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Photodissociation of [Fex(C24H12)y]Jr Complexes in the PIRENEA Setup: Iron-Polycyclic
Aromatic Hydrocarbon Clusters as Candidates for Very Small Interstellar Grains
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Astronomical observations suggest that polycyclic aromatic hydrocarbons (PAHs) that emit at the surface of
molecular clouds in the interstellar medium are locally produced by photodestruction of very small grains
(VSGs). In this paper, we investigate [FeX(PAH)y]+ clusters as candidates for these VSGs. [FeC,4H»]™ and
[Fe(Co4H 2),]" (x = 1—3) complexes were formed by laser ablation of a solid target in the PIRENEA setup,
a cold ion trap dedicated to astrochemistry. Their photodissociation was studied under continuous visible
irradiation. Photodissociation pathways are identified and characteristic time scales for photostability are
provided. [Fe (Co4H15),]" (x = 1—3) complexes sequentially photodissociate by losing iron atoms and coro-
nene units under laboratory irradiation conditions with C4H{, as the smallest photofragment. The study of
the dissociation kinetics gives interesting insights into the structures of the complexes. The dissociation rate
is found to increase with the complex size. Density functional theory (DFT) and time-dependent DFT
calculations show that the increase of the number of Fe atoms leads to an increased stability of the complex
but also to an increased heating rate in the experimental conditions, due to the presence of strong electronic
excitations in the visible. The modeling of the dissociation kinetics of the smallest complex [FeCpH ,]* by
using a kinetic Monte Carlo code allows derivation of the dissociation parameters and the internal energy for
this complex, showing in particular that it could dissociate under interstellar irradiation conditions. First insights

into the dissociation of larger complexes in these conditions are also given.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) and PAH-related
molecules have been proposed as the carriers of the family of
the aromatic infrared bands (AIBs) observed in many astro-
nomical objects.!? Since then, there have been several studies
to understand the formation and processing of PAHs in the
circumstellar environment of evolved stars’~® and their further
processing by shocks in the diffuse interstellar medicum (ISM)°
where they are injected before being incorporated into molecular
clouds. Studies of the IR emission of molecular clouds point to
the fact that the carriers of the mid-IR emission are present only
at the cloud surface that is exposed to UV radiation.!®!! Recent
analysis of spectro-imagery data strongly suggests that the
carriers of the AIBs are indeed produced there by photode-
struction of very small grains (VSGs).'>!3 This process is
observed at rather low UV flux and is expected to affect the
VSGs that are small enough to undergo significant temperature
fluctuations (typical radius less than 20 A).2® Furthermore, if
the photodestruction is thermally driven, these VSGs are
expected to be loosely bonded. Candidates for these VSGs are
PAH clusters that could form by aggregation of PAH units in
the denser and UV-shielded part of the clouds.'>!'® The model
by Marty et al.'” predicts that this aggregation also involves
heavy atoms and in particular iron. This therefore motivates
studies on the properties of both PAH clusters and mixed
aggregates of PAHs and Fe atoms. Serra et al.'® and Chaudret
et al."? first proposed that Fe-PAH sr-adducts are stable species
that can form efficiently in the conditions of the ISM and play
arole in its chemistry. Following this proposal, some astronomi-
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cal modeling!” showed that organometallic complexes made of
PAHs and iron can form and survive in molecular clouds in
regions with sufficient shielding from UV photons. This model
takes into account the formation and photodissociation reactions
of these complexes. However, it suffers from the lack of
experimental and reliable theoretical data concerning coordina-
tion complexes between PAHs and transition metals.

The relevance of Fe-PAH complexes in astrochemistry
remains a controversial issue in the community of astrophysicists
despite some observational evidence for their presence. Several
authors suggested that part of the iron and other heavy elements
are in the form of atoms that attach and desorb from very small
carbonaceous grains.'®2°72* Measurements of the gas-phase
abundances of Fe (and Si) in translucent sight lines show that
more of these elements are in the dust phase when the nonlinear
far-UV rise of the extinction curve increases.”> By consideration
that this rise can be entirely accounted for by PAHs and related
VSG species,?® this supports the role of the latter species in the
depletion of Fe (and Si) from the gas phase.

Motivated by the astrophysical context, the first experimental
study on the formation and photodissociation of [FePAH]" and
[Fe(PAH),]" complexes was published,”” under the collision-
free conditions of an ion cyclotron resonance (ICR) mass
spectrometer. This study was performed for a small PAH
(naphthalene CoHs), for which high-enough vapor pressure can
be easily obtained. The formation of [FePAH]" and [Fe(PAH),]"
by radiative association was shown to be fast and that of
[Fe(PAH),]* to proceed through a two-step accretion rather than
a three-body reaction. The barrier to dissociation of
[Fe(CoHg),]* was measured between 1 and 2 eV. Experimental
and theoretical infrared spectra of [FePAH]" and [Fe(PAH),]"
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for naphthalene C,oHg and fluorene C;3H; in the gas phase were
reported recently.?® Experimental studies on organometallic
complexes involving larger PAHs, which are likely to be more
astrophysically relevant, are scarce due to the difficulties
triggered by their low vapor pressure. The fast formation of
[FeCy4H 5]™ and [Fe(Cy4H)2),]™ by radiative association in an
ICR cell was shown by Pozniac and Dunbar.? Iron corannulene
[FeC,0H,0]" and iron coronene [FeC,4H;,]" adduct ions were
formed in the selected-ion flow tube (SIFT) apparatus in
Bohme’s group by attaching Fe™ to the respective aromatic
molecule in a flowing He bath gas, and their reactivity with
small molecules was studied.’®3! The production of
[(TM),PAH,]* complexes (TM = transition metal) by laser
ablation of a mixture of metal powder, metal oxide, or other
materials with the PAH of interest was shown not to be efficient,
especially in the case of iron.*> The formation of
[(TM).(PAH),]* complexes in the gas phase has been achieved
with the development of laser vaporization cluster sources.*?~37
Cationic complexes of pyrene CisH;o and coronene C,4H;, with
niobium,*® chromium,** and iron***® were characterized by
means of laser photodissociation experiments.****3%3 Anionic
complexes with titanium, vanadium,® and iron®” were formed
and characterized by photoelectron spectroscopy. The experi-
ments on [Fe,((C24H12)_v]i were complemented by density
functional theory (DFT) calculations™-¥’ to gain insights into
their geometric and electronic structures. Although this interplay
between DFT calculations and mass spectrometry experiments
appears as the best approach to improve our knowledge on such
complex systems as [(TM)X(PAH)y]i, many uncertainties remain.
For instance, the comparison between experimental infrared
multiple photodissociation (IRMPD) spectra and calculated IR
absorption spectra has not allowed to unambiguously assign an
electronic state for [XFeCpH 5]t complexes (X = CsHs or Cp,
Cs5(CH3)s or Cp*).40

The theoretical characterization of the structures and ther-
modynamics of iron-PAH, and in general transition metal-PAH
complexes, is known to be challenging. The size of these
systems and their large density of electronic states and structures
inherent to organometallic unsaturated species make the deter-
mination of their electronic and geometric structures difficult.
A few theoretical papers have been published.**#!'™#* For
complexes with several metal atoms, the structures of
([FeaCogH o] ™), [Fe,(CoqHipp),l ™ (m =1,2,n=1,2)," and
([Fe;CayH 2]%)* were investigated. These studies were essentially
motivated by the magnetic properties of complexes of transition
metals with PAHs. In the first theoretical paper by our group,*
we provided thermodynamic data and showed that FePAH™
complexes are more stable than their neutral counterparts. The
major effect of the coordination of Fe on a PAH™ on the IR
spectrum was shown to be a global decrease of the intensity in
the [6—10 um] region. This was confirmed by IRMPD experi-
ments on [XFeCp4H},]™ model complexes (X = Cp, Cp*).%

This paper reports new experimental results on the photo-
evaporation of [Fex(C24H12)y]Jr complexes produced in the
PIRENEA setup, which has been specifically developed for
astrochemistry.** The photodissociation pathways and kinetics
of the [Fe,(CasH12),]™ (x,y) =((1,1) or (1—3, 2)) complexes are
presented in section 3.1. In section 3.2, we show how these
results can be used to gain insight into the structures of the
[Fe,c(C24H12)y]+ complexes. The interpretation of the observed
experimental trends is guided by ground- and excited-state
electronic structure calculations. Finally, in section 3.3, the
measured photodissociation kinetics for [FeCp4H»]" is simulated
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by a kinetic Monte Carlo code to quantify the dissociation
parameters. First astrophysical implications are given.

Methods

Experimental Methods. The PIRENEA experimental setup
combines the electromagnetic trapping and the mass spectrom-
etry performances of an ICR cell with cryogenic cooling. It has
been first described by Joblin et al.** Ions are formed by laser
ablation of a solid target using a Nd:YAG laser at 266 nm. The
target is located out of the magnet, but some ions manage to
reach the opened cyclindrical ICR cell where they are dynami-
cally trapped by means of electrostatic potentials. The pressure
in the chamber remains below 107!° mbar, and the temperature
of the cell is ~30 K thanks to the cryogenic cooling. In an ICR
spectrometer, the ion signal that is used for mass analysis is
generated by exciting coherently the ion cloud with an alternat-
ing electric field. The ion motion induces an image charge signal
on the detection electrodes and this transient signal is recorded
and analyzed by Fourier Transform (FT) to retrieve the mass-
overcharge ratio (m/z).*> The experimental procedure consists
in production and isolation of the ions of interest, irradiation
with the light source, and mass analysis. If several species are
present in the ICR cell after laser ablation, those of interest at
a given m/z ratio can be isolated by selective ejection of all the
other species.*® The remaining isolated ions are then irradiated
by the continuous UV—visible light emitted by a Xenon arc
lamp in the [200—800] nm range. The wavelength range can
be adjusted by using long-pass color filters. The cutoff
wavelength is defined at 50% of transmission. In the present
experiments, we used the 475-nm filter. The dissociation kinetics
is given by the relative abundances of the parent ion and its
photofragments as a function of the irradiation time which varies
from hundreds of milliseconds to several seconds.

Computational. As it will be shown in next section, the
experimental results presented in this paper give interesting
insights into the thermodynamics and structures of
[Fe (Ca4H12)2]" complexes (x = 1—3), which are difficult to
study theoretically as emphasized above. To complete these
results, DFT calculations were performed to obtain thermody-
namic data for [FCC24H12]+, [FB(C24H12)2]+, and [Feg(C24H12)2]+.
Geometry optimizations and frequency calculations were done
at the BPW914"*%/Lanl2DZ level of theory. The BPW91 hybrid
functional was recently used by Li et al.*’ to obtain the
geometries and electronic structures of [Fe,(CHjp),]” (m =
1,2, n =1, 2). It was also shown to be the most appropriate
functional for the description of the electronic structures of iron
clusters.’®! The Lanl2DZ basis set was chosen for a first survey
of the potential energy surfaces (PES) because of its very low
computational cost. Thermodynamic data were estimated by
single point calculations of the electronic energies at the
MPW 1PW915%/6-31+G(d,p) level for the geometries optimized
at the BPWO9l/Lanl2DZ level. For the largest complex
[Fey(CasHi2),]™, the PES was first investigated using the DFT-
based tight binding (DFTB) method®*™3 implemented in the
DeMon code.>® DFTB is a semiempirical method derived from
the DFT and developed to treat extended systems by allowing
a very fast exploration of the PES with respect to DFT. The
most stable geometry obtained at the DFTB level was then
reoptimized at the BPW91/Lanl2dz level. All the calculated
structures presented in this paper were found as minima at this
level. To describe the photophysics of the irradiated species in
the PIRENEA setup, the electronic spectra of [FeCyHyp]™,
[Fe(CasH12),]", and [Fex(CaosH )] were estimated using time-
dependent DFT calculations (TD-DFT)’’ at the BPWO91/
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Figure 1. (a) Mass spectrum recorded after laser ablation of the [Fe;(CO),, + C,4H,] solid target in the PIRENEA setup. (b and c) Details of the
mass spectrum in the [650—720] m/z and [760—840] m/z range, respectively.

Lanl2DZ level.
performed using the Gaussian 03 suite of programs.

All DFT and TD-DFT calculations were
58

Results and Discussion

Photoevaporation of [Fe.(CHjz),]” Complexes in the
PIRENEA Setup. [Fe,\.(CMle)y]Jr species were produced by
laser ablation of a solid target made of a mixture of triiron-
dodecacarbonyl [Fe;(CO);,] and coronene CyHj, (Sigma-
Aldrich, St Quentin Fallavier, France) deposited onto a thin layer
of silica nanoparticles.*

The mass spectrum recorded 2 s after laser ablation is reported
in Figure la. Details of this spectrum in the [650—720] and
[760—840] m/z range are reported in parts b and ¢ of Figure 1,
respectively. Three major peaks corresponding to [Fe(CyqH2),]"
(m/z = 656), [Fex(CasHi2)o] " (m/z = 712), and [Fes(CauHin)o]*
(m/z = 768) are observed, and their isotopic patterns can be
clearly distinguished. Smaller peaks are assigned to [FeCp4H 5]
(mlz = 356) and [Fey(CyyHi2)o-2H]T (m/z = 822). As can be
seen in Figure lc, dehydrogenated species start to be observed
for complexes with at least three iron atoms, and their relative
abundances with respect to the fully hydrogenated ones seem
to increase with the number of iron atoms. The peaks located
at m/z = 300, 374, and 398 correspond to the PAH species
CoHis, C30H f, and C3,HTy, respectively, that are also observed
in laser ablation of pure Cp4H,,. Interestingly, the [Fex(CMH]z)y]+
complexes (x,y) = (1,1) and (1—3,2) were formed in a cluster
source® along with other clusters containing three coronene
molecules and complexes with one coronene molecule and up
to three Fe atoms. The low mass-resolution of the experiment

did not however allow the authors to identify the presence of
dehydrogenated species.

Each [FeX(CMle)y]+ complex (x,y) = (1,1) and (1—3,2) was
mass selected in our experiment and irradiated by the continuous
light of the Xenon arc lamp available on the PIRENEA setup.
A long-pass filter with cutoff at 475 nm was used in order to
decrease the photodissociation rate. For instance, 50% of the
[Fe(CoyH12),]" ions were already dissociated after 120 ms of
irradiation without filter. This time scale is too short to study
the dissociation kinetics considering the precision of the lamp
shutter opening (~50 ms). The same irradiation conditions were
used for all complexes.

As can be seen in Figure 2, only one photofragment Co,Hi,
is observed for [FeC,sH;>]". The loss of one Fe atom was
expected as it was shown to be the lowest energy pathway using
DFT calculations.** The same channel was observed under
irradiation with a 532 or 355 nm laser.*® The evolution of the
normalized intensities of [FeC»H,»]" and C»4H7, as a function
of the irradiation time is reported in Figure 3, and a characteristic
time 7, for dissociation was extracted (cf. Table 1) according
to

1

parents = IO exp(_tlrl) (1)

I

fragments

= 1,(1 — exp(—t/t))) (2)

In the case of [Fe(CyHip)s]", two major photofragments
[FeCp4H 51" and Cp4H{; are formed (cf. Figure 4). These results
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Figure 2. Mass spectrum recorded after 700 ms irradiation of mass
selected [FeCp4H},]" ions using a xenon arc lamp and a 475-nm long-
pass filter.
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Figure 3. Normalized intensities of the [FeCyH,]" parent ion (crosses)
and its photofragment Co4H > " (full triangles) as a function of irradiation
time (Xe arc lamp, 475-nm long-pass filter). Experimental points are
fitted assuming first order kinetics (cf. eqs 1 and 2).

TABLE 1: Characteristic Dissociation Times 7 Obtained by
the Fit of the Normalized Experimental Intensities (cf.
Equations 1 and 2) and Values of 7., Derived from Equation
6 or Directly from the Experimental Curves

Teq (8) (eq 6)

species T (8)

[FeCaH ol 7, =238 4+ 0.04

Teq (5) (expt])

[Fe(CoHpn)a]™ 1, =1834+004 2.140.1 20+02

[Fex(CoHpn)ol™ 7;=0.634+004  1.14£02 0.8 £0.1

[Fes(CoHpn)ol™ 7,=0.544+002  0.140.1 04+02
are different from the ones obtained by Buchanan et al.* who

mentionned they only observed the Co4H}; photofragment after
irradiation of [Fe(CxHj2),]" with a 355 or 532 nm laser. A
plausible explanation is that the irradiation conditions were more
severe in these laser experiments and therefore prevented the
observation of the primary fragment ion [FeCoHi,]t. The
normalized intensities of the [Fe(Cp4H},),]" parent ion and its
photofragments as a function of the irradiation time are reported
in Figure 5. The evolution of the relative abundances of
[FeCy4Hy5]™ and C,yHY illustrates the sequential character of
the photodissociation. It can be quantified using the following
equation scheme
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(kz = %2) 3)

1
[FeC,,H,,]" — C,,H/, + Fe (k, = —) (4)

[Fe(C,,H,,),]" — [FeC,H,,]1" + C,H,,

One thus obtains

Inorm*[FeCﬂle]Jr

T
= ﬁ[exp(—t/rz) — exp(—1/t)] (5)

The time 7.4 at which Jyom—(rec, 1 ,;* reaches its maximum is
obtained for (dlorm-—(rec,,n,,17)/(d?) is equal to 0, leading to
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Figure 4. Mass spectrum recorded after 2 s of irradiation of mass-
selected [Fe(Cy4H)5),]" ions with a xenon arc lamp and a 475-nm long-
pass filter.
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Figure 5. Normalized intensities of the [Fe(CyHjz),]" parent ions
(crosses), all photofragments (full triangles), and each individual
photofragment ([FeC,4H,,]" (purple open diamonds) and C,,Hi; (blue
open triangles) as a function of irradiation time (Xe arc lamp, 475-nm
long-pass filter). Experimental points for the parent and global fragment
intensities are fitted according to eqs 1 and 2. The dashed lines were
drawn to facilitate the reading.
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T T
T = T 1n(—1) ©)

T, 70 \n,

For the intermediate species [FeCa4Hi,]" in the photodisso-
ciation of [Fe(CoH )5l T, a Teq value of 2.1 4= 0.1 s was obtained
with 7, = 2.38 s and 7, = 1.83 s (cf. Table 1). This is in
agreement with the value directly derived from the experimental
points (cf. Figure 5). This result strongly supports that the
sequential mechanism as given by eqs 3 and 4 is valid.

At short irradiation time, the observed fragmentation rate
appears to be below the curves given by eqs 1 and 2. This could
be explained by the fact that the effective irradiation time is
shorter than the time of the lamp shutter opening by typically
50 ms. More likely, this is related to the experimental dissocia-
tion conditions. As described in Boissel et al.,* continuous
irradiation with the Xe lamp leads to the building of the internal
energy U in PAHs due to the efficient internal conversion (IC)
process which converts electronic energy into vibrational energy
in the ground state. Dissociation then proceeds for the species
with the highest values of U attained by multiple photon
absorption, which takes some time. We make here the reasonable
asumption that the IC process is also very efficient for
[Fe:_x(CMle)y]+ complexes. At short irradiation times, the
distribution of U has not attained its equilibrium yet. The
dissociation rate, which depends steeply on the highest values
of U, is therefore expected to be slower (cf. Figure 4 in Boissel
et al.).%®* In the simulations described in section 3.3 for the
[FeCy4Hy5]" complex, we found that a time of ~500 ms is
required to reach equilibrium.

The results for the photodissociation of [Fe,(CpyHjo),]™ are
shown in Figure 6 and Figure 7, the only photofragment
observed at short irradiation times is [Fe(C,4H2),]™, resulting
from the detachment of one Fe atom.

[Fe,(C,,H,,),]" — [Fe(CpH )1 + Fe
-1
(/@ = 13) ™

The photodissociation rate of [Fey(CosH 2)2]" (73 = 0.63 £
0.04 s, cf. Table 1) was found to be approximatively three times
faster than that of [FeC,4H»]T and twice as fast as that of
[Fe(Co4H)5),]*. Considering the photodissociation patterns
reported in Figure 7 and our knowledge on the photodissociation
of [Fe(Cy4H}),]" and [FeCy4H )™ (eqs 3 and 4), we derived a
Teq value for the largest photofragment [Fe(CosHjp)o]t of 1.1 £
0.2 s (using eq 6 with 73 and 74 instead of 7; and 7,) in
agreement with the value that can be read in Figure 7
((dlnonnlee(CuH]2)2J+)/(dt) =0at0.8 £ Olg)

The study of the [Fe3(CoyHi2),]" ion was the most delicate
as a significant amount of dehydrogenated species [Fe;(Cp4Hy)o-
2H]" was formed during the laser ablation prior to irradiation.
As can be seen in the left spectrum of Figure 8, the
[Fes(Cy4H)2),]™ photofragment resulting from the detachement
of one iron atom appears at short irradiation time. For irradiation
times longer than 500 ms, the spectrum becomes complicated
as not only the [Fe(Ca4H2),]", [FeCp4H )™, and [Co4H 5] T ions
are observed but also [Fe(CasHjp),-6H]', [FesCosHjo]', and
[Fe,CaosH o] (cf. Figure 8, bottom spectrum). The presence of
these ions shows the occurrence of other dissociation channels,
possibly associated to different isomers. It is however not
possible to say if these isomers are present in the cell before
irradiation or if they are formed by rearrangement during the
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Figure 6. Mass spectrum recorded after 200 ms irradiation of mass-
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Figure 7. Normalized intensities of the [Fey(C,4H)5),]" parent ions
(crosses), all photofragments (full triangles), and each individual
photofragment [Fe(Co4H1,),]™ (open squares), [FeCHi,]" (open dia-
monds), and C,H{, (open triangles)) as a function of irradiation time
(Xe arc lamp, 475-nm long-pass filter). Experimental points for the
parent and global fragment intensities are fitted according to eqs 1 and
2. The dashed lines were drawn to facilitate the reading.

heating process. Because of the complexity of these patterns,
the presence of these ions has not been taken into account in
the kinetic study that follows. The normalized intensities of the
fragment iOIlS, i.e., [Fez(C24H12)2]+, [FC(C24H12)2]+, [FCC24H12]+,
and [CyH 5] ", as a function of the irradiation time are reported
in Figure 9. A characteristic time 74 slightly lower than that of
[Fes(CoHi2),]" is derived (cf. Table 1). By consideration of
the photodissociation patterns reported in Figure 9 and our
knowledge on the photodissociation of [Fey(CaoHiz)]™,
[Fe(C4Hy2)2]™, and [FeCpyH 5] ", we can conclude on a sequen-
tial photodissociation pattern as summarized in Figure 10. We
extracted a 7.q value of 0.1 & 0.1 s for the primary photofrag-
ment [Fey(Co4H1»),]", in line with the value extracted from the
experimental data ((dlyorm — [Fey(Cyytip),1)/(dt) = 0 at 0.4 £ 0.2s).
These results are reported in Table 1 and Figure 9.
Structures, Thermochemistry, and Photoabsorption Ef-
ficiency. The photodissociation pathways and kinetics give
interesting insights into the structures and thermodynamics of
the complexes. In the previous section, we have shown that the
products and characteristic time scales of dissociation are similar
for a complex of a given m/z ratio formed either by laser ablation
or by photodissociation of larger precursors. This suggests that
only the most thermodynamically stable species have been
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Experimental points for the parent and global fragment intensities are
fitted according to eqs 1 and 2. The dashed lines were drawn to facilitate
the reading.

studied, which allows to derive structures by means of DFT
calculations. To rationalize the experimental results, in particular
the decrease of the characteristic time scale for photodissociation
when the size of the complex increases, we can then calculate
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bond dissociation energies (BDEs) and photon-absorption
efficiencies using DFT and TD-DFT, respectively.

The most stable calculated structures obtained for
[F3C24H12]+, [FC(C24H12)2]+, and [Fez(C24H12)2]+ at the BPWO91/
Lanl2dz level of theory, and their electronic states are reported
in Figure 11. The BDEs obtained at the MPWI1PW91/6-
31+G(d,p)//BPW91/Lanl2DZ level are listed in Table 2.

In the structure of the ground state of [FeCp4H)5]", we found
that the Fe atom interacts with an outer ring of coronene to
form a *A complex (cf. Figure 11). This is in line with the
conclusion drawn from DFT calculations on a series of model
Fe-PAH complexes at the MPW1PW91/6-314+G(d,p) level of
theory, considering two initial coordination sites for the iron
atom (the inner or outer ring of the coronene molecule) and
various spin states (doublet, quartet and sextet).* Five stable
isomers for [FeCyHj,]" s-complexes with Fe-PAH BDEs
ranging from 1.0 to 2.6 eV were obtained. By consideration of
the laser ablation conditions in our experiment (A = 266 nm,
fluence ~ 0.04 J.cm™2), only the most stable complexes are
expected to survive in the “hot” initial plasma. In the present
work, the BDE of the most stable [FeCyH;,]" complex was
calculated to be 2.6 eV (cf. Table 2), in agreement with the
value previously estimated.*> The most stable form for the
[Fe(Cy4Hi2),]" complex is commonly admitted to be a “sandwich
structure” with the iron atom intercalated between two coronene
molecules. After investigating the different possible sandwich
isomers we found that in the most stable structure, the two
coronene planes rotate away from each other to lead to a
staggered structure in a quartet spin state (cf. Figure 11). This
staggered geometry can be understood as it minimizes the
electrostatic repulsion between the two coronene planes. Inter-
estingly, similar structures were calculated for [Fe(CyyH,),]°
and [FC(C24H12)2]_.37 The(C24H12)-[FeC24H|2]+ blndlng energy
was estimated to be 1.7 eV (cf. Table 2). The lowest energy
doublet spin state was found to lie 0.4 eV above the presented
quartet spin state at the BPW91/Lanl2DZ level (and 1.0 eV at
the MPW1PW91/6-31+G(d,p)//BPW91/Lanl2dz level). A more
complete PES for [Fe(C,4H»),]" is under study.

For the [Fey(Co4H12),]" complex, a large number of a priori
structural isomers are possible. The interaction site of a second
Fe atom onto [Fe(Ca4H5),]" is difficult to predict as the Fe—Fe
interaction is expected to be of the same order of magnitude as
the Fe-PAH interaction.?® First calculations were performed on
[Fey(CasH 2)]™ complexes. We found that the two most stable
structures, that lie within 0.04 eV, present an Fe—Fe interaction,
whereas the lowest energy isomer with two separate Fe atoms
on the surface of coronene, lies 1.17 eV above. This is in line
with previous theoretical results showing that the ground-state
geometry of [Fe,CoyHo]" is an iron dimer coordinated to the
coronene surface.® Thus it seems reasonable to assume that
the most stable structure for [Fe,(Cp4H)2),]" presents an Fe—Fe
interaction. The final sextet spin state optimized geometry is
reported at the bottom of Figure 11. The exhaustive PES of
[Fes(CaHi2),]™ is under study. The most stable structure we
calculated leads us to suggest that for multimetal-multiligand
[Fe,PAH,] complexes, a structure in which metal clusters are
fully covered with PAH molecules (a so-called “rice-ball”
structure) is likely to be preferred to a multiple-decker sandwich
structure in which metal atoms are intercalated between single
PAH molecules. This would be in line with the experimental
results obtained by Kurikawa et al.®' on multimetal-multiligand
M, Bz, transition metal-benzene complexes, showing that these
adopt two types of structures according to the transition metal,
a “rice-ball” structure when M is a late transition metal (Fe,
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Figure 10. The photodissociation sequence for the [Fe (Cy4H;2),]" (x = 1—3) complexes as observed in the PIRENEA setup.

[Fey)(CyH )] °A

Figure 11. DFT calculations of the geometries and electronic states
of the lowest energy minima determined for [FeCyHj,]™,
[Fe(C24H12)2]+, and [Fez(C24H12)2]+ at the BPWO91/Lanl2DZ level of
theory.

Co, Ni) and a multiple-decker sandwich structure when M is
an early transition metal (Sc—Mn).

This will have to be confirmed for [Fes(Co4H12),] T, for which
the number of possible a priori structures gets very large. After
200 ms of irradiation, the relative abundance of the
[Fex(CoyHin),]" photofragment is 10% (Figure 9). This is
comparable to the abundance of the [Fe(Cy4Hj)2]" photofrag-
ment resulting from the loss of an iron atom from the
[Fes(CasH12),]" parent ion (Figure 7). This suggests that the Fe-
[Fe(C4H}2),]1 and Fe-[Fe,(CosH »),]" interactions are similar,
again suggesting a metal-cluster configuration. Further experi-
mental and theoretical studies are needed to investigate the
structures of the [Fe3(CoyH)2),]" complex.

The differences in the dissociation time scale for the studied
species could be due to variations of the BDEs but also of the
heating efficiency in our experimental conditions. Under the
soft continuous visible irradiation conditions used in our
experiments, a progressive heating of the complexes is expected,
thus leading to the lowest energy dissociation pathways. This
is validated by our calculations for [FeCyH,]t and
[Fe(Ca4H}2)o] . The [FeCaouH o] dissociates into Fe and C,4Hf>
as predicted by DFT calculations.** Similarly, the primary
dissociation products of [Fe(CyHi2),]" are [FeCoHo]' and
CyHj,. The binding energy of the dissociating bond was
calculated to be 1.7 eV (cf. Table 2). This is clearly the lowest
energy dissociation channel (with respect to [FeCyH;,] and

Cy4HT3) given the calculated difference of 2 eV in the relative
ionization potentials of FeC,4H;, (5.08 eV) and CyHi, (7.05
eV).

The [Fe(CpHy)s]t complex was found to have a shorter
characteristic dissociation time than [FeC»,H;»]*. This decrease
in the photostability can be understood by thermodynamic
considerations. According to our calculations, the [(CysHi,)-
(FeC,4H;»)*] BDE (1.7 eV) is lower than that of [FeCpH;,]"
(2.6 eV, cf. Table 2). We cannot also exclude an increase of
the heating efficiency, which depends on the photon flux and
the absorption cross section in the visible.

The subsequent addition of Fe atoms leads to a further
decrease of the characteristic dissociation time as observed for
the [Fey(Co4H 2)2]" and [Fes(CaosHyp)2]T complexes (cf. Table
1). This cannot be understood by thermodynamic considerations.
Indeed, as can be seen in Table 2, the Fe-[Fe(C,4H;»)3] BDE
(2.0 eV) was found to be close to the(C,4Hi»)-[(CosH;2)Fe]™
BDE (1.7 eV), with a tendency for an increased stability with
the number of Fe atoms. Further theoretical studies are ongoing
to confirm this trend.*> A clue to understand the increase of the
photodissociation rate with the number of Fe atoms can be the
increase of the density of electronic states reachable from
the ground state by absorption of visible photons, thus enhancing
the probability for an excitation energy with a strong oscillator
strength in the visible and therefore the heating rate under visible
irradiation. The discrete spectra of the excited states of
[FCC24H]2]+, [Fe(C24H12)2]+, and [FGQ(CMH]Q)Q]Jr were estimated
at the TD-DFT level. They are reported in Figure 12. The results
for the irradiation domain used in our experiment ([1.55—2.60
eV] or [475—800 nm]) are summarized in Table 2: the overall
oscillator strength in this region is found to increase with the
size of the cluster (cf. Table 2 and Figure 12). The effect is
reinforced by the fact that [Fe,(Ca4H ,),]™ has a strong transition
(f=0.16) found at 2.14 eV (579 nm), where the transmission
of the filter is maximum. Intense transitions are found at higher
energy for the two smallest complexes: 2.62 eV (473 nm), which
could still be in the filter transmission range, for [Fe(CosH2),]"
and 3.5 eV, out-of-the filter transmission, for [FeCoH;2]"
(Figure 12). From these theoretical results, we expect an increase
of the heating efficiency with the number of Fe atoms in our
experimental conditions. This is in line with the observed
increase of the photodissociation rate.

To conclude this section, we emphasize that we managed to
rationalize the experimental results with thermodynamic and
excited-state calculations. These calculations have been per-
formed on the most stable isomers. This choice appears then to
be an a posteriori reasonable asumption.

Astrophysical Implications. Marty et al.'” proposed that
organometallic complexation involving Fe and PAHs can be
responsible for the depletion of free PAHs to form aggregates,
which could be related to VSGs, the carriers of the 25 yum IRAS
emission band in mild UV-excited regions.®> The recent work
of Rapacioli et al.!> and Berné et al.'* shows that these VSGs
are destroyed at the irradiated surface of the molecular clouds
and liberate free PAHs in the gas phase. The experimental results
presented here provide a nice scenario that fits with all the above
studies. [Fe,PAH,] complexes could be formed efficiently in
molecular clouds according to Marty et al.'” and get easily
dissociated upon UV —vis irradiation to produce free PAHs (and
Fe atoms/ions) according to our results. The similarity in the
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TABLE 2: Calculated BDEs for the Dissociating Complexes, Obtained at the MPW1PW91/6-31+G(d,p)// BPW91/Lanl2DZ

Level of Theory”

dissociation reaction BDE Ex() E0 Fill
[FeCoHo]" (*A) — Fe (°D) + CoHix (CAY) 2.6 1.87 (0.01) 2.0 0.035
[Fex(CosHpp)al™ (“A) — I[(Co4Hp)Fe]™ (*A) + CoyHyp ('Ay) 1.7 2.55(0.06) 23 0.21
[Fes(CosHin)o]t (°PA) — [Fex(CosHin)a]T (“A) + Fe (°D) 2.0 2.14 (0.16) 2.2 0.40

“The TD-DFT -calculated excitation energies and oscillator strengths of the most intense transitions are reported (E,.x(f)). The mean
excitation energy (LED) and the integrated oscillator strength ([f0) for the transitions in the [1.55—2.60 eV]([475—800 nm]) range of energy are
also reported. These calculations were performed at the BPW91/Lanl2DZ level of theory. Energy values are expressed in electronvolts.
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stoichiometries of Fe and PAH units in the studied complexes
is in agreement with the abundance constrains on these species
in the ISM.% There are two points that have to be discussed
concerning the implication of our results for astrochemistry,
which are the relevance of (i) the species produced in the
laboratory and (ii) the irradiation conditions.

As discussed in section 3.2, the complexes that are formed
in our experimental conditions are likely to be the most stable.
Experiments in collision-free conditions and at low temperatures
are needed to conclude if these are the ones which would form
under interstellar conditions. Still, considering that these
complexes are submitted to a UV —visible radiation field with
increasing intensity (and hardness) as they approach the border
of the irradiated molecular clouds, it is likely that they will reach
their most stable form before being dissociated.

The second concern is about the irradiation conditions. In
interstellar conditions, each environment has specific local
irradiation conditions, which are different from the laboratory
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Figure 12. Electronic spectra of [FeC,yHj,]™ (full triangles), [Fe(CaosHy»),]™ (full circles), and [Fe,(CoyHip)o]" (full diamonds) determined using
TD-DFT at the BPW91/Lanl2DZ level of theory. The experimental energy range of the continuous irradiation (1.55—2.60 eV) is reported on each
graph (domain between the dashed vertical lines). The right spectrum at the bottom represents the integrated oscillator strength lfor [FeCoyH o] "
(dashed line), [Fe(Cy4Hi2),]1 (dot-dashed line), and [Fey(Cy4Hiy)2]" (plain line) as a function of energy.

conditions. Therefore the evolution of [Fe(CaHi),]™"°
complexes has to be modeled specifically. This was per-
formed by Rapacioli et al."® for [PAH], clusters in the
NGC7023 reflection nebula. Such modeling requires the
description of the absorption rate of UV—vis photons,
the cooling rate by IR emission, and eventually by electronic
fluorescence and the photodissociation rate. This is out of
the scope of this paper. Still, we have used the kinetic Monte
Carlo code!>% to describe the photophysics of [FeCyyH 5]"
in our experimental conditions. The code provides the time
evolution of the internal energy of the studied species as well
as a description of the events: absorption of photons, IR
emission, and dissociation. Previous studies on Co,H;,™ have
shown that this code can be successfully used to interpret
the results of the photodissociation under irradiation with
the Xenon arc lamp.%® These studies show that a good
description can only be obtained using time-dependent
irradiation conditions. This can be interpreted as due to the
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3
t )

Figure 13. Normalized intensity of [FeC,yH»]" as a function of the
irradiation time with Xe arc lamp and 475-nm long-pass filter at full
flux ¢ramp (full squares) and half flux ¢pmp/2 (full circles). The lines
represent the best fit resulting from the simulations, with a value of
102 s7! for Ay. The dispersion of the experimental points leads to several
values for k, expressed in s~! (values at the right).

expansion of the ion cloud under the action of collisions with
background gas. This background pressure results from both
buffer gas injection and desorption from surfaces during lamp
irradiation.

The mean absorption rate of photons ks in s~! can be
expressed as follows
800nm
Kus = s OarDA)dA ®)

with gups(4) the absorption cross section and ¢(4) the flux of
photons from the lamp. The mean excitation energy in the
[475—800] nm range was found to be 2.0 eV with a mean
oscillator strength of 0.035 (cf. Table 2), so we assumed to
simplify the calculations that there is only one absorption
channel at 2 eV. In our calculations, k. is a free parameter
since it is difficult to access to the absolute photon flux seen by
the ions in the cell. To further constrain k,,,, we have run a
second measurement in which the photon flux was reduced by
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50% using a neutral density filter. As already mentionned in
the text, the energy which is absorbed in an electronic excited
state is assumed to be rapidly converted into vibrational energy
in the ground state, as generally observed for PAHs.%’ For the
cooling, we only consider the emission of IR photons. Electronic
emission could also play a role in the cooling rate, but we did
not try to include this process for which we lack quantitative
data. The consequences will be discussed below.

The rate of spontaneous emission for a v; IR mode in the
v; — v;—1 transition is given by

K ) = APy ©

where A/»*! is the Einstein coefficient (A"~ = p,A! in the
harmonic case) and P}i the probability to find the system in the
level v; of the v; mode. In the statistical approach, the probability
can be calculated as follows

([ —
P = p*(U — vhwv) (10)
' p(U)

where p(U) is the total density of states at energy U and p* is
the density of states excluding the emitting mode v;. The
harmonic vibrational frequencies and the associated Einstein
coefficients for [FeCp4H,,]" are taken from Simon and Joblin.*?

Finally the dissociation rate kg expressed in s~! is given by

p(U — Ey)

p(U) (n

kg = A4

with Ay the pre-exponential factor and E, the dissociation
energy,% similar to the factors A and E, in the Arrhenius law
that provides the canonical (or high-pressure) limit. Aq is a free
parameter in our calculations. E4 was taken as 2.6 eV, the BDE
we calculated for Fe—C,H}, (cf. Table 2).

By adjusting the results of the simulations to the experimental
data obtained for the two values of the incident flux (cf. Figure
13), the best value for Ay was found to be 10'? s~! and the values
for ku,s to be 4.2 £ 0.4 and 2.2 4+ 0.2 s, In the Arrhenius law,
the value of the pre-exponential factor is often found to be of
the order of 103 s™!, which corresponds to a typical vibrational
frequency of 1000 cm™!. The Fe-PAH dissociating bond is
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Figure 14. Distribution of the internal energy in the dissociating [FeCoH;2]* complex using the kinetic Monte Carlo code with a value of 10'? 5!

for Ay and with values of 2.2 (left) and 4.2 (right) s™! for kys.
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expected at lower frequency (~400 down to 100 cm™'), which
is therefore consistent with the value of 10'? s™! we derived.
The variation of the derived heating rate k., (4.2 & 0.4 down
to 2.2 &+ 0.2 s7!) is consistent with the variation of the photon
flux (¢ down to ¢/2). The satisfactory fit obtained for the
dissociation yield, which results from the competition between
the cooling rate and the dissociating rate, implies that this
cooling rate is properly described and thus excludes a significant
contribution from electronic fluorescence. From the output of
the kinetic Monte Carlo model, we can build the histogram of
the internal energy at the time of dissociation. For an A4 value
of 10" s7! and kyu, = 4.2 or 2.2 s7', the internal energy of
[FeCy4H 51" complexes at dissociation lies between 5.2 and 9.2
eV, as can be seen in Figure 14. The low-energy side of the
distribution reflects the increased probability of dissociation
when the internal energy increases. The high-energy side reflects
the decreased probability that the ion stores ~7 eV of internal
energy without being dissociated. The distributions of energies
displayed in Figure 14 also show that the dissociation threshold
for [FeCyo4H 5]™ is ~5 eV. These complexes are thus expected
to be easily destroyed in the ISM by absorption of a single UV
photon.

For complexes containing a large number of PAH units,
starting with two such as in [Fe(CpH»),]", we expect the
dissociation rate to be smaller for a given internal energy due
to the increase number of vibrational modes leading to a lower
probability to localize the energy E, in the dissociating bond.
At the same time, the value of E, is smaller (1.7 eV compared
to 2.6 eV), which increases significantly the probability of
dissociation. Besides, the UV electronic absorption cross section
is expected to be larger in these systems. For PAHs, the UV
cross section, which is due to .t — 7* and o — o* transitions
is found to increase with the number of C atoms.®®% For an
aggregate of PAHs, we expect a similar scaling although it has
not been calculated. The inclusion of Fe atoms is expected to
lead to stronger perturbations of the 7 cloud, and therefore the
scaling factor would be more affected. Still, we expect a global
trend of increasing the UV cross section with the number of C
atoms. For such large systems, multiple photon events can
become important. For instance, Rapacioli et al. have shown
that such a process accounts for the dissociation of (CysHi2)13
clusters in NGC7023." In the case of [Fe,(CaHj,),]"° com-
plexes, this process could even be efficient under visible
irradiation due to the opening of numerous electronic transitions
in this range.

Finally, compared to the work by Rapacioli et al.,’” we find
that the presence of Fe atoms in the coronene clusters increases
the stability of the aggregate. For instance, the BDE of the
coronene dimer is calculated to be ~1 eV for the neutral
dimer(C,4H,),7° and ~1.3 eV for the positively charged dimer
[(Co4Hi2),]"."! In this paper, the BDEs were found to be 1.7
eV for [Fe(CuH2)>]" and 2.0 eV for [Fey(C,4Hi»),]". This
implies that the presence of Fe atoms in the ionized aggregates
further increases the stability compared to the homogeneous
clusters. This is expected to increase the lifetime of these species
in the ISM. A model taking into account formation and
destruction processes would be necessary to determine the
relative lifetimes of these various complexes in interstellar
conditions.

Conclusion and Future Work

The work presented in this paper is a pioneering experimental
study which aims at exploring the presence of iron atoms in
interstellar carbonaceous VSGs, which is plausible given the
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observational constrains. For the first time, a series of
[Fex(Cz4H|2),,.]+ (x,y) = ((1,1) and (1—3, 2)) complexes are
isolated under interstellar conditions in the PIRENEA setup, a
cold ion trap dedicated to astrochemistry. Each complex is
irradiated with low-energy continuous visible irradiation and
gets photodissociated, leading to the sequential loss of Fe atoms
and PAH units. The carbonaceous skeleton of PAHs is not
affected. This makes these clusters good candidates for interstel-
lar VSGs, which have been proposed to liberate free PAHs in
the gas phase upon UV irradiation. The presence of iron inside
these clusters confers them with new properties such as an
increased stability and a larger absorption cross section in the
visible range. These first results encourage further spectroscopic
studies on these species including IR spectroscopy, which
provides a more direct comparison with astronomical data. The
detection of these species in space would open the opportunity
for a new chemistry, which still has to be explored, as complexes
of Fe with large PAHs are expected to act as efficient platforms
for catalytic gas-phase chemistry.’!
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