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Variations of pump-probe spectroscopy 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 electric field.

• Found in purple membranes of 
Halobacterium salinarium, up to 90% of 
membrane mass.

Structure: membrane protein

• Structure resolved to 1.65 Ǻ.
• 7 alpha helices containing a retinal 

chromophore



5/29/2018

2

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

Isomerization of Retinal

Absorption and emission
AbsorptionEmission

Wavenumber (cm-1)

Observation:

• The decays can be well fitted as a sum of three 
exponential decay components with time 
constants in the range of 90 fs-240 fs, 0.6 ps-
0.9 ps, and 9.0–13.0 ps. 

• Fluorescence disappears on sub-ps 
time scale!

Du et al. Biophysical chemistry, 1993
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Gai et al. Science 1998

Relationship between fluorescence 
and SE:

At optical frequencies the fluorescence and stimulated emission spectra should be nearly identical
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Two models, which one do we 
believe?

Temperature dependence: from 0.5 ps (RT) to 60 ps (77K)
Fluorescence and SE spectra: Einstein says 
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No detailed information about the structural 
changes of the molecule

....solution: go infrared! 

The probe beam needs to be in the mid-IR

Molecular vibration frequencies Vibrational features of cis appear within < 1ps!

C—NH

C=C

C—C

The IR spectrum of cis
known from FTIR 
measurements forms in <1 
ps.

First evidence that it is 
isomerization that causes 
fluorescence to disappear 
so fast.

Herbst et al. Science, 2002
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Comparison of 
vibrational features in 

the spectrum

Herbst et al. Science, 2002

Top: Visible pump – mid IR probe;
Bottom: Step-scan FTIR (15 ns)

What is the function of the protein?...

....Solution: go UV! 

Protein role in BR isomerization?...

Schenkl et al. Science 2005

Protein role in BR isomerization?...
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Protein reacting to electric field of retinal

Schenkl et al. Science 2005

Tryptophan acts as an electric field probe inside 
the protein highlighting the electric field evolution 
after the excitation.

Complex:
Retinal+2Trp’s

Protein reacting to electric field of retinal

Schenkl et al. Science 2005

Tryptophan acts as an electric field probe inside 
the protein highlighting the electric field evolution 
after the excitation.

Adding a twist...

Advanced ultrafast 
spectroscopies

Twist #1:

Multi-pulse transient absorption
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Pump Pulse (400nm)

Sample Cell

Diffraction Grating

Iris

Diode Array

White Light Probe

Dispersed Pump-Probe Experimental Setup

Measure pump induced changes in the sample:

• Energy Transfer

• Reaction Dynamics

•Internal Conversion

• Intersystem Crossing

•Solvation Dynamics

•Vibrational Relaxation

•Proton Transfer

• Electron Transfer

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

• Separate Overlapping Spectra

• Observe “cleaner” Dynamical Processes

• Separate between ground and excited state dynamics

• Open new Reaction Pathways

Pump Pulse (400nm)

Sample Cell

Diffraction Grating

Iris

Diode Array

White Light Probe

Dump Pulse (505nm)
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
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Branched Isomerization Dynamics
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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)

Multi-pulse Transient Absorption Spectroscopies
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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)

Pulse 2Pulse 1 Probe

Kinetic Isotope Effect: evidence for proton transfer
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Excited state proton transfer in GFP
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Idea: try to dump the excited state!

A fundamental reaction in biochemistry!

400 nm pump 540 nm dump
Decay of I

Pump-dump-probe spectroscopy on GFP

H2O

t=440ps

D2O

492 nm

492 nm

t=5ns

I* SE

I GSA

Spectra and lifetimes of Hidden Intermediates 

• I1 max: 500 nm, I2 max: 498 nm
• I1 stokes shift: 9 nm
• I1 to I2 evolution: H-bond rearrangement?

A

A*

ne
ar

-U
V

 p
um

p I*

I1

gr
ee

n 
du

m
p

I2

3.3 ns

Proton coordinate
E

ne
rg

y



5/29/2018

10

Energy transfer in PCP: role of 
ICT state

PCPRed algae

PCP harvesting light

450 500 550 600 650 700
-80
-60
-40
-20

0
20
40
60
80

PCP

B

 

 

Wavelength (nm)

30 fs
80 fs
230 fs
480 fs
1 ps
2 ps
10 ps

400 500 600 700
0.0

0.1

0.2

0.3

0.4

A
bs

or
pt

io
n 

(a
.u

.)

Wavelength (nm)

Chlorophyll

Peridinin

For warm up: peridinin in solution
Near-IR transient Absorption spectra of peridinin

Zigmantas et al., JPC A 105, 2001



5/29/2018

11

Peridinin pump-dump-probe spectra

“normal” pump-probe ΔOD spectrum

dump-induced difference spectrum

530-nm excitation, 800-nm dump at 3 ps
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unrelaxed 
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excitation
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dump

Peridinin excited 
state model used in 

target analysis

Papagiannakis et al., JPCB, 110, 
512  (2006)

PCP Data: pump at 520 nm 
probe 440-1000 nm, dump 

950 nm

Dump effects at different wavelengths

x3

Almost 100% of signal is lost, then it recovers
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Dump effects at different wavelengths

x3

The loss is about  20% -
overlapping signals?
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Initially, Chl a does not feel any influence of the dump.

Dump effects at different wavelengths
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Dump produces increase in the IA signal – hot ground state? Ground State
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target analysis

Papagiannakis et al., JPCB, 110, 
512  (2006)
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Twist #2: Femtosecond stimulated 
Raman spectroscopy (FSRS)
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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. 

• Raman spectroscopy is not prone to problems with midIR (bad 
detectors, ambient air absorption, etc.)

• 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

• Separate Overlapping Spectra

• Observe “cleaner” Dynamical Processes

• Separate between ground and excited state dynamics

• Open new Reaction Pathways

Pump Pulse (400nm)

Sample Cell

Diffraction Grating

Iris

Diode Array

White Light Probe

Dump Pulse (505nm)
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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

• Separate Overlapping Spectra

• Observe “cleaner” Dynamical Processes

• Separate between ground and excited state dynamics

• Open new Reaction Pathways

Pump Pulse (400nm)

Sample Cell

Diffraction Grating

Iris

Diode Array

White Light Probe

Dump Pulse (505nm)

Setup for FSRS

Rhodopsin: vibrational signatures of 
isomerization

Kukura et al. Science 2005

Application: photochromism of
indolo-benzoxazines

(spoiler alert: it’s non-existent)
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Bistable ground-state: sensitive to everything 

• Solvatochromism
• Electrochromism
• Acidochromism
• Thermochromism
• etc.

Indolo-benzoxazines: new generation 
photochromic switches

• Structure similar to spiropyrans;
• No triplet state – stable in aerobic conditions
• Fast thermal recyclization (25 ns)

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.

Indolo-benzoxazines: ns 
photodynamics 

Photoinduced
absorption spectrum 
similar to that 
induced by the 
addition of strong 
base (Bu4NOH)

Photochromism of indolo-benzoxazines

Prevaililng view: UV light induces bond 
cleavage, and produces a p-nitrophenolate
chromophore responsible for the visible 
absorption.
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Or is it?..

Oxygen effect on lifetime of 
“isomer”

Absorption of open and closed forms FSRS and optical pump-probe data
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No match between optically and 
chemically induced Raman spectra! 

Therefore, definitely not photochromic. Pity.

Coherent spectroscopies

Twist #3:

Transient grating for diffusion length determination in semiconductors
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Recombination: Band-to-band (radiative), Shockley-Read-
Hall (trap assisted), Auger recombination
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Non-radiative recombination time in GaN
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 Non-radiative decay time NonRad can be determined at low injection and/or after long 
decay time, when N becomes small.

Rad = 10 nsRad = 60 ns

NonRad << Rad
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0.0 0.5 1.0 1.5 2.0 2.5 3.10-4

10-3

10-2

10-1

100

101

102

(a)

I (mJ/cm2)
 0.05
 0.15
 0.45
 1.35

D
iff

ra
ct

io
n 

ef
fic

ie
nc

y 
(a

. u
.)

Probe delay (ns)

x=0%

0.8 ns

0.0 0.5 1.0 1.5 2.0 2.5 3.10-4

10-3

10-2

10-1

100

101

102

(b)

I (mJ/cm2)
 0.05
 0.15
 0.45
 1.35

D
iff

ra
ct

io
n 

ef
fic

ie
nc

y 
(a

. u
.)

Probe delay (ns)

x=7.9%

2.2 ns

        ),(,,,),(, 32
2

2

tzGtzCNtzBNtzAN
z

tzND
t

tzN










1000 2000 3000

10-2

10-1

100
Non-radiative

Band-to-band

Auger

 A and B coefficients are determined from fitting to carrier 
continuity equation. D and N0 other parameters in the 
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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Three pulse echo and inhomogeneous 
broadening

Three pulse echo and inhomogeneous 
broadening

Experiment scheme
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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 (or, if inhomogeneous broadening is non-
existent, the grating is not created to begin with;

• When too coarse, diffraction is weak
• Therefore, signal maximum is observed when the writing pulses

are SLIGHTLY separated in time.

Frequency gratings

How does it look? What do we measure?

Peak shift decay follows the 
memory function of the bath coupled 
system



5/29/2018

22

Polar dye in polar solvent 3PEPS to monitor energy transfer
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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 spectral diffusion.

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).
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2D spectroscopy: plethora of pulses

Experimental implementation You can calibrate your delays



5/29/2018

24

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

• Requires detailed QM 
theory

• High coolness factor

2D electronic spectroscopy: what 
do we measure?
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If you are from Berkeley, you can 
publish anything you like!

FMO complex, another 
light harvesting pigment 
protein complex.

Not much more than a 
bag of bacteriochlorophyll 
molecules with tight 
couplings.

Off-diagonal peak is oscillating! Off-diagonal peak is oscillating!

Electronic coherences 
should dephase in <50 fs
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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 nuclei
of BChl molecules respond to the
electronic excitation.

Kinetics at various wavelengths (77K)
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It is not noise!
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4 years earlier (1996)

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).


