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A novel ESR-silent polyoxomolybdate Na21{[Na5(H2O)14]⊂[MoV
20-

MoVI
26O134(OH)10(µ-CH3COO)4]}‚CH3COONa‚≈90H2O (3) was

simply synthesized in high yield by reducing an acidified aqueous
solution of Na2MoO4‚2H2O and CH3COONa‚3H2O. The structure
of 3 is constructed by a 46-member crown-shaped anion, [Na5-
(H2O)14]⊂[MoV

20MoVI
26O134(OH)10(µ-CH3COO)4]21-, 3a, which is

built up by three different but related building blocks in a new
mode and further connected into layers via Na+ and hydrogen
bonds. Crystal data of compound 3: triclinic space group P(−1);
a ) 16.4065(3), b ) 17.4236(2), c ) 20.8247(3) Å; R ) 87.57,
â ) 67.9810(10), γ ) 80.6970(10)°; V ) 5445.08(14) Å3; Z )
1; Dcalcd ) 2.902. Structure solution and refinement are based on
19 014 reflections, R ) 0.0750.

Since the biologically active sodium cryptate [NaW21Sb9-
O86]18- was reported,1 an enormous growth in the area of
inorganic “host-guest” polyoxometalates has been achieved.2

Nowadays, the number of such “host-guest” complexes
known to contain “guest” anions, cations, molecules such
as CH3CN, or cation/anion aggregates such as NH4

+Cl-, is
very vast.3 However, such complexes in this field will
certainly continue to attract greater attention, because of their
enormous structural diversity and potential applications in
catalysis, biology, and medicine.4

The employment of some organic ligands such as car-
boxylic acids and organodiamines, which can be extensively
linked to inorganic oxide backbones and have a dramatically

profound impact on the oxide structures, offers a powerful
synthetic route for the design of novel materials.5 For
example, CH3COOH and HCOOH were introduced into the
molybdenum-blue systems, giving rise to the formation of
giant ball-shaped, nanometer-sized basket-shaped, or onion-
shaped polyoxomolybdate anions based on interesting{Mo11}
blocks. In a previous paper, we showed that the crown-
shaped (twisted) anion1a(≡[{Na(H2O)2}6⊂{(µ3-OH)4MoV

20-
MoVI

34O164(µ2-CH3COO)4}]26-) is constructed from blocks
{Mo8} and{Mo9}.7 Using a similar reaction system, we have
now succeeded in selectively isolating another acetate crown-
shaped, mixed-valence, ESR-silent polyoxomolybdate,3,
which exhibits some interesting structural features: (1) the
host shells are constructed from three different but related
building blocks; (2) each “host” accommodates a zigzag-
chainlike “guest” of five edge-shared sodium cations; and
(3) weak Mo-Mo interactions and rather strong Mo-Mo
bonds (shorter than 2.61 Å) are found in the compound.

Compound3 was simply synthesized in high yield by
reducing an acidified aqueous solution of Na2MoO4
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Na26[{Na(H2O)2}6⊂{(µ3-OH)4MoV
20MoVI

34O164

(µ2-CH3COO)4}]‚≈120H2O (1)7

Na9[{Na(H2O)2}⊂{(µ3-OH)4MoV
8MoVI

10O52

(CH3COO)2}]‚≈45H2O (2)8

Na21[{Na5(H2O)14}⊂{MoV
20MoVI

26O134(OH)10

(µ-CH3COO)4}]‚CH3COONa‚≈95H2O (3)
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characterized by elemental analysis,10 cerimetric titration (to
determine the number of MoV), thermogravimetric analysis
(to determine the amount of crystallized water), bond valence
sum (BVS) calculations11 (to determine the number and the
positions of OH groups, as well as the number of MoV

centers), spectroscopic methods (IR, Raman, and UV-vis),12

and single-crystal X-ray structure analysis.13

One of the most challenging problems the chemists in the
POMs (polyoxometalates) field confront is how to control
the equilibria among different species in one reaction pot

and then, of course, isolate desirable products. Recently, our
interest has been focusing on seeking a simple synthetic route
to isolate novel “host-guest” compounds with desirable
properties. Our preliminary work shows that the main factors
that affect these equilibria are acidity, temperature, and the
concentration of reagents. Several reactions in a controllable
manner to isolate different crown-shaped acetate polyoxo-
molybdates were carried out under different pH values and
concentrations. The results indicated that, at higher acidity
or higher concentration of Na2MoO4, the equilibria are fav-
orable for the higher nuclearity product. At pH) 4.2,c(Na2-
MoO4) ) 0.5 M, andc(CH3COO) ) 1.22 M, black-brown
plates of the 18-member ring crown-shaped polyoxomolyb-
date2,8 of which the structure is slightly different from that
reported by Mu¨ller et al.,6b were precipitated. At pH) 3.5,
c(Na2MoO4) ) 0.5 M, c(CH3COO)) 1.22 M, and adding a
certain amount of electrolyte NaCl, the 46-member inorganic
crown3, isolated as black-brown needles, is the only product,
while at pH) 4.2,c(Na2MoO4) ) 0.68 M, andc(CH3COO)
) 0.86 M, 54-member ring polyoxoanion1 enclosing six
seven-coordinated Na+ is obtained predominantly.7

The compound3 is constructed by 46-member crown-
shaped anions, [Na5(H2O)14]⊂[ MoV

20MoVI
26O134(OH)10(µ-

CH3COO)4]21- 3a, which is built up by the three different
but related building blocks,{Mo8O28}(≡[MoV

2MoVI
6O28]10-),

{Mo9O30(X)2}(≡[(OH)2MoV
4MoVI

5{(CH3COO)2/2}2]10-), and
{Mo4O15(X)} (≡[(OH)3MoV

2MoVI
2O12(CH3COO)2/2]6-) (Fig-

ure 1). The structures of{Mo8O28} and{Mo9O30(X)2} units
had been described in details in our previous paper,7 and
the relationships among the three units are further illustrated
in Supporting Information.

The first kind of building blocks, centrosymmetric octa-
molybdate{Mo8O28} (≡[MoV

2MoVI
6O28]10-) moiety, consists

of eight distorted edge-shared molybdenum-oxygen octa-
hedra. This octamolybate unit is structurally similar to other
octamolybdate anions described as [Mo8O26(X)2]2n-4 (where
n is the normal charge of coordinated base X).14 More
interestingly, each crown-shaped anion3a contains two
asymmetric{Mo9O30(X)2} (≡[(OH)2MoV

4MoVI
5O28[(CH3CO-

O)2/2]2]10-) units. The asymmetric{Mo9O30(X)2} unit is
constructed by nine molybdenum atoms, of which each Mo
is coordinated by six oxygen atoms in distorted octahedral
arrangement with one short ModO bond for MoV and two
for MoVI. Short MosMo bonds (∼2.6 Å) are formed between
any two MoV atoms, while weak metal-metal interactions
with MosMo distances of about 3.21 Å are found between
any MoV and MoVI centers. In addition, novel{Mo4O15(X)}
(≡[(OH)3MoV

2MoVI
2O12(CH3COO)2/2]6-) subunits are also

found in 46-member ring3a. This building block is
constructed from four edge-shared molybdenum-oxygen
octahedral, and it exhibits similar polyhedral representation
to that of the{Mo4O13}2- units of the parentâ-[Mo8O26]4-

anion.15
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reported by Prof. Mu¨ller), only part of Na+ cations expected from
elemental analyses can be successfully found in structure solving
because of disorder. However, the main structures of the anions seem
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Three types of the described building blocks in3a are
connected to each other into a larger subunit and further
linked by {Mo1} (≡[MoVO]3+) units into the 46-member
twisted ring structure. The linkage between any{Mo9O30-
(X)2} and {Mo4O15(X)} units is edge-shared, while that
between any{Mo9O30(X)2} and{Mo8O30} moieties is corner-
shared. The cavity of it is about 4.742 (O(13)-O(13A)) ×
9.878 (O(75)-O(75A)) × 19.974 (O(36)-O(36A)) Å3,
which makes the spiral ring accommodate a zigzag-chainlike

“guest” of five edge-shared six-coordinated Na+ in the
following sequence: Na(3)(µ2-OH2)Na(2)(µ2-OH2)Na(1)(µ2-
OH2)Na(2A)(µ2-OH2)Na(3A). The corresponding Na-Na
distances are 3.614(13), 3.467(7), 3.467(7), and 3.614(13)
Å, respectively. The large cationic aggregate acting as a big
“guest” is linked to the eight endo oxygen atoms of the
twisted ring (Na-Oendodistances are in the range 3.370(14)-
3.460(15) Å). Moreover, the crown-shaped anions3a are
connected into three-dimensional chains via Na+ cations with
different coordinators and topologies (Na-O, 2.363-2.825
Å, Na-OH2, 2.254-2.708 Å).

The positions of OH- and MoV sites are assigned on the
basis of the∑s values, in which thes is the bond strength
derived from the Brown equation,s ) exp[(R0-R)/B] (R0

) 1.907 for Mo, andB ) 0.37). According to this procedure,
the O(36), O(50), O(66), O(73), and O(74) sites (and
corresponding symmetric positions) are ascribed to OH-

sites, whose∑s values (1.094-1.273) are significantly
smaller than those of the others (1.613-2.181) that are
normal for the O2- sites. The silent ESR spectrum of
compound3 indicates that the unpaired electrons of two
neighboring MoV atoms are completely coupled, which is
consistent with structural analysis.

In summary, besides{Mo54} and {Mo18},6b,8 another
crown-shaped polyoxomolybdate with a novel configuration
has been synthesized and characterized crystallographically.
Obviously, there exist various building blocks in one reaction
pot, and these blocks can be self-assembled into a related
set of crown-shaped or cyclic polyoxomolybdate anions
under different boundary conditions. These successful syn-
theses might lead to the synthesis of some other larger rings
using larger cations, cluster molecules other than Na+.
Furthermore, the various linkage modes between these
moieties are expected to give rise to a variety of crown-
shaped polyoxomolybdates. Indeed, this has been confirmed
recently by our preliminary experiments by introducing
magnetic ions into the crown-shaped system.
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Figure 1. (a) Ball-stick representation of spiral ring of3a (all encapsulated
Na+ cations are omitted for clarity). Selected Mo-Mo distances: Mo(1)-
Mo(23)#, 2.571(2); Mo(3)-Mo(4), 3.216(2); Mo(4)-Mo(9), 2.601(2);
Mo(10)-Mo(12), 2.607(2); Mo(14)-Mo(15), 3.214(2); Mo(15)-Mo(17),
2.592(2); Mo(19)-Mo(22), 2.597(2); Mo(23)-Mo(1)#1, 2.571(2) Å. (b)
Polyhedral representation of the crown-shaped anion3a. The linkage mode
between{Mo9O30(X)2} (marked with regular dots) and{Mo8O28} (dashed
lines) is corner-shared, while that between any moieties{Mo9O30(X)2} and
{Mo4O15(X)} units (parallel) is edge-shared.{Mo1} units are marked with
crosses, while the Na5 “guest” has a hatching pattern.
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