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ABSTRACT

We investigate small tantalum clusters Ta,*, n = 24, for their capability to cleave N, adsorption spontaneously. We utilize infrared photon
dissociation (IR-PD) spectroscopy of isolated and size selected clusters under cryogenic conditions within a buffer gas filled ion trap, and
we augment our experiments by quantum chemical simulations (at DFT level). All Ta,* clusters, n = 2-4, seem to cleave N efficiently. We
confirm and extend a previous study under ambient conditions on Tay™ cluster [Geng et al., Proc. Natl. Acad. Sci. U. S. A. 115, 11680-11687
(2018)]. Our cryo studies and the concomitant DFT simulations of the tantalum trimer Tas" suggest cleavage of the first and activation of
the second and third N, molecule across surmountable barriers and along much-involved multidimensional reaction paths. We unravel the
underlying reaction processes and the intermediates involved. The study of the N, adsorbate complexes of Tas* presented here extends our
earlier study and previously published spectra from (4,m), m = 1-5 [Fries et al., Phys. Chem. Chem. Phys. 23(19), 11345-11354 (2021)], up to
m = 12. We confirm the priory published double activation and nitride formation, succeeded by single side-on N, coordination. Significant
red shifts of IR-PD bands from these side-on coordinated y,-kN:kN,N N, ligands correlate with the degree of tilting towards the second
coordinating Ta center. All subsequently attaching N, adsorbates onto Tas* coordinate in an end-on fashion, and we find clear evidence for
co-existence of end-on coordination isomers. The study of stepwise N, adsorption revealed adsorption limits m(may of [Tan(N2)m]* which
increase with n, and kinetic fits revealed significant N, desorption rates upon higher N loads. The enhanced absolute rate constants of the
very first adsorbate steps k™ ) of the small Tas™ and Tas* clusters independently suggest dissociative N, adsorption and likely N, cleavage
into Ta nitrides.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157217

INTRODUCTION It warrants to undertake knowledge driven research on the
underlying processes which comprise the catalytic N, conversion,
and much of the previous efforts in this regard have led to an

The natural nitrogen cycle consists of constant transforma-
award winning picture.” ' It is subject of ongoing research, and fur-

tion of nitrogen between the earth’s atmosphere, water, soils and
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biomass, and it is subject of anthropogenic interference that requires
careful management strategies of the nitrogen budget.”* The indus-
trial ammonia production from N, and H, is expensive in terms of
energy consumption,’ " yet irreplaceable, and at present it requires
high amounts of fossil fuels as feedstocks. There are various proto-
cols of NHj3 synthesis, and among them the Haber-Bosch process is
most prominent.

ther optimization is mandatory.'”"” There are some comprehensive
reviews that provide an overview of the current state of N, split-
ting reactions and follow-up nitrogen transfer reactivity proofs for
a variety of transition metal (TM) and lanthanoid complexes.”’”’ It
was recognized that the N, coordination mode correlates with the
propensity of N» functionalization, which in turn requires prior N,
cleavage.'” An auspicious site for N activation seem to originate
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from isolated tantalum atoms on silica surfaces,'® and an N, side-on
coordination seems critical.””

TM clusters receive ongoing attention as model systems for
the study of elementary processes of catalytic relevance.”’ ** Bare
transition metal clusters of V, Gd and Sc are known to cleave N,
spontaneously.”” ” Some homo- and hetero-metallic carbides were
found to cleave N, and achieve C-N bond formation.”® >’ Lithium
doped TM complexes were also found to activate N».*

Tantalum clusters are susceptible to oxide formation by O,
and CO,,°’"*? and the stoichiometry of their oxides is known to
affect N, uptake.” Similar effects and size dependencies arise in
reactions with methane.””” Some prior studies on small tanta-
lum clusters provide for evidence of dissociative N, adsorption.
Geng et al. described the dinitride formation by Ta,” and Ta,NN*
and elaborated crucial steps of the N, activation process by the
tantalum dimer clusters.”’° DFT modelling predicted N cleav-
age by neutral and anionic trinuclear tantalum clusters,””* and
there is further DFT modelling and some N, desorption experi-
ments on small tantalum clusters, which supported conceivable N,
cleavage.”"

While all of the above gained insights stem either from mass
spectrometric experiments and/or quantum chemical modelling,
it is an obvious need to provide additional spectroscopic char-
acterization. A focus on cluster vibrations seems fertile. Inelastic
electron scattering off N, layered Fe surfaces has proved valu-
able in this regard, and it helped to identify a characteristic
1555(30) cm™! feature as fingerprint of a likely precursor to N
dissociation while definite structural information remained sparse
due to the limited spectral resolution.”""* Infrared photon dissoci-
ation (IR-PD) spectroscopy may serve to complement, in particular
when applied to isolated clusters and their complexes. Several stud-
ies utilized free electron lasers (FEL) and achieved similar or slightly
better resolution.” " It is the table top sized Optical Parametric
Oscillator (OPO) technology which augments FEL based research,
and it enables the recording of sometimes better resolved spectra
(£5 cm™) of e.g. isolated cluster adsorbate complexes, and this
method is widely applicable and well established much beyond TM
cluster research by now'”*° In any case it is the quantum mechanical
modelling - appropriately conducted by DFT base methods — which
takes the quest for explicit reaction path modelling of such gas phase
reactions of isolated species, and for identification of participating
intermediates, electronic states, barriers and crucial transition state
geometries.n‘;’k‘SN

Experimental results from such IR-PD vibrational spectra of
Tan™ clusters, n = 6-20, complemented by theoretical modelling
provide for the geometries of these clusters, their relative stabilities
and electronic properties.‘;‘)“’” A 2022 perspective summarizes recent
progress in the field of nitrogen activation by metal species in the
gas phase, but also shows that a systematic understanding of clus-
ter reactivity and N activation and functionalization is lacking to
date.”

Our current studies pick up this prevailing deficiency. We
complement our prior study on Tas*? and thereby clarify the
overall picture by a systematic study of N, on small tantalum
clusters Ta,™, n = 2-8. We have reacted these clusters with N,
at 26 K and recorded IR-PD spectra of the adsorption species
[Tan(N2)m]*, similar to our earlier studies on Ni, Rh, RhFe and Fe
clusters.””"

ARTICLE pubs.aip.org/aipl/jcp

In the present study [IRS1] we discuss the N, adsorption onto
the three smallest cluster Ta,4". In the adjoined IR-PD study [IRS2]
we present findings for the N, adsorption onto the larger clusters
Tass". The findings of both studies, which we refer in the follow-
ing as [IRS1] and [IRS2], respectively, find strong support through
our complementary cryogenic kinetic study (cf. supplementary
material). The combination of IR-PD measurements and DFT mod-
eling with kinetic studies provides insights into the processes and
structures involved in the adsorption, activation, and subsequent
cleavage of the first few adsorbed N, molecules by Tay.4 . Further-
more, we gain insight into the coordination motifs and structures
of the clusters with additional N, molecules, adsorbed on the small
clusters after nitride formation.

EXPERIMENTAL AND COMPUTATIONAL METHODS

All experimental results presented were recorded using a cus-
tomized Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer. (Apex Ultra, Bruker Daltonics). This FT-ICR instru-
ment is used to generate cluster ions, select them by size, and
coordinate them with N,. The investigation of the respective cluster
adsorption species is performed by mass spectrometry and infrared
photon dissociation (IR-PD) spectroscopy. We refer to some of our
previous publications for a detailed description of ion generation
and N, adsorption process on TM clusters.”***>""" Text S3 in
the supplementary material also provides a comprehensive descrip-
tion, especially for Ta, ™ clusters. According to the routine described
there, the ions are trapped in a RF hexapole ion trap and detected
in the cryogenic (~10 K) FT-ICR trapping cell. In this ICR cell, the
respective cluster adsorbates are irradiated with a tunable IR laser
system (1200-2400 cm™!, of. Fig. S1 for a laser power curve). Abso-
lute values of the DFM frequencies were derived from the online
monitored OPO signal frequencies (continuous online wavemeter
monitoring, Bristol Instruments, 8721B-NIR) and the pre-recorded
value of the Nd:YAG frequency. A full description of the details of
the laser system and its parameters can be found in the attached
infrared spectroscopy study of Tass™ cluster [IRS2]. We record a
series of fragmentation mass spectra during continuous scanning of

the IR wavelength and evaluate the fragmentation efficiency of the
ment and parent ion signals. Finally, we obtain the IR-PD spectra
for each species by plotting the fragmentation efficiencies as func-
tions of the laser frequencies. For all irradiated species, N, loss was
the only fragmentation channel observed.

We performed density functional modelling, geometry opti-
mization and vibrational analysis using the program packages Gaus-
sian 09”' and Gaussian 16 suite.”” The functional PBEO"""* along
with the Def2-TZVP basis set””’® were applied for all atoms in (4,m)
cases, and the Def2-TZVP basis set’> for N atoms and cc-pVTZ-
pp basis set’” for Ta atoms in all (2,m) and (3,m) cases. We justify
our choice of theory level by continuity with previous studies that
have succeeded in predicting N adsorption before”"*”***7% _ par-
ticularly for the adsorption, activation, and cleavage of N, on Tas™
clusters.” In all cases, we tolerated a relaxed SCF convergence crite-
ria of 107° (as compared to 107 in “standard” DFT calculations)
in order to achieve SCF convergence. All stationary points were
checked for no and one imaginary frequency in cases of minima

measured IR-PD signals: frag. eff. = F; and P; as frag-
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and transition states, respectively. All conceivable isomers were opti-
mized to stable minimum structures, and the most stable one was
regarded as global minimum. Reaction paths were searched for by
QST2/3"”°" and after location and optimization of the transition
states calculated along the Intrinsic Reaction Coordinate (IRC).5#
To better compare our results for the cleavage of N, on Ta,™ with
the results of Geng et al.' we also performed DFT modeling for
the activation pathway with B3LYP hybrid functional,”** cf. Fig.
S4. We applied a scaling factor of 0.9736 to the recorded IR-PD
spectra of the cluster species (4,m), in order to account for the pre-
vailing anharmonicities. Tables of unscaled IR-PD frequencies for
all cases are documented in the supplementary material. Predicted
and scaled IR frequencies were convoluted with gaussian profiles of
fwhm = 5 cm™ in order to compare to the experimental IR-PD
spectra.

DISCUSSION AND RESULTS

In addition to kinetic measurements [provided and discussed
in the supplementary material (cf. Text S2 ff.,, Fig. S14 ff. and Table
S26 ff.)], we extended our studies of N, adsorption on Ta, " clusters,
n = 2-4, by IR-PD spectroscopy measurements of the N, adsorbates
of these clusters under adiabatic conditions in the ion trap. Fur-
ther IR-PD spectroscopy investigations of N, adsorption on Ta,*
clusters, n = 5-8, can be found in our adjoined infrared study [IRS2].

We found a concise variation of recorded IR-PD features as
a function of the Tantalum cluster size and of Nitrogen adsorbate
loading. It is straightforward to assign these features to vibrational
bands of the adsorbed N, chromophore. Frequent IR-PD features, in
the majority of cases, locate in the range of 2000-2350 cm™". These
features are fingerprinting N, moieties that correspond most likely
to end-on adsorbates to single Tantalum centers with little to no
interaction to other centers. This interpretation is in line with pre-
viously reported cases for Fe, ™, Con*," Ni,©,%2% Ruy,,% Rhy ™70
and even Tas".? In several cases, we obtained IR-PD bands in the
range of 1300-1700 cm ™. In all cases but (4,3) these bands occur in
addition to the afore mentioned ones.

The recorded IR-PD patterns distinguish by n, the Ta," cluster
size, in a remarkable way, and for a given n, they vary by m, the
amount of N, adsorbate loading. We choose to organize the (n,m)
matrix of IR-PD spectra in discussing these by given n per chapter
one after the other.

[Taz(N2)m]*

First, we consider in detail the IR-PD spectrum of the small-
est tantalum cluster adsorbate of the (n,m) matrix - the tantalum
dimer species [Ta>(N2)1]*: (2,1). In the range of 1900-2400 cm!
we observe no structured IR-PD signal (Fig. S2). This was to expect
in view of previous DFT results which suggest swift activation of N
upon encounter to Ta,*." The resulting Ta-N stretching mode falls
outside the available photon range of our current study. Neverthe-
less, we can confirm the claim that Tay™ adsorbs an N, molecule
that is not terminally bound to the Ta,” dimer in an end-on
coordination” by noting the absence of experimental vibrational
bands for (2,1) in the corresponding wavenumber range.

The work of Geng et al.' describes the initial formation of
a “side-on/end-on binding mode” of the Ta,* N, complex as a

ARTICLE pubs.aip.org/aipl/jcp

barrier-free process. Our own DFT modelling confirms an equiv-
alent pp-kN:kN,N coordination for the cases of Tas* (see later in
this work) and Tas™ (previous work?). However, in all three cases of
Ta, ', Taz™ and Tas™, we find an initial N, end-on coordination and
an additional barrier towards the p,-kN:xN,N motif (side-on/end-
on binding mode). In the supplementary material (cf. Fig. S4) the
reader finds a direct comparison of our results and those of Geng
et al., both conducted with the same DFT functional (B3LYP).

Both employed DFT functionals, PBEO and B3LYP, predict a
bare Ta, ' dimer in a doubled state and somewhat less favorably in a
quartet state. Both multiplicities provide for reaction pathways that
run largely in parallel when computed by PBEO (cf. Fig. 1), and with
energy gaps of up to 30 kJ/mol at 12, 1) at the most. Some enhanced
barriers at TS23(, ;) and beyond in quartet states when computed
at B3LYP level of theory (cf. Fig. S3). The predicted geometries (cf.
Tables S2 and S4) of intermediates and barriers along the reaction
path are comparable to those of Geng et al.! but for the missing
entrance channel complex. In summary, a feasible and spontaneous
N, bond cleavage by Ta," seems well confirmed.

[Taz(N2)m]*

We recorded the IR-PD spectra of the tantalum trimer Tast
with up to five N, adsorbate species, (3,m), throughout a wavenum-
ber range of 1200-2400 cm™" (Fig. 2). The low yields of higher
loaded adsorbate species (m > 5, cf. Fig. S21 in the supplementary
material) hampered recording IR spectra of these.

The absence of any vibrational bands for the first three adsor-
bate complexes (3,1), (3,2) and (3,3) is striking. We have observed
such behavior before, e.g. for the cases of (2,1), cf. above, and for
(4,1) and (4,2).” It was explained by swift N, activation and cleav-
age after initial adsorption to the cluster surface. The case of (4,3)
revealed a different behavior, and it seems to constitute a peculiar
case: The third N, molecule initially adsorbs end-on to the tantalum
tetramer and subsequently tilts into a coordination motif which is
end-on and side-on across an edge of the tetramer (y2-kN1:xN1,N2).
N, pre-activation gets stuck at this point and thereby provides for
an IR fingerprint of this frozen intermediate, namely a highly red
shifted NN stretching band at 1475 cm ™. Thus, it seemed impera-
tive to check for end-on and also for side-on coordination motifs in
the cases of (3,m) species, and we chose the wavenumber range of
our IR spectroscopic investigations accordingly. We found no evi-
dence of a NN stretching vibrational band in the recorded IR spectra.
This absence of NN stretching fingerprints hints towards a likely NN
activation and a possible NN bond cleavage.

In contrast, the IR spectra of the species (3,4) and (3,5) reveal
some broad vibrational bands in the range of 2100-2200 cm™
(Fig. 2). Nevertheless, it is obvious that the broad band of (3,4) com-
prises of several partially overlapping bands, likely three of them,
peaking at about 2137, 2180, and 2204 cm™'. When the above state-
ment speculation of triple N, activation by Tas" holds, it would
be a single N, oscillator that causes the three observable bands in
the recorded spectrum of (3,4). This finding might be taken as a
strong indication for co-existing isomers, that might result from
distinguishable Ta sites and their N nitrido load. Similarly, the IR
spectrum of (3,5) reveals a clearly recognizable band pattern with
a partially resolved sub structure. Besides the broad main band at

2146 cm™! there are two narrower side bands at 2173 and 2189 cm ™.
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FIG. 1. Reaction pathway of N, cleavage by Ta,* (blue: doublet state, red: quartet state). Three submerged transitions states allow for facile stepwise N, activation which
ultimately leads to the dinitro product P, 1). Relative energies are in kJ/mol and displayed structures are those of doublet states with those of quartet states being very much
comparable. For reason of clarity, the nomenclature is presented in an abbreviated form [e.g., 11 stands for 1 1)].
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FIG. 2. IR spectra of Tag(Nz)m* [simplified nomenclature: (3,m)], m = 1-5 in the
range of 1200-2400 cm~". Note the absence of vibrational bands in the cases of
(3,1), (3,2) and (3,3). The bands in the cases (3,4) and (3,5) are significantly red
shifted with respect to the free N, stretching vibrational frequency (2330 cm~1,85
red dotted line).

These three bands might indicate co-existing isomers as well. Due
to the frequencies of the (3,4) and (3,5) bands, we assign them to
N-N stretching vibrations of N, adsorbates which likely bind end-
on to single tantalum centers - in line with previously reported cases
of Fe,*,%” Con™,% Nin*,*”"" Rhy*7" and Ru,*.%” Furthermore, one

notices at first glance that the N, adsorbate bands for (3,4) and (3,5)
are significantly redshifted with respect to the free N, stretching
vibration frequency - —119.4 cm™" and —-140.6 cm™, respectively
- which would occur at 2330 cm™'%° (Fig. 2 red line). This shift is
much in line with a sigma donor - pi acceptor synergistic model
as stated before for CO adsorption to TM surfaces - the Blyholder
model,® and as stated before for CO coordination in TM complexes
- the Dewar Chatt Duncanson model.”” We have adopted like expla-
nations before, in the course of our previous investigations of N,
adsorption to other transition metal clusters, e.g. of Fe,*,%” Con*,%
Nin "% Rhy 7 and Ru, *.%°

DFT modelling (3,0) - (3,1)

In order to obtain mechanistic insights into the N-N bond
cleavage by the tantalum triangle we undertook systematic DFT
modelling and obtained activation pathways in singlet, triplet and
quintet state (Fig. 3, blue for quintet state, red for triplet state
and green for singlet state). The naked Ta;* is high spin, quin-
tet or triplet, and less stable by 59 kJ/mol in singlet. Molecular N,
adsorption reduces this gap but keeps relative stabilities and yields
82-112 kJ/mol adsorption enthalpy by u;-kN1 end-on coordination
of N, intermediate I1(3;) and perpendicular to the Tas* trian-
gle. The 2133, intermediate on Tas*? assumes same angles but a
longer Ta-N distance, d(Tal-N1) = 2.13 in 211(4,1) as compared to
d(Tal-N1) = 2.05/2.07/2.09 A in '11(3,1y/°T1(31)/°T1(3 1). The interac-
tion of molecularly adsorbed N, with Tas* is thus somewhat more
intimate than with Tas*, while spin state effects (such as high spin
Pauli repulsion) are minor but discernible. In keeping with the prior

J. Chem. Phys. 159, 164303 (2023); doi: 10.1063/5.0157217
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FIG. 3. Reaction pathways of N, cleavage by Taz™ (green: singlet state, red: triplet state, blue: quintet state). Three submerged transitions states allow for facile stepwise
activation which ultimately leads to the dinitro product PESgem(m. Conversion via barriers into two more stable dinitro isomers PEEgem(3,1) and Pyj3.1) is possible. The
subscript abbreviations gem and vic as well as ES and EE indicate geminal and vicinal as well as edge/surface and edge/edge coordination, respectively. Further details
and the naming of these coordination motifs are more explicitly described in the supplementary material. Relative energies are in kJ/mol and geometry structures are triplet
states. Note the torsional reorganization of the AEAS mechanism from an initial in-plane p,-kN1:xN1,N2 coordination across an intact Ta-Ta edge towards perpendicular
u3-kN1:kN1,N2:xN1,N2 coordination above the Ta-Ta-Ta surface. For reason of clarity, the nomenclature is presented in an abbreviated form [e.g. I1 stands for 113 1)].

notation of Tas™ N, adsorbate complexes we denote the Il
geometry of a sigma-bonded Ny to a single Ta center as y;-kN1.

As soon as N, switches towards end-on y-kN1:kN1 coordina-
tion bridging two Ta centers, the high spin quintet state becomes
less favorable, which is much in line with our previous observation
of spin quenching by N, adsorption.”*"” For all of the remain-
ing pathway of N, cleavage the high spin quintet state runs above
and in parallel to the singlet and triplet state pathways which are
more stable, and we omit it in further discussion. The switching
step occurs through the nitrogen ligand tilting slightly towards the
neighboring Ta2 atom across the transition state TS12(3 ;). The low
barrier towards *TS12(s ) is +11 kJ/mol, and the low barrier towards
"TS12¢3y is +5 kJ/mol.

The singlet transition state 'TS12(s; invokes no re-
organization of the Tas* triangle. The triplet transition state
>TS12(3,5) achieves its low barrier by significant elongation of
the Tal-Ta3 bond and concomitant shortening of the Ta2-Ta3
bond. As N1 moves in towards Ta2, Ta3 moves away from Tal.
In order to achieve the N, bridging configuration, the seeming
“spectator” center Ta3 gives way and adopts. This works best in
triplet configuration and it nicely illustrates the concept of induced
fit among catalyst and substrate.

Beyond these transition states the further reaction pathways
divert by spin state effects: The singlet state stabilizes directly
towards the “above surface” intermediate 113(3, 1)> and there is no sta-
ble “across edge” intermediate by our DFT modelling. In contrast,
the triplet state does stabilize into an “above surface” coordinated
intermediate *12(3;) by —70 kJ/mol, which is ~59 kJ/mol below
*I1(3,). This energetics come close to the corresponding ones of the
Tas" case.” The bonding rearrangements are noteworthy: N, reori-
ents from end-on coordination into a y;-kN1:kN1,N2 asymmetric
side-on coordination across a single edge of the Ta;* triangle. This
comes with an additional N2-Ta2 interaction that occurs while Ta3
comes back towards Tal by —0.05 A. Thus, Ta3 acts almost like a
directing gatekeeper, swinging forth (cf. above) and back.

The 312(3,1) intermediate manages to continue a reaction
pathway with a reorganization from its g, coordination (across
edge) to a u3 coordination (above surface), which is labelled ys-
kN1:kN1,N2:xN1,N2. This reorganization is the crucial step of the
AEAS mechanism as observed in the case of Tast before.” The bar-
rier across > TS23(3,) is noticeably shallow (10 kJ/mol), in contrast to
the according 2T823(4,1) barrier (+58 kJ/mol). Above surface coordi-
nagion in the *I3(3 ) structure is favorable by - 53 kJ/mol with respect
to "I2).
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While spin coupling in naked Tas* favored high spin, the above
surface coordination of the pre-activated N, adsorbate enforces spin
quenching: '133 ;) is more stable than *13(3 ;) by —63 kJ/mol. Both
N; bond lengths in '13¢3 ;) and *I33,1), d(N1-N2) = 1.36 and 1.43 A,
respectively, exemplify another case of progressive N, activation,
similar to *I3(41), where N has elongated to 1.43 A as well.” The 3
coordinated N1 atom still experiences a C3 symmetry breaking influ-
ence of its N, neighbor, which makes the opposite Tal-N1 bond
[d(Tal-N2) = 1.91 A] shorter by -0.24 A than the Ta2-N1 and
Ta3-N1 bonds [d(Ta2-N2) = 2.15 A and d(Ta3-N2) = 2.15 A].

Both 'I3(3,1) and *I13(3,1) intermediates proceeds towards ulti-
mate N, bond cleavage via 1/3TS3PESgem(3,1) across a barrier of +32
and +15 kJ/mol, respectively. At the transition states the N-N bond
is further elongated by +0.25 to +0.4 A with respect to the I3 )
states, and the N-N bond gets eventually lost towards the PEsgem(3)1)
product states, which is a remarkably exothermic process in all cases
of spin states, =212 to =310 kJ/mol.

The nitride geometry of the favored *P* 3 1) product state as
displayed (Fig. 3) exemplifies singlet and quintet structures closely
with some minor differences (cf. Tables S8-S11). It possesses a
nitride atom each above the Ta triangle and across an edge (index
ES for edge/surface). The y3 coordinated N1 atom shrinks its bond
lengths towards all three Ta centers slightly by mere —0.05 A with
respect to 313(3,1). It however conserves its y3 coordination asymme-
try of about —0.25 A difference in Ta-N bond lengths as observed
in *I3(31). Thus, the C3 symmetry breaking influence of N is con-
served even while it migrates around the Ta2-Ta3 axis, and while
the pre-activated N1-N2 bond is cleaved.

In addition to the dinitro product PESgem@,l) described above,
we managed to identify two more stable [Taz(NN)]™ dinitro iso-
mers: PEEgem(3,1) and P,j,1). The former, PEEgemG,l), is characterized
by the fact that the two N atoms locate across the same edge of the
Ta3 triangle, the slightly elongated Ta2-Ta3 bond. Therefore, we
denote this isomer with the indices gem (geminal, over the same
edge) and EE (edge/edge). In the latter isomer, Py;q3,1), the two N
atoms locate across two adjacent edges, denoted vicinal (vic). All
three isomers have achieved full N-N bond cleavage. Each of the
three product isomers, PESgem(M), PEEgem(ll) and Py;¢3,1), provides
for singlet and triplet states which are significantly lower than I3,
but vary in relative stabilities: The singlet states of the three isomers
are almost degenerate (+10 kJ/mol) and they may easily convert
into each other via low barriers (+6 to +16 kJ/mol). The triplet
states behave differently: 3PEEgem(3,1) and 3P‘,,-C(3,1) are less stable than
3PEsge,,,(3,1), by about 39 kJ/mol, and the transition states come along
with significant barriers of up to +86 kJ/mol. We therefore consider
the most stable 3P gem(3,1) s most likely product of the N, activation
pathway.

In summary, the identified reaction path by our DFT modelling
is overall declining (-504 kJ/mol) with all submerged barriers. Ini-
tial triplet and quintet states of Ta;* seem to quench into the singlet
'13(3,1) intermediate by N, coordination and exoergic activation, and
the reaction proceeds towards ultimate N, cleavage via another spin
flip, likely into most stable triplet state of geminal edge-surface N-N
coordination. Most noteworthy, this Ta;* activation pathway pro-
ceeds much in line with our previously identified across edge above
surface (AEAS) mechanism of Ta;*? and shows similarities to the
predicted N, cleavage at neutral an anionic Ta;”* clusters.””*

ARTICLE pubs.aip.org/aipl/jcp

DFT modelling (3,1) - (3.2)

Previously, we found that Ta;™ manages to cleave subsequently
two N> molecules as evidenced by the absence of IR fingerprint
of coordinated and intact N, molecules for the first and the sec-
ond Tas* adsorption species.” Here, we checked for a second NN
triple bond cleavage by Tas;*. The recorded IR spectra of [Taz(N3),]*
revealed no NN stretching bands between 1200 and 2400 cm™'.
This provides strong indication for a facile activation of a second
N, molecule. In order to substantiate these findings we undertook
DFT modelling, and we worked to find conceivable adsorption and
activation pathways for a second N, molecule starting with the dini-
tro PEsgem@,l) as identified above (cf. Fig. 4). We consider singlet

and triplet states and thus start with 1pES gem(3,1) + N2 and 3PESgem(3,1)
+ N,. All three Ta centers may act as coordination sides for a second
N adsorbate, Ta2 and Ta3 being equivalent due to C; symme-
try of P*,,,31). Thus, the DFT modelling yields four conceivable
pathways for a second N, adsorption and activation: two singlet
pathways, la and 1b, and two triplet pathways, 3a and 3b, each start-
ing either through N, adsorption to Tal (pathways a) or to Ta3
(pathways b) (Fig. 4, dark green, light green, red, orange). Initial
adsorption of the N, molecule yields intermediates #1135, °I1(3.),
1(32), or Iy all of which possess the well-known end-on
coordination of the N either to Tal or to Ta3. The N, orients per-
pendicular to the Ta-Ta-Ta triangular facet at both sites. Among
these four intermediates the triplet state of N, coordination to the
Ta3 atom is most stable [3b11(3,2): —91 kJ/mol with respect to the
triplet entrance channel].

As observed before in the cases first and second N; activation
by Tas*, and in the present case of first N, activation by Tas ", the
end-on bound N; ligand of the four I1(;,) intermediate states bend
towards the neighboring Ta atom via four transition states TS123
that comprise for barriers of +27 to +73 kJ/mol. These reorgani-
zations eventually yield the 12(5,) intermediates with the N, ligand
coordinated in a y,-kN3:kN3,N4 fashion, which is side-on across an
edge of the Tas™ cluster core, the Tal-Ta3 bond. Note, that the two
a pathways and the two b pathways encompass same kinetic motifs —
the N bending towards an across edge coordination - but in oppos-
ing directions: from Tal towards Ta3, pathways a, and vica versa
from Ta3 towards Tal, pathways b. Note furthermore, that singlet
spin states become more stable than triplet states in I2(3 5), no matter
which structure, a and b alike.

The next step of N, activation by the AEAS mechanism would
involve a reorganization of the N, ligand from the p-kN3:xN3,N4
side-on coordination across an Ta-Ta edge in 12(3,) towards an ys-
kN3:kN3,N4:kN3,N4 above surface coordination. By and large, this
is what our DFT modeling yields in the present case, once more.

Along the b pathways, the reorganizations from '®I2;,, and
%123, proceed via unfavorable '®TS23(3, (+122 kJ/mol) and
T823335) (+70 kJ/mol) directly into ®I33 ;) and *13(3,). The high
barriers seem to originate from N-N repulsion among N3 (of sec-
ond N;) and N2 (of first N,). Subsequent N4 movement into final
Uz coordination in I3 seems facile, and it proceeds directly. N4 is not
hindered by N1, and there is no further intermediate involved.

Instead, the pathways involve additional intermediates '*1233 5
and %123, connecting the respectively “12(3) and *I3(3,) states
via consecutive transition states *TS223(;,) and “TS233(3,). The
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FIG. 4. Reaction pathways of a second N, activation by the dinitro species PESgem(3,1): two singlet pathways, 1a (dark green) and 1b (light green), and two triplet pathways, 3a
(red) and 3b (orange), each of them starting either through N, adsorption to Ta1 (pathways a) or to Ta3 (pathways b). There is a striking similarity to the first cleavage pathway
cf. Fig. 3: reorganization of the in-plane p»-kN3:xN3,N4 coordination across an intact Ta-Ta edge towards perpendicular 3-kN3:xkN3,N4:xN3,N4 coordination above the
Ta—Ta-Ta surface. Starting from the most likely product complex PESgemm) of the activation pathway of the first N, molecule by Ta;* the pathway for a second N, molecule
activation yields in the intermediate 1335 which is independent of initial N, coordination to the Ta1 (paths a) or Ta3 (paths b) atom and gets stuck in front of unsurmountable
barriers that hamper any further or ultimate NN bond cleavage (cf. Fig S5). For reason of clarity, the nomenclature is presented in an abbreviated form [e.g. |1 stands for

|1(3,2)]-

TS223(3,5) transition states are more stable than the ®TS23(,) of b
pathways. *TS223(3 5y does not suffer N-N repulsion, as both nitrido
atoms N1 and N2 (originating from the first N, adsorbate) locate
below the Tas plane. However, N2 needs to wag around the Ta2-Ta3
bond and further below the Ta; plane in order to allow for N4
to locate above the Ta2-Ta3 edge. This N2 downwards wagging
becomes possible through concerted N1 upwards wagging around
the Tal-Ta2 bond, and it brings the cluster complex into layo3
or **123. Spin state seems of little importance up to here. In con-
trast, the barriers towards *I3(s or 133, vary by spin states,
with some uncertainty remaining. The influence of spin coupling
increases significantly towards the next intermediate 133 ,).

The reorganization from I12(;5) to 133 occurs in concerted
manner way via the b pathway (a single TS) or in a consecutive
manner via the a pathway (two TSs).

At this point, the modelled activation pathways yield in the
intermediate 133, which is independent of initial N, coordina-
tion to the Tal (paths a) or Ta3 (paths b) atom. 133, comprises
of an py3-kN3:xN3,N4:kN3,N4 above surface coordination of the
second N, adsorbate with an enlarged N3-N4 bond length of
d(N3-N3) = 1.36 A.

Note, that the two N atoms of the fully activated first N, adsor-
bate, N1 and N2, underwent reorganization from prior edge/surface

(ES) coordination in PESgem@,l) into an edge/edge (EE) motif in
I3(32). It seems as if the N atom which was coordinated above the
Ta-Ta-Ta triangle surface had to finally give way for the I3 above
surface coordination of the second N ligand.

Most notably, the singlet triplet splitting becomes of impor-
tance in I3(3 ). It rises up to 110 kJ/mol in favor of singlet '13(3.),
which is three times higher than at the starting point P*gens,1)
+ N;. N; adsorbate induced spin quenching sets in at this point,
much in line with what was observed by us in some cases before.”*"”

At this point further activation of the second N, molecule in
[Ta3(NN)(N2);]* would proceed in principle from singlet '13(),
—187 kJ/mol beneath the entrance channel, while the triplet 313(3,2)
is not populated. However, any found pathway towards ultimate
N, bond cleavage would imply to surmount significant barriers
[+154 kJ/mol, +190 kJ/mol or +221 kJ/mol above 113(3,2)], cf. Fig
S5 in the supplementary material, which we consider unlikely. The
adsorption and activation pathways seem to get stuck at 133, in
front of these barriers which hare unsurmountable under isothermal
conditions.

Reviving the absence of N, fingerprints between 1200 and
2400 cm™! in the experimental IR spectrum of the [Ta3(Nz):]*
adsorbate species, for which we therefore expect a complete cleaved
NN bond even for the second N, molecule by Tas*, it is a urgent
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need to check the calculated IR frequency of the 13(; ;) above surface
coordination of the second N; ligand. And indeed, DFT calculations
revealed a frequency at 1093 cm ™' for the respective NN stretching
mode. Thus, the enlargement of the NN bond to 1.36 A is sufficient
to shift the NN stretching mode outside our currently accessible
spectral range of measurements.

In summary we can conclude at this point that successful and
facile cleavage of a first N> molecule by Tas;* is followed by the
second N, molecule proceeding via similar activation steps: from
initial end-on coordination through a second intermediate, with a
U2-kN3:kN3,N4 bonded N across an edge of the Tast triangle core
towards a p3-kN3:kN3,N4:kN3,N4 bonded N; ligand at intermedi-
ate I3(35). The cluster complex seem to get stuck in I3(3 5 in front of
barriers that hamper further activation (N3-N4 bond enlargement
beyond 1.36 A) under isothermal conditions. Whether ultimate NN
bond cleavage into Pgem products (Fig. S5) does take place, depends
on the experimental conditions. Verification would be subject of fur-
ther spectroscopic verification, e.g. by the recording of TaN nitride
fingerprint patterns through far IR radiation exposure by a free
electron laser.

DFT modelling (3,2) - (3,3)

We checked for feasible adsorption pathways of a third
N molecule to the Ta;* cluster, and we started with singlet '13(3 5y,
a likely product of the second N, adsorption (cf. Fig. 5). The I35,
structure provides for two preferential N, coordination sites, Tal
and Ta3, the Ta2 suffering from steric hindrance. Thus, we con-
ceive two distinguishable coordination motifs for initial end-on N,
adsorption: "*I1(33) for N, adsorption to Tal (Fig. 5, dark green
pathway) and 'I1 3 for N, adsorption to Ta3 (Fig. 5, light green
pathway), both intermediates being almost degenerate.

Subsequent tilting towards the neighboring Ta cluster core
atom proceeds via "*TS12(3 3) and '®TS123 3 with barriers just below
the entrance channel (-3 and —4 kJ/mol) and yield 1a12(3,3) and
112(3.3), respectively. As coordination motif of the 123 3) intermedi-
ates we found the N ligand to be coordinated in a y»-kN5:xN5,N6
fashion, which is side-on across an edge of the Tas' cluster core,
the Tal-Ta3 bond. Note, that the a pathway and the b pathway
encompass same kinetic motifs — the N, bending towards an across
edge coordination - but in opposing directions: from Tal towards
Ta3, pathways a, and vica versa from Ta3 towards Tal, pathways
b. Although both 1233 intermediates are +19 kJ/mol or rather
+13 kJ/mol less stable than the respective I1(33) intermediates both
are [1312(3,3): —35 kJ/mol, “’12(3,3)): —42 kJ/mol] significantly more
stable than the entrance channel.

A consecutive step of N, activation by the AEAS mech-
anism would involve a reorganization of the N; ligand from
the p2-kN5:kN5,N6 side-on coordination across an Ta-Ta edge
in I2(37) towards a p3-kN5:kN5N6:kN5N6 above surface coor-
dination. However, the Ta;* cluster core is quiet highly loaded
from the two prior N, adsorptions at this point, and another u;
above surface coordination seems unlikely. Instead we managed
to find a feasible reorganization, via transition states '*TS2I1I(33
lbTSZIII(3,3), from the 12 p;-kN5:xN5,N6 single side-on N, motif
into a p-kN5,N6:xN5,N6 double side-on “butterfly” N, motif across
the Tal-Ta3 edge, yielding a single '>'®IIll53 intermediate, as
identified in (2,1) before.!

ARTICLE pubs.aip.org/aipl/jcp

In the present (3,3) case, the intermediate la>“’IIH(3,3) is
+38 kJ/mol less stable than the entrance channel. Further reorga-
nization into an about —18 kJ/mol more stable cluster adsorbate
species IIV (3 3) would require to surmount a barrier of +180 kJ/mol
(TSIII IV 3.3)), which seems unlikely.

At this point we like to correlate this predicted reaction path to
our experimental IR spectroscopic findings. We aim to identify the
actually populated product, and we take the intermediates 113 3
and ®I1 33 or '*12(3 3 and ®123 3 as well as '*'*IIII 3 3, into account.
The 113 3) and '°I1 3 3) intermediates should provide for recordable
IR fingerprints of end-on NN stretching vibration in the range of
2000-2400 cm™".>*****""% The absence of such fingerprints in our
recorded (3,3) IR spectrum discards these intermediates. Predicted
IR frequencies of tilted N; stretching vibration in 123 3) and '°123 3)
are 1816 and 1764 cm ™, respectively (unscaled values). No accord-
ing IR signals recorded we abandon these intermediates as well. The
remaining IITl(; 3y intermediate provides for predicted NN stretch-
ing frequencies below 1144 cm™' (unscaled), which is in line with
our observations.

So far DFT calculations are in line with our IR measurements.
However, we have to address explicitly the fact that the intermedi-
ate II1I(33) is +38 kJ/mol less stable than the entrance channel. At
this point it seems helpful to consider the big picture of consecu-
tive N, adsorption to Ta; ™ (cf. Fig. 6): The tantalum trimer manages
to cleave the first adsorbed N, molecule (cf. Fig. 3, reaction path by
DFT) and the subsequent adsorption of a second N likely starts at
3PEsgem .1), and it yields 113(3,2) (see Fig. 4, reaction path by DFT). By
these two highly exothermic adsorption events, this '13; ) adsorp-
tion complex has stabilized by more than 600 kJ/mol. While the He
buffer gas is certainly able to thermalize the stored ionic complex on
the long run, it certainly takes a multitude of He collisions to achieve
full thermalization. Thus, it is likely that '13(; 5 possess some inter-
nal energy when subsequently encountering a further N, partner.
Thereby it becomes possible to explore the (3,3) potential hypersur-
face along a direct reaction up to 'IIII3 3 (cf. Fig. 5, reaction path by
DFT) where it might get stuck in front of a seemingly unsurmount-
able barrier. Of course, it is conceivable to invoke the alternative
possibility of a third N, addition and reaction to a fully activated
TasNg* moiety in Pgem configuration (Fig. S5). DFT modelling and
far IR spectral verification would be subject of future works .

Our further DFT modelling suggests swift adsorption of the
fourth N, partner without further barriers and into some stable
N, end-on coordination. It seems likely that '*'*III(33 sustains
its priorly achieved structural motifs: an I3 above surface coor-
dination motif, one double-bridged triangular edge and two one
single-bridged triangular edge. In effect, the additional end-on coor-
dinating N ligand may assume any of three available adsorption
sites, Tal, Ta2 or Ta3. These differ in the number of nearest neigh-
bors. Geometry optimization of the singlet states of these resulting
three isomers yield almost degenerate states 1(3,4)Ta1, +8 kJ/mol,
1(3,4)™2 and 1(3,4)™, +6 kJ/mol. Accordingly we expect all three
isomers likely populated, and three slightly different IR active NN
stretching frequencies. Indeed, the (3,4) IR-PD spectrum comprises
of three partially resolved bands which strongly support the likely
presence of end-on coordinated N ligands in any of three differ-
ent coordination sites. The DFT modelling provides for predictions
on the harmonic frequencies of the N, stretching vibrations at
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FIG. 5. Reaction pathways of a third N, adsorption by the dinitro species 133 ): two singlet pathways, 1a (dark green) and 1b (light green) starting either through N, adsorption
to Ta1 (pathway a) or to Ta3 (pathway b). For the first steps of the pathway there is a striking similarity to the first and second N, activation pathways cf. Figs. 3 and 4: initial
end-on adsorption of the N, ligand and subsequent tilting of the N, towards a neighboring Ta atom, eventually yielding an in-plane p,-kN3:xkN3,N4 coordination across an
intact Ta-Ta edge. Starting from the most likely product complex 1I3(3yz) of the activation pathway of the second N, molecule by Ta;* the adsorption pathway for a third
N2 molecule yields the intermediate Illl;3) which is independent of initial N, coordination to the Ta1 (path a) or Ta3 (path b) atom and gets stuck in front of unsurmountable
barriers that hamper any further or ultimate NN bond cleavage. For reason of clarity, the nomenclature is presented in an abbreviated form [e.g. I1 stands for 113 3)].

these three sites, and they agree qualitatively. Due to large ambigu-
ities in the applicable anharmonic scaling factors, it is not possible
to achieve a quantitative comparison, however (cf. Table S19 and
Fig. S6 in the supplementary material).

Accordingly, we recorded an experimental IR spectrum of the
(3,5) cluster adsorbate complex. Besides the main band at 2146 cm™!
it reveals two side bands at 2173 and 2189 cm™". These hint towards
distinguishable isomers once more. We managed to determine at
least two likely structures by DFT calculations, '(3,5)">™ and
1(3,5)T21 42 (see Table $20 and Fig. S6). Both structures reveal a
strong IR active vibration, and a weak one, which are split by
40-50 cm ™. While absolute frequencies suffer from the before men-
tioned ambiguity of scaling factors, the predicted splitting are much
less affected, and they agree well with the observed ones. We there-
fore consider a mixture of the two singlet minimum structures as a
likely explanation for the observed IR bands of (3,5).

As the fourth and fifth N, molecule adsorb to merely two out
of three possible coordination sites there is one coordination site
vacant for adsorption of a sixth N, molecule filling up the second
adsorption shell of N, on the Taz™ cluster for (3,6). We failed to
obtain an IR spectrum of (3,6) due to its low abundance.

At this point, we want to address the question, whether the
DFT predictions and the recorded IR-PD spectra are in line with the
recorded adsorption kinetics (cf. Text S8, Fig. S21-S23 and Tables
§29 and S30 in the supplementary material). These kinetics reveal

equally fast adsorption of first, second, fourth, and fifth N, molecule.
The adsorption of the third and sixth N, molecule occur discernably
slower, and the desorption is facile as evidenced by high values of
k 33y and k 3). This indicates a likely meta stability of the formed
(3,3)" and (3,6)* complexes. While the interpretation of the latter
case would be much involved, the prior case of three N, adsorbates
is well in line with the DFT predictions: It swiftly forms from a
“hot” precursor I3(3 5), and it likely converts much of its stabilization
into internal excitation. Note, that the larger the complexes, which
involves increasing amounts of N, adsorbates, the swifter thermal
relaxation and collisional cooling proceeds, and the larger the den-
sity of states becomes. Thus, the subsequent formation of larger
complexes seems much less hampered by internal excitation.

[Tas(N2)m]*

We extended the published spectra of (4,m), m = 1-5,> by the
present work up to m = 12 (Fig. 7). In short, the published spec-
tra have revealed the following: The first two adsorbed N, molecules
undergo unconditional cleavage and yield TaN motifs. A single IR-
PD band at 1475 cm™' of the (4,3) spectrum was assigned to a
side-on (above edge, y>-kN:kN,N) activated N, intermediate.” In
addition, there is a very broad unstructured IR-PD signal above
1500 cm™", up to 2400 cm™", and likely further beyond, which might
originate from a low lying electronic absorption of (4,3) to (4,5)
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FIG. 6. The big picture of consecutive N, adsorption to Tas*. Ta;* manages to cleave the first adsorbed N, molecule (cf. Fig. 3), and the subsequent adsorption of a second
N, likely starts at *PES o3 1), and it yields 1133 5) (see Fig. 4). By these two highly exothermic adsorption events, this 133 ) adsorption complex has stabilized by more than
600 kJd/mol. It is likely that 1I3(3,2) possess some residual internal energy when subsequently encountering a further Ny partner. Thereby it becomes possible to explore the
(3,3) potential hypersurface along a direct reaction up to 'llll3 3 (cf. Fig. 5) where it finally gets stuck in front of a seemingly unsurmountable barrier.

complexes. The additional absorption around 2200-2300 cm™" may
arise from an end-on loosely bound N, molecule, which populates
several isomers.

The newly recorded IR-PD spectra of the present work reveal
the following: The IR-PD spectrum of the (4,6) cluster adsorbate
complex displays a strong band at 1424 cm™, together with a
medium strong sideband at 1435 cm™'. Both likely indicate side-
on uz-kN:kN,N N, adsorption. Two very weak absorptions occur
at 1489 and 1580 cm™'. In general, we assign all bands below
2000 cm™! to side-on p2-kN:kN,N adsorbed N, molecules, and we
take a variation of band position as indicators for varying motifs in
the particular adsorption geometries. In the range of end-on coor-
dinated N, adsorbates, above 2000 cm™, we find a strong band at
2252 cm™! and four medium strong, sharp bands at 2209, 2224, and
2294 cm™}. Note, that these bands are red shifted with respect to
the free N, stretching vibration at 2330 cm™"** which is understood
in terms of a o-donor m-acceptor synergism that softens the N-N
bond. This concept has been utilized for CO adsorbates in the Bly-
holder model®*® and for N; adsorbates in our earlier studies on Co,*,
Nin*, Fen®, Run*, Rhy*, and RhiFe; alloy clusters.””">*"7**% In
the light of these findings, it is most noteworthy that we find another
sharp IR-PD band at 2334 cm™" which almost coincides with the
free N stretching vibration. This indicates that the correspond-
ing N, molecule is very weakly bound to the cluster and therefore
resemble an almost free, likely roaming N, molecule. Note, that
any minute symmetry breaking of side-on N, coordination suf-
fices to induce a non-vanishing dipole moment derivative. Thus, a
“roaming” or second shell N, adsorbate may well acquire some IR
transition moment.

The IR-PD spectrum of (4,7) resembles largely that one of (4,6),
but with less bands in both regions of the spectrum: In the side-
on N range of the IR-PD spectrum, there is one strong (below
2000 cm™), sharp band at 1422 cm™ and two weak bands at
1478 and 1535 cm™". In the end-on N range above 2000 cm™, a
sharp band at 2284 cm™" appears, accompanied by a weak band at
2249 cm™ . Finally, the 2333 cm ™! band much resembles an almost
free N as in (4,6). Such a band appears in all following (4,m) IR-
PD spectra up to the largest observable cluster adsorbate complex
(4,m(may) £ (4,12). It is most remarkable that a high loading of an
odd number of N, molecules - namely seven - on a cluster of merely
four Ta atoms provides for solely two sharp main bands - one in
the side-on and one in the end-on N, range. Such a low amount
of IR-PD bands from a high number of ligands indicates a very
high symmetrical arrangement of the N, ligands within the cluster
adsorption complex (4,7). Considering the findings from our prior
study on the adsorption, activation and cleavage of the first few N,
molecules on the Tas™ cluster, it seems most likely that the species
(4,7) possesses two cleaved and at least one activated N ligand. This
looks highly asymmetric.” The four subsequent N, molecules which
yield (4,7) are most likely end-on bound N ligands. It is somewhat
surprising that the resulting quite simple IR-PD spectrum indicates
high symmetry.

In noticeable contrast to the merely two sharp main bands for
species (4,7) we observe a larger total amount of bands in the IR-PD
spectrum of (4,8). There are three sharp and intensive bands in the
side-on range: at 1413, 1468, and 1564 cm™'. The former is accom-
panied by two weak sidebands, one to the right (1431 cm™!) and
one on the left (1394 cm™). In the end-on range of the spectrum,
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FIG. 7. IR-PD spectra of sequential N, adsorption steps onto Tas™ cluster cations
[Tag(N2)m]*, m = 1-12, as recorded after 26 K He buffer gas cooling. The (4,1) to
(4,5) spectra have been published before (Ref. 2, Fig. 2 therein). Note the signifi-
cant red-shift of the IR-PD bands with respect to the free Ny stretching vibrational
frequency (2330 cm~",° red dotted line).

we observe a broad absorption pattern with maxima at 2210, 2227,
2241, 2268, 2292, 2306, and 2335 cm™'. The amount of 11 absorp-
tion maxima exceeds the number of eight N, oscillators and likely
arises from co-existing isomers. A formal double N, occupation of
some Ta atoms may combine with reorganization and isomerization.
Note, that the enhanced width (~15 cm™) of the strongest end-on
band (2268 cm™") points towards a lack of high symmetry.

Some of the (4,9) bands coincide with those of (4,8). One
notices the sharp and intense band at 1399 cm™ with its both side-
bands on the right (1383 cm™!) and left side (1417 cm™). Very weak
absorptions appear at 1361 and 1561 cm™'. The three remaining
main bands in the end-on range shift only slightly with respect to
matching ones in (4,8): they appear at 2216, 2265, and 2336 cm™".
The latter one shows a weak sideband to the left at 2327 cm™" both
of which match the free N, vibration quite well. This indicates that
in species (4,9) likely two N ligands are very weakly bound to the
cluster core.

The general band pattern of (4,9) continues upon addition of
further N, molecules up to (4,11). Total IR-PD yields of (4,10) are
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high, and most of the numerous recorded bands are quite strong,
yet still sharp, in part. We recognize absorption maxima at 1384,
1403 cm™! (with an indication of a sideband at 1395 cm ™! to the left),
1423,and 1449 cm ™. A band at 1561 cm ™ is also strikingly clear and
intense. A similar band was already evident in the IR-PD spectrum of
the species (4,8). All in all, the IR-PD band in the lower range appear
somewhat broader than those of the (4,9) complex. In the end-on
N, range we observe three intensive IR-PD bands at 2204, 2265, and
2335 cm™!. The former is accompanied by two weak sidebands, one
to the right (2226 cm™!) and one to the left (2185 cm ™), and the lat-
ter by a weak sideband at 2328 cm™'. We also recognize three weak
IR-PD adsorption bands at 2300, 2313 and 2319 cm” L.

It may be worthwhile to mention in passing that at this point
the recorded IR-PD spectrum of (4,11) “simplifies” in terms of the
total number of observed bands (ten) as compared to the IR-PD
spectrum of (4,10) which provides for significantly larger number of
IR-PD bands in total, namely 16. The bands of (4,11) resemble the
(4,9) spectrum almost perfectly. The bands at 1376, 1395, 1414, 2183,
2202, 2225, 2258, 2283, 2297, and 2334 cm ™' are only slightly red
shifted with respect to those of (4,9), by up to 14 cm™" and somewhat
better separated. The good quality of the spectrum allows identifying
of some very weak bands and thus two assumed combination bands
at 1771 and 1871 cm ™" appear.

The side-on range of the (4,12) spectrum resembles the one of
the (4,9) and the (4,11) spectra. In the end-on range, we observe a
single strong band at 2187 cm™" with a sideband at 2170 cm™ to the
left. There are additional weaker bands at 2215, 2249, 2277, 2312,
and 2334 cm™". The latter two are accompanied by sidebands at 2317
and 2327 cm ™.

The IR-PD spectra of the (4,m) cluster comprise of a multi-
tude of bands that indicate a co-existence of side-on and end-on
N, adsorbate molecules. Except for the IR-PD bands, which nearly
match the free Ny stretching vibration in frequency, the IR-PD
adsorption bands in the end-on region show the typical red shift
with respect to the free N, stretching vibration,” as also observed
in our previous studies of other transition metal clusters.””*”"*%%
The total amount of IR-PD bands as compared to the total num-
ber of N, ligands reveals evidence for highly symmetric structures
in some cases, and evidence for structural isomers in others. For the
IR-PD bands in the side-on region, we observe a significant red shift
of the most intense band from 1475 cm™ in (4,3) to 1395 cm™! in
(4,12). Regarding this shift we remind the reader of our previous and
detailed study on the adsorption of the initial N, molecules to the
Tas" cluster.” There we have described and discussed an increase in
the corresponding N-Nside-on) bond distance upon coordination of
a terminally coordinated N, molecule to an adjacent Ta atom. These
previous findings up to m = 4 are extended up to m = 12 by the
current experiment.

Next, we consult quantum chemical modelling results in order
to enhance our understanding of the experimental IR-PD spectra of
(4,m), m = 1-12. There are two new findings which deserve special
attention.

Firstly, we address the question of why some experimental IR-
PD bands in the end-on region (2100-2400 cm™!) do not exhibit the
typical and expected redshift, but most closely correspond to the fre-
quency of free Ny. This is remarkable, and it warrants further inter-
pretation efforts. With the in detail discussed reaction paths of the
first second and third N, activation from our prior publication on
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the cationic Tas" cluster” at hand, we obtained a multitude of model
structures with IR-PD features within the end-on region. In this con-
text, the I1 type structures and geometry and their simulated IR-PD
frequencies are of particular interest (Fig. 8, Fig. S7, Table S21). The
N, coordinating Ta atom is crucial, and in particular its involvement
into nitrido bonds (none, one, two or up to three). In conse-
quence the red shift of IR-PD frequency diminishes with respect
to free N. In the Ta,™ cluster without any nitride ligands 117! (4},
the bond lengths Ta-N(nd.on) and N-N(end.on) are 2.12602 A
and 1.10833 A, respectively. The simulated and unscaled IR-PD
frequency for the NN stretching vibration is 2238 cm™. In com-
parison to this, DFT modelling revealed for 11", a significantly
longer bond Ta-N(end.on) Of 2.28513 A, a correspondingly shorter
bond N-Nend-on) 0f 1.098 05 A and a higher IR-PD frequency at
2323 cm ', In this 11 type structure, the tetrahedral framework
of the Tas* cluster is loaded by two nitrides on the edges oppo-
site the Ta atom, which binds the N, ligands in an end-on motif.
Even though the N; molecule adsorbs to a Ta center of the clus-
ter which is not yet involved in a nitride bridge, the nitride ligands
reveal an elongated Ta-N(end-on) bond, a correspondingly shorter
N-N(end-on) bond, and an increased NN stretching frequency with
respect to the cluster without nitride ligands, 11", ;). In the case
of IlTa3(4,2), the N ligand is adsorbed onto a Ta center (Ta3) that
participates in a nitride bridge, correspondingly the Ta—Nend-on)
bond is lengthened to 2.30132 A while the N-N(end-on) bond is
simultaneously shortened to 1.096 18 A. The simulated and unscaled
IR-PD frequency of the NN stretching vibration accordingly blue-
shifts to 2360 cm™'. The N, adsorption to the Ta center which
participates in two nitride bridges [117(,,)] yields an even longer
Ta-N(end-on) bond (2.362 96 A), an even shorter N-Nend-on) bond
(1.09143 A) and even higher IR-PD frequency for the NN stretch-
ing (2431 cm™). This trend also results for I1 type structures for a
Tas" cluster loaded by four nitride ligands: 11(3). The IR-PD fre-
quency of the NN stretching vibration increases from 2266 cm™ via
2431 to 2472 cm™" by coordination of the end-on N;, ligand to a tan-
talum atom participating in only a single nitride bridge [117* 3],
via coordination to a tantalum atom participating in two nitride
bridges [11™ 4 3], and finally to N; ligand coordination to a tanta-
lum atom that is part of three nitride bridges [117(, 3]. Also, there
is the trend of increasing bond lengths Ta—N(end-on) and decreas-
ing bond lengths N-Nend-on) With increasing number of nitride
ligands in close proximity to the Ta atom, which is the adsorp-
tion center for the end-on N, ligand, from 2.239 15 and 1.099 63 A
[IlTa4(4,3) Ta-N(end-on) ad N=Niend.on), respectively] to 2.357 14 and
1.09095 A [IIT31(4,3) Ta~N(end-on) and N-N(end-on)> respectively] to
2.39913 and 1.08899 A [11T33(4,3) Ta—N(end,on) and N_N(end—on)>
respectively].

The above discussed trends show a correlation of N, bond
length and N coordination site with the DFT predicted NN IR-PD
stretching frequency. The coordinating Ta center proves crucial: Its
involvement into none, one, two or three Ta®Y_-N®) bonds tunes
its total partial charge and thereby its donor-acceptor capabilities.
Accordingly, the coordinating intact N, adsorbate probes this par-
tial charge and tells via its observable N stretching mode frequency.
Note, that many of the recorded IR-PD spectra reveal three sharp
spectral features in the N, end-on stretching range.

Next, we want to address the conceivable existence of structural
isomers for the various cluster adsorbate complexes. This seems nec-
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FIG. 8. Multitude of 11 type model structures and their simulated IR frequencies of
the first second and third N, activation from our prior publication on the cationic
Ta,™ cluster. The N, coordinating Ta atom is crucial, and in particular its involve-
ment into nitride bonds (none, one, two or up to three). In consequence the red
shift of IR frequency diminishes with respect to free N, (2330 cm=").85 The dot-
ted lines serve to guide the eye. None, one, two or three open black circles at the
computed data points indicate an according number of nitride bonds of the N, end-
on coordinating Ta atom. An according trend in the Ta-N bond length is found in
Fig. S7 in the supplementary material.

essary in view of the many IR-PD bands that in some cases exceed
the amount of adsorbed N, molecules. Our DFT modeling revealed
such conceivable N, adsorption isomers, starting with the species
(4,3) as dealt with in our previous study.” This species resulted from
the three subsequent nitrogen adsorption, activation, and cleavage
pathways in front of an unsurmountable barrier as the final product
species 12(43). It comprises of two fully cleaved N, molecules and a
side-on p2-kN1:kN1,N2 N; ligand (cf. Fig. S8, Tables S22a and S23a)
The vibrational frequency for the side-on p>-kN1:xkN1,N2 N, ligand
obtained from the DFT calculations was scaled to the experimen-
tally measured IR-PD band by a scaling factor of 0.9736. This scaling
factor is applied to the determined IR-PD frequencies for all fur-
ther modelled species (4,m). Predicted doublet states are more stable
than quartet states, and we therefore focus on the doublet ground
states throughout. In order to label conceivable isomers we aug-
ment the already known nomenclature (n,m) by alphabetic indices
froma - w.

There are four distinguishable Ta centers which may act as
coordination sites for the adsorption of the fourth N, molecule to
the presumed 1243 isomer. Accordingly, four structural isomers
(4,4)a, (4,4)b, (4,4)c and (4,4)d result, within a total energy span of
mere 4.3 kJ/mol (cf. Fig. S8, Tables S22b and S23b). From an ener-
getic point of view, all four isomers may be populated. The scaled
frequency and (4,4)c match the experimental range of observed band
at 1454 cm™ . Likewise, the predicted IR band of the end-on bound
N, stretching vibration falls very well within the range of the broad
experimental adsorption band around 2300 cm™".

If we take these isomers (4,4)a, (4,4)b (4,4)c and (4,4)d as start-
ing points for the adsorption of a fifth N, molecule, we obtain
eight isomers of the type (4,5), cf. supplementary material Fig. S9,
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Tables S22¢ and S23c). The modelled IR spectra of (4,5)a, (4,5)d,
and (4,5)f reflect quite well the experimentally measured IR-PD
band at 1443 cm™' and also provide three distinguishable bands
in the end-on region that might well correspond to the broad
experimental IR-PD adsorption band. The less stable isomer (4,5)c,
+11.0 kJ/mol, may reflect the weak experimental sideband at
1428 cm™!. This results in four isomers for species (4,5), which in
turn are the starting point for the adsorption of the next (sixth) N
molecule.

Within an energy span of 92 kJ/mol we found in total 21 sta-
ble adsorption isomers (4,6) all of which are based on the I12(43) core
structure (cf. Fig. S9, Tables S22d and S23d). We chose for further
discussion seven stable isomers: (4,6)a, (4,6)c, (4,6)f, (4,6)g, (4,6)k,
(4,6)] and (4,6)0. All of them derive from above discussed isomers
of (4,5)a, (4,5)c, (4,5)d and (4,5)f, by addition of a single end-on
coordinated Nj. They provide for predicted IR bands that might
match the observed IR-PD bands in the N, end-on stretching region.
In total, they make up for a possible assignment of the observed
experimental IR-PD pattern, cf. Fig. S9. Note, that the predicted
1663 cm™ band finds no obvious counterpart in the IR-PD spec-
tra. There are two bands close by at 1491 and 1580 cm™", but they
deviate significantly. A closer look at the bond distances d(Ta4-N6)
and angles « (Ta4-Tal-N6) of the eight computed isomers (4,6)a,
(4,6)c, (4,6)f, (4,6)g, (4,6)k, (4,6)], (4,6)0 and (4,6)r indicates incre-
ate an increasing tilt of the side-on y>-kN:kN,N N, ligand with the
observed red shift of its IR-PD vibrational frequency (cf. Table S24).
We speculate that the observed IR-PD bands at 1491 and 1580 cm ™"
might stem from some isomers similar to (4,6)r but with slightly
shorter Ta4-N6 bonds and smaller angles « (Ta4-Tal-N6), pos-
sibly enabled by mere re-orientation of some N, spectator ligand,
while keeping hapticity as investigated.

For species (4,7) the recorded IR-PD spectrum is particularly
interesting as it shows merely two intensive bands, one in the side-
on and one in the end-on range, with four very weak IR-PD bands,
two in the side-on and end-on range, respectively. Speculating about
a single (4,7) isomer of high symmetry, we conducted our DFT sur-
vey of conceivable structures (cf. Tables S22e and S23e) and found
numerous ones, although over a wide range of relative stabilities. A
mixture of seven favorable isomers - (4,7)c, (4,7)g, (4,7)1, (4,7)k,
(4,7)q, (4,7)s and (4,7)t — might reproduce the measured IR-PD
spectrum (cf. Fig. S10). While for species (4,6) the assignment of
the calculated IR bands to the weak adsorption bands in the side-
on region was difficult, for species (4,7) the isomers (4,7)I and (4,7)k
reproduce the weak bands at 1478 and 1535 cm™ very well. It seems,
that in this case we managed to identify N, spectator ligand ori-
entations that modulate the tilted N, stretching frequency close to
observation. As a matter of fact, it is a range of computed variations
in the tilting angle « (Ta4-Tal-N6) of mere two degrees (40°-42°)
and a variation of coordination distance d(Ta4-N6) of 0.1 A
(2.1-2.2 A) which suffices to induce side-on N, stretching frequency
shifts of up 145 cm! (1404-1549 cm™Y, cf. Table S24), in close cor-
respondence to the experimental span of 113 cm™ in the range
of IR-PD bands (1422-1535 cm™!). The obvious mismatch in pre-
dicted IR and observed IR-PD intensities of these bands may signify
reduced rates of formation and thus reduced populations. Other
than fingerprinting co-existing isomers, there is some alternative
explanation for the two weak bands at 1478 and 1535 cm™" in terms
of combination bands. The most favorable isomer (4,7)c reveals a
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bending vibration of the side-on p-kN:kN,N N ligand at 111 cm™,

which simultaneously represents bond compression and elongation
of the Ta4-Ta2 bond, and a wagging mode of the N(end-on) ligand
on Ta2 at 51 cm™ (cf. Table $25). These two might couple to the
side-on Ny stretching mode at 1406 cm™! (cale.)/1422 cm™! (IR-PD)
and thereby explain the observed side bands.

It shows, that the according computations finds likewise
numerous conceivable isomers of (4,8) (Tables S22f and S23f)
as anticipated from the many observed bands, which exceed the
amount of available N, ligands, that may act as chromophores. A
selection of six isomers, (4,8)c, (4,8)e, (4,8)f, (4,8)g, (4,8)l and (4,8)q,
comes close to interpret the experimental IR-PD spectrum of (4,8)
(cf. Fig. S10). It seems unlikely that the significantly strong IR-PD
bands at 1468 and 1564 cm™" would originate from combination
bands. We may note in passing that the chosen isomers derive from
likely (4,7) isomers by single N, end-on addition to varying adsorp-
tion sites, but without further isomerization amongst the previous
N ligands.

Furthermore, these seven chosen (4,8) isomers serve well to
generate accordingly those five favorable (4,9) isomers ((4,9)b,
(4,9)d, (4,91, (4,9)g, (4,9)h) which might interpret major parts of
the observed IR-PD spectrum (cf. Fig. S11, Tables S22g and S23g).
It takes, however, some additional isomer, as e.g. (4,9)j to interpret
the IR-PD band at 1399 cm™. If indeed present, it cannot originate
directly from any of the six considered (4,8) isomers by mere N,
attachment. Thus, it either stems from another, yet unknown (4,8)
isomer, or it forms by N, attachment to some of the above listed
(4,8) isomers with concomitant or subsequent but swift isomeriza-
tion. The IR-PD spectrum reveals a weak adsorption at 1561 cm™"
indicating a side-on p,-kN:kN,N N, ligand with a slightly larger
Ta4-N6 bond and a larger angle « (Ta4-Tal-N6). No suitable
calculated isomer has yet been found for this. It warrants to delib-
erate the significant splitting of the intensive end-on N stretching
doublet at 2215 and 2265 cm™! (Av = 50 cm™!) and the meager
splitting of the considerably strong doublet at 2327 and 2336 cm ™
(Av=9cm™). The 50 cm™ splitting finds interpretation through the
computed (4,9)g and (4,9)h isomers, which reveal computed split-
tings of Av = 38 and 36 cm™', respectively. These originate from
symmetrically and asymmetrically coupled pairs of end-on bound
N, oscillators that locate on neighboring Ta centers with a direct
metal-to-metal bond, and without bridging nitrides or side-on coor-
dinated N, in between. This situation allows for both a considerable
coupling strength and high IR intensities. The latter arise from elec-
tron density shuffling across the metallic Ta-Ta bond, in phase with
the Ny stretching motion (cf. Fig. S13). The vibrational analysis of
isomers (4,9)d and (4,9)j predicts symmetrically and asymmetri-
cally coupled pairs of terminal N> ligands with a small splitting of
Av = 13 cm™, which might resemble the observed 9 cm™ split-
ting of the two 2327-2336 cm™' IR-PD bands. Here, the active
oscillators locate on adjacent Ta centers with a direct metal-metal
bond and without bridging nitrides or bridging side on coordi-
nated N ligands. Note, that two of the chosen favored isomers,
(4,8)b and (4,8)f, reveal some pairs of end-on coordinated N, ligands
with asymmetric/symmetric N, stretching modes that experience
particularly high splittings of Av = 62 and 63 cm™, respectively.
The coordinating, neighboring Ta centers are bound to each other
directly by a metal-to-metal bond and without bridging nitrides in
between. The computed frequencies of these N stretching doublet
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coincide well with observed IR-PD bands in the 2200 and 2340 cm ™
range.

The isomer cascade of successive, stepwise N, adsorptions to
the Tast cluster predicts seven favorable isomers (4,10)g, (4,10)h,
(4,10)j, (4,10)], (4,10)0, (4,10)q and (4,10)r (cf. Fig. S11, Tables 22h
and 23h) which altogether succeed to reproduce the observed IR-PD
spectrum conclusively, but for some detail. In the side-on Ny stretch-
ing range the following assignment can be made: isomer (4,10)q,
(4,10)1 and (4,10)o provides stretching modes that match the exper-
imental IR-PD bands at 1484, 1395 and 1403 cm™'. For the single
band at 1423 cm™!, isomer (4,10)r is found to deliver a match.
Contributions from the three isomers (4,10)g, (4,10)h and (4,10)j
manage to provide for a match to the broad experimental IR-PD
band at 1443 and 1449 cm™. In the end-on range above 2000 cm ™
suitable modes of the seven selected isomers represent the recorded
IR-PD bands quite well. A particular highlight is the stunning agree-
ment of the predicted end on N; stretching bands of the isomers
(4,10)1, (4,10)0, (4,10)q and (4,10)r with the measured IR-PD band
pattern at 2300, 2313, 2319, 2328 and 2335 cm™!. The observed
intense N stretching doublet at 2204 and 2265 cm ! of (4,10) closely
resembles a similar pattern in (4,9). These arise from symmetrically
and asymmetrically coupled pairs of terminally bound N oscilla-
tors located at neighboring Ta centers, Ta2 and Ta4, with a direct
metal-metal bond and no bridging nitrides or side-on coordinated
u2-kN:kN,N N in between. With the adsorption cascade progress-
ing, the number of adsorbed N; ligands increases stepwise, and with
it the number of N, oscillators at the centers Ta2 and Ta4. As a
consequence, the symmetric/asymmetric coupling of neighboring
N, oscillators seems to diminish in favor of either globally cou-
pled many oscillators or of few locally isolated N stretching modes,
maybe single ones. However, the adsorption band at 1561 cm ™" finds
no counterpart in any predicted mode of any of the computed iso-
mers. At least, our computed results for some adsorption isomers
with less N ligands, such as (4,7), did reveal some IR frequencies in
this range with a side-on y»-kN:xN,N N, ligand with a slightly larger
Ta4-N6 bond and a larger angle « (Ta4-Tal-N6). It is well possi-
ble that our thorough survey of favorable isomers failed to achieve
completeness, and we may have missed such a structural motif that
likely contributes.

The recorded IR-PD bands of species (4,11) find, once more,
a valid assignment by the computed predictions (cf. Fig. S12,
Tables 22i and 23i): A mixture of isomers (4,11)s and (4,11)t pro-
vide for side-on coordinated N oscillators that match very well the
observed band at 1376 cm™', and according oscillators in isomers
(4,11)a and (4,11)p resemble the intensive IR-PD band at 1395 em™L.
The moderate IR-PD band at 1414 cm ™" and the weak IR-PD band at
1432 cm™! may arise from side-on coordinated oscillators at isomers
(4,11)f and (4,11)1. In the frequency range of end-on coordinated N,
oscillators there are three intensive IR-PD bands at 2203, 2258 and
2334 cm™ ', which find an interpretation in terms of N ligands at iso-
mers (4,11)a, (4,11)] and (4,11)t. Further weak IR-PD bands in this
range, at 2183, 2225 and 2297 cm”, may arise from isomers (4,11)f,
(4,11)p and (4,11)s.

From our kinetic studies presented and discussed in the
supplementary material (cf. Text S9, Fig. S24 and Table S31) we
know that (4,12) is the most abundant complex at long reaction
times, accompanied by a very minor (4,13) product and the smaller
species (4,8), (4,9), (4,10) and (4,11) in equilibrium. Thus, (4,12)
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became the largest N, adsorbate complex of our current IR-PD
study. It finds interpretation in terms of a mixture of five favorable
isomers (cf. Fig. S12, Tables 22j and 23j): (4,12)a, (4,12)d, (4,12)],
(4,12)o and (4,12)s. Two predicted IR bands from a side-on and
end-on coordinated N ligand each of isomer (4,12)a provide for
an assignment of the intensive IR-PD bands at 1395 and 2187 cm™".
Isomers (4,12)d and (4,12)o suit very well to interpret the weak IR-
PD band at 1374 cm™" and the IR-PD bands in the 2300 to 2340 cm ™
range. The moderate IR-PD band at 1417 cm ™" may result from iso-
mer (4,12)i. In the five favored isomers, at least four or five of the
end-on coordinated N; ligands are located at Ta centers Ta2 and Ta4
with a direct metal-metal bond, and no bridging nitrides or side-on
coordinated N, in between. In the previous discussed, smaller cluster
adsorbate complexes, the N, oscillators at these very two Ta cen-
ters provide for intense IR-PD doublets. With an increasing amount
of N ligands, both the IR-PD experiment and the DFT modelling
of the complex (4,12) diminish the prior doublet to a single intense
band at 2200 cm !, with some weak bands to the blue side, mostly
beyond 2280 cm™". Upon saturation many N; ligands seem to expe-
rience a reduced/weak coordination to their Ta coordination sites,
and accordingly a small or even vanishing redshift with respect to
the stretching mode of a free N, molecule. In remarkable contrast,
some isomers provide for a single end-on coordinated N, ligand that
experiences a redshifted and intensively IR active stretching mode
that indicates much stronger Ta-N, interaction.

IR-PD experiments and DFT modelling of (4,m) tantalum clus-
ter N, adsorbate complexes confirms double activation and nitride
formation, succeeded by single side-on N, coordination. Signif-
icant red shifts of IR-PD bands from these side-on coordinated
u2-kN:kN,N N; ligands correlate with the degree of tilting towards
the second coordinating Ta center. All subsequently attaching N,
adsorbates coordinate in an end-on fashion, and we find clear evi-
dence for co-existence of end-on coordination isomers. A large
fraction, maybe the majority, of end-on coordinated N, ligands
experience weak interaction with their coordination centers and
reveal little to no red shift of their stretching frequencies, some
of them even a slight blue shift. The tetrahedral Tas* framework
persists but for some minor bond length relaxations.

CONCLUSION

We present an IR-PD study of selected tantalum cluster adsor-
bate complexes [Tan(N2)m]", abbreviated (n,m), n = 2-4, [IRS1].
In the adjoined IR-PD study [IRS2] we present our corresponding
findings on larger complexes [Tas.s(N2)m]". The overall picture of
N, adsorption onto the smallest Ta,t clusters, n = 2-4, provides
clear evidence for activation and cleavage of the initially adsorbing
N, molecules.

We observe no structured IR-PD signal of the tantalum dimer
species [Taz(N3)1]7: (2,1). This primarily proves that Ta,* adsorbs
an N, molecule that is not terminally bound to the Ta,” dimer
in end-on coordination. Indeed, our IR-PD experiments and DFT
modeling confirm and extend a previous study of Ta,” clusters
under ambient conditions,’ and we identify an additional sub-
merged entry channel barrier, such that spontaneous N, bond
cleavage by Ta," is well confirmed.

We also present a detailed study of the N, adsorbate complexes
of the Ta;* cluster from IR-PD experiments and DFT modeling.

L$€:90 ¥202 Iudy 0g

J. Chem. Phys. 159, 164303 (2023); doi: 10.1063/5.0157217 159, 164303-14

© Author(s) 2023


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

There is a striking absence of any vibrational bands in the IR-PD
spectra of the first three adsorbate complexes (3,1), (3,2) and (3,3).
In contrast, the IR-PD spectra of the species (3,4) and (3,5) do
reveal some broad vibrational bands. Our DFT modelling revealed
an overall exoergic reaction pathway with all submerged barriers.
Initial triplet and quintet states of Ta;" seem to spin quench into
the singlet 'I3(3;) intermediate by N, coordination and exoergic
activation, and the reaction proceeds towards ultimate N, cleavage
via another spin flip, likely into most stable triplet state of gem-
inal edge-surface N-N coordination. Most noteworthy, this Tas*
activation pathway proceeds much in line with our previously iden-
tified across edge above surface (AEAS) mechanism of Tas*.” This
successful and simple cleavage of a first N, molecule by Tas" is
followed by the second N, molecule undergoing similar activation
steps until the cluster complex in 13(3,) might get stuck in front of
an unsurmountable barrier that hinders isothermal activation. An
ultimate NN bond cleavage would be possible under adiabatic con-
ditions. We identify an N, activation reaction pathway similar to
the one of (2,1) for the adsorption of the third N, molecule on the
Tas™" cluster via a p2-kN5,N6:kN5,N6 double side-on “butterfly” N,
motif across the Tal-Ta3 edge, yielding a single '*'*IIIl3 ;) inter-
mediate. From (3,4) on, the sequential adsorption of further N,
molecules proceeds towards an end-on majority. The cluster adsor-
bate complex '*'°IIII 3 3, offers three distinguishable adsorption sites
for further N, adsorption. The fourth, fifth and sixth N, molecules
then coordinate on each of these free adsorption sites.

The study of the N, adsorbate complexes of Tas* presented
here extends our earlier study and previously published spectra from
(4,m), m = 1-5,” up to m = 12. In the past study, we have investi-
gated N cleavage on the Tas" cluster surface and we discussed the
underlying reaction processes. The AEAS mechanism found pro-
vided a mechanistic understanding of the light N, cleavage which
is the basis of this current work. The present IR-PD experiments
and DFT modelling of the higher loaded N, adsorbate species (4,m),
m > 5, confirm the published double activation and nitride forma-
tion, succeeded by single side-on N, coordination. Significant red
shifts of IR-PD bands from these side-on coordinated p>-kN:xN,N
N; ligands correlate with the degree of tilting towards the second
coordinating Ta center. All subsequently attaching N, adsorbates
coordinate in an end-on fashion, and we find clear evidence for
co-existence of end-on coordination isomers.

DFT predictions and IR fingerprints agree well in the case of
Tas", and there are no indications for dark IR bands of intact N,
adsorbates in this case. This likely seems to hold for Tas™ as well:
Intact N; ligands yield some IR-PD bands, albeit sometimes weak
ones (cf. our adjoined IR-PD study [IRS2]). A strict experimental
proof would arise from future tagging experiments, or from future
two color pump-probe experiments. The above findings find strong
support though our complementary cryogenic kinetic studies, as
documented in the supplementary material. The N, adsorption
reaches a limit m(may), which depends on cluster size n. We observe
a final equilibrium among those adsorbate complexes which possess
up to three to five N, adsorbates less than mpay), in all cases but
n = 2. In the cases of n = 2 and 3 the largest observable cluster adsor-
bate complex (2,m(max)) and (3,mMmax)), respectively, are the most
abundant complexes in equilibrium m*, as well. Kinetic fits revealed
significant N, desorption rates upon higher N, loads, and the vari-

ARTICLE pubs.aip.org/aipl/jcp

ations of absolute rates find reasonable interpretation in terms of
simple thermodynamic arguments. The kinetic findings provide for
independent support of N activation and likely cleavage.

The Tas;™ cluster experiences stepwise N, adsorption close to
collision rate. There are either two dips in N, adsorption, at k)
and k@ 5), or two spikes in N, desorption, at k-(3,3) and k-(3,6).
Both variants find support by the IR-PD findings, and from the
DFT modelling. We obtained new insights from the confirmation
and extension of our prior study of N, activation by Tas*.> At high
N loads, k,7) to ke,11), kinetic fits necessitate mechanisms beyond
stepwise N, adsorption/desorption, such as e.g. adsorption isomers
- and/or adsorbate shell reordering. Such a hypothesis is also well in
line with the IR-PD findings and the DFT modelling.

We strongly encourage future experiments on a direct spec-
tral identification and characterization of tantalum nitride bonds
through their IR fingerprints, e.g. by application of far IR radiation
from a free electron laser source.

SUPPLEMENTARY MATERIAL

Supplementary material comprises of comprehensive listings
of energetics, structures and IR frequencies of computed structures,
of plots energetics of reaction pathways by other multiplicities, of
further computed IR spectra, and of multiple text blocks and view-
graphs on the conducted kinetic experiments, kinetic fits and their
interpretation in detail.
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