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Received: 31 July 2014 / Accepted: 25 November 2014 / Published online: 9 December 2014

� Springer-Verlag Berlin Heidelberg 2014

Abstract Oxygen-rich niobium oxide clusters are formed

by mixing laser-produced Nb plasma with pure oxygen,

and their stability is investigated by mass spectrometry and

collision-induced dissociation. We use an experimental

configuration recently developed by our group, where the

cluster ions beam is crossed with a secondary beam of

noble gas atoms, and the fragments are rejected by a

retarding field energy analyzer. In this way, the relative

collision cross sections of NbxOy
? (x = 1, 2, y = 2–12)

clusters have been measured and information about their

fragmentation channels has been obtained.

1 Introduction

Niobium oxides demonstrate outstanding catalytic proper-

ties and have applications in various fields, such as petro-

chemical industry, catalysis for selective hydrocarbon

oxidation, or NOx conversion for pollution control [1–3].

These applications triggered a series of studies on the

preparation, molecular structure–reactivity relation, and

their catalytic behavior [4–8].

The catalytic activity of niobium oxide surfaces is not

well understood, due to the surface’s complexity and

inhomogeneity. As an approach to overcoming this diffi-

culty, studies on gas phase molecular ions and ionic clus-

ters can provide insights in the physical and chemical

properties of the surface. A few investigations started with

studies on gas phase reactions of some small niobium oxide

anions [9] and cations [10] and continued with niobium

oxide clusters [11–13].

In order to understand their chemical reactivity, the

knowledge of the structure and stability of the clusters is

crucial. To this end, Castleman et al. [13] have studied the

properties of cationic niobium oxide clusters. Based on

their experiments on collision-induced dissociation (CID),

they found the building blocks and the corresponding

cluster stoichiometry of the most stable species. Motivated

by the results from these CID experiments, Sambrano et al.

[14] have presented a DFT study for neutral NbxOy and

cationic NbxOy
? clusters, providing a complementary the-

oretical study of geometric, thermodynamic, and electronic

properties. Furthermore, sophisticated studies on cluster

structures have also been done using infrared multiple

photon dissociation (IR-MPD) [15] and UV–Vis photo-

fragmentation [16].

In our laboratory, we have used photofragmentation

spectroscopy and CID of mass-selected ions to study the

stability and the structure of metal-doped noble gas clusters

[17] and metal oxide clusters [18–21]. In a similar manner,

in this contribution we study the positively charged Nb

oxide clusters by time-of-flight mass spectrometry and

collisions with noble gas atoms. We measure the clusters’

fragmentation cross section using our recent approach
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based on crossed molecular beams [21] compared with the

standard CID technique [13, 20, 22–24] The new experi-

mental configuration, which uses a secondary molecular Ne

beam crossing perpendicularly the primary cluster beam,

and a retarding field energy analyzer (RFEA), is signifi-

cantly faster and more efficient for obtaining fragmentation

cross sections, without mass selection of the individual

clusters. Furthermore, information on additional reaction

channels (besides fragmentation) activated by cluster ion—

atom energetic collisions (such as multi-ionization or

Coulomb explosion) can be obtained.

2 Experimental apparatus and methods

2.1 Setup

The differentially pumped molecular beam apparatus used in

these experiments has been described in detail previously

[21, 25–28]. A molecular beam of niobium oxide clusters is

generated in a source chamber by combining the laser

ablation of a niobium target with a supersonic expansion of

oxygen. The niobium oxide cluster cations are carried and

cooled down in the supersonic expansion and subsequently

pass through a 4-mm-diameter skimmer into a double-field

time-of-flight (TOF) mass spectrometer that can be used

either in linear configuration or as a reflectron assembly .

A fast-switching circuit provides a high-voltage pulse

Vacc (typically 1,500 V), that starts the acceleration of

cationic complexes existing in the cluster beam and con-

stitutes the time origin for the time-of-flight spectrum. The

accelerated cluster ions possess laboratory-frame kinetic

energy ELab ¼ q � e � Vacc eV (e is the electron charge and

q the charge state of a given ion). Traversing a field-free

region, the ions are separated and detected at different

times, according to their mass/charge (m/q) ratio, either

directly in a linear arrangement or after reflection from the

reflectron assembly. The mass spectrometer is equipped

with microchannel plate (MCP) detectors, and the TOF

spectra are acquired with a 150-MHz computer-controlled

digital oscilloscope. The TOF spectrum is obtained by

averaging over 100–200 laser shots and is transferred from

the digital scope to the computer and further processed

using software developed in our laboratory.

2.2 Fragmentation cross section

The stability and the dynamics properties of the produced

clusters have been investigated in detail using collision-

induced fragmentation. Collisions between cluster ions

AB? and neutral noble gas atoms X (Kr or Ne) can result in

different reactions (i–v):

With the exception of elastic or inelastic scattering in all

the other reaction channels, the ratio m/q of the initial

cluster decreases, either by reducing m or by increasing

q [21].

When a parent ion with mass mP having initial kinetic

energy ELab in the laboratory frame dissociates into a

fragment with mass mF, then—neglecting the center of

mass kinetic energy release—the laboratory kinetic energy

of the fragment mF is as follows:

EF ¼ ðELabÞðmF=mPÞ: ð1Þ

This relation allows the use of devices sensitive to the

kinetic energy of the incident ions to separate fragments from

the parents. Such devices are the reflectron and the retarding

field energy analyzer, both used in our laboratory for CID

experiments in two different arrangements: beam-gas cell

and crossed molecular beams (see below and in Ref. [21]).

In both cases, the parent cluster’s abundance before and

after the interaction (over the distance L) with the collision

partner (of number density N) can be described by Beer’s

law:

I ¼ I0exp �QNLð Þ; ð2Þ

where I is the (remaining) intensity of nonfragmented

clusters, I0 is their initial intensity, and Q is the fragmen-

tation cross section. By measuring I and I0 and considering

that N and L are the same for all clusters, the relative

fragmentation cross section for the cluster series can be

determined.

ABþ þ X ! ABþð�Þ þ Xð�Þ ið Þ elastic and=or inelastic scattering

! Aþ þ B þ X or A þ Bþ þ X iið Þ fragmentation

! AB þ Xþ iiið Þ charge transfer

! ABzþ þ X þ ze� ivð Þ multi - ionization

! ABzþð Þ�! Aþ þ Bþðz�1Þ vð Þ Coulomb explosion
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In the conventional experimental arrangement for CID

studies, a beam of mass-selected cluster ions passes

through a 27-cm-long collision chamber filled with Kr gas

at a pressure of 6 9 10-4 mbar. The mass-selected parent

cluster and its fragments are recorded as different peaks in

the same TOF spectrum, using a reflectron setup [29], and

from their intensities, the fragmentation cross section Q can

be determined [20, 21].

The second experimental configuration is based on

crossed molecular beams and has been described in Ref.

[19]. The cluster beam containing the entire distribution of

cluster cations crosses, in the field-free zone of the mass

spectrometer, a pulsed secondary beam of Ne atoms with

pulse duration of 700 ls. Crossed beam experiments can be

performed only by proper temporal overlapping of the two

beams (configuration noted ‘‘beam on’’). By introducing a

1-ms time delay, the beam crossing is avoided (‘‘beam

off’’), while the background pressure is unchanged. This

allows the discrimination of fragmentation processes aris-

ing from the beam interaction from those due to the

background or parent ion metastability. The fragmentation

products have almost the same velocity as the parent, and

they are detected as part of the same time-of-flight peak but

possess lower kinetic energy [Eq. (1)] and therefore can be

rejected by the RFEA situated in front of the MCP detector

placed in linear configuration in the TOF spectrometer,

reducing the intensity of the peak. The RFEA has an

energy resolution of about 5 %.

Entire mass spectra are recorded at varying voltages

applied on the RFEA grid (Vgrid), in the range from 0 V to

a value significantly higher than the accelerating voltage.

From such spectra, the intensity of each cluster can be

measured, and Fig. 1 displays the expected evolution of

one particular cluster’s intensity as a function of RFEA

potential, in the simplest case of an ion having only one

fragmentation channel ðABþ ! Aþ þ BÞ. The solid line

shows the intensity in the ‘‘beam off’’ configuration, and

the dashed line displays the intensity expected in ‘‘beam

on’’ configuration.

The step-like decrease in the signal at a certain value

of Vgrid indicates the rejection of ions with kinetic energy

E \ q�e�Vgrid. As the laboratory velocity of the fragments

is not expected to vary significantly, and considering all

ions singly charged, their molecular masses can be

determined from Eq. (1), hence identifying the fragmen-

tation products.

At low values of the RFEA voltage (Vgrid & 0), initially

formed clusters and newly formed fragments (ions and

neutrals) will have the same time-of-flight and contribute to

the same peak, whose intensity represents the total signal

[21] (Region I in Fig. 1). Like the ions, fast neutrals

impacting a MCP detector produce secondary electrons

which result in a measurable signal. In this process, the

absolute detection efficiency for both ions and neutrals is

similar [30]. The neutrals’ energy is given by the initial

acceleration voltage, and it is not changed under the

influence of the RFEA; therefore, the neutrals’ contribution

to the total MCP signal is constant and independent of the

RFEA voltage. The signal is higher in ‘‘beam on’’ config-

uration than for ‘‘beam off’’ for every cluster. The differ-

ence between the two signals corresponds to fragments

(supplementary ions or neutrals formed from the parents).

At a RFEA voltage higher than the ionic fragments’ kinetic

energy but slightly lower than the acceleration voltage

(EF \ Vgrid [ Vacc), all fragment ions are rejected and the

measured intensity includes contributions from nonfrag-

mented parents plus neutrals (Region II). Finally, at Vgrid

significantly higher than the accelerating voltage (Vgrid �
Vacc) all charged species are rejected and only neutral

species can reach the detector (Region III).

Referring to Fig. 1 and Eq. (2), the fragmentation cross

section for each particular cluster can be obtained by

simply recording TOF spectra corresponding to regions II

and III in Fig. 1 and measuring the intensity of each

cluster. The fragmentation cross section is given by

Eq. (3):

Q ¼ � 1

NL
ln

ION
II � ION

III

IOFF
II � IOFF

III

� �
; ð3Þ

where ION
II and ION

III are signal intensities in ‘‘beam on’’

configuration in region II and III and IOFF
II and IOFF

III are

‘‘beam off’’ signal intensities in region II and III, respec-

tively (see Fig. 1).

Fig. 1 Intensity dependence on the retarding grid potential for a

parent cluster ion undergoing fragmentation with only one ionic

fragment. Solid and dashed lines refer to secondary beam ‘‘off’’ and

‘‘on,’’ respectively
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3 Results and discussion

3.1 Mass spectra

In Fig. 2, we present mass spectra of the cationic niobium

oxide clusters formed in our source, obtained in linear TOF

configuration, with and without the secondary beam

crossing (dashed and full line, respectively). The NbxOy
?

cluster ions peaks are labeled as x,y, ranging from 1,2 to

3,7. The O content of the clusters does not affect much the

ionization potential of NbmOn clusters, [31] so the mass

spectrum recorded in ‘‘beam off’’ configuration represents

the initial distribution of cluster ions produced directly

from the plasma/oxygen mixing.

The main species are a series of NbOy
? (y B 14) cluster

ions, starting at NbO2
?. Contrary to experiments using a

pure He beam as carrier gas, [32] by adding O2, [13, 33] or

using pure O2 as carrier gas in our case, no atomic ion

(Nb?) or niobium monoxide (NbO?) are detected, due to

their exothermic reactions with oxygen. [34, 35] The

dominant production of cluster ions containing one metal

atom is observed and discussed in several previous studies

[18, 36] performed by our group. The configuration of our

cluster source—without confining channels—limits the

number of metal–metal collisions, necessary for the for-

mation of clusters containing more than one metal atom.

Nevertheless, small amounts of Nb2Oy
? (y = 2–15) and

Nb3Oþ7�9 were also detected.

The NbOy
? series consists mostly of clusters with an

even number of oxygen atoms. The absence of clusters

with an odd number of O atoms differs from earlier studies

[13, 15, 37], where both even- and odd-numbered clusters

were formed. A similar odd–even alternation is noticed for

Nb2Oy
? cluster series, but not as prominent as in the case of

NbOy
? clusters. The use of pure O2 reacting with the Nb

ablation plume leads to the formation of clusters very rich

in oxygen. [38–40] Although not so strong, this effect is

also seen in the distribution of Nb2Oy
? clusters, where

Nb2O6
? cluster is the most intense of the series. Addi-

tionally, hydrated clusters (marked by triangles in Fig. 2),

with the general formula NbOy(H2O)w
? (y = 2, 4, 6, 8,

w = 1, 3) were generated from water impurities present in

the gas inlet system.

3.2 Fragmentation channels

Another striking feature in Fig. 2 is the intensity increase in

all peaks when the secondary beam is on. Considering all

the possible outcomes of cluster ion–atom collisions (Eqs.

i–v), this increase can be attributed to energetic neutral

fragments (Eqs. ii, iii) and/or to the creation of additional

charged species by Coulomb explosion (Eq. v). This sec-

ond possibility will be discussed later. The newly formed

ionic species can be separated from the nonfragmented

parent by gradually increasing the RFEA voltages (Vgrid)

and measuring the decrease in the signal for each particular

cluster as already mentioned in Sect. 2.2.

The signal’s evolution with increasing Vgrid between 0

and *2,000 V (Vgrid � Vacc) is shown in Fig. 3 for

NbO8
?. The determination of fragments’ masses, as

described in the Sect. 2.2, indicates that NbOy
? clusters

dissociate via loss of one or more O2 molecules (or pairs of

oxygen atoms).

The fragmentation pathways for the NbOy
? clusters are

also investigated with the conventional gas cell experi-

mental configuration described in Sect. 2.2. In investiga-

tions using a reflectron [29], similar results were obtained

for all NbOy
? clusters, and we present in Fig. 4 only the

Fig. 2 Mass spectra of niobium

oxide clusters NbxOy
? obtained

at Vgrid & 0, with beam

crossing (dashed line) and

without beam crossing (solid

line). The open triangle

indicates the hydrated clusters

(see text for details)

1482 C. Mihesan et al.

123



case of NbO8
? as a representative example (collision

partner Kr, collision energy in the center of mass frame,

ECM = 275 eV).

Both methods clearly indicate similar fragmentation

patterns, showing the loss of one or more O2 molecules.

The mass of the neutrals cannot be directly measured, but

is calculated as the difference between the masses of the

parent and the observed ionic fragments; therefore, the

form of oxygen fragments (atomic or molecular) is unde-

termined. Loss of two O atoms or, more likely, molecular

oxygen it is one of the fragmentation channels of larger

NbxOy clusters for highly energetic collisions [13] and the

main photofragmentation channel for oxygen-rich Nb2On

clusters [16]. In our group, it has also been previously

observed for FeO2y
? (y B 6) clusters [21, 36].

The loss of oxygen is also observed for clusters con-

taining two Nb atoms. In Fig. 5, we present the intensity of

Nb2O8
? cluster, as a function of the Vgrid before and after

secondary beam crossing, and we indicate in figure by

arrows and labels the kinetic energy and the size x,y of the

expected fragments, respectively.

3.3 Collision cross section measurements

As analyzed before in Sect. 2.2, the fragmentation cross

section Q for an individual cluster is determined using

Eq. (4). In particular, for the NbxOy
? clusters in collisions

with Ne atoms with an acceleration potential of 1,500 V we

use:

Q ¼ � 1

NL
ln

ION
Vgrid¼1400 � ION

Vgrid¼2000

IOFF
Vgrid¼1400 � IOFF

Vgrid¼2000

 !
: ð4Þ

In Fig. 6, we plot the QNL values obtained from the

crossed beam (CB) fragmentation of NbOy
? clusters as a

function of the number of oxygen atoms y, for three values

of the laboratory collision energy (500, 1,500, and

1,800 eV). For comparison, Fig. 6 also shows the QNL

results (circles) obtained using the conventional beam-gas

cell (BG) configuration, at ELab = 1,500 eV. The data sets

were normalized to each other using the least square

method. Some representative error bars (*20 %) (due

mainly to the reproducibility of the data) are also shown in

figure. The CB and BG results are in good agreement,

showing a similar trend of increasing cross section with

increasing y for NbOy
? (y = 4, 6, 8) clusters, as predicted

by the quasi-spherical cluster model [41]. As notable

exception, for NbO10
? the fragmentation cross section is

equal or smaller than for NbO8
?. A similar situation was

observed for iron oxide clusters [21, 36], and it was

explained by an increased stability of FeO10
?, as proved by

the corresponding mass spectra and the DFT calculations.

In the same way, in the present case, the mass spectrum of

niobium oxide clusters supports this assumption, showing

an intense peak for NbO10
?, followed by an important

signal decrease for the next clusters of the series.

The fragmentation cross section is the lower limit and in

certain conditions represents a good approximation of the

total collision cross section [21]. Under these circum-

stances, the evolution of the fragmentation cross section as

a function of cluster size should be independent of the

collision energy. In order to prove this, cross section

measurements of NbOy
? clusters were performed for three

different values of kinetic energy in the laboratory frame of

reference ELab at 500, 1,500, and 1,800 eV. The results are

very similar and can be explained by the fact that even at

the lowest ELab investigated here (500 eV), the collision

energy is high enough (ECM ranges from 37 eV for NbO10
?

to 70 eV in the case of NbO2
?) and every collision leads to

cluster fragmentation.

This is also the case for the beam-gas cell experiments,

performed with Kr as a collision partner. The larger mass

of Kr (m = 84), as compared to Ne (m = 20), makes that

for similar laboratory energies, the center of mass collision

energy is higher. Moreover, increasing the ECM by

increasing the accelerating potential to 1,800 V (up to

248 eV for NbO2 in collision with Ne) did not lead to the

appearance of new (high energy activated) fragmentation

channels.

In our previous work on iron oxide clusters [21, 36], the

equivalence between the fragmentation cross section and

the total collision cross section at high collision energies

has been proved by comparing the experimental results

with the calculated geometrical cross sections for theoret-

ical structures. To the best of our knowledge, such

Fig. 3 The fragmentation of the NbO8
? clusters. The arrows with the

labels indicate the kinetic energy and the size of the corresponding

fragments
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structures are not available for the (quite uncommon)

oxygen-rich clusters containing one niobium atom (ion)

reported here. We noticed, however, some similarities

between the experimental results (compare mass spectra

and QNL measurements from this paper with Refs. [21,

36]) obtained for niobium and iron oxides clusters, like the

prevalence of clusters containing an even number of oxy-

gen atoms and the stability of clusters with 10 oxygen

atoms followed by a sudden decrease in the intensity for

larger clusters. Similar evolution is noticed also in the case

of the fragmentation cross sections of the two series: a

linear increase with the size, with the small decrease for

MO10 clusters (M = Nb or Fe). These similarities

encouraged us to assume similar geometries for niobium

oxide and iron oxide clusters. In addition, we approximated

the length of different bonds between the constituent atoms

from structures reported in the literature for larger niobium

oxide clusters (containing more than 1 Nb atom) [14, 43,

44]. We considered the distance between Nb and O to be

1.9 and 1.75 Å, for a single bond and double bond,

respectively, and the length of O–O bond to be 1.3 Å. By

rescaling the iron oxide clusters structures reported in Ref.

[42] to the bond lengths mentioned earlier, we determined

some probable geometries for the NbOn
? clusters studied

here.
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In Fig. 7, we compare the fragmentation cross section

measured in the crossed beam experimental configuration

and the geometrical cross sections determined by applying

the projection model to structures considered as most

probable for O-rich NbOn
? clusters. As in the case of iron

oxide clusters, a good correspondence is observed between

most of the experimental and theoretical values. The only

discrepancy, observed for NbO10
?, can be explained (like

for FeO10
?) by the fact that in theory, we calculate the

geometrical cross section, which is only approximated with

the fragmentation cross section determined experimentally.

This effect is evident also for the thermodynamically stable

NbO2
?: its fragmentation cross section as measured by our

method is very small, close to zero in the error limits.

Cross section determination using the crossed beam

configuration does not require prior mass separation of

individual clusters. In this way, even clusters with a low

abundance can be measured. As already mentioned, in our

source, clusters with more than one metal atom are scarcely

formed (see Fig. 2), but their intensity is enough to allow

cross beam measurements. In Fig. 8, we plot the results

(squares) for the fragmentation cross section of Nb2Oy
?

clusters as a function of the number of the oxygen atoms

y at Elab = 1,500 eV.

As expected, the general trend of the increasing cross

section with the cluster size is observed. Furthermore, it is

worth noticing that the fragmentation cross sections reflect

also the stability of the clusters, so that the local minima in

the cross section indicate higher stability of the respective

clusters. This is in accordance with the mass spectra of

Fig. 2, where the stability of the same clusters appears as

peaks with higher intensity. As previously observed for

NbO10
?, in this case Nb2O6

?, Nb2O8
?, and Nb2O10

? seem

to be more stable in comparison with their neighbors.

Several authors [14, 43, 44] reported calculations of low

energy structures for Nb2On clusters (neutrals and/or ions).

For the Nb2O4 and Nb2O5 [14], the differences between the

neutral and cationic structures are insignificant; they have

the same geometries; only the bond lengths are slightly

different. This allows us to use the neutral geometries

reported by Zhai et al. [44] as an approximation for larger

clusters’ structures, and we used the projection model to

determine their geometrical cross section. The calculated

values (triangles) agree with the experimentally determined

fragmentation cross sections in the limit of the experi-

mental errors. Theoretical calculations are necessary for

larger clusters in order to have a more thorough

comparison.

3.4 Collisional multi-ionization

If the outcome from a collision between a cluster ion

(AB?) and an atom (X) is the fragmentation

ABþ þ X! Aþ þ B þ X;

then the intensity of parents (AB?) and the ionic fragments

(A?) varies with Vgrid as presented in Fig. 1. In the case of

NbOy
? clusters, B would correspond to an undetermined

number of neutral oxygen molecules or atoms produced by

fragmentation. It is assumed that for Vgrid & 0, the inten-

sity difference between ‘‘beam on’’ and ‘‘beam off’’ is

exclusively due to the neutral fragments (B). The amount

of these neutrals can be measured when Vgrid � Vacc with

the secondary beam ‘‘on’’ (the charged species are rejected

and only neutrals are detected).

However, this is not the case for the experimental data

shown in Fig. 3, where the high intensity of clusters at

Vgrid & 0 after the interaction with the secondary beam

exceeds the amount of the neutrals and thus clearly indi-

cates the appearance of new ions. Additional charges can

be formed from one ion by Coulomb explosion of a mul-

tiply charged cluster, as indicated in Eq. (5).

ABþ �!þNe
ABzþþ z - 1ð Þe� �!ABxþ + B z�xð Þþþ z - 1ð Þe�

ð5Þ

The first ionization potentials of both molecular

(IP(O2) = 12.07 eV) and atomic (IP(O I) = 13.6 eV)

oxygen [45] are smaller than the second ionization poten-

tial of niobium (IP(Nb II) = 14.32 eV) [46], so no stable

Nb2?Oy clusters are expected to be formed. Instead, the

second charge will appear on one of the O atoms and

because the cluster is not big enough to compensate the

Coulombic repulsion by charge separation, a positively

charged fragment will be ejected. It is well known that

multiply charged clusters are observed only above a critical

size (appearance size); for example, pure Nbn
2? clusters
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Fig. 8 Nb2Oy
? clusters fragmentation cross sections obtained from
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have been detected only for n C 9. [46] For a discussion on

charge delocalization dynamics on metal clusters and metal

oxide clusters, see Refs. [47, 48].

The ratio of charged particles formed following colli-

sional activation to the initial parents is noted (I0 ? CE)/I0

and can be determined from the cluster’s intensity mea-

sured at Vgrid & 0, where all the fragments are detected

(region I in Fig. 3) using the formula:

I0 þ CE

I0

¼ ION
I � ION

III

IOFF
I � IOFF

III

; ð6Þ

where I0 is the intensity of the parent and CE represents

additional ions formed by Coulomb explosion. ION
I , ION

III ,

IOFF
I and IOFF

III are the intensities measured in regions I and

III for ‘‘beam on’’ and ‘‘beam off,’’ respectively. In

Table 1, we present the values obtained for NbOy
? clusters

at three different acceleration energies.

Values of the ratio superior to 1 prove the formation of

new charges by Coulomb explosion in all studied cases, for

example, 14 % of supplementary charges formed from

NbO4
?. The ratio superior to 2 indicates at least one

channel leading to the appearance of two or more new

charges. For the clusters considered, the fraction of newly

formed ions to the initial parents is increasing with the

cluster size, indicating the loss of more ionic fragments

from larger clusters.

For any particular cluster, the increase in acceleration

energy promotes the formation of more charged fragments.

This can be explained by the fact that at higher collision

energy, more energy is transferred to the cluster electronic

excitations, possibly removing many electrons and result-

ing in the formation of higher z multiply charged ions that

will produce more fragment ions. A thorough study of the

extent of Coulomb explosion for various (high) collision

energies, feasible using our technique, would give infor-

mation on the parent cluster’s energetic states and multi-

ionization phenomena.

4 Conclusions

In this paper, we present the formation and fragmentation

of NbxOy
? clusters (x = 1, 2, y = 2–12) after collision with

noble gases. The open configuration of our cluster source,

combined with the use of a high oxygen content beam for

the clusters formation, leads to the apparition of small,

oxygen-rich aggregates whose O/Nb ratio is very different

from the stoichiometry of the common niobium oxides.

We also measured the collision cross sections of those

clusters. The results are based on the fragmentation cross

sections, obtained following collision-induced dissociation.

Without precisely measuring the N (the number density

of the collision partner) and L (the length of the interaction

region between clusters and noble gas), the absolute value

cannot be determined, but the evolution of measured cross

section with the cluster’s size (number of atoms) is repre-

sentative and could be used for validating structures

obtained by ab initio calculations, as we have recently

shown. [21]

While the conventional CID studies using a reflectron

are limited (by ion optics) to the detection of fragments

with molecular masses close to the parents’, the linear

configuration used in our new approach allows the efficient

detection of ions (and neutrals!) in a larger mass range.

Therefore, the new experimental configuration allows

detecting and quantifying the Coulomb explosion of small

clusters, opening the way to new studies.
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40. C. Lüder, D. Prekas, M. Velegrakis, Laser Chem. 17, 109 (1997)

41. P. Weis, Int. J. Mass Spectrom. 245, 1 (2005)

42. C. Wang, J. Jian, G. Wang, Z.H. Li, M. Zhou, J. Phys. Chem. A

118, 4519 (2014)

43. Y.X. Zhao, X.L. Ding, Y.P. Ma, Z.C. Wang, S.G. He, Theor.

Chem. Acc. 127, 449 (2010)

44. H.J. Zhai, X.H. Zhang, W.J. Chen, X. Huang, L.S. Wang, J. Am.

Chem. Soc. 133, 3085 (2011)

45. H.M. Rosenstock, K. Draxl, B.W. Steiner, J.T. Herron, ‘‘Ion

Energetics Data’’ in NIST Chemistry WebBook, NIST Standard

Reference Database Number 69, Eds. by P.J. Linstrom, W.G.

Mallard, National Institute of Standards and Technology, Gai-

thersburg MD, 20899, http://webbook.nist.gov, (retrieved 18 Sept

2013)

46. N. Saito, K. Koyama, M. Tanimoto, Appl. Surf. Sci. 169–170,

379 (2001)
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