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Motivation: Unraveling elementary steps of (bio)chemical dynamics 
Fun example: Ribosome, one complex molecular machine

• molecular structure and 
structural recognition

• intermolecular interactions, 
hydrogen bonding, and the 
delicate balance that allows 
almost-free sub-unit rotation

• formation (and breaking) of 
chemical bonds, incl. the 
peptide bond

• (how) can we understand 
the details (of the parts)?

artists rendering (downloaded from Wikipedia, 2018)                                                                                                                             

with "atomic physics" rigor

Bridging the gap 

between molecular physics and nanoscience



Motivation: unraveling (bio)chemistry in real time and real space 

SLAC website (2019)

artists rendering of a “molecular movie”

fs–ps time scale

pm length scale



Molecular movie(Quantum) Molecular movie

HOMO - 12



Control for high-fidelity imaging of complex molecules
What does a molecule (in free space) look like?
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Selecting individual molecular species

Alignment and 
orientation
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Experimental approach

https://www.controlled-molecule-imaging.org

Chang, Horke, Trippel, Küpper, Int. Rev. Phys. Chem. 34, 557–590 (2015); arXiv:1505.05632 [physics]
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Spatial separation of conformers using electric fields

Filsinger, Erlekam, von Helden, Küpper, Meijer, Phys. Rev. Lett. 100, 133003 (2008); arXiv:0802.2795 [physics]

Filsinger, Küpper, Meijer, Hansen, Maurer, Nielsen, Holmegaard, Stapelfeldt, Angew. Chem. Int. Ed. 48, 6900 (2009)


Chang, Horke, Trippel, Küpper, Int. Rev. Phys. Chem. 34, 557–590 (2015); arXiv:1505.05632 [physics]
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Conformer-specific reactivity  
The structure-function relationship in chemistry

Chang, Długołęcki, Küpper & Rösch, Wild, Willitsch, Science 342, 46–47 (2013); arXiv:1308.6538 [physics]

cis-3-aminophenol + Ca+

‣ rate constant: k2 = 3.2⋅10-9 cm3/s
trans-3-aminophenol + Ca+

‣ rate constant: k2 = 1.5⋅10-9 cm3/s

k2,cis / k2,trans = 2.2



Fragmentation of ionized water dimer (H2O)2
Exploiting a new transportable endstation with everything implemented

Vinklárek, Bromberger, Vadassery, Jin, Küpper, Trippel, submitted (2023); arXiv:2308.08006 [physics]
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~800 nm 
~300 fs  
~1 mJ 

~1012 W/cm2

~2000 nm 
~50 fs 

~1.5 mJ 
~1014 W/cm2

Δt ≈ ½ 𝜏rot ≈ 38 ps

tmovie

Molecular movies: Imaging quantum “rotational” dynamics
Two-pulse alignment of absolute-ground-state-selected OCS

Karamatskos, et int (13 authors), Rouzée, Küpper, Nat. Comm. 10, 3364 (2019); arXiv:1802.06622 [physics] 
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t = 0

OCS  1X, v = 0, J = 0

⟨cos2 θ⟩ = 0.94
θm ≈ 14∘



The real-time dissociation dynamics of ultraviolet (UV) excited OCS
Getting started … time-dependent experimental ion yields

Karamatskos, Yarlagadda, Patchkovskii, Vrakking, Welsch, Küpper, Rouzée, Faraday Discusssions (2020), DOI: 10.1039/d0fd00119h
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Atomic-resolution imaging 
Laser-induced electron diffraction of OCS

Trabattoni, Wiese, De Giovannini, Olivieri, Mullins, Onvlee, Son, Frusteri, Rubio, Trippel, Küpper, Nat. Comm 11, 2546; arXiv:1802.06622 [physics]

Karamatskos, Goldsztejn, Raabe, Stammer, Mullins, Trabattoni, Johansen, Stapelfeldt, Trippel, Vrakking, Küpper, Rouzée, J. Chem. Phys. 150, 244301 (2019); arXiv:1905.03541 [physics]
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Biological molecules in solvation
From proteins to precision studies of model systems

Pal, Peon, Zewail, PNAS 99, 1763 (2002

+ H2O



High-resolution UV spectroscopy:
Structure determination of gas phase molecules

First experimental structure of indole-water: Korter, Pratt, Küpper, J. Phys. Chem. A 102, 7211 (1998)

cf. complete sub-picometer atomic structure of ground-state and electronically-excited phenol: Ratzer, Küpper, Spangenberg, Schmitt, Chem. Phys. 283, 153 (2002)

yielding 350 µW of ultraviolet radiation. Under these condi-
tions, the Doppler-limited spectral resolution is 18 MHz in the
UV.
Fluorescence was collected using spatially selective optics,

detected by a photomultiplier tube and photon counting system,
and processed by a data acquisition system. Relative frequency
calibration of the excitation spectrum was performed using a
near-confocal interferometer having a mode-matched FSR of
299.7520 ( 0.0005 MHz at the fundamental frequency of the
dye laser. Absolute transition frequencies in the spectrum were
determined by comparison to the iodine absorption spectrum
and are accurate to (30 MHz.

Results

Figure 1 shows the high-resolution spectrum of the -132
cm-1 origin band of indole-water. Given the extreme conges-
tion in the spectrum, it was first subjected to an autocorrelation
analysis14 to assess whether multiple bands might be present.
This analysis revealed that there are two overlapping bands in
the spectrum, separated by∼13 GHz, with significantly different
relative intensities. We initially worked to fit the stronger of
these two subbands. Rotational analyses were performed with
ASYROT,15 which utilizes Watson’s Hamiltonian16 for the
distortable asymmetric rotor. All calculations were done using
the A-reduction in the prolate Ir representation (x f b, y f c,
z f a). The fitting procedure began with the simulation of a
spectrum using assumed geometries of the complex, with a
single undistorted water molecule attached via a linear σ-hy-
drogen bond to the indole NH group, with a heavy-atom
separation of 3.0 Å. The rotational constants of the bare
molecule in its ground and excited electronic states were taken
to be identical to those previously measured.5-8 b-Type
selection rules were assumed, initially, in view of the absence
in the subband spectrum of a strong Q branch.
Quantum number assignments of single transitions in the

simulated spectrum to corresponding transitions in the experi-
mental spectrum were made using a mouse-driven graphical
interface.4 With an initial guess at the rotational temperature
to estimate the J values associated with particular transitions,
K ) 0 progressions were first assigned using a rigid rotor
Hamiltonian, followed by K ) 1, 2, and 3 progressions because
the intensities were expected to decrease with increasing K.
These preliminary assignments were then iteratively optimized

by a least-squares analysis. This analysis showed that transitions
involving high J (J g 10) are shifted from their predicted rigid
rotor positions, by as much as 100 MHz. Quartic distortion
terms were then incorporated in the fit. A total of 484 line
assignments were made, yielding a standard deviation of 3.5
MHz. Higher order distortion terms were found to be ill-
determined.
To fit the weaker subband, a second spectrum was generated

using the rotational constants of the stronger subband. Place-
ment of the former subband origin at -13 GHz with respect to
the latter resulted in a better match to the experimental spectrum.
Quantum number assignments were then made in the manner
described above. Again, a least-squares analysis revealed
significant distortion effects; the final fit of 200 lines in the
weaker subband utilized quartic distortion terms only, yielding
a standard deviation of 3.7 MHz.
A single, unique temperature of 4.0 K was found to reproduce

the relative intensities of all lines in each subband, resulting in
significant population of ground-state levels up to J ≈ 30. The
hybrid band characters of both subbands were determined by
choosing a set of single transitions and varying the ratio of a-,
b-, and c-type transition moments until a best fit was obtained.
No evidence for a- or c-type transitions was found in either
subband; at least 98% of the experimentally observed intensity
can be accounted for by b-type selection rules. Further, intensity
anomalies arising from axis tilting, observed in the electronic
spectrum of the bare molecule,8 were not detected in our fit of
the spectrum of the complex nor are they expected given its
pure b-type character.17 Finally, careful measurements of the
relative intensities of comparable transitions in the two subbands
gave an intensity ratio of 3:1, within (5%.
A portion of the experimental spectrum, expanded to full

experimental resolution from the R branch of the stronger
subband, is shown in Figure 2 together with the separate
calculated contributions of the two subbands in this region. The
quality of the fit is evident; omitting the distortion terms
increases the standard deviations of the fits by factors of greater
than 2. Owing to the spectral congestion, individual transitions
could not be used to reliably determine the experimental line
shape. A Voigt convolution (∼18 MHz Gaussian and∼30 MHz
Lorentzian fwhm’s) adequately models this line shape, yielding
a line width of 44 ( 5 MHz. The observed Lorentzian
component suggests a fluorescence lifetime significantly shorter

Figure 1. Rotationally resolved fluorescence excitation spectrum of
the origin band of the S1 r S0 transition of indole-H2O, shifted 132
cm-1 to the red of the S1 r S0 origin band of indole. The origin band
of the complex is a superposition of two subbands which are separated
by 0.4441 cm-1. The top trace is the experimental spectrum. The second
and third traces are the calculated B and A subbands, respectively.

Figure 2. Portion of the high-resolution spectrum of indole-H2O at
full experimental resolution, extracted from the R branch of the stronger
subband. The top trace is the experimental spectrum. The second and
third traces show the separate calculated contributions of the two
subbands in this region.

7212 J. Phys. Chem. A, Vol. 102, No. 37, 1998 Letters

6 GHz ≈ 0.2 cm-1 ≈  0.25 meV

Very-high-resolution UV spectroscopy

is a consequence of “radial-angular coupling”; i.e., decreasing
the heavy-atom separation R by electronic excitation produces
in a change in the preferred orientation of the solvent plane
with respect to the HB axis.25
In retrospect, it is clear that the axis about which the water

molecule is moving in the ground-state cannot be its b axis
because such a motion would require a breaking of the HB, a
much higher energy process than 100-200 cm-1. It is also
clear that the motion of the water molecule cannot be a simple
torsional motion about an axis 55° off its b axis, since such a
motion would not render the two water hydrogens equivalent.
Therefore, the observed tunneling splitting (and differences in
rotational constants) must, in fact, be due to the combined effects
of internal rotation and inversion, or “wag”, similar to the “1-
4” acceptor H2O rotation in the water dimer and the phenol-
H2O complex, which have similar activation energies.26 Such
a motion accounts, at least in a qualitative way, for the observed
out-of-plane motion of the water molecule. The derived values
of V2 are thus effective barrier heights for the torsion-inversion
motion.
S1r S0 Transition Moment. Driving the observed solvent

reorganization in indole-H2O are significant changes in the
electronic properties of the chromophore when it absorbs light.
The S1r S0 optical TM is a sensitive measure of these changes.
Currently, both experiment8 and theory27,28 agree that the S1
state of the isolated molecule is the 1Lb state, with a relatively
small in-plane TM rotated away from the nitrogen and making
an angle of ∼40° with respect to a (see I). Our results on the
complex are consistent with this view. Now indole itself has a
permanent dipole moment of 2.09 D in the S0 state,6 oriented
in the manner shown below (III, µa ) 1.59, µb ) 1.36 D).

Unfortunately, we do not know the corresponding values in the

S1 state. Chang et al.29 found |gDµa| ) 0.14 D from an optical
Stark measurement in the gas phase; theory27,28 suggests a small
change in the magnitude of µ but is ambiguous concerning its
orientation. Nonetheless, examination of the MO’s that prin-
cipally contribute to the S1 r S0 excitation (and correctly
reproduce the orientation of the TM) clearly shows that the
direction of charge migration makes a large angle with the
orientation of µ in III. This suggests, in turn, that a light-
induced change in the orientation of µ in the solute is responsible
for the observed reorientation of the solvent molecule on
electronic excitation. Further experiments will be necessary to
confirm this suggestion.

Acknowledgment. We thank Jason Ribblett and Prof. Leo
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by the NSF (CHE-9617208) and a grant from the Pittsburgh
Supercomputing Center.
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Molecular interactions of indole in aqueous solution
x-ray (600 eV) photoelectron spectroscopy of indole in an aqueous liquid jet

He, Malerz, Trinter, Trippel, Tomaník, Belina, Slavíček, Winter, Küpper, J. Phys. Chem. Lett. accepted (2023); arXiv:2205.08217 [physics]
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Water molecule as “molecular sunscreen” 
Dynamics of bond-breaking in electronically excited indole-water

Onvlee, Trippel, Küpper, Nat. Comm. 13, 7462 (2022); arXiv:2103.07171 [physics]
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Observing the timescale of the formation of the dipole-bound electron?

Koulentianos, Wiese, Trippel, Küpper  &  Inhester, Santra  & al, in preparation (2023)
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Molecular frame photoelectron angular distributions
of the 3D-aligned indole-water complex

Holmegaard, Hansen, Kalhøj, Kragh, Stapelfeldt, Filsinger, Küpper, Meijer, Dimitrovski, Abu-samha, Martiny, Madsen, Nature Phys. 6, 428 (2010); arXiv:1003.4634 [physics]

Trippel, Wiese, Mullins, Küpper, J. Chem. Phys. 148, 101103 (2018); arXiv:1801.08789 [physics]

Indole-water
• is strongly aligned
• has planar symmetry
• has a ∏ HOMO



Toward atomic-resolution imaging of the radiation-protection effect
Watching the changes from reactants to products

Wiese, Onvlee, Küpper, in preparation (2022)
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Influence of solvation on ultrafast electron dynamics?
Electronic La-Lb dynamics in indole

Küpper, Pratt, Meerts, Brand, Tatchen, Schmitt, PCCP 12, 4980 (2010)

Popova-Gorelova, Küpper, Santra, Phys. Rev. A 94, 013412 (2016); arXiv:1607.01322 [physics]
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FIG. 4: The di�erences between the angle-resolved
probability distributions at times tp = 0 fs and tp = 5.1
fs, P (0 fs) ≠ P (5.1 fs), and at times tp = 2.55 fs and
tp = 7.65 fs, P (2.55 fs) ≠ P (7.65 fs). The di�erences are
shown for energies Á = 85 eV and 86 eV.

The first term in the curly braces has a similar time de-
pendency as the electron density does

fl(r, tp) = È�(tp)|Â̂†(r)Â̂(r)|�(tp)Í (18)
= ReÈ�(tp)|Â̂†(r)Â̂(r)|�(tp)Í.

In the scenario considered, the time-dependent part of
the electron density and of the first term in the curly
braces are each proportional to cos([E1 ≠ E2]tp) [see the
discussion of Fig. 1(c)] and, thus, their time evolutions
coincide. However, their time evolutions may not coin-
cide in a general case, when more than two electronic
states are involved in the electron dynamics.

Since ĜF (r1, r2) ”= Ĝ†
F

(r1, r2) for r1 ”= r2, the sec-
ond term in the curly braces in Eq. (17) is nonzero
and provides an additional time-dependent contribution,
which is di�erent from that of the electron density. In
the case of the scenario considered, this term is propor-
tional to sin([E1 ≠E2]tp). Therefore, angle-resolved pho-
toelectron spectra do not follow the time evolution of
the electron density. A similar e�ect that a measured
signal from an electronic wave packet does not follow
the time-dependent electron density has been shown for
time-resolved resonant [23, 24] and nonresonant [21] x-
ray scattering patterns as well as time-resolved electron
di�raction patterns [40].

The angular average of the second term in the curly
braces in Eq. (17) is zero, since

s 2fi

0 d–
s 1

≠1 d cos —|‘in ·

q|2 sin(q · [r1 ≠ r2]) = 0, where – and — are polar angles
in q space. Therefore, the angle-averaged spectra are
determined only by the first term in the curly braces in
Eq. (17) and their time evolution follows the electron
density. The contributions of the two terms in Eq. (17)
can be distinguished by performing a Fourier analysis, as
will be shown in the next section.

IV. FOURIER ANALYSIS OF TRARPES

In this Section, we perform a Fourier transform of the
photoelectron angular distributions at a fixed photoelec-
tron energy Áe = q2

0/2, i.e., of the spherical surfaces in
q space of a fixed radius q0, the projections of which are
shown in Fig. 3. Performing a Fourier transform this
way has several advantages. As we will show in this Sec-
tion, first, one can concentrate on photoelectron angu-
lar distributions only at high photoelectron energies and,
thereby, gain a high spatial resolution. Second, only few
Dyson orbitals have to be considered for the interpre-
tation of a Fourier transform at a fixed photoelectron
energy, whereas a much larger number of Dyson orbitals
contribute in the case of a Fourier transform involving
an integration over q0 of a whole angle-resolved photo-
electron spectrum. Third, one can choose a photoelec-
tron energy at which the changes of the angular distribu-
tions in time are much larger than at other energies, and
gain a much better contrast than in the case of energy-
unresolved photoelectron distributions.

The Fourier transform of the angular distributions of
the photoelectron probability at a fixed photoelectron en-
ergy Áe = q2

0/2 is performed according to the following
equation

F(r, Áe, tp) =
⁄

d3q
P (q, tp)
|‘in · q|2 eiq·r”(|q| ≠ q0) (19)

=
·2

p
I0Áe

ln 2Ê2
inc

ÿ

F,‡

e≠(�F ≠Áe)2
·

2
p /(4 ln 2)(A[„D

F
(tp)] ú s)(r),

where ”(|q|≠q0) is the Dirac Delta function. A[„D

F
(tp)] =s

d3rÕ„D

F

†(rÕ ≠r, tp)„D

F
(rÕ, tp) is the autocorrelation func-

tion of „D

F
(r, tp), (A[„D

F
(tp)]ús)(r) =

s
d3rÕA(rÕ)s(r≠rÕ)

denotes the convolution of the autocorrelation function
A[„D

F
(tp)] with the function s(r) = sinc(q0r), where

r = |r|. The function sinc(q0r) has a broad peak centered
at r = 0 and much weaker side peaks. The width of the
central peak, which is proportional to 1/q0, determines
the spatial resolution of the measurement, which reflects
the fact that the spatial resolution is limited by the pho-
toelectron de Broglie wavelength. At a probe-pulse pho-
ton energy of 100 eV, the resolution of the measurement
is about 1 Å. In comparison, 1 Å spatial resolution using
x-ray scattering can only be achieved using a hard x-ray
pulse with a photon energy higher than 10 keV.

Since the autocorrelation function of a time-dependent
Dyson orbital, A[„D

F
(tp)](r), has nonzero real and imag-

inary parts, the Fourier transform F(r, Áe, tp) has also

photoelectron momentum imagingouter-valence wavepacket



Next challenge:
Imaging the elementary ultrafast steps of thermal-energy dynamics

https://www.biologyonline.com/dictionary/krebs-cycle.                                                                         Robinson, Küpper, submitted (2023); arXiv:2308.09602 [physics]

Trigger problem 
- well-defined reactants 
-  well-defined starting time (fs/as scale)

https://www.biologyonline.com/dictionary/krebs-cycle


Imaging ultrafast elementary steps of thermal-energy chemistry

Robinson, Küpper, submitted (2023); arXiv:2308.09602 [physics]

1

2

Gpy(out) Gph(out)Anti(ph)

~1250 cm-1

~930 cm-1

cf. Dian, Clarkson, Zwier, Science 303, 1169 (2004)



Tackling biological macromolecules directly

artists rendering (downloaded from Wikipedia, 2018)                                                                                                                             



Benchmarking single-particle imaging and creating an extended dataset
The million pattern gold standard

Ayyer, Lourdu, Bielecki, et int (34 authors), Küpper, Loh, Mancuso, Chapman, Optica 8, 15 (2020); arXiv:2007.13597 [physics]
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Recording the "Molecular Movie"
Electron-phonon-coupling in gold nanoparticles

Höing, Salzwedel, Worbs, et int. (15 authors), Knorr, Ayyer, Küpper, Lange, Nano Lett. 23, 5943−5950 (2023); https://arxiv.org/abs/2303.04513 [physics]

CMI injector in CAMP @ FLASH

λ = 4.5 nm

Particle size distribution from TEM imaging

(27.1 ± 0.8) nm

https://arxiv.org/abs/2303.04513


transient-SAXS imaging of AuNP structure (size)
and the necessary new concept for electron–phonon coupling

Höing, Salzwedel, Worbs, et int. (15 authors), Knorr, Ayyer, Küpper, Lange, Nano Lett. 23, 5943−5950 (2023); https://arxiv.org/abs/2303.04513 [physics]

supported by time-resolved 
transient-absorption spectroscopy

https://arxiv.org/abs/2303.04513


Relaxation dynamics in plasmonic nanoparticles
From traditional scattering concepts to direct field-driven coupling

Höing, Salzwedel, Worbs, et int. (15 authors), Knorr, Ayyer, Küpper, Lange, Nano Lett. 23, 5943−5950 (2023); arxiv.org:2303.04513 [physics]
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lattice heating

direct coupling

thermal expansion after thermalization

direct coupling via optically induced electron density gradients

plasmon decay

~10's fs

optical excitation

+
+

+

_
_

_

polarization ~ E

electron gradient

ρ

gradients ~ E 2

oscillation onset

3

https://arxiv.org/abs/2303.04513


Modeling of laser-induced alignment
using classical-mechanics simulations

Amin, Hartmann, Samanta, Küpper, submitted (2023); arXiv:2306.05870 {physics]

https://github.com/CMIclassirot

GFP @ 4 K & 273 KAuNP @ 273 K
(100 x 20) nm3

(50 x 10) nm3

(10 x 2) nm3

AuNP @ 4 K
(100 x 20) nm3

(50 x 10) nm3

(10 x 2) nm3

https://arxiv.org/abs/2306.05870
https://github.com/CMIclassirot


Experimental realization of laser-induced alignment and detection 

theory: Amin, Hartmann, Samanta, Küpper, submitted (2023); arXiv:2306.05870 {physics]

Haas, Cheng, Amin, Samanta, Küpper, in preparation, (2023)

⟨cos2 θ⟩ = 0.98
θm ≈ 8∘



Summary

• Electric fields allow for strong control of molecules and nanoparticles
• separating molecular species: quantum states, conformers, (microsolvated) aggregates, …
• fixing molecules in space: one- and three-dimensional alignment and orientation
• (control of chirality is feasible)

• Appropriate control schemes allow to disentangle the ultrafast dynamics of 
molecular systems in specific detail
• directly connected to radiation damage processes in biological matter:

• low-energy ionization of molecule-water complexes demonstrates specific protection effect
• UV-induced initial electronic and dissociation dynamics of indole-water

• Imaging ultrafast elementary steps of thermal-energy (bio)chemistry
• Diffractive imaging unravels gas-phase molecular structures down to few-

picometer spatial resolution (on femtosecond timescales)
• Imaging nanoscale-particle structural dynamics provides novel insight into 

energy-transfer processes and time-resolved structural biology
https://www.controlled-molecule-imaging.org
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Join us on Science Campus Hamburg-Bahrenfeld…

We are looking for motivated colleagues at all career levels,  
please see https://www.controlled-molecule-imaging.org/careers 
or contact me directly.

Seite 02©opyright carolinekuhles – studio für design & grafik, freiburg, november 2010

CFEL
SCIENCE

Controlled Molecule Imaging

Open positions at Master-student, doctoral, and postdoctoral level 
• Disruptive sample-delivery approaches for atomic-resolution cryo-EM 
• Solvent effects in the ultrafast dynamics of (bio)molecules 
• Single-particle imaging of cryogenically cooled and controlled beams of (bio-) nanoparticles

http://www.controlled-molecule-imaging.org/careers

