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By introducing the flexible 1,1'-(1,4-butanediyl)bis(imidazole) (bhi) ligand into the polyoxovanadate system, five
novel polyoxoanion-templated architectures based on [AsgV1404]*~ and [Vis03sCllP~ building blocks were
obtained: [M(bbi)2]o[AsgV14042(H20)] [M = Co (1), Ni (2), and Zn (3)], [Cu(bbi)ls[AssV14042(H20)] (4), and [Cu-
(bbi)Js[V16035Cl] (5). Compounds 1-3 are isostructural, and they exhibit a binodal (4,6)-connected 2D structure
with Schlafli symbol (3%-4?)(3%-44-5%6%),, in which the polyoxoanion induces a closed four-membered circuit of
My(bbi);. Compound 4 exhibits an interesting 3D framework constructed from tetradentate [AsgV14042]*~ cluster
anions and cationic ladderlike double chains. There exists a bigger Mg(bbi)sO, circuit in 4. The 3D extended structure
of 5 is composed of heptadentate [V15035CIJ°~ anions and flexural cationic chains; the latter consists of six Cu(bbi)
segments arranged alternately. It presents the largest 24-membered circuit of Ma4(bbi),4 so far observed made of
bbi molecules and transition-metal cations. Investigation of their structural relations shows the important template
role of the polyoxoanions and the synergetic interactions among the polyoxoanions, transition-metal ions, and
flexible ligand in the assembly process. The magnetic properties of compounds 1-3 were also studied.

Introduction chemistry and pharmaceutical chemistrin this field, a
brand-new advance is the design and construction of high-

fPoI)IIOXCJlmetQIt?]tes (P?'\ﬂs)d’ k?owtn asl an putstar;jdmg CI‘;’ﬁssdimensional hybrid materials which possess unique structures
of molecules with unmatched structural variety and versatil- and propertie§’ Currently, a remarkable approach for

ity, have attracted long-lasting research interest in catalysis, designing such POMs is the use of the coordination ability

photochemistry, electrochemistry, magnetisrrf, and bio- of polyoxoanions to combine with different transition-metal
coordination polymers. With the introduction of the transi-
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as unusual inorganic ligands can multiply bind several TMCs
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through terminal or bridging oxygen atorfi$Hence, the use

of POM clusters as connected nodes brews an appealing route

to design novel structural motifs with improved properties.
In recent years, the hosguest chemistry based on POMs

Dong et al.
Chart 1

— ~

has received great attention. Some examples in this area

reported by Zubieta, Konish, Keller, Dolbecq, Jacobson, and
Wang et al. have shed light on another intriguing character
of POMs, i.e., the template rol Examples of this template
ability include (i) a 3D cationic framework, [E&pypork]+,
formed around the [MgD.g?~ cluster anio#f2 and the
gridlike cavities of lanthanide dimers also formed around
the [MosO19]?~ anioni®s (ii) a 2D structure [Ce(2-pzC)-
(H20),],2"", built up around the [V 1002¢]%~ clusterst® (i)

the pentagonal Cu@®4,4-bipyridine motif°®bowl-shaped
Cu(l)—4,7-phenanthroline cavitié%;and square grid caviti&s
[Cu(4,4-bpy)(H,0),]:>"" constructed around condensed
Keggin-type polyoxoanions without coordination of the
POMs to the TMC. However, given the big number of
surface oxygen atoms in polyoxoanions and their coordina-
tion abilities, as well as the structural diversity of POMs, it
will be quite appealing and challenging to design and
construct high-dimensional POM-templated covalently con-
nected POM-TMC hybrid materials. To achieve this aim,

several factors must be taken into account, such as the

coordination nature of the metal ions and the topological and

geometrical relations between the POM template agent and
the ligand. Among these factors, the selection or design of

the ligand is crucial. Thus, we have very recently obtained
two [V16035Cl18 cluster-templated frameworks by using a
rigid bridging ligand, 4,4bipyridine (bpy), (bpy)[M(bpy)].-
[H4V16038Cl]-6H,0 (M = Zn and Co), in which the four-
connected [VsO35Cl]®~ polyoxoanions support the [M(bp¥)
framework to form clathrate cavitié$.On the other side, a
very remarkable 3D vanadosilicate framework of¥kOss
(SiIO)%(DAB) 4(H20)]-4H,0 (DAB = 1,4-diaminobutane) has
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been reported by Clearfield et&lIn this compound, DAB
molecules, acting as a flexible bidentate ligand, covalently
bond to vanadium atoms, forming [(VO)MDAB)],, infinite
chainsthatwrap around the eight-connecte®/flD44(SiO)] 2~
anions. This example gives us the hint that flexible bridging
ligands may be a better choice to construct POM-templated
motifs.

Furthermore, it is well-known that those ligands containing
a flexible backbone provide a bigger number of complexes
thanks to their flexibility and conformational freedom that
allow for greater structural diversify:'* Hence, we have
chosen the N-donor ligand of 1;(1, 4-butanediyl)bis-
(imidazole) (bbi) (Chart 1) for our synthetic strategy, because
the flexibility and the length of the spacer present in this
ligand allow it to bend and rotate to conform to the
coordination geometries of the metal ions and the volume
and shape of the POM templates.

It is generally observed that ligands with long spacers favor
the formation of interpenetrated moti#s.Thus, the first
example incorporating ligands with long spacers into a POM
system exhibits a 1D-in-2D entangled structure in which 1D
chains of [Cd(BPE)(DMR]>"" (BPE= 1,2-bis(4-pyridyl)-
ethane, DMF= N,N-dimethylformamide) penetrate into a
2D grid of [Cd(BPE)(M@0Oz6)]?"".1¢ Nevertheless, an in-
crease in the size of the POM may prevent the interpenetra-
tion.” It is well-known that POMs exhibit a wide variety of
robust structural motifs of different sizes and topologies,
ranging from closed cages and spherical shells to basket-,
bowl-, barrel-, and belt-shaped structute®.Therefore, they
are very good candidates to act as structure-tunable tem-
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High-Dimensional Assembly of POMTMC Hybrid Materials

plating agents. On the basis of the aforementioned points,dark-green block crystals were filtered and washed with distilled
we have chosen two different high-volume clustghssV 14042} water (55% yield based on V). Anal. Calcd: C, 16.67; H, 2.02; N,
and{V1¢0sg}, as building blocks, bbi as a soft ligand, and 7.77. Found: C, 16.58; H, 2.08; N, 7.71. IR (solid KBr pellet,

d-block transition-metal ions to construct POM-templated ¢m™): 3851 (m), 3750 (m), 3432 (m), 3116 (m), 2925 (m), 2853

hybrid materials.

(m), 1740 (w), 1686 (w), 1650 (m), 1513 (s), 1459 (m), 1233 (m),

Herein, we report five novel compounds based on this 1098 (M), 998 (s), 717 (s), 554 (m), 464 (w).

synthesis strategy, namely, [M{g114N4)2] J[ASsV 1404(H20)]
[M = Co (1), Ni (2), and Zn B)], [CU(C10H14N4)]4-
[ASgV14042(H20)] (4), and [CU(Q0H14N4)]6[V150380|] (5)
Compoundsl—3 are isostructural and constructed from
tetradentate [A®/14042]* clusters and six-coordinated?M

Synthesis of Compound 2A mixture of NH,VO3 (0.50 g), Ni-
(NO3)2*6H,0 (0.58 g), bbi (0.46 g), CELOONa (0.50 g), HCO04¢
2H,0 (0.25 g), Tris (0.35 g), NA#AsO,H,O (0.60 g), and KO
(10 mL) in the presence of HCI (4 M) was sealed in a 20 mL
Teflon-lined autoclave, heated at 170 for 5 days, and then cooled

cations. They exhibit a complex binodal 4,6-connected 2D to room temperature. After slow cooling to room temperature, dark-
S Lo ' block crystals were filtered and washed with distilled water

net in which the polyoxoanion lies in a closed four-membered grefn . _ ) .

My(bbi), ring. Compound4 exhibits an interesting 3D (82% yield based on V). Anal. Calcd: C, 16.68; H, 2.03; N, 7.78.

- Found: C, 16.62; H, 2.04; N, 7.75. IR (solid KBr pellet, ch
4
framework constructed from tetradentate g0 3856 (W), 3747 (w), 3440 (), 3123 (M), 2934 (m), 1637 (m), 1519

clusters and 1D cation_ic Iadderl_ike doub!e chains of [Cu- (s), 1449 (m), 1290 (w), 1241 (m), 1103 (m), 1004 (vs), 775 (vs),
(bbi)]n. The polyoxoanions are inserted into the adjacent ;¢ (vs), 548 (m), 470 (w).

double chains. To the best of our knowledge, it represents

thg f|-rst example of a 3D motn‘. based on the 90@4042]4 that of 2 except that ZnG2H,0 was used instead of Ni(Ng-
building block. Compogncﬁldlsplays a complicated 3D 6H,0. The yield of dark-green block crystabsis 88% based on
extended structure which is based on the heptadentats, anal calcd: C. 16.60: H, 2.02: N, 7.74, V, 24.64: Zn, 4.52:
[V 16056CI]°~ anion and flexural cationic chain of [Cu(bbi)]  as 20.71. Found: C, 16.66; H, 2.06; N, 7.77, V/, 24.24: Zn, 4.46;
Moreover, it presents the largest 24-membered ring 8f M a5 20.51. IR (solid KBr pellet, crr): 3856 (m), 3747 (s), 3440
(bbi)4 so far observed made of the bbi molecules and (s), 3113 (w), 2925 (m), 2856 (w), 1697 (s), 1647 (s), 1519 (s),
transition-metal cations. 1449 (m), 1380 (m), 1231 (m), 994 (s), 775 (m), 707 (m), 628 (w),
459 (m).

Synthesis of Compound 4A mixture of NH,VO3 (0.50 g),

Materials and General Methods.All chemicals purchased were ~ (CHsCOOQO)Cu-3H,0 (0.25 g), bbi (0.46 g), C&LOONa (0.50 g),
of reagent grade and were used as received. The ligand bbi wasH,C,0,-2H,0 (0.25 g), Tris (0.35 g), NAsO,-H,0 (0.60 g), and
prepared according to the reported proced@Elemental analyses ~ H,O (10 mL) in the presence of HCI (4 M) was sealed in a 20 mL
(C, H, and N) were performed on a Perkin-Elmer 2400 CHN Teflon-lined autoclave, heated at 170 for 5 days, and then cooled
elemental analyzer. V, Co, Ni, Zn, Cu, and As were determined to room temperature. Green plate crystals were recovered by
by a Leaman inductively coupled plasma (ICP) spectrometer. IR fjitration, washed with distilled water, and dried in air (62% yield
spectra were recorded in the range 4@000 cnt* on an Alpha  pased on V). Anal. Caled: C, 15.92; H, 1.94; N, 7.43. Found: C,
Centaurt FT/IR spectrophotometer using KBr pellets. Variable- 15.98; H, 1.88; N, 7.37. IR (solid KBr pellet, c}): 3444 (w),
temperature susceptibility measurements were carried out in thegq33 (m), 2967 (m), 2850 (m), 1770 (w), 1692 (w), 1623 (m), 1576

temperature range 36@ K at an applied magnetic field of 0.1 T (m), 1526 (m), 1458 (m), 1390 (m), 1253 (m), 1088 (M), 1000 (s),
on polycrystalline samples with a Quantum Design MPMS-XL-5 718 (s), 630 (s), 552 (m), 465 (M)

SQUID magnetometer. The susceptibility data were corrected for i :
the sample holder previously measured using the same conditions  SYNthesis of Compound 5A mixture of NH,VOs (0.50 g),
and for the diamagnetic contributions of the salt as deduced by CUCk:2H20 (0.35 g), bbi (0.46 g), CCOONa (0.50 g), KC-0,:

using Pascal’s constant tables1(196 x 106, —1196x 1076, and 2H0 (0.25 g), Tris (0.35 g), and 4 (10 mL) in the presence of
—1192 x 1076 crm-mol-1 for 1—3, respectively). HCI (4 M) was sealed in a 20 mL Teflon-lined autoclave, heated
SynthesesThe hydrothermal syntheses were carried out in poly- &t 170°C for 4 days, and then cooled to room temperature. Black
(tetrafluoroethylene)-lined stainless steel containers under autog-block crystals were obtained (70% yield based on V). Anal.
enous pressure. The reaction vessel was filled to approximately Calcd: C, 24.15; H, 2.83; N, 11.27. Found: C, 24.22; H, 2.74; N,
60% of its volume capacity. Distilled water was used in the 11.11.IR (solid KBr pellet, cm'): 3745 (w), 3115 (m), 2925 (w),
reactions. 1686 (w), 1644 (w), 1517 (m), 1444 (m), 1286 (w), 1233 (m), 1107
Synthesis of Compound 1A mixture of V,Os (0.50 g), (CH- (m), 982 (vs), 834 (w), 729 (s), 655 (vs).
COO)Co4H;0 (0.50 g), bbi (0.46 g), bC204-2H;0 (0.25 g), CH- X-ray Crystallography. X-ray diffraction analysis data were
COONa (0.50 g), Tris (Tris= tris(hydroxymethyl)aminomethane)  collected with a Bruker Smart Apex CCD diffractometer with Mo
(0.35 g), NgAsO,-H20 (0.60 g), and KD (10 mL) in the presence K radiation ¢ = 0.71073 A) at 293 K forl, 2, and4 and an
of HCI (4 M) was sealed in a 20 mL Teflon-lined autoclave and R axis RAPID IP diffractometer with Mo K radiation ¢ =
heated at 170C for 5 days. After slow cooling to room temperature, 71073 A) at 293 K fos, equipped with a normal focus 18 kW
sealed tube operating at 50 kV and 200 mA. The crystal quality of
compound3 was not good enough to collect full data of X-ray
single-crystal diffraction, and only cell parameters were obtained.
The isostructurality of3 with 1 and2 was confirmed by powder
X-ray diffraction (see the Supporting Information). The structures
were solved by direct methods and refined Bhby full-matrix

Synthesis of Compound 3The preparation 08 was similar to

Experimental Section

(19) (a) Johnson, G. K.; Schlemper, E. D.Am. Chem. Sod 978 100,
3645. (b) Chen, L.; Jiang, F.-L.; Lin, Z.-Z.; Zhou, Y.-F.; Yue, C.-Y.;
Hong, M.-C.J. Am. Chem. So005 127, 8588. (c) Khan, M. |;
Zubieta, JAngew. Chem., Int. Ed. Endl994 33, 760. (d) Salta, J.;
Chen, Q.; Chang, Y.-D.; Zubieta,Angew. Chem., Int. Ed. Endl994
33, 757.

(20) Schize, W.; Schubert, HJ. Prakt. Chem1959 8, 306.
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Table 1. Crystal Data and Details of the Data Collection and Refinement for Compdyrijst, and5

Dong et al.

2 4 5
empirical formula GoHssN16C02AS8V 14043 CaoHsgN16Ni2ASgV 14043 Ca0H58N16CWASV 14043 CsoHgaN24CUsV 16038Cl
fw 2881.39 2880.96 3017.70 2981.31
temp (K) 293(2) 293(2) 293(2) 293(2)
wavelength (A) 0.71073 0.71073 0.71073 0.71073
cryst syst tetragonal tetragonal monoclinic triclinic
space group 14(1)/acd l4(1)/acd Qlc 14(1)/lamd
a(d) 21.0082(9) 20.9245(4) 56.305(10) 14.164(3)
b (A) 21.0082(9) 20.9245(4) 14.621(3) 16.024(3)
c(A) 40.400(3) 40.6114(16) 22.372(4) 24.529(5)
o (deg) 91.41(3)

f (deg) 110.706(4) 105.26(3)

y (deg) 114.04(3)

vol (A3) 17830.4(18) 17781.1(8) 17227.5(5) 4849.7(17)
z 8 8 8 2
Dcalca(mg/m®) 2.147 2.152 2.327 2.042

abs coeff (mm?) 4.791 4.855 5.549 2.862

final Rindices | > 2(I)] R1=0.0476, wR2=0.1332 R1}=0.0527, wR2=0.1461 RZX=0.0790, wR2=0.1575 R1=0.0475, wR2=0.1351
Rindices (all data) R%0.0732, wR2=0.1429 RI=0.0904, wR2=0.1680 R1}=0.2536, wR2=0.1971 RI=0.0658, wR2=0.1506

least-squares methods using the SHELXTL packagesl, As2, Compounds was obtained under similar reaction conditions
and V4 atoms il and As1, As2, and V1 atoms fhare disordered without adding an As source.
in two positions, each position’s occupancy is designated as the  pescription of the Crystal Structures. The POM building

value suggeste_d by th(_a program, anq the total occupancy sum Ofblocks are o-[AsgV1404(H,0)]* anions (shortened as
both positions is 1, which consists with the structural formula of AssV1y) in compounds1—422 and [VicOsCl]S~ anions

AsgV 14047]%~. Only some of the non-hydrogen atoms were refined .
[ASV140d] y yerog (shortened as }) in compounds.23

anisotropically ind because of the large unit cell volume and weak .
average intensity in it. For compounds 2, 4, and 5, all the The AsgVi4 cluster is constructed from fourteen YO

hydrogen atoms attached to carbon atoms were generated geoSquare pyramids and eight As@igonal pyramids, with an
metrically, while the hydrogen atoms attached to water molecules isolated water molecule at the center. Eight equatorias VO
were not located but were included in the structure factor calcula- square pyramids share their edges to formg@x/belt, and
tions. A summary of the crystallographic data and structural these vanadium atoms are approximately coplanar. In addi-
determination for them is provided in Table 1. Selected bond tion' sSix other VQ square pyramids are Separated as two
Ifengths, bond length ranges, aqd angle; of the.four compounds argyroups, and each group of \d@quare pyramids share their
listed in Table 2. The con_formatlon of bpl,-NN dlstance_beMeen opposite edges to form a trimer. These two trimers are
XZI:OSfOt:N'\cI) ?ﬁ?;zgfebl:i'r’]gg'\gnsgli’g:;gzn;r?éfeusg::]bclz';nd;gazg situated in the opposite sides of theQ4, belt and connected

’ across the belt by sharing edges, leading tqAfmework.

2, 4, and5 are listed in Table 3. Crystallographic data for the ) . .
structures reported in this paper have been deposited in theThe eight As@groups form four pairs of handle-like AGs

Cambridge Crystallographic Data Center with CCDC numbers Moieties through oxygen bridges, and the fous@moieties
627382 forl, 627384 for2, 627383 for4, and 627385 fob. link to the V14 skeleton by sharing oxygen atoms to form a
spherical shell structure. The\O and As-O lengths are

in the normal ranges (Table 2).

Synthesis Compounds1—4 were isolated from the The Vi¢ cluster has an ellipsoidal shell structure formed
hydrothermal synthesis processes with V(V) originals ofNH by 16 VG square pyramids sharing edges and corners via
VO3 or V,0s. It deserves to be mentioned that the oxalic #2- andus-O atoms. The VO lengths in compoung are
acid used in the reaction system acts as the reducing agenin the range 1.587(4)2.306(5) A, comparable to those found
that generates the V(IV) species, which is crucial to obtain for this cluster in other compounds.
the title complexes. As is well-known, the pH of the reaction ~ Crystal Structures of Compounds 1-3. The X-ray
system generally has a decisive impact on the formation of single-crystal diffraction reveals that compouridsnd2 are
the final product in polyoxometalate chemistry. To keep the isostructural and crystallize in the tetragoh#(l)/acdspace
pH constant during reactions, a biological buffer agent,-Tris group. For compound, the unit cell parametersa(=
HCI, was introduced to stabilize the initial pH in the range 20.8657 A,b = 20.8337 A,c = 40.5233 AV = 17731.2
of 4.5-5.0. The final pH values were around 5.B.3 for A3) obtained from single X-ray diffraction suggests that it
compoundsl—4. Beyond the pH range gray floccules were
obtained. Furthermore, some attempts of using different ratios(22) gﬂa’xf“"ﬁfvl _Aa%‘;f i”(gv_Jz-fbigt“aor%oé"g-c(ﬁnﬁmAlggllgg%%%gll- ég)
such as 1:1, 2:1, and 3:1 of the metal cations to the bbi (23) (a) Pan, C.-L.; Xu, 3.-Q.; Li, G.-H. (g;'hu, D.-Q.;Wang, T.&ur. J.
ligands were made, and we found that a higher ratio was  Inorg. Chem 2003 1514. (b) Dong, B.-X.; Chen, Y.-H.; Peng, J.;
inclined to obtain a higher yield of the title compounds. gf;‘g;‘ gé'n“f;f J'T';ag'hgr']"GY.J_'H'\_’;'O}Loﬁg’“?‘_ﬂ)ﬁiéﬁ p%?il';(fi)u!jﬂ.”&;
Sha, J.-QJ. Mol. Struct.2006 788 200. (d) Chen, Y.-H.; Gu, X.-J.;
Peng, J.; Shi, Z.-Y.; Yu, H.-Q.; Wang, E.-B.; Hu, N.-kiorg. Chem.
Commun 2004 7, 705. (e) Chen, Y.-H.; Peng, J.; Yu, H.-Q.; Han,
Z.-G.; Gu, X.-J.; Shi, Z.-Y.; Wang, E.-B.; Hu, N.-Hnorg. Chim.
Acta 2005 358 403.

Results and Discussion

(21) (a) Sheldrick, G. M.SHELXS 97 Program for Crystal Structure
Solution University of Gdtingen: Gidtingen, Germany, 1997. (b)
Sheldrick, G. M.SHELXS 97Program for Crystal Structure Refine-
mert; University of Gdtingen: Giatingen, Germany, 1997.
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Table 2. Selected Bond Lengths (Ranges) (A) and Bond Angles (deg) for Compduigl, and5

Compoundl
Co(1)-N(1) 2.129(6) N(1}Co(1)-N(3) 173.1(2)
Co(1)-N(3) 2.110(6) N(3)#+Co(1) —N(1) 90.4(2)
Co(1)—0(4) 2.074(4) N(1)#%Co(1)-N(1) 85.2(3)
V=0 1.566(6)-1.610(4) N(3)-Co(1)-N(3)#1 94.5(3)
V—0p 1.918(4)-2.014(5) O(4yCo(1)-N(1) 92.47(19)
As—0 1.771(4%-1.784(5) O(4)#+Co(1)-N(3) 85.41(18)
O(4)-Co(1)-N(3) 92.81(19) O(4) Co(1)-N(1)#1 89.54(18)
O(4)#1-Co(1)-0(4) 177.3(2) O(4)yCo(1)-N(3)#1 85.33(19)

Compound?
Ni(1)—0O(3) 2.051(4) N(3)#ENi(1)—N(1) 90.2(2)
Ni(1)—N(4) 2.098(6) O(3)>Ni(1)—N(1) 91.7(2)
Ni(1)—N(1) 2.076(6) O(3yNi(1)—N(@3)#1 89.9(2)
V=0 1.585(6)-1.599(4) N(3)-Ni(1)—N(3)#1 85.3(4)
V—0p 1.915(4)-2.025(5) O(3)#+Ni(1)—0(3) 176.4(3)
As—0 1.768(6)-1.814(5) O(3)>Ni(1)—N(1)#1 85.8(2)
N(1)—Ni(1)—N(3) 173.7(2) O(3)#ENi(1)—N(3)#1 92.7(2)
N(1)—Ni(1)—N(1)#1 94.7(3)

Compound4
Cu(1)-N(1) 1.866(16) N(1}Cu(1)-N(5) 175.9(7)
Cu(1)-N(5) 1.947(14) N(1}Cu(1)-0(26) 88.57(3)
Cu(1)-0(26) 2.708(3) N(1)Cu(1)}-0(41) 89.27(4)
Cu(1y-0(41) 2.480(2) N(5)Cu(1)}-0O(41) 92.38(5)
Cu(2)-N(8) 1.878(15) N(5)Cu(1)-0(26) 92.74(3)
Cu(2)-N(9) 1.796(11) N(8)-Cu(2)—-N(9) 158.8(9)
Cu(2-0(4) 2.426(12) N(9-Cu(2)-0(4) 97.5(5)
Cu(3)-N(12) 1.946(15) N(8)Cu(2-0(4) 102.9(6)
Cu(3)-N(13) 1.837(14) N(12}Cu(3)-N(13) 168.0(8)
Cu(3)-0(4) 2.671(14) N(12}Cu(3)-0(4) 97.76(11)
Cu(4y-N(4) 1.906(12) N(13)-Cu(3)-0(4) 94.07(12)
Cu(4)-N(16) 1.861(12) N(4)rCu(4)-N(16) 170.3(7)
V=0, 1.560(10)-1.617(10)
V—0p 1.877(11)-2.100(14)
As—0O 1.688(13)-1.834(10)

Compounds
Cu(1)-N(1) 1.889(6) N(5Cu(1)-N(1) 169.3(2)
Cu(1)-N(5) 1.868(6) N(5)-Cu(1)-0(1) 97.3(2)
Cu(1y-0(1) 2.260(4) N(1}Cu(1)-0O(1) 93.4(2)
Cu(2-N(@3) 1.877(7) N(3}Cu(2)-N(7) 165.8(3)
Cu(2)-N(7) 1.881(7) N(73Cu(2)-0(2) 98.95(3)
Cu(2-0(2) 2.726(2) N(3}Cu(2)-0(2) 94.07(2)
Cu(3)-N(9) 1.866(6) N(3)Cu(2)-Cu(2)#1 91.22(18)
Cu(3)-N(11) 1.877(8) N(7>Cu(2)y-Cu(2)#1 100.9(2)
Cu(3-0(3) 2.535(3) N(11)-Cu(3)-0(3) 94.78(4)
Cu(4)y-N(15) 1.889(5) N(9)-Cu(3)-N(11) 169.9(3)
Cu(4)-N(13) 1.893(6) N(9-Cu(3)-0(3) 89.14(3)
Cu(4)-0(4) 2.229(4) N(15)} Cu(4)-N(13) 164.9(2)
Cu(5)-N(19) 1.894(6) N(15)-Cu(4)-0O(4) 96.98(19)
Cu(5)-N(17) 1.873(6) N(13)} Cu(4)-0(4) 98.1(2)
Cu(5)-0(5) 2.151(4) N(17) Cu(5)-N(19) 150.5(2)
Cu(6)—N(23) 1.877(6) N(17)-Cu(5)-0(5) 107.5(2)
Cu(6)-N(21) 1.873(6) N(19)-Cu(5)-0(5) 97.42(19)
Cu(6)-0(6) 2.384(4) N(17) Cu(5)-Cu(5)#2 109.84(18)
Cu(2y-Cu(2)#1 3.056(2) N(19)Cu(5)-Cu(5)#2 87.50(18)
Cu(5)y-Cu(5)#2 2.731(2) O(5)Cu(5)—Cu(5)#2 84.71(12)
V= 1.587(4)-1.612(4) N(21)-Cu(6)—N(23) 171.1(3)
V—u-O 1.746(4)-1.909(4) N(21}-Cu(6)-0O(6) 93.6(2)
V—uz-O 1.805(4)-2.306(5) N(23)-Cu(6)-0(6) 93.3(2)

is isostructural withl and2. Furthermore, the powder X-ray geometry (Figure 1). The CeO4 bond distance (2.074(4)
diffraction of 3 matches with the simulated diffraction bf A) is similar to the Ce-N1 and Ce-N3 bond distances
(see the Supporting Information), confirming the isostruc- (2.129(6) and 2.110(6) A, respectively). The cis bond angles
turality of 1—3. Therefore, we will discuss in detail the centered at the Co atom are close t§ @6 the range 85.2-
structure ofl as an example of [M(bhi)z[AssV 14042(H20)] (3)—94.5(3}), and the trans bond angles are close t0°180
(1—3; bbi = Cy0H14N4). Complex1 consists of two Co(ll) (in the range 173.1(2)177.3(2)).

ions, four bbi ligands, and one A%, anion. Each C¥ is Each AgV 4 cluster is covalently bonded to four &dons
located in an inversion center and is surrounded by four via four terminal oxygen atoms of thes®,4 belt, and each
equatorial nitrogen atoms (N1, N1*, N3, and N3*) from four Co?" ion is connected with two A¥14 clusters and four
bbi molecules and twdransoxygen atoms (O4 and O4*) adjacent C&" ions through the bbi 2-connector (Figure 2a).
from two neighboring A¢/14 clusters in a regular octahedral Therefore, the 2D structure can be rationalized as a binodal
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Table 3. Conformation of bbi, N::N Distance between Two Donor Nitrogen Atoms of bbi (A);-NW Separation through bbi (A), Dihedral Angle of
Two Imidazole Rings (deg), and Torsion Angles (deg) in Compounds 4, and5

bbi N---N M---M dihedral angle of
compd conformation  distance distance  two imidazole rings torsion angle
1 TTG N2:--N4 Co--Co 76.09 N2-C4—-C5-C6 C4-C5-C6-C7 C5-C6—C7—N4
5.512 10.687 —152.96 —156.46 68.20
2 TTG N2:--N4 Ni---Ni 75.59 C5-C6—C7—N4 C4-C5-C6—C7 N2—-C4—-C5-C6
5.545 10.641 —155.58 —161.99 71.05
4 GTG N5--N6 Cul:--Cu2 18.13 N6-C14-C15-C16 C14-C15-C16-C17 C15C16-C17-N7
8.655 12.028 —60.47 162.97 63.36
GTT N9---N12 Cu2--Cu3 30.40 N16-C24-C25-C26 C24-C25-C26-C27 (C25-C26-C27—N11
9.052 12.472 —67.82 —164.62 92.17
TGT N13--N16 Cu3--Cu4d 49.61 N14C34-C35-C36 C34-C35-C36-C37 (C35-C36-C37—N15
9.898 13.007 —176.62 —90.05 —170.70
GTG N4---N2 Cu4--Cul 42.26 N3-C7-C6—-C5 C7-C6-C5-C4 C6-C5—C4—N2
9.395 12.594 —73.34 —134.28 47.84
5 GTG N5--N5 Cul--Cull 0 N6-C14-C15-C15 C14-C15-C15-C14 C15-C15-Cl1l4-N6
8.591 1.816 —45.13 180.00 45.13
GGT N21---N3 CuZ--Cu2 77.79 N2-C4—-C5-C6 C4-C5-C6-C7 C5-C6—C7—-N4
6.604 7.911 —47.05 —71.39 179.54
GTG N7---N8 Cu2--Cu3 13.43 N8-C19-C20-C21 C19-C20-C21-C22 C20-C21-C22-N10
8.897 11.027 —47.46 —172.58 —88.00
TGT N11:--N21  Cu3--Cu6 63.36 N12C29-C30-C31 C29-C30-C31-C56 C30-C31-C56—N22
7.501 10.057 103.91 21.91 139.57
TTG N23--N19 Cu6--Cu5 79.75 N24C60-C46-C45 C60-C46-C45-C44  C46-C45-C44—N20
N23:--:N19 Cu6--Cu5 167.83 173.05 88.4
GGG N17--N13 Cu5--Cu4d 63.02 N18C50-C51-C52 C506-C51-C52-C35 C51C52-C35-N14
8.906 11.716 88.57 88.52 88.39
GTG N15--N15 Cu4--Cu4 0 N16-C39-C40-C40 (C39-C40-C40-C39 C40-C40-C39-N16
9.090 12.347 77.04 180.00 —77.04

(4,6)-connected net with Scliliasymbol (3*4?)(3%4*5*

6°), (Figure 2b). The 2D net contains two sorts of square
rings made of Cg{bbi), units with dimensions of 15.1 A

15.1 A and 5.9 Ax 5.9 A, respectively, and the A¢.,
cluster is located within the bigger one (Figure S1, Support-
ing Information). Note that the sheets are stacked in an
ABCDABCD fashion along the axis (Figure S2, Supporting
Information) through extensive short contact interactions with
the interlamellar separations of 2.6988 Alimnd 2.7373 A

in 2. The shortest €-O distance is 3.268 A il and
3.027 A'in2; no aryl-aryl interaction is found in the whole
structures. Each bbi shows the TTG=Ttrans, G= gauche)
conformation in both compounds. The corresponding N

N distances between two donor N atoms in bbi ligands, the
M---M separations, and the dihedral angles of the two
imidazole rings are similar in both compounds (see
Table 3).

Crystal Structure of Compound 4. Crystal structure
analysis reveals that the asymmetric unitdo€onsists of
four copper(l) ions, four bbi ligands, and onegis, anion
(as seen in Figure 3). The Cul atom is four-coordinated by
two nitrogen atoms from two bbi ligands and two oxygen
atoms from two AgV 14 anions in a “seesaw” style. The bond

copper(l) coordination spheres by Felices etfahlso
confirmed the rationality of the four-coordinated geometry
of Cul in this compound.

The Cu2 and Cu3 atoms both are coordinated in a
T-shaped geometry §iCuN,O} by two nitrogen atoms from
two bbi ligands and an oxygen atom (O4) of thg¥Ag anion
shared by both Cu atoms. The bond distances and angles
around Cu2 and Cu3 [1.796(}1).946(15) A (Cu-N),
2.426(12)-2.671(14) A (Cu-0), 158.8(9)-168.0(8) (N—
Cu—N), and 94.07(12)102.9(6) (N—Cu—0)] are compa-
rable to those found in ¥Cu(4,4-bpy)}[SiW1:CuQOsg)*
11H,0 [1.88(2)-1.89(3) A (Cu-N), 2.75(2) A (Cu-0),
167.4(9) (N—Cu—N), and 94.9(9)-97.7(9} (N—Cu—0)].%¢
The Cu4 atom adopts a linear coordination modg@iiN,} .

The bond lengths and angles are in the normal range (see
Table 2).

In this compound, each bbi molecule acts as a bridging
bidentate ligand linking two Cu(l) ions through the imidazole
nitrogen atoms, forming a wavelike chain structure
(Figure 3). In the chain we can find three different kinds of
coordination numbers of Cu(l): 4, 3, 3, and 2 from Cul to
Cu4, respectively. The adjacent &Cu distances are 12.028
(Cul---Cu2), 12.472 (Cu2-Cu3), 13.007 (Cu3-Cu4), and

distances and angles around Cul are 1.86(6) and 1.947(14}2-994 (Cu4-Cul) A. The dihedral angles of the two

A (Cu—N), 2.480(2) and 2.708(3) A (Ct0), 175.9(7y (N—
Cu—N), and 88.57(3)92.74(3) (N—Cu—0), comparable
to those of other similar four-coordinated copper(l) com-
plexes such as [G(pz)s(PWi:040)]%* and [Cux(2,4-
Hbpy)s} 4aM018AS,067]-2H,0.2° The recent illustrations of

(24) Ren, Y.-P.; Kong, X.-J.; Hu, X.-Y.; Sun, M.; Long, L.-S.; Huang,
R.-B.; Zheng, L.-Slnorg. Chem 2006 45, 4016.

(25) Soumahoro, T.; Burkholder, E.; Ouellette, W.; Zubieténdrg. Chim.
Acta 2005 358 606.
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imidazole rings in the corresponding bridging bbi molecules
are 18.13, 30.40, 49.6T, and 42.28, respectively. Among
these Cu(l) centers in the wave chain, the bbi ligands exhibit
three conformations of GTG, GTT, and TGT (see Table 3
and Figure S3, Supporting Information).

Three-coordinated copper atoms (Cu2 and Cu3) in two
adjacent chains are joined together by sharing the O4 oxygen

(26) Felices, L. S.; Vitoria, P.; Gutiez-Zorrilla, J. M.; Lezama, L.;
Reinoso, SInorg. Chem.2006 45, 7748.
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Figure 4. (a) Polyhedral representation of the layerin(b) Illustration
of crosslike double chains in the 3D network 4f

Figure 1. Structure of the tetradentate A§4 anion and the six-coordinated
Co?t in compoundl.

Figure 5. View of the coordination modes of the;¥cluster and the
flexural [Cu(bbi)}, chain in5.

Crystal Structure of Compound 5. The structure of
compoundb contains one [sOsgCl]®~ anion, six Cu(l) ions,
and six bbi molecules (see Figures 5 and S4, Supporting

Information).
Figure 2. (a) Polyhedral representation of the layedirfb) Binodal (4,6)- The six crystallographically independent copper(l) centers
connected (34%)(3"4*5-6%); net of L. The four-connected nodes \ss ey hibjt three different coordination geometries: (i) T-shaped

anions) and six-connected nodes {C@ns) are represented by balls.

geometry for Cul, Cu3, Cu4, and Cu6, accomplished by two
nitrogen atoms from two bbi molecules and one oxygen atom
from a Vi anion; (ii) four-coordinated seesaw-shaped
geometry for Cu2, similar to that of Cul #h accomplished
by two nitrogen atoms from two bbi molecules and two
oxygen atoms from two ) anions; (iii) four-coordinated
seesaw-shaped geometry for Cu5, achieved by two nitrogen
atoms from two bbi molecules, one oxygen atom froma V
anion, and a CtCu weak bond with a CdCu distance of
Figure 3. View of the asymmetric unit oft and the coordination modes ~ 2.731(2) A (the van der Waals radius of Cu(l) is 1.4 A).
of the AgV14 cluster and Cu(l). Similar Cu(l}-Cu(l) bonding interaction has recently been

. ) . . found in [Cu(dcpm}]X, (dcpm = bis(dicyclohexylphos-
atom to build up an unusual ladderlike double chain in which phany)methane; %= CIO,~, PR;~) complexes with short
the linkage of Cu204—Cu3 acts as the middle rail of the Cu(l)—Cu(l) distances of 2.642.93 A2 To the best of our

ladder. A particularly interesting feature of the double chain knowledge, such a CuthCu(l) bond is very unusual in POM
is that there exist two kinds of rings in it, i.e., four-membered systemg® ’

Cu(bbi):0, and eight-membered Glbbi)0; (seel andll Compounds shows a complicated 3D structure based on
n;);lgure S3)b. The ggdnera:jtlon Orf] the ellght]-cmhemé)erelg- Cu fthe heptadentate ;¥ building block and a flexural metal
(bbi)sO, can be considered as the result of the breaking o organic complex chain of [Cu(bbj)] The structure can be

tEe iflo_q‘ mi_ddle rzil_;ir_]ce tEe Oﬁyge”_ at(;]m "l(‘g()j(;f described as follows: First, as seen in Figure S5 (Supporting
the AsV4 anion Is not bridging t € chains in t € ladder. Information), an inorganic POM zigzag chain is generated
Furthermore, the A¥ 14 clusters insert alternatively into by the linkage of binucleaf Cu(2)0,} and { Cuu(5)05)

adjacent double chains and connect covalently with the g, \nits Second, these inorganic chains are linked into layers
double chains by sharing the O4, 026, and 041 atoms, giving by multiple metat-organic segments, that is;Cul—bbi—

rise to a layer, in which the A¥14 cluster acts as a mold Cu2—, —Cu2—bbi—Cu3—, —Cu5—bbi—Cu6—, —Cul—bbi—
guiding the extension and waving of the double chains Cul-, and —Cu4—bbi—Cu4—. Finally, the connection of
(Figure 4a). An additional covalent linkage (C26ul— adjacent layers throughCu4—bbi—Cu5— and—Cu3—bbi—
041) between adjacent layers generates a 3D structure, in

which the double chains in adjacent layers arrange in a(27) che, C.-M.; Mao, Z.; Miskowski, V. M.; Tse, M. C.; Chan, C. K.:
crosslike fashion (Figure 4b). Such an arrangement may  Cheung, K. K.; Philips, D. L.; Leung, K. HAngew. Chem., Int. Ed
reduce the steric hindrance and make the whole framework g, %,f,)ggg?’g;(fgf“@n’ C.; Wang, E.-B.; Su, Z.-M.; Li, Y.-G.; Xu, L.

more stable. Angew. Chem., Int. EQ006 45, 7411.
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Figure 6. Schematic representations of (a) the circular, (b) the double- O 4] o®°
bowl-buckled, and (c) the S-shaped metaftganic segments if, 4, and : (c)
5, respectively. The balls represent theg¥g, cluster, and the ellipsoids s 31
represent the ) clusters. R L] pows
Cu6— linkages generates a 3D structure. The bbi ligands in Ly
this compound adopt much more flexible conformations than 0 . T T T .
. . [4] 50 100 150 200 250 300
in 1-4, i.e.,, GTG, GGT, TGT, TTG, and GGG conforma- T(K)

tions, as embodied in the flexural [Cu(bkijhain (shown i
Figure 7. Temperature dependence)efT: (a) for compoundL; (b) for

in Figure 8_6’ Supporting Informatilor_]’ and Table 3). The the two Co(ll) ions in compound; (c) for the POM cluster only (data of
corresponding NN distances in bbi ligands and the Cu  compoundg).

-Cu separations varied in large ranges of 6:69490 and
7.911-12.347 A, respectively. The dihedral angles of the T o werom .
two imidazole rings are in the range 0of-@9.95. If we © 2Ni -_...--'""'
compare this structure with that obtained using the more rigid * Pom J— (a
[M(bpy)2]n unit and the [M¢O35Cl]%~ polyoxoanion' we can
conclude, as expected, that the bbi ligand conforms better
to the steric hindrance of the bulky polyoxoanion.
Influence of the Polyoxoanion Templates, Transition-
Metal Coordination Modes, and Flexible Ligand bbi on
the Assembly Processlt is well-known that long, rodlike,
N,N-type ligands can give rise to square-grid structures
containing large cavities when they are combined with
transition-metal ions capable of adopting octahedral coor-
dination geometries, favoring the formation of interpenetrated 0 50 100 150 200 25 300
structureg3abl4v.c We expect that big polyoxometalate T(K)
clusters acting as multidentate ligands can inhibit the rigyre 8. Temperature dependencesafT: (a) for compound; (b) for
interpenetration in such an assembly process. In compoundshe two Ni(ll) ions in compoune; (c) for the POM cluster only (data of
1-5, [AsgV14045)*~ and [V1¢03eCl]®~ not only play template ~ compound3).
roles but also act as multiconnected nodes and stoppersg needs four [Cu(bbi)] complexes to balance the anionic
inhibiting the interpenetration of metabrganic polymers.  charge, while compoun8 needs six. As described above,
The bbi ligand, thanks to the flexibility of the spacer, has compound5 presents a more complicated structure than
been purposefully selected for the design and constructionwith an S-shaped metabrganic segment forming around
of coordination polymers based on transition-metal ions in two ellipsoidal is polyoxoanions (Figure 6c). The biggest
crystal engineering? Cu—bbi polymer circuit in4 is the eight-membered Gu
When comparing compounds-3 with 4, all containing (bbi)sO. (Figure S7b, Supporting Information), while that
the [AsV14047]* template, we realize that the main differ- in 5 is the 24-membered Gifbbi),, (Figure S7c). In fact,
ence resides in the transition-metal ions used=MCo?™, as far as we know, the Gifbbi)z, ring is the biggest one
Ni?*, and Zi#* for 1—3, respectively, and M= Cu* for 4). reported to date in any Mbbi polymer. This result dem-
Thus, in1—3 the metal ions adopt the octahedral coordination onstrates that the charge and shape of the templating POM
geometries, but in compountthe Cu' ions adopt seesaw,  cluster play important roles in the assembly process.
T-type, or linear coordination geometries. These differences Magnetic Properties of Compounds +3. The thermal
induce a different behavior of the templating p¥s4045]*~ variations of the magnetic susceptibilities df-3 were
polyanion; thus, the polyoxoanion is completely surrounded measured in the temperature range 320K. A common
by the M-—bbi polymer chains in1—3, as shown in feature of this series of compounds is the presence of strong
Figure 6a, whereas iA the polyoxoanion is enveloped by antiferromagnetic coupling interactions (see Figures 7a, 8a,
two bowl-like buckled Ct-bbi double chains as shown in  and S8, Supporting Information).
Figure 6b. Since these compounds are isostructural, compdnd
When comparing compountiwith 5, we can observe that  which contains the diamagnetic Zn(ll) ions in the metal
they have the same Cibbi complex but different POM  organic subunits, is a good model for investigating the
clusters: the spherical cluster [A4404]* in 4 and the magnetic behavior of the isolated A&4 cluster in this kind
ellipsoidal one [MsO35Cl]®™ in 5. Furthermore, compound  of polymer network. The thermal dependence of the product

Xl (cm3 K mol'1)
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of the molar magnetic susceptibility times the temperature
(xmT) of 3 (Figure S8) presents a magnetic moment of ca.
3.15 cn? K mol~* at room temperature and shows a marked

decreases to reach a value of ca. 1.4 ¢tnmol~?! (ca.
0.7 cn? K mol=* per Co(ll) ion) at 2 K, indicating the
presence of a zero-field splitting in the Co(ll) ions or/and

decrease when the temperature is lowered to reach a plateaantiferromagnetic Co(Ih-O—V(IV) interactions through the

of ca. 1.64 crAK mol~! at ca. 5 K. Belav 5 K the magnetic

moment decreases abruptly to reach a value of ca. 0.98 cm

K mol~t at 2 K. The room temperatupe,T value indicates
the presence of eight or nine independsnt 1/2 (V(IV),
3dY) centers withg = 2 (the calculated values are 3.0 and
3.375 cnm K mol™%, respectively) and is lower than the
expected value (5.25 ¢cnK mol~! for g = 2) for fourteen
unpaired electrons. The low room temperatyrd value
observed for this compound is slightly lower than that of
the fully reduced [W15042(H,0)]*2" but is far higher than
that of [ZnAsgV'V1,040(H20)]*", where values of 3.4 and
1.23 cn? K mol™, respectively, have been reporf8ds in

u>-O bridge where the Ge'V distance is 3.648 A3

In compouna?, the room temperature subtracjgdrl value
is ca. 2.4 cri K mol™* (corresponding to two Ni(ll) ions,
Figure 8b). This value is slightly larger than the spin-only
expected value fog = 2.0 (2.0 cni K mol~?%) and suggests
that theg value of the Ni(ll) ions in2 is ca. 2.19. When the
temperature is decreased, thgT product remains almost
constant down to ca. 30 K, where theT value is ca.
2.3 cnt K mol~L. Below ca. 30 K theyu T product sharply
decreases to reach a value of ca. 0.33 knmol~* at 2 K,
indicating the presence of a zero-field splitting in the Ni(ll)
ions or/and antiferromagnetic Ni(HHO—V(IV) interactions

many other reduced vanadates, this reduction of the magnetichrough theu,-O bridge as also observed in compouhd

moment may be attributed to the spin pairing of the unpaired

electrons due to the electron delocalization in the\As
anion, as already observed in many other reduced PB&WI%.

Since the observegy T vs T plot for 3 corresponds to the
behavior of the AgV/14 itself, we can subtract this contribu-
tion from the magnetic moments of compouridand?2 to
estimate the contributions from the metal ions in these
compounds.

Thus, for compound, the subtractegymT vs T (corre-
sponding to two Co(ll) ionsS = 3/2, 3d) shows a room
temperature value of ca. 6.2 & mol~?, corresponding to
ca. 3.1 cm K mol™ per Co(ll) ion (Figure 7b). This value
(typical of octahedral Co(ll) complexes, where values of
2.7-3.4 cn? K mol~! are usually found}-32is higher than
the spin-only value (1.875 chK mol™1), as expected from
the orbital contribution typical in octahedral Co(ll) ions.
When the temperature is decreased,th€ product shows
a continuous decrease to reach a value of ca. 33Xamol !
(ca. 1.6 crAK mol~* per Co(ll) ion) at ca. 20 K, as expected
from the spir-orbit coupling present in octahedral Co(ll)
complexes? Below this temperature thg,T product sharply
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J.; Yang, G.-Y.Eur. J. Inorg. Chem2004 2004.

(30) (a) Liu, C.-M.; Zhang, D.-Q.; Zhu, D.-BCryst. Growth Des2003
3, 363. (b) Pan, C.-L.; Xu, J.-Q.; Sun, Y.; Chu, D.-Q.; Ye, L.i,Lu
Z.-L.; Wang, T.-G.Inorg. Chem. Commur2003 6, 233. (c) Duan,
L.-M.; Pan, C.-L.; Xu, J.-Q.; Cui, X.-B.; Xie, F.-T.; Wang, T.-Gur.
J. Inorg. Chem2003 2578. (d) Bu, W.-M.; Ye, L.; Yang, G.-Y;
Gao, J.-S.; Fan, Y.-G.; Shao, M.-C.; Xu, J.4Qorg. Chem. Commun.
2001, 4, 1. (e) Liu, C.-M.; Luo, J.-L.; Zhang, D.-Q.; Wang, N.-L.;
Chen, Z.-J.; Zhu, D.-BEur. J. Inorg. Chem2004 4774. (f) Barra,
A. L.; Gatteschi, D.; Pardi, L.; Barra, A. L.; Mier, A.; Doring, J.J.
Am. Chem. Sod 992 114, 8509.

(31) Shi, Z.-Y.; Peng, J.; Goez-Garéa, C. J.; Benmansour, S.; Gu, X.-J.
J. Solid State Chen2006 179, 253.

(32) See, for example: March, R.; Clegg, W.; Coxall, R. A.; Cucurull-
Sanchez, L.; Lezama, L.; Rojo, T.; Gofiea-Duarte, PInorg. Chim.
Acta 2003 353 129.

Conclusions

In conclusion, five novel polyoxoanion-templated frame-
works have been constructed based on two sorts of templates,
a spherical cluster, [A¥14042]%", and an ellipsoidal one,

[V 16035Cl1%~, and one flexible bis(imidazole) ligand. This
constitutes one of the first attempts to use flexible ligands
in the inorganie-organic assembly based on polyoxometa-
lates. This work provides very useful information to take
into account when assembling polyoxoanions and transition-
metal complexes: (i) the polyoxoanions play a duplex role
as templates and as ligands, which is embodied in the
influences of their charge, size, and shape on the assembly
process, (ii) the use of flexible ligands favors the exertion
of the templating role of polyoxoanions, and (iii) the
coordination numbers and geometries of the transition-metal
ions also play a key role in the assembly process. Further-
more, this work demonstrates the perspective of using
flexible ligands to construct polyoxoanion-based networks
with interesting properties.
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