, which correspond to delocalized states. The shifts are therefore
present mainly for small displacements and strong coupling.

We would like to emphasize that in traditional Redfield the resonance of an
energy gap in the excitonic basis with a peak in phonon spectral density speeds
up the population transfer between excitons. This is caused by a larger density
of available phonons. This is a different effect than that observed here, where
the resonance is in the site basis and speeds up the energy transfer between the
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Figure 3.5: Influence of detuning on transfer time: role of resonance. The dependence
calculated for four different state 1 displacements and for coupling (A) 120 cm−1 and
(B) 60 cm−1. The black vertical lines mark the resonant ∆E = kΩ energy gaps.

pigments, leaving the vibronic population dynamics practically unaffected. In
our case this is a consequence of increased delocalization of the vibronic states
composed of the resonant states. This delocalization then leads to the leaking
of the vibrational wavepacket through the excited-state PES intersection to the
lower energy site. We will return to discussing this mechanism in the later parts
of the paper.

Another point to mention is the significant width of these resonances. This
agrees with the results in the literature using the multi-dimensional configura-
tion space [119, 121] and is in contrast with the one-dimensional studies[124,
125]. Our results should then better correspond to the experimental observa-
tions[147]. The advantage of wide resonances becomes apparent when real-
izing that the considered biological systems are dynamically fluctuating and
highly energetically disordered [148]. In such conditions a wider range of quasi-
resonant regimes of fast energy transfer becomes a necessity.

To demonstrate that the resonance speeds up the transfer even for higher
multiples of the vibrational frequency, we increase the number of states in the
vibronic manifold to 18 (to maintain accuracy) and calculate the population
transfer for larger energy gaps, see Fig. 3.6B. For very small energy gaps the
low-lying states are delocalized, which results in large site populations oscilla-
tions, making the fitting unreliable. For large energy gaps the transfer gets very
slow. However, clearly the effect of population transfer speed-up persists even
for large energy gaps.
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In the case of a more realistic overdamped Brownian oscillator spectral den-
sity we expect these minima only to experience a minor shift because of the
slope of the spectral density. As is demonstrated in Fig. 3.6A, this is indeed the
case. We can see the minima shift to higher frequencies, reflecting the positive
slope of the spectral density in the relevant region of small phonon frequencies.

Knowing that the effect of the BO bath is just an energy shift, we can investi-
gate the role of the baths on the transfer time and the resonance conditions, see
Fig. 3.7. The effect of the vibrational bath is straightforward: weaker coupling
to this bath slows down the population transfer, making the resonance more
important. That is because in the resonant case the excitation ’leaks’ to the
lower site through the delocalized states at the excited states PES intersection.
On the other hand, the effect of the electronic bath is more subtle. Increasing
coupling to this bath speeds up the transfer in the lower detuning minimum
and slows down the transfer in the higher detuning minimum. This can be un-
derstood intuitively when considering that this bath reduces delocalization of
the excitation: in the large detuning case the population leaks to the lower site
at the PES crossing through the delocalized states and relaxation at the upper
site is a competing channel. Thus delocalization is preferable in this case. In
the small energy detuning case even the low upper site states are delocalized
and lack of bath-induced localization permits coherent oscillations between the
sites, slowing down the directional transfer.
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In order to appreciate the role of the delocalization of the vibronic states in
speeding-up the energy transfer, consider the evolution of vibronic populations
in Fig. 3.3 for the off-resonant ∆E = 500 cm−1 and the resonant ∆E = 680 cm−1

case. Clearly in the latter, faster case the state 4, which serves as an intermedi-
ate state, is of importance. From the localization l4 measure we can see that
this state is highly delocalized between the two sites, providing the means for
the vibronic wavepacket to leak into the lower pigment. In contrast, in the off-
resonant case there are no such states: all vibronic states are highly localized.

Another means of visualizing the actual evolution of the system after ex-
citation is the motion of the vibronic wavepacket, see Fig. 3.8. There we can
observe the actual motion of the excitation including the initial coherent evo-
lution followed by the leaking of the excitation through the potential intersec-
tion and final relaxation in the lower-energy site 1. Comparing the off-resonant
∆E = 500 cm−1 with the resonant ∆E = 340 cm−1 and ∆E = 680 cm−1 energy
gaps, we can see that in the resonant cases clearly the excitation reaches the
relaxed state at site 1 much faster. The leaking between the potentials occurs
along the correlated nuclear motion direction, i.e. in the direction of the line be-
tween the excited PES minima. The full video of the evolution can be found in
the SI, together with the projection of the vibronic wavepacket on the abscissa
connecting the PES minima, which is in Fig. 3.9.



3.2 results and discussion 73

-2 -1 0 1
-1

0

1

2

3

Q
2

Q
1

0

1

2

T
=

1
5

0
 f

s
T

=
6

0
 f

s
T

=
4

5
0

 f
s

∆Ε=500 cm
-1

∆Ε=340 cm
-1

-2 -1 0 1
-1

0

1

2

3

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

1

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

0

1

2

Q
1

Q
2

-2 -1 0 1
-1

0

1

2

3

0

1

2 0

1

2

Q
1

Q
2

∆Ε=680 cm
-1

T
=

0
 f

s

Figure 3.8: Snapshots of the motion of the vibronic wavepacket for different energy
detunings. Black numbers denote the minima of respective state PES, see Fig. 3.1. At
T = 0 fs, after the Franck-Condon transition, the wavepacket has the position and the
shape it had in the ground state equilibrium. In later times the excitation coherently
oscillates around the state 2 and 1 minima while leaking through the potentials inter-
section, eventually relaxing to the lower-energy state 1.
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Secular approximation

Finally, in order to further investigate the effect of dynamic localization and
also to address the much discussed question of dynamic coherences ’helping’
the energy transfer, let us study the influence of these coherences on the pop-
ulation dynamics and transfer time. To this end we set ∆E = Ω = 340 cm−1

and compare the full Redfield dynamics presented above with the case where
the terms of type Rii,jk, Rij,kk connecting the populations with the coherences
are set equal to zero (this is called here the ’secular’ approximation). In this sit-
uation the coherences and populations evolve independently and the eigenen-
ergies of the system are fixed by the transformation of the Hamiltonian to the
vibronic basis. For direct comparison of the system dynamics see Fig. 3.10 in
the SI, in most aspects the two cases are barely distinguishable. The only larger
difference can be seen in the site populations, where the secular case is evi-
dently faster than the full dynamics. Let us then compare the role of resonance
in the full and ’secular’ case, see Fig. 3.4B. Interestingly, the transfer is actually
faster when the populations and coherences evolve independently, the differ-
ence being larger for the higher detuning resonance. This further supports the
dynamic localization argument presented above, as in the secular approxima-
tion the vibronic basis is the fixed preferred basis and there is no localization.
This is advantageous for the energy transfer, as in the original vibronic basis the
lowest state is always localized on the lower-energy pigment and thus dynamic
localization in the low states of the higher-energy pigment is undesirable.

3.3 conclusions

We have derived an expression for the Redfield theory dynamics of a system of
interacting pigments in the presence of a vibrational bath and explicit quantiza-
tion of a few prominent vibrational modes. The resulting description includes
two effective baths which correspond to experimentally observable quantities,
namely the spectral line width and dynamic Stokes’ shift. This enabled us to
study the effects of resonance of the quantized vibrational frequency with the
energy gap between the two pigments on energy transfer. Moreover, our realis-
tic two-dimensional configuration space of the vibrational coordinates allowed
us to follow the motion of the vibronic wavepacket in the excited state.

The results show that the system exhibits strong mixing of the vibrational
and electronic states, leading to so-called vibronic states. The resonance of the
vibrational frequency with the energy gap then results in significant delocal-
ization of the vibronic wavefunctions between the two pigments. This causes a
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fast leaking of the vibrational wavepacket in the excited state through the inter-
section between the excited state potential energy surfaces. The overall energy
transfer between the sites is then faster than in the off-resonant case. We have
investigated this effect and found it persists over a broad range of physically
relevant parameters. The resonance minima are not very sharp, which makes
the mechanism work also in energetically disordered systems such as natural
photosynthetic pigment-protein complexes.

Furthermore, we tested the effect of the mentioned resonance on the evo-
lution of dynamic coherences, which is in principle directly experimentally
observable by 2DES. We present evidence that while in the off-resonant case
only vibrational coherences can be long-lived, in the resonant case also mixed
coherences can have a long lifetime. The observed presence of long-lived coher-
ences, which are not of a purely vibrational origin, then acts as a signature of a
resonance of typically intrapigment vibrations with electronic energy levels.
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3.4 supporting information

Bath transformation

In this section the transformation process of including several vibrational modes
from the bath explicitly into the system Hamiltonian is presented. The logic pro-
ceeds as follows: first we start with the bath decomposition we want to achieve,
that is a few explicit modes and many other modes, with bilinear interaction
between the two. Then we transform the bath Hamiltonian into the normal
modes, which present non-interacting modes. In this basis we present the form
of the bath Hamiltonian in the system ground and excited state as is usual
in the spectroscopical treatment. Then we invert the transformation, insert the
two kinds of modes, and derive the new form of the system-bath interaction.
The result presents the two terms of system bath interaction discussed in the
main text, one coupling the bath modes to the electronic degrees of freedom,
the other to the prominent vibrational coordinate.

We start with the vibrational part of the total Hamiltonian separated into
the system part (a few prominent modes) and the environment part (typically
many more modes):

HS
B = ∑

k

h̄Ωk

2

(

P2
k + Q2

k

)

HE
B = ∑

n

h̄ωn

2

(

p2
n + q2

n

)

. (3.34)

Here Ωk and ωn is the mode frequency, Pk, pn and Qk, qn are the canonical
coordinates. The interaction between the modes is asumed to be bilinear:

Hint
B = ∑

kn

κknQkqn. (3.35)

The bath Hamiltonian HB = HS
B + HE

B + Hint
B can be always transformed into

the vibrational normal modes[149]:

H
(g)
B = ∑

ξ

h̄ωξ

2

(

p2
ξ + q2

ξ

)

H
(e)
B = ∑

ξ

h̄ωξ

2

(

p2
ξ +

(
qξ − dξ

)2
)

. (3.36)
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The excited state is displaced by dξ with respect to the ground state. The excited
state bath can be expressed by the ground state bath as

H
(e)
B = H

(g)
B − ∑

ξ

h̄ωξdξqξ + λe; λe = ∑
ξ

h̄ωξ

2
d2

ξ . (3.37)

Here λe is usually called the reorganization energy and the linear coupling to
the bath modes qξ is apparent now. This form of the bath is typically used for
describing the spectroscopically relevant energy-gap ∆V = H(e) − H(g) fluctua-
tions. Using the backward transformation,

qξ = ∑
n

a
(ξ)
n qn + ∑

k

b
(ξ)
k Qk, (3.38)

we get for the excited state bath
H

(e)
B = H

(g)
B + λ − ∑

n

Dnqn − ∑
k

DkQk. (3.39)

Here Dn = ∑ξ h̄ωξdξ a
(ξ)
n and Dk = ∑ξ h̄ωξdξb

(ξ)
n are the new potential shifts

in the excited state. Now we define new quantities such as the excited state
vibrations equilibria

Q0
k =

Dk

h̄Ωk
, (3.40)

the total reorganization energy

λ = λe − ∑
k

D2
k

2h̄Ωk
, (3.41)

and the new bath operators for the ’electronic’ environment bath

Φ(2) = −∑
n

Dnqn + ∑
kn

κkn
Dk

h̄Ωk
qn (3.42)

and the ’vibrational’ environment bath
Φ

(1)
k =

1√
2

∑
n

κknqn. (3.43)

Using these quantities, the total Hamiltonian of one two-level system can be
written as

H = HB +
[
eg + Hvib({Qk})

]
|g〉 〈g|

+
[

ee + λ + Hvib(
{

Qk − Q0
k

}

) + Φ(2)
]

|e〉 〈e| , (3.44)

where
Hvib({Qk}) = ∑

k

h̄Ωk

2

(

P2
k + Q2

k

)

+ Qk

√
2Φ

(1)
k . (3.45)
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This is the Hamiltonian of Eqs. (1) and (2) in the main text. A similar form
of interaction Hamiltonian with the two baths was used by Novoderezhkin et
al.[130].

Vibronic basis expressions

The system-bath interaction terms are transformed:

Φ
(2)
ij =

N

∑
n=1

∑
ν1...νN

ci
n,ν1...νN

c
j
n,ν1...νN

Φ
(2)
n ,

Φ
(1)
ij =

N

∑
n=1

∑
ν1...νN

∑
µ1...µN

ci
n,ν1...νN

c
j
n,µ1...µN ∑

k

Kk,ν1..νNµ1..µN
Φ

(1)
k . (3.46)

In the vibronic basis, the dipole transitions to the one-exciton block will be
given by the transformation coefficients and the vibration wavefunction over-
lap:

〈εi| µ |gν1...νN〉 = µi,gν1...νN
= ∑

n

µn ∑
µ1...µN

ci
n,µ1...µN

〈

χ
(e)µn
n

∣
∣
∣ χ

(g)νn
n

〉

Πl 6=nδµlνl
.

(3.47)

Dynamics of the vibronic wavepacket - projection

To get further illustration of the relaxation of the vibronic wavepacket in the
lower state, we can calculate a projection of the wavepacket on the abscissa
connecting the minima of the potential energy surfaces of excited state 1 and 2.
The resulting dynamics can be found in Fig. 3.9.

Role of secular approximation

Here in Fig. 3.10 we give the detailed comparison of the system dynamics for
the full and secular Redfield description. In the secular case, where there is
no interplay between the vibronic populations and coherences, the population
dynamics is given by rate equations only. The ’wiggles’ on the vibronic popu-
lations are therefore characteristic for the coherences affecting their dynamics.
The most pronounced difference is thus the significantly faster transfer between
sites in the secular case.
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Figure 3.10: Comparison of the ’Secular’ and Full Redfield dynamics of the system,
∆E = 340 cm−1
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S I N G L E - M O L E C U L E S P E C T R O S C O P Y O F M O N O M E R I C
L H C I I : E X P E R I M E N T A N D T H E O RY

We derive approximate equations of motion for excited state dynamics of a
multilevel open quantum system weakly interacting with light to describe fluo-
rescence detected single molecule spectra. Based on the Frenkel exciton theory,
we construct a model for the chlorophyll part of the LHCII complex of higher
plants and its interaction with previously proposed excitation quencher in the
form of the lutein molecule Lut 1. The resulting description is valid over a
broad range of timescales relevant for single molecule spectroscopy, i.e. from
ps to minutes. Validity of these equations is demonstrated by comparing sim-
ulations of ensemble and single-molecule spectra of monomeric LHCII with
experiments. Using a conformational change of the LHCII protein as a switch-
ing mechanism, the intensity and spectral time traces of individual LHCII
complexes are simulated, and the experimental statistical distributions are re-
produced. Based on our model, it is shown that with reasonable assumptions
about its interaction with chlorophylls, Lut 1 can act as an efficient fluorescence
quencher in LHCII.

This chapter is based on the following publication:

P. Malý, J. M. Gruber, R. van Grondelle, and T. Mančal, Sci. Rep. 6, 26230 (2016)

81



82 single-molecule spectroscopy of monomeric lhcii : experiment and theory

4.1 introduction

Photosynthesis, arguably the most important photo-induced process on Earth,
converts the energy of light into its chemically/biologically useful form. It is
often argued that this conversion is remarkably efficient. However, it has to
be distinguished between the quantum efficiency, reaching almost unity[2, 150],
and light-to-chemical energy efficiency, which is significantly lower, in the order
of several percent[1]. This is given by an evolutionary pressure on the develop-
ment of a robust photosynthetic machinery optimized for survival rather than
energy conversion efficiency. Energy relaxation processes are integral part of
the photosynthetic function as they enable the energy transfer to proceed unidi-
rectionally [16], and provide protection of the photosynthetic apparatus against
harmful over-excitation. The photosynthetic machinery of plants has developed
a complex hierarchy of self-regulatory mechanisms to avoid excess excitation
or (when unavoidable) to dissipate it into heat [47]. Starting from processes con-
trolled on the macroscopic level (e. g. orientation of leaves), over spontaneous
microscopic (cellular) events such as chloroplast movements, to truly nano- and
sub-nanoscopic mechanisms such as reorganization of antenna complexes and
direct regulation of energy transfer on the level of small groups of interacting
chromophores, plants actively react to changing illumination conditions. The
sub-nanoscopic processes, which are the focus of the present study, operate in
response to the increase of ∆pH across the thylakoid membrane. Such an in-
crease is an indicator of high illumination. Nowadays it is generally accepted
that carotenoids are involved in these energy dissipation processes. The pre-
cise molecular mechanism is, however, still subject of discussion[151–158]. It
is likely that different mechanisms evolved in different classes of organisms
and/or that several mechanisms operate at once.

Most of our current knowledge about the early processes of photosynthe-
sis was obtained by ultrafast spectroscopy. While conventional bulk spectro-
scopies are extremely useful in following ultrafast photo-induced events in
photosynthesis, whenever structural inhomogeneity of the sample is involved,
the information obtained from these spectroscopies becomes obscured by an
inevitable ensemble averaging. Some well established spectroscopic methods,
such as hole-burning [159–161], and some modern multidimensional methods,
such as coherent two-dimensional spectroscopy [162], provide certain access
to the homogeneous properties. Information on the behaviour of individual
molecules has been, however, available only since the advent of single-molecule
spectroscopy (SMS) [48].
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The system studied in this work, the light harvesting complex II (LHCII) of
higher plants, is the plants’ major light-harvesting antenna containing almost
half of all the chlorophyll in the chloroplast. Correspondingly, most of the light
absorption and subsequent energy transfer processes in plants and algae occur
in this complex. The LHCII antenna occurs naturally in a trimeric form and its
main function is to deliver excitation energy to the nearby photosystem II (PSII).
Given the major role of LHCII in light-harvesting and energy transfer, it is not
surprising that it is also implicated in participating in regulated energy dissi-
pation, the so-called non-photochemical quenching (NPQ) [66, 152, 154]. The
crystal structure of the complex [18] enables us efficient theoretical modeling
of the complex’s spectroscopic properties using its chromophores (chlorophylls
(Chl) and carotenoids) as the model units. The model parameters such as elec-
tronic coupling are greatly constrained by the known mutual orientation and
distances. Existence of a large body of previous measurements together with
theoretical attempts to fit this whole body of data to a single model [130, 163,
164] gives a great confidence in extending the modeling towards single molec-
ular experiments.

In recent years, single-molecule spectroscopy (SMS) experiments on several
photosynthetic antenna complexes including the LHCII were performed. Fluo-
rescence spectral peak distributions [69], spectral diffusion [165], fluorescence
intensity distributions [31, 68] and time traces [81] were obtained from these
measurements. In many cases also fluorescence intermittency (blinking) was
observed, and it was conjectured that in the case of LHCII the process behind
the fluorescence intermittency plays a role in NPQ [31].

As far as the theory of the SMS of LHCII is concerned, the ensemble-averaged
spectra and also the peak distributions of LHCII trimers can be successfully ex-
plained by the disordered excitonic model [69]. In general, the excitonic model
was successfully applied in the past on fs to ps timescale, and it represents an in-
dispensable tool in analyzing ultrafast spectroscopic experiments on molecular
aggregates and in particular on photosynthetic antennae[16]. Its application to
longer time scales of seconds and minutes is conditioned by the assumption of
a certain separation of time-scales. Over the course of the excitation-emission
cycle (nanoseconds), individual chromophores of a complex are assumed to
be found in fixed spatial arrangements and experiencing an environment de-
scribed by a fixed set of parameters. The emission spectrum of a complex in
such a fixed spatial arrangement is predicted by the excitonic model which
gives the population distribution of the excited state manifold and the proba-
bility of emission at the corresponding transition frequencies. The spectrum of
exciting light matters only to the extent to which the excited states reached at a
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given excitation wavelength are connected to the final state by some relaxation
pathways. Once the pathways are available, the final state is given irrespective
of the initial state after absorption of light. Because only the final distribution
of excited state population matters, the changes (switches) of the spatial ar-
rangement or environmental conditions occurring on the sub-nanosecond time
scale are only observed as sudden changes (with respect to the nanosecond
fluorescence time scale) of the fluorescence spectra. Despite the fact that the
experiment we analyze in this work does not provide more insight into the
sub-nanosecond dynamics of individual complexes than previous works, we
nevertheless formulate the theory consistently in such a way that it enables the
description of such processes. This is done in order to highlight the existence
of a less studied type of processes on an intermediate time scale and to stress
the need to search for experimental techniques which can cover the range of
timescales from femtoseconds to nanoseconds in single molecular spectroscopy.
We thus provide theoretical techniques to treat these future experiments. We
have recently reported a progress towards measuring processes on the order of
hundreds of femtoseconds in single light-harvesting complexes [60].

The paper is organized as follows: In Section 4.2 we first discuss the Frenkel
exciton model as a basis for the formulation of equations of motion for the
populations of the excited states of chromophore aggregates with strong inter-
chromophore couplings. We introduce equations of motion for excitonic popu-
lations valid over a broad (from ps to min) timescale range. We discuss their
generality and the range of validity. It is argued that these equations provide
an ideal means for the description of the SMS experiments. In Section 4.2 the
results of Section 4.2 are applied to LHCII photosynthetic antenna complexes.
All results are compared to the experiment. It is shown that our equations give
correct fluorescence spectrum and peak statistics, i. e. appropriate steady-state
population, under typical SMS experiment condition. Then we model the in-
tensity traces, while the switching behaviour is included by incorporating one
particular previously proposed NPQ mechanism, namely energy transfer to
lutein Lut 1. The switching between on and off states is controlled by a 2-level
model, where the switching causes a change of the Chl a612 - Lut 1 coupling.
It is shown that using realistic parameters we are able to reproduce the experi-
mental results. The details of our energy relaxation theory and of the stochastic
model of switching are given in Supporting Information (SI).
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4.2 results

Frenkel-Exciton model

In the usual SMS experiments, time-resolved (on the times scale of 10 ms to s)
fluorescence of the studied molecules is observed. If the excited state life time
of the studied chromophores is sufficiently long (nanoseconds in the case of
chlorophylls studied here), the expected fluorescence spectra can be calculated
from the steady state, quasi-equilibriated populations of the excited electronic
eigenstates of the molecular system, assuming canonical equilibrium. Depend-
ing on the strengths of the chromophore-chromophore resonance interaction
and the system-bath couplings, the eigenstates can be approximated either by
the excited eigenstates of the electronic subsystem or the excited state of the
individual chromophores forming the aggregate. In the present paper, we treat
both cases within one formalism provided by the framework of the Frenkel
exciton model.

The Frenkel exciton model provides an excellent tool for the treatment of
pig-ment-protein complexes on femto- and pico-second time scales [16]. The
basic notion of the Frenkel exciton model is the one of localized excited states
of the chromophores. These states have negligible wavefunction overlap with
neighboring excited states, and they can therefore be assumed orthogonal to
each other, forming a suitable basis for the aggregate Hilbert space. In the treat-
ment of linear absorption and fluorescence experiments, only singly excited
collective states of the molecular aggregate have to be included. The localized
excited states can thus be denoted as |i〉 = |ei〉∏n 6=i |gn〉,where |gi〉 and |ei〉 are
the electronic ground and excited states of the chromophore denoted by index
i, respectively. The states |i〉 form a complete Hilbert subspace for the case that
exactly one molecule of the aggregate is excited. The molecular system Hamilto-
nian, HS, is however rarely diagonal in the basis of the states |i〉 and resonance
couplings Jij between excited electronic states |i〉 and |j〉 occur in all situations
interesting for light-harvesting. In the absence of a protein environment, the
light would resonantly excite eigenstates of the system Hamiltonian. In all re-
alistic cases, the interaction of the system with its environment co-determines
the excitation frequencies, and prescribes thus a “preferred basis” of electronic
states in which it is the most advantageous to formulate the energy transfer
theory.

In the case of the resonance interaction Jij exceeding the typical reorganiza-
tion energy λ of the protein bath of the chromophores i and j, (Jij > λ), we
include Jij explicitly into the system Hamiltonian. The Hamiltonian is diago-
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nalized to obtain electronic eigenstates, and the effect of the protein bath is
included via perturbation theory yielding a Redfield type relaxation tensor. In
the opposite case (Jij < λ) we neglect the resonance coupling in the system
Hamiltonian, and its effects are included perturbatively yielding Förster type
energy transfer rates between localized excited states [16, 22, 26].

Excited State Dynamics across Time-Scales

Let us first focus on deriving a closed set of equations for the excited state
populations. Extensive work was done in the last years on developing methods
to accurately describe the system dynamics following an ultrafast excitation
by external light. The traditional Redfield and Förster approaches were super-
seded by more accurate (exact in some cases) methods, such as HEOM [117,
166, 167], TEDOPA [136] and other methods [168–172]. These methods bring
unprecedented accuracy at an increased numerical cost. It seems, however, that
for analyzing many of the recent experiments, it is still possible to rely on the
traditional tools, as they capture the physics of the problem (and often even the
quantitative aspects of the problem) very well [167].

Commonly, equations of motion for some relevant degrees of freedom (DOF),
electronic states in our case, are derived by reducing the Liouville - von Neu-
mann equation for the total density matrix to an equation for the so-called
reduced density matrix (RDM). These equations describe time evolution of a
molecular system for a fixed configuration of the protein environment (assum-
ing fast fluctuations around this fixed configuration), and they are therefore
suitable for the description of ultrafast laser experiments. However, on the
timescale relevant in SMS (up to tens of seconds), usage of these equations
is actually not appropriate. First of all, some transient effect at the short times
affect even the long time properties of the system and the steady state pop-
ulation dynamics, and second, slow changes in the protein environment can
entirely change the energy landscape including the case that one has to change
the theoretical limit (localized states, delocalized states) in which one works.
The latter case is especially difficult to treat and requires to go beyond the
traditional master equation approaches which we apply here. In this work we
therefore concentrate on the extension of the validity of the master equation
approach towards long times under the assumption that the dependence of the
Hamiltonian of the system on time is negligible within one absorption emis-
sion time scale (nanoseconds). As for the transient effects at short time, when
dealing with fast dephasing of optical coherences, short time transient effects
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are responsible for the absorption lineshape. This aspect of the transient effects
will be taken into account in full.

Spontaneous emission of photons by chlorophylls occurs with a nanosecond
life-time. Another class of transient effects, namely dynamic electronic coher-
ence due to excitation by light, is therefore also unimportant and its treatment
can be avoided. We therefore derive approximative equations for the popula-
tions dynamics only, with the validity in the range from picoseconds to tens of
seconds.

Initially, our Hamiltonian consists of the system, bath and system-bath inter-
action terms, and we formally assume some total density matrix W(t) which
follows the Liouville–von Neumann equation. There are several methods how
to arrive to a master equation (in a convolution-less form) RDM ρ(t) = TrBW(t)
[26, 173]. In general, such equation reads:

∂

∂t
ρ(t) = − i

h̄
[H(t, t0), ρ(t)]−R(t, t0)ρ(t), (4.1)

H(t, t0) = HS(t0)− µE(t). (4.2)

The total Hamiltonian H consists of the bath renormalized system Hamilto-
nian HS(t0) and the system-light interaction, which is (in the dipole approx-
imation) given by the dipole moment operator µ and electric field E(t). The
bath is completely eliminated in the reduced description, and its effects are
represented by the relaxation tensor R(t, t0). It is important to note that in Eq.
(4.1), the relaxation tensor R(t, t0) explicitly depends on some initial time t0,
in which the initial condition for the propagation is set, or more precisely, the
relaxation tensor depends on the quantity t − t0. An exact relaxation tensor
would also depend on E(t). In general, the choice of t0 is arbitrary, and we
should choose it such that the temporal profile of the excitation field is non-
zero for t > t0 only. However, in most practical theoretical approaches, the evo-
lution of the bath due to excitation of the system is reflected in the relaxation
tensor R(t, t0) by the bath correlation function, which decays rather quickly. By
choosing t0 sufficiently small, we could always make such a relaxation tensor
constant. This is obviously an artifact of the approximations used. For a smooth
envelope of the external field changing on the same or slower timescale than
the correlation function of the bath, there is no good choice of t0. The relaxation
tensor always becomes constant too early. Luckily, as we will see below, we do
not need to account for the external field E(t) beyond first order perturbation
theory, and in this regime, there is a natural choice of time t0 which enables us
to correctly account for the transient time dependence of the relaxation tensor
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even for a steady state externally driven by light. It is important to note, that
the relaxation tensor R(t, t0) is completely abstract up to now. It can represent
some exact relaxation superoperator, or a result of perturbation theory with
respect to some parameters, such as the Redfield or Förster tensors.

Let us now formulate the equations of motion for the excited state evolu-
tion in the linear regime of the system’s interaction with the electric field. The
validity of the linear regime has been discussed e.g. in Refs. [174–177], and it
is the same as the validity of the third order response theory for non-linear
laser spectroscopy. We will also use the secular approximation (equations of
motion for populations ρii and coherences ρij, i 6= j are assumed independent),
although this we do only to simplify the resulting equations. Secular approxi-
mation could be avoided if one so wishes, at the cost of treating the full DM.
We write explicitly the elements of the RDM of Eq. (4.1) in which we keep the
double time dependence of the Hamiltonian and the relaxation tensor. We get
the following set of coupled equations:

∂ρii(t)

∂t
= ∑

j

kij(t, t0)ρjj(t)− Γi(t, t0)ρii(t) + (iµi0ρ0i(t)E(t) + c.c.), (4.3)

∂ρi0(t)

∂t
= −iωi0(t0)ρi0 − γi(t, t0)ρi0(t) + iµi0(ρ00 − ρii(t))E(t). (4.4)

Here, the kij(t, t0) ≡ Riijj(t, t0) are transfer rates between populations (from j

to i), Γi(t, t0) ≡ Γ̃i +Riiii(t, t0) is the population relaxation rate of the state i,
including the rate of radiative depopulation Γ̃i (we assume it is constant), and
γi(t, t0) ≡ Ri0i0(t, t0) is the optical coherence dephasing rate.

The equation of motion for the optical coherences, Eq. (4.4), can be solved
by introducing the interaction picture using the evolution operator element
Ui0i0(t, t′), and integrating Eq. (4.4) in the interaction picture. By returning back
to the Schrödinger picture, we obtain the actual field-induced and field driven
optical coherence element in the form:

ρi0(t) = i
∫ t−t0

0
dt′Ui0i0(t, t − t′)µi0[ρ00(t − t′)− ρii(t − t′)]E(t − t′). (4.5)

We can see that Eq. (4.5) is actually not a solution of Eq. (4.4). In solving Eq. (4.4)
numerically, the dephasing rate would quickly become constant for t ≫ t0 and
the transient effects for t− t0 ≈ 0 would be lost completely. However, in Eq. (4.5)
these effects are properly taken into account. The discrepancy between Eq. (4.4)
and Eq. (4.5) is due to a different treatment of the bath. In a response function
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approach, of which the linearization of the full equations of motion with respect
to the field is a variant, it is in general possible to account for the bath in a more
consistent way than in master equations. In ordinary master equations, the bath
is correctly described at t0, and the description of its subsequent evolution after
t0 is extremely limited. An example of such limitation is discussed e.g. in Ref.
[27].

In most biological energy transferring systems, the pure dephasing is much
faster (hundreds of fs) than the population relaxation (units and tens of ps).
We can therefore assume that the populations remain constant during the in-
tegration in Eq. (4.5). Moreover, it is reasonable to set the upper limit of the
integration in Eq. (4.5) to infinity by sending t0 → −∞. We can expect that
the simultaneous action of pure dephasing and external driving by a field with
a slowly varying envelop creates a steady state optical coherence. The depen-
dence on t0 in the upper limit of the integral describes a transient evolution
of the optical coherence after switching on the interaction with the field. Now
that the short time time-dependent nature of the dephasing rates is taken into
account correctly, we can set t0 → −∞ and write:

ρi0(t) = i
∫ ∞

0
dt′Ui0i0(t, t − t′)E(t − t′)µi0[(ρ00(t)− ρii(t)]. (4.6)

It is important to note that now t is a global time which can run through the
whole minutes long SMS experiment. The evolution operator changes on an
ultrafast time scale, but this timescale is scanned in the integration over the
variable t′. The properties of the Hamiltonian HS(t) change on a very slow time
scale (with respect to optical dephasing), and so does the evolution operator
element Ui0i0(t, t − t′). Unlike the Eq. (4.4), which is valid for t − t0 small, Eq.
(4.6) is valid for all times.

The purpose of deriving Eq. (4.6) was to insert it eventually into Eq. (4.3).
Also here we face the problem of transient time dependence of the rates. How-
ever, because populations change much more slowly, these effects are not as
important as in the case of coherences. They can be, however, treated rigor-
ously, even including bath memory effects between evolutions by Eq. (4.4) and
Eq. (4.3), as we have shown elsewhere [178]. In this work, we will assume
the energy transfer and relaxation rates not to depend on the difference t − t0,
although they may depend weakly on the time t, i. e. kij(t, t0) = kij(t) and
Γi(t, t0) = Γi(t). We are ready now to insert Eq. (4.6) for optical coherences into
the equation for populations, Eq. (4.3). We obtain
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∂Pi(t)

∂t
= ∑

j

kij(t)Pj(t)− Γi(t)Pi(t) + |µi0|2(P0(t)− Pi(t))×

2Re
∫ ∞

0
dt′E(t)E(t − t′)Ui0i0(t, t − t′). (4.7)

Here, we defined Pi(t) = ρii(t), and we used the fact that µi0 and even Ui0i0(t, t′)
are ordinary c-numbers.

In Eq. (4.7), the populations are driven by a second order field term. We have
treated the field classically so far. If we did that quantum mechanically, we
would now have to trace over the field DOF in order to obtain reduced equa-
tions of motion for the electronic state populations only. The term E(t)E(t − t′)
would thus be replaced by 〈E(t)E(t − t′)〉 which can be interpreted as a quan-
tum mechanical expectation value. The latter expression has the form of two-
time correlation function of the electric fields of the light and its Fourier trans-
form is the power spectrum of the light [174, 176],

〈E(t)E(t − τ)〉 =
∫ ∞

0
dωW(ω)eiωτ. (4.8)

Now, inserting Eq. (4.8) into Eq. (4.7), switching the order of integrations, and
using the definition of absorption lineshape of the i-th excitonic transitions (see
e.g. [25])

χi(ω; t) = |µi0|2
∫ ∞

0
dt′eiωt′Ui0i0(t, t − t′), (4.9)

we arrive at

∂Pi(t)

∂t
= ∑

j

kij(t)Pj(t)− Γi(t)Pi(t) + [P0(t)− Pi(t)]
∫

dωW(ω)χi(ω; t). (4.10)

Our effort has yielded a closed set of equations for excitonic populations
only. The population changes are given by the transfer rates between electronic
levels, population quenching and a source terms expressed as an overlap of
the excitonic spectra with the light spectrum. All quantities are in principle de-
pendent on time, most importantly the excitonic absorption spectrum and all
rates can weakly depend on time to simulate slow changes of the protein and
chromophore configurations. Also the light spectrum can be considered time-
dependent by generalizing the Wiener-Khintchine theorem for the instaneous



4.2 results 91

power spectrum W(ω, t)[174, 179]. The changes can be faster than the time res-
olution of the SMS experiment, but they have to be slower than the dephasing,
or even energy transfer dynamics.

We should also note here that if we wish to stay strictly in the linear regime,
the saturation term (P0 − Pi) in Eq. (4.10) should be very close to one. In fact,
we can set it equal to one as a reasonable approximation with the same validity
as the linear approximation for fields.

Spectroscopy of LHCII Complex

Excitonic Model for Bulk and Single Molecule Spectra

According to crystalographic studies, LHCII complex consists of three monomeric
units, each containing 14 chlorophylls and four carotenoids: two luteins, neox-
anthin and a carotenoid of the xanthophyll cycle[18]. The experiments described
in this section were performed on monomeric LHCII complexes. In accord with
the experiment, we focus on one such a monomeric unit in our model. We treat
the LHCII monomer as a strongly coupled systems of chromophores, weakly
coupled to the bath and weakly interacting with light. Because only absorption
and fluorescence are measured, we do not attempt to fit the site energies in our
simulations from scratch, as the fitting of this limited set of experiments would
not be unique. Instead, we take the pigment transition energies from Ref. [163],
where both LHCII trimers and monomers where treated. The coupling energies
between the pigments were calculated in the dipole-dipole approximation, and
the dipole orientations were taken from the crystal structure using an effective
dipole strengths of 3.4 D for Chl b and 4.0 D for Chl a. The bath is described by
means of a spectral density obtained by fluorescence line narrowing experiment
(FLN) (see Ref. [20, 130]). Excitonic absorption and fluorescence lineshapes are
calculated by means of the second order cumulant expansion (see Ref. [25]),
and the population transfer rates are calculated by the multilevel Redfield the-
ory (see Ref. [22]). For comparison, we also calculated the rates by Modified
Redfield theory, Ref.[130], and we concluded that the results remain essentially
the same. The population relaxation rates of chlorophylls due to fluorescence
were taken to be 3 ns in accord with the experiment [13]. The equations of
motion, Eq. (4.10), allow us to use light with any spectral composition. In the
experiment described in this paper, we use spectrally narrow (laser) illumina-
tion at 630 nm. For details on the calculations see SI.

In Figs. 4.1a and 4.1b we present the calculated bulk absorption and fluo-
rescence spectra of LHCII monomers at 5° C compared to experimental values
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Figure 4.1: Bulk (a) Absorption and (b) Fluorescence spectrum of the Qy band of LHCII
monomers. The points are experimental values taken from Ref. [69], the lines are calcu-
lated by our exciton model. The coloured lines are individual excitonic contributions,
the black line is the overal spectrum.

taken from [69]. We note here that the bulk spectra of LHCII in monomeric and
trimeric form are practically identical, see Fig. 4.6 in SI for comparison. In cal-
culations, the spectra were averaged over a Gaussian disorder of site energies
with full width at half maximum (FWHM) of 110 cm−1. Although the blue Chl
b shoulder is not perfectly reproduced, the agreement between measured and
theoretical absorption is good in the region of our excitation, and the fluores-
cence (FL) spectrum shows a good agreement in general. We therefore conclude
that our excitonic model captures correctly the features of the studied system
that are the most relevant in the present study.

The FL spectrum in Fig. 4.1b is dominated by the lowest four excitons, which
are the most populated ones. These excitons are formed by strongly coupled
pigments Chl 610-611-612, Chl 602-603 and Chl 613-14 (see Ref. [18] for nomen-
clature). This is in agreement with previous modeling results for the trimeric
LHCII [163].

The calculated bulk spectra seem to be in a good agreement with the ex-
periment. Our model also reproduces successfully the statistics from the SMS
experiments. In Fig. 4.2a we present the FL spectral peak distribution compared
to the experiment. We can see that the calculated distribution is a little broader
than the experimental one, but the agreement is again reasonably good. The
larger distribution width of the calculated spectra can be explained by a rela-
tively long integration time in the experiment (1 s), during which the system
samples several individual realizations of the disorder. In extreme cases the
measured values get averaged towards the mean value. As a result the mea-
sured distribution is narrower. From our comparisons between experiments
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Figure 4.2: Experimental (red) and calculated (green) fluorescence peak distribution.
(a) Peak position histogram, (b) FL peak position and intensity plot. Theoretical points
are calculated as individual realizations of energetic disorder.

and calculations we conclude that the exciton model with Gaussian disorder
not only reproduces the averaged absorption spectra and equilibriated popula-
tions of excitons (resulting in characteristic FL spectra), but also the individual
realizations provided by this model are in a good agreement with the experi-
ment.

The next feature of the LHCII single molecular spectra that we need to ad-
dress is the significant amount of blinking, i. e. reversible switching to the off
state. Since the measured dwell times in the off state are in the range of sec-
onds, which is significantly longer than the lifetime of any long-living species
such as triplet states [180], the off states must correspond to states with efficient
excitation energy dissipation. Correspondingly, our model has to be extended
by including some fluorescence quenching mechanism.

Lutein Lut 1 as a Fluorescence Quencher

One of the possible mechanism of FL quenching in LHCII, proposed by Ruban
and coworkers [152, 181], is an excitation energy transfer from the lowest chl a
exciton states to a lutein molecule, Lut 1 (lut620), see Ref. [18] for nomenclature).
The Lut 1 molecule resides in the vicinity of the so-called terminal emitter
group of chlorophylls, composed of Chls a610, 611 and 612, and it is supposed
to be coupled mainly to Chl a612 [152, 181]. The S1 state of the Lut molecule is
optically forbidden, and it has a short (10 ps) lifetime due to a decay through
a non-radiative channel [182]. The transition energy from the S0→S1 of Lut is
in the vicinity of the transition to the Chl QY state. Due to its short excited
state life-time, Lut could in principle act as an excitation (and fluorescence)
quencher. Let us test this mechanism within our model to see if it can account



94 single-molecule spectroscopy of monomeric lhcii : experiment and theory

Figure 4.3: Role of Lut 1 parameters. Dependence of the fluorescence yield on (a) Lut
1 S1 energy and (b) Lut 1 - Chl a612 coupling. The energy dependence is calculated
with Redfield (blue) and Modified Redfield (red) theory for comparison. The depen-
dence on the coupling strength depicts calculated points (Redfield theory) fitted with
exponential dependence. Already a realistically small coupling around 12 cm−1 leads
to significant FL quenching.

for the observed blinking. The important parameters of the lutein in context
of our model are its S1 state site energy relative to its groundstate and the
coupling to chlorophylls, in particular to Chl a612.

In Fig. 4.3a we present the dependence of the relative FL quantum yield on
the Lut energy for fixed value of the Lut-Chl coupling of 14 cm−1. The energy
dependence agrees well with the one obtained by Ruban [181]. The quench-
ing is only efficient when the Lut energy is below one of the red chlorophylls
(around 15100 cm−1) and the plateau enables Lut to act as an efficient quencher
even in disordered systems.

In Fig. 4.3b we show the dependency of the FL quantum yield on the Lut-Chl
coupling for fixed Lut energy 14500 cm−1. Due to large reorganization energy,
14500 cm−1 corresponds to the zero-phonon line at 13900 cm−1 and thus agrees
with experimental observations [182]. From the coupling dependence of fluores-
cence in Fig. 4.3b we can conclude that weak coupling is sufficient for Lut 1 to
act as a fluorescence quencher. Very importantly, even small changes in the Lut-
Chl coupling can result in a big difference in the fluorescence intensity. Based
on this analysis we decided to use lutein S1 site energy of 14500 cm−1 in our
simulations of blinking. We define the quenched state by the value of 12 cm−1

for coupling of the Lut 1 to Chl 612 and the unquenched state by the zero cou-
pling. Our model allows any type of time dependency of the Chl-Lut coupling
to be used, and it could in principle accommodate input from structure based
MD studies and quantum chemical treatment of the (Dexter type) coupling of
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the Chl QY and the Lut S1 states. However, a much rougher phenomenological
model of the Chl-Lut coupling changes enables a better discussion of the feasi-
bility of the proposed quenching mechanism than the parameter free ab initio
calculations suffering from uncertainties in the structural information. Next we
proceed to model the blinking statistics.

Model of the On-Off State Switching

As mentioned in the Introduction, the blinking statistics alone can be well de-
scribed by a two-level model proposed by Valkunas et al. in Ref. [75]. By ran-
dom fluctuations, the protein samples its potential energy surface (PES) per-
forming thus a random walk (RW). The model of Ref. [75] assumes that there
are two stable conformations of the protein corresponding to two minima of the
protein PES. These are approximated by two harmonic potentials. The protein
undergoes a RW in this potential, and at every step it has a certain probability
to switch from its current PES to the other PES. In our treatment we use a dis-
crete RW description, which enables us to follow individual trajectories of the
proteins. For the details of the approach taken in this study and the differences
from the original model by Valkunas et al., see SI and Refs. [75, 183].

To connect the two PES model to our particular Lut quenching model, we
assume that the change of protein conformation somehow changes the Lut-
Chl coupling. The Lut S1 state does not have a dipole moment, and the reso-
nance coupling similar to those between allowed states does not occur here. The
two different protein conformations responsible for the quenched/unquenched
states would then result in two slightly different orientations/positions of the
pigments, leading to different strengths of the coupling. This mechanism is in
accord with recent quantum-chemical study by Duffy et al. [184], where small
configurational changes were found to lead to substantial changes in chl-car
couplings. The switching between the PES is controlled by the RW model with
diffusion parameters adjusted to fit the experimental dwell time distributions.
The comparison between the calculated and experimentally determined dwell-
times is presented in Figs. 4.4a and 4.4b, for the on and off times, respectively.
The agreement is again fairly good letting us believe that our phenomenological
model captures the most important features of the protein dynamics affecting
the blinking behaviour.

Intensity traces

Finally, we can connect the two models described above and simulate the blink-
ing behaviour. To this end we continuously model the fluorescence of the LHCII
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Figure 4.4: Experimental (red) and calculated (green) probability distribution of dwell
times in the (a) ON and (b) OFF state, logarithmic scale. While the OFF state distribu-
tion follows a power law, the ON state distribution has an exponential tail at longer
times.

complexes, and output the intensity (and spectrum) every 10 ms correspond-
ing to the experimental integration bins. Simultaneously, we let the protein
do the RW on its PES, and we adjust the Chl/Lut coupling, when the protein
switches between PES. To obtain more realistic traces, either the site energies or
couplings can be slightly varied after every jump, resulting in different energy
levels. Such a procedure, however, does not lead to qualitatively different con-
clusions and it can be in principle omitted. In the calculations presented here,
we used Gaussian disorder with the FWHM of 0.3 cm−1 for couplings and 1

cm−1 for energies. For every realization of the disorder a 60 s trace is modelled.
This is repeated for 200 realizations of the disorder, reflecting the experimental
conditions. The resulting statistics are presented in Fig. 4.5.

Total dwell times in Fig. 4.5a represent the overall amount of time spent in a
given intensity level. From this we can see the two-level character of the blink-
ing and simultaneously also the presence of some intermediate levels, which
result from particular disorder realizations. The dwell times are similar for the
on and off states. Fig. 4.5b shows how often are the intensity levels visited
per fixed amount of time. The modelled access frequency distribution is natu-
rally very symmetrical, a direct result of the fact that in the model the complex
switches only between the on and off state. The number of on/off states vis-
ited per minute therefore has to be the same. The experimentally analyzed
intensity traces contain also jumps between levels within the on/off states in
an amount which can be, to some extent, modified by adjusting the sensitivity
of the level analysis. The presence of these intra-state jumps results in higher
switching frequency and wider distribution in intensities, causing a moderate
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Figure 4.5: Experimental (red) and calcuated (green) intensity blinking statistics. (a)
The percentage of time the complexes dwelled on respective intensity levels. The two-
state structure of the low-intensity OFF states and higher intensity ON states is appar-
ent. (b) How often per minute the complexes accessed the respective intensity levels.
The experimental frequency is higher due to switching within the ON/OFF states. (c)
The intensity correlation function.

discrepancy between experiment and simulation. In order to include this kind
of switching into the model, dynamic sampling of the disorder would have to
be incorporated. Work in this direction will be presented elsewhere.

For the reasons stated above, the level access frequency distribution is not
well suited for comparison of the model with the experiment. A more ap-
propriate measure of the blinking would be the intensity-intensity correlation
function defined as h(2)(τ) = 〈I(τ)I(0)〉/〈I(0)〉2. This quantity is well-known from
single-molecule measurements, where it is often used to characterize the blink-
ing behaviour [185]. In Fig. 4.5c we present h(2)(τ) obtained from 50 measured
long enough traces, compared with the model. We can see that the agreement
between experiment and theory is good, indicating that our model gives rea-
sonable switching between the intensity levels. The shape of the correlation
function is given by the dwell time statistics, see also Fig. 4.4. The initial fast
drop implies the abundance of short blinking events. This results from the
mechanism of the protein switching between its potential surfaces, where the
short succesive blinking events are caused by the dynamics in the vicinity of
the PES intersection.

4.3 discussion

In Section 4.2 of the Results we derived approximate equations of motion for
populations evolution on the timescale of the SMS experiment. We have shown
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that the weak illumination regime, in which the SMS experiment is performed,
allows for an effective source term description of the light-matter interaction
in which short time transient effects arising in the photoinduced evolution of
molecular systems can be consistently accommodated side by side with the
slow evolution of the protein bath observed in SMS experiments. We demon-
strated the validity and scope of application of our equations by simulating our
single molecule experiment on LHCII monomers. Based on the recent research
in elucidating the NPQ mechanism in LHCII and the connection between flu-
orescence quenching and energy dissipation we implemented energy transfer
to Lut 1 as a blinking mechanism. Based on our calculations we were able to
confirm the findings of Duffy et al. [181] and Chmeliov et al.[184] that, within
a reasonable range of parameters, Lut 1 can indeed act as an efficient quencher.
Since our model extends the previous treatment by including realistic excita-
tion conditions and population transfer rates, it is remarkable, how similar our
fluorescence quenching dependence on the Lut 1 energy is to the one in Ref.
[181]. Moreover, we were able to confirm that Lut 1 acts as an efficient quencher
also under AM1.5 illumination (data not shown since the dependence is very
similar). At the same time we can see that the amount of quenching is very
sensitive to the change of coupling of the Lut to the chlorophylls. Since the
coupling itself is very sensitive to the distance and orientation between the pig-
ments, it provides a possible link to the protein conformation change working
as a switching mechanism as proposed in Ref. [75, 186]. Indeed, when using
the 2-level switching model to control the change of coupling, we are able to
reproduce the experimentally obtained blinking statistics. Although far from
being exclusive in any way, our argument strongly supports the notion of the
protein acting as a conformational switch regulating the amount of quenching
in the system.

The agreement between the theory and experiment also serves as a good
demonstration of the scope of our equations. They provide a description for
controlling the energy transfer in the system by modulating the parameters
of the excitonic model. We are aware of the remaining phenomenological na-
ture of our connection of the 2-level switching model with the excitonic model.
Further improvements in the direction of introducing more parameters with a
particular physical meaning, for example the relation to the actual PES shape,
are needed and will be subject to further study. Also recent experimental ob-
servations indicate the presence of more relevant timescales in the intensity
traces suggesting the inadequacy of a 2-level model with one reaction coordi-
nate. Finally, although some connection between the fluorescence blinking and
NPQ was already shown by Krüger et al. [31], their exact relation is yet to
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be elucidated. The equations derived here are a suitable tool for these future
investigations.

4.4 methods

Sample preparation

Trimeric LHCII complexes of spinach were isolated from freshly prepared thy-
lakoid membranes as described earlier [187]. Monomeric complexes were ob-
tained by incubating LHCII trimers with 1% (w/v) octyl glucoside and 10

¯g/mL phospholipase A2 (Sigma) [188]. Subsequent fast protein liquid chro-
matography (FPLC) ensured a homogeneous sample preparation. The ensem-
ble fluorescence absorption and emission spectra were measured on a Lambda40

spectro-photometer (Perkin-Elmer) and a FluoroLog Tau-3 (Jobin Yvon), respec-
tively. For SMS experiments, the sample was diluted down to a concentration of
~ 10 pM in a measuring buffer (20 mM Hepes, pH 8 and 0.03% (w/v) n-Dodecyl
β-D-maltoside) and then immobilized on a PLL (poly-L-Lysine, Sigma) coated
cover glass. Addition of an oxygen scavenging mix of 750 µg/ml Glucose Ox-
idase, 100 µg/ml Catalase and 7.5 mg/ml Glucose (all Sigma) to the closed
sample chamber inhibited the formation of highly reactive singlet oxygen and
improved the photostability of complexes.

Single-molecule detection

A confocal microscope was used to measure the fluorescence of single com-
plexes at 5 ◦C as described previously [69]. The sample was excited at 630 nm
utilizing a Ti:sapphire laser (Coherent MIRA 900F) with a pulse width of 200

fs and a repetition rate of 76 MHz coupled to a tunable optical parametric os-
cillator (Coherent MIRA OPO). Near-circular polarized light was obtained by
utilizing a Berek polarization compensator (5540 New Focus). A fluorescence
beam splitter (70:30, Thorlabs) allowed us to simultaneously measure the flu-
orescence spectrum via a CCD camera (Spec10:100BR, Roper Scientific) with
an integration time of one second and the wavelength integrated fluorescence
intensity via an avalanche diode (SPCM-AQR 16, Perkin Elmer) with a binning
time of 10 milliseconds. The fluorescence of one complex was analyzed for ei-
ther one minute or until it photo-bleached and a set of 200 complexes served
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as the basis for statistical analysis. The fluorescence peak distribution was ob-
tained by fitting of a skewed Gaussian to the fluorescence spectrum as shown
in Kruger et al. [69] and the blinking analysis was performed equivalently to
the algorithm described elsewhere [81].

Dynamics simulation

The equations of motion, Eq. (4.10), have quasi constant coefficients, and they
can therefore be written in the form

∂P

∂t
= MP + S, (4.11)

where M is a matrix of relaxation and population transfer rates, and S are the
source terms. Eq. (4.11) can be solved analytically:

P(t) = M−1(eM(t−t0) − 1)S + eM(t−t0)P(t0). (4.12)

This expression enables us to find the populations at any time without the
need to solve for all the previous times. If we aim at steady state, t0 can be send
to −∞ and the populations then depend only parametrically on time t. The
weak dependence of S and M on t makes it possible to explain changes in the
populations of the emitting states of a molecular system due to slow changes
of the protein environment and the structure of the molecular system.
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4.5 supporting information

Exciton model

The interaction of the pigments, i. e. the system, with the vibrations, i. e. its
environment, is treated by second order perturbation theory. There the bath
is completely described by its correlation function or, equivalently, in the fre-
quency domain, by the spectral density of the bath vibrations. We use the spec-
tral density from Ref. [130]. It is constructed from one overdamped oscillator
representing the slow protein vibrations and 48 high-frequency intrapigment
modes (for more context for the spectral density and excitonic model see Ref.
[25]):

C′′(ω) = 2λ0
γ0ω

ω2 + γ2
0
+

48

∑
i=1

2Sjωj

ω2
j γjω

(ω2 − ω2
j )

2 + ω2γ2
j

. (4.13)

The (temperature dependent) correlation function given by this spectral den-
sity is assumed to be uncorrelated between individual sites and differs only
between Chl a and Chl b, while the difference is in the coupling strength
νn = νa/b:

Cn(ω) = νnC(ω) = νn

(

1 + coth
(

h̄ω

2kBT

))

C′′(ω). (4.14)

The time-dependent correlation function is then obtained by Fourier transform
of (4.14). We use the same values of the spectral density parameters as in Ref.
[130]. The difference between the vertical, Franck-Condon transition of the pig-
ments, which are called site energies in this text, and their 0-0 transitions is
given by the reorganization energy due to the interaction with the bath:

λ =
1
π

∫ ∞

0

C′′(ω)

ω
. (4.15)

Because the pigments are strongly coupled, the preferred basis of calculations is
the excitonic basis in which the system Hamiltonian is diagonal with eigenval-
ues, exciton energies, ωi0. All quantities, including correlation functions C(t),
reorganization energies λ and transition dipole moments µ have to be trans-
formed into the excitonic basis:
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Ci(t) = ∑
n

|cn
i |2Cn(t), (4.16)

µi0 = ∑
n

cn
i µn0, (4.17)

λi = ∑
n

|cn
i |4νnλ. (4.18)

The position of the zero phonon lines of the excitonic transitions is then

ωZPL
i0 = ωi0 − λi. (4.19)

The spectral lineshapes are calculated by 2nd order cumulant expansion em-
ploying the so-called lineshape functions:

gii(t) =
∫ t

0
dτ
∫ τ

0
dτ′Ci(τ

′). (4.20)

The lineshape function is conveniently expressed in terms of the spectral den-
sities

gii(t) =
1
π

∫ ∞

0
dω

C′′
i (ω)

ω2

[

coth
(

h̄ω

2kBT

)

(1 − cos(ωt)) + i (sin(ωt)− ωt)

]

.

(4.21)
The absorption spectrum is calculated as

abs(ω) ∝ ω ∑
i

χi(ω), (4.22)

where the absorption lineshape is

χi(ω) = |µi0|2Re
∫ ∞

0
dτ e−i(ω−ωi0)τ−gii(τ)−

Γi
2 τ. (4.23)

Here Γi is the population relaxation rate from state i. The fluorescence is simi-
larly given as

FL(ω) ∝ ω3 ∑
i

Piχ̃i(ω), (4.24)

where Pi is the steady-state population of state i and the fluorescence lineshape
is
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Figure 4.6: Bulk spectra measured and taken from Ref. [69]

χ̃i(ω) = |µi0|2Re
∫ ∞

0
dτ e−i(ω−ωi0+2λi)τ−g∗ii(τ)−

Γi
2 τ. (4.25)

The population transfer rates in the Redfield theory are obtained as

kij = ∑
n

|cn
i |2|cn

j |2Cn(ω
ZPL
i0 − ωZPL

j0 ). (4.26)

The population relaxation rates of chlorophylls are a result of energy trans-
fer and radiative and non-radiative decay, i.e. Γi = ∑j k ji + Γ̃i, where Γ̃i =

∑n |cn
i |2Γ̃n, Γ̃n = 1/τn is inverse lifetime τn of site n excited state, which is

taken to be 3 ns for all n.

Bulk spectra measurement

To check for sample degradation a control bulk measurement of absorption and
fluorescence was performed. In Fig. 4.6 the measured spectra are given together
with the spectra of LHCII trimers taken from [69]. Their excellent agreement
confirms absence of degradation in course of the experiment and also justifies
the usage of the trimer spectra for the bulk spectra modelling in the main text.

Random Walk Model

In the original description by Valkunas [75] and, in more detail, in [183], the pro-
tein diffusive motion was described as a continuous-time random walk (CTRW)
on a two-dimensional potential energy surface. Here we somewhat simplify
this description in the following way. The two generalized coordinates repre-
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sent fast and slow degrees of freedom and thus, when following the slow dy-
namics, the fast fluctuations can be adiabatically eliminated. It can be shown
that when we consider the potential dependence on the fast coordinate the
same in both the on and off states for simplicity, i.e. setting x0 = 0, λ2/λ1 = 1
in [75], the fast coordinate can be completely removed. This leaves us with
effectively one-dimensional problem.

After transforming into dimensionless coordinates y
√

γ1
kBT → y, the parabol-

ically approximated minima of the potential for the on (1) and off (2) state
are

U1

kBT
=

1
2

y2,

U2

kBT
=

1
2

γ2

γ1
(y − y0)

2 +
U0

kBT
. (4.27)

Here γ1,2 determine the steepness of the potential and the second minimum is
shifted by y0 along the slow coordinate and by U0 along the potential energy.

The protein then performs random walk on the respective surface, with prob-
abilities to tunnel to the other surface

κ1→2(y) = k1 e−α|U1−U2|/h̄ω0min{1, e(U1−U2)/kBT},

κ2→1(y) = k2 e−α|U1−U2|/h̄ω0min{1, e(U2−U1)/kBT}. (4.28)

ki is a rate of falling from the i − th potential, the first exponential term reflects
the energy gap law and the min term ensures detailed balance condition. The
coefficient α can be treated as a constant and ω0 is a characteristic frequency of
the protein environment vibrations responsible for the tunneling.

The protein diffusion under this conditions can be described either by the
CTRW or by a discrete random walk (RW). The former approach was employed
by Valkunas et al.[75, 183]. However, we believe that for our purpose it is bet-
ter to solve this problem as a discrete RW for two reasons. First, the coupled
Smoluchovski equations for the CTRW on the two potentials can be decoupled
only for conditional probabilities, i.e. assuming that the system was in the op-
posite state in the previous interval, and, in the same time, employing the same,
equilibrium initial condition for each dwell time. When continuously modelling
the trajectory of a single protein, we do not have to include the resetting after
switching and also the conditioning will be inherent, as the system is observed
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being in a particular state. And second, when we want to simulate the individ-
ual intensity time traces, it is more natural to really follow the trajectories of
the individual proteins on their PES.

If we want to follow the time trace of every single molecule, we should follow
its particular trajectory. The blinking statistics will then be recovered by aver-
aging over a large number of molecules, exactly as in the experiment. To the
purpose of following trajectories of individual proteins, we need to describe its
discrete RW (DRW) in the potential. We will denote probability of going right
(left) as p (q). In the symmetrical RW we have p = q = 1

2 . If the protein is at a
coordinate y, in the next step it will move with probability p to y + a and with
probability q to y − a, where a is the length of the step. Inspired by classical ap-
proach by van Kampen [189], we augment the position dependent probabilities
in the presence of the potential U(y) as

p(y) =
1
2

e
− 1

kBT (U(y+a)−U(y)),

q(y) =
1
2

e
− 1

kBT (U(y−a)−U(y)). (4.29)

We note that defined probabilities defined in Eq. (4.29) reflect the detailed bal-

ance condition p(y)
q(y)

= e
− 1

kBT (U(y+a)−U(y−a)). Considering a small step a, we can

use Taylor expansion in y

(

e
− 1

kBT U(y±a) ≈ e
− 1

kBT U(y)
(

1 ∓ 1
kBT

dU
dy (y)a

))

, obtain-

ing

p(y)− q(y) = − 1
kBT

dU

dy
(y)a. (4.30)

Now, considering that p(y) + q(y) = 1, we get

p(y) =
1
2
− 1

2kBT

dU(y)

dy
a. (4.31)

Using the potential form (4.27), we get for the probabilities

p1(y) =
1
2
− 1

2kBT
ya1,

p2(y) =
1
2
− 1

2kBT

γ2

γ1
(y − y0)a2. (4.32)
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parameter Valkunas [75, pH 8] This work
λ2/λ1 0.2 1.0
γ2/γ1 0.72 0.72

x0
√

λ1/kBT 1.0 0.0
y0
√

γ1/kBT 8.57 6.07

U0/kBT 1.5 1.5
k−1

1 430 ms 330 ms
k−1

2 4.8 ms 50 ms
(D1γ1/kBT)−1 3.8 s 66 s
(D2γ1/kBT)−1 1.4 s 10 s

h̄ω0/αkBT 1.0 1.0

Table 4.1: RW model parameters

The length of the step a on respective surface can be related to the transformed
diffusion coefficient D1,2:

a1,2 =

√

D1,2γ1

kBT
∆t, (4.33)

where ∆t is the time duration of the step. During ∆t the protein walks either
to the left or right with the respective probability and with the probability
κi→j(y)∆t switches to the other surface.

Similarly to [75] the position near the potential intersection can be chosen as
an initial condition. However, as we do not include resetting after switching in
our approach, this determines only the starting point of each trajectory and is
therefore not of significant importance. In Table 4.1 we present the parameters
of our RW model compared to the ones used by Valkunas et al [75]. Considering
the differences - LHCII monomers vs trimers, discrete vs continuous RW, no
resetting vs resetting - the agreement is satisfactory.

Derivation of RDM Equations of Motion in Weak-Field Limit

We start with Liouville–von Neumann equation (LvNE) with a Hamiltonian

H = HM − µE(t), (4.34)

where
HM = HS + HB + HI (4.35)
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is the matter Hamiltonian including part, HS, describing the relevant system
of interest (electronic degrees of freedom (DOF)), thermodynamic bath HB, in
which the system is embedded and system–bath interaction term HI . Interac-
tion between the light and matter is described by semiclassical light-matter
Hamiltonian in dipole approximation. We denote the full density matrix of the
system by W(t). The LvNE reads as

∂

∂t
W(t) = − i

h̄
[HM, W(t)]− +

i

h̄
[µ, W(t)]− E(t). (4.36)

Our aim is to discuss approximations necessary to make a transition towards
equations of motion for the so-called reduced density matrix (RDM)

ρ(t) = trbath {W(t)} , (4.37)

and ultimately to the exciton populations

Pa(t) = ρaa(t) = 〈a|ρ(t)|a〉, (4.38)

where |a〉 are eigenstates of the Hamiltonian HS.

Expansion in Orders of Electric Field

In order to make approximations only with respect to the system-bath interac-
tion Hamiltonian, we first switch to the interaction picture with respect to the
field free evolution of the system. We define

W(I)(t) = U(t0, t)W(t)U(t, t0), (4.39)

which leads to

∂

∂t
W(I)(t) =

i

h̄

[

U(t0, t)µU(t, t0), W(I)(t)
]

−
E(t). (4.40)

Here, we used the field free evolution operator

U(t, t0) = exp
{

− i

h̄
HM(t − t0)

}

, (4.41)

which propagates the density matrix from its initial condition at time t0 to time
t. Eq. (4.40) will be formally integrated, and we return to Schrödinger picture.
This yields
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W(t) = U(t, t0)W(t0)U(t0, t) +
i

h̄

t∫

t0

dτ U(t, τ) [µ, W(τ)]− U(τ, t)E(τ). (4.42)

We obtained a recursive formula for the total density matrix W(t). By iterative
reinsertion of Eq. (4.42) into itself, we obtain a series of terms in orders of the
electric field E(t). We get

W(t) = ∑
n

W(n)(t), (4.43)

where
W(0)(t) = U(t, t0)W(t0)U(t0, t), (4.44)

and

W(n)(t) =
i

h̄

t∫

t0

dτ U(t, τ)
[

µW(n−1)(τ)
]

−
U(τ, t)E(τ), (4.45)

for n > 0.
For any order of perturbation, we can write a differential equation instead of

the integral expressions, Eq. (4.45). By differentiating Eq. (4.45) we get

∂

∂t
W(n)(t) = − i

h̄
[HM, W(n)(t)] +

i

h̄

[

µ, W(n−1)(t)
]

−
E(t). (4.46)

The second term on the right hand side of Eq. (4.46) is a source term which
is a known function of time, if the electric field is known and the lower order
density matrix is known.

Equations of Motion for the Reduced Density Matrix with Source Term

So far, one could equivalently describe the density matrix W(n)(t) by both Eqs.
(4.45) and (4.46). However, performing a straightforward trace over the bath
DOF (like in Eq. (4.37)) is only possible in Eq. (4.45) which presents the solution
of Eq. (4.46). Tracing over Eq. (4.46) does not lead directly to a closed set of
equations for the RDM ρ(t). Rather, one has to derive a master equation which
includes terms describing phenomena emerging due to the reduction from a
full set of DOF to a defined subset of the system’s DOF.
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We will formally separate the matter Hamiltonian HM into the relevant elec-
tronic DOF described by Hamiltonian HS, bath DOF described by the Hamilto-
nian HB and some interaction Hamiltonian HI . We define

H0 = HS + HB. (4.47)

We switch into interaction picture with respect to the interaction free part of
the matter Hamiltonian by defining

W̄(n)(t) = U0(t0, t)W(n)(t)U0(t, t0), (4.48)

were

U0(t, t0) = US(t, t0)UB(t, t0) = exp
{

− i

h̄
HS(t − t0)

}

exp
{

− i

h̄
HB(t − t0)

}

.

(4.49)
This leads to a new equation of motion in a form

∂

∂t
W̄(n)(t) = −iLI(t)W̄

(n)(t) + S̄(n)(t), (4.50)

where we defined a Liouville superoperator LI(t) corresponding to the interac-
tion Hamiltonian in interaction picture (denoted by HI(t)):

LI(t)A =
1
h̄
[HI(t), A]− . (4.51)

Here, A is an arbitrary operator, and we defined a source term in interaction
picture

S̄(n)(t) = U0(t0, t)S(n)(t)U0(t, t0), (4.52)

with
S(n)(t) =

i

h̄

[

µ, W(n−1)(t)
]

−
E(t). (4.53)

We will now proceed along the lines of the standard projection operator
technique (see e.g. [26, 173]) by defining two projection superoperators P and
Q (acting on the operators W(n)(t)) such that

P +Q = 1. (4.54)



110 single-molecule spectroscopy of monomeric lhcii : experiment and theory

In particular we will use the well-known Argyres-Kelley projection superoper-
ator which acts on W(n)(t) as

PW(n)(t) = trbath

{

W(n)
}

weq, (4.55)

where weq is the bath equilibrium density matrix. Applying these operators
to Eq. (4.50) and eliminating QW(n)(t) we obtain a variant of the well-known
Nakajima-Zwanzig identity:

∂

∂t
PW̄(n)(t) = −iPLI(t)PW̄(n)(t) + P S̄(n)(t)− iPLI(t)UQ(t, t0)QW̄(n)(t0)

− i

t∫

t0

dτPLI(t)UQ(t, τ)QS̄(n)(τ)−
t∫

t0

dτPLI(t)UQ(t, τ)QLI(τ)PW̄(n)(τ).

(4.56)
Here,

UQ(t, τ) = exp→






−i

t∫

τ

dzQLI(z)Q






. (4.57)

The first term on the right hand side (r.h.s.) in Eq. (4.56) can be eliminated by
an appropriate choice of the form of interaction operator HI . We assume that
the system-bath interaction operator is of a pure dephasing form in the basis of
the electronic states localized on the molecules of the complex (the site basis)

HI = ∑
n

∆Vn|n〉〈n|. (4.58)

We can always redefine this interaction operator in such a way that

PHI = 0 (4.59)

by setting H′
I = HI −PHI . The Hamiltonian operators HI and H′

I differ only by
a shift of the excitation energies local to the involved molecules, the so-called
reorganization energies. The reorganization energies can be always made part
of the system Hamiltonian. We assume further on that Eq. (4.59) holds.

The second term on the r. h. s. of Eq. (4.56) is a source term by which the
operator of nth order of perturbation is connected to the lower order operator.
The third term is the so-called initial correlation term. Since the initial condi-
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tion is always W(n)(t0) = 0 (and t0 is a time before any interaction with the
field), this term also disappears. The fourth term has a very similar structure as
the initial correlation term. It underlines the fact that the true initial condition
for the W(n) is set by the source term, and, in the case that some correlation
between the bath and the system is created during the process of excitation, it
contributes to the excited state evolution.

The last term of Eq. (4.56) is responsible for the processes of energy relax-
ation and transfer and for dephasing of coherences. We will treat this term
in line with Ref. [173] to turn it into a second order time local differential
equation. We define formally a superoperator Ū (t, t0) which describes an exact
evolution of the projected statistical operator PW̄(n)(t). In Eq. (4.56) we sub-
stitute PW̄(n)(τ) = Ū (τ, t)PW̄(n)(t). Now PW̄(n)(t) can be taken out of the
integral and the differential equation is local in time. Next we will approximate
the integral by a second order expression in terms of LI(t). Both Ū (τ, t) and
UQ(t, τ) contain all orders of LI(t), however, in order to keep the integral in
second order, we only need to use their zero order approximations Ū (τ, t) ≈ 1
and UQ(t, τ) ≈ 1 . Using the second order approximation in the last term of
Eq. (4.56) we get a precursor to a derivation of the standard Redfield relaxation
equations. We notice that all terms start with P and correspondingly, we per-
form the trace in all terms and divide out the equilibrium bath density matrix
weq. The result reads as

∂

∂t
ρ̄(n)(t) = s̄(n)(t) + Ī(n)(t, t0)−

t∫

t0

dτ trbath
{
LI(t)QLI(τ)weq

}
ρ̄(n)(t), (4.60)

where we defined a reduced source terms

s̄(n)(t) = trbath

{

S̄(n)(t)
}

, (4.61)

and

Ī(n)(t, t0) = −i

t∫

t0

dτ trbath

{

LI(t)UQ(t, τ)QS̄(n)(τ)
}

(4.62)

is a photo-induced correlation term. All terms in Eq. (4.60) are in interaction
picture with respect to the system Hamiltonian HS (this is denoted by the bar).
The effect of interaction picture with respect to HB vanishes, because under
the trace over the bath DOF we can rotate the arguments and eliminate the
corresponding evolution operators. Eq. (4.60) equation can be turned back to
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Schrödinger picture in a straightforward way. In the following section we will
apply Eq. (4.60) to evaluate ρ(1)(t) and ρ(2)(t).

First Order in Field

The first order reduced density matrix is driven by the first order source term
s(1)which contains the zero order density matrix

S(1)(t) =
i

h̄
[µ, W(0)(t)]−E(t), (4.63)

where
W(0)(t) = weq|g〉〈g|. (4.64)

Here we already returned to Schrödinger picture. The equilibrium density ma-
trix of the system does not evolve in time, and, correspondingly, the only time
evolution in the source term originates from the electric field. As a consequence
one can easily perform the trace to obtain s(1)(t) in a form

s(1)(t) =
i

h̄ ∑
k

µkgeiωkg(t−t0)E(t)|k〉〈g|+ h.c., (4.65)

where h.c. stands for Hermite conjugate, and µkg = 〈k|µ|g〉 is the transition
dipole moment between the ground state |g〉 and an excited state |k〉. One can
easily show that QS̄(1)(t) = 0, and thus the first order equations of motion
reads as

∂

∂t
ρ(1)(t) = − i

h̄

[

HM, ρ(1)(t)
]

−
+ s(1)(t)−R(2)(t, t0)ρ

(1)(t), (4.66)

where

R(2)(t, t0) =

t∫

t0

dτ trbath
{
LI(t)QLI(τ)weq

}
(4.67)

is a relaxation tensor of a second order in system–bath interaction term.
For an infinite bath with a unstructured spectral density coupled weakly to

our system, the integrand in Eq. (4.67) decays rather quickly with a certain
characteristic time tc (termed bath correlation time). The integral in Eq. (4.67)
becomes constant on the same time scale. In Eq. (4.66) we have a rather arbitrary
constant t0 representing some time at which we start to treat the dynamics. In
the full equation with n = 1 before reduction, i.e. in Eq. (4.46), of which Eq.
(4.66) is an approximation, setting t0 to any value such that E(t0) = 0 leads to
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the same correct result. However, in Eq. (4.66) the choice of t0 does affect the
dynamics. We could always choose t0 sufficiently small to make the relaxation
tensor constant. For pulses longer than the bath correlation time, even if we set
the start of the dynamics, t0, before the center of the pulse so that E(t0) < ǫ
where ǫ is some chosen small value, the relaxation tensor will integrate into
constant already during the action of the pulse. This is a consequence of the
decoupling of the bath from the influence by external field which is otherwise
indirectly mediated by the electronic DOF. This decoupling is a consequence
of reducing our equations of motion to electronic DOF only. The only point
in which the bath state is influenced in our description is the initial condition.
Eq. (4.66) can therefore describe the dynamics correctly only if the excitation
field is in a form of the Dirac delta function centered at some τ′. Than the start
of the dynamics can be set to t0 = τ′, and the bath can correctly react to the
excitation of the system. One can demonstrate this idea by using Eq. (4.45) to
obtain ρ(1)(t) - this procedure involves no additional approximation. We obtain

ρ(1)(t) =

t∫

t0

dτ
[

J(t, τ) + J†(t, τ)
]

E(τ), (4.68)

where
J(t, τ) =

i

h̄
trbath

{
U(t, τ)µ|g〉〈g|weqU(τ, t)

}
, (4.69)

is an operator on the same Hilbert space as ρ(1)(t). Eq. (4.69) can be written as

J(t, τ) = U (t, τ)µρ0, (4.70)

where ρ0 = |g〉〈g|, and U (t, τ) is a formally exact evolution superoperator for
the reduced density matrix. Eq. (4.68) corresponds to a sum (integral) of field
free evolutions starting from an initial condition [µ, ρ0]− at times τ weighted
by the field amplitude E(τ). The exact field free evolution has to involve an ex-
act time dependent relaxation tensor R(t, τ). Notice that the second argument
coincides with the start of the dynamics for a given field free propagation.

The discussion above underlines the fact that the RDM master equation, Eq.
(4.66), can only be correct if the source term is of a Dirac delta form, or if
the transient features of the relaxation tensor are unimportant. It turns out
that for the first order density matrix ρ(1)(t) and its subsequent application
to calculation of the second order RDM ρ(2), the early dynamics is important.
If we used Eq. (4.66) with constant relaxation (dephasing) tensor, we would
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limit the lineshape of the transitions to Lorentzian type. For more general and
realistic lineshapes we need to use Eq. (4.68).

Secular Approximation in First Order Equations

For the first order term in the field, the transient features of the relaxation
tensor turn out to be of crucial importance. They are responsible for the line
shape of linear absorption. The absorption spectrum of a multilevel molecular
system can be calculated as (see e.g. [190])

α(ω) ≈ 2Re
∞∫

0

dt 〈g|µU (t, 0)µρ0|g〉eiωt. (4.71)

Here the initial condition µρ0 which consists entirely of optical coherences is
propagated in time. In general the evolutions of different optical coherences
are coupled. Nevertheless, the so-called secular approximation in which decou-
pling of individual coherences is postulated is very often valid. In particular, it
can be shown that secular approximation is strictly valid in second order for
a homodimer [191]. For molecules with similar reorganization energies, non-
secular effects are very small, and only for systems were the participating states
have very different reorganization energies one can find pronounced effects of
coupled evolution of different optical coherences [192]. Because our interest in
this work is with photosynthetic systems composed of pigments of similar kind
(chlorophylls and bacteriochlorophylls) we can expect the secular approxima-
tion to work reasonably well. We can therefore assume that only the elements

Jag(t, τ) = 〈a|J(t, τ)|g〉 = Uagag(t, τ)µag (4.72)

of the operator, Eq. (4.69) are non-zero. In secular approximation, Eq. (4.66)
splits into a set of independent equations for coherences. Green’s function cor-
responding to the secular version of Eq. (4.66) gives a second order approxima-
tion to Uagag(t, τ). It is possible to show that for a bath composed of harmonic
oscillators, second order master equation for an optical coherence gives an exact
result [193]. It can be further shown that

Uagag(t, τ) = e−gaa(t−τ)−iωag(t−τ), (4.73)

and
Ragag(t, τ) =

∂

∂t
gag(t − τ) (4.74)
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with

gaa(t) =
1
h̄2

t∫

0

dτ

τ∫

0

dτ′ trbath
{

∆Vaa(τ)∆Vaaweq
}

, (4.75)

representing a lineshape function of the transition |g〉 → |a〉. For details see e.g.
[26].

To conclude this section, in secular approximation we can obtain the reduced
density matrix elements of the first order in field to all orders of the perturba-
tion in the system-bath coupling. This is a very good starting point for the
derivation of the source term for the second order.

Photo-induced Initial Correlation Term in Second Order Equations

Second order field perturbation of the density matrix enables us to calculate
populations of excited states relevant for SMS. In the experiment, we observe
fluorescence from excited states populated due to relaxation dynamics subse-
quent to the excitation by external field. According to Eq. (4.53), the second
order source term has a form

s(2)(t) =
i

h̄

[

µ, ρ(1)(t)
]

−
E(t). (4.76)

This result is general, i.e. independent of our previous discussion of secular ap-
proximation. We have discussed the validity of secular approximation for first
order equations in preceding section. The validity of the secular approximation
in the second order term, however, has to be discussed separately. In the ex-
cited state band, non-secular terms can fine tune the final, quasi-equilibrium
(electronically excited) state of the system reached after the propagation (see
e.g. [190]). If secular approximation is not valid, the coherences do not decay to
zero. If, however, the working basis is chosen well for the particular problem,
e.g. delocalized excitonic basis is chosen in case of weak system-bath interac-
tion, or localized basis is chosen for strong system-bath coupling, the need for
non-secular theory can be minimized. Most importantly, large body of theo-
retical understanding of photosynthesis is based on the secular approximation.
We will therefore apply secular approximation in second order equations to
simplify our treatment.

Unlike in the case of the first order RDM, second order contribution QS(2)(τ),
which enters the photo-induced initial correlation term (see Eq. (4.62)), is in gen-
eral non-zero. Before we derive the second order reduced equations of motion
in Section 4.5 of this SI, we will treat below this additional term.
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We are interested in a contribution of the photo-induced initial correlation
term to populations of excited states, and we will therefore express this contri-
bution in the basis of the eigenstates of the electronic Hamiltonian. For popula-
tions we can keep working in interaction picture

Ī
(n)
aa (t, t0) = 〈a|I(n)(t, t0)|a〉

≈ 2
h̄

t∫

t0

dτ ∑
b

Im trbath

{

H I
ab(t)〈b|QS̄(n)(τ)|a〉

}

, (4.77)

where we made the same approximation as in the relaxation tensor, namely,
that UQ(t, τ) ≈ 1. The term P S̄(n)(τ) which is a part of the QS̄(n)(τ) = (1 −
P)S̄(n)(τ) term is by definition of P proportional to weq and trbath

{
H I

ab(t)weq

}
=

0 because of Eq. (4.59). The Q projector is therefore effectively equal to unity,
here. Using the system-bath interaction Hamiltonian elements in eigenstate ba-
sis

∆Vab(t, t0) = ∑
n

〈a|n〉〈n|b〉∆Vn(t, t0), (4.78)

we can write the pulse correlation term as

Ī
(n)
aa (t) =

2
h̄

t∫

t0

dτ ∑
b

Im trbath

{

∆Vab(t)〈b|S̄(n)(τ)|a〉
}

. (4.79)

A straightforward but tedious derivation using second order cumulant expan-
sion and rotating wave approximation leads to an expression in terms of bath
correlation functions

Cab,cd(t) =
1
h̄2 trbath

{
∆Vab(t)∆Vcd(0)weq

}
, (4.80)

and the corresponding line shape functions

gab,cd(t) =

t∫

t0

dτ

τ∫

t0

dτ′Cab,cd(τ
′). (4.81)
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The expression reads as

Iaa(t, t0) = ∑
b

dagdgb

h̄2

t∫

t0

dτ Im eiωab(t−τ)Kab(t, τ), (4.82)

where

Kab(t, τ) = ih̄
[

τ∫

t0

dτ′E(τ)E∗(τ′)e−i(Ω−ωag)(τ−τ′)

τ−τ′∫

0

dτ′′C∗
ab,aa(t − τ + τ′′)e−g∗aa,aa(τ−τ′)

−
τ∫

t0

dτ′E(τ)E∗(τ′)ei(Ω−ωbg)(τ−τ′)
τ−τ′∫

0

dτ′′Cab,bb(t − τ + τ′′)e.−g(τ−τ′)
]

. (4.83)

It is easy to show that Kaa(t, τ) = 0 and therefore all contributions to the popu-
lation from the pulse induced correlation term are of the non-secular form. The
light excites coherence between states |a〉 and |b〉 and the term of the first order
in system bath interaction (∆Vab(t)) is responsible for converting this contribu-
tion to a population of state |a〉. All terms Kab for a 6= b oscillate. Therefore, we
can ignore the contribution of Īaa to the populations in our work for the same
reason we ignore other non-secular contributions. For slow field envelops E(t)
and resonant pulses (the case in SMS) the term Īaa(t, t0) contains an integral
over oscillating functions and it is itself oscillating. Contributions from differ-
ent times therefore cancel and the overall contribution to populations is small.

Besides the smallness of the contribution due to oscillation, one can find
situations where Īaa yields zero for other reasons. Because Kab is proportional
to correlation functions

Cab,bb(t) = ∑
n

〈a|n〉〈n|b〉|〈b|n〉|2Cnn(t), (4.84)

we can see that Kab is zero if the delocalized states |a〉 and |b〉 do not share the
same sites. For instance, when the excitonic basis coincides with the site basis
(vanishing coupling between sites) the term Īaa is automatically zero. Another
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case yielding zero is a case of homodimer. There we can assume that gaa,aa(t)
and gbb,bb(t) are the same, and we can also assume that

Cab,bb(t) = C(t)∑
n

〈a|n〉〈n|b〉|〈b|n〉|2 = ξab,bbC(t), (4.85)

where the bath correlation function C(t) ≡ Cn(t) is the same for all (both) sites.
The second equals sign in Eq. (4.85) defines the coefficients ξab,bb. The term Kab

then consists of two terms proportional to (ξab,aa − ξab,bb) and (ξab,aa + ξab,aa),
respectively. These terms are both zero. For a homodimer (ξab,aa + ξab,aa) =
〈a|b〉 = 0 for a 6= b, and (ξab,aa − ξab,bb) = 0 because all terms |〈a|n〉|2 are equal
to 1

2 .

Second Order Equations of Motion

Similar to Section 4.5, we can use Eqs. (4.45) or (4.46) to derive either a closed
equation for the second order RDM ρ(2)(t) or a corresponding differential equa-
tion of motion. To obtain the closed equation based on Eq. (4.45) we would
have to derive a time evolution superoperator, in analogy to Eq. (4.70), for all
possible initial times τ. This amounts to propagating the differential equation
derived from Eq. (4.46) for every time τ separately, with a source term corre-
sponding to a Dirac delta pulse centered at time t = τ. As in Section 4.5, we
cannot reproduce an exact result for ρ(2)(t) with a single propagation of a RDM
equation of motion even, if we were in possession of a exact relaxation tensor
R(t, τ). Nevertheless, because populations change on a much slower time scale
than coherences, and because we are in fact only interested in populations at
long times after excitation, a constant relaxation tensor obtained by the limit
Reff(t) = limt0→−∞ R(t, t0) is expected to be a reasonable approximation for
the description of our SMS experiment. The effective relaxation tensor does not
depend on the initial condition time, but it still weakly depends on the running
time of the experiment (as discussed in the main text). Neglecting the photo-
induced initial correlation term, we obtain the following equations of motion
for the second order RDM:

∂

∂t
ρ(2)(t) = − i

h̄

[

HM, ρ(2)(t)
]

−
+ s(2)(t)−R(2)

eff (t)ρ
(2)(t). (4.86)

Applying secular approximation, writing out explicit form of the source term
s(2)(t), and selecting only equations for eigenstate populations, we arrive at Eq.
(4.7) of the main text.



5
U LT R A FA S T E N E R G Y R E L A X AT I O N I N S I N G L E
L I G H T- H A RV E S T I N G C O M P L E X E S

Energy relaxation in light-harvesting complexes has been extensively studied
by various ultrafast spectroscopic techniques, the fastest processes being in the
sub-100 fs range. At the same time much slower dynamics have been observed
in individual complexes by single-molecule fluorescence spectroscopy (SMS).
In this work we employ a pump-probe type SMS technique to observe the ul-
trafast energy relaxation in single light-harvesting complexes LH2 of purple
bacteria. After excitation at 800 nm, the measured relaxation time distribution
of multiple complexes has a peak at 95 fs and is asymmetric, with a tail at
slower relaxation times. When tuning the excitation wavelength, the distribu-
tion changes in both its shape and position. The observed behaviour agrees
with what is to be expected from the LH2 excited states structure. As we show
by a Redfield theory calculation of the relaxation times, the distribution shape
corresponds to the expected effect of Gaussian disorder of the pigment transi-
tion energies. By repeatedly measuring few individual complexes for minutes,
we find that complexes sample the relaxation time distribution on a timescale of
seconds. Furthermore, by comparing the distribution from a single long-lived
complex with the whole ensemble, we demonstrate that regarding the relax-
ation times the ensemble can be considered ergodic. Our findings thus agree
with the commonly used notion of an ensemble of identical LH2 complexes
experiencing slow random fluctuations.

This chapter is based on the following publication:

P. Malý, J. M. Gruber, R. J. Cogdell, T. Mančal, and R. van Grondelle, PNAS 113,
2934 (2016)
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5.1 introduction

Time-resolved studies of primary events in photosynthetic light harvesting have
a decades-long tradition. Usually, the fastest processes observed correspond to
the time resolution of the experimental techniques available at the time. Re-
cently, the most popular tool to study ultrafast excitation energy transfer with
sub-100 fs resolution is two-dimensional electronic spectroscopy (2DES). This
technique has been used to study various light-harvesting complexes such as
LH2 and LH1 antennas of purple bacteria[194, 195], the FMO protein of green
sulphur bacteria[107, 196] and the major antenna complex LHCII of higher
plants[197]. It was shown that after an ultrafast excitation of photosynthetic
light-harvesting complexes (LHCs) the electronic excitation evolves in a coher-
ent fashion on a 100 fs timescale. These observations sparked a still ongoing
debate on the role of quantum coherence in energy transfer in LHCs.

However powerful the ultrafast techniques have become, they are fundamen-
tally limited by ensemble averaging. Although the 2DES can in principle re-
solve inhomogeneous and homogeneous lineshapes, the observed spectra and
system dynamics are still averaged over the whole ensemble of complexes. An-
other feature of nonlinear spectroscopy such as 2DES is that broadband pulses
are used for excitation, which results in simultaneous excitation of many states.
Such pulses inevitably excite also superpositions of states, which leads to coher-
ent dynamics. This can provide useful information about the system, especially
on the electronic coupling between the pigments and the interplay of electronic
and nuclear degrees of freedom. On the other hand, it brings with itself in-
terpretative issues in relation to the relevance of such coherent dynamics for
natural light harvesting under incoherent sunlight[175].

At about the same time as ultrafast spectroscopy, also optical microscopy has
seen significant advances[198]. Nowadays it is routinely possible to selectively
excite and observe individual LHCs. This enables us to overcome the problem
of ensemble averaging and observe distributions of single-molecule properties.
However, for practical reasons only single-molecule emission spectroscopy has
been possible on biological pigment-protein complexes. Photon counting of the
weak luminescence signal becomes a limiting factor for the time resolution,
making it possible to observe changes only on a timescale of tens of millisec-
onds and longer.The standard paradigm is therefore to think about the ultra-
fast nonlinear ensemble spectroscopy and single-molecule spectroscopy (SMS)
as complementary methods that access very different timescales.

In 2005 van Dijk et al. proposed a modification of SMS called single-molecule
pump-probe (SM2P), which employs excitation by two pulses. This technique
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visualizes the initial ultrafast excitation relaxation in single molecules[199]. As
they demonstrated on dye monomers[199, 200] and later on dye dimers and
trimers[201], it is possible to observe relaxation rates in the 100 fs range. In this
work we explore the possibility of applying this technique to light-harvesting
complexes.

Since 2005 the experimental technique has advanced and in 2013 the first
fs experiment was performed on single LH2 complexes of purple bacteria by
Hildner et al.[59]. Using pulse shaping, the complexes were coherently excited
by two ultrashort pulses of different central wavelengths. Coherent oscillations
in the emission signal were then observed when varying the delay between the
pulses.

The LHC of choice for our measurement is the light-harvesting complex 2

(LH2) of the purple bacterium Rhodopseudomonas acidophila. LH2 consists of two
rings of bacteriochlorophylls, which result in two distinct absorption bands at
roughly 800 and 850 nm, respectively. Both the bands and the rings are re-
ferred to as B800 and B850 according to their central absorption wavelength.
The pigments in the ring responsible for the B800 band are relatively weakly
coupled, while the pigments from the B850 ring exhibit strong electronic cou-
pling. This strong interaction results in significant excitonic splitting and forma-
tion of delocalized excitonic (vibronic) states[202]. Most of the ultrafast studies
of energy transfer in LH2 were carried out in the late eighties and nineties us-
ing variants of transient absorption (TA) and fluorescence upconversion[202–
205]. From these and later studies[206, 207] it was concluded that while the
energy transfer from the B800 to the B850 ring is relatively slow, 1-2 ps, the
relaxation dynamics after 800 nm excitation are more complex, including faster
components due to the overlap of the B800 states with high energetic exciton
states of the B850 ring (B850*). These states were found to exhibit ultrafast
transfer dynamics on the timescale of hundreds of fs. Recent results from 2DES
spectroscopy furthermore revealed ultrafast sub-200 fs dynamics[194, 208, 209].
Meanwhile, SMS studies of LH2 at cryogenic and later at ambient tempera-
tures showed intensity fluctuations and spectral diffusion on a much slower
timescale of seconds[70, 77, 210, 211]. By theoretical modeling it was shown that
most of the spectroscopic observations can be explained by dynamic variations
in the realization of the energetic disorder of the pigments[77, 148]. These find-
ings highlight the dynamic, fluctuating nature of LHCs. Experimentally, LH2

is a perfect candidate for our proof-of-principle measurement for several rea-
sons. The presence of lower B850 states results in fluorescence emission around
870 nm, which is sufficiently red-shifted with respect to the absorption bands
to enable easy excitation and detection separation. Importantly, LH2 shows a
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high fluorescence yield and significant stability in single-molecule conditions,
which is a requirement for our experiment.

5.2 results

The measurement

The SM2P principle is based on exciting the system by a near-saturating laser
pulse and giving it a time window to relax to some off-resonant state before
applying a second pulse. By such relaxation the excitation in the system can
be saved from the stimulated emission caused by the second pulse, and the
overall excitation probability therefore rises with the pulse delay. The detected
fluorescence signal is proportional to this excitation probability and therefore
depends on the delay between the two pulses. The excitation relaxation rate
can then be extracted by scanning the pulse delay time and fitting the resulting
change in fluorescence intensity. The effective three-level scheme which is used
for the SM2P traces analysis is shown in Fig. 5.1A. It consists of a ground state
|0〉, an excited state |1〉 resonant with the laser excitation and an off-resonant
excited state |2〉. This scheme is universal for the technique and can always be
used for analysis. It then depends on the measured system how the respective
levels should be interpreted. A cartoon of the actual situation in LH2, together
with the measured absorption spectrum, is presented in Fig. 5.1B. The depicted
excited states manifold qualitatively corresponds to the density of states pre-
viously used for theoretical modelling, see e.g. Fig. 6 in Ref. [207]. The main
difference between the isolated molecules studied previously in Ref. [199] and
LHCs is the dense excited states manifold in the latter case. However, it can be
shown by numerical simulations, that the three-level description still holds as
effective. In the case of a dense manifold, the observed relaxation rate is the ef-
fective rate with which the excitation escapes the region resonant with the laser.
For a more detailed description of the SM2P technique and the analysis proce-
dure we refer the reader to the supporting information (SI) and the original
works by van Dijk et al.[199, 200].

Using a confocal microscope, individual complexes are excited by the two-
pulse laser sequence. The pulses with a center wavelength around 800 nm are
200 - 250 fs long and about 4 nm wide. Thorough preliminary calculations,
which can be found in the SI, indicated that the above mentioned laser spec-
ifications will work to reveal ultrafast dynamics in LH2 complexes. The flu-
orescence of one complex is collected by the same microscope objective and
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Figure 5.1: (A) The three-level scheme used for the data analysis. kL is the absorp-
tion and stimulated emission rate, kFL is the spontaneous emission rate and kR is the
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schematically shown together with a measured absorption spectrum. The red peak
represents the excitation spectrum at 800 nm, the arrows indicate possible relaxation
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recorded by an avalanche photodiode. In this way the fluorescence intensity
traces of multiple individual LH2 complexes are recorded one by one. The
emission of one complex is measured until it photobleaches, while simultane-
ously continuously scanning the delay between the two excitation pulses. The
first minute of a typical intensity trace from a stable complex is shown in Fig.
5.2. The signal of about 1000 counts per second is characteristic for the given
measurement conditions. The data are binned into 100 ms bins, which repre-
sents a compromise between the signal-to-noise ratio and the amount of data
points available for fitting. The measured intensity modulation results from the
pulse delay scanning and each intensity dip can be used to determine the cor-
responding relaxation time. The inset in Fig. 5.2 depicts a single intensity dip
from the recorded trace, with an extracted relaxation time of τR = (89 ± 25) fs.
The present noise can be explained by Poissonian shot noise. The good sample
stability allowed us to perform multiple pulse delay scanning cycles and there-
fore to extract multiple subsequent relaxation times from one complex. In the
given example, the complex switches into a dark state at t = 55 s, a process of-
ten called ’blinking’. This behaviour indicates that the observed signal indeed
arises from a single well connected antenna. It should be noted that not all com-
plexes are such stable emitters. As was observed before (see e.g. [70, 77]), there
can be a significant amount of blinking with different degrees of quenching,
which results in switching between different intensity levels. However, no mat-
ter what the mechanism of energy dissipation causing these fluctuations is, the
fluorescence intensity is still proportional to the excitation probability. There-
fore, whenever the emission is stable for a sufficiently long time to perform
one pulse delay scan, and the emission intensity is high enough to provide a
reasonable signal-to-noise ratio, the relaxation time can be measured. In this
way we can measure several intensity dips for many complexes and extract the
relaxation times by fitting with the three-state model.

Energy relaxation

The distributions of relaxation times obtained for excitation wavelengths of
812 nm, 800 nm, and 780 nm are shown in Fig. 5.3A. The average recorded
relaxation times are 92 fs at 812 nm, 106 fs at 800 nm and 139 fs at 780 nm exci-
tation. These measured relaxation times agree well with the expected ultrafast
timescale.

As a result of the already mentioned dense excited states manifold, there are
several differences between the original work on dye monomers and the LHCs.
In the former case of individual or weakly coupled pigments, the observed ul-
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Figure 5.2: First one minute of a measured fluorescence intensity trace of a single LH2
complex, recorded while continuously scanning the delay between the two excitation
pulses. Red lines: data fitted with the three level model in Fig. 5.1A. At t = 55 s
the complex briefly switches to a dark state (’blinking’). Inset: magnification of one
intensity dip with a fitted relaxation time of τR = (89 ± 25) fs. Bottom axis gives the
real recording time, while the top axis denotes the delay between the two pulses.
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trafast relaxation is the intramolecular vibrational relaxation, i.e. the dynamic
Stokes’ shift. By comparing monomers and dimers, van Dijk et al. showed that
this relaxation slows down when the excited states are delocalized and thus
more weakly coupled to the environment[199]. In LHCs the situation is dif-
ferent. First, the pigments are coupled and thus the vibrational and electronic
states become mixed, resulting in a vibronic states manifold. The energy trans-
fer between these states cannot be strictly separated into the intra- or inter-
pigment relaxation. Second, unlike the dye molecules, the bacteriochlorophylls
present in LH2 have a much smaller Stokes’ shift, typically around 5 nm (≈ 80
cm−1)[212]. It is thus by itself not enough to escape the 4 nm ( ˙≈ 65 cm−1) wide
excitation pulse. And finally, the measured dependence of the relaxation time
on the excitation wavelength is exactly opposite from what would be expected
from a Stokes’ shift. In our case we observe the fastest relaxation in the ’red’
region with wavelength longer than 800 nm, where the strongly-coupled B850*
states are present. The relaxation is then slower when exciting in the ’blue’ re-
gion at 780 nm, where the states of weakly-coupled B800 pigments play a larger
role, see Fig. 5.3A.

Another aspect to consider is that we observe only energy relaxation and
not dynamic localization, because of excitation with circular polarized light.
The latter contributes mainly to absorption depolarization[207]. The observed
relaxation rate then effectively describes how fast the excitation escapes the res-
onant laser excitation range. The next dissimilarity from the case of individual
dye molecules is the possible presence of multiple excitations and the related
singlet-singlet annihilation. However, because the fluorescence lifetime is or-
ders of magnitude longer than the singlet-singlet annihilation time[213, 214], it
is precisely the annihilation which renders the multiply-excited states invisible.
The annihilation, always present at near-saturating intensities, thus effectively
ensures that the three state model with a single excited state is a good ap-
proximation for the observed fluorescence signal. Another concern are higher
excited states of the pigments, possibly resulting from multiple excitation of
the same pigment. However, these decay to the lowest excited state much faster
than the overall excited state lifetime[2, 215]. From the discussion above we
can therefore conclude that we indeed observe energy relaxation between the
singly-excited states within the complex.

Comparing with the literature, we find that our relaxation times are some-
what shorter than those found by previous time-resolved measurements. As
mentioned in the introduction, excitation at 800 nm results in populating states
of both the B800 and the B850* bands. Our experimental results indeed indicate
that the B850* states contribute significantly to the rather fast observed relax-
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Figure 5.3: (A) Relaxation time distribution obtained from many measured complexes
at three different excitation wavelengths (B) Relaxation time trajectories of three stable
complexes, under 800 nm excitation. The shaded regions indicate the standard error of
the fits. (C) The relaxation time distribution obtained from a single complex, Trace 1 in
(B), compared to the ensemble distribution at 800 nm excitation from (A). (D) Modelled
distribution of the relaxation times in a two-state model using Redfield theory. The
distribution shape changes with the ratio of the coupling and energy gap (see text for
description).
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ation rate. The comparably wider excitation pulses of typically 10-15 nm used
in TA measurements fail to resolve energy relaxation processes within their
bandwidth, resulting in a slower overall relaxation rate. Furthermore, TA and
fluorescence decay kinetics are usually fitted with and resolved into several
energy transfer components, while this study yields an effective ’escape’ rate
comprising all available relaxation channels. As a consequence, the observed
relaxation is somewhat faster and the slow components are not visible in our
measurement. Our results therefore agree with relaxation times of 150-300 fs re-
ported for 800 nm excitation[204] and furthermore experimentally validate the
faster dynamics determined by theoretical modeling of the B850* band[207].

Relaxation time fluctuations

Having discussed the average observed relaxation time, we can focus on the
true single-molecule measurement achievements: the relaxation time distribu-
tion and fluctuations. We have already mentioned the distributions in Fig. 5.3A.
Due to the anaerobic conditions which increase the sample endurance, we were
able to follow several stable complexes for minutes before they photobleached.
The obtained relaxation time trajectories can be found in Fig. 5.3B.

Before we start interpreting these results, we need to make sure that the
fluctuations we measure are not just an artifact of the fitting in the presence of
shot noise. To this end we perform numerical simulations of the SM2P signal
including Poissonian shot noise. In the inset of Fig. 5.4A we present one of the
simulated intensity dips. The distribution of the fitted relaxation times obtained
from such simulated dips is presented in Fig. 5.4A. The signal binning time and
the bin size are the same as used in Fig. 5.3A to illustrate the difference. The
calculated relaxation times are symmetrically distributed around the expected
value of 100 fs and the distribution can be excellently fitted by a Gaussian
normal distribution with a FWHM of 33 fs. This distribution is much narrower
than the experimentally obtained one and also its shape is completely different.
In Fig. 5.4B we show a ’trace’ of successively simulated relaxation times that
can be compared to its experimental counterpart in Fig. 5.3B. The extent of
the fluctuations caused only by the shot noise is significantly smaller. Together
with a clear wavelength dependence of the relaxation time distributions, these
simulations convince us that the observed fluctuations are real and not only
the result of shot noise.

In order to qualitatively understand the possible origin of the asymmetric
shape of the relaxation time distribution, we can consider the following simple
model. Let us describe energy transfer between two excitonic states, originating
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Figure 5.4: Testing the effect of Poissonian shot noise. The simulated parameters are:
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from two coupled pigments. Using Redfield theory, the relaxation rate krel be-
tween the excitonic levels can be expressed analytically. When we assume, for
the sake of simplicity, that the spectral density of bath modes is approximately
flat in the considered frequency region, the relaxation rate is proportional to

krel =
1

τrel
∝

1

1 +
(

∆
2J

)2 , (5.1)

where J is the coupling constant between the pigments and ∆ is the energy dif-
ference between the coupled states. The relaxation time is then determined only
by the ratio ∆

2J and the distribution arises from the energetic disorder in ∆. We
assume a Gaussian distributed disorder, as is commonly done in such simula-
tions, with a FWHM ∆dis = J. This is typical for simulations of light-harvesting
complexes, where all three parameters are expected to be in the same range, i.e.
∆ ≈ J ≈ ∆dis. In Fig. 5.3D the resulting relaxation time distribution is depicted
for different values of the detuning ∆. We can see that for strong coupling (or
small energy gaps) the relaxation is fastest and the distribution is highly asym-
metric. With decreasing coupling (or increasing energy gap) the distribution
maximum shifts to longer relaxation times and becomes more symmetric. Our
experimentally obtained distributions in Fig. 5.3A seem to follow this trend: the
distribution measured at 812 nm is the most asymmetric one with the shortest
relaxation times, the 800 nm distribution is the intermediate case and the distri-
bution measured at 780 nm excitation is more symmetric and shifted to longer
relaxation times. This fully agrees with the discussion above, describing the
increasing influence of the strongly-coupled B850* ring states when tuning the
excitation to longer wavelengths. The shape of the distribution can thus be
qualitatively described as originating from a Gaussian energetic disorder of the
transitions energies of the antenna pigments.

Finally, we want to comment on the relaxation time trajectories presented in
Fig. 5.3B. The relaxation time clearly varies on a timescale of seconds, which
is in agreement with slow fluctuations observed by SMS on LH2 before[77,
148, 210]. It should be mentioned that fluctuations in LHCs are observed on
almost all timescales, from fast sub-picosecond vibrations of the pigments to
slow protein structural changes in the range of seconds. Our experiment is
able to observe the latter type of fluctations, where slow motion of the protein
causes changes in the local pigment environment resulting predominantly in a
shift of their transition energy [69, 81, 148].

A question arises whether the relaxation times in all complexes experience
the same fluctuations, or whether the ensemble is heterogeneous. To investigate
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this we compare the relaxation time distribution from a long trace of a single
LH2 complex, Trace 1 in Fig. 5.3B, with the distribution from the whole en-
semble of many complexes. As is shown in Fig. 5.3C, the distributions are very
similar both in shape and position. Applying the Kolmogorov-Smirnov (K-S)
test for quantitative comparison, we find that with 81% probability the single-
complex and ensemble relaxation times arise from the same distribution. The
cumulative distribution functions, used in the K-S test and further highlighting
the distribution similarity, can be found in Fig. 5.7 in the SI. This comparison
indicates that at least some complexes can likely sample all the possible re-
laxation times on a timescale of seconds and that the ensemble can be in this
respect considered ergodic. However, this argument does not give an exhaus-
tive answer to the role of disorder in LH2 complexes. Further investigation in
this direction would thus certainly be of interest.

5.3 conclusions

We have successfully applied the SM2P technique to LH2 complexes of purple
bacteria. We have demonstrated that it is possible to observe ultrafast energy re-
laxation in individual light-harvesting complexes. As such, our work highlights
a new possible way to study photosynthetic light-harvesting. We have shown
how the relaxation time distribution changes when tuning the excitation wave-
length. The observed behaviour can be explained by varying influence of the
B800 and B850* states of the LH2 rings, in agreement with previous ultrafast
spectroscopy studies. By a numerical calculation we were able to qualitatively
explain the shape of the relaxation time distribution as a result of the energetic
disorder of the LH2 pigments. The extent of disorder corresponds to the values
commonly used in bulk spectroscopy modelling. Our method can be extended
to include a detailed excitation wavelength scan, which would enable us to
study energy transfer dynamics of single LH2 complexes to an extent similar
to bulk transient absorption measurements. Finally, we observed the evolution
of the relaxation rate of individual complexes in time. In accordance with previ-
ous SMS studies, we attribute its fluctuations to slow protein motion, based on
the relevant timescale. Our results thus not only demonstrate the applicability
of the incoherent SM2P technique to photosynthetic systems, but also present a
fitting piece of evidence to the puzzle of light-harvesting dynamics in the ever
fluctuating antenna complexes.



132 ultrafast energy relaxation in single light-harvesting complexes

5.4 materials and methods

Experimental setup

The experimental setup is similar to the one in Ref. [199], briefly a 76 MHz
Ti:Sapphire laser (Mira 900F, Coherent) is used as a source of 200-250 fs, 4-5
nm spectrally wide pulses centered at 800 nm. By tuning the laser cavity the
wavelength can be tuned approx. from 750 nm to 850 nm. The repetition rate
is decreased to 2 MHz by a pulse-picker (PulseSelect, APE) to increase the sur-
vival time of the complexes and eliminate long-living dark states such as triplet
states. The absence of the triplet states is verified by checking the signal drops
to half when halving the repetition rate. The two pulses are produced by a
home-built Michelson interferometer, the delay between them is scanned by a
delay line (Newport) in one of the interferometer arms. The pulse length before
the microscope is measured by fringe-resolved autocorrelation[216] using the
same interferometer and focusing the pulses into a BBO crystal (Eksma optics).
The pulse spectrum is measured by a spectrometer (OceanOptics). Technical
details can be found in the SI. Due to the narrow bandwidth of the pulses no
significant broadening of the pulses in the microscope can be expected. Guild
et al. measured the dispersion of common high N.A. objective microscopes,
and for a microscope very similar to ours they find GDD of around 4000 fs2,
including the beam expander [217]. Using a formula for Gaussian pulse second-
order dispersion, we obtain that our 200 fs (lower limit) pulses stretch to 208

fs. This is indeed negligible considering the fluorescence intensity dip fitting
error arising from the signal to noise ratio. The excitation light is adjusted to
a circular polarization by a Berek compensator (New Focus) to avoid complex
orientation dependence. The complexes are illuminated and detected by a con-
focal microscope with a PlanFluor objective (1.3NA, Nikon) as described else-
where[77]. The detected fluorescence is alternatively dispersed by a grating on
a CCD (Princeton Instruments) to measure the emission spectrum or the inten-
sity is measured by an avalanche photodiode (Perkin-Elmer). The fluorescence
spectrum is used to check the integrity of the complexes during the course
of the measurement. The excitation intensity is set to be sufficient to nearly-
saturate the complexes. At 800 nm excitation we used an excitation power of
0.5 pJ/pulse, focused to a diffraction-limited spot, which is comparable to pre-
vious experiments [200]. For excitation at different wavelengths the intensity
was increased to compensate for the decreased absorption, see spectrum in Fig.
5.1B. The measurement is controlled by a custom-made LabView environment.
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Sample preparation

The isolated LH2 complexes from Rhodopseudomonas acidophila are diluted to
a concentration of ∼ 10 pM in a measuring buffer (20 mM Tris, pH 8 and
0.03% (w/v) n-Dodecyl β-D-maltoside) and then immobilized on a PLL (poly-
L-Lysine, Sigma) coated cover glass. The dilution is chosen such as to obtain
on average approximately 10 complexes per 100 µm2. To increase the survival
time of complexes the buffer is deoxygenated by the oxygen-scavenging system
PCA/PCD (2.5 mM protocatechuic acid, 25 nM protocatechuate-3,4- dioxyge-
nase, Sigma)[218]. The experiments were conducted at room temperature.

Relaxation time fitting

The detailed description of the SM2P technique can be found in the SI. When
applying the three-level system description as in Fig. 5.1A, it can be shown the
intensity dip as a function of pulse delay τ can be described as

I(τ) = I∞

{

1 − p1

2 − p1

1
2

e
k2d2

4

[

e−kτer f c

(
1

2d

(

d2k − 2τ
))

+ekτer f c

(
1

2d

(

d2k + 2τ
))]}

, (5.2)

where k = 1
τR

is the relaxation rate, I∞ is the baseline intensity, p1 is the prob-
ability of excitation by one pulse (1

2 for full saturation) and d is the effective
pulse width, related to the pulse full width at half maximum (FWHM) as
d = 1√

2ln2
dFWHM. We use this formula to fit the measured dips and extract

the relaxation times.
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5.5 supporting information

Theoretical considerations

The SM2P technique is based on exciting the molecules by two near-saturating
laser pulses, scanning the delay between them, and observing the correlated
change in fluorescence intensity. In order to understand the resulting signal we
study a model three-level system consisting of a ground state |0〉, an excited
state |1〉 resonant with the laser excitation and an off-resonant excited state
|2〉. A schematic illustration is shown in Fig. 1A in the main text. During the
interaction with the first pulse the evolution of the system can be described
by the Bloch equations[219]. The external electromagnetic field creates a su-
perposition of the ground and excited state, i.e. an optical coherence, and the
probability of excitation of state |1〉 undergoes Rabi oscillations. Because of the
strong coupling of the electronic degrees of freedom to the fluctuating envi-
ronment and fast energy transfer from the excited state, the optical coherence
rapidly dephases, typically on the order of .50 fs, and the Rabi oscillations
become damped. If the duration of the saturating pulse is longer than the co-
herence dephasing time, the excitation probability settles at 1

2 . In that case a
description by semiclassical rate equations is appropriate. If the system is ex-
cited by the first pulse, it starts to relax to the off-resonant state |2〉. Now, when
the second pulse arrives immediately after the first pulse, the system is still
saturated and the excitation probability remains 1

2 . However, when the delay
between the pulses is long enough, the excitation can relax to state |2〉 and thus
escape stimulated emission. The system can then interact with the second pulse
only if it was not excited by the first pulse. It thus gets a second chance to be
excited and the overall probability of excitation rises to 1

2 +
1
2 · 1

2 = 3
4 . Scanning

the pulse delay and measuring the emission intensity, which is proportional to
the excitation probability, allows us to observe a dip in fluorescence, see e.g. Fig.
5.5. The width of the dip is related to the time it takes for the system to relax
to the off-resonant state. In practice the excitation starts to relax already dur-
ing interaction with the exciting pulse, and state |2〉 might not be completely
off-resonant. The dynamics of the system can then be described by coupled
equations for the state populations
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∂P1(t, τ)

∂t
= kL (P0 − P1) IL(t, τ)− kRP1,

∂P0(t, τ)

∂t
= −kL ((1 + νres) P0 − P1 − νresP2) IL(t, τ),

∂P2(t, τ)

∂t
= νreskL (P0 − P2) IL(t, τ) + kRP1. (5.3)

Here kL is the absorption/stimulated emission rate, kR is the relaxation rate,
IL(t, τ) is the intensity of the two laser pulses delayed by τ, and νres is the res-
onance of state |2〉 (relative to state |1〉, νres = 0 when state |2〉 is completely
off-resonant). Because the spontaneous emission rate is typically orders of mag-
nitude slower than energy relaxation, the observed fluorescence is proportional
to the population of the relaxed state long after interaction with the exciting
pulses, IFL(τ)∝P2(∞, τ).

Concerning LHCs, several aspects have to be taken into account. Their states,
originating from more than one pigment, form a dense excitonic (vibronic) man-
ifold and the energy transfer is ultrafast. It is thus important to verify how sen-
sitive the method is to the actual degree of saturation, how much off-resonant
the state |2〉 has to be, and how the fastest observable relaxation rate depends
on the duration of the pulse. To address these questions we performed numeri-
cal simulations varying the respective parameters, see Fig. 5.5. It turns out that
the exact saturation level is not critical (Fig. 5.5C), in agreement with Ref. [200].
The off-resonance is, however, very important (Fig. 5.5B). For example, already
75% off-resonance, i.e. νres = 0.25, decreases the intensity dip considerably and,
in the presence of Poissonian noise (see below), renders it invisible. Finally, the
fastest observable relaxation time is about 5 times faster than the pulse duration
(Fig. 5.5A). These findings are very encouraging for LHCs. The expected relax-
ation times are around 100 fs, which can be well resolved by 200 fs laser pulses.
These pulses can then be only about 4 nm wide, which, together with a high off-
resonance demand, ensures high excitation selectivity. The weak dependence
on the degree of saturation furthermore allows to quantitatively measure the
relaxation out of the selected narrow excitonic region.

The findings presented above allow us to use an effective description via
Eqs. (5.3) with νres = 0. Level |1〉 then represents the states resonant with the
excitation and level |2〉 the off-resonant, relaxed states. The effective description
by Eqs. (5.3) is therefore still valid even for LHCs with dense excited state
manifolds.
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For Gaussian pulses the solution of Eqs. (5.3) can be found analytically by
convoluting the result for δ-pulse excitation with both pulse envelopes. This
approach, the same as in the original work of van Dijk et al.[200], assumes
the pulses are mixed incoherently. This is true for our setup where the vibra-
tions of the rapidly-moving delay line safely destroy all phase coherence1. The
measured fluorescence intensity as a function of the pulse delay τ can then be
expressed as

I(τ) = I∞

{

1 − p1

2 − p1

1
2

e
k2d2

4

[

e−kτer f c

(
1

2d

(

d2k − 2τ
))

+ekτer f c

(
1

2d

(

d2k + 2τ
))]}

, (5.4)

where I∞ is the baseline intensity, p1 is the probability of excitation by one pulse
(1

2 for full saturation), k is the relaxation rate and d is the effective pulse width,
related to the pulse full width at half maximum (FWHM) as d = 1√

2ln2
dFWHM.

Formula (5.4) is used for fitting the data and extraction of the relaxation time
τR = 1

k .

Pulse characterization

To characterize the pulses we use a modified version of fringe-resolved autocor-
relation (FRAC)[216]. In this interferometric method we use the same Michel-
son interferometer as we use for the pulse delay scanning. For the pulse char-
acterization the pulses are colinearly focused in a BBO crystal to generate a
second harmonic signal (SH). The fundamental frequency is then filtered out
and the SH intensity is detected by a slow detector.

Denoting the laser field E(t, τ) = E0(t)e
−iωt + E0(t + τ)e−iω(t+τ) + c.c., the

second harmonic is proportional to E2(t, τ), and the measured SH intensity is
proportional to

ISH(τ) =
∫

dtI2
0(t) + I2

0(t + τ) +

2Re{E2
0(t)E2

0(t + τ)}cos(2ωτ) +

4 (I0(t) + I0(t + τ)) Re{E0(t)E0(t + τ)cos(ωτ)

+4I(t)I(t + τ). (5.5)

1 We also tried measuring with a vibrating mirror and obtained comparable results
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Figure 5.5: Numerical simulations of the intensity dip dependence on (A) the relaxation
time, (B) the off-resonance of the relaxed level and (C) the degree of saturation.

This signal contains a baseline contribution from both pulses, the SH interfero-
gram, envelope-modulated fundamental interferogram and the intensity auto-
correlation which we want to measure. Using this FRAC signal the pulses can
be characterized, however, for pulses as long as ours, the recording requires
an impractically long time. By attaching a vibrator to one of the interferometer
mirrors, the interference-sensitive part of the SH is averaged out on the detec-
tor, which enables us to measure the intensity autocorrelation on a constant
background much faster. We checked that this method works by comparing
the obtained pulse width with the one from the full recorded interferogram for
several pulse lengths.

The characterization of the pulses used for the 800 nm excitation measure-
ment, together with their measured spectrum for control, can be found in Fig.
5.6.
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Figure 5.6: Characterization of the pulses used for the 800 nm excitation measure-
ment. (A) Intensity autocorrelation from using FRAC with vibrating mirror. Gaussian
fit yields FWHM = 360 fs, using deconvolution factor

√
2 then gives 255 fs long pulses.

(B) Measured control spectrum (its parameters are not used for the relaxation time ex-
traction). Gaussian fit gives FWHM = 3.8 nm spectral width.

Ensemble ergodicity

In order to check whether it is probable that the relaxation times from a consid-
ered single complex trajectory come from the same population as the relaxation
times of the whole ensemble of complexes, we use a Kolmogorov-Smirnov (K-S)
test to compare their distributions. The K-S test compares the cumulative distri-
bution function (CDF) of the two distributions. The supremum of the distance
of the two CDFs over all relaxation times is the K-S distance D. The P-value
then determines what is the probability of the K-S distance to be this large if
the two sets of relaxation times were drawn from the same distribution. The
CDF comparison together with the K-S distance is depicted in Fig. 5.7. The K-S
distance is D = 0.11 and the corresponding P-value is D = 0.81.
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Figure 5.7: Cumulative distribution functions for the relaxation time distribution of the
whole ensemble and a single complex. The K-S distance is also denoted.





6
R O B U S T L I G H T H A RV E S T I N G B Y A N O I S Y A N T E N N A

Photosynthetic light harvesting can be very efficient in solar energy conversion
while taking place in highly disordered and noisy physiological environment.
This efficiency is achieved by the ultrafast speed of the primary photosynthetic
processes, which is enabled by a delicate interplay of quantum effects, ther-
modynamics and environmental noise. The primary processes take place in
light-harvesting antennas built from pigments bound to a fluctuating protein
scaffold. Here we employ ultrafast single-molecule spectroscopy to follow fluc-
tuations of the femtosecond energy transfer times in individual LH2 antenna
complexes of purple bacteria. By combining single molecule results with en-
semble spectroscopy through a unified theoretical description of both, we show
how the protein fluctuations alter the excitation energy transfer dynamics. We
find that, from the thirteen orders of magnitude of possible timescales from
picoseconds to minutes, the relevant fluctuations occur predominantly on a bi-
ological timescale of seconds, i.e. in the domain of the slow protein motion. The
measured spectra and dynamics can be explained by the protein modulating
pigment excitation energies only. Moreover, we find that the small spread of
pigment mean energies allows for excitation delocalization between the cou-
pled pigments to survive. These unique features provide fast energy transport
even in the presence of disorder. We conclude that this is the mechanism which
enables LH2 to operate as a robust light-harvester, in spite of its intrinsically
noisy biological environment.

This chapter is based on the following publication:

P. Malý, A. T. Gardiner, R. J. Cogdell, R. van Grondelle, and T. Mančal, PCCP
20, 4360 (2018)

141



142 robust light harvesting by a noisy antenna

6.1 introduction

Natural photosynthesis begins with the absorption of sunlight, followed by a
rapid energy transfer and charge separation. These primary photosynthetic pro-
cesses lead to a highly efficient conversion of solar energy into an electrochemi-
cal potential gradient across the photosynthetic membrane. The solar energy is
thus stored in a form which can later be used to drive cellular processes. The
key to the remarkable quantum efficiency of the primary processes of photo-
synthesis (nearly all absorbed photons can result in charge separation) is the
ultrafast speed with which they proceed, outcompeting all the adverse recombi-
nation mechanisms.[64, 213, 220] In recent years the events following photoex-
citation were investigated in great detail by nonlinear ultrafast spectroscopy. It
was found that the key to their speed is a delicate interplay of quantum ef-
fects, such as delocalization, thermodynamics and environmental noise.[221]
All these events take place in specially synthesized light-harvesting complexes
(LHCs) made out of pigments and proteins. In this work we will focus on a
typical LHC, light-harvesting complex 2 (LH2) from purple bacteria. Thanks
to cryogenic electron microscopy and X-ray crystallography, the structure of
many of these complexes, including LH2, is known.[6, 222–224] Pigments such
as chlorophylls and carotenoids interact with sunlight and carry out the light
harvesting function. The protein, on the other hand, acts as a scaffold, bind-
ing the pigments and thus fixing their positions and orientations. Moreover,
the protein has a specific and unavoidable role in modulating the electronic
properties of the pigments e.g. by hydrogen bonding and/or by electrostatic
interaction.[9–11] Crucially, the protein scaffold itself is not static, but, being
submerged in a highly disordered and fluctuating physiological environment,
exhibits dynamics over many timescales, from ultrafast vibrations to slow mo-
tion on a timescale of seconds. How does this scaffold motion influence the
function of the pigments is to a large extent unknown. Are photosynthetic an-
tennas robust under environmental fluctuations? Or are they rapidly switching
between good and poor light-harvesting regimes? The high average efficiency
suggests the former, but how is this achieved? In the following work we address
these questions.

The fast excitation dynamics can be very well studied by the methods of
ultrafast nonlinear spectroscopy. These allow one to probe the LHC’s excited
state manifold, and to closely follow the fate of the electronic excitation after
a photon was absorbed by the LHC.[220, 225] Such a close monitoring is pos-
sible because the relevant ultrafast dynamics of the LHC is naturally triggered
by their interaction with light. In a pulsed-spectroscopy sequence, one or more
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pulses can be used to initiate the dynamics, while other pulses can probe/mod-
ify the evolution. In this way, a whole ensemble of complexes is synchronized
and probed. With respect to the probed properties, the LHCs act as an en-
semble of nearly identical units, all of them exhibiting a similar response. The
complex to complex variation manifests merely as inhomogeneous broadening
of the measured spectra, and the measured dynamics are averaged over the
whole disordered ensemble. The nature and origin of the variations between
the individual LHCs, cannot be directly observed. Questions regarding the ori-
gin of the disorder, and whether it is dynamically sampled, on what time scale,
or whether the ensemble is heterogeneous cannot be answered by traditional
ensemble spectroscopy.

The ensemble synchronization, so crucial in observing the ultrafast bulk re-
sponse, is not generally possible when observing the natural protein motion,
because it is (at least to a large extent) not directly photo-induced. As a result,
one is limited to the observation of average properties of inhomogeneous en-
sembles only. The only way to observe the protein dynamics is then to observe
the complexes on an individual basis. This is possible by a single-molecule (or
single-complex) spectroscopy (SMS).[79, 226, 227] Using a microscope and an
ultrasensitive detector, light emission from single LHCs is monitored in SMS.
By recording spectral or intensity variations of its signal, an LHC protein can
thus be observed while slowly changing its state. Due to the slow timescale
of measurement, the observed changes can be ascribed to the conformational
dynamics of individual LHC proteins.[72, 77, 79, 226–228] Also the above men-
tioned questions regarding the heterogeneity of the ensemble can be addressed.
However, because of this low time resolution, limited by the weak signal of sin-
gle complexes, traditional SMS does not resolve the excitation dynamics within
the complexes, and it cannot aid in judging the influence of slow protein mo-
tion on ultrafast excitation energy transfer. In order to investigate the influence
of the slow protein motion on the ultrafast dynamics, the ultrafast and single-
complex approaches have to be unified into a single framework. This enables
to simultaneously measure characteristics of ultrafast processes relevant to effi-
cient light-harvesting and their slow variations due to the protein motion. This
is precisely what we have achieved in this work.

Our LHC of study is the LH2 antenna complex of the purple bacterium
Rhodopseudomonas acidophila[222, 229]. It is a typical LHC with high density
of pigments, demonstrating strong, intermediate and weak inter-pigment inter-
actions. Its energy transfer quantum efficiency reaches practically unity[202].
It was subject to intensive study already way before, and much more since,
its structure was elucidated[222, 223]. Correspondingly, there is a vast body of
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spectroscopic information available about this particular system.[226] As deter-
mined by nonlinear ensemble spectroscopy, its excitation dynamics proceeds
on ultrafast timescale of fs to ps.[205, 207, 214, 220, 230–232] Hole-burning,
fluorescence-narrowing and photon-echo peak shift spectroscopy have observed
energetic disorder within LH2 ensembles.[212, 233, 234] Single molecule spec-
troscopy has shown a significant level of protein conformational fluctuations.[70,
72, 77, 210, 228, 235–239] LH2 was also subject of study for the first coher-
ent ultrafast SMS on LHCs, which observed coherent beatings in single com-
plexes.[59] The LH2 of Rps. acidophila has a highly symmetrical ring structure,
with a 9-fold rotational symmetry. This significantly reduces the amount of free
parameters in our model. Last but not least, the LH2 antenna exhibits an excel-
lent stability under SMS conditions[77, 210], which enables us to measure the
ultrafast relaxation in a single LH2 repeatedly for minutes.

We have recently reported on an experiment of ultrafast two-pulse SMS,
which allows for the observation of ultrafast energy relaxation in individual
LHCs.[60] In this work, we extend this experiment to measure the distribu-
tion of energy relaxation times across the excited state manifold. Furthermore,
we develop a theoretical description of the experiment within the framework of
the Frenkel exciton model (FEM), which is commonly used to describe ultrafast
bulk spectroscopy on photosynthetic systems[11, 16, 26]. In order to character-
ize the light-harvesting of the LH2 complexes, we measure their absorption
(initial state), fluorescence (final state), broadband transient absorption (ultra-
fast, 100 fs dynamics) and narrowband transient absorption (fast, ps dynamics)
spectra. By quantitatively and simultaneously describing all these experiments,
we construct a FEM with very strict constraints. In fact, the model describes
far more experimental data than is the number of its parameters. In this model,
the ensemble spectra are calculated by averaging over individual realizations
of the static disorder of the pigment energies. The same model is applied to
model the ultrafast SMS experiment. Individual energetic disorder realizations,
used for the calculation of ensemble spectra, correspond to individual LHCs at
specific times in the SMS technique, and they yield the individually measured
relaxation times. In this way, the ’static’ disorder of the ensemble of complexes
measured by the ultrafast techniques becomes dynamic on the timescale of the
slow protein motion observed in SMS. We demonstrate that the full range of
expected relaxation time changes is observed by our SMS measurement. This
means that the measured times are not significantly averaged by fluctuations
on faster timescales, and that we truly observe the intrinsic timescale of these
changes. The slow protein motion dynamically modifies the energy landscape
on which the excitation relaxes. By this, the protein determines the excitation
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dynamics and therefore the light harvesting function of the complexes. We con-
clude that the LH2 antenna is designed in such a way that the intrinsic spread
of site energies is ’controlled’. As a consequence the excitation remains delo-
calized between several pigments even in the presence of the fluctuations. This
delocalization enables fast energy transfer, a prerequisite for efficient light har-
vesting.

6.2 materials and methods

Experimental methods

The LH2 complexes from Rps. acidophila were isolated and purified as previ-
ously described.[240] The isolated LH2 antennas of Rps. acidophila were sus-
pended in a buffer, 25mM Tris, pH 8, 0.03% β − DM and measured at room
temperature. The linear ensemble absorption spectrum was measured by a com-
mercial machine (Lambda 40, Perkin Elmer). The ensemble fluorescence spec-
trum was measured by the same microscope setup which was used to collect
the single-molecule spectroscopy signals, by increasing the LH2 concentration
and focusing in the volume. The broadband pump-probe spectrum was mea-
sured by Marco Ferretti using the 2DES setup[142, 241] as a side product of a
2DES measurement, where it is used for phasing the 2D spectrum. Home-built
NOPA produced broadband pulses from 800 nm to 900 nm (Fig. 6.11), which
were used for the acquisition of the pump-probe signal. The narrowband pump-
probe spectrum was measured using the transient absorption setup in LaserLab
Amsterdam.[225, 242] A fundamental of the laser (Legend, Coherent) was used
as a narrowband (24 nm FWHM) pump at 804 nm (Fig. 6.12a). As a probe a
sapphire-generated continuum was used (Fig. 6.12b), a tilted 850 nm long-pass
filter was used to select the near-IR wavelengths. A low pump intensity (300

nJ/pulse) was used to avoid annihilation. The OD of the sample was 0.5 at the
B850 peak.

The ultrafast two-pulse single-molecule spectroscopy was measured and an-
alyzed as described before.[60] Briefly, the complexes are diluted to a concen-
tration of ∼ 10 pM and immobilized on a poly-L-lysine (PLL, Sigma) coated
glass surface surface. For better LH2 stability samples frozen only once were
used. The buffer is deoxygenated by the oxygen-scavenging enzyme system
PCA/PCD (2.5 mM protocatechuic acid, 25 nM protocatechuate-3,4- dioxyge-
nase, Sigma) to increase the survival time of the complexes by preventing sin-
glet oxygen formation. The LH2 complexes are imaged by a confocal micro-
scope and excited by two pulses produced by a home-built Michelson inter-
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ferometer. The pulse source is a 76 MHz pulsed Ti:Sapphire laser (Mira 900F,
Coherent), the wavelength is changed by tuning the laser cavity. The pulse rep-
etition rate was decreased to 2 MHz by a pulse picker (PulseSelect, APE), to
increase the survival time of the complexes and eliminate long-lived excited
species such as triplet states. The excitation polarization is adjusted to near-
circular by a Berek compensator (New Focus). The pulse length entering the mi-
croscope (Eclipse TE300, Nikon) was about 200 fs, measured by fringe-resolved
autocorrelation (FRAC) for each excitation wavelength. As discussed before, for
such a long pulses the dispersion by microscope objective is less than 5% and
therefore negligible. The fluorescence emission is separated from the excitation
by a dichroic filter (815DCLP, Chroma Tech) and long-pass interference filter
(FELH850, Thorlabs) and recorded by an avalanche photodiode (PerkinElmer).
AT 800 nm an excitation power of about 1 pJ/pulse was used, adjusted to
compensate for absorption dependence (see Fig. 6.1B). By scanning the pulse
delay (delay line, Newport), a modulation of observed fluorescence intensity is
achieved. The measurement is controlled by a custom-made LabView environ-
ment. The resulting dips are fitted with an effective model with relaxation from
a resonant to an off-resonant state. The fitted fluorescence intensity dependence
on the pulse delay τ is

IFL(τ) = I∞
FL

{
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1
2

e
k2
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4
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e−kRτer f c

(
1

2d

(

d2kR − 2τ
))]

+ekRτer f c

(
1

2d

(

d2kR + 2τ
))}

, (6.1)

where kR = 1/τR is the relaxation rate, I∞
FL is the baseline intensity at large

delay, p1 is the one-pulse excitation probability (p1 = 1
2 for full saturation) and d

is an effective pulse width related to the pulse FWHM as d = dFWHM/
√

2ln2. This
formula is derived from the kinetic equations for the effective three-state model,
which can be found in Supporting Information to Ref. [60], where also the
dependence on its parameters and the achievable time resolution are discussed
in detail.

General parameters, dynamics

The pigment dipole moment orientations are taken from the crystal structure
of the Rps. acidophila in the RCSB protein databank, structure (2FKW)[6]. The
couplings are calculated in the dipole-dipole approximation, taking the value
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of 6.3 D for the effective BChl transition dipole moment.[16, 230] The screening
factor is adjusted, taking n =

√
2, to match the literature values.[164, 207, 243]

Note that the results are not very sensitive to the exact scaling of the couplings.
The site energies (vertical transitions) are taken to be 12320 cm−1 and 12520

cm−1 for the B850 BChl dimers and 12520 cm−1 for the B800 ring. The full
Hamiltonian, including the separation into the B850 and B800 blocks, can be
found in Fig. 6.10. The bath is described by a multi-component spectral density
composed from three Brownian oscillators, as in previous work.[164] The pa-
rameters of the Brownian oscillators are: reorganization energies {λ1, λ2, λ3} =
{30, 27, 330} cm−1, and damping factors {γ1, γ2, γ3} = {30, 400, 1200} cm−1.
The spectral density is scaled by different factors for the B800 and B850 ring
pigments, ν850 = 0.52, ν800 = 0.27. The protein fluctuations in the SM2P and
static disorder in the ensemble measurements are modelled by an uncorrelated
Gaussian disorder, σ850 = 650 cm−1, σ800 = 71.5 cm−1. (Note the agreement
with the narrower FL excitation lines in the B800 band compared to B850 at
1.2 K Ref. [239]). The ensemble spectra were averaged over this disorder, the
single-molecule distributions were generated by sampling this distribution.

The couplings between pigments were fixed, and not used as a fitting param-
eter. The average site energies were taken from literature[164, 243] and slightly
adjusted in the beginning of the simulations to provide correct position of the
absorption peaks (the B800 and B850 can be adjusted independently). The de-
tails of the spectral density were taken from Ref. [164] and not changed. Overall,
the only parameters used for the fitting were the scaling factors ν800 and ν850 of
the coupling to the bath, different for the B800 and B850 rings, and the widths
σ800 and σ850 of the energetic disorder, also different for the two rings. That is,
the whole fit was achieved with varying only four parameters (apart from the
choice of the model, which can also be viewed as a parameter).

The pure dephasing of the optical coherences is described by a cumulant
expansion, which is exact for the employed spectral density. The dynamics
within the one- and two-exciton manifold is described by a time-independent
Redfield theory. Additionally, the system Hamiltonian is separated into two
blocks, the B800 and B850 rings. Between these blocks the exciton population
transfer is calculated by a generalized Förster theory. The Redfield transfer rates
are calculated as usual,

Rkk,ll = ∑
n

(

ck
n

)2 (
cl

n

)2
νnC(ωlk). (6.2)
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Here, ck
n are the transformation coefficients between the site (n) and exciton (k)

basis and C(ω) is the spectral density. The generalized Förster rates between
cluster c1 and c2 are calculated as

kkl = ∑
n∈c1

∑
m∈c2

(

ck
n

)2 (
cl

m

)2
J2
nm×

2Re
∫ ∞

0
dtei(ωlk−2λllll)t−gllll(t)−gkkkk(t)−

Rkkkk+Rllll
2 t. (6.3)

Here, the gkkkk(t) = ∑n |ck
n|4νng(t) is the transformed lineshape function (νn is

the coupling of site n to the bath) and Rkkkk = ∑l 6=k ∑n

(

cl
n

)2 (
ck

n

)2
νnC(ωkl) is

the population decay of the k − th exciton. The reorganization energy λ trans-
forms in the same way as the lineshape function. The lineshape function is
given by the spectral density as usual, g(t) = 1

π

∫
dω 1−cos2ωt

ω2 coth
(

h̄ω
2kBT

)

C′′(ω)−
i
π

∫ ∞

0 dω
sin(ωt)−ωt

ω2 C′′(ω). The total spectral density is

C(ω) =
(

1 + coth
(

h̄ω
2kBT

))

C′′(ω), where C′′(ω) is the Fourier transform of the
imaginary part of the bath correlation function.

Ultrafast single-molecule spectroscopy

In this section we develop a connection between the excitonic dynamics, ob-
served by time-resolved spectroscopy, and relaxation times observed by the
SM2P technique. To this end we have to consider the relevant processes taking
place in the near-saturating two-pulse excitation regime. We will suppose that
for the processes occurring during and after photoexcitation, the separation of
timescales holds in the following order. Absorption (tens of fs), energy transfer
(around 100 fs), annihilation (units of ps[214]), emission (units of ns). We can
therefore treat these effects independently, in this order.

Let us first consider the saturating excitation regime. When exciting dense
manifold of states, either of localized or delocalized nature, and observing sub-
sequent equilibrated fluorescence emission, two kinds of saturation take place.
First, each of the transitions gets saturated with increasing intensity:

pi(I, λexc) =
1
2
(1 − exp {−σi(λexc)I}) , (6.4)

where pi is the probability of excitation of the i-th state by a pulse with intensity
I, σi(λexc) is the (generalized to include pulse overlap and duration) i-th state
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absorption, λexc is the excitation wavelength. At low intensity, the excitation is
proportional to the intensity, while at high intensity it becomes saturated be-
low 1

2 . Second, the phenomenon of singlet-singlet annihilation occurs, which is
much faster than the excited state lifetime. Singlet-singlet annihilation ensures
that if more than one excitation is present in the system, all but one of them
are quickly dissipated[213]. The probability to have an excitation in the system
available for emission is thus

pexc(I, λexc) = 1 − p0(I, λexc) = 1 − Πi (1 − pi(I, λexc)) . (6.5)

The observed fluorescence intensity, proportional to pexc, thus saturates faster
than the individual transitions. The maximum possible excitation probability
is 1 − 1

2N , where N is the number of states reachable by the laser. For dense
excitonic manifold this reaches almost 1. It is the combined annihilation and
absorption saturation which we observe when increasing the excitation inten-
sity.

In the experiment, the intensity was set to operate in the saturation regime,
i.e. pexc ≈ 0.95 (pexc can be set as a fitting parameter, although the results are not
very sensitive to its particular value). In order to calculate the saturation levels
of individual states pi, we first calculate their absorption σi. This is done by
using their transition dipole moment µ2

i0 and overlap of their lineshape αi(λ, λ0
i )

with the pulse spectrum pulse(λ, λexc),

σi(λexc) = µ2
i0

∫

dλα(λ, λ0
i )pulse(λ, λexc). (6.6)

Next we set the desired level of saturation pexc(I, λexc) and increase the inten-
sity I in Eq. (6.5) until this saturation is reached. By this approach, the proba-
bilities of excitation of all the states by one pulse, pi(λexc) are obtained.

Now that we determined how much are the individual states excited by the
pulses, we have to connect the observed relaxation times, obtained by fitting
with the effective saturated three-level model, to the actual excitation dynamics.
As mentioned before[60], due to the separation of timescales discussed above,
the singlet-singlet annihilation plays in our favor, effectively enabling us to re-
strict our model to the one-exciton manifold. The restriction can be justified as
follows. There are two situations in which multiple excitations can be present
in the LH2 (let us consider two excitations, while the reasoning can be straight-
forwardly extended to more). First, two excitations can be created by the two
pulses of the excitation sequence, one excitation by each. Annihilation then re-
sults in one excitation present for emission, and this case was accounted for in
our description of saturation above. Second, two excitations can be created by a
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single pulse. They then undergo independent ultrafast relaxation, resulting in
two excitations present in the relaxed state (effectively forming a higher-excited
state). These then undergo annihilation (relaxation to one-exciton manifold) on
a sub-ps timescale. The contribution from the multiply-excited states is there-
fore not visible in the pulse delay dependence, which enables us to stay within
the one-exciton manifold. The contributions from the individual states then can
be treated independently.

In deriving the effective transfer rate, there are two limiting situations which
need to be taken into account. First, energy relaxation from one resonant state
to more than one off-resonant states. In this case the effective rate is simply the
sum of the out-going rates. Second, the contributions from more resonant states.
This case is less straightforward as the dip resulting from two independent dips
cannot be obtained by e.g. averaging these two. We thus proceed in a different
way, where we construct effective states and rate from the actual states and
rates. To this end let us define effective relaxation rate from i-th state as

k
e f f
i =

∑j k jioji

maxjoji
. (6.7)

Here, k ji is the population transfer rate from state j to state i and oji is the
“visibility” of the dip resulting from relaxation from state i to state j. We define
this “visibility” by the depth of the dip,

oji = 3
(

1 − IFL(0)
I∞
FL

)

, oji ∈ (0..1) . (6.8)

For short pulses it can be shown by solving the kinetic equations for the there-
state model (Eq. S1 in SI to Ref. [60]) that the visibility can be expressed analyt-
ically as

oji = 3 {1−

2
pj + pi − p2

j − p2
i

2pi + 2pj − pi pj − p2
i − p2

j −
(

p2
j k ji + p2

i kij

) (
kij + k ji

)−1






. (6.9)

To check that the construction makes sense in a familiar limit, let us consider
one-directional transfer from partially saturated state 2 to an off-resonant state

1. We get o12 = 3
{

1 − 2 p2−p2
2

2p2−p2
2

}

= 3 p2
2−p2

, which vanishes for no excitation

of state 2 and approaches 1 for full saturation p2 → 0.5. For the case of two
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fully saturated states, p1 = p2 = 0.5, we get o12 = o21 = 0, as expected. In the
effective relaxation rate defined by Eq. 6.7 the rates are additive, weighted by
a fraction of the visibility of their dip to the most visible one. Such approach
keeps both the rate additivity and assumed full saturation of the effective state.
Let us now construct the resonant state, which is in the model assumed to be
fully saturated. The contribution of individual states to this state should be
weighted by their contribution to the overall signal, which is given by their
excitation probability pi. The effective observed rate is then

k(λexc) =
∑i pi(λexc)k

e f f
i (λexc)

∑j pj(λexc)
. (6.10)

As a check let us consider relaxation from two fully saturated states 1,2 to
two off-resonant states 3,4. We obtain

ke f f =
0.5k

e f f
1 +0.5k

e f f
2

1 = 1
2 (k31 · 1 + k41 · 1 + k21 · 0) + 1

2 (k32 · 1 + k42 · 1 + k12 · 0) ,
which is the average of the rates from the two resonant states, which consist of
the added rates to the off-resonant states.

It should be mentioned that in the case of incomplete saturation under given
experimental conditions, the extracted relaxation rate can be underestimated.
This can be seen from the fact that lower intensity yields smaller dip visibility
(shallower dip). In the fitting formula (6.1) the depth of the dip decreases both
with longer relaxation time and lower excitation intensity. Fitting with fully-
saturated model therefore compensates by a longer relaxation time. This was
probably the case of a 780 nm-excitation measurement in Ref. [60]. The same
distribution measured in this work at a fully-saturating intensity presents some-
what faster relaxation, in agreement with the theoretical prediction.

Statistical analysis

For each excitation wavelength between 100 and 200 measured relaxation times
obtained from about 20 different complexes were analyzed. Their distributions
were plotted in form of histograms. Correspondingly, the theoretical calcula-
tions were repeated for 200 realization of energetic disorder. Adding more re-
alizations did not result in further change of the calculated quantities. For the
experimental histograms the errors were estimated from the number of counts
per bin assuming independent measurements. For the statistics presented in
Fig. 6.5 and Fig. S2 500 realizations of disorder was used. Pearson linear correla-
tion was calculated between the relevant quantities in data processing program
Origin. For each pair of variables the Pearson correlation coefficient is given,
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p=0.05 significant correlations are highlighted. Also 95% confidence ellipses are
drawn. The quantities are calculated for every disorder realization in the follow-
ing way. SMS relaxation rate is given by Eq. (11) and averaged over all excitation
wavelengths used for measurement. The average downhill population transfer
is calculated as an average overall transfer between the excitons in the respec-
tive ring of pigments,

〈

kdown
i

〉

i∈B850/B800
, where kdown

i = ∑j:(Ej−λj<Ei−λi)
Rjj,ii.

The delocalization length is calculated in the standard way, as an average of
inverse participation ratios, deloc =

〈(

∑n |ci
n|4
)−1
〉

i∈B850/B800
. The pigment en-

ergy spread is the square root of variance of the pigment energies.

6.3 results

The structure of excitonic states

The LH2 complex consists of two rings of pigments, which give rise to its
two characteristic well separated absorption bands, see Fig. 6.1C. Reflecting the
structure of the complex[6] and the resulting interpigment couplings, we divide
the LH2 into the B850 ring (18 pigments arranged as 9 dimers) and the B800

ring (9 pigments) in our model. The bright states of the former ring are mainly
responsible for the absorption band at 850 nm, while the latter ring is almost ex-
clusively responsible for the absorption at 800 nm, hence the standard naming
scheme of the rings. It has been shown previously that there is an appreciable
exciton delocalization within both of the rings[207, 208, 244, 245]. To capture
this aspect we treat the rings as strongly-coupled excitonic blocks, and we de-
scribe their dynamics in the basis of their energy eigenstates (excitonic states)
by the standard Redfield theory[22, 26]. This approach has been previously
successfully used to describe the ultrafast intra-ring transfer[164, 228]. The en-
ergy transfer between the strongly coupled blocks of pigments, i.e. between the
B800 and B850 rings, is well described by the generalized multi-chromophoric
Förster theory[246–248]. Previous theoretical[164, 207] and experimental[142,
212, 232] works indicate that the low-frequency part of the bath spectral den-
sity (i.e. protein and slow pigment vibrations) has the strongest influence on the
pigment excitation dynamics. We therefore model the pigment environment by
a three-component low-frequency spectral density of modes, taken from Refs.
[144, 164]. Energetic disorder of the pigments is described by a Gaussian dis-
tribution of transition energies of individual pigments. The model has only
a very small number of fitting parameters: three transition energies (two for
the B850 dimers and one for B800 pigments), two couplings of the pigments
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to the vibrational bath ν800/850 (different for the B800 and the B850 pigments)
and two widths of the energetic disorder σ800/850 (again different for the two
rings). Moreover, since the couplings, being calculated based on the crystal
structure of the LH2 (see section Materials and Methods), are not varied, the
pigment energies are fixed by the steady state absorption and fluorescence spec-
tra. All four remaining parameters influence spectral line shapes in a similar
way (they make them broader), however, their influence on dynamics measured
by time resolved spectroscopy is profoundly different. Within the Redfield the-
ory, couplings ν800/850 of the pigments to the bath increase energy relaxation
rates, while increased disorder disrupts the regular energy landscape, widens
the energy gaps and leads to overall slowing down of the population transfer
within the rings. In generalized Förster theory the parameter influence is en-
tangled by an interplay of delocalization, energy gaps and linewidths. Overall,
we are therefore left with only four parameters to describe all the time-resolved
spectroscopy experiments, and these parameters have sufficiently independent
influences on the spectra and dynamics to allow for a unique fit. The steady
state and transient absorption spectra are calculated in a standard way, us-
ing the response function formalism and the doorway-window picture[25, 164,
243]. All details can be found in the Methods Section and in the Supplementary
Information (SI).

Linear absorption and fluorescence

In order to characterize the initial and final states in the excited state mani-
fold, we measured the steady state absorption and fluorescence spectra. In the
absorption spectrum, Fig. 6.1B, we can see the two characteristic peaks corre-
sponding to the absorption of the B800 and B850 rings of pigments. The fluores-
cence emission, Fig. 6.1D, occurs from the lowest-energy states (corresponding
to the canonical quasi-equilibrium in the excited state) and it is Stokes-shifted
to the red from the absorption. These two types of spectra give a strong con-
straint on the structure of the excitonic manifold, which is depicted in Fig. 6.1A.
The widths of the observed bands arise from a combination of both the homo-
geneous linewidth (determined by the interaction with the environment and
lifetime broadening due to energy transfer, see Eq. (6.11)), and the inhomoge-
neous broadening resulting from the pigment energy disorder. Next to fixing
the average pigment site energies, the linear absorption and fluorescence spec-
tra thus present important constraints on the width of the energetic disorder
and on the strength of the coupling to the phonon bath. An equivalent model
has been used in past to reproduce not only ensemble, but also single-molecule
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fluorescence spectra of LH2[77]. The lineshapes are calculated using a cumu-
lant expansion for pure dephasing and including the lifetime broadening, see
the SI for more detail.

Broad- and narrow-band transient absorption

The fast excitation dynamics in LH2 proceeds on two timescales. First, an ul-
trafast energy relaxation within each of the rings, and also between the B800

states and hot B850 states, occurs within tens to hundreds of femtoseconds.[202,
232] This initial dynamics can be well studied by transient absorption (TA) with
ultrashort i.e. broadband pulses. We use an all parallel polarization scheme in
order to include the anisotropy decay induced by the exciton dynamics. The
time zero spectrum, Fig. 6.2A, has two negative peaks corresponding to the
ground state bleach (GSB) and stimulated emission (SE) of the B800 and B850

rings, and a positive excited state absorption (ESA) from the B850 ring (the
ESA of the B800 ring overlaps with the negative peak because of the narrow
distribution of the excitonic energies). The dynamics within the first 100 fs, Fig.
6.2B, is dominated by the decay of the B850 peak. (After subtraction of the
decay dynamics, a Fourier transform reveals low-frequency oscillations.) The
theoretical spectrum and kinetics fit extremely well, indicating that the exci-
tonic state structure and the Redfield theory description of ultrafast dynamics
is appropriate. On a ten times slower timescale of picoseconds, the transfer be-
tween the rings takes place. This can be monitored by narrowband TA, where
we excite predominantly the B800 ring, and observe the energy transfer to the
B850 ring. We use a magic angle polarization configuration, which ensures an
isotropic signal, yielding only population transfer signatures. As expected, the
amplitude of the B800 peak is much higher at the initial time, Fig. 6.2B. The
appreciable amplitude of the the B850 peak is given by the presence of high-
exciton components of the B850 states in the B800 region. In the kinetics, Fig.
6.2D, the transfer between rings is apparent in the decay of the B800 peak and
the rise of the B850 peak and its ESA. The time zero theoretical spectrum fits
again very well, reflecting the correct exciton composition. The theoretical en-
ergy transfer between the rings, here described by generalized Förster theory, is
somewhat slower than in the measurement, where the transfer time is 0.7 − 0.8
ps (extracted by an exponential fit), in agreement with Ref[214, 231]. This inter-
ring transfer in LH2 is notoriously difficult to describe, as the relevant pigment
coupling is in the intermediate regime between the well understood weak and
strong coupling limits (see Hamiltonian in the SI, Fig. 6.10). The currently em-
ployed theory neglects partial initial delocalization between the rings which
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probably speeds up the initial transfer.[59, 230, 231, 249] There is also possibly
some room for improvement of the fit by altering the model parameters. This,
however, is at the expense of the accuracy of describing the ultrafast transfer.
We ultimately need to calculate the ultrafast single-LH2 energy relaxation rates
which depend only weakly on the transfer between the rings. For this purpose
the current model is sufficiently adequate, see also the Discussion section be-
low. The full measured TA spectra can be found in the SI, Fig. 6.8. The strong
constraints they put on our FEM make sure that it describes the fast excitation
dynamics well.

Ultrafast single-molecule spectroscopy

To observe ultrafast energy relaxation in individual LH2s, we employ incoher-
ent two-pulse SMS, one of the few recently-emerged ultrafast single-molecule
techniques[198]. As described previously[60, 199], this technique measures the
effective energy relaxation time away from the spectral region of excitation. Em-
ploying pulse pairs, this approach is not directly limited by the pulse duration
and we can observe down to about 40 fs relaxation times with 200 fs pulses
(which can have about 5 nm narrow bandwidth)[60]. We scanned the excitation
wavelength across the B800 band, and for all measured excitation wavelengths
we recorded a distribution of relaxation times, Fig. 6.3A. We can see that both
the distribution widths and mean positions vary across the excitonic manifold.
The depicted relaxation times are extracted by fitting experimental results with
an effective three-state model. This model includes a ground state, a state reso-
nant with the laser, and an off-resonant state, (see inset in Fig. 6.3B left, where
the resonant and off-resonant states are depicted). Due to the amount of noise
in the data (intrinsic photon-counting shot noise), fitting by a more elaborate
model would not be unique. Instead, we have chosen to construct an effective
state description from the common Frenkel exciton model of our LHC. The con-
struction is done by the following procedure. First, we select the contributing
excitonic states of LH2 by the overlap of their absorption line with the laser
pulse. Next, as the experiment is done under near-saturating conditions, we
combine saturation of the two-level transition with the fact that at these intensi-
ties very effective singlet-singlet annihilation occurs[214], and increase the light
intensity until reaching the desired fluorescence saturation point. This yields
the probabilities of the excitonic states to be excited. Then, we calculate the ef-
fective excitation escape rate for every excitonic state by weighing the outward
population transfer rates with the visibility of the intensity dip they would pro-
duce. Finally, the effective energy relaxation rate is given by the sum of the
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Figure 6.4: Relaxation time distributions for six excitation wavelengths across the B800
band. The experiment (white) is compared with theory (orange). The error bars denote
the errors of the experimental histograms, estimated as described in the in Materials
and Methods section.

effective rates weighted by the excitonic excitation probabilities. The mathemat-
ical description of the procedure is straightforward, and it can be found in the
Materials and Methods section. As a result of this construction, we can calculate
the single-LH2 effective energy relaxation times from the excitonic model by
considering particular realizations of the energetic disorder. The mean energy
relaxation times across the excitonic manifold obtained by this procedure can
be found in Fig. 6.3B. As can be seen, the correspondence between the theory
and measurement is satisfactory. Moreover, for every point in Fig. 6.3B we have
the whole distribution of relaxation times at our disposal. In Fig. 6.4 the mea-
sured and calculated distributions for six excitation wavelengths are presented,
showing a fine agreement both in distribution shape and positions. This is the
sought connection between the static disorder in the ensemble spectroscopy,
and the slow dynamic fluctuations of the single complexes. The relaxation time
distributions are quite sensitive to the model parameters. As the ultrafast re-
laxation is well-described by the Redfield theory, the average relaxation rates
scale with the strength of coupling to the bath ν850,800. The relaxation time dis-
tribution shape and width changes with the interpigment coupling J and the
energetic disorder width σ850/800. This sensitivity is demonstrated in Fig. 6.6 in
the SI.
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6.4 discussion

By explaining all our experimental results within a single theoretical frame-
work, we have managed to connect the ultrafast excitation dynamics with the
slow protein motion. The ’static’ energetic disorder of the pigments in the ultra-
fast ensemble measurement is sampled by the slow protein motion, as it moves
on its potential energy surface. The fact that the full extent of the energetic
disorder is sampled on the biological timescale of seconds brings the potential
control over light harvesting into the domain of protein motion. To investigate
this further, we evaluate the correlation between various quantities in our FEM.
In Fig. 6.5 the correlation matrix of the pigment energies, exciton delocaliza-
tion length, energy transfer rate and observed ultrafast SMS rate is presented.
The process of how the protein fluctuations influence the light harvesting is
indicated by orange arrows and proceeds as follows. The protein determines
the energy landscape of the pigments. We find that the smaller is the spread
of the pigment energies, the larger is the excitation delocalization between the
pigments. Larger delocalization then leads to faster population transfer, and
faster population transfer corresponds to faster observed energy relaxation. We
observe this change in effective delocalization of states in the antenna when re-
peatedly measuring the ultrafast relaxation time in a single LH2 complex, inset
in Fig. 6.5.

As seen from Fig. 6.2D, apart from the ultrafast predominantly intra-ring
transfer, there is also slower transfer from the B800 to the B850 ring, occuring
on a ps timescale. Because our ultrafast SMS technique is sensitive to the ultra-
fast energy relaxation, we do not directly observe the transfer between the rings.
However, this transfer is strongly influenced by the excitonic effects within the
rings.[230, 248] As such, it should be affected by the very same fluctuations
which alter the ultrafast rate. To test this hypothesis, we have calculated the
correlation of the thermally averaged B800→B850 transfer rate with the quanti-
ties of our FEM presented in Fig. 6.5. The results, presented in Fig. 6.7 in the SI,
show that the fast transfer between the rings correlates with the ultrafast SMS
rate. Interestingly, this demonstrates that the ultrafast intra-ring and fast inter-
ring transfer are not independent, but are controlled by the same parameters.
Observation of the ultrafast relaxation then also provides information about
the overall energy transfer in the LH2 complex.

Our model fully recovers the observed dynamics by assuming that the pro-
tein modulates only the electronic transition energies of the antenna pigments.
Importantly, the timescale of this modulation is slower than the time resolution
of our SMS experiment (seconds). In the opposite case, we would observe (at
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Figure 6.5: Correlation matrix of various calculated quantities. Blue points: individual
disorder realizations, corresponding to measured relaxation times. Red ellipses: 95%
confidence ellipse. Under each correlation plot, Pearson’s correlation coefficient r is
given, red values represent p = 0.05 significant correlations. Orange arrows represent
the causality of our reasoning: Smaller B800 pigment energy spread leads to larger B800
delocalization, which leads to faster overall B800 downhill transfer, which corresponds
to a faster observed SMS relaxation rate. Definition of the calculated quantities can be
found in the Materials and Methods section. Inset: an example of a measured ultrafast
SMS fluorescence trace of a single LH2 complex, excited at 800 nm, with extracted
relaxation times (data from Ref. [60], obtained by recording the intensity and varying
the delay between the pulses). Red dips: three-state effective description fits by Eq. 6.1;
shaded area: standard error of the fits. This trace demonstrates how the individual
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least partial) averaging of the measured times, which would then exhibit a nar-
rower distribution than predicted by theory. It should be mentioned that, as
we have shown before, due to the intrinsic photon counting shot noise a com-
plex with a constant relaxation time will yield a Gaussian distribution about 30

fs wide.[60] This fact results in a slight broadening of the measured distribu-
tions, giving room for a small amount of fluctuations in the sub-second range.
We note that the protein conformation in principle could (and to some extent
probably does) cause many more changes than that of the pigment transition
energies. Other possibly fluctuating quantities include the inter-pigment cou-
plings, with possible formation of states with charge-transfer character, and the
strength of the interaction of the pigments with their environment. In ensemble
spectroscopy of LH2 such variations are not observed, as the measured inho-
mogeneous broadening can be fully accounted for by assuming a distribution
of pigment energies. Strikingly, we find that this holds also when following
the fluctuations of a single LH2 protein. This leaves us with two options: ei-
ther the other quantities are not as susceptible to the protein conformational
change, or their variation does not have such a profound influence on the ex-
citation dynamics. In both cases we conclude that the protein-motion-induced
pigment energy landscape variations have the decisive role in modifying the
light-harvesting function of single LH2 complexes. This is in agreement with
the SMS measurements of the distribution of spectral peaks of single LH2 com-
plexes.[77, 210, 235, 239]

Another issue which needs consideration is that all pigment transition ener-
gies in a single LH2 can in principle be modulated by their local (membrane)
environment. This leads to an additional ’intercomplex’ energy disorder.[234,
245] However, as was demonstrated in Ref. [234], this disorder is decreased
when all complexes feel a similar detergent environment, which is also the case
for our measurement. Furthermore, for the energy transfer only the energy dif-
ference between the states matters. The energy shift of the whole LH2 then only
results in effectively displaced excitation wavelength. Single-molecule measure-
ment demonstrated only small 2-nm shift of the whole B850 band between
the native membrane and detergent environment.[238] Also the proposed inter-
complex disorder width of about 60 cm−1 (≈3.8 nm)[234, 245] is smaller than
our pulse width in the SMS measurement, and the relaxation time wavelength
dependence, Fig. 6.3B, is a slowly-varying function. Our SMS measurement is
therefore sensitive only to the disorder within the LHCs. This agrees well with
the observation in Ref. [60] that a single LH2 can sample the whole ensemble
distribution of relaxation times.
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Looking carefully at the relaxation time distributions in Fig. 6.4, we find that
the shortest observed relaxation times around 50 fs are absent in the theoretical
simulations. One possible reason is the absence of intramolecular vibrational
relaxation in our Redfield model description, which would add a possible re-
laxation path, even though the bacteriochlorophylls in LH2 have a small Stokes’
shift (about 5 nm), which by itself is not enough to escape the excitation pulse of
comparable width. Another possibility is the already mentioned slower trans-
fer between the B800 and B850 rings, the speedup of which could add to the
observed rate. Yet another possible explanation of narrower theoretical distri-
butions is a slight underestimation of the B800 ring disorder width: increasing
this disorder leads to broader distributions, but also too slow ultrafast excita-
tion dynamics. This could, however, be an artifact of the Redfield theory, which
is slightly slower in describing the intra-B800 transfer.[144] In order to inves-
tigate such discrepancies further, a more elaborate model for the excitation
dynamics is needed. However, at the more detailed level of description, apart
from the bath memory and dynamic reorganization also the driving by the
strong excitation light and the interaction of the resulting multiple excitations
should be included. We feel that the increased complexity would not provide
new insight, especially when considering the accompanying increase in the
number of fitting parameters and the experimental error of the single-molecule
measurements.

There is an ongoing debate regarding the origin of the energetic disorder.
Some temperature dependent measurements suggest a heterogeneity/anhar-
monicity of the protein potential energy surface (PES).[228, 250] At the same
time, for most of the ambient temperature experiments, including the SMS stud-
ies, the disorder was successfully described by a normal distribution[77, 210,
236, 239]. The argument for this description is based on many relevant protein
degrees of freedom, leading to a Gaussian distribution of the energies thanks
to the central limit theorem. Our work, where we observe not only disorder-
caused broadening, but also the actual distributions, supports the harmonic
disorder description, at least in the room temperature case. In a recent work,
an electrostatic mechanism was proposed which may produce non-Gaussian
energetic disorder[251]. It would be of interest to test whether an excitonic
model with such an energetic disorder can also reproduce our experimental
relaxation time distributions. This would provide even more information on
the details of the protein influence on the excitation dynamics. However, as re-
cent work suggests, the site energy variation of the chlorophylls mainly results
from the macrocycle deformation.[11, 235, 252, 253] Also, in the crystal struc-
ture of LH2 from Rps. acidophila such a deformation of BChl macrocycle was
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seen.[224] In reality, we expect many contributing factors to the energetic disor-
der, which would result in the Gaussian disorder employed in our description.
The observed timescale of the relaxation time fluctuations poses a particular
challenge for a theoretical or computational explanation as the changes occur
in seconds. Such a timescale is very difficult to study with current computer
models of protein dynamics, although the latest molecular dynamics simula-
tions of protein dynamics are reaching the millisecond range.[254] In this work
we have shown how the protein fluctuations influence light harvesting in single
LHCs by changing the pigment energy landscape. The precise mechanism of
the pigment energy modulation (for instance through the macrocycle deforma-
tion) remains to be elucidated, e.g. by quantum chemistry calculations similar
to Ref.[249]. It would be very interesting to investigate what kind and what
magnitude of protein conformational changes are needed to account for the
pigment energy variability observed here. At the same time, also the variation
in other quantities could be tested and its relative magnitude compared to the
energetic disorder.

One possible way to influence the extent of the protein fluctuations is to per-
form the ultrafast SMS measurement at low temperature. By substantially low-
ering the temperature, the LH2 proteins could be frozen in their configurations.
As a result, the ensemble ergodicity would not apply anymore, the relaxation
time distribution obtained from one complex would be a narrow part of the en-
semble one. Also the timescale of relaxation time fluctuations can be expected
to be slower. Furthermore, previous work has shown that at cryogenic temper-
atures the protein fluctuations become anharmonic, adopting multiple possible
configurations.[228, 250] Comparison of low ambient and low temperature mea-
surement could therefore provide interesting information on the nature of the
protein fluctuations and the related pigment energetic disorder.

As observed also by SMS, in LHCs of higher plants and algae the protein
controls their light harvesting state. Pronounced changes in the protein confor-
mation were found to switch completely the state of these complexes. In the
case of the Lhca antennas associated with photosystem I, the protein switch-
ing leads to the formation of states with charge-transfer character.[81] These
states have low energy (red forms), may act as excitation traps, but in reality
contribute to light harvesting by absorbing photons in the >700 nm spectral
region that can still be used effectively for charge separation.[255] In the case
of the Lhcb antennas associated with photosystem II, the protein conformation
change can switch the whole complex from a bright, light-harvesting state to
a dark, highly dissipative state.[68, 75, 80] This enables plants and algae to
rapidly dissipate otherwise harmful excess excitation energy. In contrast, the
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purple bacteria typically live in low-light, near-anoxygenic conditions. They
therefore do not have such a photoprotective mechanism. Interestingly, at high
illumination intensities[70] or when immobilized inside a thin polymer film[72],
also LH2 can dwell in quenched states. These results showed that also in LH2

the protein conformational dynamics can significantly switch the state of the
complexes. However, under low illumination and in a detergent, that is, closer
to the in vivo conditions, the dark states are only very briefly visited, see a
typical ’blinking’ trace in Fig. 6.9 in the SI. They therefore do not seem to have
a functional significance. Also, as seen in the previous SMS measurement of
the spectral dynamics of single LH2 antennas from Rps. acidophila, there are
only mildly red-shifted states present, and they can be fully described by the
FEM without mixing with charge transfer states.[77] Finally, the observed en-
ergy relaxation time distributions are relatively narrow and, importantly, no
complexes with drastically slowed down dynamics were observed. The desired
function of the LH2 complexes is to absorb light and transfer the excitation
energy as efficiently as possible at all times. At the same time, being part of a
living organism at ambient temperature, some fluctuations of the protein are
inevitable. Therefore, we propose that the LH2 complex is designed as a robust,
efficient light-harvesting antenna. This is achieved by constructing the protein
scaffold in such a way that excitation remains delocalized between several pig-
ments even in the presence of physiological fluctuations. In order to support
this hypothesis, we calculated the energy relaxation in case the coupling is re-
duced by half or the B800 ring energetic disorder is doubled. The results can
be found in Fig. 6.7 in the SI. In both cases we find that the average energy
relaxation slows down and the relaxation time distribution becomes wider. The
natural LH2 is therefore constructed to robustly withstand environmental fluc-
tuations and efficiently harvest sunlight.

6.5 conclusions

In this work we combine ultrafast ensemble and single-molecule spectroscopy
measurements on LH2, the light harvesting antenna of purple bacteria. We de-
scribe all of the experimental data by a Frenkel exciton model with combined
Redfield/Generalized Förster dynamics. We derive the theoretical description
of the ultrafast SMS, bringing it one step closer to becoming a standard tech-
nique. The combination of spectroscopical techniques allows us to assess the
influence of slow environment fluctuations on the ultrafast light-harvesting
function. We find that of all potentially important noise timescales, the slow
fluctuations on a timescale of seconds have the decisive influence on the ultra-
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fast energy transfer within the antenna. In agreement with previous work, we
find that these fluctuations alter predominantly the energies of the pigments.
In the future work it would be very interesting to determine what kind and
magnitude of protein conformational changes is needed to produce such varia-
tions. Based on the theoretical model, we propose that the LH2 protein scaffold
is constructed in such a way that the excitation remains delocalized between
several pigments, even in the presence of physiological fluctuations. As a re-
sult, LH2 functions as a robust, efficient light-harvesting antenna. As such, it
offers an interesting blueprint for understanding natural light-harvesters and
design of artificial ones.

acknowledgements

We would like to thank Marco Ferretti for providing the broadband TA data
from his 2DES measurement and Janneke Ravensbergen for help with the nar-
rowband TA measurement.



6.6 supplementary information 167

6.6 supplementary information

Linear spectra

The expressions for the linear spectra are

ABS(ω) = ω ∑
k

|µkg|2Lg(ω, ωk),

FL(ω) = ω3 ∑
k

|µkg|2P
eq
k Le(ω, ωk). (6.11)

Here, µkg are the one-exciton transition dipole moments, µkg = ∑n ck
nµn, and

P
eq
k is the excited-state quasi-stationary equilibrium population of the k − th

excitonic state (calculated by Boltzmann equilibrium, i.e. no nonsecular effects).
The Lg/e are the lineshapes arising from the propagation of the optical coher-
ences ρkg(t) with the bath in the ground/excited state:

Lg(ω, ωk) =
∫ ∞

0
dtei(ω−ωkg)t−gkkkk(t)−

Rkkkk
2 t, (6.12)

Le(ω, ωk) =
∫ ∞

0
dtei(ω−ωkg+2iλkkkk)t−g∗kkkk(t)−

Rkkkk
2 t. (6.13)

Pump-probe spectra

The broadband pump-probe spectra are calculated in the doorway-window pic-
ture similar to [164, 243]:

PPbb(ω, T) = ∑
k,n

Lg(ω, ωk)
〈

µkg, µkg, µngµng

〉

‖
+

∑
k,n

Le(ω, ωk)Ukk,nn(T)
〈

µkg, µkg, µngµng

〉

‖

−∑
f

∑
k,n

L f (ω, ω f k)Ukk,nn(T)
〈

µ f k, µ f k, µngµng

〉

‖
. (6.14)

Here, the contributions are GSB, SE and ESA, respectively, 〈•〉Ω denotes the
orientational average, dependent on the polarization sequence employed. For
the broadband pump-probe experiment parallel pulse orientation was used,
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〈a, b, c, d〉‖ = 1
15 ((a · b) (c · d) + (a · c) (b · d) + (a · d) (b · c)) . The lineshape for

the two-one-exciton coherences is given by

L f (ω, ω f k) =
∫ ∞

0
dtei(ω−ω f k+2(λ f f kk−λkkkk))t−gkkkk(t)−g f f f f (t)+2g f f kk(t)−

∆ f f kk
2 t,

(6.15)
where

∆ f f kk = ∑
q 6= f

∑
n<m

∑
k<l

c
f
nmc

q
nmc

q
klc

f
kl (δnkνn + δnlνn + δmkνm + δmlνm)C(ω f q) +Rkkkk

(6.16)
is the 2-exciton lifetime broadening of the 2-1 exciton coherence, without the
pure dephasing which is governed by the cumulant expansion. The lineshape
functions transform as

g f f kk(t) = ∑n<m ∑l

(

c
f
nm

)2 (
ck

l

)2
(δnl + δml) g(t),

g f f f f (t) = ∑n<m ∑k<l

(

c
f
nmc

f
kl

)2
(δnkνn + δnlνn + δmkνm + δmlνm) g(t).

The narrowband pump, broadband probe spectrum was calculated as

PPnb(ω, T, ωP) = ∑
k,n

Lg(ω, ωk)Lgp(ωP, ωn)
〈

µkg, µkg, µngµng

〉

m.a.
+

∑
k,n

Le(ω, ωk)Ukk,nn(T)Lgp(ωP, ωn)
〈

µkg, µkg, µngµng

〉

m.a.

−∑
f

∑
k,n

L f (ω, ω f k)Ukk,nn(T)Lgp(ωP, ωn)
〈

µ f k, µ f k, µngµng

〉

m.a.
.

(6.17)

Here, the selection of the doorway by the narrowband pump pulse is given by
the lineshape including its apparent broadening by interaction with the finite
pulse:

LgP(ωP, ωk) =
∫ ∞

0
dtei(ωP−ωkg)t−gkkkk(t)−

Rkkkk
2 t−α t2

2 . (6.18)

This expression is valid for Gaussian pump pulses centered around ωP and of
the envelope ∝ e−αt2

. This is obtained by integrating the doorway in Eq. A2 of
[164] over t′ and holds only in strict factorization of the three propagation inter-
vals in the 3rd-order nonlinear response calculation (e.g. no rise of the signal in
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the waiting time T due to finite pulse duration). The angle between the pump
and probe was set to the magic angle 54.7◦ , yielding the isotropic contribu-
tion 〈a, b, c, d〉m.a. =

1
9 (a · b) (c · d) . Both the narrow- and broadband calculated

pump-probe traces are finally convoluted with a
√

2τpulse wide Gaussian pulse
to account for the initial signal decay during the action of the pulse. As we do
not calculate the negative-time pathways, we plot only the T > 0 part.

We note that, including the orientational averaging and averaging over an
energetic disorder, the above-described calculation is on the edge of what is
achievable on a modern desktop computer.
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Figure 6.11: Pulse spectrum used for the broadband P-P experiment
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Grondelle. ‘How reduced excitonic coupling enhances light harvesting in the
main photosynthetic antennae of diatoms.’ Proc. Natl. Acad. Sci. U. S. A. 114.52

(2017), E11063–E11071.

[8] P. Malý, J. Ravensbergen, J. T. M. Kennis, R. van Grondelle, R. Croce, T. Mančal,
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S U M M A RY

In photosynthetic light harvesting, the energy of sunlight is captured by colour-
ful pigments and carried in the form of their electronic excitation. The excitation
energy is transported through the photosystem, to the reaction center, where
it powers charge separation. The pigments are held in place by their binding
to a protein scaffold, which determines the structure (and therefore function-
ality) of the light-harvesting complexes (LHCs). Both the pigment and protein
molecules are moving on many timescales, from high-frequency intrapigment
vibrations to slow protein switching. The work in this thesis focuses on the in-
fluence of the molecular motion across timescales (the bath) on the excitation
(the system). To this end, it develops and utilizes a combination of spectroscop-
ical and theoretical tools.

The first two chapters are introductory, welcoming the reader in the colour-
ful world of light harvesting dynamics. Chapter 1 starts with the structure and
composition of the photosynthetic pigment-protein complexes, introducing the
partially delocalized excitons and the resulting spatio-energetic landscape. It
continues with the theoretical description of the excitonic states, their dynamics
and interaction with light, using the perspective of an open quantum system
description. Finally, it presents optical spectroscopy as the method of choice
for their study, focusing on single-molecule spectroscopy. It describes in de-
tail the newly-developed technique of two-pulse single-molecule spectroscopy
of light-harvesting complexes, with a practical description of the setup and
measurement, in the hope that it will become useful for those wishing to im-
plement and further develop this technique. The following chapter 2 is based
on a published review article; it describes the role of single LHCs within the
context of the whole photosynthetic membrane of higher plants. It offers a
single-molecule spectroscopy perspective on the function of LHCs, from light
collection to energy dissipation. It also introduces the timescales of photosyn-
thetic processes and describes how they can be measured by single-molecule
spectroscopy (SMS).

The following chapters are based on original research papers, investigating
the influence of fast and slow molecular motion on the photosynthetic light har-
vesting. We start with the fastest motion: in chapter 3 the role of high-frequency,
intramolecular vibrational modes is put forward. One such vibrational mode,
strongly-coupled to the electronic degrees of freedom (DOF), is explicitly quan-
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tized and included in the system. As a result, it becomes coupled to the rest
of the bath modes. The system interacts effectively with two baths, one for the
electronic DOF (visible in transition lineshapes, especially of the zero-phonon
line), and one for the quantized vibrational mode (accessible through the rate
of vibrational relaxation). A vibronic Redfield-type theory is derived for an ag-
gregate of such pigments, and the excitation energy transfer (EET) in a dimer
of pigments is followed when changing the energy gap. We find that when the
vibrational mode is resonant with the energy gap between the pigments, the vi-
bronic wavepacket leaks through partially delocalized vibronic states through
the potential energy surface (PES) intersection, and the EET is faster. As a spec-
troscopic signature of this regime we identify the presence of long-lived coher-
ent oscillations of mixed electron-vibrational origin.

In chapter 4 we continue with a slow switching of the LHCII protein con-
formation, observed by blinking of individual LHCII monomers in SMS. We
tested the possibility of extending the standard equations of motion of a mas-
ter equation type to slower timescales. We found that with surprisingly low
degree of approximation this is possible for interaction with weak light: one
gets equations for the system eigenstate dynamics, driven by the absorbed light.
Using these equations it is possible to control the inner dynamics of a Frenkel-
exciton model by external parameters. In our case, the external parameter was
a coupling of chl a612 to a Lut 1 Car molecule, which facilitated excitation dis-
sipation, causing the observed dark (off) states. The coupling fluctuations were
controlled by a random walk of the LHCII protein on its PES, with a possibility
of switching between two conformations.

In the next chapter 5 we turn our attention to the interplay of fast and slow
molecular motion. To this end, we have developed a new technique, two-pulse
SMS of LHCs. Using a confocal microscope gives us the single-complex res-
olution, while the pulsed excitation with controlled delay provides the time
resolution. Changing the pulse delay and observing the modulation of fluo-
rescence of single LH2 antennae of purple bacteria, we are able to extract the
ultrafast energy relaxation times in the individual complexes. We found that
the effective energy relaxation time is on the order of 100 fs and changes with
excitation wavelength. The relaxation time is fluctuating on the course of sec-
onds, that is, in the domain of protein motion, and the ensemble seems ergodic
in the sense that one complex experiences the whole distribution of relaxation
times, from 50 fs to 250 fs.

In the last chapter 6, several pieces of the LH2 energy relaxation puzzle are
put together to pin down the mechanism of how does the slow protein motion
actually modify the ultrafast energy transfer. We measured steady state ab-
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sorption and fluorescence, broadband and narrowband pump and probe (TA),
and extended our two-pulse SMS measurement to a range of excitation wave-
lengths. We describe all the measurements by the same Frenkel-exciton model.
Due to the high degree of LH2 symmetry, we have effectively only four fit-
ting parameters. Thus constrained, we succeed in describing quantitatively all
the experiments. The ensemble data are averaged over a static disorder in the
pigment energies, while the single-LH2 data are generated by drawing single
realizations of the pigment energies from the distribution; the ’static’ disorder
becomes dynamic on the slow timescale of protein motion. By constructing the
effective three-state description, used for the two-pulse SMS fitting, from the
excitonic model, we describe our method by the same model as the traditional
spectroscopies, making an important step towards its broader application as an
established technique. From our unified model description we conclude that
the LH2 is constructed in such a way that even in the inevitable presence of
the environmental fluctuations, the excitation remains delocalized over several
pigments, ensuring fast energy transfer. By observing the interplay of the fast
and slow molecular motion, we are able to conclude that LH2 is constructed as
a robust light-harvesting antenna.

In the work described in this thesis, we have developed theoretical (chap-
ters 3, 4, 6) and experimental (chapters 5, 6) techniques to study the photo-
synthetic light harvesting dynamics across many timescales. This allowed us
to make several observations regarding the function of light-harvesting com-
plexes, mentioned above. Our hope, however, lies also in the potential of the
developed techniques to shed light on the fascinating interplay of timescales in
many other (non)photosynthetic systems.



Č E S K Ý A B S T R A K T:
R O L E Č A S O V Ý C H Š K Á L I N T E R A K C E S Y S T É M - L Á Z E Ň
V E F O T O S Y N T E T I C K É M P Ř E N O S U E X C I TA Č N Í E N E R G I E

Při fotosyntetickém sběru slunečního světla je energie zachycena barevnými
pigmenty a ucho-vána ve formě jejich elektronické excitace. Excitační energie
je přenášena skrz fotosystém do reakčního centra, kde pohání separaci náboje.
Jednotlivé pigmenty jsou uchyceny na svých místech vazbou na bílkovinnou
kostru, která určuje strukturu (a tedy funkčnost) světlosběrných komplexů.
Molekuly pigmentů i bílkovin se pohybují na mnoha časových škálách, od
vysoko-frekvenčních vibrací pigmentů samotných po pomalé změny bílkovinné
struktury. Tato práce se zaměřuje na vliv molekulárního pohybu na mnoha
časových škálách (lázeň) na dynamiku excitace (systém). Za tímto účelem vyvíjí
a aplikuje kombinaci spektroskopických a teoretických metod.

První dvě kapitoly uvádějí čtenáře do barevného světa sbírání světla. Kapi-
tola 1 začíná strukturou a složením fotosyntetických pigment-proteinových kom-
plexů. Zavádí koncept částečně delokalizovaných excitonů a výsledného prosto-
rově-energetického terénu pro dynamiku excitace. Pokračuje teoretickým popi-
sem excitonových stavů, jejich dynamiky a interakce se světlem, z perspektivy
otevře-ných kvantových systémů. Ke konci prezentuje optickou spektroskopii
jako nejlepší metodu pro studium těchto stavů. Podrobně popisuje nově vyv-
inutou techniku dvoupulzní jednomolekulární spektroskopie světlosběrných
komplexů. Podává praktický popis experimentální aparatury a měření v naději,
že bude k užitku těm, kdo budou chtít tuto techniku implementovat a dále
rozvinout. Následující kapitola 2 je založena na publikovaném přehledovém
článku. Popi-suje roli jednotlivých světlosběrných komplexů v kontextu celé
fotosyntetické membrány vyšších rostlin. Prezentuje pohled jednomolekulární
spektroskopie na funkci světlosběrných komplexů, od sbírání světla až po disi-
paci energie. Zavádí také časové škály fotosyntetických procesů a popisuje, jak
je lze měřit za pomoci jednomolekulární spektroskopie.

Následující kapitoly jsou založeny na původních výzkumných článcích zabý-
vajících se vlivem rychlého a pomalého pohybu molekul na fotosyntetický
sběr světla. Začínáme s nejrychlejším pohybem: kapitola 3 se soustředí na
roli vysokofrekvenčních vibračních modů molekul pigmentů. Jeden takový vi-
brační mód, silně svázaný s elektronickými stupni volnosti, je explicitně zkvan-
tován a zahrnut do systému. V důsledku toho se váže se zbytkem vibračních
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modů lázně. Systém tak interaguje efektivně se dvěma lázněmi, jednou pro
elektronické stupně volnosti (viditelné v tvaru čar přechodů, zejména bez-fono-
nové čáry) a jednou pro zmíněný zkvantovaný vibrační mód (viditelnou v
rychlosti vibrační relaxace). Vibronická teorie Redfieldova typu je odvozena
pro agregát takových pigmentů a aplikována na molekulární dimer, ve kterém
je počítán přenos energie při měnícím se energetickém rozdílu mezi pigmenty.
Zjistili jsme, že když je vibrační mód resonantní s energetickým rozdílem mezi
pigmenty, prosakuje vibronický vlnový balík přes částečně delokalizované vi-
bronické stavy skrz průsečík povrchů potenciální energie a přenos energie
je rychlejší. Jako spektroskopickou signaturu jsme identifikovali přítomnost
dlouhožijících koherentních oscilací smí-šeného elektron-vibračního půvo-du.

Kapitola 4 pokračuje pomalou změnou konformace bílkoviny LHCII, kterou
jsme pozorovali jednomolekulární spektroskopií jako blikání jednotlivých mo-
nomerů LHCII. Zkusili jsme rozšířit standardní pohybové rovnice mistrovského
typu do pomalejších časových škál. Zjistili jsme, že je to možné s překvapivě
nízkým stupněm přiblížení, a to pro interakci se slabým světlem. Výsledkem
jsou rovnice pro dynamiku vlastních stavů, poháněnou absorbovaným světlem.
Za použití těchto rovnic je možné kontrolovat vnitřní dynamiku Frenkelova ex-
citonového modelu vnějšími parametery. V našem případě byla vnějším param-
eterem vazba molekul chlorofylu chl a612 a karotenoidu Lut 1, který umožnil
disipaci energie vedoucí k pozorovaným tmavým stavům. Fluktuace vazby byly
kontrolovány náhodnou procházkou bílkoviny LHCII na svém povrchu poten-
ciální energie, s možností přepínání mezi dvěma konformacemi.

Další kapitola 5 obrací pozornost k vzájemnému působení rychlého a poma-
lého pohybu molekul. Abychom jej mohli pozorovat, vyvinuli jsme novou tech-
niku, dvoupulzní jednomole-kulární spektroskopii světlosběrných komplexů.
Zatímco použití konfokálního mikroskopu nám umožňuje rozlišení jednotli-
vých komplexů, pulzní excitace s kontrolovaným zpožděním poskytuje časové
rozlišení. Změnou zpoždění mezi pulzy a pozorováním modulace fluorescence
jednotlivých LH2 antén purpurových bakterií jsme schopni izolovat ultrarychlé
časy relaxace energie v jednotlivých komplexech. Zjistili jsme, že efektivní re-
laxační čas je v řádu 100 fs a mění se s excitační vlnovou délkou. Relaxační
čas se mění v průběhu sekund, tj. v oblasti pohybu bílkovin, a zdá se, že sou-
bor komplexů LH2 je ergodický v tom smyslu, že jeden komplex prochází celé
rozložení relaxačních časů, od 50 fs do 250 fs.

Poslední kapitola 6 skládá dohromady několik dílů obrazu relaxace energie
v LH2, abychom pochopili mechanismus, kterým pomalý pohyb bílkovin ve
skutečnosti upravuje ultrarychlý přenos energie. Změřili jsme absorpci a flu-
orescenci v ustáleném stavu, použili jsme metodu širokopásmové a úzkopás-
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mové excitace a sondování (proměnlivé absorpce) a rozšířili jsme naše dvoupulz-
ní jednomolekulární spektroskopické měření do širokého rozsahu excitačních
vlnových délek. Popisujeme všechna měření týmž modelem Frenkelových ex-
citonů. Kvůli vysokému stupni symetrie LH2 máme efektivně jen čtyři fitovací
parametry. I stímto malým množstvím paramterů se nám podařilo popsat kvan-
titativně všechny experimenty. Souborová data jsou zprůměrována přes stat-
ický nepořádek v energiích pigmentů, zatímco data z jednotlivých LH2 jsou
tvořena jednotlivými realizacemi z rozdělení energií. Statický nepořádek se tak
stává dynamickým na pomalé časové škále pohybu bílkovin. Z excitonového
modelu konstruujeme efektivní třístavový popis, který používáme pro fitování
naší dvoupulzní jednomolekulární spektroskopie. Tak dosáhneme popisu naší
metody stejným modelem jako v tradičních spektroskopiích. To je důležitý
krok směrem k její širší aplikaci jakožto zavedené metody. Z našeho sjedno-
ceného popisu vyvozujeme, že LH2 je vystavěna takovým způsobem, že i za
nevyhnutelné přítomnosti fluktuací prostředí zůstává excitace delokalizována
přes několik pigmentů, což zaručuje rychlý přenos energie. Na základě po-
zorování souhry rychlého a pomalého pohybu molekul usuzujeme, že LH2 je
zkonstruována jako robustní světlosběrná anténa.

V práci popsané v této disertaci jsme vyvinuli teoretické (kapitoly 3, 4, 6) a ex-
perimentální (kapitoly 5, 6) techniky pro studium dynamiky fotosyntetického
sběru světla přes mnoho časových škál. To nám umožnilo učinit několik po-
zorování ohledně funkce světlosběrných komplexů zmíněných výše. Doufáme
nicméně také, že vyvinutých techniky v budoucnu umožní objasnit fascinující
souhru časových škál v mnoha (ne)fotosyntetických systémech.



N E D E R L A N D S E S A M E N VAT T I N G :
R O L VA N D E S Y S T E E M - B A D I N T E R A C T I E I N D E
F O T O S Y N T H E T I S C H E E X C I TAT I E - E N E R G I E O V E R D R A C H T

Bij fotosynthetisch licht oogsten wordt de energie van zonlicht opgevangen
door kleurrijke pigmenten en gedragen in de vorm van hun elektronische exci-
tatie. De excitatie-energie wordt door het fotosysteem naar het reactiecentrum
getransporteerd, waar het ladingsscheiding mogelijk maakt. De pigmenten wor-
den op hun plaats gehouden door hun binding aan een eiwitcomplex, dat de
structuur (en daarmee de functionaliteit) van de lichoogstcomplexen bepaalt.
Zowel het pigment als de eiwitmoleculen bewegen op vele tijdschalen, van
hoogfrequente intrapigmenttrillingen tot langzame eiwitomschakelingen. Het
werk in dit proefschrift richt zich op de invloed van de moleculaire beweging
over tijdschalen (het bad) op de excitatie (het systeem). Hiertoe ontwikkelt en
gebruikt het een combinatie van spectroscopische en theoretische hulpmidde-
len.

De eerste twee hoofdstukken zijn inleidend en verwelkomen de lezer in
de kleurrijke wereld van de licht-oogstdynamiek. Hoofdstuk 1 begint met de
structuur en samenstelling van de fotosynthetische pigment-eiwitcomplexen,
waarbij de gedeeltelijk gedelocaliseerde excitonen en het resulterende spatio-
energetische landschap worden geïntroduceerd. Het gaat verder met de the-
oretische beschrijving van de excitonische toestanden, hun dynamiek en in-
teractie met licht, met behulp van het perspectief van een open kwantum-
systeembeschrijving. Tenslotte presenteert het optische spectroscopie als de
methode van keuze voor hun onderzoek, met de nadruk op single-molecule
spectroscopie. Het beschrijft in detail de nieuw ontwikkelde techniek van twee-
puls single-molecule spectroscopie van lichtoogstcomplexen, met een praktis-
che beschrijving van de opstelling en meting, in de hoop dat het nuttig zal wor-
den voor diegenen die deze techniek willen implementeren en verder ontwikke-
len. Het volgende hoofdstuk 2 is gebaseerd op een gepubliceerd overzichtsar-
tikel; het beschrijft de rol van afzonderlijke lichtoogstcomplexen in de con-
text van het hele fotosynthetische membraan van hogere planten. Het biedt
een single-molecule spectroscopie perspectief op de functie van lichtoogstcom-
plexen, van lichtverzameling tot energiedissipatie. Het introduceert ook de ti-
jdschalen van fotosynthetische processen en beschrijft hoe ze kunnen worden
gemeten met behulp van single-molecule spectroscopie (SMS).
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De volgende hoofdstukken zijn gebaseerd op originele wetenschappelijke ar-
tikelen en onderzoeken de invloed van snelle en langzame moleculaire beweg-
ing op het fotosynthetisch licht oogsten. We beginnen met de snelste beweging:
in hoofdstuk 3 wordt de rol van hoogfrequente, intramoleculaire vibrationele
modi naar voren gebracht. Een dergelijke vibratiemodus, sterk gekoppeld aan
de elektronische vrijheidsgraden, wordt expliciet gekwantiseerd en opgenomen
in het systeem. Als gevolg hiervan wordt het gekoppeld aan de rest van de
badmodi. Het systeem reageert op effectieve wijze met twee baden, één voor
de elektronische vrijheidsgraden (zichtbaar in overgangslijnvormen, vooral van
de nul-fononlijn) en één voor de gekwantiseerde vibratiemodus (bereikbaar via
de snelheid van vibrationele relaxatie). Een vibronische Redfield-type theorie
is afgeleid voor een aggregaat van dergelijke pigmenten en de excitatie energie
overdracht in een dimeer van pigmenten wordt gevolgd bij het veranderen
van het energieverschil. We vinden dat wanneer de vibratiemodus resonant is
met het energieverschil tussen de pigmenten, het vibrerende golfpakket door
gedeeltelijk gedelokaliseerde vibronische toestanden lekt via de kruising van
potentiële energieoppervlakken en de energie overdracht sneller is. Als een
spectroscopische signatuur van dit regime identificeren we de aanwezigheid
van langlevende coherente oscillaties van gemengde elektronisch-vibrationele
oorsprong.

In hoofdstuk 4 gaan we verder met een langzame omschakeling van de
LHCII eiwitconformatie, waargenomen door het knipperen van individuele
LHCII monomeren in SMS. We hebben de mogelijkheid getest om de stan-
daard bewegingsvergelijkingen van een mastervergelijkingstype uit te breiden
naar langzamere tijdschalen. We vonden dat dit met een verrassend lage mate
van benadering mogelijk is voor interactie met zwak licht: men krijgt vergeli-
jkingen voor de dynamiek van de systeem-eigenstaten, aangedreven door het
geabsorbeerde licht. Met behulp van deze vergelijkingen is het mogelijk om
de interne dynamica van een Frenkel-exciton model te sturen met behulp van
externe parameters. In ons geval was de externe parameter een koppeling van
chl a612 aan een Lut 1 Car molecuul, wat excitatiedissipatie mogelijk maakte,
waardoor de waargenomen donkere (uit) toestanden werden veroorzaakt. De
koppelingsfluctuaties werden gecontroleerd door een willekeurige gang van
het LHCII-eiwit op zijn potentiële energieoppervlak, met de mogelijkheid om
te schakelen tussen twee conformaties.

In het volgende hoofdstuk 5 richten we onze aandacht op het samenspel van
snelle en langzame moleculaire beweging. Hiertoe hebben we een nieuwe tech-
niek ontwikkeld, tweepuls SMS van lichtoogstcomplexen. Het gebruik van een
confocale microscoop geeft ons de single-complex resolutie, terwijl de gepulseer-
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de excitatie met gecontroleerde vertraging de tijdsresolutie oplevert. Door het
veranderen van de pulsvertraging en het observeren van de modulatie van
fluorescentie van individuele LH2-antennes van paarse bacteriën, zijn we in
staat om de ultrasnelle energierelaxatietijden in de individuele complexen te
extraheren. We vonden dat de effectieve energie relaxatietijd in de orde van
100 fs ligt en verandert met excitatiegolflengte. De relaxatietijd fluctueert in
de loop van seconden, dat wil zeggen, in het domein van eiwitbeweging, en
het ensemble lijkt ergodisch in de zin dat één complex de hele verdeling van
relaxatietijden ervaart, van 50 fs tot 250 fs.

In het laatste hoofdstuk 6, zijn verschillende stukken van de LH2 energie-
relaxatiepuzzel bij elkaar gelegd om vast te stellen hoe de langzame eiwit-
beweging de ultrasnelle energieoverdracht daadwerkelijk aanpast. We hebben
steady-state absorptie en fluorescentie, breedband- en smalbandige pomp en
probe gemeten en onze twee-puls SMS-meting uitgebreid naar een reeks ex-
citatiegolflengten. We beschrijven alle metingen met hetzelfde Frenkel-exciton
model. Vanwege de hoge mate van LH2-symmetrie hebben we effectief slechts
vier vrije parameters. Zo beperkt, slagen we erin om kwantitatief alle exper-
imenten te beschrijven. De ensemble gegevens worden gemiddeld over een
statische wanorde in de pigment-energieën, terwijl de enkelvoudige LH2-gege-
vens worden gegenereerd door afzonderlijke realisaties van de pigment-energie-
ën uit de verdeling te trekken; de ’statische’ wanorde wordt dynamisch op de
langzame tijdschaal van eiwitbeweging. Door de effectieve beschrijving van
drie toestanden te construeren, gebruikt voor de twee-puls SMS-aanpassing,
beschrijven we vanuit het excitonische model onze methode volgens hetzelfde
model als de traditionele spectroscopieën, waarmee een belangrijke stap gezet
wordt naar de bredere toepassing ervan als een gevestigde techniek. Uit onze
uniforme modelbeschrijving concluderen we dat de LH2 zo geconstrueerd is
dat zelfs bij de onvermijdelijke aanwezigheid van de omgevingsfluctuaties de
excitatie gedelocaliseerd blijft over meerdere pigmenten, wat een snelle en-
ergieoverdracht garandeert. Door het samenspel van de snelle en langzame
moleculaire beweging te observeren, kunnen we concluderen dat LH2 is gecon-
strueerd als een robuuste lichtoogstantenne.

In het werk beschreven in dit proefschrift, hebben we theoretische (hoofd-
stukken 3, 4, 6) en experimentele (hoofdstukken 5, 6) technieken ontwikkeld om
de dynamiek van fotosynthetische licht oogsten gedurende vele tijdschalen te
bestuderen. Dit stelde ons in staat om verschillende waarnemingen te doen met
betrekking tot de functie van licht-oogstende complexen, hierboven genoemd.
Onze hoop ligt echter ook in het potentieel van de ontwikkelde technieken om
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licht te laten schijnen op het fascinerende samenspel van tijdschalen in vele
andere (niet) fotosynthetische systemen.
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