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With BIMB ligand, we have successfully obtained and characterized three novel entangled inorganic—
organic hybrid compounds by choosing different metal ions, that is, [Ni(BIMB),(y-MogO26)o5] - 3H20
(1), [ZH(BIMB)z(Y—MOSOzs)OAQ;] (2), and [CU3(BIMB)4(H20)(5—M08026)C12] -3H,0 (3) (Whel'e BIMB=1,4-
bis(1-imidazolyl)benzene). Compound 1 is a 2-fold interpenetration 4-connected 3D framework with
the short Schlifli symbol of (4 x 6% x 8),(4° x 6% x 82), in which octamolybdate anion shows y-isomer;
2 exhibits a (5,6)-connected 3D self-penetrating topological motif with the short Schlifli symbol of
(4 x 57 x 62),(42 x 5 x 72), and 3 shows a (4,6)-connected self-penetrating 3D framework with the
short Schlifli symbol of (42.52.6-7) (4*.5-6°-8) (5%-6%) whose octamolybdate has 3-isomer. In
addition, the optical band gaps of these three compounds have been measured, which are 2.98 eV for 1,
3.42 eV for 2, and 2.88 eV for 3. Moreover, 2 has photoluminescent property, which can be attributed to
ligand-to-metal charge-transfer (LMCT) band.

© 2011 Published by Elsevier Inc.

1. Introduction

Polyoxomolybdates have been on the stage not only due to their
enchanting structural particularities such as a controllable shape, size,
high-negative charge, and nucleophilic oxygen-enriched surface, but
also due to various potential applications in catalysis, medicine, redox
chemistry, and functional material science [1-4]. Moreover, the
design and synthesis of POM-based materials ‘on demand’ is becom-
ing increasingly important [5-9]. Introduction of polyoxoanions into
inorganic-organic hybrid materials will make versatile intriguing
structures, and more importantly, will multiply the functions of the
compounds.

Further, entangled systems, one of the major themes of supramo-
lecular chemistry, are common in biology—categorized as catenanes,
rotaxanes, and molecular knots [10]—and have attracted considerable
attention due to their esthetic and often complicated architectures
and topologies [11,12]. According to Batten and Robson [13], inter-
penetrating network structures can be regarded as infinite, ordered
polycatenanes or polyrotaxanes. The selection of the special ligand is
very important in the construction of such entangled coordination
polymers. Most frequently, the flexible ligands, such as 1,3-bis(4-
pyridyl)propane [14,15], attract interest, as they exhibit flexibility and
conformational freedom, which allow them to conform to the
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coordination environment of the metal ions and polyoxoanions, in
favor of the construction of high dimensional and interpenetrating
structures with intriguing topologies [16-19], while the rigid N-donor
ligands are usually called ‘terminator’ for assembly of interpenetrat-
ing structures [20]. However, rigid ligand has predictable coordination
conformation; furthermore, 1,4-bis(1-imidazolyl)benzene (BIMB) has
a more flexible coordination fashion and an excellent coordination
ability, and has already proven a certain ability to give interpenetrat-
ing networks in the previous works [21,22]. More importantly, this
ligand can derive y-[MogO,g]*~ for its imidazole units [23-25]. In
light of this, it is highly possible for BIMB to play a ‘two birds with one
stone’ role in the network construction. Octamolybdate never fails to
appeal to chemists for its versatile isomers, that is, a-isomer, B-
isomer, y-isomer, §-isomer, €-isomer, {-isomer, m-isomer, and 6-
isomer [26], prompt the formation of intriguing structures.

Herein, based on BIMB ligands, we have successfully obtained
three novel entangled inorganic-organic hybrid compounds by
choosing different metal ions. It is worth to mention that in these
compounds, the octamolybdate shows y and 6 isomers and they act
as multiple coordination positions.

2. Experimental

2.1. Materials and methods

All chemicals of reagent grade were purchased from commer-
cial sources and used without further purification. 1,4-bis
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(1-imidazolyl)benzene (BIMB) ligand was synthesized by the
method described in the literature [22,27]. Elemental analyses
(C, H, and N) were performed on a Perkin-Elmer 240C elemental
analyzer. The Fourier transform infrared (FT-IR) spectra were
recorded from KBr pellets in the range 4000-400cm~! on a
Mattson Alpha-Centauri spectrometer. Thermogravimetric analy-
sis (TGA) was performed on a Perkin-Elmer TG-7 analyzer heated
from room temperature to 800 °C under nitrogen at a rate of
10 °C min~"'. Diffuse reflectance spectra were measured on a
finely ground sample with a Cary 500 spectrophotometer
equipped with a 110 mm diameter integrating sphere. Solid-state
fluorescence spectra were measured on a Cary Eclipse spectro-
fluorometer (Varian) equipped with a xenon lamp and quartz
carrier at room temperature.

2.2. Syntheses

2.2.1. Synthests Of [Nl(BIMB)Z(M08OZG)O5] BHZO (1)

The mixture of (NH4)sMo07024 - 4H,0 (0.13 g, 0.10 mmol), BIMB
(0.042 g, 0.2 mmol), and Ni(NOs),-6H,0 (0.030¢g, 0.10 mmol)
was stirred at room temperature for half an hour, and pH of the
system was tuned to 5.0. The resulting suspension was trans-
ferred to a Teflon-lined stainless autoclave (25 mL) and kept at
160 °C for 72 h. Then it was cooled to 100 °C at a rate of 5°Ch ™!,
held for 8 h, and followed by further cooling to 30 °C at a rate of
3°Ch~". Green crystals of 1 were collected in 56% yield based on
Ni(NOs),. Elemental Anal. Calcd for Co4H;6M04NgNiOg (1124.95):
C, 25.62; H, 2.33; N, 9.96; Found: C, 25.59; H, 2.36; N, 9.92%. IR
(cm™1): 3134 (w), 1620 (w), 1527 (m), 1450 (w), 1260 (w), 1125
(m), 1056 (m), 945 (m), 900 (m), and 651 (m).

2.2.2. Synthesis of [Zn(BIMB)x(Mo0g026)o.5] (2)

The mixture of (NH4)sMo0,0,4-4H,0 (0.25 g, 0.20 mmol), BIMB
(0.042 g, 0.2 mmol), and Zn(NOs), - 6H,0 (0.020 g, 0.05 mmol) was
stirred at room temperature for half an hour and pH value being 5.9.
The resulting suspension was transferred to a Teflon-lined stainless
autoclave (25 mL) and kept at 160 °C for 72 hours. Then it was cooled
to 100 °C at a rate of 5°Ch~!, held for 8 h, and followed by further
cooling to 30 °C at a rate of 3 °Ch~'.Colorless crystals of 2 were
collected in 50% yield based on Zn(NOs),. Elemental Anal. Calcd for
Co4H,0Ng013ZnMoy (1077.61): C, 26.75; H, 1.87; N, 10.40; Found: C,
26.73; H, 1.89; N, 10.38%. IR (cm~'): 2972 (w), 1775 (m), 1689 (m),
1575(w), 1517 (s), 1453 (w), 1305 (w), 1126 (m), 935 (m), 861 (m),
712 (w), 649 (m), and 596 (m).

2.2.3. Synthesis of [Cus(BIMB)4(H>0)(MogOs¢)Cl>] - 3H>0 (3)

The synthesis of 3 was similar to 2 except that CuCl,-6H,0
(0.05 g, 0.2 mmol) substitutes Zn(NOs), - 6H,0. Blue crystals of 3
were collected in 56% yield based on CuCl,. Elemental Anal. Calcd
for C48H44C12CU3 MogN;6030 (235000) C,24.51; H, 1.89; N, 9.54;
Found: C, 24.54; H, 1.86; N, 9.56%. IR (cm~1): 3342 (m), 1629 (w),
1529(sh), 1309 (w), 1068 (m), 958 (m), 830 (m), 651 (w), and
454 (m).

2.3. X-ray crystallographic study

Single-crystal X-ray diffraction data collection of the com-
pounds was performed on a Bruker Smart Apex II CCD diffract-
ometer with graphite-monochromated Mo Ko radiation
(4=0.71069 A) at room temperature. All absorption corrections
were performed using the SADABS program. All the four crystal
structures were solved by the Direct Method of SHELXS-97 [28]
and refined with full-matrix least-squares techniques (SHELXL-
97) [29] within WINGX [30]. Anisotropic thermal parameters were
employed to refine all non-hydrogen atoms. The hydrogen atoms

Table 1
Crystal data and structure refinement for 1-3.

1 2 3
C24H26N8016 C24H20N8013 C48H44N16O30

Formula MoyNi ZnMoy Cl,CusMog

Formula weight 1124.95 1077.61 2350.00

Space group P1 P2¢/n P1

a(A) 11.6690(11) 12.4840(10) 12.756(3)

b (A) 12.5050(12) 15.9310(12) 12.809(3)

c(A) 13.4300(13) 16.1670(13) 13.384(3)

o (deg.) 88.8020(14) 90 62.061(2)

B (deg.) 77.4430(12) 96.7000(10) 62.082(2)

y (deg.) 65.8150(12) 90 83.306(3)

Peaia (gcm—3) 2.136 2.241 2.306

V(A% 1739.8(3) 3193.4(4) 1692.2(6)

z 2 4 1

F000) 1088 2088 1137

Reflns collcd/unique 8825/6031 15975/5612 8322/5833

GOF on P 1.072 0.998 1.037

R[> 2a(I)] 0.0392 0.0395 0.0451

WR,° 0.1115 0.0914 0.1296

* Ry =X||Fo| — |Fe||[Z|Fy)-
> WRy = | ZwW(|Fo|? — |Fe|?)| [ | w(F2)?| 2.

of organic ligands were fixed at idealized positions as rigid groups.
In compounds 1 and 3, H atoms of water molecules could not be
introduced in the refinement but were included in the structure
factor calculation. The detailed crystallographic data and structure
refinement parameters are listed in Table 1. Crystallographic data
for the structures reported in this paper have been deposited in the
Cambridge Crystallographic Data Center with CCDC reference
numbers 777261, 777262, and 777263 for 1, 2, and 3, respectively.

3. Results and discussion
3.1. Structural description

3.1.1. Structure Of [Nl(BIMB)z(M08025)05] . 3H20 (1)

By Combinirlg NI(N03)26H20, BIMB and (NH4)5M07024~4H20,
we successfully obtained a 3D y-octamolybdate-based inorganic-
organic hybrid compound, which crystallizes in triclinic space group
[ X-ray crystallographic analysis reveals that there is unique kind of
nickel ion, which is six-coordinated by three N atoms from different
BIMB ligands, two water molecules and one oxygen atom from the
octamolybdate anion (Fig. 1a). Further, the octamolybdate anion
shows 7y-isomer, which contains two {MoOs} units and six {MoOg}
units, and the terminal oxygen atoms from {MoOg} units bind to
nickel ions in 1 (Fig. 1b). The nickel ions are interlinked by BIMB
ligands to generate a flying-strand-like metal-organic chain. In
addition, thanks to [MogO.¢]*~ anions, two six-membered rings from
distinct frameworks are catenated with each other (Fig. 1c). The
hybrid compound features a 3D — 3D parallel interpenetrated frame-
work motif. Above all, octamolybdate anions and nickel cations can
both be abstracted as four-connected nodes so as to simplify the
whole structure as a 2-fold interpenetration 4-connected 3D frame-
work with the short Schlifli symbol of (4 x 6% x 8),(4% x 62 x 82). The
unusual topological feature of compound 1 consists of the fact that
the 2-fold interpenetrated frameworks are further catenated to the
three adjacent (“upper” and “lower”) sheets in a parallel fashion to
give an overall unique 3D framework (Fig. 1d).

3.1.2. Structure of [Zn(BIMB)2(Mo0g0O26)o.5] (2)

As is confirmed by X-ray crystallography, compound [Zn(BIMB),
(MogO46)o5] (2) consists of two kinds of subunits: [Zn(BIMB),]2"+
metal-organic cations and y-[MogO]*~ anions. In compound 2,
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there exists one kind of crystallographically unique five-coordinated
Zn" cation surrounded by three N atoms from three BIMB ligands,
two terminal O atoms from y-[MogOzs]*~ anions, showing a dis-
torted hexahedron coordination geometry (Fig. 2a). First, BIMB
ligands connect Zn" cations to construct a metal-organic chain like
a cosine curve, and then the chain extends to a 2D network via BIMB
ligands and y-[MogO,s]*~ anions, and thanks to the multiple oxygen
atoms of y-[MogO6]*~ (Fig. 2b), which connect Zn" cations, the
structure extends to a 3D framework (Fig. 2c, S1). When a Zn" cation
is regarded as a five-connected node and the y-[MogO,s]* anion as a
six-connected node, we obtained a (5,6)-connected topological struc-
ture with the short Schlifli symbol of (4 x 57 x 62),(4% x 5!! x 72)
(Fig. 2d). More fascinatingly, this framework displays a self-penetrat-
ing phenomenon, that is, the shortest four-membered rings are
catenated by the six-membered rings belonging to the same frame-
work giving rise to a self-catenated motif (Fig. 2d, S1b). To the best of
our knowledge, POM-based self-catenated coordination networks are
unusual especially with rigid ligands. Most polycatenane motifs
depend either on flexible organic ligands [14] or rotable inorganic
building blocks [31]. Compound 2 enlightens us that rigid ligand and
‘hard’ inorganic building blocks can also construct self-catenated
framework.

3.1.3. Structure Of [CU3(BIMB)4(H20)(MOgOgs)Clg] 3H20 (3)
When using CuCl,, a new self-penetrating compound contain-
ing Cu" cations was achieved. Compound 3 is constructed from

8-[Mog0]*~ clusters, and [Cu"(BIMB),Cl,], and {[Cul(BIMB),],.}*"*
metal-organic motifs. There exist two kinds of crystallographically
unique Cu" cations, the coordination geometries of which are shown
in Fig. 3a: the Cul atom is surrounded by four N atoms from four
BIMB ligands (Cu(1)-N(1)=1.993(5) and Cu(1)-N(3)=1.998(5) A)
and two O atoms from two 8-[MogO.g]*~ anions (Cu(1)-0(12)=
2.530(5) A), showing a distorted octahedral geometry; the Cu2 atom
is also six coordinated and is surrounded by two N atoms from BIMB
ligand, two ClI~ anions, one water molecule, and one O atom from
[MogO46]*~ anion (Cu(2)-N(5)=1.974(6), Cu(2)-N(7)=1.955(6),
Cu(2)-Cl(1)=2.306(2), Cu(2)-Cl(1#a)=2.819(2), Cu(2)-02W=
2.062(6), and Cu(2)-0(10)=2.665(6) A) (Table S3). In this compound,
the octamolybdate anion shows & type, which contains four {MoOs}
and four {MoOg} units (Fig. 3b) and the 8-[Mog0,s]*~ coordinates to
four Cu atoms. Intriguingly, the {[Cul(L?),],}*"* motif constructs a 2D
network, and [Cu'(L?),Cl,],, motif threads through the 2D grids like
‘sugar-coated haws on a stick’ (Fig. 3c). Meanwhile, adjacent metal-
organic grids are extended by 8-[MogO.6]*~ anions through Cu-O
interaction giving rise to a 3D framework (Fig. 3d). Similarly, we
previously reported two supramolecular isomerism with a poly-
threaded topology based on octamolybdate building blocks via Cu-
O interaction [32]. More fascinatingly, because of the voids in this
framework, it displays a unique self-penetrating phenomenon, that is,
the six-membered rings are catenated by the four-membered rings
from another inclined layer belonging to the same framework so as to
give rise to a (4,6)-connected self-penetrating polycatenane motif

Fig. 1. (a) Coordination mode of Ni' in compound 1 with 50% thermal ellipsoids. All hydrogen atoms were omitted for clarity. (b) Coordination mode of y-octamolybdate
isomer. (c) View of packing of the framework in 1 along b axis. (d) Topological representation of 2-fold interpenetration 4-connected 3D framework.
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Fig. 2. (a) Coordination mode of Zn" in compound 2 with 50% thermal ellipsoids. All hydrogen atoms were omitted for clarity. (b) Coordination mode of y-octamolybdate
isomer. (c¢) View of cobweb-like framework along c axis. (d) Topological representation of the (5,6)-connected framework, and the light blue and purple circles represent

zinc and y-[MogOa6]*~

with the short Schlifli symbol of (4% x 5?2 x 6 x 7) (4*x 5x 6% x 8)
(5% x 62) (Fig. 3e).

3.2. Overview

Based on BIMB ligands, three new octamolybdate-based com-
pounds with entanglement frameworks have been synthesized after
changing pH values and metal ions. As reported previously, the pH
value of the reaction system is crucial for the formation of the
different isomers [21,33]. We obtained y type at lower pH value
4.0 and 6 type at 6.0. In compounds 1 and 2, the octamolybdate anion
shows y-isomer, while in 3 it shows &-isomer (Fig. S2). Moreover,
different metal ions have different coordination geometry and differ-
ent affinity to octamolybdate anions. Compound 1 is a 3D 4-con-
nected interpenetrating polycatenane framework, in which Ni"
cations and y-[MogO,]*~ anions can be regarded as four-connected
nodes. Using Zn" instead of Ni', a new type of polycatenane frame-
work has been constructed; Zn" can be regarded as a five-connected
node and y—[MOSOZG]“* coordinates to six Zn" cations; so the whole
framework exhibits a (5,6)-connected self-penetrating framework.
Further, when we use Cu" cations, the octamolybdate shows the §-
isomer seen as a four-connected node, and meanwhile, the
Cu(1) atom is seen as a six-connected node and Cu(2) atom is
deemed as a four-connected node. As a consequence, the framework
is a (4,6)-connected novel self-penetrating motif. Above all, different
metal ions not only exhibit various coordination modes but also
influence the coordination modes of octamolybdate as well as the

, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

conformations of octamolybdate. Moreover, the frameworks of com-
pounds are also greatly influenced.

3.3. Thermogravimetric analyses (TGA)

Thermal stability of compounds 1-3 has been investigated by
means of TG analysis (Fig. S3). Compound 1 shows a two-step
sequential weight loss: the first step happens between 54 and
170 °C corresponding to loss of lattice water molecules and on
further heating the residue goes on decomposing till about 700 °C.
Compound 2 is stable up to approximately 400 °C and undergoes
sharp decrease till 700 °C. In compound 3, the lattice water
molecules and coordination water molecules lose before 300 °C
(exptl., 2.82; calcd., 3.07%), and decomposition of the framework
occurs at about 400 °C.

3.4. UV/vis/NIR diffuse reflectance spectra

Current research efforts have concentrated on the synthesis of
heterometallic oxides/organics containing both early (V>*, Mo®*,
and Re’ ") and late (Ni?*, Cu?*, Zn?*, and Cu™) transition metals
in combination with structure-directing organic ligands that will
coordinate preferentially to the late transition-metal sites [34,35].
This selection of early/late transition metals is useful for probing
the structural and electronic origins of the band gap sizes of
heterometallic oxides that arise from a Metal-to-Metal Charger
Transfer (MMCT) [36]. As a consequence, the measurements of
diffuse reflectance for powder samples were used to study the
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Fig. 3. (a) Coordination mode of Cu" in compound 3 with 50% thermal ellipsoids. All hydrogen atoms were omitted for clarity. (b) Polyhedral representation of &-
[MogO,6]*~ anion and its coordinating mode. (c) Ball-and-stick representation of grid-like 2D network. More interestingly, the metal-organic framework itself exhibits a
polythreading motif. (d) Ball-and-stick and polyhedral representation of the 3D framework. (e) Topological representation of the (4,6)-connected framework.

band gap (Eg), which is determined as the intersection point
between the energy axis and the line extrapolated from the linear
portion of the adsorption edge in a plot of Kubelka-Munk
function F against E [37]. As shown in Fig. 4, the corresponding
well-defined band gap (E;) can be assessed at 2.98 eV for 1,
3.42 eV for 2, and 2.88 eV for 3. The reflectance spectra indicate
that the presence of comparatively wide energy gaps for these
four compounds, which indicates that these hybrid compounds
are potential wide gap semiconductor materials. The extended
[Ni(y-Mo0gO26)o5ln  [Zn(y-M0gO26)o5]n, and [Cu3(8-MogOz6)]n
subunits in hybrid structures appear to be mainly responsible
for their optical band gaps.

3.5. Photoluminescence for 2

The luminescent properties of free ligand BIMB and the hybrid
2 were investigated in the solid state at room temperature, as
depicted in Fig. S4 in the Supplementary Information. Compared
with the maximum emission wavelength for the BIMB ligand at
ca. 370 nm (Aex=322 nm), compound 2 exhibits a reduced photo-
luminescence emission at 455 nm (Aex=337 nm), showing an

obvious red shift. The origin of the emission of compound 2
may be tentatively assigned to the ligand-to-metal charge-trans-
fer (LMCT) band [38-43].

4. Conclusions

To sum up, we successfully synthesized a series of octamo-
lybdate-based entanglement frameworks with the rigid ligand
1,4-bis(1-imidazolyl)benzene instead of usually used flexible
ligands. In compounds 1 and 2, the octamolybdate anions show
the y-isomer, and the whole structure exhibits a 2-fold inter-
penetration 4-connected 3D framework with the short Schlafli
symbol of (4 x 6% x 8),(4%2 x 62 x 82) and a (5,6)-connected 3D
self-penetrating motif with the short Schlifli symbol of
(4 x57 x62),(4% x5 x 72). While 3 shows a (4,6)-connected
self-penetrating 3D framework with the short Schléfli symbol of
(42 x52x6x7)(4* x5 x6°x8) (5% x 62) and the octamolybdate
anion has a é-isomer. In addition, we also investigated the optical
band gap of these three compounds and the results show
that they are all wide gap semiconductors, which are 2.98 eV
for 1, 3.42eV for 2, and 2.88 eV for 3. Moreover, 2 exhibits
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Fig. 4. Diffuse reflectance spectra of compounds 1-3.

photoluminescence emission at 455 nm when excited at 337 nm.
Its photoluminescent property can be attributed to ligand-to-
metal charge-transfer (LMCT).
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