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“What controls rate and selectivity in chemistry and catalysis?”
excited state dynamics

Probing the transition state 
region in catalytic CO 
oxidation on Ru.
H. Öström et al., Science, 12 
February 2015 
(10.1126/science.1261747)
M. Dell'Angela et al., Science 
339, 1302-1305 (2013).
A. Nilsson group, J. Norskov
group, Pettersson group, W. 
Wurth group, M. Wolf group

Identification of the dominant photochemical pathways and 
mechanistic insights to the ultrafast ligand exchange of Fe(CO)5
to Fe(CO)4EtOH Struct. Dyn. 3, 043204 (2016)

Orbital-specific mapping of the ligand exchange dynamics of 
Fe(CO)5 in solution, Nature 520 (7545), 78-81 (2015)

Anti-Stokes X-ray Raman Scattering for excited state dynamics
submitted

Transition metals key „ingredients“ to
(photo-)(bio)-chemistry and

Heterogeneous catalysis
TM K-edge RIXS selective to spin,
L-edge RIXS selective to valence



Ligand Substitution: bond breaking and bond creation

Photodissociation – Gas Phase: Fe(CO)5 + hνpump à Fe(CO)4 + CO à Fe(CO)3 + CO

Photodissociation – Solution: Fe(CO)5 + hνpump à Fe(CO)4 – EtOH + CO

?    
?    

Identification of the dominant photochemical pathways and 
mechanistic insights to the ultrafast ligand exchange of Fe(CO)5
to Fe(CO)4EtOH Struct. Dyn. 3, 043204 (2016)

Orbital-specific mapping of the ligand exchange dynamics of 
Fe(CO)5 in solution, Nature 520 (7545), 78-81 (2015)
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submitted



Scenarios of Fe(CO)5 photodissociation/ligand exchange in solution

1MLCT

1LF

3LF

Concentred ligand substitution reaction
via singlet pathway

Ahr, Rose-Petruck, et al.,
Phys. Chem. Chem. Phys. 2011, 13, 5590.
Trushin, Fuss, et al.,
J. Phys. Chem. A 2000, 104, 1997.

Reaction via triplet intermediate and
diffusion limited complexation

Snee, Harris, et al., JACS. 2001, 123, 6909.
and JACS 2001, 123, 2255.

Fe(CO)5 Fe(CO)4 Fe(CO)4-EtOH Fe(CO)4 Fe(CO)4-EtOH

Simplified schemes! More then one nuclear coordinate involved!

Fe(CO)5



3d

4s

4p

Kr: [Ar]3d10 4s2 4p6

18 electron rule of coordinatively saturated 3d transition metal complexes

T. Langmuir, Science 54, 59-67 (1921).
R. Hoffmann, Angew. Chem. Int. Ed. Engl. 21, 711-724 (1982).

Nr. of
Valence e-

18



Cr: [Ar]3d5 4s1 4p0Kr: [Ar]3d10 4s2 4p6

18 electron rule of coordinatively saturated 3d transition metal complexes

T. Langmuir, Science 54, 59-67 (1921).
R. Hoffmann, Angew. Chem. Int. Ed. Engl. 21, 711-724 (1982).

Nr. of
Valence e-

18 6

3d

4s

4p

6 CO L donate
12 e-

Cr(CO)6
9-n

n

n

n * L

Ni:  [Ar]3d8 4s2 4p0

[Ar]3d9 4s1 4p0

10

4 CO L donate
8 e-

Ni(CO)4

Fe: [Ar]3d6 4s2 4p0

8

5 CO L donate
10 e-

Fe(CO)5

Ligand removal / substitution / chemistry:
variation between 18 and 16 electron configuration



Electronic Structure and optical excitation of Fe(CO)5



flexRIXS apparatus:

• BESSYII
• LCLS (2*1011 W/cm2 (1.6*1010 phot/pulse

damage at 6*1011 W/cm2
´,160 fs, 120 Hz

• 266 nm, 100 fs, 60 Hz, 10 μJ
~1.5*1011 W/cm2

• 20 µm jet runs at 10 m/s, at 100 Hz:
10 cm between shots

RIXS:

• Valence electronic structure
• Element specific
• Chemical state selective
• Orbital symmetry selective

A setup for resonant inelastic soft x-ray scattering on liquids at
free electron laser light sources. Kunnus et al. Rev. of Sci. Instr., 2012. 83 (12)

Binding
Energy

Valence occupied

Valence empty

Core-level



Evolution of excited state dynamics from Anti-Stokes RIXS
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Evolution of excited state dynamics



Pathway determination



Pathway determination (Reaction via triplet intermediate and diffusion limited complexation, 
Snee, Harris, et al., JACS. 2001, 123, 6909. and JACS 2001, 123, 2255.)



Pathway determination (Concentred ligand substitution reaction via singlet pathway, Ahr, Rose-
Petruck, et al., PCCP. 2011, 13, 5590. Trushin, Fuss, et al., J. Phys. Chem. A 2000, 104, 1997.)



Pathway determination



Parallel femtosecond spin-crossover, recombination and ligation

16 e- configuration:
Spin and geometric
relaxation

18 e- configuration:
Geminate recombination
complexation



Gedankenexperiment: Can we taylor the X-ray pulse in order to learn about
the initial curve crossings of excited states?

17



One way: Combine Anti-Stokes at sub-natural linewidth to access
relevant curve crossings of excited states

18

Ground state potential energy surfaces around selected atoms from resonant inelastic x-ray scattering 
S Schreck, A. Pietzsch, B. Kennedy, C. Sat̊he, P. S. Miedema, S. Techert, V. N. Strocov, Th. Schmitt, F. Hennies, 
J.E. Rubensson, A. Föhlisch, Scientific RepoRts | 6:20054 | DOI: 10.1038/srep20054 
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final state experiences no broadening from the femtosecond lifetime of the core-excited intermediate state and 
no final state lifetime broadening since the final state is the electronic ground state. Thus, using an incident band-
width narrower than the intermediate state lifetime broadening (sub-natural linewidth), RIXS is uniquely suited 
to pick up low energy vibrational progressions with the elemental and chemical selectivity of the atomic soft x-ray 
scattering resonance16,17,19–23. This principle is illustrated in Fig. 1 where the schematic scattering process is shown 
together with experimental examples of chemically bound oxygen atoms in non-interacting, weakly interacting 
and strongly interacting molecular as well as solid state environments. Independent of interaction strength, vibra-
tional resolution with a total linewidth far below the oxygen K-edge natural linewidth of 150 meV19 is achieved.

Figure 1(a) illustrates how resonant core level excitation projects the ground state nuclear wave function onto 
the core-excited state potential energy surface where it propagates during the femtosecond core hole lifetime. 
The propagated wave packet reaches Franck-Condon overlap with a multitude of vibrational excited states in the 
electronic ground state giving rise to a vibrational progression in the RIXS spectrum. Here the vibrational pro-
gression reflects the electronic ground state potential energy surface along a set of coordinates along which the 
nuclear wave packet has propagated in the core-excited state. Experimental results are summarized in Fig. 1(b). 
Non-interacting diatomic O2 in the gas phase has only one vibrational mode, namely the O =  O stretch19. For 
weakly interacting liquid acetone the excitation into the C =  O anti-bonding π* orbital drives predominantly the 
C =  O stretch mode out of all present normal modes of acetone21. In the strongly hydrogen bonded network of 
liquid water as well as for the layered mineral kaolinite resonant excitation into a state with O–H anti-bonding 
character predominantly drives the local O–H stretch modes which are observed as quasi-collective modes due 
to internal coupling. Other normal modes in these systems are seen as sub-structure in the individual vibra-
tional peaks. Hence, the resonant excitation scheme allows to individually address and clearly assign specific 
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Figure 1. Sub-natural line width resonant inelastic x-ray scattering and the electronic ground state 
potential energy surface. (a) Schematic illustration of the scattering process into purely vibrational excited final 
states in the electronic ground state. See also main text. (b) Experimental findings as a function of increasing 
degree of interaction. The O2 data from Hennies et al.19, measured at resonant π⁎ excitation (530.5 eV in O2). 
The acetone and acetone-chloroform spectra were also measured at resonant π⁎ excitation (531.5 eV in acetone 
and acetone-chloroform). The liquid water spectrum from Pietzsch et al.23 was measured at resonant pre-edge 
excitation at 534.9 eV excitation energy. The kaolinite spectrum was measured at 534.7 eV excitation energy.



RIXS with transform limited pulses – simulation FeCO5 MLCT to LF



Where would SwissFEL come in there?

Low repetition rate < kHz 

Focus on advanced state
preparation

• Taylor the optical, IR and
THz pulses to
determine/control
reaction pathways

• Taylor multi-colour FEL 
laser pulses for single
and multi centre resonant 
spectroscopy

• synchronized to external
Laser-system.



Spectrometer
• Acceptance
• Detection Angle
• combined res.30,000 at Cu-L3
• allow for stimulated processes

hRIXS consortium:
T. Laarmann, S. Techert, G. 
Ghiringhelli, F. Senf, A.F. et al.

36 m

15 m

SCS
Spectrometer

Sample env.

Modular Sample Environments
UHV/solid Gas/liquid jet

Beamline extension
• Mono flexible for

time and energy
resolution

• Focus variable,
optimized for RIXS

At XFEL: Get RIXS to the transform limit in time and energy



Widom line
High Density 
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Phase coexistence line
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Hypothetical phase diagram of liquid water showing the liquid-liquid coexistence line between 
LDL and HDL in terms of simple liquid regions, the critical point (real or virtual), the Widom line 
in the one-phase region and fluctuations on different length scales emanating from the critical 
point giving rise to local spatially separated regions in the anomalous region. Shaded lines 
indicate how far fluctuations might extend.

What else would we want? Non local nanoscale aspects in solution
environments probed by RIXS and coherent scattering

A. Nilsson and L. G. M. 
Pettersson, Nature 
Comm. 6, 8998 (2015).



What else would we want?
Transfer of excitation between atomic centers

FLASH & LCLS



Multi centre dynamics between atomic moities
Non-linear soft X-ray spectroscopy: 4 wave mixing



SACLA

Multi centre dynamics between atomic moities
Transfer of excitation between atomic centers



A unified view of Raman, resonance Raman and fluorescence spectroscopy,
D Lee and AC Albrecht,

Adv. IR and Raman Spect, Wiley, 12, 179 (1985)

Non linear X-ray optics has been dealt with already in „dark ages“

PRA 3,1145 (1971)

PRL 25,1241 (1970)

Multiple core-hole coherence in x-ray four-wave-mixing spectroscopies
Shaul Mukamel

PRB 72, 235110 (2005)
Resource Letter on Stimulated Inelastic X-ray Scattering at an XFEL

B. D. Patterson
SLAC technical Note SLAC-TN-10-026 (2010)
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K-shell:
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Stimulated X-ray scattering sizeable with soft X-rays, less with hard X-rays

Implications of Stimulated
Resonant X-ray Scattering for
Spectroscopy, Imaging and Diffraction, JMO 62, S41-S51 
(2015)



Conclusions

• Beat complexity through the selectivity of resonant X-ray spectroscopy

• New selectivities/opportunities from non-linear spectroscopy with X-rays:
• stimulated processes strong for soft, less for hard X-rays
• multi-center dynamics

• Is there a science case for nano scale order and RIXS/coherent scattering in 
solution environments?

• At SwissFEL take advantage of low repetition rate < kHz
• Focus on advanced state preparation

o Taylor the optical, IR and THz pulses to determine/control reaction
pathways

o Taylor multi-colour FEL laser pulses for single and multi centre
resonant spectroscopy

o synchronized to external Laser-system.

• Highest rep rate at XFEL Heisenberg RIXS with transform limited pulses will 
reveal in combination with sub-natural linewidth RIXS currently unaccessible
dynamics. i.e. the MLCT to LF transition.
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