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A second dimension was introduced for the first time in NMR 2D-
spectroscopy, NMR

NOESY (nuclear Overhauser enhancement spectroscopy)
COSY (correlation spectroscopy) 1970
These technique have been extensively used to study structural and

dynamical properties of proteins in solution.

In the optical regime, the origin of multidimensional vibrational  2Z2D-IR
spectroscopy can be traced to the coherent anti-Stokes Raman 19g0_9(
spectroscopy (CARS) measurements of vibrational dephasing
performed in the 1970s.

2D vibrational spectroscopic technique (2D-IR) can provide detailed
information on the 3D structure of a given complex molecule, i.e.,
proteins, water networks, ...

2D-ES

2D electronic spectroscopy was introduced by Fleming 2000
Delay with respect to the IR counterpart due to experimental problems
connected with the higher frequency of Visible light.
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CMDS techniques can be declined at different orders of the

nonlinear polarizability (3° , 5° , etc.) and in different spectral
ranges (IR, Vis, UV...)

2D electronic spectroscopy:

* third order technique: generalized version of a 4-wave mixing
spectroscopy

* in the Vis range: electronic transitions



2D electronic spectroscopy
(2DES):

why and when?
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Conventional optical spectroscopy techniques, such as ordinary infrared,
Raman, and UV-visible spectroscopies, provide a one dimensional (1D)
projection of the available molecular information of a sample onto a single
frequency axis. In contrast, optical multidimensional (2D, 3D) spectroscopy

techniques provide a multidimensional projection of the relevant molecular
motions offering dramatically more information.
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RO

 Spread information along multiple dimensions Smensiona)

 Simultaneously frequency and time-resolved

« Couplings and transport processes mapped far from diagonal
positions (where main dynamical processes take place)

» Sensitivity to coherent dynamic mechanisms (oscillations)

eCtI’ OSCO py) |

Why not? 5 in
« complex (and expensive) optical setups B ~ z
* demanding data processing and analysis ¥ i
» challenging interpretation of the data (artefacts) P

ideal to untangle complex dynamics (transport processes)
in complex multichromophore systems
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2D electronic spectroscopy:

the experiment
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ne n(wg)c
Idet,HOMO = _‘Es‘z Idet,HET =—— ‘ELO(t) + E (t)‘
87T 47
—1, +1,+2 ”(z);)c Re[ E;, (1) Eg(1)]

The heterodyne signal is linear rather than quadratic in the (weak)
signal field

By controlling the relative phase of E 5 and Eg it is possible to

probe separately the real and imaginary part = phase sensitive
detection

11
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Response Function Formalism
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Time-resolved techniques

In the perturbative approach, the signal is proportional to the polarization P(r1),
induced in the sample by the interaction with electric fields, expressed as

convolution between the fields and with the molecular response function R™:

+00 400

PPt = [ .. fdt dty...dt RS (t—t,,t=1,,...,t=1,)

—00 —00

E (t)E,(1,)..E/(1,)

S.Mukamel, Principles of nonlinear optical spectroscopy’ 16
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Pi(n)(t)=ff"-fdwlda)z---dwnXi(jZ.)..l(a)l’w2""’a)n)x

EJ.(a)l)Ek(a)z)...El(a)n)exp[—i(a)1 + W, +...+ a)n)t]

X(”)(a)l---wn)=f”'fdfl"'dfnR,-(”)(tl"’tn)eXp —iza)jtj
—00 —00 j=1

The susceptibility ™ (w,---,) is the Fourier-Laplace transform of the

response function R™(t,--t )

17
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The most general time-resolved experiment related to P requires the
interaction with 3 fields and it can be generally indicated as four wave mixing.
In the impulsive limit (very short pulses) the signal is directly related to the
response function R?.

It is possible to change the relative time ordering and the phase-matching of
the 3 interactions: in this way the signal becomes sensitive only to specific
processes, and different techniques may be distinguished (pump&probe,
photon echo, transient grating, hole burning,...)
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4-wave mixing: overview

ijk

R (t—t,t—t,,t—t,)= ERS)(t—tl,t—tz,t—g)
a

R® can be calculated within the perturbation theory framework using
Feynmann diagrams. Depending on the pulse order and on the phase
matching conditions, only selected diagrams (=evolution pathways along the
density matrix) will be relevant and this simplify the calculation of the signal.

density matrix

p(0)=lw () {w (1)

(4)=(v | ly)=Tr[ 40].

ll O] The system is described by v,
0 (0l (onlythe astate is populated)

[r—
DN = DN =

DN = DN =
e—

Paa pabl

Pba Pbb
a

The system is described by a coherent
superposition of aand b states:

1 1
SWat+ 5 19
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P®) as convolution

output signal x P of R® with the

in 2DES i
, exciting pulses
R®) as sum of
different dynamic

contributions

each contribution

can be mapped into
a signal at specific |«
coordinates in the
2D map
S.Mukamel, ‘Principles of nonlinear optical spectroscopy’, 1995 o1

A.Tokmakoff, Time-dependent quantum mechanics and spectroscopy, 2014



2D electronic spectroscopy:

qualitative description of
the response

22
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Published in: Minhaeng Cho; Chem. Rev. 2008, 108, 1331-1418. 24

DOI: 10.1021/cr078377b, Copyright © 2008 American Chemical
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Emission frequency
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LW, ®
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Lw, @
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Excitation frequency
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2DES: off-diagonal cross-peaks resolve

couplings between states

A system that produces multiple diagonal
peaks but no cross-peaks can be modeled
as a set of isolated non-interacting two-
level systems.

Biochimica et Biophysica Acta 1860 (2019) 271
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LW

® The cross-peaks at coordinates (w. , wp)

v, & @ and (w. , w,) appearing at t,>0 indicate
® that state cis coupled via energy transfer
)| with states a and b (Forster energy

' transfer, FRET).

No coupling between states a and b

\ because no cross peak appears at (wy, ,
o w,).

LW, @

Emission frequency
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Biochimica et Biophysica Acta 1860 (2019) 271
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B ' In the presence of resonance interactions
between the two states, symmetric above
and below diagonal cross-peaks appear
already at t,=0: the system can be
modeled as a molecular (excitonic) dimer.
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Biochimica et Biophysica Acta 1860 (2019) 271




(d)

Emission frequency
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LW, ®

A dark state (w,) can be characterized by

" . the coupling with a bright state (w.) in
I . excited state absorption processes.

Excitation frequency

C
A

Biochimica et Biophysica Acta 1860 (2019) 271
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The diagonal section corresponds
to linear spectrum.

diagonal peaks
U

absorption peaks
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Shape of the 2D spectrum
reveals distribution of the
environments.

Inhomogeneous

broadening: diagonal peak
width

Homogeneous width:
anti-diagonal peak width

31
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If we integrate the 2D map
along the w,,. dimension we
obtain a response equivalent
to pump-probe

excC

32
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applications:

photosynthetic antennas

37



a tfascinating (and still debated!) hypothesis:

‘'wavelike’ EET

nature Vol 44612 April 2007/ doi:10.1038/nature05678

LETTERS

Evidence for wavelike energy transfer through
quantum coherence in photosynthetic systems

Gregory S. Engel?, Tessa R. Calhoun'?, Elizabeth L. Read"?, Tae-Kyu Ahn'?, Tomas Mancal'*t,
Yuan-Chung Cheng"?, Robert E. Blankenship®* & Graham R. Fleming"*

Photon
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overview of biological antennas

PE545 (Rhodomonas CS24) LHCII (Spinacia olearia) Chlorosome (Chl. aurantiacus)

Absorbance

PCP (Amp. carterae) 0.0 N BT B T K LH2 (Rps. acidophila)
wavelength (nm)
380 visible range 780
Electronic Energy Transfer in Photosynthetic Antenna Systems, in Energy Transfer Dynamics in 39

Biomaterial Systems, Burghardt, I., May, V., Micha, D.A., Bittner, E.R. (Eds.) 2009
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A Wavenumber (x10° cm~")
14.0 135 13.0 125 120 115

" Chlorosomal
N aggregate
E / N\

2DES porvided a complete picture
on how the energy transfer cascade
evolves from the light harvesting
antenna complex to the reaction
center.

Absorplion

bTOO 720 740 760 780 800 820 840 860 880

Wavelength (nm)
C 830 820 810 800 790
T T T

it was possible to track the step-by-
step energy flow through the entire
unit and observed for the first time
that the FMO complex serves as
energy conduit between the
chlorosome and the RC.

20 i i i s
120 12,2 124 126 12,0 12,2 12.34 12,61
v o, /10" ecm’

Full Photosynthetic Apparatus
D 130 177 1 72 i T

wy (x10% em1)

40
J Phys Chem Lett 7:1653-1660. 2016
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LH1 (purple bacteria)

By exciting in the visible range and
detecting over both visible and near-IR
ranges (2-colors 2DES), it was possible to
follow all the photoinduced processes:

i) the Spx internal conversion,
i) the BChl Qx — Qy internal conversion,
iii) the Spx — B890 EET process

by tracking the formation of several cross-
peaks in the 2DES maps.

41
J Chem Phys 142:212433. 2015
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lutein 2 provides a nexus for light

harvesting, collecting energy from higher-

lying states and funneling it downhill,

€ partially via a debated dark state observed

exclusively on lutein 2.

) N . These results show that the protein pocket
o sk | can tune Car electronic structure via tuning
> P the geometry, a mechanism by which

j /R T plants control the photophysics of solar
: fao, i energy capture.
ol g = |
e 2." | | Chem 5, 575-584. 2019 42
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This is important information in current efforts to
evaluate possible opportunities to harness coherence
to realize, control, and/or drive energy transduction.

PCP (brown algae)

complete  mapping of the
multiple pathways mechanism of
energy flow in PCP, and the
relative time constants.

the evolution of the coherence
effectively moves the population
on the Q,state: the presence of
coherence appears functional to
the energy distribution in PCP!

NatureComm9(2018)3160 43



applications:

quantum dots
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CdSe quantum dots (QDs)

Versatile systems:
photophysical properties tuned modulating
size and ligands/solvent

Desired properties:
Stable, processable, dense manifold of

states

45
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A g core/shell CdSe/ZnS QDs
Scat;ering =
159'351;2 |35> %
1Pe-1P,, [1P> 3 « 2D electronic spectroscopy
15625, [25> —— 2 techniques can successfully and
o i === 3 efficiently dispel the intertwined
dynamics of fast and ultrafast
_— recombination processes in
0> ——— .
e nanomaterials.
Normalized Absorbance
g { b wessc| L € o o e L Hence, we propose this analysis
§ 3 - ’ 5= :
: s . scheme to be used in future research
v 3 .
Q &
- 5 ® {ps & on novel quantum confined systems »
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o
2, |-
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Phys.Chem.Chem.Phys., 2018, 20, 18176
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2DES is sensitive to FINE STRUCTURE of QDs through the detection of the
evolution of superposition of electronic states

: : : 47
Signatures of intra-dot coherences evolution
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Increasing complexity: QDs dimers

dimers of QDs in solution and solid state. The coupling between dots is
modulated through the length of the coupling ligand (di-thiol)

2.8 nm 0.55
nm

S~~~

3.5nm 0.55
nm

LIS 6% %08°S

B (3-Aminopropyl)triethoxysilane
W Trimethoxy(propyl)silane
B 1.3 Propanedithiol (pDT)

pDT dimer

QD

hdDT/hdT spacer

Quartz substrate

Interest: interacting QDs with delocalized wavefunctions and enginereed

coherences for applications in quantum technologies

48
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QDs dimers:

inter-dot coherences
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applications:

working devices
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Q pise4 Pulse 3 Pulse 2, Pulse 1 Photocell

sample

,\ 2 Photo-
I_J current
detection

collinear setup (exciting pulses propagate along the same direction)

|1, ¢43->|<— T —leT1, ¢21—>|

a fourth pulse is added to the pulse sequence to drive the system into an
excited or ground state population.

phase modulation or phase cycling schemes: the phases of the excitation
pulses are independently varied by controlled amounts; the excited state

population is also modulated, and then it can be read out by some other
means, for example, photocurrent or photoluminescence.

Possibility for mass spectrometry detection (and many others detection
schemes!) and single molecules implementations 52
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selective spectroscopic information about the
coherences and populations that contribute to
the final observable, which can be important to
understand how and which electronically excited
material states are most relevant to the function
of an optical or optoelectronic device.

ESA pathways using ultraviolet light excitation
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