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We report a combined anion photoelectron spectroscopy and density functional {D&dnystudy

on a series of iron monoxide clusters,,Bedn=2-6). Well-resolved photoelectron spectra were
obtained for FgO™ at variable detachment energies, allowing the ground state and numerous
low-lying excited states of R® 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 Jeeand FgO ™. 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. ®003 American Institute of Physics.

[DOI: 10.1063/1.1621856

I. INTRODUCTION of Fe,0™ at various photon energies in order to better evalu-
ate the electron affinitie€EA), to resolve low-lying excited

The interaction between iron and oxygen is relevant tostates of the corresponding neutral clusters, and to compare

understand important chemical and biochemical processegur experimental findings with the results of our extensive

such as corrosion and oxygen transport in biological systemgomputations performed using density functional theory with

Iron monoxide clusters represent ideal model systems, whicthe generalized gradient approximati@FT-GGA). We also

may help address these fundamental processes at the atorpiesent optimized geometries of the ground- and lowest ex-

level. However, the interaction of atomic oxygen with neu-cited states of the £® and FgO~ species (=2-6), along

tral and charged iron clusters is not yet well understoodwith their ground-state vibrational frequencies and fragmen-

Experimental spectroscopic data are known for the smalleshtion energies. Such a combined experimental and compu-

FeO (.=1.616A! w,=880cm 2 u=4.17+0.08 D3 D, tational study allows us to assign the ground states of the

=4.7+0.2eV) and FeO (D,=3.53+0.06 e\?). For larger  anionic and neutral iron monoxide clusters, which all have

Fe,O species, Fe-0 binding energies were obtained from high spins. There are a large number of low-lying excited

collision induced dissociatioiCID) measurementsfor n states for both the neutrals and anions.

=2-17. Preliminary photodetachment photoelectron spectra

of oxygen-chemisorbed iron cluster anions \G€(n | eypERIMENTAL AND COMPUTATIONAL DETAILS

=1-16), as well as several O-rich iron clusters, were re-

ported by one of ugL.S.W).”~1° Theoretical studi¢d'* A. Experimental methods

have been performed for FeO and its ions atethenitio and The experiments were carried out using a magnetic-

density functional theoryDFT) levels. For the larger spe- bottle-type photoelectron spectroscopffES  apparatus

cies, the only computations that we are aware of are for thequipped with a laser vaporization supersonic cluster source,

neutral FgO (n=2-6) using DFT within a local spin den- details of which have been described previod3#f Briefly,

sity approximation(LSDA).? the FgO~ cluster anions were produced by laser vaporiza-
The Complicated electronic structure of transition meta|tion of a pure iron target in the presence of a helium carrier

systems, and iron clusters in particular, has posed considegras, and were analyzed using a time-of-flight mass spectrom-

able experimental and theoretical challenges. The aim of thgeter. The oxygen was either from residual oxygen in the

present work is to obtain well-resolved photoelectron spectrgource chamber/target surface or fromON1%) seeded in

the helium carrier gas. The @ (n=2-6) species were

aElectronic mail: ggutsev@mail.arc.nasa.gov each mass selected and decelerated before being photode-

YElectronic mail: Is.wang@pnl.gov tached. Four detachment photon energies were used in the
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FIG. 1. Photoelectron spectra of J&8 at (a) 532 nm(2.331 eV}; (b) 355
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current study: 532 nnf2.331 eV}, 355 nm(3.496 eV}, 266
nm (4.661 eV}, and 193 nn{6.424 e\). Photoelectrons were
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FIG. 2. Photoelectron spectra of & at (a) 532 nm;(b) 355 nm;(c) 266
nm; and(d) 193 nm.

collected at nearly 100% efficiency by the magnetic bottley 4 or Kohn—Sham ongsOptimizations fom=3 were per-
and analyzed in a 3.5 m long electron flight tube. The phosymeq without imposing symmetry constraints, and the op-
toelectron spectra were calibrated using the known Spectrum \i-od states are marked with the number of unpaired
of Rh™, and the energy resolution of the apparatus Wa$actrons 5. whereSis the total spin

AEK/Ek~2.5%, that is,~25 meV for 1 eV electrons. ’ '

B. Theoretical procedures

The GAussIAN 98 progrant’” was used for all the calcu-
lations. We used the basis sets denoted as 6-&lin the
Gaussian program, namely (@Blp6d1f)/[ 10s7p4d1f] for
Fe (Refs. 18—2p and (126p1d)/[5s4pld] for 0! The

The geometry of each species was optimized and a sub-
sequent harmonic frequency calculation was performed us-
ing analytical second derivatives in order to confirm that the
optimized geometry corresponded to a minimum. For the
neutral species, the initial state had the same number of un-
paired electrons as the corresponding barg Elaster
States with fewer and greater numbers of open shells were

following exchange-correlation functionals were tested orstudied until we were confident that we had found the ground

Fe,0 and FgO : BLYP [Becke's exchandd and Lee—
Yang—Parr’s correlatiori], BP86 [Becke’s exchand@ and
Perdew’s correlatioff], BPW91 [Becke’s exchandé and
Perdew-Wang's correlatidn, BPBE [Becke’s exchandgé
and Perdew—Burke—Ernzerhof’s correlafiin and hybrid

state. The starting numbers of unpaired electrons of the
Fe,O™ anions were chosen as the numbers of unpaired elec-
trons in the corresponding neutrals increased by 1, and then
states with fewer and greater numbers of open shells were
studied. Generally, three to five optimizations were per-

B3LYP2"?8 The BPW91 functional was used in the calcula- formed in each case. Our reported electron affinities, EAs,
tions for n=3. Assignment of the spectroscopic states ofare computed as the differences in total energies of each
Fe,O and FgO~ was based on the symmetry of the Slaterspecies at its equilibrium geometry, and therefore correspond

determinants built using the one-electron DFT orbiidlg-

to adiabatic values.
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FIG. 3. Photoelectron spectra of J&& at (a) 532 nm;(b) 355 nm;(c) 266 FIG. 4. Photoelectron spectra off& at (a) 532 nm;(b) 355 nm;(c) 266
nm; and(d) 193 nm. nm; and(d) 193 nm.

I1l. EXPERIMENTAL RESULT . .
SULTS the electronic transitions from the ground-statg @e an-

The photoelectron spectra for & (n=2-6) are ions to the ground- and excited states of the corresponding
shown in Figs. 1-5, respectively, at four photon energiesFe,O neutrals. Basically, the lower binding energy portion
532, 355, 266, and 193 nm. These data are significantly imtbelow ~2.5 eV) of the PES spectra for each J&& species
proved in comparison to our previous reports in severalvas better resolved with several well-separated sharp fea-
respects:®19First, each species was studied at four differenttures. In particular, a sharp threshold peak was observed in
photon energies in the present work, whereas only the 356ach spectrum. Each feature is likely to represent a single
and 266 nm photons were used previously. The low photorlectronic state of a neutral, which indicates that the energy
energy spectra at 532 nm allowed the low binding energyevels near the Fermi level are not too congested. The narrow
features to be better resolved, whereas the high photon ebandwidths of the low-energy peaks and the threshold peak,
ergy spectra at 193 nm provide information about high-lyingin particular, allows the suggestion that structural changes
excited states of the neutral clusters. Second and more inbetween the F®™ anions and their neutral counterparts are
portant, efforts were made to control the temperatures of themall. In contrast, the higher binding energy portion of the
clusters by tuning the firing timing of the vaporization laserPES spectra for each @ species appeared to be ex-
relative to the carrier gas, and choosing the later part of th&remely congested, and only few prominent features could be
cluster beantwhere the clusters have a larger residence timadentified from the apparently continuous electron signals.
in the nozzle and tend to be coldéor photodetachmerif®*  The observed vertical detachment enerd\éSE) for all the
The colder clusters give rise to sharper and better-resolveldbeled feature$X—F) in Figs. 1-5 are given in Table I.
spectral features, which would have been smeared out other- We note that the temperature for the cluster anions was
wise even with good instrumental resolutin* expected to be at around or slightly below room

Numerous discrete and well-resolved electronic transitemperatur& under our current experimental conditions.
tions were observed in the PES spectra of,@e(n Consequently, hot band transitions were largely suppressed,
=2-6), as shown in Figs. 1-5. The PES features represeast indicated by the disappearance or decrease of low binding
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X TABLE |. Adiabatic and vertical detachment energi@®Es and VDE$ of
Fe50' Fe,O™ derived from photoelectron spectra. All energies are in eV.

(a)
532 nm

B Observed feature AD® VDEP

A Fe,0 X 1.6002) 1.642)
2.042)
2.252)
2.535)
3.305)
3.605)
3.935)
~4.3
1.442) 1.442)
1.752)
1.942)
2.203)
2.332)
3.184)
3.845)
1.702) 1.702)
1.852)
1.973)
2.165)
2.563)
2.955)
~4.3
1.852) 1.872)
2.002)
2.205)
2.493)
~2.9
~3.3
1.702) 1.732)
1.96(3)
2.323)
2.433)
~2.8
~3.2
3.786)
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FIG. 5. Photoelectron spectra of & at (a) 532 nm;(b) 355 nm;(c) 266

2 - - — -
nm; and(d) 193 nm. 'Also represent the adiabatic electron affinities of the corresponding neutral

Fe,O species.

PNumbers in parentheses represent the experimental uncertainties in the last
. digit.

energy tails and the appearance of sharp onset of the thres 9
old PES featuréX). Nevertheless, a substantial low binding

energy tail was observed for the spectra of@e (Fig. 4), . . . .
showing that the relatively large iron monoxide species Weré:orrespondmg R neutral clusters. Since no V|brat|ona}l
still hot under our current source conditions. Furthermore,Strucu.Jres were resolved,.we evaluated the ADE by drawing
the intense and increasing tails at the higher binding energ stra|ght Ime at the leading edge of the fgature X.and then

dding the instrumental resolution to the intersections with
éhe binding energy axis. Although this is an approximate
procedure, it yields consistent ADEs from spectra taken at
different photon energies, due to the relative sharp onset of
the spectra. All the ADEs were determined from the 532 nm
spectra, which yielded the most accurate values because of a
better spectral resolution. The ADEs obtained in this way are
ﬁlso given in Table 1.

of such high binding energy tails in the spectra of®e,
Fe;O, and FgO™ implies that these smaller monoxide spe-
cies were relatively cold.

The well-resolved sharp threshold featuf&9 in Figs.
1-5 provide important information for the ground states of
both the anions and the neutrals and facilitate compariso
with the results of calculations. The sharp threshold peaks
suggested that there is little geometry change between thg THEORETICAL RESULTS
ground states of the anions and the neutral clusters and that
the extra electron in the anions occupies a nonbonding of-"
bital. The peak maximum in each spectrum yielded the VDE  In agreement with the previous discussidmoth FeO
for the ground-state transitions of k& , as listed in Table I. and FgO~ possess a number of closely spaced states for
The sharp onset of the threshold pea¥ allowed a fairly each spin multiplicity. We performed an extensive search
accurate determination of the adiabatic detachment energiegthin linear Fe-O—Fe, Fe—Fe—O, and angular symmetric
(ADE) for the ground-state transitions, i.e., the EAs of theand nonsymmetric &-O—Fe configurations. The ground

Structures and frequencies
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TABLE Il. Results of computations on the ground states o€ A,) and FeO~ (8A,) using different

methods.
B3LYP BLYP BPW91 BP86 BPBE
Fe,0 "A,="A"
R{(O-Fe), A 1.799 1.804 1.789 1.787 1.789
/ FeOFe® 70.64 71.70 71.58 71.55 71.55
o (by), cm?t 224 268 286 287 287
o (ay) 351 329 343 343 343
o (ay) 731 715 730 734 730
u, Debye 3.199 2.862 2.805 2.780 2.800
EA, eV® 1.39 1.21 1.30 1.44 1.28
Fe,0 8A,=8A"
R.(O-Fe), A 1.848 1.849 1.833 1.831 1.832
/ FeOFe® 68.4 69.76 69.50 69.53 69.53
o (by), cm?t 144 266 273 281 274
o (ay) 330 302 317 315 317
o (ay) 666 647 667 670 668

#Experimental valuéthis work) is 1.60-0.02 eV.

states of FgO and FeO~ were found to b&A, and®A,, ing frequency of the E®™ anion to be too low. All the EAs
respectively. We should note that tha; state of FeO has computed at the different levels of theory are smaller than
essentially the same geometry as the groligstate, and is  the experimental value, with the largest deviatierD.4 eV)
computed to be only 0.06 eV above. Thus, we cannot ruleseen at the BLYP levdiTable 1l). The Perdew’s correlation
out the’A; as the ground state of F®. However, the/A;  functionals PW91, P86, and PBE provide nearly identical
state is not related to th®A, state of the anion by a one- geometries and vibrational frequencies. The best EA with
electron detachment process, and therefore would not be obespect to the experiment was obtained at the BP86 level.
served in the experiment. The Mulliken populations showHowever, this method overestimated the EAs of pure iron
that the charge on the oxygen increases fro.39¢ in clusters®
Fe,O to —0.54e in Fe,0O . That is, the extra electron adds The structures of E® and FgO~ with different spin
mostly into the Fe 4 orbitals, which were depleted by dona- multiplicities were optimized at the BPW91 level and are
tion to the oxygen in the neutral clusters. presented in Fig. 6. One can see a rather striking peculiarity:
Optimizations performed without imposir@,, symme- the ferromagnetic high-spin ground states are very close in
try constraints yieldedA” and®A” states with identical total total energy to the low-spin antiferromagnetic states. The lat-
energies and bond lengths as those for tAe and 8A,  ter possesses two nonequivalent Fe atoms. By impd3ing
states, respectively. As shown in Table Il, all five methodssymmetry constraints, one can obtain a nonmagnetic singlet
tested provide similar geometrical structures and vibrationabf Fe,O, but this nonmagnetic!A; state [r.(O—Fe)
frequencies except for the B3LYP, which predicts the bend=1.69 A, r (Fe—Fe)=2.12 A] is 2.27 eV above the antifer-

Fe,O
0.2 0.0 0.5

2.41 e .
33f 33| 38F 38h a3h
FIG. 6. Lowest energy states of f&&

Tar+0.16 eV 9A2 +0.32eV  3aA"+0.59eV  5A' +0.89 eV and FgO™. Bond lengths are in A and
local magnetic moments in bold at
each atom are in bohr magnetons. To-
tal energies of the corresponding
ground states are taken as zero for
both series.

A

2p» +0.14ev 10B; +0.30eV 6B, +0.54eV  4p" 1095 eV

==—@
4. -3.1¢, 4,
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@ N A
0.4A oA

2S5=10 0.0 eV 2S=12 +0.54 eV 2S=8 +0.74 eV

FIG. 7. Lowest energy states of f&& and FgO™ . See
_ the caption of Fig. 6. The total numbers of unpaired
Fe 30 electrons are labeled a2

2.9

2.20

o
165 7~84 o 1,1\
0.4 '

A&,
0.5

2S=11 0.0 eV 25=9 +0.47 eV 2S=13 +0.77 eV

romagnetictA’ state. For the doublet F®~ anion, impos- ment with the previous LSDA resul?sexcept that the latter
ing C,, constraints leads to a state that is unbound. predicted that a twofol@edge-on oxygen adsorption is more
Figures 7—10 display optimized ground-state structureStable for FeO. We found the lowest energy edge-on struc-
of neutral FeO (n=3-6) and their anions, along with the ture for FgO™ to correspond to a 8=17 state, which is
low-lying states possessing the number of unpaired electror@Pove the 3=19 ground statéFig. 10 by 0.29 eV.
adjacent to those in the corresponding ground states. Oxygen Small iron clusters are highly magnetic with numerous
is twofold coordinated in species with=3 and 4, while itis  unpaired electrons. Excluding f&@, the number of unpaired
threefold coordinated in the larger clusters. This is in agreeelectrons in ground states of Fand FgO are the same. The

Fe4O

25=14 +0.0711 eV  2S=10 +0.65eV 2S=16 +0.66 eV
FIG. 8. Lowest energy states of &
and FgO™ . See the captions in Figs. 6
and 7.

2.27 2.94\ 2.31 4'14\

2S=15 0.0 eV 25=13 +0.23 eV  2S=11 +0.47 eV  25=17 +0.92 eV
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2S=18 +0.12 eV 2S=14 +0.43 eV

FIG. 9. Lowest energy states of f&& and FeO . See
the captions in Figs. 6 and 7.

2S=17 0.0 eV 2S=15 +0.38 eV 2S5=19 +0.37 eV

difference between the total energies of thgGstates with BPW91/6-31%G* level of theory, appears not to quench the
2S=12 and B=14 is only 0.011 eV, which seems to be magnetic moments of the bare iron clusters.

related to a small separation between tHe&=22 and 5 Excluding FgO, the number of unpaired electrons in the
=14 states of bare gdits 25= 14 state is lower by 0.08 eV anion ground states differs by only 1 with respect to the
as computed at the same BPW91/6-33G* level.  number of unpaired electrons in the ground state of the cor-
(Salahub and Chtien® found a higher separation of 0.36 eV responding neutrals. The ground state of,&e has

at the PP86 level.Thus, oxidation of the iron clusters, at =15 and is well separated from the states wit§=213
least in the range of £nZ<6 considered here at the and 25=17 (Fig. 8), while the neutral state of F® with

2S=20 0.0 eV 2S=18 +0.36 eV 2S=22 +0.48 eV
FIG. 10. Lowest energy states offezand FgO™. See
= the captions in Figs. 6 and 7.
FegO p g

2S=19 0.0 eV 2S=21 +0.12 eV 2S=17 +0.29 eV
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TABLE Ill. BPW91 harmonic vibrational frequencié cm™1) and relative intensities of §®, FgO, FgO,
Fe;O, and their anions. Absolute intensiti€kM/Mole]: Fe;0:68.8, Fg0:90.3, Fg0:64.2, FgO:57.7;
Fe;07:107.6, FeO :126.6, FeO :62.5, FgO :56.9.

Freq. FgO Fe;O™ Fe,O Fe,O~ FeO FeO~ Fe;O FeO™

w, 115014 1430.01] 10§0.01] 990.04  950.01 1050.01] 1060.00] 1050.01]
w,  2200.03 2210.00 1150.01] 1610.00 1070.01] 1430.09] 1170.00] 1140.00]
ws 237037 2300.24 1740.01] 1670.00 15d0.02 1590.00] 1530.00] 13§0.00]
w,  3360.000 3470.00] 1910.02 2070.00] 16§0.02 1790.02 1530.00] 1390.00]
ws  4890.17] 4040.37 2390.02 2310.04 1870.02 1850.03 1770.00] 1710.01]
ws  6501.00] 6131.00] 23§0.01] 2330.0J 2070.03 20§0.02] 1850.01] 1930.00]

w, 3530.00] 3430.00] 21740.09 2270.00 2270.000 2060.00]
wg 4310.00] 3870.11 23§0.19] 2440.07] 2270.00] 2170.00]
wg 6391.000 6171.000 2970.01] 2850.03 2310.05 2350.01]
w10 3260.02] 3340.01] 2850.08 2870.00]
w11 3770.16] 3800.10] 2850.08] 2990.01]
w1y 5621.00] 5371.000 3300.00] 3210.04]
w13 3490.01] 3350.01]
w4 3570.0] 3770.00]
w15 5311.00] 5241.00]

2S=14 is slightly above the state withS2=12. Since the frequency mode is associated with the,+© stretching. The
anion and neutral tend to differ by only one unpaired elec+e,—O bending modes depend on the shape of the corre-
tron, we would not be surprised if the ground state ofFé&s ~ sponding metal cluster. For example, the second highest fre-
in fact a 25=14 state if a higher-level theory is applied. quency mode in F£ corresponds to the vibration of the O
Harmonic vibrational frequencies for the ground stategparallel to the upper two Fe atoms, while the lowest fre-
of Fe,O and FgO™ are presented in Table Ill. The highest quency mode is the vibration of the O perpendicular to the

TABLE IV. Fragmentation energie@n eV) of neutral and negatively charged iron monoxide clusters.

Neutral Anion

Channel BPW91 Channel BPW91
Fe,0 — Fe,+0O 5.62 Fe,0™ — Fe, +O 5.96
— FeOt+Fe 2.60 FeO™ — Fe,+ O~ 531
Fe,0™ — FeO +Fe 2.62
Fe; — Fe,+Fe? 2.32(1.9) Fe; — Fe, +Fe 2.84
Fe0 — Fe;+ 0 6.29 Fe,0~ — Fe; +0O 6.17
— Fe,0+Fe 2.99 — Fe0™ +Fe 3.05
— FeO+Fe, 3.40 — FeO +Fe, 3.47
— FeOtFe, 3.78
Fe, — Fes+Fe? 3.06(2.19 Fe, — Fe; +Fe 3.34
Fe,0 — Fg+0O 6.01 Fe O™ — Feg, +0O 5.84
— Fe;O+Fe 2.70 — Fe;0™ +Fe 3.01
— Fe,0+Fe, 3.56 — Fe0 +Fe, 3.86
— FeO+ Fe; 3.82 — FeO +Feg 4.16
Fes — Fe,+Fe? 3.26(2.25 Fe: — Fe, +Fe 3.37
FeO — Fe+0 5.80 FeO™ — Fg +0 5.59
— Fg,O+Fe 3.09 — FgO +Fe 3.12
— Fe;0+Fe, 3.66 — Fg;0™ +Fg, 3.97
— Fe0+Fe; 4.33 — Fe,0™ +Fe 4.67
— FeOt+Fe 3.88 — FeO +Feg 4.28
— Fg+0~ 5.80
Fes — Fes+Fe? 3.74(3.17) Fe; — Fe; +Fe 3.51
Fe;0 — Fe;+0O 5.70 FeO™ — Fe +0O 5.67
— FgO+Fe 3.64 — FgO ™ +Fe 3.54
— Fg,O+Fe 4.54 — FgO +Fe 4.47
— Fe;0+Fey 4.98 — Fg;0™ +Fg 5.17
— Fe0+Fey 4.93 — Fe,0 +Feg 5.18
— FeO+Fey 4.21 — FeO +Fg 4.50

Fe, — Feg+Fe® 3.11

@Bond strengths of pure iron clusters: BPW91 val(iastalic) are from Ref. 29, experimental ddfa bold) are
from Ref. 6.
PExperimental data from Ref. 6.
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TABLE V. Experimental and BPW91 adiabatic electron affinitiEg\, in eV) of bare iron clusters and iron monoxide clusters along with the BPW91 vertical
detachment energid¥DE, in eV) from the FgO™ ground states to the low and high spin states of the corresponding neutrals.

Fe Fe Fe; Fey Fe Fes
EA BPW9T 0.63 0.94 1.47 1.76 1.84 1.61
Expt? 0.151+0.003 0.902:0.008 1.45-0.08 1.80-0.05 1.75-0.05 1.61-0.05
FeO FgO FeO Fe,O FgO Fe,O
EA BPWOT 1.26 1.30 1.34 1.60 1.63 1.53
Exptd 1.50+0.02 1.60:0.02 1.44-0.02 1.70:0.02 1.85:0.02 1.70:0.02
FeO FeO Fe;0 Fe,O FeO FeO
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. 1.5G-0.02 1.64:0.02 1.44:0.02 1.70:0.02 1.87:0.02 1.73:0.02

aSee Ref. 29.

PThe EA of Fe and the EA of Beare from Ref. 41. The rest are unpublished data from the Wang group, which are slightly improved over those in Ref. 33.
“This work, the EA of FeO is from Ref. 13.

This work (the PES data for FeOnot shown. The EA of FeO obtained by Engelking and Lineber(Ref. 40 is 1.492+0.020 eV.

upper two Fe atoms. For F®, the oxygen interacts with above the’A, state, respectively. Detachment to form the
three Fe atoms, and the bending frequencies corresponds 8. state is associated with the peak labeled X in Table I and
the second and third highest frequency modes. Compared fgg. 1. On the basis of our computed excitation energies, the
the vibrational frequencies of the bare iron clust8rthey A, state probably corresponds to peak A, while the forma-
are generally larger. For example, the vibrational frequencietion of the "B, state is associated with either B or C. We
of Fe, are 62, 231, and 353 cih, while FeO has the lowest performed a Franck—Condon analyéi¥ for the ’A,, °A,,

and highest frequencies of 115 and 650 ¢nrespectively. and ‘B, states, and the shape and width of the primary de-
While not relevant to the photodetachment experiment, wéachment peak are similar for all three states. This is different
also report the infrared intensities to aid the interpretation ofrom what is observed in experiment. Thus, the intensity of
any future matrix experiments. The infrared intensities of thethe peaks is likely due to the character of the orbital from
iron monoxide clusters are larger than those of bare ironwhich the electron is detached. For all of the systems, the
clusters. For each molecule, most of the intensity falls intahighest occupiedx spin orbital of the anion is mostly of

the highest frequency mode. Fe 4s character, while the highest occupigdpin orbital is a
mixture of Fe 4 and 3. There is only a small oxygen com-
B. Thermodynamic stability ponent in either the highest occupiedor 8 orbital. The

. ies for diff h Is of th other open-shellx orbitals tend to have a smalles¢ompo-
Fragmentation energies for di erentc annets o the NeUnent than the highest occupied orbital, but a bigger 4
tral and charged R© species were computed as differences

. | - f . dits d p component than the highest occupij@drbital. Because g
In total energies of a species and its decay products correct tachments have larger cross sections tlthd€dachments,

for the ZPEs, as presented in Table V. For comparison, W e expect that detaching anelectron to form the low-spin

included the Fe-abstraction energies from the bare iron Cluﬁieutral should have a larger intensity than detaching a
ters that were previously compufEdind were also obtainéd electron to form the high-spin neutral. For all systems the X

from the CID measurements. The =@ binding energies peak is one of the most intense at the lowest detachment

were fognd 0 ]P?thCh hlgrlezjtharéth(%l?g—. Fe etnergle;. A energy(532 nm, consistent with detachment from an orbital
gomé:)a:lson tﬁ he CoThpl; ?h allsnpweglpenmen a’:']‘Ee € I with the mostly Fe 4 character and rather similar geometries
ond strengins shows that the approach, as we r the neutral and its anion. While this is consistent with the

other pure DFT methods, tends to overestimate the bon ~ _ . .
strengths by about 1 eV. For comparison, the bond strengt PWO1 resuilts for R~ to F&O", the calculations predict

: . a detachment of # electron for FgO~. However, the 3
in_the ground-state £ dimer computed at the same =19 and 21 states of @~ and the =20 and 18 states of
BPW91/6-311-G* level is 5.72 eV; the experimental

value’’is 5.12 eV. The bonding of the O atom to iron clusters Fe;0 are close in energy, and therefore it is possible that the

is of a similar strength and is nearly independent of the Clusprdermg of the low-lying states of either the anion or neutral

ter size. The charged F@  clusters also possess high Is incorrect,
Fe, —O binding energies, owing to similar EAs of the,Fe Experimental and theoretical EAs of the,Eeclusters

. . are compared in Table V and Fig. 11. We also include results
and FgO clusters, as will be discussed below. : :
for FeO, and we note that our experimental value is very
close to that of Engelking and Lineberd&iror comparison,
we also give experimentii*! and theoreticaf EAs of the
bare Fg clusters. Three observations can be made immedi-
The three lowest states of & that are connected to the ately. First, the difference between the adiabatic and vertical
ground®A, state of the anion are thé\, ground state and detachment energies is small in both theory and experiment.
the °A, and B, excited states, which are 0.32 and 0.78 eVSecond, the size-dependent trend in@ds reasonably re-

V. COMPARISON OF EXPERIMENTAL
AND THEORETICAL RESULTS
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20 7 tal EAs lends credence to the current DFT calculations of
] 0. | both the monoxide anions and the neutrals. It is safe, in
i FenO i = SN general, to assign the threshold PES featiein Figs. 1-5
1 e e e ] to the transition from the anion ground state to the neutral
15« T ° d state identified in the DFT calculatiofiégs. 6—10
ground state identified in the calculatioffsgs. )
o ——" respectively. These ground-state transitions are well charac-
‘ terized by one-electron detachment processes, as indicated
1.0 by the spin states. Therefore, we would not be surprised to
Bl find that the true ground state of f&& is the 5=14 state
/' Fep | (Fig. 8), even though it is computed to be slightly higher in
! 1 energy (by 0.011 eV than the Z=12 state, because the
0.5 ground state of E@™ is clearly the state with 8=15.
ey VI. SUMMARY
0.0 : ‘ : In summary, we report a combined anion photoelectron
1 2 3 4 5 6 spectroscopy and density functional theory study on a series

Number of iron atoms

of iron monoxide clusters, E® (n=2-6). Well-resolved

FIG. 11. Comparison of the experimentéilled dotg and BPW91(empty phOtoeIECtron. spectra \.Nere obtained for,®e at several
dots adiabatic electron affinitiein eV) of Fe,0 obtained in the present Photon energies, allowing the ground- and numerous low-
work with previous experimentalempty squaresdata for the bare Fe  lying excited states of F© to be observed. The ground-state
clusters. adiabatic and vertical detachment energies were determined
more accurately from the well-resolved spectra obtained at
low photon energies. Sharp threshold features were observed
produced by the BPWO1. Third, upon oxidation by thefor all the FgO™~ species, which indicates rather small ge-
atomic oxygen, the EAs increase markedly only for theometry changes between the monoxide anions and the corre-
smallest speciesn(=1 and 2, whereas for larger species sponding neutrals upon photodetachment. Extensive density
(n=3-6) oxidation only slightly changes the EAs. The EA functional theory calculations with generalized gradient ap-
trend of FQO vs Fg may be understood from the anion-to- proximation were carried out for both f@ and FgO~ with
neutral structural changes of the iron monoxide. As can bejifferent spin states. Optimized geometries of the ground-
seen in Figs. 7-10, for the=3-6 monoxides, the major and lowest excited states of both anion and neutral species
structural changes between the anions and neutrals take plagge reported, along with their ground-state vibrational fre-
in the Fe—Fe bond lengths, whereas the Fe—O bond lengtkfiencies and fragmentation energies. Theoretical adiabatic

change very little. This is consistent with the metal-basedjetachment energies are compared with the experimental

nature of the anion HOMOs and explains why the oxidiza-measurements, and good agreement is achieved.

tion of atomic oxygen does not lead to appreciable increase
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