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

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

Dynamics

Water transport through an aquaporin channel in a cell
Side view of the light-harvesting membrane

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

"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

10 fs ... 10 ps 1ps..10 ps 10 ps ... 100 ps pS ... us > us
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Transition metal complexes

Solar energy \
Photocatalysis &38R
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Optical materials, OLED, etc.

Optical writing/magnetic reading
(OW/MR) materials

Biology and biomimetic devices

Molecular electronics (molecular
conductors, rechfgrs transistors,
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X-Ray Absorption Spectroscopy

Fe K-edge

pre-edge: atomic transitions (1s-3d)
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Rehr and Albers, Rev. Mod. Physics (2000)



Optical pump/X-ray probe spectroscopy

2D detector
Transmission

] r

‘ X-ray scattering

Optical Pump

Emission
detector

~ Variable time delay

N
\ _ L= = X-ray emission

E——

Flow capillary
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

Group —
| Period

- K-edges of low-Z elements : C, N, O, 5, efc.

- L, ;-edges of transition metals (2p; ;.- nd ), intense p-d transitions (as compared to
s-p for K-edge). d-orbitals are the ligand orbitals.

Sharp spectral features: 1,-0.5 eV=h/1 = 6.58 10%/t. 3-5 times better energy
resolution than corresponding K-edge

Low-Z elements XAS requires high photon fluxes. a.s ~ Z*.
Observables: energies, line shapes and L3/L2 intensities
Sensitive to molecular structure

Spin and electronic information (Sawatzky, van der Laan, de Groot, efc..), s-d
mixings, efc..
Theo,vy I:S' we// esfab/iﬂhaf/ L] imnanA "‘.a,flﬂ mvuiltinlste ~arlsr Al _initia efc.)

Requires vacuum:




Delivery of liquid samples into vacuum

Lis

Winter and Faubel,  Ekimova et al, Struct. Dyn. 2015
Chem. Rev. 2006




Solar materials:
Catalysis and energy conversion

Photocatalysis Solar energy
%3} Light
1\
{1 (<390 nm) Dye-
\j A sensitization
CBS &= Ox (02)
. > Ox*°0z) perovskite-
TiO> 3.2eV sensitization
A Red (HO-)
I 29 ‘
VB - g:i;:i;, Cs
2 Red* (HO®) "b
Charges at surfaces - Long range transport

Long time trapping - High mobility: no trapping



Ti K edge spectra
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100 ps, Exc. 355 nm
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N719 dye-sensitized,
100 ps, Exc. 532 nm
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Absorbance (arb. units)

Femtosecond X-ray absorption experiment
at the Ti K-edge
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Santomauro et al/, Scient. Rep. (2015)
Delay / ps

Pre-edge ~330 fs

Ti reduction is instantaneous.
Structural rearrangement is 3x
slower

Absorbance (arb. units)

Obara et al, Struct. Dyn. (2017)
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Linear dichroism of single crystals of TiO,
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Transitions governed by final-state effects:

Al :on-site 3d-4p hybridized transition A
A2: quadrupolar character 0\1{;/0
A3: dipolar and 3d-4p intersite hybridization ey
B: intersite, dipolar O = ('1).95 A

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



Ti 4s

Conduction band
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Asahi et al, PRB 61 74 59 (2000)

02s

| —
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



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

His 7 Distal histidine

Phe CD1
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Domed deoxy
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? His F8
lli’e
His F8

The " transition state” of the respiratory function

co, 0,

Fe?*, 3d°

S=0 Fe?*, 3d°

NO B > | s=2

Fe?*, 3d°

S= 1 Tense-to-Relaxed
— state

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

Myoglobin (Mb)



Kz X-ray emission spectroscopy as a marker of spin
Spin cross-over dynamics in [Fe(bpy):F*
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Glatzel and Bergmann, Coord. Chem. Rev. 2006 Zhang et al, Nature 2014



Femtosecond K gand K, emission on

4
LUMO
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Triplet State

~ 30 ps

Myoglobin-NO at SACLA

Do away with the use of reference
spectra:
Direct L, ; (2p-3d) spectroscopy
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b
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Kinschel et al, Nature (under review)

Studies on Cytochrome c at swissFEL:
Bacellar et al, Draft
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TR - ARPES end
station

Molecular beam
end station

VUV
spectrometer

Liquid phase
chamber

Electron

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

spectrometer g f

Ellipsoidal s

mirror chamber

N VUV steering

10 - 120 eV

40 fs pulses
10 kHz

Polarization control !

chamber

@

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

@

High harmonic
generation
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Laser-Assisted Photoelectric Effect from Liquids
Arrell et al PRL 117, 143001 (2016)

Photocarrier-induced band-gap renormalization and ultrafast

Charge-transfer and impulsive electronic-to-
vibrational energy conversion in ferricyanide:
ultrafast photoelectron and transient infrared

studiest Ojeda et al phys. Chem. Chem. Phys.,
2017,19, 17052

charge dynamics in black phosphorus Roth et al 2D Mater. 6 (2019) 031001

Evidence of large polarons in photoemission band mapping of the

perovskite semiconductor CsPbBr;Puppin et al, PRL (under review)

Light-induced renormalization of the Dirac quasiparticle in the nodal line semimetal ZrSiSe

Gatti et al, PRL (submitted)



Integrated counts [arb.]

Transient photoelectron spectroscopy of Ferric
hexacyanide (probe energy=39 eV)
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Perspectives at seeded XFEL's

*High flux/ hlgh 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
Eolar'lzed light (J. Rouxel, B. Rosner et al, to

e published. Theory by S. Mukamel and co-
workers)

*4-wave mixing experiments on materials,
hanoparticles and molecules with selective
excitation of specific orbitals.

Grand Technical Challenge: Tunability at seeded XFEL!
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