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A new vanadylpolymolybdophosphate, [H,N(C;H,),NH; ],-
(H;0)[PM0o;}Mog"Vi 0Oy (VV0), ] - H,0, was hydrothermally
synthesized and structurally characterized by elemental analy-
ses, IR, UV-vis, XPS, ESR spectra, and single crystal X-ray
diffraction amalysis. The compound contains an unusual highly
reduced pseudo-Keggin type polyoxcanion with nine negative
charges and exhibits an interesting phosphorus-centered alter-
nate layer arrangement of molybdenum and vanadium oxides.
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Polyoxometalates ( POMs) containing Keggin moi-
eties have been receiving extensive attention in recent
years owing to their great fundamental and practical inter-
est.! Especially the unusual electronic property ( high
negative charges) , one of the most important properties of
POMs, has potential applications in catalysis, medicine,
electron conductivity, magnetism and photochemistry %
It is therefore vital to design and synthesize highly re-
duced POMs with more negative charges in order to ex-
plore their applications. In this aspect, vanadium-con-
taining polymolybdophosphate anions with Keggin struc-
ture [ PMoy_ , V,0i01@*™~ (n = 1—3) have recently
been intensively studied.” Generally, these Keggin an-
ions have low V/Mo ratios. When V/Mo ratios are high,
the negative charges of polyoxoanions increase and the an-

ions are unstable. Introduction of electrophilic {VO}3* or
{VO}2* capping groups is a rational way to stabilize the
anions with higher negative charges.!® However, the
charge of the polyoxoanion will lower if more {VO}3* or
{VO}2* capping groups are introduced. " Until now,
no Keggin-type vanadylpolymolybdophosphates with more
than seven negative charges have been structurally charac-
terized. More recently, the introduction of hydrothermal
technique and use of various organic templates have pro-
vided an effective route to synthesize various metastable
compounds.® In this paper, we report the hydrothermal
synthesis and crystal structure of an unusual highly reduced
vanadylpolymolybdophosphate, [ H,N(C,H,),NH, ], (H;-
0) [ PMoyMog" Vi 0, (VV0),]1 - H,0 (1), which con-
tains a bicapped pseudo-Keggin polyoxoanion with nine
negative charges and exhibits a novel phosphorus-centered
alternate layer arrangement of molybdenum and vanadium
oxides.

The compound 1 was prepared hydrothermally from a
mixture of NH,VO;, Na,MoO,*2H,0, H;PO,, MnCl *
4H,0, piperazine and H,O in the molar ratio 1:1:2:1:2:
444 heated to 150 C for 6 d. After cooling to room tem-
perature, black block crystals of 1 were isolated (yield:
65% based on V). No product is obtained without MnCl,
*4H,0 in the reaction system, although Mn is not incor-
porated into the structure of 1. Thus, it is supposed that
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the introduction of MnCl, - 4H,0 into the reaction system

is necessary for the preparation of compound 1. Such a
phenomenon is often observed in the hydrothermal prepa-

ration of oxovanadate clusters.?

Single crystal X-ray analysis' reveals that 1 consists
of an unusual bicapped pseudo-Keggin polyoxoanion
[PMo) Mo{TVE 0, ( VIVO)z -, four piperazinium dica-
tions, one protonated water and a lattice water molecule.
In the polyoxoanion of 1 (Fig. 1), all molybdenum cen-
ters exhibit a distorted {MoOg} octahedral environment.
The Mo—O distances can be grouped into three sets:
Mo—0O, (terminal oxygen) 0.1661 (9)—0.1685 (9)
nm, Mo—O, (oxygen of the central tetrahedron) 0.243
(3)—0.250(2) nm, and Mo—Oy (bridged oxygen)
0.1785(10)—0.2070(10) nm, which are similar to the
previous reports.**>'15 The bond angles at Mo atoms vary
from 63.5(5)° to 160.2(5)°. All vanadium centers have
a distorted { VOs| square pyramidal environment with
V—O distances in the range of 0.1575(9)—0.1954(9)
nm. The bond angles at V atoms range from 80.0° to
157.5°. The central P atom is surrounded by a cube of
eight oxygen atoms with each site of them half-occupied.
The P—O distances are in the range of 0.148 (2)—
0.157(2) nm, and O-P-O angels 108.0(8)°—110.3
(8)°. Four {MoOg} octahedra form a {Mo,Os5} ring via

Fig. 1 Stucture and numbering scheme for [ PMo) MofV§' O-
(VV0),1°-.

the comer- and/or edge-sharing mode. Two {Mo,Oys }
rings are connected with four { VOs} pyramids via the cor-
ner-sharing mode and capped with two {VOs} pyramids
through the edge-sharing mode. Thus, a closed spherical
structure with two half-occupied {PO,} tetrahedral encap-
sulated is formed.

It is noteworthy that the polyoxoanion of 1 exhibits
an unusual structural feature in contrast to the similar bi-
capped a-Keggin polyoxoanion [PMoy,04(V0), %~ .15
That is, four { VOs} square pyramids, while not {VOg!
octahedra, substitute four {MoOg! octahedra in the equa-
torial sites of the [ PMoy,04(V0),]°~ to form a novel bi-
capped pseudo-Keggin polyoxoanion. Thus, the poly-
oxoanion exhibits a phosphorus-centered regular arrange-
ment of vanadium and molybdenum oxide layers in the se-
quence of {VO,}/{MoyOyg}/4{VO,}/{Mo,013}/{VO,}
(Fig. 2). To the best of our knowledge, there is no
precedent for such an alternate arrangement in discrete

Keggin-type polyoxoanions.

Fig. 2 Polyhedral representation of [PMoyMo}'VIO,,-
(V0),1°-.

Another unusual feature of compound 1 is that the
polyoxoanion exhibits a peculiarly high negative charge
(-9), which is observed in the capped Keggin
vanadylpolymolybdophosphate. Due to the introduction of
a strong reductive templating reagent piperazine,!® the
polyoxoanion is highly reduced. The valence sum calcula-
tions'® show that all oxygen atoms on the polyoxoanion
have the values higher than 1.5, indicating that there ex-
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ist no hydroxyl groups in the polyoxoanion.? The valence
sum calculations give the average values of 4.10 and 5.76
for calculated oxidation states of V and Mo, respectively.
The calculations show that all vanadium centers are in the
+ 4 oxidation state, while two molybdenum atoms are in
the + 5 oxidation state, which confirms the molecular for-
mula of 1. It is also indicated that the {MosO;g} rings
both contain one Mo’* center and three Mc®* centers.
Furthermore, six out of eight electrons are primarily local-
ized on six vanadium centers, while the remaining two
electrons are mainly delocalized on the upper and lower
{Mo4Oyg! rings, respectively. Such results are also con-
sistent with the charge requirement of the cluster and the
coordination geometries of the metal atoms.

ESR spectrum at room temperature only shows a V**
signal with g =2.07, in accordance with the valence sum
calculations. The lack of the Mo’ * signal suggests that
the two electrons of Mo®* centers are delocalized.!'1:15
This is also proved by X-ray photoelectron spectrum
(XPS) measurements of compound 1 in the energy regions
of Va,, Moss™? and Moss™2. The XPS spectra (Fig. 3)
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Fig. 3 XPS spectra of compound 1.

give one peak at 516.8 eV attributable to V4 .17 and two
overlapped peaks at 232.7 and 231.6 eV attributable to
Mo®* and Mo’*, respectively.'® These results further
confimm the valences of V and Mo atoms.

In the IR spectrum of 1, the strong bands at 926,
768, 655 and 604 cm™! are due to the v(M=0) or
v(M-O-M) (M= Mo or V) vibrations. The strong peak
at 1036 cm~! is attributed to the vibrations of P—O
bands. Two peaks at 1720 and 1609 cm™! are character-
istic of protonated H;0* groups.?'> Bands in the range
of 1454—1195 em™! are characteristic of N—H and C—
N bonds of the organic groups.
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