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The photoelectron spectra of FeO2 and FeO2
2 are obtained at 3.49 eV photon energy. Transitions to

the ground state~5D! and three low-lying excited states~5S1, 3S1, and3D! of FeO are observed. The
two low-spin excited states found at 6770 and 8310 cm21 above the ground state, respectively, have
not been observed before. The twoS states, characteristic of detachment of a nonbonding electron
from the FeO2 anion, exhibit no vibrational progressions while a vibrational progression is observed
for each of the twoD states. The two high-spin states5D and5S1 are in agreement with a previous
photoelectron study@P.C. Engelking and W. C. Lineberger, J. Chem. Phys.66, 5054~1977!#. The3D
state has a vibrational frequency of 800~50! cm21. The spectrum of FeO2

2 only shows one major
feature with little vibrational structure at this photon energy. The electron affinity of FeO2 is
determined to be 2.358~0.030! eV. © 1995 American Institute of Physics.
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I. INTRODUCTION

Study of the interaction of oxygen with iron is importan
to such diverse processes as corrosion of structural me
and oxygen transport in biological systems. FeO and Fe2
are the simplest molecular iron oxide systems. Howev
they have not been well understood and spectroscopic d
on these simple molecules are scarce, in particular, for Fe2,
whose ground state structure and symmetry is not yet kno
Several spectroscopic1–8 and theoretical9,10 studies have fo-
cused on FeO, and its ground state has been established
5D (sb

2pb
4pa

2d3s1
1). The manifold of excited states of FeO

however, are very complicated and are less well known,
though several excited states of FeO have be
discovered.1–8

Gas phase FeO2 has been observed when solid Fe2O3 is
vaporized at high temperatures.11,12Several studies have con
cerned FeO2 in order to probe the interaction of oxygen wit
Fe atoms coordinated in biological systems.13–15 The FeO2
molecule can be viewed as a Fe1O2 reaction product, al-
though ground state Fe atom is known to be quite unreac
toward O2.

16,17 It can have three possible structures, a Fe2
side-bonded adduct~I!, a linear or bent Fe–O–O~II !, and a
linear or bent dioxide O–Fe–O~III !. The FeO2 adduct~I! is
known to form in the gas phase FeO2 reactions and in rare-
gas matrices and can be converted to the dioxide~III ! upon
uv irradiation in the matrices.18–20A recent mass spectrom
etry study combined with anab initio calculation concluded
that for the positive ion FeO2

1 a bent dioxide~III ! is the most
stable structure.21 Previous matrix studies and semiempiric
calculations suggested that the most stable form of FeO2 is a
linear OFeO.14,18

There is only one previous photoelectron spectrosco
~PES! study on FeO2 by Engelking and Lineberger with a
2.54 eV detachment energy.2 A vibrationally resolved ground
state and one low-lying excited state~5S1! were observed.

a!Author to whom correspondence should be addressed.
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This accounts for the only observation of this excited state
However, theoretical calculations have predicted many mo
low-lying excited states that have not been observe
experimentally.9,10To our knowledge, there has been no PES
study on FeO2

2 .
By vaporizing iron into a helium atmosphere containing

a small amount of oxygen, we have produced FeO2 and
FeO2

2 in a laser vaporization cluster beam machine. The
PES spectra are studied at 3.49 eV photon energy with
magnetic bottle time-of-flight PES apparatus.22 Because of
the higher photon energy used than the previous PES stud
two more new low-lying excited states are found for FeO a
6770 and 8310 cm21 above the ground state, respectively.
On the basis of the spectral appearance and previous the
retical calculations, these two new states are assigned to t
low-spin excited states,B 3S1 andC 3D. Due to the spin
selection rules, these low-spin excited states cannot be o
served in optical experiments in either excitation or emis
sion. For the FeO2 spectrum, only one rather sharp feature is
observed with little vibrational excitation. The electron affin-
ity of FeO2 is determined to be 2.358~0.030! eV. The spec-
trum suggests that there is little geometry change from th
FeO2

2 anion to the FeO2 neutral.

II. EXPERIMENT

The PES apparatus has been described in deta
elsewhere.22 Only a brief account will be given here. The
apparatus couples a laser vaporization cluster source23 with a
magnetic bottle time-of-flight ~MTOF! photoelectron
analyzer.24A Q-switched Nd:YAG laser is used as the vapor-
ization laser, with 20 mJ of the second harmonic output~532
nm! focused to a 1 mmdiameter spot onto a pure iron target.
To generate FeO2 and FeO2

2 , the helium carrier gas is
seeded with 0.05% O2 ~10 atm total stagnation pressure! and
delivered by two pulsed molecular beam valves. The plasm
5/102(22)/8714/4/$6.00 © 1995 American Institute of Physicst¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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reactions between the laser vaporized iron atoms and the2
produce a series of FexOy

2 clusters, in which FeO2 and FeO2
2

are the smallest ones. The FeO2
2 species is present in much

higher abundance than the FeO2 anion. The helium carrier
gas and the oxide clusters undergo a supersonic expans
and form a cold molecular beam collimated by two skim
mers. To optimize the FeO2 mass signal, the vaporization
laser has to be fired at the leading edge of the carrier g
pulse when the pressure in the nozzle is lower. Consequen
the supersonic cooling effect is not the most favorable wh
the FeO2 signal is optimized. This effect is shown in its PES
spectrum by the observation of hot band excitations.

The negative clusters are extracted perpendicularly fro
the beam with a 1 kVhigh voltage pulse and subjected to
time-of-flight mass analysis. The TOF mass spectrometer h
a mass resolution (M /DM ) of about 500, which is sufficient
to resolve all the isotopes for the small FexOy

2 clusters. The
clusters of interest are mass selected by a three-grid m
gate and subsequently decelerated by a momentum decel
tor before interacting with the detachment laser. The thi
harmonic output~355 nm! of anotherQ-switched Nd:YAG
laser is used for the photodetachment. More than 98% of
the photoelectrons are collected by the magnetic bottle a
parallelized down to a 3.5 m long TOF tube for electro
kinetic energy analysis. The electron kinetic energy distrib
tions are calibrated with the known spectrum of the Cu2

anion. The energy resolution in a TOF PES spectrometer
dependent on the electron kinetic energy. The current sp
trometer has an energy resolution of better than 30 meV a
eV electron kinetic energy as measured from the spectrum
Cu2.

FIG. 1. The photoelectron spectra of FeO2 and FeO2
2 at 3.49 eV photon

energy~355 nm!.
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III. RESULTS AND DISCUSSION

The PES spectra of FeO2 and FeO2
2 are shown in Fig. 1.

A window function with 5 meV width has been used to
smooth the spectra. Four bands are observed for the Fe2

with vibrational structures resolved for two of the four band
~labeledX andC!. Features at the low binding energy side
are assigned to be due to hot band excitations, indicating th
the FeO2 is not very cold as mentioned in the experimenta
section above. Note that the peak labeledA in the FeO2

spectrum is quite sharp with a width of only 45 meV
~FWHM!, which is nearly the instrumental resolution at tha
energy. Only one major band is observed for FeO2

2 , with no
resolved vibrational structures. The width of this band ind
cates that there are unresolved vibrational features in t
band. At the high binding energy side, there is also som
very weak and unresolved features, which are at least p
tially due to inelastically scattered electrons present at th
high binding energy side~low energy electrons!. The FeO2

2

spectrum seems to show little hot band excitations. Howev
the apparently predominant 0–0 transition in FeO2 and the
limited spectral resolution prevent us from a definitive state
ment about the FeO2

2 vibrational temperature. The observed
peak positions, assignments, and obtained spectroscopic c
stants are summarized in Table I. The lowest binding ener
features represent the electron affinities of the correspondi
neutral molecules. Due to the possible nonlinearity in th
spectral calibrations, the absolute peak positions can be
termined in the current study to be within 30 meV. Howeve
the relative peak positions can be determined much mo
accurately.

A. FeO2

Photodetachment involves transitions from the groun
state of the FeO2 to the ground and various excited states o
the neutral FeO. The electronic structure of FeO has be
investigated in an extensive CI calculation by Krauss an
Stevens.10 Although multiconfiguration effects are expected

TABLE I. Observed peak positions, term values, and assignments for t
FeO2 and FeO2

2 photoelectron spectra.

Peak positiona Term value~cm21!b
Vibrational

frequency~cm21!c

FeO
X 5D 1.497 0 950~50!

1.616
1.735
1.851

A 5S1 1.966 3780~120!
B 3S1 2.336 6770~120!
C 3D 2.527 8310~120! 800~50!

2.626
2.725
2.825

FeO2
X 2.358

aThe uncertainty of the peak position is about 30 meV. The value for FeO2

represents its EA.
bThe uncertainty of the term value is estimated to be about 15 meV.
cThe uncertainty of the relative vibrational peak positions is about 6 meV
, No. 22, 8 June 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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to be significant for an open-shell molecule such as Fe
primary photodetachment channels can be well described
single particle transitions. Thus to understand the PES sp
trum of FeO2, it is best to consider the dominant molecul
orbital configurations of FeO2 and FeO. The ground state o
neutral FeO is known to be5D with a sb

2pb
4pa

2d3s1
1 configu-

ration, wheresb is a bonding orbital,pb is a bonding orbital
localized on the O atom,pa is an antibonding orbital from
the Fedp–O pp, andd ands1 are nonbonding orbitals on
the Fe atom. The ground state of the FeO2 has been estab-
lished to be4D with a sb

2pb
4pa

2d3s1
2 configuration by adding

the extra electron to the nonbondings1 orbital of neutral
FeO.8,10 Both the 4D and 5D states contain multiplet state
with differentV values. The spin–orbit splittings are 226 an
185 cm21 for the 4D and5D states, respectively.8

1. The X 5D and A 5S1 states
The removal of as1 electron from the FeO2 leads to the

ground state of FeO while the removal of ad electron results
in theA 5S1 states, as indicated in Fig. 1. The ground sta
exhibits a vibrational progression while only one sharp pe
is observed for the5S1 state with no detectable vibrationa
structure. This is consistent with theab initio calculation that
thed orbital is a pure nonbonding orbital localized on the F
atom.10 These two bands are in agreement with the previo
PES study by Engelking and Lineberger,2 except that the
current study has a slightly higher resolution. The sole pe
of the 5S1 state is quite sharp with only 45 meV FWHM
characteristic of the instrumental resolution at that ene
~about 1.5 eV electron kinetic energy!. However, the relative
intensity between the5D and the5S1 states are quite differ-
ent from the previous study: The peak of the5S1 state is
considerably higher than the peaks in the ground state in
current spectrum while the previous study shows a rather
peak intensity for the5S1 peak. This can be due to two
effects:~1! dependence of detachment cross sections on p
ton energies, and~2! poor transmission at low electron ki
netic energies in the previous study, which employed a he
spherical electrostatic energy analyzer and a lower pho
energy.

The vibrational spacing observed in the ground state,
shown in Table I, agrees well with the previous study, whi
obtained a value of 970~60! cm21.2 However, the ground
state vibrational frequency for FeO has been established
be 871 cm21,3 much smaller than the PES derived value
This is probably due to the fact that each vibrational peak
the PES spectrum contains a set of spin–orbit compone
which are spaced too close to be resolved in the PES stud
This is evident from the peak widths in theX 5D state. Thus,
the vibrational spacing obtained in the PES studies is
averaged value among all the spin–orbit components. Ad
tionally, the intensities of the vibrational progression in th
ground state are quite abnormal—the higher vibrational le
els ~v52,3! show unusually high intensities compared to
normal Franck–Condon envelope. This effect has been
tributed to a possible perturbation from another state,7S1,
which the CI calculation predicted to exist about 2000 cm21

above the5D state.5,10 This is highly possible because multi
J. Chem. Phys., Vol. 102Downloaded¬26¬Jun¬2007¬to¬130.20.226.164.¬Redistribution¬subject
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configuration effects are expected to be important for this
molecule.

2. The B 3S1 and C 3D low-lying low-spin states

Above theA 5S1 state, four more features are observed
The last three features labeledC have a constant spacing of
about 800 cm21, and most likely belong to members of a
vibrational progression. In fact, a fourth member can be
identified for this progression. The feature labeled asB
seems to be a lone feature with no higher vibrational levels
similar to theA 5S1 state, and is about 6770 cm21 above the
ground state. The first component of theC state is about
8310 cm21 above the ground state. These two low-lying ex-
cited states have never been observed previously. We w
assign them based on the CI calculation and consideration
of the FeO2 molecular orbital configurations.10

Thes1 orbital of the FeO
2 ground state~4D! is occupied

with two electrons, one spin up and one spin down. The5D
ground state of FeO is produced by removal of the spin dow
electron. The removal of the spin up electron will lead to a
3D excited state, which is equally allowed in the photode-
tachment process. However, such a low-spin excited state
prohibited in optical excitations by the spin selection rules
The low-spin 3D excited state corresponding to the5D
ground state is predicted to be about 1 eV above the groun
state.10 This is almost in exact agreement with the energy
difference between theC state and theX ground state ob-
served in the current PES spectrum. Thus it is natural t
assign theC state to the low-spin3D state with a vibrational
progression. Our instrumental resolution at theC state to the
low-spin 3D state with a vibrational progression. Our instru-
mental resolution at theC state should be slightly higher
than at theA 5S1 state due to the dependence of resolution
on the electron kinetic energies. However, the vibrationa
peak widths in theC state are all broader than the 45 meV
peak width observed for theA 5S1 peak. This is consistent
with the assignment to a3D state, since it can result in a
spin–orbit broadening similar to theX 5D ground state. The
3D state seems to have a slightly lower vibrational frequenc
than the5D ground state.

TheB state at 2.336 eV binding energy consists of only
a single peak, similar to the low-lyingA 5S1 state, which is
resulted from the removal of a spin downd electron from
FeO2. Similarly the removal of a spin upd electron will
result in a3S1 state, which should be similar to the5S1

state. However, the previous CI calculation did not predic
such a low-spin state.10 The predicted3S1 state has a con-
figuration ofsOp

2 ss2d
2 pb

3pa
3d2, which is quite different from

the currently assigned one and cannot be accessed throug
one-electron transition. Nevertheless, based on the lack
vibrational structure in theB state~which is similar to the
A 5S1 peak!, we assign it to the3S1 state with the removal
of a spin upd electron from FeO2 although its intensity
seems to be much lower than theA 5S1 peak. The lower
intensity is probably an indication of strong mixing with
other configurations. Additionally, a close examination of the
B peak indicates that it also has a width that appears bigge
than that of theA peak and it seems to be a doublet. How-
ever, the limited statistics and instrumental resolution pre
, No. 22, 8 June 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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vent us from making a definitive statement about the spec
width here. In any case, it seems that the3S1 state involves
strong multiconfiguration effects.

B. FeO2
2

The sharp feature of the FeO2
2 spectrum indicates tha

there is little geometry change between the anion and
neutral and that the photodetachment removes a nonbon
electron from FeO2

2 . The width of this feature is slightly
higher than the instrumental resolution, suggesting a low f
quency bending vibration is weakly excited since the stret
ing frequencies observed for the various isomers of FeO2 in
matrices are all quite large,18–20well within our experimental
resolution. On the basis of our instrumental resolution, t
FeO2 bending frequency is probably no larger than about 3
cm21. The EA of FeO2 is determined to be 2.358~0.030! eV,
which is quite high compared to that of FeO. The nonbon
ing nature of the detached electron suggests that it is pr
ably from a nonbonding 3d type of orbital on the Fe atom
similar to thed orbital in FeO.

Both Fe and O2 have every low EAs.25,26Therefore, the
high EA observed for the FeO2 in the current work seems
inconsistent with a side bonded FeO2 ~I! adduct or a linear or
bent Fe–O–O~II ! type of structure. On the other hand, from
simple chemical considerations it is well known that th
most stable oxidation states of Fe and O atoms are13 and
22, respectively. Thus a FeO2

2 molecule in the form of
O22Fe31O22 is expected to be quite stable~this is a formal
chemical consideration and does not mean that FeO2

2 is a
pure ionic molecule!. In this formal oxidation state, the Fe
atom has a rather stabled5 configuration. Thus the remova
of such a nonbondingd electron is expected to yield a high
EA for FeO2. These formal considerations are consiste
with the current PES spectrum.

The ground state symmetry of FeO2 is not known. At
least a FeO2 adduct~I! is known to exist, which can be con
verted to an OFeO structure upon uv irradiation in rare g
matrices.18–20Previous semiempirical calculations suggest
that a linear OFeO is the most stable.14 A recent mass spec-
trometry andab initio study concluded that the FeO2

1 cation
has a bent structure in which the Fe atom has a formal o
dation state of15, and that a side-bonded FeO2

1 adduct is
metastable and can be easily converted to the more st
bent OFeO1 dioxide form.21 The same study also suggeste
that FeO2

2 has an OFeO2 type of structure. This is consisten
with the current experiment. However, it is still not known
the OFeO2 species is bent or linear. Regardless, the curr
study suggests that the neutral has a similar structure as
anion and that there is a very small bond angle change fr
the anion to the neutral OFeO.

IV. SUMMARY

We have produced FeO2 and FeO2
2 in a laser vaporiza-

tion cluster source and obtained their PES spectra with
brational resolution~for FeO2! at 3.49 eV photon energy
Two new low-lying low-spin excited states are discover
for the FeO molecule at 6770 and 8310 cm21 above the
ground state. These two states are assigned to theB 3S1 and
J. Chem. Phys., Vol. 102Downloaded¬26¬Jun¬2007¬to¬130.20.226.164.¬Redistribution¬subjec
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C 3D states, respectively. The3S1 state shows little vibra-
tional structure, similar to the previously knownA 5S1 state,
which is due to the removal of a nonbonding and spin dow
d electron from the FeO2. TheC 3D state displays a well-
resolved vibrational structure with an average frequency o
800 ~50! cm21.

The FeO2
2 spectrum represents the first PES study o

this molecule and yields an electron affinity of 2.358~0.030!
eV for FeO2. The spectrum shows very little stretching vi-
brational structure and only very weak and unresolved ben
ing vibrations with a frequency no larger than about 350
cm21. The PES spectrum suggests that the detachment
moves a nonbondingd electron from FeO2

2 and that the
FeO2 neutral is quite similar to the anion. The current PES
result is consistent with a linear or bent OFeO structure.
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