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A novel tetrameric cluster, (enHy)ssHis[{ Fe"Fe12(us-OH)1o(uus-
PO4)s} (B-a-PWy0O44)4]-83H,0 (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-Fe'-substituted
[Fell(us-OH)s(B-0-PWo034)]*~ Keggin moieties fused together
through a Fe",0, unit and four ,-PO, bridges, resulting in a unique
tetramer with C, symmetry. Magnetic measurements indicate that
1 reveals the antiferromagnetic interactions between Fe'' and Fe'"
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 metalygen
clusters remain to be discoveredncreasing interest in
TMSPs mainly stems from their accompanying multitude of
potential applications in catalysis, medicine, magnetism, and
material sciencé? 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{11)

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
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dimeric sandwich-type TMSP&2 trimeric [Mo(OH)s-
(H20)s(HPQW)2(PWeO3)3] 6~ (M = Ni2*/C?*) 4 [ZreOx(OH)s
(H20)3(B-SiW1¢037)3] 4, [{ SiWgO21Cus(OH)(H20)2(N3)} 5-
(Ng)] 19-6and [CQ(H20)30{ C09C|2(OH)3(Hzo)g(ﬂ-SiWsO31)-
31]° 7 and tetrameric{[(SiWoO34) (SiWsO33(OH))(Cu(OH))}-
CU}2X] 23- (X = CI‘/Br‘),S [Nb4Oe((1-Nb3SiW9O4o)4]20_,9

[{ TisP2W 15057 {OH)g} 412420 [{ B-Ti2SiW1003g} 4?4, ** [Clzor
CI(OH)24(H20)12(PsW450184)]%5,2  [PsW4g0184CUao(N3)e-
(OH)1g)%4 12 [HsePsWagF 60244 28,14 and [HssPsWadFerr-
024?614 have been obtained. Participation of tin or lan-
thanide ions in this system has also resulted in larger
aggregate®® such as tetrameric [PMV1Osg]a(W5014)]3%
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Figure 1.

COMMUNICATION

(a) Polyhedral/ball-and-stick representation of the tetraméfhe water and en molecules were omitted for clarity. (b) Combination of four

{Fes} trimers from four{ Fe&sPWg} units, the central FeO, unit, and four P@Qbridges. (c) Distribution fashion of foiFes} trimers of four{ FesPWe} units
and the central F'gO;, unit. (d) Connection fashion of a feFe'O(OH); cubane-substituted trivacant Keggin moiety and threg ¢gtGups. (e) Packing of
1 along thea axis showing two types of elliptical channels. Color code: dV@een; Fe@ purple; PQ, yellow. (f) Linking model of Fé'3Fe'O(OH);

cubanes (purple), FgO(OH)-truncated (green), [B=PWyO34]°~ (cyan), and

(M = Ew’Y 3+),1Sa [Ce(H20)5AS4W4oO40] ZR,le [(SngO33)4
{WOz(Hzo)} 2CQ:,(H20)8(SD104)] 19_,15b and [CS:{ EU(H20)2
(0-AsWgOs3)} 4]237,5¢ hexameric [Ko{ Eu(HO)x(a-AsWe-
Os3)} 6] %, 25¢ decameric [CeGe1 oW 1000376 OH)a(H20)3q] 56,15

and dodecameric{ Bn(CH)2(H20)24 SN(CH)2} 12(AXW o-
034)12}% (X = PPT/As )% and [AsCeig(H20)36W14g
Os24 7515 We recently initiate an investigation into the
reaction of lacunary polyoxoanion nucleophilic ligands with
electrophilic TM ions under hydrothermal conditiohis.
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 aggredétes.

P@~ bridges (yellow) inl.

Single-crystal X-ray analysi$indicates that the skeleton
of 1is composed of four tri-F&-substituted [Fé3(us-OH)s-
(B-a-PWe034)]3~ ({ FePWe}) Keggin moieties fused together
by a Fé,O, unit and fourus-PO, bridges, leading to a
tetramer withC, symmetry (Figures la and Sla in the
Supporting Information). Th€, 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 ofl is significantly different from the
reported tetramer containing tetradecacopp@-p-SiWgOs,)-
(A-a-SiWgO33(OH))(Cu(OH)ECU} 2X] 23~ (X = CI7/Br),
where four tri-Cll-substituted [(Aet-SiWgOz4)(Cu(OH))%] "~
Keggin moieties are combined together via fixeOH, four

Thus, we have successfully prepared several novel dimericu-O, and two Cti ions and a halogen ion (Figure S2 in the

sandwich-type POM¥P-¢ As our continuous work, we again
isolated a novel tetramer, (eBalsH1s[{ F€'Fe" 15(13-OH)1-
(a-POy) 4} (B-a-PWgO34)4]-83H,0 (1). Notably, it is very rare
that the P@ ion simultaneously participates in linking
several polyoxoanion fragments in POM chemidtAs far
as we know,1 is the fourth-largest iron-containing POM
except the three reportgdvioV'7,Fe!" 30} 17 [HsePeWagF g
024¢)%8,1* and [HssPeWagF€,70,4g 2514

1 was made in a good yield by the self-assembly reaction
of Nag[A- a-PWgOs4] - 7H,0 with FeSQ:-7H,0 at 100°C for

5 days in the presence of ethylenediamine under hydrother-

mal condition&® and not made by the conventional agueous
solution method (see the Supporting Information).
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days, and then cooled to room temperature. The red crystals were
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S8 in the Supporting Information).
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Supporting Information§. Alternatively, 1 may be also
considered as a combination of four BPWyOs4]°~ units
anchored by a [Fge" 15(us-OH)12(1a-POy)4] 24" core; such

a large Fe-P—O polymeric cation containing two FeFe'O-
(OH); cubanes, two P&0O(OH); truncated cubanes, and four
PO, groups is first observed in an isolated molecule (Figure
1b). However, when four PQyroups are removed, only two
{Fes} trimers of four{ Fe&sPWg} units are linked together by
the Fé,0, unit (Figure 1c). Notice that two oxygen vertices
of the Fé,0, unit come from twous-PO;, bridges (Figure
S1b in the Supporting Information). Bond valence sum
calculation®’ of Fe and W centers reveal that the oxidation
states of FetFe7 atoms located ofiFesPWg} moieties
[FE"—0: 1.904(3)-2.352(3) A] and Fe8Fe9 bridges
[F&'—0: 2.001(4)-2.175(3) A] are 3 and 2+, respectively;
the oxidation states of all of the W atoms ar¢ see the
Supporting Information). The Me centers are from the
oxidation of the F& centers. Irl, two Fé' vertices cap two
{FesPWg} moieties, forming two P&;Fe'O(OH) cubane-
substituted Keggin moieties. This combination mode of a
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metallic cubane group with a trivacant Keggin unit is very
rare in TMSP chemistr§ Different from the NiO4 cubane-
substituted polyoxoanion pPWoNi4Oz4(OH)s(H20)e)? first
reported by Kortz et al. in 1999 (Figure S3 in the Supporting
Information)?! the capped Pe(Fe8/Fe9) center il links ]
to three F¥ centers via three POgroups, respectively 50 112 =
(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'lkg=d'O(OH); cubane only contains Figure 2. Temperature variation of the magnetic susceptibilityt asym
three F& ions and a half Peion, further leading to 13 Fe  andywT vs T between 2 and 300 K.

atoms per molecular unit df Additionally, the coordination
environments of four P9~ bridges inl can be classified
into two types: one [P5 and P54,(—Y, 2)] bonds to two
Fe''sFd'O(OH); cubane-substituted Keggin moieties and one
Fe';0(OH)-truncated cubane-substituted Keggin moiety
(Figure Slc in the Supporting Information); the other (P4
and P6) links to one MgFE'O(OH): cubane-substituted
Keggin moiety and two F&O(OH)-truncated cubane-

n

1°

emu mol! K at 2 K, which is characteristic of the
antiferromagnetic behavior. In #B00 K, the magnetic data
obey the CurieWeiss law g = C/(T — 0)], affording C

= 54.88 emu K moi* andf = —226.61 K (Figure S5 in

the Supporting Information) and confirming the presence of
the strong antiferromagnetic couplings between Fe centers.

substituted Keggin moieties (Figure S1d in the Supporting Such strong antiferromagnetic cquplings can be o.bserv_ed in
Information). If each [Be-PWsOs4° unit acts as a node,  SOMe Fe-O clustersi*?* According to the relatlonsh|p
four [B-a-PWsOs4®~ units are just situated in four vertices Petween the FeO—Fe angles and the coupling constants
of a tetrahedron. Inside this tetrahedron, tw f&'O(OH); within polynuclear iron compounds, when the-fe—Fe
cubanes and two EgO(OH)-truncated cubanes are just angles are larger than 9@the compound reveals antiferro-
inhibited inside of four pyramidal angles. Intriguingly, four magnetic coupling®:* Meanwhile, using the formulatiod
us-POy groups exactly locate the centers of four faces of the = A(B + C cosg + cog ¢) expr) (¢ = Fe—~O—Fe angle;
tetrahedron (Figure 4f). Interestingly, the stackind elong r = Fe—0O distance) based on the angular overlap nfSglel
thea axis creates two types of elliptical channels with sizes can also confirm this conclusicf? In 1, except only one
of 10.8 x 19.8 and 6.3x 9.5 A, respectively, in which en  Fe8-066—Fe9 angle equal to 86.7(1)other Fe-O—Fe
or water guest molecules are located (Figure 4e). The en,angles range from 90.3(1) to 113.7RA)therefore, the
water molecules, and O atoms of POMs accommodated inantiferromagnetic couplings are expectedlifFigures S6
the channels are hydrogen-bonded together-HN-O: and S7 in the Supporting Information).
2.684(12)-3.350(5) A; C-H---O: 3.246(5)-3.401(6) Al. .
The solvent-accessible volume bfcalculated usindPLA- In summary, a novel tetrameric POM cluster has been
TONZis 13.6%, indicating that it may be a potential porous m.ade .by a combmapon of the mild hydrothermal qondltlons
material. with trivacant Keggin POM precursors. Especiallyis one
1is highly hydrated and exposure to the X-ray beam on New member of the largest iron-containing poly(POMY)!
collecting intensity data results in spontaneous dehydration The successful synthesis benlightens us to further exploit
of lattice water molecules. Thus, some lattice water moleculesthis system and provides us with a possible method that can
cannot be directly determined by single-crystal structural construct the high-nuclear poly(POM) clusters.
analysis. The combination of elemental and thermogravi-
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