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Abstract

Laser ablation of vanadium pentoxide (V2O5) powder produces VO3
2, V2O5

2, V3O7
2, V3O8

2, and V4O10
2 cluster ions which have

subsequently been reacted with methyl isobutyrate, methyl methacrylate monomer and its dimer in the ion cell region of a Fourier
transform ion cyclotron resonance mass spectrometer. Gas phase ion/molecule chemistry has revealed that reactivity decreases with
increased mass of the vanadium oxide cluster anions. VO3

2, V2O5
2, and V3O7

2 ions react with the three reagents, methyl isobutyrate,
methyl methacrylate and its dimer, respectively, either by addition of a whole reagent molecule or an associated fragment. All
products formed are a result of parallel processes. V4O10

2 undergoes no reaction for reaction times of up to 500 s, while V3O8
2 adds

a water molecule. Although the ions possess a net negative charge, the reactive site toward electron rich reagents such as methyl
isobutyrate, methyl methacrylate and its dimer is the under-coordinated vanadium atom. This observation is supported by the lack
of reactivity toward the studied reagents by those anions (V3O8

2 and V4O10
2) whose most likely stable structures contain fully

coordinated vanadium atoms. (Int J Mass Spectrom 182/183 (1999) 73–84) © 1999 Elsevier Science B.V.
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1. Introduction

Gas phase transition metal and transition metal
oxide ion reactions with a variety of organic mole-

cules have been of wide interest and intensively
studied with Fourier transform ion cyclotron reso-
nance mass spectrometers (FT/ICR-MS) over the last
20 years [1,2]. This technique has the unique advan-
tage of modeling low concentration situations and
solvent free interactions. Low pressure (high vacuum)
techniques “expand” the time scale and allow the
observation and study of both intermediate and final
products of a reaction. Many gas phase ion/molecule
reactions have involved the study of monomeric
(bare) transition metal and transition metal hetero-
atom ions [1,3–17]. However, there are fewer studies
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of poly(metal) and poly(metal1hetero-atom) cluster
reactions in the gas phase [18–29].

Vanadium pentoxide (V2O5), in particular, is an
important catalyst used in the oxidation of a variety of
organic and inorganic molecules, as it is often used as
a substrate or support. Catalytic studies on surfaces
and, in particular, vanadium oxide surfaces are topical
[30,31] and the study of reactivity of metal and metal
oxide clusters in gas phase advances our understand-
ing of the catalytic mechanism. Clusters themselves
are of particular interest, since for large enough
clusters reactivity may model that of bulk material
[32,33]. With respect to gas phase reaction investiga-
tions, recently Bell et al. [19] have looked at vana-
dium oxide cation cluster reactivity toward some
simple hydrocarbons. Gas phase reactions of some
VxOy anions with oxygen containing molecules such as
methanol and ethanol have been previously reported [34].

Poly(methyl methacrylate) (PMMA) has been con-
tinually produced, studied, and commercially used
since the 1930s [35]. Free radical polymerization of
methyl methacrylate has been the major method used
in industry to produce commercial PMMA [36];
however, controlled polymerization processes pro-
ducing polymers with low molecular weight and/or a
narrow polydispersity are currently of interest. Ya-
suda et al. [37] have used organolanthanide initiators
in the production of highly syndiotactic polymers and
they show that rare earth metal initiated polymeriza-
tion gives high molecular weight monodisperse poly-
mers [38]. Other studies have shown that catalytic
chain transfer polymerization is an efficient method
for the production of low molecular weight poly-
(methacrylates) [39,40].

The dimer of methyl methacrylate has attracted
some attention in the recent literature as it can be
used as a chain transfer agent in free radical
polymerization reactions [41]. The mechanism of
chain transfer to dimer is thought to involve free
radical addition to the double bond followed by
b-scission. This addition-fragmentation chemistry
is seen as a promising route to block copolymers
[42]. As well as its importance in chain transfer
reactions, the methyl methacrylate dimer can be
used as a small molecule analogue of the unsatur-

ated chain-end of a poly(methyl methacrylate) mol-
ecule formed by a disproportionation reaction.

The use of mass spectrometry to investigate reac-
tions between metal oxide surfaces (via the metal
oxide anion) with the neutral reagent (DMMA) is
limited to the observation of processes involving ions
and not free radicals; however, there may be parallels
between the condensed phase and the gas phase
processes [1,43]. The metal oxide cluster anions may
provide small surfaces of interaction for the polymer
precursor, a first step to polymerization.

Laser ablation has enabled us to produce the VO3
2,

V2O5
2, V3O7

2, V3O8
2, and V4O10

2 clusters. We have studied
the reactions of these clusters with methyl methacrylate
(MMA) CH3OC(O)C(CH2)CH3, methyl isobutyrate
(MIB) CH3OC(O)CH(CH3)2 (the fully saturated analogue
of MMA), and methyl methacrylate dimer (DMMA)
CH3OC(O)C(CH2)CH2C(CH3)2C(O)OCH3.

2. Experimental

Vanadium pentoxide powder, the methyl isobu-
tyrate, and the methyl methacrylate monomer were
purchased from Aldrich. The vanadium pentoxide
and the methyl isobutyrate were used as supplied,
while the methyl methacrylate was purified by
passing it through a column of basic alumina to
remove the inhibitor and then dried over calcium
hydride.

The methyl methacrylate dimer (DMMA) was
synthesized using a catalytic chain transfer polymer-
ization [39] with azobis-isobutyronitrile (AIBN) as
initiator and cobaltoxime boron trifluoride as the
catalyst. The dimer was isolated in pure form by
vacuum distillation using a Kugelrohr unit and its
composition and purity confirmed by electron/chem-
ical ionization FT/ICR mass spectrometry.

The laser ablation Fourier transform ion cyclotron
resonance mass spectra were obtained using a Spec-
trospin CMS-47 FT/ICR mass spectrometer equipped
with a 4.7 T superconducting magnet [44,45]. The
V2O5 powder was pressed into a hollowed-out detach-
able, cylindrical, stainless-steel satellite probe tip. The
probe tip was inserted into a titanium single-section
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cylindrical ICR cell so that the V2O5 surface was at
(or close to) the focus of the beam from a Spectra
Physics DCR-11 Nd-YAG laser [45]. The background
pressure was allowed to stabilize around 23 1029

mbar prior to admission of reagent (MIB, MMA, or
DMMA) and Ar cooling gas. The reagent was leaked
into the ultra high vacuum (UHV) chamber (using its
normal vapor pressure at room temperature) through a
Balzers molecular leak valve, and allowed to stabilize
at an uncorrected background pressure of 13 1027

mbar. Argon gas was also leaked into the UHV
chamber through a second Balzers molecular leak
valve, and the gases were allowed to stabilize at a
combined total pressure of 33 1027 mbar as mea-
sured by a Bayard-Alpert gauge.

The laser ablation experiments were performed
with the focused beam (through a lens of focal length
110 mm and spot diameter on the sample of 0.2 mm)
of a Nd-YAG laser (1064 nm, 8 ns) at power densities
in the range ofP 5 0.1–20 000 MW cm22.

A typical event sequence for the laser ablation
FT/ICR mass spectrometry experiments is shown in
Fig. 1(a). It initially involves a quench pulseP1 5
5 000 ms (by inversion of the voltage on one of the

trapping plates) followed by a delayD1 5 5 s used to
remove from the ICR cell any ions remaining from the
previous experiment. The leading edge of a second
pulse,P2 5 10 000 ms, is used to trigger the 8 ns
Nd-YAG laser pulse in the Q-switch mode, after
which a delayD2 (0.2–2.0 s) allows for most of the
ablated neutral species to be pumped away, as well for
the radiative and collisional “cooling” of the ions
trapped in the ICR cell by a combination of magnetic
and electric fields. Ion selection is performed (with
excitation pulse time ofP4 5 40 ms) by using a
broad band sweep ejection and single radiofrequency
(rf) pulses at selected frequencies, followed by a delay
D4 (1.0–4.0 s) to allow further “cooling” of the ions
selected. A second selection of the ions of interest is
then performed, after which the ions are allowed to
react with the reagent gas for a fixed period of time
D0. This experiment was repeated for reaction times
D0 between 0 and 100 s. After the elapsed reaction
time D0, a 10ms rf chirp pulseP3 (135 V applied to
each excitation plate 180° out of phase) was used to
bring all the ions in the ICR cell into phase-coherent
motion, followed by detection of all the ions in the
cell and spectra acquisition. Ions were trapped in the
cell by potentials applied to the trapping plates in the
range of23.5 to24.0 V.

Identification of the products of reaction was aided

Fig. 1. Pulse sequences for (a) ion/molecule reactions, typically
P1 5 5 000 ms, P2 5 10 ms, P3 5 10 ms, P4 5 40 ms and
D0 5 0.0–100.0 s,D1 5 5.0 s,D2 5 0.2–2.0 s,D4 5 1.0–4.0
s, (b) collision induced dissociation experiments, typicallyP1 5
5 000 ms, P2 5 10 ms,P3 5 10 ms, P4 5 40 ms, P5 5 0–100
ms and D0 5 0.0–0.1 s,D1 5 5.0 s, D2 5 0.2–2.0 s,D4 5
1.0–4.0 s,D5 5 0.1 s.

Fig. 2. Negative-ion laser ablation FT/ICR mass spectrum of
vanadium pentoxide powder.

75A. Dinca et al./International Journal of Mass Spectrometry 182/183 (1999) 73–84



by collision induced dissociation (CID) [46,47]. Gen-
eration, cooling, and selection of the parent anion
were performed, followed by formation of the product
ions [see Fig. 1(b)]. The ion of interest was then
isolated and accelerated by an rf pulse at the appro-
priate frequency, of durationP5 (typically 10–100
ms). After allowing an average of 1–2 collisions of the
ions with the Ar atoms to occur, a spectrum was
recorded. When the reaction of a vanadium oxide ion
with a reagent gas gave multiple major products, MSn

experiments were conducted in an attempt to elucidate
pathways of reactions. The anions were also isolated
in a background of only Ar gas (at an uncorrected
pressure of 23 1027 mbar) to see if any reactions not
due to the reagents occurred.

Ab initio density functional theory calculations
using Gaussian 94W [48] at B3LYP [49–52] level of
theory were used to optimize the structure of the VO3

2

ion. These calculations used a 6-311G basis set with
(d, p) polarization functions.

3. Results

Laser ablation of the V2O5 sample produced
VO3

2, V2O5
2, V3O7

2, V3O8
2, and V4O10

2 cluster ions

(as well as traces of V2O6
2 and V4O9

2 ions) and a
typical spectrum is shown in Fig. 2. Only the first
five anions could reliably be produced and isolated
after multiple shots at the same spot on the target,
and reactions of each of these anions with each of
the three reagents(MIB, MMA, and DMMA) were
observed and analyzed. The products of these reactions are
shown in Table 1.

VO3
2, V2O5

2, and V3O7
2 all undergo an addition

reaction with the reagents to form [VxOy(R)]2 com-
plexes, where R is MIB, MMA, or DMMA, respec-
tively, and (x, y) 5 (1, 3), (2, 5), or (3, 7) (see Figs.
3–5). This ion is the major final product in the case of
V3O7

2 (see Fig. 5), while for the other anions a
balance between the size of the anion and the reagent
molecule controls the abundance of this final product.
Figs. 6 and 7 show the reaction profiles of VO3

2 and
V2O5

2 with MIB, MMA, and DMMA, respectively.
The reactions of V3O8

2 with each of the reagents
(MIB, MMA, and DMMA) produce the major product
ion [V3O8(H2O)]2 (see Fig. 8). Minor products are
also observed: the addition complex [V3O8(MIB)] 2

for the reaction with methyl isobutyrate and
[V3O8(CH4O)]2 for the reaction with methyl meth-
acrylate dimer.

Table 1
Product ions for the reactions studied, with their most likely structures. Major products in bold, minor products in plain type

Anion
Products of reaction with
methyl isobutyrate

Products of reaction with
methyl methacrylate

Products of reaction with
methyl methacrylate
dimer

VO3
2 [VO3(CH3OH)]2 [VO3(CH3C(CH2)CH(O))]2 [VO3(DMMA)] 2

[VO3((CH3)2CHCH(O))] 2 [VO3(C3H4(CO))]2 [VO3(CH3OCH3)]
2

[VO3(MIB)] 2 [VO3(MMA)] 2 [VO3(DMMA w/o CH3OH)]2

[VO3(C3H4O)]2

[VO3(CO)]2

[VO3(H2O)]2

V2O5
2 [V2O5(MIB)] 2 [V2O5(MMA)] 2 [V2O5(H2O)]2

[V2O5(CH3OCH3)]
2

[V2O5(DMMA)] 2

[V2O5(CH3OH)]2 [V2O5(H2O)]2 [V2O5(CH3OH)]2

[V2O5(H2O)]2 [V2O5(C3H4O)]2

V3O7
2 [V3O7(MIB)] 2 [V3O7(MMA)] 2 [V3O7(DMMA)] 2

[V3O7(MIB)2]
2 V3O8

2 V3O8
2

V3O8
2 [V3O8(H2O)]2 [V3O8(H2O)]2 [V3O8(H2O)]2

[V3O8(MIB)] 2 [V3O8(CH3OH)]2
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No reaction products were observed for V4O10
2

with any of the reagents (MIB, MMA, and DMMA),
for reaction times of up to 500 s.

Isolation of all the product ions from all the
reactions indicate they are all stable to further reaction
with MIB, MMA, and DMMA, as well as to dissoci-
ation or electron detachment due to collisions. The
only indication of a subsequent addition reaction is in
the case of V3O7

2 reacting with methyl isobutyrate,
where after long elapsed reaction times a trace of
[V3O7(MIB)2]

2 is observed. However, this reaction is
very slow, and no significant amount of this bis-
complex is observed up to 100 s reaction time.

In reactions conducted in the absence of any
reagent (only background and Ar gases) each of the
anions (with the exception of V4O10

2 , which showed
no reactivity) underwent an H2O addition at a rate

between 4 and 10 times slower than in reaction with
DMMA. No difference in the rate of H2O addition by
the anions was observed for the reactions with MIB
and MMA when compared with the reactions in the
presence of only background and Ar gases. Positive-
ion electron ionization spectra (at 15, 20, 30, and 70
eV) taken at the beginning of each experiment session
indicate that while MIB and MMA contained rela-
tively small amounts of water impurities, DMMA
contained a much more significant amount (we esti-
mate 1%–2% by volume).

Collision induced dissociation measurements were
carried out for all the major product ions. In Figs. 9
and 10 the CID FT/ICR mass spectra of the (a)
[VxOy 1 46]2, and (b) [VxOy 1 reagent molecule]2

adduct products formed in the reactions of VO3
2 and

V2O5
2 with DMMA are presented.

Fig. 3. FT/ICR mass spectra taken after a reaction time of 4 s of the
products of VO3

2 reaction with (a) methyl isobutyrate, (b) methyl
methacrylate, (c) methyl methacrylate dimer.

Fig. 4. FT/ICR mass spectra taken after a reaction time of 5 s of the
products of V2O5

2 reaction with (a) methyl isobutyrate, (b) methyl
methacrylate, (c) methyl methacrylate dimer.
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The optimized structure of the VO3
2 ion* obtained by

density functional calculations [Gaussian94W, Becke3LYP
with 6-311G(d,p) basis set] reveals that this anion has a
symmetric trigonal pyramidal structure (V–O5 1.639A8,
O–V–O5 117.2°, O–O–V–O5 147.5°), with the vana-
dium atom retaining a large positive partial charge (11.45),
while the oxygen atoms are equivalent (partial charge
20.82). Preliminary calculations on the V2O5

2 ion show
significant positive partial charges on the vanadium atoms.

4. Discussion

4.1. Anion reactions

4.1.1. Reactions of VO3
2

VO3
2 is the smallest and most reactive anion with

all three reagents. Reaction profiles are shown in Fig.
6. In the reaction with MIB this ion produces three
products as shown in Figs. 3(a) and 6(a), the easiest to
identify is the addition product [VO3(MIB)] 2. Al-
though VO3

2 has the highest oxygen/vanadium ratio
of the anions studied, the vanadium atom is underco-
ordinated, and thus exhibits a preference for full
coordination by attachment to one of the oxygen
atoms present in the reagent molecule. The other two
product ions involve bond cleavage:

(a) The addition of CH4O (most probably CH3OH)

* Note: Other groups [55,56] have postulated the structure of
VO3

2 to be planar C2V. Our interest in the calculation was primarily
to support the claim that the vanadium atom has a large positive
charge, which makes it the probable reactive site of the anion.

Fig. 5. FT/ICR mass spectra taken after a reaction time of 20 s of
the products of V3O7

2 reaction with (a) methyl isobutyrate, (b)
methyl methacrylate, (c) methyl methacrylate dimer.

Fig. 6. Reaction profiles of VO3
2 reaction with (a) methyl isobu-

tyrate, (b) methyl methacrylate, (c) methyl methacrylate dimer.
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is accomplished by breaking a C–O bond as well as a
C–H bond, and coordination of the vanadium atom of
the anion to the methoxy oxygen:

VO3
2 1 CH3OC(O)CH(CH3)23 [VO3(CH4O)]2 1 C4H6O

(1)

(b) The loss of CH2O (most probably formalde-
hyde) from MIB and coordination to the complemen-
tary fragment via the carbonyl oxygen:

VO3
2 1 CH3OC(O)CH(CH3)23 [VO3((CH3)2CHCH(O))]2 1 CH2O

(2)

The reaction of VO3
2 with MMA is more compli-

cated, and the products after a reaction time of 4 s are
shown in Figs. 3(b) and 6(b). The addition product
[VO3(MMA)] 2 is observed, but the major product

ions involve loss of CH2O and CH4O. The loss of
CH2O is similar to reaction described in Eq. (2);
however, the loss of CH4O suggests attack in the
vicinity of the carbonyl oxygen versus attack on the
methoxy oxygen as described in Eq. (1), therefore the
complementary fragment of CH4O from MMA coor-
dinates:

VO3
2 1 CH3OC(O)C(CH2)CH33 [VO3(C4H4O)]2 1 CH4O

(3)

The preference for the reaction described in Eq. (3) is
probably due to the conjugated double bonds in the
MMA molecule, and therefore increased electron
density in the neighborhood of the C–C bond of the
carbonyl and ethylene adjunct carbons. The minor

Fig. 7. Reaction profiles of V2O5
2 reaction with (a) methyl isobu-

tyrate, (b) methyl methacrylate, (c) methyl methacrylate dimer.

Fig. 8. FT/ICR mass spectra taken after a reaction time of 100 s of
the products of V3O8

2 reaction with (a) methyl isobutyrate, (b)
methyl methacrylate, (c) methyl methacrylate dimer.
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products of this reaction involve addition of H2O,
addition of CO, and addition of C3H4O, respectively.

The reaction of VO3
2 with DMMA produces only

two products as shown in Figs. 3(c) and 6(c): the
addition complex, and an ion involving the addition of
a species of mass 46 u to the vanadium oxide anion.
CID experiments of this ion ofm/z 5 145 [Fig. 9(a)]
reveal the cleavage of a neutral ofm/z 5 32 to give
the methylene adduct [VO3(CH2)]

2. Therefore the
adduct ofm/z 5 46 is either C2H6O or CH2O2. The
removal of the later molecule from DMMA is un-
likely since it requires concomitant breaking of one
double bond and at least two single bonds. From
previous work [53] the following successive reactions
of VO3

2 with methanol are observed:

VO3
2 1 CH3OH3 [VO3(CH2)]

2 1 H2O (4)

[VO3(CH2)]
2 1 CH3OH3 [VO3(CH2)(CH3OH)]2

(5)

These reactions are the result of consecutive interac-
tions with two different methanol molecules. In the
reaction with DMMA, VO3

2 is allowed to simulta-
neously interact with the two methoxy groups present
on the reagent molecule, facilitating simultaneous
(versus consecutive, as in the reaction with methanol)
addition of the two groups, methylene and methanol,
via the cyclization of the remaining fragment of the
DMMA molecule. Such a reaction is much easier to
postulate than extraction of, for example, formic acid
from DMMA, and the subsequent rearrangement of
the adduct molecule.

Ab initio DFT calculations on VO3
2 [B3LYP with

Fig. 9. Collision induced dissociation FT/ICR mass spectra of
selected products from reaction of VO3

2 with DMMA: (a) CID of
[VO3(C2H6O)]2, (b) CID of [VO3(DMMA)] 2.

Fig. 10. Collision induced dissociation FT/ICR mass spectra of
selected products from reaction of V2O5

2 with DMMA: (a) CID of
[V2O5(C2H6O)]2, (b) CID of [V2O5(DMMA)] 2.
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6-311G(d,p) basis set] indicate that the partial charge
on the vanadium atom is positive and large, and
therefore coordination of molecules such as MIB,
MMA, and DMMA or oxygen containing fragments
of these molecules would occur through oxygen
interaction with the vanadium atom, to form addition
complexes. Thus coordination of C2H6O [most likely
(CH2)(CH3OH) as discussed above] to the vanadium
atom of the anion should also be via an oxygen of this
species.

4.1.2. Reactions of V2O5
2

V2O5
2 anion is reactive, and in the reaction with

MIB the major product is [V2O5(MIB)] 2, while traces
of H2O and CH4O addition complexes are also ob-
served [Figs. 4(a) and 7(a)].

The addition complex [V2O5(MMA)] 2 is the ma-
jor product for the reaction with MMA, while
[V2O5(H2O)]2 and [V2O5(C3H4O)]2 adducts are two
minor products [Figs. 4(b) and 7(b)]. The formation of
[V2O5(C3H4O)]2 is similar to the formation of
[VO3(C3H4O)]2 and is unique to these two smaller
anions reacting with MMA.

In the reaction of DMMA and V2O5
2 four products

form with the major one being the addition of a water
molecule [see Figs. 4(c) and 7(c)]. Unlike in the case
for VO3

2, the adduct anion [V2O5(DMMA)] 2 is less
abundant than the one formed by addition of a C2H6O
molecule. A trace of [V2O5(CH4O)]2 adduct product
is also observed. CID of the ion ofm/z 5 228
([V2O5(C2H6O)]2) reveals loss of CH3, CH3O, as
well as C2H6O to give the V2O5

2 anion, as shown in
Fig. 10(a), therefore indicating the composition of this
anion to be [V2O5(CH3OCH3)]

2. When V2O5
2 was

reacted with methanol [53] the anion underwent first
a methanol molecule addition, then a methylene
addition to form a similar final compound as the one
described in Eq. (5), and of the same mass as
[V2O5(CH3OCH3)]

2. The explanation for the forma-
tion of the dimethyl ether adduct is similar to the one
for the formation of [VO3(CH2)(CH3OH)]2; how-
ever, the CID results are dissimilar. The difference in
results between CID of [VO3 1 46]2 and [V2O5 1
46]2 ions is puzzling, and can only be explained by
the rearrangement of [V2O5 1 46]2 to the dimethyl

ether adduct. [V2O5(H)]2 does not appear as a prod-
uct of reaction of V2O5

2 with DMMA, but it is a CID
product of [V2O5 1 46]2; this result supports a
rearrangement hypothesis.

4.1.3. Reactions of V3O7
2

V3O7
2 undergoes the addition of a reagent mole-

cule (MIB, MMA, or DMMA) to form an addition
complex as the major product in the case of each
reaction, as shown in Fig. 5. Formation of V3O8

2 is
also observed to a small extent in reactions with
MMA and DMMA. V 3O8

2 was not observed to form
when V3O7

2 was isolated and trapped in the presence
of Ar and background, for up to 100 s. We conclude
then that the oxygen atom required to form V3O8

2

originates from the MMA, or the DMMA molecule,
respectively, most likely by abstraction of a methoxy
oxygen. Trace amounts of the bis-complex were
observed in the reaction with MIB; however, no
significant amount of this complex formed after reac-
tion times of up to 100 s. CID experiments on the
[V3O7(R)]2 complexes (where R is MIB, MMA, or
DMMA, respectively) indicate that the complexes
are strongly bound. The CID products for
[V3O7(MMA)] 2 are V3O7

2, V3O8
2, while for

[V3O7(DMMA)] 2 other fragments of the parent anion
are also present.

V3O7
2 was observed to be much less reactive than

VO3
2 and V2O5

2, as assessed by the rate of disappear-
ance of the parent ion with each of the reagents (MIB,
MMA, and DMMA).

4.1.4. Reactions of V3O8
2

V3O8
2 reacts to form [V3O8(H2O)]2 with each of

the reagents (MIB, MMA, and DMMA). Traces of
[V3O8(MIB)] 2 in the reaction with MIB and
[V3O8(CH4O)]2 in the reaction with DMMA are
produced (see Fig. 8). A likely stable structure of the
V3O8

2 ion has all the vanadium atoms fully coordi-
nated, thus making any potential positive reactive site
(a vanadium atom) unavailable. The anion still has an
overall negative charge (although the average electron
density per atom is small for such a large ion)
allowing the oxygen atoms to coordinate to water
hydrogen atoms. The trace amounts of the other
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observed products indicate that, if reactions between
V3O8

2 and each of the reagents occur, they do so at
very slow rates. This result is consistent with the
observed decrease in reactivity with increased anion
mass. This rate is much slower than the rate of water
addition which is not surprising since the attack on the
studied reagents from the smaller anions is associated
with the undercoordinated vanadium atom. There is
also the possibility that various isomers of V3O8

2 exist
in gas phase, each with different reactivity character-
istics.

4.1.5. Reactions of V4O10
2

No reaction was observed between V4O10
2 and any

of the three reagents (MIB, MMA, and DMMA) for
reaction times of up to 500 s. A structure of this anion
where the vanadium atoms are fully coordinated
would explain the lack of reactivity toward electron
rich reagent molecules. Unlike the V3O8

2 reactions, no
addition of water or other molecules was observed.
The average charge density per atom on this cluster
is smaller than in any of the other clusters. We
expect the geometry of V4O10

2 to be similar to that
of gaseous P4O10, where all the possible reactive
centers (the vanadium atoms) are sterically hin-
dered [54]. Such a structure, coupled with the small
average charge density per atom, could explain the
lack of reactivity of this anion toward electron rich
molecules.

4.2. General discussion

The three reagents studied, MIB, MMA, and
DMMA, are electron rich molecules, both from the
presence of oxygen atoms as well as from the C–C
double bond in the case of MMA and DMMA. VO3

2,
V2O5

2, and V3O7
2 ions, although possessing a net

negative charge, most likely react by an attack on
either a methoxy or a carbonyl group of the reagent
molecule (MIB, MMA, or DMMA). This can be
attributed to the existence of a vanadium atom not
fully coordinated (all possible structures of these
anions involve at least one undercoordinated vana-
dium atom) as well as to the significantly large
positive partial charges on the vanadium atoms (as

indicated by the DFT calculations). Discernible trends
are the prevalence of the adduct product [VxOy(R)]2

with increased anionic mass in reactions with MIB
and MMA, whereas no specific trend is observed in
reactions with DMMA in this regard.

In the reactions with DMMA, for both VO3
2 and

V2O5
2 the prevalent DMMA fragment addition is that

of the postulated (CH2)(CH4O) complex. This is
probably formed by the initial coordination of the
deficient vanadium at one of the methoxy oxygens,
followed by the abstraction of a methyl (instead of a
hydrogen as in the case of MIB and MMA) probably
via the cyclization of the remaining DMMA mole-
cule. No complexes formed with the potentially cyclic
complement are observed, which indicates a prefer-
ence for the methoxy oxygen in DMMA versus the
carbonyl group as in the case of MMA.

The [VxOy(R)]2 complexes, where R is MIB,
MMA, or DMMA, respectively, and (x, y) 5 (1, 3),
(2, 5), and (3, 7), are formed in the reactions of the
three smaller studied anions with each of the reagents
and are stable when isolated and allowed to undergo
further reaction. In the case of VO3

2 reaction with
DMMA this complex is the major product, probably
due to the small size and structure of the anion, which
allows it more coordination freedom. However, in the
reactions with MIB and MMA the addition products
are minor, which indicates that the V–O bond being
formed is stronger than the C–O bond being broken.
V2O5

2 forms as a major product of reaction [V2O5(R)]2

with the smaller reagents, MIB and MMA, however, in
the reaction with DMMA the addition complex is
slightly less likely than the addition of C2H6O (most
likely dimethyl ether). This opposite trend to the case of
VO3

2 could most easily be explained by the existence of
different isomers of the anion. Addition of a water
molecule is also a product for most of these reactions.
From previous work [34], where reactions of these
anions with methanol and ethanol were studied, we
conclude that the anion-water complex does not come
from abstraction of water from the methanol adducts
formed. The presence of water as an impurity is the most
likely source for the formation of all the anion-water
complexes; however, we cannot yet completely discount
other pathways.
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5. Conclusion

The reactivity of the vanadium oxide cluster anions
decreases with increased anion size. For the reactive
species, the stable products are formed via one step
(no observable intermediates) parallel processes as
observed in the reaction profiles presented in Figs. 6
and 7. For reaction times less or equal to 100 s, only
in the reaction of V3O7

2 with methyl isobutyrate is
addition of a second molecule to form a bis-complex
observed.

Our results indicate that despite the overall nega-
tive charge on the vanadium oxide anion (for each of
the reactive anions) the center of attack is one of the
undercoordinated vanadium atoms. Preliminary ab
initio density functional calculations indicate a signif-
icantly large positive partial charge on the vanadium
atoms, which, coupled with the fact that the reagent
molecules are electron rich, makes the attempt at full
coordination by the deficient vanadium the most
likely reaction path. This is supported by the apparent
lack of reactivity of the anions which have all the
vanadium atoms fully coordinated.

Because the partial vapor pressure of water is
higher than that of methyl methacrylate dimer and
ester/water solutions have positive deviations from
the ideal, we conclude that the most likely reason for
the presence of any of the [VxOy(H2O)]2 complexes
is the reaction of the anion with the water present in
the UHV chamber [41].

The initial motivation for these studies was to
assess whether vanadium oxide anions perform any
catalytic function in the polymerization of methyl
methacrylates. For the anions studied, no such func-
tion was observed; however, the reactions that oc-
curred are interesting and merit attention.

Acknowledgments

This work has been supported by grants from the
Australian Research Council and an Australian Post-
graduate Award and a Research Scholarship from the
School of Chemistry, UNSW to AD.

References

[1] K. Eller, H. Schwarz, Chem. Rev. 91 (1991) 1121.
[2] D. Schroder, H. Schwarz, Angew. Chem. Int. Ed. Engl. 34

(1995) 1973.
[3] I.G. Dance, K.J. Fisher, G.D. Willett, Inorg. Chem. 35 (1996)

4177.
[4] I.G. Dance, K.J. Fisher, G.D. Willett, J. Chem. Soc.-Dalton

Trans. 15 (1997) 2557.
[5] R.C. Dunbar, G.T. Uechi, B. Asamoto, J. Am. Chem. Soc. 116

(1994) 2466.
[6] I.K. Gregor, R.C. Gregor, J. Organometallic Chem. 486

(1995) 109.
[7] K. Seemeyer, D. Schroder, M. Kempf, O. Lettau, J. Muller, H.

Schwarz, Organometallics 14 (1995) 4465.
[8] A. Bjarnason, I. Arnason, Inorg. Chem. 35 (1996) 3455.
[9] P.S.H. Wong, S.G. Ma, R.G. Cooks, Rapid Commun. Mass

Spectrom. 10 (1996) 927.
[10] Y.C. Xu, E. Garcia, B.S. Freiser, C.W. Bauschlicher, Int. J.

Mass Spectrom. Ion Processes 158 (1996) 249.
[11] D.V. Zagorevskii, J.L. Holmes, C.H. Watson, J.R. Eyler,

European Mass Spectrom. 3 (1997) 27.
[12] D. Schroder, H. Schwarz, D.E. Clemmer, Y.M. Chen, P.B.

Armentrout, V.I. Baranov, D.K. Bohme, Int. J. Mass Spec-
trom. Ion Processes 161 (1997) 175.

[13] S.Z. Kan, Y.C. Xu, Q. Chen, B.S. Freiser, J. Mass Spectrom.
32 (1997) 1310.

[14] Q. Chen, H.P. Chen, S. Kais, B.S. Freiser, J. Am. Chem. Soc.
119, 12879.

[15] Y.M. Chen, M.R. Sievers, P.B. Armentrout, Int. J. Mass
Spectrom. Ion Processes 167 (1997).

[16] A. Bjarnason, D.P. Ridge, Organometallics 17 (1998) 1889.
[17] Q. Chen, B.S. Freiser, J. Phys. Chem. 102 (1998) 3343.
[18] C. Berg, M. Beyer, U. Achatz, S. Joos, G. Niednerschatteburg,

V.E. Bondybey, J. Chem. Phys. 108 (1998) 5398.
[19] R.C. Bell, K.A. Zemski, K.P. Kerns, H.T. Deng, A.W.

Castleman, J. Phys. Chem. 102 (1998) 1733.
[20] J.K. Gibson, J. Vac. Sci. Tech. A 16 (1998) 653.
[21] E.F. Fialko, A.V. Kikhtenko, V.B. Goncharov, K.I. Zamaraev,

J. Phys. Chem. 101 (1998) 8607.
[22] G.S. Jackson, F.M. White, C.L. Hammill, R.J. Clark, A.G.

Marshall, J. Am. Chem. Soc. 119 (1997) 7567.
[23] J. Mwakapumba, K.N. Ervin, Int. J. Mass Spec. Ion Processes

161 (1997) 161.
[24] O. Gehret, M.P. Irion, Chem. Phys. Lett. 254 (1996) 379.
[25] S.Z. Kan, S.A. Lee, B.S. Freiser, J. Mass Spectrom. 31 (1996)

62.
[26] O. Gehret, M.P. Irion, Chem. A-European J. 2 (1996) 598.
[27] C.Q. Jiao, B.S. Freiser, J. Phys. Chem. 99 (1995) 10723.
[28] C.Q. Jiao, B.S. Freiser, J. Phys. Chem. 99 (1995) 3969.
[29] J. Kalcher, A.F. Sax, Chem. Rev. 94 (1994) 2291.
[30] B. Grzybowska-Swierkosz, F. Trifiro, J.C. Vedrine (Eds.),

“Vanadia Catalysts for Selective Oxidation of Hydrocarbons
and Their Derivatives,” Applied Catalysis A-General, Vol.
157, 1997.

83A. Dinca et al./International Journal of Mass Spectrometry 182/183 (1999) 73–84



[31] H.H. Kung, Transition Metal Oxides: Surface Chemistry and
Catalysis Studies in Surface Science and Catalysis, Elsevier,
Amsterdam, 1989, Vol. 45.

[32] R.L. Johnston, Phil. Trans. R. Soc. London, Ser. A 356 (1998)
211.

[33] M. Moskovits, J. Molec. Catalysis 82 (1993) 195.
[34] K.J. Fisher, D.R. Smith, G.D. Willett, Ion/Molecule Reactions

of Ions Derived from V2O5: a FT-ICR/MS Study, 39th ASMS
Conference on Mass Spectrometry and Allied Topics Nash-
ville, TN, 1991, pp. 37–38.

[35] M. Chisholm, Chem. Brit. 34 (1998) 33.
[36] T.P. Davis, “Polyacrylates” in The Handbook Of Thermoplas-

tics, O. Olabisi, M. Dekker (Eds.), 1997, Chap. 9.
[37] H. Yasuda, H. Yamamoto, M. Yamashita, K. Yokota, A.

Nakamura, K.Y. Miyake, S. Miyake, Y. Kai, N. Kanehisa,
Macromol. 26 (1996) 7134.

[38] H. Yasuda, E. Ihara, Bull. Chem. Soc. Jpn. 70 (1997) 1745.
[39] T.P. Davis, D. Kukulj, D.M. Haddleton, D. Maloney, Trends

Polym. Sci. 3 (1995) 365.
[40] T.P. Davis, D.M. Haddleton, S.N. Richards, J. Macromol.

Sci.-Rev. Chem. Phys. C34 (1994) 243.
[41] C.L. Moad, G. Moad, E. Rizzardo, S.H. Thang, Macromol. 29

(1996) 7717.
[42] J. Krstina, C.L. Moad, G. Moad, E. Rizzardo, Macromol.

Symp. 111 (1996) 13.
[43] K.J. Fisher, I.G. Dance, G.D. Willett, Rapid Commun. Mass

Spectrom. 10 (1996) 106.
[44] P.F. Greenwood, M.G. Strachan, G.D. Willett, M.A. Wilson,

Org. Mass Spectrom. 25 (1990) 353.

[45] T.H. Nguyen, P.S. Clezy, G.L. Paul, J. Tan, G.D. Willett, P.J.
Derrick, Org. Mass Spectrom. 26 (1991) 215.

[46] R.B. Cody, R.C. Burnier, B.S. Freiser, Anal. Chem. 54 (1982)
96.

[47] C.E.C.A. Hop, T.B. McMahon, G.D. Willett, Int. J. Mass
Spectrom. Ion Processes 101 (1990) 191.

[48] M.J. Frisch, G.W. Trucks, H.B. Schlegel, P.M.W. Gill, B.G.
Johnson, M.A. Robb, J.R. Cheeseman, T.A. Keith, G.A.
Petersson, J.A. Montgomery, K. Raghavachari, M.A. Al-
Laham, V.G. Zakrzewski, J.V. Ortiz, J.B. Foresman, J. Cios-
lowski, B.B. Stefanov, A. Nanayakkara, M. Challacombe,
C.Y. Peng, P.Y. Ayala, W. Chen, M.W. Wong, J.L. Andres,
E.S. Replogle, R. Gomperts, R.L. Martin, D.J. Fox, J.S.
Binkley, D.J. Defrees, J. Baker, J.P. Stewart, M. Head-
Gordon, C. Gonzalez, J.A. Pople, Gaussian Inc., Pittsburgh,
PA, 1995.

[49] C. Lee, W. Yang, R.G. Parr, Phys. Rev. A 37 (1988) 785.
[50] A.D. Becke, Phys. Rev. A 38 (1988) 3098.
[51] B. Miehlich, A. Savin, H. Stoll, H. Preuss, Chem. Phys. Lett.

157 (1989) 200.
[52] A.D. Becke, J. Chem. Phys. 98 (1993) 5648.
[53] D.R. Smith, K.J. Fisher, G.D. Willett, unpublished work

(1990).
[54] R.C. Mowrey, B.A. Williams, C.H. Douglass, J. Phys. Chem.

101 (1997) 5748.
[55] H. Wu, L.S. Wang, J. Chem. Phys. 108 (1998) 5310.
[56] L.B. Knight Jr., R. Babb, M. Ray, T.J. Banisaukas III,

L. Russon, R.S. Dailey, E.R. Davidson, J. Chem. Phys. 105
(1996) 10237.

84 A. Dinca et al./International Journal of Mass Spectrometry 182/183 (1999) 73–84


