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Two new banana-shaped tungstophosphates [M6(H2O)2(PW9O34)2(PW6O26)]
17� (MII

¼NiII,
CoII) incorporating two types of lacunary polyoxometalate units have been synthesized in
aqueous solution and characterized by elemental analyses, IR, and UV spectra, and single-
crystal X-ray diffraction. Structural analyses show that Na6H11[Ni6(H2O)2(PW9O34)2
(PW6O26)] � 32H2O (1) and Na7H10[Co6(H2O)2(PW9O34)2(PW6O26)] � 31H2O (2) are gener-
ated from two tri-MII substituted B-�-[(MOH2)M2PW9O34] Keggin units connected by a
hexavacant [PW6O26]

11� Keggin fragment, leading to the MII-containing banana-shaped
tungstophosphates. Magnetic properties of 2 show decrease of the molar magnetic susceptibility
at higher temperatures results from spin-orbit coupling of CoII and antiferromagnetic
interactions whereas the maximum at the lower temperatures is indicative of the ferromagnetic
interactions within the trinuclear CoII spin cluster in the sandwich belt.

Keywords: Banana-shaped; Magnetism; Tungstophosphates

1. Introduction

Polyoxometalates (POMs), with versatile structural topologies, nucleophilic oxygen-
enriched surfaces, and redox, photo and magnetic properties, represent excellent
candidates for the development of nanomolecules based on the building-block strategy
[1–3]. Keggin, Dawson, and Anderson moieties have been widely used as building
blocks to construct extended structures by different linkers such as d- and f-block
cations [4–8]. Attention has concentrated on highly charged lacunary species, which are
able to act as bulky multidentate ligands for incorporation of multiple transition-metal
ions, leading to a family of transition metal-substituted polyoxotungstates (TMSPs)
with various stoichiometries and structural features combined with interesting catalytic
and magnetic properties [9, 10]. Compared with abundant reports of dimeric sandwich-
type complexes [Mx(XW9)2]

n� or [Mx(X2W15)2]
m� (x¼ 2–6) [11–17], POM architectures

consisting of two different polyainon subunits are rare, only several asymmetric
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sandwich-type POMs encapsulating two nonequivalent Keggin fragments were
observed: S-shaped POMs [{(B-�-SiW9O33(OH))(�-SiW8O29(OH)2)Co3(H2O)}2Co
(H2O)2]

20� [18], [Mn(H2O)2{Mn3(H2O)(B-�-GeW9O33(OH)(B-�-GeW8O30)(OH)}2]
22�

[19], [K(H2O)(�Fe2GeW10O37(OH))(�-GeW10O36)]
12� [20], [enH2]2[(�-H2AsVW6O26)

Fe3(H2O)(B�-H4AsVW9O34)]2[Fe]2 � 8H2O [21], and [Ni7(OH)4(H2O)(CO3)2(HCO3)
(A-�-SiW9O34)(�SiW10O37)]

10� [22]. Since the first banana-shaped TMSP [Co7(H2O)2
(OH)2P2W25O94]

16� was discovered by Coronado et al. [23], several banana-shaped
tungstophosphates were reported, for instance, [Ni4Mn2P3W24O94(H2O)2]

17� [24],
[Mn6P3W24O94(H2O)2]

17� [25], [M6(H2O)2(AsW9O34)2(AsW6O26)]
17� (MII

¼NiII, MnII,
CoII, ZnII) [26], [(Fe4W9O34(H2O)2(FeW6O26)]

19� [27], and [M6Ge3W24O94(H2O)2]
n�

(M¼FeIII, n¼ 14; M¼CoII, n¼ 20; M¼MnII/MnIII, n¼ 18) [28–30].
To seek the most promising strategies for constructing TMSPs with novel structures

and good properties, we launched explorations on high nuclear TMSPs by selecting
appropriate POMs precursors and TM ions. In previous works, we reported two
organic–inorganic hybrid NiII-substituted tungstoarsenates {[Ni3(dap)(H2O)2]2
(H2W4O16)}{(�H2AsW6O26)[Ni6(OH)2(H2O)(dap)2](B-�-HAsW9O34)}2]

8� [31] and
(H2en)4H20{Co(Hen)[Co6As3W24O94(H2O)2]}2 � 15H2O (en¼ ethylenediamine) [32],
which represents the first example of 1-D chain inorganic–organic hybrids containing
double banana-shaped polyoxoanions. As continuation of our work, herein, we report
another two new banana-shaped TMSPs, Na6H11[Ni6(H2O)2(PW9O34)2(PW6O26)] �
32H2O (1) and Na7H10[Co6(H2O)2(PW9O34)2(PW6O26)] � 31H2O (2).

2. Experimental

2.1. Materials and methods

All chemicals are analytical grade and used without purification. Inductively coupled
plasma (ICP) spectra were performed on a Perkin-Elmer Optima 2000 ICP-OES
spectrometer. IR spectra were obtained from KBr pellets on a Nicolet 170 SXFT-IR
spectrometer from 400 to 4000 cm�1. UV absorption spectra were obtained with a
U-4100 spectrometer at room temperature. Thermogravimetric analyses were per-
formed in N2 on a Perkin-Elmer-7 instrument with a heating rate of 10�Cmin�1. XRPD
measurements were performed on a Philips X’Pert-MPD instrument with CuKa
radiation (�¼ 1.54056 Å) at 293K. Magnetic susceptibility measurements were
obtained with a Quantum Design MPMS-XL7 SQUID magnetometer from 1.8
to 300K.

2.2. Synthesis of 1 and 2

2.2.1. Na6H11[Ni6(H2O)2(PW9O34)2(PW6O26)] . 32H2O (1). To a solution containing
Na2WO4 � 2H2O (5.000 g, 15.16mmol) in 10mL distilled water, 85% H3PO4 (0.17mL,
2.49mmol) and CH3COOH (0.5mL, 8.75mmol) were added with vigorous stirring,
then a solution containing Ni(CH3COO)2 � 4H2O (0.248 g, in 3mL distilled water) was
added. The pH of the resulting solution was adjusted to 5.5 with CH3COOH and
refluxed for 20min, then cooled to room temperature and filtered. After 9 days, green
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crystals were collected (Yield: ca 74% based on Ni(CH3COO)2 � 4H2O). Elemental
Anal. Calcd for H79Na6Ni6O128P3W24 (%): Na, 1.94; Ni, 4.94; P, 1.30; W, 61.94. Found
(%): Na, 1.90; Ni, 5.01; P, 1.33; W, 61.87. [MW¼ 7123.14 gmol�1]. IR (KBr pellet
4000–400 cm�1): 525, 692, 731, 802, 895, 928, 1010, 1060, 1100, 1640, and 3450.

2.2.2. Na7H10[Co6(H2O)2(PW9O34)2(PW6O26)] . 31H2O (2). Compound 2 was pre-
pared using a method similar to that employed for synthesis of 1, with
Co(CH3COO)2 � 4H2O in place of Ni(CH3COO)2 � 4H2O. After 8 days, purple block
crystals were collected (Yield: ca 78% based on Co(CH3COO)2 � 4H2O). Nadjo and Hill
have reported the structurally analogous Ni-containing complex [Ni4Mn2P3W24

O94(H2O)2] [24] and Co-containing [Co6P3W24O94(H2O)2]
17� [25]. However, these

complexes were isolated through decomposition of the sandwich complex
[(M(OH2)2)3(A-R-XW9O34)2]

12� precursor while 1 and 2 were obtained in higher
yield by the reaction of Na2WO4 � 2H2O, H3PO4, CH3COOH, and
M(CH3COO)2 � 4H2O (MII

¼NiII, CoII). Elemental Anal. Calcd for
H76Na7Co6O127P3W24 (%): Na, 2.26; Co, 4.96; P, 1.30; W, 61.89. Found (%): Na,
2.31; Co, 4.87; P, 1.27; W, 61.83. [MW¼ 7128.43 gmol�1]. IR (KBr pellet 4000–
400 cm�1): 488, 733, 798, 899, 931, 1030, 1640, and 3450.

2.3. Crystallographic data collection and structure determination

Structural analyses were performed on a Bruker APEX-II CCD diffractometer using
graphite monochromated Mo-Ka radiation (�¼ 0.71073 Å). The data were collected at
296K. Data processing was accomplished with SAINT [33]. 1 and 2 were solved in the
space group P21/c by direct methods and refined on F2 by full-matrix least-squares
using SHELXTL 97 [34]. The heaviest atoms could be unambiguously located. Oxygen
atoms were subsequently located in the difference Fourier maps. No hydrogen atoms
associated with water were located in the difference Fourier map. All non-hydrogen
atoms were refined with anisotropic thermal parameters. The final least-square cycle of
refinement gave R¼ 0.0278, wR¼ 0.0667 for 1 and R¼ 0.0590, wR¼ 0.1627 for 2. The
crystallographic data, selected bond lengths and angles are listed in tables 1, S1, and S2,
respectively.

3. Results and discussion

3.1. IR spectra

IR spectra of 1 and 2 are similar (figures S1 and S2), indicating the structural type of the
polyoxoanions in 1 and 2 is almost the same, in good agreement with the results of
X-ray diffraction structural analyses. The IR spectra show characteristic vibrations
resulting from lacunary Keggin POM framework in the range 1100–700 cm�1. Four
characteristic bands attributed to v(P–O), �(W¼Ot), �(W–Ob), and �(W–Oc) appear at
1095–1010, 928, 895–802, and 731 cm�1 for 1; 1030, 933, 899–802, and 733 cm�1 for 2,
which are in agreement with reported tungstophosphate framework containing
trivacant [B-�-PW9O34]

9� and hexavacant [B-PW6O26]
11� fragments [25].

Banana-shaped tungstophosphates 3365
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In comparison with the IR spectrum of saturated Keggin tungstophosphate
Na3PW12O40 � xH2O [35], the �(W¼Ot) frequency has a red shift from the sandwiched
MII cations having stronger coordination interactions to the lacunary oxygen atoms of
[B-PW9O34]

9� and [B-PW6O26]
11�. The v(W–Ob) and v(W–Oc) frequencies also have

red shifts from the decrease in symmetry of the banana-shaped [M6(H2O)2(PW9O34)2
(PW6O26)]

17– polyoxoanion compared with that of Na3PW12O40 � xH2O. The spectrum
of 1 exhibits similar terminal W–O stretching and W–O–W bridging frequencies with 2,
but displays subtle differences in the intensities of these bands. Differences in the
splitting of the vibration of the PO4 units are seen for 1 relative to 2. Most likely a
combination of two factors is responsible. First, 1 and 2 contain two different types of
phosphate groups by symmetry. Second, Jahn-Teller effects present for high spin CoII,
but not for NiII, may be responsible for changes in the splitting of PO4 bands. Similar
observations have been made for analogous Keggin sandwich species [((MnOH2)Mn2
PW9O34)2(PW6O26)]

17� and [((CoOH2)Co2PW9O34)2(PW6O26)]
17� [25]. Vibrational

bands at 3450 and 1640 cm�1 assigned to v(O–H) and �(O–H) of water molecules
suggests the presence of the lattice water in 1 and 2.

3.2. Structural description

X-ray powder diffraction patterns of 1 and 2 are consistent with those from the single-
crystal structure analyses (figure S3), indicating phase purity. On the account of
variation in preferred orientation of the powder sample in the experimental XRPD,
intensities of the experimental and simulated XRPD patterns have some differences.

Table 1. Crystal data and structure refinement parameters for 1 and 2.

Empirical formula H79Na6Ni6O128P3W24 (1) H76Co6Na7O127P3W24 (2)
Formula weight 7123.14 7128.43
Temperature (K) 296(2) 296(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
Unit cell dimensions (Å, �)
a 17.493(3) 17.617(6)
b 22.344(4) 22.411(7)
c 34.736(6) 34.900(11)
� 95.982(3) 96.011(5)
Volume (Å3), Z 13,503(4), 4 13,703(8), 4
Calculated density (g cm�3) 3.504 3.455
Absorption coefficient (mm�1) 21.327 20.920
F(000) 12632 12608
Crystal size (mm3) 0.29� 0.25� 0.20 0.35� 0.27� 0.21
� range for data collection (�) 1.8–25 1.63–25
Limiting indices �17� h� 20;

�26� k� 26; �41� l� 40
�20� h� 18;
�26� k� 25; �41� l� 41

Reflections collected 67,381 68,527
Independent reflection 23,709 [R(int)¼ 0.1215] 24,069 [R(int)¼ 0.1072]
Data/restraints/parameters 23,709/894/1508 24,069/882/1513
Goodness-of-fit on F2 0.992 1.011
Final R indices [I4 2	(I)] R1¼ 0.0795, wR2¼ 0.2000 R1¼ 0.0713, wR2¼ 0.1805
R indices (all data) R1¼ 0.1405, wR2¼ 0.2269 R1¼ 0.1136, wR2¼ 0.2009

R1¼
P

Foj�jFc/
P
jFoj; wR2¼ {

P
[w(F 2

o �F 2
c )

2]/
P

[w(F 2
o )

2]}1/2.
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Single-crystal X-ray diffraction reveals that [M6(H2O)2(PW9O34)2(PW6O26)]
17�

(MII
¼NiII for 1; MII

¼CoII for 2) display the same structural framework. Therefore,
only the structure of 1 is described in detail.

The asymmetric unit of 1 (figure 1) consists of a banana-shaped polyoxoanion
[Ni6P3W24O94(H2O)2]

17�, 11 protons, six sodium ions, and 32 lattice water molecules.
The polyoxoanion [Ni6P3W24O94(H2O)2]

17� (figure 2a) presents a banana-shaped
structure with idealized C2V symmetry composed of three kinds of units: trivacant
[B-PW9O34]

9� (figure 2b), {Ni3O13} (figure 2c) and hexavacant [B-PW6O26]
11�

(figure 2d). [B-PW9O34]
9� is formed by moving adjacent edge-sharing W3O13 triads

from a plenary �-Keggin [PW12O40]
3� anion while [B-PW6O26]

11� fragment is formed
by moving two W3O13 triads. The {Ni3O13} unit is constituted by three edge-sharing
NiO6 octahedra. The B-�-[(NiOH2)Ni2PW9O34] subunit is formed by a [B-PW9O34]

9�

and a {Ni3O13} in corner-sharing motif and two such subunits are connected into the
banana-shaped structure by [B-PW6O26]

11� sharing the corner O with {Ni3O13}. The
polyoxoanion can be considered as a double-sandwich structure, in which two
[B-PW9O34]

9� units and a [B-PW6O26]
11� fragment are separated by two distinct

{Ni3O13} triads.
There are six crystallographically independent NiII centers from two {Ni3O13}

clusters. The six NiII all reside in octahedral geometries, displaying two kinds of
octahedral environments: Ni3 and Ni6 have three oxygen atoms from [B-�-PW9O34]

9�,
two oxygen atoms from [B-PW6O26]

11� and one terminal water [Ni–O: 1.99(2)–
2.19(19) Å and Ni–OW: 2.02(2)–2.10(2) Å]; Ni1, Ni2, Ni4, and Ni5 are all bonded to
six oxygen donors from [B-�-PW9O34]

9� and [B-PW6O26]
11� [Ni–O: 1.956(17)–

2.226(17) Å].

Figure 1. ORTEP plot of the asymmetric unit of 1 showing 50% probability thermal ellipsoids and the atom
labeling scheme. Protons, sodium ions, and water molecules are omitted for clarity.

Banana-shaped tungstophosphates 3367

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

39
 1

3 
O

ct
ob

er
 2

01
3 



Bond-valence sum calculations [36] for 1 indicate that W and Ni are þ6 and þ2
oxidation states, respectively, and confirm protonated oxygen atoms in the structure.
There are only two terminal oxygen ligands, O1W and O2W, which are bonded to Ni3
and Ni6. These terminal ligands are water molecules as indicated by these calculations
(the bond valences for O1w and O2w are 0.30 and 0.37, respectively, indicating
diprotonation). Six sodium ions as counterions stabilize the polyoxoanion skeleton, so
there must be 11 protons in the structure of tungstophosphate anion, which are usually
assigned to be delocalized on the whole polyoxoanion for charge balance of the
polyoxoanion (results of bond-valence sum calculations are given in Supplementary
material).

The structural unit of 2 consists of 10 protons, seven sodium ions, 31 lattice water
molecules, and a banana-shaped polyoxoanion [Co6P3W24O94(H2O)2]

17�.

3.3. Magnetic properties

Temperature-dependent magnetic susceptibility measurements for 2 were performed
from 1.8 to 300K under an external magnetic field of 0.2 T. The temperature
dependences of 
M and 
MT are shown in figure 3. The 
M slowly increases from
0.0626 emumol�1 at 300K to 0.87 emumol�1 at 18K, and then rapidly reaches
5.00 emumol�1 at 1.8K. The 
MT product is 18.78 emuKmol�1 at 300K, larger than
the spin-only value (11.25 emuKmol�1) expected for six non-interacting high-spin CoII

ions (S¼ 3/2) considering g¼ 2.0. The magnetic behavior indicates the presence of the
orbital contribution arising from the ground state triplet 4T1 of each CoII, which is
known to be significant in an octahedral field [37, 38]. Upon cooling, the 
MT product

Figure 2. (Color online) (a) The polyhedral representation of banana-shaped MII-substituted tungstopho-
sphate anions: [M6(H2O)2(PW9O34)2(PW6O26)]

17� (MII
¼NiII, CoII). Protons, sodium ions, and water

molecules are omitted for clarity (Color code: WO6, purple; PO4, pink; NiO6, sky blue; O, red).
(b) B-PW9O34]

9� formed by moving one adjacent edge-sharing W3O13 from a plenary �-Keggin [PW12O40]
3�.

(c) The {Ni3O13} unit constituted by three edge-sharing NiO6 octahedra (Color code: oxygen atoms sharing
with the [B-PW9O34]

9� unit, red; oxygen atoms sharing with the [B-PW6O26]
11� unit, light pink; oxygen atoms

from water, pink). (d) The [B-PW6O26]
11� unit formed by moving two adjacent edge-sharing W3O13 triads

from a plenary �-Keggin [PW12O40]
3�.

3368 L. Yang et al.
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gradually decreases to a minimum of 15.76 emuKmol�1 at 30K, and then increases to

15.95 emuKmol�1 at 9K before dropping sharply to 9.25 emuKmol�1 at 1.8K. The

decrease at higher temperatures is due to spin-orbit coupling of CoII ions and/or the

antiferromagnetic interactions in trinuclear CoII clusters, which is further confirmed by

a negative Weiss constant �¼�5.24K derived from fitting the Curie–Weiss law to the

magnetic data between 1.8 and 300K. The maximum at lower temperatures is indicative

of the ferromagnetic CoII–CoII interactions within the trinuclear CoII spin cluster in the

sandwich belt [39]. A sudden decrease of the 
MT value below 9K is best ascribed to

the large anisotropy of the CoII centers and the presence of zero-field-splitting effects

in the ground state [40]. The field dependence of the isothermal magnetization reveals

that the magnetization curve at 1.8K increases with increasing applied field and reaches

7.28 N�B at 9T without saturation (figure S4). Because of the high anisotropy of the

ferromagnetic ground state, this curve does not follow a Brillouin’s function behavior

[39]. The decrease of the molar magnetic susceptibility at higher temperatures results

from spin-orbit coupling of the CoII ion and/or the antiferromagnetic interactions

whereas the maximum at the lower temperatures is indicative of the ferromagnetic

interactions within the trinuclear CoII spin cluster in the sandwich belt, which is also

observed in a cobalt-containing sandwich-type Keggin germanotungstate:

{[Co(dap)2(H2O)]2[Co(dap)2]2[Co4(Hdap)2(B-�HGeW9O34)2]} � 7H2O [41].

3.4. UV spectra

UV spectrum of 2 shows an absorption at 252 nm assigned to the p�–d� charge-transfer

transitions of the Ob, c!W bonds. Compound 2 in aqueous medium (0.2mmolL�1) at

pH¼ 6.1 is stable for at least 5 days as seen clearly in figure S5.

Figure 3. Thermal dependence of the magnetic susceptibility 
M (bottom) and 
MT (top) for 2. Inserted
plots of the temperature dependence of 1/
M and the linear fit of the temperature dependence 1/
M from
1.8–300K for 2, recorded on a powder sample at an applied field of 0.2 T.
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3.5. TG spectra

The TG curves of 1 and 2 (figure S6) show a continual weight loss from 30–800�C. The
weight loss at lower temperature (range 30–310�C) is assigned to release of crystal and
coordinated water molecules and weight loss from 310 to 700�C corresponds to removal
of structural water molecules. The total weight loss of 1 is 10.32% (Calcd 9.98%) and
the total weight loss of 2 is 9.78% (Calcd 9.69%).

4. Conclusion

Two new banana-shaped tungstophosphates have been synthesized in aqueous solution
and structurally characterized. Magnetic properties of 2 have been measured and
analyzed. Currently, we are trying to exploit reactions of the trivacant Keggin
[�-PW9O34]

9� precursors with TM cations.

Supplementary material

CSD 423956 for 1 and CSD 423955 for 2 contain the supplementary crystallographic
data for this article. These data can be obtained free of charge from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-fen, Germany;
E-mail: crysdata@fizkarlsruhe.de. Supplementary data associated with this article
can be found.
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