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Electrospray ionization quadrupole ion trap mass spectrometry (ESI-QIT/MS) of the ammonium
cerium(IIl) phosphomolybdate complex (NHy);1[Ce(III)(PMo11039)2] in aqueous media has revealed a
concentration-dependent behavior. Under fixed instrumental parameters, the Ce-containing polyoxo-
molybdate complexes H,Ce(Il1)P;Mo02,0753~ and Ce(IlI)PMoq; 032~ are the primary species present at
11 mM (pH=4.3); at 0.7 mM (pH =3.6), Ce(Ill)PMo1¢0352~ is the predominant species, Ce(Il1)PMo;; 032~
is quite diminished, and H,Ce(IlI)P,Mo03,0753~ 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
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Phosphomolybdate isotopic patterns could be compared. The oxidation state of Ce and the number of counter cations on
Polyoxometalate negative complexes was discerned from spectra of ions containing '"H* and “Li*. The overall result is an
Cerium ESI method applicable to phosphomolybdate complexes containing redox sensitive f~-block metal ions

Collision induced dissociation such as Ce(IV) and Pu(lll/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 3'P NMR spectroscopy showed

speciation dependent on solution concentration, not on pH.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Polyoxometalates (POMs), metal-oxide clusters built from octa-
hedral MOg units (typically M=Mo(VI) or W(VI)), have been
extensively studied due to their wide array of applications [1].
The complex behavior of iso- and heteropolyoxometalates during
transference from solution to gas has been determined from inves-
tigations via electrospray ionization mass spectrometry (ESI/MS)
[2-11]. ESI, while a “soft” process in principle, has the poten-
tial to cause structural and chemical transformations of solution
species during ion formation and transport. Concentration and pH
changes during desolvation of aqueous droplets can induce struc-
tural changes in chemically sensitive molecules [12]. Ion-pairing
and addition or loss of neutral species are possible consequences
of ESI, and can increase the overall mass/charge ratio (m/z) [12].
An example of this effect is the protonation of surface oxygens
and subsequent loss of neutral H,O molecules from lacunary Keg-
gin ions, e.g., PMo110397~ +4H* — PMo17 0373~ + 2H,0, which has
been shown to be an effective method of reducing the charge
of these POM ligands during the spray process [9]. Intriguing
concentration-dependent behavior has also been reported by Bon-
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chio et al., where Keggin ions reform through the formal uptake
of [WOJ*" by PW;;0397~ in dilute solutions of Li;PW;;03g [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)PW11 0352~ and Fe(IlI)PW11039%~, the Dawson-Wells deriva-
tive Co(I1)P;W7059%~, and the Tourné sandwich anion derivative
Co(I1)4P,W150g5%~ [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,
(NHg)11[Ce(PMo011039)2], the structure has been determined and
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Fig. 1. Polyhedral representation of the solid state 1:2 Ce-phosphomolybdate com-
plex [Ce(PMo11039)> '~ [14].

reveals the Ce(Ill) metal ion resides in the vacancy of two lacunary
phosphomolybdates (Fig. 1). This structure-type is found across
the trivalent lanthanide series, as well as for the tetravalent met-
als Ce(IV) and Th(IV). Comparison of solution and solid-state IR
and 3P NMR provide evidence that these complexes are stable
in solution and as solids. Although this system has been stud-
ied extensively in the condensed-phase [17,18], little has been
reported regarding the gas-phase chemistry of POM-coordinated
f-block metal complexes. However, ESI has been used as a charac-
terization tool for lanthanide-phosphotungstate complexes [19];
the results reveal that these complexes can indeed be trans-
ferred to the gas phase, concurrent with evaporation of water to
deplete surface POM oxygens [19]. We report the ESI behavior
of the trivalent lanthanide lacunary phosphomolybdate complex
(NHg4)11[Ce(IIT)(PMo11039)2]. Methods for identifying prominent
cerium-phosphomolybdate species and determining the number
of counter cations are described, which enables verification of
the cerium oxidation state, Ce(Ill) or Ce(IV). A notable result is
that these ligands stabilize cerium with respect to redox activity
throughout the ionization and ion transport processes. An overar-
ching goal of this work is to promote ESI/MS as a complementary
investigative tool, along with solution and solid state spectroscopic
and structural characterizations, for large inorganic complexes.

2. Experimental
2.1. Synthesis and preparation of complexes

Polyoxometalate salts were prepared as previously described:
(NHg4)11[Ln(PMo71039);], Ln(IlI)POM where Ln=Ce, Pr, Eu or Tm
[14,15,17]. In summary [15], H3PMo1,049 was dissolved in H,O
with stirring and the pH adjusted by the addition of Li,CO3 to
4.3 to yield [PMo;1039]”~ as the dominant phosphomolybdate
species. Ln(II1)(NO3 )3-6H, 0 was then added in a stoichiometric 2:1
PMo+1:Ln(III) ratio, resulting in a drop of ~1 pH unit. The pH was
adjusted back to 4.3 by the addition of Li;CO3 and NH4Cl. As in the
previous work [15], 3P NMR was used to confirm that the com-
plex anion was present in solution. No free ligand was observed in
solutions produced from precipitated Ln(III)POM salts. H,O used in
preparation of all solutions was microfiltered to 0.22 wm and puri-
fied to 18.5 M2 using a Gradient A-10 Milli-Q distiller. All solutions
were filtered with 0.2 wm nylon microfilters prior to ESI/MS or 31P
NMR measurements.

2.2. Insitu dilution

Gaunt et al. reported crystalline structures corresponding to
(NH4)11[Ln(PMo011039)2]-16H,0 [14]; Copping et al. subsequently
reported that bulk Ln(Il[)POM samples contain somewhat more
water [15], asin (NH4)q1[Ce(PMo11039)3]-21H;0. In computing the

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(IlI)POM in 1.3 mL H,O. 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 wL 11.2 mM Ce(III)POM was diluted to 80 L 2.8 mM by draw-
ing 60 pL H,O 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 11mM, 3mM and 0.7 mM. Solutions of Ce(Il[)POM were
also prepared at 3mM (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,
5.4mg, and 5.0 mg of each salt, respectively in 1 mL H;O.

2.3. pH dependence

The pH of an 11.2 mM solution of Ce(IlI)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 3P NMR spectra were taken in a similar manner as with
the pH dependence experiments.

2.5. Effect of metal:ligand ratio

ESI/MS and 3P NMR spectra were taken before and after addi-
tion of one equivalent of Ce as Ce(NOs3)3-6H,0 to an 11.3mM
solution of Ce(IlI)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 MS™ 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, 3500V, 4.883 nA;
end plate voltage offset and current, —500V, 10nA; dry gas flow
rate, 51/min; dry gas temperature, 325°C; capillary exit, —100V;
skimmer, —40V; octopoles 1 and 2 DC, —12.00V and —1.70V;
octopole RF amplitude, 108.9 Vpp; lenses 1 and 2, 5.0V and 60.0V;
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 0.30V and 1.50V, 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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it is certainly feasible that speciation which is more representa-
tive of that in solution might be observed with lower drying gas
temperatures, or other instrumental parameters.

The naturally occurring relative abundances of the ele-
ments studied are as follows: 92Mo/61.5, %4Mo/38.3, 9>Mo/66.0,
9%Mo/69.1, 9"Mo/39.6, 9Mo/100.0, '9°Mo/39.9; 136Ce/0.2,
138Ce0.3, 140Ce/100.0, '42Ce/12.3; '41Pr/100.0; '51Eu/91.6,
153Eu/100.0; 1%9Tm/100.0. The identities and charges of species
were assigned by peak separation and experimental/computed
isotopic pattern comparisons. The m/z values used to denote
specific species correspond to the most abundant peak. As the
isotopic patterns become complex with increasing number of
molybdenum atoms, some isotopic identification comparisons
were made following CID experiments, employing fragments with
simpler isotopic patterns.

2.7. 3TPNMR

Spectra were taken on a Bruker Avance DPX3q9. The number of
scans was linear with solution concentration, from 103 scans for
11 mM solutions to 10° scans for 0.11 mM solutions.

3. Results and discussion
3.1. General considerations

In several instances, CID reactions produce either neutral ions
or ions lying beyond the detection range of the mass spectrome-
ter in high-resolution mode. The compositions of neutral species
must be inferred. In all chemical equations, neutral species and
ions which were not directly identified are shown in italics. Cerium

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(IlI)POM solutions, acquired for the 11 mM,
3mM, and 0.7mM 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 3mM, to 3.6 at 0.7mM. Dominant species pro-
duced from 11 mM solutions are the 1:2 and 1:1 complexes,
H,Ce(Il1)P;Mo,,0753~ and Ce(Il)PMo;;03g2~. The 1:2 gas-phase
complex, H,Ce(Ill)P;Mo0,,0753~, derived from the 1:2 solution
complex, [Ce(III)(PMo11039),]''~, 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. H,Ce(Il1)P,Mo,,0753~ results from the protonation
and dehydration of the solution precursor, [Ce(II1)(PMo11039)2]11-.
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Fig. 2. Spectra of (NHjs);1Ce(IlI)(PM011039)3aq) at (A) 11mM, (B) 3mM, and (C) 0.7mM concentrations. The Ce-containing ions are identified: Ce(Il1)PMo1¢0352~,
Li Ce(IlI)PMo11 0392, Ce(IlI)PMo1 0352~ (1:1), and H,Ce(Il1)P; Mo,, 0753~ (1:2; only apparent in spectrum A).
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Fig. 3. Successive CID fragmentation spectra of (A) HCe(Il1)P,Mo2, 0753, (B) HCe(IlI)P;M0;3062%~, and (C) HCe(IlI)P;M013044 .

Protonation of surface oxygens and ejection of three H, O molecules
from the solution species would account for the formation of
H, Ce(I11)P; Moy, 0753~ during ESI, as represented by Eq. (1)

— ESI -
Hg[CE(IH)(PMO“039)2](3aq)—>3H20(g) + HZCE(II[)p2M022035(g) (1)

Similar effects during the spray process have been observed
with both Ln-phosphotungstate complexes and bare ligands, such
as PMo;10397~ [9,19]. Other major species in the parent spectrum
(not labeled in Fig. 2A) include HMo0g034+1~ (a=3-7), MopO3p+12~
(b=2-5), PMocO3c+3~ (c=3-5), and Ce(Il1)PMoy034:52~ (d=4-10).

The assigned identity of the species at 1175 m/z,
H,Ce(Il1)P,Mo,,0753~, is supported by CID (Fig. 3). The pri-
mary fragmentation pathway of H,Ce(III)P;Mo,,0753~ produces
HCe(1l1)P;Mo;506,2~ by ejection of HMo4013~ (Eq. (2a); Fig. 3A).
A second pathway also appears revealing degradation of
H,Ce(Il1)P,Mo0,,0753~ to HypCe(Ill)PMo1g0s542~ by ejection of
PMogOy1~ (Eq (Zb))

H, Ce(1l1)P;Mo,,, 037 Cl:;HMo401’3 ot HCe(Ill)P;Mo;502;

75 (g) ( 62 (g)
CID (za)
HZCe(III)PZMozzogg( o PM0g03; )+ HZCe(m)PMolGogg( "
(2b)

The identity of HMo4043 ™ is substantiated by direct comparison
of experimental and calculated isotopic patterns. The identity of the
CID product PMogO,; ~ is established by both its m/z position and
CID behavior as compared to that of PMogO,4 ~ in the primary spec-
tra. Further isolation and fragmentation of HCe(Il)P;Mo;30g22~
(Eq. (3a)-(3c)) yields the series of phosphomolybdate fragments,
PMo0,03.+3~ (e=3-5), to form cerium-phosphomolybdates of the
series HCe(Il[)PMogOsy.5~ (f=13-15; Fig. 3B)

2. CID _ _

HCe(111)P,Mo1502; (4 —PM0307, () + HCe(llPMo1505, ) (32)
_ CID _ _

HCe(111)PMo1502; 4 —PM04Oy o)+ HCe(llP2M0140;, (p,  (3b)

_ CID _ _
HCe(Ill)P;Mo150%; 5 —PMos O o + HCe(IP,M01307, ) (3¢)

Major CID products of HCe(IlI)P,Mo013044~ form through loss of
either Mo30g or MogO1g, as indicated in Egs. (4a and 4b) (Fig. 3C)

HCe(IlPMo130, ) > Mo30g (gy+ HCe(IDPMo1003; (4a)
HCe(lIl)PMo130;4(g)ﬂlMoGom(g)+ HCe(Il)PMo; O, (4b)

Upon dilution to 3mM (pH=3.9), no detectable solution pre-
cursor, HpCe(IlI)P;Mo,,0753~, remains intact (Fig. 2B). Instead,
the spectrum evolves with decreasing concentration such that the
dominant species are Ce(IlI)PMo;90352~, Ce(Ill)PMo;;03g2", and
Li,Ce(IlI)PMo110392~; 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(Ill)PMo;90352~ 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 H,CeP,Mo,,0753~ 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 H,Ce(III)P;Moy,0753.
Results at 1180 m/z and 1190 m/z indicate the presence of
HgLiz,gCe(III)P2M0220753* and HgLi4,gCe(lII)P2M0220753* where
g=0 or 1 (Fig. 4C and D); LiyCe(Il)PMo;10392~ (933 m/z) is
also present as a peak envelope centered around m/z 15 above
Ce(IlI)PMo1103g2~ (Fig. 2B). The identity of these partially lithiated
species is supported again by CID. Both HgLi;_Ce(III)P, Mo95 0753~
and HgLi4,gCe(IlI)P2M0220763— (g=0 or 1) fragment in a sim-
ilar manner as H,Ce(lll)P;Mo,,0753~, through production of
partially lithiated tetramolybdate, [H/Li]Mo04013~ and either
Lice(l[])PzMO]gogzz_ (]465 m/z) or Li3CE(]H)P2MO]30632_ (1480



T.H. Bray et al. / International Journal of Mass Spectrometry 299 (2011) 35-46

39

“1A HZCe(IIl)P2M0220753' : . Hng4_gCe(III)P2M0220763'
- 1l 1
[ | I M _l| | ""|‘ A "':'3 ‘,' | bl
- N [1'.‘-.':.".]:!" .;.|-1|' L |"'.']|-|. l. L LA .;".I_“ 1] ”";..l_[l,'r‘:|.'I!.'.
Lo W H L gCe(I)P,Mo2,075> |
S1e0 1170 1180 1190 2000 2100
1:. B |
60 HMO4013' H2Ce(|||)P2M0220753' HCE(III)P2M°130622'
|2 3 T 1]
S o ik ‘ > A d o " Y e e
c 400 600 800 1000 1200 1400 1600 1800
E 00,
{2 |
% z HILIM°4O13' HgLI2_gC3(I")P2M°220753' Lice("[)PzMo-mOszz'
== i ! R
o s e A PO e A
400 600 800 1000 1200 1400 1600 1800
'l: D l
o |HILIMoOys HgLlsgCe(lll)PzM0;01* || LisCe(lll)P;Mo15065*
40
%00 @00 800 1000 1200 1400 1600 1800
m/z

Fig. 4. (A) Spectra of Ce(IlI)POM highlighting H,Ce(I1I)P;Mo,,0753~ (red), HgLiz_gCe(I1l1)P,M02,0753~ (blue), and H,Li>_gCe(1lI)P;Mo2,0753~ (purple); g=0, 1. CID of (B)
H, Ce(IlI)P;Mo,,0753-, (C) HgLiz,gCe(lll)PzM0220753*, and (D) HgLi4,gCe(lll)P2M0220763*, performed by isolating and fragmenting with mass range of 10 centered around
1170 m/z, 1180 m/z, and 1190 m/z, respectively (g=0, 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the

article.)

m/z), respectively (Fig. 4C and D). Successive degradation of
HgLiz_gCe(lIl)PzMozz0753* eventually forms LiCe(IlI)PMo705¢~, in
direct analogy to HCe(IlI)PMo;0,6~ from H,Ce(IlI)P,M032,0753~.
Apparently, Li* ions used to adjust the pH during the synthesis
co-precipitate with H* and are carried over into the Ce(IlI)POM
solutions. This allows for ion-pairing competition during des-
olvation. The result is the presence of lithiated species which,
fortuitously, assist in determining the quantity and identity of
cations present on the large 1:2 complexes in the gas phase.

The exact composition of H,Ce(IlI)P;Mo0,,0753~ is difficult to
definitively establish. While successive CID events do support the
assignment, instrumental limitations prevent direct comparison of
experimental and calculated isotopic patterns of observed ions pro-
duced after several iterations of isolation and fragmentation, i.e.
>MS#. The molybdenum count in the ion HCe(Il)PMo7 Oy~ is sup-
ported by its m/z position at twice that of Ce(Ill)PMo70,62", an
ion observed in the primary spectra, as confirmed by CID (Fig. 5)
[20]. Identification of a proton on a large multiply charged ion,
especially those containing isotopically-rich elements such as Mo,
is challenging given the resolution of the QIT/MS. The presence
of the redox active Ce metal ion introduces additional complicat-
ing effects as it would be difficult to differentiate such ions as
HCe(IV)P,Mo,,0753~ from H,Ce(Il1)P;Mo,,0753~. However, suc-
cessive degradation of HgLiz_gCe(III)PzM0220753* to eventually
form HCe(IlI)PMo7 0,6~ yields an ion that can be directly compared
to LiCe(IlI)PMo70,6~. In particular, the two ions HCe(IlI)PMo70,6~
and LiCe(IlI)PMo7 056, are separated by ~6 m/z (Fig. 6), support-
ing the proposition of substitution of H* by Li* and, therefore, the
identity of LiCe(IlI)PMo70,6~. These results also aid in assigning
the proton count on H,Ce(II1)P;Mo,,0753~, HCe(IlI)P,Mo1306,%™,
and HCe(IlI)PMo13044 ~, thereby indicating the trivalent oxidation
state of cerium throughout. Although Ce(IlI) would not necessarily

expected to be oxidized to Ce(IV) under the conditions of these
experiments, confirming that cerium remains in the Ce(Ill) 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).

3.4. Thermodynamics of H,0 and Li,O elimination
An interesting result is the successful transference of

[HLig/Li4]CE(III)P2M0220763_ and LizCG(IH)PMO]]Oggz_ ions into
the gas phase. Given the absence of the corresponding protonated

100 .
- |
80 H ‘l
40
60 le |
20 | l |
40 o'“”-”--“-“-I'H'"
O P S S
20
0 ot ad
490 540 590 640 690 740
miz

Fig. 5. CID spectra of Ce(Ill)PMo702%" yielding PMo3O12~ (510 mjz) and
Ce(IlI)Mo4014~(747 m|/z). Inset shows consistency between experimental (peaks)
and calculated (bars) isotopic patterns of Ce(Il)M04014~.
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species, HsCe(111)P;Mo,,0763~ and H,Ce(Il1)PMo;1 0392, this sug-
gests that multiply lithiated species are more stable with respect
to Li;O formation and loss as compared to protonated species
and H,O0-loss. Simplistically, the comparative thermodynamics for
H,0- and Li; O-elimination might be evaluated from the gas-phase
reactions given by Eqgs. (5a) and (5b).

H4CeP;Mo,,0763~ — H,Ce(Ill)P2M02,075~ +H,0 (5a)
Li4CEP2M02207637 — Liy Ce(III)P2M0220753’ +Li,O0 (5b)

As the coordination energy of the H" and Li* counter ions to the
CeP,Mo3,0767~ anions should be roughly comparable, the energy
difference between Eqgs. (5a) and (5b) could be approximated by
the enthalpies for Eqgs. (6a) and (6b), the first of which is more
exothermic.

2H + 0 — HyO AH[6a] = —927kJmol~! (6a)
2Li + O — Li;0 AH[6b] = —734kJmol~! (6b)

However, a more realistic assessment of H,0 and Li, O elimina-
tion should consider the reactions and associated thermodynamics
of the charged counter ions, H* and Li*, to produce H,0 and Li, 0O, as
shown in Egs. (7a) and (7b), where IE is the ionization energy and
EA the electron affinity.

2HT + 0%~ > H,0 AH[7a] = AH[6a] - 2{IE[H"]}
— EA[O] —EA[O0™] = —3551 k] mol~' —EA[O] — EA[O"] (7a)

2Lit + 0% - Li,0 AH[7b] = AH[6b] - 2{IE[Li*]}
—EA[O] —EA[O0"] = —1774k] mol~' —EA[O] —EA[O™] (7b)

Eq. (7a) is 1777 kJmol~! more exothermic than Eq. (7b), pri-
marily due to the much higher IE[H]=13.60eV (1312kJmol-1)
compared to IE[Li] =5.39 eV (520 k] mol~1). The conclusion of this
elementary energetic analysis is that H,O elimination from proto-
nated oxides is thermodynamically much more favorable than Li, O
elimination from lithiated oxides, in accord with the experimental
observations. The propensity to retain lithiated species in prefer-
ence to protonated species, even with minor amounts of Li* ions
available, can be attributed to the much higher ionization energy
of hydrogen to produce H* counterions as compared with lithium
to produce Li* counterions. It is anticipated that this should also
be observed with heavier alkali metal ions, which could provide

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

3.5. Solution versus gas-phase speciation by ESI and 3'P NMR

3.5.1. Varying M:L ratio

Analysis of an 11 mM solution by 3P NMR indicates the pres-
ence of two phosphorous complexes with chemical shifts of
-5.8ppm and —-6.9ppm (Fig. 7). A chemical shift of —5.6 ppm
has been previously reported for the 1:2 solution complex,
[Ce(IIN)(PMo11039)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, HyCe(IlI)P,Mo11 0394~ 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

11mM 1:1 i
122
Ce(lll)POM 12
11
S\ "Il.'_-‘__‘_‘_
i 0 1 2 3 4 5 & ipom)
+leq.Ce™ 1:1 1:1
L s
i 0 1 2 3 4 5 & oo

Fig. 7. 3'P NMR spectra of a 10mM Ce(IlI)POM solution (top); and a 10mM
Ce(Il1)POM solution to which one equivalent of Ce3*, as Ce(NO3 )3-6H,0, was added
(bottom). Inset shows ESI/MS spectra under the same conditions. Peak labels indi-
cate the Ce(Il[)PMoq; 0352~ (1:1) and H,Ce(Il1)P; Moz, 0753~ (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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Fig.8. 3'PNMR spectraof 11 mM Ce(I11)POM at pH ranging from 4.80 (top left) to 2.84 (bottom right). Insets show ESI/MS spectra under the same conditions. Peak labels indicate
Ce(IlI)PMo1; 0352 (1:1) and H,Ce(Il1)P;Mo2,0753~ (1:2) ions; the corresponding solution ion compositions are 1:1 HyCe(IlI)PMo1; 039~ and 1:2 Ce(Il1)P;Mo02,075''~.

31P NMR assignments are supported by 3'P NMR and ESI analyses
of an 11 mM Ce(III)POM solution to which was added one equiv-
alent of Ce3* as Ce(NO3)3-6H,0, which should drive the solution
equilibrium towards the 1:1 complex. The result is the disappear-
ance of the peaks attributed to the 1:2 complex in both 3P NMR
and ESI spectra (Fig. 7). In the solution with excess Ce3*, the 1:1
complex is the only significant species observed in ESI/MS and,
when compared to the 3'P NMR spectra, is assigned a chemical
shift of —6.9 ppm in the 11 mM, pH 4.3 solution. The results of this
experiment demonstrate that the species in the ESI mass spectra are
directly representative of species in the precursor solution: when
the 1:2 complex is absent in the solution, it is not seen by ESI/MS.

3.5.2. Varying pH; constant concentration

Dilution of the 11 mM CePOM solution is accompanied by a
decrease in pH. Accordingly, spectral analyses of Ce(III)POM at a
constant concentration were performed via 3P NMR and ESI/MS
while adjusting the pH from 4.8 to 2.8 in ~0.4 pH increments. The
most notable effect across this pH range is a change in the 3P
NMR chemical shift of the 1:1 complex (Fig. 8) The change in this
chemical shift is attributed to a change in the extent of solution
protonation and, as a result, a change in the net charge of the com-
plex [15]. In contrast to the 1:1 HxCe(IlI)PMo;10394~*~ complex,
the change in the chemical shift for the 1:2 [Ce(III)(PMo11039)2 ]!~
complex is minor across the studied pH range, indicating little if
any protonation of the 1:2 complex with decreasing pH, as reflected
by the un-protonated formulation. The chemical shift of the peak
identified as the 1:1 complex - initially —6.9 ppm at pH 4.80 - even-

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(IlI)PMo;o0352~ 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(IlI)PMo0352~ ion. Also present in the 3P NMR
spectra for pH 3.20 and 2.84 are peaks assigned to PMo110397,
which indicates partial solution degradation of the Ce(Ill) POMs
under these acidic conditions; this is consistent with the appear-
ance of an ESI/MS species which corresponds to MoO3-elimination
from Ce(Il)PMo;;03g2".

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(IlI)POM, all at a constant pH of 4.3 (Fig. 9).
At 11mM Ce(IlI)POM, both H,Ce(lll)P;Mo,,0753~ (1:2) and
Ce(Il1)PMoq103g2~ (1:1) are clearly present in ESI/MS and 3P 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(IlI)(PMo11039)2]''~ and the 1:1 complex is
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Fig. 9. 3'P NMR spectra of Ce(Ill)POM at pH=4.3 ranging from 11 mM (top) to
0.11 mM (bottom). Insets show the corresponding ESI/MS spectra. Labels indicate
1:2 HzCG(HI)PzMOzzO7537, 1:1 CE(IH)PM01103327, and CB(III)PM01003527; the 1:1
and 1:2 (and presumably Ce(IlI)PMo00352~) solution compositions differ from the
gas-phase compositions.

HyCe(IlI)P;Mo1,039(4~*)~. The behavior of the 11 mM solution is
similar to that observed for 5.6 mM. In contrast, the 1:2 com-
plex is not found in either ESI/MS or NMR spectra in the 1.1 mM
and 0.56 mM solutions. At a concentration of 0.11 mM, the 1:1
complex disappears and is evidently replaced by a phosphorous
containing species with a chemical shift of —6.1 ppm. This change
is also noted in the 0.11 mM ESI/MS spectrum, in which very lit-
tle Ce(Il1)PMoq; 0332~ is observed and Ce(Il)PMo;(0352~ becomes

pronounced. Another 3'P 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(IlI)PMo70,2~ in ESI/MS is
also observed. This latter ion is the dominant species observed
in ESI/MS analysis of 110 wM solutions and supports tentative
assignment of chemical shifts of +0.3 ppm and —6.1 ppm to the
solution precursors of the Ce(III)PMo70,5%~ and Ce(IlI)PMo1¢035%~
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 H,Ce(IlI)P,Mo03, 0753~ and Ce(IlI)PMo;1035%~ (Fig. 2A). As dis-
cussed in Section 3.5, 31P solution studies confirm that both
complexes are present in solution, as [Ce(III)(PMo;1039)>]''~ and
HxCe(IlI)P;Mo11039(4%)~, 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. 3P NMR spectra also reveal the presence
of free ligand, HyPMo11039(7%)~, 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(IlI)PMo11 0352~ from (OH )xCe(IlI)PMo;; 0394~ solution
species. Based on the absence of Ce(lll)PMo;103g2~ in any of the
CID spectra of H,Ce(IlI)P,Mo0,,0753~, 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.

insitu

XH20(aq) + Ce(Il)(PMo11039)5 1~ "5'PMoy; 075

2(aq) +xHT

39(aq) (aq)

+ (OH),Ce(III)PMoy; 055 30 (8a)

(x+2)Hq) + (OH),Ce(Il1)PMo;; 0%%

39(aq)(X + 1) H20(g)

+ Ce(IlI)PMoq; 0%, (8b)

38(g)

Formation of the new species, Ce(IlI)PMo;00352~, at low con-
centration might be attributed to several potential processes,
including: (1) the ejection of a neutral plenary phosphomolybdate,
H3PMo13040 (Eq. (9a)), during ESI, (2) successive fragmentation
(generically denoted as “Frag”) of solution parent species through
the ESI and ion transport processes (e.g., Egs. (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),
Eqgs.(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(Il[)PMo19035~ (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(II[)POM, (B) 1.2mM Pr(IlI[)POM, (C) 1.3mM Eu(Illl)POM, and (D) 1.2mM Tm(II[)POM. Highlighted
Ln-phosphomolybdate ions are Ln(IlI)PMogO232~ (red), Ce(IlI)PMo;02¢%~ (green), Ce(Il)PMogO29%~ (purple), Ce(IlI)PMogO3,%~ (teal), Ce(Il)PMo1¢0352~ (orange), and
Ce(IlI)PMo1; 0352~ (grey). Non-highlighted species do not contain a lanthanide. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of the article.)

at low concentrations.

_ ESI _
H3Ce(Il1)P,M02,075 . —>H3PM012049(g) + Ce(1PMo10035 )
(9a)
_ Frag _ _

HCe(lI[)P2M0220‘7‘5(g)—>HM04O13(g)+Ce(lIl)P2Mo1gogz(g)

Frag _ _

—PMos0jg ) + Ce(IPMo1307; )

F

~%Mo30q g) + Ce(lll)PMo100%; ., (9b)

o Frag 2

Ce(llI)PMO] 1 038(g)—>MOO3 (g) + CC(III)PMO]0035(g) (9C)

3.7. Variations in speciation across the LnPOM series

ESI/MS spectra were acquired for 0.7mM-1.3mM
Ln(I)POMPMo490352~ solutions for Ln=Ce, Pr, Eu and Tm
(Fig. 10) The appearance of Ln(Il)PMo;¢0352~ as the dominant
ion occurs across the Ln series. While the main features remain
invariant, Ln(Il1)PMo;103g2~ is most prominent for Ce and clearly
decreases in relative abundance across the series; the opposite is
true for the smaller Ln-phosphomolybdate species, LnPMogO,32~
and LnPMo70,62~, which increase in relative abundance across
the series. A detailed understanding of these variations in ESI/MS
spectra is beyond the scope of this work.

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 CePMo;1 0352, the bare or protonated
Ce(IlI)PMo10352~ 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(Il1)PMo100352~ presents a rare example of large ion complexes
resulting independently from both solution and gas-phase dissoci-
ation.

The novel cerium  heteropolyoxotungstate  crystal,
H7K10[C62(]V)(PW10033)(PW]]Ogg)2]-28H20 [21], forms upon
slow evaporation of dilute solutions of ceric ammonium nitrate
and phosphotungstic acid after precipitation and removal of the
primary product, Kjo[Ce(IV)(PW11039),]-8H,0. The conditions
for which Ce(IlI)PMo;¢0352~ 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(Ill) 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[Cex(IV)(PW19038)(PW11039)2]-28H,0 is constructed from
mono- and bi-vacant lacunary Keggin-type anions bridged by
CE(IV) cations, i.e., [(PW11039 )—Ce—(PW1[)O33)—Ce—(PW11039)]177.
The formula and growth mechanisms suggest that the structure of



44

T.H. Bray et al. / International Journal of Mass Spectrometry 299 (2011) 35-46

[ comPMo,OHMo0N |

|
i

R T

Relative Abundance

2 | A
/\
. AV Y -

9200 1000 1100 1200

m/z

Fig. 11. Spectra of Ce(Il1)POM at 0.7 mM taken ~48 h after dilution. Highlighted species are Ce(Ill)PMo70¢2~, Ce(1l)PMo1¢0352", and Ce(Il1)PMo;;03g(H2Mo0O4 )2~ (h=1, 2,

3).

gaseous Ce(Il1)PMo190O352~ may be related to the Ce—(PW;¢0sg)
moiety in the dimeric solid complex.

The stoichiometry of the CID product HCe(Il1)P;Mo1g0g%~ from
H,Ce(1l1)P,Mo2,0753~ (Eq. (2a)) provokes the hypotheses that
Ce(Ill) in this product may be sandwiched between two trivacant
lacunary Keggin anions (PMogO313~), or complexed by a pro-
tonated Dawson-Wells type phosphomolybdate (P,Mo150g6,%").
Both of these anion structures are known in phosphotungstate
chemistry [19,21-24]. Condensed phase results do not support the
first hypothetical structure for the cerium complexes as crystal
structures suggest that the vacancy in the trivacant lacunary Keg-
gin ion is too large to complex a Ln ion; however it does effectively
coordinate the actinyl cation (An0O,2*) through equatorial binding
sites due to the steric hindrance imposed by these species [25-27].
Also, only plenary Keggin ions have been shown to complex tetrava-
lent transition metals, i.e., Zr and Hf [18]; to our knowledge, there
are no analogous complexes with plenary Dawson-Wells ions.
Instead, structural Ln-phosphotungstate results suggest that Ce(1III)
is complexed by a P,Mo170sg%~ lacunary Dawson-Wells ion and a
molybdate anion (MoO42~) [28]. This postulated structure is based
on the observation that the lacunary Dawson-Wells polyoxoanion
P,W17061 19~ binds Ln(IlI) ions much more effectively than does
the non-lacunary P;W;30g,%~ [28]. Although reasonable structures
such as this can be postulated based on condensed phase chemistry,
computational studies are needed to support such hypothetical
structures of large gas-phase complexes.

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(IlI)PMo;03g(HyMo0Q4),2~
(h=1-3; Fig. 11). This observation suggests formation of HyMoO4
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(HI)PMO]]O33H2MOO42_ and Ce(]l[)PMOn038(H2M004)32_
fragment almost exclusively through loss of a single neutral
H,MoOy (Fig. 12A and C). In contrast, Ce(II1)PMo1;035(H;M004),%~
distinctively degrades through multiple pathways (Fig. 12B),
listed below (Egs. (10a)-(10d)) in order of decreasing relative
abundances, to form H4Ce(Ill)Mo1gO34~, Ce(IlI)PMo1041%",
H,Ce(IlI)PMo1,0422~, and H4Ce(Ill)MogO3;~. The distinctive
behavior of Ce(IlI)PMo;035(H;M004),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 H,MoO,4 adducts.

— (D
Ce(lII)PM01 1 038(H2 M004 )% (g)—>PMO3 OlZ’(g)

+ HyCe(INMo010034- ) (10a)
_ (CID
Ce(HI)PMO11O33(H2M004)§(g)—>H2MOO4(g)
+Hy0(g) + Ce(IIl)PMouOi]‘(g) (10b)
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Fig. 12. CID of (A) CE(III)PMO11033(H2M004)27, (B) CE(”I)PMO]]033(H2M004)227,
distinctive behavior of Ce(IlI)PMo;;033(H2Mo00,4),2~. Not labeled in (B) is the CID p
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and (C) Ce(IlI)PMo;033(H2M004 )32~ from 0.7 mM Ce(III)POM solution illustrating the
roduct Ce(Il1)PMo1,0412~ at m/z 9 below Ce(IlI)PMo;;03sH;M0o042%.
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Scheme 1. Proposed solid/solution/gas reaction pathway for production of H4CePMo10034~ from [Ce(II[)(PMo11039)2 ]!~ (i.e., Ce(Ill)P,Mo,,075"'~ in solid and solution).

- CD
Ce( lH)PMO] 1 038(H2M004 )% (g)—>H2MOO4 (g)

+ H2Ce(m)PMouoﬁg(g) (10c)
_ (CID
Ce(Il)PMo11035(HaM004 )3 () —PM040; 5- )
+HyCe(1NMog O3, ) (10d)

The empirical formula of H4Ce(IlI)Mo01¢O34~, formed from
degradation of Ce(Ill)PMo;1035(H2M004),2~, differs by two
waters from the first reported Ln-polyoxometalate com-
plex, [Ln(IlW;0036]°~, the structure of which consists of
the 8-coordinate Ln(Ill) cation sandwiched between two
[W50:5]6~ anions [29]. The proposed route to the formation
of HyCe(Il)Mo1¢034~ is a case where speciation can be followed
from solid to gas, incorporating the chemical process of dissolution,
equilibrium shift and hydrolysis, cluster formation, transference
to gas, and gas-phase ion degradation, as represented in Scheme 1.

4. Conclusions

ESI/MS has been utilized to successfully transfer large
Ln-phosphomolybdate  sandwich-structures from aqueous
solutions to the gas phase. The ion H,Ce(Ill)P;Mo02,0753~ is
observed and is evidently produced from protonation of the
[Ce(IlI)(PMo17039),]'1~ parent solution ion, and water loss dur-
ing ESL. CID was used to identify large isotopically complex
ions by systematic fragmentation into smaller ions. Connec-
tions are made between gaseous ions (e.g., Ce(Il)PMoo0352~,
HCe(]I[)P2M0130622_, Ce(l[])PMOl]038(H2MOO4)22_, and
H4Ce(Il1)Mo10034~) and known condensed-phase species. 31P
NMR was used to relate solution speciation to ions observed by
ESI/MS. Solution speciation of the parent 1:2 complex shows
dynamic behavior dependent on solution concentration, with
both solution degradation and fragment aggregation processes
becoming significant at low concentrations. The speciation
under ESI behavior evolves with decreasing concentration from
HzCE(lII)P2M02207537 to Ce(Ill)PM0nO382* to CE(III)PM01003527
as dominant species. These results are attributed to an equilibrium
shift between the 1:2 and 1:1 complex; the appearance of the
molybdenum-deficient CePMo1¢0352~ ion was not anticipated
and remains enigmatic.

At low concentrations, new cluster species form through
the successive net addition of neutral H;MoO4 molecules
to Ce(Ill)PMo;10352~; this is a new development in cluster
degradation/aggregation chemistry. Additionally, CID indicated
that structural rearrangement occurs in the specific case of
Ce(IlI)PMo;1035(H2M004),2~. Based on the assigned composi-
tions, it was concluded that the parent Ce(IIl) solution oxidation
state was retained for the studied ESI and CID processes. This
latter conclusion is not necessarily surprising, but an important
aspect of this work was the substitution of ’Li* for 'H* in 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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