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Abstract: In this article we revisit our recent picosecond and femtosecond X-ray absorption spectroscopy (XAS)
and X-ray emission spectroscopy (XES) experiments, probing the ultrafast electronic and geometric evolution
of photoexcited haem proteins, namely ferrous Nitrosyl Myoglobin (MbNO) and ferric Cytochrome c (Cyt c). We
show through these two examples, combined with results from ultrafast optical spectroscopy, the universal be-
havior of the excited state dynamics of ferric and ferrous haems. Regardless of the type of ligand, its dissociation
or lack thereof, or the metal oxidation state, the photoexcited system relaxes through a cascade of excited spin
states leading to formation of a high spin state, which results in doming of porphyrin.
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1. Introduction
In the 1930’s, Linus Pauling and co-workers found that the

magnetic susceptibilities of venous (deoxygenated) and arte-
rial (oxygenated) blood differed by a large amount (as large as
20%),[1,2] leading them to conclude that oxyhaemoglobin and
carbonmonoxyhaemoglobin contain no unpaired electrons,
while ferrohaemoglobin (i.e. the deoxy form) contains four
unpaired electrons per haem, i.e. the deoxy form is in a higher
spin state than the ligated oxy- or carboxy-forms.

Haemoglobin (Hb) is responsible for the uptake of oxygen
and its transport from the lungs to the tissues and the back
transport of carbon dioxide to the lungs during the respiratory
function. It is a tetramer of units, which resemble in many fea-
tures to myoglobin (Mb, Figure 1a). The latter stores oxygen
in muscle tissue. Haem proteins have had a special place in the
development of novel spectroscopic and structural tools. Mb
was the first protein whose three-dimensional structure was
revealed by X-ray crystallography,[3] soon after followed by
that of haemoglobin.[4,5]The active site (the haem, figure 1c) of
bothMb and Hb is a porphyrin with an iron ion at its centre that
can be either in a ferric-Fe3+ or ferrous-Fe2+ state. The ferrous
form of the haem is involved in the respiratory function. On the
proximal side, a histidine (His) amino-acid bound to the Fe ion
links the haem porphyrin to the F helix of the protein (Figure
1a). Of course, for the respiratory function, molecular oxygen
binds to the Fe2+ centre on the distal side of the haem. However,
other ligands can also bind to the Fe centre: CO, NO in the case
of ferrous haems and H

2
O, CN, N

3
, H

2
S in the case of ferric

ones, leading to different biological functions or even to mal-
functions. Nitric oxide (NO) plays a role in neurotransmission,
regulation of vasodilatation, platelet aggregation, and immune
response.[6–10] H

2
S fulfils quite similar functions.[11–13] It is in-

teresting to understand how these different ligands, which do
not directly enter in the respiratory function, affect the active
center structure and whether and how they can be dissociated
from the haem.

In the ligated form, the low-spin (LS) state of the ferrous
haem can be a singlet or a doublet depending on the type of

ligand (e.g. CO or NO) and the haem porphyrin is in this case
planar, although deviations from planarity are not uncom-
mon. Upon ligand release from the Fe2+ ion, the haem switch-
es to a HS quintet state and the pentacoordinated Fe moves
out-of-plane forming the so-called domed, deoxyMb con-
figuration. The doming occurs because going to the HS state
implies populating antibonding Fe d-orbitals, which elon-
gates the Fe-N bonds (Figure 1d). This movement of the Fe
atom, in and out of the porphyrin plane, is considered the
most fundamental event in the respiratory function, as it ulti-
mately switches the haemoglobin between the so-called re-
laxed and tense states.[5]

Fig. 1: a) Myoglobin. The haem iron-porphyrin has a ligand on the distal
side and a histidine (His93) on the proximal side. The latter anchors the
haem to the protein scaffold via the F-helix; b) cytochrome c; d) occu-
pancy of Fe 3d-orbitals that are split by the ligand-field between bond-
ing (dxy, dyz, dxz) and antibonding (dx2-y2, dz2) orbitals, for the different
spin states of a ferrous haem.
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sociation of the ligand has generally been ruled out based on
observables such as the Raman response of the Fe-histidine
mode upon photoexcitation and/or the absence of the free
ligand stretch vibration.[46,49,52,67] One of the key questions
here is to understand to what extent the dynamics in the fer-
rous and ferric differ and in particular, what the role of the
ligand is?

In recent years, time-resolved X-ray absorption and emis-
sion spectroscopies have emerged as ideal tools that are ele-
ment-specific, can distinguish oxidation and spin state chang-
es, and furthermore provide information on the local structure
around a specific atom.[68–70] It is interesting to note that here
again, Mb was the first system ever to be investigated by time-
resolved X-ray absorption spectroscopy, at that time, with
microsecond resolution.[71] One had to wait almost 30 years
to see the first picosecond studies to be performed again on
these systems.[72–74] The advent of X-ray free electron lasers
now enables such studies to be carried out with femtosecond
resolution. In this review, we show how the combined use of
ultrafast X-ray absorption and emission allows to nail down the
details of the formation of the HS state and the return to the
initial ligated state, lifting the ambiguities associated with the
use of optical probes.

2. Ultrafast X-ray Absorption and Emission
Spectroscopies

X-ray absorption spectra are characterized by absorption
edges, which are due to excitation of core electrons from a given
shell to the ionization threshold of a specific atom.[68,75] They
contain fine structure just below (atomic transitions), at and
just above the edge (the so-called X-ray absorption near-edge
structure or XANES), and well above (tens to several hundreds
of eVs) the edge (the so-called extended X-ray absorption fine
structure or EXAFS). The features just below the edge (or Fermi
level), are due to transitions from core orbitals to unoccupied or
partially filled valence orbitals. In 3d transition metals such as
Fe, the K pre-edge absorption includes mainly the weak 1s→ 3d
transitions, while the edge contains the stronger 1s→4p transi-
tions. These transitions are especially interesting as they directly
interrogate the valence orbitals involved in photoinduced dy-
namics, and contain information about the electronic structure
(oxidation state, occupancy of valence orbitals, charge trans-
fer, etc.) of the atom. The XANES region is characterised by
multiple-scattering resonances of the photoelectron generated
just above the ionization threshold, and they contain information
about bond distances and angles, and coordination numbers. On
the other hand, at even higher energies, the EXAFS modulations
result from single scattering events, which deliver information
about bond distances and coordination numbers of the nearest
neighbours around the absorbing atom. Although simpler to
analyse, EXAFS is however not commonly used in pump-probe
experiments because the EXAFS modulations represent barely
10% of the edge height and scanning an extended energy range
requires long data acquisitions times for each pump-probe time
delay.[68,69,75]

X-ray emission spectroscopy probes the photons emitted by
an electron refilling a core hole that was created by the incident
photon. It therefore reflects the density of occupied orbitals. In
the case of non-resonant X-ray emission (XES), which will be
the focus here, the incident photon energy is much higher than
the edge energy, so that the spectral weights are largely incident
energy-independent. A typical XES spectrum after ejection of an
electron in the K shell consists of several emission lines[76], shown
in Figure 2a. Namely: a) the Kα1 and Kα2 lines, which correspond
to transitions from the 2p3/2 → 1s and 2p1/2 → 1s orbitals, re-
spectively, and are the most intense; b) At higher emission ener-
gies, the Kβ1,3 lines, which are due to 3p → 1s transitions. These

Another popular class of haem proteins are the cyto-
chromes, and in particular cytochrome c (Figure 1b), which is
a small protein that mediates the electron transfer (ET) from
cytochrome c reductase to cytochrome c oxidase.[14] It also
plays a role in apoptosis and its conformationally-dependent
peroxidase activity.[15,16] The active centre of Cyt c is also a
heam and just as forMb, it can occur in a ferrous or ferric form.
Understanding the details of the doming motion and the return
to planarity in these systems has been a focus of intense study
for decades, especially using spectroscopic techniques. While
ligand exchange in haem proteins is not a light-driven process,
it was nevertheless shown at the end of the XIXth century that
ligand photolysis of Hb upon visible-ultraviolet (visible UV)
irradiation was possible.[17] This allows to mimic the biologi-
cal function of ligand detachment in a controlled fashion and
monitor its return to the Fe centre.

As a consequence, the ligand dynamics in haem pro-
teins started to be investigated as soon as time-resolved laser
spectroscopic methods became available. Ligand photodisso-
ciation (CO being the most studied) and its recombination to
the haem were monitored in a pump-probe scheme, first in the
nanosecond,[18] then the picosecond (ps)[19–24] time domains.
Haem proteins were also the first systems ever to be investigat-
ed by femtosecond spectroscopy.[25–27] Furthermore, they were
also the first to be investigated byMolecular Dynamics simula-
tions.[28] Following these pioneering studies, a huge wealth of
data from simulations[29–34] and ultrafast pump-probe studies
covering various spectral ranges[21,35–52] have been gathered on
these systems with the aim of nailing down the details of the
ligand detachment and recombination from and to the haem,
and the accompanying transition from LS planar to HS domed
and vice-versa. A great diversity of experimental observables
was used, ultrafast transient absorption (TA) spectroscopy in
the UV-visible being the most used approach. It monitors the
dynamics of the system via the porphyrin π-π* and n-π* tran-
sitions,[26,27,35,42] exploiting the significant differences in the
UV-visible absorption spectrum of ligated vs deoxy haems.
TA spectroscopy in the mid-infrared monitors the small li-
gands (CO, NO, H

2
O, CN, N

3
-, H

2
S, etc.) via their stretch

modes, or of the porphyrin via its high-frequency vibrational
modes.[40,41,53,54] Time-resolved resonance Raman spectrosco-
py is mostly sensitive to the Fe-ligand and the Fe-Histidine
bond,[55–59,37,27,43,60] or even nearby amino-acid residues, such
as tryptophan.[61,62] Finally, formation of the deoxy form upon
photoexcitation of MbCO has also been reported in ps[63,64] and
fs[65] X-ray diffraction studies.

Overall, these studies concluded that photodissociation
of the diatomic ligands (CO, NO, O

2
) from the planar fer-

rous haem porphyrin is prompt, occurring in typically <50-
100 femtoseconds (fs).[66] However, the subsequent dynamics
leading to formation of the ground state HS deoxyMb form
has given rise to somewhat conflicting interpretations, which
can be grouped in two: namely that dissociation of the ligand
generates a vibrationally hot HS state of the pentacoordinated
porphyrin that then undergoes cooling, or alternatively, forma-
tion of the HS state proceeds via a cascade among electronic
states of the pentacoordinated porphyrin. The latter also leads
to generation of heat since the energy gap between electronic
states is bridged by non-radiative transitions. While, the for-
mer scenario seemed to be generally adopted, studies during
the past two decades have raised doubts about this mechanism
and brought the scenario of an electronic cascade to be re-
considered.[46,49,52] Although powerful probes of the dynam-
ics, UV-visible, IR and Raman spectroscopies cannot intrinsi-
cally identify the nature of the electronic state (oxidation or
spin state), nor can they unambiguously distinguish electronic
from vibrational relaxation. In the case of ferric haems, dis-
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3. Results

3.1 Picosecond and Femtosecond X-ray Absorption
Experiments

We carried out steady-state XANES studies of myoglo-
bin both in deoxy form and ligated with the ligands CO, NO,
CN, O

2
and H

2
O.[89] A detailed analysis of the electronic and

molecular structure at the Fe site was provided, which con-
firmed the domed character of the deoxy form, in accord
with previous crystallographic studies. These steady-state
XANES studies served as the basis for the time-resolved ones,
which were carried out at synchrotrons with 70 ps temporal
resolution.[72,74] Figure 3a shows the Fe K-edge steady-state
spectrum of MbNO and a typical transient spectrum, which
exhibits a similar profile to Fe K-edge transients of other
Mb’s.[72,73,90] It has to be mentioned that quite similar profiles
have been reported for photoexcited ferrous cytochrome c
(Cyt c)91 and ferric Cyt c,[88] as discussed below and shown in
Figure 3b. Indeed, the transient is the difference between the
ground and excited-state absorptions, this profile can be quite
well reproduced by taking the difference of the deoxy steady-
state spectrum minus that of the ligated protein, also shown in
Figure 3a. This confirms that in all cases, the dominant feature
on the transient XANES spectra is the Fe-N bond elongation
leading to the doming of the Fe ion out of the porphyrin plane.
More recently, our fs X-ray experiments[88,92] showed that the
initial doming motion indeed occurs immediately following
photoexcitation, within the ~130 fs instrument response func-
tion, which can be observed in the rise time of the signal at
7122.5 eV in the case of MbNO. The same behaviour was
observed for ferric Cyt c reflecting, for the first time, a doming
of the porphyrin in a ferric system, even though the methio-
nine ligand is not considered to be photodissociated from the
Fe atom.[67] This settles a long debate as to whether doming
is a viable option ferric hemes,[93] and we can conclude that
doming is a universal deformation in the response of haem
systems to photoexcitation.

In the case of ferrous haems, for which ligand photodis-
sociation occurs, rebinding of the ligand to the haem iron is
a central issue, as it mimics the natural binding process. It
is challenging to unambiguously identify this process in the
XANES transient spectra due to overlapping spectral contri-
butions from ligated and unligated haems (the quantum yield
for ligand photodissociation is 1 only in the case of MbCO),
which may have different kinetics, and the competition be-
tween in-pocket recombination and recombination with li-
gands that have left the haem pocket. In the case of MbNO,
the weak deviations between the experimental transient
and the difference spectrum of the steady-state spectra in
Figure 3a, are real and have been extensively analysed in ref.
[74]. They were attributed to formation of a domed-ligated spe-
cies, which had been postulated on the basis of optical TA
studies[94] and simulations.[30,31] This is most evident at ~7135
eV, which also underscores the difficulty of distinguishing
the different species by XAS. Our preliminary results using fs
XANES at XFELs do not contradict this observation,[95] and
do not have a sufficient signal-to-noise ratio across the nec-
essary energy range to confirm it either. Future experiments
will aim at observing a time-dependent spectral change in the
ligand-binding sensitive region as a way to fully capture the
ligand dissociation and subsequent recombination.

In Cytochrome c, observation of ligand dissociation is
even more challenging, since there are no XAS spectra of
stable pentacoordinated deoxy Cyt c species, such as de-
oxyMb, that one could compare to the excited spectra in or-
der to facilitate the assignment. Cyt c does not bind diatomic
molecules, but rather a methionine residue on its sixth coor-

are nearly an order of magnitude weaker than the Kα transitions;
c) Higher still are the Kβ2,5/Kβ' transitions, which form the so-
called valence-to-core (VtC) emission lines. They are the weakest
(~100 times weaker than Kα) due to a poorer overlap of the initial
and final wavefunctions.

The Kβ lines have been exploited for their sensitivity to the
spin state of the emitting atom[77] and in a pioneering experiment,
fs-XESwas used to track the ultrafast relaxation cascade in photo-
excited an Fe(II) spin cross over (SCO)molecule.[78]This sensitiv-
ity to the spin state stems from the exchange interaction between
3d and 3p electrons. However, it should be borne inmind that other
effects also affect the Kβ lines, such as covalency.[79,80]Although
the interaction between 2p and 3d orbitals is weaker than that be-
tween 3p and 3d orbitals, the Kα lines still bear signatures of the
spin state of the metal, although this is less clear cut.[80,81] In the
course of our work, we did find a systematic dependence of the
Kα line with spin, as will be detailed later.

The implementation of laser pump/X-ray probe experiments
at synchrotrons has been described in several papers and will not
be repeated here.[68,69,72,82–85]The femtosecond experiments were
carried out at X-ray free electron lasers (XFELs), in a pump-
probe geometry, as described in refs [69,70,86-88]. Briefly,
physiological solutions of the protein (ferrous MbNO and fer-
ric Cyt C, ~4 mM) were delivered to the interaction region of
the corresponding experiment via a recirculating liquid jet. A
schematic of the setup is shown in Figure 2b. The samples are
excited by an optical laser pulse and the subsequent relaxation
dynamics are then probed with ultrashort X-ray pulses. In the
case of XAS experiments, a monochromatized beam is scanned
across the Fe K-edge in the range of ~7100-7200 eV and absorp-
tion spectra are recorded in total fluorescence yield mode (TFY).
For XES experiments, the full SASE beam is used well above
the absorption edge (8000-9300 eV) and the emitted photons are
dispersed by a spectrometer in the von Hamos geometry onto
a 2D detector. In both measurements, the X-ray signals are re-
corded at twice the repetition rate of the laser source, such that
an unpumped reference is interleaved with every other pumped
shot. Changing the relative arrival time between the optical laser
and the X-rays allows us to follow the excited state evolution as
a function of time.

Fig. 2: (a) Absorption of X-ray photons can lead to transitions to bound
(pre-edge) or continuous (above edge) states, which contain different
information about the interrogated element. Following the creation of a
core hole, emission can occur from different initial states, giving rise to
the emission lines, which vary in cross-section and sensitivity to valence
orbital dynamics. (b) Representation of a typical experimental setup
used for time-resolved XAS and XES at FELs. An optical pump-pulse is
used to electronically excite the sample, which is delivered in solution
via a liquid jet. X-ray pulses intercept the excited system at determined
time delays and the corresponding absorption and/or emission spectra
are recorded as a function of time.
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dination site. Upon photoexcitation, ferrous Cyt c is known to
undergo dissociation of the Fe-S bond, much like in ferrous
Mb’s.[43, 44, 50, 51, 67] This was supported by X-ray absorption
and emission measurements performed by Mara et al. at the
LCLS XFEL (Stanford).[91] Using MXAN simulations[96] to
fit their XANES spectra, they established that the distance
of the methionine from the Fe atom is greater than 2.9 Å
after photoexcitation, pointing to its dissociation from the Fe
centre. However, our ferric Cyt c transient XANES exhibits
a quite similar profile to ferrous Cyt c (Figure 3b), which
mostly reflects haem doming. While this does not rule out
ligand dissociation, the significant deviation of the transient
signal at around 7130 eV could point to the bound ligand in
the ferric case. This is especially relevant as doming has al-
ways been considered to result from ligand dissociation. The
existence of domed ligated species, as observed for MbNO,
suggests that these two processes can occur independently
in haem systems. Future experiments aim to focus on an al-
ternative probe to the methionine dissociation by monitoring
the dynamics using S K-edge absorption (near 2.5 keV), in
order to unambiguously verify the occurrence of methionine
dissociation or lack thereof.

In summary, transient XANES experiments provide al-
ready a great deal of insight into the structural deformations
incurred by the haem upon photoexcitation and point to dom-
ing as a universal process regardless of the oxidation state and
the occurrence of ligand dissociation or lack of it. However,
at this stage, transient XAS does not provide information
about the electronic mechanism that leads to doming,
which is best captured by X-ray emission spectroscopy
(XES).

Table 1: Comparison of the rise (τr) and decay times (τi) reported different ferric and ferrous haem proteins, using various spectroscopic techniques.
The attribution of time scales is discussed in the text without. All time constants are in picoseconds.

Species Method τr τ1 τ2 τ3

Ferric Cyt c88 XAS, XES 0.15 0.62±0.06 8.2±4

Ferric Cyt c 50,51 UV-Vis TA and
fluo.

<0.05 0.7±0.09 3.4±0.3 11±2

Ferric MetMb 52,100 UV-Vis TA <0.08 0.51 1.14 4.8

Ferric MbCN 46 UV-Vis-IR TA < 0.05 0.3 3

Ferric MbN3
49 IR TA 2.4 18

Ferrous Cyt c50,51 UV-Vis TA and
fluo.

<0.05 0.6±0.06 1.8 ± 0.5 5.9 ± 0.1

Ferrous MbCO101 XAS <0.07 0.4 msec

Ferrous MbNO92 XAS, XES <0.1 0.6 30

Fig. 3: (a) Static (grey) and transient (excited minus unpumped) spectrum
of MbNO at 70 ps (green dots) and static difference between ground
state MbNO and deoxyMb (black); [74] (b) Static (grey line) and transient
spectra of Ferric Cyt c at 500 fs (green dots)[88] and of ferrous Cyt c at
600 fs (black line) from ref. 91, both measured at XFELs. The dashed
lines refer to the energies mentioned in the main text.
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3.2 Femtosecond Non-Resonant X-ray Emission
Studies
Although a certain degeree of structural information is con-
tained in XES spectra,[76,79] it is strongly dominated by elec-
tronic effects and is therefore predominantly sensitive to the
electronic and spin structure. As mentioned above, Kβ emis-
sion is particularly known for its sensitivity to the spin state.
[78]We implemented fs XES to follow the haem relaxation after
photoexcitation of MbNO[92] and Figure 4 shows the relevant
transients for both Kα and Kβ lines. The interpretation of these
transient signals is achieved using a combination of model sys-
tems and simulations. In ref. [78], model systems with similar
geometry and electronic configuration, at specific spin states
serve to generate a “static difference” to emulate the expected
transient signals in photoexcited species. Using the same ap-
proach, we have shown that the recovery of the ground state of
MbNO implies the passage through two HS states, which can
be distinguished spectrally. In Figure 4a, the top panel shows
the transient spectra of Kβ lines at short (260 fs), intermediate
(500 fs) and longer (1.3 ps) time delays, while the bottom panel
shows the difference spectra expected for a doublet to quintet
and doublet to triplet states from model systems. The region
between 7050 and 7055 eV contains a strong fingerprint of
the different HS states, with the transition to the quintet state
showing intensity depletion in this range. The transient spectra
show very similar features, such that we can identify the initial
transition to a triplet state followed by relaxation to a quintet
state. The shape of the difference spectra stays constant from
>1 ps, until complete recovery of the ground state.

The dependence of the Kα emission with spin is less well
established[80,81] than forKβ, and reference spectra of intermedi-
ate spin compounds are not available. Therefore, we performed
density functional theory (DFT) calculations to simulate the
transitions to triplet and quintet states (lower panel, Figure 4b).
Here, we also see a difference between short and long-time
delays, more specifically in the Kα

2
line, around 639 eV. These

features agree with those observed in the DFT simulations,
further confirming that the relaxation proceeds via a fast decay
through an intermediate HS quintet state. The kinetic traces
show a rise of ~800 fs, associated with the decay from the trip-
let state to the quintet state, which relaxes back to the ground
state in a biexponential fashion, associated with the relaxation

of HS deoxyMb-NO species from geminate (τ~30 ps) and non-
geminate (τ~1.5 ns) ligand recombination.[74]

In order to obtain similar information for ferric cytochrome
c, one needs to investigate even higher spin intermediate states,
namely, transitions to the quartet and sextet states. It was
shown that the Kα line-shape does not change significantly
for spins beyond S=3/2,[81] making the identification of inter-
mediate species much more complicated. It is possible, how-
ever, to focus on the valuable information contained in the ki-
netic traces. The time evolution of the transient XES Kα signal
shows a bi-exponential decay, with the same time constants as
obtained in the XAS measurements. Considering that the XES
is a pure electronic signature and is not sensitive to vibrational
effects, we can conclude that these time scales reflect an elec-
tronic relaxation among spin states. Looking more carefully at
the normalized transient spectra shown in Figure 5a, one can
notice that the positive peak at 6406 eV and the negative one
at 6404 eV of the Kα1 transient show somewhat different tem-
poral evolution. Selecting specific regions of interest (ROIs)
around each of these features and plotting the intensity of each
signal as a function of time, we recover two different kinetic
traces, which are shown in Figure 5b. The negative ROI kinet-
ics shows a prompt rise followed by a biexponential decay,
while the positive feature shows a slower rise and a mono-
exponential decay. The fast decay of the negative component
closely matches that of the rise of the positive peak, suggesting
a cascade process in which an intermediate state (presumably,
a quartet state) feeds population into the HS sextet state. The
assignment of HS states of S>3/2 is also confirmed by Kβ tran-
sient spectra, but in this case, the S/N was not sufficient to un-
ambiguously assign a specific transition. This analysis reveals
that Kα spectra contain more information about the spin states
than previously thought, warranting further investigation for a
more general class of metal complexes.

The general picture that emerges from the above results
is that for haem proteins (ferric or ferrous) the return to the
ground state is characterised by a cascade among spin state
and is not due to cooling of the pentacoordinated species in
its HS ground state. This behaviour goes beyond just the two
systems discussed here (MbNO and ferric Cyt c) as a com-
mon pattern for all investigated haem proteins. This is illus-
trated in Table I, which presents the relaxation times reported

Figure 4: (a) top: Transient XES Kβ spectra of MbNO at delays of 0.26 (blue), 0.5 (yellow) and 1.36 ps (red). Bottom: Difference of steady-state XES
Kβ spectra from Fe complexes (ref): triplet minus doublet (blue), quintet minus doublet (red). (b) top: Transient Kα XES spectra of MbNO at 0.26
(blue) and 1.36 ps (red).92 Bottom: difference Kα spectra derived from DFT simulations, triplet minus doublet (blue), quintet minus doublet (red).
Experimental spectra and simulations are reproduced from reference.92
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message we wish to convey is that in all ferrous haem proteins,
the formation of the high spin deoxyMb species is entirely
governed by a cascade among spin states, and the return to the
planar low-spin form is also a spin transition. We believe this
settles a long-standing controversy about the importance of
thermal vs electronic effects in the formation of the deoxy form
for ferrous haems. It also shows that even in ferric haems, for
which ligand dissociation is ruled out, a spin cascade occurs
leading to formation of a domed species. Of course, a spin cas-
cade does not rule out additional thermal effects since the en-
ergy between states is dissipated non-radiatively to the protein.

Overall, the presented X-ray spectroscopic studies[88,92,95]
of MbNO and Cyt c underscore the importance of selecting
the experimental observable one uses in order to probe the dy-
namics of photoexcited in haem proteins. These observables
along with those of IR[41,53,54] and visible[35] transient absorp-

in optical and the more recent X-ray TA studies and in the fs
XES studies. Evidently, the non-radiative cascade will gener-
ate heat in the systems as has unambiguously established in
transient IR[46,53] and time-resolved Raman studies.[61,97,98] The
energy-gap between low, intermediate and high spin states is
not known as accessing them from the LS GS is both dipole-
and spin-forbidden (these are dd-excitations). However, reso-
nant X-ray emission spectroscopy, also called resonant inelastic
X-ray scattering (RIXS) can give access to these. This approach
boils down to an electronic Raman process. A RIXS study of
MbCN, metMb, MbCO and deoxyMb was reported by Harada
et al.[99] showing for the first three occurrence of at least 2 states
below the Q-bands of the porphyrin, which lie at an energy loss
of ~1.5 and ~0.5 eV, while for deoxyMb mainly one main fea-
ture is observed at an energy of ~0.8 eV. The latter most likely
corresponds to the intermediate spin state in MbNO, while the
former would correspond to the intermediate and HS states of
ferric Cyt c. While this is speculative and needs further investi-
gation, the important message is that the intermediate dd-exci-
tations are separated by relatively large energy gaps, rather than
being at thermal energies.[49] It is important to stress that the
cascade among spin states is strongly borne out by theXES data
presented here, because it is not sensitive to thermal effects.

We believe this is a common behaviour of all ferric and
ferrous systems and the results presented here show the
universality of the photoexcitation dynamics of this class
of proteins. This is shown in Figure 6, where the shortest
(rise) time τ

r
corresponds to the formation of the interme-

diate spin state from the initially excited π-π* and n-π*of
the porphyrin. τ

1
corresponds to the decay of the intermedi-

ate to the state and τ
3
corresponds to the decay of the HS

state returning to the initial ground state. This timescale
varies greatly between the various haem proteins and is
strongly influenced by the steric and electronic effects of
the surrounding protein environment and the nature of the
ligand. τ

2
is most probably due to vibrational relaxation in

the HS state, and it also depends on the environment and
the interaction with the ligand. It does not show up in the
X-ray spectroscopic studies because XAS and XES are not
sensitive to vibrational effects.

4. Conclusions
In this short review, we have revisited our recent picosec-

ond and femtosecond X-ray absorption and emission results
on the photoinduced dynamics in ferrous Myoglobin-NO and
ferric cytochrome c casting them in a broader picture of the
spin cross-over dynamics in haem proteins. In summary, the

Fig. 5: (a) Static (black) and representative normalized transient (coloured) XES spectra of Cyt c at different time delays from 200 fs to 1 ps. The blue
and red shaded areas represent the regions of interest (ROIs) used for integration of the transient spectra. (b) Kinetic traces obtained from the inte-
gration of the positive (red squares) and negative (blue circles) ROIs, showing that the different regions present different dynamics.88

Fig. 6: Generic scheme of the relaxation pathways of photoexcited fer-
rous and ferric haems. τr is the relaxation from the π-π* excited porphy-
rin to the intermediate spin state due to population of metal d-orbitals. τ1
is the relaxation from the intermediate to the lowest high spin state and
τ3 is the return to the initial ground state. A τ2 component is also present,
which is due to thermal relaxation in the HS state (see Table I and text).
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tion spectroscopy, fluorescence up-conversion[50,100] and reso-
nance Raman spectroscopy[43,67] are crucial for the emergence
of a complete picture of ligand dynamics in proteins.
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