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We have investigated the fragmentation dynamics of the organometallic ferrocene molecule after
interaction with multiply charged ions using multicoincidence mass spectrometry and quantum
chemistry calculations. We observed unexpected fragmentation dynamics of the two-body breakup
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1 Introduction

Metal-ligand bonds are central in coordination chemistry
involving a metallic cation bound to several molecular anions.
The p-electrons of the ligands interact with the d-electrons of
the metal according to the 18-electrons rule.

Ferrocene Fe(CsHs), is the prototype of organometallic
complexes, and more specifically of metallocene compounds.
Thus, it exhibits the typical stable sandwich structure with the
Fe atom between the two CsH; rings. In the ferrocene molecule,
the iron atom which has an 18-electron configuration, exists
in the +2 oxidation state. Both cyclopentadienyl rings satisfy
Huckel’s rule for aromatic compounds. Bonds are formed
between a Fe®' ion and two Cs;Hs~ rings. These bonds are
remarkably stable, so they rarely break under normal reaction
conditions. Serving as a model system for iron containing
organic molecules of biological relevance, ferrocene is also an
important molecule for studying fundamental multi-electron
processes in complex quantum systems. For instance, organo-
metallic compounds containing ferrocene can enhance
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lived excited state, where one positive charge is located on each cyclopentadienyl ring.

conversion efficiency in organic photovoltaic cells." In general,
metallocene in general and ferrocene derivatives in particular
play a prominent role in synthetic chemistry, nano-medicine
and material science thanks to their ubiquitous applications.>

Regarding astrochemistry, no ferrocene molecules or ions
have been detected in space yet® even though several organo-
metallics are observed in the ISM, cosmic clouds and
meteorites.*” Whereas the iron cation Fe* (most abundant
metal in space) and cyclopentadienyl rings Cs;Hs  were
detected® ™" and iron-aromatics compounds are suspected.’*™*
Thus, one could easily imagine that signatures of the presence of
ferrocene or larger related species will be evidenced in the future.

In the present study, we propose to investigate the dissociation
dynamics of ferrocene cations induced by ion collisions, which
relies on the transfer of charge and energy in the interaction. For
this, we chose the combined experiment/theory approach using
multicoincidence mass spectrometry and quantum chemistry
calculations. We mainly focus on the fragmentation dynamics
of doubly charged ferrocene and show that some fragmentation
pathways involve a long-lived excited state leading to metastability
of the dication and specific fragmentation dynamics.

2 Methods

2.1 Experiments

We performed the experiments with a crossed-beam device'>'®

at the ARIBE facility, the low-energy ion beam facility of GANIL
(Caen, France).'” A pulsed beam (500 ns) of multiply charged
ions Xe®*" at an energy of 300 keV interacts with an effusive jet
of neutral ferrocene molecules. This is produced by evaporation
of a commercial high purity powder (Tokyo Chemical Industry
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Europe SA with >98% purity) in an external stainless steel
container kept at 315 K. The gas injection line was gradiently
heated up to 345 K to avoid condensation. The main process
occurring in low-energy multiply charged ion collisions with neutral
systems is electron capture, in which one or several electrons are
transferred from the molecule to the incoming ion projectile. This
leads to the formation of the singly (or multiply) ionized target
molecule.’®* After the interaction, the cationic products are
orthogonally extracted into a linear time-of-flight mass spectro-
meter. We record the time-of-flight spectra in an event-by-event
mode allowing to determine the initial charge state of the mole-
cular system and to measure the correlation between the charged
fragments produced in a single ion-molecule collision.®

2.2 Computational details

We computed the ground and excited electronic states of the
doubly ionized ferrocene [Fe(CsHs),]*. We assume a sudden
ionization and excitation in the collision. ie. doubly ionized
systems are formed in a Franck-Condon manner and, therefore,
we fix the geometry at the (optimized) ground state geometry.

Several electronic excited states of [Fe(CsHs),]*" were calcu-
lated using the CASPT2 method, which applies second order
perturbation theory to the multireference CASSCF (Complete
Active Space Self-Consistent Field) wavefunction. In particular,
the chosen active space includes 12 electrons in 9 molecular
orbitals (see Fig. 1), expanded used the ANO-5-VDZ basis set. In
order to have accurate relative energies of the electronic excited
states, we have used the extended multi-state CASPT2 (XMS-
CASPT2) methodology.>"** In addition to the default IPEA shift
present in Open-MOLCAS (0.25 a.u.)** we have used a real shift
of 0.3, in order to treat the intruder states that appear due to the
huge number of states included in the calculation (a total of 90
states). Multiconfigurational calculations were performed con-
sidering the C,, symmetry in order to reduce the computational
effort. At least 10 states of each symmetry were considered, in
order to describe all the states below the state of interest. These
calculations were performed with the Open-MOLCAS (version
19.11) code.”*?*

We considered that all excitation energy is redistributed
in the nuclear degrees of freedom. Then, the fragmentation
mechanisms of the most relevant channels were computed by
exploring the potential energy surface (PES) of the electronic
ground state of the doubly ionized ferrocene. These calcula-
tions were carried out in the frame of the density functional
theory (DFT), with the MO6L functional.”® The electronic structure
has been computed with effective core potentials (ECP), where a
model potential substitutes the core electrons. In particular, we
have employed the Stuttgart/Dresden ECPs (SDD) in combination
with the compatible Dunning/Huzinaga full double zeta basis set
(D95)‘27,28

We have also performed ab initio molecular dynamics simu-
lations using the Atom Centered Density Matrix Propagation
(ADMP).>**! In these calculations, nuclei move in classical
trajectories and the forces are computed on-the-fly at a quan-
tum level; in this case in the frame of the density functional
theory (DFT), using the same level of theory as for the PES
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Fig. 1 Orbitals included in the active space of the SA-CASSCF calculations
(isovalue = 0.02 a.u.). a;, ap, by and b, indicates the symmetry of the
molecular orbitals within the C,, point group.

exploration, M0O6L/SDD. In the performed dynamics, we used
a time step of At = 0.1 fs and a fictitious mass of x4 = 0.1 amu,
with converged self-consistent field (SCF) results at each time
step, thus ensuring adiabaticity of the trajectories, which were
propagated up to tmax = 250 fs. The initial geometry in the
trajectories is that of neutral ferrocene, doubly ionised in a
Franck-Condon manner, [Fe(CsH;),]*". The excitation energy,
Eexe is randomly distributed among the nuclear degrees of
freedom in each trajectory. We performed 100 trajectories,
50 using Eexe = 10 eV and 50 more using E.,. = 20 eV; populated
channels were analysed with statistics over the performed
trajectories. Combining ab initio molecular dynamics and
exploration of the potential energy surface, for the relevant
fragmentation channels, constitutes a computational strategy
which was first implemented in ref. 32 and, since then, it has
been successfully employed to infer several ion-molecule collision
experiments.'®*373° The DFT calculations, PES exploration and the
MD simulations, were performed using the Gaussian16 code.*®

3 Results and discussion
3.1 Mass spectrometry

We have performed ion-molecule collision experiments with
the ion projectile Xe*** at 300 keV. The top part of the Fig. 2
presents the inclusive mass spectrum (black) of the cationic
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Fig. 2 In black, inclusive mass spectra of the cationic products of the interaction of Xe?°* ions with neutral ferrocene at the energy of 300 keV. The top

axis shows the time-of-flight values. The important fragments discussed in

the text are labelled. Background pollutants are marked with stars. In orange,

mass spectrum resulting from the fragmentation of the dication of the ferrocene extracted from the coincidences data so-called 2-stop events. The
dashed blue line corresponds the mass spectrum of fragments detected in coincidence with the iron cation Fe*.

products of the interaction of Xe*** ions with neutral ferrocene

where the parent ion Fe(CsHs)," (m/z = 186) is the dominant
species. The parent ion is also observed doubly charged
Fe(CsHs),>* (m/z = 93) showing that some ferrocene dications
can be stable on the us timescale.

The other peaks correspond to fragments coming from the
ionized ferrocene molecule. The main fragmentation channels
involve the main components of the ferrocene molecule, mean-
ing the iron atom and the cyclopentadienyl rings. Thus, we
observe the fragments Fe', CsH;" and FeCs;H;" at m/z = 56, 65
and 121, respectively. It is important to note that throughout
this manuscript, we only consider the main isotope of iron *°Fe.
More unexpectedly, we observe peaks at m/z = 130, 129 and 115
associated with the two rings CyoHy,', CioHo' (H-loss) and
CoH;" (CHj-loss) which involve the bonding of the two rings
with covalent bond(s) and the loss of an iron atom/ion.*”

As a remark, we observe small fragments from the rings
such as C,H," and C;H;" at m/z = 26 and 39 but also fragments
involving the iron atom bonded to a part of one ring such as
FeC,H," and FeC;H;" at m/z = 81 and 95, respectively.

3.2 Ion pair coincidences

A deeper analysis of the fragmentation dynamics has been
carried out by means of coincidence measurements of the
emitted cationic fragments from a single collision (see details
in ref. 20,32,33). In the case of the detection of two charged
fragments (so-called 2-stop events) and if the fragments are
singly charged, which is mostly the case, we can extract
information about the fragmentation of the dication of ferro-
cene. The orange mass spectrum in the lower part of the Fig. 2
corresponds to the fragments measured for the 2-stop events.
A more useful representation consists in plotting the time-of-
flight of the slower cationic fragment (TOF,) as a function of

7640 | Phys. Chem. Chem. Phys., 2024, 26, 7638-7646

the time-of-flight of the faster cationic fragment (TOF;) so
called ‘““correlation or coincidence map” (see Fig. 3).

As mentioned earlier, if the two fragments are singly
charged, the parent ion was a dication and the branching ratio
of the most intense ion pairs associated with its dissociation
(orange squares in the left part of the Fig. 3) are presented in
Table 1. We observe that the main fragments previously listed
are also present in the coincidence map. It is interesting to
notice that more than 77% of the present channels contains an
iron atom and more than 50% are involving bare iron cation
Fe'. To illustrate this last point, the mass spectrum of the
numerous ionic fragments in correlation with the ion Fe' is
shown as a blue dashed line in the lowest part of the Fig. 2.

The right part of the Fig. 3 is showing in details the two-body
breakup channels CsHs'/FeCsHs" and Fe'/CyoHy,". Two-body
fragmentation channels have been observed in the dissociation
of doubly charged ferrocene produced by 70 eV electron
impact®” while coincidence pairs involving further fragmenta-
tion were dominant in the dissociation of ferrocene dication
following photoionization of inner shell electrons.’®?® We
observe in Fig. 3 that the two islands show interesting features:
long tails that correspond to delayed fragmentation processes,
meaning dissociation occurring during the time-of-flight at the
us timescale, that transcribe metastable ionic states,*® which
will be discussed in more details later on (see Section 3.2.2.2).
The main intense part of the islands is due to prompt disso-
ciations and discussed in the Section 3.2.2.1.

In addition, some islands are visible on the correlation map
(Fig. 3 - left) which correspond to the dissociation of ferrocene
trication into a singly and a doubly charged fragments (blue)
and involve the fragments CsHs>* and FeC;Hs>".

3.2.1 Molecular dynamics simulations. We have explored
the evolution of the dicationic ferrocene after ionization and

This journal is © the Owner Societies 2024
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Fig. 3 Coincidence map for the fragmentation of multiply charged ferrocene in two charged fragments after the interaction of neutral ferrocene with
Xe2°* ions at the energy of 300 keV. The time-of-flight (in ns) of the slower fragment (TOF,) is plotted as a function of the time-of-flight of the faster one
(TOF,). (left) The important correlated fragments discussed in the text are labelled. (right) Zoom-in on the correlation islands CsHs*/FeCsHs* and
Fe*/CioH10". The red and green dashed lines corresponds to simulated ion trajectories following delayed dissociation in the two acceleration regions of
the time-of-flight spectrometer. The observed tails correspond to metastable fragmentation in the first acceleration region (straight section of the
dashed lines) while dissociation in the field-free region of the spectrometer is associated with coincidence pairs in the region next the diagonal
corresponding to the expected time-of-flight of the ferrocene dication. The time spent in the second acceleration region is too short to be associated

with a clear dissociation signal (curved part of the dashed lines).

Table 1 Branching ratio for the main fragmentation channels of the
ferrocene dication with Xe?°* ions at the energy of 300 keV. The BR are
given in reference with the total number of counts in the map excluding
the part corresponding to fragmentation of trications, residual gas con-
tributions as well as ‘false coincidence’ contributions. We also omit the
isotopic contributions of >*Fe. The errors on the BR are estimated to be
around 0.2%

simulations (almost 70%) is a clear indication of the metast-
ability of doubly ionised ferrocene in vibrationally excited
states. Further theoretical insight has been obtained through
a careful evaluation of the electronic excited states populated in
the collision and with the potential energy surface exploration;
We propose an ionization process populating specific electro-
nic states followed by a subsequent fragmentation mechanisms

Channel mytmyt BR (% . o . . .

- - 1+ 2 - (%) that provide insight into the metastability observed in the
s i opemens
C:H?/CsH? : 651/651 38 3.2.2 Two-body breakup channels. In the coincidence map,
Fe /CyoHyg 56 /130" 1.6 the two islands correspond to the two-body breakup channels
EZ*ENHHE gg;ﬁg (1); CsH;'/FeCsHs" (657/121%) and Fe'/C,oH,," (56'/130") (see
Fe*/CzH; 56%/65" 76 Fig. 3). The first one being the most intense channel with a
C3H31/FeC5H51 39:/65: 1.3 branching ratio of almost 10% while the intensity of the second
C3Hj /FeCH, 39 /95 0.5 one is around 2% (see Table 1). Even though the contribution of
C3H; /FeC,H, 397/81 0.3 . n g - I
C,H,'/CsH," 39'/65" 3.0 this last channel Fe'/CioH;, is rather low, it is a quite inter-
CsH'/Fe’ 397/56° 8.6 esting one since it implies the formation of a new carbon-
C3H; /C3H 397/39 1.7 : :
CzH; /Fé 3 26" /56" ’1 carbon bond between th'e two cycl?pentadlenyl rings. To better
C,H, /CsH," 26'/39" 1.0 understand the mechanisms of this channel, we have explored

excitation through MD simulations (see Section 2.2 computa-
tional details and ESIt for more details). In general, the
dynamics is dominated by non-fragmented channels, even with
high excitation energy E.. = 20 eV. Although, the propagation
time in the MD simulations is relatively short, 250 fs, the high
probability of [Fe(CsH;),]** structures observed in the MD

This journal is © the Owner Societies 2024

the potential energy surf‘ace with two possible pathways: one of
them shows a direct fragmentation mechanism (orange path in
Fig. 4), and the other involves a hydrogen transfer (orange path
in Fig. 5). In both cases, we found that the bond formation
between the two rings precedes the loss of the iron ion.
Similarly, we have explored the PES of the other channel
CsH;'/FeCsH;™ (65'/1217) (green path in Fig. 4 and 5) but also
the channel Fe'/C;oH," (56'/129") involving a neutral hydrogen
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Fig. 5 PES (spin multiplicity — triplet) of the H-transfer mechanisms for the channels CsHs™/FeCsHs* (green), Fe*/CioHi0" (orange) and Fe*/CioHo*

(blue). Relative energies in eV include zero point energy correction (A Ezpg).

loss (blue path in Fig. 4 and 5). This last channel, with a BR of
1.7% (so similar to the BR of Fe'/CyoHy,"), is interesting since
the hydrogen transfer mechanism (Fig. 5) shows a common
minimum with the channel CsHs"/FeCsHs" at 20.57 eV. For the
channel CsH;'/FeCsH;s' only ~ 2 eV is necessary to pass the last
barrier while for the channel Fe*/C,,H," more than ~3.5 eV is
required. So depending on the internal energy available, the
fragmentation dynamics can strongly vary.

Going back to the two-body breakup channels CsH;'/FeCsHs"
and Fe'/C;,Hy,", we will now discuss in detail the prompt and
delayed fragmentation.

3.2.2.1 Prompt fragmentation dynamics. The slopes (s) of the
islands are directly correlated to the ratio of momenta (p4,p,)

7642 | Phys. Chem. Chem. Phys., 2024, 26, 7638-7646

and charges (g,q,) of the 2 charged fragments involved
(s = p1/P2q2/g1). For a two-body breakup, the momenta are
opposite (p; = —p,) and thus for two singly charged fragments
(91 = g» = 1) the slope is s = —1. The Fig. 3 shows that the slopes
measured for each channels, CsH5/FeCsHs" and Fe/C,,H,", are
not equal to —1 like it should be (s ~ —1.5). However, we have
confidence in our measurements since the slope of the metastable
tails are —1 and that other channels with expected slopes are
correct (e.g. for CsHs'/FeCsHs>" with s = —2). The fact that the
slopes are different from —1 could have two origins: (i) the final
momenta are affected during the fragmentation process or (ii) the
charges are not equal to one due to some shielding effect.

To answer this question, we performed exploration of the
possible excited states that might be populated in the collision.

This journal is © the Owner Societies 2024
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Fig. 6 Relative energy of the electronic excited states of dicationic
ferrocene computed with XMS-CASPT2 (left). Molecular orbitals with an
isovalue of the density 0.02 a.u. (right). Molecular orbitals with occupied
with a single electron in the ground state — GS (bottom — blue) and in the
excited state of interest — EES (top — yellow). Both states have triplet spin
multiplicity.
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Among the considered electronic excited states populated after
double electron capture from the 9 molecular orbitals included
in the active space (see computational details) we considered
those below ~10 eV. Among all these states (see scheme in
Fig. 6), one in particular draws our attention: the electronic
excited state of interest (EES from now on), which appears at
E = 4.7 eV above the ground state (GS) of the dication.
It corresponds to ionization from two m molecular orbitals; one
electron from each is captured in the ionization (see orbitals with a
single electron occupation in Fig. 6). Notice that their large and
diffuse p-orbitals around the two cyclopentadienyl rings should
lead to a high probability of single ionization from each ring. If the
two charges remain on the rings during the dissociation, the
neutral iron atom is located between them. The potential energy
surface of the CsHs'/FeCsHs" shows indeed that the iron atom is
kept between two rings until dissociation, both for direct and for H
transfer mechanisms (green path in Fig. 4 and 5). In that case, the
iron atom is able to screen the charge of each fragment leading to
reduced charges for the Coulomb repulsion and thus leading to a
slope that differs from —1.

The same reasoning should also hold for channel
Fe'/C1oHy,". The different slope of —1 observed in the prompt
fragmentation is again an indication of the charge screening
during the fragmentation.

Analyzing the occupation of the molecular orbitals (see
ESIT), one realizes that in the EES two holes are created in
the cyclopentadienyl rings — occupation of ~1 electron in each
molecular orbital represented in Fig. 6. Therefore, charge screening
by the Fe atom during the first steps in the fragmentation from the
EES confirms why the slope differs from —1 in these channels.

In summary, in the ion collision the double capture comes
from the extraction of electrons from m orbitals of the

This journal is © the Owner Societies 2024
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cyclopentadienyl rings populating excited states of the ferro-
cene dication. Relaxation into the ground state implies charge
transfer, two electrons have to come from the Fe atom to the
rings. The Fe atom generates a shielding effect avoiding the
positive charge to get redistributed and keeping the system into
an electronic excited state.

Finally, it is worth noting that the EES appears at 4.7 eV above
the electronic ground state of the dication. Determined energy-
transfer distributions in ionizing ion-molecule collisions show the
peak with highest probability in this energy range.'®"

3.2.2.2 Delayed fragmentation dynamics. As aforementioned,
the channels CsHs"/FeCsH;" and Fe®/CyoH;," display tails asso-
ciated to delayed fragmentation coming from a metastable
ionic states (Fig. 3). It is interesting to notice that the slopes
of the initial part of the tails are —1 and transcribed the fact
that charge and nuclear dynamics had time to relax to a
final state leaving fragmentation pathways through “classic”
Coulomb repulsion. Simulated time-of-flight coincidences for
the two ion pairs are shown with dashed lines in the right panel
of Fig. 3. The observed tails corresponds to delayed dissociation
of the ferrocene dication in the first acceleration region of the
time-of-flight spectrometer. The time spent in the second
acceleration region is so short that no significant dissociation
signal is observed experimentally. Finally next the diagonal of
the coincidence map, one can observe ion pairs associated with
delayed dissociation of the dication in the field-free region of
the spectrometer.

A time analysis of the tails can bring additional information
about the metastable states such as lifetimes.**** Considering
the signal along the structure of the tail, we can plot its
intensity (I) as function of the time-of-flight difference
(TOF,-TOF,) in Fig. 7 and deduce the decay constant (t) of
the metastable state of the dication of ferrocene for a given
dissociation channel by fitting with an exponential formula
given by T. A. Field and J. H. D. Eland in ref. 40:

I(TOF, — TOF}) = K - exp [— <m‘ + mz) TOF; — TOF‘}

my — ny 27

(1)

where K is a constant.

For CsH;'/FeCsH;" we found t = 1350 £ 213 ns and for
Fe'/C,0H;," we found 7 = 2117 + 464 ns.

As already discussed, the electronic GS of the dication
corresponds to a double hole in d atomic orbitals of the iron atom.
In the EES the double hole is created in m orbitals of the
cyclopentadienyl ring. Thus, the decay from this state to the GS
implies a charge migration from the ring towards the iron atom.
However, EES is loosely coupled with the GS (oscillator strength f=
2.42 x 1077), thus leading to a very long lifetime** of 4273 ps, and
explaining the metastability of the dication of ferrocene.

Due to the long lifetime of the EES, the direct radiative
relaxation to the GS (or any other state below in energy) does
not play a significant role on the deactivation mechanism.
On the contrary, the system has enough time to evolve and to
reach other point of the PES, where the ferrocene can populate
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Fig. 7 Intensity of the time-of-flight difference along the metastable tails

(grey circles) of the channels CsHs*/FeCsHs™ (top) and Fe*/CygHip*
(bottom). The full purple lines correspond to the fit of the data points by
eqgn (1).

other states through non-radiative paths such as conical inter-
sections. In this way, the system, after reaching the electronic
ground state, has enough internal energy to promote chemical
reactivity. It is worth noting that the energy of the excited state
in the Franck-Condon region (around 4.7 eV) is close to the
highest barrier of the PES shown in Fig. 4 and 5. Thus, since the
decay is expected to be non-radiative, this energy will make
accessible all the proposed intermediate and products.

3.2.3 Multi-body fragmentation. The other fragmentation
channels involving more than 2 fragments do not present any
delayed fragmentation and are certainly produced by ‘“classic”
prompt dissociation mechanisms. As discussed previously, many
channels contain iron atom/ion. Nevertheless, the other channels
CsH;5"/CsH5" (657/65%), C3H;3 /CsH5 " (39°/65%), C3H;/C3H,™ (397/397)
and C,H,'/C;H;" (26'/39") that contribute significantly with a total
BR of around 10% and only for the channels presented in Table 1
(more exist with additional C,H," combinations - x and y ranging
from 1 to 5), indicate that the charges can stay on the cyclopenta-
dienyl rings and never be transferred to the iron atom. Again, this is
a clear indication of the population of electronic excited states with
the whole charge localized in the cyclopentadienyl rings during the
collision, as e.g. EES highlighted in Fig. 6. Thus, confirming the
previously proposed mechanisms.

4 Conclusions

We have investigated the fragmentation dynamics of ferro-
cene cations adopting a joint experiment-theory approach.
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Experimentally, we used multiply charged Xe*" ions at an
energy of 300 keV to ionize ferrocene molecules and we
measured the products of interaction by multicoincidence
mass spectrometry. We observed that the parent ion can survive
singly and doubly charged at the us timescale after ion colli-
sion. We also measured many fragments that correspond to the
main constituents of the molecule, namely the cyclopentadie-
nyl rings CsH; and the iron atom Fe and combinations between
them. Interestingly we observed the fragments CyoH;o", C1oHo"
and CoH," implying a new intramolecular bound formation
linking the two rings and a loss of the iron atom/ion.

Concerning the dissociation of ferrocene dications, two
peculiar fragmentation channels draw our attention: the two-
body breakup channels CsH;'/FeCsHs" and Fe'/C;oHyo". These
channels showed two contributions, a prompt and a delayed
fragmentation. Thanks to theoretical computations, performed
with the multi-reference wave-function method CASSCF, we
have demonstrated that the latter can be explained by the
existence of a long-lived excited state (>4000 ps) located
4.7 eV above the dication ground state and efficiently populated
in the case of ion-molecule collisions. This excited state could
explain why the prompt dissociation mechanisms of these
channels displayed unexpected island slopes through charge
screening from the iron atom. Potential energy surfaces of
these channels corroborated our findings.

With this work we evidenced that the population of excited
states above the ionization threshold is crucial to fully under-
stand the fragmentation dynamics of ionized molecules after
electron capture from specific molecular orbitals.
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