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The reaction of cationic tantalum clusters (Ta, , n = 13 - 40) with molecular oxygen is studiec

under multi-collision conditions and at different temperatures. Consecutive reaction proceeds
in several steps upon subsequent attachment of O,. All cluster sizes exhibit fast reaction wit::
oxygen and form a characteristic final reaction product. The time-dependent product analysis
enables the fitting to a kinetic model with the extraction of all the rate constants. Determined rate
constants reveal the existence of two different regimes, which are interpreted as a change in ths
reaction mechanism. Based on the temperature-dependent reaction behavior, it is proposed thai
the reaction changes from a dissociative to a molecular adsorption of oxygen on the clusters. It
is found that both regimes appear for all clusters sizes, but the transition takes places at differern
intermediate oxides Ta,O; . In general it is observed that the transition occurs later for large:
clusters, which is attributed to an increased cluster surface.
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1 Introduction

Today tantalum is used for various applications ranging from elec-
tronics ! to medical instruments.? Materials containing tantalum
oxides are of special interest as they are utilized for example as
optical3 and protective coatings for sensors* or in electrochem-
ical applications.s_8 In the latter, efforts are undertaken to find
substitutes for purely Pt-based electrocatalysts in the oxygen re-
duction reaction (ORR). To this end, tantalum oxide materials
enhancing redox reactions, especially towards oxygen, are stud-
ied. Pt particles embedded into a tantalum oxide framework, for
instance, have been shown to be not only very durable but also
highly active ORR electrocatalysts.8 TaO, nanoparticles are also
very stable and demonstrate a remarkable size-effect in the ORR
activity, which may relate to an improved electroconductivity and
a higher number of active sites for increasingly smaller particles. 7
Basame et al. furthermore showed that certain sites of a Ta/Ta,Os5
electrode are chemically selective and it was speculated that se-
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lective redox activity occurred at sites with a very thin or entirely
absent oxide film. ®

All of these effects in the redox activity are caused by proper-
ties on the microscopic to nanoscopic scale that is preferentiall-
studied under well-defined conditions. Ideal model systems for
catalysis and reactions, in general, are found in small metal (ox-
ide) clusters, particularly in the gas phaseg, and their study is in-
spired by their unique, often not scalable properties. 19In the gas
phase, neutral tantalum oxide clusters react readily with NO and
NH3.11 Furthermore, tantalum cations have been found to me-
diate the coupling of methane and carbon dioxide. ' Moreover,
cationic clusters react with 1-butene, 1,3-butadiene and benzenc
by cracking of a C-C bond.'® For ethane and ethylene, associa:
tion and molecular oxygen loss has been observed. 4 In contras
to cluster oxides, relatively few studies on the bare tantalum clus-
ters exist. He and co-workers found that neutral tantalum clus-
ters dehydrogenate unsaturated hydrocarbons. 15 Cationic tanta-
lum clusters have been observed to activate nitrogen16 and react
with small alcohols by dehydrogenation or dissociation of the C-O
bond.!”

The reactivity of the tantalum cation with O, was previously
studied in an argon matrix, 18 3 flow tube, 193 guided ion beam
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experiment, 2021 and an RF ion trap 22 and the exothermic for-

mation of TaO", TaO; as well as higher oxides was observed.
The consecutive reaction of tantalum (oxide) clusters with oxy-
gen has not been investigated as of yet. A detailed investigation
will, on a molecular level, provide insights relevant to the oxi-
dation processes in complex tantalum oxide systems and reveal
inherent cluster properties. Therefore, the aim of the present
work is the study of the reaction of size-selected tantalum clus-
ter cations (Ta,J,r , n = 13 —40) with molecular oxygen. The reac-
tion is followed over time under isothermal conditions at various
temperatures. From these data kinetic parameters are extracted,
which enable one to interpret the course of the reaction.

2 Experimental Setup and Methods

The experimental setup has been described elsewhere in detail. =
In short, tantalum clusters of various sizes are produced by a laser
vaporization cluster source.?* Cationic clusters are size-selected
by a quadrupole mass filter and subsequently stored in a ring elec-
trode ion trap, which is based on the designs of Gerlich?® and
Asmis.?® A home-built electronic control unit allows the appli-
cation of square-wave voltages (100 kHz - 750 kHz, 0-600 Vpp)
to the electrodes of the trap. This setup permits the storage of
ions at least between 200 u and 17000 u for time spans of sev-
eral milliseconds up to seconds.?® As clusters created by a single
100 Hz laser pulse are stored and used for kinetic measurements,
minimal reaction times of 10 ms and below can be investigated.
A cryostat in combination with a heating cartridge enables the
operation of the trap under isothermal conditions in a range be-
tween 20 K and 300 K. A buffer gas, usually helium, constantly
streams into the trap and thermalizes the stored clusters within a
few milliseconds.?” These collisions additionally reduce the ini-
tial kinetic energy of the clusters so that they cannot overcome
the confining potentials anymore. For all experiments the pres-
sure inside the trap was set to 3 Pa. In a similar experiment
Kappes and co-workers assumed that their pressure measurement
has an error of 50%2® and a similar error is assumed for the abso-
lute pressure in this work. In order to study the oxidation of the
clusters, a mixture of 100 ppm oxygen in helium (Westfalen, He-
lium 6.0, 100 ppm Oxygen 6.0) is used as buffer gas. This mixture
is diluted even further with helium (Westfalen, Helium 6.0) in
a home-built mixing chamber for concentration-dependent mea-
surements. After a specific reaction time, the charged reaction
products are ejected from the trap and analyzed in a home-built
reflectron time-of-flight mass spectrometer with orthogonal ion
extraction. > This mass spectrometer has a mass resolution of
3000 during operation of the ring electrode ion trap. A single
measurement point typically represents an average of 100 mea-
surement cycles.
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Fig. 1 Mass spectra of Taj, clusters exposed to 100 ppm O, at 300 K
for reaction times of a) 10 ms, b) 50 ms, c) 200 ms and d) 500 ms. The
reaction proceeds via subsequent attachment of O, units, which
eventually results in the formation of a single Ta,,O54 species. Peaks
marked with + are due to a side reaction with water background, * mark
peaks due to fragmentation of the tantalum cluster. Both species are
disregarded in the following due to their very low abundance.

3 Results

A detailed analysis of the oxidation reaction will be given on the
example of Ta% and the results are subsequently compared to se-
lected cluster sizes up to n = 40. When Taj, cations are exposed
to oxygen, fast oxidation of the clusters occurs. As seen in Fig-
ure 1, at a reaction time of 50 ms, a partial oxygen concentration
of 100 ppm, and a temperature of 300 K, the vast majority of
the clusters is oxidized and only a small amount of the bare clus-
ters remains. The oxidation proceeds via the attachment of two
oxygen atoms and only a negligible amount of cluster fragmenta-
tion occurs. After several consecutive oxidation steps, T32002+6 is
formed as the final reaction product. The reaction is completed
after 500 ms and all the clusters have reacted to this particular
oxide. Similar reaction behaviors are found for different temper-
atures, the exception being reaction temperatures below 100 K
(see Supporting Information). Here, additional oxygen molecules
are bound to the clusters. As these species only appear at low
temperatures, it is assumed that the surplus oxygen molecules
are only weakly bound to the cluster (e.g. by van-der-Waals inter-
actions). Similar effects have been found for silver dimers 29 or
palladium clusters. 30

In order to evaluate the reaction, kinetic modeling is per-
formed. As the simplest model, a set of consecutive oxidation
steps neglecting any back reaction is assumed:

@

+ + + +
Ta20 — T(l2002 — T02004 e = Ta20026

This reaction scheme can be expressed by quasi-first order ki-
netics, as the oxygen concentration stays approximately constant
over the course of the reaction. The resulting differential equa-
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Fig. 2 Normalized concentrations for Tas,, Ta,,O5; (final reaction
product) and all reaction intermediates as function of reaction time. The
solid lines represent the result of the kinetic fit, which excellently
matches the experimental data.

tions are fitted to the data points and for all species an excel-
lent agreement is achieved (see Figure 2). The as-obtained rate
constants (k") include the concentration of oxygen. Furthermore,
when termolecular reactions (expressed by k(3>) due to collisional
stabilization with helium have to be considered, k" also includes
the concentration of helium:

K =k-[0,) =k . [0,] - [He] ©)

Normalizing to the oxygen concentration, the bimolecular rate
constant (k) of the respective elementary reaction step is ob-
tained. The assumption of Eq. (2) is verified experimentally, as
the observed rate constant & is found to depend linearly on the
oxygen concentration (see figure S2 in the Electronic Supplemen-
tary Information). Here it should be mentioned that the absolute
oxygen concentration is subject to a rather large systematic error
of about 50% due to the error of the pressure measurement. How-
ever, the comparison of the relative changes of the rate constants
is subject to a measured relative error of about 10%.

According to the fast nature of the reaction, large bimolecu-
lar rate constants ranging from about 1 - 10~° em’s™! to more
than 2-10~? cm’s ™! are determined for the first reaction steps of
all investigated cluster sizes (see Table T1 in the Electronic Sup-
plementary Information). These values are comparable to rate
constants reported for the reaction of cationic vanadium clusters
with oxygen, which are in the same range.32 The reaction rate
may furthermore be compared to ion-molecule collision rates as

s
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Fig. 3 Rate constants determined for all reactions steps in the
consecutive oxidation of Taj,. The two dashed lines represent a linear
regression for reaction steps 1-7 and 7-13 respectively, demonstrating
the existence of two reaction regimes.

described by Langevin theory, 33 which results in a calculated rate
constant of 5.26- 10" em’s™! for the association of 0, to Taj.
This calculated value is obviously exceeded by the experimental
value. However, Langevin theory models the interaction of po-
larizable neutral molecule (i.e. an induced dipole) with a poin*
charge. Accordingly, this description fails for larger clusters.®’
When the experimental rate constants are plotted against the re-
action step (Figure 3), it is found that each reaction step is slower
than the previous one. While for the first seven steps the rate
constant decreases slowly, a steeper decrease is observed for the
subsequent steps. This behavior is indicative for a change in the
reaction mechanism and is similarly observed for the other cluster
sizes; albeit the transition occurs at different reaction steps. Th:
same observation is furthermore made at different reaction tem-
peratures and both reaction regimes are reflected in the apparent
activation energy, which is determined with an Arrhenius-like plot
(Figure 4). The activation energies are found to be considerably
small, below 0.5 kJ/mol. During the first six reaction steps the
apparent activation energy stays almost constant. From there on,
however, it decreases with each subsequent step, even reaching
negative values. Similarly, relatively low but positive values were
found for the reaction of silver dimers with oxygen.29 The low
activation energies reported in the same study were attributed to
ion-induced dipole interactions, which result in a higher energy
release upon adsorption.

4 Discussion

The simple addition of O, is an insufficient description of the ox-
idation of larger cationic tantalum clusters. First of all, the obser-
vation of two reaction regimes, reflected by the different behavior
of the rate constants and activation energies, indicates a change
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Fig. 4 a) Rate Constants k of the oxidation of Taj, as a function of the
reaction step for 50 K, 100 K, 200 K and 300 K. b) Arrhenius plot for
selected reaction steps. ¢) Apparent activation energy E, for reaction
steps 1 to 13. As seen in the trends of k and E,, a transition occurs at
the seventh reaction step during the oxidation of Tas.

in the reaction mechanism. Secondly, the negative apparent acti-
vation energies for later reaction steps suggest a mechanism that
is more complex than the straightforward addition of oxygen as-
sumed beforehand. Formally negative activation energies have
been determined previously in the reaction of small Ag, Au and
Pd clusters with oxygen29’30’34 and are the result of Lindeman-
type reactions. >® In the present case, TanO,t (m >0) and O, react
to form an activated complex Ta,0,,0; " (given by k, that can
subsequently be stabilized to Ta,0,,05 by collision with helium
atoms (expressed by k,), or dissociate again to Ta, 0, and O, (k).
The complex formation as well as the stabilization steps are de-
scribed by ion-molecule collisions, which are barrierless and thus
depend not on the temperature. 33,36 Consequently only the back
reaction (i.e. the dissociation of the complex) depends on the
temperature, resulting in larger apparent rate constants for lower
temperatures. Analogously, the first reaction regime in the con-
secutive oxidation of Ta,” can be interpreted in a straightforward
manner. We propose that in the first reaction regime the oxygen-
oxygen bond cleavage occurs, as it has been found earlier that
oxygen is bound to smaller tantalum clusters Taglg as separate
(bridging) atoms and not as an intact molecule. 37 Similar obser-
vations were made in the case of small palladium clusters. 30 This
dissociation occurs in a fast reaction step prior to the collisional
thermalization of the clusters:

Ta,0% + 0y 22 Ta,0,, 05" % 14,0, 00" % Ta, 0., (3)
b

The quick dissociation of O, followed by collisional stabilization

with helium leads to a suppression of the back reaction, causing

similar (i.e. small but finite) apparent activation energies for the

first oxidation steps. The rate constant is decreasing for each sub-

sequent reaction step while the activation energy roughly stays
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Fig. 5 a) Transition reaction step as a function of the cluster size. b)
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constant. Thus the lowered rate constant is attributed to a re-
duced steric factor, originating from the blocking of previously
accessible reaction sites.

In the second reaction regime, apparent rate constants and ac-
tivation energies are found to rapidly decrease at the same time,
which initially seems to be counterintuitive. Therefore, another
reaction mechanism must be responsible for the reaction behav-
ior. After a transitional reaction step (in the case of Taj,: step
seven), additional O, may be bound to the cluster as an intact
molecule and the back reaction to the reactants becomes signifi-
cant.

4

+ Kag +5 ks +
Tay Oy +0, . Tay0(0;) ™ = Tax0x(0)
Here Ta,,0, (02)” (x> 14) represents an activated complex that
contains an molecularly adsorbed oxygen molecule. As a conse-
quence the reaction scheme is now missing the dissociation step.
The complex can then either evaporate a molecularly adsorbed O,
or be stabilized by collisions with helium atoms. Due to the sig-
nificant contribution of the back reaction, decreasing overall rate
constants and apparent activation energies are simultaneously ob-
served for reaction steps in the second regime.

The transition from O, dissociation in the first regime to molec-
ular adsorption in the second regime may, in principle, be related
to electronic or geometric effects. Addressing the former, oxy-
gen molecules serve as electron acceptors as seen in their reac-
tion with gold clusters. 38 Similarly, each additional oxygen atom
on the tantalum cluster may lead to a depletion of the electron
density until the dissociation of another oxygen molecule is no
longer possible. The lowered electron density may also weaken
the subsequent binding of additional oxygen molecules. Thereby,
an increase of the back reaction and consequently a decrease in
the overall reaction rate is observed. Alternatively, the cluster ge-
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ometry may play a role in the reaction with oxygen. A similar
phenomenon was observed previously for nickel clusters reacting
with c0.%° There, a transition in the reaction kinetics was even
used for the determination of the cluster structure. In the present
work as well as in the previous study by Parks et al., the clus-
ter size determines at which reaction step the transition from the
first to the second reaction regime occurs. With the exception
of Tajy and Ta}; (Figure 5), the transition shifts to a larger oxy-
gen content. Accordingly, larger clusters exhibit more oxidation
steps in the first reaction regime. In a spherical cluster the ra-
tio of the surface to volume is proportional to 7 3. As crude as
this approximation may be for smaller clusters, the ratio of oxy-
gen atoms (x) at the transition reaction step to the cluster size
(n) scales linearly with rf% (see Figure 5 b). Thus, the amount
of oxygen reacted in the first regime correlates with the cluster
surface. The cluster surface is given by the amount of accessi-
ble Ta-Ta bonds and therefore determines the amount of oxygen
molecules that can dissociate and bind as oxygen atoms bridging
over said bonds. However, as mentioned beforehand, electronic
effects could also cause this behavior. In both cases, as the re-
action progresses the bare cluster surface becomes saturated (i.e.
an equivalent of passivation occurs on the nanoscale). At that
point the reaction mechanism changes and additional oxygen at-
taches as intact molecules which is the reaction pathway in the
second reaction regime. Since the oxidation seems to occur only
on the cluster surface, the composition of the observed reaction
products is different from metal oxide clusters formed inside of a
laser vaporization source as such clusters contain a metal-oxide

core. 40

5 Summary

The reaction of cationic tantalum clusters (Ta,f, n = 13 —40) with
molecular oxygen is studied under multi-collision conditions at
several temperatures. All investigated cluster sizes are quickly
oxidized in several consecutive reaction steps by the uptake of
O, units. The reaction eventually yields a specific tantalum oxide
cluster species, Ta, O, for every cluster size. The kinetic evalua-
tion supplies rate constants and apparent activation energies for
each reaction step. The existence of two regimes with different
reaction mechanisms is observed, as rate constants and activation
energies start to rapidly drop at the same, size-dependent reaction
step. For n = 20 the first regime covers the consecutive reactions
from Taj; to Ta,yO;;. There, the reaction progresses the fastest
and apparent activation energies of 0.3-0.4 kJ/mol are found. It
is concluded that in the first regime the oxygen molecules quickly
dissociate on the cluster surface, hindering the back reaction (i.e.
an evaporation of O, molecules). In the second reaction regime
(e.g. from Ta,,0{, to Tay,05) the apparent activation energies
consecutively decrease, even to small negative values, and the
rate constants decrease simultaneously. The adsorption of intact

This journal is © The Royal Society of Chemistry [year]

0O, molecules on the tantalum oxide cluster surface in the second
regime may require less activation energy (compared to the O-O
bond cleavage) while the back reaction is still facilitated. As a
consequence a lowering of the overall reaction rate is observed.
Furthermore, the transition to the second regime occurs at later
oxidation steps for larger clusters and the amount of oxygen re-
acted up to this point can be related to the surface-to-volume ra-
tio. Consequently, we propose that the cluster surface is oxidized
in the first regime and the subsequent interaction with additional
oxygen molecules is less strong, leading to the adsorption of in
tact O, on the oxidic surface.
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