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Keggin Anions Abstract. We report a collision-induced dissociation (CID) investigation of the mixed
PMOiz-anOzlog' addenda polyoxometalate (POM) anions, PMo12.sWnO40°>~ (n = 0-12). The anions
(n=0-12) were generated in solution using a straightforward single-step synthesis approach
Isomerization  @nd introduced into the gas phase by electrospray ionization (ESI). Distinct differences

in fragmentation patterns were observed for the range of mixed addenda POMs

CID examined in this study. CID of molybdenum-rich anions, PM012:nWnOuo>™ (n=0-2),

Fragmentation

generates an abundant doubly charged fragment containing seven metal atoms (M)

and 22 oxygen atoms (M;O2>") and its complementary singly charged PMsO41¢™ ion. In

Charge Loss

comparison, the doubly charged Lindqvist anion, (MsO1¢%") and its complementary

singly charged PMeO»1~ ion are the dominant fragments of Keggin POMs containing
more than two tungsten atoms, PMo12.\W,O40°~ (n = 3-12). The observed transition in the dissociation pathways
with an increase in the number of W atoms in the POM may be attributed to the higher barrier of tungsten-rich anions
towards isomerization. We present evidence that the observed distribution of Mo and W atoms in the major MgO192~
and M;0,>" fragment ions is different from that predicted by a random distribution, indicating substantial segrega-
tion of the addenda metal atoms in the POMs. Charge reduction of the triply charged precursor anion resulting in
formation of doubly charged anions is also observed. This is a dominant pathway for mixed POMs having a majority
(8-11) of W atoms and a minor channel for other precursors indicating a close competition between fragmentation

and charge loss pathways in CID of POM anions.

Keywords: Collision-induced dissociation, Anions, Mixed addenda Keggin, Polyoxometalate, Lindqvist, Isomeriza-

tion, Electron detachment, Electrospray ionization

Received: 19 November 2014/Revised: 28 January 2015/Accepted: 28 January 2015/Published Online: 2 April 2015

Introduction

P olyoxometalates (POMSs) are a class of inorganic mate-
rials that are of interest for a variety of applications
because of their remarkable redox, photochemical, and mag-
netic properties [1-9]. The Keggin POM [10], a class of stable,
redox-active, triply-charged anions comprised of a metal-oxide
cage structure (M,036; M = early transition metal) with an
internal XO,4" group (typically X = Si, P; n = 4, 3, respectively),
is one of the most widely studied POM systems. In POM nomen-
clature, the principal d-transition metal ions that form the molec-
ular structural framework of POM in the MO, coordination
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polyhedra are referred to as “addenda” atoms. The p-block ele-
ments at the center of the framework are referred to as
“heteroatoms” [11]. The properties of Keggin-POMs
may be tailored for a particular application by selecting
the appropriate combination of transition metal addenda
and internal heteroatoms.

The phosphomolybdates and phosphotungstates are two
well-known Keggin species with the molecular formula
PM;,040°", where M = Mo (Mo;,POM) and W (W,,POM),
respectively. Although both the Mo;,POM and W{,POM dem-
onstrate reversible, multi-electron redox activity, there are sub-
stantial differences between the properties of these two Keggin
anions [1]. Specifically, W;,POM anions are more stable than
the corresponding Mo;,POM species. Differences in the rela-
tive stability of Keggin POMs have been examined both ex-
perimentally and theoretically. The calculated bond lengths of
the Keggin Mo,POMs are generally longer than those of
W ,POMs, indicating overall weaker bonds in the former
[12, 13]. Comparison of the thermal stability between
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H;PMo,,04¢ and H;PW,04 also revealed that the phospho-
tungstate is more stable than the phosphomolybdate [14]. The
Mo;,POM is known to undergo hydrolysis in aqueous solu-
tions and requires stabilization by addition of organic solvent
[1, 15]. In comparison, the W{,POM is stable in aqueous media
[1]. In addition, the Mo;,POM readily forms protonated POMs
via two-proton, two-electron reduction in acidic electrolyte
solutions [16], whereas the W{,POM undergoes one-electron
reductions without protonation at comparable conditions [17,
18]. The reduction potentials of Mo;,POM occur at more
positive values compared with W;,POM, indicating that the
former undergoes electrochemical reduction relatively easily
[19]. Differences in redox properties of Mo;,POM and
W,POM stem from variations in the electronic structure of
these two POMs. Specifically, the energy gap between the
highest occupied molecular orbital and the lowest unoccupied
molecular orbital (HOMO-LUMO gap) is estimated to be 2.0
eV for Mo;,POM and 2.8 eV for W;,POM [12]. Photoelectron
spectroscopy experiments combined with density functional
theory (DFT) calculations showed that the HOMO of
Wi,POM is stabilized by ~0.35 eV relative to that of
Mo;,POM resulting in a corresponding increase in the vertical
electron detachment energy from 1.94 eV for Mo;,POM to
2.30 eV for W ,POM [20].

Mixed addenda POMs have been examined previously by
many research groups in an effort to access a range of electron-
ic properties of interest to catalysis, energy storage, and chem-
ical sensing [1, 2, 5, 11]. By changing the ratio of the transition
metals, one may tailor the reactivity and stability of mixed
addenda POMs for a particular application. For example,
achieving a balance between reactivity and stability is impor-
tant for catalyst materials that are widely used to improve the
efficiency of chemical reactions. Specifically, a catalyst must
bind reactants strongly enough that they become activated
towards reaction but not so strongly that they cannot leave. In
addition, a catalyst must be stable enough to promote a large
number of reactions and not degrade over time [21, 22].

Mass spectrometry enables a systematic investigation of
the structures and stabilities of mixed addenda POMs pro-
viding unique information on the effect of individual tran-
sition metal atoms on the properties of these species [9,
23]. Mixed Keggin POMs with Mo and W have been
investigated previously by several research groups both
theoretically [24] and experimentally [25, 26]. In the pres-
ent study, we use a straightforward method of preparing
mixed addenda Keggin POMs, PMolz,anO403* (n=0-
12), for analysis by electrospray ionization mass spectrom-
etry (ESI-MS) and examine their dissociation pathways
and relative stability towards fragmentation by means of
collision-induced dissociation (CID) experiments. A few
groups have previously studied the Keggin Mo;,POM,
W,POM, and selected mixed addenda POMs employing
CID to analyze fragmentation patterns of the respective
species [27-32]. However, to the best of our knowledge,
there are no prior reports of systematic atom-by-atom CID
studies of the full range of mixed addenda Keggin POMs.
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The results presented herein demonstrate that the com-
petition between isomerization, fragmentation, and charge
reduction in the mixed addenda POMs is highly sensitive
to the composition of the precursor anion. For example, a
sharp transition in the fragmentation pathways attributed to
the competition between isomerization and fragmentation
was observed following replacement of only two Mo ad-
denda atoms with W atoms in the Mo,;,POM. Furthermore,
CID results reveal an increase in the relative stability of the
anion and a fine balance between dissociation and charge
reduction with an increase in the number of W atoms in
the anion. Our findings provide insight into how the sub-
stitution of individual addenda atoms in Keggin POMs may
be employed to tune the reactivity and stability of these
widely studied species.

Experimental

Sodium phosphomolybdate hydrate (Na3;[PMo;,049].xH,O
CAS: 1313-30-0), sodium phosphotungstate hydrate
(Na3[PW,040].xH,0 CAS: 312696-30-3), and methanol were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used
as received.

Stock solutions of mixed addenda POMs were prepared by
a one-pot synthesis adapted from Altenau et al. [33], where
specific molar ratios of Mo;,-POM:W ,-POM (3:9, 6:6, 9:3)
were added to warm (~60-70°C) deionized water and stirred
for 30 min. The final mixed addenda POM stock solutions had
a concentration of approximately 0.1 M and a pH of 1. Solu-
tions for ESI-MS were prepared by diluting the 0.1 M mixed
POM stock solutions to 100 pM in methanol.

ESI-MS analysis of the mixed addenda POM solutions
was performed using a Bruker HCT-ultra ion trap mass
spectrometer (Bruker Daltonics, Bremen, Germany) oper-
ated in the negative ion mode. Sample solutions were
introduced into the ESI source at a flow rate of 120 puL/h
using a syringe pump (KD Scientific, Holliston, MA,
USA). Typical mass spectrometer conditions were as fol-
lows: capillary temperature, 150°C; high voltage capillary,
3 kV; capillary exit voltage, —60 V; skimmer, —15 V;
octopole rf amplitude, 85 V; scan range, 100-3000m/z.
Negatively charged ions were isolated (isolation width of
15m/z) and subjected to CID using helium as the inert
neutral collision partner. CID experiments were conducted
using the smart fragmentation option of the instrument, in
which the excitation amplitude was varied throughout the
experiment in a range of 30%-200% of the user-defined
excitation amplitude. This approach provides a better cov-
erage of both low- and high-energy dissociation pathways
of the precursor ions in a single MS/MS experiment. In
this study, the excitation amplitude was adjusted for each
POM anion to reduce the relative abundance of the precur-
sor ion to ~30%. Twenty scans were averaged for each
spectrum presented in the figures.
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Results and Discussion

ESI-MS Characterization of Mixed Addenda Keggin
Anions

The full range of mixed addenda POMs was produced
employing a straightforward method described in the
“Experimental” section. The POMs examined in this study
adhere to the molecular formula; PMo;5_,W,Ou0> (n=0-
12). Scheme 1 shows the structure of the Mo;,POM ion
reported in our previous study [34]. For simplicity, we will
hereafter use the number of Mo and W atoms in the
structure to represent the triply charged POM anions
(e.g., PM06W6O403_ = MogW¢POM). Each of the prepared
solutions produces a range of mixed addenda POMs cor-
related with the molar ratio of Mo;,POM:W ,POM used.
For example, the ESI mass spectrum of the solution pre-
pared by mixing a 9:3 ratio of Mo;,POM:W;,POM pro-
duces POMs ranging from Mo;,POM to Mo, WsPOM with
the MogW3;POM showing the highest abundance. Conse-
quently, the full range of mixed POMs was obtained by
preparing solutions with Mo;,POM:W,POM molar ratios
of 3:9, 6:6, and 9:3. An ESI mass spectrum obtained by
mixing equal volumes of all three solutions is shown in
Figure 1. The spectrum contains a complete series of
PMo,,.,W,040>" (n = 0-12) anions. In addition to the 3-
charged POMs, the related 2- charged POMs are produced
by ESI [34-36]. An ESI mass spectrum that includes both
the 3- and 2- ions of all the POMs is shown in Figure S1 of
the Supplementary Material.

CID of Mixed Addenda Polyoxometalates

Each of the triply charged, anionic, mixed addenda POM
species, along with the pure Mo;,POM and W;,POM anions,
underwent CID revealing the most stable dissociation products
for each POM. The mass spectra of all the POMs that were
subjected to CID are compiled in Figure 2. The major frag-
ments observed for each of the POMs are listed in Table 1 for
quick reference. In addition, a complete listing of all dissocia-
tion products and their complementary fragments, along with

MOy~

PM;,04>

Scheme 1. Structures of the Keggin (left) and Lindqvist (right)
anions
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Figure 1. A representative mass spectrum obtained by

electrospray ionization of the mixed addenda POM solutions.
The observed POMs follow the stoichiometry; PMo; 0. W, 0405
(n = 0—12). The number of Mo and W atoms in each POM anion
is provided in the peak labels

the normalized abundances of each product are provided in
Table S1 of the Supplementary Material. Four types of major
fragments were observed in the CID spectra and are color
coded in Figure 2. CID of Mo;,POM, Mo;;WPOM, and
Mo;oW,POM primarily results in formation of M,0,,>"
and its complementary PMs0,g fragment (denoted in red
in Figure 2) along with MgO,s* and its complementary
PM40,5 fragment (denoted in green in Figure 2). In
contrast, CID spectra of PMo,,.,W,040>" (n = 3-12) an-
ions are dominated by the Lindqvist anion MgO1o>~ shown
in Scheme | and its complementary PM¢O,,  fragment
(denoted in blue in Figure 2). The fourth type of fragments
are color-coded purple in Figure 2 and correspond to the
doubly charged POM anions produced either by electron
detachment or protonation of the triply charged precursor
POMs. The four major fragmentation pathways will be
discussed in more detail in the next sections. Additionally,
minor M30102_, M4Ol32_’ M50162_9 and M9O282_ frag-
ments were observed as dissociation products but since
their normalized abundances were well below 15% of the
major fragments, they are not discussed in detail.

The fragmentation pathways of W{,POM and Mo;,POM
observed in this study are consistent with the results reported
previously by Ma et al. [31] for the W1,POM anion and by Cao
et al. [32] for the Mo,,POM anion. Similar to these reports, we
observe MgO19>~ and M;0,,> as the major products of
W,POM and Mo;,POM, respectively. By varying the com-
position of the mixed addenda Keggin POMs, we were able to
observe a transition from one major fragmentation pathway to
another as shown in Figure 3. In the figure, the abundance of all
MgO1o>~ and M,04,>~ fragments normalized to the total inten-
sity of CID fragments is plotted as a function of the number of
tungsten atoms in the precursor ion. The inclusion of W atoms
in the precursor POM anion results in an exponential decrease
of the abundance of the M;05,> fragment and a concomitant
increase in the abundance of the MgO1o>~ fragment. The cross-
over point, at which both fragments are observed at almost
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Figure 2. CID spectra of mass-selected mixed addenda polyoxometalates: PMo15.-WnO40>~ (n = 0—-12). The precursor POMs are
indicated by the ‘star’ symbol. The major metal-oxide doubly charged fragments are represented by color-coded filled circles; blue

(MgO192), red (M702,27), and green (MgO052), whereas their complementary fragments are denoted by unfilled circles of the same
color. The charge loss products are indicated in purple
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Table 1. The major CID products of each of the POM anions. The average m/z
values for each peak are shown in parentheses

POM Major Dissociation Products

PMo;,040° (607)
PMo,;;WO.o> (637)
PMo;oW»040°> (666)
PMooW50.0° (695)
PMosW,40.0°> (725)
PMo;Ws0.40> (754)
PMogW¢O.0> (783)
PMosW-0.0> (813)
PMo,yWsO.40° (842)
PMo;Wo0.0> (871)
PMo,W (040> (901)
PMoW ;040 (930)
PW1,04° (959)

Mo,05,> (512)
MogWO,,> (556)
MosW,0,,> (600)
MosW50,6> (572)
MosW30,6> (572)
Mo,W,010> (617)
MoWs0,6°> (661)
MoWs0,4> (661)
WO1o” (704)
W09 (704)
WeO10> (704)
Ws019° (704)
WeOio™ (704)

PMosO;s (798)
PMoyO;5 (798)
PMOSO 18 (79 8)
PMogO,; (942)
PMosWO,,~ (1030)
PMosWO,, (1030)
PMosWO,,~ (1030)
PMO4W20217 (1 1 18)
PM04W202| (1 1 18)
PMo;W,0,,~ (1206)
PM02W4OZ 1 (1294)
PMoWs0,, (1383)
PW,0,5 (1471)

equal relative abundance, is observed when only two tungsten
atoms are present in the POM. These results may be rational-
ized by assuming that either the structure of the precursor
Keggin-POM or the energetics of the dissociation pathways
are strongly affected by the addition of only one or two tung-
sten atoms to the molybdenum POM. The following discussion
will address these questions in more detail.

Structural Isomers of Keggin Anions

The Keggin anions are known to have five structural isomers
[37-39], which are formed by the 60° rotation of each of the
four M;30,3 units of the lowest energy a-Keggin structure. It
has been proposed that the a-Keggin isomer is the most stable
as it has the least Coulomb repulsion between neighboring
M-M units [40]. Indeed, as the Keggin structure changes from
B, v, 9, to the € isomer, this M—M repulsion increases [39]. This
also explains why, compared with the o and 3 isomers, the vy, d,
and ¢ structures are relatively unstable in the condensed phase.
The y isomers of select tungstates have previously been
synthesized and isolated [41—44], and a few studies have

0.7- = MO/ ¢ MO,

0.6 . " .
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0.4 1 n
0.3 L]
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0.1+ °
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0.0+
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Number of W atoms in POM

Figure 3. Evolution of the total abundance of MgO1¢2~ versus
M-0.,2" dissociation products normalized to the signal of all CID
fragments with an increasing number of W atoms in the mixed
addenda POM. Range of POMs shown Mo{{W-MoW;{POM
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reported the synthesis and characterization of e-Keggin isomers
with encapsulated ions [45-47].

Regarding the symmetry of these isomers, the a-Keggin has a
structure with T4 symmetry, whereas the f-Keggin has Cs,
symmetry [37, 48] The vy, 8, and &€ Keggin anions belong to the
symmetry groups C,,, Csy, and Ty, respectively [37]. It was also
noted that the lowering of symmetry between the o and 3 forms
did not have a substantial effect on the bonding in the unrotated
M;043 units of the POM [48], although the same could not be
said of the last three isomers. From the theoretical analysis
performed on the y-Keggin structure, the consensus is that the
M-M bond distances are decreased to the point that a short M—
M contact is formed in this isomer [37, 40, 49]. The number of
M-M contacts was seen to increase to three and six for the & and
€ isomers, respectively [37]. Again, it is important to note that
the instability of the latter three isomers is related to the Coulomb
repulsion attributable to the decreased M—M distances of these
Keggin structures. This may aid in explaining the CID fragmen-
tation patterns we observed in this study.

For Mo;,POM and W ,POM anions, Poblet et al. [7] cal-
culated the y-Keggin isomer of W{,POM to be 13.9 kcal/mol
(0.6 eV) higher in energy compared with the ground state o-
Keggin structure, whereas for Mo;,POM, the y-Keggin is
estimated to be only 10.4 kcal/mol (0.45 eV) higher in energy.
This 0.15 eV difference in energy between the o and y isomers
is large enough to be observed experimentally. We propose that
the formation of the M;05,>~ fragment may be attributed to the
single close M—M contact, which is formed in the y isomer as
discussed in the literature. It is reasonable to propose that the
Mo;,POM, Mo;;WPOM, and Mo;oW,POM anions receive
sufficient energy via multiple collisions that they form the
v-Keggin isomer with an additional M—M close contact,
causing the preferential dissociation into the M,0,,>" and its
complementary fragment. The larger energy gap between o and
vy isomers for tungsten-rich POM may inhibit isomerization into
and fragmentation from the y-Keggin structure. This likely
explains the preferential formation of the M¢O,o> Lindqvist
anion, which is known to be the most abundant fragmentation
product of the o isomer of W,,POM [31].

Stability of the Lindqvist Anion

The stability of the fragment ions may also be affected by the
substitution of W for Mo in the precursor POM. To the best of
our knowledge, the structure of the M70222* anion has not been
discussed in the literature, whereas the MgO,4° Lindqvist anion
has been studied both experimentally and theoretically [29, 30,
50-56]. Both WO;4> and MogO;o> anions have been charac-
terized using X-ray crystallography, which indicated that their
structures are close to the ideal structure with the Oy, symmetry
[50, 51]. Photoelectron spectroscopy experiments by Yang et al.
confirmed that despite the substantial intramolecular Coulomb
repulsion both anions are very stable [56]. The somewhat higher
adiabatic electron detachment energy of W4O 1927 was attributed
to the stronger metal-oxygen bonding in this system. These
studies demonstrate that both the Mo- and W-based Lindqvist
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anions are stable species, suggesting that the isomerization
prior to fragmentation is likely the primary factor influencing
the competition between the formation of M;0,,> and
MO1o>~ fragment ions in CID of the POM anions.

Segregation of Addenda Atoms in Mixed Addenda
Keggin Anions

As expected, mixed addenda Keggin anions generate a dis-
tribution of M¢O1o°> and M;0,,>" fragments and their com-
plementary ions that contain both W and Mo atoms in differ-
ent proportions. Assuming that metal atoms in the mixed
addenda POM anions are randomly incorporated without
segregation within the Keggin structure, the probability of
removing a given number of W atoms, 7, and Mo atoms, s,
(r+s =206 for MgOo> and + s = 7 for M702227) fromn W
atoms and (12-n) Mo atoms in the precursor anion is propor-
tional to the number of combinations given by Equation 1:

n! 12-n!
ri(n—r)!s!(12-n—s)!

C(n,r) = (1)

The statistical probability distributions corresponding to
random fragmentation of PMo;,.,W,O40>" anions were gen-
erated using Equation 1 and compared with the experimen-
tally observed fragment distributions. The results of this
comparison for the MO1o> and M;0,,% fragments are
shown in Figure 4. From inspection of this figure, it becomes
evident that the experimental fragment distributions deviate
substantially from the calculated random distributions. This
deviation is more pronounced for the MgO,o> fragment
(Figure 4a) and less pronounced for the M;0,,>" fragment
(Figure 4b). For all the precursor ions, we observe that the
doubly charged M¢O1o> and M,0,,>" fragments are
enriched with W atoms whereas Mo is preferentially
partitioned into the complementary singly charged PM¢O,,~
and PM;0,5 fragments. Our results indicate that the metal
atoms are not distributed randomly in the mixed addenda
Keggin anions. This observation is consistent with previous
results from the literature, which indicate that W atoms as
well as other early transition metals substitute preferentially at
the crown sites of mixed Keggin POMs [7, 24, 57, 58]. The
formation of segregated islands of W within mixed addenda
POMs may explain the non-statistical behavior presented in
Figure 4. It is not clear why the M¢O;o> and M;0,,>
products are enriched in W instead of the complementary
PM¢O,; and PMsO;5 fragments. It may possibly be attribut-
ed to the fact that W forms stronger bonds with oxygen than
Mo atoms and, therefore, forms relatively more stable metal-
oxide species than Mo.

Competition Between Fragmentation and Charge
Loss

Another key observation made from the combined CID results
presented in Figure 2 is the higher abundance of the doubly
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Figure 4. Comparison of the experimental abundances of the
major fragments (red) with the calculated abundances of a
purely statistical dissociation process (black outline). Columns
(@) MgO192~ and (b) M;0,,2~ show the progression of these
fragment abundances originating form collision induced disso-
ciation of Mo1{WPOM to MoW4POM (top to bottom)

charged POM anions with increasing amounts of W atoms in
the mixed addenda Keggin system. The doubly charged POM
is seen as a minor feature in the CID spectrum of Mo, W,POM
and it is present in all the mass spectra up to MoW;;POM.
Interestingly, it is not present in the CID spectrum of W,POM.
As mentioned previously, the formation of the doubly charged
mixed addenda POM may be attributed either to electron
detachment or protonation of the triply charged precursor
POM. 1t is not trivial to experimentally differentiate between
electron loss and protonation by analyzing the mass spectra due
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to the broad isotope distributions of both Mo and W. Regard-
less of the mechanism of charge loss, the competition between
this pathway and fragmentation may aid in explaining the
selective formation of doubly charged products of mixed ad-
denda POMs containing 8—11 tungsten atoms. The energetics
of these potential charge loss pathways is discussed below.

Electron loss from the triply charged precursor ion may
occur either by direct electron detachment or a thermionic
emission process [59]. In order for this process to efficiently
compete with dissociation of the POM, the rate constant for
electron detachment, determined by the electron binding ener-
gy, has to be close to the dissociation rate constant. Electron
binding energies of 1.94 and 2.30 eV have been reported
previously for the doubly charged Mo;,POM and W,,POM,
respectively [20], whereas the HOMO-LUMO gaps for the
triply charged anions are 2.03 and 2.8 eV for Mo;,POM and
W,POM, respectively [60]. These results indicate that regard-
less of the charge state, the electron binding energy of
W1,POM is higher than that of Mo;,POM. In addition, Poblet
and co-workers demonstrated that the energy of the LUMO is
substantially decreased when only one W atom in the W;,POM
is replaced with Mo [24]. It is reasonable to assume that the
electron binding energies of the mixed addenda POMs de-
scribed herein fall between these two extremes.

Protonation of the triply charged mixed addenda POMs may
provide an alternate explanation for the doubly charged species
observed in this study. Such a proton transfer process is possible
depending on the proton affinities of the precursor POMs,
presence of water molecules or other acidic neutral species in
the mass spectrometer, and the residence time of the ions in the
quadrupole ion trap. POMs are known to be basic species [1, 24]
and previous studies have estimated the proton affinities of
Mo;,POM and W ,POM to be 17.1 eV (394.3 kcal/mol) and
16.6 eV (382.8 kcal/mol), respectively [20, 61]. By comparison,
the gas-phase acidity of water is in a range of 387.7-390.3 kcal/
mol (http://webbook.nist.gov/chemistry/). It follows that proton
transfer to Mo;,POM from water molecules in the bath gas of
the ion trap is an exothermic process and may occur in our
experiments. In contrast, proton transfer to W,POM is endo-
thermic and is unlikely to contribute to the observed charge loss.
Although to the best of our knowledge proton affinities of mixed
addenda Keggin POMs have not been calculated, it is reasonable
to assume that the values for the PMo;,,W,O4° anions fall
between the proton affinities of Mo;,POM and W,POM. Since
molybdenum-rich Keggin anions have higher proton affinities,
one would expect to observe more efficient proton transfer with
an increase in the number of Mo atoms. Instead, we observe the
doubly charged mixed addenda POM only during CID of
tungsten-rich PMo05,W, 040> (n = 8-11) species while it is
only a minor pathway for other precursor ions.

The lack of the charge loss product in the CID spectrum of
W1,POM may be attributed to the relatively high electron
binding energy and relatively low proton affinity of
W1,POM, which suppress this pathway. In contrast, because
of the lower electron binding energies and proton affinities of
the mixed addenda POM examined in this study, charge loss
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Figure 5. The increase of the effective center-of-mass energy
required for the dissociation of the precursor POM ions with an
increasing number of W atoms in the mixed addenda POM. The
effective center-of-mass energy was calculated based on the
excitation amplitude provided by the instrument software and is
reported in arbitrary units

from these precursor anions is more energetically favorable and
may compete with fragmentation. The CID spectrum of
Mo,POM is dominated by other products, indicating that
fragmentation of Mo;,POM is faster than the charge loss
channel, whether it is by electron detachment or protonation.

As discussed earlier, Mo;,POM is known to be less stable
than W{,POM in solution. In order to explore the relative
stability of the mixed addenda POM towards fragmentation
in the gas phase, we examined the effect of the number of W
atoms in the precursor ion on the effective center-of-mass
fragmentation energy used in our CID experiments. The effec-
tive center-of-mass energy was calculated based on the excita-
tion amplitude provided by the instrument software. The results
are plotted in Figure 5. There is an obvious trend showing that
the excitation energy required to observe a comparable amount
of fragmentation increases with the number of W atoms in the
POM anion. Similar trends were observed previously by
Bonchio et al. during their experiments, which involved mixed
POMs with vanadium and molybdenum atoms incorporated
into the tungstate structure [28]. It follows that the charge loss
process from Mo;,POM is not observed because of the lower
dissociation thresholds. It appears that for the POMs consisting
of 8-11 W atoms in the Keggin framework, both the fragmen-
tation and charge loss pathways are characterized by similar
rate constants, whereas fragmentation is the dominant process
in CID of other POM anions. Our results indicate a close
competition between fragmentation and charge loss pathways
of mixed POM anions.

Conclusions

A straightforward single-step approach was used to
prepare mixed addenda Keggin anions from Mo ,POM
and W,,POM precursors in solution. The resulting
PMo;5.,W,Ou40> (n=0-12) species were characterized using
ESI-MS and CID. The CID results revealed the preference of
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Mo;,POM, Mo;;WPOM, and Mo;,W,POM to form
M70222* fragments (where M = a combination of Mo and
W). In comparison, the well-known Lindqvist anion MgO19>~
was observed as the major fragment of the other mixed adden-
da POM anions. The observation of M;0,,>" species is attrib-
uted to the isomerization of Mo;,POM, Mo;;WPOM, and
Mo;(W,POM into the y-Keggin structure, which has one close
M-M contact. The PMon_uWnO403* (n = 3-12) anions, how-
ever, may not have isomerized beyond the o and p-Keggin
structures.

The distribution of Mo and W atoms in MgO,o> and
M-0,,>" fragments observed experimentally were compared
with the abundances for a purely statistical fragmentation pro-
cess calculated assuming that the metal atoms are located
randomly, without segregation, within the POM anions. It
was found that the metal atoms do, in fact, segregate and prefer
to form oxides involving more W atoms. This was attributed to
the fact that W forms stronger metal-oxygen bonds compared
to Mo.

During CID of mixed addenda POMs with a higher
number of W atoms, apart from the dissociation products,
charge loss products of the parent ions (i.e., the doubly-
charged POMs) were also observed. Specifically, CID products
of PMolz,anO403* (n = 8-11) showed an increased abun-
dance of the doubly charged POMs, along with the other
fragmentation products. This suggests that these mixed
addenda POMs may have a close competition between frag-
mentation and charge loss. These results indicate that by
choosing the type of transition metals and their combination,
one may obtain mixed addenda POMs with a diverse range
of structural and electronic properties. It also demonstrates
that mass spectrometry is a powerful tool that provides atom-
by-atom insight into how metal substitution in mixed adden-
da POMs influences their structure and stability.
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