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Three unusual compounds based on polyoxometalate building blocks, [(H20)sNaz(CsNO2H4)(CsNO2Hs)sAg2][Ag,-
|M06024(H20)4]'6.25H20 (1), [(H20)4N82(C6N02H5)5Ag3][|M06024]‘6H20 (2), and (CeNOzHe)z[(CsNOsz)zAg][Cr'
(OH)eM0gO14]+4H,0 (3), have been synthesized and characterized by elemental analysis; IR, XPS, and ESR
spectroscopy; TG analysis; and single-crystal X-ray diffraction. Compound 1 is constructed from the cationic two-
dimensional (2D) coordination polymer sheets which are constituted of [(H,0)sNay(CsNO2H4)(CeNO,Hs)sAg,)* and
anionic [Ag,IM0s024(H,0)4]°>~ chains as pillars, forming a three-dimensional (3D) supramolecular framework via
weak Ag—O interactions. Compound 2 is composed of the well-defined [IMosO,4)°~ building blocks, which are
linked through trinuclear Ag-pyridine-3-carboxylic acid, [(CeNO2Hs)sAgs]**, fragments into a one-dimensional (1D)
hybrid chain; adjacent chains are further connected by sodium cations to yield a novel 2D network. Compound 3
has a 1D chainlike structure constructed from [Cr(OH)sMogO1g)*~ building blocks and Ag-pyridine-4-carboxylic acid
coordination units. The crystal data for these compounds are the following: 1, triclinic, P1, a = 13.280(3) A, b =
13.641(3) A, ¢ = 16.356(3) A, oo = 89.68(3)°, B = 88.31(3)°, y = 75.87(3)°, Z= 2; 2, triclinic, P1, a = 11.978(2)
A, b=12.008(2) A, ¢ =13.607(3) A, o = 116.14(3)°, B = 108.85(3)°, ¥ = 93.86(3)°, Z = 1; 3, triclinic, P1,
a=10.458(2) A, b = 10.644(2) A, ¢ = 12.295(3) A, oo = 97.40(3)°, B = 112.38(3)°, y = 113.59(3)°, Z = 1.

the assembly of polyoxometalate clusters into extended
inorganic or hybrid inorganieorganic solids® It is espe-
cially fascinating when new types of polyoxometalates are
employed as the building blocks to construct extended solid
frameworks in appropriate wayslo date, several extended
high-dimensional assemblies based on well-defined POMs,

Introduction

Polyoxometalates (POMSs), as early transition-metal oxide
clusters, bear many properties that make them attractive for
applications in catalysis, separation, imaging, materials
science, and medicirie® Because of the remarkable features
of metal oxide surfaces and their diversities in geometric
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such as Keggifi,Wells—Dawson? and Lindquist-type? or diols2° hydrogenolysis, or NOCO reactions!??However,

new POM units, spherical vanadium oxidésind capped  no structural information on silver-linked Anderson-type
clusterst? for instance, have been successfully reported. polyoxometalates has been reported in the literature, although
However, the use of Anderson-type polyoxoanions and their they may possess potential catalytic properties. Taking this
derivatives as inorganic building blocks in this aspect has into account, our current synthetic strategy is to acquire new
not been so extensively studi&dt therefore will be of great  extended architectures based on silver(l) ions and Anderson-
interest to investigate whether this kind of polyoxometalate type polyoxoanions, including A-type and B-type structures.
and its derivatives can be introduced into high-dimensional In addition, pyridine-4-carboxylic acid and pyridine-3-
frameworks. More recently, successful syntheses of a few carboxylic acid molecules were chosen as the organic
polymerd415 based on Anderson-type polyoxoanions and components, not only because of their role as good mono-
rare-earth cations by our group and other groups further dentate and bridging ligands and because of the requirement
inspired our research ardor for constructing novel architec- for acid reaction conditions but also to further understand
tures from this kind of polyoxoanion by replacement of the the effect of the different introduced organic molecules on

linkers from rare-earth cations with other transition-metal
cations or complexes.

the whole framework.
When we chose the A-type Anderson cluster [Y@gy]>~

On the other hand. POM-based extended structures@s the building block and the pyridine-4-carboxylic acid/

containing silver(l) ions and/or their coordination complexes
are comparatively unexploréfl This is unexpected for two

main reasons: (i) the probable synergistic effect between

silver(l) ions and POMs could strongly improve their
catalytic selectivity when utilized as catalysts for the oxida-
tion of numerous organic molecules such as alcohols an
aldehydes, as compared with that of the POM precuiddfs,

and (ii) the silver(l) atom has a labile metal center with
versatile coordination properties, generally adopting coor-
dination numbers of 26 in covalent complexes, and

therefore can become an important choice as the bridging

linker in the design of novel POM-based compoulds.

Furthermore, Anderson-type polyoxometalates have recently
been demonstrated as catalysts for the oxidation of vicinal

(8) (a) Reinoso, S.; Vitoria, P.; Lezama, L.; Luque, A.; Guge-Zorrilla,
J. M. Inorg. Chem2003 42, 3709. (b) Lu, Y.; Xu, Y.; Wang, E. B.;
Lu, J.; Hu, C. W.; Xu, L.Cryst. Growth Des2005 5, 257. (c)
Bonhomme, F.; Larentzos, J. P.; Alam, T. M.; Maginn, E. J.; Nyman,
M. Inorg. Chem.2005 44, 1774.

(9) (a) Bareyt, S.; Piligkos, S.; Hasenknopf, B.; Gouzerh, P.]tgd®,;
Thorimbert, S.; Malacria, MAngew. Chem., Int. EQ003 42, 3404.
(b) Niu, J. Y.; Wei, M. L.; Wang, J. P.; Dang, D. Eur. J. Inorg.
Chem.2004 160. (c) Wang, J. P.; Zhao, J. W.; Niu, J. ¥. Mol.
Struct.2004 697, 191.

(10) Hagrman, P. J.; Hagrman, D.; ZubietaAdgew. Chem., Int. EA999
38, 3165.

(11) (a) Khan, M. I.; Yohannes, E.; Powell, Bhem. Commuri999 23.
(b) Khan, M. I.; Yohannes, E.; Doedens, RAhgew. Chem., Int. Ed
1999 38, 1292. (c) Pan, C. L.; Xu, J. Q.; Li, G. H.; Chu, D. Q.; Wang,
T. G. Eur. J. Inorg. Chem2004 160.

(12) (a) Luan, G. Y.; Wang, E. B.; Han, Z. B.; Li, Y. Gnorg. Chem.
Commun2001 4, 541. (b) Duan, L. M.; Pan, C. L.; Xu, J. Q.; Cui,
X. B.; Xie, F. T.; Wang, T. GEur. J. Inorg. Chem2003 2578.

(13) (a) Shivaiah, V.; Nagaraju, M.; Das, S. Korg. Chem.2003 42,
6604. (b) Martin, C.; Lamonier, C.; Fournier, M.; Meht@.; Harle
V.; Guillaume, D.; Payen, BHnorg. Chem.2004 43, 4636.

(14) (a) An, H.Y.; Xiao, D. R.; Wang, E. B.; Li, Y. G.; Wang, X. L.; Xu,
L. Eur. J. Inorg. Chem2005 854. (b) An, H. Y.; Lan, Y.; Li, Y. G,;
Wang, E. B.; Hao, N.; Xiao, D. R.; Duan, L. Y.; Xu, Ilnorg. Chem.
Commun2004 7, 356. (c) An, H. Y.; Wang, E. B.; Xiao, D. R.; Li,
Y. G.; Xu, L. Inorg. Chem. Commur2005 8, 267.

(15) (a) Drewes, D.; Limanski, E. M.; Krebs, B. Chem. Soc., Dalton
Trans.2004 14, 2087. (b) Drewes, D.; Limanski, E. M.; Krebs, B.
Eur. J. Inorg. Chem2004 24, 4849. (c) Shivaiah, V.; Reddy, P. V.
N.; Cronin, L.; Das, S. KJ. Chem. Soc., Dalton Tran2002 3781.

(16) Han, Z. G.; Zhao, Y. L.; Peng, J.; Ma, H. Y.; Liu, Q.; Wang, E. B;
Hu, N. H.; Jia, H. JEur. J. Inorg. Chem2005 2, 264.

(17) Rhule, J. T.; Neiwert, W. A.; Hardcastle, K. I. B.; Do, T.; Hill, C. L.
J. Am. Chem. So2001, 123 12101.

(18) Liu, F. X.; Marchal-Roch, C.; Bouchard, P.; Marrot, J.; Simonato, J.
P.; Herve G.; Seheresse, AHnorg. Chem.2004 43, 2240.

pyridine-3-carboxylic acid molecule as the organic compo-
nent, two unique compounds were obtained o{¥lNax(Cs-
NOzH4)(C6N02H5)3Agz][Ag2|M05024(H20)4]’625H20 (1)
and [(HO)sNax(CsNO,Hs)6Ag3][IMO 6024 :6H:0 (2). When
the B-type Anderson cluster [Cr(OkilosO1¢)®~ was utilized

qas the structure motif in the presence of a pyridine-4-

carboxylic acid molecule under similar conditions, a structure
that differed from the above two was obtained,s(C
NOzHe)z[(CeNOZH5)2Ag][Cr(OH)eMOe,Olg]‘4H20 (3) The
unique compleA is built of a new type of [IM@O,4(H20)4]>~
cluster as the structural motif, which is covalently linked by
silver ions to yield unprecedented one-dimensional (1D)
chains which further pillar the silver-organic coordination
polymer sheets to form a three-dimensional (3D) framework
via weak Ag-O0 interactions, and the free water molecules
reside in the frameworks. To the best of our knowledge,
compoundl represents the first example of 3D supramo-
lecular structures containing polyoxometalate chains as
pillars. The unique structural character  not only
represents a new type of pillaring mode but also indicates
that the flexible coordinative behavior of POMs can be
effectively used to construct novel 3D pillared structures.
Compound 2 is a novel two-dimensional (2D) hybrid
network, with the well-characterized [INN©.4]>~ building
blocks connected by trinuclear Ag-pyridine-3-carboxylic acid
([(CeNOsHs)sAgs]3t) fragments and Na cations in two
directions. Compoun@® has a 1D chainlike structure built
from alternating [Cr(OHIM04O1g]® building blocks and Ag-
pyridine-4-carboxylic acid coordination units.

Experimental Section

General Considerations. All chemicals were commercially
purchased and used without further purification.s[Ndo ¢O,4]*
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3H,0* and Na[Cr(OH)sM0gO1¢]-8H,0%* were synthesized ac-  999(w), 942(vs), 922(vs), 907(vs), 886(vs), 852(w), 830(w), 795-
cording to the literature and characterized by IR spectroscopy and(w), 767(m), 757(m), 680(m), 642(vs), 561(s), 537(s), 412(s).
TG analyses. Elemental analyses (C, H, and N) were performed X-ray Crystallography. A colorless single crystal ol with
on a Perkin-Elmer 2400 CHN elemental analyzer, and I, Cr, Mo, dimensions of 0.25¢< 0.13 x 0.11 mm was fixed to the end of a
Ag, and Na were analyzed on a PLASMA-SPEC(l) ICP atomic glass capillary. The data were collected on a Rigaku R-AXIS
emission spectrometer. XPS analyses were performed on a VGRAPID IP diffractometer with Mo K (A = 0.710 73 A) at 293 K
ESCALABMKII spectrometer with a Mg K& (1253.6 eV) achro- in the range of 2.99< § < 27.48. Empirical absorption correction
matic X-ray source. The vacuum inside the analysis chamber waswas applied. A total of 28 080 (13 022 uniqu&,: = 0.0381)
maintained at 6.% 10°® Pa during the analysis. IR spectra were reflections were measureet{4 < h < 17,-17< k< 17,-21<
recorded in the range of 46@1000 cnt! on an Alpha Centaurt | < 21). A yellow single crystal o2 with dimensions of 0.23
FT/IR spectrophotometer using KBr pellets. The ESR spectrum was 0.16 x 0.12 mm was fixed to the end of a glass capillary. The data
recorded on a Japanese JES-FE3AX spectrometer at room tempemwere collected on a Rigaku R-AXIS RAPID IP diffractometer with
ature. TG analyses were performed on a Perkin-Elmer TGA7 Mo Ko (1 = 0.710 73 A) at 293 K in the range of 3.06 § <
instrument in flowing N with a heating rate of 10C min*. 27.48. Empirical absorption correction was applied. A total of
Synthesis. [(HO)sNax(CeNO2H 4)(CeNO2Hs)3AU2][AG 2IMO 6024 15 499 (7239 uniqudRi,; = 0.0530) reflections were measuredl3
(H20)4]+6.25H;,0 (1). AgNO; (0.085 g, 0.5 mmol) and pyridine- = h=15,-15=<k =< 15,-17 =< | < 16). A pink single crystal
4_Carboxy|ic acid (00615 g, 05 mmo|) were dissolved in 30 mL of 3 with dimensions of 0.25¢ 0.20 x 0.15 mm was fixed to the
of hot water. Then, a 30-mL water solution of §jl&10 0,4 *3H,0 end of a glass capillary. The data were collected on a Rigaku
(0.6283 g, 0.5 mmol) was added. The mixture was heated for 1 h R-AXIS RAPID IP diffractometer with Mo K (2 = 0.710 73 A)
at 80°C and then filtered. The filtrate was kept for 2 weeks at at293 Kin the range of 3.27< 6 < 27.48. Empirical absorption

ambient conditions, and then colorless block crystald efere correction was applied. A total of 10 692 (4942 uniqés, =
isolated in about 36% yield (based on Ag). Anal. Calcd for.{h- 0.0401) reflections were measured1@ < h < 13, -13 < k =<
Nag(CeNOH4)(CsNOzHs)5Ag2][Ag 2IM06O24(H20)4] -6.25H0: |, 13,-15= 1 = 15).

5.45; Mo, 24.70; Na, 1.97; Ag, 18.52; C, 12.37; N, 2.40; H, 2.12 The structures oi, 2, and3 were solved by the direct method
(%). Found: |, 5.24; Mo, 24.55; Na, 2.12; Ag, 18.79; C, 12.20; N, and refined by the full-matrix least-squares methodF8rusing
2.65; H, 2.38 (%). FTIR (cm): 3528(s), 3452(s), 3351(s), 1963- the SHELXTL-97 softwaré® All non-hydrogen atoms id, 2, and
(w), 1714(m), 1607(m), 1548(m), 1413(m), 1390(m), 1337(w), 3 were refined anisotropically. Ih, only positions of the hydrogen
1301(w), 1232(w), 1215(w), 1092(w), 1029(m), 942(s), 904(vs), atoms attached to OW3 and OW4 were located from difference
889(s), 858(m), 764(s), 698(vs), 624(s), 563(m), 539(m), 476(m), Maps, and those attached to other water molecules were not located.
417(m). The hydrogen atoms attached to the nitrogen atoms and the
[(H 0)Nay(CeNOsH=)sAg[IMo 6054-6H;0 (2). AQNOs (0.085 hyd_r(_)gen_atoms attached to the carbon atoms were fixed_ in ideal
g, 0.5 mmol) and pyridine-3-carboxylic acid (0.0615 g, 0.5 mmol) positions inl. In 2, the hydrogen atoms attached to th_e nltr_og_en
were dissolved in 30 mL of hot water. Then, a 30-mL water solution atoms and those attached to the carbon atoms were fixed in ideal
of Nas[IM0¢O»4]-3H;0 (0.6283 g, 0.5 mmol) was added. The positions, and the other hydrogen atoms were not locate8, In
mixture was heated fal h at 80°C and then filtered. The filtrate ~ POSitions of the hydrogen atoms attached to polyoxoanions, those
was kept for 3 weeks at ambient conditions, and then yellow block {tached to the nitrogen atoms, and those attached to the carbon
crystals of2 were isolated in about 30% yield (based on Ag). Anal. atoms were located from difference maps, and other hydrogen atoms

Calcd for [(HO)sNa(CeNOH:)6AGSI[IMO 6024 -6H:0: 1, 5.34; Mo were not located. A summary of the crystallographic data and
24.24; Na, 1.96; Ag, 13.63; C, 18.19; N, 3.54; H 211 (’%) structural determination fdk, 2, and3 is provided in Table 1. Bond

Found: I, 5.45; Mo, 24.13; Na, 1.76; Ag, 13.85: C, 18.04; N, 3.28; 'e”(?;hs anl_d ar(‘jg_'eSTWgr S;a”dard deviations in parenthesk2pf

H, 2.47 (%). FTIR (cmY): 3539(s), 3460(s), 3100(m), 3066(m), 2ndsare listed in Table 2.

3039(m)(, 2)919(m),(27923(m), 2é3)0(m), 2(5())7(m), (20%6(w), §9%1- The CCDC reference numbers are 2682730268274 for2,

(W), 1729(s), 1638(m), 1604(s), 1477(w), 1442(w), 1418(w), 1391- and 268275 foB.

(w), 1327(m), 1293(s), 1202(w), 1187(w), 1145(w), 1116(W), Results and Discussion

1089(w), 1050(w), 1035(w), 941(vs), 905(vs), 813(w), 745(s), 693-

(vs), 681(vs), 622(vs), 538(w), 494(w), 470(m). Crystal Structure of 1. Single-crystal X-ray structural
(CeNO,He)s[(CeNOHs),AG][Cr(OH) sMogO1g-4H,0 (3). Ag- analysis reveals that the structurelofs constructed from

NO; (0.085 g, 0.5 mmol) and pyridine-4-carboxylic acid (0.0615 the cationic 2D coordination polymer sheets, J(hNa;-

g, 0.5 mmol) were dissolved in 30 mL of hot water. Then, a 30- (CsNO2H4)(CeNO2Hs)sAg:]*", pillared by anionic [AdMo¢O24

mL water solution of NgCr(OH)sMogO1¢]-8H,0 (0.6155 g, 0.5 (H20)4]® chains into a 3D supramolecular channel frame-

mmol) was added. The mixture was heated ¥ch at 80°C and work via weak Ag-O interactions with the water molecules

then filtered. The filtrate was kept for 1 month at ambient residing in it. The basic building block [IM@®24(H20)4]>~

conditions, and pink block crystals 8fwere isolated in about 24% iy 1 js shown in Figure 1. The asymmetric unit in the

yield (based on Ag). Anal. Calcd for [(R10;He)2][(CeNO2Hs),- structure ofl consists of two crystallographically independent

AGJ[Cr(OH)eM0gOse]-4H,0: Cr, 3.07; Mo, 34.02; Ag, 6.37; C,  uqng haif [IMosO,4(H20)4]® anions, in which both iodine

17.02; N, 3.31; H, 2.13 (%). Found: Cr, 3.27; Mo, 34.19; Ag, 6.11, ions (I(1) and I(2)) occupy special positions (see Figure 2)
C, 17.32; N, 3.01; H, 2.03 (%). FTIR (cri): 3563(w), 3238(s), Py special p 9 :

3150(s), 3104(s), 1976(m), 1712(m), 1639(m), 1620(m), 1571(s), The' [IM'060'24(H20)4]5‘ cluster is a new type of structural
1495(m), 1361(s), 1241(m), 1223(m), 1140(w), 1079(w), 1050(w), mOtlf, dlfferlng from the well-defined Anderson structure,

(25) (a) Sheldrick, G. MSHELXL 97 Program for Crystal Structure

(23) Filowitz, M.; Ho, R. K. C.; Klemperer, W. G.; Shum, Whorg. Chem. RefinementUniversity of Gdtingen: Gitingen, Germany, 1997. (b)
1979 18, 93. Sheldrick, G. MSHELXL 97 Program for Crystal Structure Solution
(24) Perloff, A.Inorg. Chem.197Q 9, 2228. University of Gadtingen: Gitingen, Germany, 1997.
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Table 1. Crystal Data and Structure Refinement for Compouhd8

1 2 3
chemical formula @;H49,5(A94|M06N4N8QO47,25 C36H50A93IM05N6N62046 C24H36AQCI’MOGN4036
fw 2330.18 2374.95 1692.08
T (K) 293(2) 293(2) 293(2)
(A 0.71073 0.71073 0.71073
cryst syst triclinic triclinic triclinic
space group P1 P1 P1
a(h) 13.280(3) 11.978(2) 10.458(2)
b (R) 13.641(3) 12.008(2) 10.644(2)
c(A) 16.356(3) 13.607(3) 12.295(3)
o (deg) 89.68(3) 116.14(3) 97.40(3)
B (deg) 88.31(3) 108.85(3) 112.38(3)
y (deg) 75.87(3) 93.86(3) 113.59(3)
V (A3) 2872.2(10) 1611.4(6) 1094.0(4)
z 2 1 1
D (g/cn?) 2.691 2.447 2.568
w (mm1) 3.267 2.625 2.458

int 0.0381 0.0530 0.0401
GOF onF? 1.020 0.97 1.00
RIa[I > 20(1)] 0.0427 0.0491 0.0268
WR2 [I > 20(1)] 0.1129 0.1202 0.0738
R1 (all data) 0.1030 0.0829 0.0305
wR2 (all data) 0.1314 0.1377 0.0755

largest diff. peak and hole (€3

3.031 and-1.284

aR1= 3 [|Fol — |Fcll/3|Fol. PWR2 = Y[W(Fo? — Fc?)?Z)/ 3 [W(Fo?)? V2

1.068 and-0.975

Table 2. Bond Lengths (A) and Angles (deg) with Standard Deviations of Compolir@sin Parentheses

0.657 and-0.614

Compoundl

1-Oc 1.858(9)-1.902(11) Ag(1yX0O(17) 2.176(10)
Mo—0Ot 1.700(13y-1.728(12) Ag(1)-0O(9) 2.184(10)
Mo—Ot 1.705(13y-1.725(13) Ag(1)-O(4)#5 2.571(14)
Mo—Ow 2.409(13y-2.421(12) Ag(1)y0O(22)#6 2.582(14)
Mo—Ob 1.858(11)1.978(11) Ag(2)-0(18) 2.167(10)
Mo—0Oc 2.222(11)2.238(10) Ag(2)-0O(8) 2.176(10)
Mo—0Oc¢ 2.222(10y-2.238(10) Ag(2y-0(10) 2.568(15)
Na(1)-O 2.35(2)-2.724(16) Ag(2y-0(13) 2.583(14)
Na(2)-O0 2.35(2)-2.714(15) Ag(3)-N(2) 2.130(17)
Ag(4)—N(3) 2.146(16) Ag(3)N(1) 2.156(18)
Ag(4)—N(4) 2.158(16)

O—I1—0¢is 86.1(5)-93.9(5) O-Mo—0Ois 67.3(3)-108.0(5)
O—1—Orans 180.0 O-M0—Oyans 148.4(4)-163.6(4)
Compound2

I-Oc 1.876(5)-1.887(4) Ag(1yXN(1) 2.178(6)

Mo—0Ot 1.709(6)-1.711(5) Ag(1¥-N(2) 2.191(6)

Mo—0Oty 1.703(5)-1.711(5) Ag(1)-0O(7) 2.586(5)

Mo—Ot, 1.703(5)-1.716(4) Ag(1)-0(9) 2.631(5)

Mo—Ob 1.916(5)-1.941(5) Ag(2)-N(3) 2.153(6)

Mo—0Oc 2.298(4)-2.359(5) Na-O 2.364(6)-2.462(7)
O—1—0¢is 86.6(2)-93.4(2) O-Mo—0Ois 66.68(16)-106.6(3)
O—1—0Oxans 180.0 O-M0—Otrans 150.7(2)-162.4(2)

Compound3

Cr—Oc 1.9556(18)-1.980(2) Mo-Oc 2.228(2y-2.327(2)
Mo—0Ot 1.698(2)-1.722(2) Ag(1)-0(7) 2.352(2)

Mo—Ot' 1.720(2) Ag(1)-0(13) 2.492(3)

Mo—0Ob 1.922(2)-1.9657(19)
O—Cr—0Ois 82.45(9)-97.55(9) G-Mo—0Ogis 69.92(8)-161.39(10)
O—Cr—Ouans 180.0 O-Mo—Oyans 150.68(9)-162.4(2)

[IM06O24]°, in which a centraf10g} octahedron with six  so far in the chemistry of POMs. According to the way the
{MoQO¢} octahedra surround it in a plane by sharing their oxygen atoms are coordinated, six kinds of oxygen atoms
edges. In the unique [IM©®24(H,0)4]° cluster, there is not  exist in the cluster: terminal oxygen Ot, terminal oxygen
only edge sharing but also corner sharing between the centralOt' linked to Ag', terminal water molecule Ow, double-
{I0¢} octahedron and surroundiff/loOg} and/or{ MoOs- bridging oxygen Ob, central oxygen Oc, and central oxygen
(H20)} octahedra, and there also is edge sharing and cornerOc linked to Ag". Thus, the Me-O bond lengths fall into
sharing betweefiMoOg} and/or{ MoOs(H,O)} octahedra. six classes: Me-Ot = 1.700(13)-1.728(12) A, Me-Ot =
Interestingly, four water molecules coordinate to four dif- 1.705(13)-1.725(13) A, Mo-Ow = 2.409(13)-2.421(12)
ferent Mo atoms to finish thg MoOs(H,0)} octahedral A, Mo—Ob = 1.858(11)-1.978(11) A, Mo-Oc = 2.222-
environment in each [IMgD,4(H20)4]° cluster. To the best  (11)—2.238(10) A, and Me-Oc = 2.222(10)-2.238(10) A.

of our knowledge, this framework has never been described The central +0O distances vary from 1.858(9) to 1.902(11)
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(3) and Ag(4) are two-coordinate, coordinated by two
nitrogen atoms from two different pyridine-4-carboxylic acid
molecules (Ag(3>N = 2.130(17) and 2.156(18) A and Ag-
(4)—N = 2.146(16) and 2.158(16) A). The proximity of the
third oxygen atom, O(6), from the polyoxoanion to Ag(3)
(Ag(3)—0(6) = 2.869 A), which is shorter than the sum of
the van der Waals radii of Ag and O (3.20 A), implies weak
binding and leads to the “T-shaped” coordination geometry
around Ag(3). Similarly, there is a weak interaction between
Ag(4) and O(5) from the polyoxoanion with a distance of
2.874 A. The two adjacent silvesilver distances (Ag(3)
Ag(3) = 3.382 A, Ag(3y-Ag(4) = 3.387 A, and Ag(4)
Ag(4) = 3.390 A) are shorter than the sum of the van der
Waals radii of two silver atoms (3.44 A).
There are two sodium atoms that have different coordina-
Figure 1. Representation of the polyoxometalate building blockljn tion environments irl. Na(1) is seven-coordinate, defined
showing the metal atoms and their coordination polyhedra. by four carboxyl oxygen atoms from four pyridine-4-
carboxylic acid molecules and three water molecules. The
average Na(BO distance is 2.542 A. Na(2), residing in a
distorted octahedron geometry, is coordinated by four
carboxyl oxygen atoms from four pyridine-4-carboxylic acid
molecules and two water molecules. The average Na(?)
distance is 2.509 A. Each of the four crystallization-
independent pyridine-4-carboxylic acid molecules acts as a
tridentate ligand, coordinating to one silver atom and two
sodium atoms (shown in Supporting Information Figure S1).
Silver-pyridine-4-carboxylic acid coordination complexes are
linked together by sodium atoms to form a cationic 2D
polymer sheet (shown in Supporting Informaion Figure S2).
The most remarkable feature of compouhds that the
new type of [IMaO.4(H,0)4]°" cluster is utilized as the
multidentate chelating ligand, coordinating to thagy}
groups via the terminal and central oxygen atoms to yield
an unprecedented 1D chain. To the best of our knowledge,
no analogous extended structure consisting of this kind of
POM has been reported in the literature. These chains further
Figure 2. ORTEP drawing ofl with thermal ellipsoids at 50% probability.  pjj|ar the silver-organic coordination polymer sheets to form
oorzli%lte%a;ésr gfaﬁ:;ms are labeled, and metal-organic moieties have beenal 3D framework via weak Ag(3)0 and Ag(4)-O interac-
tions (see Figure 4). It is notable that this kind of connection
A. The bond angles of ©1—0gsrange from 86.1(5) to 93.9-  mode results in the formation of a fascinating channel along
(5)°, and O-1—0Oyans is 180.0. thea-axis, which is occupied by the lattice water molecules.
There are four crystallization-independent silver atoms in The dimensions of the channel are ca. &73.3 A (see
1. Both Ag(1) and Ag(2) are four-coordinate, defined by two Supporting Information Figure S3). Having studied the
terminal oxygen atoms from twdMoOg} octahedra of literature, we noticed that the exploitation of discrete POMs
different polyoxoanions (Ag(HO = 2.571(14) and 2.582-  as the pillars to construct pillared 3D covalent or supramo-
(14) A and Ag(2>-0 = 2.568(15) and 2.583(14) A) and lecular frameworks has been successfully synthesized;
two central oxygen atoms from two polyoxoanions (Ag- however, there are no examples of POM chain-pillared 3D
(1)-0=2.176(10) and 2.184(10) A and Ag2p = 2.167-  frameworks to date.
(10) and 2.176(10) A). The distance between the Ag(1) and Itis also striking that the structure of compouhéxhibits
Ag(2) atoms is 2.9312(14) A, which is shorter than the sum extensive hydrogen-bonding interactions among water mol-
of the van der Waals radii of two silver atoms (3.44 A), ecules, pyridine-4-carboxylic acid molecules, and polyoxoan-
suggesting significant silver(silver(l) interactions. Both  ions. The typical hydrogen bonds are as follows: OW4
of the silver atoms forniAg,} linker groups that interconnect

i i i i i (26) Abbas, H.; Pickering, A. L.; Long, D. L.; Kgerler, P.; Cronin, L.
with the neighboring polyoxoanions to yield an unusual Chem-Eur. 1. 2005 11 1071,

infinite anionic [AgIM0¢O24(H20).]*" chain (Figure 3),  (27) (a) Lu J; Shen, E. H.; Li, Y. G.; Xiao, D. R.; Wang, E. B.; Xu, L.
which further demonstrates that the precursors in the reaction ~ Cryst. Growth Des2003 5, 65. (b) Ishii, Y.; Takenaka, Y.; Konishi,

. T K. Angew. Chem., Int. EQR004 43, 2702. (c) Li, Y. G.; Hao, N;
solution are not individua] Agz} and POM groups but are, Wang, E. B.. Yuan, M.. Hu, C. W.: Hu, N. H.. Jia, H. @org. Chem.

most probably{ Ag(POM)Ag}-type synthong® Both Ag- 2003 42, 2729.

6066 Inorganic Chemistry, Vol. 44, No. 17, 2005



Self-Assembly of Architectures Based on POM and Ag Complexes

Figure 3. Polyhedral representation of the 1D anionic chaii.ifDther atoms have been omitted for clarity.

Figure 4. Polyhedral and baltstick representation of the 3D supramolecular frameworkwé weak Ag-O interactions running along tleeaxis. Lattice

water molecules have been omitted for clarity.

010=2.909(2) A, OW4--OW13= 2.80(3) A, OW3:-:04
=2.937(2) A, OW3--OW12=2.78(2) A, OW11--033=
2.772(4) A, C1--O7=3.364(4) A, and C1#-013= 3.315-

(2) A (shown in Supporting Information Table S1). It is
believed that the extensive hydrogen-bonding interactions
play an important role in stabilizing the 3D supramolecular
structure (Supporting Information Figure S4).

Crystal Structure of 2. Single-crystal X-ray diffraction
analysis shows that compou@ds made up of [IM@O.4]>~
clusters, trinuclear Ag-pyridine-3-carboxylic acid coordina-
tion complexes, sodium ions, and lattice water molecules.
The [IM0gO24)°" cluster has an A-type Anderson structure
in which six{ MoOg} octahedra arrange hexagonally around
the central10g} octahedron (see Figure 5). According to
the way the oxygen atoms are coordinated, five kinds of
oxygen atoms exist in the cluster: terminal oxygen Ot,
terminal oxygen Qtlinked to Ag', terminal oxygen Qt
linked to Na', double-bridging oxygen Ob, and central
oxygen Oc. Thus, the MeO distances can be grouped into
five sets: Me-Ot = 1.709(6) and 1.711(5) A, MeOt; =
1.703(5) and 1.711(5) A, MeOt, = 1.703(5) and 1.716(4)
A, Mo—0Ob = 1.916(5)-1.941(5) A, and Me-Oc = 2.298-
(4)—2.359(5) A. The central+Oc distances vary from
1.876(5) to 1.887(4) A. The bond angles ofO-Os range
from 86.6(2) to 93.4(2) and O-1—0Oyans is 180.0.

There are two crystallization-independent silver atoms. Ag-
(1) is four-coordinate, defined by two terminal oxygen atoms
from two [IM0gO24]%~ units (Ag(1)-O = 2.586(5) and 2.631-
(5) A) and two nitrogen atoms from two pyridine-3-
carboxylic acid molecules (Ag(H)N = 2.178(6) and 2.191-

Figure 5. ORTEP drawing of with thermal ellipsoids at 50% probability.
Other atoms have been omitted for clarity.

(6) A). Ag(2) is coordinated in a linear geometry by two
nitrogen atoms from two pyridine-3-carboxylic acid mol-
ecules (Ag(2YN = 2.153(6) A). A pair of Ag(1) atoms is
linked by the Ag(2) atom via silversilver bonds, resulting

in a trinuclear silver(l) cluster. The distance (3.242 A)
between Ag(1) and Ag(2) is shorter than the sum of the van
der Waals radii of two silver atoms (3.44 A). There are three
crystallographically independent pyridine-3-carboxylic acid
molecules. Two pyridine-3-carboxylic acid molecules act as
monodentate ligands, coordinating to a Ag(1) atom, whereas
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Figure 6. View of the 1D hybrid chain i2. Sodium atoms and water molecules have been omitted for clarity.

Figure 7. View of the 2D hybrid network ir2. Lattice water molecules have been omitted for clarity.

in Supporting Information Table S2). Obviously, these
hydrogen-bonding interactions play an important role in the
formation of the 3D supramolecular framework. To the best
of our knowledge, compoun2represents the first example
of a 2D inorganie-organic hybrid framework containing the
Anderson-type polyoxoanions and silver-organic coordination
complexes.
The pillared 3D supramolecular framework Inand the
2D inorganic-organic hybrid framework in2 are all
synthesized from the A-type Anderson cluster. The obvious
Figure 8. ORTEP drawing o8 with thermal ellipsoids at 50% probability. Stru?tural dlff.erence t.)etween compourildandZ 'S due. to
Other atoms have been omitted for clarity. the introduction of different organic molecules. This has
further demonstrated that organic molecules can profoundly
another one acts as a bidentate ligand, coordinating to a Ag-influence the framework structure because of their different
(2) and a sodium atom. The crystallographically unique Na coordination modes.
atom links to two terminal oxygen atoms from one Crystal Structure of 3. Single-crystal X-ray structural
[[M0O24]% unit, one carboxyl oxygen atom from the analysis shows that the structure3ois a new 1D chainlike
pyridine-3-carboxylic acid molecule coordinated to Ag(2), polymer which consists of [Cr(ORY0sO:¢]®~ building
and three water molecules to finish its octahedral coordina- blocks, Ag-pyridine-4-carboxylic acid coordination com-
tion environment. The average N® bond length is 2.398  plexes, free pyridine-4-carboxylic acid molecules, and lattice
A. Two water molecules bridge two adjacent Na atoms to water molecules. The [Cr(Ok)0s0:¢3~ cluster has a
form a sodium dimer. B-type Anderson structure in which each heteroatom Cr
In the structure o, trinuclear Ag-pyridine-3-carboxylic ~ forms an octahedral complex of six OH groups. According
acid fragments connect the [IMO,4%> polyoxoanions to to the way the oxygen atoms are coordinated, four kinds of
construct a 1D chain (see Figure 6). The infinite chains are oxygen atoms exist in the cluster: terminal oxygen Ot,
further held together by sodium dimers to yield a planar sheetterminal oxygen Otlinked to Ag", double-bridging oxygen
(Figure 7). A significant feature is that the planar sheets are Ob, and central oxygen Oc. Thus, the MO distances can
stacked to give a 3D supramolecular framework with 1D be grouped into four sets: MeOt = 1.698(2)%-1.722(2) A,
channels of nearly 6.8« 5.4 A along thea-axis (see =~ Mo—Ot = 1.720(2) A, Mo-Ob= 1.922(2)-1.9657(19) A,
Supporting Information Figure S5). Lattice water molecules and Mo—Oc = 2.228(2)-2.327(2) A. The central GfOc
are located in the channels and form multipoint hydrogen distances vary from 1.9556(18) to 1.980(2) A. The bond
bonds with the nearest lattice water molecules, coordinatedangles of G-Cr—Qqjs range from 82.45(9) to 97.55(Q)and
water molecules, and oxygen atoms of polyoxoanions (shownO—Cr—Oyans is 180.0.
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Figure 9. View of the 1D hybrid chain irB. Free organic molecules and water molecules have been omitted for clarity.

In the structure o8, crystallographically unique silver(l)  the energy regions of Mo 3d, Ag 3d, and Na 1s show peaks
is four-coordinate, completed by two oxygen atoms from two at 232.2, 368.2, and 1071.2 eV, respectively, attributable to
[Cr(OH)sMo6O1g]3~ polyoxoanions and two carboxyl oxygen Mo®f", Ag", and Nd&. The XPS spectra of compourglin
atoms from two pyridine-4-carboxylic acid molecules (see the energy regions of Mo 3d and Ag 3d show peaks at 232.0
Figure 8). The average AgO bond length is 2.422 A. Each  and 368.0 eV, respectively, attributable to Mand Ag"
pyridine-4-carboxylic acid molecule acts as a monodentate (see Supporting Information Figure S8a). These results
ligand by utilizing its carboxylate group to coordinate to a further confirm the composition of compounds2, and3.
silver atom. ESR Spectroscopy ESR studies have been undertaken

These Ag-pyridine-4-carboxylic acid coordination com- to elucidate the electronic properties of thé‘Gn compound
plexes link [Cr(OH3MosO1¢]%~ building blocks together to 3. The ESR spectrum of compouBdvas recorded at room
form 1D chainlike polymers (see Figure 9), which are further temperature on a polycrystalline powder sample (shown in
held together to form an unusual supramolecular 2D layer Supporting Information Figure S9). The effectigevalues
(Supporting Information Figure S5) via hydrogen bonds of ~1.97, 3.26, and 3.92 are typical of an electronic sfin,
between the coordinated pyridine-4-carboxylic acid mol- = 3/2, with moderately large zero field splitting and small
ecules and the hydroxides of the central Cr(@hhpiety, rhombicity?® These spectral features compare well to those
such as C%-08 = 3.043(5) A and N1:-:08 = 2.984(3) A. reported in the literature for the €rspin system&?

There also exist extensive hydrogen bonds among free FT-IR Spectroscopy.In the IR spectrum of compound
organic molecules, water molecules, and polyoxoanions (seel, the characteristic peaks at 942, 904, 889, 764, 698, 624,
Supporting Information Figure S7). The representative 476, and 417 crmt are attributed to the [IMgD,4(H20)4]>~
hydrogen bonds are as follows: NI015= 2.797(4) A, polyoxoanion and the characteristic bands at 3528, 3452,
N2::-05=2.661(3) A, 01:-:014=2.768(3) A, 02:-:OW?2 3351, 1963, 1714, 1607, 1548, 1413, 1390, 1337, 1232, and
= 2.665(3) A, C8-09=3.052(6) A, C11:+012= 3.330- 1215 cn1! can be regarded as features of the pyridine-4-
(8) A, and OW1--OW2 = 2.817(8) A (shown in Supporting  carboxylic acid molecule. In the IR spectrum of compound
Information Table S3). 2, the characteristic peaks at 941, 905, 813, 745, 693, 681,

When the basic building block is changed from an A-type 622, and 470 cm' demonstrate that [IM@,4]°" is an
to a B-type Anderson structure in the presence of pyridine- Anderson structure and characteristic bands in the region
4-carboxylic acid molecules, that is, the same organic ligand from 3539 to 1202 cm' can be regarded as features of the
as used in compound, the structure of the obtained pyridine-3-carboxylic acid molecule. In the IR spectrum of
compound3 is completely different from that of compound compound3, the characteristic peaks at 942, 922, 907, 886,
1. We also have experimented with the B-type Anderson 830, 767, 757, 680, 642, 561, 537, and 412 trare
structure as the cluster in the presence of pyridine-3- attributed to the [Cr(OHMosO1g]*~ polyoxoanion and the
carboxylic acid molecules; however, no compounds contain- characteristic bands in the region from 3563 to 1223%tm
ing silver ions or their coordination complexes were obtained. can be regarded as features of the pyridine-4-carboxylic acid
This confirms that the POM building blocks perform a very molecule (Supporting Information Figure S16g).
important role in constructing the extended architectures TG Analyses.The thermal gravimetric (TG) curve df
because they possess different negative charges and differeris shown in Supporting Information Figure S1la. It shows a
reaction pH values. total weight loss of 39.52% in the range of 4081 °C,

The bond valence sum calculatiéhindicate that all | sites ~ Which agrees with the calculated value of 40.70%. The

are in the+7 oxidation state, all Ag sites and Na sites are in Weight loss of 11.44% at 46169°C corresponds to the loss
the +1 oxidation state, and all Mo sites are in tHe of all noncoordinated and coordinated water molecules (calcd

oxidation state in compoundsand2. In compound 3, all ~ 11.78%). The weight loss of 28.08% at 17281 °C arises

Cr sites are in the-3 oxidation state, all Ag sites are in the from the decomposition of pyridine-4-carboxylic acid mol-

+1 oxidation state, and all Mo sites are in thé oxidation. ~ €cules, iodine molecules, and partial oxygen molecules (calcd
XPS SpectroscopyThe XPS spectra of compouridin 28.92%).

the energy regions of Mo 3d, Ag 3d, and_ Na 1s ShOW peaks 29) Jacquamet, L. L.; Sun, Y. J.; Hatfield, J.; Gu, W. W.; Cramer, S. P;

at 232.5, 368.5, and 1072.1 eV, respectively, attributable to Crowder, M. W.; Lorigan, G. A.; Vincent, J. B.; Latour, J. NL. Am.

6+ + i Chem. Soc2003 125, 774.
Mo®", Ag", and Nd. The XPS spectra of compouritin (30) (a) Shaham, N.; Cohen, H.; Meyerstein, D.; Bill, E.Chem. Soc.,
Dalton Trans.200Q 3082. (b) Casellato, U.; Graziani, R.; Bonomo,

(28) Brown, I. D.; Altermatt, DActa Crystallogr., Sect. B985 41, 244. R. P.; Bilio, A. J. D.J. Chem. Soc., Dalton Tran$991, 23.
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The TG curve of compound exhibits three continuous  The present work may supply a potential method for forming
weight loss stages in the range of-381 °C (Supporting other related pillared structures via alterations to POM
Information Figure S11b), corresponding to the release of building blocks or transition metals. Compougdwith 2D
all water molecules, pyridine-3-carboxylic acid molecules, hybrid networks, and compoun8, featuring 1D hybrid
iodine molecules, and partial oxygen molecules. The whole chains, were obtained when we changed the organic ligand
weight loss (47.03%) is in good agreement with the from the pyridine-4-carboxylic acid it to the pyridine-3-
calculated value (46.35%). carboxylic acid in2 or the building block from A-type

The TG curve of3 is shown in Supporting Information  Anderson inl to B-type Anderson i3 under similar reaction
Figure S11c. It shows a total weight loss of 35.67% in the conditions. This underpins the ability of the organic mol-
range of 77#533°C, which agrees with the calculated value ecules and the basic building units to influence profoundly
of 36.53%. The weight loss of 4.02% at 7766 °C the structure of synthesized products and to direct their
corresponds to the loss of lattice water molecules (calcd formation with particular structural and physical properties.
4.26%). The weight loss of 31.65% at 18333 °C arises This approach is expected to be effective for the construction
from the loss of all composed water molecules and the of further novel high-dimensional POM frameworks, and

decomposition of organic moieties (calcd 32.27%). more investigations are underway.
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ral Science Foundation of China (20371011) for financial

In summary, the success in synthesizing compounas
and3 provides novel examples of the utilities of presynthe-
sized Anderson clusters as precursors and silver ions as Supporting Information Available: X-ray crystallographic files
bridges in the presence of organic ligands for constructing for compoundsl, 2, and3 in CIF format and additional figures
extended solid-state materials. The structuré pbssesses and tables. This material is available free of charge via the Internet
a 3D supramolecular framework composed of metal-organic 2t NttP://pubs.acs.org.
polymer layers pillared by the silver polyoxometalate chains. 1C050636X
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