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Virtual Experiment



What do you want to learn 
about your sample?

“Electronic” Information
Excited state energy levels? Valence 

orbital dynamics? 
Spin states?

XANES

XES (Core-to-core, VtC)

“Structural” information 
Large-scale molecular motion? 

Photofragmentation? 
Solute-solvent interactions?

XDS

EXAFS

Virtual Experiment – What to measure?



What X-ray source do 
you need?

How fast is the 
process I want to 

probe?

Ultrafast (<100 ps)

X-ray FEL

A bit slower (> 100 ps) 

Synchrotron 

Virtual Experiment – Where to measure?



Virtual Experiment – X-ray Sources



Virtual Experiment – X-ray Sources



Virtual Experiment - Instrumentation

Choose a beamline that has the right 
instrumentation you need

https://lightsources.org/lightsources-of-the-world/

• Sample delivery

• Sample environment

• Detectors

• Spectrometers

• Pump Laser

• X-ray properties

• Time Resolution

• …

https://lightsources.org/lightsources-of-the-world/


Scientific Case #1: Cytochrome C
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real time and therefore to fully understand the relationship
between structural and dynamical properties, one must achieve
not only high spatial resolution, but also a sufficiently high
temporal resolution.12–14 Important in the context of these
studies is that hemoproteins are photosensitive, leading to a wide
range of time-resolved optical and X-ray spectroscopic studies
ranging from milliseconds to femtoseconds.15–27 In these experi-
ments, the biological function of ligand detachment from the
heme is triggered by an optical (so-called pump) pulse, while the
evolution of the system is probed by a second (typically optical or
X-ray) pulse, with a tunable time delay with respect to the pump
pulse. While optical tools can reach femtosecond resolution they
do not provide direct structural information. To overcome this,
time-resolved X-ray protein crystallography was implemented, and
has now reached the 100 ps resolution,28,29 unraveling a detailed
mapping of the photoinduced ligand detachment and recombi-
nation in carboxymyoglobin.30–32

Modern crystallographic techniques make it possible to
determine the global structure of the protein with almost atomic
resolution.33 However, ideally one would prefer to determine the
structure of the protein in its physiologically relevant environ-
ment. In addition, the biological function and reactivity of Mb
strongly depends on the electronic structure of the active site.
The iron atom of the heme group may exist in three different
oxidation states (ferrous, ferric and ferryl) and its valence 3d
electrons are significantly delocalised into the porphyrin and

ligand p* orbitals. In fact, the ability of the heme to redistribute
the charge and spin density of the iron plays an important role
in the formation and stabilization of a variety of intermediates
important for biological function.34,35

For determining both the local geometric and the electronic
structure around the active center (Fig. 1), X-ray absorption
spectroscopy (XAS) is an important tool.36–38 Soft X-ray spectro-
scopy at the L2/3-edges39–42 can, by virtue of the dipole selection
rules, directly probe the iron 3d orbitals which are not observable
in optical spectroscopy owing to the strong p - p* (Soret) band.
However, the L2/3-edges of iron are less sensitive to the geometric
structure than the K-edge, for which bond length, angles and
dihedrals may be extracted by the analysis of the spectral
resonances occurring above the ionization potential in both
the X-ray absorption near edge structure (XANES) and the
extended X-ray absorption fine structure (EXAFS) regions, while
the electronic structure is obtained via the pre-edge region of
the spectrum. These attributes have led several groups to
implement XAS for the study of heme proteins.39,43–51

Despite the fact that the physiological environment is the
most relevant to the biological function, XAS studies of heme
proteins under physiological conditions (pH 7 solution, room
temperature and pressure) are almost completely lacking,
except for the recent soft X-ray studies carried out at the Fe
L2/3-edges.40,42,52 Low temperature frozen solutions of heme
proteins have generally been used as they reduce the thermal
vibration of the atoms and, in the case of photolysed samples,
trap intermediates so that their structures could be determined.
However, aside from being far from the conditions in which
proteins function, these samples are prone to radiation damage
and lysis.49,53 It is therefore useful to investigate the photoinduced
ligand detachment and recombination of heme proteins in
physiological solutions which can be flowed continuously to
ensure the renewal of the sample and decrease the X-ray dose
deposited in each molecule. Recently, the first demonstration
of time-resolved X-ray scattering54,55 and XAS27,56 with 100 ps
resolution of MbCO in solutions was reported. The latter
studies open the possibility for the study of the structural
dynamics of photoexcited heme proteins using time-resolved
XAS. However, prior to this it is essential to obtain and under-
stand the XAS spectra of the ground state protein in solution.

Here we report a systematic Fe K-edge XAS investigation of ferric
and ferrous myoglobins in physiological solutions. By studying a
wide selection of myoglobins, using the same experimental and
theoretical approaches we provide a consistent structural refine-
ment around the heme. The ferric species are: aquomet myoglobin
(metMb) and cyanomyoglobin (MbCN). The ferrous ones are: the
deligated myoglobin (deoxyMb) and the ligated species oxymyoglo-
bin (MbO2), nitrosylmyoglobin (MbNO) and carboxymyoglobin
(MbCO). The structural analysis, based on multiple scattering
(MS) theory, implemented within the MXAN package57–60 is able
to account for the spectral differences as a function of ligand
substitution (see Fig. 1 and Section S2.1, ESI,† for a description of
the structural parameters that were optimised in this work).
We demonstrate that, contrary to the range of values obtained
from crystallographic refinements, the average iron–nitrogen

Fig. 1 Schematics of the active center of myoglobin and the relevant
parameters used in the fits of the XAS using the MXAN code. The upper
panel shows the heme plane and angles (a and b) describing the ligand
binding geometry. The lower left panel shows the Fe–Np distance and the
lower right panels show the heme doming parameters.
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real time and therefore to fully understand the relationship
between structural and dynamical properties, one must achieve
not only high spatial resolution, but also a sufficiently high
temporal resolution.12–14 Important in the context of these
studies is that hemoproteins are photosensitive, leading to a wide
range of time-resolved optical and X-ray spectroscopic studies
ranging from milliseconds to femtoseconds.15–27 In these experi-
ments, the biological function of ligand detachment from the
heme is triggered by an optical (so-called pump) pulse, while the
evolution of the system is probed by a second (typically optical or
X-ray) pulse, with a tunable time delay with respect to the pump
pulse. While optical tools can reach femtosecond resolution they
do not provide direct structural information. To overcome this,
time-resolved X-ray protein crystallography was implemented, and
has now reached the 100 ps resolution,28,29 unraveling a detailed
mapping of the photoinduced ligand detachment and recombi-
nation in carboxymyoglobin.30–32

Modern crystallographic techniques make it possible to
determine the global structure of the protein with almost atomic
resolution.33 However, ideally one would prefer to determine the
structure of the protein in its physiologically relevant environ-
ment. In addition, the biological function and reactivity of Mb
strongly depends on the electronic structure of the active site.
The iron atom of the heme group may exist in three different
oxidation states (ferrous, ferric and ferryl) and its valence 3d
electrons are significantly delocalised into the porphyrin and

ligand p* orbitals. In fact, the ability of the heme to redistribute
the charge and spin density of the iron plays an important role
in the formation and stabilization of a variety of intermediates
important for biological function.34,35

For determining both the local geometric and the electronic
structure around the active center (Fig. 1), X-ray absorption
spectroscopy (XAS) is an important tool.36–38 Soft X-ray spectro-
scopy at the L2/3-edges39–42 can, by virtue of the dipole selection
rules, directly probe the iron 3d orbitals which are not observable
in optical spectroscopy owing to the strong p - p* (Soret) band.
However, the L2/3-edges of iron are less sensitive to the geometric
structure than the K-edge, for which bond length, angles and
dihedrals may be extracted by the analysis of the spectral
resonances occurring above the ionization potential in both
the X-ray absorption near edge structure (XANES) and the
extended X-ray absorption fine structure (EXAFS) regions, while
the electronic structure is obtained via the pre-edge region of
the spectrum. These attributes have led several groups to
implement XAS for the study of heme proteins.39,43–51

Despite the fact that the physiological environment is the
most relevant to the biological function, XAS studies of heme
proteins under physiological conditions (pH 7 solution, room
temperature and pressure) are almost completely lacking,
except for the recent soft X-ray studies carried out at the Fe
L2/3-edges.40,42,52 Low temperature frozen solutions of heme
proteins have generally been used as they reduce the thermal
vibration of the atoms and, in the case of photolysed samples,
trap intermediates so that their structures could be determined.
However, aside from being far from the conditions in which
proteins function, these samples are prone to radiation damage
and lysis.49,53 It is therefore useful to investigate the photoinduced
ligand detachment and recombination of heme proteins in
physiological solutions which can be flowed continuously to
ensure the renewal of the sample and decrease the X-ray dose
deposited in each molecule. Recently, the first demonstration
of time-resolved X-ray scattering54,55 and XAS27,56 with 100 ps
resolution of MbCO in solutions was reported. The latter
studies open the possibility for the study of the structural
dynamics of photoexcited heme proteins using time-resolved
XAS. However, prior to this it is essential to obtain and under-
stand the XAS spectra of the ground state protein in solution.

Here we report a systematic Fe K-edge XAS investigation of ferric
and ferrous myoglobins in physiological solutions. By studying a
wide selection of myoglobins, using the same experimental and
theoretical approaches we provide a consistent structural refine-
ment around the heme. The ferric species are: aquomet myoglobin
(metMb) and cyanomyoglobin (MbCN). The ferrous ones are: the
deligated myoglobin (deoxyMb) and the ligated species oxymyoglo-
bin (MbO2), nitrosylmyoglobin (MbNO) and carboxymyoglobin
(MbCO). The structural analysis, based on multiple scattering
(MS) theory, implemented within the MXAN package57–60 is able
to account for the spectral differences as a function of ligand
substitution (see Fig. 1 and Section S2.1, ESI,† for a description of
the structural parameters that were optimised in this work).
We demonstrate that, contrary to the range of values obtained
from crystallographic refinements, the average iron–nitrogen

Fig. 1 Schematics of the active center of myoglobin and the relevant
parameters used in the fits of the XAS using the MXAN code. The upper
panel shows the heme plane and angles (a and b) describing the ligand
binding geometry. The lower left panel shows the Fe–Np distance and the
lower right panels show the heme doming parameters.
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His18

Met80

• Cytochrome C: responsible for electron transfer in the transport chain in the 
mitochondria, which is the pathway for the synthesis of ATP

• Heme structure: Porphyrin ring with center Fe ion

• Heme group binds to histidine (His18) and methionine (Met80) residues

• Fe can be ferrous (Fe2+) or ferric (Fe3+) oxidation state

• Iron can be in or out of the heme plane depending on coordination and spin state

Heme



Oxidation State Matters!

Negrerie et al., J. Phys. Chem. B, 110, (2006) O. Bräm et al. J. Phys. Chem. B, 115, (2011)

C. Consani et al. Chemical Physics 396 (2012) 

Cyt C - Fe(III)Fe(II) systems 

Levantino et al., Structural Dynamics, 2, (2015)

Mara et al, Science 356 (2017) 

• Ligand dissociation and doming possibly 
followed by recombination

• Observed across different systems 
(MbCO, MbNO, Cyt C, etc)

Silatani et al,  PNAS, 112, 42 (2015) 

• No dissociation in Fe(III) systems
•  Relaxation suggested to be mostly thermal
• Some evidence that the relaxation involves a 

cascade through transient electronic states 



Ferrous Cytochrome C

Mara et al., Science 356, 1276–1280 (2017) 2



Ferrous Cytochrome C
Reinhard et al, Nat Comm, 12, 1086 (2021)

What is the relaxation mechanism in ferric systems? 
Does it relate at all to its biological function?
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XANES
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Mara et al, Science 356 (2017) 
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real time and therefore to fully understand the relationship
between structural and dynamical properties, one must achieve
not only high spatial resolution, but also a sufficiently high
temporal resolution.12–14 Important in the context of these
studies is that hemoproteins are photosensitive, leading to a wide
range of time-resolved optical and X-ray spectroscopic studies
ranging from milliseconds to femtoseconds.15–27 In these experi-
ments, the biological function of ligand detachment from the
heme is triggered by an optical (so-called pump) pulse, while the
evolution of the system is probed by a second (typically optical or
X-ray) pulse, with a tunable time delay with respect to the pump
pulse. While optical tools can reach femtosecond resolution they
do not provide direct structural information. To overcome this,
time-resolved X-ray protein crystallography was implemented, and
has now reached the 100 ps resolution,28,29 unraveling a detailed
mapping of the photoinduced ligand detachment and recombi-
nation in carboxymyoglobin.30–32

Modern crystallographic techniques make it possible to
determine the global structure of the protein with almost atomic
resolution.33 However, ideally one would prefer to determine the
structure of the protein in its physiologically relevant environ-
ment. In addition, the biological function and reactivity of Mb
strongly depends on the electronic structure of the active site.
The iron atom of the heme group may exist in three different
oxidation states (ferrous, ferric and ferryl) and its valence 3d
electrons are significantly delocalised into the porphyrin and

ligand p* orbitals. In fact, the ability of the heme to redistribute
the charge and spin density of the iron plays an important role
in the formation and stabilization of a variety of intermediates
important for biological function.34,35

For determining both the local geometric and the electronic
structure around the active center (Fig. 1), X-ray absorption
spectroscopy (XAS) is an important tool.36–38 Soft X-ray spectro-
scopy at the L2/3-edges39–42 can, by virtue of the dipole selection
rules, directly probe the iron 3d orbitals which are not observable
in optical spectroscopy owing to the strong p - p* (Soret) band.
However, the L2/3-edges of iron are less sensitive to the geometric
structure than the K-edge, for which bond length, angles and
dihedrals may be extracted by the analysis of the spectral
resonances occurring above the ionization potential in both
the X-ray absorption near edge structure (XANES) and the
extended X-ray absorption fine structure (EXAFS) regions, while
the electronic structure is obtained via the pre-edge region of
the spectrum. These attributes have led several groups to
implement XAS for the study of heme proteins.39,43–51

Despite the fact that the physiological environment is the
most relevant to the biological function, XAS studies of heme
proteins under physiological conditions (pH 7 solution, room
temperature and pressure) are almost completely lacking,
except for the recent soft X-ray studies carried out at the Fe
L2/3-edges.40,42,52 Low temperature frozen solutions of heme
proteins have generally been used as they reduce the thermal
vibration of the atoms and, in the case of photolysed samples,
trap intermediates so that their structures could be determined.
However, aside from being far from the conditions in which
proteins function, these samples are prone to radiation damage
and lysis.49,53 It is therefore useful to investigate the photoinduced
ligand detachment and recombination of heme proteins in
physiological solutions which can be flowed continuously to
ensure the renewal of the sample and decrease the X-ray dose
deposited in each molecule. Recently, the first demonstration
of time-resolved X-ray scattering54,55 and XAS27,56 with 100 ps
resolution of MbCO in solutions was reported. The latter
studies open the possibility for the study of the structural
dynamics of photoexcited heme proteins using time-resolved
XAS. However, prior to this it is essential to obtain and under-
stand the XAS spectra of the ground state protein in solution.

Here we report a systematic Fe K-edge XAS investigation of ferric
and ferrous myoglobins in physiological solutions. By studying a
wide selection of myoglobins, using the same experimental and
theoretical approaches we provide a consistent structural refine-
ment around the heme. The ferric species are: aquomet myoglobin
(metMb) and cyanomyoglobin (MbCN). The ferrous ones are: the
deligated myoglobin (deoxyMb) and the ligated species oxymyoglo-
bin (MbO2), nitrosylmyoglobin (MbNO) and carboxymyoglobin
(MbCO). The structural analysis, based on multiple scattering
(MS) theory, implemented within the MXAN package57–60 is able
to account for the spectral differences as a function of ligand
substitution (see Fig. 1 and Section S2.1, ESI,† for a description of
the structural parameters that were optimised in this work).
We demonstrate that, contrary to the range of values obtained
from crystallographic refinements, the average iron–nitrogen

Fig. 1 Schematics of the active center of myoglobin and the relevant
parameters used in the fits of the XAS using the MXAN code. The upper
panel shows the heme plane and angles (a and b) describing the ligand
binding geometry. The lower left panel shows the Fe–Np distance and the
lower right panels show the heme doming parameters.
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C. Bacellar et al, PNAS 117(36), (2020) 

XANES



Spin Cascade in Ferric Cytochrome C

C. Bacellar et al, PNAS 117(36), (2020) 

XES



Ferric Cytochrome C - Photocycle

Bacellar et al, PNAS 117(36), (2020) 
Bacellar et al, Faraday Discuss, 228, (2021)

• Photoexcited ferric Cyt C exhibits 
doming despite lack of dissociation

• Relaxation goes through a high spinà low 
spin cascade through the metal centered 
states back to the ground state

• Small energy gap between HS and LS 
(~30-50 meV)

• Doming might be involved in the 
biological redox processes



Scientific Case #2: C-H Activation

• Breaking C-H bonds is hard (bond dissociation 
energies ~100 kcal/mol), but extremely 
important to synthetic chemistry

• Ability to turn alkenes (including CH4) into 
functionalized groups 

• Oxidative addition is one of the mechanisms 
that leads to CH activation



C-H Activation

Jay et al., Science, 380, 955–960 (2023)

Cyclopentadienyl Rhodium 
Carbonyl Complex

Raphael Jay

Philippe Wernet



C-H Activation

Jay et al., Science, 380, 955–960 (2023)



C-H Activation

Jay et al., Science, 380, 955–960 (2023)

~350 fs ~2 ps ~14 ns



C-H Activation

Jay et al., Science, 380, 955–960 (2023)



Future Perspectives
Pushing to Faster and Faster Time Scales…

• Access to fast wavepacket dynamics, 
transitions through conical intersections and 
initial relaxation processes in chemical and 
biological systems 

T. Barends et al, Science 350, 445 (2015)

…And to More Challenging Experiments

• Photon-hungry techniques such as RIXS, VtC, 
X-Ray Raman  as well as non-linear processes 
such as transient grating, four wave mixing.

• More complex samples (low concentration, 
low sample volumes, short-lived species) 

• Special machine modes (attosecond, large 
bandwidth, two color X-ray experiment)  

Rouxel et al, Nat Photonics, 15, 499–503 (2021)
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