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4.1
Introduction

The nanoscale dimensions of the photosynthetic complexes are of critical impor-
tance for their effective function. Ultrafast spectroscopic studies by ourselves
and by other groups, advances in obtaining high-resolution structural models,
and more realistic light-harvesting models have revealed that the electronic in-
teractions between the light-absorbing components in photosynthetic antenna
complexes and reaction centers (RCs) are both qualitatively and quantitatively
different than in chemical model systems where chromophores are spaced by
distances that are large compared with their size. As a result, there are only a
few cases in which the energy transfer within natural photosynthetic antenna
can be correctly characterized by conventional Förster theory.

In order to obtain a detailed understanding of the interactions between photo-
synthetic pigments embedded in protein complexes, two additional photosynthetic
design features must be taken into account. One is that they utilize confined mo-
lecular geometries in which antenna molecules are spaced by distances that are
small compared with their size. Such intermolecular distances enable transitions
and energy levels that would be ineffective or even inoperative in systems with
widely spaced chromophores to play crucial roles in light harvesting and energy
transfer. The second is that they exploit energetic disorder in order to improve
spectral coverage, reduce energy mismatches, and broaden excitonic manifolds
to make the system exceedingly robust with respect to temperature variation
and fluctuations in site energy and electronic coupling. Paradoxically, the same
pigment interactions that can be used to optimize photosynthesis can also gener-
ate efficient photoprotection. Each of these points will be described and exempli-
fied by theoretical and experimental work done in our laboratory on bacteria, cy-
anobacteria, and plants.
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4.2
Confined Geometries: From Weak to Strong Coupling and Everything in Between

Standard linear optical spectroscopy defines a length scale on which molecular
transitions are characterized. Specifically, the photon characterizes the molecu-
lar transition density in the far field, thus averaging over the entire molecular
dimension. In the confined geometries of photosynthetic light-harvesting com-
plexes, neighboring molecules may sense each other’s shape on a much finer
scale. For example, consider the LH2 antenna complexes of purple bacteria
(Fig. 4.1). LH2 has two rings of BChls that absorb at 800 nm (B800) and
850 nm (B850) [1, 2]. There is also a minor absorption by carotenoids (Cars) be-
tween 450 nm and 550 nm. The energy is first transferred within the light-har-
vesting complexes (LHC) and then, ultimately, to the reaction center (RC). The
antennas thus enable the RCs to operate efficiently by collecting more light
from a broader spectral range.

The structure of LH2 from Rps. acidophila was determined at a resolution of
2.5 Å [2]. The complex has nine BChls in the B800 ring, 18 BChls in the B850
ring, and nine Cars, which in this structure are rhodopsin glucoside. The en-
ergy transfer dynamics within LH2 can be separated into four processes, three
of which occur between BChls. These processes are, in order of decreasing dis-
tance between the donor(s) and acceptor(s), B800 to B800, B800 to B850, and
B850 to B850. The last process involves Car to BChl energy transfer. Using the
different energy transfer pathways in LH2 as the basis for discussion, the suc-
cesses and failures of conventional Förster theory (CFT) are outlined. To over-
come the shortcomings of the theory, alternate methods, such as generalized
Förster theory (GFT) and modified Redfield theory (MRT) are introduced.
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Fig. 4.1 Van der Waals repre-
sentation of the pigments
from a portion of the LH2
ring. Rhodopsin glucoside
(RG) is in gray and the lower
BChls (black) are part of the
B800 ring. The upper BChls
(alternating black and light
gray) belong to the B850 ring.



4.2.1
Conventional Förster Theory: B800 to B800 Intra-band Energy Transfer

The fundamental equation for energy transfer between molecules is the Golden
Rule. CFT uses this expression in the context of the dipole-dipole approximation
under the assumption that the pigments are only weakly (incoherently) coupled
to each other [3]. The rate of energy transfer in CFT is expressed using experi-
mental parameters:

k � 9000 ln 10
128 �5 Nn4

� �
2�D

R6�D

�8

0

fD����A���
�4

d� �1�

where � is the orientation dependence of the dipole-dipole coupling, R is the
distance between the donor and acceptor pigments, �D is the donor fluores-
cence quantum yield, �D is the donor excited-state lifetime, n is the index of re-
fraction of the medium, and N is Avogadro’s number. The integral in the equa-
tion is the overlap of the donor emission and the acceptor absorption spectra.

In Rps. acidophila, the B800 pigments are separated by a distance of 21 Å [2]. At
intermolecular separations this large with respect to the BChl size (�10�10 Å),
CFT should be sufficient to explain the energy transfer between the B800 pig-
ments. To test this hypothesis, we utilized an ultrafast, nonlinear spectroscopic
technique, the three-pulse photon echo peak shift (3PEPS; for a more detailed ex-
planation of this method, please see Ref. [4]), that can monitor energy transfer be-
tween pigments that cannot be spectroscopically distinguished from each other
within the bandwidth of the laser pulses. We used the following Hamiltonian to
simulate the photon echo data of the B800 band in Rps. acidophila [5, 6]:

H0 � Hel � L � Eph � Hel-ph � H1 � HCoul �2�

where Hel is the electronic Hamiltonian, L is the reorganization energy, Eph is
the phonon energy, and Hel-ph is the electron-phonon coupling. The Coulomb
term (obtained from Eq. 1) is treated as a perturbation, a good approximation in
the case of weak coupling. From these calculations, we concluded that B800 to
B800 energy transfer occurs by incoherent hopping on a timescale of �500 fs
[5]. The excellent agreement between experiment and theory demonstrates that
CFT provides an accurate description of energy migration within the weakly
coupled, essentially monomeric B800 chromophores of LH2.

4.2.2
Generalized Förster Theory: B800 to B850 Inter-band Energy Transfer

CFT often underestimates the rate of energy transfer. One specific example
where conventional approaches fail completely is in the prediction of the energy
transfer timescales from the B800 to B850 rings in LH2; experimentally it oc-
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curs in 800 fs [7] and 650 fs [4, 8, 9] for Rps. acidophila and Rb. sphaeroides, re-
spectively, while CFT predicts �2 ps [10, 11]. Analysis of the two rings provides
some insight into the reasons for the disparities between the calculated and
measured energy transfer timescales. The energy donor from the B800 ring is a
single BChl pigment that absorbs at 800 nm and is located �18 Å from the en-
ergy acceptor, the B850 ring [2]. However, the energy acceptor is not a single
B850 BChl, but rather 18 acceptor states that are a product of strong coupling
(�300 cm–1 [12]) among the 18 B850 BChls. Accordingly, a correct description
of the energy transfer must include each of the individual acceptor states and a
means to assess whether the distance between the donor and the acceptor is
small or large with respect to the size of the acceptor.

GFT incorporates a number of features necessary to describe the energy
transfer from B800 to B850 in LH2. Namely, it enables structural information
to be retained in the model for energy transfer, it allows donor(s) and accep-
tor(s) to be properly specified in systems where the donors and acceptors are
weakly coupled while the collection of donors and/or acceptors may not be, and
it enables the energetic disorder universally present in photosynthetic systems
to be properly included in the calculation of observables [13–16]. By using ab
initio techniques to calculate the electronic coupling between B850 pigments
along with GFT, we could quantitatively describe the energy transfer rate [14,
17]. Furthermore, the approach allowed us to explain two experimental observa-
tions that resisted elucidation by conventional methods: the remarkable insensi-
tivity of the energy transfer rate to temperature (transfer timescales from both
LH2 strains mentioned above increased to only 1.2 ps at 77 K [7, 18]) and its
low-temperature, single-molecule spectra [14].

4.2.3
Generalized Förster Theory with the Transition Density Cube Method:
Car to Bchl Inter-pigment Energy Transfer

In designing photosynthetic antenna, it seems counterintuitive to choose chro-
mophores that have a low-lying excited state that completely lacks a transition
dipole moment. However, nature has found an effective way to utilize such
states for light harvesting. Cars, essentially substituted conjugated polyenes,
have two well-characterized singlet excited states in the visible region of the
spectrum. The higher-energy state (S2) is one-photon allowed and absorbs in a
region where BChls do not (�450–550 nm). The other state (S1) is one-photon
forbidden by absorption and emission from the ground and excited states, re-
spectively. Energy transfer from the Car S2 to BChl in Rps. acidophila is extreme-
ly rapid (50–100 fs) [19, 20]; however, the overall efficiency of energy transfer
from the Car to BChl is higher than can be explained by the Car S2 transfer
pathway alone. An alternate pathway via S1 is involved (Fig. 4.2 A) [21]. In order
to unequivocally prove that there is S1 to BChl energy transfer in photosynthetic
antenna, we developed various forms of two-photon-excited, ultrafast spectrosco-
py that prepared the S1 state directly from the ground state (i.e., not by S2 inter-
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nal conversion, as was done previously) [22–24]. We found the S1 to BChl en-
ergy transfer timescale in bacterial LH2 from Rb. sphaeroides to be �3 ps [23]
and determined the spectrum and dynamics of Cars (Fig. 4.2B).

The involvement of the S1 state in light harvesting highlights a spectacular
failure of the dipole model in characterizing photosynthetic pigment interac-
tions: since S0–S1 has a very small net transition dipole moment because the
photon averages over the entire molecule, the calculated rate would be zero.
However, the Coulomb interaction between two regions of transition density, i
and j, is given by (qiqj/rij) (Fig. 4.2 C). Therefore, the overall Coulombic coupling,
which is the sum of the interactions between all such elements, depends on the
full shape of the donor and acceptor transition density on a length scale much
smaller than the molecular size. As a result, we developed a highly accurate
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Fig. 4.2 (A) The energy levels, excitation,
and probing steps for Car-BChl interactions.
(B) The two-photon excitation spectrum of
spheroidene obtained by detecting fluores-
cence from BChl in LH2 of Rb. sphaeroides.

(C) Transition densities calculated for a
BChl molecule and a Car. Density elements,
containing charges qi and qj, are depicted
together with their corresponding separa-
tion rij.



method, called the transition density cube (TDC) method, to calculate the full
Coulombic coupling between two molecules [11]. In short, this is done by divid-
ing the transition densities of the states involved into small cubes and comput-
ing the coupling by summing over all of the cube-cube interactions (Fig. 4.2 C).
TDC combined with time-dependent density functional theory [25] gives values
of the full Coulombic S1-BChl coupling that are in excellent agreement with ex-
perimental estimates [26]. When incorporated into a Generalized Förster theory
model, the calculated energy transfer rates both agree with experiment and
quantitatively account for the large difference in S1 to BChl transfer efficiency
in the LH2 complexes of Rps. acidophila, Rs. molischianum, and Rb. sphaeroides
[23, 26]. Furthermore, we showed that when the LH2 structure is modeled with
a strictly symmetric polyene whose transition dipole is rigorously zero, sizeable
Coulomb coupling to BChl can still occur simply from spatial proximity and the
asymmetric arrangement of donors and acceptors [26].

As an aside, we note that singlet-singlet energy transfer involving transitions
with little or no oscillator strength is often discussed in the context of electron
exchange interactions between donor and acceptor – the Dexter mechanism
[27]. While this form of coupling is undoubtedly crucial in triplet-triplet trans-
fers, in all of the singlet-singlet transfer cases we have examined, the Coulom-
bic coupling is much larger than the exchange coupling and the energy transfer
is fully describable with Coulombic coupling alone.

4.2.4
Modified Redfield Theory: Intra-band B850 Exciton Dynamics

In the case of the B850 molecules of LH2, the situation is more complex. The
pigments are only 9 Å apart and the arrangement of the chromophores in a
ring leads to strong interactions between them [2]. When the Coulombic cou-
pling is large with respect to the pigment’s reorganization energies and static
variations in energy levels, Redfield theory is more appropriate than weak-cou-
pling CFT approaches. Here, the Coulomb term is incorporated into the specifi-
cation of the eigenstates, and the electron-phonon coupling is the perturbation
that induces the energy transfer:

H0 � Hel � L � Eph � HCoul � H1 � Hel-ph �3�

Traditional Redfield theory does not interpolate correctly to Förster theory for
weak coupling. Recently, Zhang et al. [28] introduced another version of the
Redfield equation to describe population relaxation in disordered excitonic sys-
tems. Yang and Fleming [29] explored this modified form of Redfield theory for
energy transfer and showed that it provides accurate results for both weakly and
strongly coupled systems. Instead of taking the whole electron-phonon coupling
as a perturbation, the molecular Hamiltonian is divided as follows:
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Consequently, even if the electron-phonon coupling strength is not particularly
weak, a perturbative approach with respect to the off-diagonal Hamiltonian will
be valid. The modified version of Redfield theory is thus able to describe energy
transfer over a wide range of parameters.

Using calculated electronic couplings, measured disorder, and electron-phonon
coupling strength as the input parameters for modified Redfield theory, we were
able to describe the photon echo signal and absorption spectrum of B850 in the LH2
complex without adjustable parameters [6, 12]. The photon echo signal contains
exciton relaxation timescales ranging from 100 fs to a few picoseconds. We showed
that within 50 fs the exciton became delocalized between two to four molecules and
that a mechanism in which excitation “hops” between adjacent groups of two to four
molecules provides a realistic physical picture of the energy transfer within B850.
The delocalization leads to the phenomenon of exchange narrowing [30], whereby
the distribution of site energies is apparently narrowed by the averaging effect of the
delocalized states. Exchange narrowing reduces the effective electron-phonon cou-
pling and allows very rapid energy migration in a moderately disordered system [6].

4.3
Energetic Disorder Within Light-harvesting Complexes

Photosynthetic complexes are, in general, both spatially and energetically disor-
dered, and experimental techniques used to study them should ideally be able
to separate these various types of disorder. We developed the three-pulse photon
echo peak shift (3PEPS) method into an incisive tool for the study of energeti-
cally disordered systems, exploiting the disorder to determine energy transfer
timescales, electron-photon coupling, and the degree to which the disorder is
correlated within individual complexes. Master equation and response function
calculations, employing either the Förster or the modified Redfield theory, were
used to analyze 3PEPS data.

4.3.1
From Isolated Complexes to Membranes: Disorder in LH2

Using the coupled master equation–response function approach to analyze
3PEPS data, we determined the energy transfer timescale within B800 (500–
600 fs), the coupling between B800 pigments (30 cm–1), the energetic disorder
within each complex (90 cm–1), and the energetic disorder of the entire ensem-
ble (103 cm–1) [5, 6, 31]. Since the coupling between B800 chromophores is
small compared to the disorder and thermal energy (kBT), energy transfer with-
in B800 occurs via incoherent hopping.
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We turn our attention to the B850 ring in LH2 where the BChls are closer to-
gether. Now the coupling resembles the site energy disorder and kBT, and thus
the electronic states will be partially delocalized. Therefore, the intra-complex
disorder associated with the delocalized states becomes dependent on the elec-
tronic coupling, whereas the inter-complex disorder does not. To study the intra-
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Fig. 4.3 (A) 3PEPS experimental and simu-
lated data for solubilized (circles) and mem-
brane (squares) samples of the B850 band
of LH2. The inset shows the same data on a
logarithmic scale. Exciton wave functions
calculated for the B850 band of LH2 for (B)
a completely ordered model, with Jintra =
Jinter = 320 cm–1, and (C) for a statically

disordered model, with Jintra = 320 cm–1,
Jinter = 255 cm–1, � (disorder)= 150 cm–1, and
an energy offset between � and � BChls of
530 cm–1. The length of the horizontal gray
bars to the right of each figure is propor-
tional to the oscillator strength of the corre-
sponding exciton states.



and inter-complex energy transfer processes, we obtained 3PEPS data for the
complex both in solution and in native membrane samples that contain LH2 as
the sole BChl protein complex [12]. Both samples revealed an ultrafast decay on
a 100-fs timescale that was attributed to exciton relaxation dynamics within indi-
vidual aggregates. The samples in native membranes also contained a 5-ps de-
cay component that was assigned to inter-complex energy transfer (Fig. 4.3 A).
The observation of the 5-ps component in the membrane samples confirmed
the presence of two levels of energetic disorder in the system: an intra-complex
disorder of 150 cm–1 and an inter-complex disorder of 65 cm–1 [12]. It also con-
firmed the ability of 3PEPS to measure energy transfer rates between LHCs.
The disorder causes redistribution of oscillator strength between optically al-
lowed and forbidden transitions, thereby increasing spectral coverage (Fig. 4.3).
In summary, our results on bacterial systems have helped us to better under-
stand energy transfer and trapping in the entire bacterial photosynthetic unit
and have encouraged us to study more-complex photosystems.

4.3.2
Photosystem I

PSI is even more spatially and energetically disordered than LH2, with 96 non-
equivalent chlorophyll (Chl) molecules (Fig. 4.4A) [32]. In our studies, we ad-
dressed the following problems: whether there were new design principles at work
in PSI; how the system was optimized to focus and trap excitation at the primary
electron donor (P700); identifying the rate-determining steps; and determining
the viability of a first-principles calculation for quantitative predictions [33–36].

Calculations from first principles are challenging because of the presence of
both moderately or strongly coupled pigments and pigments spaced at distances
that make a weak coupling picture appropriate. For these types of calculations,
modified Redfield theory was utilized. We first calculated the excitation energies
of and couplings between each of the 96 Chls in the protein environment and
obtained a good fit to the absorption spectrum [36]. Unlike bacterial light-har-
vesting antenna, PSI does not appear to have an energetic funnel, i.e., the outer-
most pigments do not, on average, have higher excitation energies than the pig-
ments in the reaction center (Fig. 4.4 B).

We used our calculated excitation energies, modified Redfield theory, and a
master equation calculation of the excitation transfer kinetics in PSI to calculate
time-dependent fluorescence spectra and population kinetics. We found that the
time constants are clustered into four groups: sub-100 fs, 200–300 fs, 2–3 ps,
and 35–40 ps [35]. The global fits to experimental fluorescence data gave time
constants of 360 fs, 3.6 ps, 9.6 ps, and 38 ps [37]. The experiments did not have
sufficient time resolution to determine sub-100 fs time constants. Aside from
this, our calculated time constants were in remarkable agreement with experi-
mental values, with the exception of the 9.6-ps component that has been sug-
gested to be associated with the trimer interface of PSI [38]. Our calculations
were made for monomeric PSI and thus should not have this component.
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Having developed a model of PSI that reproduced key experimental data, we
explored the influence of the energy landscape [33, 35] on the trapping time
and performed a detailed analysis of the rate-determining steps [34]. In a flat
energy landscape, where all the Chls had identical lineshapes and transition en-
ergies and the spatial structure was held fixed, the calculated trapping time of
PSI was actually shorter (25 ps vs. 38 ps). However, due to protein constraints
and the proximity of the chromophores (which induces excitonic interactions), a
flat energy landscape cannot be achieved in a realistic PSI complex. The high
spatial connectivity of PSI makes it very robust to energy variation; however, the
energies of the six RC Chls influence the overall trapping time significantly.
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Fig. 4.4 (A) The organization of pigments in PSI from Synechococcus
elongatus. The RC is centrally located (P700 is seen from the side). The six
RC Chls and the two linker Chls are shown in black. (B) Calculated Qy

excitation energies of PSI Chls as a function of distance from the trap,
delineated EC-A1.



Along with the two linker Chls, the six RC Chls form a quasi-funnel structure.
Fig. 4.5A shows the distribution of trapping times for 1000 random permuta-
tions of the energies in PSI while keeping the energies fixed for only P700. In
Fig. 4.5B, we show the same calculations with the energies of the other four
RC pigments and the two linker Chls also fixed. In the first case, the distribu-
tion of trapping time is broad; in the second case, the distribution is very nar-
row. The findings suggest that the energies of the RC and linker Chls are opti-
mized for efficient transfer of excitation to the P700, although the precise ener-
gies of the other 88 antenna pigments are not crucial to the near-unit quantum
efficiency of PSI.

Studies of the energy distribution in PSI after initial excitation of two differ-
ent Chl molecules show that energy flow through the antenna contributes sig-
nificantly to the overall trapping time [33]. Further analysis shows that there are
three major contributions and that energy transfer around the reaction center
is, in fact, dominated by entropic rather than enthalpic (i.e., energy funnel) con-
siderations. Less evident is that back transfer, including transfer back from the
RC Chls to the bulk antenna, is also a substantial component of the overall trap-
ping time.

In summary, the transfer of excitation to P700 of PSI is an exceedingly effi-
cient process. Overall, it differs markedly from the same process in the well-
studied purple bacteria and in PSII, where atomic resolution structural data is
not yet available. The two-dimensional projection of PSI seems to imply that
the isolation of the antenna from the electron transfer components is the same
as in purple bacteria (RC1 + LH1). Three important differences between the
two systems illustrate that this is not true: (1) PSI is quasi-three-dimensional,
while RC/LH1 is quasi-one-dimensional; (2) all six members of the RC Chls are
energetically accessible from the antenna system in PSI, whereas only the pri-
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Fig. 4.5 Distributions of trapping times (1000 samples) calculated by
(A) a model that includes random shuffling of excitation energies in all the
pigments except those of P700 and (B) random shuffling of excitation
energies except those of the six RC Chls and the two linker Chls.



mary electron donor is accessible in purple bacteria; and (3) only PSI has linker
Chls. These two systems efficiently solve the same problem in two different
ways by exploiting the confined geometry and spatial and energetic disorder.

4.4
Photochemistry and Photoprotection in the Bacterial Reaction Center

Employing the information and methods discussed above, we can provide an an-
swer to two well-known but mechanistically poorly understood problems concern-
ing the reaction center of purple bacteria (Fig. 4.6). We focus on devising an accu-
rate picture to describe known ultrafast energy transfer timescales from the acces-
sory BChls (B) and the bacteriopheophytin (H) to the special pair (P). The diffi-
culty arises because the lower excitation state of P (P–) carries 88% of the dipole
strength and is therefore strongly coupled to B according to the dipole approxima-
tion. However, P– has very poor spectral overlap with B. The upper exciton state
(P+) overlaps significantly with B emission but is predicted to be too weakly
coupled to B to be an effective acceptor. Yet energy transfer from B to P proceeds
on a 100-fs timescale [39–41]. Such a finding is completely paradoxical in the con-
text of Förster theory within the reaction center and led to suggestions that a new
energy transfer mechanism was at work in the RC. The answer to this conundrum
lies in the idea that the absorption spectrum of the P acceptor does not contain the
relevant information for predicting the electronic coupling between B and P+/P–.
Using GFT [13, 15] and the TDC [11], we find that the magnitude of the coupling
of B to P+ and P– is almost identical – in stark contrast to the dipole-dipole result,
which gives a 20-fold stronger coupling to P–. Numerical calculations (with no ad-
justable parameters) described the absorption spectrum, the circular dichroism
spectrum, and the energy transfer timescales well (Fig. 4.6) [13, 15, 16].

The second puzzling fact about the RC of purple bacteria is that when the
special pair is oxidized (to P+) the absorption band of P disappears, yet the de-
cay of the excited B remains ultrafast (�150 fs) [42]. The consequences of this
observation are physiologically significant because they provide purple bacteria,
and most probably PSI that shows similar RC behavior, with an essential photo-
protective mechanism that allows for excess energy dissipation in conditions
where the amount of input light exceeds photosynthetic capacity. CFT generates
a timescale for B to P+ energy transfer that is five orders of magnitude too slow.
In collaboration with J. Reimers, we calculated the electronic structure of the
radical dimer cation and found that the energy transfer dynamics involve mix-
ing of the strongly allowed transitions of P+ with a manifold of exotic lower-en-
ergy transitions to enable energy transfer on a 150-fs timescale. Again, GFT and
the TDC are used to identify the states of P+ involved in the quenching of B in
the oxidized RC, and we believe that a long-standing mystery has been solved.
The dimer structure of the P allows for efficient trapping of excitation at the
RC, ultrafast charge separation, and photoprotection against excess light in a
single compact molecular framework.
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4.5
The Regulation of Photosynthetic Light Harvesting

A green plant’s ability to remove electrons from water requires that the PSII-RC
have the highest oxidizing potential found in nature. The consequences of this
process have generated unique sensitivities for green plants, with respect to
their anoxygenic photosynthetic counterparts, under conditions in which photon
fluxes exceed photosynthetic capacity. Specifically, the production of harmful
photo-oxidative species – which cause destruction of vital proteins such as the
PSII D1 reaction center protein, lipid bilayers, and pigments [43, 44] – is exacer-
bated during high light exposure. As a result, plants employ a regulatory mech-
anism that allows them to both utilize and dissipate solar energy with high effi-
ciency in response to the incident light intensity.

The process that protects plants under most short-term light stress conditions
occurs in PSII and is called feedback de-excitation quenching (qE) ([45, 46]; for
a review of this process, see [47]). During qE, a nonradiative deactivation chan-
nel for singlet Chl molecules (1Chl*) is formed that can harmlessly emit the ex-
cess absorbed energy as heat. The process significantly decreases the probability
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Fig. 4.6 (A) Arrangement of the special pair
(black), accessory BChls (gray), and bacterio-
pheophytins (light gray) in the reaction cen-
ter of Rb. sphaeroides. (B) Absorption spec-
trum of the RC, with the features attributed
to the pigments H, B, and P indicated.

(C) Top panel: the absorption spectra of
the special pair acceptor states P+ and P–

plotted over the fluorescence of the donor,
B. Lower panel: the density of states calcu-
lated for the donors and acceptors in B to P
energy transfer.



that the 1Chl* molecules will form triplet Chl molecules (3Chl*), a species that
reacts with ground-state oxygen (3O2) to form the strongly photo-oxidative sing-
let oxygen (1O2*) in addition to other highly reactive oxygen species [48]. In
green plants and algae, qE can quench up to 80% of the 1Chl* [49–51]. Three
elements are so far known to be necessary for qE: (1) the Car zeaxanthin (Zea),
which is formed during qE by conversion from violaxanthin (Vio) via reversible
reactions known as the xanthophyll (Xan) cycle [52]; (2) the 22-kDa subunit of
PSII, PsbS [51]; and (3) a low-thylakoid lumen pH [45, 53].

The key unresolved issues concerning the mechanism of 1Chl* de-excitation
during qE are the identity of the quenching species, in terms of both pigment
composition and location, and the means by which the excess energy is dissi-
pated. Based on the strong correlations between qE and Zea in plants, it was
suggested that 1Chl* de-excitation might involve direct energy transfer from Chl
to Zea [54–56]. As a result of this transfer, Zea would be excited to its first ex-
cited singlet state (S1), which would decay rapidly (�9 ps) to the ground state
by nonradiative dissipation. In order for this mechanism to be efficient, the en-
ergy of the S1 state of Zea must lie below the state corresponding to 1Chl* (Qy).
Since the S1 states of Cars are, for all intents and purposes, optically dark, ob-
taining an accurate value for the energy of this state has proven to be a formida-
ble task. While there is no general consensus on the energy of the Zea S1 state,
a number of measurements suggest that its energy is comparable to the value
of the Chl Qy band [56–58]. Alternatively, 1Chl* de-excitation may be due to an
increased rate of internal conversion of Chl to the ground state by the formation
of an exclusively Chl-based quenching species, a process that would be indirect-
ly enhanced by the presence of Zea [59, 60].

In order to gain further insight into the quenching mechanism, we per-
formed transient absorption (TA) measurements on intact thylakoid membranes
with fully functional qE capability [61]. The measurements probed changes in
the region of the Car S1�Sn transition after excitation of the Chl Qy band. Ki-
netic differences were evaluated when the system had no qE and when maxi-
mum, steady-state qE had been induced. The results for spinach are summa-
rized in Fig. 4.7. They show an additional transient component with the lifetime
and spectral characteristics of Zea S1�Sn absorption selectively under condi-
tions of qE.

To test whether the changes were correlated to qE, we performed additional
experiments on transgenic A. thaliana plants, two completely deficient and one
enhanced in qE with respect to the wild type (WT), but all normal in their abil-
ity to carry out direct light-induced photochemistry (Fig. 4.8). The WT + PsbS
mutant displays approximately 2.5 times more qE than the WT [46], and the
amplitude of the new kinetic component is increased by roughly this amount
compared to the WT. The lower plots in Fig. 4.8B show the results for two mu-
tants, npq4-1 and npq4-E122QE226Q, that are completely qE-deficient. The ki-
netics observed for both npq4- mutants were independent of high light illumina-
tion, showing that fully functional qE is required for the observation of the new
transient. Additional experiments on A. thaliana mutants with distinct Car com-
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positions showed that Zea is also necessary to produce the ultrafast kinetic dif-
ferences (data not shown).

By using the mutants and transgenic plants described above, we were able to
identify a PsbS- and Zea-dependent kinetic difference in TA during qE [61]. The
Zea excited state may be populated via energy transfer from the Chl Qy band or
by the formation of a Zea-Chl heterodimer, which is more likely because of the
characteristics of the kinetic difference. The heterodimer species may be the qE
quencher. Furthermore, the formation of a heterodimer during qE may imply
an electron transfer quenching mechanism. Recent calculations by Dreuw et al.
[62], using a hybrid theoretical approach involving time-dependent density func-
tional theory and configuration interaction singles that was able to capture the
salient features of charge-transfer states, found that a heterodimer between Zea
and a model Chl a chromophore, which contained the chlorin ring but lacked
the phytyl chain, would result in Car cation and Chl anion radicals for Zea-Chl
separations of less than 5.5 Å. While the mechanism of qE is still unclear, these
TA measurements and theoretical calculations may provide another case in
which nature has utilized optically dark states and confined geometries as a
means to a very efficient end.
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Fig. 4.7 Top: The scaled TA kinetics probed
at 540 nm for spinach thylakoids under con-
ditions of no qE (black line) and maximum,
steady-state qE (gray line) upon excitation at
664 nm. The profiles were normalized to 1.0

at the maximum amplitude of the kinetics
without qE. Bottom: The difference between
the no-qE and the maximum, steady-state qE
curves and the corresponding monoexpo-
nential fit, which has a lifetime of 9.9 ps.
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Fig. 4.8 (A) NPQ induction curves in wild
type, npq4, and two independent PsbS-over-
expressing transgenic lines (No. 5 and 17).
Plants were dark-adapted overnight prior to
exposure to actinic light of 2000 �mol
photons m–2 s–1. Data are shown as the
mean± standard error (n= 3). The scaled TA
kinetics measured at 540 nm upon excitation
at 664 nm for A. thaliana plants: (B) wild
type + PsbS, (C) wild type, (D) npq4-

E122QE226Q, and (E) npq4-1. The gray and
black lines indicate maximum steady-state
and no-qE conditions, respectively, for the
samples with qE capability, which corre-
sponds to ON and OFF, respectively, for
high light illumination in the qE-deficient
mutants. The decay profiles were normalized
to 1.0 at the maximum amplitude of the
no-qE (light OFF) kinetics.



4.6
Concluding Remarks

In many of the crucial energy transfer processes of the photosynthetic appara-
tus, nature has simply ignored the principle of maximum overlap of donor
emission and acceptor absorption spectra. Instead, confined geometries in con-
junction with energetic disorder are used to create ultrafast energy transfer
pathways that would not be predicted from the linear spectra of the system. Ap-
plication of these same design motifs in artificial light-harvesting systems may
prove worthwhile.
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