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Ultrafast Pump-Probe Spectroscopy of Neutral Fe,Oy, Clusters (n, m
< 16)

Jacob M. Garcia,® Ryan E. Shaffer®® and Scott G. Sayres®*

Neutral iron oxide clusters (FenOm, n,m < 16) are produced in a laser vaporization source using O gas seeded in He. The
neutral clusters are ionized with a sequence of femtosecond laser pulses and detected using time-of-flight mass
spectrometry. Small clusters are confirmed to be most prominant in the stoichiometric (n = m) distribution, withm=n+1
clusters observed above n = 4. Pump-probe spectroscopy is employed to study the dynamics of an electron transfer from an
oxygen orbital to an iron nonbonding orbital of iron oxide clusters that is driven by absorption of a 400 nm photon. A
bifurcation of the initial wavepacket occurs, where a femtosecond component is attributed to electron relaxation assisted
through internuclear vibrational relaxation and high density of states, and a slow relaxation shows the formation of a bound
excited state. The lifetime and relative ratio of the two pathways depends on both the cluster size and iron oxidation state.
The femtosecond lifetime decreases with increased cluster size until a saturation timescale is achieved at n > 5. The relative
population of the long-lived excited state decreases with cluster size and suggests that the excited electron remains on the

Fe atom for > 20 ps.

1. Introduction

Iron oxides are important to several chemical processes
such as corrosion and oxygen transport in biological systems.
They serve as economical alternatives for replacing costly
precious noble metals in industrial catalytic reactions because
they exhibit good catalytic lifetimes as well as resistance to high
concentrations of moisture and CO, which often poison
catalysts. Iron oxides are commonly used in the production of
ammonia via the Haber-Bosh process,! and hydrogen synthesis
from the water-gas shift (WGS) reaction.2 Not only are iron
oxides abundantly distributed around the earth’s surface, iron
monoxide is also important to the chemistry of the mesosphere.
Further, iron oxide clusters are thought to play an important
role in interstellar media,3> and are observed in the emission
spectra of stars.®

Iron oxide clusters, which have been the subject of many gas
phase studies due to their ease of production and ability to
provide a molecular level understanding of bulk-phase catalytic
mechanisms, have been shown to be highly active for a variety
of industrially relevant chemical processes. lonic clusters have
been used for the oxidation of CO,’° methane,° methanol,11.12
and various hydrocarbons.10.13 Neutral clusters have also shown
activity for CO oxidation,** methanol dehydrogentation,1> and
oxidation of isoprene.16
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In addition to chemical reactivity, many studies have also
explored how the geometry, electronic structure, and stability
of iron oxide clusters evolve with increasing cluster size. The
ionic cluster distribution of iron oxides have been explored
under a variety of laser ablation conditions,1’-20 and neutral
cluster distributions have been recorded using multiphoton
ionization (MPI) and single photon ionization (SPI) with
nanosecond duration laser pulses.21.22 Unlike bulk iron oxides,
which are known in three stoichiometries (FeO, Fe,03, Fes0,),
the gas phase clusters show a strong preference for the
stoichiometric combination (FeO), below n = 10.

Additionally, the geometric and electronic structures of iron
oxide clusters, determined by several quantum approaches,
differ substantially from bulk structures.23-26 There is direct Fe-
Fe bonding in the clusters that is not observed in bulk FeO. Small
stoichiometric clusters ((FeO),, n < 4) form highly stable
monocyclic 2D ring structures, where each oxygen atom bridges
two iron atoms. Computational studies suggest that larger
clusters form through the assembly of these rings which stack
to form layered structures, adopting a more compact spherical
shape.23 Structurally, no significant changes are calculated
between the neutral and charged clusters.2* However, multiple
isomers have been observed with ion mobility mass
spectrometry and attributed to both 2D and 3D structures.?”
The vibrational spectra of many cationic iron oxide clusters have
been explored with IR-induced dissociation spectroscopy to
confirm structures.?8-30

The low-lying electronic states of FeO have been explored
both theoretically31-33 and experimentally.34-36  Anion
photoelectron spectroscopy has explored the evolution of the
electronic states of iron monoxide (Fe,O) clusters up to n = 6,37
as well as other stoichiometric compositions up to Fe;0g.3839
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However, variations with respect to electronic structures, spin
multiplicities, and the richness of accessible structural isomers
posed theoretical challenges for
understanding iron oxide clusters.

Quantitative information about bond energies has been
obtained by studying the dissociation patterns of small iron
oxide cluster cations using collision-induced dissociation
(CID),40-43  thermal desorption,** and photodissociation
experiments.*> These experiments have shown that the bridging
oxygen atom in Fe-O-Fe is strongly bound, and that oxygen rich
clusters contain O, units with low binding energy. For example,

has considerable

the dissociation energies for oxygen rich clusters, containing up
to six iron atoms have been measured showing O; units are
weakly bound (< 0.8 eV).4 The per atom binding energy of the
stoichiometric iron oxide clusters is high (~4.5 eV), independent
of cluster size from n = 2 to 16,2345 and increases to > 5 eV for
the cations.2* These strong bonds require multiphoton
absorption with 3.5 eV photons for significant
photodissociation.*> Oxygen rich cation clusters have low
thresholds for O, dissociation (< 0.7 eV43) for the Fe; series,
except for Fe;0s* which has a threshold energy of 1.14 eV.4
Fe,0,* and Fe,O* have dissociation energies exceeding 4 eV and
5 eV,* respectively. The binding energy of FeO units are also
high (~4 eV) for neutral (FeO), clusters.4¢ Due to the large
binding energy, fragmentation is considered to be a local
process, where clusters typically lose a single FeO or O unit to
produce a stoichiometric cluster upon excitation.

Although the dissociation energies and chemical reactivity
of small iron oxide clusters have been well characterized, time-
resolved photoexcitation experiments of neutral iron oxides
have not yet been reported. In addition, iron oxides have not
been explored with femtosecond (fs) laser pulses and the
lifetimes of photoexcited states in small iron oxide
nanoparticles or clusters are not well established. Here, we
employ fs pump-probe spectroscopy to explore the relationship
between the relaxation dynamics of iron oxide clusters and their
size and composition. Patterns in the relaxation dynamics of
clusters from the pump probe transients are presented using
400 (3.1 eV) and 800 nm (1.55 eV) photons, which are adequate
for measuring excited state lifetimes without inducing
dissociation. The ratio of amplitude coefficients between the
fast fs response and the longer picosecond response is utilized
as a method to interpret the changes in the relaxation dynamics
of iron oxide clusters due to size and stoichiometry. With the
data presented herein, details are provided regarding the
electronic relaxation timescales and stability of iron oxide
clusters following photoexcitation.

2. Experimental
2.1 Cluster Production and Detection

Gas-phase cluster studies were performed using a home-
built Wiley-MclLaren*’ type time-of-flight mass spectrometer
(TOFMS) coupled to a fs laser system (Fig. 1). The second
harmonic of a Nd:YAG laser (Spectra Physics Quanta-Ray INDI
50) was focused through a 25 cm lens for ablation of a 1/4" iron
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Fig. 1 Schematic of the gas phase cluster instrument and mass spectrometer. The fs
laser beam path is shown.

rod that was mechanically translated and rotated to provide a
fresh target for every laser shot. A synchronized pulse of 1-20%
0, seeded in helium carrier gas (100 psi) was introduced directly
over the Fe rod. The plasma plume was confined to a 2 x 60 mm
collision cell to aid in cluster formation. After an additional 5 cm
of travel, the plume traversed a 2 mm skimmer to form a
collimated molecular beam. The ions produced through laser
ablation were deflected by high voltage (200 V) placed on the
skimmer, allowing only neutral clusters to enter the extraction
region of the mass spectrometer. Neutral clusters were ionized
through the interaction with a sequence of pulses from a
Ti:Sapphire laser system (Spectra Physics Solstice Ace 1 kHz rep.
rate, 800 nm central wavelength).

lonized species were accelerated by a 10 ps high voltage (~4
kV) pulse on the TOF grids and focused en route to the detector
using an Einzel lens. The clusters were separated in arrival time
through a 1.5-meter-long field-free region and detected by a
chevron-type microchannel plate (MCP) detector. The observed
signal was averaged for 1000 spectra, recorded by a digital
oscilloscope, and transferred to a computer via a IEEE-488
interface for analysis. The vacuum pressure of ~7.5 x 10-8 Torr is
maintained by three turbomolecular pumps. Synchronization of
the laser pulses, gas valve, and TOF grids are controlled using a
DG535 pulse generator. Spectra are sampled at 10 Hz in
synchronization with the ablation source.

2.2 Pump Probe Transients

The ionization of the neutral cluster beam was performed
by a series of fs laser pulses via a two-color pump-probe
experiment. Briefly, 1 mJ of the 800 nm laser pulse was sent
through a second harmonic doubling crystal (KDP crystal) to
generate the 400 nm pump beam. The two beams are separated
using a dichroic mirror and the 800 nm laser pulse travels across
a programmable delay-stage with steps as short as 0.1 um
before being recombined with the 400 nm beam using another

This journal is © The Royal Society of Chemistry 20xx
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dichroic mirror. The 400 and 800 nm laser beams are focused
through a 50 cm lens to reach intensities of up to 8.5 x 1014 and
2.4 x 1015 W/cm?, respectively. Pump-probe transients were
recorded by integrating the ion signal over an average of 350
spectra at each time delay as the 800 nm beam was scanned
from -2 psto +20 psin 40 fs increments. The recorded dynamics
were not affected by changes in the oxygen concentration
between 1-20%.

2.3 Signal Analysis

The transient signals for each ion cannot be accounted for
by a single exponential decay function, and are therefore
analyzed by fitting a combination of an exponential decay and
plateau function to the data using a least squares method that
has been described in detail elsewhere.*® The need for two
separate fitting functions indicates a bifurcation of the initial
wavepacket occurs, where each pathway exhibits a unique
lifetime. The exponential decay function is convoluted with the
Gaussian instrumental response function and accounts for the
fast relaxation in transient signals associated with an
intermediate metastable state of a neutral species that decays
with the measured lifetime (t). A plateau function is included to
account for excited states with lifetimes longer than timescales
addressed in the experiment. The relative contributions of the
scaling coefficients of exponential (Ce) and plateau (Cp) fitting
functions are used to interpret the cluster signals. Cluster
dissociation is typically accompanied by a fs increase in ion
signal following the pump pulse excitation, thereby requiring an
exponential growth function for fitting. This growth is only
observed in Fe,* which will be described below. Therefore, the
dissociation channels contribute a negligible amount to the ion
transient signals.

The 800 nm beam was measured through autocorrelation to
be < 35 fs. The instrumental response (Gaussian function),
measured through a cross-correlation of the 400 nm pump and
800 nm probe beams over the non-resonant ionization of O,
directly in the molecular beam was measured to be < 60 fs
(FWHM). The maximum intensity of the cluster signals is
recorded ~50 fs after the temporal overlap of the two laser
pulses (time zero). The transient ion signal is a convolution of
the molecular response and the cross-correlation of the two
laser beams and therefore the maximum of the ion signal
exhibits a temporal shift proportional to the lifetime of the
cluster.

3. Results & Discussion

Dissociation from cation states was minimized by applying
only threshold laser intensities for ionization. At negative probe
delay, the 800 nm beam interacts with the clusters prior to the
400 nm beam and no discernable dynamics are observed. The
signal at negative times matches the sum of the ion signal
produced by the individual 800 and 400 nm beams (supporting
information, Fig. S1). Therefore, the relaxation of the 800 nm
photon absorption is rapid and subsequent absorption from the
UV beam is insufficient for ionization. Small fluctuations in

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Mass spectrum of neutral iron oxide clusters produced with 10% O, seeded in
He, recorded at temporal overlap of the pump and probe beams. The mass spectrum
is normalized to the largest signal intensity (Fe*) and averaged over 1000 laser shots.

signal are attributed to inconsistencies in laser ablation
conditions.

The IP of FeO is 8.56 eV,* requiring the absorption of one
400 nm and four 800 nm photons for ionization. After
ionization, the cation contains up to 0.74 eV of energy above
the ground state, and is stable by remaining below the
dissociation limit of FeO* (3.52 + 0.02 eV).*® This photon
dependence in our experiments is supported by a power study
(supporting information, Fig. S2). The combined photon
energies of the pump and four probe laser beams (9.3 eV)
exceeds the IP for all clusters, with the IPs of (FeO),.s calculated
to be 7.46, 7.59, 7.39, and 7.60 eV, respectively.23 Therefore,
the absorption of one pump and four probe photon by each of
the (FeQ),s clusters leaves an excess of 1.84, 1.71, 1.91, and
1.70 eV above the cation ground states, respectively, and
remains below the dissociation energies. For the long-lived
states of these clusters to be ionized with four probe photons,
the wavepacket must remain at least 1.16, 1.29, 1.09, and 1.3
eV above the ground states of (FeO)..s. Although the IPs of
larger cluster have not yet been reported, they are predicted to
decrease slightly with size.2!

3.1. Fe Oy, Cluster Distribution

The iron oxide cluster distribution recorded in the mass
spectrometer depends on several experimental parameters
such as ablation laser power, relative timing of the nozzle
expansion, oxygen concentration, and backing gas pressure.
The cation distribution produced via the fs laser ionization of
neutral clusters (Fig. 2) is generally consistent with previous
photoionization mass spectra of neutral Fe,On, beams,222 and
cations generated directly from laser vaporization sources.*>
Single photon ionization with vacuum ultraviolet (VUV) lasers
may be free of fragmentation, allowing weakly bound oxygen
rich clusters to be observed from the ionization of neutral
clusters.14-16.21 The O and O, loss energy remains high for m <
10 for FegOm and m < 12 for Fe;On, neutral clusters.5° However,
in our experiment, oxygen rich clusters (beyond m=n+1) are not
observed in the cluster distribution. It is likely that oxygen rich
clusters are not present in our neutral distribution, or that they

J. Name., 2013, 00, 1-3 | 3
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intramolecular vibrational redistribution (IVR) that assists in
103 returning the excited electron back to the ground state. The
-~ decreasing lifetime of the clusters as more FeO units are
~m incorporated shows that the fs relaxation component is assisted
10" .\l\.\‘\ 7] by the larger cluster’s additional vibrational degrees of

freedom. The excited state lifetime decreases steadily from n =

101

LI e

1=352+331fs

Signal Intensity

Fig. 3 The integrated ion signal intensities of iron oxide neutral clusters produced
under 10% O, seeded in He. The signal intensity of (FeO), (black diamonds, solid line)
and (Fe0),/(Fe0),0 (green squares, dashed line) are plotted on a logarithmic scale.

dissociate during or after the ionization process due to low
binding energies for small sizes.

The intensities of the (FeO), ions are plotted as a function of
size in Fig. 3. Above n = 3, the relative intensities of the (FeO),
clusters decay exponentially with the addition of each FeO unit.
This is consistent with a typical thermodynamic cluster
distribution and suggests that the ions accurately represent the
neutral distribution. The intensity of the Fe,On.1 series
compared to the (FeO), series is also plotted as a function of
size in Fig. 3. The Fe,On+1 cluster series has significant intensity
above n = 5 and exceeds the signal intensity of the
stoichiometric species above n = 10, where the binding energy
of an additional O atom becomes comparable to that of an FeO
unit. In our experiment, the largest cluster observed is Fe15s016
(not shown). The FesOn and Fe,On series both contain strong
signals corresponding to suboxide stoichiometries and will be
discussed below.

Due to the high bond energies, and since the dissociation
thresholds of most iron oxide clusters are above the photon
energy from either the pump or probe pulse, we rule out

Signal Intensity (a.u.)

fragmentation as a major ion source. Thus, most ions recorded
in the mass spectra are attributed to either direct ionization, or
as products from the loss of weakly bound O3 units that do not
significantly affect the transient dynamics.

3.2 The (FeO), Series Dynamics

The transient dynamics of the stoichiometric (FeO), cluster
series are presented in Fig. 4. The increase in the temporal
profile of the clusters indicates that a state, or band of states,
with an appreciable lifetime is being accessed by the pump 500 1000 1500
laser. Two distinct relaxation pathways are observed in the
transient signals and will be described separately. Probe De]ay (fs)

The fs lifetime of the (FeO)n transients is plotted against Fig. 4 The pump-probe transients of the (FeO), series from n=1-12 with the separate
their cluster size (Fig. 5) and shows that the excited state fitting functions shown as the exponential decay function (blue long dash), and
lifetimes of the clusters decreases as they grow in size. Since the plateau function (red short dash) making the total fit (black solid). The time points
stoichiometric clusters are strongly bound, the fs relaxation are spaced by 40 fs out to 1100 fs, then by 100 fs out to 20 ps, but truncated to
timescale is likely too short to be attributable to a highlight the fast respons-e. A vertical black line fappears at the temporal overlap of

i ) ) . the laser beams and the lifetime (t) of each transient shown.
fragmentation event, and instead is related to the timescale of

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 The relaxation lifetime as a function of cluster size in the (FeO), cluster series.

1, which has a lifetime of 352 + 33 fs, before reaching a
consistent value for clusters larger than n = 5. Above n =5, the
relaxation dynamics (t = 103-143 fs) are a factor of ~2.5x faster
than in FeO. This saturation in lifetime coincides with the cluster
size known to be the onset of 3D cluster geometries. The fitting
coefficients and relaxation times of the (FeO), (n < 13) series are
summarized in Table 1.

Stoichiometric clusters have a similar transient signal,
suggesting a common chromophore is being accessed. The
electronic structure of FeO is well understood and serves as a
starting point to describe the nature of the larger cluster’s
excited states prepared by the absorption of a 400 nm photon.
The manifold of excited states for FeO is dense,32 having 49
states within an energy range of 3.1 eV.32 Several low-lying
bands have been well characterized below the dissociation limit
of 420 + 0.13 eV.5! The ground state molecular orbital
configuration of FeO is 8023441216390, where the O-derived
orbitals lie below the Fe 3d-derived orbitals, formally resulting
in a charge transfer of two electrons from the Fe to O atom. The
lower lying electronic A and B/C
photoelectron spectroscopy are attributed to excitation from
the Fe 3d orbitals (16 or 95).3° The D state resides at 1.89 eV and
is attributed to excitation of the 4m electron, which is also from
the Fe 3d orbital.3° The excited state accessed here, with 3.1 eV,
arises from excitation of either the 31 or 8c orbitals which have

states recorded in

predominantly oxygen character. Thus, the excited electron
moves from the low-lying orbitals that are predominantly
oxygen to a nonbonding Fe orbital.

Photoelectron spectroscopy performed on iron monoxides
has shown only small changes in energy levels with increasing
iron atoms.3” The strong similarities with the photoelectron
spectra of Fe03539 enables us to apply the spectra of the larger
clusters to approximate the electronic structure of FeO. The
larger (FeO), clusters all present higher energy states following
a ~1 eV gap above the Fe orbitals, where several less
characterized states appear. A broad band is observed at ~3 eV
above the ground state that is assigned as the G band in Fe;0.37
Thus, we tentatively assign the excitation of the stoichiometric
clusters as G band excitations.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Fitting coefficients for the ultrafast ionization of
stoichiometric iron oxide clusters.

Species Ce T (fs) Cp Y

FeO 1.010 352 +33 0.239 0.237
Fe,0, 1.042 266 + 21 0.273 0.262
Fes03 1.175 185+ 11 0.267 0.228
Fe, 04 1.251 154 + 11 0.252 0.201
FesOs 1.309 138 £ 10 0.232 0.177
FesOg 1.341 143+ 11 0.218 0.163
Fe;O7 1.502 133+ 13 0.204 0.136
FegOg 1.563 115+ 10 0.187 0.119
FegOg 1.390 150+ 19 0.159 0.114
Fe10010 1.447 135+ 21 0.139 0.096
Fe11011 1.601 80+14 0.154 0.096
Fe12012 1.622 103+ 18 0.149 0.092

A similar argument can be applied to larger stoichiometric
clusters, although their electronic structures are less known.
The excited states of the clusters become more congested and
the density of states increases with size. Even clusters as small
as Fes0s; and FesO4 exhibit no sharp peaks in photoelectron
studies, suggesting a high density of states.3® Although
assignments of the excited states are difficult, they also arise
through transfer of an electron from the O atom to the Fe atom.

The ratio between the fitting coefficients, y (Cp/Ce),
2 for the
stoichiometric clusters. For FeO, ~25% of the population

decreases linearly with cluster sizes above n =

remains in the excited state for > 20 ps. The excitation photon
energy remains below the dissociation energy, and therefore
the long decay is a consequence of populating a bound state.
Four probe photons can ionize an excited neutral state that is at
least 2.26 eV above the ground state. Therefore, neither the A
state nor the B/C states, which are ~0.5 eV and ~1 eV above the
ground state, accounts for the long-lived signal. This suggests
that the excited electron does not transfer back to the oxygen
atom within the 20 ps timescale. The y for FeO is 0.237,
increases to 0.262 for n =2, and then decreases almost linearly
with the addition of each FeO unit. The increased density of
states for larger clusters enables a larger proportion of the
wavepacket to undergo electronic relaxation to low energy
states that are inaccessible for ionization by the probe pulse.

3.3 Fe;0, Dynamics

The Fe,Om cluster series is the most studied series of iron
oxide clusters, and the nature of the excited state of Fe,O can
be assigned using data provided by photoelectron spectra. A
broad band is observed at ~ 3 eV above the ground state that is
assigned as the G band in Fe;0.37 Fe,0 has an IP of 6.78 + 0.05
eV and remains just below the (FeO* + Fe) dissociation energy
of 2.60 eV upon excitation with the 1 + 4 pulse sequence.3?

Changes in the ultrafast relaxation dynamics due to
oxidation state are observed by comparing the dynamics of
clusters containing the same number of metal atoms but
varying number of oxygen atoms. If we assume that each O

J. Name., 2013, 00, 1-3 | 5
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Table 2. Fitting coefficients for the ultrafast ionization
of selected mid-range iron oxide clusters.

Species Ce T (fs) Ce v

Fe; 0.586 699 + 163 0.272 0.464
Fe,O 0.883 404 + 37 0.299 0.339
FesO 1.000 526 £+ 104 0.000 0.000
Fe30; 0.988 323 +43 0.301 0.305
Fe304 1.708 85+ 20 0.187 0.110
Fes06 1.696 116 + 21 0.154 0.091
FeeOs 1.235 158 + 32 0.160 0.130
FecO7 2.029 68 + 10 0.099 0.049

atom has an oxidation state of -2, then the oxidation state of
the Fe atoms can be evaluated in each cluster such that in
neutral (FeO), all the Fe atoms have a +2 oxidation state. For
Fe,O, where the Fe atoms share the O atom equally, the
oxidation state of each of the Fe atoms is +1.

The excited state lifetime decreases with additional oxygen
atoms, and therefore shows that the higher oxidation state of
iron leads to faster electron relaxation back to the oxygen. The
fs lifetimes of Fe,0,, Fe;0, and Fe; are shown in Fig. 6 to be 268
+22fs, 404 + 37 fs, and 699 + 163 fs, respectively. Further, the
y values for the Fe,On, series decreases from 0.464 to 0.262 with
the addition of oxygen atoms. Therefore, with the increase in
oxidation state of the Fe, less of the population remains in the
bound excited electronic state. The fitting coefficients for Fe,Om
and the other non-stoichiometric clusters (n < 7) are
summarized in Table 2.

The maximum signal intensity for the Fe,Om cluster series
shifts in time delay with the number of oxygen atoms bound
within the cluster (Fig. 6). Fe, reaches its maximum signals at
later time delays than the other clusters. However, the transient
signal for Fe;, requires a growth function, with a lifetime 1z = 40
+ 15 fs, to accurately account for the dynamics. This growth is
sufficiently fast to be attributed to direct dissociation of a larger

Fe, S T=699 + 163 fs
B |r,=40£15fs
@ N L]
-’
>
~
BZ
<)
L
=
(S
s . . . . .
[} T T T T T
o0 ! T=266+21fs
4 I

=500 -250 0 250 500 750 1000
Probe Delay (fs)

Fig. 6 Transients of Fe,O, (m < 2) showing a vertical dashed line drawn at the
maximum of the fit signal for the clusters.
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Fig. 7 Transient signals of Fe;0,.4 clusters shown with total fits.

neutral cluster’s excited state. Fe; has alow IP (6.3 eV) and can
be ionized directly by four probe photons. The delay in ion signal
suggests that Fe; is not present in the neutral cluster beam, and
instead highlights the dissociation dynamics of a larger neutral
cluster after being exposed to the pump beam. Although we
cannot identify the parent cluster from these experiments, one
possibility is the facile dissociation of energetic isomers. For
example, formation of Fe,* occurs at ~0.5 eV from Fe;0*,
attributed to a high energy isomer.4!

3.4 Fe30y, Series Dynamics

Several ion transients are recorded in the FesOn, (m = 1-4)
series (Fig. 7). Fes0s3 and Fes0; appear with strong signals, while
Fes0O and Fes04 are weak signals. FesOm (m > 4) clusters have a
0O, dissociative energy of < 0.6 eV4* and are not expected to
survive the ionization mechanism. Similar to the pattern
described in the Fe,On, clusters, the lifetime of FesOy, clusters
also decrease with additional oxygen content. The lifetime of
Fe30s3 (185 + 11 fs) is shorter than Fe30, (323 + 43), and Fe304
exhibits the shortest lifetime of the series (85 * 20 fs). Fe30 is
only observed under very low oxygen concentrations, but also
fits into this pattern with a long lifetime of 526 + 104 fs.

With a higher Fe content, the O atoms are no longer shared
equally among the Fe atoms as they were for the Fe,On, series.
For Fes0;, one of the Fe atoms is attached to two oxygen atoms
for a +2 oxidation state, and two of the Fe atoms only bind to
one oxygen to have +1 oxidation states. For Fe30, two of the Fe
atoms are in a +1 oxidation state and one Fe has an oxidation
state of 0. FesO4 has a structure similar to the Fes0s, but
contains an extra O bound to one of the terminal Fe atoms,
making it a +4 oxidation state. Similar to the Fe; series,
removing one oxygen extends the lifetime of the state by ~150
fs, and removal of the second oxygen atom extends the lifetime

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 Transient signal of FesO, (m = 5-6) signals.

by ~350 fs. This supports the argument that the lower oxidation
state of the Fe atom extends the fs lifetime of the cluster
transient. With the decrease in oxidation state, the y values for
the FesOn, series also decreases, with the exception of FesO
which is recorded with a y = 0.0. FesO; has ay = 0.305 and drops
steadily with the addition of each oxygen until reaching 0.110
for Fe304. This decrease in y with oxygen units is consistent with
Fe,Om clusters.

3.5 Fe4Onm, FesOn, and FegOn, Series Dynamics

The lifetimes and patterns measured in the dynamics for
the cluster series of Fe4sOnm, FesOm, and FegOn are similar to
those determined in smaller clusters. These mid-range clusters
represent the transition in geometry from 2D rings to 3D
structures. Some calculations have predicted that FesOs is
planar,23 while others have shown the 3D geometry is lower in
energy.?* 3D structures support a larger number of stable
stoichiometries and enable stronger bonding arrangements
with an extra oxygen atom. In Fe,On:1, more Fe d electrons
transfer to the additional O atom. The extra oxygen atom is
likely bridged between two Fe atoms and therefore increases
the oxidation state of two Fe atoms to +3 while the rest remain
at +2. This change in oxidation state will be most profound in
smaller clusters, where a single oxygen makes the biggest
adjustment to the overall cluster stoichiometry.

The Fes cluster series contains only one dominant cluster,
Fe404. The FesOm (m = 5-6) cluster series (Fig. 8) shows the
presence of two clusters and is consistent with all other series,
showing a FesOg lifetime (116 + 21 fs) slightly shorter than the
FesOs transient (142 + 10 fs). Also, the y of FesOs decreases from
0.177 to 0.091 with the additional oxygen atom. The ultrafast
dynamics of the FeOm (m = 5-7) cluster series is shown in Fig. 9,
and the trends are consistent with the smaller clusters.
However, the effect of the missing oxygen on the relaxation
dynamics is not as pronounced as in smaller clusters, and only
extends the lifetime by ~6% for Feg (Fig. 9). The lifetime of Fe¢Os
is 158 + 32 fs and decreases by ~54% with additional oxygen
atoms. Interestingly, FesO; has the shortest lifetime of all

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Fitting coefficients for the ultrafast transient
dynamics of selected large Fe,On.1iron oxide clusters.

Species Ce T (fs) Cp v

Fe;Og 1.588 96+ 18 0.116 0.073
FegOgq 1.454 139+ 22 0.081 0.055
FesO10 1.908 98+ 14 0.126 0.066
Fe10011 1.694 107 £ 15 0.066 0.039
Fe11012 1.712 128 £ 18 0.092 0.054
Fe12013 1.564 120+ 15 0.061 0.039
Fe13014 1.691 123 +17 0.070 0.041
Fe1401s 2.022 103+ 18 0.048 0.024
Fei15016 1.858 110+ 20 0.021 0.011

clusters detected in this study with a lifetime of only 68 + 10 fs.
Further, y decreases for FegOs to FegO7 from 0.130 to 0.049 with
additional oxygen atoms, but FesOg breaks the trend having a
value of 0.163.

3.6 Larger Clusters

For the n = 7 series, the addition of a single oxygen atom
reduces the lifetime of the excited state by ~38% from 133 + 13
fs to 96 + 18 fs (Fig. 10). This difference in lifetime between the
two series is consistent with the trend obtained in the smaller
clusters. For neutral Fe,On.1 clusters, an excess oxygen atom has
a binding energy exceeding 5 eV and is similar to the binding
energy of FeO units for these large cluster sizes.23.50 Therefore,
the transient dynamics are recorded for the (FeO), and FenOn+1
series up ton =12 and 15, respectively (supporting information,
Fig. S3). The fitting coefficients for the larger Fe,On.1 clusters are
summarized in Table 3. For larger FenOn+«1 clusters, the fs
lifetimes are comparable to the similar sized (FeO), clusters.
Small fluctuations are recorded in the fs lifetime of both series
with changes in size but remain consistent within the error bars
to be an average of ~115 fs. This suggests that the influence of
the additional oxygen atom and increase in oxidation state is
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Fig. 9 Pump probe signal of the FegO,, (m = 5-7) series.
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Fig. 10 Pump probe signal of the Fe;0,, (m = 7-8) series.

small for these larger clusters. According to IVR, the fast
component of the Fe,On+1 clusters should decrease with size
because of the larger degrees of freedom to dissipate the
energy. However, as described earlier, these clusters have
already exceeded the size where a saturation in the relaxation
dynamics was achieved.

The long-lived excited states remain accessible in larger
clusters for both cluster series. For n = 8, the bound state
accounts for ~10% of the total population and decreases linearly
with the addition of each FeO unit. This is consistent with the
fact that larger clusters contain a larger density of states than
smaller clusters, thereby enabling the electronic energy
conversion into vibrational motion while returning to the
ground electronic state.

Conclusions

The ultrafast ionization and electronic relaxation dynamics
of neutral finite-sized iron oxide clusters have been studied
using two color pump-probe fs spectroscopy. With fs ionization,
the stoichiometric clusters, (FeO),, dominate the cluster
distribution for n < 10 and FenOn+1 becomes dominant for values
of n > 10. In our experiment, weakly bound oxygen rich clusters
are not observed with fs laser pulses, suggesting that the
clusters detected in our mass spectra are stable to within the
energy of 1 probe photon. Although fragmentation is possible,
it was not observed with the exception of Fe,. The dissociation
pathways cannot be determined from these studies and are a
subject of future experiments.

Upon irradiation of a 400 nm fs pulse, an electron migrates
from the O atom to the non-bonding orbitals of the Fe atom
within the cluster. This results in a bifurcation of the initial
wavepacket with a large proportion of the wavepacket relaxing
on the fs timescale to a low-lying electronic state and is assisted
by IVR. A smaller fraction of the wavepacket remains in a long-
lived (> 20 ps) bound state where the excited electron remains
in the nonbonding Fe orbitals.

8 | J. Name., 2012, 00, 1-3

Transient signals of the neutral iron oxide clusters are
compared as a function of growing cluster size and
stoichiometric composition. The lifetime of the excited states of
the clusters decreases rapidly from ~350 fs to ~140 fs until the
clusters adopt a 3D stoichiometry, then remain roughly
independent of cluster size. Changes in the oxidation state of
the Fe atoms has a large effect on the lifetime of small clusters,
where higher oxidation states have shorter lifetimes. The
shortest lifetimes are obtained for mid-range clusters with an
extra oxygen (Fe¢O; and Fe;0s), which are among the smallest
clusters recorded that contain an excess oxygen atom. As the
cluster size grows, a smaller proportion of the wavepacket
remains in the long-lived bound excited state.
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The femtosecond dynamics of iron oxide clusters are shown to depend on both the cluster size
and Fe oxidation state.



