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Abstract: Infrared spectra of niobium oxide cluster cations are measured via IR multiple photon dissociation
spectroscopy in the 400—1650 cm~ region. The cluster cations are obtained directly from a laser vaporization
source and irradiated with the infrared light emitted by a free electron laser. For those oxide clusters that
fragment after excitation, the IR spectra are recorded by measuring the cluster intensity changes as a
function of the IR wavelength. The spectra of all examined oxide clusters exhibit two main absorption features
that can be assigned to vibrations of terminal (Nb=0) or bridging (Nb—O—Nb) oxide groups. For selected
clusters DFT calculations at the B3LYP/LACVP* level have been performed and the calculated vibrational
spectra are compared to the experimental data to identify the gas phase structures of the clusters.

1. Introduction their experiments on collision-induced dissociation (CID) and
ab initio HF calculations with the 3-21G* basis they propose
tree-like cluster structures, built up from NpQ@nits® For
clusters that contain excess oxygen (with regard to a formal
oxidation state oft-5 for the niobium atoms) loss of oxygen

Niobium oxide has an outstanding potential for catalytic
purposes, similar to the oxides of its lighter homologue
vanadium. Its application ranges over usage as support material
in catalysts for selective hydrocarbon oxidation up to its role . .
in NOy gonversion for exhaﬁst gas purificatiéﬁFurtk?ermore, has been observed. b is observed tilose atom|c+O ato.9
the pentoxide works as a solid acid catalyst, since it possessev center-of-mass energy, and for " and NoO." loss
the behavior of a strong Lewis acid, whereas the hydrated phases of O, is induced already under thermal conditions. This behavior
(“niobic acid”) are Brgnsted acids. Due to the acidity, it catalyzes IS leohobserved in StUd'TS of :jeacgons withutane, egliane ith
alkene isomerizations or polymerizations, oxidative dehydro- and ethene: oxygen is L%ffse and in some cases adducts wit
genations, and dehydration reactions, e.g., the isomerization ofhydrocarbons gre formed. .
1-butené or the aldol condensation of acetdhe. DFT calculations by Sambrano et'8lhave been inspired
by the results from the CID experimerft&eometric, thermo-

With the aim of modeling isolated active centers of the q h del - ' ¢ I ' and cationi
niobium oxide, free gas phase niobium oxide clusters have been ynamic, and € ectronic prop_ertles_ of small neutral and cationic
niobium oxide clusters starting with NB®" up to NigOg?+

the subject in a few recent studies. These investigations were 8 . p he | | '+ and oL
started by Sigsworth and Castleman with their studies on gasVe'® investigated. For the larger clusters@43"" and NOs

phase reactions of the anions NPONbGs~, and NbQ(OH),~ ope_n structures (but no cages) are proposed. _

with O,, HCI, and HOS5 Later, the chemistry of reactions of Since the knowledge of the geometric and electronic structure

NbOs~ and anionic clusters NB,~ with methanol and ethanol is fundamental for understanding the behavior of the cluster,

were analyzed by Jackson efdlOn the basis of the observed ~ Several experimental methods have been applied to attack this

reactions patterns, three isomeric structures fogQ¢b are problem. CID and reactivity measurements give indirect infor-

proposed. mation on the cluster structure. Anion photoelectron spectros-
Also the properties of cationic niobium oxide clusters have €OPY (PES) has been successfully applied in combination with

been recently studied by Castleman’s group. On the basis of

(6) Jackson, P.; Fisher, K. J.; Willett, G. Dit. J. Mass Spectron200Q 197,

. ) B ) 95-103.
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DFT calculations to yield structural information on metal clusters
with only a few additional oxygen atoris?’ (those might be

better named metal cluster oxides rather than oxide clusters).

In addition to the electronic structure, vibrationally resolved PES
can also provide vibrational frequencisThe limiting factor

for the application of the ultraviolet PES technique to transition
metal oxide clusters is the electron binding energy, which is
usually very high for oxides with high oxidation states of the

metal. A better basis to unravel the oxide cluster geometric
structure is provided by experimental IR spectra.

Using matrix isolation FT-IR spectroscopy, the IR absorptions
of several small niobium (and tantalum) oxide clusters up to
Nb,O, have been measured by Zhou and Andréwand
assigned via oxygen isotopic substitution and by performing
DFT calculations. From their vibrational properties also cationic
(NbO*, NbO;™) and anionic (Nb@~, NbO;™) niobium oxide
species have been identified in the argon matrix. Some of the
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Figure 1. Scheme of the infrared multiple photon depletion experiment.
The dashed lines indicate the pathway of the cluster ion beam. The plates
of the reflectron time-of-flight mass spectrometer and additional steering
plates are not shown.

phase niobium oxide clusters are produced in a standard laser

unassigned bands increase in intensity during annealing,whichvaporizaﬁon source. The second-harmonic output of a Nd:YAG

might indicate that further aggregation occurs. Possibly larger (spectra-Physics GCR 150, typ. 5 mJ/pulse) laser is focused on a
clusters are also present in the matrix but cannot be identified. yotating and translating niobium rod (99.8%, Aldrich Chem. Co.).

In recent attempts in our laboratory, vibrational spectra of Material is ablated forming a plasma and flushed with a short gas pulse
magnesium and zirconium oxide clusters have been obtainedof 0.25 oxygen in helium supplied by a current-loop actuated pulsed
via IR resonance enhanced multiple photon ionization (IR- valve (R. M. Jordan Company, Inc.). Neutral and charged metal oxide
REMPI)1220The principle of IR-REMPI spectroscopy requires clusters are formed and flow through a channel of 3 mm diameter that

that the cluster of interest has an ionization potential (IP) that
is lower than its barrier for fragmentation, and therefore, this
method is not applicable to oxides containing a transition metal
in high formal oxidation states. These clusters usually have IPs
z 10eV, e.g., 9.5 1 eV for NbyO;0,2t whereas CID (of cluster
ions) reveals fragmentation already at much lower collision
energy (5.3 eV center-of-mass energy for,8f" and Kr)8
Asmis et al have shown that IR multiple photon absorption
induced fragmentation of vanadium oxide cluster catiogSy"

widens after 25 mm to 5 mm inner diameter. After a total pathway of
60 mm in the source channel that allows for thermalization of the
clusters, the gas pulse expands into vacuum. After the beam is skimmed
it is additionally shaped by a 0.8 mm aperture. The distribution of the
cluster ions that are directly emitted from the source is analyzed with
a perpendicularly extracting reflectron time-of-flight mass spectrometer
(R. M. Jordan Company, Inc.).

The cluster beam overlaps longitudinally with a pulsed focused beam
of infrared radiation produced by the Free Electron Laser for Infrared
eXperiments (FELIX}* The IR light comes in macropulses that are 7

in an ion trap is feasible and provides its IR spectrum in uslongand consists of 0-3 ps duration micropulses spaced by 1 ns.

agreement with the theoretical predictidras well as the
corresponding fragmentation chann®ls.

In this article we will show that IR multiple photon dissocia-
tion (IR-MPD) of oxide clusters is also possible in a free
molecular beam, and we present the first infrared spectra of
gas phase niobium oxide cluster cations. It will be shown that

The energy of the macropulse is typically 50 mJ, and the spectral width
is set to 0.3% (rms) of the wavelength. The IR beam is focused with
a spherical mirror of 300 mm focal length and steered with a flat mirror
that is mounted on the axis of the molecular beam. The focus of the
IR laser beam is located near the skimmer, ca. 3 cm upstream from
the aperture.

When FELIX is resonant with an IR-allowed vibrational mode of a

the cluster structures can be obtained on the basis of thesejuster, multiple absorption of single photons can take place. This
spectra from comparison to harmonic frequencies calculated for process is facilitated by the high density of vibrational states and the

possible isomers by DFT methods.
2. Experimental Section

The experiment is performed in a two-stage molecular beam setup
containing a laser vaporization cluster source and a time-of-flight mass
spectrometet??® A scheme of the setup is shown in Figure 1. Gas
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fast internal vibrational redistribution (IVR) of vibrational energy in
the cluster. The energy absorbed in an IR-active mode is thus very
quickly transferred to the heat bath of other modes and the subsequent
absorption of another photon is not hindered by anharmonicities. At
high excitation (cross-) anharmonicities will however play a role and
possibly limit the number of absorbed photons. For fullerenes, this
absorption process has been modeled and the experiment and model
indicate that the absorption of more than 500 photons by a single
molecule in a single macropulse is realisticThe principles of IR
multiple photon absorption by binary metal compound clusters (carbides
and oxides) are discussed in detail elsewfere.

If the cluster gains enough energy to overcome its barrier for
dissociation, cluster fragmentation becomes possible, leading to intensity
changes in the mass spectrum. Since the dissociation energies of oxide
clusters are typically on the order of at least2leV, many IR photons,

(24) Oepts, D.; van der Meer, A. F. G.; van Amersfoort, P.Ikared Phys.
Technol.1995 36, 297—-308.

(25) von Helden, G.; Hollemann, I.; Meijer, G.; Sartakov@pt. Expres4999
4, 46-52.

(26) von Helden, G.; van Heijnsbergen, D.; Meijer, &.Phys. Chem. Ain
press).
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Table 1. Calculated Properties for Mononuclear Niobium Oxide
Species, Including the Oxotrichloride Molecule, and for Oxygen at @7 Nb O
the DFT (B3LYP/LACVP*) Level and Comparison to Experimental xy
Data
exptl ref caled scaled - (2.5)
3
NbO g |
]
d(Nb—0) 1.691 A [28] 1.702A S 2 ' «9)
v 989 cnr! [28] 1033cmt 990 cmt 21 ! ’
NbO™ § !
d(Nb—0) 1.675 A £
v 1000 cmt [18] 1066 cnmt 1021 cnt s
NbO,* =
d(Nb—0) 1.697 A
0(O—Nb—0) 102.8
vy 989 cnr! [18] 1059 cmt  1015cnrt
1 1 1 oo TIT T T T T T T T eTTT I TrrTITTTTY T TrerTTTYT YT
KlstCb 938 cnm [18]  1015¢nt™  973cnr 100 200 300 400 500 600 700 800 900 1000 1100
d(Nb—0) 1.706 A miz (amu) _ o
v(Nb—O) 997 cnmt [29] 1031 cmt 988 cmt Figure 2. Mass spectrum of niobium oxide cluster cations, emitted directly
»(Nb—Clasym.) 448 cm! [29] 446 cmt 437 cnt from the laser vaporization source. The composition of the oxide clusters
»(Nb—Cl sym.) 395 cm? [29] 413cm? 405 cmt is given in the form of X,y).
022y . - . . . .
d(0—0) 1.208 A [28] 1.214A with less than 10 niobium atoms in high intensity. The
v(0-0) 1580cm®  [28]  1658cmt 1579 cnit distribution contains mainly niobium oxide clusters with Nb/O

ratios from 1 to slightly above 2.5, corresponding to a formal
e.g., 816 photons at 1(«m, have to be absorbed per cluster at a o])‘(ldatlon_ SLE.lte of n_l((j)blulm ?etweelﬂZ and+5.de1(; Co?”nptl)jltlon tri
minimum. The timing of the cluster source relative to the IR macropulse of pure n'cl Ium oxide clus eis never exceeds the stoic 'Om_e rnes
is optimized for maximum depletion of the cluster signals. The mass (NB2O:)nO™ or (Nb,Os)nNbO5™. The presence c_)f cluste.rs h.aVIng
spectra are averaged and recorded as a function of FELIX wavelengthON€e 0xygen atom more than necessary to fulfill teoxidation

using a digital oscilloscope that is connected to a personal computer. State of niobium indicates the presence of peroxidic species or

molecular oxygen adsorbates. Peaks that might be assigned to

even higher oxide clusters have been identified to be hydroxy-
The geometry optimization for selected clusters is performed with lated or hydrated species, but those are not the subject of

the Jaguar 43 program using the B3LYP functional and the LACVP*  discussion here.

basis set (6-31G for O; Haywadt VDZ (n + 1) ECP basis for Nb). 4.2. Depletion SpectraFigures 3 and 4 show the relative

_Trt‘e r_\?rmomc V|bratt|o(rjlal freq_ueﬂme_?h andl_ ttr)]'?tycofrrti'spondtlr?gd IR intensity changes for selected oxide cluster cations that occur

intensities are computed numerically. The reliability of this method is . : :

: . ; while scanning the IR frequency. The spectra are measured in
h | for N N +
tested by comparison with experimental data for NbO, Nb@bO,*, the range of 4081650 cnT?, but only the 506-1400 cnT?

NbOCk, and Q (Table 1). For NbO we find a quartet ground state, L L .
while for NbO* the triplet state is found to be the lowest. In general, region is shown, as the cluster distribution was not influenced

the calculated vibration frequencies are higher than the experimentalby FELIX when being outside this range.
values, but this is consistent with the known performance of the B3LYP  In the spectra, dips and/or intensity increases can be observed
functional. The recommended scaling factor of about ¥.8ds to and several spectral features can be identified. Dips occur when

better agreement between calculation and experimental observationa cluster fragments upon IR irradiation. Increases occur when
To obtain better agreement also for the lower frequency modes, this heavier clusters fragment and the fragmentation products end
scaling factor is varied and an offset is additionally introduced, resulting yp at the mass monitored. For most clusters shown a narrow

3. Computational Details

in the optimum scaling formula: band is found around 990 crhand broader bands in the 700
B o 900 cnt!range. For no clusters, except for Xg*, can bands
v=16 cm "+ ¥(calc) x 0.943 below 700 cm! be identified unequivocally. Also above 1000

cm~! no peaks are observed.
For a cluster group with a fixed number of niobium atoms,
the intensity of oxide clusters with rather low oxygen content

derived by fitting the calculated frequencies to the experimental values
given in Table 1 (without using the data from matrix isolation

spectroscopy). . .
Dissociation energies are calculated from the differences of the total remains ”ea”Y unchanged over the whole spectrum, while for
energies of the reactands without any further adjustments. the clusters with the highest oxygen content (e.g.sQdb or
Nb4O11") strong depletion at distinct frequencies is observed.
4. Results For clusters with an intermediate oxygen content (e.g., for

4.1. Cluster Composition.A typical mass spectrum of the ~ NbsO12") the two effects, depletion and intensity growth due
cationic oxide cluster distribution is shown in Figure 2. The to fragmentation of larger clusters, are observed to occur. In
cluster formation conditions are optimized to yield small clusters those spectra, the depletion band around 990*dmobserved
to occur on the red side of the growth band. This observation
(27) Jaguar 4.0 Schralinger, Inc.: Portland, OR, 1992000. indicates that absorption frequencies are cluster size dependent

(28) Huber, K. P.; Herzberg, &onstants of Diatomic Molecul¢data prepared . . L . .
by J. W. Gallagher and R. D. Johnson, Ill).NiST Chemistry WebBook, ~ and that for this band a blue shift with increasing cluster size

NIST Standard Reference Database Number @®trom, P. J., Mallard, i H
W. G., Eds.; National Institute of Standards and Technology: Gaithersburg, and/or mc,reasmg OXyg,en Conter,]t OCCUI:S. X i
MD, 20899, July 2001 (http://webbook.nist.gov). The oxide cluster with the highest intensity in the mass

(9 Iﬁgfg”éiﬁfrh fé;g}i’%ﬁaf?‘fg&%e%ense”’ V. R Ystenes, M.; @stvold, T. - gpectrum, NpO;*, exhibits a special behavior. No depletion is

(30) Scott, A. P.; Radom, L]. Phys. Chem1996 100, 16502-16513. observed at all, and its absolute intensity growth is much larger
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Figure 3. Relative ion intensity as function of IR frequency for selected 3 08 E
oxide cluster cations containing-2 niobium atoms. The ion intensity is 0.0 3 T T T T T T T e
normalized to the intensity in the 11860400 cnT?! range, where no IR %‘ 15 3 NbsO,,
laser induced fragmentation signals are observed. Intensity decrease below & 4, 3
1 corresponds to fragmentation of that ion, whereas an increase is due to f 05 3
formation of that ion during fragmentation of larger cluster ions. CERE . . . . . . . .
2 151 Nb.O,;
. . L . 2 3 5 n
than for any other cluster. This might indicate that®p" is a ] 10 3 MWMWV‘
favored fragment for larger clusters. This points to a special g 05 3
. . . . 0.0 T T T T T T T T
stability of the stoichiometric and closed shell clusten®7, B Bo0 T o0 GO0 1000 1100 1200 1900 1400
which would also explain its high intensity in the mass spectrum. frequency (cm)
5. Discussion Figure 4. lon intensity as a function of IR frequency for selected oxide

cluster cations containing-8 niobium atoms. The spectrum below 700
5.1. NbOs". 5.1.1. Isomeric Structures.The optimized cm~t is not measured for the larger clusters.
geometries and relative energies of the isomers eiybare
shown in Figure 5a. In these clusters different oxygen Speciesdensities reveals that the unpaired electron is distributed between
can be identified ranging from terminal (double bonded) and the oxygen atoms of the superoxide group with maximum
bridging oxo (G-) groups to different superoxg¥-0,~ in la density (75%) at the terminal atom. For the vanadium homo-
andlb) and peroxog2-02~ in Il ; y2-O2" in lll ) species. Triple logue V-O¢™ it has been proposed by Calatayud et'ahat the
—O— bridged starting configurations did not preserve this MOst stable isomer resembles the cis fdbmbut it is actually
structural element during optimization, but converged|to unclear if the trans arrangement has been considered. Peroxo
Ozonide-containing structures have not been considered, sinceggroups (inll and lil') seem to be unfavorable, since these
they are expected to be much higher in energy. isomer§ are nearly 1 eV h.igher in er.1ergy..A cluster having only
The two most stable isometa andlb contain aj’-bonded ~ ©Nne bridging O atomlll ) is much higher in energy.
superoxo group and two terminal oxo groups. In the slightly 5.1.2_. IR Spectra.In Figure 6 the calculated infrared _spectra
more stable isomela the oxo groups are in the trans config- of the five isomers of NjDs* are compared to the experimental

uration, while they are in the cis configuration Ib. Their 51" 104 M And J.; Beltfa, A. J. Phys. Chem. 2001, 105, 9760-
ground state is a doublet, and Mulliken analysis of atomic spin 9775.

3662 J. AM. CHEM. SOC. = VOL. 125, NO. 12, 2003
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IV (+1.24 8V)

Villb C, {+0.69 eV)

Villa C, (+0.69 eV)

Xilia (0) Xillb (+1.21 eV)

Figure 5. Optimized geometric structures of isomers of niobium oxide cluster cations. From top to bottom: 2@ Nib) Nb;O7"; (c) NbsOs™; (d)
Nb4O10t; and (e) NkO11+. The point group is only given if it is no€;. The bond lengths are in A.

spectrum. In the measured spectrum bands at 625, 675, 7901100-1150 cnt? range of absorption frequencies for known
and 990 cm! can be clearly identified. The calculated spectra #'-O;~ transition metal complexeéd.For both isomerga and
for the isomerda andlb are, as expected, very similar. The b, the bands at-534 cnT? represent the stretch of thé-O,~
analysis of the vibrational modes reveals that the doublets atgroup against the Nb atom and the absorptionséit6,~660,
998 and 1007 cmt (la) as well as 997 and 1013 crth(lb) and~775 cm! can be assigned to in-plane vibrations of the
belong to the symmetric and antisymmetric stretches of the two two bridging O atoms.

termlna!l NB=O groups. The stretch vibration of th? SUPQFOXIde (32) Sheppard, N. IVibrational Spectroscopy of Adsorbat#illis, R. F., Ed.;
n1-0,~ is found at~1145 cn1l, a value that falls nicely in the Springer-Verlag: Berlin, 1980; pp 165.76.

J. AM. CHEM. SOC. = VOL. 125, NO. 12, 2003 3663
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mentally observed has the structlae which also corresponds
to the energetically lowest of all computed isomers.

5.1.3. Dissociation Pathway Nb,O,* is the only cluster
smaller than NEOg" that shows intensity increases at some
wavelengths (Figure 3, bottom trace). This increase is correlated
to the dips in the NiDs™ ion signal, and it thus seems reasonable
that NOg* fragments by losing molecular oxygen. This
dissociation channel is in agreement with the observed loss of
O, after collisions of NbOs" with hydrocarbong:!® The
calculated dissociation energy of isomaris 1.3 eV;

absorbance (arb. u.)

T T T T 1
800 900 1000 1100 1200

frequency (cm}

T T
500 600 700

Nb,O;" — Nb,0," + 0, AE=+1.30eV

The structure of the fragment Wb, is obtained by removing
then1-O,~ unit from la and allowing for relaxation. The ground
state of this trans isomer of MNO," is a doublet. The
corresponding cis isomer is calculated to be 0.12 eV higher in
energy.

5.2. NlOg™. 5.2.1. Isomeric StructuresThe cluster NgOg™
contains one additional oxygen atom when compared to the
stoichiometric composition of (NKDs)NbO,* with all Nb atoms
in a formal+5 oxidation state. Therefore, the number of isomers
for the oxygen-rich cluster NfDg* is expected to be much
higher than for the corresponding stoichiometric clustesQsb.

The geometries of various isomers of 03" are derived by

adding oxygen atoms to the three basic isomeric structures of

NbzO;" shown in Figure 5b. The two cage-like isomérand

B are very close in energy, while the tree-like isorfies 2.68

eV higher in energyA is unigue among the niobium oxide

cluster isomers found, not only because of its Highsymmetry
frequency (cm™) but also because of the presence of a 3-fold coordinated O atom

Figure 6. Top: Experimental IR spectrum of N@s* as obtained by IR in the center of the clusteB. consists of a double O— bridged

multiple photon depletion spectroscopy. The inset shows the band aroundsubunit as in the NiDs™ isomerlb, which is capped by Nb©

990 cnt! with higher resolution. The fitted line is the envelope of two The mean coordination number of the niobium atoms in these

separate peaks at 989 and 999 ¢rf10 cnt* fwhm). Bottom: Calculated isomers is four or close to four. In isomeZ the mean

IR spectra for five different isomers, whose geometric structure is T . . ; N
schematically indicated on the left-hand side. coordination number is only three, which might explain its
reduced stability.

The most stable isomar of NbsOg" consists of ay2-0,2~
unit attached to the nearl€s, symmetric core ofA. The
replacement of arr O bridge inA by >0O=0 leads to isomer
VI, which is 0.39 eV higher in energy. The other isomers
derived fromA are less stable and contaifO,2~ (Vlila ,b).
Theu?(nt:n?)-022~ unit bridges NB) and NBY asymmetrically,
having different distances faOY—Nb®) andd(O)—Nb®@)
of 2.147 and 2.397 A, respectively.

The clusterB forms the parent structure for the 0"
isomerVIl . This isomer is less stable comparedvdy 0.43
eV and also contains ay?-O,2~ unit. Replacement of aO—
bridge inB by —O—0— leads tolXa—c. The bonding of the
u3(ntn?)-022~ unit in IXa,b is similar to the dioxo group in
VI. The structures of additional isomers are shown in Figure
either one of the calculated spectra of the two isontk@rand 5c. Their energies are, however, more than 1 eV higher than
Ib. For a detailed comparison, the bands in thel@bstretch that of the most stable isomdf. It is noted that the proposed
region around 1000 cm have to be taken into account. The structure for NeOg* in earlier work&12corresponds to the tree-
inset in Figure 6 shows an expanded view of this region. The like isomerXIl , which has an energy 2.8 eV above that of the
experimental band consists of two overlapping peaks at 989 most stable isomev. From the calculated energetic properties
and 999 cm?. Although the calculated frequencies for both of the isomers of NiOg™ we conclude that, in general, compact
isomers are shifted compared to the experiment, the splitting cage-like structures are more stable than open struct¥es (
of 10 cnm ! between the experimental peaks matches better with tree-like isomersXll ).

© ,@<ﬁ
) 7
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Il M
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1
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In isomerll the internal stretch of the peroxo unit is found
at 818 cm! and the terminal oxo groups have vibrational
frequencies of 975, 1003 (N0D), and 661 cm! (Nb@—00),

The remaining modes correspond to vibration modes of the ring.
For isometlll the O-O stretch of the;?>-O2%~ ligand is excited

at 907 cnl. The two lines around 695 crh correspond to
synchronous symmetric and antisymmetric-N® stretchings

of the single-bonded terminal®and thezn?-0,%~ ligand. All
other vibrations are analogous to thosel@ and Ib. The
strongest IR line of isomelvV at 835 cnT! corresponds to
antisymmetric stretching of the ND—Nb bridge. The 945
cm~! band is assigned to the antisymmetric stretch of the
niobium dioxo NEZOMOM® group.

The experimental IR spectrum of MBst agrees well with

the 9 cnv?t splitting inla than with the 16 cm? splitting inIb.
We can thus conclude that the Myt isomer that is experi-
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5.2.2. IR Spectra.A comparison between the experimental
IR spectrum and calculated IR spectra for selected isomers of
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Figure 7. Experimental IR spectrum of NBg" as obtained by IR multiple

photon depletion spectroscopy (top) compared to the calculated IR spectr
of nine possible isomers.
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NbsOg" is made in Figure 7. For most isomers the=ND stretch
frequencies are found around 1000 dgwhereas for terminal
NbO; groups as iX (Nb®OM®O®@) andXIl (Nb®O®O® and
Nb(MO1901D) the symmetric stretch vibration is slightly red-
shifted to about 990 cm, while the antisymmetric stretch
vibration is found at 950 crit. The Nb-O stretch region covers
a wide range of 500880 cntl. Characteristic for the-O—
Nb—O- bridge, e.g., inVIl andIXa, are the symmetric and
the antisymmetric stretch at 740 and 790 ¢énrespectively.

a

(i) 7%-022~ (in V, VI, X, Xll') 878-934 cn1! (increasing
with decreasing ©0 bond length),

(iv) u?-Ox2~ (in IXc) 935 cn1?,

(v) #1-O,~ (in Xla,b) 1302 and 1237 cr.

Best agreement between experimental and calculated IR
spectrum is obtained for isom&t. The symmetric stretch of
the two equivalent NisO groups is found at 1003 crh
whereas the antisymmetric stretch is at 991 &rithe two most
intense bands correspond to concerted displacements of four O
atoms, an antisymmetric stretch of the O tetrahedron around
Nb® (689 cn1?), and a mode where all bridging O atoms move
in phase relative to the Nb atoms and perpendicular to the
symmetry plane (707 cm}). However, the calculation predicts
an internal stretch vibration of thg?-O,2~ ligand to be at 934
cm~ 1 with an intensity that is comparable to the=RO stretches.
Such a mode can, however, not be identified in the experimental
spectrum. The absence of this predicted absorption peak might
be explained by ineffective coupling of thg-0,2~ stretch
vibration to the cluster core, which would slow intramolecular
vibrational energy redistribution (IVR). As a consequence,
resonance-enhanced multiple photon absorption could be less
efficient on this mode, making it difficult to detect this mode
via IR-MPD.

5.2.3. Dissociation Pathway.To analyze the dissociation
pathway of NROg", the intensity variations of the ion signal
for the clusters with less oxygen content and with less niobium
atoms have to be analyzed, to include channels with oxygen
loss as well as cluster fission. The only cluster with two Nb
atoms for which an intensity increase is observed isQyb.
Fission of NBOg"™ under release of neutriNbO,,0,} fragments
is rather unlikely from the energetic point of view, and, more
important, no intensity increases are observed fosQyb at
the position of the 710 cmt absorption band of NfDs*. Release
of an & molecule similar to the fragmentation behavior of
Nb,Os™ also does not occur, since the absolute intensity of
NbsOs™ is comparable to that of NBg™, but does not change
during the IR scan. Hence, the remaining fragmentation channel
is release of atomic O giving NB;*, in agreement with the
conclusion from CID experimentsi.e.,

Nb,Og" — NbO,"+ O  AE=+2.56 eV

Consistent with this, the ion intensity of &{B;™ shows minor
increases when NBg™ is depleted, although most of the growth
appears to come from fragmentation of larger clusters. The
calculated dissociation energy of 2.56 eV is the energy required
for removing one O atom from thg?-O%~ unit of V and the
formation of the C3, symmetric isomer of N§O;" (A). In
comparison to the value of 0.9 eV from CID experiméhtise
calculated fragmentation energy appears quite high. Nonetheless,
IR-induced depletion of NiDs™ can be achieved even at 5 dB
attenuation of the IR laser (0.2, whereas already at 3 dB
attenuation (0.5Q), depletion of NBOg™ with a calculated
dissociation energy of 1.30 eV is no longer observable. Possibly,
IVR is too slow for the smaller NiDs" cluster, which makes
resonant multiple photon absorption less efficient.

5.3. NlyO;0" and NbsO11". For NyOy ot it is reasonable to

The calculated stretch vibration frequencies of the various dioxo assume that its geometry is similar to that of neutraD)4,

groups are as follows:
(i) u3-Ox2 (in Xllla ,b) 822 and 864 cmt,
(i) u2(n: d-02 (in VI, IXa,b) 861-878 cn1?,

which most likely hasTq symmetry?231 We find a minimum
structure withC; symmetry; however the distortion relative to
Tq is small (see Figure 5d) and mainly caused by the presence
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of one terminal single-bonded N© unit, where the unpaired

an intrinsic property, if it is an envelope of several peaks of

electron is located at the O atom. The calculated IR spectrumone or more isomers, or if the depletion band is partially filled

for this isomer of NROy¢" is dominated by intense resonances
at 800 cn1! (doubly degenerate) and 819 cicorresponding
to stretch vibrations of NbO—Nb bridges. Combinations of

up by fragmentation.
For Ni015" the Nb—O—Nb band reaches from 700 to 880
cmL. For this cluster, the depletion spectrum with 3 dB IR

terminal Nb=O stretches lead to absorptions at 989, 990, and laser attenuation is measured to be weak and noisy but allows

1002 cnt. The last one is the symmetric stretch vibration which
would have no IR intensity in &4 structure and is calculated
to be very weak here. All of these predictions are in good

for identification of three peaks located at 753, 785, and 837
cm~L. For NlsO16" one can recognize peaks at 820 and 860
cm1, and for NBOyg™ three peaks might be located at 790,

agreement with the experimental IR spectrum, which consists 833, and 895 cimt. However, depletion spectra with lower IR

of a peak at 817 cmi with a width of 50 cn1! (fwhm) and a
narrower peak centered at 988 ¢min addition, the calculation
predicts a comparatively weak signal at 670 ¢ror the stretch
of terminal Nb-O, but this is not observed experimentally.

In the case of NfD,1, the geometry optimizations of isomers
derived from theC; symmetry NQOy¢" isomer by substituting
one termina=0 unit by an end-on or side-on bonded dioxo
group lead both to the same isoméila containing side-on
bonded Q with an O-O bond length of 1.326 A (see Figure
5e). Its symmetry is slightly distorted fro@s. In its doublet
ground state, the spin density is equally distributed over the O
group, characteristic for a superoxd-O,~ unit. An isomer
Xlllb  with an —O—O— bridge is calculated to be 1.21 eV
higher in energy. The experimental N®—Nb band of NRO1;*
(see Figure 4) has a width of 90 cfand consists of
overlapping peaks. Reducing the IR intensity by 3 dB narrows
this band to 50 cmt, but does not result in resolved peaks.

Still, the band shape is consistent with at least two peaks

showing a maximum at 830 crhand a shoulder at 850 crh

intensity in order to obtain better resolved spectra have not been
measured for these clusters.

As already discussed, for the B stretch absorption band
a red-shift is found for the depletion signal relative to the
“growth band”. This shift of the depletion signal compared to
the intensity increases due to fragment formation can only be
explained if the absorption frequencies for larger clusters are
blue-shifted compared to their fragments. Therefore, even if the
exact positions of the band cannot be measured, the position of
the Nb=O band must shift with increasing cluster size and
higher oxygen content to higher wavenumbers. It becomes clear
already from the calculated IR spectra of the small cluster
isomers that a shift to higher frequencies is indicative of an
increasing O-coordination of the corresponding Nb atoms. This
is in agreement with the formation of compact cage structures,
in which a higher coordination can be reached compared to open
structures.

The ion intensity plots in Figures 3 and 4 show growth of
cluster ion intensity especially for NOg", NbsO12", Nb;O477,

In the calculations, three absorptions in this region are found and NizO.¢*, indicating that these are preferential products of

for Xllla , at 796, 806, and 833 crh all having comparable
intensities. The behavior in the KD stretch region is similar

to NbsO1o", with three resonances at 989, 991, and 1003cm
The O-0 stretch ofXllla is calculated to be at 1152 crhbut

has again low intensity and is not experimentally observed.
Nevertheless, the calculated IR spectrunXtdfa agrees well
with the experimental findings. In comparison, the absorptions
in the Nb-O—Nb stretch regions of isomeXlllb are more

fragmentation. For the larger clusters it is more difficult to
unambiguously identify the fragmentation pathways. Oxygen-
rich clusters with an odd number of niobium atoms ({88
NbO;*) seem to fragment under release of atomic O, while
oxides with an even number of Nb atoms (¢g9g),0O")
dissociate to yield molecular OThis behavior might indicate
the actual bonding of a dioxo unit in the cluster. As found for
the small clusters, the peroxg>-O,>~ group is split during

red-shifted, having resonance frequencies of 749, 807, and 823ragmentation of NgOg", whereas the superoxg!-O,~ in

cmL In the NB=O stretch region, four peaks are predicted
covering the range 9921008 cnt?.

The depletion of NjO10" coincides with intensity growth
of several clusters, e.g., of MDst and NO;*. The corre-

Nb,Os" remains “intact”, yielding a @molecule. The calculated
presence of the superoxo umit-O,~ in the isomerXllla of
NbsO11" agrees well with the loss of an,@init. In O,~ the
formal bond order is 1.5, but it is only 1 in/® . Hence, much

sponding fragmentation channels might be O loss or fission more energy is necessary to dissociate theGDbond in the

under release ofNbO,,0O}. The latter reaction has been

superoxide compared to the peroxide, and the preferred frag-

observed by CID at 5.3 eV center-of-mass energy, accompaniedmentation channel for Nf®:;* is loss of a complete ©

by formation of NbQ™. At high collision energies and multi-
collision conditions NiOy™ has been detectédntensity growth

of NbsOg™ has not been observed in our study excluding a
fragmentation channel with Qoss. In contrast, this reaction
has been found as the major dissociation pathway @y
during IR-MPDZ The fragmentation behavior of N0, will

be discussed at the end of the following section.

5.4. Larger Clusters. The IR spectra of the larger niobium

molecule, as found in earlier studies using €Hhd observed
here in our study via IR-MPD.

6. Summary and Conclusion

Niobium oxide cluster cations undergo fragmentation when
being resonantly excited with highly intense infrared radiation.
The induced signal depletion allows for measurements of the
corresponding IR spectra via IR-MPD spectroscopy. The

oxide cluster cations shown in Figure 4 exhibit sharp bands in experimental IR spectra are obtained for the (nearly) stoichio-

the Nb=O stretch region around 995 cthand rather broad
bands between 750 and 900 chin the Nb-O—Nb stretch
region. Clusters with higher oxygen content have broader Nb
O—Nb bands, indicating lower symmetry of the clusters.

metric clusters (NfOs),™ and (NBOs),NbO;* (n = 2, 3) as
well as for oxygen-rich clusters of typical compositions
(Nb20Os),O" and (NBOs),NbO;™ (n = 1—3). Narrow absorption
bands at about 9961000 cnT! are assigned to stretches of

However, it is not always clear if the observed band shape is isolated N5=O units, where the niobium atoms are 3- or 4-fold
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coordinated by O atoms. The stretch vibrations of-Xl>-Nb are probably not suited as active surface species to obtain

bridges are found in the 76®00 cnt?! range, varying with selective catalytic hydrocarbon oxidation, but might be seen as

cluster size and stoichiometry. intermediates of molecular oxygen activation. We are currently
For the smallest members of the oxygen-rich seriesb studying the reactions of niobium (and other transition metal)

and NBOs™, the stabilities and harmonic frequencies of possible oxide clusters with hydrocarbons and will report the IR spectra
isomers are investigated theoretically and compared to the of resulting oxide-cluster/hydrocarbons reaction products in a
experimental results. For both oxide clusters, the most stableforthcoming paper.
isomers contain dioxo units, supero¥d0,~ in Nb,Os™ and
peroxon®-0,%~ in NbsOg™. Fragmentation channels indicate that  Acknowledgment. This work is part of the research program
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The knowledge of the geometric structure of free oxide Supporting Information Available: Atom coordinates and
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