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Purpose of this part of the talk

Show that it is possible to imageShow that it is possible to image 
an important normal-vibration
in a complex molecule
on its natural time and length scale

by fixing the molecule in space 
and image two molecular moieties 
using femtosecond timed
Coulomb explosion

HOLD-AND-TWIST



HOLD & TWISTHOLD & TWIST

3 5 dibromo 3' 5' difluoro3,5‐dibromo‐3 ,5 ‐difluoro‐
[1,1'‐biphenyl]‐4‐carbonitrile

Why twisting (torsion) ?Why twisting (torsion)  ?
(Ultrafast)  Molecular switches( )
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Why twisting (torsion) ?Why twisting (torsion)  ?
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Spiral stairs



Why twisting (torsion) ?Why twisting (torsion)  ?
Handedness determines function

Ra Sa

Nobel Prize in Chemistry 2001: Noyori.
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Why twisting (torsion) ?Why twisting (torsion)  ?
Handedness determines function
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Nobel Prize in Chemistry 2001: Noyori.

Torsional potential

8 kJ/mole
= 80 meV= 80 meV

Dihedral angle

Ra Sa



Torsion induced by stimulated
Raman transitionsRaman transitions

Torsion has by far
the largest
Raman
cross section
of all normal mode
ib tivibrations

Dihedral angle

Ra Sa

Theoretical treatment

InitialInitial
(localized) 
states

HOLD & TWIST
Imaging Br+ and F+ ions

BFBr+F+

Ekick

EAlign

Early studies:
Madsen et al. (PRL 102, 073007, 2009)

Experimental Setup

800 nm, 30 fs
Even-Lavie

1064 nm 10 ns

,

1064 nm, 10 ns

Kick pulse: 800 nm, 200 fs



Molecular deflection
R t ti l t t l tiRotational state‐selection

Holmegaard et al. (PRL 102, 023001, 2009)Filsinger et al. (JCP 131, 064309, 2009)

Imaging Torsional Motion (0 ‐ 4 ps)
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Imaging Torsional Motion (0 4 ps)Imaging Torsional Motion (0 ‐ 4 ps)
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Extracting the F+ and Br+ splits from the images



EXTRACTING THE DIHEDRAL ANGLEEXTRACTING THE DIHEDRAL ANGLE

Calculations by 
Lars B. Madsen’s 
group

Φ(d)

Φ(Br+)
Φ(F+)

Φ(d)Φ(d)
Φ(F+)
Φ(Br+)

Hansen et al. J. Chem. Phys. 136, 204310 (2012)

EXPERIMENTS vs CALCULATIONSEXPERIMENTS  vs CALCULATIONS

Hansen et al. J. Chem. Phys. 136, 204310 (2012)

Long time behaviour (4 ‐ 10 ps) Long time behaviour
Dephasing of the phenyl ringsDephasing of the phenyl rings



Long time behaviour
Dephasing of the phenyl ringsDephasing of the phenyl rings

Rotational state of 
Each phenyl ring
i = F, Br

Time dependenceTime dependence
of observables

Dephasing time
1J2

I~
i

i

i

The two rings dephaseg p
at a ratio

Covariance analysis of 
l l i i i iangular correlations in ion images

Covariance analysis of 
i i f fli hion time‐of‐flight spectra

Science 246, 1029 (1989)

Covariance analysis of 
i i f fli hion time‐of‐flight spectra

CO + N h  CO3+ + 3 e‐

CO3+  C2+ + O+



Covariance analysis of 
l l i i i iangular correlations in ion images

Covariance analysis of 
l l i i i iangular correlations in ion images

Enantiomeric resolution?
Is the molecule oriented?
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Experimental Setup

800 nm, 30 fs
Even-Lavie

1064 nm 10 ns

,

1064 nm, 10 ns

Kick pulse: 800 nm, 200 fs



Orientation by a combined
Strong laser field and a weak static electric fieldStrong laser field and a weak static electric field

Enantiomeric resolution?
Is the molecule oriented
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Laser induced alignment of molecules 
dissolved in superfluid He nanodropletsdissolved in superfluid He nanodroplets



Laser induced alignment (and orientation) 
f i l t d l lof isolated molecules

‐Works well – because:

 Isolated molecules rotate freelyy

 Laser pulses can create (broad) coherent superpostions of rotational eigenstates

‐Works particularly well when:

Molecules are cooled to low rotational temperatures or, even better,
few (a single) quantum state is selected

Laser induced alignment
f l l i l t ?of molecules in a solvent ?

Molecules in a solvent are not characterized by free rotation

 Even if a rotational wave packet is created collisions would destroy it quicklyp y q y

 The laser pulse also interacts with the solvent

L i d d li t b iti t th h i‐ Laser induced alignment may be sensitive to the numerous mechanisms
not present in gas phase

‐ Laser induced alignment may be hindered by the numerous mechanisms
not present in gas phase

Choose a special solvent:
S fl id li id h li d l tSuperfluid liquid helium droplets

Unique properties:

 Superfluid: Molecules can (apparently) rotate freely

 Robust environment

 Dissolved molecules thermalize to the cold environment (0.37 K for 4He)

Wide range of molecules can be embedded

 Bose condensate

IR absorption spectrum of OCS

Science 279
2083 (1998)

Molecules dissolved in 
li id h li d l tliquid helium nanodroplets

103‐108 He atoms per droplet



Experimental setup Alignment of isolated molecules
Methyliodide CH3I
Ialign = 4.0 x 1011 W/cm2

Trot = 1/(2Bc) = 66.7 ps

Alignment of isolated molecules
Methyliodide CH3I
Ialign = 8.0 x 1011 W/cm2

Trot = 1/(2Bc) = 66.7 ps

Alignment of a isolated molecules
Methyliodide CH3I
Ialign = 1.7 x 1012 W/cm2



Alignment of isolated molecules
Methyliodide CH3I
Ialign = 3.6 x 1012 W/cm2

Alignment of isolated molecules
Methyliodide CH3I
Ialign = 1.2 x 1013 W/cm2

Alignment of isolated molecules
Methyliodide CH3I
Ialign = 1.7 x 1013 W/cm2

Lots of revivals !
Methyliodide CH3I

1st revival 2nd revival 4th revival
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Alignment of isolated molecules
Early time dynamics

Alignment of molecules in He droplets
CH3I

Dependence on kick pulse intensity
CH3I in He droplets Isolated CH3I

Dependence on solvated molecule

 No dependence on the droplet size (1000 – 11,000 He atoms)



Theoretical treatments so far
(Not of molecules in He droplets)

Theoretical treatments so far
Ramakrishna and Seideman, PRL 2005

Effect of environment:Effect of environment: 

Decoherence and 
population decayp p y
after the pulse 
is switched off

Aff h li dAffects the amplitude 
but not the period
of the revivals

- Correlations between
the molecule and 
the droplet atoms p
are neglected

Our results are not captured by
h bli h d h i l kthe published theoretical work

- The kick pulse may not excite the eigenstates
of the molecule-droplet system   (instead an entangled state)

- M may not be conserved (as in the gas phase) due to exchange ofy ( g p ) g
angular momentum during the kick pulse

- M-scrambling (during and after the kick pulse) + onset of population decay
 alignment decays towards an isotropic value alignment decays towards an isotropic value

 Will shorter kick pulses be better? Will shorter kick pulses be better?

 If so – will multiple kicks improve alignment?

 Is it possible to create strong alignment of molecules in He dropletsp g g p

 Adiabatic alignment

Adiabatic alignment
Isolated C6H5I Molecules

C6H5I molecules in He droplets



Adiabatic alignment
C6H5I

Outlook

- Molecular frame reactions dynamics of molecules in a solvent

- Use rotational dynamics of molecules to learn about the He droplets
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