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Abstract

Negative cluster ions of transition metal oxides ([B]~; M = Mn, Fe, Co, Ni, Cu) have been generated by laser
desorption ionisation from metal oxide pellets and studied using Fourier transform ion cyclotron resonance mass spectrometr
For the same metal, the stoichiometrically different oxides yield similar collections of anions, with small differences in the ion
intensity distributions. The most intense transition metal anions were isolated and their reactivity towards methanol wa:
investigated. The Mg, [M,05]  and [M,O,]  anions react exothermically with methanol leading to [MQ
[M,O;H,] ~ and [M,O,H,]  as primary products, respectively. The [MO anions are unreactive towards methanol. The rate
constants determined for the various reactions suggest that the] [M&hd [M,O5] ~ anions react more efficiently with
methanol than the [MD,] ~ cluster anions. The reaction efficiences decrease when the metal varies from manganese to coppe
indicating that the number of electrons in ttieshell of the metal atom appears to be an important factor on reactivity. (Int J
Mass Spectrom 185/186/187 (1999) 825-835) © 1999 Elsevier Science B.V.

Keywords: Transition metal oxide anions; Laser desorption ionisation; Fourier transform ion cyclotron resonance mass spectrometer
Reactivity; Cluster anions

1. Introduction can contribute to a better understanding of their
behaviour in the condensed phase.

Transition-metal oxides have been the subject of  Most of the investigations concerning the proper-
considerable interest because of the important role ties and reactivity of transition metal oxides in the gas
that these compounds play in a variety of processes phase refer to cationic species [1-7] although in the
including catalysis, corrosion, combustion, and bio- last years a few studies have been made of anions
logical systems. The study of the gas-phase chemistryinvolving these compounds. Gaseous reactions be-
of these compounds can provide information about tween dioxygen and metal carbonyl anions in a
their intrinsic chemical and physical properties and it flowing afterglow apparatus [8,9] and in the cell of a

Fourier transform ion cyclotron resonance (FTICR)
. . mass spectrometer [9,10] were used to generate sev-
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Groups 5 and 6 were produced by vaporisation from compositions reflected the molecular composition of
a heated filament in a fast-flow reactor and their the analyte in a specific and systematic way.
properties and reactivity with several substrates were In the present study, laser desorption ionisation
investigated [11]. Molybdenum oxide cluster anions (LDI) coupled with FTICR mass spectrometry has
have also been produced from a filament source andbeen employed to generate and characterise transi-
its reactions with @, NO, and NQ were studied ina  tion-metal oxide anions ([MD,] ; M = Mn, Fe, Co,

fast flow apparatus [12]. Cationic and anionic [5O  Ni, Cu) using metal oxide powders as starting mate-
Species were generated by chemical ionisation of a rial. To investigate the influence of the composition
mixture of Fe(CO) and O, and the connectivities of and structure of the solid sample on the ions produced
the ions were probed by various mass spectrometric by LDI, metal oxides of different stoichiometries
methods [13]. The direct laser vaporisation has been aWere analysed as well as one mixed-metal oxide and
successful approach to the generation of metal oxide @ Physical mixture of two pure metal oxides. To
cluster ions. Michiels and Gijbels [14,15] have used obtain information on the stability and structure of the
laser microprobe mass analysis (LAMMA) for the metal_oxide anions collisional induced dis_s_ociation
characterisation of binary oxides of metals belonging €XPeriments were performed, and the reactivity of the
to different groups in the Periodic Table. Freiser and MOre abundant [MO,]~ ions with methanol and
co-workers [16] generated positive and negative cop- D-labelled methanol were investigated.

per oxide clusters by direct laser desorption ionisation
of copper oxide pellets and collisional induced disso-
ciations of these ions were carried out in a FTICR
mass spectrometer in order to discuss their stabilities.
Direct laser vaporisation and fast atom bombardment
(FAB) coupled with FTICR mass spectrometry have
been employed to study the formation and fragmen-
tation of molybdenum oxide cluster ions [Iy[by]i
[17]. Cluster ions formed from powdered chromium

2. Experimental

The experiments were performed on a Finnigan
FT/MS 2001-DT FTICR mass spectrometer equipped
with a 3 tesla superconducting magnet and interfaced
with a Spectra-Physics Quanta-Ray GCR-11 Nd:YAG
laser operated at the fundamental wavelength (1064

) its h - ) flioh nm). The cluster anions were generated by direct laser
oxides and salts have been examined by time-of-flight desorption ionisation of transition metal oxide pellets

laser microprobe mass spectrometry (TOF'LM_MS) mounted on the automatic solids probe near the front
and by FTICR mass spectrometry and the experimen- y.onning plate of the source side of the dual cell where
tal results compared with density functional theoreti- o Nd:YAG laser was focused. The laser was

cal calculations [18]. A systematic study of iron oxide  gitched to produce a 2.5 ns pulse duration and the

molecules involving one or two iron atoms [19,20] |55er power was varied between 45 and 60 mJ per
and of small copper oxide clusters [21,22] using anion pulse.

tion about the chemical bonding and structures of mercially available powders (Aldrich). The mixed-
these molecules. Recently, Castleman and co-workersmetal oxide (NiCgO,) pellet was prepared from a
[23] used a fast flow reactor quadrupole mass spec- synthesised sample [26] and a 1.5:1 (w/w) mixture of

trometer coupled with a laser vaporisation source to pure metal oxides powders, NiO and £y was also
study the gas phase reactions of nickel oxide cluster analysed.

anions with nitric oxide. Also, studies of “molecular After formation and trapping of the [MD,]™
speciation” of inorganic analytes including some tran- anions, the anion for study was isolated using the
sition metal oxides by FT-LMMS yielded detailed SWIFT method [27], a computer controlled protocol
information of local constituents at the surface of for ion excitation and ejection in the FTICR experi-
solids [24,25]. It was found that the cluster ion mental event sequence, and its ion/molecule reactions
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with CH;OH and CDOD were investigated. The ranging of 20—100 eV in the presence of an inert
methanol and-labelled alcohols were introduced in  target gas such as argon at the pressure of abotft 10
the spectrometer through a leak valve, to obtain Torr.

pressures in the range of7 10 8to 5 x 10 7 Torr

on the “source” side of the dual ion trap of the

instrument, as measured by a calibrated ion gauge 3. Results and discussion

placed away from the cell [28]. Before performing the

experiments witlD-labelled alcohols, electron impact  3.1. Formation of cluster anions

mass spectra of the substrates were recorded in order

to determine the degree of labelling inside the cell. It ~ The laser desorption ionisation mass spectra of
was observed that some @BH and CDOH were MnO, MnO,, Mn,03, Mn;0,, F&,0,, Fe0,, Co0,,
indeed present but with lower abundances than NiO, CuO, and CyO pellets show an abundant
CH;OD and CDQOD, about 40% and 15%, respec- number of negative cluster ions. Fig. 1 shows a
tively. Rate constants were determined by observing broadband mass spectrum of the cobalt oxide. In
the pseudo-first order decay of the reactant ion rela- general, the most intense anion peaks occur in the
tive intensity as a function of time at constant reagent lower-mass range of the spectra, and a rapid decrease
pressure. Reaction efficiencies are reported as frac-of cluster ion intensity was observed with increasing

tions of the theoretical collisional ratels,o, using
the average dipole orientation (ADO) theory [29] and
experimental values of dipole moment and polariz-
ability of methanol [30]. Uncertainties in the pressure
calibration procedure may lead to errors in the abso-
lute rate constants that we estimate to-&0%, but
the relative magnitudes of the reaction efficiences
should have errors lower than 20%.

In order to remove possible excess of internal/
translational energy of the reactant [® ]~ anions
prior to their reactions with the substrate, thermalisa-
tion was performed. It typically invohe 1 s colli-
sional cooling periods after the introduction of argon
into the vacuum chamber through pulsed solenoid
valves to maximum pressures of the order of 10
Torr.

size. For the same metal, the stoichiometrically dif-
ferent oxides yield similar collections of anions, with
small differences in the ion intensity distributions.
The correlation between the ion distributions, their
abundances and the stoichiometry of the compounds
has been discussed by several groups. Willet and
co-workers [31-34] used laser ablation coupled with
FTICR mass spectrometry to generate and character-
ise a large number of metal sulfide clusters. They
observed that in general the distribution of ions
[M, S]]~ and their relative abundances were largely
independent of the composition of the solid precursor
used in the laser ablation. On the other hand, Michiels
and Gijbels [14], and Cassady and co-workers [17]
concluded that there is a correlation between the ion
abundances and the stoichiometry of the oxide. Ex-

High resolution measurements and the experiments periments performed on chromium oxides by Muller

with deuterated methanol were used to assign the and co-workers [18] demonstrated that the negative
composition of the cluster ions and of the ionic cluster ion distributions showed a good correlation
products formed on the ion-molecule reactions. The with the stoichiometry of chromium in the oxides.
reaction sequences were confirmed with double-reso- The main purpose of our experiments was to
nance experiments, in which suppression of the establish the compositions of the mentioned anions
daughter ion is sought by ejection of the supposed [M,O,]~ and to examine their reactivity. It was found
parent. that the compositions of [MD,] ™ anions formed by

In order to obtain structural information, collision- laser desorption ionisation are independent of the
induced dissociation (CID) experiments were per- chemical composition of each metal oxide. Neverthe-
formed by translational excitation of the ion of inter- less the stoichiometry of the metal oxides could not be
est with a rf pulse to laboratory frame energies in the correlated with the ion intensities. As has been previ-
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Fig. 1. Laser desorption ionisation negative ion mass spectrum of@,Geellet.

ously mentioned by other authors [17,18,35] it was of anions, one withy = x + 1 and the other with
observed that the intensity of the larger cluster anionsy = x + 2. It is also observed a lower intensity
increased as the laser power decreased. When thesequence witly = x + 3, forx = 2 and 3. The iron
laser power is increased the intensity of small cluster oxides yielded sequences of anions Bg, ;] and
anions increases and, in some cases, new small aniongFe O, , ;] forx = 1 — 7, and an additional series
are also observed. In addition, some spectra such asof [Fe O,] , with x = 3 — 5. On the other hand, the
those of the copper oxides show some distributions maps of compositions for [G® ]~ and [Ni O]~
that only could be attributed to [MD/H,]™ ions. show series witty = x andy = x + 1 as preferen-
These low abundant species can be originated eithertial distributions, while the [C4O,] ~ cluster anions
because of the presence of water adsorbed on thepredominantly belong to the oxygen-deficient class,
sample surface or the presence of hydroxyl groups on that is, the spectrum is dominated by cluster ions that
the metal oxide. Another possibility that cannot be have a higher number of copper atoms than oxygen
excluded is that these species be formed in the laseratoms although cluster anions with equivalent number
plasma in consequence of the presence of residualof atoms of copper and oxygen were observed at
water in the vacuum chamber of the instrument. lower masses. Similar distributions of anions

The compositions of observed anions, (] ; [CuO,] have been reported by Freiser and co-
M = Mn, Fe, Co, Ni, Cu) are displayed as ion maps. workers [16], but significant differences on the ion
Fig. 2 shows plots of the number of oxygen atorgy ( intensities could be observed. These authors found
versus the number of metal atomg (and the sizes of  that the [C4yOg] ~ cluster peak dominated the mass
the circles indicate the relative intensities of the major spectrum, while in our laser desorption ionisation
negative cluster ions observed in the mass spectra.mass spectra the most abundant peak was because of
The ion maps of [MpO,]~ show two dominant sets  the bare copper anion.
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Fig. 2. Compositions and relative abundances of the,®p, [FeO,] ", [Co,0,] ", [Ni,O,] ", [Cu,O,] " ions. The sizes of the circles are
approximately proportional to the ion intensities.

Although the sets of anions [MD,] = seem to be numbers of metal atoms for Groups 7-11 of the
independent of the composition of the solid sample, Periodic Table. The most relevant observation is that
the distributions of compositionsx(y) seem to be  the valence electron population per metal decreases as
related to the position of the metal in the transition- the size of the cluster increases, and in the larger
metal series. The fact that manganese exists in highcluster ions the normalised valence electron popula-
oxidation states may explain the formation of oxygen- tion tends to be independent of the type of the metal.
rich anions, while copper that prefers low oxidation According to Willet and coworkers [32,33] it could
states | and 1l yields predominantly oxygen-deficient reflect the fact that for larger cluster anions the
negative ions, meaning that the metal to oxygen ratio metal-metal bonding is strong in the core of the
increases as the electron population of the metal cluster, whilst at the external surface of the cluster

increases. predominates the oxygen—metal bonding.
Valence electron population per metal ato,, To investigate if the cluster anions are desorbed
was evaluated by adding the number af &8nd 4 directly from the solid or if they are formed in the

electrons of the neutral metal atom, plus six electrons plasma induced by the laser at the surface of the solid,
for each atom of oxygen plus one electron because of a mixed-metal oxide and, for comparison, a mixture

the negative charge of the cluster, and dividing by the of two pure metal oxides were studied. The laser
number of metal atoms in the cluster [32]. Table 1 desorption ionisation spectrum of the mixed-metal

shows calculated values dfl,, for the [M,O,] oxide NiCo,0, showed series of cluster anions of the

anions, allowing comparison of clusters with the same type [Ni,Co,O,] ~, with x or y varying between 0 and
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Table 1

Valence electron population per metal atdwy,, in [M,O,] anions

Mn Fe Co Ni Cu

lon Nm lon Nm lon Nm lon N, lon N,

MnO, 20.0 FeQ 21.0 CoQ 22.0 NiG, 23.0 CuQ 24.0

Mn,O, 19.5 FeO, 20.5 CgO, 21.5 NLO5 19.5

Mn305 19.3 FeOs 18.3 CqO, 17.3 NiO5 16.3 Cy0O, 17.3

Mn,Og 14.8 FgOg 15.8 CoOs 16.8 N,O, 16.3 CuOsg 18.8

MngOg 14.4 FeOg 15.4 CaOq 16.4 NiOs 16.2 CuO, 16.0

Fe;0;, 15.2 CqO; 16.2 CyOs 16.2
Fe,Oq 15.8 CuyOsq 15.4

CugOg 15.6
CuyOg 15.1
Cu,O; 15.3
Cuy;,0g 15.5
Cu;,.0q 15.7
Cu 040 15.7
Cu Oy, 15.8
Cu5044 155
Cu 015 15.9
Cu; /045 15.6

For [M,O,]", N, = [x (number of 3l and 4 electrons inM°) + 6y + 1]/x.

8, andz from 2 to 8, [CqO,]  being the most intense  ions as well as for several molybdenum oxide cluster
anion. The 1.5:1 (w/w) mixture of NiO and g0, anions [17].
oxides gave mostly [C®,]  anions, and in the
region m/z 297-301 adistribution of peaks corre-
sponding to [C@O,]” and to a mixed-metal anion,
probably [NiCqgO,] ~, was observed. The formation
of a mixed nickel-cobalt anion when nickel oxide
was mixed with cobalt oxide is in accordance with
previous statements [33] that the clusters are assem-
bled in the gas phase.

In order to have an insight of the structure of the 3.2.1. Monometallic oxide anions
[M,O,] ~ ions, collisionally-induced dissociation ex- The ([MO,] ; M = Mn, Fe, Co, Ni, Cu) anions
periments with argon were performed. However, be- react with methanol to yield [M¢H,] ™ as primary
cause of the loss of cluster ion intensity with increas- Pproduct, in accordance with Eq. (1)
ing size, only the lower mass negative cluster ions
could be isolated and studied by CID. The anions
(MO,] 75 x=1,2; y = 2,3), did notgive any The [MO,] ™ anions cause the oxidative dehydro-
dissociation product ions. But, it was observed a genation of methanol into formaldehyde, an endother-
decrease of its intensity with the increase of the mic process 4H, = 85.6 kJ mol') (value deter-
collision energy, what may be explained assuming mined for the reaction Ct¥OH — CH,O + H, from
that the excited anions undergo a process of collision- available termochemical data [36]). The reaction rate
ally-induced electron detachment to form a neutral constants and the corresponding reaction efficiencies
species with the same formula. Similar behaviour was are reported in Table 2.
observed on the collisionally-induced dissociations of Rate constantk,, for the primary reactions of the
some [MnRS]~ [34] and [CyS,] [33] cluster an- [MO,] ™ anions were calculated by plotting the natural

3.2 Reactivity of transition metal oxide anions
The most intense transition metal anions described

in the previous sections were isolated and their
reactivity towards methanol was studied.

[MO,]~ + CH;OH — [MO,H,]™ + CH,0O (1)
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Table 2
Rate constant data for the primary reactions of [jiOanions with methanol anB-labelled methanol

lon k(CHgOH)a Kic H30D)a k(CDgO o K D3OD)a k(CH3OH)/ Kapo)
n N . . . . .
[MnO 2.7 0.9 0.9 1.6 0.12
[FeQ,] P 2.3 1.1 3.3 2.0 0.10
(o] - . . . . .
CoO, 0.6 0.2 0.3 0.2 0.03
I o . e PR PR .
[NiO 0.003 0.0001
[Cuo,] 0.001 0.000 08

2Rate constants are reported in units of 0cm® mol~* s,
®The rate constants were determined considering only the points which displayed a linear dependence of the natural logarithm of th
abundance of the reactant vs time.

logarithm of relative abundance of the reactant ion average abundances of 40% and 15%, respectively, as
versus time, at constant pressure. Laser desorptionmeasured by electron impact mass spectra recorded

ionisation can produce ions that are kinetically or
electronically excited [37]. However, semilog plots of
log [MO,] ~ versus time displayed linear decay for all
the anions studied (except for the iron dioxide anion)
consistent with ions predominantly in the ground
state. Moreover, the introduction of a thermalisation
period in the reaction sequence using argon as collid-
ing gas for the majority of the ions did not affect the
rate constants or product distributions. For the anion
[FeG,]™ no effective thermalisation was achieved
even using collisional gases with higher cooling
efficiences, like xenon or methane. Consequently,
only an approximate value for the rate constant of the
reaction between the [FgD anion and methanol is
given in Table 2.

As shown in Table 2 the reaction efficiences
decrease from [Mng~ to [CuQ,]~, the [MnQ)]~
and [FeQ] anions react with moderate efficiency
with methanol k,/k,po = 0.12 and 0.10, respective-
ly), whereas the [Co@~, [NiO,] ", and [CuQ]~
anions show a lower reactivity towards methanol.
Although the anions [Nig] ~ and [CuQ] ~ react very
slowly to form the primary products, it was possible

prior to the reactivity experiments. Consequently, rate
constants for reactivity towards GDH could also be
calculated and presented in Table 2. The measured
relative abundances were taken into account in the
calculations of the rate constants. Reactions with
CH;0OD and CD,OH give rise to [MQHD]~ products
indicating that elimination of hydrogen atoms in-
volves the hydroxyl and methyl groups of methanol.
The reactions with th®-labelled compounds proceed
more slowly than with methanol suggesting the oc-
currence of an isotope effect. The values of Table 2,
however, do not allow us to infer any conclusions
about reaction mechanisms, as there are no clear
connections among the rate constants determined for
the differentD-labelled compounds.

In reaction (1) oxidation of methanol to formalde-
hyde is provided by the [M@~ anions, formally
resulting in a charge transfer of two electrons from
methanol to the metal atom. This process should
result in a decrease of the formal oxidation state of the
metal from+ 3 to + 1 yielding [MO,H,] ™~ products
with a dihydroxide structure, like [M(OH) . More-
over, it is known that in transition metal oxides, the

to determine experimental rate constants because noelectronegativity of oxygen causes the metal to take
competitive reactions between these anions and theon a Lewis acid character. If the metal acts as a Lewis

background were observed.
The reactivity of the [MnQ@~, [FeG)] , and
[CoO,] ™ ions with CH,OD and CDOD was exam-

acid in the anion, it is reasonable to consider that the
reaction mechanism involves initial proton abstraction
followed by hydride transfer from the alcohol to the

ined and the corresponding kinetic data are presentedmetal centre yielding [H(MO)(OH)] species. A

in Table 2. As referred in Sec. 2, GBH and CDOH
were present in the C}dD and CQ,OD samples with

mechanism similar to the latter one was proposed by
Nibbering and co-workers [10] to account for the
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reactions between [Mngp~ and G—C, primary alco- The deuterated methanol experiments confirmed
hols. the formation of [MQ]  as secondary products.
The behaviour of primary product ions upon low- These secondary reactions proceed with very low
energy CID experiments was studied and no dissoci- reaction efficiencies, 0.004 when M Mn, Fe, and
ation products were found. As observed previously 0.0006 for Co.
for metal oxide anions, an electron detachment pro- As mentioned above, only the laser desorption
cess may occur. ionisation of manganese and iron oxides produced
Few information about the electronic structures of [MO5]~ anions. The [Mn@~ and [FeQ]  were
transition-metal oxide anions is available. Mass spec- isolated and their reactivity toward methanol was
trometric studies and ab initio calculations indicated investigated. No detectable product ions were ob-
that [FeQ]~ has an OFeO type of structure [13]. A tained for reaction delays up to 10 s. Also, the
photoelectron spectroscopy study of [F¢Ois also [MO,] "~ ions formed in the secondary reaction (2) did
consistent with a stable=8Fe=0 bent structure, the ~ not react further with methanol to yield tertiary
oxidation state of Fe being 3 [19,20]. In this formal ~ products, at longer reaction times. Published data

oxidation state, the Fe atom has a stafleconfigu- ~ show that thed*-trioxoiron (V) anion has a higher
ration, although it was found that this anion reacts electron affinity than the®-dioxoiron (1f) anion [20],
with methanol quite efficiently. and a rather high Fe—O stretching frequency in FeO

A photoelectron spectroscopy study of [CHO suggesting that the Fe—O bonds are quite strong in this
anions reported two distinct isomers: a species corre- species. Although data for the manganese species are
sponding to the Cu(§) complex and a dominant not available, higher electron affinities associated to
copper dioxide isomer [21]. The ground state of the higher oxidation states may explain the formation of
CuOO anion is expected to be a closed shell structure Very stable [MQ] anions.
with a*A” symmetry. The other isomer, probably with It is worth noting that Nibbering and co-workers
a O Cl**O~ linear structure, should also have a [10] found that the [MnG] " anion was unreactive
closed shelllzg ground state. This may explain the towards methanol for reaction delay times up to 2 s,
extremely low reactivity observed for the [CyO whereas the [Mng]~ anion reacted with methanol to
anions. form ionic products. It was also found that thg-C,

For the remaining anions no electronic structural Primary alcohols are oxidised by the former anion to
data were found. However, it is expected that the form a product ion identified by the authors as the
dioxide structure can also be the more stable config- [.I\/Ian.OH.H] - This different behaviour n the reac-
uration of these anions. Although the decrease of the tivity of the dioxomanganate (lif) and trioxomanga-
reactivity from the [Fe@~ to [CuQ)]  can be nate (V) anions when compared with the results
correlated with the increasing number of electrons in €POrted in this article seems to be related to the
the d shell along the first row of the transition metal Process of preparation of the cluster ions. Nibbering
series, only the assignment of the electronic configu- synthesised the anions in the ICR cell by reactions of
ration of the ground state of these anions would allow [MN(CO)J ™~ with dioxygen, whilst in our study the
to interpret the behaviour of these species in the gas CluSters were generated by direct laser desorption
phase ionisation of manganese oxide powders. As a conse-

It was observed that for the monometallic anions of duénce of the different ways of preparation, it is
Mn, Fe, and Co (but not of Ni or Cu) the product reasonable to assume that the gaseous ions may be

formed according reaction (1) reacts further with formed in distinct electronic states, exhibiting differ-

methanol yielding a secondary product ion [0, ent reactivities. Qn the othe.r hand, in the latter cf';lse
as shown in Eq. (2) the oxometallate ion, a terminal product of a reaction

between carbonyl metallate anions and dioxygen, can
[MO,H,]” + CH;OH—[MO4 + H, + CH, (2) be formed by binding @as a superoxo ligand [8,9]
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Table3 ' _ _ products [MO;C,Hg] ™ vyielded [M,0,CH,]~ and
\Il?vzscr::zrt]hzﬁglences for the primary reactions of,{M] ™~ anions [M,O,CH,]~ as fragment ions with loss Of' co,
and CHOH or CH,0, H, molecules, respectively.

lon Kersor/Kapo As observed previously with the other cluster

[Mn20O4] 0.10 anions, an oxidation of methanol occurs for the
{(F:Z%i]], 8:3; [Mn,O,] ™ and [FeO,] ~ anions yielding [MBO,H,] ~

[Ni,O4]~ 0.03 and [FeO,H,] ~ as primary products. Both reactions

have low kinetic efficienciesk/kypo = 0.05 and
0.04, respectively. Each primary product reacts again
with methanol and a secondary product is formed
accompanied by water elimination. Subsequent reac-
tions of the secondary products could also be ob-
served. The occurrence of these reactions was estab-
lished by means of the double-resonance technique.
For both anions, the reaction sequences are sum-
marised in Egs. (6-8).

yielding an anion with distinct structural, physical and
chemical properties.

3.2.2. Dimetallic oxide anions

The cluster anions, [M©Ds], [Fe0O4 ,
[C0,04] 7, and [NLO4] ™ reacted with methanol with
elimination of formaldehyde as primary process in
accordance with Eq. (3). The overall reaction rate
constantsk,, and reaction efficiencies for the primary [M,0,]~ + CH;OH — [M,0O,H,]~ + CH,O (6)
ion-molecule reaction of each cluster anion are shown
in Table 3. For longer reaction times, the primary [M20,Hz] " + CHOH—[M;O,CHy~ + H0  (7)
product reacts with other methanol molecules origi- - -
nating secondary products, depicted in sequences (4)[M 204CHY -+ CHOH = [M0CHel - + H.0
and (5). The experiments with deuterated methanol
confirmed that water elimination occurs in further
reactions of the primary products.

As found for the monometallic oxide anions, the
bimetallic oxide anions react primarily with methanol
via the elimination of aldehyde yielding (M H,] -,
[M,05]~ + CHsOH — [M,0;H,]~ + CH,O0 (3) y = 3 or 4) products. Further reactions of the primary

and secondary products with methanol are accompa-
[M,0OzH,] ™ + CH;OH — [M,0,CH,]™ + H,O  (4) nied by water elimination suggesting that hydroxide
ligands are involved. Consequently, (@ (OH),] -,
y = 1 or 2) configurations could be proposed for the
[M,0O5H,] ™ and [M,O,H,]~ primary products.

When the reactant is the manganese cluster Scarce structural data are available for transition
[Mn,0s] ~, the reaction with methanol originates two Metal oxide clusters in the gas phase. The anion
products, the [MpOzH,]~ and another ion witim/z ~ Photoelectron spectrum reported by Wang and co-
31. The last seems to result of a proton abstraction of Workers [20] for the FgO; cluster suggests the
the substrate yielding the [GB]~ ion with loss of a  presence of two isomeric f@®-O, or Fe,—O; com-

[M,O,CH,]~ + CH;OH — [M,0,C,H¢] ™ + H,0
(5

neutral manganese specie [MD,,H]. plexes. The latter may have three bridging O atoms
The primary products ([MO;H,] ; M = Fe, Co) between the two Fe atoms in which the oxygen atoms
were collisionally activated with argon, and [MB)] are equivalent, while the former is consistent with a
and neutral [MOH] were formed. CID experiments on bend structure with an O-Fe-O-Fe-O atomic ar-
[M,O,CH,]~ products originated [MO;CH,] ", rangement. Similar structures are found for the@u

[M,O,H,] ", and [MO,H,] ~ as ionic products accom- anion [22]. It may be mentioned that a density
panied by loss of neutral molecules,,HCH,O, and functional calculation of geometrical and electronic
[MCH 0], respectively. The CID reactions of tertiary  structures of manganese sulfide cluster anions [38]
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indicated that the MyB; anion has a variety of 4. Conclusion

possible structures, the most stable being a nonplanar

structure with a Mn—Mn bond with an acufe-S Laser desorption ionisation coupled with FTICR
bridge, and two terminal Mn—S bonds. However, both mass spectrometry was employed to generate and
the reactivity and the CID experimental results ob- characterise a large number of transition metal oxide
tained in the present study could suggest a structureanions from powdered transition metal oxides. The

with two terminal M—O bonds for the bimetallic oxide
anions, but thus not allow to conclude about the
formation of metal-metal bonds.

It has been proposed [39] that the reactivity of a
particular ionic cluster can be related with the
degree of coordinative unsaturation in the metal
ions. This quantity is evaluated from the electron
deficiency (ED) per metal atom as given by the
expression (9)

ED = [18 X N — (total no. of valence electrond)l/

(9)

whereN is the number of metal atoms in the cluster

sets of anions ([MO,] ; M = Mn, Fe, Co, Ni, Cu)
do not directly reflect the composition of the solid
samples suggesting that the anions are formed in the
laser induced plasma at the surface of the sample.
The more abundant anions ([&,] ; x = 1 or 2;
y = 2, 3 or 4) were isolated and their reactivity
towards methanol was investigated. It was found that
anions [MQ], [M,05] " and [M,0O,] ~ react primar-
ily with methanol via the elimination of aldehyde
yielding [M,O/H,] "~ products, whereas the [M{D
anion did not react at all. The rate constants deter-
mined for the various reactions suggest that the
[MO,]™ and [M,0O5] " anions react more efficiently
with methanol than the [MD,] ™ cluster anion and on

ion, the number of valence electrons being deduced the other hand that reaction efficiences decrease when
from assumed structures. Assuming the structuresthe metal varies from manganese to copper.

proposed for the diiron oxide molecules [20], the
electron deficiency of the [F@®;] ™ cluster anion can

Some more labelling experiments have to be per-
formed and, in order to predict the geometrical struc-

be evaluated considering eight valence electrons ontures, the electronic structures and the stabilities of

each iron atom, plus four electrons for each oxygen
ligand. Having in mind the negative charge on the
cluster fragment, the electron deficiency for JBg] ~

(M, Oy] ; M = Mn, Fe, Co, Ni, Cu) cluster anions
observed in the gas phase, molecular orbital calcula-
tions using the density functional theory (DFT) ap-

would be 3.5. This value indicates that there are three proach are in progress.

open coordination sites on each iron atom. For the
[Fe,O,]  cluster the calculated electron deficiency is
only 1.5. Because the electron deficiency is an indi-
cation of the number of open coordination sites on a
metal atom, it is expected that the relative reaction
rate for the [FeO,]” should be lower than the
reaction rate for the [E©®4] ~ cluster.

When calculating the electron deficiencies per
metal atom for the different [MD;]~ dimetallic
anions it was found that the number of open coordi-

nation sites in each metal atom decreases in the

following order, [Mn,O5] ™ > [Fe,05] > [C0,05]
> [Ni, O3], predicting that the reaction rates will

decrease along first row of the transition metal series,

what is consistent with the reaction efficiences indi-
cated in Table 3.
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