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Structure Dynamics- X-ray crystallography
- electron microscopy
- atomic force microscopy
- electron diffraction
- X-ray absorption spectroscopy
- NMR

Side view of the light-harvesting 
complex II in chlorophyll (PDB)

Water transport through an aquaporin channel in a cell 
membrane

http://www.ks.uiuc.edu/Research/aquaporins/
Tajkhorshid et al. Science 296 (2002) 525-530

“If you want to understand function, study structure”
(Francis Crick)

“If you want to understand function, study time-
dependent electronic and molecular structure

http://www.ks.uiuc.edu/Research/aquaporins/


Wish list for chemical and 
biochemical dynamics

• Element-selectivity
• Molecular structure
• Electronic structure
• Spin structure
• Energy tunability
• Polarization
• Time scales: ≥ 20 fs to ms
• Condensed phase media (liquid, interfaces, 

amorphous, etc.)



Protein Dynamics in Solution – From Local to Global

Spin dynamics 
(singlet to quintet)
• intramolecular ET 
(ring to metal, metal 
to ring)
• Intramolecular 
vibrational 
redistribution (IVR)
• Electronic 
relaxation: internal 
conversion

• Structural dynamics
• Ligand dissociation
• Doming 
• Cooling

10 fs ... 10 ps 10 ps … 100 ps

• Dielectric response of 
amino-acid residues
• Cooling and heat transfer
• Helix motion
• Conformational changes
• Correlated motions
• Role of biological water
• intermolecular ET

ps ... µs > µs1 ps ... 10 ps

•
Cooperativity
• Allostery
• Signaling
• Respiration 

X-ray spectroscopy (XAS, XES) 

X-ray protein scattering

Deep-UV Circular Dichroism



Fe
Ru
Os
Rh 
Pt

Transition metals



Transition metal complexes

• Solar energy
• Photocatalysis
• Optical materials, OLED, etc.
• Optical writing/magnetic reading 
(OW/MR) materials

• Biology and biomimetic devices
• Molecular electronics (molecular 
conductors, rectifiers, transistors, 
memories)



X-Ray Absorption Spectroscopy
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Rehr and Albers, Rev. Mod. Physics (2000)

pre-edge: atomic transitions (1s-3d)

Edge

Structural features

Charles G. Barkla, 1911

Fe K-edge



Optical Pump

Flow capillary

Transmission
detector

Optical pump/X-ray probe spectroscopy

Tunable X-ray 

probe

Variable time delay

Emission
detector

Monochromatic 

X-ray probe

X-ray scattering
2D detector

X-ray emission

Measured signal= pumped minus unpumped signals 

Milne et al, Coord. Chem. Rev. 2014; Chergui and Collet, Chem. Rev. 2018



Energy Tunability



The 200-1000 eV region

- K-edges of low-Z elements : C, N, O, S, etc.
- L2,3-edges of transition metals (2p½,3/2- nd ), intense p-d transitions (as compared to 

s-p for K-edge). d-orbitals are the ligand orbitals. 
- Sharp spectral features: GL=0.5 eV=ħ/ t = 6.58 10-16/t. 3-5 times better energy 

resolution than corresponding K-edge
- Low-Z elements XAS requires high photon fluxes. aabs ~  Z4.
- Observables: energies, line shapes and L3/L2 intensities
- Sensitive to molecular structure
- Spin and electronic information (Sawatzky, van der Laan, de Groot, etc..), s-d 

mixings, etc…
- Theory is well established (Ligand fields, multiplets code, ab-initio, etc.) Requires vacuum!



Winter and Faubel,
Chem. Rev. 2006

Ekimova et al, Struct. Dyn. 2015

Koralek et al, Nature Comm. 2018

Delivery of liquid samples into vacuum



Solar materials: 
Catalysis and energy conversion

Solar energy

- Charges at surfaces
- Long time trapping

- Long range transport
- High mobility: no trapping

Photocatalysis

, Cs

Dye-
sensitization

perovskite-
sensitization



Static 

Bare, 
100 ps, Exc. 355 nm 

Ti K edge spectra 

Ti4+®Ti3+

Ti4+®Ti3+

N719 dye-sensitized, 
100 ps, Exc. 532 nm 

Rittmann-Frank et al, 
Ang. Chem. Int. Ed (2014)

core

Defect-rich shell

Ti4+→Ti3+



Femtosecond X-ray absorption  experiment 
at the Ti K-edge

Time scan @ 4.980 keV Electron trapping time <200 
fs

Santomauro et al, Scient. Rep. (2015)

Pre-edge ~330 fs Edge ~100 fs

Ti reduction is instantaneous. 
Structural rearrangement is 3x 

slower

Obara et al, Struct. Dyn. (2017)



Linear dichroism of single crystals of TiO2

Rossi et al, Phys. Rev. B (in press); J. Synch. Rad. (under review)

Transitions governed by final-state effects:
A1 :on-site 3d-4p hybridized transition 
A2: quadrupolar character
A3: dipolar and 3d-4p intersite hybridization
B: intersite, dipolar 



independent components, the z (E!c) component, !2z or !1z ,
and the xy (E!c) component, !2xy or !1xy , which represents
the average over the x and y components, using the k points
only within the irreducible BZ. We treated the underesti-
mated band gaps by using a scissors operator,31 which dis-
places the empty and occupied bands relative to each other
by a rigid shift of 1.14 eV, so that the minimum band gap
becomes 3.14 eV in agreement with experiment. The experi-
mental dielectric functions, measured for the single crystals
of anatase using synchrotron orbital radiation,11 are taken as
comparison.
Very good agreement with experiment is obtained for the

dielectric functions in both components. In particular, the
positions and overall strengths of the peaks in the lower en-
ergy region reproduce experiment very well—which was not
realized by the OLCAO results. The dielectric constants at
"→0 are !xy(0)!5.97 and !z(0)!5.57, which show con-
sistent agreement with an experimental value of 5.62,32 sug-
gesting that the choice of the scissors operator is reasonable.
In a higher energy region ("7 eV#, however, the calcu-

lated peak positions are located at higher energies than ex-
periment by 0.8–1.0 eV. Similar results were reported in
calculations for the rutile structure, where good agreement
with experiment was obtained in a higher ("6 eV# energy
region without any correction to the LDA band gap, while
the peak positions in the lower energy region were lower
than experiment by about 1 eV.4 This situation of the exci-
tation energies in LDA is not usual for simple semiconduc-
tors such as Si, Ge, and GaAs, where LDA with the scissors
operator works well to yield proper excitation energies in a
wide energy range.31 One reason to explain the problem in
TiO2 could be found in the unphysical self-interaction effect
in LDA which is considered one of the origins of its band-

gap underestimation.33 The peaks in the lower and higher
energy regions of !2 correspond to absorptive transitions
from the valence bands to the t2g and eg orbitals in the con-
duction bands, respectively. The more localized the electron,
the more the self interaction would be involved. Thus, the t2g
orbitals in the conduction bands, which are less hybridized
with O and are relatively localized about Ti atoms, may be
affected more by the larger self-interaction—and, hence, are
lowered in energy relative to the eg conduction bands.
A strong calculated optical anisotropy near the absorption

edge has been observed as in Fig. 8. We have examined the
major peaks near the absorption edge in Fig. 8 looking at the
corresponding interband transitions as shown in Fig. 10. As
seen in Sec. III A, the bottom of the conduction bands are
dominantly the dxy orbitals, to which transitions from the p$
states are dipole forbidden for the E!c polarization but di-
pole allowed for the E!c polarization. The transitions of z1
and z2 are allowed since the final states in the conduction
bands include dyz or dzx character, as seen in Fig. 4. By
contrast, the experimental dielectric functions in Fig. 8 show
a rather weak anisotropy at the absorption edge. It was sug-
gested in Ref. 11 that the absorption edge was quite sensitive
to the parameters employed for the K-K transformation to
derive the experimental dielectric functions from the reflec-
tivity measurements. Indeed, more direct measurements16 of
the optical absorption near the absorption edge for the single-

FIG. 7. Molecular-orbital bonding structure for anatase TiO2:
%a# atomic levels, %b# crystal-field split levels, and %c# final interac-
tion states. The thin-solid and dashed lines represent large and small
contributions, respectively.

FIG. 8. Imaginary parts of the dielectric functions for polariza-
tion vectors %a# parallel and %b# perpendicular to the c axis. Solid
lines and dashed lines are the present work and experiment %Ref.
11#, respectively.

PRB 61 7463ELECTRONIC AND OPTICAL PROPERTIES OF ANATASE TiO2

Valence band

Conduction band

Asahi et al, PRB 61 74 59 (2000)

Time-resolved X-ray studies dominated by charge trapping
but most photogenerated charges are free carriers 

Optical domain spectroscopies: Drude response, no band specificity

At seeded XFELs: XUV Transient Grating studies tuning to the p-d 
transitions



Fe
His F8

Planar ligated 
(low spin)

Domed deoxy 
(high spin)

His F8

CO, O2
Fe2+, 3d6

S=0 Fe2+, 3d6

S=2→NO 
Fe2+, 3d6

S= ½ Tense-to-Relaxed 
state

Perutz et al, Annu. Rev. Biophys. Biomol. Struct. 1998

Haemoglobin (Hb)

Haem proteins: respiration, neurotransmission, electron 
transfer,  etc.

Myoglobin (Mb)

The "		transition state" of the respiratory function



Kb X-ray emission spectroscopy as a marker of spin

3d

Spin cross-over dynamics in [Fe(bpy)3]2+

Zhang et al, Nature 2014Glatzel and Bergmann, Coord. Chem. Rev. 2006



Femtosecond Kb and Ka emission on 
Myoglobin-NO at SACLA

eg

t2g

dx2-y2 dz2

dxy dxz dyz

dx2-y2

dz2

dxy

dxzdyz

S=0 S=1 S=2

Kinschel et al, Nature (under review) Studies on Cytochrome c at swissFEL: 
Bacellar et al, Draft

Do away with the use of reference 
spectra:
Direct L2,3 (2p-3d) spectroscopy



Extreme-UV femtosecond source:
Facility for photoelectron spectroscopy (ESCA) of liquid, gas and solid phases.
Complementary to X-ray studies at the SLS and XFELs

VUV 
spectrometer

Liquid phase 
chamber

Electron 
spectrometer

Molecular beam
end stationTR – ARPES end 

station

Ellipsoidal 
mirror chamber

Grating monochromator

VUV steering 
chamber

High harmonic 
generation

 

Funding:

Harmonium @                       

Arrell et al, RSI 2015; Ojeda et al, Struct. Dyn. 2016;
Arrell, Phys. Rev. Lett. (2016); Ojeda et al, PCCP 2017

 

10 – 120 eV
40 fs pulses
10 kHz
Polarization control



Now access provider within:

Harmonium @                       
 

Arrell et al
Ojeda et al

Roth et al

Puppin et al, PRL (under review)

Gatti et al, PRL (submitted)



Transient photoelectron spectroscopy of Ferric 
hexacyanide (probe energy=39 eV)

400 nm

Ojeda et al, Phys. Chem. Chem. Phys. 
(2017)

Decay of the reduced Fe in ~500 fs



Perspectives at seeded XFEL’s

•High flux/high energy allows for better 
liquid phase PES studies (Winter et al, Bozek 
et al)
•Limited tunability can be used for X-ray 
absorption studies with helically or circularly 
polarized light (J. Rouxel, B. Rösner et al, to 
be published. Theory by S. Mukamel and co-
workers)
•4-wave mixing experiments on materials, 
nanoparticles and molecules with selective 
excitation of specific orbitals.

Grand Technical Challenge: Tunability at seeded XFEL!



 

A. Rubio 
A. Dominguez 

L. Chiodo, M. Palummo

DYNAMOX

E. Baldini, C. Bacelar, Th. Barillot, B. Bauer,
J. Budarz, O. Cannelli, R. Ingle, D. Kinschel,
L. Longetti, G. Mancini, H. Marroux, N.
Nagornova, M. Oppermann, T. Palmieri, S.
Polishchuk, M. Puppin, Th. Rossi, B. Sorokin, L.
Wang. LES: A. Crepaldi, M. Grioni, S. Roth

Chris Arrell, Claudio 
Cirelli, Philip Johnson, 
Gregor Knopp, Samuel 
Menzi, Chris J. Milne, 
Georgios Pamfilidis

T. Katayama
M. Yabashi

Y. Obara, H. Ito, 
T. Ito, K. Misawa

F. Lima, D. Khakhulin, 
W. Gawelda, P. Zalden, 
S. Schulz, Ch. Bressler

T. Keane
Th. J. Penfold

N. Kurahashi

J. Helbing
J.Spekowius

J. Nishitani
C. Higashimura
S. Kudo
T. Suzuki


