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Connection between time- and length scales
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How fast must our camera be?

CO2 + H CO + OH

0.001 s

Faster than 1 ps = 

10-12 s, one picosecond

Hamburg, Bahrenfeld horse track (2011)

Speed of sound: 

1000 m/s  =>  1.0 Å in 100 fs

Timescale of half-oscillations of a molecular vibration:

H2; 𝟂e= 4155 cm-1 → 7.6 fs

I2; 𝟂 e= 120 cm-1  → 270 fs
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What are the fundamental timescales in Chemistry?

Time /seconds

Molecular wavepacket dynamics, bond formation, 
ligand exchange, photocatalysis, photosynthesis, etc…
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Electron dynamics
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Molecular
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A. H. Zewail et al, J. Phys. Chem. A 104, (1999) 5660

Coherent nuclear dynamics in condensed matter
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Complex systems: liquids and proteins

HgI2

Mb-L

P. Champion et al, JCP 1999, 2000R. Hochstrasser et al, JCP 1993, 1995, 1996
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Internuclear Distance
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Knowledge of molecular structure 
becomes inherently difficult when system 

increases in size!

Resolve Atomic Interactions Beyond Optical Wavelengths…
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Time-resolved X-ray Spectroscopy

vtc
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W. Zhang et al., Nature, 509 (2014) 345  

Kβ emission on [Fe(bpy)3]
2+

X-ray Absorption Spectroscopy (XAS)

Unoccupied molecular orbitals

Molecular structure

Oxidation state

Element specific

Spin state

changes

Electronic state 

changes

Molecular structure

changes

X-ray Emission Spectroscopy (XES)

Occupied molecular orbitals

Spin State
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The Transient XDS signal arise from the structural changes in:

Solute Structure

Solute-solvent interaction 
(”solvation shell”/cage)

ΔS(Q, Δt) = ΔSsolute + ΔSsolvent + ΔScage

Bulk Solvent
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Time-resolved X-ray scattering in liquids (WAXS)
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Aqueous [Fe(bpy)3]2+

Solvation cage term:

Solute term:

where:

Time-resolved X-ray scattering in liquids (WAXS)
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X-ray Absorption 
Spectroscopy (XAS)

Delay scan -> kinetics

X-ray Emission 
Spectroscopy
(XES)

X-ray Diffuse 
Scattering (XDS)

Combine complementary tools in
a single experiment!!
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K. Haldrup, W. Gawelda et al., J. Phys. Chem. A (2012)

XES

XAS

X-ray 

Scattering

Combining X-ray spectroscopy and scattering (100 ps) 
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PIN diode
XES

analyzer

XDS

2D detector

SASE FEL probe

8 keV, 50 fs

Optical pump 

400 nm, 40 fs
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K. Haldrup, W. Gawelda, et al., 
J. Phys. Chem. B (2016)

Combining X-ray spectroscopy and scattering (< 1 ps) 
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S. Canton et al., 

Nature Communications (2015)

Combining X-ray spectroscopy and scattering (< 1 ps) 
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Examples for chemical dynamics
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Ultrafast dynamics in molecular crystals during a 
photoinduced spin crossover has been 
characterized using the femtosecond X-ray 
absorption spectroscopy

Some early experiments using XAS at XFELs
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The XAS spectra of MbCO and decarboxymyoglobin have distinct spectral 
features in the XANES region. The ultrafast changes at selected 
resonances were probed with femtosecond time resolution

Ultrafast studies of CO detachment in MbCO
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Dispersive geometry allows to mitigate the noisy nature of SASE XFELs and 
“self-normalize” the spectrum shot-by-shot.
However, the sensitivity is still limited to highly concentrated samples and 
poses very strict requirements on the X-ray optics

Alternative approaches to XAS at XFELs
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Y. Obara et al., 
Optics Express, 22 (2014) 1105

First example of time-resolved dispersive XAS
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Femtosecond X-ray Emission Spectroscopy reveals 
“hidden” excited states
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Experimental evidence of 3T state captured by XES
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W. Zhang et al., Nature, 509 (2014) 345  

2D plot of time-dependent 
difference Kβ emission shows 
all photoinduced changes at 
very early time delays (< 2ps)

Femtosecond X-ray Emission Spectroscopy reveals 
“hidden” excited states
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Probe several time scales using FEL and SR sources

Use amorphous scattering to probe Au-Au bonds

Observation of fs bond formation

K.H. Kim et al., Nature 518, 790 (2015)
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XFEL Science: new era in chemical reaction dynamics

Can we follow the coherent and 

incoherent dynamics?

Can we relate the vibrational coherence 

to molecular structure changes?

XFEL allowed for the first time to 

observe coherent vibrational 

wavepackets in molecular 

systems in liquid phase!
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H. Lemke, et al. Nat. Commun. 8 (2017) 15342

Pioneering work on coherent wavepacket 

dynamics in solvated Fe(II) complex using 

femtosecond XAS

Very large structural changes due to a photoinduced spin transition 
→ symmetric Fe-N bond elongation by 0.2 Å 
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H. Lemke, et al. Nat. Commun. 8 (2017) 15342

Real-time visualization of coherent atomic 

movements!

25.11.2024



X-ray Free Electron Lasers - XFELs 27

Coherent nuclear dynamics captured with 
femtosecond X-rays
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Ligand exchange in transition metal complexes

Drug metabolism: Cytochrome P450 superfamily of heme-enzymes

B. Meunier, et al., Chem. Rev. 104 (2004); J. 
Rittle and M. Green, Science 330 (2010)

Oxygen transport: Hb

trans-[(cyclam)FeIII(N3)2]+

in acetonitrile

Iron(II) hexacyanide

in water
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Structural dynamics in aqueous Fe(CN)6

Iron(II) hexacyanide in H2O

SP symmetry

TBP symmetry

λ = 355 nm

M. Reinhard et al., Struct. Dyn., 24901, 1 (2014)

M. Reinhard et al., JACS (2017)
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Simulation of difference scattering for Fe(CN)6

- Box  size: 768 H2O mol.

- TIP3P (flex.) water

- Simulation length: 5ns

- Canonical ensemble (NVT) 

- Nosé-Hoover thermostat

- COMPASSII force field

- ESP charge partitioning

  for the solute

- Solute structure fixed
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The local and the global kinetic 
fits

50 ps

0.7 ps

1) Fe(CN)5 + CN → Fe(CN)6        (ground state)
2) Fe(CN)5  → Fe(CN)5 *         (separated fragment) 
3) Fe(CN)5 + H2O → Fe(CN)5(H2O)  (aquation

∆Tsolv(t) = (∑ck(t=0)Ehv - ∑ck(t)Ek) / Cv









D




+ )(

)(
tT

T

QSsolvΔSsim (Q, t) = ΔSsolute(Q, t) + ΔScage(Q, t)  
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Species concentration and temperature kinetics

Delay in excess energy dissipation

k1 = 8 x 1012 1/(M*s)  ~ 6 ps

k3 = 9 x 107 1/(M*s)    ~ 100 ps

Non-geminate recombination

Aquation

25.11.2024



X-ray Free Electron Lasers - XFELs 33

Spin state of the intermediate species

Difference Kb XES spectra – triplet multiplicity

Courtesy by Tadesse Assefa
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Aqueous Fe(CN)6

C4v singlet

C4v triplet

D3h triplet

aquated

Perspective: high resolution X-ray scattering
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Perspective: high resolution X-ray scattering

Large reciprocal space coverage:

High X-ray energy and Large Area Detector

LPD at the FXE instrument of European XFEL

C4v singlet

C4v triplet

D3h triplet

aquated

Aqueous Fe(CN)6

25.11.2024



X-ray Free Electron Lasers - XFELs 36

Ultrafast photo-induced processes in liquids and solids

– Photo- & reaction chemistry

– Solid-state phase transitions 

Combine x-ray diffraction and spectroscopy to investigate 

atomic and electronic structure in parallel

Liquid /WAXS

diffraction XES

spectroscopy

X-ray Raman

spectroscopy

FXE instrument at European XFEL
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Combine X-ray Spectroscopy with X-ray Scattering 
tools in a single pump-probe experiment

• X-ray Absorption Spectroscopy (XAS)
• X-ray Emission Spectroscopy (XES)
• Resonant Inelastic X-ray Scattering (RIXS)
• X-ray Raman Scattering (XRS)
• Wide- Angle X-ray Scattering (WAXS)
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FXE: versatile pump-probe instrument
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Conclusions

• X-ray spectroscopic and scattering techniques have been successfully applied 
to study chemical reactions dynamics in solid and liquid environments

• The plethora of different observables can be connected in a single experiment 
deliver a more complete motion picture of the on-going chemical process

• Coherent wavepacket dynamics has been detected in XAS, XES and WAXS 
experiments revealing atomic movements during the ultrafast relaxation 
dynamics

• Combination of X-ray spectroscopy and X-ray scattering allows to track not 
only solute but also solvation cage and bulk solvent dynamics during the 
course of a chemical reaction.
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