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Previously… 

•  Plane waves take the general form:  
•  Consider a linearly polarised EM harmonic plane 

wave with the E field propagating along the x-axis 
with speed c  

•  The B component will propagate perpendicular, in 
phase and along the z-axis 

ψ (r ,t) = Aei(k .r+ωt )



Light-Matter Interaction 

•  An incident oscillating E field of EM 
radiation can induce an oscillatory 
dipole in 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) 



Jablonski Diagram 
•  The Jablonski Diagram is the starting for 

photochemical dynamics 



Born-Oppenheimer Approximation 
TDSE H (r, t)Ψ(r, t) = i∂Ψ(r, t)

∂t
•  Unfortunately we cannot solve this equation for anything 

other than Hydrogen atom like systems 
•  Electrons are very light particles (0.000549 amu) compared 

to protons (1.007316 amu) and neutrons (1.008701 amu), 
where 1 amu = 1.66053904 x 10-27 kg 

•  Nuclear motion is far slower than the electron velocities 
•  If we decouple electronic and nuclear velocities, the 

electronic wavefunction can be defined in terms of a 
specific nuclear geometry. This is known as the  
Born-Oppenheimer approximation. 

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



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, θ



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 



Vibrational States 
•  Polyatomic molecules have 3N-6 vibrational (normal) 

modes, where N is the number of atoms 
•  Vibrational potentials are anharmonic and the 

simplest form is a Morse potential 
•  This means that higher vibrational states have lower 

frequencies Some example normal modes for hydroxyindole 



Transition Dipole Moments 
•  What determines the probability of transitions 

between different electronic-vibrational states? 
•  Let the ground and excited state electronic 

wavefunctions be ψ’’ and ψ’ 
•  The transition dipole moment required to couple 

them is: 

•  Invoking the Born-Oppenheimer approximation 
yields: 

•  Where                        is the vibrational overlap integral, 
and the square of this is ∝ the transition intensities 
and known as the Franck-Condon factors 

µev = ψ 'ev µ̂∫ ψ ''ev dτ ev

µev = µe ψ 'v∫ ψ ''v dR

ψ 'v∫ ψ ''v dR



Franck-Condon Principle 



A Modified Jablonski Diagram 

•  How can we model the rate of internal conversion? 



Fermi’s Golden Rule 
•  Fermi’s Golden Rule provides a constant rate for 

energy transfer between one eigenstate and a 
continuum 

•  It can provide a good estimation 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 ρ(Ej) is 
the density of states per unit energy 

ki→ j =
2π
!

j H ' i 2 ρ(Ej )

j H ' i



Breakdown of the  
Born-Oppenheimer Approximation 

“It’s a chicken and egg kind of problem: Do the 
electrons or nuclei move first?  2D-EV [A new 
experimental technique] will give us insight into 
whether or not the Born-Oppenheimer 
approximation is still valid.”  – Lawrence Berkeley National 
Laboratory Press Statement June 2014 



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: Photodissociaton 
•  RX-H + hν        RX . + H . 

•  Excess energy above the 
bond dissociation energy 
released as kinetic energy 

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

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

!X

!A

!X

!A

X 

A 



Conical Intersections in Action: DNA 

•  Branching into the ππ* and nπ* state is dictated by: 
momentum of nuclei, electronic coupling between states 



What about Baths? 
•  So 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 and are surrounded by a bath 
•  I.e. solution, protein, extended materials 

•  The presence and interaction with a bath can 
dramatically change the outcome of reactions or open 
up new pathways 

•  Lets start with the example of a  
dye molecule rhodamine 6G 
in methanol solution 



Stokes Shift 

Stokes Shift 

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



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 



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 



System-Bath Coupling 
•  Treating all molecule and solvent vibrations as 

Brownian harmonic oscillators: 

 
•  The first term is the displacement of the αth mode 
•  δ(ω-ωα) is the difference in energy between modes 
•  ρ(ω) is the spectral density- the frequency dependent 

coupling constant between modes 

ρ(ω ) = cα
2

2mαωα
2

α
∑ δ (ω −ωα )

Problem: model relies on harmonic 
and Gaussian fluctuations which are 
completely unrealistic for  
solutions…	



Solvatochromaticity 
Fluorescence Red Shifts 

Dye in solution 

Retinal in opsin protein 



Additional Pathways in Solution 
•  Even the modified Jablonksi diagram is insufficient to 

account for all the possible pathways 
•  Vibrational energy relaxation, geminate recombination, 

autoionisation and proton-coupled electron transfer 



Tuning Quantum Dot Properties 

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

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

18 ps 

12 ps 

8 ps 

6 ps 
trioctylphosphine/	
trioctylphosphine	oxide	



Competing Energy Dissipation Pathways 
•  Relaxation of hot 

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

•  Auger recombination 
(not shown) 

•  Energy transfer to 
ligands (vibrational) 

•  Phonon-assisted intra-
band relaxation 



Single-Walled Carbon Nanotubes 

E11 

RBM 

E22 

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



•  Energy Transfer (Förster and Redfield) 
•  Electron Transfer (Marcus Theory) 
•  Proton-Coupled Electron Transfer 

Next time… 


