
Structure and reactivity of the prototype iron–oxide cluster
Fe2O2

1

Phillip Jacksona, Jeremy N. Harveyb, Detlef Schro¨derb,*, Helmut Schwarzb

aResearch School of Chemistry, Australian National University, Canberra ACT 0200, Australia
bInstitut für Organische Chemie, Technische Universita¨t Berlin, 10623 Berlin, Germany

Received 8 March 2000; accepted 26 April 2000

Abstract

The iron–oxide cluster Fe2O2
1 is synthesized in the gas phase from a mixture of Fe(CO)5 and O2, and its gas-phase reactivity

is subsequently probed using sector-field and Fourier-transform mass spectrometers. The experimental findings are in accord
with, but do not establish that Fe2O2

1 has a rhombic structure with two equivalently bound oxo-ligands. Although the reactivity
studies conducted with Fe2O2

1 are by and large consistent with previous literature data and the few thermochemical data
available for ligated iron clusters, a severe discrepancy exists for the Fe2O2

1/C2H4 couple. Although exclusive dehydrogenation
to afford Fe2C2H2O2

1 has been reported in a previous work [Gehret and Irion, Chem. Eur. J. 2 (1996) 598], this product
constitutes a very minor channel in the present study; instead, various C–H and C–C bond activation processes as well as
O-atom transfer from Fe2O2

1 to ethene are observed. A possible explanation is that two isomers and/or states of Fe2O2
1 cation

were probed in the different experiments, thereby highlighting an important structural ambiguity in reactivity studies of
transition-metal clusters. Assuming that the most stable Fe2O2

1 species is monitored in the present experiments, the reactions
observed in combination with complementary thermochemical information imply heats of formation ofDfH0(Fe2O2

2 5
232 6 12 kcal/mol,DfH0(Fe2O2) 5 22 6 12 kcal/mol, andDfH0(Fe2O2

1) 5 216 6 9 kcal/mol for anionic, neutral, and
cationic di-iron dioxide. (Int J Mass Spectrom 204 (2001) 233–245) © 2001 Elsevier Science B.V.
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1. Introduction

In a continuation of studies dealing with the
chemistry of mononuclear metal–oxide ions [1,2], the
gas-phase ion chemistry of transition-metal–oxide
clusters keeps receiving increasing interest. Among
the transition metals, in numerous respects, iron is
certainly outstanding, and the possible implications of
iron–oxide clusters range from fundamental proper-

ties to metallo-enzymes, surface catalysis, and corro-
sion phenomena. Here, we report mass spectrometric
studies of the seemingly simple di-iron dioxide cation
Fe2O2

1 as monitored under ion cyclotron resonance
(ICR) conditions in conjunction with complementary
experiments employing sector-field mass spectro-
metry.

In this study, we employ a chemical route for the
generation of the Fe2O2

1 ion in the gas phase [3–5],
whereas most of the previous reactivity studies em-
ployed sputtering methods [6–9]. As will be shown
further, the ion’s reactivity may depend upon the* Corresponding author. E-mail: df@www.chem.tu-berlin.de
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method of ion generation, indicating the existence of
structural and/or electronic isomers.

Several recent studies pertaining to neutral and/or
charged Fe2O2

1/0/2 species have been reported. Ma-
trix-isolation experiments by Andrews and co-work-
ers have provided vibrational frequencies of two
isomers of neutral Fe2O2, a rhombic species and
another, apparently linear form with an OFeFeO
structure [10]. Wang and co-workers have determined
an electron affinity EA(Fe2O2) 5 2.36 eV using an-
ion photoelectron spectroscopy [11]. Preliminary re-
activity studies by Gehret and Irion have addressed
the ion–molecule reactions of Fe2O2

1 with ethene,
benzene, and ammonia [8]. Concerning the sequential
Fe–O bond strengths in FemOn

1 clusters withn 5 1
and 2, there existed some ambiguity, and it was
assumed thatD0(FemO1–O) ' D0(Fen

1–O) [4,8].
Detailed studies of Griffin and Armentrout have
contributed valuable thermodynamic data for iron–
oxide clusters of various sizes and confirmed this
assumption for most FemOn

1 clusters exceptm 5 2,
however, these authors reported bond-dissociation
energiesD0(Fe2O

1–O) 5 99.26 7.7 kcal/mol [12]
and D0(Fe2

1–O) 5 117.66 4.6 kcal/mol [13]. Fi-
nally, Cao et al. have performed an extensive theoret-
ical analysis of neutral Fe2O2 [14].

The present study aims to extend the pioneering
work of Gehret and Irion [8] by means of more
detailed reactivity studies, bracketing and isotope
exchange experiments using the ICR technique, com-
plemented with a characterization of the Fe2O2

1 cation
by means of sector-field mass spectrometry.

2. Experimental

Ion/molecule reactions are examined with a Spec-
trospin CMS 47X FTICR-MS equipped with an ex-
ternal ion source [15,16]. The Fe2O2

1 cluster is made
by means of a gas-phase synthesis starting from bare
Fe1 stored in the ICR cell as described previously [4].
In brief, Fe1 is generated by laser ablation of a solid
steel sample using a Nd:YAG laser operating at 1064
nm. The ions are transferred to the ICR cell using a
series of potentials and ion lenses. The cell itself is

positioned in the bore of a 7.0 T superconducting
magnet. In the ICR cell, mass-selected56Fe1 is then
reacted with Fe(CO)5 and O2 introduced by way of
pulse valves (up to 1025 mbar maximum for 0.1 s).
The trapped ions undergo more than 100 collisions,
both reactive and nonreactive, during the time the
pulse gas is in the ICR cell. After a typical delay of
3–4 s, most of the residual gases are pumped away,
leaving behind a series of cationic iron–carbonyl,
–oxocarbonyl, and –oxo clusters. The FERETS pro-
tocol [17] is then employed to mass select Fe2O2

1 for
further reactions. Neutral reactants are introduced by
means of leak valves to pressures of the order from
8 3 1029 mbar to 13 1027 mbar. The adjustment of
the neutral’s pressure depends on its reactivity to-
wards key intermediates involved in the gas-phase
synthesis of Fe2O2

1. For example, pressures up to
1027 mbar of the less reactive reagents such as H2,
N2, CO, and CO2 can be admitted without seriously
affecting the Fe2O2

1 yields. On the other hand, lower
background pressures of, for example, C2H4 and NH3

are necessary to prevent ion losses during the pump-
ing delay that is required to remove the gases pulsed
into the ICR cell during the synthesis of Fe2O2

1. All
experimental second-order rate constants are evalu-
ated assuming the pseudo-first-order kinetic approxi-
mation after calibration of the measured pressure and
acknowledgement of the ion gauge sensitivities; the
ion temperature is assumed as 298 K [18].

The neutral reagents, including [D4]–ethene (Cam-
bridge Isotope Laboratories, Andover, MA, USA) and
18O2 (Campro Scientific, Emden, Germany), are used
as purchased without further purification except for
additional freeze–pump–thaw cycles.

Additional experiments were performed with a
modified VG/ZAB/HF/AMD 604 four-sector mass
spectrometer with BEBE configuration, where B rep-
resents magnetic and E electrostatic sectors, respec-
tively [19]. The clusters were generated in a chemical
ionization (CI) source by the electron bombardment
(100 eV) of Fe(CO)5 and O2 [5]. For Fe2O2

1 interfer-
ence by the isobaric ion Fe(CO)2O2

1 is negligible in
the present study as no loss of CO (Dm 5 28) is
observed; see [5] for a discussion. All ions, acceler-
ated to a nominal translational energy of 8 kV, are
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mass-selected using B(1)E(1) prior to collision
events. Two collision cells are positioned in the
field-free region between E(2) and B(2), and the
collision-gas pressures are maintained such that 80%
of the parent ion beam is recovered after traversing a
cell. In the average, this corresponds to approximately
1.0–1.5 collisions per ion [20]. B(2) is subsequently
used to record the mass spectra in which 10–50 scans
are averaged. Collisional activation (CA) is effected
by colliding mass-selected Fe2O2

1 with oxygen, neu-
tralization–reionization (NR) [21] experiments em-
ploy Xe and O2 as collision gases for neutralization
and reionization, respectively, and in charge reversal
(CR) [22] of anions to cations oxygen is used as a
collision gas. A deflector electrode positioned be-
tween the collision cells and maintained at 1 kV
ensures no ions are transmitted to the second cell
during the NR experiments, and only neutral species
stable for approximately 1ms may be recovered. The
energy-resolved CR experiments are performed with
B(1)-only mass-selected ions using the process O2

2z3
O2

1z for calibration of the energy scale [23,24]; a
definition of the ions’ effective temperature is not
indicated in these vertical transitions.

3. Results and discussion

3.1. Structure(s) and energetics of Fe2O2
1

On a general note and for specific reasons which
become obvious further on, first, it is necessary to deal
with the possible structures of the Fe2O2

1 cation in
some more detail. Thus, already for mononuclear [M,
O2] species several structural isomers need to be
considered, i.e. dioxygen complexes, peroxides, and
metal dioxides [2,25,26]. Even in the case of a simple
metal cluster such as [Fe2, O2] the possibilities are
daunting, and not less than eight different structures
are conceivable for the neutral species [14]. Further,
as suggested by theoretical studies [27], we may
neglect thermal corrections to reaction enthalpies for
the ICR experiments performed at 298 K, and refer to
0 K values throughout.

3.1.1. Ion generation
In the gas phase, Fe2O2 species have so far been

produced by three principally different approaches:
(1) sputtering methods of bulk iron oxides or metallic
iron in the presence of oxidants [6–9,11,28], (2)
reactions of binuclear iron clusters with oxidants
[3–8], and (3) oxidative degradation of polynuclear
Fen

1 clusters [8,12,13]. Simply due to the possible
existence of various electronic states and/or structural
isomers, the different methods used for ion generation
may therefore well afford certain isomers and/or
states in quantities largely deviating from equilibrium
populations. Further, even thermalization sequences,
e.g. by way of collisions with nonreactive buffer
gases, may not necessarily lead to the same popula-
tions of isomers/states when different methods for ion
generation are used. This is a common limitation in
the interpretation of all previous studies and also the
present one insomuch the geometric and electronic
nature of the Fe2O2

1 species sampled remains ambig-
uous. The reason for stressing this aspect right at the
outset becomes obvious in the following discussion.

In this study, Fe2O2
1 is generated via approach (2),

i.e. a chemical route for cluster synthesis in the gas
phase. To this end, polynuclear iron carbonyl clusters
are generated by association of Fe(CO)n

1 ions (n 5 0
in ICR, n 5 0–5 in sector experiments) with neutral
Fe(CO)5. The Fem(CO)n

1 clusters thus formed are
subsequently reacted with dioxygen to afford the
cationic iron–oxide clusters in good to moderate
yields [4,5]. Under ICR conditions, the pulsed-in
dioxygen can also fulfill the function of a thermalizing
agent which removes excess internal energy eventu-
ally deposited in the cluster ions upon their formation.

3.1.2. Sector-field mass spectrometry
In order to characterize the Fe2O2

1 species formed
by way of the chemical route for cluster synthesis in
the gas phase, this cationic iron–oxide cluster is
generated by CI of a mixture of Fe(CO)5 and dioxy-
gen in the CI source of a tandem mass spectrometer.
After mass selection, Fe2O2

1 is subjected to various
collision experiments. Collisional activation of mass-
selected Fe2O2

1 affords the ionic fragments Fe2O
1

(100%), Fe2
1 (10%), FeO2

1 (2%), FeO1 (8%), and
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Fe1 (40%); note that O2
1 and O1 signals are both

,1%, thus disfavoring structures having intact O–O
bonds for the Fe2O2

1 ion formed under these condi-
tions [5]. Except for the formation of Fe2O

1, which is
not structurally indicative, the relative intensities of
the fragments are in accord with thermochemical data
available (Table 1); hence, the fragmentation pattern
may, by and large, reflect energetic preferences rather
than structural motifs of the incident ions. Note,
however, that even though the Fe1 1 FeO2 and
Fe2

1 1 O2 asymptotes are isoenergetic, the Fe1 frag-
ment is much more abundant than the Fe2

1 channel,
again disfavoring the presence of an O–O bond in
Fe2O2

1.
The NR spectrum of Fe2O2

1 reveals a decent
recovery signal due to reionized neutral Fe2O2 (20%);
thus, the neutral species has a minimal lifetime in the
microsecond regime. Other NR signals correspond to
Fe2O

1 (8%), Fe2
1 (4%), FeO2 (2%), FeO1 (50%), and

Fe1 (100%); again, signals due to O2
1 and O1 are not

observed above the noise level. Further, the vertical
two-electron oxidation of the Fe2O2

2 anion formed
upon CI in the negative ion mode was probed in an
energy-resolved collision experiment [23,24]. Despite

considerable error margins, these experiments can
provide valuable information about the redox chem-
istry of transition-metal compounds [29,30]. For the
CR process Fe2O2

2 3 Fe2O2
1, an energy deficit

DECR 5 11.26 0.5 eV was determined. To a first
approximation, this difference is equal to the sum of
the vertical detachment energy (DEv) of the anion and
the vertical ionization energy (IEv) of the neutral
species, i.e. DECR 5 DEv 1 IEv. Provided that
Franck-Condon effects are not too large, the relation
DECR ' EA 1 IE, where EA and IE stand for the
electron affinity and ionization energy of the neutral,
may also hold true within the experimental error
margins [30]. Neglecting differences between vertical
and adiabatic transitions for the time being and using
EA(Fe2O2) 5 2.36 eV [11], we thus arrive at a first
estimate of IE(Fe2O2) ' 8.8 eV6 0.7 eV (see sec.
3.1.3.).

3.1.3. Initial reactivity studies
Although the reactivity of Fe2O2

1 under ICR con-
ditions toward various neutrals is described in more
detail further on, a few reactions relevant for the

Table 1
Thermochemical data (in kcal/mol) for Fe2O2

1 and possible fragments observed in the CA and NR mass spectra (ion masses for56Fe/16O
isotopes in amu and intensities relative to the base peak, 100%) expressed as sums of the heats of formations (¥DfH0) and reaction
enthalpies (DrH) relative to the Fe2O2

1 precursor formed by CI of Fe(CO)5 with O2
a

Ion mass CA NR ¥DfH0
b DrH

Fe2O2
1 144 . . . 20 216c 0

Fe2O
1 1 O 128 100 8 315 99

Fe2
1 1 2O 112 433 217

10 4Fe2
1 1 O2 112 315 99

FeO2
1 1 Fe 88 2 2 336 120

FeO1 1 FeO 72 8 50 318 102
Fe1 1 FeO2 56 40 100 297 81
O2

1 1 Fe2 32 ,1 ,1 449 233
O1 1 Fe2O 16 ,1 ,1 461d 245d

a Also see [5].
b Derived from data given in [12], [13], and [32].
c Although this figure (error6 9 kcal/mol) is derived using the most recent literature data, there is excellent agreement with an earlier

prediction ofDfH0(Fe2O2
1) 5 215 6 18 kcal/mol [3].

d Crude estimate using the thermochemistry of Fe2O
1 [13] and assuming IE(Fe2O) 5 7.3 eV, i.e. the average of IE(Fe2) 5 6.2 eV [40] and

IE(Fe2O2) 5 8.4 eV (this work). IE(Fe2O) ,, IE(C5H5
z ) 5 8.41 eV [32] is further implied by the practical absence of C5H5

1 (,1%) upon
collisional activation of (c-C5H5)Fe2O

1 whereas the Fe2O
1 signal is the second most intense peak (75%) in the CA spectrum of this cluster

ion [38].
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characterization of the incident ion are addressed in
this section already.

The first experiment to be described is16O/18O
isotopic exchange. To this end, Fe2

18O2
1 was gener-

ated by reacting mass-selected Fe1 under ICR condi-
tions first with pulsed-in Fe(CO)5 and then with18O2,
followed by mass selection of Fe2

18O2
1. No reactions

at all occur with16O2, which is in keeping with the
absence of an intact O–O bond in Fe2

18O2
1 for which

replacement of an18O2 ligand in the presence of16O2

is expected. Instead, stepwise16O/18O exchange is
observed with water

Fe2
18O2

1 1 H2
16O3 Fe2

16O18O1 1 H2
18O (1)

Fe2
16O18O1 1 H2

16O3 Fe2
16O2

1 1 H2
18O (2)

Analysis of the reaction kinetics (Fig. 1) reveals
that the ratio of the relative rate constantsk1 andk2 is
1.856 0.2, which matches the value expected for
statistical 16O/18O isotope distribution (k1/k2 5 2).
This observation indicates that both oxygen atoms are
bound equivalently in the chemically synthesized
Fe2O2

1 species described previously. However, we
cannot rule out that the incoming water may catalyze
O-atom equilibration [31].

Next, the IE of Fe2O2 is determined using the
bracketing technique. To this end, mass-selected
Fe2O2

1 was reacted with neutrals having well-known

IEs [32] and the occurrence or absence of electron
transfer from the neutral reagent to Fe2O2

1 was
monitored, affording the neutral cluster concomitant
with the molecular ion of the reactant. The occurrence
of electron transfer close to collision rate is observed
with 1,2-dihydronaphthalene (IE5 8.07 eV) and me-
thoxybenzene (IE5 8.21 eV), whereas electron
transfer is much less efficient with para-xylene (IE5

8.44 eV) and disappears with toluene (IE5 8.82 eV).
Taking the reaction efficiencies into account [33], we
thus estimate IE(Fe2O2) 5 8.4 6 0.3 eV. Note that
IE(Fe2O2) 5 8.8 6 0.7 eV, derived previously from
the charge-reversal experiments with Fe2O2

2, falls
within the error margins of the bracketed value. This
observation indicates that the structures of the an-
ionic, neutral, and cationic species do not differ
greatly, and probably all correspond to rhombic Fe2O2

as suggested by the matrix-isolation studies of Cherti-
hin et al. [10] as well as theoretical predictions [14].

Finally, precisely the ion/molecule reactions stud-
ied by Gehret and Irion [8] are considered for com-
parison, i.e. using ammonia, benzene, and ethene as
neutral substrates. Although our results for the reac-
tions of the first two neutrals are in accordance with
the previous report (see below), a dramatic difference
is found for the reactivity of Fe2O2

1 toward ethene.
Gehret and Irion reported exclusive occurrence of the
following reaction, which these authors ascribed to a
metal-cluster assisted dehydrogenation of the olefin as
previously observed for other cationic transition-
metal clusters [8,34]:

Fe2O2
1 1 C2H43 Fe2O2(C2H2)

1 1 H2 (3)

In contrast, reaction (3) is hardly observed in our
ICR experiments as only a trace of the corresponding
Fe2C2H2O2

1 product is formed. Although high-reso-
lution mass analysis (m/Dm $ 100 000) confirms the
assignment of the elemental composition of this ion,
analysis of the reaction kinetics indicates that its
formation is also due to secondary reactions of the
initially formed products. The maximal branching
ratio of the Fe2C2H2O2

1 channel in the Fe2O2
1/C2H4

couple is 2% of all primary products. Similarly,
reaction with C2D4 yields Fe2C2D2O2

1 only in trace

Fig. 1. Temporal product-evolution profiles in the degenerate
16O/18O exchange reactions of Fe2

18O2
1 with H2

16O; symbols:
Fe2

18O2
1 (square), Fe2

16O18O1 (triangle), and Fe2
16O2

1 (diamond).
The solid lines are derived from a kinetic fit of the consecutive
reactions usingk1/k2 5 1.85, seetext.
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amounts. Instead, various reactions occur including
C–H bond activation, C–C bond cleavage, O-atom
transfer, etc. Although the detailed description of the
reaction products is postponed to Sec. 3.2. it needs to
be pointed out at this stage that we cannot confirm the
preponderance of reaction (3) in the Fe2O2

1/C2H4

system reported in [8]. This discrepancy of the exper-
imental results may either be due to some instrumen-
tal shortcomings in the previous work as suggested
below, or, even more significantly, different Fe2O2

1

clusters may be sampled in both experiments due to
the differences in the methods used for ion generation.

3.2. Reactivity of Fe2O2
1 toward inorganic and

organic substrates

Considering the severe discrepancy between the
results reported in [8] and the present observations, in
conjunction with the possible existence of long-lived
structural and/or electronic isomers of the Fe2O2

1

cation, we refrain from an extensive description of the
reactivities of the substrates, the detailed discussion of
rate constants etc. Further, for those neutrals which
react very efficiently with Fe2O2

1 (i.e.k . 10210 cm3

molecules21 s21) complete thermalization of the re-
actant ion cannot be ensured rigorously, because at a

reasonable static pressure of the neutral reagent,
significant amounts of Fe2O2

1 are consumed during
the time required for cluster generation. Therefore, a
compromise was sought between the thermalization
procedure and the signal-to-noise ratio; these rate
constants and product branchings should therefore be
viewed more cautiously. In regard of these ambigu-
ities, we restrict ourselves to a phenomenological
description of the reactivity of the Fe2O2

1 species
formed by way of our approach in order to allow
comparison with future gas-phase experiments. Fur-
ther, note that, unless mentioned explicitly, the chem-
ical formula of the ions involved, e.g. Fe2C2H2O2

1,
only indicate the elemental composition and do not
imply any particular structures.

3.2.1. Reactions with miscellaneous small molecules
Entirely consistent with [8], Fe2O2

1 does not react
with several small molecules such as H2, N2, O2, CO,
CO2, and N2O at appreciable rates under ICR condi-
tions (Table 2). With the exception of methane,
reactions are observed for the element hydrides NH3,
H2O, and H2S which lead to the exchange of the
oxo-ligands in Fe2O2

1 by imino and thio units, respec-
tively; in the case of H2O degenerate O-atom ex-

Table 2
Summarized reactions of Fe2O2

1 with miscellaneous small neutral reagents

Ratea,b Initial products Final products Remarks

H2 ,10212

N2 ,10212

O2 ,10212

N2O ,10212

CO ,10212

CO2 ,10212

CH4 ,10212

NH3
c 6 3 10210 Fe2ONH1d Fe2ONH(NH3)

1c oxo/imino-exchange
H2O 3 3 10211e Fe2O3H2

1 Fe2O7H10
1 water associationf

H2S
g 5 3 10210 Fe2OS1 Fe2S2

1 oxo/sulfo-exchangeh

a Apparent bimolecular rate constants in cm3 molecules21 s21; experimental error6 50%.
b Due to clustering of Fe2O2

1 with water present in the background, rate constants,10212 cm3 molecules21 s21 cannot be observed.
c Also see [8].
d Some minor products are observed, see text.
e Apparent second-order rate constant atp(H2O) ' 1028 mbar; termolecular processes may be involved but are not deconvoluted.
f Isotopic exchange is observed upon18O labeling, see text.
g Also see [4].
h O/S exchange is also observed with COS, see [4].
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change occurs upon oxygen labeling (see previous
discussion).

Interestingly, only one O atom in Fe2O2
1 can be

replaced by an imino group in

Fe2O2
1 1 NH33 Fe2ONH1 1 H2O (4a)

formation of Fe2N2H2
1 according to the following

reaction is not observed:

Fe2ONH1 1 NH33 Fe2N2H2
1 1 H2O (4b)

In contrast, both O atom are easily exchanged in
the case of water (as shown previously) and hydrogen
sulfide [4]. These results indicate that thermochemical
properties rather than kinetic barriers hamper the
formation of the bisimino cluster Fe2N2H2

1, i.e.
whereas reaction (4a) is exothermic (or thermoneu-
tral) reaction (4b) is endothermic. Considering that
oxygen and sulfur are exchanged easily in combina-
tion with the fact that the oxo and imino ligands are in
equilibrium in the mononuclear FeO1/NH3 system
[35], the absence of the formal bisimino cluster
Fe2N2H2

1 suggested the operation of significant coop-
erative effects in the cluster.

In addition to the exchange of the oxo ligands,
clustering reactions occur with the polar substrates
NH3, H2O, and H2S [4,8]. For example, up to five
water molecules add to Fe2O2

1 to yield Fe2O7H10
1 , i.e.

formally Fe2O2(H2O)5
1. Due to the low operating

pressures, the ICR technique is, however, not at all
ideal to study the details of such association reactions
and much higher degrees of solvation are expected at
elevated pressures. For example, already the bare
FeO1 cation adds up to eight water molecules in the
mbar regime [36,37].

Some side reactions of the Fe2O2
1/NH3 system are

also worth mentioning, although we have not defini-
tively clarified their genesis. Thus, in addition to
Fe2ONH1 formed via reaction (4a), several minor
products are observed at longer reaction times in the
Fe2O2

1/NH3 system. Among these is the unprece-
dented, and undoubtedly interesting, ion Fe2N2H

1.
Since the reaction of Fe2ONH1 with NH3 leading to
Fe2N2H

1 requires the unlikely formation of neutral
[O, H3], additional intermediates appear to be in-

volved. The mass-resolving power of a Fourier trans-
form ICR (FTICR) mass spectrometer equipped with
a 7.0 T magnet also permits direct observation of
product ions isobaric with Fe2O2

1, such as Fe2ONH2
1

and Fe2(NH2)2
1, and, indeed, the former ion is de-

tected. We attribute the presence of this ion to
reactions between Fe2O2H

1 and NH3 (hydroxy-ami-
no exchange). In turn, Fe2O2H

1 either arises from the
H-atom abstraction reaction between Fe2O2

1 and NH3

or is due to organic contaminants inevitably present as
residuals in the pulse valves. In addition, we have also
detected the ion Fe2NO1 which we believe is the
precursor to Fe2N2H

1. Further, some Fe2NO1 is
observed which may either constitute an oxo–nitrido
cluster or bear an intact N–O bond [38,39]. The
Fe2NO1 ion may be a consecutive product due to
dehydrogenation of Fe2ONH2

1 or be formed in reac-
tions between Fe2O2H

1 and NH3 in which H2 and
H2O are evolved.

3.2.2. Reactions with hydrocarbons
First of all, it is important to state that the Fe2O2

1

cluster is by no means unreactive as far as C–H and
C–C bond activations of hydrocarbons are concerned
(Table 3). Hence, the remarkable ability of the bare
FeO1 cation to activate numerous types of bonds
[1,2] is not passified upon aggregation with an iron
monoxide molecule. However, let us begin with the
discussion of the Fe2O2

1/C2H4 couple in more detail,
because it is this particular system which gives rise to
the severe discrepancies in the comparison with the
data reported in [8]. The reactions of some other
hydrocarbons are then addressed more briefly further
below.

As mentioned previously, Gehret and Irion re-
ported the exclusive occurrence of reaction (3) for the
Fe2O2

1/C2H4 couple [8]. In our experiments, a variety
of products in the following reactions are observed
and the corresponding dehydrogenation channel lead-
ing to Fe2C2H2O2

1 constitutes a very minor one:

Fe2O2
1 1 C2H43 Fe2O

1 1 C2H4O 5% (5a)

3 Fe2OH2
1 1 C2H2O 5% (5b)

3 Fe2CH4O
1 1 CO 25% (5c)
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3 Fe2O2H2
1 1 C2H2 40% (5d)

3 Fe2C2H2O
1 1 H2O 15% (5e)

3 Fe2CO2
1 1 CH4 8% (5f)

3 Fe2C2H2O2
1 1 H2 2% (5g)

We deliberately avoid specification of a product
structure for reaction (5e).

First of all, it is worth mentioning that several
different types of reactions are observed ranging from
O-atom transfers in reactions (5a) and (5b) to reduc-
tive and oxidative dehydrogenations [reactions (5d),
(5e), and (5g)] and C–C bond cleavages in reactions
(5c) and (5f). As far as thermochemical data are
concerned, useful information can only be derived for
reaction (5a) which is exothermic if either acetalde-
hyde or CH4 1 CO are the neutral products, i.e.
DrH(5a) 5 211 and217 kcal/mol, respectively; the
reaction is endothermic by 16 kcal/mol if oxirane
were formed [32]. Occurrence of reaction (5d) for the
thermalized ions further implies that the sum
D(Fe2O2

1 2 H) 1 D(Fe2O2H
1 2 H) $ 144 kcal/

mol [32]. Conclusive thermochemical analysis of all

other channels fails due to the limited number of
appropriate reference data for ligated Fem

1 clusters
[12,13,34,40].

A possible rationale for the dramatic difference
between our results and those reported in [8] can be
derived from the fact that the Fe2CH4O

1 product ion
formed in reaction (5c) is nominally isobaric to the
Fe2O2

1 reactant (both 144 u); nevertheless, the ions
are completely mass-resolved in the FTICR experi-
ments (m/Dm . 100 000). In their preliminary report
on the chemistry of the micro-oxides of iron, Gehret
and Irion have not mentioned this particular anomaly.
Hence, it could be possible that the differences ob-
served are due to mass-selection of mixtures of
Fe2CH4O

1 and Fe2O2
1. Although this scenario would

pleasingly explain the discrepancies, if Fe2C2H2O2
1

were a secondary product of Fe2CH4O
1, kinetic

analysis of the consecutive reactions of Fe2CH4O
1

provides no evidence for the formation of
Fe2C2H2O2

1. Instead the major route for the depletion
of the Fe2CH4O

1 ion is reaction with water present in
the background of the instrument by way of

Fe2CH4O
1 1 H2O3 Fe2O2H2

1 1 CH4 (6)

Table 3
Summarized reactions of Fe2O2

1 with selected hydrocarbons

Ratea,b Primary products (branching)

CH4 ,10212

C2H6 ,10212

C3H8 5 3 10212c,d Fe2O2H2
1 (80), Fe2O2(C3H8)

1 (20)
n-C4H10 3 3 10211c C4H9

1 (7), Fe2O2H2
1 (55), Fe2C2H6O2

1 (5), Fe2C4H8O
1 (5), Fe2O2(C4H10)

1 (28)
c-C3H6 4 3 10210 Fe2O2H

1 (15), Fe2O2H2
1 (15), Fe2C3H4O2

1 (70)
c-C6H12 2 3 10210 C6H11

1 (20), FeC6H6
1 (5), Fe2O2H2

1 (15), Fe2C6H8O2
1 (60)

C2H4
e 3 3 10210 Fe2O

1 (5), Fe2OH2
1 (5), Fe2CH4O

1 (25), Fe2O2H2
1 (40), Fe2C2H2O

1 (15), Fe2CO2
1 (8), Fe2C2H2O2

1 (2)f

Z-C4H8 7 3 10210 Fe1 (5), FeC4H6
1 (5), Fe2O2H2

1 (45), Fe2C4H6O
1 (45)

i -C4H8 8 3 10210 Fe2OH2
1 (10), Fe2O2H2

1 (10), Fe2C3H4O
1 (10), Fe2C3H6O

1 (15), Fe2C4H6O
1 (55)

c-C6H6 4 3 10210c,g Fe2O2(C6H6)
1 (100)

a Apparent bimolecular rate constant in cm3 molecules21 s21; experimental error650%.
b Due to clustering of Fe2O2

1 with water present in the background, rate constants,10212 cm3 molecules21 s21 cannot be observed.
c Apparent second order rate constants at;1028 mbar; termolecular processes may be involved in the formations of the formal adduct

complexes Fe2O2(C3H8)
1, Fe2O2(C4H10)

1, and Fe2O2(C6H6)
1 for propane, butane, and benzene, respectively, but are not deconvoluted.

d Minor amounts (,2%) of C3H7
1 cation are observed.

e Product branching for the Fe2O2
1/C2D4 couple: Fe2O

1 (7), Fe2OD2
1 (4), Fe2CD4O

1 (20), Fe2O2D2
1 (35), Fe2CO2

1 (10), Fe2C2D2O
1 (20),

Fe2C2D2O2
1 (2), Fe2O2(C2D4)

1 (2).
f A trace amount (;1%) of the formal adduct complex Fe2O2(C2H4)

1 is observed, but it may be due to secondary reactions of the initial
products.

g A rate constant of 1.53 10210 cm3 molecules21 s21 is given in [8]; no pressure mentioned.
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Hence, we simply cannot provide any reasonable
explanation for the results of Gehret and Irion [8]
other than their experiments sampled different Fe2O2

1

species than ours. Within this context, it is also
noteworthy that the occurrence of the following reac-
tions was reported in [8], implyingD0(Fe2O

1–O) $

127 and 118 kcal/mol, respectively:

Fe2O
1 1 CO23 Fe2O2

1 1 CO (7)

Fe2O
1 1 O23 Fe2O2

1 1 O (8)

This result neither is consistent with the recently
determined valueD0(Fe2O

1–O) 5 99.26 7.7 kcal/
mol [12] nor agrees with the oxygen-atom transfer
from Fe2O2

1 to ethene observed in reaction (5a) which
can only concur with thermalized ions if
D0(Fe2O

1 2 O) # 111 kcal/mol [32]. Note, how-
ever, that one cannot necessarily conclude that the
experiments of Gehret and Irion [8] involved “hot”
ions because the formation of different isomers and/or
states of Fe2O2

1 in the various modes used for
cluster-ion generation could account for these discrep-
ancies as well [4–9,11–13]. In fact, if the experiments
by Gehret and Irion were considered to truly corre-
spond to reactions of thermalized ions, the reported
occurrence of reactions (7) and (8) implies the forma-
tion of a more stable Fe2O2

1 structure than that
sampled by Griffin and Armentrout [12,13] as well as
reported in this work.

In order to validate our analysis and shed further
light on the reaction products, the reaction of Fe2O2

1

with C2D4 is considered. Experimentally, the same,
but deuterated products are observed with by and
large similar branching ratios (see footnote e in Table
3); the only exception is the notable amount of the
formal adduct complex Fe2O2(C2D4)

1 which is
hardly observed in the unlabeled system. Structurally
indicative are the consecutive H/D exchange reactions
observed with water present in the background as well
as other secondary processes (Table 4). The Fe2O

1

ion undergoes clustering with water and ethene to
afford the corresponding adducts. No H/D-exchange
of Fe2OD2

1 is observed, and instead the disappearance
of this primary product ion is attributed to the forma-
tion of Fe2O2HD1 and Fe2O2H2

1. Also interesting is

that neither clustering with C2D4 nor H/D exchanges
with water occur with Fe2CD4O

1, and the reaction
kinetics again imply formation of Fe2O2HD1 and
Fe2O2H2

1 as major secondary products. Instead,
Fe2O2D2

1 undergoes very rapid H/D exchange with
water to afford Fe2O2HD1 and Fe2O2H2

1; at longer
reaction times, this ion undergoes clustering with
water and ethene to yield Fe2O3H4

1 and
Fe2O2H2(C2D4)

1, respectively. For the Fe2C2D2O
1

and Fe2C2D2O2
1 species, up to two H/D exchanges are

observed to yield the corresponding unlabeled ions. In
addition, the formal adduct Fe2O2(C2D4)

1 undergoes
sequential H/D exchange. Secondary reactions of the
minor Fe2CO2

1 product lead to Fe2O2H2
1 and

Fe2O(C2D4)
1, i.e. exchange of a carbonyl ligand by

water and ethene, respectively. Interestingly, trace
amounts of Fe2O3

1 are also detected which are attrib-
uted to the previously suggested formation of this
species by exchange of a CO ligand in Fe2CO2

1 by
molecular oxygen which is also present in the back-
ground [5]. These results are consistent with the
structural suggestions displayed in Scheme 1 for the
reactions of Fe2OD2

1, Fe2CD4O
1, and Fe2O2D2

1

product ions with water. Here, it is assumed that all
clusters share one bridging hydroxy ligand while the
second bridge consists of a hydrido ligand in
Fe2OD2

1, a methyl ligand in Fe2CD4O
1, and a further

Table 4
Secondary reactions of the products of the Fe2O2

1/C2D4 couple
with C2D4 and water present in the background

Secondary productsa,b

Fe2O
1 Fe2O2H2

1, Fe2O(C2D4)
1

Fe2OD2
1 Fe2O2HD1, Fe2O2H2

1

Fe2CD4O
1 Fe2O2HD1, Fe2O2H2

1

Fe2O2D2
1 Fe2O2HD1, Fe2O2H2

1,
Fe2O3H4

1, Fe2O2H2(C2D4)
1

Fe2C2D2O
1 Fe2C2HDO1, Fe2C2H2O

1

Fe2CO2
1 Fe2O2H2

1, Fe2O(C2D4)
1

Fe2C2D2O2
1 Fe2C2D2O2

1

Fe2O2(C2D4)
1 Fe2O2(C2HD3)

1, Fe2O2(C2H2D2)
1,

Fe2O2(C2H3D)1c

a Derived from the analysis of the reaction kinetics of the
Fe2O2

1/C2D4 couple with water present in the background also.
b Elemental compositions of all products are confirmed by

high-resolution mass measurements.
c Fe2O2(C2H4)

1 is not detected, but appears likely to be formed
at longer reaction times.
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hydroxy group in Fe2O2D2
1; similarly, the Fe2CO2

1

ion can be regarded as an Fe2O
1 unit with a bridging

carbonyl ligand. It needs to be stressed, however, that
these structures are no more than educated guesses
because no detailed information on the structural
properties of ligated iron clusters is available so far.
For example, whether or not the structures bear the
proposed formalCs symmetries, whether or not there
exist Fe–Fe bonds etc. is entirely unknown. Concern-
ing the sequential H/D exchanges of the other prod-
ucts, i.e. Fe2C2D2O

1, Fe2C2D2O2
1, as well as the

formal adduct Fe2O2(C2D4)
1, not even tentative

structural proposals are possible for the time being.
Based on these results, a mechanistic scenario is

suggested for the Fe2O2
1/C2H4 couple (Scheme 2) in

which we deliberately do not include any structural
inferences. With regard to the product distribution it is

obvious that at least two different mechanisms must
be operative, i.e. route (a) in which C–H bond
activation predominates in the first step leading to
reactions (5d), (5e), and (5g), and route (b) which
involves O-atom transfer to the carbon skeleton and in
which formation of acetaldehyde as an intermediate
can account for reactions (5a), (5c), and (5f). The
generation of the Fe2OH2

1 ion concomitant with
expulsion of ketene in reaction (5b) can occur by
means of either of these or even a third route.
Involvement of acetaldehyde as a conceivable reac-
tion intermediate is based upon analogies from the
chemistry of mononuclear metal oxides with ethene.
For example, formation of acetaldehyde as the neutral
product of O-atom transfer to ethene from CrO1 [41],
FeO1 [42], and VO2

1 [43], respectively, has been
inferred. Note, however, that the nature of the neu-
tral(s) remain unknown in these ICR experiments, and
with regard to the product distribution in reaction (5)
as well as the favorable thermochemistry, CH4 1 CO
could also be formed, i.e.DfH0(CH3CHO) 5 237
kcal/mol versus¥DfH0(CH4 1 CO) 5 243 kcal/
mol.

After having extensively discussed the ethene case,
the reactions of Fe2O2

1 with some other hydrocarbons
are briefly addressed (Table 3). Methane and ethane
do not react at measurable rates and also the activa-
tions of propane andn-butane proceed slowly, with
C–H bond activations predominating, though some
C–C bond cleavage is also observed in the case of
n-butane. The small rate constants are consistent with
significant amounts of the formal adducts observed
for these alkanes. Notable are the carbocation forma-
tions corresponding to formal hydride transfers from
the alkanes to the iron–oxide cluster (see the follow-
ing). Compared to the aliphatic hydrocarbons, the two
cycloalkanes examined are more reactive by about an
order of magnitude. Again, C–H bond activations
predominate. Consistent with the larger rate constants
for these substrates, formation of the formal adducts is
not observed anymore. Quite interesting is the forma-
tion of the mononuclear FeC6H6

1 cluster from the
Fe2O2

1/c-C6H12 couple because it is an example for
cluster degradation coupled with multiple dehydroge-
nation according to reaction (9):

Scheme 1.

Scheme 2.

242 P. Jackson et al./International Journal of Mass Spectrometry 204 (2001) 233–245



Fe2O2
1 1 c-C6H123 FeC6H6

1 (9)

1 Fe(OH)2 1 2H2

Reaction (9) is among the few processes for which
further thermochemical considerations can be pur-
sued. Multiple dehydrogenation of cyclohexane by
transition-metal cations is quite common [44], and
thus we may assume that the FeC6H6

1 product corre-
sponds to iron cation ligated by benzene with
D(Fe1 2 C6H6) 5 49.66 2.3 kcal/mol [45]. Using
DfH0(Fe(OH)2) 5 277 6 5 kcal/mol [27], reaction
(9) is thus predicted to be exothermic by about 17
kcal/mol. Observation of Fe–Fe bond rupture in reac-
tion (9) is therefore consistent with the notion of
monitoring thermalized Fe2O2

1 ions under our condi-
tions. Cyclopropane is the only hydrocarbon which
also gives rise to the formation of open-shell neutrals
upon reaction with Fe2O2

1, i.e. C3H5
z is formed con-

comitant with Fe2O2H
1; the latter ion continues to

react withc-C3H6 to afford Fe2O2H2
1 by means of a

second H-atom abstraction from cyclopropane. With
the reasonable assumption that allyl radicall -C3H5

z

rather than cyclopropyl radicalc-C3H5
z is formed as a

neutral, we can derive the lower limitsD(Fe2O2
1–

H) $ 78 kcal/mol andD(Fe2O2H
1–H) $ 78 kcal/mol

from the literature thermochemistry of the following
reaction [32,46]:

c-C3H63 l -C3H5
z 1 Hz DrH 5 78 kcal/mol

(10)

these figures agree with the lower bound of$144
kcal/mol derived above for their sum.

Let us briefly return to the carbocation formation in
the reactions of Fe2O2

1 with alkanes. This channel is
connected to the Fe2O2H2

1 product by simple proton

transfer (Scheme 3). If we assume that the ratio
between the carbocation products and Fe2O2H2

1 is
governed by thermochemical properties rather than
kinetic phenomena, the ratios C3H7

1/Fe2O2H2
1 ,

0.025 for propane, C4H9
1/Fe2O2H2

1 ' 0.125 for n-
butane, and C6H11

1 /Fe2O2H2
1 ' 1.33 for cyclohexane

imply that the proton affinity (PA) of neutral Fe2O2H
exceeds those of propene (PA5 179.6 kcal/mol [47])
and butene (PA5 179.5 kcal/mol for Z-2-butene
[32,47]), but is smaller than that of cyclohexene
(PA 5 187.4 kcal/mol [47]). Accordingly,
PA(Fe2O2H) is estimated to fall between 180 and 187
kcal/mol. However, this estimate not only assumes
thermodynamic control of the proton transfer accord-
ing to Scheme 3, but also relies on the absence of
Wagner-Meerwein rearrangements. Thus, ift-C4H9

1

were formed fromn-butane andl -methylcyclopentane
cation, as the most stable C6H11

1 isomer listed in [32],
from cyclohexane, the range for PA(Fe2O2H) shifts
upward to about 195 kcal/mol [47]. Further, note that
the absence of carbocation formation with cyclopro-
pane is consistent with the significantly higher ioniza-
tion energy of allyl radical (IE5 8.13 eV [32])
compared to the secondary radicalsi -C3H7

z , s-C4H9
z ,

andc-C6H11
z (IE 5 7.36, 7.25, and;6.8 eV, respec-

tively [32]). Assuming thermodynamic control, these
trends suggest IE(Fe2O2H) to lie between 7.3 and 8.1
eV and 180 kcal/mol, PA(Fe2O2H) , 195 kcal/mol.

Quite remarkable are the pronounced differences
in the product distributions forZ- and iso-butene
because this rules out complete loss of structural
identity of the hydrocarbon upon reaction with the
Fe2O2

1 cluster. Hence, only C–H bond activation
occurs withZ-2-butene, while significant amounts of
C–C bond cleavages occur withi -butene. A straight-
forward rationale for the difference is that C–H bond
activations of linear butenes allow formation of a
conjugated diene, whereas this option is blocked for
the branched skeleton [48]. Hence, twofold allylic
C–H bond activation ofZ-2-butene can afford a
butadiene complex which can then either eliminate
water, butadiene, or neutral Fe(OH)2 to afford
Fe2C4H6O

1, Fe2O2H2
1, and FeC4H6

1, respectively;
again, Fe–Fe scission in the following reaction is
consistent with thermochemical data which predict an

Scheme 3.
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exothermicity of;28 kcal/mol when butadiene/Fe1

is formed as ionic product [32,49]:

Fe2O2
1 1 Z-C4H83 FeC4H6

1 1 Fe(OH)2 (11)

Finally, the association of Fe2O2
1 with benzene

agrees with the results given in [6]; the difference in
the apparent bimolecular rate constants should not be
overrated, because associations with benzene are
likely to involve termolecular contributions. At longer
reaction times, Fe2O2(C6H6)

1 continues to react with
benzene as well as background water to afford the
formal bisadducts Fe2O2(C6H6)2

1 and
Fe2O2(C6H6)(H2O)1, respectively, of which the
former predominates at long reaction times.

4. Conclusions

The cationic iron–oxide cluster Fe2O2
1 exhibits a

rich reactivity toward various substrates which differ
considerably from that of mononuclear metal-oxide
cations for which C–H bond activation occurs almost
exclusively [1,2]. Although C–H bond activations
also predominate in the reactions of Fe2O2

1 with
hydrocarbons, C–C bond cleavages, O-atom transfers
from the metal oxide to the substrates, and even
Fe–Fe ruptures are observed to some extent. Although
these reactions shed light on the properties of metal-
oxide clusters as models for oxidation catalysts based
on these materials, the most important observation at
this stage is the dramatic difference between the
present results and those reported in [8] for the
Fe2O2

1/ethene couple. A possible explanation is that
the different methods used in these studies for the
generation of the cluster ions do not lead to identical
populations of isomers and/or states in both experi-
mental studies. This observation is of major signifi-
cance for the evaluation of cluster-ion reactivities,
insomuch as the existence of structural and/or elec-
tronic isomers deserves more careful scrutiny. Further
studies of this interesting aspect in the gas-phase ion
chemistry of Fe2O2

1 are indicated. Particularly valu-
able would be techniques which probe the relation-
ships between the clusters’ generation and their spe-
cific reactivities.

Finally, if it is assumed that the present as well as
previous experiments referred to the respective
Fe2O2

1/0/2 species in their most stable forms, the
previously determined valuesD0(Fe1–Fe)5 64.16
2.1 kcal/mol [40], D0(Fe2O

1 2 O) 5 99.26 7.7
kcal/mol [12,13], D0(Fe2

1–O) 5 117.66 4.6 kcal/
mol [13], and EA(Fe2O2) 5 2.36 eV in conjunction
with IE(Fe2O2) 5 8.4 6 0.3 eV determined in this
work suggest heats of formation ofDfH0(Fe2O2

2) 5
232 6 12 kcal/mol,DfH0(Fe2O2) 5 22 6 12 kcal/
mol, andDfH0(Fe2O2

1) 5 216 6 9 kcal/mol for the
anionic, neutral, and cationic di-iron dioxide. Further,
the ion/molecule reactions observed here provide
lower limits for the bond strengthsD0(Fe2O2

1–H) $

78 kcal/mol, D0(Fe2O2
1–H) $ 78 kcal/mol, and

D0(Fe2O2
1–H) 1 D0(Fe2O2

1–H) $ 144 kcal/mol, re-
spectively, as well as the estimates IE(Fe2O2H) '
7.3–8.4 eV and PA(Fe2O2H) ' 180–195 kcal/mol.
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