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The reactions of Mo2Oy
- suboxide clusters with both methane and ethane have been studied with a combination

of mass spectrometry, anion photoelectron spectroscopy, and density functional theory calculations. Reactions
were carried out under “gentle” and “violent” conditions. For methane, a number of products appeared under
the gentler source conditions that were more logically attributed to dissociation of Mo2Oy

- clusters upon
reacting with methane to form MoCH2-, Mo(O)CH2

-, and HMo(O2)CH3
-. With ethane, products observed

under the same gentle conditions were Mo(O)C2H2
-, Mo(O)C2H4

-, Mo(O2)C2H4
-, and Mo(O2)(C2H5)2

-. As
expected, more products were observed when the reactions were carried out under violent conditions. The
photoelectron spectra obtained for these species were compared to calculated adiabatic and vertical electron
affinities and vibrational frequencies, leading to definitive structural assignments for several of the products.

I. Introduction

Molybdenum oxide (MoO3, molybdite) has been identified
as one of several materials that may be used in the catalytic
oxidation of methane for the production of methanol1-4 or as a
source for petrochemical feedstocks.5-7 Apart from being
intermediates in molybdite particle formation and F-center defect
sites, molybdenum centers in lower-than-bulk oxidation states
(“suboxides”) are intriguing due to their role in the Mars-van
Krevelen mechanism of catalytic oxidation,8 which involves
transfer of oxygen from bulk MoO3 to the organic substrate
followed by reoxidation of the catalyst by ambient O2. This
action results in crystallographic shearing formingsuboxide
particles.9 Goddard and co-workers have performed computa-
tional studies of methane activation by chromium, molybdenum,
and tungsten oxide clusters in which MO2 (M ) Cr, Mo, and
W) suboxide species emerged as the most favorable candidates
for oxidative addition of methane to the cluster.10 Additionally,
MoO3 enhances NO reduction when added to standard materials
found in catalytic converters,11,12 which stimulated theoretical
studies by Friend and co-workers that predicted that NO adsorbs
to MoO3 surfaces at oxygenVacancies.13 So, in a wide range
of theoretical studies, molybdenum atoms in suboxide states
have been emerging as important defect sites on which catalytic
activity may be localized.

While studies of suboxide defect sites in bulk materials are
challenging, progress has been made in recent years in the study
of transition metal oxide cluster reactivity.14-23 Since bonding
in metal oxides tends to be highly localized, cluster properties
will more closely reflect bulk properties. Very little experimental
work is available on the Cr/Mo/W series,24-31 particularly for
the negative ions, which may in fact be more relevant under
applied conditions, since negative charge accumulation on
surfaces is expected.32

As a first step in probing the interactions between small
molybdenum suboxide cluster anions and methane and ethane,
we have measured the reactivity of small molybdenum oxide

cluster anions toward methane and ethane under two distinct
reaction conditions and have determined the anionic products
using mass spectrometry. A surprising observation is that
complexes with a single molybdenum atom appear to result from
reactions between larger clusters and the alkane. The photo-
electron (PE) spectra of the more prominent products containing
a single molybdenum atom have therefore been measured and
are the focus of this paper. Computational studies on the cluster
structures and their reaction complexes facilitate interpretation
of the spectra.

PE spectroscopy is amenable to these studies, since it
allows for mass specific spectroscopic interrogation of the
electronic properties of both the anion and neutral involved.
Anion PE spectroscopy has been used to determine the electronic
properties and structures of a wide range of atomic metal
clusters,33-37 binary metal clusters,38-40 metal oxides27,41-43

(many diatomics44-52), and metal sulfides.53 Our group has used
it to determine the structures of tin clusters54 and their associa-
tion reaction products with CN- and CH2CN-,55 the unsaturated
reaction products between the nickel group atoms with several
small organic molecules (methanol, ethylene, acetonitrile),56-58

several aluminum oxide clusters along with their reaction
products with water,59-61 and small molybdenum oxide clus-
ters.62

II. Methods

A. Experimental Details.
Molybdenum oxide cluster production, subsequent gas-phase

reactions, mass spectrometric analysis of the products, and
anion photoelectron spectra of the bare clusters and a number
of the reaction complexes were all done using an apparatus
described in detail previously.59 Briefly, molybdenum oxide
cluster anions are generated using a laser ablation-pulsed
molecular beam valve source similar to that developed by Dietz
and co-workers.63 The source used in previous studies has been
modified to accommodate the powder form in which isotopically
pure96Mo (Trace Sciences International Corp.) and98Mo (Oak
Ridge National Laboratory, Isotope Business Office) are avail-
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able. These particular isotopes were chosen because they were
the least expensive from the respective suppliers.

Clusters are produced when the surface of a pressed Mo
powder disk is ablated with the focused, second harmonic output
(532 nm, 10 mJ/pulse) of a Nd:YAG laser operated at 30-Hz
repetition rate. The laser pulse is synchronized with the arrival
of the high-pressure gas pulse from the pulsed molecular beam
valve with 100 psig stagnation pressure (either ultrahigh purity
helium or a mixture of He and methane or ethane). Oxygen
within the Mo sample was adequate to produce a distribution
of metal oxide cluster anions. The resulting plasma passes from
the 3-mm diameter source channel through a 15-mm long, 2-mm
diameter clustering channel where clusters coalesce and cool.
The mixture then passes through a 1-mm aperture into a 25-
mm long, 4-mm diameter reaction region. The exit of the
reaction region is choked to 2 mm to increase retention time
and the total pressure in the reactor region. The gas mixture
expands into a vacuum chamber and passes through a 3-mm
diameter skimmer. Anions are selectively accelerated to 1 keV
into a 1.2-m beam modulated time-of-flight mass spectrom-
eter.64,65

Prior to colliding with an ion detector, the ion of interest
(either bare or reaction complexes) is selectively photodetached
using the second harmonic (532 nm, 2.33 eV) or third harmonic
(355 nm, 3.49 eV) output of a second Nd:YAG laser at the
intersection of the ion beam and a second, 1-m field-free drift
tube situated perpendicular to the ion beam. A small fraction
(10-4) of the photoelectrons travels up this drift tube and collides
with a dual microchannel plate detector. The electron drift times
are recorded using a digitizing oscilloscope and averaged for
200 000 to 500 000 laser shots. The drift times of the photo-
electrons are converted to binding energy (BE) hν - e-KE)
binned into 2-meV increments. The apparatus is calibrated
frequently during data acquisition by obtaining the PE spectra
of O-, OH-, and I-, all of which have well-known electron
affinities (EA). Spectra are collected with the electric field vector
of the laser both parallel and perpendicular to the direction of
electron detection for all species, though in all cases below,
parallel polarization gave the most intense electron signal,
consistent with detaching electrons from d-like molecular
orbitals.

The resolution of the apparatus is 7 meV ate-KE ) 0.5 eV
and deteriorates withe-KE. In most cases, strong thermionic
emission is observed at very low electron kinetic energies, which
has been observed previously in small cluster anion detachment
studies.66 With the development and application of PE imaging
techniques by Sanov67 and Neumark,68 observation of a large
contribution from thermionic emission in photodetachment
spectra is becoming more common.

Reactivity studies were performed under two different condi-
tions: (1) The reactant (2-5% of methane or ethane) was seeded
into the first molecular beam valve, so it is present in the ablation
region during cluster formation, and (2) the reactant (10-15%
methane or ethane in He) is directly injected into the reactant
region using a second pulsed molecular beam valve. Heating
from the solenoid beam valves was counteracted by cooling
the source to a typical temperature near 240 K. The complexes
generated via method (2) were subsequently studied using PE
spectroscopy.

B. Computational Details.
Calculations were performed using the Gaussian 03 suite of

electronic structure programs.69 The structures of numerous
isomers of the anion and neutral and MoO1,2,3 clusters with
methane and ethane complexes were optimized separately using

B3LYP/SDD (keyword: extrabasis) and found to be minima
on the potential-energy surface. These minima were verified
by subsequent harmonic frequency calculations.

An extensive study of cluster symmetries and multiplicities
was conducted on the optimized structures. The neutral Mo atom
has a 5s14d5 (7S3) ground-state occupancy. High-spin states in
the clusters and complexes are therefore possible, and often
favorable. The B3LYP hybrid density functional composed of
Becke’s three-parameter exchange functional70 and Lee, Yang,
and Parr’s correlation functional71,72 was chosen based on its
reliability when tested on bare MoO3- and MoO3, relative to
the vibrationally resolved photoelectron spectrum.62 For singlet
spin multiplicities, the restricted method (RB3-LYP) was used,
and for all higher spin states the spin-unrestricted method (UB3-
LYP) was used. As with our calculations on M2Oy

-/M2Oy

clusters, the Stuttgart Dresden (SDD)73-76 relativistic pseudo-
potential and the corresponding double-ú basis set was used as
a starting point. Pseudopotentials increase computational ef-
ficiency by forming an effective core potential (ECP) that
represents the core electrons of an atom. In the case of
molybdenum, 28 core electrons are incorporated into its
pseudopotential and the remaining 14 electrons are treated
explicitly. Geometric optimizations were performed using the
corresponding SDD basis for all atoms (Mo, O, C, and H) in
the clusters. After obtaining the “most competitive” structures
energetically for a given stoichiometry, extra basis functions
were manually added on all atoms. In the case of Mo, an extra-
diffuse function for the s, p, and d orbitals, as well as a
polarization function to describe the f orbital was placed in the
basis. For O and C, diffuse S and P functions were added along
with a polarization D function. Hydrogen was given a diffuse
S function and polarization P function. Diffuse functions were
obtained by applying a 0.3 contraction factor, and polarization
functions were taken from the 6-311++G** basis set.77

We calculated all one-electron-accessible excited neutral states
using time-dependent density functional theory (TD DFT).78-80

Adiabatic electron affinities were calculated by the zero-point-
corrected energy difference between the optimized anion and
its corresponding optimized neutral structure. Vertical detach-
ment energies were determined by performing single point
calculations on the optimized geometry of the anion with the
charge and multiplicity of the neutral species.

Finally, the free energies of numerous hypothetical reactions
(∆fGθ), were tabulated for cluster anions, neutrals, and a number
of known and possible reaction products in order to determine
the free energies of various reactions possibly occurring in the
experiment.∆fGθ was calculated at 250, 298.15, and 500 K.

III. Results and Analysis

A. Mass Spectra.
A typical mass spectrum of96MoxOy

- (x ) 1-4) generated
with the source described above is shown in Figure 1. Note
that, for each value ofx, a distribution ofy values is observed
and no bare molybdenum cluster anions are present. Since
96Mo has a mass equal to 6 oxygen atoms, peak assignments
for Mo3Oyg8

- and Mo4Oye4 are ambiguous. However, the focus
here is on the reactivity of smaller species, with particular
attention paid to the reaction products containing a single
molybdenum atom. Analysis of the larger cluster complexes
will be presented in a later paper.

Methane Reactivity.Figure 2 shows a series of mass spectra
in the x ) 1 and 2 cluster size range obtained under different
conditions. Panel a shows the product distribution when methane
is seeded into the carrier gas (reaction condition 1). The solid
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traces in parts b and c of Figure 2 show product distributions
resulting from injecting 15% methane in helium directly into
the reaction channel (reaction condition 2). The difference
between parts b and c of Figure 2 lies in the pre-reaction MoxOy

-

cluster distributions, which are shown as dashed traces in parts
b and c of Figure 2. In Figure 2b, Mo2Oy

- (y ) 4, 5, and 6)
clusters are more abundant than in Figure 2c, which has very
little y ) 4 and virtually noy ) 5 and 6. We note here that, in
Figure 2c, the98Mo isotope is used.

When methane is present in the laser ablation region (Figure
2a), molybdenum carbides, along with numerous partially
dehydrogenated molybdenum oxide/methane complexes, are
observed. The product distribution is simplified dramatically
when the methane is added directly to the reaction channel.
However, a common theme observed in all cases is that there
is a considerable drop in the intensity of the Mo2Oy

- manifold

coupled with a large increase in the MoOy
- manifold. Figure 3

shows the integrated intensities of thex ) 2 manifold (200-
300 amu) drops relative to the integrated intensities of thex )
1 (100-200 amu) manifold as the concentration of methane in
the reaction channel is increased. While this may suggest that
methane inhibits larger cluster formation, there is also a
possibility that the larger clusters fragment upon reacting with
one or more methane molecules to form complexes having
single Mo atoms.

Different reaction products are observed for different cluster
oxidation distributions. When higher oxides are present in the
ion beam, the important product ions have masses corresponding
to MoO2CH4

-, MoO4
-, MoO4H-, and MoO4H2

- and MoO5
-.

When little or no higher oxides are present in the beam, the
important product ions are MoCH2

-, MoOCH2
-, and MoO2CH4

-.
As mentioned before, increases in MoO2

- and MoO3
- intensities

are also observed. Reaction products and their relative intensities
with lower oxidation states under reaction conditions 1 and 2
are summarized in Table 1.

Ethane Reactivity. Figure 4 shows a series of mass spectra
in the x ) 1 and 2 cluster size region. As above, Figure 4a
shows the mass distribution obtained when ethane is seeded in
the carrier gas (reaction condition 1). The solid traces in parts
b and c of Figure 4 show the product distribution when ethane
is introduced in the reaction channel (reaction condition 2) given
the two initial oxide conditions, shown as dotted traces. Figure
4b shows a higher oxide distribution than Figure 4c. The higher
oxides again appear to enhance the number of products ob-
served; MoOC2H2

-, MoOC2H4
-, MoO2C2H4

-, and MoO2C4H10
-

being the most dominant of the complexes observed within the
MoOy

- mass manifold. Consistent with the methane reactivity,
a loss of intensity of the Mo2Oy

- manifold relative to the MoOy-

manifold is observed, and reaction condition 1 yields a much
more congested product distribution than condition 2. The peak
assignments and relative abundances generated under the two
different source conditions are also summarized in Table 1.

B. PE Spectra and Computational Results.
The PE spectra and lowest-energy structures calculated for

the most important product ions observed under gentler reaction
condition 2 with methane are shown in Figures 5 and 6,
respectively. Figures 7 and 8 are analogous for reaction products
with ethane. The calculated adiabatic electron affinity (EAa) and
vertical electron affinity (EAv) for the lowest energy structural
isomers found for these species are summarized in Table 2. We
now consider the spectra and calculations in order of increasing
mass, starting with the methane-based products.

Figure 1. Typical mass spectrum of96MoxOy
- clusters obtained using

the cluster source described in the text.

Figure 2. Mass spectra of molybdenum oxide anion complexes
resulting from (a) reaction with methane in the ablation region of the
cluster source, (b) methane introduced to flow reactor with higher
Mo2Oy

- oxides present at-25 °C, and (c) methane in flow reactor
with lower oxides present at-25 °C (dotted traces are pre-reaction
cluster distributions).

Figure 3. Relative integrated intensities of the Mo2Oy
- mass range to

the MoOy
- mass range as CH4 concentration in the reaction channel is

increased.
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Methane-Based Complexes: MoCH2
-, MoOCH2

-, MoO2
-,

and MoO2CH4
-.

1. MoCH2
-. MoCH2

- is produced in large quantities only
when Mo2Oy

- (y g 4) are very low in abundance. Figure 5a
shows the PE spectra obtained using 2.33-eV (upper trace) and
3.49-eV (lower trace) photon energies. Metal-CH2

+ complexes
are frequently observed in reactions between transition metal
atomic cations and methane.81 The PE spectra exhibit a fairly
sharp origin at 0.770(15) eV, taken to be the EAa, with a broader
shoulder with a maximum at 0.957(15) eV, or 1510(120) cm-1

to higher binding energy. The 2.33 eV spectrum clearly shows
another vibrationally resolved electronic transition at 2.031(5)
eV, with a 522(30)-cm-1 progression. The 3.49-eV spectrum
shows another relatively sharp transition at 3.163(10) eV.

Calculations on this complex predict two close-lying structural
isomers for the anion, shown in Figure 6, which include a4B1

(5B1 neutral analogue ground state)C2V MoCH2
- structure and

a4A′′ (3A′′ neutral ground state)Cs HMoCH- structure predicted
to lie within 0.10 eV of theC2V structure. Both structures are
predicted to have low EAa values (0.75 and 0.98 eV for theC2V
and Cs structures, respectively). However, for MoCH2

-, the
anion and neutral are predicted to be virtually structurally
identical, resulting in a sharp PE spectrum. The HMoCH-

structure, in contrast, is predicted to have a large change in Mo-

C-H bond angle (129.54° in the anion to 93.68° in the neutral),
with virtually no Franck-Condon overlap at the origin. We
therefore assert that the lowest-energy transition observed in
the spectrum is due to the MoCH2

- isomer but that the broad,
unresolved signal to higher binding energy may be due to the
competitive HMoCH- structure.

2. MoOCH2
-. The PE spectrum of MoOCH2- shows one

distinct, broad electronic transition originating at 1.84(2) eV,
with band maximum at 2.02(2) eV. There is a partially resolved,
complex vibrational structure in this band. The calculations again
predict two close-lying structural isomers for the anion, shown
in Figure 6, one of which can be described as Mo(O)CH2

- (4A′′
anion and5A′ neutral ground states) and the other as HMo(O)CH-

(2A anion and1A neutral ground states). The adiabatic electron
affinities calculated for the Mo(O)CH2- and HMo(O)CH-

structures are, respectively, 2.53 eV (EAv ) 2.87 eV) and 1.99
eV (EAv ) 2.20 eV). The values for HMo(O)CH- are in better

TABLE 1: Relative Abundances of Clusters and Complexes Observe in Mass Spectra

CH4 (1) CH4 (2) C2H6 (1) C2H6 (2)

mass assignment helium Figure 3a parts b and c of Figure 3 Figure 4a parts b and c of Figure 4

110 MoCH2
- 0.08

124 MoCO- or MoC2H4
- 0.06 0.08 0.05

126 MoOCH2
- 0.13 0.03

128 MoO2
- 0.20 0.28 0.16 0.40 0.113

138 MoOC2H2
- 0.61 0.23

140 MoOC2H4
- 0.74 0.27

144 MoO3
- and MoO2CH4

- 1.00 1.00 1.00 1.00 1.00
156 MoO2C2H4

- 0.94 0.58
160 MoO4

- and/or MoO3CH4
- 0.11 0.03 0.14 0.20 0.03

162 MoO4H2
- 0.15

176 MoO5
- and/or MoO3(CH4)2

- 0.24
186 MoO2(C2H5)2

- 0.28 0.46

Figure 4. Mass spectra of molybdenum oxide anion complexes
resulting from (a) reaction with ethane in the ablation region of the
cluster source, (b) ethane introduced to flow reactor with higher Mo2Oy

-

oxides present at- 25 °C, and (c) ethane in flow reactor with lower
oxides present at-25 °C (dotted traces are pre-reaction cluster
distributions).

Figure 5. PE spectra of methane-based reaction complexes obtained
using 3.49-eV photon energy.
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agreement with the spectrum. While the HMo(O)CH- structure
is predicted to lie 0.04 eV higher in energy than the Mo(O)CH2

-

structure, simulations based on the calculations (not shown)

support the hydride, HMo(O)CH- structure, with the most active
mode being the hydride bend at 438 cm-1.

3. MoO2
-. The spectrum of MoO2- was included in Figure

5c because (i) the MoO2- ion signal was enhanced when the
molybdenum oxide clusters were exposed to CH4 and C2H6,
(ii) the PE spectrum of MoO2- to our knowledge has not yet
been published, and (iii) to determine whether the MoOCH4

-

ion, which has a coincident mass with MoO2
-, was also present

in the beam. The 2.33- and 3.49-eV PE spectra, shown in Figure
5c, show a broad, partially vibrationally resolved transition with
an onset of signal at 1.833 eV, the first distinct peak in the
vibrational progression at 2.107 eV, and the band maximum at
2.317 eV. The calculated EAa and EAv, 2.15 and 2.41 eV,
respectively, are in very good agreement with the experimental
values. The characteristic vibrational spacing is 285(10) cm-1,
with a combination band fit with 965(30) cm-1. These are close
to the calculated bend and stretch frequencies of the bent,C2V
neutral 3B1 structure, 299 and 1002 cm-1, so this band is
assigned to the3B1 + e- r 4B1 transition. The structure of the
4B1 anion is shown in Figure 6. The neutral bond angle,
calculated to be 115.1°, is narrower than the anion bond angle,
calculated to be 132.0°.

A vibrationally resolved excited-state transition is also
observed with an origin at 3.02(1) eV and a vibrational spacing
of 430(15) cm-1. So far, we have not been able to calculate an

Figure 6. Lowest-energy structural isomers determined for the reaction
complex anions observed in low-temperature reactions between MoxOy

-

and methane.

Figure 7. PE spectra of ethane-based reaction complexes obtained
using 3.49 eV photon energy.

Figure 8. Lowest-energy structural isomers determined for the reaction
complex anions observed in low-temperature reactions between MoxOy

-

and ethane.

TABLE 2: Summary of Adiabatic and Vertical Electron
Affinities Calculated for the Important Product Ions

anionic
molecule/structure

rel anion
energy (eV) transition EAa (eV) EAv (eV)

H-MoCH- +0.09 3A′′ r 4A′′ 0.91 1.56
MoCH2

- 0 5B1 r 4B1 0.79 0.79
H-Mo(O)CH- +0.04 1A r 2A 1.99 2.20
Mo(O)CH2

- 0 5A′ r 4A′′ 2.53 2.87
HMo(O2)CH3

- 0 1A′ r 2A′ 2.06 2.57
MoO2

- 0 3B1 r 4B1 2.15 2.41
Mo(O)C2H2

- 0 3A r 4A′′ 1.71 1.88
H2Mo(O)C2H2

- 0 1A′ r 2A′ 2.10 2.60
Mo(O2)C2H4

- 0 1A1 r 2A1 2.44 2.56
Mo(O2)C4H10

- 0 1A′ r 2A1 1.69 2.27

Reactivity of Small MoxOy
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excited state in agreement with this band. The MoO2
- spectrum

exhibits this feature regardless of whether the methane (or
ethane) is present, so it is not due to MoOCH4

-.
4. MoO2CH4

-. The mass of MoO2CH4
- coincides with

MoO3
-, and the inset of Figure 5d shows the raw electron count

vs time spectra for pure MoO3- (gray trace) superimposed on
the spectrum obtained from the 144-amu peak when methane
was present in the reaction channel. The pure MoO3

- signal
was subtracted from the MoO2CH4

-/MoO3
- signal to obtain

the spectrum shown Figure 5d.
The spectrum of MoO2CH4

- shows a broad transition
originating at 2.00(10) eV and a narrower excited state with
the origin at 3.04(10) eV. The lowest-energy structure predicted
for the anion and neutral, shown in Figure 6, is an insertion
complex, HMo(O2)CH3

-, with anion ground state of2A′ and a
corresponding1A′ neutral ground state. The calculated EAa is
2.06 eV, with an EAv of 2.56 eV. This is in very good agreement
with the ground-state transition observed in the spectrum.

Ethane-Based Complexes: MoOC2H2
-, MoOC2H4

-,
MoO2C2H4

-, and MoO2C4H10
-.

1. MoOC2H2
-. The PE spectrum of MoOC2H2

- shown in
Figure 7a shows at least three broad electronic bands originating
at 1.7(1), 2.1(1), and 3.1(1) eV. Calculations on the possible
isomers of this complex were difficult, with neutral structures
in particular frequently failing to converge. However, conver-
gence was achieved with the nonplanar triangular Mo(O)C2H2

-

structure, shown in Figure 8. The neutral ground state is
predicted to be a3A and has lower symmetry than the
corresponding4A′′ ground anion state. The EAa is predicted to
be 1.71 eV, with the EAv at 1.88 eV. This coincides with the
low-intensity signal found at lowest binding energy in the
spectrum but is in poor agreement with the more intense signal,
suggesting that the actual structures have not been found or that
the neutral states accessed by detaching the anion are not
structurally stable.

2. MoOC2H4
-. The anion PE spectrum of MoOC2H4

- shown
in Figure 7b is similar to MoOC2H2

- and exhibits at least three
broad, overlapping transitions originating roughly at 1.25(10),
1.9(1), and 2.9(1) eV. The lowest-energy anion corresponds to
a double hydride H2Mo(O)C2H2

- structure, shown in Figure 8,
which has a calculated EAa of 2.10 eV and EAv of 2.60 eV.
These agree with the prominent central feature in the spectrum
(1.9 eV origin) having a maximum at 2.45 eV. On the basis of
the calculations, this broad transition can be attributed to
relaxation of the-HMoH from 91.0° in the anion to 125.2° in
the neutral and a contraction of the-CMoO from 120.7 to
108.0°. The most competitive isomer is a C-C insertion
complex, MoO(CH2)2

-, which is calculated to be less stable
by 0.38 eV.

3. MoO2C2H4
-. The anion PE spectrum of MoO2C2H4

-

shown in Figure 7c exhibits a transition with a sharp onset of
electron signal observed at 2.25 eV, reaching a plateau at 2.5
eV, with additional peaks at 3.11 and 3.23 eV. The calculated
ground-state anion and neutral structure for this complex is a
C2V Mo(O2)C2H4

- shown in Figure 8. It is essentially a MoO2
-

cluster bound to ethylene (-CMoC ) ∼40°) out of the MoO2

plane. The EAa is calculated to be 2.44 eV, with the EAv

calculated to be 2.56 eV, both in good agreement with the
observed spectrum. The first excited-state transition is predicted
to lie at 3.16 eV, in agreement with the higher-lying structure
in the spectrum.

4. MoO2C4H10
-. The most prominent feature in the anion

PE spectrum of MoO2C4H10
- shown in Figure 7d is an irregular

band with a gentle onset of signal at 1.75(10) eV and a sharp

rise in signal at 2.11(1) eV. The structure on this band is
irregular but reproducible, with an initial spacing of 650(20)
cm-1 (a 626-cm-1 symmetric mode is predicted for the neutral
described below). The calculated ground-state anion structure
is Mo(O2)(C2H5)2

-, described as a MoO2 cluster with two C2H5

groups singly bound to the metal, shown in Figure 8. The EAa

for this isomer was calculated to be 1.69 eV with a EAv of
2.27 eV, in good agreement with the observed spectrum.

IV. Discussion

A striking overall feature in the mass spectra shown in Figures
3 and 4 is the loss of intensity of the Mo2Oy

- accompanied by
an increase in the MoOy- portion of the spectrum when the
clusters are exposed to methane or ethane. In pure helium, the
integrated intensities of the Mo2Oy

- clusters are considerably
higher than the sum of the integrated intensities of the MoOy

-

clusters. This suggests that reactions between the larger clusters
and the simple hydrocarbons in part result in fragmentation of
the larger clusters, possibly because the reaction compromises
the Mo-O-Mo bridge structures predicted for Mo2Oy>2

-

clusters.62 Furthermore, all of the complexes in the mass spectra
obtained under gentler reaction conditions have two or fewer
oxygen atoms, while MoO2- is sparce and MoO- and Mo- are
absent in pure helium, which argues against MoO2

- and MoO-

being dominant reaction species for the production of the
observed complex ions. Additionally, we do not observe adducts
for any dimolybdenum oxide cluster, other than Mo2O2

-, even
as the relative partial pressure of methane and ethane are
increased in the reactor. We do, however, find that higher-order
single molybdenum oxides products, such as MoO2C4H10

-,
become more abundant as a function of increasing reactant
partial pressure. The dependence of the product distribution on
the abundance of the higher di-molybdenum oxides suggests
that Mo2Oy

- clusters are the principle reactants for the products
probed in this paper. Note, however, that Mo2O5

- was very low
in intensity and Mo2O6

- was virtually absent in all the reactivity
studies contained in this paper. Therefore,suboxideclusters with
two molybdenum centers appear to be the main reactants.

Again, the focus here is on the products containing a single
molybdenum atom. The mass spectra also reveal several
products within the lighter end of the Mo2Oy

- manifold, which
will be the focus of a subsequent study.

While the anionic products resulting from the cluster/methane
or cluster/ethane reactions are determined definitively from the
mass spectra, the reactants are not isolated from the cluster
mixture prior to the reaction. However, based on the above
observations, we can infer the nature of the reactions that are
taking place. In the reactions with methane, we observed the
appearance of, among other things, MoO2CH4

-. While a reaction
such as MoO3- + CH4 f MoO2CH4

- + O• may be occurring,
our observations suggest reactions of the type

When higher oxides, stoichiometric or hyperoxides, are present
in the Mo2Oy

- manifold, MoO4
-, MoO4H2

-, and MoO5
- are

Mo2Oy
- + nCH4 f MoO2CH4

- +
MoOy-2(n - 1)(CH4) (y < 3x)

Mo2Oy
- + nCH4 f MoOCH2

- +
H2MoOy-1(n - 1)(CH4) [or MoOy-1(n - 1)CH4 + H2]

Mo2Oy
- + nCH4 f MoCH2

- +
H2MoOy(n - 1)CH4 [or MoOy(n - 1)CH4 + H2]
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produced. These complexes have considerably higher electron
affinities than MoCH2 and MoOCH2 so the electron would
remain with the oxides in reactions such as Mo2O4

- + CH4 f
MoCH2 + MoO4

- + H2. Note that both the MoOCH2- and
MoCH2

- involve loss of 2H• from methane (i.e., oxidation of
the methane) evoking a picture of molecular hydrogen evolution.
Neutral products are not detected in this experiment, so we
cannot assert whether metal dihydride formation or molecular
hydrogen formation is resulting in the reaction. However, recent
work by Davis and co-workers showed that, in reactions between
atomic molybdenum and 2-butyne, H2 elimination was the sole
reaction channel.82

We have explored the thermodynamics of some potential
reactions between dimolybdenum oxide cluster anions and a
single methane

We have obtained less unfavorable results by considering the
double reaction of methane with the Mo2O4

- cluster

We are presently investigating the addition of more than two
CH4s to a range of oxides.

The simplest reaction giving a spontaneous result is

Note, however, that MoO2- is never present in an appreciable
amount in the ion beam.

The MoO2C4H10
- complex is unique in that it is the only

complex observed that exhibits the addition of two ethane
molecules. It is further interesting because no MoO2C2H5

- is
observed though MoO2C2H4

- is abundant, suggesting that the
residence time of the complexes in the source is long relative
to the lifetime of the MoO2C2H5

- intermediate. The prevalence
of the MoO2C4H10

- complex supports the hypothesis that the
observed complexes may result from sequential alkane additions
with the larger clusters. Mo2O4

- has a double Mo-O-Mo
bridge in its lowest-energy structure, it is conceivable that at
least two reactions are required before fragmentation occurs.

We close the discussion section with two final observations.
The complexes formed have simple, oxidized hydrocarbon
ligands on an electron-rich metal center. It will be interesting
to determine in subsequent reactivity studies whether these
species can undergo electrophilic substitution reactions. With
regard to common models of catalytic oxidation of hydrocar-
bons, it will also be interesting to determine if addition of
oxygen in a sequential, isolated reaction region (to model
ambient free molecular oxygen in an applied setting) will result
in the release of alkoxy radical ions.

V. Conclusions

The combination of mass spectrometry, anion PE spectros-
copy, and DFT calculations have revealed a class of reaction

products involving Mo2Oy
- suboxide cluster fragmentation upon

reaction with simple hydrocarbons. This is supported by the
following observations: With exposure to methane or ethane
under relatively gentle reaction conditions, a loss of Mo2Oy

-

intensity is observed relative to the MoOy
- intensity in mass

distributions measured from a cluster source coupled to a
reaction channel. Further, the reaction complexes formed
generally have 0, 1, or 2 oxygen atoms, while MoOy

- (y ) 2,
1, 0) have low or no abundance in the ion source.

The complexes formed, which include MoCH2
-, Mo(O)CH2

-,
and Mo(O2)CH4

- in reactions with methane and Mo(O)C2H2
-,

Mo(O)C2H4
-, Mo(O2)C2H4

-, and Mo(O2)C4H10
- in reactions

with ethane, suggest a rich set of chemical interactions involving
C-H bond insertions, Mo-O-Mo bridge breaking, and mo-
lecular hydrogen evolution. The stable structures emerging from
the DFT calculations show metal hydride formation as being
favorable in the formation of HMo(O2)CH3

- and, at a minimum,
energetically competitive with ModCH2 formation for both
MoCH2

-/HMoCH- and Mo(O)CH2
-/HMo(O)CH-. Metal-

acetylene complexes were predicted for the MoOC2H2
- and

H2MoOC2H2
- ethane-based complexes, but no definitive struc-

tural assignment could be made based on the respective PE
spectra. However, for both Mo(O2)C2H4

- and Mo(O2)(C2H5)2
-,

the good agreement between the spectra and calculations suggest
that MoO2

- is the central feature with an ethylene ligand and
two ethyl ligands, respectively.
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