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ABSTRACT: Vanadium oxide cluster anions (V,05),V,0,” (n = 1-31; x = 0,
1; and x + y < S) with different oxygen deficiencies (A = 2y—1-5x = 0, + 1,
and +2) have been prepared by laser ablation and reacted to abstract hydrogen
atoms from alkane molecules (n-butane) in a fast flow reactor. When the
cluster size n is less than 25, the A = 1 series [(V,05),0 clusters] that can
contain atomic oxygen radical anions (O°7) generally have much higher
reactivity than the other four cluster series (A = —2, —1, 0, and 2), indicating
that each atom counts in the hydrogen-atom abstraction (HAA) reactivity.
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Unexpectedly, all of the five cluster series have similar HAA reactivity when the

cluster size is greater than 25. The critical dimension of vanadia particles

separating the cluster behavior (each atom counts) from the bulk behavior (each atom contributes a little part) is thus about 1.6 nm
(~V4O1,5). The strong electron—phonon coupling of the vanadia particles has been proposed to create the O°~ radicals (V** =
0>+ heat » V*—0°") for the n > 25 clusters with A = —2, —1, 0, and 2. Such a mechanism is supported by a comparative
study with the scandium system [(Sc,03),Sc,0,” (n = 1-29; x = 0, 1; and x + y < 4)] for which the A = 1 series [(Sc,0;),0~
clusters] always have much higher HAA reactivity than the other cluster series.

1. INTRODUCTION

Atomic clusters often have properties which vary dramatically
with the addition or removal of a single atom." Extensive
investigations have been focused on not only uncovering the
fascinating cluster behavior called “each atom counts” * but also
exploring the evolution of physical and chemical properties
along size atom by atom in order to understand the properties
of bulk materials with a bottom-up strategy.” For example, the
size-dependent binding energies for adsorption of CO onto Pd,
clusters show an irregular fashion for n < 100 and then increase
quasi-monotonically to the bulk value, illustrating the merging
of molecular orbitals to bulk electronic bands at n = 150—200.
In literature, the property transitions from the cluster behavior
to the bulk limit have been mainly re?orted for elemental
clusters'® such as Na,f’,‘%d’5 Mg,f,6 Fe,, Zn,,,8 Ag,d (q = 0,
+1),” Ta,* and Ir,*,'’ while such transitions have been rarely
reported for composite clusters such as metal oxide clusters."'
Transition metal oxides (TMOs) have been widely used as
catalytic materials.'” The reactions of small- and medium-sized
TMO clusters with organic and inorganic molecules have been
extensively studied in order to understand elementary processes
in related catalysis.13 For example, (Sc,0;),0” (n = 1-18),"
(Ti0,),0” (n = 3-25) and (Zr0,),0” (n = 3-25),"
(Ce0,),0” (n = 4-21),"° (V,05)," (n = 2-11),"" and
(Nb,O5)," (n = 1—14)"? are reactive with reductive molecules
such as alkanes and CO, whereas the clusters with more or less
oxygen atoms are generally inert, indicating that the largest
systems (Sc3sOs4y TipsOso) ZrpsOse, CeyyOyay V33055, NbygOs)
still have the cluster behavior (each atom counts). It is thus very
interesting to investigate the critical size at which the bulk
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behavior (reactivity in this study) of TMO clusters appears and
the intrinsic mechanism governing the appearance, the latter of
which is very important to bridge the gap between atomic
clusters and bulk materials.”” It is noteworthy that the
previously reported TMO clusters (Mxqu) that are reactive
with alkanes and CO are usually featured with unit oxygen
deficiency (A = 1):*

A=2y+q— mx (1)

where m is the highest valence of M and g is the char%e
number. The A = 1 clusters such as (Sc,0;),07,""
(TiO,),07," and (V,05),0™*° usually contain atomic oxygen
radical anions (O°7) that can have hydrogen-atom abstraction
(HAA) reactivity with alkanes (eq 2) and oxygen-atom transfer
(OAT) reactivity with CO (eq 3)."*7*!

0" +RH - R+ OH" ()

(©)

In this study, by using a very high-resolution mass
spectrometer coupled with a nanocluster source,”” we have
identified that the bulk behavior of vanadia nanoclusters
appears around V;,O},5 which corresponds to the particle size
of 1.6 nm.” It should be pointed out that the structures and
reactivity of vanadium oxide clusters V,0,7 (mostly x < 20)
have been extensively studied'”**** since the vanadium oxides
are widely used materials to catalyze industrially important

0"+ CO - CO, +e”
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Figure 1. TOF mass spectra for the reactions of V,0,” (A = =2, 1, 0, 1, and 2) with 1.8 Pa n-C,H, (b), 2.0 Pa n-C;H,, (d), and 5.0 Pa n-C,Dy,
(f). Panels (a), (c), and (e) show the corresponding background spectra with Ar. The V,O,” are labeled as x,y. The peak heights of reactant ions

were normalized.

reactions such as oxidation of SO, to SO,, partial oxidation of
2 ) P
n-butane to maleic anhydride, and so on.™

2. EXPERIMENTAL METHODS

The details of the experimental setup can be found in previous
studies.”> In brief, the vanadium oxide cluster anions (VxOy_) were
generated by laser ablation of a rotating and translating vanadium foil
(99.5% purity, Alfa Aesar) in the presence of 3% O, seeded in a helium
(99.99% purity) carrier gas with the backing pressure of about 2 atm.
The clusters generated in a gas channel were expanded and reacted
with n-C,H,, (33% in He), n-C,D, (pure) or Ar in a fast flow reactor.
After the reactions, the reactant and product ions were skimmed into
the vacuum system of a tandem time-of-flight mass spectrometer
(TOF-MS). After passing through two reflectors, the ions were
detected by a dual microchannel plate detector. The signals from the
detector were recorded with a digital oscilloscope. It should be noted
that the ablation laser and oscilloscope were run at a repetition rate of
10 Hz, whereas the pulsed valves of the reactant (n-C,H;, or n-C,D ()
and reference (Ar) gases were operated at S Hz at alternate pulses for
the purpose of getting better background mass spectra. The
uncertainties of relative signal intensities between a pair of spectra
were within 5%. For comparison, the experiments on the reactivity of
scandium oxide cluster anions (Schy_) have also been conducted
under similar reaction conditions.

3. RESULTS AND DISCUSSION

Size-Dependent Reactivity. The laser-ablation-generated
V,O,” clusters can be classified into different series by their
oxygen deficiencies (eq 1): A = =2 [(V,04),VO,~, n = 6-31],
A = =1 [(V,05),7, n = 2=31], A = 0 [(V,05),VO;57, n = 1—
31], A =1[(V,05),07, n=2-31], and A =2 [(V,05),VO,,
n = 1-31]. Typical TOF mass spectra for the reactions of A =
-2, —1, 0, 1, and 2 clusters with #n-C,H,;, and n-C,D,, are
shown in Figure 1 and Figures S1 and S2 (see Supporting
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Information). For small-sized clusters Via1s0,” (Figure 1b), no
product signal appeared upon interaction with n-C,H,,, except
for V1,055~ (A = 1) whose HAA product V,,0;H™ was
generated apparently (Figure 1b2, eq 4). In sharp contrast,
large-sized clusters with an additional unit of (V,0)s
(V44’450y_ in Figure 1d) all have the HAA reactivity with n-
C4H,, (eq 4), which was confirmed by isotopic labeling
experiments (Figure 1f).

V.0, + n-CH;, — V,OH™ + CH, (4)

In addition, the adsorption channels (Figure S3) and the
double HAA channels (Figures 1d2 and 1f2) have also been
observed and contribute to the overall rates of reactions.
Nevertheless, the overall reactivity is mainly ascribed to the
HAA reactions (V,O,H,,”). For example, the branching ratios
of HAA channels for V,,0,,,” and V,50,;;~ in Figure 1d are
estimated to be 70.5% and 81.7%, respectivelgr.

The pseudo-first-order rate constant (k;)*° for the reaction
between each of the clusters and n-C,H,, is determined (see
Figure S4 for one example) and the reaction efficiency (®)
could be calculated by using the following equation:

® =k /k ©)
in which kgon is the collisional rate constant calculated by
using the hard sphere average dipole orientation theory (Figure
$5).%7 Figure 2 plots the relative efficiencies @ [= (I)(VxOy_ +
n-C4H,0)/®@(V14,0;56~ + n-C,H,o)] of the overall reaction for A
—2,—1,0, 1, and 2 cluster series. Note that the HAA channel
accounts to more than 65% of the overall reaction (Figure S3).
The size-dependency of the reactivity for the A =1and A # 1
clusters differs a lot. The (V,05),0” (A = 1) clusters show a
sharp reactivity increase as the cluster size increases and a local
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Figure 2. Relative reaction efficiencies (®™) of V,0,” (A=-2,-1,0,
1, and 2) with n-C,H,;. The ®™ values are relative to the absolute
reaction efficiency ®(V,055~ + n-C4H,,) = 0.021 + 0.004. The y-axis
is unitless.

maximum appears at n = 7. As the cluster size further increases,
the reaction efficiency decreases slightly and is nearly constant
for n > 25. In sharp contrast, the reaction efficiencies of the
other four cluster series with A = =2, —1, 0, and 2 generally
increase monotonically when the clusters are upsized and the
reaction efficiencies of the n > 25 clusters are more than 1 order
of magnitude larger than those of the small ones (n = 1-6).
Finally, for n > 25 (~1.6 nm),”” the relative reaction efficiencies
of V,0,” clusters with different oxygen deficiencies (A = 1 and
A # 15 are very close to each other (within a factor of 1.9),
which indicates the appearance of the bulk behavior in the
reaction with n-butane (mainly HAA reactivity).

Reactivity Origin of the A # 1 Clusters. Extensive
investigations on small- and medium-sized MO, systems have
revealed that TMO clusters possessin§ the O°” radicals could
react with various small molecules'*™*" under thermal collision
conditions, whereas the O*” free TMO clusters are generally
inert under similar conditions."*™***'¢ Recently, studies on
TMO clusters with dimensions up to nanosize have confirmed
both experimentally and theoretically that nanosized clusters
with A = 1, which can contain the reactive O°~ species, show
unique reactivity compared to the A # 1 clusters that usually
have no O°~ centers.'*'%*'! The observed reactivity of the
V.0, clusters with A = =2, —1, 0, and 2 herein is thus
unexpected.

Nanoclusters possess substantial intracluster vibrational
energy (E,), which can be estimated as Ey, = skgT (s is the
vibrational degree of freedom, kg is the Boltzmann constant, T
is the temperature of the cluster). The Ey scales linearly with
the cluster size. For example, at T = 300 K the E, value of
(V,05),VO;™ (A = 0) increases from 1.24 eV at n = 2 to 16.4
eV at n = 30. The high E;, of the large clusters may be used
directly to induce the reactions with n-butane. The encounter
complex of V0, and n-C,H,, carries excess energy (Eop = By
+ E), in which Ey is the center-of-mass collisional energy and
E, = 1/2 pv* (u is the reduced mass of the cluster with n-C,H,,
and v 600 m/s). The Rice—Ramsperger—Kassel—Marcus

~
~
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(RRKM) theory can be adopted to estimate the rate to abstract
a hydrogen atom from an n-butane molecule:**

kBT[1 E, )H
h E,, + E (6)

where h is the Plank constant and E, is the reaction barrier,
which is around 1.5 eV from the quantum chemistry
calculations on the HAA process mediated with the O~
species in the ground state of V;0,;~ (Figure S6 in Supporting
Information). The temperature of the laser-ablation-generated
clusters could be in the range of 300—700 K.* With eq 6, the
rates to abstract a hydrogen atom from »n-C,H,, by
(V,05)30VO;™ are 4 X 107 s7' and 2 X 10* s7* for T =
300 and 700 K, respectively. These rates are too slow so that
the HAA reactivity of the A # 1 clusters (with high HAA
barriers around 1.5 eV) could not be observed by the
experiments.

The previous studies have indicated that the HAA process
mediated with the O®” species on A = 1 TMO clusters usually
has negligible or very small reaction barriers," 7719210~ Thys,
we speculate that those V,O,” clusters with obvious V,O H™
products formation in the reactions with n-C,H;, should also
possess O®~ units. The electronically ground state of the A =1
V,O,” clusters already has the O°~ species,"* 1! while for
the clusters with A = —2, —1, 0, or 2, the electronic excitation is
required. For condensed-phase systems, it has been proposed
that O°” may be generated spontaneously by an electron
transfer from the oxygen anion O*” to the metal cation M ™" at
sufficiently high temperatures:”’

kRRKM=

M™*=0"" + heat > M""V*_0"" 7)
This mechanism for bulk systems may function for nanosized
V,0O,” clusters to generate the O°” radicals:

V*=0>" + E,, —» V-0~ (8)

The mechanism (8) rationalizes the reactivity origin of large
A # 1 clusters that have high vibrational energy E ;. For small
clusters, the E.y, is small and thus the A # 1 clusters are nearly
inert in the HAA reaction (Figure 1).

In addition to enough intracluster vibrational energy,
sufficient electron—phonon coupling is also required so that
the electron transfer process (eq 8) can occur. Strong
electron—phonon coupling has been identified for many
vanadia based systems, such as pure’’ or doped V,Oy single
crystals,32 semiconducting V,Oq gels,‘?’3 oxide glasses with
V,05,** pure®® or doped VO,.** Moreover, due to quantum-
size effect, the electron—phonon coupling can be enhanced in
isolated (gas-phase) nanoclusters of which the atoms are in
confined space.”” Therefore, we propose that strong electron—
phonon coupling and the high vibrational energy in large V,O,~
(x > 50) clusters lead to the generation of the reactive O°*~
radicals through eq 8. Such generated O°” radicals are
responsible for the observed HAA reactivity (reactions 2 and
4) of the large A # 1 clusters (Figure 1).

Similar reactivity has also been observed for photochemically
excited vanadium oxide clusters in condensed phase.”® For
example, it has been reported that for two halide-templated
bismuth vanadium oxide clusters, the irradiation into a ligand-
to-metal charge-transfer band results in the formation of
catalytically active state, i.e., triplet state.”” Herein, the active
states for (V,0;),VO;™ clusters with A = 0 may also be of
triplet multiplicity. In order to verify the formation of atomic
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oxygen radicals in the excited states, density functional theory
(DFT) calculations have been performed to study the structural
properties of (V,05),_sVO;~ clusters using the hybrid B3LYP
functional (see Supporting Information for computational
details). These calculations have confirmed that by transferring
an electron from oxygen anions to vanadium cations, the
generated triplet state contains atomic oxygen radicals (Figure
7).

Comparison with Scandia Clusters. To further support
the aforementioned mechanism, the HAA reactivity of the
scandia cluster anions [(Sc203)n5cx0y7, n<29andx=0,1; A
=2y —1—3x =0, + 1, and +2] has also been studied. Typical
mass spectra and the size-dependent relative reaction
efficiencies ®™ [= ®(Sc, O,” + n-C,H,()/®(Sc;s0s5~ + n-
C,H,,), in which the ® values were calculated by using eq 5]*
are shown in Figures S8 and 3, respectively. The (Sc,0;),0~

rel

Fa — (Sc (0) )nO'(A =1, from ref. 14)
§ — (Sc (0] ) O~ (A =1, this work)
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Figure 3. Relative reaction efficiencies (®™) of Sc,0,” (A = -2, —1,
0, 1, and 2) with n-C,H,o. The @™ values are relatlve to the absolute
reaction efficiency ®(ScysOs5s~ + n-C,H,) = 0.246 + 0.056. The y-axis
is unitless.

clusters with A =1 are highly reactive toward n-C,H, and the
HAA reactivity generally increases as the cluster size increases
(Figure 3). The cluster series with other oxygen deficiencies
such as A = 0 and 2 do not react or react very slowly with n-
C,H,, even at high n-C,H,, pressures in the studied size range.
As a result, each atom still counts for the HAA reactivity of the
scandium oxide clusters as large as Sc5;0,". In sharp contrast,
the bulk behavior was identified for the vanadium oxide clusters
starting from around V,0,.

The experiments indicated that Sc,O,~ clusters behave quite
differently from V,O,” clusters in the HAA reactions. Three
factors may be responsible for the unobserved or very low
reactivity of large Sc,0,” (x > 50) clusters with A # 1: (1) the
electronegativity difference between Sc atom (1.36) and O
atom (3.44) is larger than that between V atom (1.63) and O
atom,*' so the thermal electron transfer from O®~ to S is
more difficult than that from O*~ to V% (2) bulk V,0s is a
semiconductor with an energy gap (E ) of 2.3 eV between the
valence band (VB) and the conductlon band (CB)** while bulk
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Sc,0y is an insulator with a band gap of 6.0 eV;** and (3) the
electron—phonon coupling effect in scandia system can be less
efficient than that in vanadia system. As a result, it is more
difficult to transfer an electron from the O-based orbitals to the
Sc-based orbitals than to the V-based orbitals, as shown in
Figure 4a. In order to get some semiquantitative insights into

(a) e
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Figure 4. (a) Schematic description of thermal electron transfer
processes in vanadia and scandia systems. The HOMO and the
LUMO denote the highest occupied molecular orbital and the lowest
unoccupied molecular orbital of the nanosized clusters, respectively.
(b) Energy gaps between singlet states and corresponding triplet states
for the most stable structures of V,;O,~ and Sc;;0,,” anions
calculated at B3LYP/TZVP level. Spin density isosurfaces for the
triplet states are also plotted. Color scheme: V, blue; Sc, green; O, red.

the energy gaps of nanoclusters, we performed DFT
calculations on two prototype clusters (V;;0,¢~ and Sc¢;,0;;~
anions). As illustrated in Figure 4b, the energy of electron
excitation from singlet state to triplet state for the most stable
structure of V;;0,4~ is 1.86 eV, while the value (3.59 eV) for
Sc;104;” is larger by a factor of about 2. The comparative study
suggests that for the investigated large M,O,” (M = Scand V, x
> 50) clusters, the electron—phonon coupling generates the
O°” radicals for vanadium rather than the scandium system.

The mechanism of O®” generation in vanadium system turns
out to be the fundamental basis to observe the bulk behavior of
the large V,0,” (x > 50) clusters. In these large and nanosized
V.O,” clusters, “each atom counts” does not work in the HAA
reactivity. In constrast, each atom contributes a little part (3kgT)
to the vibrational energy which can be sufficiently high so that
the electron transfer (eq 8) can occur. Such a mechanism can
lead to a dramatic reactivity enhancement for isolated (gas-
phase) oxide nanoparticles. It is noteworthy that for supported
or assembled oxide nanoparticles, the quantum-size effect and
the electron—phonon coupling may not be as strong as in the
isolated nanoparticles. It would be interesting to compare the
reactivity of vanadium nanoparticles in gas-phase and
condensed-phase systems in future.
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4. CONCLUSION

In summary, the size-dependent hydrogen-atom abstraction
reactivity of vanadium oxide cluster anions (V,05),V,,00_4
(n = 1-31) with different oxygen deficiencies (A = =2, —1, 0,
1, and 2) has been investigated by using high-resolution mass
spectrometry. The cluster behavior (each atom counts) in the
reactivity was observed for small clusters. For large clusters
starting from around V0,7, all of the clusters have similar
reactivity so the bulk behavior (each atom contributes a little
part) of the reactivity has been identified. This study proposed
that in these large vanadium oxide particles, each atom
contributes a little part to the vibrational energy that can be
sufficiently high to transfer electrons from oxygen anions to
vanadium cations to form the reactive oxygen radicals (V°*=
0> + E, — V¥—0°") through electron—phonon coupling.
The generation of O®” can dramatically enhance the reactivity
of isolated (gas-phase) oxide nanoparticles. This mechanism
has been further supported by a comparative study on
scandium oxide clusters Sc,0,”, which showed cluster behavior
(each atom counts) for systems as large as Scs,0,”.
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