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ABSTRACT: Gold in the +III oxidation state (Au™) has been Gold(lll) Mediated Methane Conversion

proposed as a promising species to mediate challenging chemical
reactions. However, it is difficult to characterize the chemistry of
individual Au™ species in condensed-phase systems mainly due to the
interference from the Au' counterpart. Herein, by doping Au atoms into
gas-phase vanadium oxide clusters, we demonstrate that the Au™ cation
in the AuV,04" cluster is active for activation and transformation of
methane, the most stable alkane molecule, into formaldehyde under
mild conditions. In contrast, the AuV,O4" cluster isomers with the Au'
cation can only absorb CH,. The clusters were generated by laser
ablation and mass selected to react with CH,, CD,, or CH,D, in an ion
trap reactor. The reactivity was characterized by mass spectrometry and
quantum chemistry calculations. The structures of the reactant and
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product ions were identified by using collision-induced and 425 nm photo-induced dissociation techniques.

1. INTRODUCTION

Gold catalysts have shown remarkable performance in many
important processes including CO oxidation, hydrogenation,
and C—H activation.' Extensive research efforts have been
devoted to elucidating the molecular origin of gold catalysis.”’
It is emphasized that the oxidation state of gold is a key factor
governing the catalytic activity.” The cationic gold in the +III
oxidation state (Au™) has a high standard reduction potential
and strong Lewis acid property” and is not only regarded as the
active species in oxidation of CO and hydrogenation of
alkenes,” but also proposed to provide new opportunities in
challenging reactions,’ such as transformation of methane, the
“holy grail” in chemistry.” However, the understanding and
development of the Au™ chemistry are limited due to the
difficulties in characterizing the chemical bonding and reactivity
of individual Au" species in condensed-phase systems. For
instance, Periana and co-workers reported a way of catalyzing
methane to methanol using cationic gold (Au' and Au™) in
strong acid solvents, while the question of whether one or both
Au' and Au™ species are active for the C—H activation of
methane remains unclear.” It is desirable to adopt an alternative
approach to investigate the chemistry of individual cationic gold
species.

Studying individual active species confined on atomic
clusters”'® that can be explored under isolated, controlled,
and reproducible conditions has been recently demonstrated to
be successful. The spin and charge effects on the reactivity of
atomic oxygen radical anions (O®7) on atomic clusters have
been revealed.'”"" The extraordinary activity of single noble
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metal atoms including Au, and Pt; on metal oxide clusters
could also be discovered.'”"* The investigations of the Au,-
doped metal oxide clusters have demonstrated that the
conversions of Au'—O into Au'—=M (M = Ti, Fe, Nb, Ce,
and Al) species could drive CO oxidation, dihydrogen
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activation, and so on.'” However, possibly because Au
high standard reduction potential,” the preparation of Au
onto metal oxide clusters was unsuccessful in the previous
'21* and the chemical bonding and reactivity of the
species on metal oxide clusters have been

experiments

important A"

unknown yet.
Inspired by the experimental evidence that the interaction of

1S
M species,”” Au,-

Au with vanadia results in the formation of Au
doped vanadium oxide clusters AuV,O," were prepared and
reacted with methane in an ion trap reactor under mild
conditions. Among many of the prepared Au;-doped vanadium
oxide clusters, the AuV,0¢" cluster was highly reactive and
showed the capability to transform methane. In conjunction
with the structure characterizations and density functional
calculations, the methane transformation can be attributed to
the Au™ species in AuV,0¢". It is noteworthy that the
structures'® and reactivity'” of (undoped) vanadium oxide
clusters have been extensively studied previously.
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2. METHODS

Experimental Method. The AuV,0," clusters were generated by
laser ablation of a mixed metal disk compressed with Au and V
powders (molar ratio: Au/V = 1/1) in the presence of 0.5% O, seeded
in a He carrier gas with the backing pressure of 6.5 standard
atmospheres. The cluster ions of interest were mass-selected by a
quadrupole mass filter (QMF). To well resolve AuV,04" (m/z = 385
for '°0) from Au,* (m/z = 384) and increase the ion-transmittance of
the QMF, #0, was used as the oxygen source to generate the clusters.
The mass-selected cluster ions entered into a linear ion trap (LIT)
reactor where they were confined and cooled by collisions with a pulse
of He gas for 0.9 ms and then interacted with a pulse of CH,, CD,, or
CH,D, for around 1.2 ms. The instantaneous gas pressure of He in the
reactor is around 6—8 Pa (~3000 collisions) and longer cooling time
(>0.9 ms) did not affect the reaction efficiency, **'® indicating that the
AuV,0O4" ions had been thermalized before they reacted with methane.
The partial pressures of the reactant molecules ranged from about 1
mPa to more than 20 mPa depending on the reaction systems. The
temperature of the cooling gas (He), the reactant gases (CH,, CD,,
and CH,D,), and the LIT reactor is around 298 K. The cluster ions
ejected from the LIT were detected by a reflectron time-of-flight mass
spectrometer (TOF-MS). The details to run the TOF-MS," the
QMF,”® and the LIT"® can be found in our previous works.

The collision-induced dissociation (CID) experiments were
performed for structural investigations by introducing argon into the
LIT for collisions with AuV,04" ions of which the translational
energies could be fixed at different values. The time period for collision
of AuV,04" with Ar in the trap was short (<20 ps) and the pressure of
Ar in the ion trap was low (<30 mPa). The average number of
collisions” between AuV,O4" and Ar was estimated to be 0.05,
indicating that multiple collisions were improbable. The daughter and
the parent ions were detected by the TOF-MS.

A tandem TOF-MS coupled with an OPO (optical parametric
oscillator, Continuum, Horizon I) laser was employed to study the
photo-induced dissociation (PID)*> of mass-selected cluster ions.
Briefly, the reactant and product ions in the reaction of AuV,04" with
CH, passed through two identical reflectors with Z-shaped
configuration in the primary TOF-MS. The ions of interest were
mass selected by a mass gate and then interacted with the OPO laser
beam (425 nm). The daughter (fragment) and the parent ions passed
through the reflector of the secondary TOF-MS and then were
detected by a dual microchannel plate detector.

Theoretical Method. The density functional theory (DFT)
calculations using Gaussian 09 program™ were carried out to
investigate the structures of AuV,04" as well as the reaction
mechanisms with CH,. The TZVP basis sets®* for C, H, O, and V
atoms and the D9SV basis sets combined with the Stuttgart/Dresden
relativistic effective core potentials (denoted as SDD in Gaussian
software)*® for Au atom were adopted. The TPSS functional®®
performed very well for the bond energies of Au—0O, Au—V, Au—C,
Au—H, V-0, C—H, and O—H (see Supporting Information),”” so the
TPSS results were given throughout this work. A Fortran code based
on genetic algorithm™® was used to generate the initial guess structures
of AuV,04". The reaction mechanism calculations involved geometry
optimization of reaction intermediates (IMs) and transition states
(TSs) through which the IMs transfer to each other. The initial guess
structures of the TS species were obtained through relaxed potential
energy surface scans using a single or multiple internal coordinates.””
Vibrational frequency calculations were performed to check that each
of the IMs and TSs has zero and only one imaginary frequency,
respectively. Intrinsic reaction coordinate calculations were performed
so that a TS connects two appropriate local minima. To determine
reliable energies of the low-lying isomers of AuV,O4" clusters, single-
point energy calculations with high-level quantum chemistry method
of RCCSD(T)* were performed at the DFT optimized geometries.
The zero-point vibration corrected energies (AH,) in unit of eV are
reported in this work.

The Rice—Ramsperger—Kassel-Marcus theory’’ (RRKM) and
RRKM-based variational transition state theory’> (VIST) were used
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to calculate the rate constants of traversing transition states from
intermediates and for CH, desorption from adsorption complexes. For
these calculations, the energy of the initially formed reaction
intermediate (E) and the energy barrier (E*) for each step were
needed. The reaction intermediate possesses the vibrational energies
(Esp) of AuV,04" and CH,, the center of mass kinetic energy (E,),
and the binding energy (E,) between AuV,0," and CH,. The values of
E,;, and E, were taken from the DFT calculations and E, = uv*/2, in
which g is the reduced mass and v is the velocity (=~ 1000 m/s). The
VTST calculations involved geometry optimizations of AuV,0,CH,*
by fixing the distance between the AuV,0¢" and CH, moieties at
various values. The densities and the numbers of states required for
RRKM and VTST calculations were obtained by the direct count
method®® with the DFT-calculated vibrational frequencies under the
approximation of harmonic vibrations.

3. RESULTS AND DISCUSSION

Cluster Reactivity. The TOF mass spectra for the
interactions of laser ablation generated, mass-selected, and
thermalized AuV,04" cluster cations with CH,, CD,4, or CH,D,
are shown in Figure 1. Upon interaction with 2 mPa CH, in the
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Figure 1. TOF mass spectra for the reactions of AuV,"*04" (a) with 2
mPa CH, (b), 4 mPa CH, (c), S mPa CD, (d), and 4 mPa CH,D, (e)
for 1.2 ms. The relative signal magnitudes are amplified by a factor of 3
for m/z < 400. The Au,V,0," and Au,V,0,X" are labeled as x,y,z and
x,y,2,X, respectively. The weak AuV,0¢H,0" in (a) is due to the
reaction of AuV,04" with residual water from the gas handling system.

reactor for about 1.2 ms, in addition to the molecular
association product AuV,0,CH,*, additional products assigned
as AuV,0O.H,", V,0,CH;*, V,0{H*, and V,O.H," were
generated (Figure 1b). The relative intensities of these products
increase as the CH, pressure increases (Figure lc), which
suggests reactions 1—4 below:

AuwV,04" + CH, » V,O,CH," + AuH 53% (1)
)
AuV,0;" + CH, — V,0O,H" + AuOCH,(CH,O + AuH)
(©)
AuV,0," + CH, —» V,0O,H," + AuOCH,(CH,0 + Au)

(4)

Auw,04" + CH, —» AuV,0,H," + CH,0 18%

13%

16%
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The isotopic labeling experiments with CD,, (Figure 1d) and
CH,D, (Figure le) confirmed the above reaction channels.

The experimentally generated atomic clusters can have
different structural isomers with different reactivity, which can
be characterized with the reactant-gas-pressure (P) dependent
experiments (Figure 2 and Figure S4 in the Supporting

and CH,D,, indicating the nondissociative methane adsorption
on the clusters.

Structural Characterization. The structures of the
reactant cluster ions AuV,04" and the association product
ions AuV,O4CH,* were characterized with the CID and PID
experiments, respectively, and the results are shown in Figure 3.
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Figure 2. Variations of relative ion intensities with respect to the CH,
pressure in the reaction of AuV,04" with CH,.

Information). It turns out that with respect to the increase of P,
the relative ion signal of AuV,04" (I) follows a double-
exponential decay:

IR = Xy X eXP(_ﬂkact) + (1 - xact) X exp(_/}kads) (5)

. . P . .
in which f# = —tg, kg is the Boltzmann constant, T is the
B

temperature (~298 K), t; is the reaction time (~1.2 ms), x,
and 1 — «x,. are the normalized abundances of the AuV,04"
isomers that lead to methane transformation (reactions 1—4)
and methane adsorption (formation of AuV,04,CH,*),
respectively.

The least-squares-fitted pseudo-first-order rate constants k,
and k,q4, along with the values of «,. are listed in Table 1. It

Table 1. Relative Abundance of the Reactive Cluster Isomer
and the Rate Constants (k, and k4 in 107'° cm® molecule™
s!) for Methane Transformation and Adsorption in the
Reactions of AuV,0," with CH,, CD,, and CH,D,

molecules X, X 100% kot kags
CH, (32+1) 78 + 07 5.0+ 02
CD, (35 +2) 54 406 S1+03
CH,D, 36 +1) 64 + 04 S1+02

indicates that (34 + 3) % of the experimentally generated
AuV,04" resulted in reactions 1—4, while the left component
(66 + 3) % only adsorbed methane. The transformation
channels have small kinetic isotopic effects: k, (CH,)/
k.(CD,) = 14 + 02 and k(CH,)/k(CH,D,) = 12 =+
0.1. The small kinetic isotopic effect is likely due to the
reactions occurring nearly at the collision rate. The theoretical
collision rate constant (k.y)>' between AuV,04" and CH, is
9.8 X 107*° cm® molecule™ s7, so the reaction efficiency (k,.,/
k..;) amounts to 80% for the reactive isomer of AuV,0," with
CH,,. It is noteworthy that the adsorption rate constants kg, are
almost identical for three different reactant gases CH,, CD,,
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Figure 3. (a) CID spectra of AuV,'®04" with 30 mPa Ar. Center-of-
mass collisional energy (E.) is given. Peaks marked as “*” and “@” are
due to water impurities. (b) The relative ion intensity of Au with
respect to E.. (c) PID spectra of AuV,'304CH,* and AuV,"*0,CD," at

425 nm.

When the mass-selected AuV,04" cations collided with Ar in
the ion trap, the resulting mass spectra were crucially
dependent on the center-of-mass collisional energies (E.). At
E. < 198 eV, the only product ions formed (AuV,0,")
corresponded to the loss of O,. Upon increasing E,, a signal for
Au’, with concomitant elimination of V,0Oy, appeared (Figure
3a). The CID experiments indicate that molecular oxygen
species (0,2 or O,”) would be presented in AuV,04", and the
binding energy of the O—O unit is lower than that of Au" in
AuV,04". Furthermore, two growth regions (1.98—2.16 eV and
2.25—2.34 eV in Figure 3b) for the Au" signal were observed,
suggesting the presence of AuV,0," isomers with different Au*
binding energies.

In the PID experiments, when the 425 nm laser beam
interacted with the association complexes AuV,04CH,", the
daughter ion peak assigned as AuV,04" was observed (Figure
3c): AuV,0,CH," + hv —» AuV,O4" + CH,, which was also
confirmed by the isotopic labeling experiment. The PID results
strongly suggest that CH, is nondissociatively adsorbed in
AuV,0,CH,".
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Figure 4. DFT calculated potential energy profile for reactions 1—4. The relative energies (in eV) of the reaction intermediates (I1—16), transition
states (TS1—TSS), and products (P1—P4) are with respect to the separate reactants (R). Some bond lengths (in pm) are given.
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Structures and Reaction Mechanisms. The DFT
calculations predicted that the most stable structure of
AuV,04" (labeled as IS1, see Figure 4) has the singlet
electronic state and possesses two 4-fold coordinated vanadium
atoms, two terminally bonded oxygen atoms, four bridging
oxygen atoms, and one bridging gold atom. The gold oxidation
state in IS1 is +III according to the general rules for the
determination of the formal oxidation states®® (note that six
oxygen atoms carry total oxidation state of —XII, two vanadium
atoms have total oxidation state of +X, and the cluster has a net
positive charge).

The DFT calculations also predicted a few low-lying isomers
of AuV,04" with O—O and Au' species (see IS2—1S4 in Figure
S8). It turns out that these isomers are responsible for (1) the
generations of AuV,0," (AuV,04" + Ar - Auv,0," + O, +
Ar) and Au" in the CID experiments (Figures 3a and 3b) with
low E. values (<2.16 eV), (2) the formation of the simple
addition product AuV,O(CH," in reactivity experiments
(Figure 1), and (3) the dissociation of AuV,0,CH," into
AuV,04" and CH, in the PID experiments (Figure 3c). In
contrast, the most stable isomer (IS1) with Au™ is responsible
for (1) the sharp increase of Au” signal at E. = 2.25—2.34 eV
(Figure 3b) and (2) the reactions 1—4 to transform methane.
The main text below focuses on the remarkable reactivity of the
Au™ isomer and a detailed discussion on the Au' isomers is
given in the Supporting Information.
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The DFT calculated reaction mechanism for AuV,O4" (IS1)
+ CH, is shown in Figure 4. When IS1 meets CH,, the CH,
molecule can be trapped by the Au' site with a binding energy
of 0.80 eV. In this process, the CH, is preactivated, as can be
seen from the elongation of the C—H bond from 109 pm in
free CH, to 115 pm in the encounter complex I1. It should be
mentioned that methane adsorption on O atoms was also
tested (Figure S10) and it turned out that the Au™ atom is the
most favorable adsorption site. After the adsorption of methane
on the Au™ site, the reaction proceeds with C—H bond
cleavage (I1 — 12) by the Au™ cation in collaboration with the
adjacent oxygen anion, resulting in the formations of Au—C
and O—H bonds. The barrier of the above process is sufficiently
low since the transition state (TS1) lies below the reactants
(AH, = —0.31 eV). After the formation of 12, the methyl group
can transfer from Au atom to the “oxide support” to make a
chemical bond with an O atom (I2 — I3) and this step releases
additional energy (1.36 eV). The reaction intermediate I3 has
enough energy to transfer the H atom from the methyl group
to the Au atom (I3 — 14), resulting in the formations of AuH
and CH,O moieties. Note that in I3, the CH; and OH groups
are quite far apart; hence CH;OH, a usual product in reactions
of CH, with metal oxides,” was not produced in the
experiment (Figure 1).

After a structural rearrangement (I4 — I5), the AuH unit can
be easily desorbed to form P1 (reaction 1). The formation of
P1 is highly exothermic, so the product ion V,04CH;"* can have

DOI: 10.1021/jacs.6b03940
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enough internal energy to evaporate CH,O to generate
V,0;H" ion and the corresponding neutral species (P3,
reaction 3). This reaction pathway is consistent with the result
of additional reactivity experiments under different cooling gas
pressures (Figure SS). Such experiments indicated that the
relative intensity of V,0OH" was higher when the cooling gas
pressure was lower. This is because the cluster ions that were
less thermalized (lower cooling gas pressure) possessed higher
internal energies for product fragmentation (V,04,CH;" —
V,0H' + CH,0).

In addition to the reaction channels (1) and (3), there are
competing reaction channels (2) and (4). From IS, one
additional hydrogen atom transfer from the Au atom to an O
atom can lead to the formation of a more stable intermediate 16
with an Au—V chemical bond. The CH,0O molecule can then
be desorbed easily (I6 — P2, reaction 2). The resulting
AuV,04H,"* can have enough internal energy to lose the Au
atom (P4, reaction 4). It is noteworthy that the energy of P1 is
only slightly lower than that of TSS (—2.63 eV versus —2.54
eV) in terms of the AH, values. However, when the entropy
contribution (—TAS) to the free energy is taken into account,
the free energy of TSS (—2.25 eV) is higher than that of P1
(—2.72 eV) significantly (0.47 eV). Therefore, the summed ion
signal of V,0,CH;" and V,0,H" can be higher than that of
AuV,0.H," and V,04H,", as can be seen from Figure 1.
Moreover, the formations of P1 and P2 are highly exothermic
(Figure 4) and the energies of TS1—TSS are well below that of
the separate reactants (IS1 + CH,), which means that the
reaction intermediates 11—16 all have short lifetimes*® and have
little chances to be stabilized as methane adsorption species
AuV,0,CH,". As a result, the AuV,0;" cluster isomer with the
Au™ cation is solely responsible for methane transformation
(reactions 1—4) while the methane adsorption is attributed to
other low-lying isomers generated in experiments (see
Supporting Information for discussion on formation of
AuV,0,CH,").

To further support the above assertion, the rates of traversing
transition states from intermediates and the dissociation rates
(kg) of methane desorption from encounter complexes were
estimated by employing the RRKM based theories.’>*" The
rates of the C—H bond activation (I1 — TS1 — I12) and the
CH, desorption [I1 — AuV,04" (IS1) + CH,] were
determined to be 1.2 X 10° s™" and 4.1 X 10% 57", respectively,
which are 2 orders of magnitude larger than the collision rate
that a cluster experiences with the buffer gas in the ion trap
reactor (about 3 X 10° s7!). This indicates that I1 has a short
lifetime and has a little chance to be stabilized. It is noteworthy
that the larger rate of k4 than that of I1 — TS1 — I2 can be
ascribed to the overestimated barrier height of TS1. When the
barrier height of TS1 is reduced by 0.1 eV, the rate for I1 —
TS1 — I2 would be changed to 7.9 X 10% s, which is
consistent with the observed reaction efficiency of 80% for
methane transformation. This may indicate that the accuracy of
the TPSS functional for the reaction barrier calculations is not
better than +0.1 eV.

Methane activation and transformation by gold-doped oxide
cluster AuNbO;* with Au' cation and O°” radical anion were
previously studied.'*” The activation of the first C—H bond of
methane by AuNbO;" proceeds with the hydrogen atom
transfer to the radical center O®~ while the Au' atom can be
considered as a spectator in this process. In contrast, the
reactive AuV,04" with Au™ is a closed-shell species without the
O°~ radical, so the activation of the first C—H bond of methane
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is mediated by the Au' cation with strong Lewis acid property.
In addition, the oxygen anion O~ bonded with Au™ can be
considered as Lewis base that accepts the H atom during the
C—H bond cleavage (I1 — 12 in Figure 4). As a result, the C—
H activation by AuV,04" (IS1) follows a mechanism of
cooperative effect of Lewis acid—base pairs proposed for
methane activation in many condensed-phase systems including
M"-0*" (M = Pt, Pd, Mg) and M"=0>" (M = Sc, Y, Ln,
Al).>” However, such a mechanism has been scarcely reported
for methane activation by gas-phase clusters previously.'"*®
Note that the diatomic CuO" can activate CH, with the similar
mechanism.”® This study clearly demonstrates that only
particular Lewis pairs M™—O?" can activate methane under
mild conditions. On the AuV,0" cluster ions, only Au™—0?"
is reactive enough to transform methane while Au'-O> only
leads to methane adsorption (see Supporting Information),
which indicates that the stronger Lewis acid Au' is superior to
the weaker Lewis acid Au' in terms of transformation of
methane, the most stable alkane molecule.

4. CONCLUSION

The Au™ cation has been successfully prepared onto an early
transition metal oxide cluster, and the resulting system
AuV,04" has remarkable reactivity in methane activation and
transformation under mild conditions. Combined with the
structural characterizations and quantum chemistry calcula-
tions, it is revealed that the Au" species with strong Lewis acid
property is the active adsorption site and facilitates the C—H
bond cleavage in collaboration with the adjacent O®~ anion
through the mechanism of cooperative Lewis acid—base pairs.
Further transformation of the activated methane into form-
aldehyde has been identified. This study enriches the Au™
chemistry at a strictly molecular level and provides a
fundamental basis to transform methane under mild conditions.
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