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Cost-effective and readily accessible 3d transition metals (TMs) have been considered as promising
candidates for alkane activation while 3d TMs especially the early TMs are usually not very reactive with
light alkanes. In this study, the reactivity of V,,* and V,O" (n = 1-9) cluster cations towards ethane under
thermal collision conditions has been investigated using mass spectrometry and density functional
theory calculations. Among V,,* (n = 1-9) clusters, only Vz_s* can react with C,Hg to generate dehydro-
genation products and the reaction rate constants are below 107 cm® molecule™ s In contrast, the
reaction rate constants for all V,O" (n = 1-9) with C,Hg significantly increase by about 2—-4 orders of
magnitude. Theoretical analysis evidences that the addition of ligand O affects the charge distribution of
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the metal centers, resulting in a significant increase in the cluster reactivity. The analysis of frontier
orbitals indicates that the agostic interaction determines the size-dependent reactivity of V,O* cluster
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Introduction

Alkanes are highly abundant in nature and constitute the
primary components of natural gas and crude oil, serving as
essential raw materials for the chemical industry." However,
due to the robust thermodynamic nature of the C-H bond, its
activation presents a considerable challenge.> Consequently,
investigating the mechanisms of C-H bond activation is of
great significance in the development of better performing
catalysts for alkane transformation.’ The investigation of the
reactions between gas-phase atomic clusters with alkane mole-
cules is regarded as a crucial approach to comprehending the
mechanisms of C-H activation at the molecular level.
Numerous studies have been documented on the activation
and conversion of alkanes by gas-phase metal clusters. There
has been a predominant focus on the investigation of noble
metal clusters. For example, the previous investigations have
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cations. This study provides a novel approach for improving the reactivity of early 3d TMs.

shown that Pt," (n < 9),*” Pd,," (n = 2 and 3),® Rh,," (n = 1-30),°
0s",'®"* and 1r"™*"® exhibit notable reactivity in dehydrogena-
tion of light alkanes. Additionally, neutral clusters such as Pd,
(n < 23)"* and Pt, (n < 24),"® and the anionic clusters such as
Rh,,” (n < 10),"° Rh,,Cy0Hy,~ (n=4-7),"” and Pt (n < 7)° have
been demonstrated to have highly size-selective patterns in the
activation of the C-H bond in methane. In contrast, the studies
on alkane C-H activation by base metals are very limited. The
reactions of the clusters of 5d base metals Ta'®>* and W>*>’
with methane have been reported. Although 3d transition
metals (TMs) are more abundant and economically accessible
compared to 5d TMs, studies on alkane C-H activation by 3d
TMs, especially the early 3d TMs, are very limited. The studies
conducted by Armentrout ef al. demonstrated that V' is inactive
with CH,.”® In a previously documented study involving the
reaction of Ta,O" (x = 4 and 5) with methane,?” it was observed
that the incorporation of the ligand O into the metal clusters
markedly enhanced the cluster reactivity. In a subsequent
investigation of methane activation by tungsten species,** it
was noted that W,," (n > 2) exhibited minimal reactivity, while
the addition of O significantly promoted CH, dehydrogenation.
These observations prompted us to explore methodologies for
improving the reactivity of 3d TM clusters with light alkanes by
doping oxygen atoms.

In this study, the reactivity of V,," and V,0" (n = 1-9) with
ethane was investigated using a combination of time-of-flight
mass spectrometry and quantum chemical calculations. It was
observed that the reactivity of vanadium cluster cations toward
ethane can be significantly enhanced with the addition of O
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ligands, affirming the modulating effect of O on the reactivity
of early 3d TMs. Insights into improving the catalytic activity
of these metals are thus provided. Note that the reaction of V,,"
(n = 1-9) with H,O has been experimentally investigated in the
literature.>®

Methods

Experimental methods

A laser ablation method was used to generate the V,," and V,,0"
cations through the irradiation of a focused pulsed laser beam
(532 nm, 5-8 mJ, 10 Hz) onto a rotating and translating V disk in
the presence of 4 atm He carrier gas. The cluster cations of
interest, V,,' (n = 1-9) and V,0" (n = 1-9), were mass-selected
using a quadrupole mass filter (QMF)*° and then introduced into
the linear ion trap (LIT)*" reactor. After thermalization by colli-
sions with a pulse of cooling gas He (3 Pa), the cluster ions
reacted with a pulse of C,H¢ seeded in He gas for about 2 ms. The
temperature of the cooling gas, the reactant gas (C,Hs), and the
LIT reactor was around 298 K. The masses and abundances of the
reactant and product cations were detected using a home-made
reflection time-of-flight mass spectrometer (TOF-MS).*”

Computational methods

Density functional theory (DFT) calculations by using the
Gaussian 09 program®® were carried out to investigate the struc-
tures of V,," and V,0" (n = 1-9) cations, as well as the reaction
mechanisms of V,," (n = 2 and 3) and V,0" (n = 1, 2, and 3) with
C,Hg. The benchmark calculations showed that the BPBE
functional®?** generally performed best for the bond energy of
V-V, V-C, V-0, V-H, C-H, and H-H compared with the experi-
mental values (Table S1, ESIt). Thus, the BPBE functional was
adopted in this work. For all the calculations, the TZVP basis sets®
were used for all of the elements (C, H, O, and V). A Fortran code
based on a genetic algorithm®” was used to generate initial guess
structures of V,," (n = 7-9) and V,0" (n = 5-9) clusters. Reaction
mechanism calculations involved the geometric structures of
reaction intermediates (IMs) and transition states (TSs) that were
optimized and vibrational frequencies were calculated to check
that each of the IMs and TSs has zero or only one imaginary
frequency. The TSs were optimized using the Berny algorithm
method.*® The initial guess structures of the TS species were
obtained through relaxed potential energy surface scans using
single or multiple internal coordinates. Intrinsic reaction coordi-
nate calculations® were conducted to make sure that a TS
connects two appropriate IMs. The zero-point vibration-corrected
energies (AH,) in eV are reported in this work. The natural bond
orbital (NBO) analysis was performed with the software NBO 5.9.*°

Results
Experimental results

In general, a sharp contrast in reactivity difference of pure
vanadium cluster cations versus vanadium oxide cluster cations
with ethane was observed (Fig. S1, ESIT): V,," with n = 2-5 can
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lead to the dehydrogenation reaction or adsorption reaction
with ethane. However, with the introduction of one oxygen atom,
all V,0" (n = 1-9) can generate adsorption/dehydrogenation pro-
duct ions with ethane. The typical TOF mass spectra for the
reactions of mass-selected V,," and V,0" (n = 1-4) with C,Hg are
shown in Fig. 1. When V' interacts with 0.89 Pa C,Hj for about 2
ms, no new product peaks were observed relative to the back-
ground peak generated from the reaction with water impurity. As
the cluster size of V," increases, weak cluster reactivity can be
observed. Fig. 1(b2) shows that in the reaction between V," and
0.47 Pa C,H, for 2 ms, a very weak product peak (V,C,Hg") for
adsorbing a single C,Hs molecule appeared. When the cluster
upsizes to V;" and V,’, the dehydrogenation products of V;C,H,"
and V,C,H, ," were observed in Fig. 1(b3) and (b4). In contrast to
the case of V,', the reactivity of V,0" with C,Hs was greatly
improved. As demonstrated in Fig. 1(d1) and (d3), V,50 * were
able to produce the adsorption products. In the reaction system of
V40", more than half of the initial reactant ions were converted to
dehydrogenation product ions at low pressure of C,Hg (<0.02 Pa,
Fig. 1(d2) and (d4)). In addition, a relatively weak signal that can be
assigned to V,0OH," appears in the reaction of V,0" with C,Hg,
corresponding to the loss of a C,H, molecule (V,0" + C,Hg —
V,0H," + C,H,).

The rate constants (k;) for the pseudo-first-order reactions of
V," and V,0" (n = 1-9) with C,H, were estimated using the
following equation:

Ir P
IHE =—k lkB—TZR

in which I is the intensity of reactant cluster ions after the
reaction, I is the total ion intensity including the product ion
contribution except for water adsorption, P is the effective
pressure of the reactant gas, kg is the Boltzmann constant, ¢ is
the reaction time, and T is the temperature of the reactant gas.
The k, values for the reactions of V,_s* and V;_,O" with C,H, were
determined (Fig. S2, S3 ESIt and Table 1) and are shown in Fig. 2
as a function of the cluster size. For the V,," system, triatomic V"
has a slightly smaller k, than diatomic V,". The k, values of V,,;"
(n = 3-5) + C,H, increased with the increase of the cluster size,
and the highest reactivity was observed for V5'. This result is
consistent with the highest reactivity of V5" in the reaction of V,,"
with H,O, which was explained with the synergistic effect of three
V atoms.”® In sharp contrast, for each of the n values, the V,0"
cluster is more reactive than V,” by two or more orders
of magnitude and exhibits a completely different reactivity
variation with respect to the cluster size. Among the V,0",
the reaction couple V,0°/C,Hs has the largest k; of 1.49 x
10~° em® molecule * s™'. The k; values of VO" and V,0' are
smaller than that of V,0'. When the cluster upsizes, the
reactivities of V,0" decline, and the &, values gradually decrease
from 2.01 x 107 cm® molecule ™ s for n = 4 to 2.94 x
10" cm® molecule ! s™* at n = 9. The reactivity comparison of
V,"and V,,0" (n = 1-9) cluster cations indicates that oxygen atoms
play a crucial role in modulating the reactivity of the vanadium
cluster cations. The doping of the O atom is particularly signifi-
cant in enhancing the metal cluster reactivity.
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Fig. 1 TOF mass spectra for the reactions of mass-selected V* (al), VO™ (c1), V5" (a2), V,O* (c2), V3* (a3), VzO* (c3), V47 (a4), and V407 (c4) cations with
C,He. The pressures of C,Hg are shown. The reaction times are around 2 ms. The peaks marked with asterisks originated from water impurities. The V,X*

and V,OX* (X = C,H,, CoH,, etc.) species are labeled as +X.

-1g7)

Table 1 Rate constants (k;, cm® molecule for the reaction of V,,*

and V,,O" with C,Hg

Cation ky, C,Hg Cation kq, Co,Hg

v — vO' 3.33 x 107 **
v, 1.13 x 1075 Vv,0" 1.49 x 107°
A2 8.55 x 10 ** V;0* 2.14 x 102
v," 1.32 x 10 ¥ v,0" 2.01 x 107
Vs* 4.04 x 1072 Vs0* 1.50 x 10 °
Vo' — VeO" 7.28 x 10!
v,* — V,0" 1.49 x 10~ 1
Vg' — Vg0 1.85 x 10 2
Vo' — VoO© 2.94 x 103

Computational results

The global minimum structures of V," and V,0" (n = 1-9)
clusters from the DFT calculations are shown in Fig. 3 and
Fig. S4-S8 (ESIT). Most of the lowest-lying isomers are consis-
tent with structures calculated with the BP86 method in the
literature, except V" and V, 40".>° For a deeper understanding
of the differences in reactivity between V," and V,0", the
reaction pathways of n = 1-3 reaction systems were calculated
using the DFT method and the results for V," and V,0" cations
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Fig. 2 Relative rate constants (k," for the reactions of V,,* and V,,O" (n =
1-9) with C,He. The k™' values are relative to the absolute rate constant
ki(V,0* + CoHe) = 1.49 x 1072 cm® molecule ™! s™*. The uncertainties
(within 30%) of kfe' values are shown. The uncertainties of the absolute k;
values are within factors of 2—3. The variations of natural charges (e) of
oxygen atoms in V,O" clusters are also shown for understanding the
relative activity.
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Fig. 3 DFT-optimized most stable structures of the V,,* and V,O™ (n = 1-9) clusters at the BPBE level. The point group is given under each structure. The
superscripts indicate the spin multiplicities. The natural charge (e) of the V atoms and O atoms is shown in parentheses.

with C,H, are shown in Fig. 4. When a C,Hs molecule the activation of the first C-H bond involves a spin flip from
approaches the V," cation, an encounter complex is formed quartet to doublet states (Fig. S9a, ESIf). Since the energy of
with a binding energy of 0.42 eV (‘I1). The subsequent step for >TS1 is 0.15 eV higher than those of the separated reactants, the
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Fig. 4 DFT calculated potential energy profiles for the reactions of V,* and V,O* with C,He. Relative energies of the reaction intermediates (11-18),
transition states (TS1-TS6), and products (P) with respect to the separated reactants (V,Oq 1" + CyHe) are given in eV (AHo). The superscripts indicate spin
multiplicities.
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process of C-H cleavage initiated by V," is kinetically unfavor-
able under thermal collision conditions. The V,C,H," weakly
observed in the experiment (Fig. b2) is thus an adsorption
product and the C-H bond is not cleaved. In contrast to the
inertness of V," in cleaving the C-H bond, V,0" can react with
C,Hg to form the dehydrogenation product V,0C,H,". In V,0" +
C,Hg, the V atom captures C,Hs with a binding energy of
0.73 eV to form the complex ®I3. The breaking of the first
C-H bond proceeds through a mechanism of synergistic activa-
tion by the V-V metal bond involving a spin crossing process
(octet — sextet, Fig. S9b, ESIt), resulting in the formation of the
lowest energy intermediate °14 with a four-membered -V-H-V-
O-ring and a three-membered —~C-C-V-ring. The transition from
%13 to °I4 is kinetically favorable since TS2 has energy lower
than that of the isolated reactants by 0.1 eV. Then, the C,Hs
moieties in °14 moves towards another V atom, resulting in the
formation of a new V-C bond in °I5. After a structural rearran-
gement to break the V-H bond in °15, the second C-H bond can
be cleaved. The resulting intermediate °I8 has enough internal
energy to evaporate the H, unit to produce the experimentally
observed V,0C,H," product ion.

The systems of V,,0,,," (n =1 and 3; m = 0 and 1) involving the
first C-H bond cleavage, which is generally viewed as the rate
limiting step in alkane conversion, were also considered. As
shown in Fig. 5, the oxidative addition of the C-H bond of C,Hs
by the cluster systems of V;_;* encounters the energy barriers in
the range of —0.03-0.15 eV. Note that the direct evaporation of

S\/+

vVo+
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3V3+

/J

1,0

115, -0.69
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the C,H¢ from adsorption intermediates (I1, I9, and 113) is an
entropically more favorable process, which is in good agree-
ment with the experimental results that only very weak adsorp-
tion/dehydrogenation products could be observed. In sharp
contrast, the C-H bond cleavage of C,H, mediated by V, ;0"
experiences a significantly negative energy barrier (< —0.1 eV).
For the VO'/C,H, system, the V atom readily traps the C,H,
molecule and releases 1.00 eV energy (*I11). Then, the C-H
bond is inserted by the V atom accompanied by a spin flip from
triplet to singlet states (*111 — 'TS8). The energy of the formed
intermediate '112 (AH, = —0.37 eV) closely approximates that of
the transition state 'TS8 (AH, = —0.35 eV), facilitating an
almost barrierless transition from I12 back to I11. Although
111 can dissociate back to the separated reactants (111 —
VvO© + C,Hg), a small portion of 111 may be stabilized through
the collisions with the bath gas, resulting in the observation of
the weak adsorption product VOC,H," in the experiment (Fig.
d1). In contrast, the intermediates (I4-18) and transition states
(TS3-TS6) along the reaction pathway of V,0'/C,Hs are much
lower in energy than the TS2 state (Fig. 4). Once intermediate 14
is formed, it has more chance to form I8 that can dissociate
into V,0C,H," + H, (°P), which is consistent with the experi-
mental observation that V,0" reacts much faster than VO*
(Fig. 2). For the system of V;0'/C,Hs, considering the low
energy barrier of C-H activation (—0.31 eV), 116 shows a
higher tendency than I4 to proceed back to the adsorption
intermediate (I115) and decompose to the V;0" + C,Hg under
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Fig. 5 DFT calculated the structures of V,,* and V,,O0" (n = 1, 3) isomers, reaction IMs, and transition states for the first C—H bond activation of ethane.
The relative energies with respect to the separated reactants (V13001" + CoHe) are given in eV (AHo).
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entropy-driven conditions, which rationalizes the lower reac-
tion rate of V;0" + C,H, than that of V,0" + C,Hg in the
experiment (Fig. 2).

Discussion

Reactions involving atomic metal ions and the corresponding oxide
species with alkanes have been extensively documented,*' >
whereas the oxo-ligand effect of polyatomic metal species has
received limited attention. Eckhard et al. performed a comparative
study on the reactions of CH, with Ta," and Ta,O" (x = 4 and 5)
clusters.” It has been demonstrated that the doped oxygen atom
does not directly participate in the reaction. Instead, it modifies the
local electronic charge distribution of the tantalum clusters that
appears to be favorable for C-H bond activation through a metal
insertion mechanism. Given the previous proposals, we conducted a
comparison of the charge changes of atoms in the V,” and V,0"
systems. In the literature, the C-H cleavage involves electron
transfer from the occupied orbitals of alkane to the metal empty
orbitals. The amount of positive charges within the cluster will
determine its reactivity towards the alkane. According to the NBO
analysis shown in Fig. 3, the high electron-withdrawing capability of
the O atom significantly increases the positive charge on V atoms in
V,0' systems. Consequently, the V,0" clusters can have much
higher reactivity than the V,,". For V,,0" cluster systems, the V atom
adjacent to the O atom serves as the adsorption site for C,Hg and as
reactive sites to bring about C-H activation. The accumulation of
large amounts of positive charges in V induced by oxygen is the
crucial factor to profoundly affect the cluster reactivity. In other
words, a striking correlation between the negative charge on O atom
and k; values emerges as shown in Fig. 2 and 3. V,O" with the most
negative charge (—0.91¢) on O among V; ;0" exhibits the highest
reactivity. The oxygen in VO' carries the least negative charge
(—0.40e), resulting in its lowest reactivity. However, the reactivity
of V,40" clusters decreases with the increase of the cluster size,
while the negative charge on the O atom almost maintains a
constant value (—0.68 to —0.74e). This could be attributed to the
more crowded steric structure, which hinders the activation of the
C-H bond.

In transition-metal-catalyzed organic reactions, agostic
interaction is commonly defined as the intramolecular inter-
action between the hydrogen atom of a C-H bond with a nearby
metallic center, which plays a crucial role in C-H bond
activation.>>® In such interaction, the o(C-H) orbital (alkane
HOMO) acts as a donor orbital, whereas the acceptor orbitals
could be empty molecular orbitals (cluster LUMO) of metal
species.’” ™ The smaller energy gap helps to form stronger
agnostic interaction, enhancing the electron transfer to activate
the C-H bond. Therefore, to further explore the effect of the
oxygen ligand on the reactivity of metal clusters of different
sizes, we analyzed the orbital interactions between V,0" and
C,H, during the reactions (e.g., V;0'/C,Hq couple in Fig. S10,
ESIT) and the HOMO of C,Hg and the LUMO of V,,0" (n = 1-9)
cations are shown in Fig. 6. For V,,0" with small cluster sizes
(n = 1-3), the energy gap of V,0" (LUMO) « C,H, (HOMO) is
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Fig. 6 HOMO levels of C,Hg and LUMO levels of V,,O* (n = 1-9) cations.
The up and down arrows denote o and B electrons, respectively.

smaller compared to that of VO' and V;0", leading to the
strongest agostic interaction and the fastest reaction rate for
the V,0"/C,H¢ couple (Fig. 2). In contrast, the slowest reaction
rate of VO' with C,H, can be attributed to the largest energy gap
of VO' (LUMO) « C,Hs (HOMO). For the V,0" clusters with
larger sizes (4 < n < 9), the energy gap increases as the cluster
is upsized, resulting in weaker and weaker agostic interactions,
which is consistent with the rate constant decrease of V,,0" with
C,Hg from n = 4 to n = 9 (Fig. 2).

Conclusion

The reactions of ethane with vanadium cluster cations V,"
(n = 1-9) and their corresponding oxide systems V,0" (n = 1-
9) have been comparatively studied via mass-spectrometry-
based experiments. The O atom doped vanadium clusters are
much more reactive than the non-doped V,," ones. The reactiv-
ity of V,0" is enhanced by four orders of magnitude with
respect to that of V,* and V,0" is also the most reactive cluster
among V,0" clusters (n = 1-9). The mechanistic studies reveal
that the reactivity of V,,0" clusters is enhanced by the modifica-
tion of charge distribution within the cluster through the
introduction of oxygen atoms. The agostic interaction to inter-
pret the size-dependent reactivity of V,0" has been proposed.
This study not only extends our understanding of C-H activa-
tion of light alkanes (ethane) by metal systems but also pro-
vides insights into doping of O atoms to enhance the reactivity
of early 3d transition metals.
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