10838 J. Phys. Chem. A 2008, 112, 10838-10842

Formation and Characterization of Two FeO3; Isomers in Solid Argon
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Two FeO; isomers were prepared and characterized using matrix isolation infrared spectroscopy and theoretical
calculations. The iron monoxide molecules produced from laser evaporation of the bulk iron oxide target
react with dioxygen in solid argon to form the (7>-O,)FeO complex spontaneously on annealing. The (7>-
0,)FeO complex was predicted to have a B, ground state with a planar C,, structure, in which the O, fragment
is side-on bonded to the iron center. The (17?-O,)FeO complex rearranges to the more stable iron trioxide
isomer upon visible light (A > 500 nm) irradiation. The iron trioxide molecule was predicted to have a closed-
shell singlet ground state with a planar D3, symmetry, in which the iron possesses a +6 oxidation state.

Introduction

Oxidation of iron is an important subject in material corrosion
and biochemical process. Great efforts were made on the
preparation and characterization of iron oxides and dioxygen
complexes. The electronic and geometric structures of simple
iron oxides have been the subject of various experimental and
theoretical studies. As the first member in the FeO, series, iron
monoxide has been well studied both in the gas phase and in
solid noble gas matrixes.!~!! The FeO, molecules in the form
of oxo, peroxo, and superoxo were proposed to be reaction
products between the iron atom and molecular oxygen in solid
matrixes.!>” !¢ However, gas phase investigations indicate that
ground-state iron atoms are unreactive toward dioxygen at room
temperature.'”-'® Anion photoelectron spectroscopic investigation
also indicates that only the inserted OFeO structure was
observed.»'? A recent matrix isolation infrared spectroscopic
study in this laboratory shows that iron atoms react with
dioxygen to form the inserted FeO, molecule only under
UV—visible light excitation and that the cyclic Fe(O,) and FeOO
species are not able to be formed.?’ As for the FeQy species,
pure DFT calculations found that a tetraoxide structure (7,
symmetry) without O—O bonding is more stable than the (7%-
0,)FeO; structure, which was predicted to have a singlet ground
state with a nonplanar C,, symmetry.?!?> However, ab initio
and hybrid DFT calculations revealed that the tetraoxide
structure is less stable than the (3-0,)FeO, structure.?? Anion
photoelectron spectroscopic study also suggested that the
observed FeQy species is due to (2-0,)Fe0,.!° Both the side-
on and end-on bonded dioxygen—iron dioxide complexes were
formed via the reactions between FeO, and O; in solid argon.
These two isomers are interconvertible under different wave-
length range photoexcitation.?’

The FeOj; species has also been the subject of some
experimental and theoretical investigations. In an anion photo-
electron spectroscopic investigation, the FeOs species observed
in the gas phase was proposed to possess a D3, symmetry with
all the oxygen atoms atomically bound to the iron center.' In
the photo-oxidation of matrix isolated iron pentacarbonyl in the
presence of oxygen, a 945 cm™! absorption was attributed to
the doubly degenerate Fe=O stretch vibration of iron trioxide.!#
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However, this absorption was reassigned to the inserted OFeO
molecule in a late investigation on the reactions of laser ablated
iron atoms with dioxygen.!3 Instead, a 975.8 cm™! absorption
was tentatively assigned to the trioxide molecule in that report.
In this paper, we provide a joint matrix isolation infrared
spectroscopic and theoretical investigation on the formation and
characterization of two FeOs isomers, which were formed via
the reactions of laser-evaporated iron monoxide and O; in solid
argon.

Experimental and Computational Methods

The experimental setup for pulsed laser evaporation and
matrix isolation infrared spectroscopic investigation has been
described in detail previously.’* Briefly, the 1064 nm funda-
mental of a Nd:YAG laser (Continuum, Minilite II, 10 Hz
repetition rate, and 6 ns pulse width) was focused onto a rotating
iron oxide or metallic iron target through a hole in a CsI window
cooled normally to 6 K by means of a closed-cycle helium
refrigerator (ARS, 202N). The laser-evaporated metal atoms
were codeposited with oxygen/argon mixtures onto the Csl
window. In general, matrix samples were deposited for 1 h at
a rate of approximately 4 mmol/h. The O,/Ar mixtures were
prepared in a stainless steel vacuum line using a standard
manometric technique. Isotopic 80, (ISOTEC, 99%) was used
without further purification. The infrared absorption spectra of
the resulting samples were recorded on a Bruker IFS 66V
spectrometer at 0.5 cm™! resolution between 4000 and 450 cm™!
using a liquid nitrogen cooled HgCdTe (MCT) detector. Samples
were annealed to different temperatures and cooled back to 6
K for spectral acquisition. Selected samples were subjected to
broadband irradiation using a tungsten lamp with a 4 > 500
nm long wavelength pass glass filter.

Quantum chemical calculations were performed using the
Gaussian 03 program.?®> The nonlocal exchange functional
according to Becke with additional correlation corrections due
to Perdew (BP86) was utilized.22” According to our theoretical
investigations, this method was the best one to reproduce the
experimental frequencies and isotopic ratios on the FeOs system.
The 6-311+G(d) basis set was used for the O atom, and the all
electron basis set of Wachters—Hay as modified by Gaussian
was used for the Fe atom.”® The geometries were fully
optimized; the harmonic vibrational frequencies were calculated;
and zero-point vibrational energies (ZPVE) were derived.
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Figure 1. Infrared spectra in the 1010—935 cm™' region from
codeposition of laser-evaporated iron oxide with 0.5% O, in argon. (a)
1 h of sample deposition at 6 K, (b) after 25 K annealing, and (c) after
15 min of A > 500 nm irradiation. (The absorptions labeled with an
asterisk are due to Fe,O, clusters.)

Results and Discussions

Infrared Spectra. The FeO; species were formed via the
reaction of iron monoxide with dioxygen in solid argon. Laser
evaporation of an Fe,O3 target under controlled laser energy
(approximately 2 mJ/pulse) followed by co-condensation with
pure argon at 6 K revealed a strong absorption at 873.1 cm™!.
This absorption was previously assigned to FeO,!> but recent
investigation in this group indicates that it should be regarded
as an argon atom coordinated ArFeO complex instead of the
isolated diatomic molecule.?® The gas phase fundamental of FeO
was determined to be 871.3 cm™! from electronic spectra,’
suggesting that the matrix shift is rather small. When the laser-
evaporated iron oxide species were codeposited with the O»/Ar
mixture, new product absorptions were observed. The infrared
spectra in the 1010—935 cm™! region with 0.5% O, in argon
are shown in Figure 1, and the product absorptions are listed in
Table 1. After one hour of sample deposition, weak absorptions
at 945.8 and 797.1 cm™! which were previously assigned to
the antisymmetric and symmetric stretching modes of the
inserted FeO, molecule were also observed along with the strong
ArFeO absorption (not shown).!> When the sample was annealed
to 25 K (Figure 1, trace b), the FeO, absorptions decreased with
the formation of the end-on and side-on bonded iron dioxide—
dioxygen complexes.?? Since the end-on bonded complex
spontaneously rearranged to the side-on bonded complex when
the sample was irradiated by the light emitted from the IR
source, the end-on bonded (77'-O0)FeO, complex absorptions
were barely observed if the sample was scanned over 100 times.
Besides the above-mentioned absorptions, a new absorption at
1002.3 cm™! was also observed, which increased markedly upon
sample annealing at the expense of the ArFeO absorption. The
1002.3 cm™! absorption is photosensitive. It was completely
destroyed upon visible light irradiation (4 > 500 nm), during
which two absorptions at 948.6 and 951.9 cm™! were produced
(Figure 1, trace c). Experiments were repeated using an isotopic
substituted 80, sample and the '°0, + 80, and '°0, + '°0'30
+ 180, mixtures. The difference spectra (spectrum taken after
25 K annealing followed by 15 min of 4 > 500 nm irradiation
minus spectrum taken right after 25 K annealing) in selected
regions from codeposition of laser-evaporated iron oxides with
different isotopic samples are shown in Figure 2.
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The experiments on the reaction of laser-evaporated iron
atoms and dioxygen in excess argon were also performed. In
the reaction of iron and '60,, the inserted FeO, absorptions
dominate the spectrum. The ArFeO absorption is much weaker
than that in the experiment with the bulk Fe,O3 target. The
1002.3, 948.6, and 951.9 cm™! absorptions were produced upon
sample annealing or visible light irradiation, but their IR
intensities are very low as well. To get the band positions of
all oxygen-18 substituted products, a similar experiment on the
reaction of the iron atom and '80, was performed; the 1002.3,
948.6, and 951.9 cm™! absorptions were shifted; and the isotopic
frequencies are also listed in Table 1.

(7*-02)FeO. In the experiment with a bulk iron oxide target,
the 1002.3 cm™! absorption shifted to 959.2 cm™! when an 80,/
Ar sample was used. The spectra from similar experiments using
160, + 180, and '°0, + 080 + 130, mixtures with a bulk
iron oxide target revealed that one O, fragment with two
equivalent O atoms is involved in this mode (Figure 2, traces ¢
and d) and that the O, fragment comes from the O, reagent.
The 1002.3 cm™! absorption was also observed in the iron atom
and O, reaction, which shifted to 952.0 cm™! when the 80,/Ar
sample was used. The 952.0 cm™! absorption should be due to
the all oxygen-18 substituted product. The absorption observed
at 959.2 cm™! in the reaction of iron oxide species from the
bulk oxide target and '80, is about 7.2 cm™! blue-shifted from
the all oxygen-18 substituted value of 952.0 cm™!. This
observation suggests that the 1002.3 cm™! absorber involves
an additional oxygen atom from laser evaporation of the bulk
iron oxide target. The experimental observations indicate that
the intensity of the 1002.3 cm™! absorption depends strongly
on the ArFeO absorption, which suggests that the absorber
should be due to a reaction product between ArFeO and
dioxygen. Therefore, we assign the 1002.3 cm™! absorption to
a (7%-0,)FeO complex. The '°0/'80 isotopic frequency ratio
(1.0528) indicates that the 1002.3 cm™! absorption is not due
to a pure O—O stretch mode but is strongly coupled with the
Fe=0 stretch mode (referred as O—O stretch mode hereafter).
The 959.2 cm™! absorption is due to the partially oxygen-18
substituted (72-'80,)FeO isotopomer, while the 952.0 cm™!
absorption is attributed to the all oxygen-18 substituted (77?-
180,)Fe!®O molecule.

To support the experimental assignment, quantum chemical
calculations were carried out on the (72-O,)FeO complex. At
the DFT/BP86 level of theory, the (2-O,)FeO complex was
predicted to have a 3B, ground state with a planar C,, geometry
(Figure 3). The Fe=O distance was calculated to be 1.619 A,
close to the values of previously characterized FeO containing
species.’®3! The O—O bond length was predicted to be 1.369
A. Frequency calculations show that the experimentally observed
mode is located at 1035.3 cm™!, about 30 cm™! higher than the
observed value (Table 2). The calculated isotopic frequency ratio
also fits the observed value (Table 3). Different from a number
of recently characterized transition-metal dioxygen complexes,?*32
the predicted bond length of the (#?-O3)FeO complex lies on
the boundary between the typical superoxo anion and peroxo
dianion.® Hence, it is more reasonable to consider the (7>-
0,)FeO complex as an intermediate between superoxide and
peroxide. Consistent with this notion, spin density on the O,
moiety was calculated to be 0.51, a value intermediate between
an ideal superoxo anion (1.0) and a peroxo dianion (0.0). The
(7?-O2)FeO complex is expected to have seven vibrational
modes. As can be seen in Table 2, the O—O stretch mode has
the largest IR intensity, and all of the other vibrational modes
were predicted to have much lower IR intensities than that of
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TABLE 1: Infrared Absorptions (cm~!) from Codeposition of Laser-Evaporated FeO with O, in Solid Argon

160, 180, 190, + 130, 190, + 19080 + 80, 180,¢ assignment
1002.3 959.2 1002.3, 959.2 1002.3, 980.4, 959.2 952.0 (7>-0,)Fe0, O—O str.
951.9 942.5,915.4 951.9,942.5,915.4 951.9,942.5,915.4 915.1 FeOs, Fe=O0 str. site
948.6 938.4,913.1 948.6, 938.4,913.1 948.6, 938.4,913.1 912.4 FeOs, Fe=O0 str.

@ Absorptions observed in the reaction of Fe and '80,.
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Figure 2. Difference spectra in the 1010—900 cm™' region with
different isotopic samples. (a) 0.5% '°0,, (b) 0.5% '30,, (¢) 0.25%
190, + 0.25% '30,, and (d) 0.15% '°0, + 0.3% '°0'*0 + 0.15% '*0,
(spectrum taken after 25 K annealing followed by 15 min of 1 > 500
nm irradiation minus spectrum taken right after 25 K annealing).
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Figure 3. Optimized structures (bond lengths in angstrom and bond
angles in degree) of the observed FeOj; isomers.

TABLE 2: DFT/BP86 Calculated Total Energies?,
Vibrational Frequencies (cm™'), and Intensities (km/mol) of
the Two FeOj; Isomers

molecule energy frequency (intensity)
(7*-0,)FeO  —1489.540097  1035.3 (176), 929.5 (15), 595.9 (2),
495.9 (0), 156.2 (24), 55.1(15)
(°Ba, Ca,)
FeO; —1489.593365  1021.3 (105 x 2),917.6 (0),
331.4 (0 x 2), 150.9 (12)
(‘Ar', D3)

% In Hartree, after zero-point energy corrections.

the O—O vibration. Therefore, only the O—O stretch mode is
experimentally observed.

In the previous experiments on the reaction of laser-ablated
iron with dioxygen in solid argon,!3 the 1002.3 cm™! absorption
together with a 2271.3 ecm™! absorption was tentatively assigned
to the Fe=0O and N—N stretch modes of a NoFeO, complex,
while two absorptions at 1147.5 and 928.1 cm™! were tentatively
assigned to the O—O and Fe=O stretch vibrations of the (#3-
0,)FeO complex. In the present experiments, no absorptions
were observed around 2271 cm™! that tracks with the 1002.3
cm™! absorption. The spectra around the 1150 cm™! region are
very clean, and no absorption that correlates to the previously
reported 1147.5 cm™! absorption was observed. In addition, the
present theoretical calculations can rule out the possibility for

TABLE 3: Comparison between the Observed and
Calculated Vibrational Frequencies (cm~') and Isotopic
Frequency Ratios of the Two FeO3 Isomers

freq 16Q/18Q¢
molecule mode caled obsd caled obsd
7*-0)FeO0  O—Ostr. (a;) 10353 1002.3 1.0555 1.0528
(B2, Ca)
FeO; Fe=0 str. (¢') 1021.3 948.6 1.0403 1.0397
('AY', Dsp)

@ Oxygen-18 refers to Fe'®Os.

assigning the 1147.5 and 928.1 cm™! absorptions to the (7%
0,)FeO complex.

FeOs. The 948.6 and 951.9 cm™! absorptions were produced
only under visible light irradiation, during which the (17>-0,)FeO
complex absorption was destroyed. This suggests that the
absorber of the 948.6 and 951.9 cm™! absorptions should be
due to a structural isomer of (7>-0,)FeOQ. The experiment using
a metallic iron target and '30, revealed that the 948.6/951.9
cm™! absorptions shifted to 912.4 and 915.1 cm™!. Both
absorptions exhibited an isotopic '°0/'30 ratio of 1.0403 that
is characteristic of a Fe=O stretch vibration. In the spectrum
with a bulk iron oxide target and %0, (Figure 2, trace b), the
948.6/951.9 cm™! absorptions split into two doublets at 938.4/
942.5 and 913.1/915.4 cm™ . These two doublets together with
the 948.6/951.9 cm™! doublet were also observed in the spectra
when the %0, + 180, and '°O, + 1080 + 80, mixed samples
were used. These spectral features indicate that the observed
Fe=O0 stretch vibration is due to a doubly degenerate mode
involving three equivalent oxygen atoms. Therefore, the 948.6
and 951.9 cm™! absorptions are assigned to the doubly degener-
ate Fe=0O stretch mode of the iron trioxide molecule. The
intensities for the 948.6 and 951.9 cm™! absorptions are quite
different; therefore, these two absorptions are assigned to
different trapping sites rather than to the degenerate mode split
by the crystal field. The observation of only one Fe=O stretch
mode suggests that the FeO; molecule is planar with a D3,
symmetry. In the previous experiments on the reaction of a laser-
ablated iron atom with dioxygen in solid argon,!> an absorption
at 975.8 cm™! was tentatively assigned to the Fe=O stretch
vibrational mode of iron trioxide. This absorption was recently
reassigned to the antisymmetric FeO, stretch vibrational mode
of the (57'-O,)FeO, complex.?”

The assignment of FeOs is strongly supported by DFT/BP86
calculations. As shown in Figure 3, the iron trioxide molecule
was computed to have a closed-shell singlet ground state with
a planar D3, symmetry, in agreement with the previous DFT
studies.!>!021:34 The lowest triplet state was predicted to be 9.1
kcal/mol higher in energy than the singlet state. The three
equivalent Fe=0O bond length was predicted to be 1.577 A,
slightly shorter than the value of the (?-0,)FeO complex. The
doubly degenerate Fe=O0 stretch mode was calculated at 1021.3
cm™!. On the basis of theoretical calculations, this mode is the
only vibration that has appreciable IR intensity which can be
observed above 400 cm™' (Table 2). This mode splits into a
doublet when two of the oxygen atoms are substituted by O-18
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due to the reduction of symmetry. Accordingly, the absorptions
at 938.4/942.5 and 913.1/915.4 cm™! observed in the reaction
of Fe'°0 and 30, are assigned to the C,, Fe!30,'°0 isotopomer
formed from the isomerization of the (772-'80,)Fe!®O complex.
The nondegenerate symmetric Fe=O stretch mode of the planar
D3, FeOs molecule is IR inactive, and this mode was predicted
at 917.6 cm™!. A previous photoelectron spectroscopic study
in the gas phase yielded the symmetric Fe=O stretch vibrational
frequency for FeOs to be 850 & 50 cm™L.1°

Some transition metal trioxide species have been trapped and
identified in the solid matrix.?>-¢ The Fe=O stretch vibrational
frequency of FeOjs is close to the corresponding value of OsO3
with the same symmetry but is about 50 cm™! higher than that
of Ru03.%% This trend indicates that the relativistic contraction
plays a more important role than the shell expansion for the
last member of this group. A similar trend has been observed
for some transition metal dioxides.!>3738% Note that the vibra-
tional frequency and the predicted bond length of FeOs are about
the same as those of CrOs, in which the metal center also
possesses a +6 oxidation state.3® The similarities between the
two molecules indicates that the two extra electrons of iron may
not participate in bonding with oxygen. Consistent with this
deduction, bonding analysis revealed that the two electrons are
mainly localized in a nonbonding orbital, which is largely a d.>
orbital of the iron in character.

Reaction Mechanism. Laser evaporation of bulk iron oxide
target yields iron monoxide as the major product. Therefore, a
substantial amount of iron monoxide molecules are able to be
trapped and isolated in solid argon, and their reactions with
dioxygen were investigated. Although the FeO molecules
trapped in solid argon are coordinated by one argon atom, the
binding energy of the ArFeO complex is very low (predicted
to be 1.7 kcal/mol), and it is reasonable to refer to ArFeO as
FeO for simplicity in discussion. The spectra shown in Figure
1 clearly demonstrate that the ground state of iron monoxide
reacts with dioxygen to form the (7>-O2)FeO complex spontane-
ously on annealing, reaction 1. The spontaneous reaction
indicates that this association reaction requires negligible
activation energy. On the basis of DFT/BP86 calculations, the
formation of the (772-0,)FeO complex is exothermic by 52.0
kcal/mol.

FeOCA) +0,(’S, ) — (37-0,)FeOCB,)
AE=—52.0kcal/mol (1)

The (7?-0,)FeO complex is photosensitive. It was converted
to the iron trioxide isomer under visible light (A > 500 nm)
irradiation. The iron trioxide structure was predicted to be 33.4
kcal/mol more stable than the (?-O,)FeO complex (reaction
2). The observation of this isomerization reaction only under
visible light irradiation suggests that reaction 2 requires activa-
tion energy.

(7*-0,)FeO(’B,) — FeO,('A1")
AE = —334kcal/mol (2)

Recently, a similar (2-O,)TiO complex was produced via
the reaction of TiO with O, in solid argon.® The (5?-O,)TiO
complex was characterized to be a typical peroxo complex with
a highly activated O—O bond (1.471 A calculated at the B3LYP/
6-311+G* level). It was found that the oxygen atoms of the
peroxo ligand in (2-0)TiO can be interconverted with the
oxygen atom of the monoxide subunit during the association
reaction process. The O—O bond of the (77?-O2)FeO complex
is less activated. The predicted O—O bond length of 1.369 Ais
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significantly shorter than that of (-0,)TiO. As can be seen in
Figure 2, no intermediate absorptions can be found for the O—O
stretch vibration of (?-O,)FeO when the 30, and °0, + 180,
samples were used, which indicates that the oxygen atoms of
the O, ligand in (17%-O2)FeO cannot be interconverted with the
oxygen atom of the monoxide subunit.

Conclusions

The reaction of iron monoxide and dioxygen was studied
using matrix isolation infrared spectroscopy and theoretical
calculations. The FeO molecules were produced by pulse laser
evaporation of the bulk iron oxide target. The ground state of
FeO molecules reacted with O, in solid argon to form the (1°-
0,)FeO complex spontaneously on sample annealing. Density
functional theoretical calculations indicate that the (17?-O2)FeO
complex possessed a B, ground state with a planar Cy,
symmetry. The O, ligand is side-on bonded which can be
described as an intermediate between a peroxo dianion and a
superoxo anion. The (72-0,)FeO complex undergoes photoin-
duced isomerization to give the more stable iron trioxide isomer
upon visible light irradiation. The iron trioxide molecule was
predicted to have a closed-shell singlet ground state with a planar
Ds;, symmetry. The results show that the oxidation of iron
monoxide was initiated from the formation of the (172-O;)FeO
complex and ends up with the production of iron trioxide, which
was the most stable configuration along the reaction coordinate.
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