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A novel tetrameric cluster, (enH2)3.5H15[{FeIIFeIII
12(µ3-OH)12(µ4-

PO4)4}(B-R-PW9O34)4]‚83H2O (1; en ) ethylenediamine), has been
hydrothermally synthesized and characterized by IR, optical diffuse
reflectance, thermogravimetric analysis, and single-crystal X-ray
diffraction. The skeleton of 1 is composed of four tri-FeIII-substituted
[FeIII

3(µ3-OH)3(B-R-PW9O34)]3- Keggin moieties fused together
through a FeII

2O2 unit and four µ4-PO4 bridges, resulting in a unique
tetramer with C2 symmetry. Magnetic measurements indicate that
1 reveals the antiferromagnetic interactions between FeII and FeIII

centers.

The family of transition-metal-substituted polyoxometa-
lates (TMSPs) has been known for several decades; however,
many new members of this unique class of metal-oxygen
clusters remain to be discovered.1 Increasing interest in
TMSPs mainly stems from their accompanying multitude of
potential applications in catalysis, medicine, magnetism, and
material science,1,2 although their formation mechanisms are
still not well understood and commonly described as self-
assembly. Recently, the assembly of small lacunary poly-
oxometalate (POM) moieties into larger oligomers or ag-
gregates by the incorporation of transition metals (TMs) into
the skeletons of POMs attracts growing attention owing to
its potential applications besides the highly attractive feature
of the symmetry and molecular nature of POMs. Thus, di-,
tri-, hexa-, or multivacant POM precursors are constantly
employed as candidates to obtain such oligomers or aggre-
gates with the largest number of TM cations in close prox-
imity, which may exhibit exchange-coupled spins, leading
to large-spin ground states. In this way, except those familiar

dimeric sandwich-type TMSPs,1b,3 trimeric [M9(OH)3-
(H2O)6(HPO4)2(PW9O34)3]16- (M ) Ni2+/Co2+),4 [Zr6O2(OH)4-
(H2O)3(â-SiW10O37)3]14-,5 [{SiW8O31Cu3(OH)(H2O)2(N3)}3-
(N3)]19-,6 and [Co6(H2O)30{Co9Cl2(OH)3(H2O)9(â-SiW8O31)-
3}]5- 7 and tetrameric [{(SiW9O34)(SiW9O33(OH))(Cu(OH))6-
Cu}2X]23- (X ) Cl-/Br-),8 [Nb4O6(R-Nb3SiW9O40)4]20-,9

[{Ti3P2W15O57.5(OH)3}4]24-,10 [{â-Ti2SiW10O39}4]24-,11 [Cu20-
Cl(OH)24(H2O)12(P8W48O184)]25-,12 [P8W48O184Cu20(N3)6-
(OH)18]24-,13 [H56P8W48Fe28O248]28-,14 and [H55P8W49Fe27-
O248]26- 14 have been obtained. Participation of tin or lan-
thanide ions in this system has also resulted in larger
aggregates,15 such as tetrameric [PM2W10O38]4(W3O14)]30-
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Tourné, G. F.; Tourne´, C. M. J. Chem. Soc., Chem. Commun. 1973, 139.

(2) (a) Hill, C. L. Chem. ReV. 1998, 98, 1. (b) Polyoxometalates: From
Platonic Solid to Anti-RetroViral ActiVity; Pope, M. T., Müller, A.,
Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1994.

(3) (a) Knoth, W. H.; Domaille, P. J.; Farlee, R. D.Organometallics1985,
4, 62. (b) Knoth, W. H.; Domaille, P. J.; Harlow, R. L.Inorg. Chem.
1986, 25, 1577. (c) Zhang, X.; Chen, Q.; Duncan, D. C.; Lachicotte,
R. J.; Hill, C. L. Inorg. Chem.1997, 36, 4381. (d) Mialane, P.; Marrot,
J.; Rivière, E.; Nebout, J.; Herve´, G. Inorg. Chem.2001, 40, 44. (e)
Kortz, U.; Al-Kassem, N. K.; Savelieff, M. G.; Al Kadi, N. A.;
Sadakane, M.Inorg. Chem.2001, 40, 4742. (f) Kortz, U.; Nellutla,
S.; Stowe, A. C.; Dalal, N. S.; Rauwald, U.; Danquah, W.; Ravot, D.
Inorg. Chem.2004, 43, 2308.

(4) (a) Clemente-Juan, J. M.; Coronado, E.; Gala´n-Mascaro´s, J. R.; Go´mez-
Garcı́a, C. J.Inorg. Chem.1999, 38, 55. (b) Weakley, T. J. R.J. Chem.
Soc., Chem. Commun.1984, 1406.

(5) Bassil, B. S.; Dickman, M. H.; Kortz, U.Inorg. Chem.2006, 45, 2394.
(6) Mialane, P.; Dolbecq, A.; Marrot, J.; Rivie`re, E.; Se´cheresse, F.

Chem.sEur. J. 2005, 11, 1771.
(7) Bassil, B. S.; Nellutla, S.; Kortz, U.; Stowe, A. C.; van Tol, J.; Dalal,

N. S.; Keita, B.; Nadjo, L.Inorg. Chem.2005, 44, 2659.
(8) Mialane, P.; Dolbecq, A.; Marrot, J.; Rivie`re, E.; Se´cheresse, F.Angew.

Chem., Int. Ed.2003, 42, 3523.
(9) Kim, G. S.; Zeng, H.; Van Derveer, D.; Hill, C. L.Angew. Chem.,

Int. Ed. 1999, 38, 3205.
(10) Kortz, U.; Hamzeh, S. S.; Nasser, N. A.Chem.sEur. J.2003, 9, 2945.
(11) Hussain, F.; Bassil, B. S.; Bi, L. H.; Reicke, M.; Kortz, U.Angew.

Chem., Int. Ed.2004, 43, 3485.
(12) Mal, S. S.; Kortz, U.Angew. Chem., Int. Ed.2005, 44, 3777.
(13) Pichon, C.; Mialane, P.; Dolbecq, A.; Marrot, J.; Rivie`re, E.; Keita,

B.; Nadjo, L.; Se´cheresse, F.Inorg. Chem.2007, 46, 5292.
(14) Godin, B.; Chen, Y.; Vaissermann, J.; Ruhlmann, L.; Verdaguer, M.;

Gouzerh, P.Angew. Chem., Int. Ed.2005, 44, 3072.
(15) (a) Howell, R. C.; Perez, F. G.; Jain, S.; Horrocks, W. D., Jr.;

Rheingold, A. L.; Francesconi, L. C.Angew. Chem., Int. Ed. 2001,
40, 4031. (b) Xue, G. L.; Vaissermann, J.; Gouzerh, P.J. Cluster Sci.
2002, 13, 109. (c) Fukaya, K.; Yamase, T.Angew. Chem., Int. Ed.
2003, 42, 654. (d) Bassil, B. S.; Dichman, M. H.; Ro¨mer, I.; von der
Kammer, B.; Kortz, U.Angew. Chem., Int. Ed.2007, 46, 6192. (e)
Kortz, U.; Hussain, F.; Reicke, M.Angew. Chem., Int. Ed.2005, 44,
3773. (f) Wassermann, K.; Dickman, M. H.; Pope, M. T.Angew.
Chem., Int. Ed. Engl.1997, 36, 1445.

Inorg. Chem. 2007, 46, 10944−10946

10944 Inorganic Chemistry, Vol. 46, No. 26, 2007 10.1021/ic701810t CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/01/2007



(M ) Eu3+/Y3+),15a[Ce(H2O)5As4W40O40]25-,15b [(SbW9O33)4

{WO2(H2O)}2Ce3(H2O)8(Sb4O4)]19-,15b and [Cs⊂{Eu(H2O)2
(R-AsW9O33)}4]23-,15c hexameric [K⊂{Eu(H2O)2(R-AsW9-
O33)}6]35-,15c decameric [Ce20Ge10W100O376(OH)4(H2O)30]56-,15d

and dodecameric [{Sn(CH3)2(H2O)24{Sn(CH3)2}12(AXW9-
O34)12}36- (X ) P5+/As5+)15e and [As12Ce16(H2O)36W148-
O524]76-.15f We recently initiate an investigation into the
reaction of lacunary polyoxoanion nucleophilic ligands with
electrophilic TM ions under hydrothermal conditions.16a

Much motivation for this project arises from the fact that
the lacunary sites of polyoxoanions are able to act as
structure-directing agents and induce the formation of TM
clusters to further construct larger oligomers or aggregates.16a

Thus, we have successfully prepared several novel dimeric
sandwich-type POMs.16b-e As our continuous work, we again
isolated a novel tetramer, (enH2)3.5H15[{FeIIFeIII

12(µ3-OH)12-
(µ4-PO4)4}(B-R-PW9O34)4]‚83H2O (1). Notably, it is very rare
that the PO43- ion simultaneously participates in linking
several polyoxoanion fragments in POM chemistry.4 As far
as we know,1 is the fourth-largest iron-containing POM
except the three reported{MoVI

72FeIII
30},17 [H56P8W48Fe28-

O248]28-,14 and [H55P8W49Fe27O248]26-.14

1 was made in a good yield by the self-assembly reaction
of Na9[A-R-PW9O34]‚7H2O with FeSO4‚7H2O at 100°C for
5 days in the presence of ethylenediamine under hydrother-
mal conditions18 and not made by the conventional aqueous
solution method (see the Supporting Information).

Single-crystal X-ray analysis19 indicates that the skeleton
of 1 is composed of four tri-FeIII -substituted [FeIII 3(µ3-OH)3-
(B-R-PW9O34)]3- ({Fe3PW9}) Keggin moieties fused together
by a FeII2O2 unit and four µ4-PO4 bridges, leading to a
tetramer withC2 symmetry (Figures 1a and S1a in the
Supporting Information). TheC2 axis passes through the Fe9
and P6 atoms and is associated with the symmetrical plane
defined by the Fe4, Fe8, and Fe9 atoms. Noticeably, the
construction motif of1 is significantly different from the
reported tetramer containing tetradecacopper [{(A-R-SiW9O34)-
(A-R-SiW9O33(OH))(Cu(OH))6Cu}2X]23- (X ) Cl-/Br-),
where four tri-CuII-substituted [(A-R-SiW9O34)(Cu(OH))3]7-

Keggin moieties are combined together via fiveµ3-OH, four
µ2-O, and two CuII ions and a halogen ion (Figure S2 in the
Supporting Information).8 Alternatively, 1 may be also
considered as a combination of four [B-R-PW9O34]9- units
anchored by a [FeIIFeIII

12(µ3-OH)12(µ4-PO4)4]14+ core; such
a large Fe-P-O polymeric cation containing two FeIII

3FeIIO-
(OH)3 cubanes, two FeIII 3O(OH)3 truncated cubanes, and four
PO4 groups is first observed in an isolated molecule (Figure
1b). However, when four PO4 groups are removed, only two
{Fe3} trimers of four{Fe3PW9} units are linked together by
the FeII2O2 unit (Figure 1c). Notice that two oxygen vertices
of the FeII2O2 unit come from twoµ4-PO4 bridges (Figure
S1b in the Supporting Information). Bond valence sum
calculations20 of Fe and W centers reveal that the oxidation
states of Fe1-Fe7 atoms located on{Fe3PW9} moieties
[FeIII-O: 1.904(3)-2.352(3) Å] and Fe8-Fe9 bridges
[FeII-O: 2.001(4)-2.175(3) Å] are 3+ and 2+, respectively;
the oxidation states of all of the W atoms are 6+ (see the
Supporting Information). The FeIII centers are from the
oxidation of the FeII centers. In1, two FeII vertices cap two
{Fe3PW9} moieties, forming two FeIII 3FeIIO(OH)3 cubane-
substituted Keggin moieties. This combination mode of a
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Figure 1. (a) Polyhedral/ball-and-stick representation of the tetramer1. The water and en molecules were omitted for clarity. (b) Combination of four
{Fe3} trimers from four{Fe3PW9} units, the central FeII2O2 unit, and four PO4 bridges. (c) Distribution fashion of four{Fe3} trimers of four{Fe3PW9} units
and the central FeII2O2 unit. (d) Connection fashion of a FeIII

3FeIIO(OH)3 cubane-substituted trivacant Keggin moiety and three PO4 groups. (e) Packing of
1 along thea axis showing two types of elliptical channels. Color code: WO6, green; FeO6, purple; PO4, yellow. (f) Linking model of FeIII 3FeIIO(OH)3
cubanes (purple), FeIII

3O(OH)3-truncated (green), [B-R-PW9O34]9- (cyan), and PO43- bridges (yellow) in1.
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metallic cubane group with a trivacant Keggin unit is very
rare in TMSP chemistry.21 Different from the Ni4O4 cubane-
substituted polyoxoanion [H2PW9Ni4O34(OH)3(H2O)6]2- first
reported by Kortz et al. in 1999 (Figure S3 in the Supporting
Information),21 the capped FeII (Fe8/Fe9) center in1 links
to three FeIII centers via three PO4 groups, respectively
(Figure 1d). Because Fe8/Fe9 atoms are disordered and
situated on the symmetrical plane, each of Fe8/Fe9 atoms
has an occupancy of 0.25 according to the results of
inductively coupled plasma and energy-dispersive X-ray
analyses. Thus, each FeIII

3FeIIO(OH)3 cubane only contains
three FeIII ions and a half FeII ion, further leading to 13 Fe
atoms per molecular unit of1. Additionally, the coordination
environments of four PO43- bridges in1 can be classified
into two types: one [P5 and P5A (x, -y, z)] bonds to two
FeIII

3FeIIO(OH)3 cubane-substituted Keggin moieties and one
FeIII

3O(OH)3-truncated cubane-substituted Keggin moiety
(Figure S1c in the Supporting Information); the other (P4
and P6) links to one FeIII

3FeIIO(OH)3 cubane-substituted
Keggin moiety and two FeIII 3O(OH)3-truncated cubane-
substituted Keggin moieties (Figure S1d in the Supporting
Information). If each [B-R-PW9O34]9- unit acts as a node,
four [B-R-PW9O34]9- units are just situated in four vertices
of a tetrahedron. Inside this tetrahedron, two FeIII

3FeIIO(OH)3
cubanes and two FeIII

3O(OH)3-truncated cubanes are just
inhibited inside of four pyramidal angles. Intriguingly, four
µ4-PO4 groups exactly locate the centers of four faces of the
tetrahedron (Figure 4f). Interestingly, the stacking of1 along
thea axis creates two types of elliptical channels with sizes
of 10.8× 19.8 and 6.3× 9.5 Å, respectively, in which en
or water guest molecules are located (Figure 4e). The en,
water molecules, and O atoms of POMs accommodated in
the channels are hydrogen-bonded together [N-H‚‚‚O:
2.684(12)-3.350(5) Å; C-H‚‚‚O: 3.246(5)-3.401(6) Å].
The solvent-accessible volume of1 calculated usingPLA-
TON22 is 13.6%, indicating that it may be a potential porous
material.

1 is highly hydrated and exposure to the X-ray beam on
collecting intensity data results in spontaneous dehydration
of lattice water molecules. Thus, some lattice water molecules
cannot be directly determined by single-crystal structural
analysis. The combination of elemental and thermogravi-
metric (TGA) analyses allows us to identify the number of
lattice water molecules. Such a determination method of the
lattice water molecules is commonly used in giant POM
species.8,23TGA shows a total weight loss of 16.86% between
30 and 1000°C, corresponding to the removal of 3.5 dipro-
tonated en and 83 lattice water molecules and the dehydration
of 15 protons and 12 hydroxyl groups (calcd 16.83%) (Figure
S4 in the Supporting Information).

The value oføM slowly increases from 0.10 emu mol-1 at
300 K to 0.31 emu mol-1 at 24 K and then exponentially to
the maximum of 1.21 emu mol-1 at 2 K (Figure 2). At 300
K, theøMT value of 31.87 emu mol-1 K is much lower than
the theoretical value (55.5 emu mol-1 K) for 12 noninter-
acting FeIII (S ) 5/2) and 1 FeII (S ) 2) ions withg ) 2.00.
Upon cooling, theøMT value continuously decreases to 2.42

emu mol-1 K at 2 K, which is characteristic of the
antiferromagnetic behavior. In 70-300 K, the magnetic data
obey the Curie-Weiss law [øM ) C/(T - θ)], affording C
) 54.88 emu K mol-1 and θ ) -226.61 K (Figure S5 in
the Supporting Information) and confirming the presence of
the strong antiferromagnetic couplings between Fe centers.
Such strong antiferromagnetic couplings can be observed in
some Fe-O clusters.14,24 According to the relationship
between the Fe-O-Fe angles and the coupling constants
within polynuclear iron compounds, when the Fe-O-Fe
angles are larger than 90°, the compound reveals antiferro-
magnetic couplings.25a Meanwhile, using the formulationJ
) A(B + C cosæ + cos2 æ) exp(Dr) (æ ) Fe-O-Fe angle;
r ) Fe-O distance) based on the angular overlap model25b

can also confirm this conclusion.25a In 1, except only one
Fe8-O66-Fe9 angle equal to 86.7(1)°, other Fe-O-Fe
angles range from 90.3(1) to 113.7(1)°; therefore, the
antiferromagnetic couplings are expected in1 (Figures S6
and S7 in the Supporting Information).

In summary, a novel tetrameric POM cluster has been
made by a combination of the mild hydrothermal conditions
with trivacant Keggin POM precursors. Especially,1 is one
new member of the largest iron-containing poly(POM).14,17

The successful synthesis of1 enlightens us to further exploit
this system and provides us with a possible method that can
construct the high-nuclear poly(POM) clusters.
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Figure 2. Temperature variation of the magnetic susceptibility of1 asøM

andøMT vs T between 2 and 300 K.
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