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Six rare-earth (RE) metal constructed 3D metal–organic
frameworks, [RE(pydc)(H2O)n]4[SiW12O40]·4H2O [RE = TmIII

(1), YIII (2), PrIII (3), LaIII (4), SmIII (5), EuIII (6); n = 3 (1, 2), 4
(3–6); H2pydc = pyridine-2,6-dicarboxylic acid], have been
synthesized and characterized by elemental analyses, induc-
tively coupled plasma techniques, IR and UV spectroscopy,
thermogravimetric analyses (for 1 and 3), X-ray powder dif-

Introduction

Metal–organic frameworks (MOFs) have attracted much
attention in recent years.[1] This is because MOFs are ideal
candidates for performing coordination chemistry in ex-
tended structures because of their highly ordered nature
and the flexibility with which the organic linkers can be
modified,[2] and they show great promise for a number of
applications, which include nonlinear optics,[3] gas stor-
age,[4] catalysis,[5] chemical sensing,[6] biomedical imaging,[7]

and drug delivery.[8]

Polyoxometalates (POMs), which are nanosized, discrete
metal–oxygen cluster anions and attractive inorganic build-
ing blocks for nanostructured materials, can act as effective
templates to fill some of the pores of MOFs and prevent
polymers from self-interpenetrating.[9] As the search for
functional MOFs continues, more attention has been ste-
ered towards synthesizing POM-based MOFs,[10–12] of
which 3D POM-based MOFs have attracted considerable
attention because of their enormous structural diversity and
topological beauty.[10a,10b,12] In 1999, Zubieta et al. reported
the first isopolymolybdate-based MOF,[12a] which possesses
a 3D [{Fe(tetrapyridylporphyrin)}3Fe]n4n+ host frame-
work with encapsulated, isolated guest {Mo6O19}2– anions.
Seven years later, Wang et al. discovered another isopoly-
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fraction, and single-crystal X-ray diffraction. The structural
analyses indicate that 1–6 are basically isostructural and
show a rare host 3D framework that contains [SiW12O40]4–

Keggin polyoxoanions as templates. Photoluminescence
measurements reveal that 1–5 show the luminescence of
pydc ligands, whereas 6 displays a unique red luminescence.

molybdate-based MOF, [CuII(1,10-phenanthroline)2Mo8-
O26]n2n–,[10a] which was the first example of a 1D organic–
inorganic hybrid POM chain and functioned as a new an-
ionic template for the construction of a 3D framework.
Keller et al. have described a 3D Keggin-type, POM-tem-
plated MOF, [Cu3(4,4�-bipyridine)5(MeCN)2]PW12O40·
2C6H5CN,[12b] and some other Keggin-type, POM-sup-
ported MOFs.[10b,12c–12f] In 2008, two Dawson-type, POM-
based MOFs were characterized by Liu and Su,[12g] both of
which exhibit 3D host frameworks constructed from oxa-
late-bridged dinuclear superoctahedral secondary building
units and bipyridine linkers with the voids occupied by
[P2W18O62]6– Dawson templates. Among the reported po-
rous POM-based MOFs, most of them are transition metal
(TM) constructed 3D frameworks, and reports of RE-
metal-constructed 3D MOFs are very rare.[10b,13]

In comparison with 3d TM cations, RE cations, with
their unique properties, such as large radii, high and vari-
able coordination numbers, and flexible coordination geom-
etry, can provide unique opportunities to discover new com-
plexes with unexpected structures and properties. On the
other hand, for RE-based complexes, it is well known that
they exhibit excellent photophysical properties, which can
contribute to f–f transitions with an extremely narrow
bandwidth.[14] In recent years, a great number of 3D RE-
based MOFs have been reported.[15] In their synthesis, the
judicious choice of the organic linker plays a key role in
the structural assembly. Previous studies have proved that
different carboxylic acid ligands, such as aromatic acids,[15a]

aliphatic acids,[15b] and heterocyclic acids, are good choices
for the construction of these MOFs.[15c]

In our work, we employed pyridine-2,6-dicarboxylate
(pydc) and Keggin-type polyoxoanions as the multifunc-
tional ligand and anionic template, respectively. Their selec-
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tion was based on the following considerations: (1) H2pydc
can be deprotonated to Hpydc– and pydc2–, which provides
more coordination modes; (2) the flexible and multifunc-
tional coordination sites of H2pydc can generate multidi-
mensional structures; (3) the Keggin anions have compar-
able sizes and can act as templates for creating the porous
structures of MOFs; and (4) the Keggin anions can be pres-
ent as charge-compensating counterions. By allowing
H2pydc to react with the corresponding REIII cations and
the Keggin polyoxoanion template according to a tradi-
tional aqueous solution method, we obtained a series of
RE-based, POM-templated host–guest compounds 1–6.
Compounds 1–6 are basically isostructural, and all have
I4(1)/a space groups. It is interesting that they all exhibit
unique porous 3D MOFs, in which the nanosized channels
are occupied by Keggin polyoxoanions.

Results and Discussion

Synthesis

The rational synthesis of the desired compounds by step-
wise, predesigned routes has been used extensively in syn-
thetic chemistry. However, the synthesis of RE-based,
POM-templated host–guest materials is still a great chal-
lenge, because the reaction conditions, such as temperature,
pH, stoichiometry, reaction time, medium, and template
identity, can have considerable influence on the outcome.[9]

Compounds 1–6 were synthesized successfully by the reac-
tion of the three components: K4[SiW12O40]·nH2O, H2pydc,
and a source of the RE ions [thulium(III), yttrium(III),
praseodymium(III), lanthanum(III), samarium(III), and eu-
ropium(III)] in an aqueous acidic medium. The isolated
yields for 1–6 are 30–55%, which indicates that the forma-
tion of the RE-based, POM-templated MOFs is strongly
favored in a heated aqueous acidic medium. In fact, most
3D POM-templated MOFs have been synthesized under hy-
drothermal methods, because nucleophilic polyoxoanions
are liable to form precipitates rather than crystals when they
react with oxyphilic REIII ions under ambient conditions.[9]

In this work, we developed a traditional aqueous solution
method to prepare these species. Compared with similar
structures that have been recently reported – e.g. [{Ln
(H2O)4(pydc)}4][XMo12O40]·2H2O (Ln = La, Ce, Nd; X =
Si, Ge),[13a] which was synthesized under hydrothemal con-
ditions – our rational one-pot synthetic strategy shortened
the preparation process. In order to reduce the formation of
precipitates, the adjustment of the pH value of the reaction
system was crucial for the crystallization of 1–6. When RE
nitrates were used to prepare 1, 2, and 4, the pH values of
the solutions were adjusted to 2.5 with an HAc/NaAc
buffer solution. However, RE acetates were adopted for the
syntheses of 3, 5, and 6, and the pH values of the solutions
were adjusted to 4.0 with HAc. Parallel experiments showed
that crystals of 1–6 were only obtained in high yields in the
pH range 2.5–4.0.
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Structural Description

Structural analysis shows that 1–6 all crystallize in the
tetragonal I4(1)/a space group, and their molecular struc-
tures all comprise a noncoordinating polyoxoanion
[SiW12O40]4–, four RE coordination cations [RE(pydc)-
(H2O)n]+ [n = 3 (1, 2), 4 (3–6)], and four water molecules of
crystallization (Figure 1a). In 1–6, [SiW12O40]4– exhibits a
classical Keggin-type structure, in which the central SiO4

tetrahedron is surrounded by twelve WO6 octahedra ar-
ranged in four groups of three edge-sharing W3O13 octahe-
dral subunits. Each trinuclear W3O13 subunit is in turn
linked by a corner so that they share the central SiO4 tetra-
hedron (Figure 1b).

Figure 1. (a) Space-filling and stick representation of the structural
unit of 1–6. Water molecules of crystallization and hydrogen atoms
are omitted for clarity. (b) Polyhedral representation of
[SiW12O40]4– in 1–6. (c) Bicapped triangular-prismatic geometry of
Tm(1)3+ in 1 (symmetry transformation: A = 0.25 – x, 0.25 + y,
0.25 + z; B = 0.25 – x, –0.25 + y, 0.25 – z). (d) Monocapped square-
antiprismatic coordination geometry of Pr(1)3+ in 3 (symmetry
transformation: A = –0.25 + x, 1.25 – y, –0.25 + z; B = –0.5 + x,
y, –0.5 – z).

Compounds 1–6 are basically isostructural, the only dif-
ference is that the RE cations in 1 and 2 have different coor-
dination environments to those in 3–6. As examples, only
the structures of 1 and 3 are described in detail. The struc-
tural unit of 1 consists of a polyoxoanion [SiW12O40]4–, four
[Tm(pydc)(H2O)3]+ coordination cations, and four water
molecules of crystallization. In 1, Tm(1)3+ is in a distorted,
bicapped trigonal-prismatic geometry (Figure 1c), which is
defined by four carboxyl oxygen atoms from three pydc li-
gands [Tm(1)–O 2.305(8)–2.414(7) Å], a nitrogen atom from
a pydc ligand [Tm(1)–N 2.442(8) Å], and three terminal
water ligands [Tm(1)–O 2.319(8)–2.351(7) Å]. In the coordi-
nation configuration of Tm(1)3+, the O13, O14B, and O3W
group and the O11A, O12, and O1W group constitute the
two bottom planes of the trigonal prism with the dihedral
angle between the two bottom surfaces of 7.8°, and the dis-
tances between Tm(1) and the two bottom planes are
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1.6352 and 1.3884 Å, respectively. The O13, O11A, O1W,
and O14B group, the O13, O11A, O12, and O3W group,
and the O3W, O12, O1W, and O14B group form the three
side planes of the trigonal prism, and their average devia-
tions are 0.1434, 0.1997, and 0.0340 Å, respectively. The
distances between Tm(1) and the three side planes are
0.6326, 0.7781, and 1.2500 Å, respectively. Interestingly,
O2W and N1 occupy the two capping positions that cover
the side planes defined by the O13, O11A, O1W, and O14B
group and the O13, O11A, O12, and O3W group, respec-
tively. The distances between the two caps and the side pla-
nes are 1.7091 and 1.6628 Å, respectively. The structural
unit of 3 consists of an [SiW12O40]4– polyoxoanion, four
[Pr(pydc)(H2O)4]+ coordination cations, and four water mo-
lecules of crystallization. In 3, Pr(1)3+ is nine-coordinate
and adopts a distorted, monocapped square-antiprismatic
geometry (Figure 1d). Pr(1)3+ bonds to four carboxyl oxy-
gen atoms from three pydc ligands [Pr(1)–O 2.479(7)–
2.509(7) Å], a nitrogen atom from a pydc ligand [Pr(1)–N
2.615(7) Å], and four terminal water molecules [Pr(1)–O
2.510(7)–2.666(10) Å]. In the coordination polyhedron
around Pr(1)3+, the O4W, O14, O12A, and O13B group and
the O11A, N1A, O2W and O3W group define the two bot-
tom planes of the square antiprism with average deviations
of 0.0980 and 0.1206 Å, respectively. The dihedral angle be-
tween the two bottom surfaces is 8.5°. O1W is in the cap-
ping position, and the distance between O1W and the two
bottom planes are 1.6886 and 4.0432 Å, respectively. The
distances between Pr(1) and the two bottom planes are
0.8156 and 1.5890 Å, respectively. These data indicate that
the bicapped trigonal-prismatic geometry of Tm3+ in 1 and
the square-antiprismatic geometry of Pr3+ in 3 are severely
distorted. The difference in the coordination number be-
tween the Tm3+ and Pr3+ cations is a direct consequence of
the lanthanide contraction, which is often observed.[16]

The most interesting feature of these complexes is that
each pydc acts as a pentadentate ligand and contributes
four oxygen atoms and a nitrogen atom that combine with
three RE cations [RE = Tm3+ (1), Pr3+ (3)]. Four [RE-
(pydc)(H2O)n]+ units [n = 3 (1), 4 (3)] connect to each other
by sharing eight carboxylic oxygen atoms from four pydc
ligands to form a four-membered ring (Figure 1a). The
Tm···Tm distances vary from 6.2225(10) to 6.3033(8) Å for
1, and the Pr···Pr distances are in the range of 6.4219(10)–
6.4638(9) Å for 3. These tetracylic rings intersect each other
to form an intriguing 3D MOF, in which RE ions intercon-
nect to form numerous rectangular and square four-mem-
bered ring channels in the ab plane and alternate four- and
eight-membered ring channels in the ac plane. In the 3D
MOF, the square four-membered ring channels in the ab
plane and the eight-membered ring channels in the ac plane
are filled by the guest [SiW12O40]4– Keggin polyoxoanions
(Figure 2a and b). When the [RE(pydc)(H2O)n]+ coordina-
tion cation is viewed as a four-connected node, the 3D
MOF can be simplified to a (4,4)-connected 3D topological
structure with Schläfli symbol (43·62·8) (Figure 2c and d),
in which each [RE(pydc)(H2O)n]+ coordination cation con-
nects to four neighbors.
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Figure 2. (a) View of the 3D framework of RE coordination cations
in the ab plane. (b) View of the (4,4)-connected 3D topological
structure of RE coordination cations in the ab plane. (c) View of
the (4,4)-connected 3D topological structure of 1–6 in the ab plane.

X-ray Powder Diffraction (XRPD)

The experimental XRPD patterns of the bulk products
of 1–6 are in good agreement with the simulated patterns
that are based on the results from single-crystal XRD,
which indicates the phase purity of the samples (Figure 3).
The different intensities of the experimental and simulated
XRPD patterns are due to the variation in the preferred
orientation of the powder sample during data collection.

IR Spectroscopy

The peak shapes in the IR spectra (400–1600 cm–1) of 1–
6 are similar (Figure S1a), which indicates that the struc-
tures of 1–6 are almost the same. This is in good agreement
with the results of the single-crystal XRD structural analy-
sis. In the low-wavenumber region (ν̃ � 1000 cm–1), charac-
teristic vibration patterns derived from the Keggin frame-
works are observed.[5c] Four characteristic bands are as-
signed to v(W–Ot), v(Si–Oa), v(W–Ob), and v(W–Oc), which
appear at 966, 918, 883 and 761, 802 cm–1 for 1, 967, 917,
887 and 760, 801 cm–1 for 2, 968, 917, 883 and 761,
802 cm–1 for 3, 970, 923, 881 and 762, 807 cm–1 for 4, 969,
916, 883 and 757, 801 cm–1 for 5, and 969, 920, 886 and
761, 805 cm–1 for 6. In comparison with the IR spectrum
of the K4[SiW12O40]·nH2O precursor (Figure S1b), the
v(W–Ot) vibration frequencies for 1–6 are redshifted by 9–
13 cm–1. The most likely reason for this is that the RE metal
complexes have stronger interactions with the terminal oxy-
gen atoms of the polyoxoanions, which impairs the W–Ot

bond, reduces the W–Ot bond force constant, and leads to
the decrease of the W–Ot vibration frequency. The v(W–Oc)
vibrational band for 1–6 is split into two peaks, possibly
because the polyoxoanionic symmetry of 1–6 is decreased
compared to that of K4[SiW12O40]·nH2O. In addition, the
resonances at 1382–1455 cm–1 and 1570–1615 cm–1 in 1–6
are assigned to the symmetric stretching vibration and
asymmetric stretching vibration of the carboxylate groups.
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Figure 3. Comparison of the simulated and experimental XRPD patterns of 1 (a), 2 (b), 3 (c), 4 (d), 5 (e), and 6 (f).

UV Spectroscopy

The UV spectra (Figure S2) of 1, 3, and 5 in aqueous
solution display a strong absorption peak at ca. 270 nm and
a weak peak at 280 nm. The stronger absorption is assigned
to the charge-transfer transition of the Ob,c�W bands,
which suggests the presence of the Keggin polyoxoanions.
In addition, compared with the UV spectrum of the free
ligand, the weaker absorption at ca. 280 nm can be ascribed
to a metal-to-ligand charge transfer (MLCT).

Photoluminescent Properties

The solid-state photoluminescent properties of 1–6 were
measured at room temperature. When 1–5 were excited at
401, 391, 388, 396, and 384 nm, respectively, they all exhib-
ited two similar emission peaks at about 501, 595; 505, 586;
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502, 584; 509, 590; and 498, 575 nm, respectively (Fig-
ure 4a). In order to understand the nature of the emission
bands, the photoluminescent properties of free H2pydc were
also studied, the emission peaks of which are located at 424
and 569 nm (Figure 4b). However, when pydc was coordi-
nated by RE3+, the emission bands redshifted to different
extents. According to previous reports, the emission bands
of 1–5 may be assigned to MLCT.[17] When EuIII-based 6
was excited at 395 nm, it displays an intense red lumines-
cence and exhibits characteristic luminescent bands at 581,
594, 615, 652, and 702 nm (Figure 4c), which correspond to
the transitions from the 5D0 state to the 7FJ (J = 0–4) levels,
respectively.[13c,18] Lanthanide luminescence is very sensitive
to the local environment around the lanthanide center.[19]

The appearance of the symmetry-forbidden 5D0�7F0 emis-
sion at 581 nm indicates that the Eu3+ cations in 6 occupy
sites with low symmetry and no inversion center,[18e,18f,20]

which is further confirmed by the fact that the 5D0�7F2

transition is much more intense than the 5D0�7F1 transi-
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Figure 4. Solid-state emission spectra of 1–6 and H2pydc at room
temperature.

tion. This is consistent with the results of the single-crystal
XRD analysis, which showed that the Eu3+ cations have a
distorted, monocapped square-antiprismatic geometry.

Thermogravimetric (TG) Analysis

Compounds 1–6 are basically isostructural, so only the
thermal properties of 1 and 3 (Figure S3) were measured in
an air flow with a heating rate of 10 °C min–1 from 25 to
800 °C. The TG curve of 1 indicates two weight-loss steps,
which are associated with the loss of lattice water molecules,
coordination water molecules, and pydc ligands with a total
loss of 20.56 % (calcd. 21.09%). The first weight loss of
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6.35% between 25 and 274 °C corresponds to the loss of
four lattice water molecules and twelve coordination water
molecules (calcd. 6.41%). One endothermic peak is ob-
served at 137.0 °C in the corresponding differential thermal
analysis (DTA) curve. On further heating, the materials lose
weight continuously during the second step with a com-
bined weight loss of 14.21% from 274 to 800 °C, which cor-
responds to the decomposition of four pydc ligands (calcd.
14.68 %). In the corresponding DTA curve, one obvious
exothermic peak at 624.5 °C and several small exothermic
peaks are observed, which arise from the combustion of
pydc ligands and polyoxoanion skeletons. The TG curve of
3 is similar to that of 1; the weight loss of 7.74 % during
the first step from 25 to 293 °C involves the loss of four
lattice water molecules and 16 coordinated water molecules
(calcd. 8.08%). The second step, with a weight loss of
14.08 % from 293 to 800 °C, corresponds to the removal of
four pydc ligands (calcd. 14.81 %). These analyses reveal
that the experimental values are approximately consistent
with the theoretical values.

To investigate the decomposition process of the com-
pounds with increasing temperature, variable-temperature
IR spectra of 1 were measured. As shown in Figure 5a, the
IR spectra show no obvious change in the temperature
range of 100–400 °C. When the temperature increased to
500 °C, the characteristic pydc bands and the four charac-

Figure 5. (a) Variable-temperature IR spectra of 1 at 100, 200, 300,
and 400 °C. (b) Variable-temperature IR spectra of 1 at 500, 600,
700, and 800 °C.
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teristic bands of the heteropolyanions are still observed but
with weaker intensities (Figure 5b). When the temperature
increased to 600 °C, the characteristic pydc bands became
undetectable, and the characteristic v(W–Ot), v(Si–Oa),
v(W–Ob), and v(W–Oc) vibrations vanished completely.
This shows that the skeleton of 1 decomposes at ca. 600 °C,
which is in accordance with the result of the TG analysis.

Conclusions

Six RE-metal-constructed 3D MOFs, [RE(pydc)(H2O)n]4-
[SiW12O40]·4H2O, have been successfully synthesized by a
traditional aqueous solution method. Structural analyses
indicate that 1–6 are basically isostructural and show a rare
3D framework that contains polyoxoanions as anionic tem-
plates. The photoluminescence measurements reveal that 6
shows obvious red luminescence. We are currently investiga-
ting if other Keggin polyoxoanions can form analogues of
1–6, and we will also study the reactivities of analogues of
the carboxylic acid ligands with different Keggin poly-
oxoanions.

Experimental Section
General Methods and Materials: All reagents were used as pur-
chased without further purification. Elemental analysis (C, H, and
N) was performed with a Perkin–Elmer 240C elemental analyzer.
Inductively coupled plasma analysis was performed with a Perkin–
Elmer Optima 2000 ICP-OES spectrometer. IR spectra were ob-
tained from a solid sample palletized with KBr with a Nicolet 170
SXFT-IR spectrometer in the range 400–4000 cm–1. UV absorption
spectra were obtained with a U-4100 spectrometer at room tem-
perature. TG analysis was performed in N2 with a Perkin–Elmer 7
instrument. XRPD measurements were performed with a Philips
X’Pert-MPD instrument with Cu-Kα radiation (λ = 1.54056 Å) in
the angular range 2θ = 10–40° at 293 K. Fluorescence spectra were
measured with a HITACHI F-7000 Fluorescence spectrophotome-
ter.

[Tm(pydc)(H2O)3]4[SiW12O40]·4H2O (1): An aqueous solution
(20 mL) that contained K4[α-SiW12O40]·nH2O (0.85 g) was added
to a CH3CH2OH/H2O (20 mL, 1:1, volume ratio) solution that
contained H2pydc (0.10 g, 0.60 mmol) and Tm(NO3)3·6H2O
(0.50 g, 1.08 mmol). The pH was adjusted to 2.5 with HAc/NaAc
buffer solution (pH = 4.5). The resulting mixture was heated in a
water bath (80 °C) for 1 h and filtered after cooling. Slow concen-
tration at room temperature led to the formation of colorless crys-
tals suitable for XRD within 2–3 weeks, which were collected by
filtration and dried in air (yield ca. 40% based on K4[α-SiW12O40]·
nH2O). C28H44N4O72SiTm4W12 (4498.66): calcd. C 7.48, H 0.99, N
1.25, Si 0.62, Tm 15.02, W 49.04; found C 7.41, H 1.08, N 1.16, Si
0.67, Tm 15.10, W 48.98. IR (KBr; Figure S1a, Table S1): ν̃ = 1610
(s), 1571 (s), 1450 (s), 1389 (s), 1292 (s), 1199 (m), 1150 (w), 1081
(m), 1012 (s), 966 (s), 918 (s), 883 (w), 802 (s), 761 (s), 696 (m), 665
(m), 593 (w), 538 (m) cm–1.

[Y(pydc)(H2O)3]4[SiW12O40]·4H2O (2): The preparation of 2 was
similar to that of 1, except that Y(NO3)3·6H2O (0.50 g, 1.31 mmol)
replaced Tm(NO3)3·6H2O. Slow concentration at room tempera-
ture afforded colorless crystals suitable for XRD after 1–2 weeks,
which were collected by filtration and dried in air (yield ca. 45%
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based on K4[α-SiW12O40]·nH2O). C28H44N4O72SiW12Y4 (4178.55):
calcd. C 8.05, H 1.06, N 1.34, Si 0.67, Y 8.51, W 52.80; found C
8.15, H 1.24, N 1.25, Si 0.71, Y 8.44, W 52.87. IR (KBr; Fig-
ure S1a, Table S1): ν̃ = 1614 (s), 1571 (s), 1450 (s), 1392 (s), 1292
(s), 1201 (m), 1152 (w), 1081 (m), 1013 (s), 967 (s), 917 (s), 887 (w),
801 (s), 760 (s), 698 (m), 665 (m), 594 (w), 538 (m) cm–1.

[Pr(pydc)(H2O)4]4[SiW12O40]·4H2O (3): The preparation of 3 was
similar to that of 1, except that Pr(CH3COO)3·6H2O (0.50 g,
1.17 mmol) replaced Tm(NO3)3·6H2O. In addition, the pH of the
resulting solution was adjusted to 4.0 with HAc. Slow concentra-
tion at room temperature afforded green crystals suitable for XRD
after 1 week, which were collected by filtration and dried
in air (yield ca. 55% based on K4[α-SiW12O40]·nH2O).
C28H52N4O76Pr4SiW12 (4458.62): calcd. C 7.54, H 1.18, N 1.26, Si
0.63, Pr 12.64, W 49.48; found C 7.42, H 1.29, N 1.20, Si 0.69, Pr
12.57, W 49.41. IR (KBr; Figure S1a, Table S1): ν̃ = 1607 (s), 1570
(s), 1450 (s), 1382 (s), 1283 (s), 1201 (m), 1150 (w), 1081 (m), 1014
(s), 968 (s), 917 (s), 883 (w), 802 (s), 761 (s), 699 (m), 663 (m), 590
(w), 536 (m) cm–1.

[La(pydc)(H2O)4]4[SiW12O40]·4H2O (4): The preparation of 4 was
similar to that of 1, except that La(NO3)3·6H2O (0.50 g, 1.15 mmol)
replaced Tm(NO3)3·6H2O. Slow concentration at room tempera-
ture afforded colorless crystals suitable for XRD after 2–3 weeks,
which were collected by filtration and dried in air (yield ca. 30%
based on K4[α-SiW12O40]·nH2O). C28H52La4N4O76SiW12

(4450.61): calcd. C 7.56, H 1.18, N 1.26, Si 0.63, La 12.48, W 49.57;
found C 7.48, H 1.29, N 1.11, Si 0.69, La 12.40, W 49.68. IR (KBr;
Figure S1a, Table S1): ν̃ = 1615 (s), 1572 (s), 1455 (s), 1390 (s),
1292 (s), 1198 (m), 1152 (w), 1080 (m), 1017 (s), 970 (s), 923 (s),
879 (w), 807 (s), 762 (s), 705 (m), 668 (m), 598 (w), 542 (m) cm–1.

[Sm(pydc)(H2O)4]4[SiW12O40]·4H2O (5): The preparation of 5 was
similar to that of 3, except that Sm(CH3COO)3·6H2O (0.50 g,
1.15 mmol) replaced Pr(CH3COO)3·6H2O. Slow concentration at
room temperature afforded yellow crystals suitable for XRD after
2–3 weeks, which were collected by filtration and dried in air (yield
ca. 50% based on K4[α-SiW12O40]·nH2O). C28H52N4O76SiSm4W12

(4496.59): calcd. C 7.48, H 1.17, N 1.25, Si 0.62, Sm 13.38, W
49.06; found C 7.39, H 1.29, N 1.17, Si 0.69, Sm 13.46, W 49.00.
IR (KBr; Figure S1a, Table S1): ν̃ = 1612 (s), 1571 (s), 1449 (s),
1386 (s), 1288 (s), 1201 (m), 1150 (w), 1079 (m), 1009 (s), 969 (s),
916 (s), 883 (w), 801 (s), 757 (s), 695 (m), 665 (m), 591 (w), 539 (m)
cm–1.

[Eu(pydc)(H2O)4]4[SiW12O40]·4H2O (6): The preparation of 6 was
similar to that of 3, except that Eu(CH3COO)3·6H2O (0.50 g,
1.14 mmol) replaced Pr(CH3COO)3·6H2O. Slow concentration at
room temperature afforded colorless crystals suitable for XRD af-
ter 2–3 weeks, which were collected by filtration and dried in air
(yield ca. 45% based on K4[α-SiW12O40]·nH2O). C28H52Eu4N4O76-
SiW12 (4502.83): calcd. C 7.45, H 1.16, N 1.24, Si 0.62, Eu 13.50,
W 48.99; found C 7.34, H 1.29, N 1.18, Si 0.68, Eu 13.43, W 48.91.
IR (KBr; Figure S1a, Table S1): ν̃ = 1612 (s), 1571 (s), 1449 (s),
1390 (s), 1290 (s), 1201 (m), 1150 (w), 1079 (m), 1013 (s), 969 (s),
920 (s), 886 (w), 805 (s), 761 (s), 699 (m), 665 (m), 595 (w), 539 (m)
cm–1.

X-ray Crystallography: Intensity data for 1–6 were collected with a
Bruker CCD Apex-II diffractometer with Mo-Kα radiation (λ =
0.71073 Å) at 296 K. The structures of 1–6 were resolved by direct
methods using the SHELXTL-97 program package.[21] The remain-
ing atoms were found from successive full-matrix least-squares re-
finements on F2 and Fourier syntheses. Lorentz polarization and
multiscan absorption corrections were applied. Hydrogen atoms as-
sociated with the water molecules were not located from the differ-
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Table 1. Crystallographic data and structural refinement for 1–6.

1 2 3 4 5 6

Empirical formula C28H44N4O72- C28H44N4O72- C28H52N4O76- C28H52N4O76- C28H52N4O76- C28H52N4O76-
SiW12Tm4 SiW12Y4 SiW12Pr4 SiW12La4 SiW12Sm4 SiW12Eu4

Formula mass 4498.54 4178.42 4458.49 4450.48 4496.30 4502.72
Temperature [K] 296(2) 296(2) 296(2) 296(2) 296(2) 296(2)
Crystal system tetragonal tetragonal tetragonal tetragonal tetragonal tetragonal
Space group I4(1)/a I4(1)/a I4(1)/a I4(1)/a I4(1)/a I4(1)/a
a [Å] 21.751(3) 21.8154(9) 21.9314(10) 21.9285(8) 21.685(5) 21.7777(7)
b [Å] 21.751(3) 21.8154(9) 21.9314(10) 21.9285(8) 21.685(5) 21.7777(7)
c [Å] 16.1438(15) 16.1967(12) 16.7059(15) 16.7265(12) 16.470(7) 16.4167(10)
V [Å3] 7637.7(17) 7708.2(7) 8035.3(9) 8043.1(7) 7745(4) 7785.9(6)
Z 4 4 4 4 4 4
F (000) 7848 7496 7816 7784 7864 7880
ρcalcd. [g cm–3] 3.884 3.601 3.652 3.642 3.822 3.807
μ [mm–1] 22.722 20.938 19.613 19.295 20.864 20.960
Reflections collected 19092 19619 22656 38747 18340 20721
Independent reflections 3353 3567 3531 3532 3406 3613
GOOF 0.999 1.055 1.061 1.048 1.053 1.062
R(int) 0.1417 0.0643 0.0478 0.0548 0.0475 0.0427
Final R indices [I = 2σ(I)] R1 = 0.0320 R1 = 0.0489 R1 = 0.0309 R1 = 0.0247 R1 = 0.0311 R1 = 0.0300

ωR2 = 0.0700 ωR2 = 0.1232 ωR2 = 0.0669 ωR2 = 0.0521 ωR2 = 0.0726 ωR2 = 0.0714
R indices (all data) R1 = 0.0515 R1 = 0.0681 R1 = 0.0412 R1 = 0.0327 R1 = 0.0479 R1 = 0.0402

ωR2 = 0.0761 ωR2 = 0.1318 ωR2 = 0.0706 ωR2 = 0.0542 ωR2 = 0.0779 ωR2 = 0.0751

ence Fourier map. Positions of the hydrogen atoms attached to the
carbon atoms were geometrically placed. All hydrogen atoms were
refined isotropically as a riding mode by using the default
SHELXTL parameters. Crystallographic data and structural re-
finements for 1–6 are summarized in Table 1. CCDC-808295 (for
1), -808296 (for 2), -808297 (for 3), -808298 (for 4), -808299 (for 5),
and -808300 (for 6) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): IR and UV spectra, TG/DTA curves, IR data.
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