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Content of Lectures 4-6
Lecture 4
• Breakdown of the Born-Oppenheimer approximation and 

conical intersections
• Influence of solution on photodissociation reactions and 

absorption line shapes

Lecture 5
• Molecular origin of Stokes Shift
• Electronic energy transfer (Förster theory)

Lecture 6
• Electron transfer (Marcus theory)
• Photo-induced charge-transfer
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Jablonski Diagram
• The Jablonski Diagram does not bear any connection to the 

nuclear degrees of freedom, or a reaction co-ordinate (Q )

Doesn’t address the mechanism underlying internal conversion2



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
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Recap: Born-Oppenheimer Approximation

• TISE is dependent on the position of nuclei and electrons (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 the 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

ψ (r,R) = φi (r;R)χ i (R)
i
∑

Tn +Te +Vee(r)+Vnn (R)+Ven (r,R)[ ]ψ (r,R) = Eψ (r,R)
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Recap: 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 angle, q

RN-H
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Limitations of the Born-Oppenheimer Approximation
• The Born-Oppenheimer (BO) approximation assumes that the electronic structure 

of a molecule rapidly adjusts to changes in nuclear configuration, restricting 
motion to one adiabatic surface (wavefunction character evolves smoothly)

• For example, in the case of NaI photodissociation this means only Na+ + I-

products would be formed (see MNRA lectures).
• BO approximation can fail if 

nuclear motion is fast, 
allowing molecules to cross 
from one adiabatic potential 
to another, e.g. form Na・+ I・

products, or can be viewed as
following diabatic potentials

• This occurs in regions of the 
potential energy surface 
called avoided crossings (for 
linear molecules) or conical 
intersections (for polyatomics)

adiabatic
diabatic
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Landau-Zener Surface Crossing Model 

V1 and V2 are the two diabatic PES
V12 is the coupling between them
u is the nuclear velocity along reaction path

is the difference in the gradients
at the crossing point

∂ V1 −V2( )
∂R

• Probability of changing diabatic surface at a crossing point 
can be calculated via the Landau-Zener formula:

P = 1− exp −2πV12
2

!u ∂(V1 −V2 )
∂R

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
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V12 weak: 
Molecules stays 
on same 
diabatic surface 
(V1)

V12 stronger: 
Surface crossing to 
different diabatic 
state (V2) favoured

V12 same as (b), but increased 
nuclear velocity (5x) into 
crossing region means the 
probability of diabatic surface 
crossing is reduced

V1

V2

u

V12 V12

u 5u(a) (b) (c)

diabatic potentials;              adiabatic potentials

Landau-Zener Surface Crossing Model 
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Conical Intersections

• For polyatomic molecules 
there are 3N−6 degrees of 
freedom, and therefore 
additional co-ordinates 
become important at surface 
crossings 

• Two important co-ordinates in 
the branching plane: tuning 
and coupling modes

• Conical Intersections provide 
an ultrafast funnel between 
two (or more) electronic states
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Conical Intersections in Action: Photodissociaton
• MeOPhS-H + hn MeOPhS . + H .

• Excess energy above the
bond dissociation energy is 
distributed into the kinetic and 
internal energy of photofragments

• Detect kinetic energy of H atoms 
as a time-of-flight spectrum

• Bimodal distribution- from forming      
and     state thiophenoxyl radicals!X !A

!X

!A

!X

!A

X

A

lphot = 250 nm

MeOPhSH
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Solution Phase Photochemistry
• So far this course has focused on the photochemistry in the gas 

phase, e.g. isolated molecules. As chemists we know that most 
reactions occur in solution, or inside proteins

• 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 occur on such 
short timescales means that 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
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Solute-Solvent Interactions

Ds = kT / 6Vη

prolate: l1≫l2 = l3 oblate: l1= l2 ≫ l3

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

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

• Also neglects electrostatic 
intermolecular interactions
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Solute-Solvent Interactions

• Dipolar Interactions
• Several types of different 

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

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

• Cartoon illustrates a snapshot in time, 
but thermal energy (kBT ) will drive 
continual fluctuations

(see lectures by DRG for MD simulations)

Solvation shell: ~3 Å diameter

H

V (r) = −2µ1µ2
4πε0r

3 (Recall:                           )µx = Qjx j
j
∑

d-

d+

d-

d+
EthanolThiophenol

H
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• For a photodissociation 
reaction in the gas phase, 
the bond scission is 
irreversible

• In solution, there are 
several routes to reform 
the parent molecule:

• Cage geminate 
recombination

• Diffusive recombination
• The recombination yield is 

typically proportional to 
the initial radical−radical 
separation

Photodissociation Gas vs. 
Solution Phase

Gas phase

Solution phase
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Case study: Thiophenol in Ethanol

l = 266 nm

Zhang, Oliver, Ashfold and Bradforth, Farad. Discuss, 157, 141 (2012)

+

p-MePhS

H

Initial radical products
p-MePhSH

Reform parent

Form adduct

+ isomers

l = 200 nm

• The radical product population is indicated by the red data points, and 
adduct formation in blue

• Radical survival is greater for 200 nm than 266 nm irradiation
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Excited State Proton Transfer in Anthocyanins

• Excited state proton transfer is 
the dominant excited state 
decay pathway in aqueous 
solution for anthocyanins

• Water solvent is able to 
accommodate H+ species (as 
H3O+), whereas such reactions 
are greatly energetically 
disfavoured in the gas phase

• Free energy of H+ hydration in 
aq. sol. = −1113 kJ mol-1

OGl = glycoside
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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)

Absorption shift
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Homogeneous Broadening

Isolated gas phase molecules:
t depends on Einstein A and B 
coefficients (see MNRA’s lectures)

Solution phase:
One source of broadening arises from 
coupling to solvent quasi-continuum, and 
reduces the lifetime of state 1, and thus
Dn increases

Formally, a purely homogeneously 
broadened system has a Lorentzian line 
shape

n01

n01

Energy levels Frequency spectrum

Δv ≈ 1
2πτ
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• Black line gives the ensemble line shape
• For an inhomogeneously broadened system (Gaussian), the total line shape is 

comprised from the sum of different homogeneously broadened line shapes
• Different absorption frequencies arise from different solute−solvent

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

• Other examples: protein binding, non-monodispersed nanoparticles

n01

Inhomogeneous Broadening
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Photo-induced Chemistry Lectures 4 Summary

• Jablonski diagram does not address the mechanism of internal 
conversion

• Born-Oppenheimer approximation restricts nuclear motion to one 

adiabatic potential energy surface

• Breakdown of the Born-Oppenheimer approximation can lead to 

population transfer between different electronic states

• The probability of surface crossing between diabatic states can be 

calculated using the Landau-Zenner formula

• Solute-solvent interactions can change the outcome of 

photoinduced reactions compared to the gas phase

• Two main types of line shape broadening in solution: 

homogeneous and inhomogeneous broadening
20



Stokes Shift

Stokes Shift

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

Rhodamine 6G in methanol
A

b
so
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e 
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te
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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 measured using 
ultrafast fluorescence up-
conversion.
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Dynamic Stokes Shift
• The Stokes shift evolves with time as dictated by solvent re-

organisation timescale(s)

l

• Re-organisation
energy (l) = 

• ½  x Stokes Shift
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Kasha’s Rule for Radiative Decay
• Fluorescence emission is normally observed 

from the zero vibrational level of the first 
excited state of a molecule, even if a higher 
excited electronic state is initially populated.

• E.g. excite S2(v≠0), but fluorescence to S0 is 
dominated from S1(v=0).

• To rationalise we must 
consider the competition of 
the radiative and non-
radiative rates:

kIC, kVER >> kflu

• Like other rules, Kasha’s rule is there to be broken…
24



Vibrational Energy Relaxation (VER)
• Vibrational energy relaxation is a slightly 

deceptive term: the system (molecule) 
relaxes (e.g. loses vibrational energy), but 
where does the energy go?

• Alternatively we can term this as 
vibrational energy transfer (to solvent).

• In the absence of specific resonances, the 
rate of vibrational energy transfer from 
solute to solvent is typically governed by 
the strength of inter-molecular 
interactions; e.g. chloroform (weak) vs.
acetone or water (strong)

• Ballpark figure for (poly-) aromatic 
molecules is tVER ~ 2-10 ps.

Elles and Crim, Annu. Rev. Phys. Chem. 57, 273 (2006).25



Length Scales Associated with 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
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Light Harvesting Complex II (LHCII)

Protein 
represented by 
backbone and 

ribbon

Protein
locks

chlorophylls
in specific

spatial locations 
and at a high 

concentration

PBD: 2BHW, 2.5 A LHCII from peas

LHCII is the most 
abundant pigment-
protein complex in 
higher plants

LHCII form is 
trimeric protein
Each monomer 
contains:
8 Chl-as,
6 Chl-bs
and 3-4 
Carotenoids
pigments
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Light Harvesting Complex II (LHCII)
LHCII pigments:

Carotenoids
Chlorophyll-a
Chlorophyll-b

Chlorophyll-a/b
structure:

Electronic
energy
transfer

R = CH3 (Chl-a), 
COH (Chl-b)
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Electronic Energy Transfer (EET)
• 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 only promote the donor 

molecule (D) to its excited state, generating D*.
• At infinite separation, excitation of D does not affect A.
• Bringing A closer to D, this is no longer the case, and 

excitation of D can lead to fluorescence on A! This 
occurs via electronic energy transfer: D*A ⟶ DA*

29



Electronic Energy Transfer (EET)

RDA = 30 Å

RDA = 20 Å

RDA = 15 Å

Donor fluorescence

Acceptor fluorescence
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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
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• The rate of electronic energy transfer (EET) can be calculated 
using Förster theory:

• 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

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
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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*

WavelengthI33



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 )

µD µA
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Practical Implementation of FRET
• Sample illuminated with 532 nm (green) 

laser light which selectively excites 
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 for correlation

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

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

6
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• 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

Stru ̈mpfer et al., J. Phys. Chem. Lett., 3, 536 (2012).36



• 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 (I): Protein Folding
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Photo-induced Chemistry Lectures 5 Summary
• Solvent re-organisation is the main driving force behind the time-

dependent Stokes shift

• Kasha’s rule dictates that fluorescence is dominated from the zeroth 

vibrational level of the first electronic state

• Electronic energy transfer can occur between two molecules that 

are close together in space via dipole-dipole coupling

• Förster theory: the electronic energy transfer rate is proportional to 

the internuclear distance between donor and acceptor moieties 

(RDA
6), the Förster spectral overlap integral (I ), the dipole orientation 

factor (k ), and the fluorescence lifetime (tD) and quantum yields (fD) 

of the donor

• Förster resonance energy transfer (FRET) can be used to determine 

the LH2/LH1/RC energy transfer rates or dynamics of protein folding38



Length Scales Associated with 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
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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

40



Energy vs. Electron Transfer

Direct photoinduced 
electron transfer is very 
unlikely due to the zero 
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

41



• Photoexcitation of molecules 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

42



• 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 surrounding solvent

Free Energy Profiles for Electron Transfer

l - total reorganisation energy
DG * - free energy barrier
DG 0 - free energy of reaction
DQ - Change in total nuclear
configuration for reaction

43



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

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

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

Total Reorganisation Energy

λ0 =
e2

4πε0
1
2a1

+ 1
2a2

− 1
r

⎛
⎝⎜

⎞
⎠⎟
1
n2

− 1
ε

⎛
⎝⎜

⎞
⎠⎟

λ = λ0 + λvib
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• We can write the rate of electron transfer as per the 
Arrhenius equation:

• However DG * is difficult to experimentally determine 
(e.g. protein only functional over a narrow DT ), so 
instead we retrieve the rate from Marcus theory, which 
utilises DG 0 and l:

Marcus Electron Transfer Rate

kET = Aexp
− λ + ΔG0( )2
4λRT

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

kET = Aexp
−ΔG *
RT

⎡
⎣⎢

⎤
⎦⎥
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• The rate of electron transfer is dictated by a balance 
between DG *, DG 0 and l. Systematically varying DG 0:

Factors Affecting Electron Transfer Rate

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

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

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

• Judicious choice of 
acceptor group, A, 
controls DG 0 

• The rate constant 
associated with electron 
transfer increases as DG 0

becomes more negative, 
then decreases again 
when l < −DG 0

A
O

O
O

O
O

O

O

O
Cl

O

O
Cl

Cl

Calculated Marcus Rate 
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Photoinduced Electron Transfer

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

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

• For an appreciable electron 
transfer yield, D*A must be 
sufficiently long lived, e.g. 
outcompete fluorescence or 
internal conversion back to 
DA.
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Photoinduced Electron Transfer

• Initial photoexcitation of D generates D* which is the important 
precursor for photoinduced electron transfer

• D+A− is generated from D*A, via an electron transfer from the 
LUMO of D* to the LUMO of A

• Such reactions are seen in nature and exploited in 
photocatalysis

49



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 oscillator strength from ground state

HA
−BPA

+PB

0.8 ps⟶

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

EET CT
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Photoinduced Charge-
Transfer in DNA

• Mononucleotides rapidly decay back to 
S0 (via conical intersections), thus 
avoiding deleterious photochemical 
reactions on excited states.

• Dinucleotide (of G and T) has a longer 
excited state lifetime.

M. Duchi et al., PCCP, 21, 14407-14417 (2019)

• Photoexcitation d(GpT) directly populates excited 
states delocalised across G and T.

• >54% of these state(s) rapidly decay into charged 
species: d(G+pT−) which lives for ~10 ps.

• Back electron transfer regenerates neutral d(GpT) 
and avoids any harmful photochemistry.

• The charge-transfer states cannot be directly 
populated from S0.

T

G

51



Bimolecular Organocatalysis Using Photoinduced Electron Transfer

O

Br OCH3

Koyama, Dale and Orr-Ewing, JACS, 140, 1285 (2018)

NNF3C CF3

*∟ •+∟

+

O

OCH3

+ Br-NNF3C CF3➝
… Radical polymerisation

+

PCF*

BMP
PCF+•

MP•

• Photoinduced electron 
transfer can be used to 
initiate radical 
polymerisation

• PCF* can undergo bi-
molecular single 
electron transfer with 
BMP to yield MP radicals

• PCF is regenerated in a 
termination step
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Photo-induced Chemistry Lectures 6 Summary
• Direct photoinduced electron transfer between two molecules is 

very unlikely due to very low overlap integral

• In electron transfer, two charged particles are created and has a 

very large impact on the amount of solvent reorganisation energy
• The total reorganisation energy (l) can be partitioned into two 

components: the vibrational reorganisation energy of the solutes 

(lvib) and the solvent reorganisation energy (l0)

• Marcus theory allows you to calculate the rate of electron transfer 
without knowledge of the activation energy, DG *

• The balance of DG *, DG 0 and l dictates the electron transfer rate 

of a reaction, and can be categorised into three Marcus regimes

• Photoinduced electron transfer can be used to drive reactions 

where overall DG 0 >> 0 53



Photo-induced Chemistry Course Resources
• This is the third year the course has run in its current form, so there are 

only two relevant past papers (Summer 2017 & 2018).

• On the DLM you will find there are two sets of problems associated with 

both parts of the course which reflect the kinds of questions that could be 
asked in an exam. The worked solutions will be posted in March 2020.

• Neither MNRA or TAAO expect you to memorise cumbersome equations, 

however, we do expect that you understand the physical meaning 

underlying them and what the various terms represent.

• In week 10 there are 3 x 1 hour workshops with an associated problem 

sheet (see DLM). Please check your timetable for the session you are 

attending. The worked answers will be released at the end of week 10.
• Take full advantage of the discussion forum on the DLM.

• Alternatively email: mike.ashfold@bristol.ac.uk or tom.oliver@bristol.ac.uk
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