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Reactions of small cationic iron oxide clusters (Fe2O4-6
+) with N2 are investigated by experiments and first

principle calculations. The cationic iron oxide clusters are generated by reaction of laser ablated iron plasma
with O2 in a supersonic expansion, and are reacted with N2 in a fast flow reactor at near room temperature
conditions. Cluster cations are detected by a time-of-flight mass spectrometer. The substitution reaction Fe2On

+

+ N2f Fe2On-2N2
+ + O2 is observed for n ) 5 but not for n ) 4 and 6. Density functional theory calculations

predict that the low-lying energy structures of Fe2O4-6
+ are with side-on (η1-O2) or end-on (η2-O2) bonded

molecular oxygen unit(s). The calculations further predict that the substitution of η1-O2 and η2-O2 in Fe2O4,6
+

clusters by N2 is exothermic and subject to negative and positive overall reaction barriers, respectively, at
room temperature. We thus propose that the ground state structures of Fe2O4

+ and Fe2O6
+ contain η2-O2. In

contrast, both the experiment and theory favor a η1-O2 in the ground state structure of Fe2O5
+.

1. Introduction

The bonding of O2 to transition metal has been of interest
for a long period of time because of the biological and industrial
importance of oxygen activation by metals, especially by iron.1

The common modes of O2 binding to iron are end-on (superoxo-,
denoted as η1-O2), side-on (peroxo-, denoted as η2-O2), and
inserted (oxo-).2 Well-controlled studies on small iron oxide
clusters provide a convenient avenue to obtain detailed informa-
tion about the interaction between oxygen and iron. Tremendous
research efforts have been devoted to studying the structures
and properties of monoiron oxide clusters by using methods of
matrix isolation spectroscopy, photoelectron spectroscopy (PES),
mass spectrometry, theoretical calculations, and so on.2-17 Even
so, the ground state structures of some small oxygen-rich iron
oxide clusters, such as FeO4,4-15 are still not well-determined.
Although there are many reports that the (η2-O2)FeO2 with a
nonplanar C2V symmetry is the ground state structure of FeO4,4-8

the structure with Td symmetry is predicted to be slightly more
stable than (η2-O2)FeO2 in some other studies.9-11

Compared to the tremendous efforts on monoiron oxides,
structures and properties of diiron oxide clusters are relatively
less studied. Diiron oxo complexes are a common structural
motif in a class of metalloproteins and methane oxygenases,
and research on them has become one hotspot in biochemistry.18

Meanwhile, researchers are interested in studies of the structures
and properties of diiron oxide clusters, such as Fe2O2, which
has a diamond core structure and is thought to be the structure
for the key intermediate in the methane monooxygenase catalytic
cycle.19Fe2O2 has been exclusively studied in the isolated
form.4,5,11-14,20 Several other diiron oxide molecules in different
charge states have also been studied.4,5,11-14,21-25 Wu et al.5

studied the bonding properties of Fe2O1-5
- and Fe2O1-5 by PES

a decade ago. Shiroishi et al.11,12 studied the structural and
magnetic properties of Fe2O1-5

- and Fe2O1-6 by first principle

calculations. Schröder et al.22 and Molek et al.26 studied the
structures of diiron oxide cations using collision-induced
dissociation (CID on Fe2O1-3

+) and photodissociation (PD on
Fe2O2-6

+ and Fe2O8
+) mass spectrometry, respectively. Reddy

et al.23,24 theoretically studied the chemical reactivity of the
Fe2O3 cluster toward CO. By using mass spectrometry and first
principle calculations, Reilly et al.13,14 studied CO oxidation by
Fe2O1-5

+ and Fe2O3-6
- and we27 studied the same oxidation

by Fe2O3-5.
In spite of the extensive studies mentioned above, under-

standing the structures and properties of small diiron oxide
clusters in different charge states is far from complete. For
instance, the ground state structure of a certain cluster, e.g.,
Fe2O3, is not definitely determined. Wu et al.5 and Reddy et
al.24 predicted a distorted triangular bipyramid structure for
Fe2O3, while Shiroishi et al.11 and we27 predicted a structure
with an Fe-O-Fe-O four-membered ring plus an O atom
doubly bonded with one of the iron atoms. The CID and PD
experiments (loss of O2 from Fe2O3-6

+ upon collision or photon
absorption)14,22,27 suggest that Fe2O3-6

+ clusters may contain
O-O unit(s) whereas the first principle calculations14 predict
that none of these clusters has an O-O unit. It should be pointed
out that the calculations in ref 14 do not disagree with the CID
or PD experiments since the calculated thermodynamics shows
that the O2 loss is less endothermic than the O loss for Fe2O3-6

+

clusters. Considering that possible kinetic barriers can make O2

loss more difficult than O loss for iron oxide clusters without
O-O moiety, the structures of Fe2O3-6

+ have not been definitely
determined. We try to readdress the structures of Fe2O4-6

+ in
this study.

Vibrational spectroscopy studies such as those carried out
on gas phase28 or matrix isolated species29 are well-known
experimental approaches to obtain firm structural information.
However, vibrational spectra of Fe2O4-6

+ have not been
reported. Anion PES is a valuable method to probe the bonding
and structural properties of anionic and neutral clusters.5,30

Although the structures of Fe2O4-5
- have been well probed (and

to have no O-O unit),5 it is still necessary to obtain structural
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information directly for cations because additional charge(s) may
change a cluster structure significantly. Cluster reactivity toward
a suitable (probe) molecule may also be used to obtain firm
structural information since the reactivity depends heavily on
the bonding and structural properties.27 In this study, we use
this “molecular probe” method combined with quantum chem-
istry calculations to study the structures of Fe2O4-6

+ clusters.

2. Methods

The experiments performed in this study are conducted with
a TOF-MS coupled with a laser ablation/supersonic expansion
cluster source and a fast flow reactor.31 The design of the
apparatus is similar to the one described in refs 27 and 32. The
vacuum system of the apparatus consists of two chambers.
One of the chambers is used for cluster generation/reaction and
the other is for cluster ion detection. The two chambers are
connected through a 5 mm diameter skimmer. The iron oxide
clusters are generated by the reaction of laser ablation generated
iron plasmas with O2 seeded (0.5%) in the helium carrier gas.
The typical backing pressure of the He gas is 5 atm. To generate
the iron plasmas, a Nd:YAG laser beam (532 nm, 5 mJ/pulse,
8 ns duration, 10 Hz) is focused onto an iron metal disk (15
mm diameter, 0.13 mm thickness, 99.7% purity from Aldrich).
The disk is rotated and translated to continually expose a fresh
surface. The carrier gas seeded with O2 is controlled by a first
pulsed valve (General Valve, series 9). The clusters are formed
in a narrow cluster formation channel (2 mm inner diameter
(i.d.)) that contains a waiting room (3 mm i.d.). The lengths of
the channel and the waiting room are adjustable to optimize
the cluster growth conditions. The typical lengths used are 1
cm for the waiting room and 2 cm for the rest of the channel.
A fast flow reactor with 6 mm i.d. and 8 cm length is coupled
with the narrow cluster formation channel. The generated iron
oxide cluster cations react with reactant molecules (N2, CO, NO,
etc.) seeded in argon carrier gas that is controlled by a second
pulsed valve. The amount of gas pulsed into the chamber by
the first valve is about 80 times that of the gas pulsed by the
second valve. Durations of the two gas pulses are about the
same (∼250 µs) in this study. The instantaneous gas pressure
in the fast flow reactor is about 5 Torr and the possible reactions
take place at near ambient (∼298 K) temperature. The reactant
and product ions enter the second chamber for the TOF
detection. The synchronization of laser firing, pulsed valve
openings, and ion detection is managed through commercially
available and homemade electronics. The mass signal is
generated by a dual microchannel plate detector and recorded
with a digital acquisition card that is controlled by a Labview
based program.

The calculations are performed by the Gaussian 03 program,33

using density functional theory (DFT) with the hybrid B3LYP
exchange-correlation functional.34 Note that energetics, bond
lengths, and vibrational frequencies of the ground and low lying
excited states of Fe2, Fe2

-, and FeO+ are found to be best
described by the B3LYP functional after an examination of a
number of different types of generalized gradient approximation
(GGA) functionals (straight GGA, hybrid GGA, meta-GGA, and
hybrid meta-GGA) by Sorkin et al.35 The basis set adopted is
the triply split 6-311+G* basis set with one set of diffuse and
polarization functions for all of the atoms.36 In this study, the
B3LYP/6-311+G* calculations are performed to study the
structures and energies of Fe2O2-6

+ and Fe2O5
- clusters as well

as the reaction pathways of Fe2O4-6
+ with N2. The reaction

pathway calculations involve the geometry optimizations of
reaction intermediates and transition states. The transition state

optimizations are performed by using either the Berny algo-
rithm37 or the synchronous transit-guided quasi-Newton (STQN)
method.38 The vibrational frequency calculations are performed
to check that the reaction intermediates and species in the
transition states have zero and one imaginary frequency,
respectively. The intrinsic reaction coordinate (IRC) calcula-
tions39 are performed to check that a transition state connects
two appropriate local minima in the reaction pathways. The
energies reported in this study are zero-point corrected energies
(∆H0K) or free energies of formation at 298.15 K (∆G298K).
Cartesian coordinates, energies, and vibrational frequencies for
all of the optimized structures are listed as tables in the Sup-
porting Information.

3. Results

3.1. Experimental Results. Figure 1 plots the TOF mass
spectra for collisions/reactions of the preformed FemOn

+ (m e
3) with different concentrations of N2 seeded in Ar in the fast
flow reactor. N2 is usually chemically inert; however, the
collisions of N2 with cationic iron oxide clusters produce N2

containing products FemOnN2
+ and Fe3O4N4

+. Among the
generated Fe1-3On

+ clusters in Figure 1, Fe2O5
+ and Fe3O4

+

have relatively high reactivity toward N2. Signals of Fe2O5
+

and Fe3O4
+ decrease by about a factor of 2 as the N2

concentration increases from 0 to 40%. Reaction of Fe3O4
+ with

N2 can produce primary and secondary addition products
Fe3O4N2

+ and Fe3O4N4
+, respectively. This interpretation is

supported by the observation that as the N2 concentration
increases, the magnitude of the signal increase of the product
ions (mainly Fe3O4N2

+) is about the same as the magnitude of
the signal decrease of the reactant ions (Fe3O4

+). Although
Fe2O5

+ is also quite reactive toward N2, the corresponding
association product Fe2O5N2

+ is not observed. Among the
observed products (Fe2O2-4N2

+) that can be produced from
reactions of Fe2O2-6

+ with N2, Fe2O3N2
+ has the strongest signal

and its signal magnitude is significantly greater than the
magnitude of signal decrease of Fe2O3

+. In addition, Fe2O4N2
+

can be interpreted as the association product of Fe2O4
+ with N2

and Fe2O6
+ is not reactive toward N2 within the experimental

uncertainty (10% for intensities of the mass peaks). A consistent
conclusion is that the reaction of Fe2O5

+ with N2 produces

Figure 1. TOF mass spectra for reaction of FemOn
+ (m e 3) clusters

with N2 in the fast flow reactor. The N2 concentrations are 0% (a),
10% (b), 20% (c), and 40% (d) seeded in the argon carrier gas. Note
that the weak side or shoulder peaks at the low-mass side of the main
peaks are due to 54Fe isotopomers.
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Fe2O3N2
+. The mechanism is assumed to be a simple substitu-

tion reaction: Fe2O5
+ + N2 f Fe2O3N2

+ + O2.
Reactions of FemOn

+ with other gas molecules (O2, CO, NO,
etc.) in the fast flow reactor also have been studied. No relative
signal change of the preformed iron oxide clusters and no
product clusters are observed in the reaction with O2. So these
clusters are inert toward O2 under our experimental conditions.
The cluster cations are generally much more reactive toward
CO and NO (Figure 2) than toward N2 (Figure 1) because only
1% CO and NO in Ar can cause a significant change of the
mass signals and some products FemOnCO+ and FemOnNO+

are apparently observed. Fe2O6
+ is not reactive toward N2

(Figure 1). In contrast, Fe2O6
+ becomes reactive when CO and

NO are used as reactants.
3.2. Computational Results. 3.2.1. Accuracy of the Cal-

culations. To gauge the accuracy of the computations under
the B3LYP/6-311+G* level of theory, the calculated ionization
and bond dissociation energies of iron oxides and related species
are compared with available experimental data2,40-49 (see Table
1). The calculated values from a pure GGA functional proposed
by Perdew, Burke, and Ernzerhof (PBE)50 are also listed for
comparison. Considering a large experimental uncertainty for
ionization energy (IE) of FeO2, both the B3LYP and PPE
functionals have reasonably good performance for the IEs of
FeO0-2. As for the bond energies (D), the B3LYP generally
has much better performance than the PBE does. The PBE
calculations overestimate the experimentally well-determined
D values of O2, CO2, FeO, and FeO+ by 0.8-1.3 eV, whereas
the B3LYP can predict these D values with good (for O2, CO2,
and FeO) or reasonably good (for FeO+) accuracy. The
experimental D values of iron dioxides (FeO2

0/+) have not been
very well determined in the literature. An indirect but reliable
experimental determination of D(Fe+-O2) can be found in ref
2, where the ligand exchange experiments were performed to
bracket D(Fe+-O2). The D(Fe+-O2) is found to be between
the known D values of Fe+-C3H8 and Fe+-CO/H2O. The
B3LYP calculations agree well with the ligand exchange
experiments for D(Fe+-O2), while the PBE again overestimates
this value by 0.87 eV. The experimental D values of FeO+-O
and FeO-O can be determined from D(Fe+-O2) and related
ionization and bond energies (see footnotes f and g of Table
1). If D(Fe+-O2) determined from the ligand exchange experi-
ments is used, D(FeO+-O) ) 2.70 ( 0.28 eV and D(FeO-O)

) 3.64 ( 0.57 eV can be obtained. These two values are very
well reproduced by the B3LYP calculations. The PBE functional
overestimates the above D(FeO+-O) and D(FeO+-O) by 0.9
and 1.4 eV, respectively. The B3LYP and PBE show similar
performance for D values of oxygen poor species Fe2-O and
Fe2

+-O. The experimental D(Fe2O+-O) is very well predicted
by the B3LYP while the PBE overestimates D(Fe2O+-O) by
1.2 eV. The D values of Fe+-N can be reasonably predicted
by the B3LYP calculations. One may conclude that the bond
energies of iron oxides can be reasonably predicted by the
B3LYP functional while the PBE generally overestimates all
of them by about 1 eV.

3.2.2. Structures and Energetics. Figure 3 shows the lowest
energy isomers for Fe2O2-6

+ clusters. The ground state of
Fe2O2

+ has a four-membered-ring structure (Fe-O-Fe-O).
This ring moiety exists in all of the DFT calculated ground state
structures of larger clusters (Fe2O3-6

+). Two structural isomers
of the Fe2O3

+ cluster are tested. The Fe-O-Fe-O ring based
structure (Fe2O3

+/C1) is more stable than the open structure
(Fe2O3

+/C2). Among the three isomers of Fe2O4
+, Fe2O4

+/C3,
which has two terminal Fe-O bonds, is above the ground state
isomer by 1.55 eV. A η2-O2 exists in the ground state of Fe2O4

+

(Fe2O4
+/C1) while the structure (Fe2O4

+/C2) with a η1-O2 is
above the ground state by only 0.26 eV. The ground state
structure of Fe2O5

+ consists of Fe2O3
+/C1 and a η1-O2. Unlike

Fe2O4
+, Fe2O5

+ with a η2-O2 moiety (Fe2O5
+/C2) is not the

ground state. The Fe2O3
+/C2 based structural isomers of Fe2O5

+

(C3 and C4) are slightly higher in energy than the ground state.
Similar to the Fe2O3

+/C1 based isomers of Fe2O5
+ (C1 and C2),

the structure Fe2O5
+/C4 with a η2-O2 moiety is higher in energy

than Fe2O5
+/C3 with a η1-O2 moiety. The structure isomer of

Fe2O5
+ (C5) with three terminal Fe-O bonds is above the

ground state by 1.60 eV. The ground state structure of Fe2O6
+

consists of Fe2O4
+/C1 and a η2-O2. Unlike Fe2O5

+ but similar
to Fe2O4

+, Fe2O6
+ with a η1-O2 moiety (Fe2O6

+/C2) is not the
ground state. The structure isomer of Fe2O6

+ (C3) with four
terminal Fe-O bonds is very high in energy compared with
the structures (Fe2O6

+/C1 and C2) with η1/2-O2 moieties.
The binding energies of O2 with related Fe2O2-4

+ species are
listed in Table 2. The binding energies range from 0.4 to 0.7
eV, which indicates that the O-O moiety is weakly bonded
in Fe2O4-6

+. The binding energies of N2 with corresponding
Fe2O2-4

+ species are also given in Table 2. The binding between
Fe2O2-4

+ and N2 is always stronger than that between Fe2O2-4
+

and O2, which indicates than the substitution reaction of
Fe2O4-6

+ + N2 f Fe2O2-4N2
+ + O2 is exothermic.

3.2.3. Reactions of Fe2O4-6
+ with N2. Table 1 shows that

the B3LYP/6-311+G* calculations are in generally good
agreement with the experimental measurements of bond energies
of iron oxides and oxygen molecule. The structures of Fe2O4

+/
C3, Fe2O5

+/C5, and Fe2O6
+/C3 without the O-O moiety are

significantly (more than 1.3 eV) higher in energy than the
structures with one or two O-O moieties (Figure 3). It may be
safe to discard the possibility that Fe2O4

+/C3, Fe2O5
+/C5, or

Fe2O6
+/C3 is the ground state of the diiron oxide cluster.

However, the DFT calculations may not be accurate enough to
differentiate the relative energies of structures with η1-O2 and
η2-O2 moieties (such as Fe2O4-6

+/C1 versus Fe2O4-6
+/C2) that

are close in energy within 0.09-0.26 eV. The N2 substitution
reactions of Fe2O4-6

+ + N2 f Fe2O2-4N2
+ + O2 that are all

exothermic (Table 2) may be used to probe how O-O is bonded
in the Fe2O4-6

+ clusters.
Figures 4-6 plot the DFT calculated pathways of reactions

Fe2On
+/C1/C2 + N2 f Fe2On-2N2

+ + O2 for n ) 4-6,

Figure 2. TOF mass spectra for reaction of FemOn
+ (m e 3) clusters

with NO or CO in the fast flow reactor. Note that the weak side or
shoulder peaks at the low-mass side of the main peaks are due to 54Fe
isotopomers.
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respectively. Reaction pathways for Fe2O5
+/C3/C4 + N2 f

Fe2O3N2
+ + O2 are given in Figure 7. Reactions of Fe2O4-6

+/
C1/C2 with N2 are subject to negative and positive overall
reaction barriers for the η1-O2 and η2-O2 containing clusters,
respectively. The nonreactivity of Fe2O6

+ with N2 by the
experiments (Figure 1) can be well interpreted (Figure 6) if the
true ground state of Fe2O6

+ contains no η1-O2. We thus propose
that the true ground state of Fe2O6

+ contains two η2-O2 moieties
(Figure 3, Fe2O6

+/C1). The structure of Fe2O6
+ is based on that

of Fe2O4
+, i.e., it is reasonable that the ground state of Fe2O4

+

contains a η2-O2 rather than a η1-O2. Fe2O4
+ is not very reactive

toward N2 by the experiments (Figure 1), which also suggests
that the ground state of Fe2O4

+ contains a η2-O2 because Figure

4 shows that Fe2O4
+ with a η1-O2 should be very reactive toward

N2 substitution.
The experiments indicate that Fe2O5

+ is quite reactive toward
N2 substitution Fe2O5

+ + N2 f Fe2O3N2
+ + O2 (Figure 1).

This is supported by the DFT calculated results (Figures 5 and
7) that the substitution reactions of Fe2O5

+/C1-C4 with N2 are
subject to negative or small positive (0.12 eV) overall barriers.
The DFT calculations predict that the Fe2O5

+ isomer with η1-
O2 is more stable than the isomer with η2-O2 (Fe2O5

+/C1 versus
C2 and Fe2O5

+/C3 versus C4 in Figure 3) and the former is
more reactive than the latter toward N2 (Figures 5 and 7). We
conclude that both the experiment and theory favor a η1-O2 in
the ground state structure of Fe2O5

+ although the possibility of
a η2-O2 in the Fe2O5

+ ground state cannot be definitely excluded.
It is noticeable that the DFT calculations (Figure 3) in this study
are most probably correct in predicting how the O-O unit(s)
is bonded (η1-O2 or η2-O2) in the ground states of Fe2O4-6

+

clusters.

TABLE 1: Comparison of DFT Calculated and Experimental Ionization and Bond Dissociation Energies

ionization or dissociation energies (IE or D)/eV

calcd exptl

reactionsa B3LYPb PBEc energies ref
5Fef 4Fe+ + e 7.792 7.85 7.9023 ( 0.0001 40
5FeOf 6FeO+ + e 8.856 8.8 8.56 ( 0.01 41
5FeO2f

6FeO2
+ + e 9.640 10.23 9.5 ( 0.5 42

3O2f
3O + 3O 5.087 6.20 5.115 ( 0.001 43

1CO2f
1CO + 3O 5.479 6.34 5.543 ( 0.002 44

5FeOf 5Fe + 3O 4.251 5.51 4.18 ( 0.01 45
6FeO+f 4Fe+ + 3O 3.187 4.57 3.52 ( 0.02 41
6FeO2

+f 4Fe+ + 3O2 0.975 1.98 1.11 ( 0.28 2d

2.0 ( 0.5 46e

6FeO2
+f 6FeO+ + 3O 2.874 3.61 2.70 ( 0.28 bf

5FeO2 f
5FeO + 3O 3.659 5.05 3.64 ( 0.57 bg

4.46 ( 0.22 42
4.54 ( 0.20 47

9Fe2Of 9Fe2 + 3O 6.098 5.97 >4.84 46
10Fe2O+f 8Fe2

+ + 3O 5.659 5.64 5.15 ( 0.05 46
10Fe2O2

+f 10Fe2O+ + 3O 4.297 5.47 4.25 ( 0.27 48h

3FeN+f 4Fe+ + 4N 2.096 2.55 ( 0.22 49

a Superscripts indicate the spin multiplicities (M) of species in the ground states determined by B3LYP/6-31+G* calculations. PBE
functional may predict different M values for the ground state iron oxides. b This work. c Cited from ref 14. d The ligand exchange experiments
in ref 2 determined that the binding energy of Fe+-O2 is greater than that of Fe+-C3H8 (0.824 eV) and less than that of Fe+-CO or
Fe+-H2O (1.388 eV). e Calculated as D0(Fe+-O2) ) D0(Fe-O2) + IE(Fe) - IE(FeO2) in ref 46, where D0(Fe-O2) ) 3.6 ( 0.1 eV (ref 47),
IE(Fe) ) 7.90 eV, and IE(FeO2) ) 9.5 ( 0.5 eV (ref 42). f Calculated as D(FeO+-O) ) D(Fe+-O2) + D(O-O) - D(Fe+-O), where
D(Fe+-O2) ) 1.11 ( 0.28 eV, D(O-O) ) 5.115 ( 0.001 eV, and D(Fe+-O) ) 3.52 ( 0.02 eV. g Calculated as IE(FeO2) + D(FeO+-O) -
IE(FeO), where IE(FeO2) ) 9.5 ( 0.5 eV, D(FeO+-O) ) 2.70 ( 0.28 eV, and IE(FeO) ) 8.56 ( 0.01 eV. h From the D(Fe2

+-2O) ) 9.40 (
0.27 eV in ref 48. D(Fe2O+-O) can be calculated as D(Fe2

+-2O) - D(Fe2
+-O) ) 9.40 - 5.15 ) 4.25 eV.

Figure 3. The lowest energy isomers of Fe2On
+ (2 e n e 6) clusters.

The spin multiplicity (M), the relative zero-point corrected energy (∆H0K

in eV), electronic configuration (Γ), and the point group (PG) of the
conformers (Cn) are given as MCn/∆H0K/Γ/PG. The bond lengths are
given in angstroms.

TABLE 2: Binding Energies (∆H0K) of O2 and N2 with
Related Species in Fe2O4-6

+

no. reactiona ∆H0K/eV

1 Fe2O4
+/10C1 f Fe2O2

+/10C1 + 3O2 0.677
2 Fe2O4

+/12C2 f Fe2O2
+/10C1 + 3O2 0.415

3 Fe2O5
+/10C1 f Fe2O3

+/8C1 + 3O2 0.507
4 Fe2O5

+/8C2 f Fe2O3
+/8C1 + 3O2 0.368

5 Fe2O5
+/12C3 f Fe2O3

+/10C2 + 3O2 0.606
6 Fe2O5

+/12C4 f Fe2O3
+/10C2 + 3O2 0.499

7 Fe2O6
+/10C1 f Fe2O4

+/10C1 + 3O2 0.531
8 Fe2O6

+/12C2 f Fe2O4
+/10C1+ 3O2 0.446

9 10(η1-N2)(Fe2O2
+/10C1)f Fe2O2

+/10C1 + 1N2 0.753
10 8(η1-N2)(Fe2O3

+/8C1) f Fe2O3
+/8C1 + 1N2 0.829

11 10(η1-N2)(Fe2O3
+/10C2) f Fe2O3

+/10C2 + 1N2 0.888
12 10(η1-N2)(Fe2O4

+/10C1) f Fe2O4
+/10C1 + 1N2 0.604

13 Fe2O3
+/8C1 f Fe2O2

+/10C1 + 3O 2.470

a See Figures 3-7 for structural isomers.
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4. Discussion

4.1. Comparison with Previous Results. The ground state
structures of Fe2O4-6

+ determined in this study are very different
from those in the literature.14 The B3LYP calculations predict
that the η1-O2 or η2-O2 moiety exists in the ground states of
Fe2O4-6

+ whereas the O-O bond is broken (like Fe2O4,6
+/C3

and Fe2O5
+/C5 in Figure 3) under the PBE calculations in ref

14. The reason can be traced back to the differences of the
iron-oxygen and oxygen-oxygen bond energies (Table 1)
predicted by different functionals. The PBE overestimates
energies of both iron-oxygen and oxygen-oxygen bonds by
typically 1 eV. As a result, formation of two separate
iron-oxygen bonds from one O2 molecule and appropriate iron
site(s) is favored by the PBE calculations. In contrast, the

B3LYP calculations are generally in good agreement with the
experimental measurements of the iron-oxygen and oxygen-
oxygen bond energies. As a result, the structures predicted by
B3LYP are more reliable than those by PBE.

The experiments in this study and those in refs 14 and 26
support or are supported by the results that the O-O moiety
exists in the ground state of Fe2O4-6

+ clusters. The reactions
of CO and N2 with mass selected Fe2O4,5

+ clusters at near
thermal collisional energy [note that a portion of the clusters
were measured to have up to 1.6 eV center-of-mass collisional
energy (Ek)] were studied by Reilly et al.14 Fe2O2

+ and Fe2O3
+

are observed as products in the reactions of Fe2O4
+ + N2 and

Fe2O5
+ + N2, respectively. The calculated binding energies of

O2 with Fe2O2,3
+ to form ground state Fe2O4,5

+ are only 0.5-0.7
eV (Table 2). Fe2O2,3

+ from Fe2O4,5
+ + N2 can be interpreted

as CID products at Ek greater than 0.5-0.7 eV. The reaction of
Fe2O5

+ with N2 in the fast flow reactor can produce Fe2O3N2
+

(Figure 1), which is supported by the DFT results in Figures 5
and 7. In contrast, Fe2O3N2

+ was not observed in the mass
selective experiments. This is most possibly because the Ek is

Figure 4. DFT calculated reaction pathways for Fe2O4
+(10B2) +

N2(1Σg
+) f Fe2O2N2

+(10A′) + O2(3Σg
-) (solid line) and Fe2O4

+(12A)
+ N2(1Σg

+) f Fe2O2N2
+(10A′) + O2(3Σg

-) (dotted line). The reaction
intermediates and transition states are denoted as MIn and MTsn,
respectively, where the superscript indicates the spin multiplicities. The
relative Gibbs free energy at 298.15 K (∆G298K in eV), electronic
configuration (Γ), and the point group (PG) of the species are given as
∆G298K/Γ/PG. The bond lengths are given in angstroms. All of the
energies are relative to the total free energy of Fe2O4

+(10B2) and
N2(1Σg

+).

Figure 5. DFT calculated reaction pathways for Fe2O5
+(8A) + N2(1Σg

+)
f Fe2O3N2

+(8A′′) + 3O2(3Σg
-) (dotted line) and Fe2O5

+(10A) + N2(1Σg
+)

f Fe2O3N2
+(8A′′) + 3O2(3Σg

-) (solid line). See the caption of Figure
4 for explanations. All of the energies are relative to the total free energy
of Fe2O5

+(10A) and N2(1Σg
+).

Figure 6. DFT calculated reaction pathways for Fe2O6
+(10B1 g) +

1N2(1Σg
+)f Fe2O4N2

+(10A′′) + 3O2(3Σg
-) (solid line) and Fe2O6

+(12A′′)
+ 1N2(1Σg

+) f Fe2O4N2
+(10A′′) + 3O2(3Σg

-) (dotted line). See the
caption of Figure 4 for explanations. All of the energies are relative to
the total free energy of Fe2O6

+(12A′′) and N2(1Σg
+).

Figure 7. DFT calculated reaction pathways for Fe2O5
+(12A) (C3) +

N2(1Σg
+)f Fe2O3N2

+(8A′′) + 3O2(3Σg
-) (dotted line) and Fe2O5

+(12A)
(C4) + N2(1Σg

+) f Fe2O3N2
+(8A′′) + 3O2(3Σg

-) (solid line). See the
caption of Figure 4 for explanations. All of the energies are relative to
the total free energy of Fe2O5

+(12A) (C3) and N2(1Σg
+).
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typically very low (0.13 eV for center of mass approaching
velocity of 1 km/s) in the fast flow experiments while Ek can
be as large as 1.6 eV in the mass selective experiments.

The major reaction products are Fe2O2
+/Fe2O2CO+ and

Fe2O2,3
+/Fe2O3CO+ in the reactions of CO with mass selected

Fe2O4
+ and Fe2O5

+, respectively. Similar to the reactions of
Fe2O4,5

+ + N2, Fe2O2,3
+ from Fe2O4,5

+ + CO can be interpreted
as CID products: Fe2O4,5

+ + CO f Fe2O2,3 + O2 + CO.
Fe2O2,3CO+ may be well interpreted as products from substitu-
tion reactions: Fe2O4,5

+ + CO f Fe2O2,3CO+ + O2, since the
binding of CO with Fe2O2,3

+ should be significantly stronger
than that of O2 and N2 with Fe2O2,3

+ (Table 2). In addition,
Fe2O4

+ was not observed in the Fe2O5
+ + CO reaction, which

further suggests that the structure (like Fe2O5
+/C5 in Figure 3)

without the O-O moiety is not the ground state structure of
Fe2O5

+, otherwise the reaction of Fe2O5
+ + CO f Fe2O4

+ +
CO2 would produce Fe2O4

+. It should be pointed out that
although the mass selective experimental results have been
interpreted based on the PBE calculations in ref 14 a new
interpretation of the experiments based on the B3LYP calcula-
tions looks more consistent. Additional experimental evidence
that supports the existence of the O-O moiety in Fe2O4-6

+ is
from the PD experiments, for example, the Fe2O2

+ fragment
was produced from Fe2O6

+ via the elimination of two units of
O2 upon photon absorption.26 In conclusion, the CID, PD, and
reactivity experiments on Fe2O4-6

+ in the literature14,26 or in
this study can be well interpreted based on the B3LYP calculated
ground state structures of Fe2O4-6

+ (Figure 3) that contain O-O
unit(s).

4.2. Charge Dependence of Cluster Structures. A previous
study of Fe2O1-5

- clusters by PES has suggested that the ground
state structures of anionic Fe2O4-5

- clusters do not contain a
O-O unit.5 This is in sharp contrast with the conclusion in this
study that a η1-O2 or η2-O2 exists in the ground state of cationic
Fe2O4-5

+ (Figure 3). To confirm that the B3LYP/6-311+G*
method can correctly predict the ground state of Fe2O5

- as
suggested by the PES experiments, different structural isomers
of Fe2O5

- have been optimized. The results along with those
of neutral Fe2O5

27 and cationic Fe2O5
+ are given in Figure 8.

The Fe2O5
-/C1 with a η1-O2 is unstable and Fe2O5

-/C2 with a
η2-O2 is now slightly higher in energy than Fe2O5

-/C3 without
the O-O unit. Fe2O5

-/C2 and Fe2O5
-/C3 are close in energy,

so the calculation cannot determine if Fe2O5
-/C3 is the true

ground state of Fe2O5
-. The O-O bond length of the η2-O2 in

Fe2O5
-/C2 is 0.144 nm, which is much longer than the bond

length (0.121 nm) of free O2. This means that this O-O bond
in Fe2O5

-/C2 is significantly activated although it is not
completely broken. It may be concluded that the B3LYP
calculations on Fe2O5

- are in agreement with the PES experi-
ments.5

The charge dependence of the structures of Fe2O5
q (q ) 0,

(1) by the DFT in Figure 8 is interesting. The C1 conformer
with a η1-O2 is the ground state of cationic Fe2O5

+, the C2
conformer with a η2-O2 is the ground state of neutral Fe2O5,
while the C3 conformer without the O-O unit is the ground
state of anionic Fe2O5

-. As the q of Fe2O5
q decreases, the

distance between the η1-O2 or η2-O2 moiety and the host iron
atom decreases and the O-O bond length of η1-O2 or η2-O2

increases. In other words, η1-O2 or η2-O2 is more strongly
bonded and more activated in the cluster system that contains
more electrons, which is reasonable as O has high electrone-
gativity.

4.3. η1-O2 vs. η2-O2. The interesting prediction from the DFT
calculations (Figure 3) is that the ground state of Fe2O5

+ contains
η1-O2 while the Fe2O6

+ ground state contains η2-O2. This is in
parallel with the experimental observation (Figure 1) that Fe2O5

+

is reactive while Fe2O6
+ is not reactive toward N2 and is further

supported by the DFT calculations that substitution of η1-O2 is
easier than that of η2-O2 by N2 (Figures 4-7). Because the
substitution of η2-O2 in Fe2O5

+/C2/C4 by N2 is subject to a small
positive (Figure 5) or negative (Figure 7) overall barrier, further
investigations such as higher level quantum chemistry calcula-
tions are required to confirm the ways of O2 binding in the
ground state of Fe2O5

+ although the current experimental and
DFT studies favor a η1-O2 in the ground state Fe2O5

+.
In the case that the ground state of Fe2O5

+ is as the DFT
calculated (Fe2O5

+/C1, Figure 3), it is interesting to rationalize
why O2 is end-on bonded in Fe2O5

+ while side-on bonded in
Fe2O6

+. Normal valence states of the iron element are usually
divalent and trivalent in the bulks, e.g., wüstite and hematite,
and higher in the intermediates of some enzyme catalytic
cycles.51 The Fe(II) species can be readily oxidized to Fe(III)
species while further oxidation of Fe(III) is hard to achieve.
With these considerations and the DFT predicted ground state
structures in Figures 3 and 8, we may conclude that the way of
O2 binding to Fe(III) is end-on while it is side-on or inserted
for the O2 with iron sites with the valence state being less than
+3. The valence state of at least one of the iron atoms in Fe2O2

+

must be less that +3, so the O2 is side-on bonded in Fe2O4
+.

For Fe2O3
+/C1, the net positive charge can be considered to be

located mainly on the 2-fold coordinated iron atom (Fe2fc) that
is considered to be in the +3 oxidation states, so the O2 is end-
on bonded in the ground state of Fe2O5

+. The binding of O2

with the Fe2O2
+ moiety in Fe2O4

+ is weak, or at least not as
strong, and the binding of a terminal oxygen atom with the
Fe2O2

+ moiety in Fe2O3
+/C1 (compare reaction 1 with 13 in

Table 2), so the electron density around the Fe2fc of Fe2O4
+/C1

is larger than that around the Fe2fc of Fe2O3
+/C1. This is

supported by the DFT calculated Mulliken charge distribution:
+0.939 e on the Fe2fc of Fe2O3

+/C1 and +0.904 e on the Fe2fc

of Fe2O4
+/C1. As a result, the valence state of Fe2fc of Fe2O4

+/
C1 can be considered to be less than +3 and the O2 can be
side-on bonded in the ground state of Fe2O6

+.

5. Conclusion

The DFT calculations at the B3LYP/6-311+G* level of
theory can reproduce the experimental bond energies of iron
oxides with good accuracy. The ground state structures of

Figure 8. The lowest energy isomers of Fe2O5
q (q ) 0, (1) clusters.

For each isomer, different spin multiplicities are tested, and the lowest
energy structures are listed. See the caption of Figure 3 for explanations.
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Fe2O4-6
+ clusters are predicted to contain O-O unit(s), which

is supported by all of the results of CID, PD, and reactivity
experiments on Fe2O4-6

+ clusters. Combined with the DFT
reaction pathway calculations, reactivity experiments on Fe2O4,6

+

+ N2 in the fast flow reactor conclude that O2 is side-on bonded
in Fe2O4,6

+ clusters. In contrast, both the experiment and theory
favor an end-on bonded O2 in the ground state structure of
Fe2O5

+. The net charge of diiron oxide clusters such as Fe2O5
q

influences the cluster structures significantly, for example, the
O2 moiety may be end-on, side-on, and inserted bonded in the
ground state structures of Fe2O5

+, Fe2O5, and Fe2O5
-, respec-

tively. For diiron oxides, an O2 moiety is suggested to be end-
on or side-on (or inserted) bonded with iron sites with +3 or
less than +3 valence states, respectively.
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