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Structural scope of six new layered to pillar-
layered hybrid inorganic–organic networks bearing
[BW12O40]

5− and lanthanoid-cluster; database
study toward ligand role in assemblies†

Atefeh Najafi,a Masoud Mirzaei*a and Joel T. Magueb

The objective of the present work is to explore the ratio of polyoxometalate charge to size together with

the effect of the cation in coordination assemblies. In this regard, 12-borotungstic acid as a Keggin-type

polyoxometalate which has a high negative charge density and is very rare in hybrid categories is used to

synthesize six new hybrid networks, [M3(H2O)13(pydc-OH)2][BW12O40]·xH2O (H2pydc-OH = chelidamic

acid; 4-hydroxy-2,6-pyridinedicarboxylic acid, M = Sm (1), Nd (2), and x = 17 (1), 19 (2)), [Ce3(H2O)11(pydc-

OH)2(μ2-OH)][HBW12O40]·20H2O (3), and {K[M(H2O)4(pydc)]4}[BW12O40]·2H2O (M = Sm (4), Nd (5), Ce (6),

H2pydc = 2,6-pyridinedicarboxylic acid) under hydrothermal conditions and characterized by elemental

analysis, FT-IR spectroscopy, thermogravimetric analysis, and single-crystal X-ray diffraction. Single crystal

X-ray diffraction analyses show that complexes 1 and 2 feature a 2D hybrid coordination polymer which

further expands to a 3D supramolecular network through a dense layer of water chains, while compound 3

exhibits a 3D hybrid inorganic–organic network through μ2-OH bridges. Compounds 4–6 are isostructural

and each consist of tetramer units to construct cationic sheets where the POMs interconnect these sheets

to make 3D covalent hybrid frameworks. Furthermore, a CSD survey was carried out on the cation and li-

gand roles in the structure formation.

1. Introduction

Polyoxometalates (POMs) as an applicable research field with
new dimensions in several disciplines have attracted much at-
tention owing to the ability to generate desired properties by
a judicious choice of the building blocks. POM chemistry not
only continues its developments in pure research1,2 but also
has engaged in many other areas such as materials,3–5 nano-
technology,6 biology,7 as anti-cancer,8 antiviral and even as in-
sulin mimetic materials, surfaces,9 catalysis,10,11 supramolec-
ular materials, colloid science12 and electronic materials13

including electro/photochromic systems,14 sensors,15 magne-
tism16 and molecular materials. Since the direct application
of this class of compounds is limited due to their high solu-
bility and the relatively small surface area, they should be
immobilized on a surface such as MOFs or porous coordina-

tion polymers in order to enhance their potential properties.10

In this regard, a combination of POMs as inorganic building
blocks and transition metal complexes (TMCs) will lead to hy-
brid inorganic–organic networks which can merge the merits
of each component along with the more complicated and fas-
cinating structural topologies.17,18

POMs as early transition metal–oxygen clusters have the
majority of the negative charge on the surface so that they
can act as unique inorganic ligands in hybrid systems. Struc-
tures based on these kind of hybrids can be divided into two
main types; type 1: POM supported TMCs; structures in
which covalent bonds exist between POMs and TMCs, and
type 2: structures with non-covalent interactions between
POMs and TMCs.19,20 However, in the latter, the POM could
simply act as a charge neutralizing agent and/or void filler
while type 1 has been more novel in the last few years. In our
latest review21 different coordination modes of the POMs,
mainly Keggin-type heteropolyoxometalates, are investigated
where the TMCs can adopt coordination numbers of 1 to 12
in symmetric or asymmetric manners. Since the increase in
the number of metallic nodes in the frameworks is important
in structural assemblies, in hybrid inorganic–organic net-
works the POM type, or more significantly, the charge to size
ratio of the POM is important. On the basis of the
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aforementioned considerations, we undertook to investi-
gate the charge influence of POMs on the structures. In our
previous papers22,23 we used silicotungstic acid (SiW12) as
secondary building units in constructing the hybrids,
{NaĳMĲH2O)4(pydc-OH)]3}[SiW12O40]·15H2O (M = La, Ce, Nd,
Sm, and Eu), while herein we chose a boron-centered hetero-
poly, a group 13 element-centered polyanion, instead of SiW12

to explore charge directed coordination assemblies. The
K5[BW12O40] salt was synthesized by Rocchiccioli-Deltcheff
et al.24 in 1983 and its crystal structure was determined in
2001 by Fletcher.25 Interestingly, (dmaH)2[Nd(dmf)4(H2O)][α-
BW12O40]·H2O, (dma = dimethylamine and dmf = N,N-
dimethylformamide), is the first hybrid lanthanoid–organic
reported in 2004.26 Borotungstic acid (H5BW12) is more nega-
tive and also smaller in size in comparison to SiW12, there-
fore we envisioned BW12 to be more likely to coordinate and
to have structures of the type 1, i.e. POMs supported TMCs.
In accordance to the predictions, BW12 in compounds 1, 2,
and 3 has coordination numbers of 4 and 5 which are higher
than the coordination number of 3 in SiW12-based analo-
gous.22,23 Unlike the large number of SiW12-based hybrid
compounds (the analysis was carried out on 183 compounds
extracted from 103 recent papers21), only 54 hybrid inorganic–
organic structures of BW12 exist where about 74% are of type
1 and 26% are incorporated in structures having non-covalent
interactions, type 2, in contrast to 62% of type 1 SiW12 com-
pounds which confirm our expectations (Fig. 1). Also, BW12

can act as a 10-dentate ligand in Rb4[Cr3O(OOCH)6(H2O)3][α-
BW12O40]·16H2O,

27 while SiW12 has coordination numbers up
to 9. The symmetrically two- and four-coordinated POMs are
in the majority (the maximum belongs to 2-coordinates) and
similarly both of them do not have 7-coordinated structures.
Apart from inorganic ligands, organic ligands also play an
important role as described in detail in another review paper
of our research group.28 Bridging ligands have been exten-
sively explored to build coordination polymers (CPs) whereas
chelating ligands usually inhibit the extension of metal–
organic units.29,30 Nevertheless, we have to consider that che-

lating ligands have some extra potential in contrast to the
bridging ones, where the most important is that they display
a stronger coordination ability toward transition metals. If
bridge and chelating functions combine in one linker we
could have compounds with fascinating features and proper-
ties. In this regard we have selected H2pydc-OH and H2pydc
as organic ligands, since both of them can provide more co-
ordination modes by multiple deprotonated forms and dis-
play bridging and chelating functions simultaneously (we will
discuss this later in the CSD section). Moreover, they are
O-donor ligands that can be incorporated in to hard ligand/
hard lanthanoid cation complexes. During the initial evalua-
tion, we noticed that compounds with similar structures to
4–6 have been reported31 but, as will be detailed below, there
appear to be errors in the structure determinations.

2. Experimental
2.1. Materials and instrumentation

All chemicals were commercially purchased and used without
further purification. The infrared spectra were recorded in
the range of 400–4000 cm−1 on a Bomem B-154 Fourier trans-
form spectrophotometer using CsI2 discs. The C, H, and N
elemental analyses were performed on a ThermoFinnigan
Flash-1112EA microanalyzer. Thermal gravimetric analysis
(TGA) was carried out under an air atmosphere from ambient
temperature up to 950 °C with a heating rate of 10 °C min−1

on a Shimadzu TGA-50. For structures of 1–6, X-ray data were
obtained with a Bruker Smart APEX CCD diffractometer.

2.1.1. X-ray crystallography. Suitable crystals of 1–6 were
mounted on Mitegen loops with a drop of Paratone oil and
placed in the cold nitrogen stream on a Bruker Smart APEX
diffractometer. Full spheres of data were collected under the
control of the APEX2 suite of programs32 using a combina-
tion of ω and φ scans and the raw data reduced to F2 values
with SAINT32 which also performed a global refinement of
unit cell parameters. A correction for absorption and merging
of equivalent reflections was carried out with SADABS32 and

Fig. 1 Coordination number of the Keggin POM, and percentages of different coordination modes of BW12 and SiW12 based hybrids.
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the structures solved with SHELXT.32 The structural models
were refined by full-matrix, least-squares methods (SHELXL-
2014/7 (ref. 33)) with restraints that the displacement param-
eters for the light atoms approximate isotropic behavior. Hy-
drogen atoms attached to carbon were placed in calculated
positions with C–H = 0.95 Å while those attached to oxygen
were placed in positions calculated to provide the maximum
possibilities for hydrogen bonding with O–H = 0.87 Å. All
were included as riding contributions with isotropic displace-
ment parameters 1.2–1.5 Å times those of the attached
atoms. In general, the compounds have extremely large linear
absorption coefficients (ca. 21/mm) and though small crystals
and face-indexed absorption corrections were used, even
small errors in measuring crystal dimensions will cause sig-
nificant errors in the absorption correction. We are thus not
surprised that significant residual peaks and holes appear at
<1 Å from the metals. Complexes 4–6 proved to crystallize
with the same C-centered unit cell as the La and Ce analogs
reported earlier31 but, despite indication from the APEX2
software that the space group was C2/c as in the earlier re-
port, several factors suggested that this choice was likely to
be incorrect. With Z = 4, only half of the borotungstate anion
is in the asymmetric unit. In the report of the La and Ce ana-
logs,31 Li, et al. state that “For 1 and 2, the central B is located
at the inversion center, surrounded by a cube of eight oxygens
with each oxygen site half-occupied”. This we believe to be in-
correct as from our complexes 4–6 the borotungstate lies

about the two-fold axis in C2/c and using the data from Li
et al. structures obtained from the CSD, it is evident that
their anions also lie about the two-fold axis and not the inver-
sion center as claimed. What is also evident from our struc-
tures as well as 1 and 2 of Li, et al. is that the anion does not
sit exactly on the two-fold axis but its symmetry axis is several
degrees from being collinear with the crystallographic axis
leading to a noticeable disorder in the anion. A disordered
model for the oxygen atoms could be developed with effort
but even though the extreme elongation of the displacement
ellipsoids of several of the tungsten atoms provided potential
coordinates for components of their disorder, refinement of
this disordered model was unsuccessful. Similar attempts to
treat the disorder of the anion in C2/c using a rigid group for
the unique portion taken from the literature failed. The pa-
per of Li, et al. shows only generic ball-and-stick drawings of
their compound 1 and since the deposited data does not in-
clude anisotropic displacement parameters, generation of an
ORTEP drawing is not possible but it would be interesting to
see what it would look like. Following the above, we next
attempted refinement of 4–6 in the non-centric space group
Cc. This eliminated the disorder that occurs for the
borotungstate anion and greatly improved the appearance of
the displacement ellipsoids for the tungsten atoms and it be-
came evident that the crystals were inversion twins. Despite
this, there were still significant peaks in the vicinities of the
tungsten atoms and as these are much larger than the resid-
ual peaks <1 Å from the rare earth atoms there may well be
some disorder in the anion but all attempts to model it with
rigid groups and other restraints failed. Consequently, while
we acknowledge that there are deficiencies in these struc-
tures, we feel that they are sufficiently well-determined that
the conclusions drawn are valid and that they as well as the
complexes 1 and 2 of Li et al. are best considered as inver-
sion twins in the non-centric space group Cc.

2.2. Synthesis of [Sm3(H2O)13(pydc-OH)2][BW12O40]·17H2O (1)

A mixture of SmĲNO3)3∙6H2O (66 mg, 0.2 mmol), H2pydc-OH
(20 mg, 0.15 mmol), and K5[BW12O40] (114 mg, 0.05 mmol) in
10 mL distilled water was stirred for half an hour at room
temperature in air. The mixture was sealed in a 23 mL
Teflon-lined reactor. The reactor was heated at 130 °C for 72
h and then cooled to room temperature at a rate of 10 °C h−1.
Colorless block-like crystals of 1 were obtained in 43% yield
(based on W). Anal. calcd for C14H56BN2O75Sm3W12 (%): C,
4.08; H, 1.37; N, 0.68. Found: C, 3.97; H, 1.35; N, 0.67. IR
(CsI2 pellet, cm

−1): 3403b, 1606s, 1572s, 1436s, 1379s, 1220m,
1031s, 953s, 884s, 827s.

2.3. Synthesis of [Nd3(H2O)13(pydc-OH)2][BW12O40]·19H2O (2)

Preparation of 2 was similar to that of 1 except that
NdĲNO3)3∙6H2O (87 mg, 0.2 mmol) was used instead of
Sm(NO3)3∙6H2O. Light blue plate-like crystals of compound
2 were obtained in about 61% yield (based on W). Anal.

Fig. 2 Illustration of the BW12 Keggin type cluster and coordination
environment of the SmĲIII) centers in 1 (hydrogen atoms are omitted
for more clarity).
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calcd for C14H60BN2Nd3O77W12 (%): C, 4.06; H, 1.46; N,
0.68. Found: C, 3.93; H, 1.44; N, 0.67. IR (CsI2 pellet, cm−1):
3450b, 1606s, 1573s, 1436s, 1385s, 1223m, 1032s, 957s, 890s,
828s.

2.4. Synthesis of [Ce3(H2O)11(pydc-OH)2(μ2-OH)][HBW12O40]
·20H2O (3)

Preparation of 3 was similar to that of 1 except that
CeĲNO3)3∙6H2O (65 mg, 0.2 mmol) was used instead of
Sm(NO3)3∙6H2O. Light blue plate-like crystals of compound 3
were obtained in about 45% yield (based on W). Anal. calcd
for C14H60BCe3N2O77W12 (%): C, 4.08; H, 1.47; N, 0.68. Found:
C, 3.98; H, 1.39; N, 0.66. IR (CsI2 pellet, cm−1): 3422b, 1607s,
1573s, 1436s, 1385s, 1225s, 1023m, 955s, 892s, 829s.

2.5. Synthesis of {KĳSmĲH2O)4(pydc)]4}[BW12O40]·2H2O (4)

Preparation of 4 was similar to that of 1 except that H2pydc
(25 mg, 0.15 mmol) was used instead of the H2pydc-OH li-
gand. Colorless plate-like crystals of compound 4 were
obtained in about 47% yield (based on W). Anal. calcd for
C28H48BKN4O74Sm4W12 (%): C, 7.50; H, 1.08; N, 1.25. Found:
C, 7.23; H, 1.06; N, 1.23. IR (CsI2 pellet, cm−1): 3320b, 1600s,
1447s, 1381s, 1285m, 1078w, 960s, 899s, 828s, 764s.

2.6. Synthesis of {KĳNdĲH2O)4(pydc)]4}[BW12O40]·2H2O (5)

Preparation of 5 was similar to that of 1 except that
NdĲNO3)3∙6H2O (87 mg, 0.2 mmol) and H2pydc (25 mg, 0.15
mmol) were used instead of Sm(NO3)3∙6H2O and H2pydc-OH
ligand respectively. Pale blue parallelepiped-like crystals of

Fig. 3 Coordination modes of metallic center, POM, and organic ligand in hybrids 1, 3, and 4.
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compound 5 were obtained in about 53% yield (based on W).
Anal. calcd for C28H48BKN4Nd4O74W12 (%): C, 7.54; H, 1.09;
N, 1.26. Found: C, 7.30; H, 1.07; N, 1.24. IR (CsI2 pellet,
cm−1): 3326b, 1595s, 1572s, 1446s, 1389s, 1283w, 1011w,
961s, 902m, 825s, 763m.

2.7. Synthesis of {KĳCeĲH2O)4(pydc)]4}[BW12O40]·2H2O (6)

Preparation of 6 was similar to that of 1 except that
CeĲNO3)3∙6H2O (65 mg, 0.2 mmol) and H2pydc (25 mg, 0.15
mmol) were used instead of Sm(NO3)3∙6H2O and H2pydc-OH
respectively. Colorless block-like crystals of compound 5 were
obtained in about 42% yield (based on W). Anal. calcd for
C28H48BCe4KN4O74W12 (%): C, 7.57; H, 1.09; N, 1.26. Found:
C, 7.32; H, 1.07; N, 1.23. IR (CsI2 pellet, cm−1): 3326b, 1592s,

1445s, 1386m, 1278w, 1077w, 1009m, 963 s, 897 s, 820 s,
757 s.

3. Results and discussion
3.1. Synthesis and infrared spectra

Complexes 1–6 were successfully prepared by hydrothermal
reactions. The molar ratio of MĲNO3)3 with respect to H2pydc-
OH or H2pydc and the BW12, organic and inorganic ligands,
was kept in 4 : 3 : 1 for preparing hybrid compounds of 1 to 6.
The pH of the reaction mixture was about 1.7 due to the
acidic organic ligand. Although the reaction mixture is highly
acidic, deprotonation of the carboxylate fragments of the
H2pydc-OH and H2pydc ligands occurred completely and there-
fore the ligands could coordinate to the metal center and the
complexation be completed. The temperature was kept at 130
°C for all the reactions. Many parallel experiments prove that
the two main factors in synthesizing hybrid compounds are
the pH and the reaction temperature. Studying the pH values
for the hybrids discussed here and our previous SiW12 set of
complexes22,23 show that BW12-based hybrids could only be
obtained in highly acidic media (attempts to obtain the crys-
tals at higher pH up to 4 failed) while the optimum pH for
the hybrids of SiW12 is 4. However, the best temperature
which yields the maximum and also the highest quality of
the crystals for these hydrothermal reactions is 120–130 °C.
The resultant crystals are insoluble in water or common
organic solvents. Microanalytical data (C, H & N) are in
good agreement with the formulations obtained by X-ray
crystallography.

The infrared spectra of 1–6 are all consistent with their
structural characteristics. All complexes display characteristic
strong peaks of the BW12 unit at averages of 955, 886, and
828 cm−1 which are assigned to asymmetric stretching of
W–Ot, B–O stretching, and W–O–W stretching vibrations,

Fig. 4 2D view along the ac plane in 1; (a) Sm2 triple bridge and (b) H-bonding interaction in constructing the square cycles (hydrogen atoms
omitted for more clarity).

Fig. 5 A view of 3 (hydrogen atoms omitted for more clarity).
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respectively.24,25,34 The non-coordinated hydroxyl oxygen
atom of the pydc-OH ligand lies at about 1223 cm−1 indicat-
ing that the hydroxyl group does not coordinate (in 1, 2 and
3). Moreover, the bands at about 1300–1400 and 1500–1600
cm−1 are, respectively, assigned to the symmetric and asym-
metric stretching vibrations of carboxylic acid fragments. The
splitting in these bands is in the range 147 to 170 cm−1,

which demonstrates the bridging and the chelate coordina-
tion modes of the carboxylate groups. Two bands at 1620 and
3400 cm−1 are assigned to the water molecules where the for-
mer is due to the heteropoly acid crystalline water and the
latter is a broad band corresponding to vibrations of coordi-
nated water and extended hydrogen bonding interactions
(Fig. S1†).

Fig. 6 a) Double stair like 2D sheets where up and downward bridges are shown in different colors; purple (upwards), blue (downwards).
b) View of the Ce dimers in compound 3 along the b axis, constructing the third dimension (hydrogen atoms omitted for more clarity).
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3.2. Description of the crystal structures

Crystallographic data for compounds 1–6 are shown in
Table 1.

3.2.1. [Sm3(H2O)13(pydc-OH)2][BW12O40]·17H2O (1). The
crystal structures of compounds 1 and 2 are similar and
therefore only compound 1 is described in detail. Complex 1
is a 2D POM-based lanthanoid–organic coordination polymer
constructed by trimeric Sm–organic species and the Keggin
[BW12O40]

5− polyoxometalate that generates a 3D supramolec-
ular network through extended H-bonding of the water
chains between the 2D layers. Each trimer fragment contains
two crystallographically independent Sm(III) centers which
consists of two analogous Sm1 and Sm3 moieties and one
penta-aqua complex of Sm2 (Fig. 2). The coordination envi-
ronment of Sm3 (and by extension that of Sm1) is nine-fold
and consists of one nitrogen atom derived from the pyridine
ring of the organic ligand (N2), two O atoms (O16, and O17)
from the carboxylic acids groups of the pydc-OH ligand and
two terminal O25 and O34i of the BW12 (symmetry code: (i)
1 − x, 1 − y, 1/2 + z) and finally four terminal aqua-ligands
(O20W, O21W, O22W, O23W), exhibiting a tricapped trigonal
prismatic geometry (Fig. 3). The polyhedron around the Sm3
center is defined by the two oxygen groups O17, O22, O34
and O16, O20, O25 where the dihedral angle between these
two mean planes is 7.37°. The capped plane is defined by N2,
O21 and O23. The carboxylic acid fragments are almost co-
planar with the corresponding pyridine ring (about 6° devia-
tions). The bond lengths Sm3–N, Sm3–Opydc–OH, Sm3–OBW12

and Sm3–OW are in the ranges 2.49(1), 2.41(1)–2.45(1),
2.56(1)–2.58(1), and 2.43(1)–2.56(1) Å, respectively. The penta-
aqua complex (Sm2) acts as a bridge and is placed between
two Sm1 and one Sm3 units (Fig. 4a). It has a distorted
square antiprism coordination environment defined by two
planes of O2i, O10W, O11W, O12W and O4, O13W, O14W,
O15 (symmetry code: (i) 1/2 − x, y, 1/2 + z) from the three
neighboring organic ligands (Fig. 3). Bond lengths of Sm2

and aqua oxygen atoms range between 2.43(2) and 2.50(2) Å
and Sm2–Opydc–OH are from 2.35(1) to 2.37(1) Å. Moreover,
the H2pydc-OH is both a tetra- and a pentadentate ligand
and behaves as bridge and chelating agent simultaneously
which is in accordance with that desired to engineer the crys-
tals that are discussed in the introduction section. Addition-
ally, the inorganic BW12 ligand exhibits typical α-Keggin
structural features. It may be viewed as a shell of {W12O36} en-
capsulating a BO4 moiety present at its center. Unlike most
of the hybrid structures, the BO4 fragment is not much
distorted. The B–O distances are 1.52(2) Å, and the O–B–O
angles are in the range of 108.06(12) to 110.66(12)° thereby
indicating that the BO4 unit is nearly a regular tetrahedron.
Apart from the BO4 moiety, the Keggin {W12O36} shell is
constructed by four tungsten triads. Each W3O13 group is
composed of three WO6 octahedra linked in a triangular ar-
rangement by sharing edges. The W–O bond lengths fall into
four types because there are four different types of oxygen
atoms which are defined as terminal oxygen atoms Ot, termi-
nal oxygen atoms linked to samarium Ot′, bridging oxygen
atoms Ob, and central oxygen atoms Oc. Therefore W–Ot,
W–Ot′, W–Ob and W–Oc distances are 1.69(1)–1.71(1), 1.71(1)–
1.73(1), 1.85(1)–1.96(1) and 2.33(1)–2.40(1) Å respectively. The
W–O and B–O distances in all compounds are comparable to
the reported values.25 Oxidation states for W atoms are calcu-
lated using the parameters given by Brown.35 Results give the
values ranging from 5.88 to 6.39 for all tungsten atoms which
indicates that the oxidation state is +6 giving the formula as
[BW12O40]

5− (Table S1†).
It deserves to be mentioned here that the Keggin anion is

an asymmetric tetradentate ligand and covalently bonds four
Sm fragments (Sm1 or Sm3) where each Sm center in turn
connects to two more anions. In such a way, 2D sheets along
the ac plane are generated (Fig. 4). The coordination modes
of the Sm centers, BW12, and pydc-OH are depicted in Fig. 3.
Through the layers the POMs and Sm trimers are arranged in
a regular square like pattern and only one kind of semi-cyclic
unit is constructed by the Sm centers that are linked by the
oxygen atoms of four pydc-OH ligands to form octanuclear cy-
clic units where the distances between two Sm ions at oppo-
site sides of the cycle are 12.22(1) and 15.16(1) Å. Further-
more, the dihedral angles between the two adjacent pydc-OH
that make these squares are 88.73, 88.50, 88.39, and 85.65°
which indicate the cycle is a quadrangle. The distance be-
tween the Keggin centers is 12.42(3) Å. Two equivalent dis-
connections in the cycles are defined by the O12⋯O18 dis-
tance of 2.97(2) Å (O12–H12B⋯O18 distance and angle is
2.45 Å and 119.3° respectively) which indicates a significant
hydrogen bonding interaction in constructing the layers
(Fig. 4b). Moreover, an important structural feature is the
double stair-like 2D sheets where the pydc-OH ligands are
disposed in a different orientation in each row of the discrete
stair. This feature of the hydroxyl groups leads to interactions
with water molecules up and down the layers along the b axis
which further make the 3D supramolecular structure

Fig. 7 Structure of the cationic tetramer connects to the POM
through the potassium ion, a view of 4 (hydrogen atoms omitted for
more clarity).
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containing channels having approximately square cross-
sections (Fig. S2†).

3.2.2. [Ce3(H2O)11(pydc-OH)2(μ2-OH)][HBW12O40]·20H2O
(3). As shown in Fig. 5, the molecule is made up of three
Ce(III) atoms, two organic ligands, a bridging hydroxyl group
and one mono-protonated BW12 together with 11 coordinated
water molecules. Although no hydrogen atoms could be lo-
cated in a difference map, the formulation of the ligand
bridging two centrosymmetrically-related Ce1 atoms as hy-
droxide was based on the similarity of the Ce1–O8 distance
to those found in related systems. Inclusion of this additional

anionic ligand necessitated introduction of an additional
positive charge to maintain charge balance and the most rea-
sonable method was to assume mono-protonation of the
Keggin anion, a stratagem which has been used previously in
similar systems.21b,36,37 The Ce1 atom is nine-coordinated by
one pyridine nitrogen atom (Ce1–N1 2.56(1) Å), two carbox-
ylic acid oxygen atoms (Ce1–O1 2.47(1) and Ce1–O3 2.48(1)
Å), two BW12 terminal oxygen atoms (Ce1–O22 2.66(1) and
Ce1–O28i 2.72(1) Å) (symmetry code: (i) −1/2 + x, 1/2 − y, −z),
two bridging hydroxyl groups (O8–H8 and its
centrosymmetrically-related counterpart (O8′–H8′)) with Ce1–

Fig. 8 Formation of the 3D pillar-layered structure in 4, along with representation of the 2D layer in the ac plane (hydrogen atoms omitted for
more clarity).
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O8 = 2.41(1) Å and two water molecules (Ce1–O6W 2.50(1),
and Ce1–O7W 2.55(1) Å). The geometry around Ce1 is a
distorted mono-capped square antiprism. The frontier planes
of the prism are defined by O6, O7, O8, O8′ and O1, O3, O22,

O28i (symmetry code: (i) −1/2 + x, 1/2 − y, −z) groups. The co-
ordination environment of Ce3 is the same as Ce1 except that
there are two more terminal water molecules instead of the
bridging hydroxyl groups, forming the same geometry. Finally

Chart 1 Cation role in coordination assemblies within POM based hybrids.

Chart 2 Classification of coordination modes in POM based hybrid and non-hybrid structures of pydc and pydc-OH ligands.
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Ce2 is bridged between three Ce1, Ce3, and Ce3i centers
(symmetry code: (i) −1/2 + x, y, 1/2 − z) through oxygen atoms
of the organic ligand and also covalently connects to a termi-
nal O29 atom of BW12 (symmetry code: −1/2 + x, 1/2 − y, −z).
The rest of the coordination environment is filled by five wa-
ter molecules to make a mono-capped square antiprismatic
geometry (Fig. 3). Two sets of oxygen atoms i.e. O4, O9, O10,
O29 and O11, O12, O14, O17 construct the frontier planes
and O13 is the cap. The {BO4} unit in the anion is disordered
over two sites with the B atom in common so that the B atom
is at the center of a distorted cube of half-occupancy oxygen
atoms which often appears in POM structures (Fig. S3†).38,39

The B–O distances vary from 1.52(4) to1.57(4) Å. However,
BVS calculations gave an average value of 6.29 for the tung-
sten atoms that is in accordance with the +6 oxidation state
of the W atoms in the [HBW12O40]

4− fragment. Unlike struc-
tures 1 and 2, complex 3 covalently expands in all three di-
mensions. The dihedral angle between the organic ligands
varies from 88.50° in 1 to 178.06° in 3 indicating a linear
structure. Although the asymmetric units are different in the
Sm and Ce compounds, the 2D structure in 3 is almost the
same as 1 and exists in the ac plane just as in the previous
structures. The only difference which leads to different 3D
supramolecular structure in the Sm and Nd compounds and
3D Ce covalent framework is the μ2-OH fragment in the coor-
dination environment of the Ce1 atoms. The bridging hy-
droxyl groups make Ce dimers in the double stair-like moie-
ties where they orient in opposite directions in each stair
(Fig. 6a). Therefore, the third dimension generates around
the adjacent layer through covalent Ce–O–Ce bonds along the
b axis (Fig. 6b). The observed difference between the struc-
ture of Ce and 1 or 2 may be attributed to the larger coordi-
nation sphere of the Ce that can accommodate a hybrid frag-
ment through hydroxyl bridge while 1 and 2 could just adopt
terminal waters.

3.2.3. {KĳSmĲH2O)4(pydc)]4}[BW12O40]·2H2O (4). Complexes
4–6 are isostructural and therefore only compound 4 is de-
scribed here. Compound 4 contains a doubly coordinated
[BW12O40]

5− anion, a cationic metal–organic [Sm(H2-
O)4(pydc)]4

4+ tetramer, and two uncoordinated water mole-
cules accompanied by the potassium cation (Fig. 7). The cat-
ionic metal–organic tetramers are connected through an
octahedral potassium cation. The inorganic ligand is placed
on the axial positions of the potassium ion (O33 and O42i

(symmetry code: (i) x, 1 + y, z)). Along with the covalent con-
nections, there is an interaction-zone around the Keggin an-
ion which constructs the chelate model of hydrogen bonds.
The BW12 participates in several significant interactions such
as anion (O45)–π (centroid: N3 C16 C17 C18 C19 C20) (3.67
Å), (O43)–π (centroid: N4 C23 C24 C25 C26 C27) (2.89 Å),
O21–H21A⋯O45 (2.22 Å) and O30–H30A⋯O39 (2.49 Å) (Fig.
S4†).

The B–O distances and the corresponding O–B–O angles
vary from 1.37(8) to 1.70(5) Å and 97.72(19) to 122.96Ĳ38)° re-
spectively, which shows that the {BO4} unit is much more
distorted here than in 1. BVS calculations give an average

Scheme 1 All coordination modes of H2pydc and H2pydc-OH. a)
Coordination modes of H2pydc in TMCs. b) Coordination modes of
H2pydc in POM based hybrid compounds. c) Coordination modes of
H2pydc-OH in TMCs. d) Coordination modes of H2pydc-OH in POM
based hybrid compounds.
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value of 6.22 for the oxidation state of the W atoms in the
Keggin which corresponds to the +6 oxidation state and ver-
ifies the formulation [BW12O40]

5−. The coordination modes of
all the metal centers within the tetramer units are the same
and in accordance with the mono-capped square anti-
prismatic geometry from semi-ordered to distorted fashions
(Fig. 3). The average bond length of Sm–OW and Sm–Opydc is
2.51 and 2.44 Å, respectively, which indicates the shorter and
meanwhile stronger coordination between the metallic center
and the organic ligands. Moreover, the Sm–N distances are in
the range of 2.49(2) to 2.56(3) Å which are similar to those in
other hybrids.10 The octahedral potassium cations, besides
charge balancing, act as connection nodes to link the tetra-
meric units along the c axis. The dihedral angle between the
mean planes of two different tetranuclear cycles is 89.69°.
These zigzag chains expand by the organic ligands along the
a axis as wave-like sheets. Furthermore, the inorganic BW12

ligands coordinate to the K+ cations along the b axis to form
3D pillar-layered structures (Fig. 8). The corresponding dis-
tance between the layers is 15.51(9) Å.

If we keep all parameters constant including the central
metal and the Keggin type and only change the organic li-
gand in the same reaction conditions it is interesting to note
that the structures vary significantly although the organic li-
gand is different by one OH group in place of a hydrogen on
the pyridine ring. An important feature in these structures is
the contribution of the potassium cation in 4–6 in contrast to
its absence in 1–3 (K+ is present in all reactions, this is
discussed in CSD section). In reactions where H2pydc is used,
the pillar-layered structure is formed while using the OH-
derivative of the H2pydc, i.e. H2pydc-OH, leads to layered
structures and also direct connection of the Keggin to the
central metals (a scheme can be found in the abstract). A
number of BW12 based hybrids are synthesized with lantha-
noid metallic centers.31 whose structures can be divided into
two categories. The La, Ce, Nd, and Sm derivatives form
POM-supported TMCs while with Tb, Dy, and Eu there are
non-covalent interactions between the POM and the TMCs.
From the structural data, it is evident that the Ln–Ln dis-
tances in the TMCs decrease from La to Yb (from 6.477 to
6.255 Å) so that the void constructed by the metallic centers
are smaller in Tb, Dy, and Eu complexes and there may not

be sufficient space to accommodate the POM in a position to
form covalent bonds with the lanthanide metal.

CSD search. Two analyses based on the Cambridge
Structural Database (CSD ver. 5.36 updates (May 2015)) have
been performed to explore the cation and the ligand roles in
determining the overall structure. The cation role is studied
in a statistical population of 1052 compounds which is
mainly composed of tungstate and molybdate Keggin
polyanions, transition metals (TMs), any cation (C), and any
organic ligand (Chart 1). In this population, a cation is
present in 154 structures (14.6%). The main role of the
cation is charge balancing. Among the rest of the structures
(898 hits, more than 80%) where no cation exists, the Keggin
charge is responsible for the charge neutralization.
Compounds 1–3 fall into this category. The interesting point
in these 3 compounds is that although the cation was
present in the reaction mixture, it didn't enter the structures
to balance the charge. However, this is consistent with the
data in the diagram which shows the Keggin with the
5− charge is the rare class. Another important role of the
cation is its ability to coordinate and therefore construct
supramolecular or covalent networks. If the cation is present
in the structures, it tends to make covalent networks (100
structures, about 65%). In this regard compounds 4–6 make
covalent networks through the cations and lie in the branch
which has the fewest examples (12% in its own branch and
1.14% in all). Through this analysis one may conclude that
POMs are more likely to balance the charge than the other
ions present (about 80% to 20%), however, if the cations are
responsible for charge neutralization it is more probable in
hybrids with lower charged POMs.

The second investigation is made on the coordination
modes of the organic ligands discussed in this paper and
also some parameters such as M–Npyridine ring(py), M–Ocarboxylic

acid(crx) and M–OPOM bond lengths to study the structures geo-
metrically and the metal contraction effect in both metal–
organic complexes and inorganic–organic hybrids. There are
more than 1500 and 200 structures in the CSD containing
pydc and pydc-OH ligands, respectively (Chart 2). This dia-
gram illustrates 36 coordination modes for H2pydc and 25
different modes for H2pydc-OH in metal–organic complexes,
where the predominant mode in both categories is as the

Table 2 CSD survey on bonding parameters

SiW12 BW12

La Ce Nd Sm Eu Ce Nd Sm

M–Ocrx 2.472 2.477 2.417 2.419 2.390 2.462 2.416 2.390
M–NPy 2.647 2.565 2.526 2.488 2.478 2.580 2.518 2.490
M–OPOM 2.609 2.542 2.554 2.487 2.490 2.650 2.574 2.545
Crystal cell volume 5934(4) 5963.6(6) 5946.5(5) 5924.3(5) 5929.7(5) 14935.8Ĳ17) 7421.6(8) 7333.3(14)

Ave. M–Ocrx 2.4293
Ave. M–NPy 2.5351
Ave. M–OSiW12 2.5364
Ave. M–OBW12 2.5900
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simple chelate (about 50%) with the hydroxyl substituent of
H2pydc-OH not having an effect. However, in hybrid com-
pounds the coordination mode of the two ligands is different
with the polymeric form being the main coordination mode
for H2pydc while in H2pydc-OH this is not the case (see
Chart 2). All coordination modes could be found in
Scheme 1. The OH group of H2pydc-OH generally does not
take part in coordination (about 80%) and although the coor-
dination mode is frequently the same in H2pydc and H2pydc-
OH complexes, diversity in the corresponding compounds ap-
pears in the dimensionality or crystal packing. It could be in-
ferred that despite the many coordination modes of these li-
gands, they could be classified as pre-organized ligands since
a large percentage have a common coordination mode.
Therefore, geometrical parameters are discussed in detail for
the H2pydc-OH compounds and a brief description of H2pydc
is mentioned at the end of this section. Among the 218
metal–organic complexes constructed by pydc-OH, there are
132 complexes of the TMs, 78 items contain lanthanoids
(Lns) and actinides (Acs) as the metal center and only 8 of
them are inorganic–organic hybrids. In transition metal com-
plexes the average M–Ocrx distance is 2.23 Å and the average
M–Npy is 2.14 Å. Most TMs incorporated in these structures
are the first row TMs and also Y, Ru, Cd, La and Hg. In the
second group (where M = Lns, Acs) the average bond length
of M–Ocrx and M–Npy are 2.43, and 2.51 Å respectively. The
trend in both groups is precisely in accordance with the de-
crease in the atomic radius as shown in Fig. S5† (the effect of
half and filled layer stability is also seen). The data for the 5
hybrids (M/pydc-OH/POM, M = La, Ce, Nd, Sm, Eu and POM
= [SiW12O40]

4−)22,23 and the structures presented here (M/
pydc-OH/POM, M = Ce, Nd, Sm and POM = [BW12O40]

5−) con-
firm that the desired distances fall within the normal ranges
of Lns and Acs, (Table 2). Interestingly, the average bond
lengths of M–Ocrx is about 2.43, 2.43 and M–Npy is 2.53, 2.51
Å (M = Lns, and Acs) in hybrid and non-hybrid structures, re-
spectively, are almost equal so that the influence of steric
hindrance of the POMs in the crystal lattice can be excluded.
It also worth mentioning that although POMs have a large
number of potential coordination sites, their coordination
ability is much lower than the organic ligands. This phenom-
enon could be verified through the average M–Ocrx and M–

OBW12 bond lengths. The M–O bond length of the organic li-
gand is about 0.2 Å (about 0.10 Å for the SiW12 hybrids)
shorter than the bond between the POM and the metallic
center. Furthermore, in the hybrid structures of SiW12 and
BW12, the lanthanoid contraction effect in the order Ln > Ce
> Nd > Sm > Eu could also be seen in the unit cell volumes
(Table 2). Quite similar results are found for the structures
containing the pydc ligand. In the deposited structures of
this type in the CSD, only 22 of them exist in the form with
the POM covalently coordinated to the metallic center. Here,
the average of the bond lengths for M–Npy, M–Ocrx, and M–

OPOM bonds are 2.57, 2.48, and 2.54 Å, respectively, which is
in accordance with the above discussion.

3.3. Thermogravimetric analyses (TGA)

To study the thermal stability of the synthesized compounds
TG analysis was carried out for the three compounds 2, 3 and
5. The TG curves of compounds 2 and 3 in the range of 25–
950 °C exhibit a similar four-step weight loss with the overall
mass loss of 22.09% and 22.52% for 2 and 3 respectively (Fig.
S6†). The weight loss of 13.80% (calcd 13.93%) in 2 and
13.45% (calcd 13.55%) in 3, for the first and second stages
occurs between 26 to 549 and 26 to 348 °C respectively, which
corresponds to free and coordinated water molecules. This
analysis corresponds to 32 molecules of water in 2 and 31
molecules in 3. The last weight loss of 8.28% in 2 and 8.32%
in 3, is a double stage sequential process (step 3 and 4) from
565–692 and 567–668 °C in 2 and 3 respectively, due to the
combustion of two pydc-OH molecules (calcd: 8.75% (2),
8.78% (3)). TG analysis of compound 5 indicates a 7.08%
weight loss between 114 and 549 °C which corresponds to
free and coordinated water molecules (calcd 7.28%). This is
in good accordance with 18 water molecules. The 14.62%
weight loss (calcd 14.81%) from 569 to 688 °C is ascribed to
the release of four ligand molecules. Summarizing, the re-
sults above indicate that the experimental values of the gross
weight loss of compounds are in agreement with the theoreti-
cal calculated values.

4. Conclusions

To sum up, we have synthesized six new hybrid inorganic–or-
ganic BW12-based compounds with structures varying from
layers to pillar-layered frameworks. The successful isolation
of 1–3 in contrast to our previously synthesized SiW12-based
hybrid compounds show us a perspective of extending the
POM family through reasonably controlling the reaction pH
and the negative charge density of the POM. The BW12 ions
act as pillars in structures 4–6 and connect the layers through
the potassium cations in the sheets. Furthermore, through a
survey of structures in the CSD, it is found that beyond many
different coordination modes of the organic ligands, H2pydc
(about 50 modes) and H2pydc-OH (about 30 modes), tend to
adopt the simple chelating and polymeric forms. Also we
found that cations do not tend to incorporate into structures
where high negatively charged POMs are present.
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