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A Note on 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 Å

Binding 
Energy:
0.8-1 eV

Radius:
~100 Å

Binding 
Energy:
~10 meV



Length and Timescales of Photosynthesis

Pigment-protein 
complexes

10 nm

Pigments
1 nm 

Membrane
100s nm

Photosystems
25 nm

Inter-pigment 
energy transfer

Electronic Energy
Transfer (EET) to
reaction centres

Charge separation Electron and proton 
Transfer



Photosystem II of Higher Plants
• Light is absorbed by chlorophyll 

inside light harvesting antenna 
proteins

• Energy is transferred rapidly 
(10s femtoseconds to several 
picoseconds) between the 
various chlorophyll pigments 
within individual proteins

• Then energy is transferred 
between proteins and funnelled 
towards the inner core-
complexes and eventually 
reaction centres

• At reaction centres charge-
separation is initiated, 
generating electrons and holesC2S2M2 structure of PSII



Light Harvesting Complex II (LHCII)
Protein 

represented 
by backbone 

and ribbon

PBD: 2BHW, 2.5 A LHCII from peas

LHCII is the most 
abundant pigment-
protein complex in 
plants

LHCII  is 
trimeric protein
Each monomer 
contains:
8 Chl-as,
6 Chl-bs
and 3-4 
Carotenoids
pigments



Light Harvesting Complex II (LHCII)
LHCII pigments:

Carotenoids
Chlorophyll-a
Chlorophyll-b



Energy Transfer in the Weak-Coupling Limit: 
Förster Resonant Energy Transfer (FRET)

• How is excited state population transferred from one 
molecule to the next?

• We must consider the interaction between transition 
dipole moments on nearby molecules.

• Consider two molecules, D (donor) and A (acceptor), 
that are infinitely separated.

• Absorption of a photon can promote either molecule 
to its excited state, generating D* or A*.

• But due to their infinite separation, excitation of one 
molecule does not affect the other.

• At closer distances, this is no longer the case, and 
excitation of D can lead to fluorescence on A!:
via: DA + hnD ⟶ D*A ⟶ DA* ⟶ DA + hnA



Förster Resonant Energy Transfer (FRET)

RDA = 30 Å

RDA = 20 Å

RDA = 15 Å

Donor fluorescence

Acceptor fluorescence

When exciting D and measuring the fluorescence from D and A, as a function of RDA:



Dipole-Dipole Coupling

• As we bring D and A together, the two transition 
dipole moments start to interact via coupling term:

• Where µD and µA are the vectors of TDMs on D and A, 
RDA is the vector between D and A, n is the refractive 
index, and e0 the permittivity of free space

V =
µD ⋅µA
4πε0n

2RDA
3 −

3(µD ⋅RDA)(µA ⋅RDA)
4πε0n

2RDA
5



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

• fD and tD are the fluorescence quantum yield and lifetime 
of the isolated donor, N is Avagadro’s number and k is the 
dipole orientation factor

• The Förster spectral overlap, I is given by:

• Here aA(n) is the acceptor absorbance and fD(n) the donor 
fluorescence

• Only valid when monomer features are not altered, i.e. V < l 
(weak coupling regime)

Förster Energy Transfer Rate

kD→A =
φD
τ D

9000(ln10)κ 2I
128π 5Nn4

1
RDA
6

Full derivation: G.D. Scholes, Annu. Rev. Phys. Chem., 534, 57-87 (2003)

I =
aA(ν) fD (ν)

ν 40

∞

∫ dν



Förster Spectral Overlap Integral, I

• 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



General Form of Dipole Orientation
• Orientation of two dipoles is also important to 

determining the rate of energy transfer:

κ = cosϕ − 3cosθD cosθ A

RDAj

qD qA

qD = 90∘
qA = 90∘
j= 0∘
k = +1

qD = 0∘
qA = 0∘
j= 0∘
k = −2

qD = 90∘
qA = 0∘
j= 90∘
k = 0

0 ≤ k2 ≤ +4

κ ∝ µD ⋅µA − 3(µD ⋅RDA )(µA ⋅RDA )



Simplified form of the Förster Equation
• Normally you will see the Förster equation written as:

• This equation effectively wraps up the dipole 
orientation factor and overlap integral into the R0

6

term, where R0 is known as the Förster radius
• In the special case where R0 = RDA, the energy transfer 

rate simplifies to:

• In this instance, the energy transfer rate from D to A, 
and fluorescence from D are equally likely.

kD→A =
1
τ D

R0
RDA

⎛
⎝⎜

⎞
⎠⎟

6

kD→A =
1
τ D



• Fundamental understanding of the primary 
steps in photosynthesis for weakly coupled 
chromophores, e.g. bacteria not plants though

• Insights into protein folding and conformational structure 
using fluorescent tags

Practical Uses of Förster Theory

Transfer efficiency

Ev
en

ts

Boriga et al., Nature, 474, 662 (2011)



V vs l
• Preceding discussion ignores re-organisation energy, l and 

the relative coupling strength, V

Ra
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ET



J-Aggregates
• When increasing the concentration of cyanine organic 

dye molecules in solution, the absorption spectrum red 
shifts dramatically

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

• Can be comprised from up 
to 60 monomers

• J-aggregates are 
named one of the
first researchers
who discovered 
them: E.E. Jelly

PIC dye



Large Dipole Coupling Regime
• When the dipole coupling strength V is similar to l, energy 

transfer rates are maximised but there are consequences
• The linear absorption of the coupled molecules is different

to the isolated species: we are now in the perturbative 
regime

• The unperturbed states have
eigenvalues E1 and E2:

• Calculate new states of coupled dimer with perturbation 
theory: H = H0 +V

H0 =
E1 0

0 E2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

 and  V =
0 V12

V21 0

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

H0 Ψ *A = E1 Ψ *A
H0 Ψ *B = E2 Ψ *B



Electronically Coupled Dimer

• Diagonalising the matrix yields the eigenvalues of the new 
system:

• For a homodimer E1 = E2 = E0, and thus:

E± =
E1 + E2
2

±
E1 − E2
2

⎛
⎝⎜

⎞
⎠⎟
+ V12

2

E± = E0 ± V12

so  H =
E1 V12

V21 E2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

where  V12 =V21 *  and  V21 =V12 *



Electronically Coupled Homodimer

• The sign of V
dictates which 
state is lower in 
energy and 
dictated by the 
relative 
orientations of 
TDMs on A and B

• Y+ is dipole 
forbidden in J-
aggregates



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
-



Bulk-Heterojunction Organic Photovoltaics

• Bulk heterojunction OPVs combine light 
absorbing donors (e.g. P3HT) with 
electron acceptors (e.g. PC60BM)

• Mechanism of primary steps still hotly 
debated, despite intense study

• Ideal operation must include:
• 1) Exciton generation in donor domains 

and transport to donor/acceptor interface 
• 2) Rapid and irreversible dissociation into 

e+ and h-

•

Song et al., Nat. Comm., 5, 4933 (2014), De Sio et al., Nat. Comm., 7, 13742 (2016)

3) Fast extraction to avoid non-geminate recombination or trapping

What is the influence of the nanoscale morphology?



Energy vs. Electron Transfer

Direct photoinduced
electron transfer is very 
unlikely due to null 
overlap integral (i.e.
HOMO and LUMO are on 
different molecules)

ψ D+A− µ̂ ψ DA

2
~ 0

ψ D* µ̂ ψ D
2 > 0



• Photoexcitation induces a change in the molecular 
dipole moment, which leads to a moderate amount of 
solvent reorganisation

• In electron transfer, two charged species are created, 
which has a far greater impact on the surrounding 
solvent

Solvent Reorganisation



• For electron transfer reactions, we need to think in 
terms of changes in Gibbs free energy, DG, due to large 
entropic effects associated with solute and solvent

• Recall: DG = DH − TDS

Free Energy Profiles for Electron Transfer

l - total reorganisation energy
DG* - free energy barrier
DG0 - free energy of reaction
DQ - Change in total nuclear
configuration for reaction



• l is defined as the change in Gibbs energy if the reaction 
state were to distort to the equilibrium geometry of the 
product state, without transfer of an electron

• And can be calculated via:
where lvib is the vibrational re-organisation energy and 
the solvent re-organisation, l0:

where a1 and a2 are the ionic radii
including primary solvation shell,
r is the internuclear D+--A- distance,
e is solvent dielectric constant

Total Reorganisation Energy

λ0 =
e2

4πε0
1
2a1

+ 1
2a2

− 1
r

⎛
⎝⎜

⎞
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1
n2

− 1
ε

⎛
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⎞
⎠⎟

λ = λ0 + λvib



• We can write the rate of electron transfer as per the 
Arrhenius equation:

• However DG* is difficult to experimentally determine, 
so instead we retrieve the rate from Marcus theory, 
which utilises DG0 and l:

Marcus Electron Transfer Rate

kET = Aexp
− λ + ΔG0( )2
4λRT

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

kET = Aexp
−ΔG *
RT

⎡
⎣⎢

⎤
⎦⎥



• The rate of electron transfer is dictated by a balance 
between DG*, DG0 and l. If we systematically vary DG0:

Factors Affecting Electron Transfer Rate

“Normal” regime:
DG0 < 0
DG* > 0
l > −DG0

Marcus inverted regime:
DG0 <<< 0
DG* > 0
l < −DG0

Barrierless regime:
DG0 << 0
DG* = 0
l = −DG0



Marcus Inverted Regime

• Rate constant associated 
with electron transfer first 
increases as DG0 becomes 
more negative, then 
decreases again when 
l < −DG0

G.D. Reid, J. Am. Chem. Soc., 124, 5518 (2002)



Photoinduced Electron Transfer

• Reaction of DA ⟶ D+A− is
energetically disfavoured 
because DG0 >> 0.

• If we start from D*A, however, 
DG0 < 0, and reaction can 
occur

• For appreciable electron 
transfer yield, D* must be 
sufficiently long lived



Photoinduced Electron Transfer

Examples include:
1) Photoredox reactions
2) Fluorescence quenching
3) Charge separation at 
photosynthetic reaction centres

4) Exciton dissociation in OPVs

Carbon dot + Cu2+ + hn⟶ Carbon dot+ + Cu+


