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Abstract

Nickel-doped aluminum oxide cations (NiO,)(Al203),(AlO)" with m = 1-2 and n = 1-3 are
investigated by infrared photodissociation (IRPD) spectroscopy in combination with density
functional theory and the single component artificial force induced reaction method. IRPD spectra
of the corresponding He-tagged cations are reported in the 400—1200 cm ! spectral range and
assigned based on a comparison to calculated harmonic IR spectra of low energy isomers.
Simulated spectra of the lowest energy structures generally match the experimental spectra, but
multiple isomers may contribute to the spectra of the m = 2 series. The identified structures of the
oxides (m = 1) correspond to inserting a Ni-O moiety into an Al-O bond of the corresponding
(A1,03)13(Al0)" cluster, yielding either a doubly or triply-coordinated Ni*" center. The m = 2
clusters prefer similar structures in which the additional O-atom is either incorporated into a
peroxide unit, leaving the oxidation state of the Ni*" atom unchanged, or forms a biradical
comprising a terminal oxygen radical anion AlI-O" and a Ni*" species. These clusters represent
model systems for under coordinated Ni-sites in alumina-supported Ni catalysts and should prove
helpful in disentangling the mechanism of selective oxidative dehydrogenation of alkanes by Ni-

doped catalysts.
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Introduction

Alumina—supported nickel-based catalysts, Ni/Al,O3, constitute an important class of catalytic
materials with a wide range of industrial applications, such as natural gas reforming for syngas
production!? and oxidative dehydrogenation (ODH) of alkanes.*** When used in ODH catalysis,
it has been assumed that the active species in these materials are NiO crystallites dispersed on
alumina and nickel aluminate species (N1Al2O4), both with Ni in its common +2 oxidation state.
These morphologies believed to be responsible for the high selectivity of this class of catalyst as
compared to unsupported pure NiO crystallites. However, more recently, the formation of Ni**
species, which promote the isolation of electrophilic oxygen (O™), has been invoked to explain the
high selectivity for ethylene formation from ethane.’ The complexity and inhomogeneity of the
condensed phase reaction environment often precludes a complete molecular—level understanding
of the active species and underlying reaction mechanisms. Therefore, it proves helpful to study
small metal oxide clusters in the gas phase. Such clusters provide atom—specific insights into the
interactions governing structures—reactivity correlations at the molecular level and ultimately can

serve as isolated model systems for active sites in real catalysts.>”

Here, we study the geometric and electronic structure of NizAl,O:" clusters in order to identify
such model systems for Ni/Al,O; ODH catalysts. As charged clusters are required for mass
selection, we have chosen mixed metal oxide cations with the composition (NiO;)(Al,O03).(AlO)*
with m = 1-2 and n = 1-3. For m = 1, the addition of the NiO moiety ensures formally fully
oxidized clusters with all metal atoms in their most common oxidation state (AI*" and Ni*").
Addition of one more O atom in the m = 2 series allows for the study of oxygen-rich species, which
may contain less common Ni** centres in combination with O~ species such as those invoked to

explain enhanced ODH selectivity.
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There exists a substantial body of work exploring the gas phase spectroscopy of aluminium
oxide clusters.'®?* Aluminium oxide anions have been investigated by UV photoelectron,'®-1¢ IR
matrix—isolation'” and IR resonance—enhanced multiphoton ionization spectroscopy.'® Detailed
structural information has also been obtained by infrared photodissociation (IRPD) spectroscopy
of messenger—tagged anionic and cationic clusters.?®>* These studies show that the
(A1203)1-4(A10)" and (Al203)1-6AlO> series indeed form electronically closed—shell structures

13* and O?".!?* The preferred geometric structures are rather irregular

composed exclusively of A
and typically require a genetic algorithm for identification.?’ The corresponding IR spectra are
complex and start to converge to that of amorphous alumina for systems containing more than ~25
atoms.?* Less is known concerning the spectroscopy of metal-doped aluminium clusters, which
2526

can represent challenging benchmarks even for advanced electronic structure methods.

Ni—doped aluminium oxide clusters have not been studied previously by theory or experiment.

In the following, we characterize the Ni—containing aluminum oxide cations
(NiO»)(ALL03),(AlO)" with m = 1-2 and n = 1-3 using cryogenic ion trap vibrational
spectroscopy.?’2® IRPD spectra of the He—tagged cations are compared to predicted spectra from
density function theory (DFT). Cluster structures are optimized using the automated reaction path

search technique by the artificial force induced reaction method (AFIR),>-3!

allowing for a
systematic search for molecular or cluster structures and chemical reaction pathways. We show
that unambiguous structural assignments are possible based on a comparison to the spectra of low

energy isomers. We then discuss the geometric and electronic nature of the Ni—site and identify

clusters that may be particularly useful as model systems in future reactivity studies.

Experimental Methods
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The infrared photodissociation (IRPD) experiments were performed using a cryogenic ion trap

tandem mass spectrometer’>>>

interfaced with widely tunable, intense IR radiation from the
Fritz—Haber—Institute Free—Electron Laser (FHI FEL).>* In brief, Ni;Al,O." cluster cations were
prepared by laser ablation of a mixed Ni/Al rod (Ni:Al = 1:1 molar ratio) in the presence of
1 % O2 seeded in 6 atm He carrier gas. The subsequent beam of cations passes through a 4 mm
diameter skimmer and is collimated in a radio frequency (RF) decapole ion guide. The desired
cations are mass—selected using a quadrupole mass filter, deflected 90° by an electrostatic
quadrupole deflector, and focused into a cryogenic RF ring—electrode ion trap. The trap is
continuously filled with He buffer gas at an ion—trap temperature of 10 K. In the trap, the cations

are accumulated, thermalized, and messenger—tagged through collisions with the buffer gas,

forming (NiO»)(A1203).(AlO)" -Hey (x = 1-3) complexes.

For IRPD experiments, all ions are extracted from the trap at 5 Hz and focused both
temporally and spatially into the center of the extraction region of an orthogonally mounted
reflection time—of—flight (TOF) tandem photofragmentation mass—spectrometer. Here, the ions
are irradiated with a counter—propagating IR laser pulse produced by the FHI FEL (400—1200
cm!, bandwidth: ~0.5 % FWHM, pulse energy: 0.2—5 mJ). All parent and photofragment ions are
then accelerated toward an MCP detector and monitored simultaneously. IRPD scans are recorded
by averaging about 100 TOF mass spectra per wavelength step (3 cm™') and scanning the
wavelength. Typically, at least three scans are averaged to obtain the final IRPD spectrum. The

photodissociation cross section oirep is determined as described previously.>>3¢

Computational Methods

Initial screening of geometry structures of (NiO»)(Al2O3),(AlO)" with m = 1-2 and n = 1-3

clusters was performed using the single-component artificial force induced reaction (SC—AFIR)

—5/34—



method,?! implemented in the GRRM 17 package.’’-3® This method has been successfully used
in our previous work for a systematic investigation of the optimized geometries, structural
fluxionality and pathways of chemical reactions catalyzed by atomic clusters.>**! The collision

energy parameter y of the AFIR method was set to 100 kJ/mol. In the structural searches, DFT

computations were performed with TURBOMOLE*** using the def-SV(P) basis sets ** with the

BP86 functional*-*® under the resolution of identity approximation.*’

The obtained geometries are further refined using the Becke three—parameter exchange and
Lee—Yang—Parr correlation functional (B3LYP)*¥* and the def2-TZVP basis set’™>! as
implemented in the Gaussian 16 program package.’> Harmonic vibrational frequencies and IR
intensities are determined at the B3LYP/def2—TZVP optimized geometries. All energies reported
are zero—point energy (ZPE) corrected with the unscaled frequencies. Simulated spectra are
derived from the B3LYP/def2—TZVP scaled harmonic frequencies and intensities and convoluted
with a 15 cm™! fwhm Gaussian line shape function to account for rotational band contours as well

as the spectral width of the laser pulse. Best agreement is found for a scaling factor of 1.011.

To obtain a quantitative measure for the agreement of experimental and theoretical spectra, the
cosine similarity score is used.’ The score S expresses the similarity between two spectra, where
the intensity of the experimental and predicted absorptions is represented by vectors A and B in

eq. (1). The score can vary from zero to unity, with a value closer to 1 indicating greater similarity.

AB o AB,
TATTET )
[ Js

S =cos(0) =

All systems studied here contain a Ni atom with a partially filled d shell and hence states

of different multiplicity need to be considered with the high spin configurations typically yielding
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the most reliable single determinant wavefunction. For Ni?* (d® configuration), this corresponds to
the triplet state manifold and we therefore focus our discussion on these triplet states and their
structures, energies and harmonic IR spectra. The corresponding open-shell singlet wavefunctions
typically yield very similar, quasi iso-energetic structures with similar IR spectra (see Figure S3).
For the systems containing a terminal oxygen radical anion (D—1 and E—1 in Figure 3) the situation
is more complex. Formally, these systems contain (up to) four unpaired electrons, three electrons
delocalized over a Ni(-O-); moiety, either in a high-spin (quartet) or low-spin (doublet)
configuration, weakly coupled to the electron centered on the terminal oxygen atom. This yields
states of either quintet, triplet or singlet multiplicity. However, the Ni(-O-)3 high-spin solutions
are found at higher energy than the low-spin ones. Therefore the results for the triplet states
containing the Ni low-spin configuration (D—1 and E—1) are shown. Note that also here the
structures and spectra for the different multiplicities are very similar (see Figs. S3-5). Finally, it
should be noted that D; diagnostics (matrix 2-norm of coupled cluster amplitudes for single
excitations) performed with the use of TURBOMOLE package demonstrates that the wavefunction
of structures D—1 and E—1 possess essentially multi-configuration character due to the presence
of degenerate and quasi-degenerate states.”* Therefore, an improved description of the
corresponding wavefunctions requires the use of the multireference ab initio theory such as

CASPT2% and MRCI,® which goes far beyond the scope of the present study.

Results and Discussion
<Figure 1 >

A representative mass spectrum of the metal oxide cations produced by laser ablation of

an Al/Ni rod is shown in Figure 1. The pure aluminum oxide cations (A1203),(AlO)" with n = 1-3
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are among the most abundantly formed ions. Their exceptional stability has been noted
previously?! and is a reflection of their closed electron shell combined with all atoms nominally
being in their favored oxidation state, i.e. AI** and O*". Addition of Ni**O*" to this series yields
the mixed metal oxides (NiO)(Al203),(AlO)" with n = 1-3, which are among the most prominent
Ni—containing clusters in the mass spectrum, in line with the assumption that the most stable
clusters contain the elements in their preferred oxidation state. Analysis of the relative mass peak
intensities of the cations containing a single Ni atom reveals intensity patterns that reflect the
natural isotope distribution of Ni, suggesting that the contribution of clusters with different

stoichiometry but identical mass—to—charge ratio is small. (see inset in Figure 1).
<Figure 2 >

IRPD spectra of the (NiO,)(A1203),(Al0)" with m = 1-2 and n = 1-3 are shown in Figure 2.
No absorption is observed above 1100 cm™'. The most intense IR signals are found at the highest

wavenumbers, i.e. in the 900—1100 cm™'

spectral range, with the spectra of the m = 2 series
(oxygen-rich) either exhibiting strong IR absorptions substantially blue—shifted (» = 1, 2) or at
similar positions (n = 3) to those of the corresponding features in the spectra of the m = 1 series
(oxides). The spectrum of the largest cluster (z = 3) in both series exhibits the largest number of

bands and substantial IR activity is observed down to 600 cm™'

, suggesting the formation of
irregular “amorphous—like” structures, as was reported previously for larger aluminum oxide

anions.”*
<Figure 3 >

In order to assign structures to the experimentally obtained IRPD spectra, we performed

electronic structure calculations using DFT. We chose the SC—AFIR approach?*! as part of a

37-38

global reaction route mapping (GRRM) strategy, as a similar approach has been successfully
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used in our previous work.>>*! The geometries of low—energy structural candidates were then
optimized using B3LYP/def2—tzvp. For each cluster size, three low—energy isomers are shown in
Figure 3. In some cases, we find nearly isoenergetic isomers with similar structures and IR spectra,
in which case we chose to display the next lowest isomer that exhibits a different structure. The
formal oxidation state of the Ni atom is assigned based on an analysis of the spin densities and
coordination numbers (see Fig. S2). Relative coordination numbers and other geometric

parameters are listed in Table 1.

In general, we find that formation of four- (4m) and six-membered (6m) rings is preferred
by the atoms comprising the aluminum oxide framework. We also find that the average O and Al
coordination numbers are in the range 2.0—2.5 and 3.0—3.6, respectively, which are substantially
smaller than the corresponding values of 4 and 6 in bulk a-alumina. The values for the gas phase
clusters are closer to those reported for amorphous alumina as well as thin films (see Table 1),
while the Ni atom is either doubly or triply coordinated. Moreover, all oxide clusters (m = 1) shown
in Fig. 3 exclusively contain Ni*" centers, while the oxide-rich clusters (m = 2) either contain a
peroxo-unit in combination with a Ni** center or form a structure with a Ni*" species on one side

of the cluster and a terminal oxygen radical anion AI-O"" on the other.
<Table 1 >
<Figure 4 >

The experimental IRPD spectra of He—tagged (NiO)(Al,03),(AlO)" cations with n = 1-3 are
compared to the computed spectra of the corresponding low—energy isomers (see Figure 3) in
Figure 4. Table S1 in the SI summarizes the experimental band positions, computed scaled

frequencies and band assignments.
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For n =1, the lowest energy isomer (A—1) has Cs symmetry. It comprises two edge-sharing 4m
rings as part of a Al303 book-like moiety and a 6m ring including the doubly coordinated Ni*"
atom, which lies in the symmetry plane (Ni—O bond length: 180 pm). A-2 is found 106 kJ/mol
higher in energy. It comprises two 6m rings and one 4m ring, with the Ni forming a short and a
long Ni—O bond (176/191 pm). A—3 (+137 kJ / mol) is the most disordered structure and also has

a doubly coordinated Ni** in a locally asymmetric environment.

The simulated spectrum of the lowest energy isomer A—1 exhibits the highest cosine similarity
score (0.88) and is much higher than that of the spectra of the other two isomers A—2 (0.03) and
A-3 (0.62). We therefore assign the symmetric structure A—1 to the (NiO)(ALO3)(AlO)" cation.
The highest energy band at 978 cm™! results from excitation of the symmetric combination of the
two symmetry-equivalent antisymmetric O>—A1>—O? stretching modes (see Figure S6). The other
IR—active bands are mainly due to the stretching or bending modes involving the two edge-sharing
4m rings (700-900 cm ') and the stretching or bending modes of the O—Ni—O moiety (450—650

cm V).

The lowest energy isomer for n = 2 is the quasi—planar C; structure B—1. Its Al-O framework
shows similarities with A—1 in so far as it also contains the Al303; book-like motif as well as a
doubly coordinated Ni** atom as part of a 6m—ring, but with slightly shorter Ni—O bond lengths
(179/178 pm). B-2 is slightly higher in energy (+4 kJ / mol). It is a cage—like, more symmetric
structure (Cs), consisting of one 4m and two 6m AlO rings, as well as an 8m ring with a symmetric
O—Ni—O moiety. The higher energy isomer B—3 (+31 kJ / mol) is again a sheet like structure with
similarities to B—1, such as the Al303; book motif and a 6m ring containing the doubly coordinated

Ni%" center.
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The simulated spectrum of the lowest energy isomer B—1 exhibits the highest similarity score
(0.88) of the three isomers. It reproduces the experimental spectrum satisfactorily, while the
spectra of B2 (0.78) and B—3 (0.41) predict bands with substantial IR activity below 1000 cm™!
that are not observed. We therefore assign structure B—1 to the (NiO)(Al,03)2(AlO)" cation. The
highest energy band at 1044 cm™' (b1) can be assigned to a mode that is similar to the one described
for A-1 involving a combination of two antisymmetric O’~Al*~0? stretching modes joined by the

Ni?" atom (see Fig. S6).

The lowest energy isomer for n = 3 (C—1) is a three-dimensional structure of C; symmetry and
the first to contain two four-fold coordinated AI** sites together with a triply-coordinated Ni**
atom. It consists of five 6m and three 4m fused rings. These form a cone-like structure with a rim
consisting of a characteristic 10m AlO ring, quite similar to that reported for (ALO3)3(Al0)*.2!
The higher energy isomers C—2 (+83 kJ / mol) and C—-3 (+86 kJ / mol) only exhibit a single four-

fold coordinated AI** atom and adopt more quasi-planar structures.

The simulated spectrum of the lowest energy isomer (C—1) again exhibits a significantly
higher cosine similarity score (0.90) than the spectra of the other two isomers C—2 (0.41) and C-3
(0.47). We therefore assign the cone-like structure C—1 to the (NiO)(Al,O3)3(AlO) " cation. The
two highest energy bands c¢i (1035 cm™) and c; (993 cm™!) are assigned to antisymmetric
—0O—(Al)—O— stretches within the 10m ring (see Fig. S6). Note that these vibrational frequencies
are similar to the highest energy rim modes (1029 cm ') reported previously for the pure aluminum

oxide cation (Al,03)3(Al0)" lending further support to this assignment.?!

Collectively, the structures found for the oxide series (NiO)(Al203)13(AlO) correspond to
insertion of a Ni-O moiety into an Al-O bond of the previously reported lowest energy

(A1203)13A10" isomers for all three sizes.?! Moreover, nickel is formally always present as Ni**
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in a d® configuration and either doubly (n = 1, 2) or triply coordinated (n = 3). Here, we have
focussed on Ni in its high spin d® configuration (triplet state). The corresponding singlet states
(low spin d® configuration) are found to be nearly isoenergetic and with similar IR spectra (see SI).
The most intense IR features are found at the highest wavenumbers, namely at 978 cm™' (n = 1),
1044 cm ™! (n =2), and 1035 cm ™! (n = 3). They involve excitation of particularly short Al-O bonds
(168—174 pm, see Table S2) as part of a combination of O’~AI’*~O? antisymmetric stretching
modes. This matches well with results reported previously on aluminum oxide anions, where
frequencies in this spectral range 900 — 1050 cm™! were reported for similar modes.?* The IR
intensities of the bands associated with Ni—O modes (n = 1: a¢,7; n = 2: bio,11; n = 3: C10,13,14), ON

the other hand, are rather small.

Experimental IRPD spectra of the oxygen-rich (NiO2)(A1203),(AlO)" cations with n = 1-3 are
compared to the computed spectra of the corresponding low—energy isomers (see Figure 3) in

Figure 5. Experimental band positions, computed scaled frequencies and band assignments can be

found in Table S1.
<Figure 5 >

The lowest energy isomer predicted for n =1 is the quasi-planar Cs structure D—1. Its structure
is similar to that of A—1, but the positions of the Ni- and the Al-atom in the symmetry plane are
switched and the extra O-atom is added such that metal centers are now triply coordinated. In
comparison to the m = 1 structures, D—1 includes a triply coordinated Ni-site and a terminal
oxygen—centered radical anion (AlI-O"") on the opposite side of the cation. Analysis of the spin
densities, including spin polarization effects, suggests the presence of a Ni** species, where the
spin is delocalized over the Ni(-O-); moiety, either in a high-spin (quartet) or low-spin (doublet)

configuration. The additional unpaired electron centered on the terminal oxygen atom can then be
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coupled in either a parallel or antiparallel fashion yielding states of quintet, triplet or singlet
multiplicity. For simplicity, we focus on the triplet states here, but note that the IR spectra of the
corresponding quintet state (see Figs. S4) is very similar. Of the two possible triplets, D-1
corresponds to the one with the low-spin configration on the Ni(-O-); moiety and a parallel spin
on the terminal oxygen atom. The higher energy isomers D—2 (+14 kJ/mol) and D—3 (+18 kJ/mol)
are variants of structure A—1, in which the Ni-atom remains in its original position in the form of
a doubly—coordinated Ni** center. The additional O-atom is incorporated in the form of an O,>
unit, between either Ni/Al or Al/Al sites and with a bond length (155 pm) that is typical for peroxo

species.?

The simulated spectrum of the lowest energy isomer D—1 exhibits the highest cosine similarity
of these three isomers, but its magnitude (0.65) is considerably smaller than the scores found for
the best matches for the m = 1 series (> 0.88). Three bands (d»-4) observed in the experiment are
not reproduced by the simulated spectrum and two bands are predicted around 700 cm™!, which
are not observed experimentally. Despite these discrepancies, the spectrum of D—1 is the best
match and we assign the structure accordingly. The spectrum of the higher energy isomer D—2
(0.40) reproduces the unassigned bands d>-4 and therefore is probably present in the experiment,

but with lower abundance than D—1. The assignment of the highest energy band d; (1053 cm™!) is
similar to that of band a; in the spectrum of A-1 (see Fig. S6). The band corresponding to the Al—
O™ stretching mode is predicted at 906 cm™ with low IR-intensity and is tentatively assigned to
the feature at 912 cm! in the experimental IRPD spectrum,

For n = 2, the situation is quite similar to that for n = 1. The lowest energy isomer E—1 can be
derived from the corresponding m = 1 structure B—1. Similar to D—1, E—1 includes a triply

coordinated Ni*" site in combination with a terminal oxygen radical at the opposite end of the
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cation. The cage—like structure E—2, which contains two 4-fold coordinated AI** sites, is predicted
+33 kJ/mol higher in energy and includes a triply coordinated Ni>* site with three spins located on
the NiO> moiety forming two Ni-O bonds (186/187 pm). The higher energy isomer E—3 (+38
kJ/mol) is similar to E—1 in that it is quasi-planar and contains a triply-coordinated Ni*" site.
Interestingly, it does not exhibit a terminal O radical with a localized spin, but rather the spin is
now delocalized over the two O atoms of the 4m Al,O» ring. The distance between these two

oxygen atoms is 224 pm, much larger than that for a typical superoxo unit (~132 pm).>

The cosine similarity score of the E—1 spectrum (0.76) is considerably higher than those of E—2
(0.42) and E—3 spectrum (0.46) and we assign the structure of the (NiO2)(Al203)2(AlO)" cation
accordingly. However, smaller contributions to the experimental IRPD spectrum from other
isomers, specifically E-2, are likely. The assignment of the highest energy band e1 (1084 cm™) is
the same as for D—1 and involves the two O>~Al>~0* moieties adjacent to the terminal A1-O" unit.

Band e4 (933 cm™') is then tentatively assigned to the A1-O" stretching mode (see Table 2).

For n = 3, all three low—energy isomers exhibit three—dimensional structures containing
exclusively triply—coordinated Ni*>* centers. All three structures represent variations of the
corresponding m = 1 cone-like structure C—1. They only differ in the location of the peroxo-group,
which is found adjacent to the Ni atom in F—1 and further away as part of the rim structure in F—2

(+21 kJ / mol) and F-3 (+34 kJ / mol).

This is the only system for which the spectrum of the lowest energy isomer does not yield the
highest cosine similarity score. The score for the spectrum of F—1 (0.73) is smaller than the
corresponding value for the spectrum for F—2 (0.86). Indeed, it seems likely that both isomers
contribute to the experimental spectrum with F—2 being the main contributor. While the spectrum

of F—-2 reproduces nearly all features at lower energies, only the spectrum of F—1 can account for
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the highest energy peak i1 (1039 cm™!). The spectrum of F—3 exhibits the lowest similarity score
(0.53) of the three isomers. Bands fi and f; are attributed to the same mode as already described
for C—1 (see Fig. S6). The peroxo stretching modes are predicted at 911 cm™'(F—1) and 864 cm’!
(F-2) with low IR intensity and in a congested spectral range, making their identification

challenging.

Altogether, the structures identified for the m = 2 (oxygen-rich) series (NiO2)(Al203)1-3(A10)*
are related to the structures found for the m = 1 (oxide) series in that they exhibit a similar
framework. In contrast to the m = 1 cations, however, multiple isomers probably contribute to the
spectra of the m = 2 cations, probably due to the lower relative stability of the latter (see also Figure
1). Further, we find that the additional O-atom can be incorporated in two ways. For n =2, we find
the Ni**/Al-O™ motif, while the most stable structures for n = 3 prefer the Ni>*/O>>" motif. Both
structural motifs are found to contribute to the experimental spectrum for » = 1. With increasing
cluster size, the number of fourfold- (and higher-fold) coordinated Al-atoms increases and three-
dimensional (3D) structures are preferred and these stabilize the Ni**/O2?" motif. Note that the
chemical reactivity is expected to be different for the two types of oxygen species (02> vs. Al-0™).
Al-O™ groups are typically more reactive and the ability of terminal oxygen radicals to activate

methane is well documented.®’

For the moderate cluster sizes (n = 3) characterized here, we find that cone-like 3D
structures, originally identified for the corresponding (Al2O3)1-4(AlO)" cations?! are particularly
stable. While the most intense IR bands in these spectra are due to combinations of O’—A*—0?
antisymmetric stretching modes involving particularly short AI-O bonds (< 173 pm), the modes
involving the characteristic oxygen species (either O,>" or AI-O™) as well as the Ni-O modes are

predicted too low in IR intensity to be observed unambiguously experimentally.
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DFT does a surprisingly good job for these challenging systems, which really should be treated
with multi-reference approaches. Even though the DFT energies are not predictive for transition
metal containing systems as studied here,?® the lowest energy isomer is typically (but not always)
found to be the structure that contributes predominantly to the IRPD spectrum. For most systems,
we find satisfactory agreement with the spectra of clusters containing the Ni atom in a high spin
configuration. However, since the predicted spectra for the corresponding systems with lower
multiplicity are typically very similar, we cannot infer reliably on their spin state. This would

require the application of other techniques, like x-ray magnetic circular dichroism spectroscopy.®

Conclusion

Vibrational spectra of nickel-doped aluminum oxide cations, (NiO,)(Al203),(AlO0)" m = 1-2, n
= 1-3 have been obtained using IRPD spectroscopy of He-tagged ions. These spectra show a
wealth of vibrational structure in the 400-1200 cm™' spectral range and assignments are facilitated
through comparison with computed harmonic IR spectra of low energy isomers. For m = 1, we
find satisfactory agreement with the spectra of clusters that show the insertion of a Ni-O moiety
into an AI-O bond of the corresponding (Al203)13(A10)" cations, resulting in doubly and triply-
coordinated Ni** centers. The oxigen-rich cations (NiO2)(A1>03)13(AlO)" contain either a Ni**/Al-
O™ or a Ni>"/O>> motif and represent gas phase model systems for undercoordinated alumina-
supported Ni-sites in oxygen-rich environments. Further reactivity studies on these model systems
have the potential to unravel the mechanism of the industrially-relevant ODH of alkanes by

alumina—supported nickel—based catalysts, in particular, the origin of the observed high selectivity.
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Table 1. O/Al ratio, average coordination numbers (CN), number of terminal oxygen radical

anions (O ") and peroxide (O2?") units as well as Ni oxidation state (OS) for all low—energy

isomers.
O/Al ratio Average CN
Isomer - - NiCN o 022 NiOS
o Al
A-1 1.67 22 3 2 0 0 +2
B-1 1.6 2.25 3.2 2 0 0 +2
C-1 1.57 2.36 3.29 3 0 0 +2
D-1 2 2.02 3 3 1 0 +3
D2 2 2.33 3.33 2 0 1 +2
E-1 1.8 2.11 3.2 3 1 0 +3
F-1 1.71 2.33 3.29 3 0 1 +2
F-2 1.71 2.47 3.57 3 0 1 +2
arﬁgﬁ;‘;‘“ 1.53 2-3 4-5
thin film 1.3 3.0 3.9
—alumina 1.5 4 6
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Table 2. Experimental and calculated scaled harmonic vibrational frequencies (in cm™!) of

different oxygen species in (NiO2)(Al203),(AlO)" with n = 1-3 and the related A1-O;/O-O Bond

length (pm).
Species Cluster Isomer Exp. B3LYP  AI-O/O—O Bond Length
Terminal Al— n=1 D-1 912 906 172
O¢ n=2 E-1 933 920 172
n=1 D2 912 895 155
Peroxide n=3 F-1 908 911 147
n=73 F-2 908 864 152
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Figure 1. Quadrupole mass spectrum of the cations produced by laser ablation of an AI/Ni rod in

the presence of 1% O seeded in He. The dominant mass progressions are labeled.
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[(NIO,,)(A,0,) (AIO)]*He

400 600 800 1000
Wavenumber (cm™)

Figure 2. IRPD spectra of He—tagged (NiO,)(Al203),(AlO)" cations (m = 1-2, n = 1-3) in the
spectral region from 400 to 1175 cm ! measured at an ion trap temperature of 10 K. The vertical

scale for each figure is independent.
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Figure 3. B3LYP/def2—tzvp minimum—energy structures of low energy isomers of
(NiO»)(A1203)4(Al0)" cations with m = 1-2 and n = 1-3 (color code: blue, Ni; gray, Al; red, O).
Only electronic triplet states are considered. The number of m and n are denoted as (m, n) below
each structure along with the zero—point vibration—corrected energies (AHok) with respect to the
related ground state clusters (kJ mol™'), and symmetry of each cluster. Bond lengths for Ni—O
bonds, Al-O¢" bonds, peroxide bonds, and bonds involved in the highest frequency vibration are

listed in units of pm. The oxidation state of each Ni atom is listed next to the atom in each structure.
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Figure 4. Experimental IRPD spectra (dark red) of He-tagged (NiO)(Al203).(AlO)" cations with
n = 1-3 and simulated IR spectra (green) of low—energy isomers (without He). ZPE-corrected
energies AHok are given in kJ mol™!. The cosine similarity score is shown in parentheses. See

Table S1 for the band positions and assignments.

—32/34-



+ Al-O, strechmg mode ¢ O-O streching mode
Nnom)(AI 0,),(AlIO)* He

d
5 4,2 ’\ @

a) D-1 (0.65)

-2(040 n g
c) D-3 (0.31) ,

m=2,n=2

g Se )
a) E-1 (0.76) n [ 1
b) E-2 (0.42) D,

) E-3 (0.46)

m=2,n=3
f7 f6 fs f4

a) F-1 (0.73) n ..
b) F-2 (0.86) >
w/‘t\/\_}wA.AMr[\_ “ y

c) F-3(0.53)

400 600 800 1000
Wavenumber (cm™)

Figure 5. Experimental IRPD spectra (dark red) of He-tagged (NiO2)(A1203),(AlO)" cations with
n = 1-3 and simulated IR spectra (green) of low—energy isomers (without He). ZPE-corrected
energies AHok are given in kJ mol™'. The cosine similarity score is shown in parentheses. See

Table S1 for the band positions and assignments.
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