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Structural and electronic properties of iron monoxide clusters Fe nO
and FenOÀ

„nÄ2 – 6…: A combined photoelectron spectroscopy
and density functional theory study
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We report a combined anion photoelectron spectroscopy and density functional theory~DFT! study
on a series of iron monoxide clusters, FenO (n52 – 6). Well-resolved photoelectron spectra were
obtained for FenO2 at variable detachment energies, allowing the ground state and numerous
low-lying excited states of FenO to be observed. Sharp threshold photoelectron features were
obtained for each species, which suggest rather small geometry changes between the anion and
neutral ground states for the monoxide clusters and allows the electron affinities of the neutral
clusters to be measured accurately. Extensive DFT calculations using the generalized gradient
approximation were carried out for both FenO and FenO2. Optimized geometries of the ground and
lowest excited states of both the anion and neutral species are reported along with the ground-state
vibrational frequencies and fragmentation energies. Theoretical electron affinities were compared
with the experimental measurements to verify the ground states of the iron monoxide clusters
obtained from the DFT calculations. ©2003 American Institute of Physics.
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I. INTRODUCTION

The interaction between iron and oxygen is relevant
understand important chemical and biochemical proces
such as corrosion and oxygen transport in biological syste
Iron monoxide clusters represent ideal model systems, w
may help address these fundamental processes at the a
level. However, the interaction of atomic oxygen with ne
tral and charged iron clusters is not yet well understo
Experimental spectroscopic data are known for the sma
FeO (r e51.616 Å,1 ve5880 cm21,2 m54.1760.08 D,3 Do

54.760.2 eV4! and FeO1 (Do53.5360.06 eV5!. For larger
FenO species, Fen

1 – O binding energies were obtained fro
collision induced dissociation~CID! measurements6 for n
52 – 17. Preliminary photodetachment photoelectron spe
of oxygen-chemisorbed iron cluster anions FenO2 (n
51 – 16), as well as several O-rich iron clusters, were
ported by one of us~L.S.W.!.7–10 Theoretical studies11–14

have been performed for FeO and its ions at theab initio and
density functional theory~DFT! levels. For the larger spe
cies, the only computations that we are aware of are for
neutral FenO (n52 – 6) using DFT within a local spin den
sity approximation~LSDA!.8

The complicated electronic structure of transition me
systems, and iron clusters in particular, has posed cons
able experimental and theoretical challenges. The aim of
present work is to obtain well-resolved photoelectron spe

a!Electronic mail: ggutsev@mail.arc.nasa.gov
b!Electronic mail: ls.wang@pnl.gov
11130021-9606/2003/119(21)/11135/11/$20.00
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of FenO2 at various photon energies in order to better eva
ate the electron affinities~EA!, to resolve low-lying excited
states of the corresponding neutral clusters, and to com
our experimental findings with the results of our extens
computations performed using density functional theory w
the generalized gradient approximation~DFT-GGA!. We also
present optimized geometries of the ground- and lowest
cited states of the FenO and FenO2 species (n52 – 6), along
with their ground-state vibrational frequencies and fragm
tation energies. Such a combined experimental and com
tational study allows us to assign the ground states of
anionic and neutral iron monoxide clusters, which all ha
high spins. There are a large number of low-lying excit
states for both the neutrals and anions.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental methods

The experiments were carried out using a magne
bottle-type photoelectron spectroscopy~PES! apparatus
equipped with a laser vaporization supersonic cluster sou
details of which have been described previously.15,16 Briefly,
the FenO2 cluster anions were produced by laser vapori
tion of a pure iron target in the presence of a helium car
gas, and were analyzed using a time-of-flight mass spectr
eter. The oxygen was either from residual oxygen in
source chamber/target surface or from N2O (1%) seeded in
the helium carrier gas. The FenO2 (n52 – 6) species were
each mass selected and decelerated before being pho
tached. Four detachment photon energies were used in
5 © 2003 American Institute of Physics
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current study: 532 nm~2.331 eV!, 355 nm~3.496 eV!, 266
nm ~4.661 eV!, and 193 nm~6.424 eV!. Photoelectrons were
collected at nearly 100% efficiency by the magnetic bo
and analyzed in a 3.5 m long electron flight tube. The p
toelectron spectra were calibrated using the known spect
of Rh2, and the energy resolution of the apparatus w
DEk/Ek;2.5%, that is,;25 meV for 1 eV electrons.

B. Theoretical procedures

The GAUSSIAN 98 program17 was used for all the calcu
lations. We used the basis sets denoted as 6-3111G* in the
Gaussian program, namely (15s11p6d1 f )/@10s7p4d1 f # for
Fe ~Refs. 18–20! and (12s6p1d)/@5s4p1d# for O.21 The
following exchange-correlation functionals were tested
Fe2O and Fe2O2: BLYP @Becke’s exchange22 and Lee–
Yang–Parr’s correlation23#, BP86 @Becke’s exchange22 and
Perdew’s correlation24#, BPW91 @Becke’s exchange22 and
Perdew-Wang’s correlation25#, BPBE @Becke’s exchange22

and Perdew–Burke–Ernzerhof’s correlation26#, and hybrid
B3LYP.27,28 The BPW91 functional was used in the calcu
tions for n>3. Assignment of the spectroscopic states
Fe2O and Fe2O2 was based on the symmetry of the Sla
determinants built using the one-electron DFT orbitals~hy-

FIG. 1. Photoelectron spectra of Fe2O2 at ~a! 532 nm~2.331 eV!; ~b! 355
nm ~3.496 eV!; ~c! 266 nm~4.661 eV!; and ~d! 193 nm~6.424 eV!.
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brid or Kohn–Sham ones!. Optimizations forn>3 were per-
formed without imposing symmetry constraints, and the o
timized states are marked with the number of unpai
electrons 2S, whereS is the total spin.

The geometry of each species was optimized and a s
sequent harmonic frequency calculation was performed
ing analytical second derivatives in order to confirm that
optimized geometry corresponded to a minimum. For
neutral species, the initial state had the same number of
paired electrons as the corresponding bare Fen cluster.29

States with fewer and greater numbers of open shells w
studied until we were confident that we had found the grou
state. The starting numbers of unpaired electrons of
FenO2 anions were chosen as the numbers of unpaired e
trons in the corresponding neutrals increased by 1, and
states with fewer and greater numbers of open shells w
studied. Generally, three to five optimizations were p
formed in each case. Our reported electron affinities, E
are computed as the differences in total energies of e
species at its equilibrium geometry, and therefore corresp
to adiabatic values.

FIG. 2. Photoelectron spectra of Fe3O2 at ~a! 532 nm;~b! 355 nm;~c! 266
nm; and~d! 193 nm.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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11137J. Chem. Phys., Vol. 119, No. 21, 1 December 2003 Iron monoxide clusters
III. EXPERIMENTAL RESULTS

The photoelectron spectra for FenO2 (n52 – 6) are
shown in Figs. 1–5, respectively, at four photon energ
532, 355, 266, and 193 nm. These data are significantly
proved in comparison to our previous reports in seve
respects.7,8,10First, each species was studied at four differe
photon energies in the present work, whereas only the
and 266 nm photons were used previously. The low pho
energy spectra at 532 nm allowed the low binding ene
features to be better resolved, whereas the high photon
ergy spectra at 193 nm provide information about high-ly
excited states of the neutral clusters. Second and more
portant, efforts were made to control the temperatures of
clusters by tuning the firing timing of the vaporization las
relative to the carrier gas, and choosing the later part of
cluster beam~where the clusters have a larger residence t
in the nozzle and tend to be colder! for photodetachment.30,31

The colder clusters give rise to sharper and better-reso
spectral features, which would have been smeared out o
wise even with good instrumental resolution.32–34

Numerous discrete and well-resolved electronic tran
tions were observed in the PES spectra of FenO2 (n
52 – 6), as shown in Figs. 1–5. The PES features repre

FIG. 3. Photoelectron spectra of Fe4O2 at ~a! 532 nm;~b! 355 nm;~c! 266
nm; and~d! 193 nm.
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the electronic transitions from the ground-state FenO2 an-
ions to the ground- and excited states of the correspond
FenO neutrals. Basically, the lower binding energy porti
~below;2.5 eV! of the PES spectra for each FenO2 species
was better resolved with several well-separated sharp
tures. In particular, a sharp threshold peak was observe
each spectrum. Each feature is likely to represent a sin
electronic state of a neutral, which indicates that the ene
levels near the Fermi level are not too congested. The nar
bandwidths of the low-energy peaks and the threshold pe
in particular, allows the suggestion that structural chan
between the FenO2 anions and their neutral counterparts a
small. In contrast, the higher binding energy portion of t
PES spectra for each FenO2 species appeared to be e
tremely congested, and only few prominent features could
identified from the apparently continuous electron signa
The observed vertical detachment energies~VDE! for all the
labeled features~X–F! in Figs. 1–5 are given in Table I.

We note that the temperature for the cluster anions w
expected to be at around or slightly below roo
temperature32 under our current experimental condition
Consequently, hot band transitions were largely suppres
as indicated by the disappearance or decrease of low bin

FIG. 4. Photoelectron spectra of Fe5O2 at ~a! 532 nm;~b! 355 nm;~c! 266
nm; and~d! 193 nm.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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energy tails and the appearance of sharp onset of the th
old PES feature~X!. Nevertheless, a substantial low bindin
energy tail was observed for the spectra of Fe5O2 ~Fig. 4!,
showing that the relatively large iron monoxide species w
still hot under our current source conditions. Furthermo
the intense and increasing tails at the higher binding ene
side of the PES spectra of Fe5O2 and Fe6O2 are character-
istic of thermionic emission from hot clusters. The absen
of such high binding energy tails in the spectra of Fe2O2,
Fe3O2, and Fe4O2 implies that these smaller monoxide sp
cies were relatively cold.

The well-resolved sharp threshold features~X! in Figs.
1–5 provide important information for the ground states
both the anions and the neutrals and facilitate compar
with the results of calculations. The sharp threshold pe
suggested that there is little geometry change between
ground states of the anions and the neutral clusters and
the extra electron in the anions occupies a nonbonding
bital. The peak maximum in each spectrum yielded the V
for the ground-state transitions of FenO2, as listed in Table I.
The sharp onset of the threshold peak~X! allowed a fairly
accurate determination of the adiabatic detachment ene
~ADE! for the ground-state transitions, i.e., the EAs of t

FIG. 5. Photoelectron spectra of Fe6O2 at ~a! 532 nm;~b! 355 nm;~c! 266
nm; and~d! 193 nm.
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corresponding FenO neutral clusters. Since no vibration
structures were resolved, we evaluated the ADE by draw
a straight line at the leading edge of the feature X and t
adding the instrumental resolution to the intersections w
the binding energy axis. Although this is an approxima
procedure, it yields consistent ADEs from spectra taken
different photon energies, due to the relative sharp onse
the spectra. All the ADEs were determined from the 532
spectra, which yielded the most accurate values because
better spectral resolution. The ADEs obtained in this way
also given in Table I.

IV. THEORETICAL RESULTS

A. Structures and frequencies

In agreement with the previous discussion,35 both Fe2O
and Fe2O2 possess a number of closely spaced states
each spin multiplicity. We performed an extensive sea
within linear Fe–O–Fe, Fe–Fe–O, and angular symmet
and nonsymmetric Fe–O–Fe configurations. The ground

TABLE I. Adiabatic and vertical detachment energies~ADEs and VDEs! of
FenO2 derived from photoelectron spectra. All energies are in eV.

Observed feature ADEa,b VDEb

Fe2O2 X 1.60~2! 1.64~2!
A 2.04~2!
B 2.25~2!
C 2.52~5!
D 3.30~5!
E 3.60~5!
F 3.92~5!
G ;4.3

Fe3O2 X 1.44~2! 1.44~2!
A 1.75~2!
B 1.94~2!
C 2.20~3!
D 2.33~2!
E 3.18~4!
F 3.84~5!

Fe4O2 X 1.70~2! 1.70~2!
A 1.85~2!
B 1.97~3!
C 2.16~5!
D 2.56~3!
E 2.95~5!
F ;4.3

Fe5O2 X 1.85~2! 1.87~2!
A 2.00~2!
B 2.20~5!
C 2.49~3!
D ;2.9
E ;3.3

Fe6O2 X 1.70~2! 1.73~2!
A 1.96~3!
B 2.32~3!
C 2.43~3!
D ;2.8
E ;3.2
F 3.78~6!

aAlso represent the adiabatic electron affinities of the corresponding ne
FenO species.

bNumbers in parentheses represent the experimental uncertainties in th
digit.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Results of computations on the ground states of Fe2O (7A2) and Fe2O2 (8A2) using different
methods.

B3LYP BLYP BPW91 BP86 BPBE

Fe2O 7A2[7A9
Re~O–Fe), Å 1.799 1.804 1.789 1.787 1.789
/FeOFe° 70.64 71.70 71.58 71.55 71.55
v (b2), cm21 224 268 286 287 287
v (a1) 351 329 343 343 343
v (a1) 731 715 730 734 730
m, Debye 3.199 2.862 2.805 2.780 2.800
EA, eVa 1.39 1.21 1.30 1.44 1.28

Fe2O2 8A2[8A9
Re(O–Fe), Å 1.848 1.849 1.833 1.831 1.832
/FeOFe° 68.4 69.76 69.50 69.53 69.53
v (b2), cm21 144 266 273 281 274
v (a1) 330 302 317 315 317
v (a1) 666 647 667 670 668

aExperimental value~this work! is 1.6060.02 eV.
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states of Fe2O and Fe2O2 were found to be7A2 and 8A2 ,
respectively. We should note that the7A1 state of Fe2O has
essentially the same geometry as the ground7A2 state, and is
computed to be only 0.06 eV above. Thus, we cannot r
out the7A1 as the ground state of Fe2O. However, the7A1

state is not related to the8A2 state of the anion by a one
electron detachment process, and therefore would not be
served in the experiment. The Mulliken populations sh
that the charge on the oxygen increases from20.39e2 in
Fe2O to 20.54e2 in Fe2O2. That is, the extra electron add
mostly into the Fe 4s orbitals, which were depleted by dona
tion to the oxygen in the neutral clusters.

Optimizations performed without imposingC2v symme-
try constraints yielded7A9 and8A9 states with identical tota
energies and bond lengths as those for the7A2 and 8A2

states, respectively. As shown in Table II, all five metho
tested provide similar geometrical structures and vibratio
frequencies except for the B3LYP, which predicts the be
r 2007 to 130.20.226.164. Redistribution subject to AI
le

b-

s
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ing frequency of the Fe2O2 anion to be too low. All the EAs
computed at the different levels of theory are smaller th
the experimental value, with the largest deviation~;0.4 eV!
seen at the BLYP level~Table II!. The Perdew’s correlation
functionals PW91, P86, and PBE provide nearly identi
geometries and vibrational frequencies. The best EA w
respect to the experiment was obtained at the BP86 le
However, this method overestimated the EAs of pure ir
clusters.29

The structures of Fe2O and Fe2O2 with different spin
multiplicities were optimized at the BPW91 level and a
presented in Fig. 6. One can see a rather striking peculia
the ferromagnetic high-spin ground states are very clos
total energy to the low-spin antiferromagnetic states. The
ter possesses two nonequivalent Fe atoms. By imposingC2v
symmetry constraints, one can obtain a nonmagnetic sin
of Fe2O, but this nonmagnetic1A1 state @r e(O–Fe)
51.69 Å, r e(Fe–Fe)52.12 Å] is 2.27 eV above the antifer
t
o-
g
or
FIG. 6. Lowest energy states of Fe2O
and Fe2O2. Bond lengths are in Å and
local magnetic moments in bold a
each atom are in bohr magnetons. T
tal energies of the correspondin
ground states are taken as zero f
both series.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 7. Lowest energy states of Fe3O and Fe3O2. See
the caption of Fig. 6. The total numbers of unpaire
electrons are labeled as 2S.
re
e
ro
g

ee

c-

us
romagnetic1A8 state. For the doublet Fe2O2 anion, impos-
ing C2v constraints leads to a state that is unbound.

Figures 7–10 display optimized ground-state structu
of neutral FenO (n53 – 6) and their anions, along with th
low-lying states possessing the number of unpaired elect
adjacent to those in the corresponding ground states. Oxy
is twofold coordinated in species withn53 and 4, while it is
threefold coordinated in the larger clusters. This is in agr
Downloaded 25 Mar 2007 to 130.20.226.164. Redistribution subject to AI
s

ns
en

-

ment with the previous LSDA results,8 except that the latter
predicted that a twofold~edge-on! oxygen adsorption is more
stable for Fe5O. We found the lowest energy edge-on stru
ture for Fe6O2 to correspond to a 2S517 state, which is
above the 2S519 ground state~Fig. 10! by 0.29 eV.

Small iron clusters are highly magnetic with numero
unpaired electrons. Excluding Fe4O, the number of unpaired
electrons in ground states of Fen and FenO are the same. The
FIG. 8. Lowest energy states of Fe4O
and Fe4O2. See the captions in Figs. 6
and 7.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 9. Lowest energy states of Fe5O and Fe5O2. See
the captions in Figs. 6 and 7.
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difference between the total energies of the Fe4O states with
2S512 and 2S514 is only 0.011 eV, which seems to b
related to a small separation between the 2S512 and 2S
514 states of bare Fe4 ~its 2S514 state is lower by 0.08 eV
as computed29 at the same BPW91/6-3111G* level!.
~Salahub and Chre´tien36 found a higher separation of 0.36 e
at the PP86 level.! Thus, oxidation of the iron clusters, a
least in the range of 2<nZ<6 considered here at th
Downloaded 25 Mar 2007 to 130.20.226.164. Redistribution subject to AI
BPW91/6-3111G* level of theory, appears not to quench th
magnetic moments of the bare iron clusters.

Excluding Fe4O, the number of unpaired electrons in th
anion ground states differs by only 1 with respect to t
number of unpaired electrons in the ground state of the c
responding neutrals. The ground state of Fe4O2 has 2S
515 and is well separated from the states with 2S513
and 2S517 ~Fig. 8!, while the neutral state of Fe4O with
FIG. 10. Lowest energy states of Fe6O and Fe6O2. See
the captions in Figs. 6 and 7.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. BPW91 harmonic vibrational frequencies~in cm21! and relative intensities of Fe3O, Fe4O, Fe5O,
Fe6O, and their anions. Absolute intensities@KM/Mole#: Fe3O:68.8, Fe4O:90.3, Fe5O:64.2, Fe6O:57.7;
Fe3O2:107.6, Fe4O2:126.6, Fe5O2:62.5, Fe6O2:56.9.

Freq. Fe3O Fe3O2 Fe4O Fe4O2 Fe5O Fe5O2 Fe6O Fe6O2

v1 115@0.14# 143@0.01# 108@0.01# 99@0.04# 95@0.01# 105@0.01# 106@0.00# 105@0.01#
v2 220@0.03# 221@0.00# 115@0.01# 161@0.00# 102@0.01# 143@0.01# 112@0.00# 114@0.00#
v3 232@0.37# 230@0.24# 174@0.01# 167@0.00# 156@0.02# 159@0.00# 153@0.00# 138@0.00#
v4 336@0.00# 347@0.00# 191@0.02# 202@0.00# 165@0.02# 173@0.02# 153@0.00# 139@0.00#
v5 489@0.17# 406@0.37# 235@0.02# 231@0.04# 180@0.02# 185@0.03# 172@0.00# 171@0.01#
v6 650@1.00# 613@1.00# 238@0.01# 233@0.02# 207@0.03# 208@0.02# 185@0.01# 193@0.00#
v7 353@0.00# 343@0.00# 212@0.09# 227@0.00# 222@0.00# 206@0.00#
v8 431@0.00# 382@0.11# 235@0.19# 244@0.07# 222@0.00# 217@0.00#
v9 639@1.00# 612@1.00# 297@0.01# 285@0.02# 231@0.05# 235@0.01#
v10 326@0.02# 334@0.01# 285@0.08# 280@0.00#
v11 372@0.16# 380@0.10# 285@0.08# 299@0.01#
v12 562@1.00# 537@1.00# 330@0.00# 321@0.04#
v13 349@0.01# 335@0.01#
v14 352@0.01# 372@0.00#
v15 531@1.00# 524@1.00#
ec

te
st
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fre-
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2S514 is slightly above the state with 2S512. Since the
anion and neutral tend to differ by only one unpaired el
tron, we would not be surprised if the ground state of Fe4O is
in fact a 2S514 state if a higher-level theory is applied.

Harmonic vibrational frequencies for the ground sta
of FenO and FenO2 are presented in Table III. The highe
r 2007 to 130.20.226.164. Redistribution subject to AI
-

s

frequency mode is associated with the Fen– O stretching. The
Fen– O bending modes depend on the shape of the co
sponding metal cluster. For example, the second highest
quency mode in Fe4O corresponds to the vibration of the
parallel to the upper two Fe atoms, while the lowest f
quency mode is the vibration of the O perpendicular to
TABLE IV. Fragmentation energies~in eV! of neutral and negatively charged iron monoxide clusters.

Neutral Anion

Channel BPW91 Channel BPW91

Fe2O → Fe21O 5.62 Fe2O2 → Fe2
21O 5.96

→ FeO1Fe 2.60 Fe2O2 → Fe21O2 5.31
Fe2O2 → FeO21Fe 2.62

Fe3 → Fe21Fea 2.32 ~1.91! Fe3
2 → Fe2

21Fe 2.84

Fe3O → Fe31O 6.29 Fe3O2 → Fe3
21O 6.17

→ Fe2O1Fe 2.99 → Fe2O21Fe 3.05
→ FeO1Fe2 3.40 → FeO21Fe2 3.47

→ FeO1Fe2
2 3.78

Fe4 → Fe31Fea 3.06 ~2.19! Fe4
2 → Fe3

21Fe 3.34

Fe4O → Fe41O 6.01 Fe4O2 → Fe4
21O 5.84

→ Fe3O1Fe 2.70 → Fe3O21Fe 3.01
→ Fe2O1Fe2 3.56 → Fe2O21Fe2 3.86
→ FeO1Fe3 3.82 → FeO21Fe3 4.16

Fe5 → Fe41Fea 3.26 ~2.25! Fe5
2 → Fe4

21Fe 3.37

Fe5O → Fe51O 5.80 Fe5O2 → Fe5
21O 5.59

→ Fe4O1Fe 3.09 → Fe4O21Fe 3.12
→ Fe3O1Fe2 3.66 → Fe3O21Fe2 3.97
→ Fe2O1Fe3 4.33 → Fe2O21Fe3 4.67
→ FeO1Fe4 3.88 → FeO21Fe4 4.28

→ Fe51O2 5.80
Fe6 → Fe51Fea 3.74 ~3.17! Fe6

2 → Fe5
21Fe 3.51

Fe6O → Fe61O 5.70 Fe6O2 → Fe6
21O 5.67

→ Fe5O1Fe 3.64 → Fe5O21Fe 3.54
→ Fe4O1Fe2 4.54 → Fe4O21Fe2 4.47
→ Fe3O1Fe3 4.98 → Fe3O21Fe3 5.17
→ Fe2O1Fe4 4.93 → Fe2O21Fe4 5.18
→ FeO1Fe5 4.21 → FeO21Fe5 4.50

→ Fe61O2 5.59
Fe7 → Fe61Feb 3.11

aBond strengths of pure iron clusters: BPW91 values~in italic! are from Ref. 29, experimental data~in bold! are
from Ref. 6.

bExperimental data from Ref. 6.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE V. Experimental and BPW91 adiabatic electron affinities~EA, in eV! of bare iron clusters and iron monoxide clusters along with the BPW91 ver
detachment energies~VDE, in eV! from the FenO2 ground states to the low and high spin states of the corresponding neutrals.

Fe Fe2 Fe3 Fe4 Fe5 Fe6

EA BPW91a 0.63 0.94 1.47 1.76 1.84 1.61
Expt.b 0.15160.003 0.90260.008 1.4560.08 1.8060.05 1.7560.05 1.6160.05

FeO Fe2O Fe3O Fe4O Fe5O Fe6O

EA BPW91c 1.26 1.30 1.34 1.60 1.63 1.53
Expt.d 1.5060.02 1.6060.02 1.4460.02 1.7060.02 1.8560.02 1.7060.02

FeO Fe2O Fe3O Fe4O Fe5O Fe6O

VDE Low spin 2.45 1.32 1.36 1.67 1.68 1.93
High spin 1.26 1.68 1.91 2.30 1.77 1.65

Expt. 1.5060.02 1.6460.02 1.4460.02 1.7060.02 1.8760.02 1.7360.02

aSee Ref. 29.
bThe EA of Fe and the EA of Fe2 are from Ref. 41. The rest are unpublished data from the Wang group, which are slightly improved over those in R
cThis work, the EA of FeO is from Ref. 13.
dThis work ~the PES data for FeO2 not shown!. The EA of FeO obtained by Engelking and Lineberger~Ref. 40! is 1.49260.020 eV.
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upper two Fe atoms. For Fe6O, the oxygen interacts with
three Fe atoms, and the bending frequencies correspon
the second and third highest frequency modes. Compare
the vibrational frequencies of the bare iron clusters,29 they
are generally larger. For example, the vibrational frequen
of Fe3 are 62, 231, and 353 cm21, while Fe3O has the lowest
and highest frequencies of 115 and 650 cm21, respectively.
While not relevant to the photodetachment experiment,
also report the infrared intensities to aid the interpretation
any future matrix experiments. The infrared intensities of
iron monoxide clusters are larger than those of bare i
clusters. For each molecule, most of the intensity falls i
the highest frequency mode.

B. Thermodynamic stability

Fragmentation energies for different channels of the n
tral and charged FenO species were computed as differenc
in total energies of a species and its decay products corre
for the ZPEs, as presented in Table IV. For comparison,
included the Fe-abstraction energies from the bare iron c
ters that were previously computed29 and were also obtained6

from the CID measurements. The Fen– O binding energies
were found to be much higher than the Fen21– Fe energies. A
comparison of the computed and experimental Fen21– Fe
bond strengths shows that the BPW91 approach, as we
other pure DFT methods, tends to overestimate the b
strengths by about 1 eV. For comparison, the bond stren
in the ground-state O2 dimer computed at the sam
BPW91/6-3111G* level is 5.72 eV; the experimenta
value37 is 5.12 eV. The bonding of the O atom to iron cluste
is of a similar strength and is nearly independent of the c
ter size. The charged FenO2 clusters also possess hig
Fen

2 – O binding energies, owing to similar EAs of the Fn

and FenO clusters, as will be discussed below.

V. COMPARISON OF EXPERIMENTAL
AND THEORETICAL RESULTS

The three lowest states of Fe2O that are connected to th
ground8A2 state of the anion are the7A2 ground state and
the 9A2 and 7B1 excited states, which are 0.32 and 0.78
Downloaded 25 Mar 2007 to 130.20.226.164. Redistribution subject to AI
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above the7A2 state, respectively. Detachment to form t
7A2 state is associated with the peak labeled X in Table I a
Fig. 1. On the basis of our computed excitation energies,
9A2 state probably corresponds to peak A, while the form
tion of the 7B1 state is associated with either B or C. W
performed a Franck–Condon analysis38,39 for the 7A2 , 9A2 ,
and 7B1 states, and the shape and width of the primary
tachment peak are similar for all three states. This is differ
from what is observed in experiment. Thus, the intensity
the peaks is likely due to the character of the orbital fro
which the electron is detached. For all of the systems,
highest occupieda spin orbital of the anion is mostly o
Fe 4s character, while the highest occupiedb spin orbital is a
mixture of Fe 4s and 3d. There is only a small oxygen com
ponent in either the highest occupieda or b orbital. The
other open-shella orbitals tend to have a smaller 4s compo-
nent than the highest occupieda orbital, but a bigger 4s
component than the highest occupiedb orbital. Because 4s
detachments have larger cross sections than 3d detachments,
we expect that detaching ana electron to form the low-spin
neutral should have a larger intensity than detaching ab
electron to form the high-spin neutral. For all systems the
peak is one of the most intense at the lowest detachm
energy~532 nm!, consistent with detachment from an orbit
with the mostly Fe 4s character and rather similar geometri
for the neutral and its anion. While this is consistent with t
BPW91 results for Fe2O2 to Fe5O2, the calculations predic
a detachment of ab electron for Fe6O2. However, the 2S
519 and 21 states of Fe6O2 and the 2S520 and 18 states o
Fe6O are close in energy, and therefore it is possible that
ordering of the low-lying states of either the anion or neut
is incorrect.

Experimental and theoretical EAs of the FenO clusters
are compared in Table V and Fig. 11. We also include res
for FeO, and we note that our experimental value is v
close to that of Engelking and Lineberger.40 For comparison,
we also give experimental33,41 and theoretical29 EAs of the
bare Fen clusters. Three observations can be made imme
ately. First, the difference between the adiabatic and vert
detachment energies is small in both theory and experim
Second, the size-dependent trend in FenO is reasonably re-
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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produced by the BPW91. Third, upon oxidation by t
atomic oxygen, the EAs increase markedly only for t
smallest species (n51 and 2!, whereas for larger specie
(n53 – 6) oxidation only slightly changes the EAs. The E
trend of FenO vs Fen may be understood from the anion-t
neutral structural changes of the iron monoxide. As can
seen in Figs. 7–10, for then53 – 6 monoxides, the majo
structural changes between the anions and neutrals take
in the Fe–Fe bond lengths, whereas the Fe–O bond len
change very little. This is consistent with the metal-bas
nature of the anion HOMOs and explains why the oxidiz
tion of atomic oxygen does not lead to appreciable incre
of the EAs for these relatively large monoxide species~Fig.
11!. On the other hand, photodetachment from Fe2O2 in-
duces primarily changes in the Fe–O bond length with
substantial change of the Fe–Fe bond length. An inspec
of the anion HOMO shows that it is antibonding betwe
oxygen and the Fe atoms, and weakly bonding between
two Fe atoms. That is why oxidation of Fe2 leads to an
apparent increase in the EA (Fe2O vs Fe2 , Fig. 11!.

It should be pointed out that while the theoretical E
agree well with the experimental data for the bare Fe2– Fe6

clusters, the EAs are less accurately reproduced for the m
oxide species FenO (n52 – 6). The BPW91 method unde
estimates the EAs by 0.1–0.2 eV for most monoxide spec
the largest difference between theory and experiment rea
0.30 eV for Fe2O. Increasing the basis set for oxygen
6-31111G(3d f) did not result in any appreciable chang
in the EA of Fe2O. However, such discrepancies are s
within the typical error bars of the DFT methods and a
acceptable. For the atomic EA, the overestimation is pr
ably related to an incorrect description of the ground-st
4s23d6 configuration of the Fe atom, where the pure D
methods are biased42 toward a mixed 4s22d3d61d occupa-
tion.

Good agreement between our theoretical and experim

FIG. 11. Comparison of the experimental~filled dots! and BPW91~empty
dots! adiabatic electron affinities~in eV! of FenO obtained in the presen
work with previous experimental~empty squares! data for the bare Fen

clusters.
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tal EAs lends credence to the current DFT calculations
both the monoxide anions and the neutrals. It is safe
general, to assign the threshold PES feature~X! in Figs. 1–5
to the transition from the anion ground state to the neu
ground state identified in the DFT calculations~Figs. 6–10!,
respectively. These ground-state transitions are well cha
terized by one-electron detachment processes, as indic
by the spin states. Therefore, we would not be surprised
find that the true ground state of Fe4O is the 2S514 state
~Fig. 8!, even though it is computed to be slightly higher
energy ~by 0.011 eV! than the 2S512 state, because th
ground state of Fe4O2 is clearly the state with 2S515.

VI. SUMMARY

In summary, we report a combined anion photoelect
spectroscopy and density functional theory study on a se
of iron monoxide clusters, FenO (n52 – 6). Well-resolved
photoelectron spectra were obtained for FenO2 at several
photon energies, allowing the ground- and numerous lo
lying excited states of FenO to be observed. The ground-sta
adiabatic and vertical detachment energies were determ
more accurately from the well-resolved spectra obtained
low photon energies. Sharp threshold features were obse
for all the FenO2 species, which indicates rather small g
ometry changes between the monoxide anions and the c
sponding neutrals upon photodetachment. Extensive den
functional theory calculations with generalized gradient a
proximation were carried out for both FenO and FenO2 with
different spin states. Optimized geometries of the grou
and lowest excited states of both anion and neutral spe
are reported, along with their ground-state vibrational f
quencies and fragmentation energies. Theoretical adiab
detachment energies are compared with the experime
measurements, and good agreement is achieved.
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