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Abstract

The hexanuclear methoxo-oxovanadium cluste®¥OCHs)12 (1) is investigated by electrospray ionization in methanol
solution. Collision experiments unravel the fragmentation schemes of the moleculariansll~ as well as the M, Na",
and Cg adducts ofl. In general, fragmentation of the hexanuclear cluster ions commences with sequential expulsions ¢
two OV(OCHg)3 units to yield the correspondings\¢lusters. However, when an active proton is present in the cluster ion,
e.g., in the protonated molecule+ H] ™, loss of methanol precedes degradation faMsters. In addition, the experiments
suggest that electrospray ionization provides as an alternative method for the generation of metal oxide clust€;,ibfis V
(m = 1-4,n = 0-11).
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction behaviors, reactivities). In most cases, cluster-ion
generation occurs in a more or less statistical manner,
Present investigations of transition metal clusters where the most common approach is laser evapora-
in the gas phase are by and large conducted phe-tion with subsequent termolecular cooling. As a con-
nomenologically in that the types of species studied sequence, only particularly stable, yet often poorly
are primarily determined by the ability to generate reactive clusters may evolve in good yields or—in
them in sufficient yields. Quite often, however, only the other extreme—broad distributions of cluster ions
few species in a large set of cluster ions bear par- are produced. When it comes to heteronuclear tran-
ticular properties (e.g., redox patterns, dissociation sition metal clusters, these statistical approaches are
- therefore of rather ambiguous outcome as far as ion
* Corresponding author. Tel+49-30-314-26546; structures are concerned. Laser evaporation of vana-
fax: +49-30-314-21102.

E-mail address: Detlef.Schroeder@ochssrv-01-1.chem.tu-berlin.de diuminthe presence of qugen, for example, seems to
(D. Schroder). afford a weakly bound dioxygen complex®g*-Oo
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[1], rather than the expected, and considerably more to the hexapole in preliminary reactivity studies at
stable tetravanadium decaoxide catiogOdp™ [2]; Ejap = 0eV, in which the pressure of the neutral
similar isomerisms in transition metal oxide clusters substrate was raised to the multicollisional regime in
M,,O,*/~ generated by laser evaporation meth- some cases in order to monitor relatively inefficient
ods have previously been suspected by Wang andreactions. In addition to pure methanol, also methanol/
coworkers[3,4]. water (50:50), methanol/water/formic acid (50:50:1),
In this respect, inorganic synthesis offers a valuable and C3OD (99.5at.% D) were used as solvents in
alternative for the generation of cluster ions provided ESI. After a few days storage at room temperature,
that appropriate means are available for transferring a the latter affords partial deuteration dbf(see below);
well-defined bulk compound into the gas phase. Here, the whole sample was consumed in the measurements
we report on the gas-phase chemistry of the hexanu- such that further deuteration was not examined.
clear methoxo-oxovanadium clusters®7(OCHzg)12 As pointed out previously, the VG BIO-Q does
(1), which has been prepared recently by a solvother- not allow to directly extract quantitative threshold
mal methanolysis of the mononuclear vanadium(V) information from CID experiments due to several lim-
alkoxide OV(Q-C4Hg)s [5,6]. This compound and itations of the commercial instrumefit]. However,
its reduced derivative nfC4Hg)4aN[V 6O7(OCHzg)12] the energy-dependent CID spectra show some distinct
[6] allow a profound study of the ion chemistry of dependencies from the collision energies applied. In
1 in various charge states, thereby inter alia explor- a strict sense, the limitations of the instrument would
ing an alternative approach for the generation of therefore require to display all spectra at various colli-
vanadium-oxide clusters. sion energies, if the trends evolving from comparison
of energy-dependent CID spectra of different ions are
to be discussed. To avoid such an exhaustive display
2. Experimental details of raw data, the threshold behaviors were analyzed
in an empirical manner by fitting sigmoid func-
The experiments were performed with a commercial tions of the typel;(Ecm) = (BR;/1 + eF1/2—Ecwb)
VG BIO-Q mass spectrometer described elsewhereto the observed relative fragment ion vyields us-
[7]. In brief, the VG BIO-Q consists of an electro- ing a least-square criterion; for the parent ion M:
spray ionization (ESI) source combined with atandem Im(Ecv) = [1— Y BR;/(1+ elfrzi-Eewbiy],
mass spectrometer of QHQ configuration (Q stands Here, BR stands for the branching ratio of a partic-
for quadrupole and H for hexapole). In the present ular product ion §°BR; = 1), Ey/2; is the energy
experiments, mmolar solutions ofg@7(OCHg)12 or at which the sigmoid function for the fragment
(n-C4Hg)4N[V O7(OCHjs)12] in methanol were intro- has reached half of its maximungcy is the col-
duced through a stainless steel capillary into the ESI lision energy in the center-of-mass framEcyy =
source via a syringe pump (2¢&/min). Nitrogen mT/(m1 4+ m)Ejap, Wheremr and m; stand for the
was used as nebulizer and drying gas at source tem-masses of the collision gas and the ion, respectively),
peratures of 80—12CC. Optimal yields of the desired andb; describes the rise of the sigmoid curve for the
cluster ions were achieved by adjusting the cone volt- fragment. In consecutive dissociations, all secondary
age Uc) between 0 and 200 V. For collision-induced product ions were summed to the primary fragment.
dissociation (CID) at low collision energies, the ions of Further, non-negligible ion decay @, = 0V as
interest were mass-selected using Q1, interacted withwell as some fraction of non-fragmenting parent ions
xenon as a collision gas in the hexapole H under single- at large collision energies (due to the single-collision
collision conditions at variable collision energies conditions maintained) were acknowledged by means
(Eiap = 0-150eV), while Q2 was scanned to monitor of scaling and normalization. This empirical, but
the ionic products. Likewisep-butane was admitted physically reasonable approach is able to reproduce
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the measured ion yields quite well. It is important to ¢
note, however, that the ter » used in the exponent .V
does not correspond to the intrinsic appearance ener-
gies (AE) of the fragmentation of interest (see below),
not to speak of the corresponding thermochemical
thresholds at 0K. The phenomenological AEs given
below were derived from linear extrapolations of the
rise of the sigmoid curves &, to the base line.
With regard to the limited mass-resolving power of
the VG BIO-Q, some additional high-resolution mass
spectra were recorded using a commercial Bruker
Apex Il Fourier-transform ion-cyclotron resonance
(FT-ICR) mass spectrometer (max. field strength 7 T)
equipped with an external ESI source. The sample was
admitted to the mass spectrometer by flow injection
(ca. 1nL/min) of a solution in methanol. The degree Chart 1.
of fragmentation was controlled by adjusting the cone
voltage (Skimmer 2 in the Apex IllI) between 40 and 3.1. Molecular ions
220 V. In some experiments, fragmentation of the ions
trapped in the ICR cell was enhanced by irradiation of  Fig. 1 shows the ESI mass spectrum of a solution
a COp-laser with a power of 13W for ca. 0.2s prior of 1 in methanol under gentle conditions, that means
to detection in order to induce infrared multiphoton a low cone voltage (her&; = 15V). From an an-
dissociation (IRMPD). Spectra were recorded with alytical point of view, the pronounced molecular ion
512K data points, 2 zero-filled, and apodized prior 1t with m/z = 790 (high resolution (HR)meyp =
to Fourier transformation. All spectra are externally 7898483, myy, = 7898489, Am = 0.0006) formed
calibrated. Under these conditions, the accuracy of under ESI conditions is quite remarkable. In fact, upon
mass determination in the range of 300—1600 amu is ESI of a solution ofl in pure methanol, the ion sig-
in the order o3 ppm without any further refinement.  nal atm/z = 791 can mostly be attributed {6C-1+,
rather than the protonated moleculedf H]*. Along
with 1, additional signals ak/z = 776 and 813 are

3. Results and discussion observed whose abundances depend on the ESI condi-
tions, particularly the composition of the solvent (see

Schematically, the structure dfcan be described  below). When the cone voltage is increasktdpegins
as an octahedron of vanadium atoms with an oxygen to dissociate due to termolecular collisions occurring
atom in the center, a terminal oxo group at each metal in the cone region to first afford the pentanuclear clus-
atom, and 12 bridging methoxo ligands on all edges ter V5s0g(OCHg)g™ with m/z = 630 F) and then the
(Chart 9 [5]. According to formal electron counting, tetranuclear cluster M0s(OCHg)s™ with m/z = 470
1 contains four vanadium(lV) and two vanadium(V) (3%), corresponding to sequential losses of the neutral

centers, and thus itis aLYN\Z’ compound with atloc- oxovanadium(V) alkoxide OV(OC#Js from the clus-
cupation in the valence space. lonization changes theter cations. At further elevated cone voltag8s,un-
formal oxidation states in the molecular iobs/* to dergoes two competing dissociations: either expulsion

VLYYV in the anion and ¥ VY in the cation, respec-  of another OV(OCH)s unit affords the trinuclear clus-
tively. In the H", Na™, and C¢ adducts ofl, the for- ter ion V304(OCHg)st with m/z = 310 @) or se-
mal oxidation state of the neutral remains unchanged. quential losses of outer substituents take place, mainly
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Fig. 1. Partial ESI spectrumm(/z = 770-830) ofl dissolved in methanol under gentle ionization conditiobis £ 15 V).

of methyl radicals Am = —15: with n = 1-4). In
addition, mass differences such as = —16 (CH,
or 0), Am —31 (CHz®* + CH4 or CH30*), and
Am = —32 (2 CH;, CHzOH, or &) are observed
at high collision energies; note that alaon = —30
not only represents the loss of two methyl radicals,
but can also arise from the expulsion of &M In
contrast, losses of G4 are of minor abundance for
the molecular iorl™ and the fragmen2*, for which
losses of neutral OV(OC4); are clearly preferred. In
the sequencé™ — 2T — 3T — 4T, the cluster for-
mally expulses all vanadium(V) centers presentin
as mononuclear OV(OCH) units to finally reach the
“pure” VY compound4™.

In order to explore the consecutive fragmentation
behavior of ionizedl in more detail, mass-selected
147 were subjected to CID experiments at various
collision energiesTable 1. Upon CID of the molec-
ular ion 1™ with xenon as the collision gag" ap-

Thus, energized1l™ consecutively expels two
OV(OCHs)3 units to first afford2™ and then3™; in
the following, such a loss of vanadium from the ionic
species is referred to as “cluster degradation.” This
is contrasted by loss of outer GHubstituents from
tetranuclear3™, although the expulsion of another
OV(OCHs)s unit to yield 4™ can compete. Note that
the loss of CH units is associated with an increase of
the formal oxidation state of the cluster, e.gy VvV
in 3* changes to ¥'VY in [3 — CHz]*. The series
of CHz*® losses yields intense fragment ions down to
V40g(OCHg),™* (m/z = 410), a formal \J ™* radical
cation which is the last member of this series.

This fragmentation scheme is fully supported by
the CID spectra of mass-select2tl and 3™, respec-
tively (Table 1. Thus, CID of2* affords 3™ as the
first product, and CID of mass-select8d confirms
the competition of Chl* and OV(OCH)3 losses
from the tetranuclear cluster ion. In continuation of

pears as the first fragment. Gradual increase of the the trend from exclusive cluster degradation for

collision energy afford8*™ from which consecutive

and2t, competition of cluster degradation and losses

CHzs® losses occur at even larger collision energies of outer substituents fro3*, CID of mass-selected

(Fig. 2). Further, loss of OV(OCE)3 to generate the
trivanadium cluster YO4(OCHg)3™ (41), is observed

4" does not show a notable extent of cluster degra-
dation. Instead4" undergoes sequential losses of

at elevated collision energies. These observations ten-outer substituents mostly leading to thesQ4™

tatively suggest the fragmentation pathways shown in cation /z

Scheme 1

233), a formal W'V} compound

(Fig. 3.



D. Schroder et al./International Journal of Mass Spectrometry 228 (2003) 743-757 747

Table 1

Major fragment8 (given as mass differencesm) in the low-energy CID mass spectra of mass-selected cluster ions generated by ESI of
neutral1l dissolved in methanol at variable collision energiBgyin eV)

Eiab M+b -15 -30 -32 —160 175 -192 —320 —352
1t 5 100 10 4
10 100 35 20
20 20 35 100
2 5 100 65 1 1
10 8 100 4 3
20 65 60 100
3+ 5 100 8 2 8 1
10 100 60 15 70 15
206 5 10 15 60 100
4+d 5 100 35 4
10 25 100 20
20° 3 8 10
5+ 5 100 20
10 40 100 15 10
20 5 30 35 100

aRelative intensities normalized to the base peak (100).

b Intensity of the mass-selected parent iort elative to the base peak.

¢ Additional losses of outer substituents not included.

d Another major fragmentation leads tos®@s™ (Am = —77, formally corresponding to losses of one £&hd two CHO units as
neutrals) with relative intensities of 1, 6, and 100, = 5, 10, and 20eV, respectively (see text).

®The base peak (100) corresponds t§O¢* (m/z = 233), see footnote ¢ anéig. 3.

rel. abundance

Ecm (eV)

Fig. 2. Evolution of the major fragment ions upon CID of mass-selettedt collision energies up t&cym = 3 eV; collision gas: xenon.
Secondary fragmentations a8 |- CHz]™ and 4™, respectively, were summed to these channels. The solid line for the parent ion is a fit
with the sigmoid function discussed in the text.
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The molecular aniod™ is easily generated by ESI
of a dilute solution ofn-C4HgN[V gO7(OCHg)12] in
methanol. In fact1l™ is by and large the only signal
in the negative ion ESI mass spectrum of this com-
pound, if the ionization conditions are relatively mild
(Fig. 49. More harsh ionization induces fragmenta-
tion of the molecular ioi~, where again two consec-
utive losses of OV(OCE)3 followed by expulsions of
methyl radicals are observeHig. 4b). Quite remark-
ably, this fragmentation sequence of the anion, i.e.,
1= — 2= — 3~ and then losses of G4 radicals,
coincides with that of the cationic speci&s, except
that degradation to the trinuclear cluster anibnis

1 -
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hardly observed. CID of mass-selected fully sup-
ports this analysis, although unusually large collision
energies are required in order to induce notable dis-
sociation of the anionic species. At a collision energy
of Ejap = 50eV, for example, no significant fragmen-
tation of 1~ is observed. With xenon as the collision
gas, this value corresponds to a center-of-mass en-
ergy of Ecy =~ 7eV. Only at aboutE|gp = 70eV,
and thuskEcy ~ 10eV, notable fragmentation df
starts to occur affordin@~ and3~, respectively. For
the latter, losses of C41 are preferred over further
degradation of the tetranuclear cluster4to. Again,

the results are fully supported by CID experiments
of mass-selected™ and3~ (not shown). In addition,

a loss ofAm = —62, presumably CkDH + CH,0O
formed in an internal disproportionation of two
methoxy groups, is observed fratn, once more with
consecutive losses of two OV(OG} units (each,
Am = —160) from the resulting fragment ion at ele-
vated collision energies. Although the dissociation of
large, covalently bound cluster ions might be subject
to substantial kinetic shiftg8], the fragmentations of
the various cationic species examined in this study re-
quire much lower collision energies. Instead of a par-
ticularly pronounced stability of the anionic cluster,
we propose that fragmentation &f competes with
electron detachment,” — 1+ e™. If the latter were

~
~
~

V;05°
)
%)
C
O
o}
C
3 +
[
+
V304 4+
" L
0 ; : T r . >
50 100 150 200 250 300
mj/z

Fig. 3. Representative CID spectrum of mass-seledtedenerated al/; = 115V, collision gas: xenon&jap, = 20 eV. The major fragment
ions correspond ten/z = 295, 280, 265, 250 (3OgH™), 248, 233 (MOs™), and 217 (\4O4™).
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Fig. 4. ESI spectrum offitC4Hg)aN[V §O7(OCHgz)12] dissolved in methanol at (a) gentle ionization conditiotis £ 15 V) and (b) elevated
cone voltage I = 150 V). Note that also a trace of the dianifi” is observed at low cone voltage.

energetically more favorable, it is easily understood ticularly stable or electron detachment is efficiently
that anionic fragments are only observed at large col- competing. Notwithstanding, it is to be pointed out
lision energies. Unfortunately, attempts to estimate that the observed fragmentation behavior of the anion
the electron affinity ofl by means of the kinetic  is very similar to that of the cationic species.
method[9] were unsuccessful, because addition of  For the cationic species, the results were further
various base8 (nitrophenols were employed) to the supported by partial labeling df To this end, a sub-
methanolic solution of (-C4Hg)4N[V sO7(OCHg)12] molar aliquot ofl was dissolved in 2mL CEDD. The
does not produce significant amounts of adducts of ESI spectrum of the freshly prepared sample of this
the type B-1]~ which might have been used after- solution is very similar to that shown iRig. 1 After
wards to estimate the electron affinity bfn MS/MS 4 days storage at room temperature, however, notable
experiments. For the time being, we therefore cannot incorporation of deuterium is observefdig. 5. Nev-
decide whether or not the anionic clusters are par- ertheless, the isotope pattern is far from statistical
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Fig. 5. Partial ESI spectrumm(/z = 770-830) ofl dissolved in CROD after 4 days storage at room temperature. Compardegtol,
the patterns clearly show the incorporation of QQits into1™ as well as L + Na]* as indicated by the labelsgBDs.

deuteration in that mass differences afn = 3
prevail. Accordingly, we conclude that upon storage
of the solution, neutrall has undergone degenerate
methanolysis in which OC{l groups are sequen-
tially exchanged by OCPmaoieties to yield partially
deuterated YO7(OCHg)12—,(OCDz3),,, and the corre-
sponding molecular cations:(z = 790+ 3n) with

the maximum at: = 2 are formed upon ESI. The
practical absence of intermediate labels, iten = 1

or 2 (except of the expectédC contributions), indi-
cates that the methoxy groups bfemained intact in
methanolic solution. The similar pattern observed for
the corresponding sodium adducts/¢ = 813+ 3n)
fully supports this line of reasoning, although we
cannot provide a straightforward explanation why
the maximum of deuterium incorporation differs
for the sodium adducts. Further insight into the ion
chemistry is gained from inspection of the CID
spectrum of mass-selecteds®7(OCHz)g(OCD3)3™
(m/z 799) at low collision energiesEgp, =
10V) in which the first step of cluster degrada-
tion gives rise to a ca. 80:110:25:1 distribution
of the pentanuclear ions 2Dg(OCHz)g(OCDs)3™
(m/z 639), V506(OCHs)7(OCD3)2* (m/z
636), V506(OCHz)g(OCD3)t (m/z 633), and

V506(OCHg)o™ (m/z = 630). Compared to the
statistically expected pattern of 84:108:27:1 for the
V506(OCHg)g.,(OCDg)3_, T fragments £ = 0-3),

the rearrangement obviously required in cluster
degradation appears to be associated with a neg-
ligible kinetic isotope effect. Further, the absence
of intermediate signals rules out the occurrence of
partial H/D exchange processes prior to dissocia-
tion. Both observations strongly suggest that the
methoxy units remain intact upon cluster degradation,
thereby disproving the occurrence of hidden hydro-
gen transferg10] in possible redox processes prior
to loss of OV(OCH)3 from 17, which are otherwise
well-known to occur in the gas-phase chemistry of
transition metal alkoxide§11-15] Likewise, only
signals withm/z = 470, 473, 476, and 479 are ob-
served for the corresponding tetranuclear fragment
ions, V405(OCH3)6_n (OCD3),1Jr (n = 0—3).

3.2. H*, Na', and Cs* adducts of 1

In addition to the molecular ions, ESI also allows
the generation of cationizetl Thus, ESI of a solu-
tion of 1 in methanol/water (50:50) with 1% formic
acid provides a signal due td |- H]™ with m/z =
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791 (HR:mexp = 790.8556,mn = 7908567, Am = ple (Fig. 1). CID of mass-selectedlL[+ Na]*™ shows
0.0011); without the addition of formic acid, the sig- the very same sequence observediforand1-, i.e.,
nal atm/z = 791 is mostly due td3C-1* instead of  [1 4+ Na]t — [2 4+ NaJ* — [3 + Na]* and then

[14+H]T (see above). CID of mass-selectdd{H] prevailing losses of Ckt. At large collision energies,
shows first loss of methanoAgm = —32) and then the expulsion of another OV(OGHE unit to form

two sequential losses of OV(OGK (Am = —160), [4 + NaJ*t (m/z = 333) is observed. Again, the frag-
and finally a series Ct expulsions Am = —15), mentation scheme is fully supported by the CID stud-
that is the sequence: 79% 759 — 599 — 439 — ies of the mass-selected fragment ions generated at el-

[439 — 15n] (Table 2. Thus, the protonated species evated cone voltage$gble 9. Interestingly, the signal
also behaves similarly to the molecular iotts and of mass-selectedf-Na]* disappears upon CID with-
1, except that loss of methanol occurs as the first out any intense fragment ions being formed. Careful

step. examination of the low-mass region reveals that this
Even closer is the analogy of the molecular ibn ion undergoes loss of neutrdl While the correspond-
with the behavior of the sodium addudtf Na]™ with ing Na© fragment was observed experimentally, it is
m/z = 813 (HR:mexp = 8128374, my, = 8128386, expected to be subject to a substantial mass discrim-
Am = 0.0012) which is co-generated upon ESlldh ination, in particular when using xenon as the colli-

methanol due to traces of sodium present in the sam- sion gas. Therefore, these results are not analyzed any

Table 2
Major fragment8 (given as mass differencesm) in the low-energy CID mass spectra of mass-selected cluster ions generated by ESI of
neutral1l dissolved in methanol at variable collision energiEgyin eV)

Ejab M+b —-15 -30 -32 —160 —-175 -192 —320 —352 —790
[1 4 H]TC 5 100 40
10 35 100 30
20 5 15 100 65
[1 + NaJ* 5 100 4 2
10 100 8 7
20 90 40 100
[2 + Na]t 5 100 50 1
10 25 100 6 2
20 1 100 80 40
+ Na
3 + NaJtd 5 100 10 1 4
10 100 85 10 50 3
20 25 30 25 100 20
[4 + NaJte 10 100 8
[1 + Cs]tf 5 100 1
10 100 10
20 30 100

aRelative intensities normalized to the base peak (100).

b Intensity of the mass-selected parent ior Ivelative to the base peak.

CESI solvent: CHOH/H,O (50:50) with 1% HCOOH.

d Another major fragmentation leads to N&®3(OCHg)s™ (m/z = 364; Am = —129 corresponding to loss of OV(OG), rather
than OV(OCH)3) with relative intensities of 2, 40, and 75 &l = 5, 10, and 20eV, respectively.

€At elevated collision energies, the parent ion rapidly disappears while no intense fragment ions are observed, which is ascribed
the loss of the entire ligand (Am = —310) from the sodium cluster, see text.

f ESI solvent: CsCl-doped methanol.
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further, except stating that in the case 4ff NaJ*, OV(OCHg)z implies that the activation barrier asso-
the binding energy of sodium ion to the neutral clus- ciated with proton transfer between the substituents
ter 4 appears to be significantly lower than the energy is smaller than that associated with the complex re-

required for further fragmentation of the cluster itself.
Addition of a trace of CsCI to the methanolic solu-

tion of 1 provides an intense signal corresponding to

[1+4 CsJ*t with m/z = 923. Upon CID, however, loss

of the entire vanadium cluster, rather than consecu-

tive degradation is observed. In fact, atomic'Gsthe
only notable cationic fragment formed frorhf CsJ*
in the range of collision energies examined. Likewise,
signals corresponding t®[+ CsJ*, [3 + CsJ", or

arrangements required in cluster degradation en route
to the expulsion of OV(OCE)3. Note that the analog
reasoning applies for loss of methanol frotmf H]+
described above.

Formation of5T by partial hydrolysis ofl in so-
lution is further supported by the observation of ions
with m/z = 762, formally V5O07(OCHz)19(OH), T,
andm/z = 748, formally \507(OCHz)g(OH)3™, in
the ESI mass spectrum bflissolved in methanol/water

their fragments do not appear in ESI mass spectra of a(50:50). Upon CID of mass-selected/z = 762,

CsCl-doped methanolic solution tfat elevated cone
voltages. Accordingly, we conclude that the binding
energy of C$ to 1 is lower than the energy demand
of cluster degradation inl[+ Cs]". With regard to

initial losses of either KO or CH;OH are observed,
where loss of HO prevails at low collision energies.
At elevated cone voltages, these primary fragmen-
tation are again followed by degradations to the

analytical aspects, we note in passing that the cleancorresponding penta- and tetranuclear clusters via

generation of I + CsI* upon ESI with CsCl-doped
methanol nicely confirms the identity of the sample as
genuinel.

3.3. Miscellaneous

In addition tol™, ESI of the \§O7(OCHg)12 sSample
gave rise to a signal at/z = 776 (Fig. 1). Tentatively,
we attribute this ion to a partial hydrolysis @fwith
residual water upon sample preparation to yield the
monohydroxy cluster ¥0O7(OCHg)11(OH) (5), and
thus the corresponding molecular i&T upon ESI.
This assignment is supported by (i) high-resolution
mass spectran{exp = 7758345, my, = 7758332,
Am = —0.0013), (ii) the increase of this signal upon
addition of water to a methanolic solutionhyfand (jii)
the fragmentation behavior of mass-selectett =
776. Thus, CID of mass-selectéd affords initial
loss of methanol 4m = —32), then two expulsions
of OV(OCHg)s (Am = —160, each), again followed
by loss of CH* entities from the tetranuclear cluster;
the corresponding fragmentation sequence is -#76
744 — 584 — 424 — [424 — 151] (Table 1. Af-
ter initial loss of methanol, the modified clust&tr
thus obeys the same fragmentation schenfe'a3he
fact that loss of methanol frore™ precedes that of

sequential losses of OV(OGHt.

Further, some dimers were observed under mild
ESI conditions, e.g., 102]" with m/z 1580,
[(D)2H]T with m/z = 1581, [@)2Na]* with m/z =
1603 (HR:mexp = 16026870, min 16026875,

Am = 0.0005), and [()>Cs[" with m/z = 1713. Be-
cause CID yields the corresponding monomers, these
ions are considered as loosely bound dimers and not
pursued any further.

3.4. CID breakdown behavior

The QHQ configuration of the VG BIO-Q mass
spectrometer also allows to investigate the energy
behavior of the ion fragmentations. Thus, CID exper-
iments with mass-selected ions at various collision
energies allude to the dependence of the fragmenta-
tions observed from the internal energy of the dis-
sociating ions. Above, the variations of the fragment
abundances as a function of collision energy were
only discussed phenomenologically. In this section,
these dependencies are expressed in breakdown di-
agrams of which the one dft is already shown in
Fig. 2 The experimental data points can be fitted
quite reasonably with sigmoid functions of the type
Ii(Ecm) = 1/(1 + eFy2—Ecwby by analogy to the
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corresponding treatment of reaction efficiencies by the fragment3*, loss of an outer Chl substituent

Bouchoux et al[16]; an example of such a fit is shown
by the solid line for the parent iali” in Fig. 2 Within
this framework, the breakdown curve is defined by
two parametersE;, is the energy at which the sig-
moid function has reached half of its maximum and

the termb reflects the steepness of the sigmoid curve.

As expressed here, the lardgrthe steeper is the rise
and the curve becomes a step functionder oo.

The evaluation of the energy-dependent CID ex-
periments fully confirms the qualitative conclusions
derived above Table 3. Consider the consecutive
fragmentation of1t as an example. For the pri-
mary dissociation, 1t — 2% + OV(OCHg)s, the
characteristic energf1,» = 1.8eV is significantly
larger thanE1, = 1.0eV for the next step2t —
3T 4+ OV(OCHg)s. This ordering is fully consistent
with the fact that2™ never is the base peak in the
CID spectra ofL* at variable collision energies. For

Table 3

(E1/2(-CHg) = 1.7eV) is more facile than cluster
degradation £1,2(-OV(OCHz)3) = 2.1eV), consis-
tent with the fragmentation of mass-selected-3+

as well as the evolution of the ESI mass spectra with
increasing cone voltages.

While the breakdown graphs (e.¢rig. 2 do cer-
tainly contain information about the thermochemical
thresholds of the associated fragmentations, we delib-
erately refrain from the extraction of exact thermody-
namic quantities and only list the phenomenological
appearance energies (AEs) corresponding to the onset
of the respective fragmentations as derived from linear
extrapolation of the rise &> to the baseline. Apart
from others, the most severe limitation which hinders
us from a conversion to thermochemical thresholds is
associated with the fact that most of the ions examined
here were generated at elevated cone voltages. Thus,
even though the ions initially generated upon ESI are

Energy behavior of the breakdown curves in the low-energy CID mass spectra of mass-selected methoxo-oxovanadium cluster ions gener:

by ESI of neutrall dissolved in methandl

mz Lost neutral Ul E1/2%¢ pe.d AE®

1t 790 OV(OCH)3 50 1.8 2.0 0.8
pas 630 OV(OCH)3 75 1.0 3.8 0.5
3t 470 OV(OCH)3 90 2.1 2.3 1.3
CHs 90 1.7 2.7 0.9

4+ 310 CHs 115 1.8 25 1.0
5+ 776 CHOH 55 0.9 3.0 0.3
[1 4 H]*9 791 CHOH 45 1.0 4.0 0.5
[1 + NaJ* 813 OV(OCH)3 70 1.7 25 1.2
[2 + Na]* 653 OV(OCH)3 90 1.2 3.0 0.6
[3 + NaJ* 493 OV(OCH)3 110 1.8 3.0 1.1
CHs 110 1.8 25 1.0

[1 + Csftn 923 1 15 2.12 3.3 1.48
45 2.06 3.2 1.42

75 2.01 2.6 1.23

@Energy behavior fitted to a sigmoid function with the parameters and b, where Ey/> refers to the collision energy in the

center-of-mass frame (see text).

b Cone voltage Y. in V) at which maximal abundance of the ion of interest was achieved.
¢ See text for a description of the parametBig, (in eV) andb (in ev-1).

dError bars:£0.05eV forEy/2 and £0.10 eVv! for b.

€ Appearance energy (in eV) derived from extrapolation of the linear rise of the sigmoid functifapab the onset of fragmentation.

f ESI solvent: methanol/water (50:50).
9 ESI solvent: methanol/water/HCCOH (50:50:1).
h ESI solvent: CsCl doped methanol.

i Here,E1/» and AE are given with three figures significant for the comparison of the relative energetics at different cone voltages, se

text.
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assumed to be equilibrated to the source temperaturemight be acknowledged by modeling the curves with
(here 80-120C), the ions produced upon multicolli-  explicit consideration of internal energy effects and
sional dissociation in the cone region do not undergo the relevant dissociation thresholds. For transition
further stabilization and thus have unknown distribu- metal clusters of the size df however, ion thermal-
tions of internal energies, most likely corresponding ization prior to energy-resolved CID experiments is
to higher effective temperatures. To explicitly probe not only advantageous, but a prerequisite for a more
this effect, CID breakdown curves of mass-selected elaborate investigation of the ions’ thermochemistry.
[1 + CsJ™ were recorded at different cone voltages

(last three entries iffable 3. As expected, botk;/, 3.5. Excessive fragmentation of 1 upon ES

and b as well as the appearance energies decrease

with increasing cone voltage. Thus, the higher the At high cone voltages, the parent ions of each se-
cone voltage, the more energized is the population of ries, i.e., 1", [1+H]*, [14+Na]*, and5™ have almost
mass-selectedl[+ Cs]". For this particular ion, ex-  disappeared while rich patterns of cluster ions are
trapolation to thermal conditions (i.€/; = 0V) sug- observed. Consistent with the fragmentation schemes
gest AE= 1.5+ 0.1eV for the loss of neutrdl from outlined above, the resulting spectra are dominated
[1+ CsJ" affording bare C$. For most of the other by tri- and tetranuclear cluster ions. Depending on the
cluster ions, however, such an extrapolation is impos- ESI conditions and the composition of the solvent,
sible because these are only formed at elevated conethe distributions of the cations can be changed from
voltages. Moreover, the cone voltage does not repre- prevailing sodium adducts to oxovanadium-alkoxide
sent an independent parameter which could easily beclusters or almost pure MO,™ ions (m = 1-4,
incorporated in terms of an empirical modeling. In- »n = 0-10); an example is given iRig. 6. Likewise,
stead, the cone voltage at which best yields of a certain ESI of (n-C4Hg)4N[V07(OCHz)12] at high cone
fragment ion are achieved depends on the stabilities voltages can be used for the generation gfQ,~

of the predecessors and their subsequent dissociationons (n = 1-4,n = 3-11). While it is beyond the
products. If additional information were available, scope of this paper to deeply analyze these cluster-ion
e.g., accurate ab initio data, these cooperative effectsdistributions, a more general perspective is addressed
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Fig. 6. ESI spectrum ol dissolved in methanol/water (50:50) &t = 180 V.
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here. In particular, the relatively broad distributions which add butane can be probed whemy is set to
of still reasonably intense cluster ions combined with +58 (Fig. 79. Likewise, neutral-gain and neutral-loss
the scanning modes possible in a QHQ device permit spectra can be used to identify those cluster ions which
a rapid screening of the reactivities of these clusters are capable to dehydrogenate butanenfy = +2
in a straightforward manner. or +56) or promote oxygen-atom transfekfiy =
With respect to the relevance of vanadium-oxide —16); in these respects, the ionmfz = 364 is par-
catalysts in the partial oxidation ofschydrocarbons ticularly reactive. Further, comparison with the corre-
to maleic anhydriddg17], n-butane was chosen as a sponding mass spectra in the absence of the reagent
simple test substrate in preliminary reactivity studies gas allows to estimate the relative reaction efficiencies
using various scan modes. The first approach employsfor those ions.
a Q2 scan in which Q1 is set on full transmission For the time being, we will not dwell upon the
while the hexapole is set t&);p = 0V and filled details of these reactions because several obstacles
with ca. 103 mbar butane. In comparison with the need to be resolved. For example, the particularly
same spectrum recorded in the absence of butane,interesting reactions of the ion with/z = 364 (de-
such a scan can provide an overview of the ion re- hydrogenation and O-atom transfer) can be attributed
activities: ions which react with-butane decrease in  to at least three different isobaric components: (i) the
abundance, while the ionic products formed in these pure vanadium-oxide cluster,@.10™ which may be
reactions gain in abundance. Because the differencesformed upon consecutive dissociation 3, (ii) the
are only gradual, the corresponding difference spec- oxovanadium-methoxide cluster;@7(OCHz)(OH)*
trum is more sensitive. Among others, the signals at accessible from5*, and (iii) the sodiated cluster
m/z = 332 and 364 give rise to negative signals in NaV304(OCHg)s™ generated fromd + Na]™ upon
the difference spectrum, while inter alie/z = 390 loss of OV(OCH),. Under FT-ICR conditions in the
and 422 appear on the positive scdig( 79. Apex lll, only the latter two ions could clearly be iden-
While it is difficult to deduce the occurrence of cer- tified, whereas YO;1g7 was not observed; the ratio
tain reactions from such a difference spectrum, it read- between VO7(OCHs)(OH)™ (HR: mexp = 3637628,
ily identifies those ions which are at all capable of re- my, = 3637608, Am = —0.0020; IRMPD) and
acting with butane. A more specific analysis can then NaV3z04(OCHz)st (HR: mexp = 3638762, min =
be performed by conventional MS/MS techniques. As 3638743, Am = —0.0019; IRMPD) strongly de-
an example, the reaction of mass-seleetgd = 332 pended on experimental conditions. In the VG BIO-Q,
(V40g* according to HRmexp = 3317359, min = however, more extensive fragmentation in the cone
3317352, Am = —0.0007; IRMPD) with butane is  region is observed and the relatively cleapOQy,™
shown inFig. 7 where a formal addition of the bu-  patterns (e.gFig. 6) might suggest that also10™
tane unit to the cluster ion is observed/¢ = 332 — is formed under these conditions. Notwithstanding
m/z = 390); the additional signal ak/z = 350 these difficulties in the identification of the reactive
is attributed to the association of4@g+ with water components, it is pointed out that ESI of well-defined
present in the background. We note in passing that molecular precursors may provide an alternative
Castleman and coworkers found thajG4* gener- method for the generation of vanadium-oxide cluster
ated by the laser-evaporation method were unreac-ions in the gas phase. Moreover, combination with the
tive towardsn-butane[18]; a possible explanation is  various scanning modes possible in a multipole device
the generation of isomeric cluster ions in the differ- provides a means to screen the bimolecular reactivi-
ent methods used for ion generatifin3,4]. With a ties of a wide set of cluster ions at thermal energies.
neutral-gain spectrum, which is a simultaneous scan Finally, we note in passing that none of the various
of both analyzers Q1 and Q2 with a constant mass dif- anionic clusters accessible from ESI ofC4Hg)4N-
ference Amy) between them, in the next step, allions [VgO7(OCHg)12] at elevated cone voltages showed
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1, 424

miz =364
+ (see text)

differential abundance
o

=y
]

rel. abundance

o

rel. abundance

J .UJLJM& .

0 T T > mj/z
275 325 375 425

Fig. 7. (a) Difference of the ESI spectra (Q2 scaryz = 275-425) ofl at U, = 180V in the presence and the absence of butane in the
hexapole Ejap = 0V). The positive signals fom/z = 409 and 424 can be attributed to CID of larger cluster ions under these conditions.
(b) Q2 scan fz/z = 275-425) of the products formed in the reaction of Q1-selesigd = 332 with butane present in the hexapole
(Elab = 0V). (c) Neutral-gain scanAm = +58) of the region fromm/z = 275 tom/z = 425 with butane present in the hexapole
(Eiab =0V).

any notable reactivity towards butane. The lack of 4. Conclusions

reactivity of the \,,O,~ cluster anions witm-butane

parallels our previous, more general considerations on  Anionic and cationic1~/* by and large show
the bond activation of hydrocarbons by small transi- the same type of fragmentation behavior. Two ini-
tion metal anions in the gas phdgd®]. tial losses of OV(OCH)3 afford the corresponding
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