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Outline

« Whatis it for?

« Elementary techniques with applications
Time-resolved fluorescence spectroscopy
Time resolved absorption
Data analysis techniques
Applications
« Adding a twist to ultrafast spectroscopy
— Multi-pulse transient absorption
— Femtosecond stimulated Raman scattering spectroscopy

— Transient grating and photon echo
— 2D electronic spectroscopy




Photosynthesis
Photochemistry and photobiology
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Do all four feet of a galopping horse
leave the ground at the same time?




Come to visit!
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Do all four feet of a galopping horse
leave the ground at the same time?




Following fast processes
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Flash photolysis: the beginning

Primary photoprocesses in quinones and dyes
II. Kinetic studies Nobel prize 1967 :
G.Porter et al.

By N. K. BRIpGE AND (3. PORTER*

The British Rayon Research Association, Heald Green Laboratories,
Wythenshawe, Manchester

(Communacated by R. G. W. Norrish, F.R.S.—Received 10 October 1957)

trigger photolysis flash
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Figure 1. Flash photolysis photomultiplier apparatus.




Apollo 17, NOAA GOES13 satellite




it so green?
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Bring out the microscope, what's the green
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Chloroplastai

Plant Cell Chloroplast Structure

Outer
Membrane —

Inner
Membrane

Intermembrane
Space

Figure 1 Granum
(Stack of Thylakoids)



Thylakoid membrane

[Antenna+PSIl] [Cytochrome b6f) @SHantenna} @TP synthase]




Quinone

Chlorophyll A

Beta Carotene

Manganese Stabilizing
Protein

Water

Oxidation
Site

Mn Center
{(under helix)




Bacterial photosynthesis: structures more
symmetric, but the mechanisms are the same




Photosynthesis = Solar energy

Annual Energy Demand by Region
600

150 000
TWh

Asia & Oceania

North America

Europe

Eurasia

Middle East
C.&S. America

0 Africa
1980 1985 1990 1995 2000 2005 2010

Photosynthesis: 130 TW x 365 days/year x
24 h/day =1 140 000 TWh

Natural plants, algae and bacteria capture
/X energy required by the humanity




Semiconductors

Small molecule

Multi-layer structure Bilayer structure
made all in vacuum made from solution

2-10VDC
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. \
Organic LEDs (OLEDSs) are the hybrid '@ ‘ s
structures made of organic molecules and
semiconductors for conversion from electricity
to light.




Photochemistry: organic photovoltaic cells

e <L_‘
aluminium cathode

rhenium
complex

Ceo
CuPc
ITO anode

hVLT

Carrier extraction must be faster than recombination
of excited carriers (typically about 1 ns)




Photobiology

Rhodopsin in the Eye

Eyelid

_ Caruncula

Rhodopsin

If you mutate rhodopsin-like protein into
neuron, you can trigger a brain using light -
optogenetics
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Laser physics

Inverse Bremsstrahlung absorption

E,=15"13

Kinetic energy for
Impact lonization

Conduction

Ionlzat{on A= Ey. +E
Potential L

Valence Photo-lonization Impact lonization
band

Avalanche




Direct laser writing by multi-photon photopolymerization 25

132 OPTICS LETTERS / Vol. 22, No. 2 / January 15, 1997

1.3pm
Three-dimensional microfabrication with 2.2pm

two-photon-absorbed photopolymerization

Shoji Maruo, Osamu Nakamura, and Satoshi Kawata

Department of Applied Physics, Osaka University, Suita, Osaka 565, Japan

Received October 1, 1996

We propose a method for three-dimensional microfabrication with photopolymerization stimulated by two-
photon absorption with a pulsed infrared laser. An experimental system for the microfabrication has been
developed with a Tisapphire laser whose oscillating wavelength and pulse width are 790 nm and 200 fs,
respectively. The usefulness of the proposed method has been verified by fabrication of several kinds of
microstructure by use of a resin consisting of photoinitiators, urethane acrylate monomers, and urethane
acrylate oligomers. ® 1997 Optical Society of America
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What is this polymerization?

Excited state

A

9

1iph 2ph

photon e xcitation (au.)

\ A
y'S
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hv hy
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Radical

I
Propagation R—Mg;+M — R—M;4, R:
Termination 2‘!51—Mn = H—Ms:—R M : Monomer



Spectroscopy < -—2>quantum structure of
material

Time-resolved spectroscopy < ->quantum
functioning of material




Laser spectroscopy: the childhood

WVolume B4, number 3 CHEMICAL PHYSICS LETTERS 15 December 1981

PICOSECOND TIME-RESOLVED KINETIC STUDIES

OM THE FORMATION OF SHORT-LIVED PSEUDOISOCYANINE 10DIDE PHOTOISOMERS
IN METHANOL AND ETHYLENE GLYCOL

Sabine K. RENTSCH
Department of Phivsics, Friednchi-Schiller-University, 6900 Jena, GOR

and

Romas V. DANIELIUS and Roaldas A GADONAS
Department of Physees, Kapsukas Unnversity, 232054 Vilmus, USSR

Recewed 3 Aupust 1981




Laser spectroscopy: the childhood

F[C n meth:mc-l and In eﬂwlene glycol sulunnns A
new absorption band was studied in detail and nter-
preted as a photoisomer spectrum of pseudoisocyanine
1odide.

2. Experimental apparatus

The excite-and-probe spectrometer described in de-
tail 1n ref. [8] consisted of a Nd—YAG laser and an
amphifier, a second-harmonic generator and a param-
etric picosecond generator with an amplifer (KDF).
The parametric generator provided tunable exciting

Fiz 1. Bleaching and transient absorption of pseudolsocyanine
wdide 1n methanol (dey = 53D nm, e=4 ¥ “]'5 mol/).

radiation in the near infrared and, after doublng, in
the visible region as well. The excitation pulse dura-
tion was 20 ps and the energy 0.1—1 mlJ. The probing
hight was generated either by a second parametric gen-
erator (LiNbQ4) with low radiation energy for the
performance of exact kinetic measurements, or by a
picosecond continuum :n D, O for measurements of
the transient spectra at a fixed delay time. The trans-
mussion of the sample cell was measured with excita-
tion and without it by means of a multiplier relative
to a reference signal of the probe Light on a second
detector. The measuring data were processed by a
municomputer whuch, in addition, controlted the pa-
rameters of the experiment.

The differential optical density

AD = Dynp — Dymnout »




Laser spectroscopy: the puberty

TuSapphire

oscillator

Regenerative Amplifier

Q-switched Nd:YLF laser

Chapter 4

Strewcher
Ultrafast Spectroscopy of Photosynthetic Systems

Ralph Jimenez and Graham R. Fleming®

Comprcsso( Department of Chemistry and the James Franck Institute, The University of Chicago,
738 5. Fllis Avanue, |"."ur'.-r_rl.':’l i 60837, USA
“BS
dns Delay,
3 J. Amesz and A. J. Hoff (eds.), Biophysical Techniques in Photosynihesis, pp. 63-73.
7 © 1996 Kluwer Academic Publishers. Printed in the Netherlands.
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FEMTOSECOND HARMONIC OPA A ULTRAFAST -
LASERS GENERATORS ORPHEUS Al SPECTROMETERS SaECECERERSICES

Ultrafast Spectrometers

BN R R . - AP A — —
FEsarsr-ssa SwiFEEEVEE FNS4a
Off-the-Shelf Pump-Probe Spectrometer Fluorescence Upconversion & Time-Correlated Single Photon

Counting Spectrometer

Straightforward operation
Modular, customizable design = Straightforward operation
Modular, customizable design

Ample sample space to fit a
cryostat or flow system

Ample sample space to fit a
system

= |abView based measurement cryostat or floy
autoration software

Automated spectral scanning and
Full control over polarization, upconversion crystal tuning
Measure fluorescence dynamics
from hundreds of fsto 2 usin a
single instrument

intensity, delay and wavelength

CAanrc s view

Spectroscopy Data Analysis Software

= Dedicated package for ultrafast
spectroscopy data analysis

Visualization functions: spectral
slices, contour plot, comparison of
several graphs and more

Wide set of trivial data
manipulations functions

Global and target analysis of
ultrafast data

Optional 3D version

£ LIGHT
CONVERSION




Photosynthesis
Photochemistry and photobiology
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Processes explored by ultrafast
spectroscopy

Charge transfer (electron, proton)
Solvation

Vibrational relaxation

Excitation energy transfer
Photoreaction dynamics

Carrier dynamics in semiconductors



Time-resolved fluorescence
spectroscopy

» Explores the time dependence of emission
spectra in:

— Molecules
— Solids
— Nanostructures



Molecular energy levels:
Jablonski diagram

Phosphoresc.




Molecule was excited. What can
happen?

« Radiative relaxation

* Internal conversion

* Intersystem crossing

 Excitation energy transfer

» Solvation

* Photoinduced reaction (e.g., isomerization)

When the state of the molecule changes, emission spectrum will
change. Therefore, emission is a way of observing all mentioned
processes.

Only useful while excited state is preserved!



Band structures in solid state

Energy
300K E, =142V
x-va“ey\l r-valley };&:1.;1) ez Energy-level band diagram
x = ll e Imo PEDOT: P3HT PCBM Ca/Al

a“y Eso = 0‘34 eV == 29eV o
E,
X PIHT |
s A
3oV
<100> <!> M -
< > 50eV PCBM
Wave vector
£, Heavy holes
0 .
nght hU{eS Energy-level band diagram of a typical P3HT:PCBM Organic Solar Cell

D. Ginley, Fundamentals of materials for Energy
and Environmental Sustainability, page 233

Split-off band

Gallium Arsenide Organic solar cell (dispersed heterojunction)



A solid-state sample (semiconductor, dielectric, metal,
amorphous/organic or crystalline) was excited. What can
happen?

« Band-to-band radiative recombination (light output)
» Shokley-Read-Hall (trap-assisted) recombination

* Auger recombination

 Electron cooling and re-quilibration

 Trap luminescence (light output)

» Non-radiative recombination (light disappearance)

If at least a fraction of carriers recombine in a radiative manner, the
carrier dynamics can be observed in time-resolved fluorescence
experiments.

Again, when the light output stops, we stop seeing it.



A quantum well/wire/dot was

excited. What can happen?

Bulk semiconductor

* A hybrid behavior between solid
state (bands, state continuum) and
molecules (discreet states). Gonduction

Energy gap | E,(bulk)

Valence
band

Figure 1

Semiconductor NC

1D(e)

1P(e)

1S(e)

E,(NC)

1S(h)
1P(h)
1D(h)

A bulk semiconductor has continuous conduction and valence energy bands separated by a
fixed energy gap, Ey, whereas a semiconductor nanocrystal (NC) is characterized by discrete
atomic-like states and an NC size-dependent energy gap. In a simple model of a spherical
quantum well with an infinite barrier, the NC energy gap, Eg(NC), relates to the bulk
semiconductor energy gap, Eg(bulk), by the following expression: E;(NC)= E_E(bulk)+:;r—_ﬂé5,
where R is the NC radius, m, = (m; ! + m;')‘l. and mz, and my, are the electron and hole
effective masses, respectively. The NC energy structures are shown for the model case of a

1 - Phvs. Chem, 2007, 58:635—7
V. KllmOV Annu. Rev. | h!"r&‘ Chem. 2007. 58:635-7 two-band semiconductor, which has a single parabolic conduction band and a single parabolic

valence band.



n(t), G(1), I(1)

1.2

1.0

0.8

Simple kinetics

E xcitation pulse
Number of excited states
= = Number of excited states, when 17ﬂ=00

0 50 100 150 200

t

n(t)=G(t)-e ™
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Time resolved fluorescence
techniqes:

Time-correlated single photon
counting



Fluorescence consists of single photons

=
=y

Fig. 118: Single-photon pulses delivered by a R5900 PMT (left, 1 ns/ div) and output signal of the PMT at a
photon detection rate of 10" s™ (right, 100 ns / div). Operating voltage -900V, signal line terminated with 50 Q.



Excite the sample with high rep.rate
laser

Excitation pulse sequence, repetition rate 80 MHz

100ns

Fluorescence signal (expected)

Detector signal, oscillocope trace

i _J_LI | A I 1

—

Fig. 119: Detector signal for fluorescence detection at a pulse repetition rate of 80 MHz




Excite the sample with high rep.rate laser

Original Waveform The histogram of photon arrival times (with respect to
CEITETS IEa the corresponding laser pulses) is the fluorescence
decay curve.
Detector Time
Signal: . ..
Period 1 The method relies on statistics
Period 2 A
Period 3 . . . . . .
Period 4 A Only the timing (not signal amplitude) noise is
Period 5 A important
Period 6
Period 7
Period 8
Period 9 A_
Period 10
Period N A
Result
after
many
Photons
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Constant fraction discriminator: a way to avoid timing noise
in variable amplitude signal

h FUI“A
Input Pulse
Trigger Delayed Pulse
Threshold

Timing Jitter Zero cross point is

— -

Difference independent of amplitude

Fig. 158: Leading-edge triggering (left ) and constant-fraction triggering (right)

Constant fraction of the total amplitude of a particular pulse. The circuit also
discriminates on the total amplitude (threshold) to reject very small spurious pulses.



TCSPC: features

Time resolution 50-150 ps (limited by
electronic jitter of the detector)

‘Cheap’

Good signal-to-noise (as good as you are
willing to wait)

No intense lasers necessary
(semiconductor lasers are enough)
Single-color

Suitable for imaging (FLIM)



Time resolved fluorescence
techniqes:

Streak camera



Light Electrons Light
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Streak camera

Simultaneous measurement of the
spectrum and the kinetics.

Very sensitive

Time resolution of synchroscan cameras
down to 1-2 ps.

Expensive (~500 k€) ;



Time resolved fluorescence
techniqes:

upconversion
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Dispersed Fluorescence Upconversion Setup

RR

800 nm, 60 fs, 250 kHz B

BBO,

BPF et

400 nm




Fluorescence upconversion

Problem: calibration of spectral
sensitivities at different wavelengths

Time resolution down to 50fs!

A lot of excitation light required (bad for
the samples)

Experiments take time (one wavelength is
phasematched at a time)

Wavelength resolution limited by the
spectral width of the gate pulse.



Time resolved fluorescence
techniqes:

Optical Kerr shutter



Kerr shutter

Nonlinear medium

Polarizer analyzer

Fluorescence

‘

o~

Spectrograph  CCD

Gate pulse

n=nl0 +nd2 7/

Optical Kerr effect — birefringence induced by the (polarized) electric field.
Nonlinear medium operates as a shutter that is open only during the gate pulse.



Optical Kerr shutter

Entire fluorescence spectrum measured at
a time

Time resolution down to 50 fs
Extremely high laser intensities required

Materials with large Kerr effect have
intertial response (CS,, water)

Troublesome experimental implementation



Time resolved fluorescence
techniques:

Phase fluorimetry (a.k.a.
frequency domain fluorescence
lifetime measurement)



Intensity (a.u.)

2.5

0.5

0.0

E xcitation light

Fluorescence

phase shift
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More frequencies — more complex
decays can be disentangled

;. Phase TN
/, \\'“ ¢ / \\
/ \ / - \
% : ‘ [ Vel somu
- / \ i\ .
2 o e’ (i °—"r—[‘———/—4— — - - - —
2 | Excit. Emis. \\ / \
£ \ /l
Modulation \\ // al A S5ns
B/A e
MNs /
b/a | |
Time

Figure 5.2. Definitions of the phase angle and modulation of emis-

sion. The assumed decay time is 5 ns and the light modulation fre-
quency is 80 MHz.
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Figure 5.5. Simulated frequency-domain data for single- (top) and
double- (bottom) exponential decays. The phase angle increases and
the modulation decreases with increasing modulation frequency. The
datapoints indicate the simulated data. Top: The solid lines show the
best fits to a single decay time. Bottom: The dashed and solid lines
show the best single- and double-exponential fits, respectively.



Phase fluorimetry (time domain
lifetime measurements)

Current modulation techniques allow wideband
sweeping of the modulation frequency to de-
construct response curves.

Non-intuitive artifacts.

Decay recovery is based on the assumptions
on the (exponential?) decay of emission.

No expensive equipment required (?)

Good choice for ‘quick and dirty’ analysis of
multiple samples.



Time resolved fluorescence:
applications



FLIM for FRET



Technical implementation of FLIM:

SOURCE PINHOLE
(ILLUMINATING APERTURE)

LIGHT SOURCE
(e.g. LASER)

FOCAL PLANE

PHOTODETECTOR
(PHOTOMULTIPLIER)

DETECTOR PINHOLE
" (CONFOCAL APERTURE)

B DICHROIC MIRROR
R\ (BEAM SPLITTER)

ws  IN-FOCUS LIGHT RAYS
s QUT-OF-FOCUS LIGHT RAYS

In your confocal microscope,
replace excitation laser by a
picosecond diode laser, and use
a photon counting detector
connected to TCSPC electronics




Forster energy transfer
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Forster Resonance Energy Transfer

- 9In(10)x>c*p, fFD(a))AA(a)) o

807n*N 1, R° w'

Fluorescence

Molecule 1 Molecule 2
\ Fluorescence /

ACCEPTOR

Intensity

Absorban

Wavelength




Assumptions

When transfer is over, the correlation between donor
and acceptor state is lost

No orbital overlap between donor and acceptor
(large distances)

Dipole-dipole coupling
Donor has relaxed to the bottom of its emissive state

After all these assumptions it is almost a miracle that

the model works, but it does, and does it amazingly
well.




FLIM and FRET

* Optical ruler for ~10
nm distances.

Intensity

Laser

Donor Donor Acceptor Acceptor
Absorption Emission ~ Absorption Emission

Figure 13.1. Fluorescence resonance energy transfer (FRET) for a

protein with a single donor (D) and acceptor (A).

Wavelength ‘




Energy transfer and donor lifetime

Intensity

- unquenched donor
quenche

donor

Donor fluorescence lifetime is reduced, because the acceptor is “sucking away”
excited states




You could just look at the acceptor
iIntensity, but

— Donor and acceptor concentrations in the
cells are not known precisely

— Absorption spectra may overlap
— Calibration and control is tricky




Time-resolved FRET

 Direct measurement of the reduction in
donor lifetime

1. No FRET - slow donor decay Intensity

2. Yes FRET — part of the donors
disappear quickly. nteractng Donor
e -ttret decay

fiy=ae-UTirety he-UT0

non-interacting

time/ps




Time-resolved FRET — detailed spatial
information on molecular interactions

PMA (min)
20'

2.9

FIGURE 3

Activation of green fluorescent protein (GFP)-tagged protein kinase C alpha (PKCw) in . .
live Cos7 cells measured by autophosphorylation using fluorescence lifetime imaging P I . H . BaSt|aenS and A SqU|re,
microscopy (FLIM). Only the middle cell was microinjected with site-specific H H .
1gG-Cy3.5. The cells were stimulated with 100 nm phorbol myristate acetate (PMA) Tl’endS In Ce” BIO/Ogy’ 1 999 9(2)
and fluorescence lifetime images acquired at the times indicated. (a) Fluorescence p 48_52

images of GFP-PKCg; (b) fluorescence lifetime images of GFP-PKCe. Note that the
lifetimes only decrease in the middle microinjected cell owing to fluorescence
resonance energy transfer (FRET) between GFP-PKCe« and 1gG-Cy3.5.




Isomerization of retinal in
bacteriorhodopsin




Bacteriorhodopsin, summary of:

» Widely investigated:

— Nature — 34 papers (1990 — 2012)
— Science — 43 papers(1990 — 2012)
— PNAS -173 papers (1990 — 2012)

(Source: Web of science)




Function:

* Light drive proton pump that pushes
protons across the membrane against the

direction of the

* Found in purplé

Halobacterium
membrane mas:




Structure: membrane protein

. Structure resolved to 1.65 A.

« 7 alpha helices containing a
retinal chromophore




Advantages:

» Chemically stable and photostable
* Well known structure, easy to crystalize
» Bacteria grow a lot of it

» Fast, photoactive and therefore
interesting

« Can be used as biomolecular tool or a
model system for photoreactions




Absorption and emission

Absorption Emission
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Energy

xcited state

Absorbance

Ground
state

trans ClS -

Isomerization coordinate
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900nm

M:A_,_—
M

720nm
690nm
T T T T L
-1 0 1 2 3 4

Time (ps)

M. Du and G.R. Fleming, Biophysical Chemistry, 1993. 48(2): p. 101-111.




Green fluorescent protein

Aequorea victoria: jellyfish GFP protein Marker for molecular biology

GFP chromophore







Fluorescence from GFP originates from ‘I*’:
Excited-state proton transfer
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Upconversion Signal
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GFP-D
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Energy transfer in LH2 of purple
bacteria

_ >

J ).

7S
4 \ L
) 4

Absorbance

650 750 850 950
wavelength (nm)

J“;‘
oy

J
@A
| )‘ |
4 1

R. Jimenez, S.N. Dikshit, S.E. Bradforth, and G.R. Fleming, Journal of Phvsical Chemistry.
1996. 100(16): p. 6825-6834.




Fluorescence of the acceptor pigment develops with the
delay after the excitation. The delay is equal to energy
transfer time.
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Energy transfer between
Isoenergetic pigments

* |f the excitation energies of different
pigments are equal, emission wavelength
does not change due to energy transfer;

* Therefore, the fluorescence appears at
that wavelength without any delay.

 However, the polarization of the emission
will change!
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Figure 10.1. Schematic diagram for measurement of fluorescence
anisotropies.
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Fluorescence is good, but...

» Contains only the information about the
excited states, whereas interesting things
happen in ground state as well...

Therefore we switch to...







Energy

A

Pump-probe: a traditional technique
of monitoring photodynamics
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Decomposing Transient Absorption Spectra

Product State Absorption
Excited State Absorption
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Stimulated Emission

Ground State Bleach



Dispersed Pump-Probe Experimental Setup

Measure pump induced changes in the sample:
* Energy Transfer

* Reaction Dynamics

Internal Conversion
! Diode Array

* Intersystem Crossing
*Solvation Dynamics \

*Vibrational Relaxation

*Proton Transfer

» Electron Transfer

N \
) )

Diffraction Grating

* Carrier dynamics in semiconductors and

nanostructures \ /
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Conceptual example: solvation

Excited state at t=0 EXcited state after
some time

Ground state

"L J;M

_i_
4
Adjustment of solvent molecules around the solute to minimize
the overall system energy.

>




Energy

Conceptual example: solvation
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Conceptual example 2: two electronic levels
coupled to 1 vibrational mode

N
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Some basic quantum mechanics...

* The pulse excites several vibrational sub-states at once
(forms so-caled excited-state wavepacket):

W, (x0)=Yalehy,;(x)

J
Where z/jj ( x) - oscillator eigenfunctions

a]. (t) - time-dependent amplitudes



Some basic quantum mechanics...

» After plugging this into time dependent Schrodinger equation

in LW = i
ot

Y, [ MR, (0= Y a0, (5

J . (1
gak(t) = ZCUV(E + k)ak(t)

-iw, (k+l)t
2

a, () = a,(0)e



Oversimplified model system: two electronic
levels coupled to 1 vibrational mode

: Conformation
w coordinate




Initial population of the vibrational

substates In the excited electronic state

a,(0) depend on:

» Population of ground state vibronic sublevels (Bolzman
factor);

» QOverlaps between ground- and excited-state vibrational
wavefunctions (Frank-Condon factors);

 Width and central frequency of the excitation pulse;

 All of this can be calculated for our model!



Example: red-edge excitation, 100 fs pulse,
77K

100

0=




The reason for oscillations in pump-probe

Probed at time zero: Probed after half period:




Generalization

When electron-vibronic system is excited with an ultrashort pulse (its
spectrum has to cover several vibrational levels), oscillations will be

observed in pump-probe time dependence, corresponding to the
wavepacket motion.

The lifetime of these vibrations is typically hundreds of femtoseconds,

even several picoseconds (corresponds to the width of vibrational lines in
Raman spectrum).

Let’s keep it in the back of our heads for later...






b-carotene: the “model” carotenoid
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Dynamics of SE and ESA bands different from GSB, which implies that it is due to
energy relaxation in higher excited states.
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Application:
Role of carotenoids in excitation quenching




Leaf response to prolonged illumination —
reduction of fluorescence
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Figure 2. Chl fluorescence measurement from an Arabidopsis leaf. In the presence of only weak measuring light the minimal
fluorescence (F,) is seen. When a saturating light pulse is given, the photosynthetic light reactions are saturated and
fluorescence reaches a maximum level (F,"). Upon continuous illumination with moderately excess light (750 umol photons
m 2 sec'; growth light was 130 pmol photons m 2 sec™ '), a combination of qP and NPQ lowers the fluorescence vyield.
NPQ (gE + qT + qgl) can be seen as the difference between F_ and the measured maximal fluorescence after a saturating
light pulse during illumination (F_'). After switching off the light, recovery of F_' within a few minutes reflects relaxation of

the gE component of NPQ.







Berera et al.

PNAS | April4,2006 | vol. 103 | no.14 | 5343-5348
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EET dynamics monitored by
pump-probe spectroscopy
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Carotenoid can be both energy
donor and acceptor
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Application:
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membrane

0.9 ps

membrane
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W. Zinth et al. conclusion
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A word on data analysis
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Pump-probe dataset
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Models are reflections of reality
INn our minds

Phenomenological
Intuitive

Simplistic

Good description of data

Complicated

First principles based
Meaningful
Unintuitive

Far away from data

.
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Photoinduced Dynamics

Excited State
Ground State
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Global analysis is a ‘pinball
machine’ approximation of
ultrafast data

Use it when:
* You do not know any better.

* You need to parametrize large datasets
concisely.

* You need to present and interpret the data to
people without hardcore physics background.




Hierarchical Modeling of Dispersed
Transient Absorption Signals
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Three Principle Objectives of Global Analysis

1) Connectivity

State 2 | —
State 1 f:l-uuuc —7—> State 3| — |State 4| —
1 "\ [State 3| —[State 4] — 1

2) Timescales

3) Spectra
D(A,t;k,.j)= EA,-(A)”Z- (t;k,-j)



Available options:

Glotaran — VU Amsterdam

YR | LIGHT
CarpetView @ CONVERSION

Jasper van Thor’s Matlab® based
package

A number of groups have developed
their own software
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Time-resolved fluorescence dataset (fake data)
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Let’s fit it using sequential model...
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Let’s fit it using sequential model...
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Let’s fit it using sequential model...

Amplitudes
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Time constants: 10 and 30 ps,
IRF width: 0.2 ps, justwhat S0, we nailed it, right?...

we put in.




WRONG.

To see why, let’s fit it using another model:




The fit is just as good

566 Nnm




But the component spectra look different:

Amplitudes

—

Amplitude

N

350 400 450 500 550 600 650 700 750 800
Wavelength

The models represent two different realities, they can’t both be
correct.




Imagine what you could do with three-
component models:

State 1 | —>| State 2 | —> State 3 | —
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Imagine what you could do with three-
component models:
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Concentration (a.u.)

Time (ps)

Fluorescence dataset (fake data)
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Time constants: 10, 30 and
50 ps, IRF width: 0.2 ps
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Pump-probe dataset (fake data)
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Pump-probe dataset (fake data)
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Model degeneracy

* Any model using connectivity scheme with
the same rank (number of different
lifetimes observed) will fit the data equally
well.

» Besides the quality of the fit, the models
have to be judged by the plausibility of
component spectra they produce!




Models describing data for parametrization
purposes (global analysis): parallel

State 1| | State 2 | | State 3

1 Lo

* Independent (parallel) decay model;

« Assumes independent lifetimes for different
components;

* Produces Decay-Associated Difference Spectra, DADS
(in TA) or Decay-Associated Spectra, DAS (in
fluorescence).

* Negative amplitude means loss of (positive) signal,
positive amplitude means gain (growth) of (positive
signal.

« What about the signals with varying signs?




Dataset with varying signs
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Concentration
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Models describing data for parametrization
purposes (global analysis): sequential

* Assumes initial population put in State 1
compartment 1, and spectra evolving one 1
into the next.

* Produces Evolution-Associated Difference State 2
Spectra (EADS). 1

- Different EADS resemble spectra State 3
observed at different times. 1

» Should be the first model of choice when
doing preliminary analysis of TA (and
probably fluorescence).



When you start to wonder ...

State 1 State 1 State 3
State 2 State 3 State 2

| l 1

When the different compartments are ascribed physical
meanings and connectivity scheme is established using

physical assumptions, you are entering the realm of Target
Analysis.

The resulting spectra with physical meaning are called
Species-Associated Difference Spectra (SADS)



Build your intuition about SADS:

* Fluorescence SADS |
should be positive.

* Upon solvation,
stimulated emission

shifts to the red.

* Ground state SADS
are negative only In
the GSB region.

» Spectral changes ascribed to different
physical processes match your intuition.




Important to remember:

* Not all kinetics are
exponential, but most of
what we measure can be
depicted as such.

» Worse fit and reasonable
spectra is better than good
fit with ridiculous spectra




The Photoactive Yellow Protein Structure

* Function: phototaxis photoreceptor in Halorhodospira halophila
« Water-soluble protein, suitable for genetic and chemical engineering
« High-resolution structures available (~0.85A)




Negative phototactic response to blue light

A

UnHappy bacterium




Negative Phototactic Response in

Halorhodospira halophila :
PYP as the signal Transducer

Negative Phototaxic
Response to Applied
Blue Light

Local Light lllumination

Hellingwerf and co-workers: J Bacteriol, 1993. 175(10): p. 3096-104.



Case study: solvation

+Isomerization
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Adding a twist...

Advanced ultrafast
spectroscopies




Twist #1:

Multi-pulse transient absorption




Dispersed Pump-Probe Experimental Setup

Measure pump induced changes in the sample:

* Energy Transfer
* Reaction Dynamics
Internal Conversion
* Intersystem Crossing Piode Array
*Solvation Dynamics
*Vibrational Relaxation

*Proton Transfer

* Electron Transfer

)

Diffraction Grating

Sample Cell



Dispersed Multi-Pulse
Experimental Setup

Now we can control the outcome of the Pump-
induced changes, and not just passively “probe” the
system.

* Identify Connectivity Schemes Diode Array
* Separate Overlapping Spectra
* Observe “cleaner” Dynamical Processes

 Separate between ground and excited state dynamics

* Open new Reaction Pathways

)

Diffraction Grating

e gt Sample Cell

Anfinrud and co-workers: JACS, 1997. 119: p. 6201-6202
Ruhman and c-workers: JACS, 2002. 2002(124): p. 8854-8858
Field and co-workers: Journal of Chemical Physics, 1988. 88(9): p. 5972-5974






Sequential Isomerization Dynamics

Excited State

Product State
Absorption

Ground State

TRANS

Reaction Coordinate



Branched Isomerization Dynamics

Excited State

Ground State

500 nm
Dump

Product State
Absorption
400 nm

Reaction Coordinate Cul de sac



Multi-pulse Transient Absorption Spectroscopies

A A

Pulse 1

>

Pump

AN

IIIIIIIIIIIIIIII'

a

v

Su}

Pulse 2 Probe

A: Pump-dump-probe (PDP)
The second laser pulse is resonant with the stimulated
emission band: (loss of excited population leading to
decrease of all signals)

B: Pump-repump-probe (PrPP)
The second laser pulse is resonant with an excited state

absorption: (loss of excited state signals with no effect on
the bleach)

C: Pre-pump Pump-Probe (4P) and
Double Pump-Probe (PPP)

Both actinic pulses are resonant with the ground state
absorption: (pump probe on the excited state)






Kinetic Isotope Effect: evidence for
proton transfer
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Excited state proton transfer in GFP

Fast timescales Slower timescales
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Idea: try to dump the excited state!

Excited State
proton transfer

A* > ¥

3 ps -
(= i
) c
2 o)
< -
+~ @ \
'S 3 ns z nw
> @)
= S
(@)
\
Ground State

Proton Transfer ?

A fundamental reaction in biochemis:




Pump-dump-probe spectroscopy on GFP

400 nm pump 540 nm dump

\ 0 10 2p 30 100 1000 Decay of 1
\509 nm I* SE |y 492 nm H,0
o) 10 4
o 2
I’ y
= < o
“ t=440ps
) 0 1000 2000 3000 4000
498 nm | 40
492 nm D,0
- 10
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|
AA x 10°
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0 10 20 30 100 1000 V t=5ns

time (ps) 0 1000 2000 3000 4000
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Spectra and lifetimes of Hidden Intermediates

A A*
5
>~ g = I* £
o S £
S o = %
c > o
L] :ﬁ o 3.3 ns
® o
) (@)
= = _— -504
5% o0 |
0 Ab‘ 1 v ) v T v T T T T
| ) 350 400 450 500 550 600
wavelength (nm)
A 1, |
Proton coordinate ] o /w /’17(\/
* I, max: S00 nm, I, max: 498 nm Kk 2h
B 27k
* I, stokes shift: 9 nm ’;
. : E222
* I, to I, evolution: H-bond rearrangement? et ‘



Energy transfer in PCP: role of
ICT state




Near-IR transient Absorption spectra of peridinin

14000 12000 10000 8000 6000
. I '

| ! I

In n-hexane

1200 1600 2000

Zigmantas et al., JPC A 105, 2001




Peridinin excited
state model used in
target analysis

unrelaxed
intermediate

unrelaxed
intermediate

Ground State




K. Redeckas et al. / Biochimica et Biophysica Acta 1858 (2017) 297-307

PCP Data: pump at 520 nm Waveenath (o
probe 440-1000 nm, dump . .

950 nm
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Dump effects at different wavelengths

AAbs. (mOD)

Delay (ps)




Dump effects at different wavelengths

Delay (ps)




Dump effects at different wavelengths

Delay (ps)

Chl bleach/SE
A be=670 nm

pro




Peridinin excited
state model used in
target analysis

unrelaxed
intermediate

unrelaxed
intermediate

Ground State




PCP model:

unrelaxed
intermediate

unrelaxed
intermediate

Ground State




PCP model: S,

340 fs

130 fs

150 fs unrelaxed
intermediate

530 fs 180 fs

ICT

6.3 ps

3. 5pS unrelaxed
intermediate

Ground State




K. Redeckas et al. / Biochimica et Biophysica Acta 1858 (2017) 297-307
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Twist #2: Femtosecond stimulated

Raman spectroscopy (FSRS)




Raman scattering




Ll

Twist #2: Femtosecond stimulated
Raman spectroscopy (FSRS)

Playing around with electronic states is all
good and well, however, the underlying
structural changes are mostly guesswork.

Raman spectroscopy is measuring vibrational
frequencies, therefore it is directly sensitive to
conformational changes in molecules.

However, to resolve narrow vibrational lines
require narrow Raman Pump spectra (poor
time resolution ~3 ps).

Enter FSRS.




Twist #2: Femtosecond stimulated
Raman spectroscopy (FSRS)

Pump-probe with a pair of
probe pulses: one long
(for narrow spectrum and
good spectral resolution),
and one short (for
femtosecond time
resolution).




Dispersed Multi-Pulse
Experimental Setup

Now we can control the outcome of the Pump-
induced changes, and not just passively “probe” the
system.

* Identify Connectivity Schemes Diode Array
* Separate Overlapping Spectra
* Observe “cleaner” Dynamical Processes
 Separate between ground and excited state dynamics

* Open new Reaction Pathways

2 /
) P

Diffraction Grating

Ny

pump Pulse (400nm) }/ ‘
- ‘
e

Iris

)

Sample Cell



Dispersed Multi-Pulse
Experimental Setup

Now we can control the outcome of the Pump-
induced changes, and not just passively “probe” the
system.

* Identify Connectivity Schemes Diode Array
* Separate Overlapping Spectra
* Observe “cleaner” Dynamical Processes
 Separate between ground and excited state dynamics

* Open new Reaction Pathways

2 /
) P

Diffraction Grating

pump Pulse S }/
g Pro0¢ }
: \‘é‘“ Sample Cell
wiea = P

NS
ﬂ\\“\Q



Setup for FSRS
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Rhodopsin: vibrational signatures of
Isomerization

hv

+ . - T e i . . -

; N A perimental results are presented in Fig. 3.
Rhodopsin | Bathorhodopsm The bathorhodopsin structure is twisted by
—144° about the C,,=C,, and by 31° about the

Photorhodopsin  +10°

Energy (kJ/mol)

1ps
525 f:
425 fs +35°  -144°
375 f Bathorhodopsin

325 f i —- Cy,-H
- C,H
300 f: - —- C,H

T

- +  Fig. 4. Multidimensional representation of the
275 f: isomerization coordinate for the primary event in
T  vision. Absorption of a visible photon is followed by
250 fs L 4 rapid motion out of the Franck-Condon region
along high-frequency HOOP coordinates (vibra-
225 fs| T . i ! T tional period ~36 fs) which carry the system
Rl'lo Ph'oto Ph'oto Ba'tho Ba'tho toward a conical intersection in ~50 fs. Curve

200 fs Exp. Exp. Theo. Exp. Theo.

Stimulated Raman Intensity

0
<
w0
-

Rho

800 1000 1200 1400 1600 1800 Kukura et al. Science 2005
Raman Shift (cm™)




Application: photochromism of

Indolo-benzoxazines

(spoiler alert: it's non-existent)




Bistable ground-state: sensitive to
everything

Reaction coordinate

Solvatochromism
Electrochromism
Acidochromism
Thermochromism
etc.




Indolo-benzoxazines: new
generation photochromic switches

Tomasulo, M.; Sortino, S.; Raymo, F. i. M. Organic Letters 2005, 7, 1109.
Tomasulo, M.; Sortino, S.; White, A. J. P.; Raymo, F. M. Journal of Organic Chemistry
2005, 70, 8180. and at least 10 more papers on the same subject

Shachkus, A. A.; Degutis, J. A.; Urbonavichyus, A. G. Khim. Geterotsikl. Soed. 1989,
5, 672.

Me Me Me

R Light On Me
o) — /R
N Light Off N
4
0

NO,

« Structure similar to spiropyrans;
* No triplet state — stable in aerobic conditions
» Fast thermal recyclization (25 ns)




Indolo-benzoxazines: ns
photodynamics

Photoinduced
absorption spectrum
similar to that _‘
induced by the
addition of strong
base (Bu,NOH)

003
0.01
0

0.01
0 50 100 150 200 250 300 350 400
t(ns})




Photochromism of indolo-benzoxazines
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FIGURE 5. Single-crystal X-ray structure of 3a.

Prevailiing view: UV light induces bond
cleavage, and produces a p-nitrophenolate
chromophore responsible for the visible

absorption.







Oxygen effect on lifetime of
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iIsomer’
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Absorption of open and closed
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FSRS and optical pump-probe data
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No match between optically and
Chemlcally induced Raman spectral!
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Therefore, definitely not photochromic. Pity.



Twist #3:

Coherent spectroscopies




Transient grating for diffusion length determination in semiconductors

t=t +At  t=t,

F T T T T T T T
Pump EQ s A - grating period ]
? A=N2s1n(B/2)

Probe s I, Transmitted.2
At i beam &
< G
A" =

b S =A,|

Pump 9 A

Diffracted & j 2

beam A A=A )

Light interference field . | l |
;\/\/\/\/\ Time delay At

{} 1 1 1 1 42°D
+

Spatial carrier modulation — + —

AVAVAVAVA T, T, T, T, N\
2B\

Carri combination Carrier diffusion -1 )

e 3 = f(A") =T, D> L, =7, D
1

L,




Non-radiative recombination time in GaN
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Non-radiative decay time Ty,,z.q €an be determined at low injection and/or after long
decay time, when AN becomes small.



Recombination 1n In Ga, N MQWs

Diffraction efficiency (a. u.)
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Band-to-band

A and B coefficients are determined from fitting to carrier
‘ ‘ ‘ continuity equation. D and N, other parameters in the
1000 2000 3000 equation are determined experimentally.




Transient grating

 Combined with temperature dependence,
can reveal the difusion coeffcients and
recombination rates and modes in

semiconductors.




More general case: three pulse

echo
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Figure 31: Electric field (left) and spectral intensity (right) associated with two 10 fs pulses
separated by 35 and 70 fs.




Experiment scheme
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Experimental setup
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Three pulse echo

The ,writing” pulses are separated in time, and
their spectra are as wide as the absorption band
of the sample. Shifted pulses result in frequency
beating or frequency grating.

The further the pulses — the finer the grating is.

When too fine, it is very sensitive to spectral
diffusion and signal quickly disappears;

When too coarse, diffraction is weak produced

Therefore, signal maximum is observed when
the writing pulses are SLIGHTLY separated in
time.




Frequency gratings

T Ll A

e, [\ s E,E, E; Echo
N JU -
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Figure 2 System-bath correlation function and associated decays of the frequency grating formed
in the ground state. A denotes the frequency detuning from the optical transition. The excitation
pulse sequence Ey-E; as well as the emitted signals are depicted for Mir) = 1 (inhomogeneous
broadening) and M(r) = 0 (homogensous broadening). Note that in the former case. the signal 15
delaved with respect to the last excitation pulse (photon echo). whereas in the latter case, the signal
maximum coincides with the last excitation pulse (free mduction decav).



How does it look?




What do we measure?
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Figure 4. Examples of three 3PEPS scans (in the 7 dimension) obtamed Rrsrost B [f<]
with o-subunit preparations at room temperature at T = 0. 50. and

1000 fs. The two traces represent the echo signals obtained from the Peak shift decay follows the memory

two phase-matched directions. The traces are superimposed with fits function of the bath COUp| ed System
to Gaussian line shapes, as determined by a nonlmear least-squares

regression routine.



Problems

 After all this work, just one decaying curve
IS measured. Cannot produce too much
science with just one curve ®.

Data interpretation requires the microscopic

model (hamiltonian) of spectrail ggfusmn




2D electronic spectroscopy

* What if we measure not just the intensity
of the photon echo, but the time
dependence of the radiated EM field?

* We get 2D NMR analogue in optics, called
two dimensional electronic spectroscopy
(2DES).




JOURNAL OF CHEMICAL PHYSICS VOLUME 121. NUMBER. 9 1 SEPTEMEER 2004

Phase-stabilized two-dimensional electronic spectroscopy

Tc:lmas E:nxner Tomas Mancal, Igor\*' St|opk|n and Graham F{ Flemmg“




2D spectroscopy: plethora of
pulses

pulse 1

pulse 2 pulse 3
T .

pulse 4 =LO

AN

t
tLo=1t4<0

FIG. 1. Definition of time variables. Time zero 1s defined at the center of the
third excitation pulse. The first two excitation pulses arrive at times 7,<<0
and t,<<0, separated by the coherence time 7which 1s positive for the shown
pulse order, and negative if pulse 2 arrives first. The population time 7> 0 1s
the separation between the second and third excitation pulse at /3=0. Non-
lmear third-order polarization at time ¢ 1s induced by field interactions at
times 7,+ 7+ 7., 73+ 7.. and 7. earlier, which may occur somewhere
under the excitation pulse envelopes. This leads to a free-induction decay
and for inhomogeneously broadened systems, an additional photon echo

signal 1s observed with an average arrival time 7. that 1s similar to the
coherence time. The local oscillator (LO) used for heterodvned signal de-
tection always arrives first at time 7, .




Experimental implementation
] b

EPhEFiCEil
shutter mirror

-

coh. pop. signal
time time time

A NN
1 2

fi:LD 3 sig

sample

diffractive
optic

FIG. 2. Experimental setup. Two parallel beams of femtosecond laser pulses
in the visible spectral region are focused by a lens onto a grating. The first
diffraction orders emerge with high efficiency and provide the excitation
pulses 1-3 as well as a local oscillator (4=L0) for heterodyne-detected
three-pulse photon-echo electronic spectroscopv. A spherical mirror (2 f
=30 cm) creates an image of the pulse overlap in the sample cell via a
plane folding mirror The required time delays are provided with subwave-
length precision by motor-controlled movable glass wedges. Full character-
ization of the nonlinear phase-matched signal field is carried out by spectral
interferometry with the attenuated LO. An automated beam shutter is usad
for subtraction of scattering contributions. This diffractive-optics based
setup 15 inherently phase-stabilized.



You can calibrate your A/20 delays

intensity

M

40 42 44 48 48 50 intensity
wedge position / mm

FIG. 3. Delay calibration by spectral mterferometry. (a) Spectral interfer-
ence patterns between pulses 1 and 2 are recorded in 10 pum steps by mov-
ing the glass wedge in arm 1. The cross section along the vertical dashed
line shows (b) the spectral interference outside of the temporal pulse over-
lap. whereas the cross section along the horizontal dashed line delivers (c)
the temporal oscillation for one particular wavelength. Counting these oscil-
lations gives a precise calibration factor of wedge position vs time delay.



2D Electronic spectroscopy

» Can distinguish homogeneous and inhomo-
geneous broadening;

* Time resolution is not limited by spectral
resolution on excitation scale;

* It's like many pump-probe experiments in one
go!




2D electronic spectroscopy

Two-dimenslonal electronic spactroscopy 4223

Wol. 121, Mo. 9, 1

Seplembe

in the direcion of —F,+F,+F; along which we measure
terms possess 3 common phase factor ¢~ , and in
a n they contsin ope of the phass facrors thar can be
nd corresponding phase factors ds gither gelate) gTivelnmmal o glerlmat It
termining their directions snd fTequen: Each term of thi Deepending on the system in question,
comesponds o 2 mreraction con- ton 5 ) contains 2 sum of conmib
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Evidence for wavelike energy transfer through
quantum coherence in photosynthetic systems
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Off-diagonal peak is oscillating!

788
798 §
&
808 &
2
(3]
z
818 ©
R
828 éé
: 838

798 788

!
808

|
838 828 818

798

808

818

Rephasing wavelength (nm)

828

838 828 818 808 798 788 838 828 818 808 798 788
Coherence wavelength (nm) Coherence wavelength (nm)



Rephasing wavelength (nm)

0

Intensity (arbitrary units)

Off-diagonal peak is oscillating!

Figure 2| Electronic coherence

— b beating. a, A representative two-
dimensional electronic spectrum
® with a line across the main diagonal
2 peak. The amplitude along this
798 - g diagonal line is plotted against
< population time in b with a black
line covering the exciton 1 peak
s1al % amplitude; the data are scaled by a
smooth function effectively
% normalizing the data without
%2 affecting oscillations. A spline
828 - % interpolation is used to connect the
spectra; the times at which spectra
were taken are denoted by tick
843 b : l l | marl§ along the time axis. ¢, The
843 828 813 798 783 mmplitnce of the pesk
corresponding to exciton 1 shown
Coherence wavelength (nm) with a dotted Fourier interpolation.
d d, The power spectrum of the
160 Fourier interpolation in c is plotted
. 2 p 3 ’ with the theoretical spectrum
140 . Data_ points i i "' 121 ; showing beats between exciton 1
i if“t’:"efhﬁ | It ;- S { —— Predicted beat spectrum and excitons 27.
120 ey { R S 10 {: --—— Power spectrum of interpolation
AR R S |
STV ANIRTANE KR B
ol gl AT LT T\ S e I
ol 1YV U WY § o i Electronic coherences
¥ NV i vl Ly B .
ol ; v LY H I should dephase in <50 fs
i i N1 A
e 100 200 300 400 500 600 500 1,000 1,500

Population time (fs) Frequency (cm™')



This ‘wavelike’ energy transfer started
the now fashionable (hopefully, not for
long) field of quantum biology...



My never published data from 2000



Coherent response of nucleic
subsystem to the excitation.

» Good old Rps. Acidophila;
* Pump-probe at 77K;

* Purpose: observe how the nuclel
of BChl molecules respond to the
electronic excitation.




Kinetics at various wavelengths (77K)
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4 years earlier (1996)

166 M. Chachisvilis. V. Sundstrim / Chemical Physics Letters 261 (1996) 165174

vation of the wavelength dependent phase shifts
further confirms the vibrational origin of the oscilla-
tory features.

In this Letter we will concentrate on the nuclear
motions in the LH1 complex by describing it with a

model system consisting of three electronic states
and one nuclear degree of freedom. We tentatively
assign the above three states to the ground, singly
excited and doubly excited electronic manifolds of a
BChl a exciton coupled aggregate, thereby assuming
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Instead of conclusions...

Time-resolved spectroscopy comes in a lot of different
guises and is used in different fields for understanding the
quantum-mechanical functioning of light sensitive matter.

Used wisely, it is a powerful box of tools for investigating
nature.

Used bravely, it gets you papers in Nature (sometimes even
despite the science being wrong).




Time to relax...
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