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Introduction

Four parallel developments have vastly influenced and 
enabled the understanding of photosynthetic light harvest-
ing over the past 60–70 years. These developments are as 
follows:

1. Determination of atomic resolution of the structures of 
membrane-based photosynthetic pigment-protein com-
plexes initially by X-ray crystallography at synchro-
trons (McDermott et  al. 1995), and more recently by 
cryo-electron microscopy (Wei et al. 2016).

2. Advances in genetics and biochemistry that enable spe-
cific mutants to be generated and characterized.

3. Development of ultrafast laser spectroscopic tech-
niques with time resolution of  10− 15 s which enable the 
fastest energy transfer steps to be directly observed.

4. Advances in theoretical description of condensed 
phase quantum dynamics which have enabled accurate 
descriptions of experimental measurements of ultrafast 
photosynthetic energy transfer.

Scientists born in 1949 ± 1 made substantial contribu-
tions to all these areas but for the purposes of this brief, and 
no doubt partial, history, I will focus on the contributions 
of 49ers to the measurement and theoretical understand-
ing of photosynthetic energy transfer. First, however, I will 
provide a very brief historical background to provide some 
context.

Abstract Progress in measuring and understanding the 
mechanism of the elementary energy transfer steps in pho-
tosynthetic light harvesting from roughly 1949 to the pre-
sent is sketched with a focus on the group of scientists born 
in 1949 ± 1. Improvements in structural knowledge, laser 
spectroscopic methods, and quantum dynamical theories 
have led to the ability to record and calculate with reason-
able accuracy the timescales of elementary energy transfer 
steps. The significance of delocalized excited states and of 
near-field Coulombic coupling is noted. The microscopic 
understanding enables consistent coarse graining and 
should enable a much-improved understanding of the regu-
lation of photosynthetic light harvesting.
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Overview of timescales of energy transfer 
in photosynthesis

As the concept of a dilute reaction center surrounded by a 
large antenna system developed from the work of Emerson 
and Arnold (1932) and the insights of Gaffron and Wohl 
(1936), it became natural to estimate the timescale of indi-
vidual energy transfer steps. All these early estimates were 
based on a picture of excitation hopping between individual 
chlorophyll molecules. The excited singlet state lifetime of 
Chl was known to be of the order of 1  ns. So to achieve 
high-quantum efficiency in light harvesting (i.e., delivery 
of excitation to the reaction centers), the key quantities 
are the number of hops and the timescale per hop. Initial 
estimates of the number of hops varied widely. Förster esti-
mated 10,000 steps (1947) while Franck and Livingston 
estimated 10 hops and considered the concept of light har-
vesting to be unconvincing (1949). Based on careful spec-
troscopic studies of photosynthetic bacteria, Duysens, in 
his thesis, suggested the much more realistic value of 750 
hops (1952), and by 1964 suggested the timescale per hop 
was ~10− 13 s (1964). A simple classical random walk cal-
culation for an antenna of 200 Chl molecules surrounding a 
single-reaction center and operating at >90% quantum effi-
ciency requires a hopping time of <300 fs. In 1966, in his 
only paper on photosynthesis, G. W. Robinson introduced 
the concept of exciton spreading (i.e., coherent motions of 
delocalized excitations) and suggested a spreading time of 
50 fs. Such a short time seems to have generated a certain 
amount of skepticism as to whether it would ever be con-
firmed experimentally, to judge from the exchange between 
R. Pearlstein and Robinson recorded in the conference pro-
ceedings (1966).

Although prospects for directly time-resolving elemen-
tary energy transfer steps seemed bleak, it was realized 
that fluorescence polarization measurements would likely 
provide a means to estimate energy transfer rates between 
identical molecules, while more straightforward spectral 
signatures of transfer between identical molecules would 
be unlikely to provide insight. Arnold and Meek proposed 
steady-state fluorescence polarization methods (1956), 
but femtosecond time-resolved fluorescence spectroscopy 
decays (90  fs instrument function) had to wait until 1994 
(Du et al. 1994). The appearance of mode-locked Nd glass 
lasers and streak cameras capable of generating and resolv-
ing light pulses of ~10 ps raised hopes that the elementary 
timescales of light harvesting could be directly accessed.

Early time‑resolved studies

Initially much shorter time scales were observed for the flu-
orescence decay from photosynthetic algae than had been 

described by phase modulation or fast oscilloscope-based 
techniques, leading to suggestions that earlier studies by, 
for example, Singhal and Rabinowitch (1969) had suffered 
from a lack of time resolution. For example, Kollman et al. 
(1975) obtained 41 ps for the fluorescence lifetime of Chlo-
rella, about a factor of 10 shorter than the actual fluores-
cence decay. This view, however, was itself short lived as it 
was realized that the high-laser intensities being used were 
inducing massive exciton–exciton annihilation. The annihi-
lation of singlet excitons was turned into an advantage and 
used to explore the energy transfer dynamics in a variety of 
photosynthetic systems. L. Valkunas was an important con-
tributor to this topic beginning in 1985 (Kudzmauskas et al. 
1985). Nonetheless streak camera methods did produce 
some striking results, notably the clear resolution of energy 
flow through the phycobilisome of porphyridium cruentum 
by Porter, et al. (1978). The development of synchronously 
scanning streak cameras enabled further studies, for exam-
ple, by A. Freiburg and coworkers on the influence on the 
purple bacterial antenna fluorescence of the reaction center 
state (Borisov et al. 1985). However, it was with the devel-
opment of high repetition rate, low pulse energy lasers, first 
dye lasers, and then the now ubiquitous titanium sapphire 
lasers, which precision studies of photosynthetic energy 
flow took off.

High repetition rate and low pulse energy lasers

V. Sundström and T. Gillbro in Umea joined forces with R. 
van Grondelle to initiate a series of precise time-resolved 
studies of energy flow in the purple bacterial antenna sys-
tem by groups around the world. This global focus would 
lead to new insights into energy transfer in molecular com-
plexes, advancing the theory and methods of ultrafast non-
linear spectroscopy arguably more than any other experi-
mental system had done. In their initial work, Bergstrom 
et  al. studied the LH2 complex (also called B800–B850) 
and showed that B800 to B850 transfer occurred in about 
1 ps, while B850–B850 transfer was “very fast” (1986). By 
1996, Joo et  al. were able to make very precise measure-
ments of B800–B850 transfer in 800 fs at 293 K (1996a, b). 
This value is of significance because it proved impossible 
to calculate a rate of  1012  s− 1 using conventional Förster 
theory based only on point dipoles and localized excited 
states. I will take up this point in "Modeling photosynthetic 
energy transfer" section.

The B800–B850 transfer is most simply measured, 
as was done in the studies described above, by standard 
pump–probe methods. The availability of high repetition 
rate tunable sources enabled the fluorescence up-conver-
sion technique to be developed to a time resolution of about 
50 fs. Eads et al. (1989) and later Du et al. (1994) used this 
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method to study the major plant light-harvesting complex 
LHCII. From time-resolved fluorescence anisotropy decays 
Du obtained timescales of 250 fs and 11 ps, but still con-
cluded some energy transfer was unresolved with their 
90 fs instrument response function (1994). They speculated 
on the role of coherent transfer at the shortest times and 
suggested that both weak and strong coupling regimes co-
existed in LHCII. The time over which the excitation must 
be considered as coherent was one of the key issues raised 
at an influential European Science Foundation workshop in 
1996, organized by L. Valkunas and R. van Grondelle, in 
Birstonas, Lithuania. In studies of energy transfer in LH1 
and LH2 by the pump–probe method, Chachisvillis et  al. 
(1997) suggested that energy transfer in these complexes 
likely has an initial coherent phase, but did not carry out 
detailed calculations.

In the 1990s, the increased reliability of laser sources 
enabled more sophisticated spectroscopic techniques to be 
developed, in particular photon echo methods. Mukamel 
was the key figure in providing the conceptual and techni-
cal framework enabling the interpretation and interrelation 
of these multi-pulse experiments (1995). The development 
of the three pulse echo peak shift method (Joo et al. 1996; 
Jimenez et  al. 1997), and in particular, its direct sensitiv-
ity to inhomogeneous broadening, suggested a method to 
obtain the rate of B850–B850 energy transfer and equiv-
alently the rate of B875 to B875 transfer in LH1, the 32 
bacterial chlorophyll ring surrounding the reaction center 
in purple bacteria. By comparing, the peak shift decay in 
an intact LH1 ring with that in the dimer subunit, B820, 
a timescale of 90 fs was observed for B875–B875 transfer 
(Yu et  al. 1997). This time scale corresponds to the exci-
ton “averaging” over the disorder in a single LH1 (or LHII) 
ring. However, if the full range of disorder is not sampled 
in a single ring, the peak shift method provides a way to 
determine the inter-ring transfer time. This was done by 
Agarwal et  al. in collaboration with C. N. Hunter, and a 
transfer time between rings of ~5 ps was estimated at room 
temperature (2002). As a result of these measurements, and 
those of many others not mentioned here, all the energy 
transfer rates in the antenna of the purple bacteria were 
determined with timescales ranging from about ~100 fs up 
to 35 ps for LH1 to reaction center transfer. The question 
then naturally arose: do we actually understand how these 
extraordinarily rapid rates come about?

Modeling photosynthetic energy transfer

The standard theory of electronic energy transfer was 
developed by Förster as “transfer by inductive resonance” 
(1946, 1948). The genius of Förster’s theory was that both 
the electronic and nuclear factor could be obtained directly 

from experiment, and its accuracy was confirmed by care-
ful studies of dye molecules separated by distances sig-
nificantly larger than their size. However, standard Förster 
theory fails to predict the B800–B850 rate in LH2, the rate 
of energy transfer from the accessory bacteriochlorophyll 
to the special pair in purple bacterial reaction centers, or 
the rate of carotenoid S1 to bacteriochlorophyll  QY in LH2. 
This led initially to speculation on the need for new mecha-
nisms, but most of the failure to understand these rates can 
be traced to three issues:

1. The donors or acceptors may be delocalized over mul-
tiple molecules even though the coupling between 
donor and acceptor states is weak, as envisioned by 
Förster in the simplest form of his theory. This point 
was first articulated by Valkunas and coworkers in con-
nection with J-aggregates (1985) and then indepen-
dently and simultaneously developed into generalized 
Förster Theory by Sumi (1999) and Scholes and Flem-
ing (2000).

2. Although London had pointed out the problem of cal-
culating Columbic coupling between closely spaced 
molecules, especially long, thin molecules (1942) 
(such as carotenoids), this issue was ignored in discus-
sions of, for example, carotenoid  S1 to BChl  QY energy 
transfer, where the lack of an allowed  S0–S1 optical 
transition in the carotenoid seemed to preclude Förster-
type transfer, as the transition moment is zero. The 
transition density cube method developed by Krueger 
et al. (1998) solved this problem by explicitly calculat-
ing the Coulomb interactions between tiny cubes cov-
ering the transition density of the donor and acceptor 
molecules. In essence the light “sees” the molecule in 
the far field while the molecules “see” each other in 
the near-field, where the cancelation effect leading to 
zero optical transition moment does not occur. Obvi-
ously the definition of separations too close for the 
point dipole approximation to be viable depends on 
the degree of delocalization of the donor and acceptor 
states, thus linking (1) and (2). Jang et  al. elaborated 
on the initial work of Sumi, Scholes, and Fleming to 
develop Multi-chromophoric Förster theory (2004).

3. Distributions in site energies (inhomogeneous broad-
ening) can have a significant effect on calculated rates, 
as was explored by Pullerits and Freiburg (1991), Hol-
zwarth and coworkers (Beauregard et  al. 1991), and 
Scholes and Fleming (2000), Scholes et al. (2001).

When these three factors were correctly taken into 
account, the B800 to B850, accessory BChl to Spe-
cial Pair, and the carotenoid  S1 to BChl  QY rates were 
all modeled with good accuracy. However, B850–B850 
and B875–B875 rates (in LH2 and LH1, respectively) 
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required the use of theories allowing donor–acceptor cou-
pling to be stronger than the coupling to the environment 
(the reverse of the situation in Förster theory). Strong 
hints of inter-chromophore coherence being important in 
very rapid photosynthetic energy transfer emerged from 
time-resolved fluorescence studies of Savikhin et  al. 
(1997) and of Bradforth et  al. (1995). But an explosion 
of interest in coherence theory came after the develop-
ment of two-dimensional fourier transform electronic 
spectroscopy by the groups of Jonas, Miller, and Flem-
ing (Jonas 2003; Cowan et al. 2004; Brixner et al. 2005; 
Engel 2007).

The 2D electronic spectra of the FMO complex reported 
by Brixner et  al. (2005) and Engel et  al. (2007) set off a 
huge burst of interest in communities ranging from quan-
tum information and computing to the physics of bird navi-
gation. The term “quantum biology” was coined. The long-
lived oscillations observed by Engel et al. and subsequently 
by Scholes and coworkers (2010) and Engel and coworkers 
(Panitchayangkoon et al. 2010) attracted much interest from 
theorists (see, for example, Mohseni et al. 2014). Initially, it 
was considered that higher frequency vibrational degrees 
of freedom would play little role in bacteria or chlorophyll 
containing light-harvesting complexes, as the Franck–Con-
don factors (Huang Rhys factors) for any transition involv-
ing a change in vibrational quantum number were very 
small. However, Jonas and coworkers pointed out in an 
insightful contribution that this is just the condition lead-
ing to the creation of ground state vibrational wavepack-
ets (Tiwari et  al. 2013). Clearly the understanding of the 
origin(s) of the oscillatory features now routinely observed 
in 2D electronic spectra required theories of greater sophis-
tication that that of Förster or Generalized Förster theory.

Redfield Theory, developed for NMR by A. Redfield 
(1957), provided a starting point for new theories that 
allow for stronger coupling between donor and acceptor. 
Modified Redfield Theory was developed by Mukamel and 
coworkers, Yang and Fleming, and Novoderezhkin (Zhang 
et al. 1998; Yang and Fleming 2002; Novoderezhkin et al. 
2003). In this form, coordinate displacements between 
exciton levels were allowed, thus removing the extreme 
decrease in rate with large energy gaps that had plagued the 
original formulation. However, the theory of Redfield and 
its modified form are still perturbative (now in the system 
bath coupling) and therefore not able to completely interpo-
late between the weak and strong coupling limits. This led 
Ishizaki and Fleming to formulate the hierarchy equations 
of motion approach to calculating energy transfer (2009). 
This theory, for a given Hamiltonian and spectral density is 
formally exact as confirmed by numerical path integral cal-
culations by Nalbach and Thorwart (Nalbach et al. 2011), 
and is currently the benchmark against which new approxi-
mate theories are tested.

As the detail of the experiments and their analysis 
improved, the question of the relative roles of electronic, 
vibronic, and vibrational coherence was widely debated 
and remains so at the time of this writing. The role of 
vibronic coupling in both energy and electron transfer is 
still being explored; for example, Dean et  al. (2016) dis-
cuss enhancements to the Förster rate through vibronically 
induced redistribution of oscillator strength. In the view of 
the author, both the use of oversimplified methods where 
the influence of environmental fluctuation is inadequately 
described and the calculation of population dynamics and 
2D spectra using different theories have led to considerable 
confusion. There is no doubt that a fully accurate theory 
incorporating multiple vibrational degrees of freedom, 
an accurate vibronic Hamiltonian, and a detailed spectral 
density for the protein will be very complex but should 
be constructed. With the present degree of understanding, 
it is the author’s view that electronic coherence is impor-
tant for the fastest energy transfer steps while longer time 
(ps) oscillations observed in 2D spectra are likely vibra-
tional wavepacket signatures. When the destructive effect 
of environmental fluctuations on vibronic superpositions 
is properly considered, near-resonant vibrations with small 
Huang Rhys factors have very little influence on population 
dynamics, though they do strongly influence the spectra as 
Jonas noted (Fujihashi et  al. 2015; Monahan et  al. 2015). 
This decoupling of any intuitive interpretation of the 2D 
electronic spectrum and the underlying population dynam-
ics implies the need for new types of experiments such as 
the 2D electronic vibrational spectroscopy (2DEV) method 
(Oliver et al. 2014) and single molecule complex spectros-
copy and dynamics (Bopp et al. 1997; Ying and Xie 1998; 
van Oijen et  al. 1999; Jelezko et  al. 2000; Schlau-Cohen 
et al. 2015; Maly et al. 2016). These topics are under active 
development by 49ers, their students and postdocs, as 
well as multiple other laboratories. A description of these 
most recent developments is beyond the scope of this brief 
history.

In this context, we note that the fastest time constant 
found by Lewis et al. using the 2DEV method on LHCII is 
50 fs (2016), precisely the timescale predicted by Robinson 
(1966). This timescale represents both Chl b to Chl a trans-
fer and relaxation within the Chl a exciton levels.

Once the timescales, mechanisms, and timescale separa-
tions of photosynthetic energy transfer were firmly estab-
lished it became possible to construct realistic models of 
pieces of the photosynthetic apparatus much larger than just 
a single light-harvesting complex. Building on the work of 
Novoderezhkin et  al. (2011) and Raszewski and Renger 
(2008), Bennett et  al. built models of the photosystem II 
super complex (2013) and then of a 200 nm × 200 nm patch 
of the gamma membrane (Amarnath et  al. 2015). Such 
models, based on firm microscopic understanding, should 
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significantly impact the understanding of phenomena such 
as non-photochemical quenching and provide a basis for 
enhancing photosynthetic efficiency.
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