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Electromagnetic Wave Amplitude (Intensity), Frequency, and Phase
Field-Matter Interaction-Induced Changes in EMW Properties

Structure and Dynamics of Complex Molecular Systems



Eadweard Muybridge (1887)
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Molecular motion pictures
Minhaeng Cho

Molecules in solution change their conformations so quickly that no
method has been able to record the process. This looks set to change,
as infrared spectroscopyrises to the challenge.

Femtosecond (10-%° s) multidimensional
vibrational/electronic spectroscopy
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Protein Structure Determination: . Conventional: Tools

Advantage: and Limitation

discovery the major goal

structure studieso

1 Researchers use a variety of tools to probe
protein function and interactions, with drug

9 One of seven research fields in 21C
f_arge-scale protein folding and 3-D

Advantages Restrictions

High tial Molecular

X-ray 'gh spatia crystal &
crystallo- (atomic) Low time-
graphy resolution resolution
2D-NMR Solution Low time-
sample resolution

2D CR-PE spectrum of FMO light -harvesting OLD PARADIGM: STRUCTURE

protein complex U

Cho and coworkers, Phys Chem Chem Phys NEW PARADIGM:: DVNANMICS

(review) 10, 3839 (2008)




Femtosecond 2Dimensional
Vibrational/Electronic Spectroscopy



Brief historical accounts

Nonlinear optical spectroscopy: Long history since Bloembergen, Shen, é
AWM: Ippen, Shank, Fleming, Wiersma, Warren, Albrecht, Mukamel, Skinner, Cho, etc.

In 1981, Warren, W. SZewail, A. H., Optical analogs of NMR phase coherent multiple pulse spectros
J. Chem. Phy</5, 5956 5958 (1981)2D optical spectroscopy alluded but unsuccessful (longs) pulse)

1. Fifth -order nonlinear optical spectroscopy (two (elec. or vib.) coherence evolutions)
Fifth -order electronic spectroscopy: Cho & Fleming, J. Phys. Chem. (  1994)
Fifth -order Raman (vibrational) spectroscopy: Tanimura & Mukamel, J. Chem. Phys. ( 1993)
Complicated due to undesired contributions and weak signals. Not successful

2. Electronic ( vis) (photon echo) four -wave mixing spectroscopy
Spectral interferometry of photon echo: Jonas, Chem. Phys. Lett (1998)
2D elec. spectroscopy of photo -synthetic complex: Cho, Fleming et al, Nature ( 2005)

3. 2D IR-vis four -wave-mixing spectroscopy (vibrational + electronic)
2D IR-IR-vis spectroscopy: Cho, J. Chem. Phys. ( 1998) (theoretical)
DOVEIR: Wright, J. Am. Chem. Soc. ( 1999) (experimental)

4. IR four-wave mixing spectroscopy (Vibrational)
IR photon echo: Fayer & coworkers (1993) etc. (using a free electron laser )
2D IR pump-probe: Hamm, Lim, & Hochstrasser, J. Phys. Chem. ( 1998)
Experiments: Hochstrasser, Hamm, Tokmakoff , Zanni, etc.
Theory: Cho, Mukamel, Skinner, Jansen, Knoester, Stock,etc .

Cho, Two-dimensional optical spectroscopy , CRC press (2009)




2D NMR 2D Vib. Spec.
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2D NMR & 2D Vibrational: Spectroscopy
Vibrational coupling versus Spinoin-spimcoupling
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Coherent 2D vib. Spectroscopy —

Connectivity between different atoms
Connectivity between

different vibrational chromophores  (groups)

C hTeg-Dimensional Vibrational Spectroscopy 6 , I n A ebliaton Rrocesses
and Spectroscopy, vol.12, page 229 (1999) ( Review Article )

C hCohereni 2D Optical Spectroscopy 6 Chem. Rev. (2008)



Why coherent multidimensional
(IR, Raman, electronic, IR -vis, etc.) spectroscopy?

1. TIME RESOLUTION
~10-1> (2D optical spect.) vs ~10° (2D NMR)

2. NUMBER OF OBSERVABLES (PEAKS)
~N (1D)

~ N2 (2D)
~ N9 (d-dimensional spectroscopy)

3. THE SMALL IS CRUCIAL!

M.  C hGohereri 2D Optical Spectroscopy 0 Chem. Rev. (2008)



OBSERVABLES & INFORMATION
2D OPTICAL (VIB./ELEC.) SPECTROSCOPY

1. Measurements of angles(qg) between two different
transition (electric and/or magnetic) dipoles
A (Chiral or achiral) Molecular  Structure

2. Measurements of frequency random jumps between
discrete states induced by chemical exchange processes
A Chemical Kinetics

3. Measurements of population or coherence transfers
by electronic couplings
A State-to-state quantum transition & connectivity

M. Cho, Two-Dimensional Optical Spectroscopy , CRC press (Taylor&Francis ), 2009



TIME -DOMAIN NONLINEAR SPECTROSCOPY:
Theoretical Consideration
Definition of density operatorr () = ut) > <g)|

Quantum mechanicalouville equation &r(t): %[F'F(t), (V)] =%L(t) ¢4

Hamiltonian consisting of zerorder (mol.+rad.) and perturbation (rathol. interaction) terr
HRt) =HR () 4R (1)

Time-evolution operator ihiouville space (timedependent perturbation theory)
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M. Cho, Two-Dimensional Optical Spectroscopy (CRC, 2009)



Polarization-Angle-Scanning 2D Spectroscopy
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Coherent 2D Optical Spectroscopy
Spectral interferometry for heterodyne  -detection
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Coherent 2D Optical Spectroscopy
Spectral interferometry for heterodyne  -detection

Shutter Speed Exposure Time
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Time-resolved two-dimensional spectroscopyis useful to
measurecorrelation betweentwo observablesge.g., transition
frequencies, separated in time, which in turn provide
iInformationon spatialconnectivitybetweenchromophores,.e.,
structureandcoupling  <wj(f;t)) w(7,t;t,) >

7 7
s¥¢, T, 9

Recovered
from Experiment







2D SPECTROSCOPY

Two coupled oscillators (Q; & Q,)

2-D spectrum
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Jeon et al, Acc. Chem. Res. (2009)
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FMO (Fenna-Matthews -Olson) Photosynthetic Complex (CMC2)

A model of the position of the cofactors of the BChl a
protein and reaction center in the cell membrane

BChl a protein reaction center

Allen and coworkers

J. Mol. Biol. (1997)
271, 4560471




QUANTUM INTERFERENCE
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Two-dimensional spectroscopy
of electronic couplings in
photosynthesis

Numerically simulated 2D spectra

100 fs < Waiting Time ( T) < 2000 fs
COUPLING&H, Ex. TRANSFER

Nature 434, 625 (2005)

Experiment

-12600 -12000

Simulation

-12300

w (cm™)

-12600

Time
100 fs

200 fs

300 fs

600 fs

1000 fs



WHAT DID WE LEARN FROM 2D ELECTRONIC SPECTROSCOPY OF
FMO LIGHFHARVESTING COMPLEX?

b
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1. Demonstration of how electronic couplings within molecular complexes can be made
visible directly by measuring 2D femtosecond photon -echo spectra
(Amplitudes of cross peaks)

2. Development of a self -consistent theory for nonlinear spectroscopy and excitation
transport

(Energy transport through space with tens of nanometer spatial resolution  and
femtosecond temporal resolution )

3. Mechanism of energy relaxation processes in FMO photosynthetic complex



STRUCTURE AND DYNAMICS
2D vibrational or electronic spectroscop
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b-sheet polypeptides
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Hahn et al., J. Chem. Phys. 123, 84905 (2005)



Anti -parallel and prallel

b-sheets:

spectroscopically distinguishable?
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Middleton et al. Nature Chem. (2012)
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Various DNA double helical structures
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A-DNA B-DNA Z-DNA

Spectroscopic probing of B- Zor B- Atransitions in real time?

Lee et al. J. Chem. Phys. 126, 145102 (2007)



1D and 2D IR spectra of (GC),

(numerical simulation results)
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INFRARED SPECTROSCOPY

Mapping protein-protein contacts

Obtaining detailed structural information about the interactions between amyloid-forming proteins and inhibitors
can be extremely difficult. Two-dimensional infrared spectroscopy has now risen to this challenge to show the
mapping of protein-protein contact sites in real time.

Minhaeng Cho
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Linear (Chiroptical) Spectroscopy
Electric Field Approach



HANDEDNESS INATURE

LEFT or RIGHT?

Molecular Chirality in Motion



CHIRAL AMINO ACIDS:
Building blocks of proteins

amino terminus
(N terminus)

carboxyl terminus
(C terminus)
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CUEESAARENTRINSICALKYCHIRAL

Chirall moelesuléss Opticalactivityity
A chiral molecule is atype of molecule that lacks an internal plane of
symmetry and thus has a non-superimposable mirror image.

RCP LCP

Myoglobin

NTL-9

AN

MetlAha

PROTEINS OF INTEREST



Optical Rotation

Optical rotatory dispersion (ORD) measurement

. Chiral frequency-dependent
Linear Ira Dj Analyzer 7 optical rotation
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A brief historical account on optical rotation
1811. F. J. D. Arago (French physicist). Optical Rotation (OR) in quartz
1811. J. B. Biot. OR in liquids (turpentine, an organic substance)
1822. J. F. W. Herschel (English astronomer). OR in two forms of quartz
1822~. Polarimeter for OR measurement, e.g., glucose concentration
1849. Louis Pasteur. OR measurements of two forms of tartaric acid crystals.
A two different structures (optical isomers!)
1874. J. H. vandot Hoff and J. -aomahde

neighbors A tetrahedral structure
A three-dimensional nature of molecules




INCIDENT TRANSMITTED

ORD measures difference in birefringence for LCP and RCP fields passing Nicp | Nrep
through chiral medium

CD

ORD + CD

Optical activity of chiral molecular systems refers to both ORD and CD, which are related to each other via
Kramers-Kronig relation.



femtosecond Linear Chiroptical Activity Measurement
Chiral spectroscopy

Conventional approach: Differential absorption measurement
using left- and right-handed helical (Left- and Right-CP) E-fields

Q) Is it always necessary to use chiral (left - or right -handed) fields to
characterize molecular chirality ? (Traditional Approach based on
Intensity Mesurement)

A) Not necessarily

Q) Then, how is it possible to characterize certain handed molecule
with non-chiral field?

A) Spectrometer or detection scheme should be chiral!
(New Approach based on Phase -Amplitude Measurement)

Q) Can a femtosecond linearly polarized pulse (non -chiral field) be
used to determine molecular chirality?

A) Yes!



Transverse EM wave: Two linear polarization states of
electric field (E-field)

Vertical LP (VLP)

l U

H VAR I

Horizontal LP (HLP)

VLP and HLP of the transverse E-field propagating in a vacuum or
an isotropic medium with achiral molecules are UNCOUPLED!
(from Maxwell equation)

e.g., VLP into a glass of water, VLP out with zero HLP
Q) What happens when VLP passes through a sugar solution?




Chiral Solution
E(t)
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IHLP |2=104

HLP,, IS generated by the radiation-matter interaction of chiral
molecules with VLP;,..

| 2/|VLP

out out

T VLP and HLP become COUPLED! (from Maxwell equation)
(A Cause-and-Effect phenomenon)

ff What are the cause and the effect in this case?
Cause: Magnetic field-magnetic dipole interaction
Effect: Electric field-electric dipole interaction-induced E-field

T What is the connection (linear response) function?



How to separately measure HLP (E.) and VLP(E,)
electric fields?

(R)-form (S)-form

After solving the coupled Maxwell equation, which is

5 Rhee et al. J. Chem. Phys (2008)

D’E(z,1) 0—12% E(z 1 %—E

ForE.(z 1) , we have a coupled differential equation:

1 Apﬁeall\lo N ' H
DE(29 -5 15 E(2) r Sy B L(t YE(7) ;goémgtf)ﬁ(,n



Determination of absolute CD and ORD values

E, (W)
D
c( - E W

THEN, HOW TO MEASURE COMPLEX
ELECTRIC FIELD SPECTRUM?

1. Electric field amplitude E versus intensity |E|?
2. OM Wavefunction y versus probability |y|?
PHASE, PHASE, PHASE!



Experimental setup: Single-Shot Electronic CD/ORD

delay ﬁ‘ ,.*" “\ onkxrrcen :
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~ et I track2
ND1 e
BS ND2
E,
125 Hz -
fs pulses| > For the success of ultrasensitive measurements

800 nm (1) Quasi-null (perpendicular polarizer) geometry

(2) Heterodyne detection
(3) Self-referencing technique

Ultimate sensitivity: Single pulse measurement!




Phase and Amplitude Measurements

Mach-Zehnder Interferometry
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MODI FI CATI ON OF Y OUSIGIOEXPHRIMBENBIL E
What if a chiral molecule is placed at one of the two slits?
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