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ABSTRACT

Resonant and non-resonant multiple photon excitation of small tantalum and tantalum oxide clus-
ters, TapOpm (N = 4-15,m = 0, 1,2) isshown to lead to thermionic emission and the production of the
corresponding cationic clusters. In this way, we have recorded mass-resolved photoionisation spec-
tra in the mid-infrared using the intense free-electron laser for intracavity experiments (FELICE). All
spectra exhibit a broad non-resonant band with lower thresholds around 800 cm~" whose efficiency
increases to higher wavenumbers as fewer photons are required to reach the ionisation threshold. In
addition, the neutral oxide clusters have strong resonant absorptions feature assigned as the oxide
symmetric stretching mode, and their infrared spectra are very similar to those reported previously
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for the corresponding cationic clusters, Ta,On, T, recorded by infrared multiple photon dissociation.
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1. Introduction

Refractory metals (W, Nb, Ta) exhibit physical and photo-
chemical properties unusual amongst the transition met-
als, being typically hard, with high melting points and low
work functions. Tantalum has a particularly high melting
point (3290 K) [1] and density (16.6 g/cm3) [1], as well as
awork function of just 4.352 £ 0.001 eV (211 crystal) [2].
These metals undergo thermionic emission at high tem-
peratures while preserving structural stability giving rise
to their application as cathode materials in electron emit-
ting devices such as filament bulbs, electron microscopes,
and electron ionisation sources [3].

Isolated metal clusters represent attractive models
systems to understand the evolution of physical and
electronic properties with cluster size [4]. Tantalum
clusters show strong catalytic activity/molecular activa-
tion towards a number of small molecules, as reviewed
by Heiz and coworkers [5]. Notably, even at cryo-
genic temperatures, cationic tantalum clusters (Ta,™)
dissociate multiple N, molecules forming polynitrides
(TayNo4T), despite no such reaction proceeding on
bulk tantalum [6,7]. The reactions of the monomer
cation, Ta™, towards small hydrocarbons (particularly
CHj4) have been studied extensively by the groups of
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Freiser [8], Beauchamp [9], Maitre [10] and Armentrout
[11] in selected ion flow tube (SIFT) and guided ion
beam (GIB) studies. More recently Meyer and co-workers
have studied the reactions of Tat with CHy [12,13] and
CO;, [14] in crossed-beam experiments employing veloc-
ity map imaging detection. In both cases the reaction
is endothermic on the ground state >Ta™ surface and is
believed to proceed via surface hopping to a low-lying
3Ta% surface, thus representing an example of two-state
reactivity [13,15].

Small refractory metal clusters have also been stud-
ied spectroscopically. Hackett et al. used non-resonant
single (220 nm) and two-photon (351, 308, and 248 nm)
excitation to explore competing photoionisation and
photofragmentation processes in W,,, Ta,, and Nb,, clus-
ters [16,17]. This work was extended to investigate
delayed photoionisation, establishing both the vibra-
tional temperatures of the clusters and the delayed
ionisation kinetics [18]. Bernstein studied the single-
photon ionisation of niobium and tantalum oxide clus-
ters at different UV/VUV wavelengths and also observed
delayed fragmentation [19]. Thermionic emission has
been observed in cationic refractory metal clusters.
Janssens and coworkers characterised radiative cooling
and photofragmentation effects in Nb,™ (n = 8-22)
clusters [20] and broad, non-resonant absorption
and/or photofragmentation was observed in spectra
of [Tag(N2)3—s5]", Taj;+, TagO1—»T and Ta;;Op—*
recorded by Niedner-Schatteburg [7] and some Ta,™
(n =6-20) and Ta,Op—," (n=6-11) clusters by
Fielicke et al. [21,22]. Rich electronic structure around
the dissociation threshold makes accurate determination
of cluster oxide ionisation energies challenging [23,24].

Structurally, refractory metal clusters have been stud-
ied by matrix isolation IR spectroscopy (Tas) [25]
and, especially, by infrared multiple photon dissocia-
tion (IRMPD) studies, typically with free-electron laser
infrared sources [4]. In each of these cases, the light
source and process of ionisation leads to a number of
similar spectroscopic processes variously known as IR-
induced thermionic emission, IR- (resonance enhanced)
multiple photon ionisation (RE)MPI and IR photoioni-
sation, as well as IR(M)PD. Fielicke et al. have reported
a series of fundamental IRMPD studies of Nbs_o%/+
[26], NbgAr;—4® [27], Nby_gO4—20" [28], Tag—20™
and Tag_1;00—»7 clusters [21,22]. Bakker and cowork-
ers applied similar techniques to larger niobium clus-
ters, Nbs_y0 [29] (observing resonant far-IR driven
thermionic emission), as well as the corresponding car-
bides, Nb,C,, [30]. The same group investigated the
effect of IR excitation prior to UV photoionisation [31].
We have also characterised the clusters of TaO,(CO,),
complexes by IRPD [32]. Typically, spectroscopic studies

of this kind are assigned using structures and proper-
ties from density functional theory (DFT) simulations
[33,34,35]. Ta and other refractory metals immediately
form 3D structures from n > 4, and adopt bcc-like
arrangements similar to the bulk [34].

The reactivity of refractory metals and their propen-
sity for forming surface nitrides and oxides, raises
the work function of the bulk material poisoning the
thermionic emission capabilities required for electron
emitting devices [3,36]. Hence, tantalum electron sources
typically operate at high temperature and under high vac-
uum. Better characterisation of the nitrides and oxides
may present avenues for cathode designs that leverage
these unique properties.

Here, we present a combined mass spectrometric
and free-electron laser multiple photon ionisation study
of neutral tantalum clusters and their oxides (Ta,O,;;
n = 4-15,m = 0, 1, 2). The overall ionisation process is
greatly enhanced in resonance with an optically allowed
(vibrational) absorption making the ionisation yield use-
ful for action spectroscopy. We interpret the results
using corresponding known spectra and structures of the
cationic clusters [35] as well as DFT calculations.

2. Experimental and computational methods

The experimental work presented here was undertaken
at HFML-FELIX in the Netherlands using the molecu-
lar beam instrument coupled to the Free-Electron Laser
for Intra-Cavity Experiments (FELICE). The end station
has been described in detail previously [37,38]. In brief,
metal clusters are generated utilising a purpose-built laser
vaporisation source with a rotating tantalum rod housed
in a 60 mm long, 3 mm diameter clustering channel. The
rod is ablated by a pulsed Nd:YAG laser (20 Hz, ca. 20-30
m]/pulse) in the presence of a pulsed expansion of a
10% Ar in He gas mixture. Once formed, clusters enter
a 45mm long cooling channel with a final 0.7 mm con-
verging—diverging nozzle whose temperature was main-
tained in these experiments between 213 and 223 K using
a cartridge heater and flowing liquid Nj. It is assumed
that clusters thermalise to this temperature before final
expansion creating a molecular beam. To generate
Ta,O, species, 5% O, in He is introduced directly
into the clustering channel via a secondary pulsed
valve.

The resulting molecular beam, with neutral Ta, O,
clusters entrained, is skimmed and intersected with an
infrared pulse from FELICE before charged clusters
are extracted into a reflectron time-of-flight (ReToF)
mass spectrometer. The FELICE beam consists of 10
ps macropulses comprising ps-long micropulses each
separated by 1ns, with a transform-limited spectral



width amounting to about 0.7% of the central fre-
quency (FWHM). The peak intracavity macropulse
energy (reconstructed from a fraction of light outcou-
pled) during these experiments was 0.86 J at 1300 cm™!.
To exclude cationic clusters produced by the (grounded)
source, the skimmer was typically held at +100V. To
account for long-term source drift in the generation
of the neutral clusters, an ArF eximer laser (193 nm,
10Hz) is pulsed on alternate gas pulses to the FELICE
beam to record single photon ionisation reference mass
spectra. IR photoionisation spectra are recorded as rel-
ative enhancement cross-sections of Ta,O,,T species as

a function of photon energy (¢ = %ﬁf;; where ¢ is the
macropulse photon flux, Ny is the mass spectrum inten-
sity with the FELICE beam and Nj is the reference mass
spectrum intensity following 193 nm ionisation).

To complement the experimental spectra, energet-
ically low-lying cluster structures are calculated with
density functional theory using UB3P86/def2TZVP [39]
methods in Gaussian16 [40]. The UB3P86 functional is
chosen for its low computational cost and demonstrated
performance in cluster calculations in previous work
from both this group [38,41,42] and others [43]. Liter-
ature structures for Ta,_14 were used as initial structural
starting points [35], reoptimised and their harmonic
frequencies calculated. For oxide doping, the stochastic
Kick® algorithm is used to decorate the surface of the clus-
ter, with sufficiently large sampling and reoptimisation
yielding optimised structures [44].

3. Results and discussion
3.1. Time-of-flight mass spectra

Figure 1 shows the representative mass spectra of
Ta,*/Ta, O, cluster ions generated (a) directly in the
source itself and (c) by multiple photon infrared ioni-
sation of neutral Ta, clusters using the FELICE beam.
Applying a potential of 100 V to the skimmer completely
eliminates cationic clusters formed in the source region
as shown in Figure 1(b). Cluster cations formed in the
source region include a strong Ta* monomer signal and
a variety of oxides and Ar-tagged clusters (incl. TasO™,
TasArT, TasOAr™, TasAr, T and TasOAr, T as shown in
the inset). The mass spectrum in panel (a) shows decreas-
ing ion intensities with cluster size typical of cluster
growth.

The signals observed in Figure 1(c) are the focus of
this study. The 4100 V potential of the skimmer prevents
cations from the source making it to the detection region.
The ions observed are therefore produced from the effect
of the FELICE beam on neutral Ta, O,, species in the
molecular beam. The spectrum shown in Figure 1(c)
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Figure 1. Tantalum cluster mass spectra produced by ablation of
Ta metal in the presence of trace O, in 10% Ar in He. (a) Cationic
species produced in the source itself, (b) shows that applying
100V to the source skimmer prevents cations from the source
entering the detection region. (c) Strong cationic cluster distribu-
tion arising from infrared ionisation of neutral Ta,Op, clusters in
the presence of the FELICE beam.

is a composite mass spectrum recorded as FELICE is
stepped in 20cm™! intervals between 1700 and 1800
cm™! but similar spectra are recorded at a wide range of
wavenumbers as shown in Figure S2 which also shows the
one-photon photoionisation mass spectrum at 193 nm.
The Ta,O,," cluster size distribution in Figure 1(c) dif-
fers markedly from that in Figure 1(a) for cluster cations
produced in the source and arise from multiple photon
absorption followed by thermionic emission from neutral
clusters. This distribution is assigned to intense Ta,, ™ and
weaker Ta, O, (m = 1-3) clusters. With typical ionisa-
tion energies of several eV (e.g. 5.78 eV for Tay) [17], it is
clear that, in this FELICE energy region, very many pho-
tons (> 25) are required to reach the ionisation energy
and probably many more to achieve ionisation rates
exceeding 10° s~! needed to detect ions in the experi-
mental time window. However, the absorption of large
numbers of photons is facilitated by the micro-macro
pulse nature of the FELICE light source with its ps-long
pulses separated by 1ns during which IVR can occur.
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The ions we detect are believed to be formed by a mul-
tiple photon ionisation followed by thermionic emission
mechanism as observed previously in fullerenes [45], as
well as niobium clusters [29] and metal carbides [46]

Tay + nhvig — Tat — Tal +e”,

though we cannot rule out the possibility of additional,
dissociative ionisation and fragmentation processes, and
their combinations.

The onset of the cluster signal from # >4 in
Figure 1(c) reflects the rapid drop in ionisation energy
(IE) from the atomic Ta (7.549 eV) [47] to Tag (5.78 V)
[17] and the commensurately smaller number of photons
required to reach the IE. A weak odd-even intensity alter-
nation in Ta,* signals is observed in Figure 1(c) (and in
similar spectra in Figure S2) which reflects the lower IE
of odd n clusters due to their open shell (radical) nature.
The Tag™ signal is particularly low compared with Ta; T,
Ta9+.

Each of the Ta,™ time-of-flight peaks in Figure 1(c)
exhibits a significant tail towards higher m/z ratio (see
inset, clearest for Tas_10 ™), which is absent in Figure 1(a).
We attribute this tail to delayed ionisation before or dur-
ing ion extraction [16].

3.2. Infrared action spectra of Ta,, and Ta,, O clusters

The infrared multiple photon ionisation/thermionic
spectra of the pure Ta, clusters are shown in Figures
S4-S6. Each spectrum is a smooth featureless band with
onset in the 700-900 cm™! region and increasing inten-
sity to higher wavenumber. The intensity alternation
between odd (stronger) and even (weaker) n clusters is
clear in Figure S4 reflecting the relative ionisation ener-
gies. This is consistent with a mechanism involving mul-
tiple IR photon absorption followed by thermionic emis-
sion, the rise at higher wavenumber reflecting the fact
that fewer photons are required to reach the IE. Spec-
tra become less reliable beyond 1100 cm™! due to the
rapidly reducing fluence of the FELICE beam (Figure S1).
Similar broad featureless bands have been observed have
been observed previously in Tast [7], Aujo + [41] and
Cog T Kr [48], and have been rationalised by the presence
of low-lying electronic transitions supported by TD-DFT
calculations, however the presence of such states has not
been explored as part of this work.

Figure 2 shows the more interesting photoionisation
spectra of Ta, O (n = 4-13) clusters, generated by intro-
ducing an O, seeded gas mixture into the clustering
channel via the secondary valve, and measured in the
appearance channel of Ta,O . Each spectrum is nor-
malised to the intensity of the same cluster signal in

the (assumed) single photon UV ionisation mass spec-
trum. As with the neutral clusters, the photoionisation
signals are stronger for the Ta,, O™ (1 0dd) clusters reflect-
ing their lower ionisation energies. The 6.42 eV ArF UV
pulse may not be appropriate for normalising for the
smallest clusters whose ionisation energies are the largest.
For n > 2 the jonisation energy (IE(Taz0)) is 6.22eV
(see Table S1), but for TaO it is markedly higher (8.61 eV)
[23]. Panel (a) in Figure 2 shows the minimum number
of IR photons required to achieve the known IE of Ta4O,
ranging from 40 to 120 depending on the photon energy.

As with the pure Ta, clusters, each spectrum except
TayO exhibits a broad non-resonant increase in ion
signal from > 800 cm™! upwards. However, in addi-
tion, each spectrum exhibits an intense spectral band
650-700 cm ™! which is assigned to oxide vibrational
structure. Indeed, the spectra show remarkable similar-
ity to those of the cationic Ta, O™ recorded by IRMPD by
way of argon-tagging [22]. Enhancement of the absorp-
tion cross section by resonance with an IR active vibra-
tional mode facilitates IR absorption enhancing the clus-
ter ion yield. As a result, the mass spectrum recorded with
FELICE set at 675 cm™! shows much stronger Ta,O,,*
(m > 0) oxide signals (see Figure S3, supporting infor-
mation) despite significantly higher ionisation energies
[49].

The similarity to the spectra of the corresponding
cationic Ta,O,, clusters is highlighted in Figure 2
in which we indicate the spectral band positions for
the bridged oxide asymmetric stretch (blue), symmetric
stretch (red), and asymmetric stretch overtone (green)
of the corresponding Ta, O™ (i.e. cationic) rare-gas tag-
ging action spectra reported by Fielicke et al. [22]. Each
spectrum includes a prominent resonant feature at ca.
700 cm™! assigned to the symmetric stretching mode of
the oxide on the surface of the cluster. This band redshifts
slightly with increasing cluster size from 700 cm™! for
n = 410650 cm™! by n = 12 and there is some evidence
of structure within this band, especially for the smaller
clusters which may indicate the presence of multiple
isomers.

Just as Fielicke et al. reported for the cationic clus-
ter, in the spectrum of Ta;O, we observe the overtone of
the asymmetric oxide stretch at 870 cm™!, however the
current spectrum does not show signal below 500 cm™!
where the fundamental was observed in the earlier study.
We do not observe the overtone feature reported by
Fielicke et al. in Ta;pO™ in our spectrum for Ta;O,
but it may be enveloped by the non-resonant feature.
Both the normalised ion signal and the signal-to-noise
ratio improve with larger cluster size. Notably the rela-
tive intensity of the oxide vibrational feature decreases
markedly relative to the unresolved signal > 800 cm™!
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Figure 2. Multiple photon IR photoionisation action spectra of Ta,O (n = 4-13) measured in the appearance channel of [Ta,0]*. Panel
(@) includes a minimum number of IR photons required for non-resonant photoionisation of Ta;O. The wavenumbers of literature vibra-
tions of the bridged oxide asymmetric stretches, symmetric stretches and overtones of the asymmetric stretches in Ta,O™" are marked in

blue, red, and green respectively where available [22].

as n increases with the oxide mode hard to discern in
the Ta;30 spectrum. The TasO spectrum (Figure 2a)
shows no evidence of a non-resonant background sig-
nal. Taken together this suggests that, in addition to the
variation in ionisation energy, the increasing vibrational
density of states plays a role in the ultimate efficiency of
the thermionic emission process in the broad unresolved
spectral feature.

Figure 3 presents a comparison between the exper-
imental photoionisation spectra and simulated vibra-
tional spectra for the putative ground state structures of
Ta,O (n = 6, 9 and 10) generated from unscaled DFT
harmonic frequency calculations. All structures are low
spin and, in most cases, the lowest energy binding motif
for the oxygen atom is in a bridged site, which can be
seen in Figure 3 (a) (TagO) and (b) (TagO). For Ta;oO,
however, the lowest energy structure exhibits the O-atom
in a three (Ta-) atom binding site (face-bound), with
similar stretching modes to the corresponding bridged
oxygen and the bridge binding site a slightly higher
energy structure (Figure 3(c)). The observation of two
bands in the spectrum may indicate the presence of a
higher energy isomer/conformer (0.14 eV above the cal-
culated global minimum) in the beam as shown. We
can confidently assign the band to the stretching mode
of the bridged oxygen. The secondary feature in the

experimental spectrum could also be to an overtone or
combination band of fundamentals < 500cm™! though
no such band was observed in the corresponding Ta;oO™
spectrum in this region. The face-bound structure of
TagO cluster lies much higher, at 0.43 eV above the puta-
tive global minimum and no such structures were found
for TagO.

Several of the computational spectra also show a
weaker feature to the red of the main peak ( < 500 cm™!)
not observed in experiment corresponding to the asym-
metric stretch of the bridged oxygen where vibrational
bands were observed in previous IRMPD spectra of the
cation clusters (marked in blue in Figure 2) [22]. This
same mode is also present in calculated structures for
TagO but, as in the corresponding Nb,, spectra [29], the
higher symmetry of the Tag octahedron leads to neg-
ligible oscillator strength. In lower symmetry clusters
the change in local charge density from O-atom motion
induces a larger change in dipole moment.

3.3. Infrared spectra of Ta,, O, clusters

Figure 4 shows the photoionisation spectra of Ta, O,
clusters. These spectra exhibit similar features to the
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Figure 3. Comparison of experimental IR photoionisation spectra and linear IR absorption spectra of (a) TagO, (b) TagO, and (c) Ta10.
Simulated spectra are generated from UB3P86/def2TZVP unscaled harmonic frequency calculations and convoluted with Lorentzian line

profiles FWHM = 8cm™").

corresponding Ta,O clusters with strong oxide vibra-
tional bands and broad non-resonant features to higher
wavenumber (> 800 cm™!). In this case the vibrational
modes comprise more complex in- and out-of-phase
asymmetric oxide stretches, and a pair of in-phase sym-
metric oxide stretches.

Once more the spectra of the neutral clusters closely
mirror those of the cationic analogues recorded in
IRMPD. Figure 4 indicates vibrational features (asym-
metric stretch in blue, and symmetric stretch in red)
identified in the spectra of Ta,O, " by Fielicke et al. [22].
Again, we have compared unscaled harmonic frequen-
cies from DFT calculations with experimental spectra in
Figure S8 (Supporting Information). As an example, the
Ta;0O; cluster is best described as a pentagonal bipyra-
mid and TagO; has two additional Ta atoms adjoining
the two of the upper faces. Here the two bridged oxy-
gen atoms are bound equatorially in both cases. In TagO,
the O-atoms sit directly opposite the two additional Ta
atoms with the motion of one (at the 2-3 position) induc-
ing a larger change in dipole moment than that in the
3-4 position. The resulting calculated frequencies of the
in-phase symmetric stretches are then 684 and 653 cm™!
respectively, which agree very well with the experimental
spectrum in which they are unresolved. As with Ta, O, the
asymmetric stretches below 550 cm™~! are weaker and are
not observed in our spectra.

4. Summary and conclusions

Multiple photon absorption resulting in thermionic
emission has been used to record the infrared spec-
trum of small neutral tantalum and tantalum oxide clus-
ters with size-selectivity. Broad non-resonant absorp-
tion leads to an intense but unresolved feature in the
spectra of all clusters which has a low energy thresh-
old around 800 cm™! and which grows in more strongly
as the photon energy increases. In addition, the oxide
clusters show clear and strong enhancements from reso-
nance with oxide vibrational bands, most notable around
700 cm ™!, consistent with more efficient photon absorp-
tion. Hence, this method provides an alternative action
spectroscopy in which detection of the cation cluster pro-
vides information on the structure of the corresponding
neutral. The bands observed in the cluster oxide spectra
are remarkably similar to those in the IRMPD studies of
the corresponding cation clusters recorded by inert gas
tagging [22].

Many tens of infrared photons are required to
excite these clusters, thermalised in the source to
T = 213-233 K, to their respective ionisation thresholds.
Nevertheless, the pulse train temporal structure of the
FELICE beam, coupled with the high intracavity flu-
ence, make it near ideal for these purposes. Having been
observed previously for resonant far-infrared excitation
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Figure 4. Multiple photon IR photoionisation action spectra of Ta,0; (n = 6-15) measured in the appearance channel of Ta,0,*. Blue
and red dashed lines mark the frequencies of the bridged oxide asymmetric stretches and symmetric stretches, respectively, in Ta,0, ™

from Ar-tagged IRMPD studies [22].

in numerous examples [29,46,50], this multiple photon
induced thermionic emission is a universal property of
refractory metal clusters and offers a route to study both
geometrical and electronic structures.
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