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a b s t r a c t

Electrospray ionization quadrupole ion trap mass spectrometry (ESI-QIT/MS) of the ammonium
cerium(III) phosphomolybdate complex (NH4)11[Ce(III)(PMo11O39)2] in aqueous media has revealed a
concentration-dependent behavior. Under fixed instrumental parameters, the Ce-containing polyoxo-
molybdate complexes H2Ce(III)P2Mo22O75

3− and Ce(III)PMo11O38
2− are the primary species present at

11 mM (pH = 4.3); at 0.7 mM (pH = 3.6), Ce(III)PMo10O35
2− is the predominant species, Ce(III)PMo11O38

2−

is quite diminished, and H2Ce(III)P2Mo22O75
3− is absent. As a result of the complex isotopic finger-

prints from multiple molybdenums, compositions of such ions are difficult to assign—successive collision
induced dissociation (CID) of large ions produced smaller ions for which calculated and experimental
isotopic patterns could be compared. The oxidation state of Ce and the number of counter cations on
hosphomolybdate

olyoxometalate
erium
ollision induced dissociation

negative complexes was discerned from spectra of ions containing 1H+ and 7Li+. The overall result is an
ESI method applicable to phosphomolybdate complexes containing redox sensitive f-block metal ions
such as Ce(IV) and Pu(III/IV). Dissociation studies also gave insight into favored fragmentation pathways,
and generated gas ions with empirical formulae similar to known condensed-phase ions. Deconvolution
of concentration- and pH-dependent solution behavior via ESI/MS and 31P NMR spectroscopy showed

solut
speciation dependent on

. Introduction

Polyoxometalates (POMs), metal-oxide clusters built from octa-
edral MO6 units (typically M = Mo(VI) or W(VI)), have been
xtensively studied due to their wide array of applications [1].
he complex behavior of iso- and heteropolyoxometalates during
ransference from solution to gas has been determined from inves-
igations via electrospray ionization mass spectrometry (ESI/MS)
2–11]. ESI, while a “soft” process in principle, has the poten-
ial to cause structural and chemical transformations of solution
pecies during ion formation and transport. Concentration and pH
hanges during desolvation of aqueous droplets can induce struc-
ural changes in chemically sensitive molecules [12]. Ion-pairing
nd addition or loss of neutral species are possible consequences
f ESI, and can increase the overall mass/charge ratio (m/z) [12].
n example of this effect is the protonation of surface oxygens
nd subsequent loss of neutral H2O molecules from lacunary Keg-

in ions, e.g., PMo11O39

7− + 4H+ → PMo11O37
3− + 2H2O, which has

een shown to be an effective method of reducing the charge
f these POM ligands during the spray process [9]. Intriguing
oncentration-dependent behavior has also been reported by Bon-

∗ Corresponding author.
E-mail address: JKGibson@lbl.gov (J.K. Gibson).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.09.015
ion concentration, not on pH.
© 2010 Elsevier B.V. All rights reserved.

chio et al., where Keggin ions reform through the formal uptake
of [WO]4+ by PW11O39

7− in dilute solutions of Li7PW11O39 [10].
The inherent electrochemistry of ESI can be used, for example, to
employ the different redox properties of nickel and cobalt por-
phyrins for their independent detection from solution mixtures
[13]. An additional ancillary complication of ESI is that fragmen-
tation may occur during ion transport, prior to collection inside the
ion trap. As a result of these potential ESI and gas-phase effects,
it is common to observe numerous species resulting from a single
solution precursor [12]. Until recently, collision induced dissocia-
tion (CID) results reported for POMs have focused on the preferred
gas-phase degradation pathways of lacunary and plenary Keggin
phosphotungstates. The recent seminal work of Ma et al. estab-
lished a systematic approach to studying the CID fragmentation
of these anions, as well as of the mixed metal Keggin derivatives
Co(II)PW11O38

2− and Fe(III)PW11O39
2−, the Dawson-Wells deriva-

tive Co(II)P2W17O59
4−, and the Tourné sandwich anion derivative

Co(II)4P2W18O65
4− [11].

The potential presence of Keggin-based phosphomolybdate
anions in nuclear waste spurred systematic solution and solid

state investigations into their complexation of trivalent lanthanides
[14,15]. These compounds form metal:ligand complexes, with the
stoichiometries largely dependent on the metal-to-ligand ratios
used during synthesis [16]. In the case of the 1:2 complex,
(NH4)11[Ce(PMo11O39)2], the structure has been determined and

dx.doi.org/10.1016/j.ijms.2010.09.015
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:JKGibson@lbl.gov
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ig. 1. Polyhedral representation of the solid state 1:2 Ce-phosphomolybdate com-
lex [Ce(PMo11O39)2]11− [14].

eveals the Ce(III) metal ion resides in the vacancy of two lacunary
hosphomolybdates (Fig. 1). This structure-type is found across
he trivalent lanthanide series, as well as for the tetravalent met-
ls Ce(IV) and Th(IV). Comparison of solution and solid-state IR
nd 31P NMR provide evidence that these complexes are stable
n solution and as solids. Although this system has been stud-
ed extensively in the condensed-phase [17,18], little has been
eported regarding the gas-phase chemistry of POM-coordinated
-block metal complexes. However, ESI has been used as a charac-
erization tool for lanthanide-phosphotungstate complexes [19];
he results reveal that these complexes can indeed be trans-
erred to the gas phase, concurrent with evaporation of water to
eplete surface POM oxygens [19]. We report the ESI behavior
f the trivalent lanthanide lacunary phosphomolybdate complex
NH4)11[Ce(III)(PMo11O39)2]. Methods for identifying prominent
erium-phosphomolybdate species and determining the number
f counter cations are described, which enables verification of
he cerium oxidation state, Ce(III) or Ce(IV). A notable result is
hat these ligands stabilize cerium with respect to redox activity
hroughout the ionization and ion transport processes. An overar-
hing goal of this work is to promote ESI/MS as a complementary
nvestigative tool, along with solution and solid state spectroscopic
nd structural characterizations, for large inorganic complexes.

. Experimental

.1. Synthesis and preparation of complexes

Polyoxometalate salts were prepared as previously described:
NH4)11[Ln(PMo11O39)2], Ln(III)POM where Ln = Ce, Pr, Eu or Tm
14,15,17]. In summary [15], H3PMo12O40 was dissolved in H2O
ith stirring and the pH adjusted by the addition of Li2CO3 to

.3 to yield [PMo11O39]7− as the dominant phosphomolybdate
pecies. Ln(III)(NO3)3·6H2O was then added in a stoichiometric 2:1
Mo11:Ln(III) ratio, resulting in a drop of ∼1 pH unit. The pH was
djusted back to 4.3 by the addition of Li2CO3 and NH4Cl. As in the
revious work [15], 31P NMR was used to confirm that the com-
lex anion was present in solution. No free ligand was observed in
olutions produced from precipitated Ln(III)POM salts. H2O used in
reparation of all solutions was microfiltered to 0.22 �m and puri-
ed to 18.5 M� using a Gradient A-10 Milli-Q distiller. All solutions
ere filtered with 0.2 �m nylon microfilters prior to ESI/MS or 31P
MR measurements.

.2. In situ dilution
Gaunt et al. reported crystalline structures corresponding to
NH4)11[Ln(PMo11O39)2]·16H2O [14]; Copping et al. subsequently
eported that bulk Ln(III)POM samples contain somewhat more
ater [15], as in (NH4)11[Ce(PMo11O39)2]·21H2O. In computing the
ass Spectrometry 299 (2011) 35–46

solution concentrations, we employ the extent of hydration deter-
mined by Copping et al. [15] for materials prepared and handled
under similar conditions as ours; although the reported absolute
concentrations are considered uncertain by up to ∼10%, the rela-
tive concentrations of the diluted solutions are accurate to within
<5%. 11.2 mM Ce(III)POM solutions (pH = 4.4) were prepared by dis-
solving 60 mg Ce(III)POM in 1.3 mL H2O. A syringe of the 11.2 mM
solution was injected into the MS and spectra were acquired.
The solution in the syringe was diluted by a factor of four, i.e.
20 �L 11.2 mM Ce(III)POM was diluted to 80 �L 2.8 mM by draw-
ing 60 �L H2O into the syringe; mixing was ensured by ejecting
the solution into a small vial and redrawing it into the syringe. A
0.70 mM Ce(III)POM solution was similarly prepared by dilution of
the 2.8 mM solution. In view of the concentration uncertainties, the
concentrations of the three primary Ce(POM) solutions are referred
to as 11 mM, 3 mM and 0.7 mM. Solutions of Ce(III)POM were
also prepared at 3 mM (pH = 3.9) and 0.7 mM (pH = 3.6) by dilut-
ing an 11 mM stock solution. Additionally, 1.2–1.3 mM solutions of
Ln(III)POM (Ln = Pr, Eu, and Tm) were prepared by dissolving 5.2 mg,
5.4 mg, and 5.0 mg of each salt, respectively in 1 mL H2O.

2.3. pH dependence

The pH of an 11.2 mM solution of Ce(III)POM was adjusted with
0.1% HCl to values of 4.43, 3.96, 3.60, 3.20, and 2.84. Subsequent
to each pH adjustment, an aliquot was removed for ESI/MS and a
31P NMR spectrum was acquired from the remaining solution. Each
pH adjustment equated to an addition of 1–2 drops of acid, thereby
minimizing variations in the concentration of Ce(III)POM.

2.4. Concentration dependence

An 11.2 mM solution was diluted with water to concentrations
of 5.6 mM, 1.1 mM, 0.56 mM, and 0.11 mM. After each dilution, the
solution pH was adjusted back to 4.3 with 0.1% HCl or 1% NH4OH.
ESI/MS and 31P NMR spectra were taken in a similar manner as with
the pH dependence experiments.

2.5. Effect of metal:ligand ratio

ESI/MS and 31P NMR spectra were taken before and after addi-
tion of one equivalent of Ce as Ce(NO3)3·6H2O to an 11.3 mM
solution of Ce(III)POM. The solution pH was adjusted back to 4.3
with 0.1% HCl and 1% NH4OH.

2.6. ESI/MS

Experiments were performed with an Agilent 6340 Quadrupole
Ion Trap (QIT) mass spectrometer with MSn CID capabilities. In high
resolution mode, the instrument has a detection range of 50–2200
m/z and resolution of ∼0.25 m/z. Mass spectra were recorded in the
negative ion detection mode. Spectra were taken with the following
instrumental parameters: solution flow rate, 60 �l/min; nebulizer
gas pressure, 15 psi; capillary voltage and current, 3500 V, 4.883 nA;
end plate voltage offset and current, −500 V, 10 nA; dry gas flow
rate, 5 l/min; dry gas temperature, 325 ◦C; capillary exit, −100 V;
skimmer, −40 V; octopoles 1 and 2 DC, −12.00 V and −1.70 V;
octopole RF amplitude, 108.9 Vpp; lenses 1 and 2, 5.0 V and 60.0 V;
trap drive range, 99–149. Solutions were directly injected into the
electrospray capillary using a syringe pump. Nitrogen gas was sup-
plied from a vapor–liquid nitrogen dewar. CID experiments were

performed using the He trapping gas; tickling voltages ranged
between 0.30 V and 1.50 V, applied for 40 ms. The instrumental
parameters were chosen to optimize the mass spectral intensity
and resolution. No systematic study of the effects of drying gas
temperature (or other instrumental parameters) was performed;
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t is certainly feasible that speciation which is more representa-
ive of that in solution might be observed with lower drying gas
emperatures, or other instrumental parameters.

The naturally occurring relative abundances of the ele-
ents studied are as follows: 92Mo/61.5, 94Mo/38.3, 95Mo/66.0,

6Mo/69.1, 97Mo/39.6, 98Mo/100.0, 100Mo/39.9; 136Ce/0.2,
38Ce/0.3, 140Ce/100.0, 142Ce/12.3; 141Pr/100.0; 151Eu/91.6,
53Eu/100.0; 169Tm/100.0. The identities and charges of species
ere assigned by peak separation and experimental/computed

sotopic pattern comparisons. The m/z values used to denote
pecific species correspond to the most abundant peak. As the
sotopic patterns become complex with increasing number of

olybdenum atoms, some isotopic identification comparisons
ere made following CID experiments, employing fragments with

impler isotopic patterns.

.7. 31P NMR

Spectra were taken on a Bruker Avance DPX300. The number of
cans was linear with solution concentration, from 103 scans for
1 mM solutions to 105 scans for 0.11 mM solutions.

. Results and discussion

.1. General considerations
In several instances, CID reactions produce either neutral ions
r ions lying beyond the detection range of the mass spectrome-
er in high-resolution mode. The compositions of neutral species

ust be inferred. In all chemical equations, neutral species and
ons which were not directly identified are shown in italics. Cerium

ig. 2. Spectra of (NH4)11Ce(III)(PMo11O39)2(aq) at (A) 11 mM, (B) 3 mM, and (C) 0.7
i2Ce(III)PMo11O39

2− , Ce(III)PMo11O38
2− (1:1), and H2Ce(III)P2Mo22O75

3− (1:2; only appa
ass Spectrometry 299 (2011) 35–46 37

phosphomolybdate fragments above the upper m/z limit of the
spectrometer were inferred from the presence of the complemen-
tary low-m/z phosphomolybdate species. Species presumed to be
present in solution prior to ESI are so indicated; all other species are
in the gas phase. Protonation and evaporation of water from sur-
face oxo-atoms can occur during ESI, such that the Mo/O ratios in
ESI mass spectra are generally not indicative of the compositions
of the oxygen-saturated polyoxometalate solution precursors. To
assist in the confirmation of species identity, CID studies were con-
ducted on prominent species to make comparisons between gas-
and condensed-phase speciation.

3.2. Primary spectra

ESI/MS of Ce(III)POM solutions, acquired for the 11 mM,
3 mM, and 0.7 mM solutions, yielded distinct mass spectra
after each successive dilution (Fig. 2). A key point is that the
pH changes during the dilution, ranging from 4.3 at 11 mM,
to 3.9 at 3 mM, to 3.6 at 0.7 mM. Dominant species pro-
duced from 11 mM solutions are the 1:2 and 1:1 complexes,
H2Ce(III)P2Mo22O75

3− and Ce(III)PMo11O38
2−. The 1:2 gas-phase

complex, H2Ce(III)P2Mo22O75
3−, derived from the 1:2 solution

complex, [Ce(III)(PMo11O39)2]11−, is presumed to correspond to a
cerium sandwiched between two phosphomolybdates, each con-
taining 11 molybdenum atoms: where (w + y) = 75 and (x + z) = 2.
As the distribution of oxygen and hydrogen atoms between the

two phosphomolybdate ligands – i.e., the values of w, x, y and
z – is not known, only the net formula of the gas-phase 1:2
complex is presented; the cerium sandwich complex structure
is presumed. H2Ce(III)P2Mo22O75

3− results from the protonation
and dehydration of the solution precursor, [Ce(III)(PMo11O39)2]11−.

mM concentrations. The Ce-containing ions are identified: Ce(III)PMo10O35
2− ,

rent in spectrum A).
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Fig. 3. Successive CID fragmentation spectra of (A) H2Ce(III)P

rotonation of surface oxygens and ejection of three H2O molecules
rom the solution species would account for the formation of

2Ce(III)P2Mo22O75
3− during ESI, as represented by Eq. (1)

8[Ce(III)(PMo11O39)2]3−
(aq)

ESI−→3H2O(g) + H2Ce(III)P2Mo22O3−
75 (g) (1)

Similar effects during the spray process have been observed
ith both Ln-phosphotungstate complexes and bare ligands, such

s PMo11O39
7− [9,19]. Other major species in the parent spectrum

not labeled in Fig. 2A) include HMoaO3a+1
− (a = 3–7), MobO3b+1

2−

b = 2–5), PMocO3c+3
− (c = 3–5), and Ce(III)PModO3d+5

2− (d = 4–10).
The assigned identity of the species at 1175 m/z,

2Ce(III)P2Mo22O75
3−, is supported by CID (Fig. 3). The pri-

ary fragmentation pathway of H2Ce(III)P2Mo22O75
3− produces

Ce(III)P2Mo18O62
2− by ejection of HMo4O13

− (Eq. (2a); Fig. 3A).
second pathway also appears revealing degradation of

2Ce(III)P2Mo22O75
3− to H2Ce(III)PMo16O54

2− by ejection of
Mo6O21

− (Eq. (2b)).

2Ce(III)P2Mo22O3−
75 (g)

CID−→HMo4O−
13 (g)+ HCe(III)P2Mo18O2−

62 (g)

(2a)

2Ce(III)P2Mo22O3−
75 (g)

CID−→PMo6O−
21 (g)+ H2Ce(III)PMo16O2−

54 (g)

(2b)

The identity of HMo4O13
− is substantiated by direct comparison

f experimental and calculated isotopic patterns. The identity of the
ID product PMo6O21

− is established by both its m/z position and
ID behavior as compared to that of PMo6O21

− in the primary spec-
ra. Further isolation and fragmentation of HCe(III)P2Mo18O62

2−

Eq. (3a)–(3c)) yields the series of phosphomolybdate fragments,
MoeO3e+3

− (e = 3–5), to form cerium-phosphomolybdates of the
eries HCe(III)PMo O − (f = 13–15; Fig. 3B)
f 3f+5

Ce(III)P2Mo18O2−
62 (g)

CID−→PMo3O−
12 (g)+ HCe(III)P2Mo15O−

50 (g) (3a)

Ce(III)P2Mo18O2−
62 (g)

CID−→PMo4O−
15 (g)+ HCe(III)P2Mo14O−

47 (g) (3b)
O75
3− , (B) HCe(III)P2Mo18O62

2− , and (C) HCe(III)P2Mo13O44
− .

HCe(III)P2Mo18O2−
62 (g)

CID−→PMo5O−
15 (g)+ HCe(III)P2Mo13O−

44 (g) (3c)

Major CID products of HCe(III)P2Mo13O44
− form through loss of

either Mo3O9 or Mo6O18, as indicated in Eqs. (4a and 4b) (Fig. 3C)

HCe(III)PMo13O−
44 (g)

CID−→Mo3O9 (g)+ HCe(III)PMo10O−
35 (g) (4a)

HCe(III)PMo13O−
44 (g)

CID−→Mo6O18 (g)+ HCe(III)PMo7O−
26 (g) (4b)

Upon dilution to 3 mM (pH = 3.9), no detectable solution pre-
cursor, H2Ce(III)P2Mo22O75

3−, remains intact (Fig. 2B). Instead,
the spectrum evolves with decreasing concentration such that the
dominant species are Ce(III)PMo10O35

2−, Ce(III)PMo11O38
2−, and

Li2Ce(III)PMo11O39
2−; the origin of this last species, which con-

tains Li, is discussed below. The spectrum continues to change at
lower concentration (0.7 mM), with Ce(III)PMo10O35

2− becoming
the most prominent species (Fig. 2C).

3.3. Lithiated species

A pronounced ‘tail’ is observed at higher m/z in close proximity
to the 1:2 H2CeP2Mo22O75

3− complex (Fig. 2A). To determine the
nature of this tail, CID studies were performed with the excitation
voltage centered at 1170, 1180, and 1190 m/z, each after isolation
with a width of 10 m/z (Fig. 4). As discussed above, the results at
1170 m/z indicates a species identified as H2Ce(III)P2Mo22O75

3−.
Results at 1180 m/z and 1190 m/z indicate the presence of
HgLi2−gCe(III)P2Mo22O75

3− and HgLi4−gCe(III)P2Mo22O76
3− where

g = 0 or 1 (Fig. 4C and D); Li2Ce(III)PMo11O39
2− (933 m/z) is

also present as a peak envelope centered around m/z 15 above
Ce(III)PMo11O38

2− (Fig. 2B). The identity of these partially lithiated

species is supported again by CID. Both HgLi2−gCe(III)P2Mo22O75

3−

and HgLi4−gCe(III)P2Mo22O76
3− (g = 0 or 1) fragment in a sim-

ilar manner as H2Ce(III)P2Mo22O75
3−, through production of

partially lithiated tetramolybdate, [H/Li]Mo4O13
− and either

LiCe(III)P2Mo18O62
2− (1465 m/z) or Li3Ce(III)P2Mo18O63

2− (1480
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3.4. Thermodynamics of H2O and Li2O elimination

An interesting result is the successful transference of
[HLi3/Li4]Ce(III)P2Mo22O76

3− and Li2Ce(III)PMo11O39
2− ions into

the gas phase. Given the absence of the corresponding protonated
ig. 4. (A) Spectra of Ce(III)POM highlighting H2Ce(III)P2Mo22O75
3− (red), HgLi2−

2Ce(III)P2Mo22O75
3− , (C) HgLi2−gCe(III)P2Mo22O75

3− , and (D) HgLi4−gCe(III)P2Mo22

170 m/z, 1180 m/z, and 1190 m/z, respectively (g = 0, 1). (For interpretation of the
rticle.)

/z), respectively (Fig. 4C and D). Successive degradation of
gLi2−gCe(III)P2Mo22O75

3− eventually forms LiCe(III)PMo7O26
−, in

irect analogy to HCe(III)PMo7O26
− from H2Ce(III)P2Mo22O75

3−.
pparently, Li+ ions used to adjust the pH during the synthesis
o-precipitate with H+ and are carried over into the Ce(III)POM
olutions. This allows for ion-pairing competition during des-
lvation. The result is the presence of lithiated species which,
ortuitously, assist in determining the quantity and identity of
ations present on the large 1:2 complexes in the gas phase.

The exact composition of H2Ce(III)P2Mo22O75
3− is difficult to

efinitively establish. While successive CID events do support the
ssignment, instrumental limitations prevent direct comparison of
xperimental and calculated isotopic patterns of observed ions pro-
uced after several iterations of isolation and fragmentation, i.e.
MS4. The molybdenum count in the ion HCe(III)PMo7O26

− is sup-
orted by its m/z position at twice that of Ce(III)PMo7O26

2−, an
on observed in the primary spectra, as confirmed by CID (Fig. 5)
20]. Identification of a proton on a large multiply charged ion,
specially those containing isotopically-rich elements such as Mo,
s challenging given the resolution of the QIT/MS. The presence
f the redox active Ce metal ion introduces additional complicat-
ng effects as it would be difficult to differentiate such ions as
Ce(IV)P2Mo22O75

3− from H2Ce(III)P2Mo22O75
3−. However, suc-

essive degradation of HgLi2−gCe(III)P2Mo22O75
3− to eventually

orm HCe(III)PMo7O26
− yields an ion that can be directly compared

o LiCe(III)PMo7O26
−. In particular, the two ions HCe(III)PMo7O26

−

nd LiCe(III)PMo7O26
−, are separated by ∼6 m/z (Fig. 6), support-
ng the proposition of substitution of H+ by Li+ and, therefore, the
dentity of LiCe(III)PMo7O26

−. These results also aid in assigning
he proton count on H2Ce(III)P2Mo22O75

3−, HCe(III)P2Mo18O62
2−,

nd HCe(III)PMo13O44
−, thereby indicating the trivalent oxidation

tate of cerium throughout. Although Ce(III) would not necessarily
)P2Mo22O75
3− (blue), and HgLi2−gCe(III)P2Mo22O75

3− (purple); g = 0, 1. CID of (B)
, performed by isolating and fragmenting with mass range of 10 centered around
nces to colour in this figure legend, the reader is referred to the web version of the

expected to be oxidized to Ce(IV) under the conditions of these
experiments, confirming that cerium remains in the Ce(III) oxi-
dation state from solution throughout the electrospray and CID
processes is a useful methodology for oxidation state determina-
tion of redox active metal-complexes with f-block elements such
as Ce(IV) and Pu(III/IV).
Fig. 5. CID spectra of Ce(III)PMo7O26
2− yielding PMo3O12

− (510 m/z) and
Ce(III)Mo4O14

−(747 m/z). Inset shows consistency between experimental (peaks)
and calculated (bars) isotopic patterns of Ce(III)Mo4O14

− .
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[Ce(III)(PMo11O39)2] [15]. The singlet at −5.8 ppm closely
matches this value; the singlet at −6.9 ppm is then presumed
to correspond to the 1:1 complex, HxCe(III)P2Mo11O39

(4−x)−; pH-
dependent protonation of the 1:1 complex—i.e., the value of x – was
indicated by the pH studies discussed in the next section. The above
Fig. 6. CID products of HCe(III)PMo13O35
− and LiCe(III)PMo13O35

− . A shift of

pecies, H4Ce(III)P2Mo22O76
3− and H2Ce(III)PMo11O39

2−, this sug-
ests that multiply lithiated species are more stable with respect
o Li2O formation and loss as compared to protonated species
nd H2O-loss. Simplistically, the comparative thermodynamics for
2O- and Li2O-elimination might be evaluated from the gas-phase

eactions given by Eqs. (5a) and (5b).

4CeP2Mo22O76
3− → H2Ce(III)P2Mo22O75

3− + H2O (5a)

i4CeP2Mo22O76
3− → Li2Ce(III)P2Mo22O75

3− + Li2O (5b)

As the coordination energy of the H+ and Li+ counter ions to the
eP2Mo22O76

7− anions should be roughly comparable, the energy
ifference between Eqs. (5a) and (5b) could be approximated by
he enthalpies for Eqs. (6a) and (6b), the first of which is more
xothermic.

H + O → H2O �H[6a] = −927 kJ mol−1 (6a)

Li + O → Li2O �H[6b] = −734 kJ mol−1 (6b)

However, a more realistic assessment of H2O and Li2O elimina-
ion should consider the reactions and associated thermodynamics
f the charged counter ions, H+ and Li+, to produce H2O and Li2O, as
hown in Eqs. (7a) and (7b), where IE is the ionization energy and
A the electron affinity.

H+ + O2− → H2O �H[7a] = �H[6a] − 2{IE[H+]}
− EA[O] − EA[O−] = −3551 kJ mol−1 −EA[O] − EA[O−] (7a)

Li+ + O2− → Li2O �H[7b] = �H[6b] − 2{IE[Li+]}
− EA[O] − EA[O−] = −1774 kJ mol−1 −EA[O] − EA[O−] (7b)

Eq. (7a) is 1777 kJ mol−1 more exothermic than Eq. (7b), pri-
arily due to the much higher IE[H] = 13.60 eV (1312 kJ mol−1)

ompared to IE[Li] = 5.39 eV (520 kJ mol−1). The conclusion of this
lementary energetic analysis is that H2O elimination from proto-
ated oxides is thermodynamically much more favorable than Li2O
limination from lithiated oxides, in accord with the experimental
bservations. The propensity to retain lithiated species in prefer-

nce to protonated species, even with minor amounts of Li+ ions
vailable, can be attributed to the much higher ionization energy
f hydrogen to produce H+ counterions as compared with lithium
o produce Li+ counterions. It is anticipated that this should also
e observed with heavier alkali metal ions, which could provide
is observed, consistent with the difference due to 7Li+ substitution for 1H+.

a new opportunity for greater mass separation than between 1H
and 7Li.

3.5. Solution versus gas-phase speciation by ESI and 31P NMR

3.5.1. Varying M:L ratio
Analysis of an 11 mM solution by 31P NMR indicates the pres-

ence of two phosphorous complexes with chemical shifts of
−5.8 ppm and −6.9 ppm (Fig. 7). A chemical shift of −5.6 ppm
has been previously reported for the 1:2 solution complex,

11−
Fig. 7. 31P NMR spectra of a 10 mM Ce(III)POM solution (top); and a 10 mM
Ce(III)POM solution to which one equivalent of Ce3+, as Ce(NO3)3·6H2O, was added
(bottom). Inset shows ESI/MS spectra under the same conditions. Peak labels indi-
cate the Ce(III)PMo11O38

2− (1:1) and H2Ce(III)P2Mo22O75
3− (1:2) complex ions; the

solution compositions of the 1:1 and 1:2 ions are not the same as in the gas-phase.
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ig. 8. 31P NMR spectra of 11 mM Ce(III)POM at pH ranging from 4.80 (top left) to 2.84
e(III)PMo11O38

2− (1:1) and H2Ce(III)P2Mo22O75
3− (1:2) ions; the corresponding so

1P NMR assignments are supported by 31P NMR and ESI analyses
f an 11 mM Ce(III)POM solution to which was added one equiv-
lent of Ce3+ as Ce(NO3)3·6H2O, which should drive the solution
quilibrium towards the 1:1 complex. The result is the disappear-
nce of the peaks attributed to the 1:2 complex in both 31P NMR
nd ESI spectra (Fig. 7). In the solution with excess Ce3+, the 1:1
omplex is the only significant species observed in ESI/MS and,
hen compared to the 31P NMR spectra, is assigned a chemical

hift of −6.9 ppm in the 11 mM, pH 4.3 solution. The results of this
xperiment demonstrate that the species in the ESI mass spectra are
irectly representative of species in the precursor solution: when
he 1:2 complex is absent in the solution, it is not seen by ESI/MS.

.5.2. Varying pH; constant concentration
Dilution of the 11 mM CePOM solution is accompanied by a

ecrease in pH. Accordingly, spectral analyses of Ce(III)POM at a
onstant concentration were performed via 31P NMR and ESI/MS
hile adjusting the pH from 4.8 to 2.8 in ∼0.4 pH increments. The
ost notable effect across this pH range is a change in the 31P
MR chemical shift of the 1:1 complex (Fig. 8) The change in this
hemical shift is attributed to a change in the extent of solution
rotonation and, as a result, a change in the net charge of the com-
lex [15]. In contrast to the 1:1 HxCe(III)PMo11O39

(4−x)− complex,

he change in the chemical shift for the 1:2 [Ce(III)(PMo11O39)2]11−

omplex is minor across the studied pH range, indicating little if
ny protonation of the 1:2 complex with decreasing pH, as reflected
y the un-protonated formulation. The chemical shift of the peak

dentified as the 1:1 complex – initially −6.9 ppm at pH 4.80 – even-
m right). Insets show ESI/MS spectra under the same conditions. Peak labels indicate
ion compositions are 1:1 HxCe(III)PMo11O39

(4−x)− and 1:2 Ce(III)P2Mo22O78
11− .

tually overtakes that for the 1:2 complex, appearing at −5.2 ppm
at pH 2.84, further supporting its identification. The 1:1 complex
should be more receptive towards protonation compared to the 1:2
complex. In the 1:1 complex, half of the cerium coordination envi-
ronment is accessible to hydration and hydrolysis whereas in the
1:2 complex, all cerium coordination sites are shielded by the two
POM ligands (Fig. 1). No significant pH effect is noted in the ESI/MS
spectra, aside from an increase in the Ce(III)PMo10O35

2− peak
intensity (see Fig. 8, pH = 2.84; this enhanced peak is the intense
peak appearing at lower m/z than the 1:1 peak). No discrete 31P
NMR signal is observed that can be assigned to the solution equiv-
alent of this Ce(III)PMo10O35

2− ion. Also present in the 31P NMR
spectra for pH 3.20 and 2.84 are peaks assigned to PMo11O39

7−,
which indicates partial solution degradation of the Ce(III) POMs
under these acidic conditions; this is consistent with the appear-
ance of an ESI/MS species which corresponds to MoO3-elimination
from Ce(III)PMo11O38

2−.

3.5.3. Varying concentration; constant pH
To further deconvolute the interdependency of the solu-

tion and ESI/MS behavior on pH and concentration, spectra
were taken for 11 mM, 5.6 mM, 1.1 mM, 0.56 mM, and 0.11 mM
solutions of Ce(III)POM, all at a constant pH of 4.3 (Fig. 9).

At 11 mM Ce(III)POM, both H2Ce(III)P2Mo22O75

3− (1:2) and
Ce(III)PMo11O38

2− (1:1) are clearly present in ESI/MS and 31P NMR
spectra—it should be reiterated that the specified ESI/MS ion com-
positions differ from the solution compositions: in solution, the
1:2 complex is [Ce(III)(PMo11O39)2]11− and the 1:1 complex is
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Fig. 9. 31P NMR spectra of Ce(III)POM at pH = 4.3 ranging from 11 mM (top) to
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.11 mM (bottom). Insets show the corresponding ESI/MS spectra. Labels indicate
:2 H2Ce(III)P2Mo22O75

3− , 1:1 Ce(III)PMo11O38
2− , and Ce(III)PMo10O35

2−; the 1:1
nd 1:2 (and presumably Ce(III)PMo10O35

2−) solution compositions differ from the
as-phase compositions.

xCe(III)P2Mo11O39
(4−x)−. The behavior of the 11 mM solution is

imilar to that observed for 5.6 mM. In contrast, the 1:2 com-
lex is not found in either ESI/MS or NMR spectra in the 1.1 mM

nd 0.56 mM solutions. At a concentration of 0.11 mM, the 1:1
omplex disappears and is evidently replaced by a phosphorous
ontaining species with a chemical shift of −6.1 ppm. This change
s also noted in the 0.11 mM ESI/MS spectrum, in which very lit-
le Ce(III)PMo11O38

2− is observed and Ce(III)PMo10O35
2− becomes
ass Spectrometry 299 (2011) 35–46

pronounced. Another 31P NMR signal at +0.3 ppm is seen growing
in at 5.6 mM and is significant in 0.11 mM solutions. A concurrent
increase in the relative intensity of Ce(III)PMo7O26

2− in ESI/MS is
also observed. This latter ion is the dominant species observed
in ESI/MS analysis of 110 �M solutions and supports tentative
assignment of chemical shifts of +0.3 ppm and −6.1 ppm to the
solution precursors of the Ce(III)PMo7O26

2− and Ce(III)PMo10O35
2−

ESI/MS ions, respectively, at pH 4.3. The identities and charges
of the oxygen-saturated solution precursors of these ions remain
unknown.

3.6. Solution and ESI speciation

Dominant ESI/MS Ce-containing species in concentrated solu-
tions, produced from dissolving the precipitated 1:2 complex,
are H2Ce(III)P2Mo22O75

3− and Ce(III)PMo11O38
2− (Fig. 2A). As dis-

cussed in Section 3.5, 31P solution studies confirm that both
complexes are present in solution, as [Ce(III)(PMo11O39)2]11− and
HxCe(III)P2Mo11O39

(4−x)−, respectively, where x represents the
variable extent of protonation of the 1:1 complex in solution.
Notably, the relative abundances of the 1:2 and 1:1 complexes
in the ESI spectra are not as in solution, as indicated by the
31P NMR peak intensities: in the ESI spectra, the relative inten-
sity of the 1:2 complex appears as much lower than its relative
concentration in solution. This may partially result from vari-
ations in the trapping and detection sensitivity of the QIT/MS
with increasing m/z. When the pH is not adjusted during dilu-
tion, a decrease in pH from 4.3 to 3.6 is observed upon dilution
from 11 mM to 0.7 mM. 31P NMR spectra also reveal the presence
of free ligand, HxPMo11O39

(7−x)−, in dilute Ce(III)POM solutions.
Combined, these observations suggest an equilibrium shift in
solution upon dilution from the 1:2 sandwich complex to a
singly-bound 1:1 Ce-complex, along with hydrolysis of the Ce
ion. Eq. (8a) gives such an idealized solution reaction (denoted
as “in situ”); Eq. (8b) hypothesizes the subsequent ESI reaction to
yield Ce(III)PMo11O38

2− from (OH)xCe(III)PMo11O39
(4+x)− solution

species. Based on the absence of Ce(III)PMo11O38
2− in any of the

CID spectra of H2Ce(III)P2Mo22O75
3−, it is concluded that the 1:1

complex is not produced through gas fragmentation of precursors
during ion transport. However, the possibility of a 1:2 to 1:1 conver-
sion during the spray processes of droplet desolvation and analyte
charge reduction cannot be ruled out.

xH2O(aq) + Ce(III)(PMo11O39)11−
2 (aq)

in situ−→ PMo11O7−
39 (aq) + xH+

(aq)

+ (OH)xCe(III)PMo11O(4+x)−
39 (aq) (8a)

(x + 2) H+
(aq) + (OH)xCe(III)PMo11O4+x

39 (aq)(x + 1) H2O(g)

+ Ce(III)PMo11O2−
38 (g) (8b)

Formation of the new species, Ce(III)PMo10O35
2−, at low con-

centration might be attributed to several potential processes,
including: (1) the ejection of a neutral plenary phosphomolybdate,
H3PMo12O40 (Eq. (9a)), during ESI, (2) successive fragmentation
(generically denoted as “Frag”) of solution parent species through
the ESI and ion transport processes (e.g., Eqs. (9b) and (9c)), or (3) a
stable solution species formed most favorably at lower concentra-
tions. However, as this new species is noted from solutions which

do not contain the 1:2 complex, and its presence and intensity do
not correlate with the ESI/MS intensity of the 1:1 complex (Fig. 2),
Eqs. (9a)–(9c), as well as other gas-phase processes, can be excluded
as feasible explanations. It is therefore concluded that the precur-
sor of Ce(III)PMo10O35

−
(g) is a new stable solution species formed
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Fig. 10. Spectra taken from aqueous solutions of (A) 0.7 mM Ce(III)POM, (B) 1.2 mM Pr(III)POM, (C) 1.3 mM Eu(III)POM, and (D) 1.2 mM Tm(III)POM. Highlighted
Ln-phosphomolybdate ions are Ln(III)PMo6O23

2− (red), Ce(III)PMo7O26
2− (green), Ce(III)PMo8O29

2− (purple), Ce(III)PMo9O32
2− (teal), Ce(III)PMo10O35

2− (orange), and
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e(III)PMo11O38 (grey). Non-highlighted species do not contain a lanthanide. (Fo
he web version of the article.)

t low concentrations.

3Ce(III)P2Mo22O2−
75 (aq)

ESI−→H3PMo12O40 (g) + Ce(III)PMo10O2−
35 (g)

(9a)

Ce(III)P2Mo22O4−
75 (g)

Frag−→HMo4O−
13 (g)+Ce(III)P2Mo18O3−

62 (g)

Frag−→PMo5O−
18 (g) + Ce(III)PMo13O2−

44 (g)

Frag−→Mo3O9 (g) + Ce(III)PMo10O2−
35 (g) (9b)

e(III)PMo11O2−
38 (g)

Frag−→MoO3 (g) + Ce(III)PMo10O2−
35 (g) (9c)

.7. Variations in speciation across the LnPOM series

ESI/MS spectra were acquired for 0.7 mM–1.3 mM
n(III)POMPMo10O35

2− solutions for Ln = Ce, Pr, Eu and Tm
Fig. 10) The appearance of Ln(III)PMo10O35

2− as the dominant
on occurs across the Ln series. While the main features remain
nvariant, Ln(III)PMo11O38

2− is most prominent for Ce and clearly

ecreases in relative abundance across the series; the opposite is
rue for the smaller Ln-phosphomolybdate species, LnPMo6O23

2−

nd LnPMo7O26
2−, which increase in relative abundance across

he series. A detailed understanding of these variations in ESI/MS
pectra is beyond the scope of this work.
pretation of the references to colour in this figure legend, the reader is referred to

3.8. Relationship between gas- and condensed-phase complexes

A key issue raised by these results is whether or not con-
nections can be made between observed gas-phase species and
stable lanthanide-polyoxometalate species which exist in con-
densed phases. In contrast to CePMo11O38

2−, the bare or protonated
Ce(III)PMo10O35

2− ion, formed through CID (Eq. (4a)) and present
as presumably an oxo-saturated ion in solution (see Section 3.6),
is a new moiety to phosphomolybdate chemistry; isolation of
Ce(III)PMo10O35

2− presents a rare example of large ion complexes
resulting independently from both solution and gas-phase dissoci-
ation.

The novel cerium heteropolyoxotungstate crystal,
H7K10[Ce2(IV)(PW10O38)(PW11O39)2]·28H2O [21], forms upon
slow evaporation of dilute solutions of ceric ammonium nitrate
and phosphotungstic acid after precipitation and removal of the
primary product, K10[Ce(IV)(PW11O39)2]·8H2O. The conditions
for which Ce(III)PMo10O35

2− was observed in solution – i.e.,
low concentrations (Fig. 2) – match those under which this
novel Ce(IV) complex was synthesized [21]. The observation
of a Ce(III) solution poloxomolybdate under conditions sim-
ilar to those for synthesis of a Ce(IV) polyoxotungstate may
indicate analogous growth mechanisms, and possibly also a

structural relationship. The discrete V-shaped dimeric complex
H7K10[Ce2(IV)(PW10O38)(PW11O39)2]·28H2O is constructed from
mono- and bi-vacant lacunary Keggin-type anions bridged by
Ce(IV) cations, i.e., [(PW11O39)–Ce–(PW10O38)–Ce–(PW11O39)]17−.
The formula and growth mechanisms suggest that the structure of
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ig. 11. Spectra of Ce(III)POM at 0.7 mM taken ∼48 h after dilution. Highlighted spe
).

aseous Ce(III)PMo10O35
2− may be related to the Ce–(PW10O38)

oiety in the dimeric solid complex.
The stoichiometry of the CID product HCe(III)P2Mo18O62

2− from
2Ce(III)P2Mo22O75

3− (Eq. (2a)) provokes the hypotheses that
e(III) in this product may be sandwiched between two trivacant

acunary Keggin anions (PMo9O31
3−), or complexed by a pro-

onated Dawson-Wells type phosphomolybdate (P2Mo18O62
6−).

oth of these anion structures are known in phosphotungstate
hemistry [19,21–24]. Condensed phase results do not support the
rst hypothetical structure for the cerium complexes as crystal
tructures suggest that the vacancy in the trivacant lacunary Keg-
in ion is too large to complex a Ln ion; however it does effectively
oordinate the actinyl cation (AnO2

2+) through equatorial binding
ites due to the steric hindrance imposed by these species [25–27].
lso, only plenary Keggin ions have been shown to complex tetrava-

ent transition metals, i.e., Zr and Hf [18]; to our knowledge, there
re no analogous complexes with plenary Dawson-Wells ions.
nstead, structural Ln-phosphotungstate results suggest that Ce(III)
s complexed by a P2Mo17O58

4− lacunary Dawson-Wells ion and a
olybdate anion (MoO4

2−) [28]. This postulated structure is based
n the observation that the lacunary Dawson-Wells polyoxoanion
W O 10− binds Ln(III) ions much more effectively than does
2 17 61

he non-lacunary P2W18O62
6− [28]. Although reasonable structures

uch as this can be postulated based on condensed phase chemistry,
omputational studies are needed to support such hypothetical
tructures of large gas-phase complexes.

ig. 12. CID of (A) Ce(III)PMo11O38(H2MoO4)2− , (B) Ce(III)PMo11O38(H2MoO4)2
2− , and (

istinctive behavior of Ce(III)PMo11O38(H2MoO4)2
2− . Not labeled in (B) is the CID produc
re Ce(III)PMo7O26
2− , Ce(III)PMo10O35

2− , and Ce(III)PMo11O38(H2MoO4)h
2− (h = 1, 2,

3.9. Cluster degradation and reassembly in solution

ESI of the 0.7 mM CePOM solution allowed to age approximately
48 h exhibits new peaks assigned as Ce(III)PMo11O38(H2MoO4)h

2−

(h = 1–3; Fig. 11). This observation suggests formation of H2MoO4
via solution degradation of clusters, and consequent assembly
of new clusters by association with these degradation frag-
ments. CID results for these new clusters are shown in Fig. 12.
Ce(III)PMo11O38H2MoO4

2− and Ce(III)PMo11O38(H2MoO4)3
2−

fragment almost exclusively through loss of a single neutral
H2MoO4 (Fig. 12A and C). In contrast, Ce(III)PMo11O38(H2MoO4)2

2−

distinctively degrades through multiple pathways (Fig. 12B),
listed below (Eqs. (10a)–(10d)) in order of decreasing relative
abundances, to form H4Ce(III)Mo10O34

−, Ce(III)PMo12O41
2−,

H2Ce(III)PMo12O42
2−, and H4Ce(III)Mo9O31

−. The distinctive
behavior of Ce(III)PMo11O38(H2MoO4)2

2− is indicative of struc-
tural rearrangement in the parent species or during the CID
process; in contrast the other two species exhibit CID behavior
characteristic of elimination of H2MoO4 adducts.

Ce(III)PMo11O38(H2MoO4)2−
2 (g)

CID−→PMo3O12−(g)
+ H4Ce(III)Mo10O34−(g) (10a)

Ce(III)PMo11O38(H2MoO4)2−
2 (g)

CID−→H2MoO4 (g)

+ H2O(g) + Ce(III)PMo12O2−
41 (g) (10b)

C) Ce(III)PMo11O38(H2MoO4)3
2− from 0.7 mM Ce(III)POM solution illustrating the

t Ce(III)PMo12O41
2− at m/z 9 below Ce(III)PMo11O38H2MoO4

2− .
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cheme 1. Proposed solid/solution/gas reaction pathway for production of H4CePM

e(III)PMo11O38(H2MoO4)2−
2 (g)

CID−→H2MoO4 (g)

+ H2Ce(III)PMo12O2−
42 (g) (10c)

e(III)PMo11O38(H2MoO4)2−
2 (g)

CID−→PMo4O15−(g)

+ H4Ce(III)Mo9O31−(g) (10d)

The empirical formula of H4Ce(III)Mo10O34
−, formed from

egradation of Ce(III)PMo11O38(H2MoO4)2
2−, differs by two

aters from the first reported Ln-polyoxometalate com-
lex, [Ln(III)W10O36]9−, the structure of which consists of
he 8-coordinate Ln(III) cation sandwiched between two
W5O18]6− anions [29]. The proposed route to the formation
f H4Ce(III)Mo10O34

− is a case where speciation can be followed
rom solid to gas, incorporating the chemical process of dissolution,
quilibrium shift and hydrolysis, cluster formation, transference
o gas, and gas-phase ion degradation, as represented in Scheme 1.

. Conclusions

ESI/MS has been utilized to successfully transfer large
n-phosphomolybdate sandwich-structures from aqueous
olutions to the gas phase. The ion H2Ce(III)P2Mo22O75

3− is
bserved and is evidently produced from protonation of the
Ce(III)(PMo11O39)2]11− parent solution ion, and water loss dur-
ng ESI. CID was used to identify large isotopically complex
ons by systematic fragmentation into smaller ions. Connec-
ions are made between gaseous ions (e.g., Ce(III)PMo10O35

2−,
Ce(III)P2Mo18O62

2−, Ce(III)PMo11O38(H2MoO4)2
2−, and

4Ce(III)Mo10O34
−) and known condensed-phase species. 31P

MR was used to relate solution speciation to ions observed by
SI/MS. Solution speciation of the parent 1:2 complex shows
ynamic behavior dependent on solution concentration, with
oth solution degradation and fragment aggregation processes
ecoming significant at low concentrations. The speciation
nder ESI behavior evolves with decreasing concentration from
2Ce(III)P2Mo22O75

3− to Ce(III)PMo11O38
2− to Ce(III)PMo10O35

2−

s dominant species. These results are attributed to an equilibrium
hift between the 1:2 and 1:1 complex; the appearance of the
olybdenum-deficient CePMo10O35

2− ion was not anticipated
nd remains enigmatic.

At low concentrations, new cluster species form through
he successive net addition of neutral H2MoO4 molecules
o Ce(III)PMo11O38

2−; this is a new development in cluster
egradation/aggregation chemistry. Additionally, CID indicated
hat structural rearrangement occurs in the specific case of

e(III)PMo11O38(H2MoO4)2

2−. Based on the assigned composi-
ions, it was concluded that the parent Ce(III) solution oxidation
tate was retained for the studied ESI and CID processes. This
atter conclusion is not necessarily surprising, but an important
spect of this work was the substitution of 7Li+ for 1H+ in solution

[

[

[

34
− from [Ce(III)(PMo11O39)2]11− (i.e., Ce(III)P2Mo22O78

11− in solid and solution).

and gas-phase ions, which enabled obtaining accurate counter-ion
counts, and thus the cerium oxidation state. We have developed
a method for accurately determining the oxidation state of the
complexed metal ion; this will be useful in the future investiga-
tions of redox-active f-element complexes containing Ce(IV) and
Pu(III/IV).
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