
Published: September 12, 2011

r 2011 American Chemical Society 16930 dx.doi.org/10.1021/ja206258x | J. Am. Chem. Soc. 2011, 133, 16930–16937

ARTICLE

pubs.acs.org/JACS

Structure of the Oxygen-Rich Cluster Cation Al2O7
þ and its Reactivity

toward Methane and Water
Zhe-Chen Wang,† Thomas Weiske,† Robert Kretschmer,† Maria Schlangen,*,† Martin Kaupp,† and
Helmut Schwarz*,†,‡

†Institut f€ur Chemie der Technischen Universit€at Berlin, Straße des 17. Juni 135, 10623 Berlin, Germany
‡Chemistry Department, Faculty of Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia

bS Supporting Information

1. INTRODUCTION

As the principal component of natural gas, methane constitu-
tes one of the largest hydrocarbon resources on earth, and acti-
vation of methane under ambient conditions to produce trans-
portable liquids as well as more valuable chemicals has been
identified as one of the key challenges in the context of addres-
sing the global energy problem.1,2 However, selective activation
and functionalization of methane are not trivial, given the na-
ture of the thermochemically strong (439 kJ mol�1)3 and kinet-
ically inert C�H bond.

Metal oxides are well established as catalysts for the activation
of C�H bonds,4 and aluminum oxides are also often used as
supporting materials.5�9 In addition, Al2O3 serves as one of the
most active catalysts for D/H exchange in mixtures of D2/CH4

and CH4/CD4;
10 various aspects of the C�H bond activation

processes have been extensively studied for γ-Al2O3.
4,11 Quite

recently, the reactive sites of γ-Al2O3 have been identified in a
combined experimental/computational study; it was found that
the presence of a moderate coverage with water increases the
number of reactive nonadjacent Al�O Lewis acid�base pairs.12

However, the existing information on the precise nature and
the detailed operation of the active sites is, for many catalytic
systems, still rather limited.

A promising way to study, at a strictly molecular level, the
active sites of metal oxides is to generate gas-phase metal oxide
clusters and to examine their chemical reactivity.13�22 In fact,
previous studies have revealed that aluminum-containing gas-
phase clusters exhibit quite unusual features. For example, rather
interesting reactivity trends were reported in the oxidation of
CO by Al2O3

þ and Al2O3,4
� clusters.23 The groups of Wang

and Boldyrev determined in detailed spectroscopic studies the

structures and bonding features of small aluminum-related
clusters.24�31 For example, they confirmed the experimentally
observed coexistence of cagelike and sheetlike isomers for the
Al4O6

� cluster.32 Bare and microsolvated anionic aluminum
oxides have also been investigated by Neumark and co-workers33

and by the Jarrold group,34�36 both using photoelectron spec-
troscopy; according to these studies, two structural isomers of
Al3O3

� are observed and hydroxy complexes are generated
by addition of water and methanol to Al3O3

� and Al5O4
�.

The combined IR spectroscopic/computational work of Asmis
and co-workers revealed details about the canonical structures of
[(Al2O3)x(AlO)]

þ (x = 1�4) as well as of [(Al2O3)4]
þ bearing a

terminal Al�O• single bond.37,38 Feyel et al. demonstrated that
[(Al2O3)x]

þ cluster ions (x = 3�5) abstract a hydrogen atom
from methane under thermal conditions; in distinct contrast,
clusters having an odd number of aluminum atoms exhibit no
activity toward methane.39

The striking cluster-size-dependent behavior of these alumi-
num oxide clusters toward methane was explained by the pre-
sence versus absence of a high spin density located at a terminal
oxygen atom, which turned out to be crucial for thermal hydrogen-
atom transfer (HAT).14,15,39�41 In addition to aluminum oxide
clusters, numerous gas-phase experiments, focusing on methane
activation under ambient conditions, have been carried out and
quite a few oxide clusters are indeed able to bring about thermal
activation of methane; the systems studied not only include
transition-metal-based oxide clusters such as MnOþ,42 FeOþ,40,43

CoOþ,44 CuOþ,45 TiO2
þ,46 ZrO2

þ,46 MoO3
þ,47 OsO4

þ,48,49 and
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ABSTRACT: The oxygen-rich cluster Al2O7
þ is generated in the gas phase and investigated with

respect to both its structure and its reactivity toward small, inert molecules using Fourier-transform
ion cyclotron resonance (FT-ICR) mass spectrometry and DFT-based calculations. Al2O7

þ reacts
with CH4 under ambient conditions via hydrogen atom transfer (HAT), and with H2O a ligand
exchange occurs which gives rise to the evaporation of twoO2molecules. The resulting product ion
Al2O4H2

þ is also capable of abstracting a hydrogen atom from both H2O and CH4. As indicated in
the H2O/2O2 ligand exchange and supported by collision-induced dissociation (CID) experi-
ments, two O2 units constitute structural elements of Al2O7

þ. Further insight is provided by DFT calculations, performed at the
unrestricted B3LYP/TZVP level, and reaction mechanisms are suggested on the basis of both the experimental and theoretical
results.
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V4O10
þ,50 but also main-group-metal oxide clusters such as

MOþ (M = Mg,51 Ca,52 Sr,52 Ba,52 Ge,53 Sn,53 Pb53,54) as well as
nonmetallic SO2

þ,55,56 P4O10
þ,57�59 and binary oxide clusters such

as AlVO4
þ,60 VxPyO10

þ (x þ y = 4),61,62 and [V2O5-
(SiO2)x]

þ (x = 1�4).63 Common to all these clusters is that they
are either oxygen poor or stoichiometric in their composition.
Although C�H bond activation of butane by the oxygen-rich
anionic cluster Zr2O8

� was reported recently,64 to the best
of our knowledge, there have been no reports on the thermal acti-
vation ofmethane by an oxygen-rich cationic cluster in the gas phase.

Herein, we report the first example of room-temperature
activation of methane (and other small molecules) by the oxygen-
rich Al2O7

þ cluster.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Experimental Details. The ion/molecule reactions were
performed with a Spectrospin CMS 47X FT-ICR mass spectrometer
equipped with an external ion source as described elsewhere.65,66 In
brief, Al2O7

þ is generated by laser ablation of an aluminum target using a
Nd:YAG laser operating at 1064 nm in the presence of∼1% O2 seeded
in helium carrier gas. Using a series of potentials and ion lenses, the
ions are transferred into the ICR cell, which is positioned in the bore of a
7.05 T superconducting magnet. After thermalization by pulses of argon
(ca. 2� 10�6 mbar) and mass selection using the FERETS ion-ejection
protocol,67 the reactions of mass-selected Al2O7

þ are studied by intro-
ducing the neutral reactants via leak valves. The purity of methane was
99.995%. The experimental second-order rate constants are evaluated
assuming the pseudo first-order kinetic approximation after calibration
of the measured pressure and acknowledgment of the ion gauge sensi-
tivities.68 For the thermalized cluster ions a temperature of 298 K is
assumed.68

In CID experiments, the mass-selected ions of interest are accelerated
by single-ion excitation and then collided with xenon as a buffer gas such
that fragmentation occurs. Variation of the collision energy can be achi-
eved by changing the excitation time. The ion-cyclotron energy, Ec,

69 is
defined by eq 1

Ec ¼ ðβeVpptexcÞ2=ð128γ2mÞ ð1Þ
with the geometrical factor β = 0.83 of the ICR cell, the elementary
charge e, the peak-to-peak voltage of the excitation plates Vpp = 8.4 eV,
the radius of the cell γ = 0.03 m, and the ion’s massm. Ec is converted to
the center-of-mass energy, Ecm, according to eq 2:

Ecm ¼ ðmXeEcÞ=ðm þ mXeÞ ð2Þ
Here, mXe stands for the mass of the collision gas xenon. A pressure of
p(Xe) = 7 � 10�9 mbar was applied in all CID experiments with a
collision time of 500 ms.

Thewell-established ion-cyclotron double-resonance (DR) technique70

was used to identify the precursor ions of secondary or higher-order
products. 18O2 labeling experiments were carried out either by labeling the
oxide-cluster ions employing 18O2 seeded inHe or by leaking

18O2 directly
into the ICR cell as a reactant. The purities of CD4, CH2D2, and

18O2

amount to 99 atom%D, 98 atom%D, and 97 atom% 18O, respectively; all
compounds were purchased from Sigma-Aldrich.
2.2. Computational Details. DFT calculations were performed

using the Gaussian 09 program71 employing the hybrid B3LYP ex-
change-correlation functional72�74 with the unrestricted Kohn�Sham
solution75 and TZVP basis sets.76 The unrestricted B3LYP/TZVP level
of theory proved to be reliable in previous studies of cationic,50,77�80

anionic,81,82 and neutral83�85 transition-metal oxide clusters and main-
group-metal oxide clusters such as MgOþ,51,86 (Al2O3)x

þ (x = 3�5),39

and P4O10
þ,58 as well as binary clusters such as AlVO4

þ,60 AlVO5
�,87

V2SiO8
�,88 V2SiO7

þ,63 and V3PO10
þ 61,62 in their gas-phase reactions

with small hydrocarbons. For the optimization of transition structures
(TS), we employed either the Berny algorithm89 or the synchronous
transit-guided quasi-Newton (STQN) method.90 For most cases, initial
guess structures of the transition structures were obtained by relaxed
potential-energy surface (PES) scans using an appropriate internal
coordinate. Vibrational frequencies were calculated to characterize the
nature of the stationary points as minima or transition structures; the
relative energies (given in kJ mol�1) were corrected for zero-point
energy (ZPE) contributions. Intrinsic reaction coordinate (IRC) calcu-
lations91�94 were also performed to connect the TS with the local
minima. The computation of Mulliken spin densities with the B3LYP
method has been proven to provide reliable results in comparison with
other theoretical methods95 such as natural bond orbitals (NBO) or
atoms inmolecules (AIM); the approach also performed sufficiently well
in comparison with the experimentally derived polarized neutron dif-
fraction (PND) data of several transition-metal complexes.95,96

3. RESULTS AND DISCUSSION

3.1. Experimental Results. 3.1.1. Primary Reactions of Al2O7
þ

with CH4 and H2O. When mass-selected, thermalized Al2O7
þ

ions are exposed to CH4 or H2O in the ICR cell, three main
product ions, i.e. Al2O7H

þ, Al2O4H2
þ, and Al2O4H3

þ, are
formed (Figure 1a); the first two ions originate from reactions
3 and 4, respectively (Figure S1); the last one corresponds to a
secondary process and is discussed further below. The overall
rate constant k(Al2O7

þþ CH4/H2O) is determined to be 8.1�
10�12 cm3 s�1 molecule�1 with an uncertainty of (50%; this
amounts to a collision efficiency of 1%. According to the DFT
calculations, for reactions 3 and 4 the zero-point energy corrected
reaction energies,ΔE, are rather exothermic (Gibbs free energies
ΔG at 298 K are given in parentheses).

Al2O7
þ þ CH4 f Al2O7Hþ þ CH3

ΔE ¼ � 102 kJ mol�1 ðΔG ¼ � 103 kJ mol�1Þ ð3Þ

Figure 1. Mass spectra for the thermal reactions of Al2O7
þ with

(a) CH4 at a pressure of ca. 2 � 10�7 mbar after a reaction time of
15 s, (b) CD4 at a pressure of ca. 2� 10�7 mbar after a reaction time of
15 s, (c) CH2D2 at a pressure of ca. 4� 10�7 mbar after a reaction time
of 8 s.
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Al2O7
þ þ H2O f Al2O4H2

þ þ 2O2

ΔE ¼ � 127 kJ mol�1 ðΔG ¼ � 164 kJ mol�1Þ ð4Þ

The HAT and the H2O/2O2 exchange have been further con-
firmed by labeling experiments. Using CD4 and CH2D2 as sub-
strates (Figure 1b,c), the product ions Al2O7D

þ and Al2O7H
þ/

Al2O7D
þ are formed, respectively (eqs 5 and 6). Al2O4H2

þmust
originate from a reaction of Al2O7

þ with background water that
is present in the ICRmass spectrometer, since neither Al2O4D2

þ

nor Al2O4HD
þ are generated. The intramolecular kinetic-

isotope effect (KIE = kC�H/kC�D) as determined from the
branching ratios of reactions 6a and 6b amounts to 1.9. As
expected, the reaction of Al2

18O7
þ with background H2

16O
results in the formation of a product ion with m/z 126 corre-
sponding to Al2

18O3
16OH2

þ (eq 7).

Al2O7
þ þ CD4 f Al2O7D

þ þ CD3 ð5Þ

Al2O7
þ þ CH2D2 f Al2O7H

þ þ CHD2 ð6aÞ

f Al2O7D
þ þ CH2D ð6bÞ

Al2
18O7

þ þ H2
16O f Al2

18O3
16OH2

þ þ 218O2 ð7Þ

3.1.2. Secondary Reactions. As revealed by high-resolution
measurements, the signals at m/z 119, 121, 136, and 139 in
Figure 1a correspond to Al2O3CH5

þ, Al2O4H3
þ, Al2O5H2

þ, and
Al2O5H5

þ, respectively. These ions are formed in secondary (or
higher order) reactions, and the individual reaction sequences are

revealed by double-resonance experiments in which labeled as
well as unlabeled substrates have been employed (see Figure S2).
Once more, on the basis of the DFT calculations, reactions 8�10
are quite exothermic.

Al2O4H2
þ þ CH4 f Al2O4H3

þ þ CH3

ΔE ¼ � 91 kJ mol�1 ðΔG ¼ � 94 kJ mol�1Þ ð8Þ

Al2O4H2
þ þ H2O f Al2O4H3

þ þ OH
ΔE ¼ � 45 kJ mol�1 ðΔG ¼ � 44 kJ mol�1Þ ð9Þ

Al2O7Hþ þ H2O f Al2O4H3
þ þ 2O2

ΔE ¼ � 116 kJ mol�1 ðΔG ¼ � 153 kJ mol�1Þ ð10Þ

While the formation of Al2O5H5
þ has been traced back to the

addition of water to Al2O4H3
þ, for the ion Al2O4H3

þ, three
independent consecutive pathways have been identified: i.e. the
combinations of eqs 3/10, eqs 4/8, and eqs 4/9, respectively.
Regarding the possible precursors for the generation of
Al2O3CH5

þ and Al2O5H2
þ, some of the conceivable transient

intermediates have indeed been identified. For example, when
the precursor ion Al2O5H

þ is subjected to DR, the signal for
Al2O5H2

þ is diminished (Figure 2c): i.e. Al2O5H
þ serves as an

intermediate that reacts in a secondary reaction with a hydrogen
atom source (most likely H2O or CH4) to generate Al2O5H2

þ.
Al2O5H

þ itself is produced from Al2O7
þ (eq 11), and this pro-

cess has been calculated to be exothermic by�78 kJ mol�1. Ob-
viously, the calculated bond energies of bothBDE(Al2O5

þ�O2) =
30 kJ mol�1 and BDE(Al2O5H

þ�O2) = 24 kJ mol�1 are much
smaller as compared to the reaction energy liberated in the
HAT (eq 3).

Al2O7
þ þ CH4 f Al2O5Hþ þ CH3 þ O2

ΔE ¼ � 78 kJ mol�1 ðΔG ¼ � 116 kJ mol�1Þ ð11Þ

Next, the continuous ejection of Al2O3H
þ from the ICR cell

annihilates the signal corresponding to Al2O3CH5
þ (Figure 2b).

Thus, Al2O3H
þ serves as an intermediate which reacts further

in a secondary process according to eq 13. The formation of Al2-
O3H

þ, according to eq 12, has been calculated to be endothermic
by 65 kJ mol�1; however, this process is exergonic with a Gibbs
free energy of�11 kJ mol�1 when the contribution of entropy is
taken into account. The large contribution of entropy for this
reaction is reasonable, since four products are formed from two

Figure 2. Double-resonance (DR) experiments: (a) reference spec-
trum with DR on m/z 130 as a control experiment; (b, c) DR on the
putative intermediates (b) Al2O3H

þ and (c) Al2O5H
þ, resulting in the

disappearance of the signals for Al2O3CH5
þ and Al2O5H2

þ, respec-
tively. The reaction time amounts to 20 s for all of the spectra at a
methane pressure of 2 � 10�7 mbar.

Scheme 1. Reaction Pathways Determined for the
Al2O7

þ/CH4/H2O Systema

aWhile Al2O3H
þ and Al2O5H

þ are not observed, they have been
identified as intermediates in DR experiments. For details, see text.
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reactant molecules.

Al2O7
þ þ CH4 f Al2O3Hþ þ CH3 þ 2O2

ΔE ¼ 65 kJ mol�1 ðΔG ¼ � 11 kJ mol�1Þ ð12Þ

Al2O3Hþ þ CH4 f Al2O3CH5
þ

ΔE ¼ � 136 kJ mol�1 ðΔG ¼ � 105 kJ mol�1Þ ð13Þ

The complete reactivity network of the Al2O7
þ/CH4/H2O

system is summarized in Scheme 1.
3.1.3. Structure of Al2O7

þ. Reaction 4 implies that there exist
two loosely bound O2 moieties in Al2O7

þ. To verify this assum-
ption further, we carried out CID experiments69 (Figure 3). At a
collision energy Ecm < 10 eV, O2 elimination(s) to form Al2O5

þ

and Al2O3
þ, respectively, are observed exclusively. On an

increase of Ecm from 10 to 20 eV, Al2O2
þ and Al2O

þ are
generated additionally, in which the loss of atomic oxygen takes
place. At even higher energies (Ecm > 20 eV), one observes a
signal for Al2O6

þ, which results from the direct loss of one O
atom fromAl2O7

þ. As shown in Figure 3, there exists a significant
energy gap between the elimination of one and twoO2molecules
versus the fragmentation pathways which involve O atom losses;
there observations further underline the presence of two O2

moieties in Al2O7
þ.

Since the CID experiments (in line with the facile ligand
exchange of 2O2 for H2O; eq 4) indicate the presence of
two loosely bound O2 moieties in Al2O7

þ, an 16O2/
18O2 ex-

change is expected to take place efficiently.97�100 However, when
18O2 is leaked into the ICR reaction cell, no product species
Al2

16O7�x
18Ox

þ (x = 2, 4) indicative of an 16O2/
18O2 exchange

are observed; this finding is quite surprising and—neglecting
KIEs—can only be explained by a barrier for the 16O2/

18O2

exchange processes, the origin of which remains unknown for
the time being.
3.2. DFT Results. Figure 4 summarizes the DFT optimized

geometries of Al2OxHy
þ (x = 3, 5, 7; y = 0, 1) and Al2O4Hy

þ (y =
2, 3); these species are relevant in the present context. Next, the
structural and electronic properties of these cluster cations will be
discussed.
3.2.1. Oxide Clusters Al2O3

þ, Al2O5
þ, and Al2O7

þ. All three
binary aluminum-oxide cluster cations in their most stable
structures possess terminal, oxygen-centered radicals. Through-
out the following discussion, the aluminum atom bearing the
terminal oxygen is denoted as Al(2) and the remaining Al atoms
are denoted as Al(1). Among the numerous conceivable isomers,

the proposed structures for Al2O5
þ (5) and Al2O7

þ (7) are in-
spired by the CID experiments, which indicate the presence of
one and two loosely bound O2 moieties, respectively. Thus, the
most stable structure for Al2O5

þ is obtained by adding one O2

unit side-on to the less coordinated Al(1) atom of Al2O3
þ. In

addition to the unpaired electron located at the terminal oxygen
(denoted as Ot), for the quartet ground state of Al2O5

þ two
unpaired electrons are almost equally distributed over the η2-O2

moiety and the two bridging oxygen atoms (denoted as Ob).
Side-on-bound η2-superoxo units have also been described for
gaseous V2O6

þ.101 Further, adding one more O2 molecule to
Al2O5

þ results in the formation of Al2O7
þ, in which, however,

O2 is most favorably bound in an end-on fashion to the Al(2)
atom. In 7, the calculated O�O bond distance of the newly
formed ligand amounts to 120.7 pm, which is almost the same as
the distance in free O2 (120.8 pm); thus, the calculation suggests
the generation of a genuine O2 complex in the experiments. The
bond dissociation energy for the reaction 7 f 5 þ O2, i.e.
BDE(Al2O5

þ�O2), is calculated to amount to only 30 kJ mol�1

at the B3LYP/TZVP level of theory. Note that the addition of a
second O2 moiety to Al2O5

þ to form Al2O7
þ does not affect the

presence of a terminal oxygen-centered radical at Ot
•.

Mulliken atom spin density (MASD) analyses on 6Al2O7
þ (7)

indicate a hole that is symmetrically delocalized over the two
bridging oxygen atoms. Spin delocalization over bridged oxygen
atoms bound to Al or Mg centers, respectively, has been de-
scribed in the literature before. While it has been noted that spin
delocalization over four O atoms in models for α-quartz [AlO4]

0

centers are overestimated by pure DFT functionals and are thus
artificial,102 the picture of spin delocalization for Mg2O2

þ

obtained at the B3LYP and CCSD(T) levels of theory has been
confirmed by IR multiphoton-dissociation experiments.103 The
bias for delocalization by DFT theory has been attributed to a
nonexact treatment of the electron-exchange energy; hence, the
self-interaction is not completely canceled out as in HF calcula-
tions and the overestimated Coulomb repulsion can be reduced
by delocalization. Thus, when using for example the BHLYP or

Figure 3. CID of Al2O7
þ with center-of-mass energies (Ecm) in the

range 0�60 eV.

Figure 4. Calculated structures suggested to act as the key species in the
experiments. Mulliken-spin-density values are denoted in red, and key
bond lengths (in pm) are given in blue. Charges have been omitted for
the sake of clarity.
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BB1K functionals having larger Hartree-Fock (HF) exchange
terms (50% and 44%, respectively), the electron hole is localized
only on a single oxygen for the aluminum systems;104 the same
picture emerges in HF and HF-LYP calculations using 100%
exact exchange, and the EPR hyperfine coupling parameters
computed in these calculations are in line with experimental
data.105 In contrast, a higher mixing of up to 50% HF exchange
does not change the spin distribution of Mg2O2

þ; here, a sym-
metric hole delocalization over the two bridging oxygen atoms, as
obtained by B3LYP, is reproduced.106 The same holds true for
Al2O7

þ investigated in this study: When a higher percentage of
electron exchange of up to 50% is employed by using the BHLYP
functional, spin delocalization over the two bridging oxygen
atoms in Al2O7

þ is preserved.
With regard to themultiplicity of Al2O7

þ, the doublet, quartet,
and sextet states are almost isoenergetic with relative energies of
0.3, 0.6, and 0.0 kJ mol�1, respectively. The calculated ÆS2æ values
for 4Al2O7

þ and 2Al2O7
þ (4.77 and 2.78, respectively) are higher

than the expected ÆS2æ values (3.75 and 0.75, respectively); this
points to broken-symmetry characters of these two states.78,107,108

As described above for 4Al2O7
þ, an electron hole is symmetri-

cally delocalized over the two bridging oxygen atoms in 4Al2O7
þ

which are antiferromagnetically coupled to the unpaired electron
localized at the terminal side-on η2-O2 unit. Finally, a spin flip of
the latter leads to 2Al2O7

þ, as indicated by the MASD analysis
(Figure S3). Furthermore, the natural population analysis (NPA)
charge distributions of 4Al2O7

þ and 2Al2O7
þ are exactly the

same as that for 6Al2O7
þ (7) (see also Figure S3). All these

features strongly suggest that the calculated 4Al2O7
þ and

2Al2O7
þ spin states are actually broken-symmetry states. Accord-

ing to the broken-symmetry approach,78,107�109 the Heisenberg
exchange coupling constant J can be calculated from the energies
of the broken-symmetry state and the highest pure spinmultiplet.
The J values of Al2O7

þ are positive; thus, the conventional
quartet and doublet states are higher in energy in comparison to
the sextet state.
For 6Al2O7

þ, two additional structural isomers (structures S2
and S3 in Figure S4) have been obtained; for both, a similar
bonding situation exists with one oxygen-centered radical as well
as two O2 units. S2 and S3 are only 12 and 15 kJ mol�1 higher in
energy than 7, respectively. Structure 7 is connected with S2 via
an isomerization barrier of 20 kJ mol�1; however, it was not
possible to locate a barrier for the S2f S3 isomerization, due to
a very flat PES at this region. Further, the reactions of these three
isomers with CH4 and H2O have been calculated to be rather
similar with respect to the exothermicities and the barriers in-
volved; thus, the overall reaction pattern does not change.
For two additional Al2O7

þ isomers (structures S5 and S6 in
Figure S4) we obtain peroxide-bridged structures bearing an
Al�O�O�Al moiety; however, as these structures are 82 and
166 kJ mol�1 higher in energy than that of 7, we do not expect
them to be generated in the experiments.
3.2.2. Hydroxide Clusters Al2O3H

þ, Al2O5H
þ, and Al2O7H

þ.
HAT from methane by Al2O7

þ to form Al2O7H
þ involves the

terminal oxygen atom bearing an unpaired electron. We also con-
sidered computationally the formation of the isomer [Al2O5-
(OOH)]þ that would contain a hydroperoxide ligand; this pro-
duct complex can be generated by HAT from CH4 to the end-on
bound O2 moiety, which possesses a spin density value of 1.15 at
the distal oxygen atom.However, formation of [Al2O5(OOH)]

þþ
CH3 is 117 kJ mol�1 higher in energy as compared to the
entrance channel of Al2O7

þ þ CH4. This finding is not surprising,

given the fact that the end-on-bound O2 unit in 7 corresponds to
an almost undisturbed 3O2 molecule; in line with this, HAT from
methane by free 3O2 has been calculated to be endothermic by
230 kJ mol�1. The hydroxide clusters Al2O3H

þ and Al2O5H
þ

are related to Al2O7H
þ in terms of removing two or oneO2 units,

respectively, from the latter. Since Al2O3
þ and Al2O5

þ also pos-
sess an unpaired electron at a terminal oxygen (see above), HAT
from methane is expected to occur also for these cations. While
Al2O5

þ has not been investigated due to low intensities, Al2O3
þ

reacts with methane under HAT and formaldehyde formation
with a much higher efficiency;110 thus, the two O2 molecules in
Al2O7

þ cause a higher selectivity at the expense of efficiency.
3.2.3. Cluster Ions Al2O4H2

þ and Al2O4H3
þ. Formation of the

ion Al2O4H2
þ according to reaction 4 most likely results in the

generation of the cluster [Al2O3(H2O)]
þ (3), which contains an

intact H2O molecule connected to the less coordinated Al(1)
atom of Al2O3

þ. Although the generation of the isomeric hydr-
oxide cluster [Al2O2(OH)2]

þ (Cs) with two hydroxide ligands
bound to each Al atom is more favored by 183 kJ mol�1 (see
Figure S5), its formation would require a much more complex
reaction sequence. However, unambiguous structural informa-
tion about the product ion generated in reaction 4 cannot be
given for the time being. Also, the exothermic formation of the
secondary product Al2O4H3

þ according to reactions 8 and 9
(�91 and �45 kJ mol�1, respectively) can be attributed to
either the water complex [Al2O3(H2O)]

þ or the hydroxide
cluster [Al2O2(OH)2]

þ; both species might then react consecu-
tively with water or methane, respectively, to generate the
product complex [Al2O2(OH)(H2O)]

þ, bearing a hydroxo
and a water ligand. The relative energy of Al2O4H2

þ (C2v) has
been employed in calculating the PES of Al2O7

þ þ H2O and
Al2O4H2

þ þ CH4.
3.2.4. Mechanism of the HAT: Al2O7

þ f Al2O7H
þ. DFT

calculations have been conducted to obtain mechanistic insight
into the ion/molecule reactions of Al2O7

þ with CH4 (Figure 5a,b).
As for Al2O7

þ, the sextet state of the intermediates and transition
states involved in this reaction are lower in energy compared to

Figure 5. (a) Sextet PES (in kJ mol�1) for the reaction of Al2O7
þ with

CH4, as calculated at the unrestricted B3LYP/TZVP level of theory:
R1 = Al2O7

þþCH4; P1 = Al2O7H
þþCH3; P2 = Al2O5H

þþCH3þ
O2; P3 = [Al2O3(CH4)]

þ þ 2O2; P4 = Al2O3H
þ þ CH3 þ 2O2. The

relative energiesΔE (ΔG values are given in parentheses) are related to
the Al2O7

þ/CH4 entrance channel and are given in kJ mol�1. (b) Fully
optimized structures of intermediates 9�11 and transition structure
10/11. Cartesian coordinates are available as Supporting Information.
(c) Relaxed scan of the O�H distance during the HAT from methane
by Al2O7

þ.
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the quartet and doublet states according to the broken-symmetry
approach; thus, only the sextet PES is considered. The calculated
PES for the HAT in the Al2O7

þ/CH4 system, conducted at the
unrestricted B3LYP/TZVP level, reveals some subtle differences
when compared with, for example, the Al8O12

þ/CH4 system.
For the latter it had been found that the reaction proceeds via
the encounter complex Al8O12

þ
3 3 3CH4, in which one hydrogen

atom interacts weakly with the radical center of the oxygen atom
(ΔE =�10 kJmol�1).39 In contrast, for the Al2O7

þ/CH4 system
we note that the HAT proceeds in a barrierless fashion to gene-
rate directly the intermediate Al2O7H

þ
3 3 3CH3 (9) (Figure 5c);

despite several attempts, no encounter complex of the type
Al2O7

þ
3CH4 has been located on the PES. In intermediate 9,

the CH3 moiety is loosely coordinated to the hydrogen atom of
the newly formed hydroxy ligand with an (Al2O6)OH

þ
3 3 3CH3

distance of 211 pm. The HAT is completed by loss of a methyl
radical concomitant with the formation of Al2O7H

þ as the ionic
product. This kind of a smooth, direct HAT is rather similar to
those calculated for the P4�xVxO10

þ/CH4 (x = 0, 2�4)50,58,61,62

and AlVO4
þ/CH4 systems.60 Another possible reaction pathway

for Al2O7
þ þ CH4 has also been considered; here, CH4 is ad-

sorbed toAl(2), resulting in the evaporation of twoO2 units (R1f
10 f 10/11 f 11 f P2). However, TS 10/11 is 19 kJ mol�1

higher in energy compared to the entrance channel; in line with
this, no CH4/O2 ligand exchange is observed in the experiments.
3.2.5. Reactions of Al2O7

þ with H2O. The ligand-exchange
with water according to eq 4 is also observed without leaking
neutral H2O into the ICR cell and can be traced back to reactions

of Al2O7
þ with residual water present in the instrument (<1.5 �

10�9 mbar). This exchange is the only primary reaction of Al2O7
þ

with water; O�Hbond activation of the latter does not play a role.
However, HAT from water to generate a hydroxyl radical

according to eq 14 has been calculated to be exothermic by�56
kJ mol�1 on the sextet PES.111 As shown in Figure 6, the forma-
tion of Al2O7H

þ andOH can proceed via two different pathways.
The first one corresponds to a direct HAT in which intermediate
16 is formed without any barrier, in analogy to the HAT from
methane to a terminal oxygen of Al2O7

þ. In the second reaction
channel, H2O is coordinated to Al(2) prior to the O�H bond-
activation reaction; this pathway then proceeds via the sequence
14f14/15f15fAl2O7H

þþOH,asdepicted inblue inFigure6.

Al2O7
þ þ H2O f Al2O7Hþ þ OH

ΔE ¼ � 56 kJ mol�1 ðΔG ¼ � 53 kJ mol�1Þ ð14Þ

The reason that HAT(eq 14) is not observed in the experi-
ment might be due to the fact that the competing loss of two
molecules of oxygen according to eq 4 not only is much more
exothermic but also is entropically favored. Depending on the
order of the O2 loss from Al(1) and Al(2), respectively, several
alternative reaction paths for the release of two O2 molecules are
accessible, with transition structures and intermediates being simi-
lar in energy; one representive example of these reaction sequence
is depicted in Figure 6 proceeding along the sequence 12 f
12/13f 13f [Al2O5(H2O)]

þþO2f [Al2O3(H2O)]
þþ 2O2.

3.2.6. Reaction of [Al2O3(H2O)]
þwith CH4. The C2v isomer of

Al2O4H2
þ (3) possesses a spin located at a terminal Al�O•

moiety. DFT calculations are performed for the ion/molecule
reactions of [Al2O3(H2O)]

þ with CH4 on the doublet PES
(Figure 7). The coordination ofmethane to [Al2O3(H2O)]

þ and
the smooth HAT are associated with a significant gain of energy
(�102 kJ mol�1). As in the Al2O7

þ/CH4 system, no encounter
complex [Al2O3(H2O)]

þ
3 3 3CH4 could be located on the PES;

instead, the calculations suggest the formation of the intermedi-
ate [Al2O2(H2O)OH]

þ
3 3 3CH3 during the structure optimiza-

tions, which implies that the reaction proceeds without a
noticeable reaction barrier by a direct HAT.

4. CONCLUSIONS

The oxygen-rich cluster cation Al2O7
þ has been generated in

the gas phase, and its thermal reactions with CH4 and H2O were
probed using FT-ICR mass spectrometry and analyzed by means
of DFT calculations. Al2O7

þ is able to abstract a hydrogen atom

Figure 6. Ion/molecule reactions of Al2O7
þ with H2O on the sextet

PES with fully optimized structures of the intermediates and transi-
tion structures as calculated at the unrestricted B3LYP/TZVP level
of theory: R2 = Al2O7

þ þ H2O; P5 = [Al2O5(H2O)]
þ þ O2; P6 =

[Al2O3(H2O)]
þ þ 2O2; P7 = Al2O7H

þ þ OH. The relative energies
ΔE (ΔG values are given in parentheses) are given in kJ mol�1.
Cartesian coordinates are available as Supporting Information.

Figure 7. Ion/molecule reaction of [Al2O3(H2O)]
þ with CH4 on the

doublet PES: R3 = [Al2O3(H2O)]
þ (3) þ CH4; P8 =

[Al2O3H(H2O)]
þ (4) þ CH3. The energies ΔE (ΔG values are given

in parentheses) are given related to the initial reactants (in kJ mol�1).
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from methane at room temperature; according to the DFT
calculations a terminal oxygen atom which possesses an unpaired
electron constitutes the active site in the encounter complex. In
the reaction of Al2O7

þ with background water present in the
reaction cell, a ligand exchange reaction according to Al2O7

þ þ
H2O f Al2O4H2

þ þ 2O2 is observed; the presence of two O2

units in Al2O7
þ is corroborated by CID experiments. The pri-

mary product Al2O4H2
þ subsequently also reacts with either

H2O or CH4 by HAT to generate Al2O4H3
þ.

To the best of our knowledge, HAT from methane by Al2O7
þ

constitutes the first example of thermal activation of CH4 by a
cationic, oxygen-rich metal cluster.
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