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Solution- and gas-phase behavior of decavanadate: implications for
mass spectrometric analysis of redox-active polyoxidometalates

Daniel Favre,' Cedric E. Bobst,! Stephen J. Eyles,”> Heide Murakami,? Debbie C. Crans® and Igor A.
Kaltashov!-*

Departments of Chemistry' and Biochemistry and Molecular Biology, *University of Massachusetts-Amherst, Amherst, MA;
and Department of Chemistry, Colorado State University, Ft. Collins, CO?

ABSTRACT: Decavanadate (V00,5¢ or V10) is a paradigmatic member of the polyoxidometalate (POM) family, which has been
attracting much attention within both materials/inorganic and biomedical communities due to its unique structural and electrochemical
properties. In this work we explored the utility of high-resolution electrospray ionization (ESI) mass spectrometry (MS) and ion
exclusion chromatography LC/MS for structural analysis of V10 species in aqueous solutions. While ESI generates abundant
molecular ions representing the intact V10 species, their isotopic distributions show significant deviations from the theoretical ones.
A combination of high-resolution MS measurements and hydrogen/deuterium exchange allows these deviations to be investigated
and interpreted as a result of partial reduction of V10. While the redox processes are known to occur in the ESI interface and influence
the oxidation state of redox-active analytes, the LC/MS measurements using ion exclusion chromatography provide unequivocal
evidence that the mixed-valence V10 species exist in solution, as extracted ion chromatograms representing V10 molecular ions at
different oxidation states exhibit distinct elution profiles. The spontaneous reduction of V10 in solution is seen even in the presence
of hydrogen peroxide and has not been previously observed. The susceptibility to reduction of V10 is likely to be shared by other
redox active POMs. In addition to the molecular V10 ions, a high-abundance ionic signal for a V;(O,¢? anion was displayed in the
negative-ion ESI mass spectra. None of the V704 cations were detected in ESI MS, and only a low-abundance signal was observed
for V00,6 anions with a single negative charge, indicating that the presence of abundant V(O,¢> anions in ESI MS reflects gas-phase
instability of V,yO,s anions carrying two charges. The gas-phase origin of the V,j0,? anion was confirmed in tandem MS
measurements, where mild collisional activation was applied to V10 molecular ions with an even number of hydrogen atoms
(H;V 19044 ), resulting in a facile loss of H,O molecules and giving rise to Vg0, as the lowest-mass fragment ion. Water loss was
also observed for VO, anions carrying an odd number of hydrogen atoms (e.g., HsV1¢0,5 ), followed by a less efficient and
incomplete removal of an OH" radical, giving rise to both HV40,5 and V(0,5 fragment ions. Importantly, at least one hydrogen
atom was required for ion fragmentation in the gas phase, as no further dissociation was observed for any hydrogen-free V10 ionic
species. The presented workflow allows a distinction to be readily made between the spectral features revealing the presence of non-
canonical POM species in the bulk solution from those that arise due to physical and chemical processes occurring in the ESI interface
and/or the gas phase.

Polyoxidometalates (POMs) are a unique class of polynuclear
inorganic compounds, which are mostly comprised of transition
metal and oxygen atoms, although other atoms (such as
phosphorus and silicon) may also be involved.! POMs are
frequently viewed as the “missing link” between the single-
molecule and the bulk material scales.”> Apart from their
obvious importance for the field of mesoscopics and helping
understand how the physical properties of materials are
determined by the chemical properties of constituent molecules,
POMs continue to enjoy considerable attention in fields as
diverse as catalysis,> electronics*® and medicine.t®
Decavanadate (V00,5%, or V10) is one particularly interesting
member of the POM family, which had been shown to interact
with a variety of biomolecules in vivo, eliciting a range of
biological effects that are distinct from those typically
associated with smaller oxidovanadate species.” Despite being
a focus of extensive research efforts in the past two decades,
several aspects of V10 structural and chemical properties
remain incompletely understood. As is the case with many other
POMs, V10 can interconvert between multiple species in

solution, but the mechanisms of such processes (which likely
include an intricate interplay of acid-base and redox chemistry)
remain elusive. For example, the existence of a partially
reduced V10 species (V9Ox*) has been reported based on
spectroscopic  measurements,!® but never confirmed
independently. Likewise, the proton association with V10
species in solution and the hydrogen bonding phenomena have
been shown to play important roles in dissociation/association
of this paradigmatic member of the POM family.!! Lastly, the
notion of the low-energy metastable configurations of V10
(distinct from its crystal structure!?) has been invoked to explain
several phenomena related to its interaction with the solvent.!314

The majority of work on V10 (as well as other POMs)
characterization has been traditionally carried out using X-ray
crystallography in the solid state and spectroscopic methods in
solution. While the former provides atomic-level structural data
for stable POM molecules, it is insensitive to those species that
are present in solution in minute quantities or become populated
only transiently. In contrast, NMR can be used to speciate
heterogeneous populations of POMs. The natural abundance of
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the 170 isotope and the NMR activity of many metal centers
allow for facile application of the technique to a wide array of
POMs. However, the atomic-level resolution afforded by the
NMR is frequently insufficient for complete characterization of
distinct ensembles of POMs that may co-exist in solution.
Indeed, while the state of a single atom and its unique chemical
environment can be monitored with unprecedented precision
using NMR, grouping such states together to yield distinct
molecular states is not straightforward.

In comparison to X-ray crystallography and NMR, mass
spectrometry (MS) has played a less prominent role in
characterization of POMs, even though the initial application of
MS in this field dates back nearly four decades ago.'
Introduction of electrospray ionization (ESI) and, to a lesser
extent, matrix-assisted laser desorption/ionization (MALDI)
provided further impetus to developing robust MS-based
methods to characterize a variety of POMs,!%!° including
polyoxidovanadates.?® In many ways, MS offers an attractive
alternative for the analysis of POMs compared to the traditional
approaches, as it enables POMs speciation in solution and
allows oxidation states to be distinguished from one another. At
the same time, the possibility of ion fragmentation occurring in
the gas phase raises the concern of introducing artifacts in MS-
based POM speciation measurements. Likewise, the frequent
occurrence of electrochemical processes within the liquids
being electrosprayed?’ may cast doubt on the validity of
oxidation state profiling obtained with ESI MS. In fact, the
complete elimination of interfering redox processes may
require the use of complicated setups and extensive front-end
modification of commercial MS equipment.?? The main goal of
this work was to evaluate and illustrate the utility of high-
resolution MS for characterization of both structure and
chemistry of decavanadate species in aqueous solutions with a
particular emphasis on exploring both similarities and
differences between V10 behavior in the bulk solution and in
the solvent-free environment.

In addition to its obvious importance via-a-vis validation of the
ESI MS-based methods of POM structural analysis, the
juxtaposition of the solution- and gas-phase behavior for this
class of analytes may provide important insights into the
POMs/solvent interactions (and, by extension, the phenomena
occurring at the insoluble metal oxide/water interface). For
example, previous computational studies have indicated that the
presence of hydrogen at an oxometallate surface facilitates the
abstraction of oxygen from the surface.”> Oxygen abstraction
from polyoxidovanadate clusters has also been shown to be
triggered by partial reduction of the latter,?* although no distinct
partially reduced species could be detected; instead, their
existence was inferred from the spectroscopic data. MS is
unique in that it allows such species to be detected even if they
account only for a minor fraction of the entire ensemble of
molecules present in solution. In this work we use high
resolution MS as an on-line detection tool for ion exclusion
chromatography to provide conclusive evidence that multiple
partially reduced V10 species exist in solution alongside the
canonical (fully oxidized) V10 prior to the MS measurement.
These reduced species accommodate a larger number of protons
during the ESI process, leading to formation of ions that readily
dissociate via a facile loss of water molecules and, to a lesser
extent, OH' radicals, thus mirroring processes that were
previously hypothesized to take place in solution.

EXPERIMENTAL SECTION

Materials. The decavanadate samples in the form of
(NHy)6V 100,58, NagV 1905 and K4Na, V40,4 salts were prepared
using a procedure described elsewhere?>?¢ and the speciation
was characterized using 'V NMR and absorbance
spectroscopy.?’ Hydrogen peroxide (H,0,) and heavy water
(*H,0) were purchased from Millipore-Sigma (St. Louis, MO).
All other solvents and buffers used in this work were of

analytical grade or higher.

Methods. All MS measurements were carried out using a
SolariX 7 (Bruker Daltonics, Billerica, MA) hybrid quadrupole-
Fourier transform ion cyclotron resonance mass spectrometer
equipped with a standard electrospray ionization source. V10
samples were dissolved in a 5 mM aqueous solution of
ammonium acetate whose pH was adjusted with formic acid to
4.85+0.15. Final decavanadate concentrations were 1 mM
(negative ion mode) or 0.1 mM (positive ion mode).
Decavanadate was typically kept in solution for 30 min prior to
MS analysis. The ESI source conditions and ESI MS interface
ion optics parameters were optimized to produce abundant
signal in the 400-1100 m/z; the typical settings in the negative
ion mode were as follows: ESI capillary, 3800 V; end plate
offset, 500 V; nebulizer, 1.6 bar; dry gas, 4.0 L/min; dry
temperature, 150 °C; capillary exit, -180 V; deflector plate, -
180 V; funnel 1, -150 V, skimmer 1, -10 V; funnel RF
amplitude, 200 V,,,). External calibration was used to determine
ionic masses in mass spectra acquired in the broad-band mode
for both positive and negative ions. Post-calibration mass
accuracy was determined to be at least £3 ppm throughout the
entire 200-1200 m/z region. Internal calibration was used for
mass measurements in the narrow-band mode, providing mass
accuracy of at least 0.3 ppm. Theoretical isotopic distributions
of ionic species and accurate masses of relevant isotopologues
were  calculated using a  web-based tool at
https://www.sisweb.com/mstools/isotope.htm. Fragment ion
spectra were obtained by mass-selecting precursor ions of
interest in the front-end quadrupole (mass selection window 3.0
m/z units unless specified otherwise) followed by their
activation in the collision cell using argon as a collision gas. lon
exclusion LC and LC-MS measurements were carried out with
an Agilent 1100 (Agilent Technologies, Santa Clara, CA)
HPLC system using a 4.1 mm x 250 mm PRP-X300 (Hamilton
Co., Reno, NV) ion exclusion column. The mobile phase
consisted of 30 mM triethylamine, 100 mM ammonium acetate
and 0.8% formic Acid. The UV detection of V10 was based on

the absorbance at 254 nm. On-line LC-MS measurements were
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carried out by directing the eluate flow off the column directly
to the ESI source of the mass spectrometer without splitting.

RESULTS AND DISCUSSION

V10 (in a variety of protonation states) is the predominant
vanadium species in moderately concentrated (> 1 mM) and
mildly acidic (3 < pH < 6) aqueous solutions, but it readily

converts to other oxo-forms (e.g., VO,*/HVO4>" at basic pH,
V40,4 /H,VO,~ at neutral pH, or VO;/HVO; upon dilution).?->
Although these and other smaller vanadates are expected to be
present in lower quantities at mildly acidic pH as well, the
negative ion mass spectrum of NagV(Oo acquired at pH 4.7
(Figure 1) shows only two oxidovanadate species in the low-
my/z region of the mass spectrum, V406> and (H/Na)V,0,,".
Outside of this region, the mass spectrum is dominated by two
clusters of abundant ions with distinct charge states: a group of
singly charged ions (m/z region 950-1100) and the doubly
charged ones (m/z 450-550). The nominal masses of the most
abundant peaks in each cluster indicate that these two species
(H5V 002 and H4V40.5%") are produced by partial balancing

of the net charge of the presumed most abundant V10 species
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in solution (V;30,5%", HV (0’  and H,V(Ox*) with “extra”
protons or ubiquitous alkali metal cations upon electrospraying.
This behavior is similar to the ESI production of the
moderately-charged species representing high charge-density

organic polyelectrolytes, such as heparin oligomers.>°

It is now commonly accepted that the extent of protonation
(and, more broadly, multiple charging in general) of polyprotic
acids in ESI MS does not reflect the acid-base equilibria in
solution, but is instead dictated by the physical size of the
analyte.’! Consistent with this notion, V10 generates abundant
ionic signal in the positive-ion ESI MS as well, where it is
represented by H7,5Na,K;V0Ox* (2, £ = 0 - 4) ions (see
Supplementary Material for more detail).

While the extent of protonation of the dominant V10 ionic
species in ESI MS cannot be related to the acid/base equilibria
in solution, the total charge accommodated by these ions in both
negative- and positive ion modes is consistent with the notion
of all metal ions being fully oxidized (i.e., charge state +5).

Indeed, the most abundant peak in the isotopic distribution of
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Figure 1. ESI mass spectrum of a 1 mM aqueous solution of sodium V10 in 5 mM ammonium acetate (pH adjusted to 4.7). The inset shows the isotopic

distribution of the most abundant mono-anionic species (black trace) and the calculated isotopic distributions for the fully oxidized species (Hs5VoOa5 ", red

bars) and a partially reduced one (HgV0Oys , blue).
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the mono-anionic V10 species nr/z region 961-966 can be
confidently assigned as the most abundant isotopologue of
H;5V 40,5 (the calculated mass for 'Hs>'V('°0,5~ is 962.3369,
a value that is within 0.2 ppm of the measured mass). The
lowest-mass detectable monoisotopic peak of the HsV;oOys~
species (m/z 961.3373) can also be readily assigned as
'H5 V31V, 10,4~ (calculated mass 961.34031, and the intensity
ratio of these two isotopologues (which we will term A and M-
1, respectively) is in excellent agreement with the known >'V :
S0V natural abundance ratio (the theoretical isotopic distribution
of the HsV (045" is represented with red bars in the inset in
Figure 1). However, the abundance of the third isotopologue in
this distribution (M+/, measured m/z 963.3443) appears
anomalously high, exceeding the expected contribution of
'Hy’'V14170'°0,;” by more than an order of magnitude.
Furthermore, the spacing between the M+/ and M species
(1.0071) shows a significant deviation from the mass difference
between the 'O and 7O isotopes (1.0042), but is reasonably
close to the hydrogen atom mass (1.0078). Therefore, this
species was tentatively assigned as 'Hg'VVg!VIV) 160,47
which represents a partially reduced decavanadate, where an
extra proton is needed in order to keep the overall single net
charge of the anion (compensating for the lost positive charge
on one of the metals). Such satellite species are observed for all
other reasonably abundant anions containing the decavanadium
core, and their mass shifts in 2H,O solutions ( vide infra) confirm
the presence of an “extra” hydrogen atom, lending strong

support to the notion of partial V10 reduction.

It is worth noting that the partially reduced V10 species (see the
inset in Figure 1) are present in all V10 samples examined in
this work, regardless of the nature of the counterion (Na*, K* or
NH,*, see Supplementary Material for more detail). The
relative abundance of the partially reduced species shows some
variations among different V10 samples with distinct counter-
ions, and even within the same sample temporal variations in
the intensity ratios of the M and AM+/ species are apparent (data
not shown). In many instances, low-intensity ionic signal was
also observed for V10 species where more than a single
reduction event takes place (e.g, H;VVVIV),0, and
HgVV);VIV;0,4™ incorporating two and three vanadium atoms
in oxidation state IV, respectively, to ensure the charge

balance). Such seemingly random variations naturally lead to a

suggestion that the partial reduction occurs during the ESI
process, a phenomenon that has been documented for a range
of redox-active species in the past.>?> Furthermore, the
observation of the partially reduced V10 species in the mass
spectra of V10 acquired in the presence of hydrogen peroxide
in solution appears to lend further support to the notion of the
ESI-driven redox processes being responsible for the partial
reduction of these POM assemblies. Should the partial
reduction take place in the ESI source, it would be reversed by
simply switching the polarity of the ion source. However,
examination of the V10 mass spectra acquired in the positive-
ion mode also reveals the presence of the partially reduced V10
species, such as NaH;V(Ox* (see Supplementary Material),
contradicting the notion of V10 partial reduction being an ESI
artifact.

To obtain definitive evidence with regards to the origin of the
partially reduced V10 species, ion exclusion chromatography
(IEC) with on-line EST MS detection was used. IEC is a mixed-
mode chromatographic modality, in which differential
exclusion of weak electrolytes from the anionic resin pores is
used as a physical principle enabling analyte separation.’
Although in the past IEC has been applied almost exclusively
to separation of weak organic acids (based on their sizes and
pKa values®*), it can be used for separation of inorganic anions
as well.?>3% Since V10, as well as many smaller vanadates, are
weak acids, we hypothesized that it may be possible to achieve
their retention on IEC. Furthermore, partial reduction of V10 in
solution should have an effect on the pKa values, and unless the
redox equilibria are too fast on the chromatographic time scale

(e.g., the HsV™V)j0g~ = HgVIVIV M0y~ = H; MMV, VIV00s”
interconversion occurs within < 1 min), it should be possible to
achieve chromatographic separation of V10 species at different
oxidation states. In contrast, if the partial reduction of V10 is
triggered by electrochemical processes in the ESI source, no
separation of the V10 species at different oxidation states would
be possible with IEC. Unfortunately, achieving efficient
retention of V10 with IEC is not straightforward, as the
principal species for the canonical, fully oxidized form of this
POM in the pH range of interest are H,V0O,s* and HV (0,
while the p Ka value of the fully protonated (electrically neutral)
V10 species is significantly below 1 (and possibly below 0).%
This means that V10 retention on anionic resins is very
ineffective, unless an appropriate ion pairing reagent is

identified. Indeed, our initial attempts to achieve V10 retention
with an IEC column failed until trimethylamine (TEA) was
selected as an ion pairing agent. The elution time of V10 off the
IEC column in the presence of 30 mM TEA was equivalent to
application of 3 column volumes of the eluent.

Page 4 of 9
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Figure 2. Extracted ion chromatograms representing the fully oxidized V10
(gray) and the partially reduced species incorporating one (red), two (blue)
and three (olive) metal atoms at oxidation state IV obtained using ion
exclusion LC with on-line MS detection. The inset shows the evolution of
the ionic signal within the m/z window 961-967 as a function of elution
time.

Importantly, the extracted ion chromatograms (XICs) recorded
for the individual monoisotopic peaks representing Hs, ,V10O0as~
for n= 0 - 3 clearly show incongruent elution profiles (Figure
2). These chromatograms provide clear and conclusive
evidence of the solution phase origin of the partially reduced
species. Furthermore, this observation also indicates that the
interconversion rate among the V10 species at different
oxidation states in solution is relatively low, allowing at least
partial chromatographic separation to be achieved on a time
scale exceeding 10 min. Indeed, the elution profiles of
chemically reactive species that are at dynamic equilibrium
during the elution process are very sensitive to the kinetics of
the interconversion reactions, yielding a single unresolved peak
in the case of fast equilibria and allowing separation of the
reactants only for systems with slower kinetics.?®* The
significant overlap of the elution profiles of different V10
species shown in Figure 2 would yield an unresolved
asymmetric peak should UV absorption be used as the only
means of the analyte detection. However, the unique ability of
MS to distinguish the species of interest by examining the
corresponding XICs allows kinetic analysis to be carried out in
situations when the normal methods of detection (such as UV
absorbance) fail, as was recently demonstrated for on-column
association/dissociation equilibria of large protein complexes.*
The elution order of the four ionic species representing different
oxidation states of V10 correlate with the extent of oxidation
(with the fully oxidized V10 exhibiting the most efficient

retention), in line with the expectation that the higher electron

density (the result of partial reduction) disfavors the POM
interaction with the anionic resin. Another intriguing feature
revealed by the XICs shown in Figure 2 is the apparent
correlation between the oxidation state of V10 and the peak
shape. Both peak widths (measured at half-maximum) and the
extent of tailing of the four XICs follow the order HsV™);4054~
>> HgVIVV V50y5™ >> H;VIV,V V50047 = HgVIVI,V ,0,4”.
The XIC shapes of reactive analytes in dynamic systems can be
used to extract the rates of relevant reactions,*’ and even though
such a task is beyond the scope of this work, these calculations
can be performed in the future to determine the rates of V10

partial reduction and re-oxidation.
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Figure 3. Low-energy CAD mass spectra of HyV0Oy> (red trace),
Hs5V100,5~ (brown) and NaH,V,,0,5 (blue) acquired by placing the most
abundant isotopologue of each species in the center of a 3-m/z unit wide
mass selection window and applying low (5 V) collisional activation. The
dotted lines show positions of the three precursor ions, and the stars
represent the FT harmonics. The insets show isotopic distributions of the

surviving precursor ions (right) and the “terminal” fragment ion, V¢Oas~
(left). The precursor ion isolation window highlighted in orange and the

black traces represent isotopic distributions of these ions in MS1.
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In addition to the partial reduction of the molecular ions,
another unexpected feature of the V10 mass spectra acquired in
the negative ion mode is the presence of prominent ions
representing neutral H,O (and, to a significantly lesser extent,
OH) loss from the molecular ions (Figure 1). Intriguingly,

while the V0O, ion consistently appears nearly equi-
abundant to the doubly charged molecular V10 ion, its singly-
charged counterpart (HV,Oy ) is only a minor feature in the

mass spectrum of V10. Furthermore, it is the loss of two water
molecules that gives rise to these oxygen-deficient V10 anions.
Oxygen loss from smaller oxidovanadates (such as V6) has
been reported in the past,?? although the proposed scenario
invoked a removal of a single oxygen atom from the metal oxide

precursor ions, giving rise to the oxygen-deficient species, all
of which had been observed in the mass spectrum of V10 prior
to fragmentation. Interestingly, the isotopic distributions of the
surviving precursor ions no longer show the presence of the
partially reduced V10 species carrying “extra” hydrogen atoms
(e.g., see the right-hand-side inset in Figure 3), which appear to
be particularly vulnerable to collisional activation. In fact, it is
the gas-phase dissociation of such partially reduced species that
give rise to the “terminal” fragmentation products in Figure 3,

e.g. V100,57, which appears to be generated as follows:
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Figure 4. Zoomed views of mass spectra of V10 (sodium salt) acquired in H,O and *H,O (black and blue traces, respectively) showing isotopic clusters

corresponding to V¢0,62 (left) and V¢O,4*” (right). The inset on the left panel shows the results of high-resolution measurements acquired in the narrow-band

cluster upon addition of V(Mes);THF in dichloromethane,
leaving behind a reactive MV within the molecule (inconsistent
with the results of this work, where the most abundant signal in
the isotopic clusters of V05> and HV,jOy represents the

fully oxidized species). Earlier molecular modeling studies
carried out with large oxidovanadate clusters (V20) concluded
that it was the protonation of the surface oxygen atoms that
weakened their interaction with the neighboring metal atoms
and facilitated their removal from the cluster.?

Although it might be tempting to conclude that the H,O/OH loss
from V10 clusters observed in our work takes place in solution,
one must remember that the extent of protonation of V10
molecular species generated by ESI is significantly higher
compared to that in solution (vide supra). Therefore, it is
possible that the water abstraction process occurs in the gas
phase, rather than in solution. In order to investigate the origins
of oxygen-deficient V10 species, tandem MS measurements
were carried out on several molecular species of V10 using low-
energy collisional excitation (Figure 3). All parent ions
displayed a remarkable degree of instability, with fragmentation
ensuing immediately upon the precursor ion isolation even
before any additional collisional activation is applied. Low-
energy collisional activation results in robust dissociation of all

in particular) provides strong evidence that they are MS

artifacts. Further increase of collisional activation energy
results in a dramatic expansion of the fragment ion repertoire
by breaking the metal framework of the V10 cluster and giving
rise to abundant V4 and V5 and less abundant V3 and V6
species (see Supplementary Material for more detail), only one
of which is observed in the original mass spectrum of V10 (vide

infra).

Although the mass spectrum of V10 is dominated by
decavanadate anions, two smaller (and lower-abundance)
oxidovanadate species, V¢O¢>~ and (H/Na)V,0,,” are detected
as well (Figure 1). While one of them (HV,O,,") can be
produced upon collisional activation of H,VgOa%, its
generation requires considerable collisional energy (see
Supplementary Material for more detail). V¢O,s> was never
observed in our tandem MS experiments (although its singly
charged counterpart, HV¢O;s has been detected at elevated
collisional energy - see Supplementary Material for more

detail). The absence of these ions among the fragments

Page 6 of 9
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produced upon low-energy collisional activation of V10 anions
suggests that they represent solution-phase oxidovanadates.
Furthermore, should they arise as a result of dissociation of
metastable V10 species, one would expect a similar share of
partially reduced species among them (e.g., V5O,4*>” should have
peak M+/

HVIMV™,0,427). However, the recorded isotopic distribution

an anomalous satellite corresponding  to

appears consistent with that calculated using the natural isotopic
abundance, and acquiring the mass spectrum in 2H,O does not
result in a shift of the M+/ peak to the M+3 position, as is the
case for V10-derived fragments, such as V¢O.>" (see Figure
4). Therefore, we conclude that V¢O,s” and (H/Na)V,0,,”
represent smaller oxidovanadate species that are present in
solution alongside V10 (rather than being the products of its
dissociation in the gas phase), and are not as susceptible to the
partial reduction in solution under ambient conditions as V10
is.

A careful examination of V10 behavior using an array of MS-
based methods presented in this work indicates that
interpretation  of  straightforward MS  measurements,
particularly those carried out at lower resolution offered by
conventional instruments, should be approached with extreme
caution. Indeed, the additional protonation of V10 polyanions
in the course of ESI process gave rise to metastable molecular
ions. Water is readily abstracted from these metastable ions in
the gas phase generating oxygen deficient V10 species.
Furthermore, the apparent susceptibility of V10 to partial
reduction in solution generates anions whose extent of
protonation is even higher than that observed for fully oxidized
V10 species, facilitating more extensive oxygen abstraction (via
H,0O/OH loss) in the gas phase. Although V10 dissociation
gives rise to oxygen-deficient anions in the gas phase, rather
than in solution, the underlying processes and the critical role
of the surface-bound hydrogen atoms bear remarkable
similarity to generation of “oxygen vacancies” within large
oxidovanadate clusters and indeed the bulk material surface that
had been predicted in earlier computational studies.??> Oxygen
vacancies are believed to be key to a range of catalytic
properties of oxidovanadates,*! but their experimental
investigation has been notoriously difficult, particularly on a
larger scale. In this respect, high-resolution MS and MS/MS
may lend themselves as potent tools capable of unveiling the

most intimate details of oxygen vacancy formation within large
vanadate clusters unaffected by solvent.

CONCLUSIONS

Decavanadate is a versatile member of the POM family
displaying a variety of unique properties that can be exploited
for a range of diverse applications. Our own interest in this
molecule stems from its polyanionic nature that lends V10 as a
viable candidate for applications in medicine as a disruptor of
electrostatically-driven biopolymer interactions such as the
platelet factor 4/heparin interactions*? underlying the etiology
of heparin-induced thrombocytopenia. The unique chemical
properties of V10 are also enjoying considerable attention in

areas ranging from chemical catalysis to electronics. Last, but
not the least, POMs in general and V10 in particular offer
unique opportunities for fundamental studies in material
sciences by serving as an atomically defined bridge between
micro- and macro-scales.

Mass spectrometry, particularly ESI MS, has had long and
illustrious history in inorganic structural analysis and related
fields, although complex physical processes occurring within
the ESI interface frequently require that the conclusions derived
from such measurements be taken cum grano salis. For
example, high-resolution measurements of ionic isotopic
distributions allow the oxidation states to be determined at both
single¥# and multi-metal level,¥ but the measurement
outcomes can be affected by the redox processes in the ESI
interface. Likewise, mass measurements afforded by high-
resolution MS provide a unique opportunity to unequivocally
identify a wide range of metallo-compounds, but can be
complicated by the metastable nature of molecular ions giving
rise to their dissociation in the gas-phase.

In this work we demonstrate that the origin of the redox
processes affecting the oxidation state of POMs can be reliably
traced to the bulk solution when incorporating ion exclusion LC
as an on-line front-end separation tool in ESI MS
measurements. We also use two orthogonal MS-based methods,
tandem MS and hydrogen/deuterium exchange, to determine
the origin of V10 species whose structures deviate from that of
the “canonical” species. While this work is focused entirely on
V10, the experimental strategies reported in this manuscript
will undoubtedly advance the on-going efforts to elucidate
structure and reactivity of other members of the POM family.
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