
Gas phase reactions of VO1 with methyl methacrylates as
studied by Fourier transform ion cyclotron resonance mass

spectrometry

Adriana Dincaa,*, Thomas P. Davisb, Keith J. Fishera, Derek R. Smitha,
Gary D. Willetta

aSchool of Chemistry andbSchool of Chemical Engineering and Industrial Chemistry,
The University of New South Wales, Sydney NSW 2052, Australia

Received 22 April 1999; accepted 24 June 1999

Abstract

Direct laser ablation of pressed vanadium pentoxide (V2O5) powder in the reaction cell of a Fourier transform ion cyclotron
resonance (FTICR) mass spectrometer produces VO1 as the only reproducible cation. This ion was reacted with methyl
isobutyrate, methyl methacrylate, and methyl methacrylate dimer. Gas phase ion/molecule chemistry reveals that the
complexity of the product distribution increases with the number of electron rich sites on the reagent molecule. Two sets of
ion products are observed: (a) protonated reagent molecule and its corresponding stable fragment, formed by loss of CH4O,
and (b) products containing VO, formed by addition of whole reagent molecules and associated fragments. Products formed
are a result of both consecutive and parallel reactions. Collision-induced dissociation (CID) experiments reveal that VO-whole
molecule bonds are of a noncovalent nature. (Int J Mass Spectrom 194 (2000) 209–224) © 2000 Elsevier Science B.V.

Keywords:Fourier transform ion cyclotron resonance (FTICR) mass spectrometry; Laser ablation; Vanadium monoxide cation; Methyl
isobutyrate; Methyl methacrylate; Ion–molecule reactions

1. Introduction

Gas phase reactions of vanadium oxide ions with
neutral molecules are currently of interest [1–4], and
are motivated by the importance of vanadium pentox-
ide as a catalyst in the oxidation of a variety of
organic and inorganic molecules, where it is typically
used as a substrate or support [5,6]. Catalytic pro-
cesses at a surface may be mediated by local “ion-

like” behavior of the substrate, so understanding the
reactivity of the smaller ion entities, which can be
obtained in gas phase, is of fundamental importance.

Methyl methacrylates have been in use since the
1930’s [7], and they are typically produced via radical
induced polymerization from the methyl methacrylate
monomer [8]. Controlled polymerization processes to
obtain monodisperse and/or low molecular mass poly-
mers are currently of interest [9–12], thus studies
involving well known catalysts such as vanadium
pentoxide are well worth pursuing.

In this article we describe the use of Fourier
transform ion cyclotron resonance mass spectrometry
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(FTICR MS) to investigate the gas phase reactions of
vanadium monoxide cation with the neutral reagents
methyl isobutyrate (MIB), methyl methacrylate
(MMA), and methyl methacrylate dimer (DMMA),
representations of which are shown in Fig. 1. This is
a complementary study to previous work [4] where
vanadium oxide anion cluster reactions with methyl
methacrylates were described. In the case of the
anions no ion mediated polymerization process was
observed. The reactivity of the anions decreases with
increasing size, the reactions being driven by the large
positive partial charge on an undercoordinated vana-
dium atom that interacts with a methoxy oxygen or a
pair of conjugated double bonds on the reagent
molecules. For anions with possible configurations

that satisfy the preferred coordination of the vanadium
atoms, no reactions were observed to take place for
reaction times of up to 500 s.

FTICR MS has been widely and successfully used
for two decades in the study of gas phase ion–
molecule reactions [13,14]. Some of its more inter-
esting applications are in the study of transition metal
ions, transition metal hetero-atom ions, and their
respective cluster ion reactivity towards organic mol-
ecules [13,15–28]. FTICR MS has the advantage of
modeling low concentration situations, thus “expand-
ing” the time scale to allow the observation and study
of both intermediate and final products of a reaction.
Studies of the reactivity of V2O5 as a substrate are
typically conducted in the absence of solvents, a
quality that this technique also affords.

Laser ablation has enabled us to produce the VO1,
VO2

1, V2O3
1, and V2O4

1 ions. However, only VO1

could reproducibly be obtained after multiple laser
shots at the target. Thus we have studied the reactions
of this cation with methyl methacrylate, methyl isobu-
tyrate (which can be regarded as the saturated ana-
logue of methyl methacrylate), and methyl methacry-
late dimer.

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, whereas
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 [10] 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. The compo-
sition and purity of the three reagents was confirmed by
electron/chemical ionization FTICR mass spectrometry.

The laser ablation FTICR mass spectra were ob-
tained using a Spectrospin CMS-47 FTICR mass

Fig. 1. Representations of structures of (a) methyl isobutyrate
(mass5 102 u), (b) methyl methacrylate (mass5 100 u), (c)
methyl methacrylate dimer (mass5 200 u).
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spectrometer equipped with a 4.7 T superconducting
magnet [29,30]. The V2O5 powder was pressed into a
hollowed out detachable, cylindrical stainless-steel
satellite probe tip. The probe tip was inserted into a
titanium single-section cylindrical ICR cell so that the
V2O5 surface was close to the focus of the beam from
a Spectra Physics DCR-11 Nd:YAG laser [30]. The
background pressure was allowed to stabilize around
2 3 1029 mbar prior to admission of the reagent
vapor (MIB, MMA, or DMMA) and of argon cooling
gas. The reagent was leaked into the ultrahigh vacuum
chamber housing the ICR cell, 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 ultrahigh vacuum
chamber through a second Balzers molecular leak
valve, and the gases were allowed to stabilize at a
combined and uncorrected total pressure of 33 1027

mbar, as measured by a Bayard-Alpert gauge.
The laser ablation experiments were performed

with the focused beam (through a lens of focal length
of 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 of 0.1–2000 MWcm22.

The event sequence for the laser ablation FTICR
mass spectrometry experiments has been described in
detail elsewhere [4]. In short, the ICR cell is cleared

of any ions remaining from a previous experiment by
inversion of the voltage on one of the trapping plates
followed by a short delay of 5 s. The leading edge of
a pulse of 10 ms is used to trigger the 8 ns Nd:YAG
laser pulse in the Q-switch mode, after which a
second delay (of between 1 and 2 s) allows for most
of the ablated neutral species to be pumped away, as
well as for radiative and collisional cooling of the ions
trapped in the ICR cell by a combination of magnetic
and electric fields. Ion selection is performed by using
broadband sweep ejection and single rf shots at
selected frequencies, followed by another delay (of
between 1 and 4 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.
This experiment was repeated for reaction times of
between 0 and 500 s. After the elapsed reaction time,
a 10 ms rf chirp pulse (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 spectrum acquisition. Ions were trapped in
the cell by potentials applied to the trapping plates in
the range of 3.5–4.0 V.

Identification of the products of reaction was aided
by collision-induced dissociation (CID) experiments
[31,32]. Generation, cooling, and selection of the
parent ion (VO1) was performed, followed by forma-
tion of the product ions. Of these, the ion of interest
was then isolated and accelerated by an rf pulse at the
appropriate frequency, of duration between 10 and 50
ms. After allowing an average of 1–2 collisions of the
ions with the argon atoms to occur, a spectrum was
recorded. MSn experiments were conducted as well,
in an attempt to elucidate pathways of reactions.

Ab initio density functional theory calculations
using GAUSSIAN 98W [33] at the B3LYP [34–37] level
of theory were used to optimize the structure of VO1

ion, and to determine partial charges on the two atoms
for the lowest energy triplet, singlet, and quintuplet
states. These calculations used a 6-311G basis set
with (d,p) polarization functions. Preliminary ab initio
molecular orbital calculations (using GAUSSIAN 98W)
at the Hartree–Fock level of theory using the 3-21G

Fig. 2. Positive-ion laser ablation FTICR mass spectrum of vana-
dium pentoxide powder.
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basis set were used to gain insight into stable struc-
tures of some of the protonated reagent molecules
formed during the monitored reactions ([MMA1
H]1 and [DMMA 1 H]1).

3. Results and discussion

Laser ablation of the V2O5 sample in the positive-
ion mode produced VO1, VO2

1, V2O3
1, and V2O4

1

ions, and a typical FTICR mass spectrum obtained by
laser ablation of a fresh vanadium pentoxide surface is
shown in Fig. 2. Only the VO1 could be reliably
produced and isolated after multiple shots at the same
spot on the target. Reactions of VO1 with each of the
three reagents (MIB, MMA, and DMMA) were ob-
served and analyzed.

The vanadium monoxide cation reacts with all the
reagents studied (MIB, MMA, and DMMA) and
typical spectra for intermediate and final product
distributions are shown in Figs. 3, 4, and 5, respec-
tively. Two classes of final products are observed to
form in each of these reactions:

(a) protonated reagent (R) molecules:
(i) [R 1 H]1 in the case of DMMA;
(ii) proton bound dimers [R1 H 1 R]1 in the

case of MIB and MMA;
(iii) as well as the corresponding stable fragment

[(R 1 H)2CH4O]1 obtained by loss of
methanol from the protonated reagent mole-
cule [R 1 H]1 in the case of each of the
reagents.

(b) VO containing ions, formed by consecutive addi-
tion of reagent molecules, as well as by fragmen-
tation of primary products (first step), and ligand
exchange reactions. The product distribution and
complexity of reaction increases with the number
of electron rich sites on the reagent molecule.

3.1. Methyl isobutyrate

The reaction with methyl isobutyrate is the sim-
plest VO1 has with the three reagents (see Fig. 3).
The final major products correspond to the two classes

described above. For group (a), the formation of the
protonated complex [MIB1 H]1 and protonated
fragment [(MIB 1 H)2CH4O]1 occur simulta-
neously, with the latter being produced in larger
quantity. The protonated complex then goes on to add
another MIB molecule, to form the final stable prod-
uct, the proton bound dimer [MIB1 H 1 MIB] 1.
There is evidence of slow disappearance of the
protonated fragment concomitant with an increase in
the production of the protonated dimer [MIB1 H 1
MIB] 1. This is indicative of a chemical ionization
reaction with a relatively slow rate, which produces
more protonated MIB molecules, which then further
the production of the proton bound dimer.

For the group (b) class of reactions between VO1

and MIB there are two final products containing VO:
(i) one is formed by the consecutive addition of

three MIB molecules to VO1 to form the final product
[VO(MIB) 3]

1, and
(ii) the other by the formation of [VO(MIB2CH3)]

1

followed by the consecutive addition of two more MIB
molecules to form the intermediate and final products
[VO(MIB)(MIB 2CH3)]

1and[VO(MIB)2(MIB2CH3)]
1,

respectively.
Reaction profiles describing the development of

these reactions are shown in Fig. 6, and are grouped
into three categories, representing the main reaction
channels, in order to illustrate the different parallel
processes taking place as well as their steps: produc-
tion and evolution of protonated MIB and its proto-
nated fragment [Fig. 6(a)], as well as the appearance
of the proton bound dimer; production of VO1

containing products, by consecutive addition of MIB
molecules, with loss in the first step of the reactions
described in (b)(ii) of a methyl group [Fig. 6(b) and (c)].

3.2. Methyl methacrylate

In the reaction with methyl methacrylate, VO1

behaves more aggressively than in the previously
described reaction with MIB, producing four major
final products containing VO. These are based on the
formation of the [VO(MMA)]1 and [VO(R)]1 com-
plexes, where R is [CH2O], [MMA 2CH2O], and
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[MMA 2CH3]. These initial products then each un-
dergo addition of two more MMA molecules, as
shown in Figs. 4 and 7, where these four reaction
channels are presented: formation of [VO(CH2O)]
adduct cation, followed by successive addition of two

more MMA molecules [Fig. 7(a)]; formation of
[VO(MMA 2CH2O)] adduct cation [thus addition of
the complement fragment from MMA as compared to
the reaction described in 7(a)], followed by addition
of two more MMA molecules [Fig. 7(b)]; formation

Fig. 3. FTICR mass spectra of the products of VO1 reaction with methyl isobutyrate after a reaction time of (a) 0 s, (b) 1 s, (c) 100 s. Possible
assignment form/z5 71 is [(MIB 1 H)2CH4O]1; for m/z5 154 is [VO(MIB-CH3)]

1; for m/z5 358 is [VO(MIB)2(MIB2CH3)]
1.
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Fig. 4. FTICR mass spectra of the products of VO1 reaction with methyl methacrylate after a reaction time of (a) 0 s, (b) 2 s, (c) 100 s. Possible
assignment form/z5 69 is [(MMA 1 H)2CH4O]1; for m/z5 97, 197, and 297 are [VO(CH2O)]1, [VO(MMA)(CH 2O)]1, and
[VO(MMA) 2(CH2O)]1, respectively; for m/z5 137, 237, and 337 are [VO(MMA2CH2O)]1, [VO(MMA)(MMA 2CH2O)]1, and
[VO(MMA) 2(MMA 2CH2O)]1, respectively; for m/z5 152, 252, 352 are [VO(MMA2CH3)]

1, [VO(MMA)(MMA 2CH3)]
1, and

[VO(MMA) 2(MMA 2CH3)]
1, respectively.
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of [VO(MMA 2CH3)] adduct cation, followed by the
addition of two more MMA molecules [Fig. 7(c)]; and
simple consecutive addition of three MMA molecules
to the VO cation [Fig. 7(d)].

The proton bound dimer [MMA1 H 1 MMA] 1

and fragment of the protonated monomer, [(MMA1
H)2CH4O]1 are also produced, the mechanisms par-
alleling those for the equivalent reactions in the case

Fig. 5. FTICR mass spectra of the products of VO1 reaction with methyl methacrylate dimer after a reaction time of (a) 0 s, (b) 5 s, (c) 100 s.
Possible assignment form/z5 169 is [(DMMA 1 H)2CH4O]1; for m/z5 283 and 483 are [VO(DMMA)O]1 and [VO(DMMA)2O]1; for
m/z5 298 and 498 are [VO(DMMA)(CH3O)]1 and [VO(DMMA)2(CH3O)]1; for m/z5 313 and 513 are [VO(DMMA)(C2H6O)]1 and
[VO(DMMA) 2(C2H6O)]1 for m/z5 329 and 529 are [VO(DMMA)(CH3O)2]

1 and [VO(DMMA)2(CH3O)2]
1; for m/z5 352 is

[VO(DMMA)R 2CH3]
1, where R(m/z5 100) is, most likely, [MMA].
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of MIB. CID experiments reveal that the ion ofm/z
201 [as seen in Fig. 4(c)] is indeed a proton bound
dimer, and not the protonated methyl methacrylate
dimer molecule. The dissociation patterns of these

two ions are different: [MMA1 H 1 MMA] 1 loses
a MMA molecule to form [MMA 1 H]1, whereas
[DMMA 1 H]1 loses groups such as CH4O and
HCOOCH3. Thus no polymerization processes occur

Fig. 6. Reaction profiles of VO1 reaction with methyl isobutyrate. Relative intensities are with respect to the total abundance of ions present
in the spectrum at the given time, total relative abundance being 1.

216 A. Dinca et al./International Journal of Mass Spectrometry 194 (2000) 209–224



paralleling the radical induced polymerization of
MMA to produce DMMA. A schematic diagram
describing the most likely reaction pathways of VO1

with MMA is shown in Fig. 8.

3.3. Methyl methacrylate dimer

The reaction of VO1 with the methyl methacrylate
dimer produces the largest number of products (as can
be seen in Fig. 5). The reaction profiles describing the
production of [DMMA 1 H]1 and [(DMMA 1
H)2CH4O]1 are shown in Fig. 9(a). These profiles do
not indicate the presence of a chemical ionization
process to form [DMMA1 H]1 from {[(DMMA 1
H)2CH4O]1 1 DMMA} or of [(DMMA 1 H)-
CH4O]1 from [DMMA 1 H]1. After ;5 s reaction
time, no change in the relative abundance of these two
products is observed (for reaction times of up to

500 s), indicating that the proton affinity of DMMA is
larger than that of [DMMA2CH4O]. No proton
bound dimers of DMMA are observed.

Ab initio calculations at the Hartree–Fock level of
theory using the 3-21G basis set reveal several struc-
tures corresponding to local minima for the proto-
nated MMA and DMMA molecules. In the case of
[MMA 1 H]1, the optimized structure lowest in
energy indicates interaction of the proton with one of
the lone electron pairs of the carbonyl oxygen [dis-
tance r(O2H1) 5 0.97 Å], the proton being coplanar
with the carbon–oxygen frame of the molecule
[{D(O™C¢O™H1) 5 180.0°}, A(C¢O™H1) 5 120.2°].
In the case of [DMMA1 H]1, the proton interacts with
a lone electron pair of the carbonyl oxygen of the
conjugated double bonds (R(O™H) 5 1.08 Å), with the
other carbonyl oxygen in close proximity (R(O™H) 5

1.336 Å), with the three atoms being almost collinear

Fig. 7. Reaction profiles of VO1 reaction with methyl methacrylate. Relative intensities are with respect to the total abundance of ions present
in the spectrum at the given time, total relative abundance being 1.
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(A(O-H1-O) 5 168.0°). Based on these calculations,
we conclude that in the formation of [R1 H 1 R]1

where R is MIB or MMA, the proton is most likely
bound to the carbonyl oxygens on each of the two
reagent molecules. In the case of [DMMA1 H]1 the
calculations indicate that the proton is bound to the
carbonyl oxygen of the conjugated double bonds, with
the other carbonyl oxygen in close proximity. This
together with steric hindrance explains the lack of proton
bound dimers of DMMA being observed.

Reaction profiles describing the formation of some
of the VO containing products from the reaction of
VO1 with DMMA are shown in Fig. 9: formation of
[VO 1 100]1, (most likely [VO(MMA)]1) via a
depolymerization step, followed by the addition to
this complex of two more DMMA molecules [Fig.
9(b)]; simple consecutive addition of two DMMA
molecules [Fig. 9(c)]; and formation of what is most

likely [VO(DMMA)(CH 3O)]1, probably from the
decomposition of a larger ion, followed by the addi-
tion of another DMMA molecule [Fig. 9(d)]. Thus all
of the final products include a DMMA molecule—
most of them two. Some of the products also contain
fragments of a DMMA molecule, such as [CH3O)],
[(CH3O)2], [O], [C2H6O], [DMMA 2CH3], and a
fragment ofm/z5 100 (probably MMA). A diagram
of the most likely reaction pathways is shown in Fig.
10.

Some of the observed final product ions from the
reactions studied were isolated in the presence of the
reagent and argon gases, and allowed to undergo
further reactions and/or fragmentation. The spectra
obtained in these experiments indicate that these
species are all stable to further reaction with MIB,
MMA, and DMMA, respectively, as well as to disso-
ciation. Exchange reactions between whole reagent

Fig. 9. Reaction profiles of VO1 reaction with methyl methacrylate dimer. Relative intensities are with respect to the total abundance of ions
present in the spectrum at the given time, total relative abundance being 1.
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molecules bound to the final product and reagent
molecules in the background could occur; however,
our experiments cannot differentiate between such
processes and no reaction. CID measurements were
carried out when feasible (if the product ion analyzed
was present in significant quantity) for some of the
product ions. However, because of the large distribu-
tion of products in some cases, it was not always
successful. In general, the CID FTICR mass spectra
obtained indicate loss of entire reagent molecule(s).

4. General discussion

The reactions with the three reagents are similar in
the type of products observed. As previously men-
tioned, two major classes of products are formed via
both consecutive and parallel processes, as described
in the schematics presented in Figs. 8 and 10. How-
ever, in each of the three reactions, the decay of the
parent ion relative abundance, VO1, follows a pseu-

do-first order rate (for not less than 99% of the
reaction), as seen in Fig. 11. This is indicative of a
single process being responsible, in each case, for the
depletion of the parent vanadium monoxide cation.

The appearance of all the first step products, i.e. the
protonated reagent molecules [R1 H]1, their asso-
ciated fragments [(R1 H)2CH4O]1, and VO con-
taining molecules [VO1 L]1 where R is MIB,
MMA, or DMMA and L is either R or a fragment of
it, is on a similar time scale. This, together with the
decay profile of the vanadium monoxide parent ion,
allows us to postulate that the parent ion depletion
process is due to formation of an addition intermedi-
ate complex [VO1 R]1*, where R is MIB, MMA, or
DMMA, respectively, which then follows one of two
major pathways:

(a) Upon collision with (most likely) a neutral
reagent molecule, a protonated complex [R1 H]1*
is formed, possibly via proton transfer from the
intermediate complex ion ([VO1 R]1*) to the neu-

Fig. 11. VO1 decay profiles in reactions with (a) DMMA, (b) MMA, and (c) MIB, respectively. The decay of the VO1 ion in each case
describes a pseudo-first order reaction. Correction factors for the reagent gases were not available, thus absolute rates were not extracted.
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tral reagent molecule (R) with which it collides. Some
of these new ions (i.e. [R1 H]1*) decay by loss of
CH4O, whereas in the case of MIB and MMA, the
remainder undergo the addition of another reagent
molecule to form the stable final proton bound dimer
product.

(b) The [VO 1 R]1 complex either: (1) relaxes by
photoemission or by collision with background mol-
ecules, or (2) relaxes by loss of a fragment of the
added reagent molecule. In each of the reactions
studied, the VO containing “relaxed” ion undergoes
further reactions, typically two more, by addition of
another two reagent molecules. In the case of DMMA
some decay of intermediate products is also observed.

The appearance of the [R1 H]1 and [(R1
H)2CH4O]1 where R is MIB, MMA, or DMMA is a
relatively fast process [see e.g. in Figs. 6(a) and 9(a)],
and is the result of at least two consecutive reactions,
because neither can be obtained from a one step
reaction between VO1 and R. The production time for
the formation of these products is comparable to the
delay times used in our experiments—delay times
(typically of between 2 and 4 s total) that allow the
cooling of the parent ion prior to its selection, isola-
tion, and start of the monitored reaction. Thus we
expect that most of the VO1 ions produced upon laser
ablation and with electronic excited states of higher
energy than the energy of the ionized reagent mole-
cules (please see Sec. 6 for details on the ionization
energy of the reagents, as well as excited states of
VO1) would have already reacted via a charge trans-
fer reaction. Therefore, the electronic energy distribu-
tion in the remaining VO1 ions should not contain
any excited states that would favor a charge transfer
reaction. This, together with the fact that no R1 ions
where R is MIB, MMA, or DMMA were observed to
form during the monitored reactions, is the basis of
the proposed model for the reaction pathways.

The sizes of the final products are probably deter-
mined by the preferred coordination of the vanadium
atom as well as by steric crowding. The interaction
with the reagent molecules is proposed to occur via
the vanadium atom because this has a large positive
charge concentrated on it [partial Mulliken charge on
the vanadium atom estimated at around11.3 by

B3LYP/6-311G(d,p) calculations], to either the meth-
oxy oxygen, or the electron rich carbonyl-alkene
conjugated double bonds, in the case of MMA and
DMMA. This conclusion is supported by the compo-
sition of the observed products. Preference of inter-
action with a lone electron pair on the methoxy
oxygen versus the double bonds probably is deter-
mined by the electronic state of VO1 (please see Sec.
6 for details of electronic states of VO1). Thus we
propose that in products of the type [VO1 reagent
molecule fragment(s)] and [VO1 reagent molecule
fragment(s)1 whole reagent molecule(s)], binding
of the reagent molecule fragment(s) to VO is via the
methoxy oxygen, whereas the interaction with whole
reagent molecules for products of the type [VO1
whole reagent molecule(s)] and [VO1 reagent mol-
ecule fragment(s)1 whole reagent molecule(s)]
could also be the result of interactions with thep-
electron system of the conjugated double bond(s).

CID experiments on the VO containing final and
intermediate products show, for the most part, the loss
of entire reagent molecules (with little kinetic energy
given), or entire added reagent molecule fragment to
eventually give the VO1 ion—not a surprising fact,
considering the strength of the V1–O bond (5.99 eV
[38]). This suggests that the bonds in the addition
complex [VO(R)]1, between VO and the reagent
molecule (R) are not as strong as the bonds in the
initial reagents, most likely being of a noncovalent
nature. However, fragmentation is sometimes observed
when multiple collisions are allowed, or when the ion
that is collisionally dissociated is given more kinetic
energy, such as fragmentation of [VO(MMA)]1 to give
[VO(CH2O)]1 and of [VO(MMA)2]

1 to give
[VO(MMA)(MMA 2CH3O)]1, as well as fragmenta-
tion of [VO(DMMA)] 1 by loss of fragments of the
DMMA adduct.

5. Conclusion

For the three sets of reactions studied, VO1 with
MIB, MMA, and DMMA, respectively, the complex-
ity of the product distribution increases with the
number of electron rich sites on the reagent molecule.

222 A. Dinca et al./International Journal of Mass Spectrometry 194 (2000) 209–224



Two sets of primary ion products are observed: (a)
protonated reagent molecules and their corresponding
stable fragments formed by loss of CH4O; and (b)
products containing VO, formed by addition of whole
reagent molecules or associated fragments. The final
products are a result of both consecutive and parallel
reactions. The decay of the parent ion describes a
pseudo-first order reaction, which indicates that one
process is responsible for its removal, the formation
of an intermediate addition product. CID experiments
reveal that the [VO2 whole reagent molecule] bonds
are of a noncovalent nature, whereas for the smaller
[VO 1 reagent molecule fragment] ions, rearrange-
ment is believed to occur, resulting in much more
strongly bound complexes. It is proposed that binding
of the reagent molecule fragment(s) to VO is via the
methoxy oxygen, whereas interaction with whole
reagent molecules could also be the result of interac-
tions with thep-electron system of the conjugated
double bond(s).

One motivation for this study was to assess
whether the vanadium monoxide cation performs a
catalytic function in the polymerization of methyl
methacrylates. We cannot dismiss the production of
polymeric species in these reactions, however, if they
were produced they were not in an ionized form, and
thus not able to be detected in our instrument.

6. Note

The VO1 ion has a3S2 ground state;7.2 eV
above the ground state of VO (4S2), with some of the
lower excited states of VO1 being a 3D (1.17 eV
above the3S2), a 3F (;0.08 eV above the3D ), two
3P (within ;0.7 eV of 3D), a singlet1D, and two
quintuplet states (5P and5S2 ;10.5 eV and;11 eV
above the ground state of VO, respectively) [39–44].
The ionization energies of methyl isobutyrate and
methyl methacrylate have been estimated at 9.9–10.3
eV and 9.7–10.3 eV [45], respectively, whereas no
information on DMMA was available. No reference
with respect to the ionization energy to the singlet
(1D) state of VO1 was obtained.
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