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Reaction of size-selected iron-oxide cluster
cations with methane: a model study of rapid
methane loss in Mars’ atmosphere†

Masashi Arakawa, ‡*a Satoshi Kono,a Yasuhito Sekine b and Akira Terasaki *a

We report gas-phase reactions of free iron-oxide clusters, FenOm
+, and their Ar adducts with methane in

the context of chemical processes in Mars’ atmosphere. Methane activation was observed to produce

FenOmCH2
+/FenOmCD2

+ and FenOmC+, where the reactivity exhibited size and composition

dependence. For example, the rate coefficients of methane activation for Fe3O+ and Fe4O+ were

estimated to be 1 � 10�13 and 3 � 10�13 cm3 s�1, respectively. Based on these reaction rate coefficients,

the presence of iron-oxide clusters/particles with a density as low as 107 cm�3 in Mars’ atmosphere

would explain the rapid loss of methane observed recently by the Curiosity rover.

1 Introduction

Clusters of metals and metal compounds are a group of sub-
stances with a variety of potential applications taking advantage
of their size-specific properties. Among the numerous cluster
studies, one of the most intriguing topics is cluster chemistry in
space. Small mineral particles such as silicate (e.g., pyroxene
(Mg, Fe)SiO3 and olivine (Mg, Fe)2SiO4) are among the most
abundant materials in space.1,2 It is a prevalent hypothesis
that such materials contribute to chemical processes in the
planet-forming regions, e.g., formation of organic molecules.3

Size-selected gas-phase clusters provide a good model for this
chemistry because it is possible to investigate reactions step
by step with precise control over the number of atoms and
molecules involved in the reaction,4–6 providing molecular-level
insights into metal- and metal compound-mediated catalytic
reactions.7 Furthermore, spectroscopic studies in laboratories
have been reported for silica and silicate clusters,8–10 which were
recently suggested to be highly abundant in the interstellar
medium.8,9 Therefore, clusters themselves may play important
roles in chemical processes in space. In this context, we have
reported reactions of gas-phase free silicate, MglSiOm

�, and

silica, SinOm
�, cluster anions with CO and H2O molecules.11,12

In addition, coadsorption and subsequent reaction of CO and H2

molecules on cobalt cluster cations, Con
+, have been examined to

discuss the formation of organic molecules on the clusters.13

Another chemical process among recent topics in space is
rapid methane loss in the atmosphere of Mars.14 Observation by
the Curiosity rover found temporary spikes of methane and its
rapid loss, but the mechanism of the loss has not been eluci-
dated yet. Although some previous studies suggested a very local,
small methane source near the landing site of the Curiosity
rover,15,16 an alternative possibility is the effective loss of
methane via chemical reaction that is not considered in photo-
chemical models. Mars’ soil is rich in iron oxides, where storms
of iron-oxide particles (dust devils) occur very frequently.17

Hypervelocity impacts of small bodies on Mars would have
also evaporated or made molten the surface materials.18 These
surface processes may have formed very fine iron-bearing con-
densates on Mars. We thus hypothesize that iron-oxide particles/
clusters, which are speculated to be abundant on Mars, are
responsible for the rapid loss because the diiron-oxide cluster,
Fe2O2, is known as an active center of methane monooxygenase
(sMMO),19–23 an enzyme that oxidizes C–H bonds in methane.

The C–H dissociation energy of methane is much larger than
those of other alkanes as can be expected from its short bond
length and the large HOMO–LUMO gap.24 Numerous theore-
tical studies on the interaction of methane with model com-
plexes involving a diiron-oxide core have been reported because
methane activation is receiving considerable interest in mod-
ern chemistry.25–36 These theoretical studies have revealed that
the diiron-oxide core in sMMO plays an important role in C–H
bond cleavage. Several mechanisms have been proposed for the
hydroxylation of CH4,24,34,35 such as a mechanism via a CH3
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radical,28,29,31 one not via radicals26,27,33,35 and a non-
synchronous concerted one.32

As for experimental studies, gas-phase free FeO+ was
reported to mediate the activation of methane.37–41 Hydroxyla-
tion of methane by FeO+ was suggested to occur via a hydroxy
intermediate HO–Fe+–CH3.37,38 This reaction mechanism has
been supported by theoretical studies, where the pathway via
the hydroxy intermediate is energetically more favorable than
the one via a methoxy intermediate H–Fe+–OCH3.42,43 The
methoxy intermediate was investigated experimentally by vibra-
tional spectroscopy.44 The reaction was also reported to be
accompanied by spin inversion.45–49 An activation mechanism
of methane by neutral FeO and anionic FeO� as well as cationic
FeO+ was theoretically reported recently.50

As for multinuclear species, an iron-oxide cluster, Fe2O3,51

as well as iron clusters, Fe2,52 Fe2
+53 and Fe4,54 has been

reported to show methane activation by theory. Furthermore,
a number of theoretical studies present geometric and electro-
nic structures of iron-oxide clusters such as FeO+,55,56 FeO2

�,57

FeO2
+/0/�,58 FeOn

+/�,59 FenOm
� (n = 3, 4),60 FenOm

� (n = 1, 2,
m r 6),61 FenOm (n = 1–5),62 (FeO)n (n = 2–5),63 (FeO)n (n 410),64

(Fe2O3)n (n = 1–6, 10),65–67 (Fe3O4)n (n = 1–5),68 FenOm
+ (n =

3–6),69 FenOm (n = 33, 45, 113),70 Fe3O18,71–73 Fe25O30 and
Fe33O32.73 However, in contrast to these extensive theoretical
studies, experimental reports are limited: geometric-structure
studies of (FeO)n

+ (n = 2–9) by ion mobility mass spectrometry74

and stability studies by photodissociation,75 collision-induced
dissociation76 and mass spectrometry.65,71 In particular, reac-
tion with methane has been examined by experiment only for
Fe2O2

+.77 Note that, because methane activation has been
attracting strong attention, a significant number of methane-
reaction experiments have been reported for metal and metal-
compound clusters, including Fen

+ (n = 2–15),78 Nin
+ (n = 2–

15),79 Rhn
+,80 Pdn

+,81–83 Tan
+,84 Au2

+,81,82,85,86 FeC6
�,87 WnCm

+

(n =1–5, m r 5),88 WnNm
+ (n = 1–6, m r 2),88 Al2O7

+,89 Al4O6
+

and NiAl3O6
+,90 as well as vibrational spectroscopy of methane

complexes with Fen
+,91–93 Cun

+,94 Ta4
+,95 Ptn

+96 and Au2
+.97

On the basis of these backgrounds, the present study reports
gas-phase reaction of size-selected iron-oxide cluster cations,
FenOm

+, with methane, CH4, and deuterated methane, CD4, to
verify our hypothesis that iron-oxide particles/clusters are
responsible for the rapid loss of methane in Mars’ atmosphere.

2 Methods

Experiments were performed using the setup described in
detail previously.98,99 Briefly, FenOm

+ (n = 2–4, 0 r m r n) were
generated by a magnetron-sputter cluster-ion source,100 with
sputtering of an iron plate (Kojundo Chem. Lab. Co., Ltd,
99.99%) in the presence of oxygen (99.99995%). After therma-
lization by collisions with helium gas at liquid-nitrogen tem-
perature, the generated cluster cations were mass-selected with
a quadrupole mass filter (MAX-4000, Extrel CMS, LLC); among
the isotopologues for a given composition, the one with the
highest abundance was selected. Note that the reactant cluster

cations thus mass-selected contained a trace amount of an Ar
adduct Fen�1Om+1Ar+ as well, which has the same mass as
FenOm

+. The cluster cations were introduced into a reaction
cell with a linear 40-cm-long rf quadrupole ion guide, where
methane (CH4 or deuterated CD4) gas was continuously flowed
at 298 K. Ions produced by reaction while passing through the
cell were identified by a second quadrupole mass analyzer
(MAX-4000, Extrel CMS, LLC) employing a channel electron
multiplier (Channeltron 4720, Burle Electro-Optics, Inc.) for an
ion detector to measure the yield of each product ion.

The partial pressure of CH4 and CD4 in the reaction cell was
adjusted to be 0.1 Pa; the pressure was monitored outside the
reaction cell by a residual gas analyzer (RGA100, Stanford
Research Systems, Inc.) and was converted to the pressure
inside the reaction cell in a way reported previously by referring
to the reaction cross section of Cr2

+ with O2.101,102 The pressure
corresponds to the collision rate of 2 � 104 s�1, where the
collisional cross section is estimated by the Langevin–Giou-
mousis–Stevenson model,103

s = pe{2a/(4pe0)2E}1/2 (1)

Here, a is the polarizability of methane (2.56 Å3), e is the
elementary charge, e0 is the vacuum dielectric constant, k is
Boltzmann’s constant, T is the temperature and E is the
collision energy in the center-of-mass frame. The collision
energy of the clusters with a methane molecule was 12 eV in
the laboratory frame.

3 Results and discussion
3.1 Reaction products

Fig. 1 shows mass spectra of ions upon reaction of Fe3Om
+

(m = 0–3) with deuterated methane, CD4; note that Fe2Om+1Ar+,
which is coincident in mass with Fe3Om

+, coexists in the
reactant in our present experimental conditions. For m = 0, 1
and 3, mass spectra of ions upon reaction with CH4 are also
shown (panels a0, b0 and d0). The abscissa shows a mass shift,
DM, from Fe3Om

+; the peaks observed at DM Z 0 are assigned to
ions produced from Fe3Om

+, whereas those at DM o 0 are from
Fe2Om+1Ar+ subject to desorption of an Ar atom. Note also that
the mass spectra were not recorded in the vicinity of DM = 0
because the intensity of the reactant ion was much higher than
those of product ions, which caused saturation in the ion
detector; the peak at DM = �40, which should have been
observed in panels a, a0, b and b0, was also excluded from
recording by the same reason.

For the DM Z 0 region manifesting reaction channels from
Fe3Om

+, peaks at DM = 12 and 16 are observed upon reaction
with CD4 as shown in Fig. 1a–d (m = 0–3), while DM = 12 and 14
are observed for CH4 as shown in Fig. 1a0, b0 and d0 (m = 0, 1
and 3). These results suggest that Fe3OmC+ and Fe3OmCD2

+/
Fe3OmCH2

+ are produced upon reaction, i.e., dehydrogenation
from methane proceeds. Mass spectra upon the reaction of
Fe2Om

+ (m = 0–2) and Fe4Om
+ (m = 0–3) with CD4 are shown in

the DM Z 0 region of Fig. 2, where methane activation to
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produce FenOmC+ and/or FenOmCD2
+ is observed as in the case

of Fe3Om
+. Note that Fe2O+ and Fe2O2

+ are exceptions; reaction
products are hardly identified. In the reaction of Fe4O2

+ and
Fe4O3

+, partially dehydrogenated products, Fe4OmCD3
+, are

observed.
As for the DM o 0 region in Fig. 1, product ions from

Fe2Om+1Ar+ are observed, where the major reaction channel is
methane adsorption without dehydrogenation. For example,
Fe2Om+1CD4

+ along with a small amount of Fe2Om+1C+ is
observed in the reaction of Fe2Om+1Ar+ (m = 0, 1), as shown in
Fig. 1a and b. Adsorption of CD4 is accompanied by desorption
of an Ar atom to form Fe2Om+1CD4

+. This is in contrast to the
fact that no products are observed in the reaction of Fe2O+ and
Fe2O2

+ (see Fig. 2b and c). The results suggest that the adsorp-
tion energy of CD4 was released by the desorption of Ar, which
stabilized the CD4 adducts to survive longer. The peak at DM =
�20 observed in Fig. 2a and b is also assigned to CD4 adducts
accompanied by Ar desorption from FeOAr+ and FeO2Ar+. In
particular, the result of FeOAr+ is in contrast to a previous
study, which reported that the reaction of FeO+ with CD4

proceeds along two reaction channels: either to FeOD+ + CD3

or to Fe+ + CD3OD.37 This would also be due to stabilization of
the CD4 adduct by desorption of Ar as discussed in the previous

reaction study of Rhn
+Arm with CH4;80 it was reported that the

CH4 adducts do not have a sufficient energy for activation of the
C–H bond due to energy release by ligand exchange.

3.2 Rate coefficients of methane activation

The reaction-rate coefficients to produce the ions described
above were estimated in the same way as reported previously12

by assuming pseudo-first-order reaction kinetics because the
density of methane can be treated as constant during the
reaction. However, the peak intensity of the reactant is neces-
sary to estimate the rate coefficients, which is missing in the
present measurement due to saturation. We therefore per-
formed additional recording of mass spectra with lower sensi-
tivity of the ion detector, where only major peaks, such as those
at DM = 0 and �40, were observed (see Fig. S1 of the ESI†). The
rate coefficients were estimated by combining the relative
intensities of the reactant and product ions obtained in this
low-sensitivity mode with the intensity ratios of the product
ions in Fig. 1 and 2 obtained in a high-sensitivity mode.

Fig. 3 shows rate coefficients thus evaluated for methane
dehydrogenation of FenOm

+ in the size range of n = 2–4, which
summed up all the reaction channels to the formation of C,
CD2 and CD3 adducts. The result suggests that larger and

Fig. 1 Mass spectra of ions produced from the reaction of Fe3Om
+ and Fe2Om+1Ar+ with (a)–(d) CD4 or (a0, b0 and d0) CH4. Reactant ions are m = 0, 1, 2

and 3 for (a) and (a0), (b) and (b0), (c) and (d) and (d0), respectively. The abscissa shows a mass shift, DM, from Fe3Om
+. Peaks are assigned to adducts to

Fe3Om
+ in the DM Z 0 region, while adducts to Fe2Om+1

+ after desorption of Ar in the DM o 0 region. Note that the following ions are excluded from
recording due to saturation: Fe3

+ and Fe2O+ in panels (a) and (a0), Fe3O+ and Fe2O2
+ in (b) and (b0), Fe3O2

+ in (c) and Fe3O3
+ in (d) and (d0).
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oxygen-poor clusters tend to exhibit higher reactivity. For
example, the rate coefficients of O-free iron clusters, Fe3

+ and
Fe4

+, are estimated to be 3 � 10�12 and 4 � 10�12 cm3 s�1,
respectively. These values are consistent with the previous
report;78 note that the collision energies in the present experi-
mental conditions for Fe3

+ and Fe4
+ are 1.0 and 0.8 eV in the

center-of-mass frame, respectively. On the other hand, the pre-
sent results estimate that the rate coefficients of monoxide clusters,
Fe3O+ and Fe4O+, are 1� 10�13 and 3� 10�13 cm3 s�1, respectively;
these values are an order of magnitude smaller than those of O-free
iron clusters. The rate coefficients of Fe3O2

+, Fe3O2
+, Fe4O2

+ and
Fe4O3

+, are even smaller by an order of magnitude than those of
monoxide clusters. The extremely low reactivity of Fe2O2

+ is con-
sistent with the previous report.77 The rate coefficients obtained for
CH4 are shown in Fig. S2 of the ESI,† which are in the same order
of magnitude as those for CD4.

The rate coefficients of FenOmAr+ obtained from the DM o 0
region are shown in Fig. S3 of the ESI,† which were examined
for CD4; Fig. S3a and b (ESI†) show rate coefficients of
dehydrogenation and those of CD4 adsorption, respectively.
The rate coefficients of CD4 adsorption are about two orders
of magnitude larger than those of the corresponding composi-
tions shown in Fig. 3. This would be due to the effect of
ligand exchange as discussed in Section 3.1. The rate coeffi-
cients of dehydrogenation are also higher than those of the

corresponding compositions. This result is also explainable by
the effect of ligand exchange as discussed in the previous
reaction study of Rhn

+Arm with CH4.80 The presence of Ar
encourages CD4 adsorption, causing dehydrogenation to pro-
ceed efficiently if the cluster–CD4 complex retains a sufficient
energy for methane activation.

3.3 Rapid methane loss in Mars’ atmosphere

As described in Section 3.2, the rate coefficients of dehydro-
genation by iron and iron-oxide clusters were obtained from the
present reaction experiment. Here we consider the case that
methane with an initial concentration of 2 � 109 cm�3 decreases
by an order of magnitude in seven days (E6 � 105 s).14 We also
assume pseudo-first-order reaction kinetics by regarding the
density of the iron-oxide clusters/particles as constant; we focus
here on iron-oxide clusters because Mars’ soil is rich in iron
oxides. The pseudo-first-order rate equation, �d[CH4]/dt =
kn[CH4], is thus employed to estimate the number density n of
the iron-oxide cluster from the rate coefficients k of methane
dehydrogenation. Based on the value of k = 1 � 10�13 cm3 s�1

obtained for Fe3O+ in the present study, we estimate that
the presence of iron-oxide clusters/particles of 4 � 107 cm�3

(E10�7 Pa at �50 1C) would explain the mysterious loss of
methane in Mars’ atmosphere.

Fig. 2 Mass spectra of ions produced from the reaction of FenOm
+ and Fen�1Om+1Ar+ (n = 2 and 4) with CD4. Reactant ions are (a)–(c) n = 2, m = 0–2;

(d)–(g) n = 4, m = 0–3. The abscissa shows a mass shift, DM, from FenOm
+. Peaks are assigned to adducts to FenOm

+ in the DM Z 0 region, while adducts
to Fen�1Om+1

+ after desorption of Ar in the DM o 0 region. Note that the following ions are excluded from recording due to saturation: Fe2
+ in panel (a),

Fe2O+ and FeO2
+ in (b), Fe2O2

+ in (c), Fe4
+ in (d), Fe4O+ in (e), Fe4O2

+ in (f), and Fe4O3
+ in (g). Several peaks marked by the value of DM are not simply

assignable, originating probably from reactant ions containing more than two Ar atoms.
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4 Conclusions

Gas-phase reaction experiments were performed on size-
selected free iron and iron-oxide cluster cations, FenOm

+ (n =
2–4, 0 r m r n), with methane. Dehydrogenation of methane
was observed; larger and oxygen-poor clusters tend to exhibit
higher reactivity. We also revealed that the presence of Ar as a
weakly bound ligand promotes the adsorption and dehydro-
genation of methane. Based on the rate coefficient of methane
dehydrogenation determined in the present study, e.g., 1 �
10�13 cm3 s�1 for Fe3O+, it is speculated that the presence of
such iron-oxide clusters/particles in Mars’ atmosphere at a
density as low as 4 � 107 cm�3 (E10�7 Pa at�50 1C) is sufficient
to explain the rapid loss of methane observed recently by the
Curiosity rover. If ligand exchange with, for example, Ar were
plausible, the required cluster/particle density could be even
lower by about two orders of magnitude. The chemical process
mediated by iron-oxide clusters/particles may play important
roles in chemistry not only on Mars but also widely in space
because most iron exists as compounds, typically iron oxides.104
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67 A. Erlebach, C. Hühn, R. Jana and M. Sierka, Phys. Chem.
Chem. Phys., 2014, 16, 26421–26426.

68 R. Mejia-Olvera, J. U. Reveles, S. M. Pacheco-Ortı́n and
J. Santoyo-Salazar, Chem. Phys. Lett., 2018, 706, 494–500.

69 R. Logemann, G. A. de Wijs, M. I. Katsnelson and
A. Kirilyuk, Phys. Rev. B: Condens. Matter Mater. Phys.,
2015, 92, 144427.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
D

zi
va

m
is

ok
o 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
6-

02
-0

1 
14

:3
6:

28
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01337a


14690 |  Phys. Chem. Chem. Phys., 2024, 26, 14684–14690 This journal is © the Owner Societies 2024
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