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Previously… 

•  The Born-
Oppenheimer 
approximation allows 
us to separate electron 
and nuclear degrees of 
freedom 

•  This leads us to the 
potential energy 
surface 



Dynamic Stokes Shift 
The Stokes shift evolves as a f(t) as per the solvent re-organisation timescale 
Solvent re-organisation energy is given by λ and typically 1/2 x the Stokes Shift 
 

λ 



Excitons 
•  It is important to clarify what is meant by exciton 
•  The term represents an interacting electron-hole pair 

•  Frenkel: tightly bound e--h+ pair, organic molecules 
•  Wannier-Mott: loosely bound, semi-conductor, QDs 

Radius: 
 ~10 A 
 
Binding 
Energy: 
0.8-1 eV 

Radius: 
~100 A 
 
Binding 
Energy: 
~10 meV 



J-Aggregates 
•  When increasing the concentration of cyanine organic 

dye molecules in solution, the absorption spectrum 
narrows and red shifts dramatically 

•  The dye molecules aggregate together through van 
der-Waals interactions 

•  J-aggregates exhibit 
a red shift and are  
named one of the 
first researchers 
who discovered  
them: E.E. Jelly 

•  The narrowing is 
one key signature 

TDBC dye 



•  Two interconverting species, A and B have an exchange 
rate k:                      with frequencies ωA and ωB 

•  The linewidths of the non-exchanging species are dictated 
by molecular relaxation processes, i.e. lifetime limited 

•  When k is greater than the splitting frequency, they merge 
•  Why does this happen in J-aggregates? We have 1 species!  

Exchange Narrowing 

A k! ⇀!↽ !! B

k	<<	ωB-ωA	

k	>>	ωB-ωA	

ωA	 ωB-ωA/2	 ωB	



Dipole-Dipole Coupling 
•  At infinite separation, AB* and A*B are degenerate 

(*denotes which of the two molecules A or B are excited) 
•  As we bring A and B together, the two transition dipole 

moments start to interact producing a cross-term in the 
system Hamiltonian 

•  The interaction is given by coupling term: 

•  Where µA and µB are the TDMs on the monomers, RAB is the 
pointing vector from A to B and n the refractive index 

•  The basis of excited states can be 
composed from:                                 with 
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Electronically Coupled Homodimer 
•  The resulting eigenstates of the coupled system, the actual 

excited states, are a linear combination of the two 
monomers: Ψ+ = A*B + AB* / 2,E+ = E0 +V

Ψ− = A*B − AB* / 2,E− = E0 −V

•  The sign of V dictates 
which state is lower in 
energy 

•  This is dictated by the 
relative orientations of 
TDMs on A and B 

•  Here only AB state is 
allowed (Ψ-)



V vs λ
•  Preceding discussion ignores re-organisation energy, λ! 



Weak Coupling: Förster Theory 

•  Förster energy transfer 
is often thought of in 
terms of emission of a 
photon from a donor 
that is absorbed by an 
acceptor 

•  This is incorrect as it is a 
non-radiative process 

•  Instead we should think 
in terms of oscillatory 
dipoles 

D*A             DA* 

Wavelength 



•  The Förster electronic energy transfer (EET) rate is 
given: 

 
 

•  φD and τD are the fluorescence quantum yield and 
lifetime of the donor, N is Avagadro’s number and 
κ is the dipole orientation factor 

•  The Förster spectral overlap, I is given by: 

•  Here aA is the acceptor absorbance and fD the 
donor fluorescence 

•  Only valid when monomer features are not altered, 
i.e. V < λ

Förster Energy Transfer Rate 
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General Form of Dipole Orientation 

κ = µ
D
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Strong Coupling Regime 

•  When V >> λ, the coupling strength splits the 
excitonic states further apart 

•  Systems that enter this regime are generally 
dominated by exciton relaxation between upper 
and lower energy levels 

•  As V increases, the energy transfer rate decreases 
as bath fluctuations (protein/solvent) are unable to 
bridge the energy gap 

•  In this regime Redfield Theory is used to model the 
dynamics 



Intermediate Coupling Regime 
•  Here V ~ λ and cannot be modelled by Förster or 

Redfield theory because they do not model the 
dynamics of the dynamical aspects of the bath 

•  Consider dynamics in this regime “coherent” – i.e. 
involves a superposition of eignstates as V ~ λ  

•  The timescale of energy transfer is commensurate 
with the bath relaxation 

•  Born-Oppenheimer approximation doesn’t hold as 
non-equilibrium electronic-vibrational coupling is 
important 

•  Can only model this regime with the Hierarchal 
Equations of Motion (no analytical form) 



Intermediate Coupling Regime 
•  Lets consider what is meant by coherent transfer 
•  It’s a fancy term for delocalised (in a time averaged 

picture) where the spatial form of the wavefuction 
is spread over two different chromophores 

•  In the time domain, the energy will be oscillating 
rapidly between the two sites before the bath can 
dissipate energy 



Light Harvesting Complex II (LHCII) 
•  LHCII is the most abundant pigment-protein complex in higher plants 
•  LHCII forms trimers; each monomer contains 8 Chl-as, 6 Chl-bs and 3-4 

Carotenoids pigments 
•  Each pigment sits in a specific protein pocket that tunes the site 

energies (see below) via H-bonding/electrostatic interactions 

Chl-b 

Chl-a 



LHCII Excitonic Landscape 
•  Dipole-dipole coupling between 

chromophores modifies energy landscape 
further, and delocalises the excited state 
wavefunction 

•  V ~ λ ~ kT 

 

•  It is these excitons that 
comprise the visible 
absorption spectrum (black 
sticks on spectra) 

•  When photoexcited, does 
energy just trickle down the 
exciton landscape?	



LHCII Energy Transfer Dynamics 

•  Quantum mechanical 
wave-like walk, in a 
biological warm, wet, 
noisy environment 

•  Use 2D electronic spectroscopy 
to investigate energy transfer 

•  Cuts along the diagonal show 
energy oscillates between low 
and high energy exctions for > 
400 fs 



Electronic Coherences 
•  Why is the oscillation in energy (superposition of excitons) 

beneficial? 

•  What about the vibrational degrees of freedom- remember 
that V ~ λ for photosynthetic light harvesting antennae

At T = 0 fs 

With uncorrelated 
bath fluctuations 



What about the Vibrations? 

•  Lots of vibrations with significant Franck-Condon factors 
between different pigments 

•  Energy matches between resonant vibrations and the 
energy gap between two exciton states



Energy Transduction into Charges 
•  Energy transduction into electron and hole carriers occurs at 

reaction centres, that are very efficient energy “sinks” 
•  EET is active on both branches of bacterial reaction centres 

•  Special pair, P, is the primary site for exciton fission into e-, h+ 

•  Electron transfer then proceeds down the A branch only! 
•  PP*        P+P-        P+BA

-        P+HA
-       P+QA

-         P+QB
-



Electron Transfer: Marcus Theory 
•  Consider electron transfer reaction between DA       D+A- 

•  UD and UA are the PES associated with D and A moieties 
•  El is the re-organisation energy (λ) and ΔE the driving force 
•  Marcus theory for electron transfer borrows from Fermi’s 

Golden Rule and the Arrhenius equation 

(Reaction co-ordinate) 



Electron Transfer: Marcus Theory 
•  The Marcus electron transfer rate is given by: 

 
•  And the re-organisation energy can be termed in 

terms of donor and acceptor vibrational DOFs: 
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Proton-Coupled Electron Transfer 
•  When protons and electrons are transferred in a reaction, 

we normally think of these as sequential processes 
•  But H+ and e- transfers can occur simultaneously via a 

reaction pathway with a lower barrier, this is known as 
proton-coupled electron transfer (PCET) 



Proton-Coupled Electron Transfer 

•  Classic example is at the reaction centre of PSII of higher plants 

•  Also thought to be a key 
step in some catalysis reactions 



Proton-Coupled Electron Transfer 
•  Modelling of PCET, or even sequential ETPT, PTET 

reactions at present seems to be system dependent 
•  Theories combine Modified Redfield theory (very  

strong coupling) and Marcus Theory 
•  Electron-proton co-ordinate treated with QMs 



•  Experimental Methods and Examples 
•  Time-correlated single photon counting 
•  Non-linear spectroscopies: 

•  Transient absorption 
•  Photon echo 
•  Multidimensional optical spectroscopies 

Next time… 


