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Abstract: The room-temperature chemical kinetics has been measured for the cat-
alytic activity of Group 10 atomic cations in the oxidation of methane to methanol

by ozone. Ni™ is observed to be the most efficient catalyst. The complete catalytic
cycle with Ni* is interpreted with a computed potential energy landscape and, in
principle, has an infinite turnover number for the oxidation of methane, without
poisoning side reactions. The somewhat lower catalytic activity of Pd* is reported
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for the first time and also explored with DFT calculations. Pt™ is seen to be inef-
fective as a catalyst because of the observed failure of PtO* to convert methane

to methanol.

Introduction

The economically important conversion of methane to
methanol continues to provide a chemical challenge and
constitutes a “holy grail”.ll! The C—H bond strength of
methane is substantial at 102.7+2.0 kcalmol™!, while the
thermodynamic affinity of methane for atomic oxygen, OA,
to form methanol is moderately high at 90.7 kcalmol .
This makes the direct gas-phase oxidation of methane by
strong oxidants such as O; (OA(O,)=25.5 kcalmol ') and
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N,O (OA(N,)=40.0 kcalmol™)? very exothermic at room
temperature, but the oxidation is impeded by activation
energy barriers associated with C—H bond activation.”! This
has spawned a search for effective catalysts. Atomic metal
and metal cluster ions have received particular attention be-
cause they provide an extra electrostatic energy of interac-
tion that can reduce activation barriers and so lead to sub-
stantial enhancements in reaction rates.) Here we demon-
strate that atomic metal cations can catalyze the oxidation
of methane by transporting an O atom from ozone to the
methane molecule as illustrated in Scheme 1.

M+
03 CH3OH

o CH
2 MO* “

Scheme 1. Catalytic cycle for the homogeneous oxidation of methane
with ozone, mediated by atomic metal cations.

The thermodynamic window? for catalysis by O-atom
transport from ozone to methane with atomic metal cations
requires that 25.5<OA(M%)<90.7 kcalmol™. Since the
upper boundary condition for OA(MT) favors late over
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early transition metal cations, we have chosen to investigate
the catalytic activity of d° (Group 10) cations Ni* (OA=
63.24+1.2 kcalmol "), Pd* (0OA=33.6+2.5kcalmol),"
and Pt* (OA=75.1+1.6 kcalmol ).

Previous measurements have provided some insight into
the kinetics of the second leg of the cycle shown in
Scheme 1 with NiO* and PtO* (but apparently not with
PdO*). NiO* has been observed to produce Nit +
CH,OH exclusively with an efficiency of 20%,” whereas
Ptt + CH,;0H production was reported to proceed with
PtOT on 25% of the reactive collisions along with a major
(75%) production of PtCH,* + H,O with a total reaction
rate coefficient of 1.05x 10~ cm®molecule™'s™".'"") We have
investigated these two methane reactions, as well as that
with PdO™, in a flow tube experiment and also report here
the first measurements of the kinetics of the first leg of the
catalytic cycles. Furthermore, we have computed the poten-
tial energy surfaces (PES) for the M*/O;/CH, couples (M=
Ni, Pd) using DFT to assess the experimental results.

Results and Discussion

The reactions of the bare metal cations with ozone all were
observed to be fast, k>4.0x107"° cm®*molecule™'s™!, and
“clean”, they produced only the metal oxide cation (see
Table 1). Since IE(O;) is quite high (12.53+0.08 e V), elec-

Table 1. Rate coefficients and efficiencies for reactions of d’ atomic-
metal cations Mt with O, and of their metal monoxide cations MO™
with CH, at room temperature using ESI/qQ/SIFT/QqQ mass spectrome-
try. Also included are the overall efficiencies @y for the catalytic reduc-
tion of O; by CH,.

M* kgl MO* kLl Products @,
(D)™ (Prea)"

Nit 4.0/0.41 NiO* 1.7/0.16 Ni+ 0.066
(0.41) (0.16)

Pd+ 4.8/ PdO* 0.083/ Pd* (78%) 0.0036
0.55 0.0083 PAOCH,™* (15%)
(0.55) (0.0065) PdO*(CH,)

(7%)

Pt*  7.8/0.96 PtO* 10/1.0 PtICH,* (98%) -

(0.96) PtH,* (2%)

[a] & is the total reaction rate coefficient measured in units of
107" cm’molecule ' s™! with an uncertainty estimated to be +30%.
[b] The efficiency, @, is defined as k/k., where k. is the collision rate coef-
ficient, calculated by using the algorithm of the modified variational tran-
sition state/classical trajectory theory developed by Su and Chesnavich.™!
Subscripts “ox” and “red” indicate the oxidation of the bare metal ion
and the reduction of the metal oxide ion, respectively, by O-atom trans-

fer. [c] D, is defined as @, x D,

tron transfer to these metal cations is endothermic by at
least 3.57 eV. The reaction kinetics for the three metal oxide
cations with methane were found to be much more diverse.
Ton profiles recorded with methane addition are shown in
Figure 1. Up to five different channels, those given in reac-
tion (1), were observed in the proportions indicated.
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Figure 1. Reaction profiles measured for the reactions of NiO*, PdO*,
and PtO* with CH, in helium buffer gas at 295+3K and 035+
0.01 Torr.

MO" + CH, — M" + CH,OH
(1a)M = Ni(100%), Pd(78%)
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— MCH," + H,0 (1b)M = Pt(98%)

— MOCH," + H, (1c)M = Pd(15%)

— MO*(CH,) (1d)M = Pd(7%)

— MH," + CH,O (1Ie)M = Pt(2%)

Channel (1a), the second leg of the catalytic cycle under
investigation, is exothermic by —27.5, —57.1, and —15.6 kcal
mol~! for the reactions of NiO*, PdO*, and PtO™*, respec-
tively.>**1 Only NiO* exhibited pure formation of the
atomic cation along with methanol, as indicated previous-
ly;"*! we are able to report that it reacts fast with a 41 % effi-
ciency (see Table 1). PAO* also produced mainly the atomic
cation (78 %) with minor channels of H, elimination (15%)
and methane addition (7% ). The platinum oxide cation was
observed to react with methane at the collision limit, pre-
dominantly to dehydrate the intermediate (98 %) and not to
generate bare Pt*. Formation of PtH,* and CH,O was also
observed but this channel is almost negligible, at 2%. The
PtCH,* reacts further with CH, to eliminate hydrogen and
to add methane.'"! The very small signal at m/z of Pt*
(0.1%) initially present in the spectrum does not increase
with the addition of CH, into the reaction region (see
Figure 1).0*?

Our result for the products of the PtO™ reaction with
methane differs from the previous FI-ICR observations by
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the Berlin group that reported PtCH,* as a major product
ion, 75%, and bare Pt* as a minor product ion, 25%.1"
However, much better agreement is found with the more
recent results of new experiments in which PtOt was pro-
duced by pulsing N,O into mass-selected 'Pt* ions that
were generated by laser desorption/ionization from the solid
metal. After additional mass selection and subsequent ther-
malization with pulsed Ar buffer gas, reactions of PtO* with
leaked-in CH, were studied at a pressure of 8x 10~ mbar
and short reaction times of 0.5 to 2s. The branching ratios
for the product ions PtCH,*, Pt*, and PtH,* were deter-
mined to be 94, 3, and 3 %, respectively.

The gas-phase kinetics measured with our selected-ion
flow tube tandem mass spectrometer at room temperature
for the catalytic cycles leading to methanol formation from
ozone and methane are summarized in Table 1. The experi-
mental results indicate an interesting unambiguous trend in
catalytic efficiency going down the periodic table with the d’
transition-metal cations. Nit appears to be best suited as a
catalyst with no ozone side reactions, Pt* is not suitable as
it is not regenerated in the reaction of its oxide cation with
methane, and Pd* is intermediate in its performance as a
catalyst.

A computed potential energy landscape for the catalysis
mediated by MT (M=Ni and Pd) is given in Figure 2. The
profile for the uncatalyzed oxidation of methane, overall
very exothermic (—70.8 and —65.2 kcalmol ' according to
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Figure 2. Potential-energy surfaces computed for the oxidation of CH, with Os in the absence (black lines) and presence of Ni* (red line) or Pd* (blue
line) calculated at B3LYP/def2-TZVP. The dashed lines represent the pathways for the species in their higher electronic states. For clarity, only the elec-

tronic states in the lowest energy are shown for metal-mediated reactions.
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the calculations and to published enthalpies of formation,”
respectively), indicates a two-step reaction. Similar to si-
lanes and germanes,'¥ methane only forms a van der Waals
complex with O; without stabilization. The structure *n-TS1
corresponds to the concerted insertion of O; into a C—H
bond of methane with a barrier of 34.3 kcalmol™'. The hy-
drotrioxide intermediate *CH;OOOH decomposes into
methanol and singlet O,, via a 1,3 H-shift transition state *n-
TS2. Given the fact that singlet 'O, is generated by the ozo-
nation of triethylsilane via triethylsilyl hydrotrioxide," the
spin inversion is not believed to occur along the reaction
path, even though the high-spin H-abstraction transition
state 'n-TS1 and the triplet product (O, + CH,OH) are
lower in energy. So the uncatalyzed oxidation of methane by
ozone to form methanol is kinetically forbidden due to the
overall barrier of 34.3 kcalmol ™' on the singlet state surface
and the expected rather inefficient spin-orbit coupling.'!

Since methane activation by PtO™ has been extensively
investigated both experimentally and computationally,"*!”!
we focus here on Ni and Pd. The relevant computed M*-
catalyzed pathways are presented in Figure 2. In contrast to
the uncatalyzed reaction, spin inversion can take place due
to the efficient spin-orbit coupling of the metal-mediated re-
action.' For the sake of clarity, the ionic pathways (in blue
and red) are described as continuous surfaces consisting of
two spin states and only the electronic states in the lowest
energy are shown (see the Supporting Information for more
details of other reaction pathways). The activation barrier
for the O-atom insertion into methane is drastically lowered
by the addition of a singly charged bare Ni* or Pd* cation.

The first step involves an O-atom transfer from ozone to
M™* on a doublet surface with the formation of MO™* in
their lowest (quartet) states and O, (triplet) with relative en-
ergies of —38.3 and —33.8 kcalmol ™ for Ni* and Pd*, re-
spectively. The transfers proceed smoothly since the transi-
tion states TS1-2 are only a few kcalmol ™' higher in energy
than the energies of the initial adducts 1.

The next elementary reaction starts with an entrance
channel of MO™ (“S) + CH,. The similarity in the shapes of
the PES of NiO* and PdO* also has been reported for
methane activation by neutral NiO and PdO.'! The chan-
nels toward M(OH)* + ‘CH,;® or M(OCH,)* + H,[' are
found to be thermodynamically less favorable than the ob-
served products (see the Supporting Information). The CH,/
CH;0H conversion by MO™ proceeds through two steps,
MO insertion into a C—H bond and reductive elimination
from HOMCH;* (4) to generate 5. The former step is rate-
determining for the overall pathway. The small energy dif-
ferences between TS3—4 and the entrance channel, that is,
4.6 kcalmol™! for NiO* and 3.4 kcalmol™ for PdO*, indi-
cate a significant competition between the formation of 4
and the dissociation back to the reactants. So dissociation
back to reactants is predicted to be more pronounced for
the reaction of PAO* and this is qualitatively consistent
with the experiments which recorded an efficiency for the
PdO™ reaction lower than that for NiO* (see Tables 1 and
S1). The desired product, methanol, dissociates from the
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global minimum M(CH;OH)™* (5), regenerating bare M™*
and thus closing the catalytic cycle. One of the challenges of
selective methane/methanol conversion is to prevent a fur-
ther oxidation of methanol into formaldehyde.”"! As shown
in Figure 2, the methanol complex § may undergo oxidative
addition of the O—H bond to the metal center (5 — 6) fol-
lowed by a dehydrogenation to yield (H,)M(OCH,)* (7). H,
is then easily evaporated from 7, giving the thermodynami-
cally more favorable product M(OCH,)*. The barrier from
5 to M(OCH,)* is determined by TS6-7, which lies closely
below the entrance channel of MO'1/CH,, amounts to
5.5 kcalmol ™ for Pd and 1.1 kcalmol ™" for Ni. Thus oxida-
tion of 5 to generate Pd(OCH,)" takes place slowly for
PdO™*/CH,, whereas it hardly occurs for NiO*/CH,, in line
with the experimental observation that NiO*/CH, gives Ni*
+ CH;OH exclusively, whereas PdO*/CH, affords
Pd(OCH,)™ as side product.

Our computations are in good qualitative agreement with
previous studies for the NiOT/CH, toward methanol by
Shiota and Yoshizawa.'®® Additional reaction pathways
were extensively investigated and these were compared with
the Pd*/O5/CH, system. which has not been studied previ-
ously.”? Our results explain the selective oxidation of meth-
ane to methanol by NiO™; formation of the side products
NiOH* + ‘CH; or Ni(CH,)* + H,O are thermodynamical-
ly unfavorable, and the side product Ni(OCH,)* + H, is
not kinetically accessible. In comparison, slight difference
on the PES gives different reaction pattern for Pd*/O,/CH,.
While there exist some parallels for the “Group 10” metal
hydride chemistry in their reactions with CH,, there are
subtle as well as fundamental differences, and as stated in a
different context,® “the same and not the same” holds true
once more.

Our computed OA(Pd") of 47.8 kcalmol™ is higher than
the value of 33.6+2.5 kcalmol ' determined experimentally
from the kinetic energy onset of PdO™ by reaction of Pd™*
with O, and in agreement with the, albeit highly uncertain,
value of 48423 kcalmol™' determined from available ther-
mochemical data.”’ The experimental value derived from
the reaction of Pd* with O, might be underestimated due to
the neglect of a possible impulsive pairwise mechanism.”]
Furthermore, a higher value also is expected for the O-atom
affinity of Pd* from a comparison with the experimental
values for the S-atom affinities of Ni* (56.7 kcalmol )24
and Pd* (54.4 kcalmol ™).

The experiments show that the reaction of PtO* with
CH, prefers another pathway which leads to the formation
of Pt(CH,)* + H,O. Computations for this reaction have
been reported by Schwarz and co-workers.'! We have in-
cluded a comparison of the PES reported for this reaction
with those computed here for the reactions of NiO* and
PdO™ in the Supporting Information (Figure S2). In com-
paring the rate-determining steps, namely the first C—H
bond activation to give M(OH)(CH,)*, we note that the rel-
ative energies of the rate-determining transition states are
—5.9, —4.6, and —3.4 kcalmol™! for PtO*, NiO™*, and PdO™,
respectively. This is in line with the experimentally observed
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order in overall reaction efficiency: PtO* (1.0)> NiO*
(0.16) > PdO* (0.0083).

Conclusion

The room-temperature chemical kinetics has been measured
for the catalytic activity of d’ atomic cations in the oxidation
of methane to methanol by ozone. Ni™ is observed to be the
most efficient catalyst and exhibits, in principle, an infinite
turnover number for the oxidation of methane, without poi-
soning side reactions. The complete catalytic cycle with Nit
is interpreted with a computed potential energy landscape.
A somewhat lower catalytic activity is observed for Pd* and
reported for the first time. The DFT calculations account
for this reduced efficiency in terms of a higher-energy rate-
determining transition state. Pt* is seen to be ineffective as
a catalyst because of the observed failure of PtO* to con-
vert methane to methanol.

Both our experimental results and the interpretive poten-
tial energy landscapes in Figure 2 clearly point toward the
efficient catalytic action of gaseous Nit and Pd* ions in the
conversion of methane to methanol in the presence of
ozone in the gas phase. The challenge now becomes the gen-
eration of such gaseous (or surface?) ions in devices that
provide practical applications.

Experimental Section

Experiments at York University were performed with a multi-source,
multi-sector selected-ion flow tube tandem mass spectrometer, symbol-
ized as ESI(ICP)/qQ/SIFT/QqQ.”" The atomic cations Ni*, Pd*, and Pt*
were generated from solutions of their salts by using an electrospray ioni-
zation (ESI) source with a microspray emitter needle. Nickel nitrate (Al-
drich, p.a. > 99.999 %) and platinum chloride (Aldrich, p. a. > 99.99%)
were dissolved in a mix of HPLC grade methanol (Aldrich) and Milli-
pore (182 mQ) water (20:80 v/v). Acetonitrile (Aldrich, p.a. > 99.8%)
was used as a pure solvent in the ESI experiments of palladium acetate.
The salt solutions were introduced directly into the electrospray source
at a flow rate of 7 uL min~'. A declustering potential of 200 V was ap-
plied to obtain sufficient amounts of bare metal ions. Metal oxide cations
were formed in the orifice-skimmer region of the atmosphere-vacuum in-
terface prior to the mass selection quadrupole by doping the interface
gas, normally pure nitrogen, with 50 mLmin™' of 4% ozone in O,. Ozone
was generated in a O3V-0, OREC Inc. model laboratory ozone genera-
tor.””? Oxygen from Liquid Carbonic was used directly.

The bare atomic or atomic oxide cations were mass selected and injected
through a Venturi type aspirator into the flow tube that is flushed with
helium at 0.35+0.01 Torr. Before reaching the reaction region, the ions
undergo multiple collisions with helium (ca. 4x 10°) to ensure thermaliza-
tion. The large number of collisions with the helium buffer gas atoms
should be sufficient to ensure that the atomic ions reach a translational
temperature equal to the tube temperature of 292+2 K prior to entering
the reaction region. The bare atomic cations were allowed to react with
ozone (4% ozone in oxygen), in a manner described in detail previous-
ly,” whereas the atomic oxide cations were allowed to react with meth-
ane (Matheson, C.P. Grade (99.97 %)) added into the reaction region and
then sampled along with product ions and analyzed in a triple quadru-
pole mass spectrometer. The contribution of reactions of the atomic ions
with oxygen to those with ozone was negligible (<1%); we have previ-
ously studied the oxygen reactions separately.’”) Reactant and product
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ion signals were monitored as a function of the flow of the reagent gas.
Primary rate coefficients were determined from the observed semi-loga-
rithmic decay of the primary reactant ion intensity using pseudo first
order kinetics an accuracy estimated to be £30%.

The new Berlin measurements were performed by means of a Spectro-
spin CMS 47X FT-ICR mass spectrometer® equipped with a Smalley-
typel! cluster-ion source developed by Bondybey, Niedner-Schatteburg
and co-workers.">¥! In brief, the fundamental of a pulsed Nd:YAG laser
(A=1064 nm, Spectron Systems) is focused onto a rotating platinum
target to generate a metal plasma from which ion formation occurs by
synchronization of a He pulse and subsequent supersonic expansion.
After passing a skimmer, the ionic components of a molecular beam are
transferred into the analyzer cell where they are trapped in the field of a
7.05 T superconducting magnet. PtO* was produced by pulsing-in N,O
into 'Pt* ions that were mass selected by means of the FERETS ion-
ejection technique.t*!

Computational Section

The calculations were performed using the Gaussian03 package.’ Geo-
metries were optimized at the unrestricted UB3LYP level of theory?
with the def2-TZVP basis set.”” Frequency calculations were carried out
for all optimized structures with the same method to verify the nature of
the stationary points on the potential-energy surfaces (PESs) and to
obtain the zero-point energy corrections. The connections between transi-
tion states and corresponding minima were verified using the intrinsic re-
action coordinate technique (IRC).™ Finally, all relative energies (cor-
rected for ZPE contributions) are reported in kcalmol ™.
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