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Methane, the major component of natural gas, constitutes one
of the major energy sources and an important feedstock for
the synthesis of value-added products.[1] Owing to the
substantial economic benefits and scientific challenge, the
functionalization of methane at ambient conditions has
formed a subject of intense research in contemporary
chemistry. Heterogeneous catalysis mediated by metal
oxides is one of the most efficient ways to activate the inert
C�H bond of methane.[2] In addition, g-Al2O3 catalyzes H/D
exchange reactions of D2/CH4 and CH4/CD4 mixtures,[3] and
with the assistance of H2O, the reactivity of g-Al2O3 in terms
of the C�H bond activation of methane can be increased.[4]

Yttrium and yttria are also used as catalytic promoters or
supports in methane oxidation.[2a, 5]

Studies on the gas-phase reactions of metal-oxide clusters
with methane can provide meaningful insight concerning the
elementary steps of catalytic processes, and may help to
design new efficient catalysts.[6] Hydrogen-atom transfer
(HAT) from CH4 is viewed as the decisive step in the
oxidative dimerization of methane.[7] Numerous oxide-cluster
cations which contain terminal oxygen-centered radicals (OtC,
with spin density close to 1 mB) act as active sites to generate
CH3C ; these include not only homonuclear metal-oxide
clusters such as MgO+C,[8] FeO+C,[9] MoO+C,[10] ReO3(OH)+C,[11]

OsO+C,[12] V4O10
+C,[13] (Al2O3)x

+C (x = 3–5),[14] Al2O7
+C,[15] and

others,[16] but also the metal-free oxides SO2
+C[17] and

P4O10
+C,[18] as well as heteronuclear oxide clusters such as

AlVO4
+C,[19] VxP4�xO10

+C (x = 2, 3),[20] V2O5(SiO2)x
+C (x = 1–

4),[21] and V4�xYxO10�x
+C (x = 1,2).[22, 23]

Recently, detailed theoretical and experimental studies
demonstrated that Y2O3

+C is not capable of bond activation of
methane at low temperature because it lacks an OtC site.[16,24]

According to density functional theory (DFT) calculations,
the unpaired spin density in Y2O3

+C is delocalized over two
bridging oxygen atoms (0.57 mB on each Ob atom).[24] Alumi-
num and yttrium are both typical trivalent metal elements in
the periodic table. However, Al2O3

+C, possessing exactly the
same stoichiometry as Y2O3

+C, does react at room temperature
with methane to produce a methyl radical (HAT) and
formaldehyde with a branching ratio of 35:65 [Reactions (1)
and (2)] and an overall reaction efficiency of roughly 7%.[25]

In contrast to Y2O3
+C, Al2O3

+C possesses an OtC unit according
to DFT calculations.[15]

Al2O3
þ C þCH4 ! Al2O3Hþ þCH3 C ð1Þ

Al2O3
þ C þCH4 ! Al2O2H2

þ þCH2O ð2Þ

Y2O3
þ C þCH4 6! ð3Þ

Thus, it may be of interest and instructive to address the
reactivity of aluminum-doped yttrium oxide clusters possess-
ing the stoichiometry of the reactive aluminum and the inert
yttrium oxide, that is, YAlO3

+C, toward methane to elucidate
the doping effect on the bond activation of methane.[6b]

To this end, the heteronuclear oxide cluster YAlO3
+C was

generated and its reaction with CH4 was studied experimen-
tally and theoretically. Figure 1 plots the Fourier-transform
ion-cyclotron resonance (FT-ICR) mass spectra, showing the

Figure 1. Mass spectra showing the reactions of YAlO3
+C with a) CH4 at

a pressure of 4 � 10�8 mbar after a reaction time of 4 s, b) CD4 at
a pressure of 4 � 10�8 mbar after a reaction time of 4 s, c) CH2D2 at
a pressure of 7 � 10�8 mbar after a reaction time of 2 s.
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reaction of thermalized, mass-selected YAlO3
+C with methane.

As apparent from the figure, YAlO3
+C brings about efficient

HAT at room temperature [Reaction (4)].

YAlO3
þ C þ CH4 ! YAlO3Hþ þ CH3 C ð4Þ

The rate constant of k(YAlO3
+C+CH4) has been deter-

mined to be 1.05 � 10�10 cm3 s�1 molecule�1, corresponding to
an efficiency of 11 %.[26] The intramolecular kinetic isotope
effect (KIE) derived from the YAlO3

+C/CH2D2 system
amounts to 2.3� 0.2. Thus, HAT reactivity is observed for
YAlO3

+C in contrast to Y2O3
+C. Further, the heteronuclear

system is at least as reactive as Al2O3
+C with respect to this

reaction channel. However, the second reaction channel
observed for the Al2O3

+C/CH4 system, that is, formation of
formaldehyde, is suppressed in the YAlO3

+C/CH4 couple.
DFT calculations have been carried out to explain the

different reactivities of YAlO3
+C and its homonuclear ana-

logues; to this end, the mechanisms of HAT from methane as
well as of the formaldehyde formation have been investigated
computationally. Similar to Al2O3

+C, the lowest-energy struc-
ture of YAlO3

+C has an Y-O-Al-O four-membered-ring with
an OtC unit bound to the Al atom (with the spin density
indicated by the blue isosurface in 1, Figure 2). The corre-
sponding isomer with an OtC unit bound to the Y atom is

1.99 eV higher in energy and therefore not included in the
following discussion.

HAT from methane to OtC of the YAlO3
+C cluster (1!2!

3) is thermodynamically favorable and overall barrierless. No
encounter complex YAlO3

+C·CH4 can be located on the
potential energy surface (PES); HAT from CH4 to YAlO3

+C

results directly in the formation of intermediate 2, in which
CH3C is loosely coordinated to the newly formed hydroxy
group. This complex can dissociate into YAlO3H

+ and CH3C

(product 3, Figure 2).

An interesting question is raised by these results: why
does the presence of yttrium increase the selectivity of
YAlO3

+C over that of Al2O3
+C, though YAlO3

+C and Al2O3
+C

possess similar aluminum-bound OtC units serving as the
reactive site? In the Al2O3

+C/CH4 system, the methanol
complex [Al2O2(HOCH3)]+ (intermediate 7, Figure 3) is

formed directly by insertion of the terminal oxygen atom of
Al2O3

+C into the C�H bond of methane according to
Reaction (5) (X = Al), and there is sufficient energy
(�3.12 eV with respect to the reactants) gained in this step
to surmount the following reaction barriers to generate
formaldehyde.[25] In sharp contrast, the analogous intermedi-
ate 5 of the mixed system is only 0.63 eV lower in energy than
the reactants (Figure 3); moreover, it is accessible only via the
energetically high-lying transition state TS4/5 (�0.24 eV)
which is located well above the exit channel to produce in an
entropy-favored reaction the HAT products 3/CH3C. Further,
the loss of methanol from intermediates 5 and 7 yielding
Y(m-O)2Al+ and Al(m-O)2Al+, respectively, is much more
energy demanding for the former, that is, 2.83 eV compared
to 1.02 eV for the latter, thus reflecting the relative low
stability of 7 compared to 5.

XIIIAlIIIO3
þ C þ CH4 ! ½XIIAlIIIO2ðHOCH3Þ�þ ðX ¼ Y or AlÞ ð5Þ

This drastic distinction is caused by the different intrinsic
properties of yttrium and aluminum. As shown in Figure 3,
the unpaired electron in [Al2O2(HOCH3)]+ and [YAlO2-
(HOCH3)]+ is located on Al(2) and Y(1), respectively; thus,
these atoms are reduced in the reaction step [XAlO3]

+C +

CH4![XAlO2(HOCH3)]+, as indicated in Reaction (5). The
second/third ionization energies (IE) of Y and Al amount to
12.23/20.52 eV and 18.83/28.45 eV, respectively.[27] Therefore,

Figure 2. The potential energy profiles for the reaction of YAlO3
+C with

methane. The energies (given in eV) are relative to the entrance
channel and corrected for zero-point vibrational energy contributions.
Some key bond lengths are given in pm (in blue). The unpaired spin-
density distributions are shown in the blue isosurface, and the values
in mB are given in parentheses. The details of the reaction steps
connecting 5 and 6 are not calculated.

Figure 3. The potential energy profiles for Reaction (5). The energies
(given in eV) are relative to the entrance channel and corrected by
zero-point vibrational energies. The unpaired spin-density distributions
of [XAlO2(HOCH3)]

+ (X = Y or Al) are shown in the blue isosurface,
and the values (in the parentheses) in mB are given. The formation of 5
from 1 is indicated by a dotted red line and involves the HAT from
methane to the cluster (1!2), the transfer of the CH3C moiety (2!
TS2/4!4) and the formation of the C�O bond (4!TS4/5!5); see
Figure 2 for details.
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more energy is released in the reduction of Al2O3
+C in

Reaction (5) than in the reduction of YAlO3
+C forming

[YAlO2(HOCH3)]+ (5); thus, [YAlO2(HOCH3)]+ is much less
stable than [Al2O2(HOCH3)]+ (7). Furthermore, the energy
gain in the formation of 5 is not high enough to overcome the
subsequent barriers to generate formaldehyde as shown in
Figure 2.[28]

To the best of our knowledge, YAlO3
+C is the smallest

transition-metal heteronuclear oxide cluster that is reactive
toward methane at room temperature. Our experimental and
theoretical studies demonstrate that the inert yttrium oxide
cluster doped with aluminum brings about efficient methane
activation at room temperature. At the same time, the
reaction pattern of YAlO3

+C is quite different from that of
Al2O3

+C as a result of the doping effect. In summary, the
heteronuclear oxide cluster YAlO3

+C exhibits an increased
reactivity and selectivity compared with the homonuclear
analogues Y2O3

+C and Al2O3
+C, respectively, in the reaction

with methane.

Experimental Section
All experiments were performed with a Spectrospin CMS 47X
FTICR mass spectrometer equipped with an external ion source as
described elsewhere.[29] In brief, cluster cations YAlO2

+C were
generated by laser ablation of an yttrium/aluminium target (with
the molar ratio of 1:1) using a Nd:YAG laser operating at 1064 nm in
the presence of 0.5% O2 seeded in helium carrier gas. Using a series
of potentials and ion lenses, the ions were transferred into the ICR
cell which was positioned in the bore of a 7.05 T superconducting
magnet. Next the mass-selected cluster YAlO2

+C was reacted with
pulsing N2O (ca. 2 � 10�6 mbar) in the ICR cell to generate YAlO3

+C.
After collisional thermalization by pulses of argon (ca. 2 � 10�6 mbar),
the YAlO3

+C cluster was mass-selected and studied with respect to the
reactivity toward methane by introducing the substrate through
a leak-valve. The experimental second-order rate constants were
evaluated assuming a pseudo-first-order kinetic approximation after
calibration of the measured pressure and acknowledgment of the ion-
gauge sensitivities. The rate constants have an uncertainty of
� 30%.[30] For the thermalized cluster ions a temperature of 298 K
was assumed.[30]

The DFT calculations were carried out using the Gaussian09
program[31] employing the hybrid B3LYP exchange-correlation func-
tional.[32] TZVP basis sets[33] were selected for Al, C, H, O atoms, and
polarized triple-z valence basis sets (Def2-TZVP)[34] were selected for
Y. Geometry optimizations with full relaxation of all atoms were
performed. Vibrational frequency calculations were performed to
check that the reaction intermediates have zero imaginary frequency.
The energies (given in eV) were corrected by zero-point vibrational
energy. Intrinsic reaction-coordinate (IRC) calculations[35] were also
performed to connect the transition state with local minima.
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