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Thermal Methane Activation by La,0,,~ Cluster Anions
Jing-Heng Meng,™ 9 Xiao-Jiao Deng,® 9 Zi-Yu Li,* 9 Sheng-Gui He,*® and Wei-Jun Zheng*®’

Abstract: The first example of a metal oxide cluster anion,
LagO,,” that can activate methane under ambient condi-
tions is reported. This reaction is facilitated by the
oxygen-centered radical (O™) and follows the hydrogen
atom transfer mechanism. The La;,0,,~ has a high vertical
electron detachment energy (VDE=4.06 ¢V) and a high

symmetry (C,,).
_/

Methane, the principal component of natural gas, constitutes
one of the major energy sources in dealing with global energy
crisis. Due to the nature of the thermochemically strong
(439 kJmol™")" and kinetically inert C—H bond, selective activa-
tion of methane and its subsequent conversion into value-
added chemicals at ambient conditions is one of the key chal-
lenges in contemporary chemistry.” Although metal oxides are
widely used as catalysts for C—H bond activation,” the detailed
mechanisms for many such catalytic systems are still far from
clear. Investigations on gas-phase oxide clusters under well-
controlled conditions can provide detailed insight into the ele-
mentary steps at a molecular level, which is significant for ra-
tional design of better performing catalysts.

To date, numerous positively charged oxide clusters (i.e., cat-
ions) such as (V,0s),5",* [V,05(Si0,),.,] ", are able to activate
C—H bond of methane under thermal collision conditions.
However, the electron affinities (EAs) of these oxide cluster cat-
ions, that are the ionization potentials (IPs) of corresponding
neutral clusters, are generally higher than the work functions
of surfaces, for example, 11.2 eV for EA of V,0,," cluster?”
while 6.7 eV for work function of V,04010) surface.® Active
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sites with reactivity like the oxide cluster cations can hardly
exist on surfaces because they can abstract electrons sponta-
neously from the surrounding environments. Thus, it is of
great importance to study some species which does not
obtain nor lose electron easily, and can activate methane at
near room temperature. Studies of negatively charged oxide
clusters (i.e., anions) which may satisfy the above requirements
are very necessary. Owing to the influence of charge states,”
thermal activation of methane by oxide cluster anions is con-
sidered to be difficult, and there is no any report about it so
far. Herein, we present the first example of oxide cluster anion,
LagO,," that can activate methane at ambient conditions, and
hope that this study can improve our understanding about the
mechanisms of thermal methane activation on surfaces.

Lanthanum oxide-based catalysts are among the first report-
ed for oxidative coupling of methane” that leads to direct for-
mation of C, products. The oxygen-centered radical (denoted
as O7) is proposed to be one important type of the reactive
centers on lanthanum oxide surfaces to activate methane.""
Gas-phase studies mainly focus on the generation, structure,
and spectroscopy of lanthanum oxide clusters,"? while investi-
gations about their reactivity are very limited."” We generated
the La,O,” clusters by laser ablation and studied their reactivity
toward methane by mass spectrometry.

Selected mass spectra for reactions of La,O,” clusters with
CH, are plotted in Figure 1 (complete spectra are presented in
Figure S1 and S2 in the Supporting Information). The spectra
indicate that among many of the cluster anions generated
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Figure 1. Selected time-of-flight mass spectra for reactions of La,0,” with
a) He gas (for reference), b) CH, (140 Pa), and ¢) CD, (155 Pa). “x,y” denotes
La,0,". The “+H" marks the product signal with respect to LasO,, or
LagO,5™.
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(>30), only LagO,,~ and LagO,;  clusters can abstract one hy-
drogen atom from methane (Figure 1b):

(La;03)00™ + CH,y — (La,0;)yOH™ + CH3(N = 3,4) (1)

Weak product signals arise when isotopic labeling experi-
ments are carried out (Figure 1¢), suggesting that the reactions
above have large kinetic isotopic effects (KIEs). To the best of
our knowledge, this is the first example that oxide cluster
anions can activate methane under ambient conditions. To in-
terpret this peculiar phenomenon, reactions of La,0,” clusters
with CHg and n-C,H,, are also performed. Mass spectra shown
in Figure S3 in the Supporting Information confirm the follow-
ing reaction channel:

(La,05)y0" + CyHg/CyHyp — (La,05)yOH™ + CyHs /C4Hg (N = 3,4)

()

Table 1 lists hydrogen atom transfer (HAT) rate constants k,
for reactions of LagO,,~ and LagO,;~ with hydrocarbon mole-

Table 1. Bimolecular rate constants (k; in 107> cm® molecules™'s™', with

pseudo-first-order kinetic approximation) and kinetic isotopic effect (KIE)
for HAT reactions of LagO,,~ and LagO,;~ with small alkane molecules.

k1[a] KlE[b]

CH, GHg n-C4Hsqo CH, C,Hg n-C,Hyq
Lag0,0~ 24 56 23x10° >5 29 19
LagO,3~ 1.9 42 1.8x10° >10 3.0 27

[a] Uncertainties of the relative k, values are within 30%.°" [b] Ratio of
ky(CooHom2)/ ki (CiDom 1), in which m=1, 2, and 4.

cules. The estimated k;[(La,05), O +CH,] (N=3,4) are on the
order of 107" cm®*molecule™s™". Note that C—H bond activa-
tion reactions by LasO,,” are always faster than those by
LagO,;~ on the same hydrocarbon level. The rate constants for
HAT reactions with CH,, C,H,, and C,H,, increase with the C—H
bond energy decrease, which correlates with the decrease of
the corresponding KIEs.

Density functional theory (DFT) calculations are performed
for the structures of LasO,,~ and LagO,;~ (Figure S4 and S5 in
the Supporting Information), and the most stable isomer for
each cluster is presented in Figure 2a. The ground state struc-
ture of LagO,,~ has C,, symmetry, and can be viewed as a bare
oxygen anion (O7) assembled on a ball-like La;O, substrate. To
probe the electronic structure of La;0,,~, photoelectron spec-
troscopy (PES) was carried out. Figure 2b shows the photoelec-
tron spectrum of Lag0,,” recorded with 266 nm photons. The
vertical electron detachment energy (VDE) of LasO,, is 4.06 +
0.08 eV obtained directly from the peak labeled with the aster-
isk in Figure 2b. The VDE calculated at B3LYP/Def2-TZVP level
[PLagO,,~ (101) +hv—3Lag0,o+e1is 3.79 eV, which is underesti-
mated by about 7% with respect to the experimental results.
The unpaired electron in LagO,, is localized on one of the ter-
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Figure 2. a) The most stable isomers of La;0,,” and LagO,;~ calculated at
B3LYP/Def2-TZVP level. The symmetry and electronic state are given below
each structure. Some bond lengths in pm, unpaired spin density (UPSD) dis-
tributions and the natural UPSD values (ug, in parentheses) over the termi-
nally bonded oxygen atoms are given. b) Photoelectron spectrum of La;O,,~
recorded with 266 nm photons.

minally bonded oxygen 2p orbitals (denoted as O, radical,
with natural UPSD value of one unit xg). One O, radical is also
bound in the most stable structure of LagO,;~. As a conse-
quence, both of La;0,,~ and LagO,;~ clusters have O, " radicals
which are very reactive toward C—H bond.“ DFT calculations
with zero-point vibrational energy correction (AH,) for reac-
tions of La;0,,~ and LagO,;~ with CH, are listed below:

LagOyo~ + CH, — LagO;H™ + CHs,

3
AHgc/ AHo (TS) = —0.48/0.09 eV ®)

LagOys~ + CH, — LagOsH™ + CH,

4
AHy/AHy(TS) = —0.42/0.11 eV @

Reaction (3) is slightly more favorable than reaction (4) on
the perspectives of both thermodynamics and kinetics, which
is in agreement with the experimental observation. In the text
below, we focus on reaction (3) as a representative to uncover
the mechanisms of methane activation by oxide cluster anions.

Potential energy profile for reaction (3) is calculated and
shown in Figure 3. In the encounter complex (IM1), hydrogen

Las0s5™ + CH, = 12208

/" T5(0.09
— _ IM1(~007),” O 220] 127
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Figure 3. DFT calculated potential energy profile for LagO,,” +CH,—
LagO,,H™ + CH;. The AH, energies in eV with respect to the separated reac-
tants are given in parentheses. Some bond lengths in pm are shown.
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bond is formed between O, atom and H atom. Then the reac-
tion proceeds C—H bond activation by a transition state (TS).
The sum of center-of-mass collisional energy E. and total vibra-
tional energy E,;, carried by IM1 (0.60 eV), in which E.=1/2uv?
~0.08 eV (u-reduced mass of La0,,~ with CH, and v
~1kms™") and E,;,=052eV (at T=298 K by DFT), is much
larger than the small overall positive barrier (0.09 eV), so it is
possible to observe HAT from CH, by La;,O,,  cluster anions.
The theoretical rate constant of collision for La;O,,” +CH, reac-
tion is 9.3x 107" cm®molecule™'s™," leading to the low reac-
tion efficiency (0.026%). The Rice-Ramsberger-Kassel-Marcus
(RRKM) theory™ calculations (see supporting information for
details) indicate that the rate of internal conversion (IM1—TS
—IM2) is 1.0x10°s™', while the rate of back dissociation
(IM1—Lag0,,"+CH,) is 57x10" s7". So, the theoretical rate
constant for LagO,,+CH, reaction is 1.6x107'>cm® mole-
cule™s™', which is reasonable compared with the experimental
results when the uncertainties of experiments and RRKM calcu-
lations are considered. Because of the heavier atom mass, the
activation energy for D atom transfer in LazO,, +CD, reaction
is larger than that in La;O,,~ with CH, (0.21 eV versus 0.16 eV).
The theoretical rate constant for La;O,,” +CD, reaction is 1.4x
107" cm®molecule™ s (Table 2), resulting that the theoretical

Table 2. Theoretical results for reactions of La;O,, with CH,/CD,.

ER r/r,® kol , theortd KIE®
a
CH, 0.16 0.1/57 9.3 16 14
cD, 0.21 0.0075/45 8.3 14 ’

[a] Activation energy in eV. [b] Rates of internal conversion (r) and back
dissociation (r,) in 10 s™". [c] Theoretical rate constant of collision is in
107"° cm®*molecule™s™". [d] Theoretical rate constant for HAT or DAT
(deuterium atom transfer) in 107"> cm®*molecule™'s™". [e] Ratio of k"=
(CH,)/k,"°"(CD,).

KIE for reaction(3) is about 11.4, which is consistent with the
experimental results (KIE > 5).

For LasO,, + HCH; reaction (H denotes the transferring hy-
drogen atom), the natural charge and spin density (SD) over
O,, H and C atoms along the reaction path (Figure 3) are calcu-
lated by the method of natural population analysis. The results
are listed in Table 3. It can be seen that SD transfers from O,
atom to C atom gradually and the SD on H atom is almost
zero throughout the path. Note that the natural charge on H
atom from IM1 to TS changes very little (0.05|e|). Thus, the
LagO,, +CH, reaction follows the hydrogen atom transfer
(HAT) mechanism. Note that the VDE of free O~ is 1.46 eV,"®
which is much smaller than that of La;O,,” (4.06 €V), suggest-
ing that LagO,,  cluster is more stable than the bare O~ anion
in terms of losing one electron. Therefore, the La;0,,” anion
may be considered as a proper model to simulate the reac-
tions of O~ radical on the real surfaces.

In conclusion, methane activation by metal oxide cluster
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Table 3. The values of natural charge (Q in unit of |e|) and spin density
(SD in unit of ug) of the terminally bonded oxygen atom (O,) in La;0;,,
the transferring hydrogen atom (H) and carbon atom (C) in CH, along the
reaction path by the method of natural population analysis.”

[oN H C

(Q/sD) (Q/sD) (Q/sD)
R —0.74/1.00 0.21/— —0.83/—
IM1 —0.75/1.00 0.27/0.00 —0.85/0.00
TS —0.95/0.60 0.32/—0.04 —0.71/0.47
IM2 —1.22/0.00 0.44/0.00 —0.51/1.08
P —-1.21/— 0.44/— —0.48/1.08
[a] The symbol “—" in the table means the corresponding value cannot

be calculated.

ane activation by oxygen-centered radicals under negatively
charged environments and provides important clues about
methane activation by metal oxide catalysts under thermal col-
lision conditions.

Experimental Section

A reflectron time-of-flight mass spectrometer (TOF-MS) coupled
with a laser ablation/supersonic expansion cluster source and
a fast flow reactor is used for the experiments."” The La,0,” clus-
ters are generated by laser ablation of a lanthanum metal disk in
the presence of 0.07% O, seeded 6 atm He carrier gas. The gener-
ated clusters are reacted with CH,, C,Hq, n-C,H,o, and their deuter-
ated compounds in the reaction cell for about 60 ps under thermal
collision conditions. The reflectron TOF-MS is used to measure the
cluster abundances before and after the reactions. The method to
derive the rate constants (Table 1) is described in Ref. [13a].

Photoelectron spectrum of LagO,,~ clusters is obtained with a sepa-
rated vacuum system."® The Las0,,~ cluster anions are mass-select-
ed with a mass gate, decelerated by a momentum decelerator, and
crossed with the beam of a 266 nm laser at the photodetachment
region. The electrons from photodetachment are energy analyzed
by the magnetic-bottle photoelectron spectrometer, which is com-
posed of a permanent magnet located 6 mm below the photode-
tachment region, a 2.2 m flight tube surrounded by a solenoid cov-
ered with two layers of u-metal, and a MCP detector. The electric
current applied to the solenoid is about 1A, which produces a mag-
netic field of about 10 gauss at the center of the flight tube. The
photoelectron spectrum is calibrated with the spectrum of Cu~
taken at similar conditions."” The details of DFT calculations are
given in the Supporting Information.
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