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Metal-metal bonds constitute an important type of reactive centers for
chemical transformation; however, the availability of active metal—metal bonds being capable
of converting methane under mild conditions, the holy grail in catalysis, remains a serious
challenge. Herein, benefiting from the systematic investigation of 36 metal clusters of tantalum
by using mass spectrometric experiments complemented with quantum chemical calculations, inert delocalized
the dehydrogenation of methane at room temperature was successfully achieved by 18 cluster U Eesreiosiond e
species featuring o-bonding electrons localized in single naked Ta—Ta centers. In sharp e )
contrast, the other 18 remaining clusters, either without naked Ta—Ta o-bond or with o- 7 @
bonding electrons delocalized over multiple Ta—Ta centers only exhibit molecular CH,- % %{: K
adsorption reactivity or inertness. Mechanistic studies revealed that changing cluster geometric
configurations and tuning the number of simple inorganic ligands (e.g., oxygen) could flexibly
manipulate the presence or absence of such a reactive Ta—Ta o-bond. The discovery of Ta—Ta
o-type bond being able to exhibit outstanding activity toward methane conversion not only overturns the traditional recognition that
only the metal—metal 7- or 6-bonds of early transition metals could participate in bond activation but also opens up a new access to
design of promising metal catalysts with dual-atom as reactive sites for chemical transformations.

active localized Ta-Ta o-bond

C—H activation, Ta—Ta o-bond, ligand effect, mass spectrometry, quantum chemical calculations

metal—metal bonds that are advantageous for C—H activation
and to understand how to fine-tune metal—metal cooperativity
to benefit methane conversion at room temperature.
Metal-metal bonds are ubiquitous in atomic clusters
composed of multiple metal atoms, which provide an excellent
platform to explore the critical role of metal—metal interaction
displayed in activation and transformation of inert molecules.
With the development of experimental techniques (e.g., laser
vaporization) for preparation of metal clusters in isolated gas-
phase environments, the reactivity of transition metal clusters
toward methane has gained great attention in the area of
cluster science since 1980s.'°">* A considerable number of
bare noble metal (NM) clusters in different charge states (e.g,,
Pdn$23J29 Ptnszﬁ,}O Rh,,sw_sl) were observed to dehydrogen-
ate methane at room temperature. Available mechanistic
studies revealed that single NM atoms generally serve as
reactive sites to bring about C—H activation. By contrast, the
investigations about bare transition metal clusters without NM
atoms (e.g, Co,<2","" Fe,cis’,”” Nige,”t and Cu,,")
showed that most of the nonprecious metal atoms are

Transition metals feature the advantages of tunable electronic
configurations and diverse oxidation states, thus being
extensively used as powerful redox catalysts for upgrading
abundant methane into liquid fuels and valuable chemicals, the
reactions of which are of paramount importance to mitigate
energy crisis and greenhouse effect.' ™ However, due to the
inherent inertness of the CH, molecule with a strong C(sp*)—
H bond, high ionization energy, low proton affinity, and
negligible electron affinity, the availability of efficient transition
metal catalysts that are active enough to bring about methane
conversion under mild conditions remains a serious challenge.
Substantial efforts have been devoted to the design of active
metal sites with unique structural characteristics to achieve
methane activation and subsequent transformation at low
temperatures. An outstanding example is single-atom catalysts
with single metal atoms (e.g,, Rh,”® Au,” Fe,* Co,” Ni'®) stably
anchored on suitable supports. In fact, in addition to single
metal atom sites, the cooperativity between metal atoms in
close proximity has also been developed as a promising
strategy for catalyzing a wide variety of homogeneous organic
reactions,"'~'” benefiting from the tunable features of metal— January 9, 2024
metal bonds such as bond order and polarity, harnessed by April 3, 2024
ligand modification. However, the employment of metal— April 4, 2024
metal cooperation to tackle the challenging chemistry of April 18, 2024
methane activation and conversion has rarely been achieved so

far. It is highly desirable to establish a structural basis of the
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extremely difficult to induce methane activation without input
of external energy unless such metal atoms cooperate with
nonmetal elements (e.g., 0, B,* and C38) or their spin states
are elaborately tuned by suitable ligands.””~*" The exceptions
are the clusters composed with the element Ta that Ta,_,"
cations could dehydrogenate methane at room temperature
with high efficiency.””~** However, with the further increase of
cluster size to Tas_,", only molecular adsorption of CH,
occurred. The addition of a single or two oxygen atoms to
enhance the activity of Ta,”, Tas", and Tag" were also
identified.*>*® Although detailed mechanisms regarding
product formation in methane conversion as well as the
modification of local charge distribution of Ta," by oxygen to
promote cluster reactivity have been proposed, the intrinsic
electronic origin of the reactivity evolution from small-sized
Ta,.," to large-sized Ta,,s" and the critical role of oxygen
atoms in tuning the electronic structures of reactive sites are far
from clear.

Herein, we systematically investigate the reactivity of a set of
TaxOy+ clusters (x = 2—5, y < 2.5x), totaling 36 species, toward
methane by mass spectrometric experiments complemented
with theoretical calculations. Note that among the 36 clusters,
6 species including Ta,_s* and Ta,sO" had been exper-
imentally investigated in literature,"”***>*”* and the
reactivity of the remaining 30 cluster species was newly
measured in this work. The localization of o-bonding electrons
in single naked Ta—Ta centers has been emphasized as the
root cause of the excellent activity of tantalum clusters
displayed in the dehydrogenation of methane at room
temperature. The underlying mechanisms for the reactivity
evolution from Ta," to Ta,s" as well as the addition of
oxygen atoms onto Ta," to harness the generation and
annihilation of localized Ta—Ta o-type bond and thus
modulate cluster reactivity have also been clarified.

Typical time-of-flight (TOF) mass spectra for the reactions of
mass-selected Ta,” and Ta,O,_;" clusters with methane at
room temperature are shown in Figure 1. It is noteworthy that
the reaction systems of Ta,O, " are newly investigated while
the reactivity of Ta,” and Ta,O" that had been previously
reported by other research groups*”**** was reexamined for
comparison. Upon the interaction of bare Ta,” with 910 mPa
CH, for about 1.5 ms in our ion funnel trap reactor,” the
dehydrogenation reaction occurred to produce Ta,CH," ions
(1, Figure lal). The observation of Ta,'*CH,* (1’, Figure
1b1) in the isotopic labeling experiment with'>*CH, further
confirmed the reaction channel. Besides the primary reaction,
the secondary reaction also took place with Ta,C,H," (3,
Figure lal) as a product generated from the dehydrogenation
of CH, by Ta,CH,%, in consistent with the reported
results.””** Note that in addition to reaction with CH,, Ta,*
can also interact with the residual water originated from the gas
handling system to form Ta,O" (2, Figure la), which can
further dehydrogenate methane giving rise to Ta,OCH," (4),
as confirmed by the mass-selection experiments (Figure 1b).
Moreover, a higher reactivity of Ta,O* than Ta,” was
identified, as evidenced by the stronger relative signal
magnitude of Ta,OCH," than that of Ta,CH," detected
under the experimental conditions with low and high CH,
pressure, respectively. Such an experimental observation is also
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Figure 1. TOF mass spectra for the reactions of Ta,” and Ta,O,_ ;"
with CH, and"*CH, at room temperature. The pressures of reactant
gases pulsed into the ion funnel trap are shown. The reaction time is
around 1.5 ms. Peaks assigned as + [O] originated from the reactions
of Ta,O," with water impurities (Ta,O," + H,O — Ta,0,,,* + H,) in
the ion funnel trap.

in good agreement with the results in literature.*> With the
further addition of oxygen atoms onto Ta,", the cluster
reactivity continuously increased such that substantial
dehydrogenation product ions could be observed for Ta,0,"
and Ta,O;" even extremely low pressure (<20 mPa, Figure
1c,d) of CH, was pulsed into the reactor. Although a relatively
lower activity of Ta,O," and Ta,Os" than Ta,0,;" was
identified that more than 100 mPa CH, should be pulsed in
order to evidently observe the Ta,O,;CH,” product ions
(Figure le,f), both of them outperformed the bare Ta,". In
contrast to bare Ta,” and oxygen-very-deficient clusters
Ta,;0,<" that bring about a dehydrogenation reaction with
CH,, the oxygen-less-deficient clusters Ta,O4_o" either
exhibited inertness or only adsorbed CH, without further
dehydrogenation (e.g, for Ta,O,").

The variations of reaction channels for Ta,0," clusters with
x < 3 along different numbers of oxygen atoms are strikingly
similar to the case of Ta,O,". All of the bare Ta, ;" as well as
oxygen-very-deficient clusters Ta,0,," and Ta;O,_," could
react with methane to produce Ta,CH," ions, whereas only
CH, adsorption was observed for oxygen-less-deficient clusters
Ta,0;," and Ta;O5_,;* (Table S1). The oxygen-less-deficient
clusters in the TasO," series such as TasOg5_1," were also
found to adsorb CH,. However, the reactivity variations for
TagOy_s" clusters are quite different from the landscape of
oxygen-very-deficient clusters in the Ta,,O," series. The
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monoxide cluster TagO* and Ta;O;_s* could dehydrogenate
methane, but the bare Ta;* and oxide cluster Ta;O," were
unreactive. The superior activity of Ta;O" over Ta;" has also
been reported in the literature.”

Kinetic analysis of the signal depletion of bare Ta, " and
Ta,_sO," ions as a function of CH, pressure was conducted to
obtain the rate constants (k;) with the approximation of a
pseudo-first-order reaction mechanism. As shown in Figure 2,
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Figure 2. Experimentally determined variation of reaction rates (k;)
for Ta,” clusters and their corresponding oxides Ta,O," with methane
at room temperature. The hollow squares represent the upper limits
of k.

the k; values for the clusters that bring about the dehydrogen-
ation reaction were determined in the range 107?~107"" cm®
molecule™ s7! except for Ta,0", for which an extremely low
rate on the order of magnitude 107** cm® molecule™ s™" was
evaluated. The rates for other clusters with CH, adsorption as
the sole reaction product vary from 1 X 107 to 1 X 107" cm?®
molecule™ s7'. For the bare Ta," reaction systems, the
dehydrogenation rates progressively decrease along cluster size
(x =2 — 3 and 4) until no activity is detected when x = §
under comparable experimental conditions, the variation trend
of which is overall consistent with the results reported in
literature.*” Most of the oxide cluster cations were also found
to possess significantly larger reaction rates than the
corresponding bare Ta,”, indicating that oxygen ligands play
a crucial role in tuning the activity of tantalum clusters.

In addition to reactions with CH,, the typical clusters
Ta,0," (y =0, 1, and S) interacting with CD, were also
experimentally investigated (Figure S1). The more intense
product peak, which has a mass larger than that of the reactant
clusters by 16 au, observed relative to the background signal
suggests the occurrence of reactions Ta,0," + CD, —
Ta,0,CD," + D,. The estimation of rate constants
demonstrates that the dehydrogenation of CD, is slower
compared to the reactions with CH,. The kinetic isotope
effects (KIE = k; cpi/kycps) were determined to be 9.0 for
Ta,", 14.7 for Ta,0O", and 4.8 for Ta,O* (Table S2). The
errors (larger than 30%) of KIE values mainly originate from
the uncertainty of the rate constants for Ta,O," + CD,, which
was caused by the signal overlap of background ions Ta,0,0"
(generated from the reactions with water impurity in the
reactor and gas handling system) and the product ions
Ta,0,CD,". The KIEs for Ta," and Ta,O" obtained can be
comparable to the reported values™ by considering the
experimental uncertainties. The larger KIE value of Ta,O"
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than that of Ta," obtained in our study is also in good
agreement with the reported results.*

Density functional theory calculations at the TPSS level®® were
conducted to obtain the cluster structures of Ta, " and
Ta,_sO," (Figures S2 and 3) as well as the reaction pathways
between typical clusters and methane. Diatomic Ta,* is
electronically stable in the quartet state. When Ta," upsizes
to Ta;_s", the lowest-energy geometric configurations evolve
from triangles (x = 3) and tetrahedrons (x = 4) to trigonal
bipyramids (x = 5), and all of them are stable in the low spin
states of triplets or doublets, depending on the clusters
composed with odd or even numbers of Ta atoms. The
addition of oxygen atoms onto Ta,” clusters could further
lower the spin states to render Ta,O," with x = 3, § and x = 2,
4 stable in the singlet or doublet, respectively (except for
*Ta;0"). Moreover, the configurations of [Ta,] cores that are
originally presented in the bare Ta, ," can be reserved in the
Ta,0," clusters, and the oxygen atoms prefer to be bridgingly
bonded (O,) with the Ta—Ta unit until the [Ta,] cores are
saturated with O, atoms, such as Ta,0,", Ta;0,*, Ta,O,", and
TasOy* (Figure S2). Other residual O atoms that are necessary
to form the oxygen-less-deficient clusters (e.g, Ta,03,",
Ta;05_,", Ta,0,_o", and Ta;0;,_,,") are destined to
terminally coordinate with different Ta atoms in an energeti-
cally preferable sequence.

The Wiberg bond orders (W) for bare Ta,_s* and their
corresponding oxide clusters have been evaluated by natural
bond orbital analysis.”’ The maximum bond order value (
Wret,) among the Ta—Ta bonds in each cluster is shown in

Figure 3 and Table S3. It can be seen that the Wy}, overall
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Figure 3. Variation of the maximum bond order values of Ta—Ta in
bare Ta,” (x = 2—5) and their corresponding oxides Ta,O,".

progressively decreases as the number of Ta atoms increases,
especially for the Ta," and Ta,O" series. The influence of the
number of O atoms on the Wrg, %, values is distinct for
different series of Ta,_sO,". The gradual increase of O atoms
coordinated to Ta," induces the continuing decline of Wi,
whereas an irregular variation of Wi, values along the
number of O atoms appears in the case of Ta;_;O,". Despite
this, a potential commonality connecting the Wy, values to
cluster reactivity can be observed that all of the reactive Ta,"
and Ta,0,", which can bring about dehydrogenation reaction,
have W%, values located in the range of 1.38—3.77, however,
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other clusters with Wi, values equal to or smaller than 1.0
are either inert or only reactive toward CH, adsorption. The
correlation of the bond order of the Ta—Ta bonds to the
dehydrogenation activity of Ta,O," clusters implies that the
Ta—Ta bond probably plays an important role in tantalum
cluster-mediated methane activation and conversion.

The potential energy profile of the typical reaction
mechanism for tantalum clusters that enable methane
dehydrogenation is shown in Figure 4. For the tetrahedral
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Figure 4. TPSS calculated the potential energy profile for the reaction
between the Ta,O;* cluster and CH,. The superscripts represent the
spin multiplicities. The relative energies with zero-point vibration
correction (AH, in eV) and the critical bond lengths (A) are given.
The unpaired spin density distribution for each structure is shown as
purple surfaces. The energetic data (AH,) calculated by the method
of Zeroth order regular approximation (ZORA),**** with dispersion
corrections®**° are shown in parentheses.

structure of the [Ta,] core in Ta,Os", there are six Ta—Ta
centers. Each O atom in Ta,O;" is coordinated with one of the
Ta—Ta units in the bridging mode, thus, one naked Ta—Ta
unit (Tal—Ta2) with a Wiberg bond order of 1.19 is left out,
which could serve as the preferred site to capture and activate
CH.,. Either of the equivalent Ta atoms in the naked Tal—Ta2
can trap the CH, molecule to form the encounter complex 11
with a binding energy of 0.31 eV. Then the C—H activation
mediated by the cooperation of two Ta atoms proceeds via a
transition state that possesses energy lower than that of the
separated reactants by 0.03 eV (I1 — TS1). This process leads
to the formation of more stable intermediate 12 (AH, = —1.06
eV) with a Ta2—CH, bond and a bridging H atom (H,)
concurrently connected to Tal and Ta2. The H, atom
subsequently moves away from Ta2 (I2 — TS2), at the same
time, the CH; group originally solely bonded by Ta2 also
approaches to Tal so that the intermediate I3 with Tal-H
and Tal—CH;—Ta2 bonds is formed. The

cooperation of Tal and the adjacent H atom further drives
the CH,—H bond cleavage (I3 — TS3 — I4). During this step,
two H atoms combine to form an H, unit that is finally
evaporated to produce the most stable ion of Ta,O;CH,", in
which a carbene group is tightly coordinated with Tal and
Ta2. The reaction intermediates, transition states, and
products are all lower in energy than the separated reactants,
so the DFT calculations are consistent with the experimental
observations. The reaction pathway involving H;C—H cleavage
initiated by Lewis acid—base pair of Ta’*—0°" has also been
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tested (Figure S3); however, this process was kinetically
unfavorable, further confirming the necessity of a cooperative
effect between two Ta atoms for methane activation at room
temperature. The theoretical rate constants for the reactions of
Ta,O;" with CH, and CD, were calculated (see the detailed
methods in Supporting Information), which resulted in a
predicted KIE value of 2.8, which can be comparable to the
experimental value by considering the experimental and
theoretical uncertainties (Table S2).

Similar to Ta,O;", other reactive Ta,,O," clusters such as
Ta,0p_,", Ta,3", T2,0,,", and Ta;O,_," that can dehydrogen-
ate methane identified in experiments also possess naked Ta—
Ta bonds and can employ the cooperation of such two
adjacent Ta atoms to drive methane activation supported by
the energetic data listed in Table S4. In sharp contrast,
although there are nine naked Ta—Ta bonds in the Tas"
cluster, the cleavage of the CH;—H bond initiated by the Ta—
Ta center is kinetically unfavorable and is hampered by the
positive energy barrier of +0.39 eV (Figure S4), which is in fair
agreement with the inert behavior of Tas" observed in
experiments. However, the addition of a single oxygen atom
onto Tag" could significantly lower the reaction barrier to
render the [Ta—Ta]-mediated CH;—H bond cleavage kineti-
cally favorable with a negative barrier (—0.045 eV, Table S4),
facilitating the generation of the dehydrogenation product.
Other Ta,O," clusters without naked Ta—Ta bonds were
calculated to experience positive enery barriers to break the
CH;—H bond. These computational results thus demonstrate
that the naked Ta—Ta bond is the essential site for tantalum
clusters to exhibit good activity toward methane, but not all of
the naked Ta—Ta bonds could enable CH;—H cleavage at
room temperature. It is noteworthy that the potential energy
profiles for the dehydrogenation reactions of Ta,s" and
Ta,sO" with methane have also been investigated in the
literature.” Although the detailed mechanisms of activating
the first C—H bond were not provided, the reaction
intermediates with the H and CH; fragments bridgingly
bonded to two adjacent Ta atoms were located, implying the
importance of the cooperative effect between two Ta atoms to
promote C—H activation.

In order to deeply understand what electronic factors control
the activity of Ta—Ta centers toward methane activation, the
chemical bonds of Ta,_s" and Ta,_;O," were analyzed using
the adaptive natural density partitioning (AdNDP) method,*®
which can transform the molecular orbitals into more familiar
bonding elements, such as two-center two-electron (2c-2e)
bonds or multicenter delocalized bonds. The results demon-
strate that all of the Ta,” and Ta,0," clusters being able to
dehydrogenate methane possess localized o-bonding electrons
on single naked Ta—Ta center, however, other less reactive
(e.g, Ta,O4" in terms of dehydrogenation reaction) and inert
(e.g, Tag") Ta,"/Ta,0," clusters either possess the available o-
bonding electrons delocalized over multiple Ta—Ta centers or
have no such naked Ta—Ta o-type bond (Figures S5—S7). The
typical results for the cluster series of doublets Ta,” and
Ta,O," are presented in Figure 5a. For bare Ta,’, there are five
2c—2e and one 2c-le Ta—Ta o-type bonds. During the
reaction with methane, one of the 2c—2e Ta—Ta bonding o-
type orbitals could facilely interact with the o*(C—H)
antibonding orbital, ultimately leading to the cleavage of C—
H bond. Upon the addition of a single oxygen atom onto Ta,"
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Figure 5. Chemical bonding analysis using AINDP for Ta,0," (y <
6) (a) as well as Tag" and TasO" (b). The correlation of NICS values
to the reaction rates for the cluster series of Ta50y+ (y £ 5) is shown

in (c).

for the formation of Ta,O, the O atom is bridgingly
coordinated to one of Ta—Ta centers and this process
inevitably results in the destruction of a localized Ta—Ta o-
type bond. Further oxidation of Ta,O" with additional Oy
atoms causes the sequential annihilation of other localized Ta—
Ta o-bonding orbitals until only one 2c—1le Ta—Ta o-bonding
orbital is survived in Ta,O4* (Figure SS). The presence of such
localized Ta—Ta o-bonds renders the activation of the CH;—H
bond by Ta,Oy_s* kinetically favorable, which lays a solid
foundation for the dehydrogenation of methane. Subsequent
oxidation of Ta,O* by atomic oxygen destroys the last
remaining Ta—Ta o-bond and Ta,O¢" thus exhibits inertness
toward methane, as observed in the experiments. The variation
of the localized Ta—Ta o-type bond from presence to absence
found for the Ta,O," series along the number of oxygen atoms
also appears in other cluster series of Ta,;0," (Figure S6) and
strongly correlates with the experimentally observed reactivity.
The Ta,0y_," and Ta;0,_," clusters having localized Ta—Ta
o-type bonds could dehydrogenate methane, whereas other
clusters without a Ta—Ta o-type bond, such as Ta;0,%, only
bring about molecular CH,-adsorption as a result of electro-
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static interaction. It is noteworthy that Ta,05", Ta,0,", and
Ta;O;" clusters, despite the presence of localized Ta—Ta o-
type bond, are also incompetent for the dehydrogenation of
methane, attributed to the steric effect of nearby oxygen atoms.

The localized Ta—Ta o-bond is also an essential reactive
center for TasO," to exhibit the dehydrogenation activity,
however, the variation trend of Ta—Ta bonding characteristics
in the Ta;O," series is quite distinct from the cases of
Ta,_4O,". AANDP analysis revealed that all of the 5-bonding
electrons in triplet Tas" are delocalized over multiple Ta—Ta
centers. For example, there are three 4c-2e Ta—Ta o-type
bonds (Figures Sb and S7), each of which involves four Ta

atoms interconnected to form a bent rhombic structure (a
four-membered ring) that is geometrically advantageous for
electron delocalization. The delocalization characteristics of o-
bonding electrons can be further supported by nucleus-
independent chemical shift (NICS) analysis along the central
axis perpendicular to the planes formed by [Ta;] units. As
shown in Figure Sc, a significant negative NICS value of —27.4
ppm is obtained (corresponding to the point at 1.0 A above
the [Ta;] plane surface) for Tay*, indicative of the
delocalization of o-electrons over multiple Ta—Ta centers
which accounts for the inert behavior of Ta;* toward methane.
By contrast, the addition of a single Oy, atom onto one of the
Ta—Ta centers (such as Tal—Ta2) in Tas" could break the
electronic environment of bent rhombic structures (two of
three), and the delocalization of the o-electron around such
four-membered rings could not happen, thus leading to the
localization of the partial o-electron in the single Tal—Ta3
center (Figure Sb) that is located adjacent to Tal—Ta2. The
presence of localized Ta—Ta o-bond in Ta;O" is also reflected
by the very small negative NICS value of —1.06 ppm and thus
well rationalizes the experimentally observed dehydrogenation
activity of TagO". Further oxidation of Ta;O" by the second
oxygen atom quenches the o-electron localized in the Ta—Ta
bond and finally deactivates Ta;O," (Figure S7). The localized
Ta—Ta o-type bond could appear again in Ta;O;_s" clusters
(Figure S7) by destroying the remaining bent rhombic
structures in TagO," through additional oxygen atoms,
rationalizing the occurrence of a dehydrogenation reaction
with methane in the experiments. The less negative NICS
values of Ta;O;_¢* than those of Ta" and Ta;O," further
support the presence of a localized Ta—Ta o-bond (note that
Taz," possessing multiple localized Ta—Ta o-type bonds have
positive NICS values, Table S5). The electronic origin for the
reactivity variation among TasO,_s" may provide an insightful
understanding on the inferior or superior activity of large-sized
Ta,” and Ta,0," clusters (x > 6, Table S5).

The delocalization of o-electrons over multiple Ta—Ta
centers in Tas" and Ta;O," indicates the aromaticity
characteristic of the two clusters.”” Note that the aforemen-
tioned NICS values were obtained by considering the total
electrons in Ta,” and Ta,0,". It has been noted that the core
electrons of heavy elements have the potential to distort the
ring current by creating a strong local circulation.”® In order to
evaluate the effect of core—electron on the NICS values of
Ta," and Ta,O,", the average NICS at the position 1 A above
the center of [Ta;] planes of Ta;_* and Ta;O,_s" have been
analyzed by the removal of valence electrons (RVE)
approach.”” We calculated the NICS values of Ta;_s"" and
TasO,_s"" (Table S6) without valence electrons at the fixed
structures of Ta;_s* and Ta;O,_;". As a result, the contribution
of valence electrons to the NICS values (NICS,,..c.) can be
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obtained by subtracting the core—electron component from
the NICS values calculated by considering the total number of
electrons (NICS,y,). The NICS, ... Values are very close to
NICS,, for Ta;_s* as well as Ta;O" and correlate with the
relative reaction rates quite well (the clusters with high
reactivity possess more positive or less negative NICS values),
implying that the effect of heavy metal core—electrons on the
NICS of bare and monoxide tantalum clusters is small.
However, in the case of Ta;O,_s", the NICS ... deviates from
NICS,,,; by large values (>3 ppm, Table S6). Further
molecular orbital analysis indicates that the core orbitals after
removal of the valence electrons of Ta and O atoms are
deformed (Figure S8), which may be caused by the narrow
energy gap (13.31—13.56 €V) between the lowest occupied
orbital of the valence electrons and the highest occupied
orbital of the core—electrons for Ta;O,_g". It suggests that the
RVE approach is not suitable for Ta,O," clusters to some
extent. Despite this, the effect of core—electrons on the NICS
of TagO,_" clusters can be small according to the results of
Ta;_s" and Ta;O" from the RVE method.

In order to further explore the role of oxygen atoms played
during the process of C—H activation by Ta,O," clusters, the
natural charge analysis was conducted for typical reaction
systems of Ta,O," (y = 0—5) and Ta;O* (Table S7). All of the
intermediates I2 formed after activation of the first C—H bond
have total charges of the CH; moiety and H in the range of
—0.57 e ~ —0.65 e. The electrons accepted by [CH;, H] in 12
are equal to the charge increase of the reactive Ta—Ta atoms
for the reaction systems of Ta," and Ta,0,". In other reaction
systems of Ta,O", Ta,O5_s", and Ta;O", the increased total
charges of reactive Ta—Ta atoms and other Ta atoms in 12 are
almost the same as the accumulated electrons in [CH;, HJ,
with the reactive Ta—Ta atoms as the dominant electron
donors. The results thus indicate that the oxygen atoms in
Ta,O," and Ta;O" behave only as spectators in the course of
C—H activation.

Clarifying the electronic features of metal—metal bonds that
have the potential to display outstanding activity in bond
activation and then establishing of feasible strategies to fine-
tune metal—metal interaction are pivotal for the exact design of
desirable metal catalysts with dual atoms as reactive sites.”'°
o-bond is the basic chemical bond to form substances.
Available mechanistic studies about the reactions initiated by
metal—metal 6-bonds mainly focused on late transition metals,
such as organometallic Pd—Pd*° and Rh—Rh®" complexes. The
polarized metal-metal o-bonds formed using early/late
heterometals and electronically modified by supporting organic
ligands were also frequently r%ported to be active toward
chemical transformations.'>'®°>®> However, the employment
of metal-metal o-bonds composed of pure early transition
metals (ETMs) to activate inert molecules was extremely
challenging to achieve®”® despite that the oxidative addition
reactions initiated by the metal—metal 7- or §-bonds of ETMs
(e.g, Mo—Mo and W—W) were known for years.66_68 In this
study, the systematic investigation of the reactivity of ETM
clusters Ta, " and their corresponding oxides (totally 36
species) under isolated gas phase conditions corroborates that
the single Ta—Ta center with localized o-bonding electrons is
capable of reducing the C—H bond of the most inert alkane,
methane, at room temperature. Changing the geometric
configurations (e.g., Ta,«,” — Tas*) as well as altering the
number of simple inorganic ligands, oxygen atoms, could
flexibly manipulate the presence or absence of such a reactive
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localized Ta—Ta o-type bond. In order to further understand
the activity of the Ta—Ta o-bond, the activation of C—H
bonds in ethane (C,Hy), propane (C3Hg), and dimethylbutane
(C¢H,4) mediated by the Ta—Ta o-bond in a typical cluster
Ta,Os" was also calculated (Figure S9). For reactions with
C;Hg and C¢H,,, the transition states involving secondary and
tertiary C—H bond activation are energetically lower than
those for activation of the primary C—H bond. Moreover, the
relative energies of transition states (activation of the primary
or secondary C—H bond) with respect to the separated
reactants follow the sequence of C¢H,, < C;Hg < C,Hy < CH,,.
The results demonstrate that the selectivity for activation of
the secondary and tertiary over primary C—H bonds prevails
for the reactive site of Ta—Ta o-bond and that the
structuration of the C—H bond dose not limit the reactivity.
The mechanistic understanding obtained from C—H activation
may also be applicable to the reactivity variations of tantalum
clusters toward activation of other inert molecules, such as N,
and CO,. """ The strategies discovered for tuning the
electron localization of the Ta—Ta o-bond may be extended
to other catalytic systems composed of early transition metals.

The metal—metal o-bond composed of early transition metals
(Ta—Ta) being able to activate inert chemical bonds (the inert
C—H bond of methane) has been identified for the first time
by systematic investigation of the reactivity of 36 tantalum
clusters. The presence of localized o-bonding electrons in a
single naked Ta—Ta center enables the small-sized clusters
Ta, 45 to dehydrogenate methane at room temperature;
however, the large cluster Tas* exhibits inertness as a result
of the delocalization of o-bonding electrons over multiple Ta—
Ta centers arising from the special geometrical environments
(rhombic structures) created by four of the five Ta atoms. The
oxygen atoms also play decisive roles in manipulating the
presence and absence of a localized Ta—Ta o-type bond in
Ta,_s*. While the successive addition of oxygen atoms onto
Ta,_," gradually annihilates all of the Ta—Ta o-bonds and
ultimately causes the reactivity pattern varying from dehydro-
genation to CH,-adsorption, the coordination of a specific
number of oxygen atoms to Tas" could break the four-
membered ring geometrical environments, thus changing the
distribution of o-bonding electrons in Ta—Ta centers from
delocalization to localization and finally driving partial Ta;O,"
clusters to exhibit dehydrogenation activity. The finding of the
unique Ta—Ta center with localized o-bonding electrons being
able to exhibit excellent activity as well as the strategies
discovered for tuning the presence or absence of such a
reactive Ta—Ta o-bond provides new routes for the exact
design of efficient metal catalysts with a dual atom as reactive
sites.

The positively charged clusters (total 36), including bare Ta,*
and oxide Ta,0," (x = 2—S5, y < 2.5x), were generated by laser
ablation of rotating and translating tantalum foil in the
presence of either pure helium (99.9999% purity) or diluted
0,/He (0.01% and 1%) carrier gas with a backing pressure of
about 6.0 standard atmospheres. A 532 nm laser (second
harmonic of Nd*:YAG) with an energy of about S—8 mJ/
pulse and a repetition rate of 10 Hz was used. Each of the
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generated clusters was mass-selected by using a quadrupole
mass filter (QMF)”* and then entered into an ion funnel trap
(IFT) reactor,” where it was confined and thermalized by
collisions with a pulse of He gas for about 0.5 ms. The
thermalized Ta,” and Ta,O," ions reacted with pure or diluted
CH,/"*CH, pulsed into the IFT reactor for about 1.5 ms at
room temperature. For the typical clusters of Ta,", Ta,O, and
Ta,Os", the reactions with CD, were also investigated. The
reflection time-of-flight mass spectrometer (TOF-MS)”* was
used to detect the reactant and product cluster cations ejected
from the IFT reactor. The details to evaluate the reaction rates
can be found in the Supporting Information.

The density functional theory (DFT) calculations using the
Gaussian 16 program74 were carried out to investigate the
structures of Ta,_s* and Ta,_sO," as well as the mechanisms of
reactions with CH,. The TPSS functional® that had been
proven to be suitable for the tantalum cluster systems®*
employed. The initial structures of small clusters Ta,0,_5,
Ta;0¢_;", Ta,s", and Ta,sO" were obtained by chemical
intuition. A Fortran code based on the genetic algorithm”> was
used to search the isomeric structures of relatively large
clusters Ta,0,", Ta;0,_,", Ta,0,_y", and Ta;O,_;," with small
basis sets (LANL2DZ’® for all atoms) and coarse convergence
thresholds. The low-lying energy isomers obtained were then
reoptimized with large basis sets (TZVP’’ for the O atom and
def2-TZVP”® for the Ta atom). Different spin multiplicities for
isomers of each cluster were considered to determine the
lowest energy structures. The adaptive natural density
partitioning (AANDP) method™® was used to analyze the
chemical bonds of Ta,_s" and Ta,_sO," clusters. For Ta,0,"
clusters with x > 3 and y > 0, the gauge-independent atomic
orbital (GIAO) method’” and the removal of valence electrons
(RVE) approach® were adopted to calculate the nucleus-
independent chemical shift (NICS) values (in ppm) at the
points that are 1.0 A above the planes formed by three Ta
atoms along the axis perpendicular to the center of different
[Ta,] surfaces. The reaction mechanism calculations involved
the geometry optimization of reaction intermediates (IM) and
transition states (TS), through which the IMs transfer to each
other. The basis set of TZVP was used for the C and H atoms.
The zero-point vibration-corrected energies (AH,, eV) are
reported in this work. The Rice—Ramsperger—Kassel—Marcus
(RRKM) theory® and RRKM-based variational transition
state theory (VTST)® were used to predict the rates of
internal conversion of reaction intermediates. Details on
theoretical methods can be found in the Supporting
Information.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00032.

Details of experimental and theoretical methods, addi-
tional experimental results about product channels and
rate data, and additional theoretical results for structural
information on tantalum clusters, reaction pathways,
bond orders, and NICS values (PDF)
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