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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 

•  The orientation also 
determines the strength of 
transitions to Ψ- and Ψ+



V vs λ
•  Can think of energy transfer in three domains that are 

defined by the relationship between V (elect coupling) and 
λ (reorganisation energy) 



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

•  UD and UA are the PES associated with D and A moieties 
•  Eλ 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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•  Beer-Lambert Law:  A = ε c l 
•  Where ε is the extinction coefficient, c is the 

concentration of sample and l is the path length 
•  Measure the intensity of light (I(λ)) 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 to fluorescence (ki) 

Fluorescence Quantum Yield 

k f =
1
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•  So: 

•  And: 

τ f =
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•  But how do we measure τf? 
•  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 



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. 86 MHz: laser pulse 
hits the sample 
86,000,000 times every 
second, and every ~11.6 
ns! 
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2000 Light intensity of a field in Sweden 

•  Plant experience different 
light conditions 

•  Plants respond by re-
organising their internal 
structure according to 
light intensity 

Fluorescence lifetime increases 
again when re-adapting to dark 

Fluorescence lifetime decreases 
when exposed to sunlight 



•  Best TAC cards offer a time resolution of > 3 ps, 
so can’t capture events that occur on faster 
timescales 

•  Only works if molecules fluoresce – lots of 
systems such as DNA, carbon nanotubes, 
carotenoids have very low fluorescence 
quantum yields due to other non-radiative 
pathways which are very competitive 

•  Another route is to think about absorption 
measurements 

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> 



Transient Absorption 

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

•  Chopper blocks every other laser shot 
•  We can measure the change in absorption induced 

by the pump via a difference spectrum: 

•  Repeat for all desired values of T 
•  Can view as time-resolved UV-visible spectrometer 



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 ΔA 

•  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)



Example: β-apo-8’-carotenal 

Reaction co-ordinate 
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•  S2 excited state is optically bright 
•  S1 state is ”dark” but can be 

populated via initially excitation 
of S2 

•  S1 state has different transient 
spectral signatures than the S2 
state, so the formation of 
molecules in this state can be 
monitored 



Example: β-apo-8’-carotenal 
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Oliver et al., J. Phys. Chem. B, 119, 11428 (2015). 



Transient Absorption: in k-vector space 
•  Light has the form: 
•  System quantum mechanically in ground 

state has wavefunction: 

•  Which we can write as a ket-bra product: 
•  In each light-matter interaction, the E field only 

interacts with either the bra or the ket: not both! 
•  So one interaction of the E field with the ground state 

yields:                       or                     which is a coherence 
between g and e states 

•  Another interaction with a second E field is needed to 
convert the system into a population of e:  

E = eik•r−φωt

ψ = gg* dτ
0

∞

∫
g g
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Transient Absorption: in k-vector space 
•  For all the light-matter interactions we are going to use 

equivalent E fields, so will just think about the k-
wavevectors, i.e. with equal magnitudes (wavelength) 
but different propagation directions 

•  Remember also that our laser pulses have lots of 
photons in them, so two photons can interact 
simulatneously 

•  Our pumps are  k1 and k2 (and corresponding E fields 
E1 and E2) 

•  Our probe pulse has field E3 and associated k3 
wavevector. Signal is Esig with ksig 

•  We can think of this in diagrammatic perturbation 
theory- a progression of ket bra products 



Transient Absorption: in k-vector space 
•  Time evolves from the bottom to the top of each diagram 
•  Here is an example of the interactions which give rise to 

the excited state absorption pathway we discussed 
previously: 

g g

e g

e e

e g

g g

t 

First field interacts with the ket creating eg coherence (+k1) 

Second field interacts with the bra creating ee population (-k2) 

Third field stimulates emission and creates eg coherence (+k3) 

System emits field (final trace) 



Transient Absorption: in k-vector space 
•  For the transient absorption experiment, the two pulses k1 

and k2 come from the same beam (pump) and are time co-
incident. The diagram therefore has no evolution through 
coherence eg (or conjugate ge) and the diagram is given 
thus: 

•  And ksig =     k1     k2 + k3 

 

t 

g g

e g

e e

g g

∓±



Transient Absorption: in k-vector space 
•  There are multiple light matter interactions for each of 

these diagrams 
•  And the signal is the dot product of the three input 
fields Esig = E1�E2�E3 

•  It is evident from this equation that the transient 
absorption experiment is proportional to |E|3, and thus 
termed third-order non-linear spectroscopy 

•  k1 and k2 have the same magnitude but opposite sign 
and therefore in the “pump-probe geometry” the 
signal wavevector ksig = +k3 



Two Viewpoints on Experiments… 

And in reality… 

In theory… 

credit: Clem Stross 

built by: Victoria Taylor and Marta Duchi 



What is 2D Spectroscopy? 

•  Combines high temporal and 
energy 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



What’s in a Lineshape? 
Homogeneous Broadening Δω = 1

2πτ f

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

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

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



Spectral Line Shapes 

•  Homogeneous 
linewidth dictated by 
the intrinsic vibrational 
or electronic lifetime 

•  Different solvent or 
protein environments 
modulate the static 
inhomogeneity 

•  Spectral diffusion due to 
strong interaction with 
solvent, structural re-
arrangement, destroys 
correlation 

Homogeneous 
broadening limit 

Inhomogeneous 
broadening limit 

Spectral 
diffusion 



Spectral Diffusion (IR144 in Methanol) 

x

x 0

0

Waiting Time = 0 fs

x

x

0

Waiting Time = 200 fs

•  2DES lineshape initially elongated (correlated) along the diagonal 
•  Correlation is lost upon solvent re-organisation, i.e. memory of original 

transition frequencies (ω1) with respect to emission (ω3) is lost 



Spin and 
 Photon Echos 

Hahn, Physics Today (1953) 

•  We can “rephase” the 
runners by firing the 
starting pistol a second 
time (cf. two pulse echo) 

•  Judicious choice of laser 
pulse sequences can 
probe dynamical 
information about 
systems. e.g. dephasing, 
energy transfer, spectral 
diffusion 



Three Pulse Echo in a Three Level System 



Photon Echo Spectroscopy: Lens Analogy 
Rephasing (photon echo) Non-Rephasing (FID) 

Phase change in t1 and t3 coherences Same phase in t1 and t3 coherences 

ks = -k1 + k2 + k3 ks = +k1 -k2 + k3 

N lines represent N molecules (macroscopic polarisation) 

θ θ Width ~ 
inhomogeneity 



Photon Echo Spectroscopy: Lens Analogy 

Dephasing Spectral diffusion 
“Refocusing”  power 
is reduced as t2 
is increased 
 

And now for molecules in realistic environments… 

Once you can’t rephase the signals, the FID and echo are equivalent 
I.e. homogeneous broadening = inhomogeneous broadening 



2D 3-Pulse Photon Echo Spectroscopy: In Practice 

Sample 

Grating 

CCD detector 

FT 

ω1 

ω3 
ω3 



Example: NV-Diamond Centres 

Solid State Qubit with 
Long Coherence 
Lifetime 

Potentially very useful for quantum computing 



Example: NV-Diamond Centres 

•  Spin states are addressed 
by pumping in the visible 

•  Linear absorption spectrum is not very revealing 



Absolute Value 2DES Surfaces 

Huxter, Oliver et al., Nat. Phys., 9, 744 (2013). 



Zero Phonon Line Associated Dynamics 

FFT Power Spectrum of ZPL Region	

Observed vibronic peaks in 
linear absorption	

Huxter, Oliver et al., Nat. Phys., 9, 744 (2013). 

•  Oscillations in spectrum due to constructive and destructive 
interference between vibrational wavepackets 

•  Fourier transform of time-domain spectra into frequency 
domain reveals the specific vibrations active upon excitation 



•  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 be applicable to your research 
•  The course therefore covers several aspects beyond 

what I expect you to recite for an exam: i.e. quantum 
coherence in photosynthesis, k-vector mixing in 2D 
electronic spectroscopy, or working out hard 
integrals- these are all off limits for the exam 

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

Oh… And About That Exam Thing 



•  Optics - Eugene Hecht 
•  Fundamentals of Photochemistry – KK Rohatgi-Mukherjee 
•  Energy transfer reviews by Greg Scholes: 

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

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

•  Modern Optical Spectroscopy – William Parson 
•  Charge and Energy Transfer Dynamics in Molecular Systems 

– Volkhard May and Oliver Kühn 

Useful Resources 



•  Come and talk to me, see the labs etc.: 
www.taaoliver.com and tom.oliver@bristol.ac.uk 

•  Office E112 in the School of Chemistry 

Useful Resources 



Lovely Henkjan 

Next time… 


