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Quantum-Coherent Energy Transfer: implications for biology and new 
energy technologies 
 
Organised by Dr Alexandra Olaya-Castro, Dr Ahsan Nazir and Professor Graham Fleming FRS 

 

Wednesday 27 – Thursday 28 April 2011 

 

Evidence that photosynthetic systems are capable of supporting quantum-coherent energy transport at high 

temperatures has generated controversy over the implications of such phenomena for biology and 

applications. This meeting will bring together leading scientists from photosynthesis, quantum information, 

and organic-polymer based research to discuss far-reaching consequences of these quantum effects in the 

design of novel, robust and efficient energy technologies.  

 

 

Day 1 - Wednesday 27 April 2011 

 

Session 1 – Excitation energy transfer: setting the scene 

Chair – Professor Rienk van Grondelle, VU Universiteit, The Netherlands 

 

09.00 Royal Society Welcome by 

 Professor Sir Peter Knight, Principal, Kavli Royal Society International Centre 

 

09.15 Welcome by 

 Dr Alexandra Olaya-Castro, Organiser 

 

09.30 Coherence effects in photosynthetic light harvesting 

 Professor Graham Fleming FRS, University of California Berkeley, USA 

 

Recent developments in multidimensional ultrafast nonlinear spectroscopy led to observation of long 

lived electronic coherence in photosynthetic light harvesting complexes, including the most important 

light harvesting protein of plants LHCII. The initial experiments we carried out at 77K, but recent 

studies by Scholes and coworkers and Engel and coworkers have shown that the long lived coherence 

persists at physiological temperatures. In this talk, I will survey the experimental data and the current 

understanding of such experiments, which involve observations of ensemble coherence. I will then turn 

to a discussion of what advantages and potential new functions coherence may bring so as to 

elucidate design principles utilized in nature. Finally, I will briefly discuss the influence, if any, of 

electronic coherence in photosynthetic charge separation. 

 

10.00 Discussion 

 

10.15 Charge generation from excitons in molecular semiconductors 

Professor Sir Richard Friend, University of Cambridge, UK 

 

Excitons in molecular semiconductors generally show high Coulomb binding energies, of order 0.5 eV, 

because dielectric screening is low. They also show comparable values for the exchange energy 

between spin-singlet and spin-triplet configurations. These both present challenges and opportunities 



 
 

 

for the use of such materials in solar cells. I will illustrate this with examples from the Cambridge 

group: 

 

Current designs for organic photovoltaic diodes depend on the ionisation of photogenerated excitons 

at the heterointerface between electron-accepting and hole-accepting semiconductors. It is very well 

established that photoinduced electron transfer across the heterointerface can be very rapid and very 

efficient. However, these excitations can stabilise as coulombically-bound charge-transfer excitons that 

are not easily separated to fully-separated charge carriers. I will present evidence for some polymer-

polymer heterojunctions (formed between F8BT and PFB) that the coulombic binding between electron 

and hole in the charge transfer state is of order 0.2 eV. This can be determined from the magnetic 

field dependence of photocurrent and from long-lived luminescence. 

 

Large exchange energies allow scope for multiple exciton generation for materials for which the triplet 

exciton energy is less than one half of the singlet exciton energy, since this favours energetically the 

fission of a photogenerated singlet to a pair of triplet excitons. We have shown that this process is 

effective in pentacene and that the resultant triplets can be ionised against a heterojunction formed 

with fullerene. 

 

10.45 Discussion 

 

11.00 Coffee 

 

11.30 Fundamental aspects of electronic energy transfer 

Professor Robert Silbey, MIT, USA 

 

Excitation energy transfer in molecular aggregates has been studied theoretically from the 

fundamental work of Forster and Davydov to the present day. In this talk, recent advances will be 

discussed in the context of these earlier ideas to illustrate the fundamental issues that are relevant to 

understand recent experiments. 

 

12.00 Discussion 

 

12.15 Quantum Information science meets Biology 

Professor Martin Plenio, Ulm University, Germany 

 

In this lecture I will speak about various aspects of quantum dynamics and quantum information that 

have been developed over the last decade or so. I will then explore which of these concepts might be 

useful in studying the excitation transport in bio-molecular systems and which once may need to be 

applied with care. 

 

12.45 Discussion 

 

13.00 Lunch 

 

 

 

 

 



 
 

 

Session 2 – Energy transfer in biomaterials 

Chair – Professor Graham Fleming FRS, University of California Berkeley, USA 

 

14.00 Understanding excited state dynamics using quantum control tools 

Professor Valeria Kleiman, University of Florida, USA 

 

Treating light-matter interactions quantum mechanically provides new schemes to quantum control 

photo-initiated reactions. Still, elucidation of the mechanism to achieve control has not been 

straightforward. In this talk we present a series of experiments with arbitrarily shaped femtosecond 

laser pulses to control the emission quantum yield and energy transfer of chromophores in solution. 

We use the combination from open-loop and close-loop experiments to isolate the dominant elements 

underlying the control mechanism and to unravel the role that the electric field spectral phase plays in 

the excited state dynamics. 

 

14.30 Discussion 

 

14.45 Coherent multidimensional optical spectroscopy of excitons with classical fields and 

entangled photons 

Professor Shaul Mukamel, University of California Irvine, USA 

 

Energy- transfer and charge-separation pathways in the reaction center of photosystem II may be 

revealed by coherent two-dimensional optical spectroscopy. The excited state dynamics and relaxation 

of electrons and holes are simulated using a two-band tight-binding model. The dissipative exciton and 

charge carrier motions are calculated using a transport theory, which includes a strong coupling to a 

harmonic bath with experimentally determined spectral density, and reduces to the Redfield, the 

Förster, and the Marcus expressions in the proper parameter regimes. The simulated third order two-

dimensional signals, generated in the directions −k1+k2+k3, k1−k2+k3, and k1+ k2−k3, clearly reveal 

the exciton migration and the charge-separation processes. Novel 2Dsignals that make use of 

entangled photons will be presented and the observation of quasiparticle entanglement in 

multidimensional nonlinear optical spectroscopy of aggregates will be discussed. 

 

15.15 Discussion 

 

15.30 Tea 

 

16.00 Photosynthesis and how to convert solar energy into fuels 

Professor Richard Cogdell FRS, University of Glasgow, UK 

 

 One of the great challenges facing mankind is how to provide for our energy needs as oil and gas 

start to run out. Solar energy has the capacity, in principle, to provide this energy. For example enough 

solar energy hits the surface of the earth each hour to provide for man’s current annual energy needs. 

Solar cells already have the capability to convert solar energy into electricity at efficiencies of close to 

20%. The problem however is to produce fuels. In particular dense, portable fuels that can be used for 

transport needs such as flying and shipping. There is one major chemical process on our planet that 

does convert huge amounts of solar energy into fuel each year. That is photosynthesis. 

 

In this presentation the key reactions in photosynthesis will be highlighted together with strategies of 

how to use them as a blueprint to devise novel ways to produce solar fuels. The basic reactions of 



 
 

 

photosynthesis can be broken down into four partial reactions. These are; 1) Light harvesting, 2) 

Charge separation, 3) Use of the positive charges to remove electrons from water, and 4) Use of the 

negative charges to do reductive chemistry (production of the fuel). 

 

In Glasgow we are concentrating on steps 1-3. Ours is a dual approach. We are using working 

biological modules (light harvesting complexes and reaction centres) to learn the design principles of 

how to array them on surfaces and to answer the question as to what precise supra-molecular 

architectures are required for efficient light harvesting and charge separation. At the same time 

chemical systems capable of carrying out reactions 1-3 are being synthesised and tested. Progress in 

both these approaches will be described, together with some ideas about how to tackle reaction 4. 

 

16.30 Discussion 

 

16.50 Poster session 

 

18.00 End of Day 1 

 

 

 

Day 2 - Thursday 28 April 2011 

 

Session 3 – Quantum features of energy transport 

Chair – Dr Alexandra Olaya-Castro, University College London, UK and Dr Ahsan Nazir, Imperial 

College London, UK 

 

09.30 Quantum coherence and quantum transport in photosynthetic antenna complexes 

 Professor Greg Engel, University of Chicago, USA 

 

Long-lived quantum coherence in photosynthetic antenna complexes persists to physiological 

temperature and has been suggested to impact energy transport efficiency. We will present new 2D 

electronic spectra indicating that manifestly quantum transport dynamics appear in photosynthetic 

complexes. These dynamics arise from system bath coupling that mixes excitonic populations and 

coherences. From this mixing, excitonic populations take on oscillatory character and coherences 

"borrow" lifetime from the populations. The interpretation and origin of these terms of the relaxation 

superoperator will be discussed in detail. 

 

10.00 Discussion 

 

10.15 Theory of energy transfer beyond perturbative treatments 

Professor Yoshitaka Tanimura, Kyoto University, Japan 

 

A complete treatment of the entanglement of quantum systems, which evolves through the contact 

with thermal bath, must include the fact that the system and the bath are not fully separable. 

Therefore, quantum coherent superpositions of system and bath states, which are rarely included in 

theoretical models, are invariably present when an entangled state is prepared experimentally. We 

demonstrate their importance for the time evolution of the entanglement based on nonlinear optical 

measurement. We analytically derive an expression for the non-Markovianity in the time evolution of a 

two-level system in dissipative environment, and find a close connection with the directly observable 



 
 

 

nonlinear optical response. The result indicates that memory in the bath induced fluctuations rather 

than in the dissipation causes non-Markovianity. Initial correlations between states of the system and 

the bath are shown to be essential for a correct understanding of the non-Markovianity. Based on 

reduced hierarchy equation of motion approach, the differences between the correlated (entangled) 

and factorized dynamics are illustrated by multi-dimensional spectra. 

 

10.45 Discussion 

 

11.00 Coffee 

 

11.30 Transport and entanglement in model systems of photosynthesis 

Dr Markus Tiersch, University of Innsbruck, Austria  

 

Recent experimental evidence suggests that in the early step of photosynthesis, where light is 

absorbed and excitation energy is transported through a network of molecular complexes of 

chlorophyll units, the energy transfer happens quantum coherently, even at room temperature. 

Stimulated by these findings, theoretical models of the excitation transfer process have linked the 

transport properties of light-harvesting complexes to entanglement. In this talk, we shall critically 

revisit the theoretical modeling of transfer scenarios in light-harvesting complexes and discuss the 

notion and role of entanglement in this context. 

 

12.00 Discussion 

 

12.15 The quantum Goldilocks principle 

Professor Seth Lloyd, MIT, USA 

 

The Goldilocks principle for the design of complex systems states that there is a level of complexity 

that is `just right' - less complexity compromises functionality, and greater complexity compromises 

robustness. This talk proposes a quantum Goldilocks principle for biomolecular complexes. As natural 

selection acts on quantum biological processes such as photosynthesis, time and energy scales are 

tuned to allow these quantum processes to function to efficiently and robustly. 

 

12.45 Discussion 

 

13.00 Lunch 

 

 

Session 4 – Next generation of materials for energy technologies 

Chair – Professor Jenny Nelson, Imperial College London, UK 

 

14.00 Excitation dynamics in polymers 

Dr Laura Herz, University of Oxford, UK 

 

Conjugated polymers and molecules are increasingly used as cheap artificial light-harvesting materials 

in photovoltaic devices. Primary photoexcitations in conjugated molecular material are now generally 

believed to be correlated electron-hole pairs (excitons) with binding energy of up to a few hundred 

meV. However, the extent of their initial wavefunction delocalization and the following localization 

dynamics are still a matter of controversy. This talk will show how such wavefunction delocalization 



 
 

 

dynamics are affected by relaxations of the conjugated backbone conformation and by the molecular 

arrangement in the condensed phase. Excitonic delocalization is demonstrated to occur along an 

individual conjugated backbone but also for certain conditions across several distinct molecular 

subunits of the material, both of which affect the rate of energy transfer in the organic material. 

For materials designed for use in photovoltaic applications, typically a blend of at least two materials is 

used who form a type-II heterojunction at their interface, thus making charge separation energetically 

favourable. Electronic wavefunction delocalization near or across the interface has a pronounced effect 

on the efficiency of such charge generation as will be shown for the example of a molecular 

heterojunction formed between a conjugated polymer wrapped around a single carbon nanotube. 

 

14.30 Discussion 

 

14.45 The role of electronic couplings in excitation energy transfer processes of various molecular 

assemblies 

Professor Dongho Kim, Yonsei University, Korea 

 

Various synthetic strategies have been developed to devise a variety of covalently linked and self-

assembled porphyrin arrays in molecular photonics because of their similarities in architecture and 

subunit structures to the natural photosynthetic light-harvesting complexes. For the porphyrin arrays to 

be efficient molecular devices, they should have very regular pigment arrangements which allow a 

facile light energy or charge flow along the array but do not result in the alteration of individual 

properties of the constituent pigments leading to the formation of so-called energy or charge sink. In 

these respects, understanding of photophysical properties of these macromolecular architectures, 

particularly the excitation energy migration processes occurring on ultrafast timescale, is essential for 

the rational design of molecular devices for photonic, electronic, or optoelectronic applications. 

In the present study, we discuss the excitation energy migration processes of directly coupled linear 

porphyrin arrays (orthogonal and fused) and cyclic porphyrin arrays (1,3-phenylene bridged and 

directly linked) that have been investigated both at the ensemble and single-molecule levels by 

ultrafast spectroscopic technique and single molecule fluorescence spectroscopy. We have revealed 

that the ultrafast excitation energy migration processes in porphyrin arrays are strongly influenced by 

the electronic couplings among the constituent porphyrins as well as the structural rigidity of overall 

architectures. Our results on these spectroscopic observations allow for a better understanding of how 

the light-signal transmission occurs in these sorts of molecular assemblies and provide insight into the 

relationship between electronic coupling/structural rigidity and the excitation energy migration 

efficiency. 

 

15.15 Discussion 

 

15.30 Tea 

 

16.00 Lessons from nature about solar light-harvesting 

Professor Greg Scholes, University of Toronto, Canada 

 
The aim of this presentation is to summarize what has been learned from studies of photosynthetic 

light-harvesting and energy transfer into a few important ‘lessons’ that will aid the design of optimal 

synthetic light-harvesting systems. Some of these design principles are not easily mimicked, yet they 

are fascinating and still under study. An example is the role that the protein plays in optimizing light 

harvesting. Other phenomena challenge our understanding of chemical dynamics. Recently, for 



 
 

 

example, it has been discovered that quantum-mechanical coherence is involved in the transport of the 

solar energy captured by pigment molecules in the light-harvesting proteins. This has stimulated 

immense excitement because evidence suggests that this biological process employs intrinsically 

quantum-mechanical phenomena—not too dissimilar from those studied in quantum information 

science. It is the realization that biology, normally understood to occur in a classical, thermodynamic 

limit, is able to utilize quantum-mechanical superposition states and interferences that is most 

tantalizing. These and other concepts that could be employed by nanoscale systems for light 

harvesting will be described. 

 

16.30 Discussion 

 

16.45 Overview 

 

18.00 Close of meeting 
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