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Ultrafast Events Determine Function (I): 
Primary Steps of Vision

Formation of all-trans rhodopsin triggers a long complex sequence of events:
1) Reduction in [cGMP]
2) Na+ channels close, increasing the membrane potential
3) Slows release of glutamate neurotransmitters at synapses
4) Modulates the interneuron pathways
5) Connected ganglion cells fire and feedback to brain

65% of 
photoexcited 11-
cis-rhodopsin is 
converted to the 
all-trans form 
within 200 fs

D. Polli, et al., Nature, 467 440 (2010). 
1 fs = 0.000000000000001 s: there are more fs in one 
second than there are years in the age of the universe!!



Ultrafast Events (II): Initial Steps in Light Harvesting

Muir Woods, California

• Very efficient conversion of 
excitations into e− and h+

• Inbuilt photo-protective and 
repair mechanisms

• Plants grow, live and flourish in 
diverse environments including 
fluctuating light conditions

• Two main pigments used in 
natural light harvesting: 
Chlorophylls and Carotenoids



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

• The primary steps of photosynthesis occur on ultrafast timescales and drive 
downstream processes such as charge separation and electron and proton transfer



Ultrafast Events (III): Organic Photovoltaics

• Instantaneous exciton formation 
(bound electron-hole pair)

• Exciton migration to an interface 
must be very fast otherwise the 
energy will be lost as 
fluorescence/heat

• Exciton dissociation into h+ and e-

carriers must also be fast to avoid 
geminate recombination
near to the interface

• What is the influence of morphology?

P3HT PC60BM



Ultrafast Events (IV): DNA Photophysics

• Photoinduced lesions and reactions are correlated with the 
absorption spectrum of DNA bases



Structure Affects Function and Lifetime
• 90% of thymine molecules 

return to S0 within 1 ps
(1 ps = 1x10-12 s)

• When the sugar and 
phosphate groups are 
attached, the lifetime 
increases significantly

• For (dT)n, 10% of molecules 
decay on a nanosecond 
timescale  (~1x10-9 s)

• Lots of time for excited 
state photochemistry!

Deoxythymidine
monophosphate



Electromagnetic Waves

• In free space the velocity of all EM waves is given by:

• e0 and µ0 are known, and thus the speed of light in a 
vacuum, c, is 2.997,924,58 x 108 ms-1

v = 1
ε0µ0



Photons
• "It seems as though we must use sometimes the one 

theory and sometimes the other, while at times we 
may use either. We are faced with a new kind of 
difficulty. We have two contradictory pictures of 
reality; separately neither of them fully explains the 
phenomena of light, but together they do". – Einstein

• Each photon has an Energy, E, that is quantised: 
• E = hn

• h is Planck’s constant = 6.626 x 10-34 Js-1

• n is the frequency of light in s-1

• Photons are stable, charge-less, massless, 
elementary particles that exist only at speed c



Photons

• Photons cannot be observed directly; what is 
known of them comes from observing the result of 
them being created or annihilated

• When a very large number of photons occupy the 
same state, the inherent granularity of light 
vanishes and the EM field appears as a continuous 
wave

• Different monochromatic plane waves represent 
different photon states, i.e. different frequencies of 
light



Electromagnetic Spectrum



Induced Dipole
• When EM waves fall on an atom or molecule the electric 

field disturbs the electron cloud around the nuclei
• The situation is analogous to bringing a charged particle 

close to an electric field
• When the field is applied from the top

the positive charge density is attracted
towards it, and negative density
repelled- creating a dipole

• If the field is applied on the bottom,
we observe the opposite effect

• In the situation where the field oscillates between upper 
and lower positions, the induced dipole will oscillate with 
the frequency of the field



Light-Matter Interaction

• The oscillating E field of EM radiation 
acts in a similar way and creates an 
oscillatory dipole in the matter

• The dipole moment is created in the 
direction of the E vector of light

• If the frequency of light is resonant 
with the energy levels of the molecule, 
the energy can be absorbed, creating 
oscillating dipole moment µ (transition 
dipole moment)



Absorption
• Let a molecule have two energy states E1 and E2, 

where E2 > E1.
• The frequency required to excite the molecule 

from E1 to E2 = hn = E2-E1
• Lets expose the system in E1 to 

radiation with density of r(n)
• The rate of change in E2 population

due to induced absorption is given by:

• B12 is the Einstein B coefficient for
induced absorption and N1 and N2 are the number 
of molecules in states E1 and E2, respectively.

dN2

dt
= N1B12ρ(ν )



Stimulated Emission
• The probability of returning back to E2 has two 

components
• Stimulated emission is the first we shall consider
• For N2 particles in E2:

• Here the emitted photon travels
co-linear with the incoming radiation

• B21 is the Einstein B coefficient for
stimulated emission

dN2

dt
= −N2B21ρ(ν )

E2

E1



Spontaneous Emission
• Conversely molecules may spontaneously emit 

from E2, in any direction. The population decay is 
independent of any external radiation field:

• A21 is the Einstein A coefficient for
spontaneous emission

• At equilibrium the two rates are equal:

dN2

dt
= −N2A21

B12N1ρ(v12 ) = A21N2 + B21N2ρ(ν21)

E2

E1

• For this specific two level system n12 = n21



Einstein A and B Coefficients
• So by re-arrangement we get the ratio of the 

excited and ground state populations:

• The ratio of the number of particles in the two 
energy levels can also be given by the Boltzmann 
distribution law:

N1
N2

= e−(E1−E2 )/kT = ehν /kT

N1
N2

= A21 + B21ρ(ν )
B12ρ(ν )



Einstein A and B Coefficients
• And re-arranging and substituting:

• But Planck got here first from the energy 
distribution of black body radiation at temp, T:

• Thus                                   and A2→1 =
8πhν 3

c3
B2→1B1→2 =

N2

N1
B2→1

ρ(ν ) = A21 / B21
N1
N2

B12
B21

ehν /kT −1

ρ(ν )dν = 8πhν
2

c3
hν

ehν /kT −1
⎛
⎝⎜

⎞
⎠⎟ dν



Spin and Vibrations
• Singlet and triplet states in atoms:

• Quantum mechanically: DS = 0 (also: Dℓ = ±1)
• For systems with more than one nuclei, we have to 

worry about nuclear degrees of freedom, i.e. (ro-) 
vibrational states.
• For linear molecules with N atoms: 3N−5 vibrational 

states
• For non-linear molecules: 3N−6 vibrational states

✓ ✖



Electronic States

• Low energy singlet excited electronic 
states are formed by promotion of an 
electron from a bonding to an anti-
bonding orbital (see MOs of indole)

• We then ascribe the states a label 
based on the orbitals involved

The first electronically excited singlet state 
of indole, S1 (1Lb), is a p*⟵p transition: An 
electron in the HOMO is promoted to the 
LUMO orbital



Jablonski Diagram
• For more than two states, we can think in terms of a 

Jablonski diagram (which includes ro-vibrational levels)



Fermi’s Golden Rule

• Fermi’s Golden Rule provides a constant rate for 
population transfer between one eigenstate and a 
quasi-continuum of states

• It can provide a good estimate of the internal 
conversion rate: from one vibrational level to a 
high density of vibrational states on a lower energy 
potential energy surface:

• Where                   is the matrix element of 
perturbation H’ between i and j states, and r(Ej) is 
the density of states per unit energy

ki→ j =
2π
!

j H ' i 2 ρ(Ej )

j H ' i

i
j



Born-Oppenheimer Approximation

• TISE is dependent on the nuclear and electron positons (R and r
respectively).

• Unfortunately we cannot solve this equation for anything other 
than Hydrogen atom like systems

• Nuclear motion is far slower than the electron velocities
• Recognising that these differences in timescales, we can invoke 

the Born-Oppenheimer approximation:

• Where the nuclear wavefuction (c) is no longer dependent on 
the position of the electrons

• This thereby provides a potential energy surface which the 
nuclei move on

TN +Te +Vee r( )+Vnn (R)+VeN (r,R)⎡⎣ ⎤⎦ψ (r,R) = Eψ (r,R)

ψ (r,R) = φi (r;R)χ i (R)
i
∑



The Potential Energy Surface

• We can calculate the 
potential energy as a 
function of inter-
nuclear co-ordinates

• The figure displays a 
2D PES for ammonia 
as a function of N-H 
stretch and bond 
angle, q
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A Note on Excitons
• It is important to clarify the definition of an exciton
• The term represents an interacting electron-hole pair, 

e.g. excited state of molecule, nanomaterial, etc..
• 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



Born Oppenheimer Dynamics

✖



Limitations of the Born-Oppenheimer Approximation
• Born-Oppenheimer approximation assumes that the 

electronic structure of the molecule rapidly adjusts to changes 
in nuclear configuration and restricts motion to one surface

• For example, in the case of NaI photodissociation this means 
only Na+ + I- products would be formed.

• Born-Oppenheimer 
approximation can fail 
if nuclear motion is 
fast, and surface 
hopping e.g. to form 
Na. + I. products

• This occurs in regions 
of the potential energy 
surface called conical 
intersections



Co-ordinates of Conical Intersections
• Two important co-ordinates in 

the branching plane: tuning 
and coupling modes

• Timescale of nuclear and 
electronic motion is no longer 
decoupled:

H ≠ Helec + Hnuc

• The Born-Oppenheimer 
approximation breaks down

• Conical Intersections provide 
an ultrafast funnel between 
two (or more) electronic states



Conical Intersections in Action: DNA

• Branching into the 1pp* and 1np* state is dictated by: 
momentum of nuclei, electronic coupling between states

Hare et al., PNAS, 104, 435 (2007)



Conical Intersections Mediate Efficient 
Singlet Fission in TIPS-pentacene

Musser et al., Nat. Phys., 4, 352 (2015)

• Singlet fission converts
one singlet exciton into 
two triplets

• Triplet lifetimes are 
longer, and therefore 
better for exciton 
diffusion in organic 
photovoltaic materials

• In 100 fs singlet fission of
TIPS-pentance occurs with 
a 200%(!) quantum yield 
and driven via passage 
through a conical 
intersection mediated by 
low frequency vibrational 
motions



Solution Phase Photochemistry
• Thus far we have only worried about the interaction 

of light with isolated molecules
• Molecules and materials don’t exist in a vacuum,  

they are not a closed system but are surrounded by 
baths, e.g. solution, protein, extended materials
• Liquids are very dense: 1022 molecules cm-3, 

meaning at thermal energies collisions between 
adjacent molecules occur on timescales between 
10-15 and 10-13 s.
• The interactions with surrounding molecules on 

such short timescales, means elementary relaxation 
processes involve energy loss through interaction 
with the environment.



Put simply: “molecules move, exchange 
vibrational energy with surroundings, 

transfer charges (protons/electrons) and 
respond to sudden changes in the 

environment on picosecond and shorter 
timescales.”

Graham Fleming
Chemical Applications of Ultrafast Spectroscopy (1986)



Solute-Solvent Interactions
Mechanical Rotational (and Translational) Motion
• Rotational motion for macromolecules in liquids can be 

approximated by the Debye-Stokes-Einstein relation:

assuming a spherical particle with volume, V= (4/3)pr3 and 
dynamic viscosity h: tangential force per unit area

Ds = kT / 6Vη

• Model fails for small molecules, 
especially oblates or prolates:
for a solute molecule to move, 
solvent molecules must be 
pushed out of the way

• Neglects electrostatic inter-
molecular interactions prolate: l1≫l2 = l3 oblate: l1= l2 ≫ l3



• Dipolar Interactions
• Several types of different 

intermolecular interactions present in 
solution:
• van der Waals/ H-bonding
• Dipole-dipole:

• Generally reduce system to “system” 
(solute) and “bath” (solvent). i.e. 
solute dipole and bulk dielectric

• Cartoon illustrations a snapshot in 
time, but continually changing due to 
thermal energy (kBT)

Solvation shell: ~3 Å diameter

H

V (r) = −2µ1µ2
4πε0r

3 where: µx = Qjx j
j
∑

d-

d+

d-

d+
EthanolThiophenol

H

Solute-Solvent Interactions



Fluorescence Red Shifts

Dye in solution

Retinal in opsin protein

Solvatochromaticity

Zhang et al., Chem. Sci., 5 2710-2716 (2014)

11-cis-retinal

Wang et al., BioEssays., 36 65-74 (2013)



Homogeneous Broadening

Isolated gas phase molecules:
t depends on Einstein A and B 
coefficients:

Solution phase:
One source of broadening is from coupling 
to solvent quasi-continuum reduces the 
lifetime of state 1 and thus Dn increases 
(recall:                          )    
Formally, a purely homogeneously 
broadened system has a Lorentzian line 
shape

n01

n01

Energy levels Frequency spectrum

ΔνΔt ≥ ! / 2

Δv ≈ 1
2πτ



Inhomogeneous Broadening

• Black line gives the ensemble line shape
• For an inhomogeneously broadened system (Gaussian), the total lineshape is 

comprised from the sum of different homogeneously broadened line shapes
• Different absorption frequencies due to different solute-solvent

interactions, i.e. different hydrogen bonding configurations (A vs B)

• Other examples: non-monodispersed nanoparticles, inhomogeneous protein 
structure

n01



Stokes Shift

Stokes Shift

• The Stokes shift is equal
to the difference between
absorption and fluorescence
maxima



Dynamic Stokes Shift

M.L. Horng, et al., J. Phys. Chem., 99 17311 (1995). 

Coumarin 153

t = 0 ps

t = 50 ps

Time resolved fluorescence 
spectra for Coumarin 153 in 
formamide solvent measured 
using ultrafast fluorescence 
up-conversion spectroscopy.



Dynamic Stokes Shift
• The Stokes shift evolves with time as dictated by two parameters: (1) 

solvent re-organisation timescale and (2) solute-solvent vibrational energy 
transfer rate

l

• Re-organisation
energy (l) = 

• ½  x Stokes Shift



System−Bath Coupling

• For a Stokes shift to occur, vibrational energy is 
transferred from the solute to the solvent on a 
typically several picosecond timescale

• Solvent re-organisation is one key part in this-
alignment of solute and solvent dipoles

• Minor component is mechanical (unless solvent 
has no dipole)

• This requires the energy to couple between the 
vibrational states of the molecule and solvent bath 
phonons using a spectral density model

• Provides rational behind Kasha’s law of 
fluorescence



System−Bath Coupling
• The spectral density, J(w), is the frequency dependent 

coupling constant between to the solvent and bath:

• ca is the coupling of the system to bath mode a
• d(w-wa) is the difference in energy between system 

and bath modes

Problem: model relies on 
harmonic and Gaussian 
fluctuations which are in a 
lot of cases are completely 
unphysical.

J (ω ) = 4π
!

cα
2

α
∑ δ (ω −ωα )

J(
w

)



CdSe Quantum Dot Solvation Dynamics

• Ultrafast transient 
absorption 
measurements 
monitor the excited 
state lifetime of 
5 nm CdSe QDs

• Changing the ligand 
modifies the QD 
lifetime by a factor 
of 3.

18 ps

12 ps

8 ps

6 ps
trioctylphosphine/
trioctylphosphine oxide

Guyot-Sionnest et al. J. Chem. Phys., 123, 074709 (2005)



Competing Energy Dissipation Pathways
• Relaxation of hot 

conduction band levels 
can be driven by a 
variety of processes:

• Energy transfer to 
ligands (vibrational)

• Phonon-assisted intra-
band relaxation



Single-Walled Carbon Nanotubes

E11

RBM

E22

• E22 lifetime is ~120 fs
• DE(E22-E11) = 0.9 eV

Graham et al., Nano Letts., 12, 813 (2012)



Protein Solvation Dynamics

Gilmore and McKenzie J. Phys. Chem. A, 112, 2162 (2008)

• Proteins are very unlike 
solvent:

• The motions of atoms is 
restricted/hindered due 
to chemical bonds.

• Modest chromophore-
protein interactions 
mean that the re-
organisation (l) 
timescales of 
chromophores inside 
proteins are far longer 
than in bulk solution.

• Cannot be modelled as 
simply a dielectric.
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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

R = CH3 (Chl-a), 
COH (Chl-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



Electronic Energy Transfer (EET)

RDA = 30 Å

RDA = 20 Å

RDA = 15 Å

Donor fluorescence

Acceptor fluorescence



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, e0 the permittivity 
of free space and k the dipole-dipole orientation factor

µD µA

V = 1
4πε0

κµD ⋅µA
RDA
3



• 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*

WavelengthI



General Form of Dipole Orientation

• Orientation of two dipoles is also important to 
determining the rate of energy transfer:

κ = cosϕ − 3cosθD cosθ A

RDA

j

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 )

Note: k2 is often 
approximated to 2/3



Simplified form of the Förster Equation
• You may see the Förster equation written as:

• This equation effectively wraps up the dipole 
orientation factor and overlap integral into the R0 term, 
which is called the Förster radius

• In the special case where R0 = RDA, the energy transfer 
rate simplifies to:

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

kD→A =
1
τ D

R0
RDA

⎛
⎝⎜

⎞
⎠⎟

6

kD→A =
1
τ D



Practical Implementation of FRET

• Sample illuminated with 532 nm (green) 
laser light which excites only donor (D) 
molecules

• Collect fluorescence emitted from 
sample via microscope objective

• Dichroic mirror filters out 532 nm 
excitation light

• A second dichroic separates D and A 
fluorescence, which is spatially imaged 
onto 2 cameras

• Fluorescence detected from A can only 
occur via FRET, with the A fluorescence 
efficiency ∝ 1/RDA distance

Hwang et al., Handbook of Single Molecule Biophysics (2009)

6



• In the primary steps of 
photosynthesis, 
excitation of 
bacteriochlorophylls in 
antenna (LH2), is 
transferred to LH1-RC 
proteins. 

• ~90% of light absorbed 
is transferred to RCs in 
100 ps.

• FRET predicts the EET 
rates well for purple 
bacteria, but not for 
higher plants due to 
stronger coupling.

Practical Uses of Förster Theory (I): Photosynthesis

Strümpfer et al., J. Phys. Chem. Lett., 3, 536 (2012).



• Insights into protein folding and conformational structure 
using fluorescent tags

Transfer efficiency

Ev
en

ts

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

Folded
(efficient FRET)

Unfolded (inefficient FRET)

Practical Uses of Förster Theory (II): Protein Folding



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

the relative coupling strength, V

Ra
te

 o
f E

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



Strong 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: e.g. 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 as dictated 
by the relative 
orientations of 
TDMs on A and B

• Y+ is dipole 
forbidden in J-
aggregates



Photo-induced Charge Separation in 
Photosynthetic Reaction Centres

HBPAPB +hn⟶ H*BPAPB ⟶ HB*PAPB ⟶ HBPA
*PB ⟶ HBPA

+PB
−

Energy transfer Charge transfer
involving electron transfer



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

⎛
⎝⎜

⎞
⎠⎟
1
n2

− 1
ε

⎛
⎝⎜

⎞
⎠⎟

λ = λ0 + λvib



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

• However DG* is difficult to experimentally determine, 
(e.g. protein only operational over a narrow DT) 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: Intramolecular Electron Transfer

Miller et al., J. Am. Chem. Soc., 106, 3047 (1984)

• Biphenyl anion acts as 
electron donor in 
electron transfer reaction

• Varying acceptor group, 
A, makes DG0 

increasingly negative
• The rate constant 

associated with electron 
transfer increases as DG0

becomes more negative, 
then decreases again 
when l < −DG0

A
O

O
O

O
O

O

O

O
Cl

O

O
Cl

Cl

Calculated Marcus Rate 



Photoinduced Electron Transfer

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

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

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

Total reaction co-ordinate, Q



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+



Photoinduced Electron Transfer in Bacterial Reaction Centres

HBPAPB +hn⟶ H*BPAPB ⟶ HB*PAPB ⟶ HB(PAPB)*⟶ HBPA
+PB

−

2.2 ps

<100 fs ~150 fs

⟶

HBA
−PA

+PB

25 fs

EET

• Energy transfer occurs down both branches of bacterial reaction centre towards the 
special pair

• Charge separation occurs almost instantaneously at special pair, and then electron 
transfer then
proceeds only along the A branch. The charge transfer states cannot be directly 
photoexcited, e.g. have no optical oscillator strength from ground state

HA
−BPA

+PB

0.8 ps⟶

Niedringhaus et al., PNAS, 115, 3564 (2018)

EET CT



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?
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• Beer-Lambert Law:  A = ecl
• Where e is the extinction coefficient, c is the 

concentration of sample and l is the path length
• Measure the intensity of light (I(l)) with and without 

the sample in the path:

Linear Absorption Spectroscopy

Scan angle
A = − log I

I0



• Fluorescence spectra are acquired in a similar way
• Fluorescence is isotropic and normally detected at 90°

Fluorescence Spectroscopy

Scan angle



• For an ideal two level system the rate of fluorescence is 
given by: 

• Which can be obtained from the 
Einstein A coefficient (see lecture 2)

• We know, however that there are many other 
competing non-radiative processes (ki) to fluorescence

Fluorescence Quantum Yield

Q

• So:

• And:

τ f =
1

k f + ki∑

k f =
1
τ f

φ f =
I f
Iabs



• But how do we measure tf?
• Need experiments that can interrogate the 

relevant timescales fs–ms (10-15–10-3 s)
• Using pulsed lasers is key to this
• The pulse duration needs to be shorter than 

the events we are trying to measure, i.e.
10s–100 fs

• Using a few approaches we can interrogate 
the excited state dynamics of nanomaterials, 
molecules and biomolecules

What About Lifetimes?



Time-Correlated Single Photon Counting
• Time-correlated single photon 

counting (TCSPC) uses a trigger
pulse to start ramping on a
capacitor (detector 1)

• The capacitor turns
off when the
photon is emitted
from the sample
and hits detector 2

• The total capacitance
(voltage) between the 
”start” and “stop” is proportional to 
the time difference and calculated 
by the time-to-amplitude converter 
(TAC)

80 MHz



TCSPC Acquisition
• We repeat the single 

photon detection 
experiment over and 
over

• Each measured time 
delay is binned to 
generate a histogram

• Easy to do with a high 
repetition rate laser, 
e.g. 80 MHz: laser pulse 
hits the sample 
80,000,000 times every 
second, and every 12 ns!
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Photoinduced Damage

C. Kulheim, et al. Science 2002, 297, 91-93 

A field in Sweden

Photosystem II (C2S2M2)

• Plants experience fast fluctuations in light intensity

• Timescales for energy transfer to RCs (10 fs – 10 ps) is far faster 
than subsequent electron transfer (ns to µs)
• In high light conditions RCs can become ‘closed’, and the average 
chlorophyll (Chl) fluorescence lifetime increases
• Opens intersystem crossing in Chl and reaction: 3Chl* + 3O2 ® 1O2



Non-Photochemical Quenching (NPQ)
PSII with open RCs PSII with closed RCs PSII with closed RCs + NPQ

Fl: Fluorescence, ISC: Intersystem crossing, IC: Internal conversion, PQ: photochemical quenching



Fluorescence Lifetime of Iridescent Leaves
• Fluorescence quantum yield and lifetime

can be used to report on the state of the plant 
and elucidate mechanism(s) of non-
photochemical quenching

Fluorescence 
lifetime increases 

again when re-
adapting to dark: 
NPQ turning off

Fluorescence lifetime decreases 
due to NPQ turning on

• NPQ involves turning on of chlorophyll-carotenoid energy 
transfer pathways, re-arrangement of membrane, etc.

Fabiola Delgado Cardoso with Heather Whitney (Biological Sciences)

High light DarkDark

0-10 mins 10-12 mins 20-22 mins



• Best TAC cards offer a time resolution of 
> 4 ps, so can’t capture events that occur on 
faster timescales. My lab obtain 120 ps.

• Only works for fluorescent systems – DNA, 
Buckminster fullerenes, carotenoids, charge-
transfer states all have very low/zero 
fluorescence quantum yields

• Another way to probe excited state lifetimes 
is via transient absorption

Problems with TCSPC



Pump-Probe Spectroscopy

• Pump excites molecules from ground state |g> 
to excited state |e>

• Probe comes in some time later to interrogate 
how the system has evolved via |f>



D
O

D

• Chopper blocks every other laser 
shot

• We can measure the change in 
absorption induced by the pump 
via a difference spectrum

• Measure for different pump-probe 
time delays, t

Ultrafast Transient Absorption Spectroscopy

t

• Almost impossible to resolve 
overlapping signals



Transient Absorption Acquisition

• Start with 4 molecules in ground state
• Pump excites 2 to the first excited state
• Probe has three possible pathways 
• Measure difference between unpumped

and pumped shots

Stimulated
Emission

Excited 
state
absorption

Ground
state
bleach



Transient Absorption Acquisition
• Typically use

kHz rep rate
ultrafast lasers

• Average for
1000s of shots
for one time delays
to generate DA

• Electronics are
not good enough
to generate
time delays of
< 5 ps, so use a
delay stage to
change pump and
probe arrival time
at the sample

ΔA(λ, t) = − log
I pumped (λ, t)
Iunpumped (λ, t)



Transient absorption of 
PTB7 film

500 550 600 650 700 750
Wavelength / nm

-0.015

-0.01

-0.005
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1000 ps

PTB7 bleach

PTB7 excited state absorption

PTB7 stimulated emission

Victoria Taylor in collaboration with Tracey Clarke (UCL)



Interrogating Vibrational Structure with Wave packets

• Photoexcitation of molecules with short (10s fs) laser pulses induces 
wave packet dynamics on electronic states

• The time-dependent Franck-Condon factors (vibrational overlap 
integral) between different electronic-vibrational states dictates the 
signal intensities

pump

probe

t = 0 fs t = 30 fs t = 52 fs



What Can We Learn From Wave packet Dynamics?
• The signal will oscillate with the 

period of the vibrational frequency

• In reality the signal will decay due 
to solute-solvent vibrational energy 
transfer and bulk-dephasing.

• Thus the damping factor is 
proportional to system-bath 
coupling

• Fourier-transform of this trace 
returns the frequency of the 
vibration

• From this time-domain method 
frequency domain information can 
be extracted



ZnCe6 in methanol
• Probe wavelength dependent  

oscillatory signals

t /
 fs

Marta Duchi with Ross Anderson (Biochemistry)



ZnCe6 in methanol
• Remove population dynamics to isolate 

the wave packets signal

• And Fourier-transform along t to 
reveals the vibrational frequencies 
for different probe wavelengths

1040 cm-1

970 cm-1

l = 640 nm

l = 560 nm



m4d2/ZnCe6
• Wavepackets are shorter lived for ZnCe6 inside 

m402: inhomogeneous broadening?

• Beating at 550 nm not present 
because of spectral shifts in data

• Ground state FC mode frequency 
altered

807 cm-1



Ultrafast 2D Optical Spectroscopy

• Combines high temporal and 
spectral resolution to form 2D 
correlation maps

• Evolution of cross-peaks are 
used to probe inter-molecular 
couplings

• Changes in line shape probe 
the memory of the system

V



Recap: What’s in a Lineshape?
Homogeneous Broadening

Isolated gas phase molecules:
t just depends on Einstein A and B coeffs

Solution phase:
Coupling to solvent quasi-continuum 
reduces the lifetime of state 1 and thus 
Dn increases

Inhomogeneous Broadening
Different absorption frequencies
due to different solute-solvent
interactions
Other examples: protein binding,
non-monodispersed nanoparticles

n01

n01

Δv ≈ 1
2πτ



Spectral Line Shapes

• Homogeneous linewidth 
dictated by the intrinsic 
vibrational or electronic 
lifetime

• Different solvent or 
protein environments 
give rise to 
inhomogeneity

• Spectral diffusion due to 
dynamical 
inhomogeneity, e.g.
interaction with solvent, 
structural re-arrangement

Homogeneous
broadening limit

Inhomogeneous 
broadening limit

Spectral
diffusion



Ultrafast 2D Optical Spectroscopy: In Practice

Sample

Grating

CCD detector

FT

ω1

ω3
ω3

• Mixed time-frequency data acquisition creates t1−w3 plot for given pump-probe time 
delay (t2)

• Fourier-transform along t1 to generate w1−w3 correlation maps



2DIR Line Shape Dynamics

Decay of nodal 
line slopeLoss of correlation in 

w1−w3 plots with 
increasing waiting time is 
directly proportional to 
the frequency-frequency 
correlation function.

w01

w12

w01

D12

t2 = 10 pst2 = 0.3 ps

Victoria Taylor et al., J. Phys. Chem. Lett., 9, 895-901 (2018)



Consequences of the Protein Environment: LHCII

• Protein residues modifies each of the 
Chla/b site energies

• Protein provides scaffold for orientation
• Together this “tunes” the inter-pigment

dipole-dipole coupling
• Site specific specific baths
• Net result: excitonic

(delocalised) states



LHCII Energy Transfer Dynamics

• Use 2D electronic spectroscopy 
to investigate energy transfer 
between excitonic states

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

ωpump

ω
pr

ob
e

T.R. Calhoun et al., JPCB, 113, 16291 (2010)

• Origin of long-lived oscillations 
hotly debated

• No connection between 
delocalised excitonic states 
and specific chlorophyll 
molecules

Chl-b ⟶ Chl-a

Chl-b

Chl-a

LHCII 2DES spectrum t = 250 fs



Correlating the Electronic and 
Vibrational Degrees of Freedom

2D infrared
spectroscopy1

2D electronic-
vibrational spectroscopy3

[1] Hamm, Lim and Hochstrasser, J. Phys. Chem. B, 102, 6123 (1998)
[2] Brixner, Mančal, Stiopkin and Fleming, J. Chem. Phys., 121, 4221 (2004)
[3] Oliver, Lewis and Fleming, PNAS, 111, 10061 (2014)

2D electronic 
spectroscopy2



Connecting the Exciton and Site Bases

Site Basis
Excitonic
Basis

Correlate electronic absorption energies with vibrational emission:
Extract the physical location of energy as a function of time



2DEV Studies of LHCII (at 77K)

Lewis, Gruenke, Oliver, Ballotari, Bassi, Fleming J. Phys. Chem. Lett., 7, 4197 (2016).

• Two bleach infrared bands act as a tag for Chl-b to Chl-a population
• Change in relative amplitude with two bands is in accord with previously 

reported Chl-a⟶Chl-b electronic energy transfer

Chl-a Chl-b

Chl-a

Chl-b



Chl-b states of LHCII
• t2 = 0 ps spectra captures the system prior to 

energy transfer
• w3 = 1640 cm-1 assigned to excited state formyl 

vibration of Chls-b
• 2DEV spectra indicate Chl-b molecules 

contribute to high and low electronic 
excitation energy bands

• Therefore previous assignments to Chl-a or 
Chl-b excitons is incorrect

• Inspired further 2DES experiments and 
modifications to the LHCII Hamiltonian 

Chl-b
Chl-a



These are but a few illustrative examples…
• Exciton dissociation in organic thin films
• Dynamics of protein folding
• Structure elucidation
• Excited state photoswitches
• Probing nuclear motion through conical intersections
• Nuclear dynamics of solid state media
• Photochemical reactions
• Not limited to the visible or mid-IR:
– 2DTHz, 2DUV
– Others: (HD) 2D-SFG, 2D action

• 5th order variants: 2DRR, 3DIR, 3DES
• 2DIR and 2DES Microscopy

For more details: T.A.A. Oliver, R. Soc. Open Sci., 5, 171425 (2018)



• The exam is open book
• Only things that are listed in the lecture notes will 

be examined
• The idea of the BCFN courses is to teach you key 

concepts which will hopefully be applicable to your 
research

• The course does cover several aspects beyond what 
I expect you to recite for an exam: i.e. quantum 
coherence in photosynthesis, working out hard 
integrals, solving matrix mechanics- these are all off 
limits for the exam

• Note also: I am not a fan of exam questions that 
require long essays.

Exam



• Optics - Eugene Hecht
• Modern Optical Spectroscopy – William Parson
• Energy transfer reviews by Greg Scholes:

Annu. Rev. Phys. Chem. 54, 57-87 (2003)
J. R. Soc. Interface, 11, 20130901 (2013)

• My review paper on multidimensional optical spectroscopy: 
R. Soc. Open. Sci., 5, 171425 (2018)

• Condensed-Phase Molecular Spectroscopy and Photophysics –
Anne Myers Kelley

• Electronic Processes in Organic Semiconductors – Anna Köhler
and Heinz Bässler

• Come and talk to me, see the labs: www.taaoliver.com and 
tom.oliver@bristol.ac.uk, office E112 in the School of 
Chemistry

Useful Resources

http://www.taaoliver.com/
mailto:tom.oliver@bristol.ac.uk

