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Cesium salts of niobo-tungstate isopolyanions with in-
termediate group V - group VI character†

Dylan J. Sures,a Pedro I. Molina,a Pere Miró,b Lev N. Zakharov,a and May Nyman∗a

Alkali metal salts of polyoxometalates (POMs) of the group VI elements (W and Mo) and
polycoltanates (Nb and Ta POMs) exhibit opposing trends in their solubility in water and ion-
association in solution. Mixed clusters of these two group V metals and tungsten provide an
opportunity to probe the reversal in these trends and to understand their origin. A review of a
classic study of mixed Nb/W clusters and our own work in Ta/W polyanions, have led us to isolate
Cs+/Na+ salt of [Nb4W2O19]6– and two salts, Cs+/Na+ and pure Cs+, of [Nb2W4O19]4– by using
peroxoniobate ([Nb(O2)4]3–) instead of hexaniobate ([Nb6O19]8–) as the niobium source. Crys-
tallographic analysis shows that Cs+-bonding to clusters increases with Nb-content, following the
trend observed in our previous studies of hexaniobate in solution. Fragmentation by ESI-MS
suggests that niobium-rich [Nb4W2O19]6– is less stable than isostructural [Nb2W4O19]4– and this
technique, together with FTIR, confirms the predominance of the cis- isomer in the cluster struc-
tures. The mixed-metal composition of these isopolyanions is reflected in the crystallographic
bond lengths and in the positions of the absorption bands in the UV spectra. DFT calculations
reveal that the HOMO-LUMO energy gap widens with increasing Nb content in the cluster frame-
work – an effect ascribed to the overall poorer mixing of Nb4d, versus W5d, atomic orbitals with
the corresponding O2p orbitals.

1 Introduction
Ion-association is an extremely important phenomenon in nat-
ural and synthetic aqueous systems. The relationship between
ions defines the structural transition between the solid and aque-
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ous states of ionic materials and directly influences their self-
assembly, as well as the solubility and stability of related com-
pounds in solution. Alkali salts of polyoxometalates (POMs) pro-
vide a unique opportunity to study these processes. POMs are
discrete anionic metal-oxo clusters of the early d0 transition met-
als (WVI, MoV/VI, VV, NbV, TaV).1 This family of clusters displays
a range of functional properties2 and may be divided into two
distinct subsets with regard to their predominant self-assembly
conditions, redox chemistry, charge density, and solubility prop-
erties. Group VI POMs (WVI and MoV/VI) self-assemble via acidi-
fication of aqueous solutions, possess low charge-density, and ex-
hibit rich redox chemistry. Group V (NbV and TaV) POMs are pre-
dominantly assembled and stable in base and possess poor redox
character, consistent with their highly negative charge-densities.3

Meanwhile, VV POMs have properties closer to those of Group VI
POMs, exemplified by their rich redox character and acidic self-
assembly conditions.

A crucial and less commonly recognized difference between
these two classes of POMs can be seen in their solubilities with
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respect to charge-balancing countercations. Group VI POMs ex-
hibit solubility related to the hydration sphere and solvation en-
ergy of their cations, with Li-salts being the most soluble and Cs-
salts being the least soluble. Likewise, this is the accepted ‘nor-
mal’ solubility trend for simple salts in water, since hydration of
ions is the thermodynamic driving force for aqueous dissolution.4

Conversely, Group V POMs of Nb and Ta have the opposite solu-
bility trend, with greater cationic radius resulting in enhanced
solubility, while polyvanadates exhibit solubility trends more typ-
ical of Group VI POMs.5–8 Given the distinct differences between
POM chemistry of Nb & Ta compared to V, we have previously
coined the term ‘polycoltanate’ (derived from coltan, abbrevia-
tion of columbite-tantalite – the ore from which Nb and Ta are
extracted) to explicitly mean the POM chemistry of Nb & Ta.9

This reverse solubility phenomenon of polycoltanates with coun-
terions was initially recognized with the hexaniobate Lindqvist
ion, [Nb6O19]8– – the most persistent aqueous species of suffi-
ciently alkaline solutions of niobium oxide.10,11 Understanding
and exploiting this unusual trend remains a worthwhile goal, al-
lowing us to more efficiently perform separations, assembly, and
manipulation of inorganic materials in water. Moreover, there is
particular interest in developing technologies for separating and
sequestering Cs+, since 137Cs remains the biggest challenge of
legacy nuclear wastes, as well as the radionuclide of greatest con-
cern in the more recent Fukushima nuclear disaster.12

A large number of metals13 and even non-metals14 can re-
place WVI and MoV/VI in Group VI POMs. This strategy has in-
creased the range of the properties of these polyanions.15,16 An
illustrative example of this approach is displayed by the synthe-
sis of the Nb-substituted series of hexatungstate ([W6O19]2–).17

This compositional series of Linqvist-type Nb/W isopolyanions,
[NbxW6-xO19](2+x)– (x = 1-4), was originally prepared 40 years
ago by Dabbabi et al. from reactions of K8[Nb6O19] and sodium
tungstate in aqueous media under pH control and in the pres-
ence of H2O2.18 The original report did not include crystallo-
graphic analysis of the structures and just [NbW5O19]3– (as the
TMA+/K+ 19, and the TBA+ salt20), [Nb2W4O19]4– 21, and a hy-
brid derivative of the latter22 have been structurally character-
ized so far. These highly symmetric clusters with mixed metal site
occupancies present significant disorder, rendering proper struc-
ture interpretation challenging, but Cs+ may provide the advan-
tage of orienting the clusters by preferred coordination to the
more basic niobium-bonded oxo-ligands. More importantly, prior
studies comparing arrangement of ions in the solid-state to their
ion-association in solution have presented an emerging trend that
solution behavior remarkably mirrors solid-state structure.6,23–25

Structural characterization of these mixed metal POMs is thus a
worthwhile effort as a foundation for future solution studies that
focus specifically on ion-association and solubility.

This series of niobo-tungstate POMs bridging end-member

Group V and Group VI clusters allows for insight into an interme-
diate set of trends in self-assembly and ion-pairing. Increasingly
alkaline reaction conditions result in gradual Nb substitution for
W centers, exemplifying the hybrid nature of these POMs.18 The
Cs+ salts of the members of this series are of particular inter-
est from an ion-association perspective, due to the stark contrast
between the extreme solubility of Cs8[Nb6O19] (as high as 1.5
molar) and the insolubility of Cs+ polytungstates. Here we com-
plement structural data with electrospray ionization mass spec-
troscopy (ESI-MS), vibrational spectroscopies, and compositional
analysis to determine compositional and isomeric purity of the
Lindqvist ions. UV-vis spectroscopy corroborated with simulations
elucidate the origin of shifting HOMO-LUMO gaps with composi-
tion.

2 Experimental

2.1 Syntheses

Synthesis of the three reported compounds is detailed below, and
instrumentation and additional crystallographic details are avail-
able in the Supplementary Information.

2.1.1 Cs4Na2[Nb4W2O19]·12H2O (CsNa{Nb4W2})

Na2WO4·2H2O (3.3 grams, 10.0 mmol) was added to 40 mL
of H2O at room temperature and stirred until dissolution.
Cs3[Nb(O2)4] (2.9 grams, 4.7 mmol) was added to the solu-
tion, which was further stirred for 10 minutes. The suspension
was then slowly acidified dropwise with 12 M HCl until the pH
reached a value of 9, during which a white precipitate formed
and redissolved. The solution was then refluxed for 4 h, microfil-
tered with a 0.45 µm nylon syringe filter, cooled to room temper-
ature, and allowed to crystallize at 4 ◦C. Macroscopic colorless
block-like crystals formed after 60 hours. The mother liquor was
removed and the crystals were washed in 2-propanol and dried
under vacuum.

Yield = 0.604 grams (27.6% by mass). Full formula:
Cs4Na2Nb4W2O31H24. MW = 1838.8 gmol−1. Atomic Ratios,
calculated (found): W/Nb: 0.5 (0.5), Cs/Nb: 1.0 (1.0), Cs/W:
2.0 (2.1). Characteristic IR bands (cm−1): 531 (s,br), 733 (s,
br), 840 (s, sh), 874 (w), 884 (m), 907 (m, sh), 932 (m, sh).
UV absorption: λ1 = 211 nm, ε1 = 1.87× 105 Lmol−1 cm−1, λ2

(n(Ob) → π∗(M-Ob) transfer band) = 253 nm, ε2 = 1.51× 105

Lmol−1 cm−1. Water content (%), crystallographic (TGA 22-400
◦C, in air): 12.1 (11.84).

Crystallographic Data: Cs4H24O31Na2Nb3.89W2.11; MW =
1846.70 gmol−1; Size: (0.16 x 0.14 x 0.08) mm3, T = 150 K;
crystal system: monoclinic; space group: P21/n, a = 9.5760(3)
Å, b = 13.5844(4) Å, c = 12.3503(4) Å, β = 90.0790(12)◦, V =

1606.58(9) Å
3
; Z = 2; Dc = 3.817 mgm−3; µ = 13.446 mm−1;

F(000) = 1659; 2θmax = 80.0◦; 45150 reflections; 9955 inde-
pendent reflections [Rint = 0.0299]; R1 = 0.0310, wR2 = 0.0917
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Scheme 1 Reaction products for niobo- and tantalo-tungstates 9 in analogous conditions. Color code: Nb, green; Ta, blue; W, grey; O, red.

and GOF = 1.260 for 9955 reflections (248 parameters) with I >
2σ(I); R1 = 0.0318, wR2 = 0.0921 and GOF = 1.261 for all reflec-
tions; max/min residual electron density, +2.644/-1.995 eÅ

−3
.

2.1.2 Cs3Na[Nb2W4O19]·10H2O (CsNa{Nb2W4})

Na2WO4·2H2O (3.3 grams, 10.0 mmol) was added to 40 mL of
H2O at room temperature and stirred to dissolve. Cs3[Nb(O2)4]
(2.9 grams, 4.7 mmol) was added to the solution, which was fur-
ther stirred for 10 minutes. The suspension was then slowly acid-
ified dropwise with 12 M HCl until the pH reached a value of 8,
during which a white precipitate formed and redissolved. The
slightly yellow solution was then refluxed for 4 h, microfiltered
with a 0.45 µm nylon syringe filter, cooled to room temperature,
and allowed to crystallize at 4 ◦C. Small silvery-white flake-like
crystals formed over two days. The solid was separated by vac-
uum filtration, washed in 2-propanol, and dried under vacuum.

Yield = 0.210 grams (4.9% by mass) from initial crystalliza-
tion. More product can be obtained by boiling the mother liquor
to half of its initial volume and cooling the solution again to 4
◦C. Full formula: Cs3NaNb2W4O29H20. MW = 1827.0 g/mol|.
Atomic Ratios, calculated (found): W/Nb: 2.00 (1.98), Cs/Nb:
1.50 (1.52), W/Cs: 1.33 (1.30). Characteristic IR bands (cm−1):
488 (vw), 529 (vw), 567 (m), 773 (s, br), 894 (s), 947 (s).
UV absorption: λ1 = 198 nm, ε1 = 1.74 ×105 Lmol−1 cm−1, λ2

(n(Ob) → π∗(M-Ob) transfer band) = 269 nm, ε2 = 1.05 ×105

Lmol−1 cm−1. Water content (%), crystallographic (TGA 22-500
◦C, in air): 9.2 (9.15).

Crystallographic Data: Cs3H20NaO29Nb2.14W3.86; MW =
1814.67 gmol−1, size: (0.09 x 0.07 x 0.04) mm3; T = 173 K;
crystal system: trigonal; space group: R3; a = 11.6472(15) Å, b
= 11.6472(15) Å, c = 19.117(2) Å, V = 2245.9(6) ÃĚ3; Z = 3;
Dc = 4.025 mgm−3; µ = 19.280 mm−1; F(000) = 2404; 2θmax

= 60.0◦; 12477 reflections; 2686 independent reflections [Rint =
0.0566]; R1 = 0.0325; wR2 = 0.0520 and GOF = 1.008 for 2686
reflections (122 parameters) with I > 2σ(I), R1 = 0.0496, wR2

= 0.0563 and GOF = 1.009 for all reflections; max/min residual
electron density: +1.211/-1.167 eÅ

−3
.

2.1.3 Cs4[Nb2W4O19]·4H2O (Cs{Nb2W4})

Na2WO4·2H2O (3.3 grams, 10.0 mmol) was added to 40 mL
of H2O at room temperature and stirred until dissolution.
K3[Nb(O2)4] (1.6 grams, 4.7 mmol) was added to the solution,
which was further stirred for 10 minutes. The suspension was
then slowly acidified dropwise with 12 M HCl, during which a
white precipitate formed and redissolved until the pH reached a
value of 7. Upon continued dropwise addition of HCl, the solution
grew increasingly opaque and yellow until the pH reached a value
of 2. The yellow suspension was then refluxed for 2 hours. The
resulting solution was allowed to cool to room temperature and
was then centrifuged. The supernatant was separated and mi-
crofiltered with a 0.45 µm nylon syringe filter. 6.0 grams of CsCl
were then added to the supernatant and a cream-colored pre-
cipitate formed. This precipitate was isolated by centrifugation
and removal of the supernatant liquid. The solid was dissolved
in the minimum amount of boiling water (≈ 120 mL·g−1) and
allowed to recrystallize at 4 ◦C. After a day, small needle-like col-
orless crystals formed. The crystals were washed in 2-propanol
and dried under vacuum.

Yield = 1.703 grams (39.6% by mass, crude product). Full
formula: Cs4Nb2W4O23H8. MW = 1828.84 gmol−1. Atomic Ra-
tios, calculated (found): W/Nb: 2.00 (2.02), Cs/Nb: 2.00 (1.93),
W/Cs: 1.00 (1.04). Characteristic IR bands (cm−1): 594 (m), 773
(s), 860 (w, sh), 947 (s, sh). UV absorption: λ1 = 196 nm, ε1 =
1.64 ×105 Lmol−1 cm−1, λ2 (n(Ob) → π∗(M-Ob) transfer band)
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Fig. 1 (a) D4h trans-isomer of {Nb2W4}. (b) C2v cis-isomer of {Nb2W4},
vewied along a terminal-oxo bond. Color code: Nb, green; W, grey; O,

red.

= 271 nm, ε2 = 1.03 ×105 Lmol−1 cm−1. Water content (%),
crystallographic (TGA 22-400 ◦C, in air): 4.0 (3.95).

Crystallographic Data: Cs4H8O31Nb1.97W4.03; MW = 1832.11
gmol−1, size: (0.16 x 0.14 x 0.08) mm3, T = 150 K; crystal
system: monoclinic; space group: P21/n, a = 9.6119(8) Å, b
= 11.8087(10) Å, c = 11.2532(9) Å, β = 90.929(18)◦, V =

1277.12(18) Å
3
; Z = 2; Dc = 4.764 mgm−3; µ = 24.655 mm−1;

F(000) = 1582; 2θmax = 86.80◦; 42881 reflections; 9627 inde-
pendent reflections [Rint = 0.0744]; R1 = 0.0468, wR2 = 0.0869
and GOF = 1.016 for 9627 reflections (155 parameters) with I >
2σ(I), R1 = 0.0897, wR2 = 0.1037 and GOF = 1.016 for all reflec-
tions; max/min residual electron density, +5.933/-4.251 eÅ

−3
.

3 Results and Discussion
3.1 Synthetic Variations
Departing from Dabbabi’s hexaniobate-based syntheses, perox-
oniobate ([Nb(O2)4]3–)26 was used as the Group V metal
source for three Cs+ salts of POMs: Cs4Na2[Nb4W2O19]·12H2O
(CsNa{Nb4W2}), Cs3Na[Nb2W4O19]·10H2O (CsNa{Nb2W4}),
and Cs4[Nb2W4O19]·4H2O (Cs{Nb2W4}). Peroxide is important
for maintaining solubility of niobium in slightly alkaline to acid
conditions (i.e., pH < 10). The use of peroxoniobate allows
for greater control over these syntheses by providing minimal
and consistent peroxide concentration. Peroxide is an unstable
molecule with respect to heat, base and redox reactions, leading
to potential inconsistent or uncontrolled results. This is particu-
larly true because tungsten is likewise redox active.

The pH of the reaction controlled variance in the Nb:W ratio
in each compound, thereby bridging the opposing self-assembly
environments of Group V and Group VI POMs and paralleling
Dabbabi’s pioneering work on the [NbxW6-xO19](2+x)– series.18

While the general trend of increasing niobium content with
higher pH was maintained, the actual pH ranges where members
of the series were prevalent shifted with respect to reaction basic-
ity. For instance, with peroxoniobate as the Group V metal source,

Fig. 2 IR spectra of CsNa{Nb4W2}, Cs{Nb2W4}, and CsNa{Nb2W4},
supporting the existence of more than two IR-active terminal-oxo

stretching modes for each compound in the terminal-oxo stretching
range. Regions for terminal-oxo stretches, bridging-oxo stretches, and

bending modes involving the central-oxo are labeled. The full FTIR
spectra are shown in Figure S5.

the [Nb2W4O19]4– species is formed at wide pH range (2 < pH <

8) instead of specifically at pH ≈ 5.5.18 However, we do need to
take into account the crystallizing countercations, as they can ex-
hibit selectivity for crystallizing specific cluster compositions and
isomers.

Scheme 1 summarizes the reaction conditions under which
the three reported Lindqvist salts were obtained, along with
tantalo(niobo)-tungsten clusters from a prior study.9 While
the Cs{NbW9} analogue of Cs{TaW9} was successfully synthe-
sized, attempts at making niobate forms of Cs{Ta2W8} and
CsNa{Ta3W3} instead resulted in Cs{Nb2W4} and CsNa{Nb2W4},
respectively. CsNa{Nb4W2} was obtained by raising the pH from
8 to 9 in the CsNa{Nb2W4} reaction.

3.2 Structures
3.2.1 Isomer Determination

We can conclude that the cis-isomers of both clusters, {Nb4W2}
and {Nb2W4}, are the main crystalline products from the reac-
tion mixtures. This is suggested by the number of absorption
bands in the FTIR spectra (Figure 1).27 Focusing on the promi-
nent terminal-oxo stretches (M-Ot) at 850-1000 cm−1 (Figure 2),
the low-symmetry C2v cis-isomer exhibits six IR stretches (A1 and
B1 from the two-site metal and 2A1, B1, and B2 from the four-site
metal). On the other hand, the high-symmetry D4h trans-isomer
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Fig. 3 Representation of the crystal structures of CsNa{Nb4W2}, Cs{Nb2W4}, and CsNa{Nb2W4} viewed along the crystallographic c axis. Color
code: unit cell edges, dark green; MO6 (M = Nb/W), grey; Cs+, pink and Na+, tan; O (from lattice water molecules), red.

Table 1 Nb/W occupancies for each cluster by free refinement of X-ray
data and energy dispersive spectroscopy (EDX)

Cluster Nb/W Occupancy Nb/W Occupancy
(Free Refinement) (EDX)

CsNa{Nb4W2} 3.89/2.11 3.97(3)/2.03(3)
Cs{Nb2W4} 1.97/4/03 1.99(3)/4.01(3)
CsNa{Nb2W4} 2.14/3.86 2.05(4)/3.95(4)

would exhibit only two IR stretches (A2u from the two-site metal
and Eu from the four-site metal) (Table S6). All three compounds
exhibit more than two IR stretching bands within this region, rul-
ing out the high-symmetry D4h trans structures. Thus, each ion
must exist as the lower-symmetry C2v cis-isomer. Although not all
six peaks are immediately perceptible in the 850-1000 cm−1 re-
gion of each IR spectrum, predominance of the D4h structures can
be ruled out due to the clear existence of more than two peaks.
Computational verification of these assignments is shown in Ta-
ble S25. Bridging oxygen (M-Ob) stretching modes are primarily
responsible for bands in the 500-850 cm−1 region. Combinations
of bridging oxygen and central oxygen (M-Oc) bending modes re-
sult in the bands at lower wavenumbers.27 The disparity between
the spectra of the two {Nb2W4} species, most prominently in the
890-910 cm−1 range, can be attributed to the additional Cs+ in
Cs{Nb2W4} associating to additional terminal oxygen atoms on
the clusters, weakening their stretching signals (Figure 4).

3.2.2 Crystallographic Structures

In each of the three studied phases, the free refinement of metal
occupancies very closely matched the ratios found by energy-
dispersive x-ray spectroscopy (EDX, Table 1). The fully-oxidized
states of the metals were fixed since there is no evidence (i.e.
color) for reduction of WVI and reduction of NbV is extremely
rare in polyanions. Although Bond Valence Sum (BVS) calcula-
tions were attempted for all three structures, the degree of mixed-

occupancy and disorder in each lattice significantly decreased
the effectiveness of such calculations for determining atomic ra-
tios.28–30 SEM-EDX was instead employed for this purpose, which
is capable of giving very accurate ratios of heavy metals and these
analyses confirmed the ratios obtained from free refinement of
the site occupancies (Table 1). Additionally, the Nb/W ratios are
confirmed by the number of fully-occupied countercations sites
per cluster (six for the case of CsNa{Nb4W2} and four for the
case of both {Nb2W4} structures), due to to the requirement for
charge-balance. The BVS values of the bridging oxos are strictly
greater than 1.720 in all three structures (Tables S16-S18), like-
wise showing no protonation that would reduce the number of re-
quired countercations. In summary, when coupled with the EDX
data, the full occupancy of the countercations in each structure al-
lows assignment of the metal occupancies to their nearest integer
values with confidence.

Both CsNa{Nb4W2} and Cs{Nb2W4} crystallize in the or-
thorhombic crystal system with three symmetrically independent
metal sites in the cluster unit (Figure 3). Nb and W are disordered
over the six metal positions, with total occupancies summing to
match the respective metal ratios in each cluster. The free refine-
ment yielded an Nb/W ratio very close to 2:1 for CsNa{Nb4W2}
and 1:2 for Cs{Nb2W4} (Table 1). Each of these ratios was sup-
ported by the atomic % ratio (EDX) and the crystallographic de-
termination of the number of cations required to fully balance the
charge on each cluster (six and four, respectively). CsNa{Nb2W4}
crystallizes in the trigonal space group R3 with only two symmet-
rically independent metal sites in the cluster unit. The free refine-
ment again yielded an Nb:W occupancy ratio close to 1:2 and this
ratio was further supported by the atomic % ratio, as well as the
crystallographically determined number of cations.

In the CsNa{Nb4W2} structure, Lindqvist ion units are ar-
ranged in layers perpendicular to the c-axis. Cs+ coordinates
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Table 2 Summary of metal-oxo bond lengths in Lindqvist ions

Oxo-bond type {Nb6} CsNa{Nb4W2} Cs{Nb2W4} CsNa{Nb2W4} {W6}
M-Ot 1.804(9) Å 1.751-1.786 Å 1.726-1.759 Å 1.746-1.752 Å 1.689(6) Å
M-Ob 2.005(2) Å 1.951-1.981 Å 1.915-2.005 Å 1.919-1.991 Å 1.924(3) Å
M-Oc 2.381(1) Å 2.333-2.360 Å 2.341-2.386 Å 2.333-2.337 Å 2.331(4) Å

Fig. 4 Representation of the coordination environments of the Cs+ countercations in the structures of CsNa{Nb4W2}, Cs{Nb2W4}, and CsNa{Nb2W4}.

to terminal and µ2 bridging oxygens on the clusters and sodium
countercations bonded to six water molecules each are inter-
spersed between the cluster layers. The values for metal-oxygen
distances for each of the three inequivalent oxygen types (Figure
S15) fall in the expected range for an Nb/W mixed-metal cluster
(Table 2). The bond distances between the mixed-metal sites and
the terminal oxo ligands (Ot) are intermediate between those of
terminal-oxo bond lengths in hexatungstate ({W6}) and hexan-
iobate ({Nb6}).31 The bond lengths are slightly closer to those
in {Nb6}, indicative of the greater Nb than W occupancy in each
metal site. This trend is also observed for the bridging oxo bond
lengths (M-Ob), which are on average slightly closer to the bond
length of Nb-Ob than that of W-Ob. This is again the case for the
bonds to the central oxygen (M-Oc). In the Cs{Nb2W4} structure,
a similar stacking arrangement of Lindqvist ions and counterca-
tions is seen, but with no sodium ions. The metal-oxygen dis-
tances for the three oxygen types are within the expected range
for an Nb/W mixed cluster, but with bond lengths generally closer
to those in {W6} to reflect the greater tungsten occupancy at
each metal site. In CsNa{Nb2W4}, the M-Ot and M-Ob bond
lengths fall within the ranges in Cs{Nb2W4}. The M-Oc bonds
have lengths slightly shorter than those in Cs{Nb2W4} and closer
to those in {W6}. The inclusion of Nb in the structure of {W6}
therefore typically results in the lengthening of bond distances
due to both the lower valency of NbV and the mixing of metals in
the structure, which typically distorts the molecular framework.

Considering the countercation coordination environments with
respect to only the POMs in the lattice, the two crystallograph-
ically distinct Cs+ sites in CsNa{Nb4W2} exhibit five-coordinate
and six-coordinate bonding to the terminal and bridging oxygen

atoms (Figure 4). Each Cs+ additionally bridges to the sodium
cations in the lattice via four water molecules (for total Cs+ coor-
dination numbers of nine and ten). A similar Cs+ bonding scheme
is seen in Cs{Nb2W4} with Cs+ exhibiting six-coordinate bonding
with respect to the oxygen atoms in their associated clusters (Fig-
ure 4). However, solvent water molecules instead bridge Cs+,
since there is no sodium in the lattice. Cs+ sites in CsNa{Nb2W4}
only have four bonds to the clusters’ terminal and bridging oxy-
gen atoms, and the remaining coordination is to water molecules
(C.N.=11). Moreover, the bonding of Cs+ to the clusters is pri-
marily to the terminal oxos, suggesting the less basic nature of
the bridging oxos in these W-rich sites. Meanwhile, Cs-cations of
Cs{Nb2W4} bond to both bridging and terminal oxos, likely be-
cause there is more Cs in the lattice (no sodium) and a surprising
lack of lattice water (Figure 4). Alkali-cluster lattices typically
contain ten or more water molecules per cluster. In the clusters
with sodium countercations (CsNa{Nb4W2} and CsNa{Nb2W4}),
sodium ions only coordinate to lattice water molecules and ex-
hibit no coordination to cluster oxygen atoms. The cesium-
oxygen bond distances of 3.0-3.6 Å were chosen to match the
established range seen in ion-association to Lindqvist ions (Ta-
ble S7-S9).6 However, unlike the bonding of Cs+ to the faces of
the {Nb6} superoctahedron,7 Cs+ instead associates more loosely
to bridging and terminal oxygen atoms in the currently studied
niobo-tungstate clusters. The cation-only coordination environ-
ments with clusters removed are also highlighted (Figure S10).

3.3 Stability and Isomer Confirmation by ESI-MS
Electrospray-ionization mass-spectrometry (ESI-MS) was em-
ployed to explore the stability and confirm isomeric purity of the

6 | 1–10Journal Name, [year], [vol.],
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Fig. 5 ESI-MS spectra of CsNa{Nb4W2}, Cs{Nb2W4}, and CsNa{Nb2W4}.

three compounds in solution and in the gas phase. This is also
the most effective method to distinguish between a pure phase of
mixed-metal clusters, and a mixture of co-crystallized clusters of
different compositions. Spectra of CsNa{Nb4W2}, Cs{Nb2W4},
and CsNa{Nb2W4} were obtained in aqueous solution. The re-
gions of interest in these spectra, along with labeled peak en-
velopes are shown in Figure 5, while Table S14 summarizes the
assignments for these peak envelopes.

The spectrum of CsNa{Nb4W2} confirms the formula of the
cluster as determined by crystallography and elemental analysis.
Four peak envelopes can be assigned to the cluster, protonated
and associated to Cs+ and Na+ countercations to different de-
grees. The envelope displaying the highest intensity is ascribed
to an incomplete monoprotonated cluster in which one of the oxo
ligands is missing. Hexacoltanate species in the gas phase miss-
ing one or more oxo ligands are fairly common, as reported in
previous mass spectrometry studies.32 The high relative intensity
of the [HWO4]– peak, when compared to the spectra discussed
below, suggests that this polyanion is less stable in the gas phase
than {Nb2W4}.

The spectra of the two salts of {Nb2W4} also confirm the crys-
tallographic/EDX formula despite the differences in the relative
intensity of a number of peak envelopes. Seven and four peaks
in the CsNa{Nb2W4} and Cs{Nb2W4} spectra respectively can be

Table 3 λmax values for n(Ob)→ π∗ (M-Ob) transitions in members of the
[NbxW6-xO19](2+x)– series

Anion λmax, nm
{Nb6} 248
{Nb4W2} 253
{Nb2W4} 269, 271a

{W6} 278 33

a CsNa{Nb2W4} and Cs{Nb2W4}, respectively.

assigned to an intact {Nb2W4} polyanion. The peaks showing
the highest intensity in each spectrum are ascribed to a proto-
nated intact cluster in the case of the CsNa{Nb2W4} spectrum
and to an adduct, formed by Cs+ and adventitious Na+ counter-
cations associated to a protonated {Nb2W4} cluster missing two
oxo ligands, in the case of the Cs{Nb2W4} spectrum. Interest-
ingly, the presence of a [W3O10]2– fragment in both {Nb2W4}
spectra confirms the spectroscopic assignment of this cluster as
the cis-isomer.

3.4 Electronic Structure Trends by UV-Vis Spectroscopy
As tungsten occupancy in the isostructural [NbxW6-xO19](2+x)–

series increases, a monotonic redshift trend is observed in the
n(Ob) → π∗(M-Ob) transfer band (Table 3, Figure 6). This can
be attributed to the π∗(Nb-Ob) LUMO34 in {Nb6} being higher-
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Fig. 6 UV-visible spectra of CsNa{Nb4W2}, Cs{Nb2W4}, and
CsNa{Nb2W4} (0.1 mM aqueous solutions). The higher-wavelength

peaks correspond to n(Ob)→ π∗(M-Ob) charge transfer bands.

Table 4 λmax values for n(Ob)→ π∗ (M-Ob) transitions in [M6O19]n– (M =
Nb, Mo, Ta, W)

Group V, λmax Group VI, λmax

4d [Nb6O19]8–, 248 nm [Mo6O19]2–, 326 nm
5d [Ta6O19]8–, 215 nm [W6O19]2–, 278 nm

lying (more destabilized) than the π∗(W-Ob) LUMO in {W6} with
respect to their n(Ob) HOMOs.35 The higher-lying LUMO arises
from the poorer mixing of Nb4d than W5d atomic orbitals with Ob,
due to their atomic orbital energies being further apart.36 The
λmax values in the n(Ob) → π∗(M-Ob) transitions for two other
prominent hexametalate species, [Ta6O19]8– and [Mo6O19]2–,
are 215 nm and 326 nm, respectively.34,37 Comparing these tran-
sitions to those in {Nb6} and {W6}, the redshift across a period
is larger than the blueshift going down a group (Table 4). This
arises from the significant lowering of atomic orbital energies due
to the additional proton in each Group VI metal center (e.g., from
Ta to W). The relative similarity in energy allows W5d orbitals
to have better π-mixing with oxygen’s 2p orbitals. This stabiliz-
ing effect is greater than the destabilization resulting from poorer
orbital overlap of the 5d orbitals with 2p orbitals, compared to
4d orbitals in the same group (e.g., from Nb to Ta) with 2p or-
bitals. The absorption peak positions of the niobo-tungstate clus-
ters are indicative of the mixed occupancy of niobium and tung-
sten at each metal site, constituting an intermediate level of Mnd-
Ob orbital mixing. This results in the LUMOs for the mixed-metal
species lying between those in {Nb6} and {W6}, with greater
tungsten occupancy resulting in smaller energy gaps. The elec-
tronic properties of these mixed Nb/W POMs are thus indicative
of hybrids of {Nb6} and {W6}.

Fig. 7 HOMO, LUMO, and Egap energies of CsNa{Nb4W2}, Cs{Nb2W4},
and CsNa{Nb2W4} in eV. The Ob atomic orbital contributions to the

LUMOs are shown in parentheses.

3.5 Computational Characterization

The electronic structure and properties of both cis- and trans-
isomers of {Nb4W2} and {Nb2W4} were studied using first-
principles calculations at the PBE and B3LYP levels of theory
(Tables S21-S22). Identifying the proper isomers of each struc-
ture is complicated by the crystallographic disorder of these
highly-symmetric species, warranting verification by computa-
tional methods. The relative electronic energies for the cis-
and trans-isomers of {Nb4W2} and {Nb2W4} indicated slightly
greater stability (on the order of 1-2 kcal·mol−1) in the cis-isomer
of each structure, confirming the predictions from IR spectra and
group theory (Table S20).

The historically well-characterized {Nb6} and {W6} structures
were also investigated in order to properly elucidate the mixed-
metal polyanions in the context of their intermediate properties
between those of their single-metal congeners. In each hexam-
etalate structure, the HOMO and LUMO are composed of the
occupied O2p and empty antibonding π∗(M-Ob) orbitals, respec-
tively. Combining Nb and W within the same structure resulted
in intermediate electronic structures between the two pure hex-
ametalate species, as predicted by the UV-vis spectra. Increased
Nb occupancy resulted in greater energy gaps due to generally
poorer mixing between Mnd and O2p atomic orbitals (Figure 7,
Table S23). This poor mixing arises from the disparate atomic
orbital energies of Nb4d and O2p (-2.95 eV and -9.82 eV for a
niobium atom and an oxygen atom, respectively) and results in
higher-lying LUMOs with less O2p character. The energy required
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Table 5 Experimental and calculated (B3LYP) energy gaps (Egap) for
{Nb6}, {Nb4W2}, {Nb2W4}, and {W6}

Cluster Calc. Egap Calc. Excitation Exp. Egap
(eV) Energy (eV)a (eV)b

{Nb6} 5.278 4.451 4.999
{Nb4W2} 5.082 4.419 4.901
{Nb2W4} 5.011 4.347 4.609, 4.575c

{W6} 4.876 4.235 4.460

a Average excitation energy (3 lowest excitations) from TD-DFT calculations.
b Calculated as E = hc

λ
, where λ is the value of wavelength for the absorption

ascribed to the n(Ob)→ π∗(M-Ob) charge transfer across bridging oxygen bonds.
c CsNa{Nb2W4} and Cs{Nb2W4}, respectively.

to promote electrons from the fully-O2p nonbonding orbitals is
thus increased. The atomic orbital energy of W5d is closer to that
of O2p (-4.34 eV for a tungsten atom), resulting in LUMOs with
more O2p character.

Our calculated HOMO-LUMO gaps are overestimated by both
PBE and B3LYP with respect to those inferred by the UV-Vis spec-
tra (Table 5). This disparity can be attributed to the dependency
of the molecular orbital energies, and hence the HOMO-LUMO
gap, on the DFT functional.38 Nonetheless, the trend of smaller
HOMO-LUMO gaps with increasing tungsten occupancy is main-
tained in all forms of computational and experimental character-
ization.

4 Conclusions

Through a combination of experimental and computational meth-
ods, three cesium salts of members of the [NbxW6-xO19](2+x)–

series were shown to exhibit intermediate solid-state bond dis-
tances and electronic properties between those of Group V and
Group VI POMs. Their resultant properties highlight the nature of
their mixed character. By combining these two disparate classes
of POMs, advanced materials with unique, hybrid properties are
attainable from water. The potential thus arises for tuning the sol-
ubility and base-catalytic capabilities of Group V POMs with the
electrochemical activity of Group VI POMs, among other proper-
ties. In order to fully harness this, the requisite understanding of
structures from this study must be supplemented by aqueous state
evaluation of self-assembly and ion-pairing patterns, especially
with Cs+. 133Cs T1 inversion-recovery experiments are underway
to evaluate the relative degrees of contact ion-pairing between
various Group V and VI mixed-metal POMs and Cs+. This associ-
ation data can then be related to electronic structures and solubil-
ities. Additionally, solution-state thermochemical measurements
are in progress to evaluate the energetic differences between the
solid and aqueous states of POMs. The results of our ongoing
investigations on these topics will be presented in future publica-
tions.
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The physical and electronic structures of cesium salts of niobo-tungstate Lindqvist ions vary with Nb 

content, elucidated experimentally and computationally. 
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