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Abstract

Mechanistic insights into photodissociation dynamics of transition metal car-
bonyls, like Fe(CO)5, are fundamental for understanding active catalytic interme-
diates. Although extensively studied, the ultrafast structural dynamics of these
systems remain elusive. Using ultrafast X-ray scattering, we uncover the ultra-
fast photochemistry of Fe(CO)5 in real space and time, observing synchronous
oscillations in atomic pair distances, followed by a prompt rotating CO release
preferentially in the axial direction. This behavior aligns with simulations, reflect-
ing the interplay between the axial Fe-C distances’ potential energy landscape
and non-adiabatic transitions between metal-to-ligand charge-transfer states.
Additionally, we characterize a secondary delayed CO release associated with a
reduction of Fe-C steady state distances and structural dynamics of the formed
Fe(CO)4. Our results quantify energy redistribution across vibration, rotation,
and translation degrees of freedom, offering an ultrafast microscopic view of com-
plex structural dynamics, enhancing our grasp on Fe(CO)5 photodissociation and
advancing our understanding of transition metal catalytic systems.

1 Introduction

The use of light to drive synthesis has seen tremendous growth in the last decade
[1, 2]. In particular, organometallic photocatalysts such as transition metal carbonyls
[3–5], are pivotal for understanding the mechanisms of metal-ligand bond breakage
upon light exposure, a cornerstone issue in chemistry with implications521 in synthesis
and catalysis. The efficiency and selectivity of photocatalytic processes are directly
related to the molecular-level mechanisms of energy flow and transformation, including
internal vibrational relaxation, rotational motions, and dissociation events in these
systems [6, 7]. By understanding these ultrafast structural dynamics, chemists can
design more effective catalytic systems and optimize reaction conditions for practical
applications.

Extensive research on iron pentacarbonyl Fe(CO)5, particularly on processes trig-
gered by metal-to-ligand charge-transfer (MLCT), has used various methods to explore
its photochemistry revealing the dissociation of carbon monoxide (CO) from Fe(CO)5
into Fe(CO)4 and then Fe(CO)3 in gas phase dynamics [8–14]. The initial experimental
studies used 266 nm UV pulses to photoexcite Fe(CO)5 in the gas phase and probed
its dynamics using optical ionization [9–11] measuring various time constants up to
the few ps range, without assigning the different possible species. However, a sequen-
tial singlet pathway was suggested, with the assumption that intersystem crossings are
not viable in such timescales. The suggested pathway was prompt dissociation from
excited singlet-state Fe(CO)5 to the lowest energy singlet state of Fe(CO)4 (1A1),
following which, a second CO dissociation to Fe(CO)3 with a time constant of 3 ps.
Time-resolved electron diffraction experiments [15] validated the singlet-state Fe(CO)4
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using two-photon absorption at 620 nm and a temporal resolution of 10–20 ps. Direct
evidence of the singlet and sequential aspect of the dissociation of multiple CO lig-
ands has been established with a temporal resolution of 1 ps [12] using time-resolved
valence and core-level photoelectron XUV spectroscopy.

Recently, a theoretical study suggested that the MLCT transition causes Fe-C bond
oscillations in the trigonal bipyramidal complex [16]. As a result, the first CO disso-
ciation process involves a probabilistic sequential dissociation, that occurs each time
non-adiabatic transitions happen between manifolds of bound MLCT and dissociative
metal-centered (MC) excited states (Figure 1).

Fig. 1 Schematic depicting Fe(CO)5 photochemistry: UV (266 nm) pulse excites Fe(CO)5 from its
ground state (GS) to a metal-to-ligand charge-transfer excited state (MLCT). This transition leads
to periodic crossovers to the dissociative metal-centered (MC) state, observed through a symmetric
stretch mode in axial Fe-C bonds. Each MLCT to MC crossover may induce dissociation of the first
CO ligand (inset, dashed arrows represent crossover), occurring approximately every 100 fs, generating
hot Fe(CO)4 and a rotating dissociating CO. Subsequently, a second CO is dissociating at a slower
timescale (∼ 3 ps).

While studies probed the population transfer between electronic states, to fully
understand how photon energy transforms into both electronic and nuclear dynamics,
it’s crucial to observe ultrafast structural dynamics, which requires probing atomic
motions on the scale of angstroms and femtoseconds. Such direct observation is
key to understanding the creation of specific reactive intermediates, and despite its
importance, achieving this level of detail has so far proved difficult.

3

https://doi.org/10.26434/chemrxiv-2024-pdfj1 ORCID: https://orcid.org/0000-0002-6594-7794 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pdfj1
https://orcid.org/0000-0002-6594-7794
https://creativecommons.org/licenses/by-nc-nd/4.0/


Ultrafast x-ray scattering (UXS) and MeV ultrafast electron diffraction (UED)
studies have become viable tools to uncover ultrafast structural dynamics of increas-
ing complexity, from wavepacket vibration and dissociation of diatomic molecules to
chemical reactions and structural changes of molecules in solution environments [17–

31]. Electron diffraction offers a greater momentum transfer range (Q∼12Å
−1

) that
allows in principle the direct inversion to real space of the scattering signal, but often
at lower temporal resolution. Ultrafast X-ray pulses from free electron lasers (FELs)

often access better temporal resolution but with a restricted range (Q∼4Å
−1

) that has
limited the inversion and interpretation of the scattering signals and required com-
plementary support through modeling and simulations [32–34]. Recent improvements
in inversion methods that account for limitations originating from the measurement,
including a restricted Q range [35], enable the robust real-space inversion central to
this study.

Here, we demonstrate the use of UXS and real-space inversion to directly observe
the photochemistry of Fe(CO)5 with atomic resolution in space and time. We observe
its initial coherent motion, prompt dissociation that includes molecular rotation, and
the rovibration dynamics of the intermediate Fe(CO)4. We also observe and quan-
tify the secondary dissociation to Fe(CO)3. We resolve multiple simultaneous atomic
motions on femtosecond timescales of a first-row transition metal complex in the gas
phase, where charge density distance distributions from different atom pairs contribute
similarly to the signal (Figure 2a), making it the first observation, to our knowledge,
of ultrafast gas phase scattering from a transition metal complex. We observe micro-
scopic real-space details of coherent to thermal pair density dynamics, which is an
intuitive and independent probe for processes that take place across timescales, despite
the restricted momentum transfer range measured (Figure 2b). The time-resolved real-
space information is recovered in a model-free way, which enables a straightforward
comparison with ab initio simulations, offering a path for robust validation of theory
for the challenging case of transition-metal excited-state dynamics.

2 Results and Discussion

For non-periodic samples such as in gas or the solution phase, assuming the indepen-
dent atom model, the scattering information of typical experiments only encodes the
distances between each pair of charges captured by the pair density function. In Figure
2a, we show how the early excited state dynamics of Fe(CO)5 is captured by atomic
pair charge density difference ∆PD(R, τ)=PD(R, τ)on−PD(R)off , subtracting the
optical pump laser-on signal at delay time τ after photoexcitation from the laser-off
reference signal, using a simulation based on semi-classical excited state molecular
dynamics, that is limited to the first CO loss dynamics (Supplementary Discussions
2). Positive intensities indicate new distances with a magnitude corresponding to the
charge product of the contributing atom pairs, and negative peaks indicate the drop
in steady-state pair distances. As a result, even though the motion originates in the
Fe-C bond distances (region α), a change in Fe-C pair distances affects many other
atom pair distances that act as ”spectators”, as seen during the first 200 fs (region
β). This is because atoms of type X that remain stationary to the Fe-C motion, will
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Fig. 2 (a) The simulated pair density difference ∆PD for photoexcited Fe(CO)5 obtained from
averaging 85 trajectories (Supplementary Discussion 2), and derived by subtracting the steady state
pair density (perpendicular area plot, colors encode atom pair types) from the time-dependent density.
The motion initiates within the Fe-C bond (α region), however, it is also observed across most pairs
due to the spectator effect (see text). (b) Simulated and experimental isotropic scattering difference
signal ∆S0 for photoexcited Fe(CO)5 in momentum-transfer space for a series of time delays. (inset)

The averaged anisotropy of the scattering signals ⟨∆S2⟩ for Q<0.9Å
−1

shows that axial CO is more
likely to be first lost (Supplementary Discussion 3). (c) The inversion of the simulated scattering
captures PD oscillations at β region (4−7Å), following dissociation seen as a density increase at
200−400 fs, coinciding with the anisotropy dynamics. At longer delays, the dissociating PD separates
from the parent molecule observed at γ region (R>7Å) , where the PD modulation at ∼7.5Å is
assigned to a CO rotation motion. (d) The real-space inverted experimental scattering signal captures
similar early dynamics, as well as a second CO loss at delays >700 fs, manifested by a further decrease
(increase) of density at the α (γ) range.

contribute to correlated Fe-X and C-X motions, effectively amplifying the original
Fe-C motion. We also note that the contribution to ∆PD is distributed across sev-
eral types of atomic pairs that can also overlap. For example, the dominant ∆PD is
found around 4 Å as a result of multiple C-O and O-O pairs that are spectators to
the early dynamics. Early on, the CO dissociation overlaps with other pair distances
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and seems to be obscured by them. However, it becomes noticeable at larger pair dis-
tances in region γ, where the dissociated CO leads to pair distances that exceed the
intramolecular distances of the remaining Fe(CO)4.

We use the simulated pair density dynamics to obtain the simulated scatter-
ing signal (Supplementary Discussion 3) and convolved it with the estimated finite
instrument response (58 fs, Supplementary Discussion 8). It is then compared to the
experimental scattering results in Fig2b. We find that there is reasonable agreement
with some minor observed differences that can be attributed to the method used to
subtract the experimental background and the limitation of the simulation to capture
later dynamics that include the second dissociation (Supplementary Discussions 1,2).

We take the simulated scattering signal and then enforce on it the same constraints
as we have for the experiment, and transform it to real space using the method in
[35] to obtain the pair density dynamics given the available Q range (Supplementary
Discussion 4). In Fig2c, we show the impact of these constraints on the extracted
structural dynamics information, highlighting how the spatial resolution of the simu-
lated ∆PD is limited by the experimental Q-range. We observe, that while individual
pair distances are not resolved, the underlying dynamics are still recovered. The dom-
inant pair density difference is due to the spectator C-O and O-O pairs at distances of
4<R<6Å (β region) that capture the onset of synchronous oscillations that originate
in the Fe-C pairs. The dissociation is first manifested as an increase of density at these
distances at a 200-400 fs delay, following positive contributions to distances >7Å (γ
region) at later delays. In addition, we observe a modulation in ∆PD as it evolves
from region β to γ. We will discuss these effects and their relation to the rotation of
the dissociated CO.

Figure 2d presents the experimental ∆PD following the inversion of the measured
scattering difference signal. We observe similar early excited state dynamics at similar
pair distances, in agreement with the inversion of the simulated ∆PD. Moreover, the
experimental ∆PD allows us to probe longer delays which were not accessible by
the simulation. A main characteristic that is noticeable at longer delays (τ>400 fs)
is the further depletion of pair density around the α region that coincides with the
steady state distance of the Fe-C pairs. The ongoing reduction in pair density within
this region can be only attributed to a second CO dissociation and the dynamics of
Fe(CO)4 that was formed. Additionally, the rate at which density decreases in region
α corresponds to an increase in density between 6.5<R<8Å for times greater than 700
fs.

When analyzing the measured scattering anisotropy difference for a lower Q range

(averaged for Q<0.9Å
−1

) (Fig2b inset), we find that the anisotropy sign and temporal
behavior favors the axial direction for the first CO loss (Supplementary Discussion 3),
following an anisotropy sign flip at longer delays, indicating that subsequent Fe(CO)4
dynamics and the second dissociation is affected more by equatorial than axial CO
ligands (Supplementary Discussion 1). This agrees with the calculation in [16] that
predicts that the MLCT transition initiates motion with a preferential loss of axial
CO (Supplementary Discussion 3).

In Figure 3, we average the experimental ∆PD across distance regions (α, β, γ) and
compare them to the simulated case, up to their termination time (640 fs). The range
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Fig. 3 Observing dissociation and Fe(CO)4 dynamics across various pair distances, compared to
simulated (red) pair density dynamics that account only for the first CO loss. (α) Within the range
1.3<R<2.3Å, steady-state Fe-C pair density tracks CO losses and ground-state Fe-C motions. A
kinetic model (dash yellow) fitted to the measured −∆PD averaged in this range (blue) yields rates
of 94±17 fs (dotted black) and 3±0.5 ps (green) for the first and second dissociation, respectively
(see text). (β) Predissociation oscillations are observed at 4<R<7Å, with the first CO loss marked
by a strong peak around 250 fs as Fe-C and Fe-O pairs traverse this distance range. (γ) For R>7Å,
the first CO loss occurs after 450 fs, followed by the second CO loss visible after 1 ps. (d) Fourier
analysis of δ(τ), the residual between the fitted CO1+CO2 and measured PD in α (inset) reveals a
peak at 78±16 cm−1, attributed to C-Fe-C bending modes in hot Fe(CO)4, as determined by normal
mode analysis fit (Supplementary Discussion 7).

in region α provides an opportunity to selectively probe the Fe-C dynamics, being the
only pair type in that range. To account for total CO production via dissociation, we
consider the averaged −∆PD in region α, as every CO leaving the molecule further
reduces the Fe-C density of the steady state distances.

The temporal evolution of the experimental ∆PD is then used to fit a kinetic rate
model that is based on a previous study [12] and revised to account for the time delay
in the onset of dissociation, as detailed in Supplementary Discussion 5. For the first CO
dissociation, we obtain a dissociation onset delay of τ0=43±7 fs due to predissociation
oscillatory motion, and a dissociation time constant of τ1=94±17 fs. For the second
dissociation, we obtain a time constant of τ2=3±0.5 ps, consistent with recent studies
[12, 13]. While the predissociation oscillations are less visible in that range, their main
signature is better observed in pair distance region β (4<R<7Å). In this distance
range, the first CO loss is marked by a density peak at 250 fs, coinciding with the
Fe-C and Fe-O pairs crossing this range. The simulated ∆PD agrees well with the
measured density in all ranges up to the point the second CO loss becomes visible at
∼500 fs. For region γ (7<R<10Å), we track the time required for the dissociating pair
density to exceed the intramolecular distances of Fe(CO)5. The onset of the second
dissociation is marked by a slower density increase beginning at a delay of τ > 950fs.
This density growth, with a time constant of 3 ps, is consistent with that observed in
region α.

When the experimental ∆PD is subtracted from the kinetic model fit in distance
range α, the residual δ(τ) reveals distinct oscillations in the 400-1200 fs range (Fig.
3d), with a prominent frequency of 78±16 cm−1. We attribute this motion to C-Fe-
C bending modes of the hot Fe(CO)4. This interpretation is supported by a normal
mode analysis of the Fe(CO)4 molecule considering various ground state configura-
tions (singlet open shell, singlet closed shell, and triplet). Each normal mode’s motion
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was translated to its corresponding pair density dynamics using the experimental con-
straints to determine their relative contributions to the observed frequencies in Fig. 3d.
We find that the low-frequency structure (< 100 cm−1) is predominantly (57%) due to
singlet closed shell modes at 42 and 79.5 cm−1, with contributions from (30%) singlet
open-shell (77.7 and 91.1 cm−1), and (13%) triplet (79.2 and 83.9 cm−1) modes (Sup-
plementary Discussion 7). Our findings are consistent with a recent study that show
that both singlet and triplet states are involved in the photodissociation of gas-phase
Fe(CO)5 [14].

We further support our findings by referencing earlier studies [36, 37] which iden-
tified Fe(CO)5 Raman allowed bending modes at 74.3 and 97.3 cm−1. Contrary to the
immediate onset expected from a Raman transition, our observations reveal a delay
larger than τ0+τ1≈140 fs for the measured density oscillations that correspond to the
main frequency peak at 78 cm−1 (inset of Figure 3d). This delay, which deviates from
the instantaneous response expected of a Raman transition induced by single-pulse
photoexcitation, suggests that it originates from the formation of Fe(CO)4. Addi-
tionally, by excluding earlier times and adjusting the time window for the Fourier
transform of δ(τ) to start later, we clarify that the broad peak at 330 cm−1 arises from
predissociation oscillations occurring before 250 fs. This analysis also reveals that the
low-frequency structure <200 cm−1 emerges from oscillations starting after 400 fs,
indicating the main frequency’s onset at later times.

In the experimental ∆PD in Figure 2d we observe a density modulation between
region β and γ at 300-600 fs, which is also captured in the simulation. This modulation
is attributed to the CO rotation as it dissociates, which involves the alternating cross-
ing and separation of dissociative pairs—each consisting of an atom from the remaining
Fe(CO)4 and one from the dissociating CO, weighted by their charge product, where
the Fe-X pairs dominate the signal.

In Figure 4a, we compare the measured ∆PD modulations with the simulated
positions and times at which the dissociative pair distance crossings occur, weighted by
their charge density product. We observe agreement between the positions and times
of the density modulation and the pair distance crossings. In addition, we observe
that the initial enhancement in density in the range β is not only due to the Fe-C pair
crossing other intramolecular pairs distances but also due to the CO rotation motion.

The enhancements in ∆PD within regions β and γ, confirmed by simulation, help
us estimate the dissociation velocity and rotational frequency of the molecules (Figure
4b), as detailed below. To illustrate the impact of rotation on ∆PD, we examine the
Fe-X pair distances from a single trajectory simulation, as shown in Figure 4c. Before
dissociation, the Fe-C distance is shorter compared to that between Fe and O. As CO
rotates, the distances equalize after a quarter rotation, and with another quarter turn,
the Fe-C distance exceeds the Fe-O distance. This alternating crossing and separation
of pair distances are captured and result in the modulation of ∆PD as shown in the
simulation in Figure 4d.

The dissociation velocity and rotational frequency of CO are quantified using both
simulation and experimental results and compared in Fig 4b. From the simulations,
we determine the dissociation velocity by averaging over all trajectories the velocity
between the dissociating CO center of mass, and the remaining Fe(CO)4 center of
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Fig. 4 (a) The measured ∆PD (red-blue) is compared to the simulated density at positions and
times where pair distances cross each other (contour), correlating observed density modulations with
roto-translational motion. (b) The dissociation velocity and rotation frequency are estimated from
the measured ∆PD modulations and compared to the expectation values from the simulation using
all trajectories (Supplementary Discussion 6). (c) A single trajectory calculation illustrates the effect
of CO dissociation and rotation when pair distances cross each other. Fe-C (blue line) and Fe-O
(red line) distances cross (horizontal arrow) and separate (vertical arrow) in space and time as the
dissociating CO rotates 90◦, which in turn produce the density modulations simulated in (d) using
the experimental conditions.

mass, and the rotational CO frequency. The analysis shows a correlation between
dissociation velocity and rotation frequency, detailing how energy is divided between
translational and rotational motion. We obtain an average dissociation velocity of 11.4
Å/ps and rotational frequency to be 35 cm−1 (Supplementary Discussion 6).

Experimentally, the dissociation velocity is estimated by analyzing the onset and
progression of dissociation for the Fe-C pair (50-150 fs at 1.85 Å), correlating with
the density modulation observed at 400-600 fs and 7-8 Å. The dissociation velocity for
CO is thus estimated to be 11.2 +1.7

−2.5Å/ps. The CO rotational frequency is inferred to
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be 34+26
−19 cm−1, supported by observed modulations that correspond to contributions

of 90◦ and 270◦ rotation (Supplementary Discussion 6). These results agree with the
expectation values that are obtained from the trajectory simulations, and we obtain
that the kinetic energy release is partitioned at a 10:1 ratio translational (182 meV) to
rotational (17.5 meV). Furthermore, we can assign an upper bound for the dissociation
velocity of the second CO loss, using an extended time window post-initial CO loss
based on the kinetic model (150-250 fs) at the Fe-C steady state distance, and the
appearance of the ∆PD enhancement for 6.5<R<8 at 700-800 fs. We estimate a
dissociation velocity upper bound of 8.5 +1.2

−0.8Å/ps, and a kinetic energy release of 107
meV (Supplementary Discussion 6).

In conclusion, using UXS and real-space inversion we recover the ultrafast changes
in the atomic distances of photoexcited Fe(CO)5. We observed the photoinduced struc-
tural oscillations that lead to photodissociation, using the spectator effect, a new
approach for observation of atomic motion, captured by the correlated pair density
dynamics. This effect can enable tracing motion in complex settings using a deter-
ministic local oscillator to benchmark motion for other pair distances. Moreover, we
identify the signature of rotation on the pair density dynamics, recover a correlated
rotational motion on the first dissociation process, and characterize its rate and energy
release distribution, as well as details of the second thermal dissociation process. A core
challenge to understanding chemical reaction mechanisms is determining the nature
and duration of deterministic and concerted reaction dynamics prior to the onset of
statistical and thermal dynamics. Addressing this challenge requires understanding
the dynamics of energy redistribution between the electronic and nuclear degrees of
freedom (vibrations, rotations, and translations). By directly accessing all structural
degrees of freedom, ultrafast X-ray scattering inverted into real-space and combined
with molecular dynamics simulations brings us closer to addressing the challenge of
understanding the non-equilibrium flow of energy during chemical reactions.

3 Methods

Ultrafast X-ray scattering: We performed time-resolved gas-phase x-ray scatter-
ing experiments at the Coherent x-ray Imaging instrument [38] of the Linac Coherent
Light Source (LCLS) at the SLAC National Accelerator Laboratory as previously
described [39, 40]. The details regarding Data collection and initial scattering anal-
ysis are described in Supplementary Discussion 1. Briefly, Fe(CO)5 (Sigma-Aldrich)
was introduced as a room-temperature gas with a pressure of 3 torr and excited by
an ultrashort 266-nm pump pulse, and probed by an ultrashort 9.5 keV X-ray pulse.
A Cornell-SLAC pixel array detector [41] recorded single-shot scattering patterns,
which were binned by their time relative to the pump laser and averaged over mul-
tiple shots, with 25 fs time bins, with a randomized sequence of delay steps to avoid
systematic errors. The raw detector signal was corrected for the scattering geome-
try and X-ray polarization, and calibrated using a static scattering signal from sulfur
hexafluoride (SF6) [17]. The time-delayed scattering signal is subtracted from the sig-
nal of the unexcited sample, to allow tracing changes in signal positions and cancel
background signals ∆S(Q, t)=Son(Q, t)−Soff (Q). We performed pump pulse energy
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scans to confirm that we were in the linear absorption regime, and based on the
relative signal levels we estimated an excitation fraction of 8% and an instrument
response function of 58 fs (Supplementary Discussion 8). From the total scatter-
ing signal the isotropic and anisotropic scattering difference curves were obtained
∆S(Q, t)=∆S0(Q, t)−P2(cos θQ)∆S2(Q, t), as detailed in [19], where the signal was

detected in the range 0.36<Q<4.34Å
−1

binned at ∆q=0.1208Å
−1

. The isotropic
scattering difference signal was inverted following the method described in [35].

Excited state molecular dynamics of Fe(CO)5: The methods for creating
the trajectories used in this study were detailed in [16]. SHARC (version 2.1) was
employed for ab initio excited state molecular dynamics with surface-hopping, gener-
ating an absorption spectrum from 7 singlet states through Wigner distribution of 300
phase space points based on ground state vibrational normal modes. This approach
prioritized the S6 state, aligned with the energy range of the typical UV pulses used
in experiments, by limiting the inclusion of higher excited states to prevent deviation
to lower wavelength regions. The study in [16] utilized 116 out of 300 Wigner sam-
pled trajectories that successfully transitioned to the S6 state (indicative of MLCT
characteristics). These trajectories, extended to consider 10 singlet states and did not
consider triplet states, consistent with the singlet-exclusive pathway for gas phase
photodissociation of Fe(CO)5 found in experiment [12]. Out of the 116 trajectories
analyzed, 103 were selected for further analysis based on specific criteria. These criteria
included the observation of CO dissociation in the trajectories along with suitable ter-
mination times averaging 425 fs, which allowed for effective extrapolation. We applied
a dissociative atomic rotational-translational model (Supplementary Discussions 2)
to extrapolate the prematurely terminated trajectories. This approach enabled us to
average the total simulated PD dynamics across all selected trajectories and compare
these results with the experimentally measured PD dynamics at the CO dissociation
distances at range γ.

Supplementary information. Supplementary Discussions 1–9, Figs. 1–13.
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