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An organic-inorganic hybrid based on the α-Keggin anion [BW12O40]5−, [Cu(BIIM)2]
{[Cu(BIIM)2(H2O)][Cu(BIIM)2BW12O40]·3H2O}2 (BIIM = 2,2′-biimidazole) (1) was hydrother-
mally prepared and characterized by elemental analysis, IR and UV spectra. Compound 1 is com-
posed of [Cu(BIIM)2]2+ and [Cu(BIIM)2(H2O)]2+ cations and a [Cu(BIIM)2BW12O40]3− polyan-
ion, in which the [BW12O40]5− anion is decorated by one [Cu(BIIM)2]2+ cation through one ter-
minal oxygen atom. These components are finally arranged through hydrogen bonds into a two-
dimensional network. Investigations of the intermolecular interactions by Hirshfeld surface and
fingerprint plots indicate that besides the classical N–H···O hydrogen bonds, there are rare W–
O(terminal)···π(imidazole ring) interactions stabilizing the structure.
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Introduction

Design and syntheses of novel hybrids based on
polyoxometalates have been attracting great inter-
est due to their various architectures and potential
applications in chemistry, physics and material sci-
ence [1 – 7]. Polyoxometalates may have different re-
activity in coordinating to metal ions and their intro-
duction into hybrids as inorganic units is an impor-
tant breakthrough in preparing hybrid materials, which
greatly give impetus to the rapid developments of this
field.

Saturated POMs, namely, XM12 {[PM12O40]3−

(M = Mo, W) [8 – 15], [XM12O40]4− (X = Si, Ge;
M = Mo, W) [16 – 21]} have higher negative charges
and high symmetry and are stable in a broad
pH range. However, compared with [PM12O40]3−

and [XM12O40]4− anions, hybrids based on the
α-Keggin-type [BW12O40]5− [22 – 25] anions with

a smaller radius of boron are less common. The
[BW12O40]5− anion generally can act as a charge-
compensating or space-filling constituent [24]. Sec-
ondly, the [BW12O40]5− anion acts as an inorganic
building block attached to a transition metal site
of complex cations forming isolated, or one- and
multi-dimensional structures [25]. The functions of
[BW12O40]5− polyanions are determined by the reac-
tion conditions, such as, among others, metal to ligand
ratio, temperature, and starting pH value.

As a continuation of our study [26, 27], 2,2′-
biimidazole (BIIM) has been selected as ligand to
Cu(II) because it possesses two nitrogen coordination
sites and two -NH donor functions. For hydrogen
bonding compounds built with 2,2′-biimidazole are
not frequent [28]. Herein we present the synthesis,
structural analysis and characterization of an α-
Keggin-based organic-inorganic hybrid, [Cu(BIIM)2]
{[Cu(BIIM)2(H2O)][Cu(BIIM)2BW12O40]·3H2O}2 (1).
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Experimental Section

General

All chemicals were of reagent grade as received from
commercial sources and used without further purification.
C, H, N elemental analyses were performed on a Perkin-
Elmer 240C elemental analyzer. The infrared spectrum was
recorded from KBr pellets on a Nicolet 170SXFT-IR spec-
trometer in the range of 400 – 4000 cm−1. The UV spectrum
was obtained on a Shimzu UV-250 spectrometer in the range
190 – 400 nm.

Synthesis of [Cu(BIIM)2]{[Cu(BIIM)2(H2O)]
[Cu(BIIM)2BW12O40]·3H2O}2 (1)

A mixture of Na2WO4·2H2O (0.50 g, 1.5 mmol),
Na2B4O7·4H2O (0.05 g, 0.13 mmol), CuCl2·2H2O (0.07 g,
0.42 mmol), Cu(CH3COO)2·H2O (0.10 g, 0.48 mmol),
BIIM (0.03 g, 0.13 mmol), and H2O (15 mL) was sealed in
a Teflon-lined stainless-steel reactor and heated at 160 ◦C
for 4 d with a starting pH = 4 adjusted with hydrochloric
acid (6 mol L−1). After cooling slowly to room temperature
within about 24 h, blue crystals were obtained with 16.6%
yield on tungsten basis. – Elemental analysis: calcd. C 9.59,
H 1.02, N 7.45; found C 9.47, H 1.07, N, 7.35. – IR (cm−1):
v = 3258 (w), 3171(w), 2927(w), 1620(w), 1536(m),
1425(m), 1000(w), 953(m), 906(m), 823(s), 755(w).

Crystal structure determination

The data collection was performed on a Bruker SMART
APEX CCD area-detector diffractometer using graphite-
monochromatized MoKα radiation (λ = 0.71073 Å) at
293(2) K. The intensities were corrected for Lorentz and po-
larization effects and empirically for absorption. The struc-
ture was solved by Direct Methods and refined by full-matrix
least-squares techniques based on F2 using the SHELXS-
97 and SHELXL-97 [29] programs, respectively. All non-
hydrogen atoms were refined anisotropically. For the poly-
oxometalate system, H atoms bound to water are very diffi-
cult to locate in the difference Fourier maps so that they were
omitted from the final model. All remaining H atoms were
positioned geometrically. The structure evaluation was done
with PLATON [30]. Crystal data and structure refinements are
summarized in Table 1. Selected bond lengths and angles are
given in Table 2.

CCDC 922709 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.com.ac.uk/data request/cif.

Table 1. Crystallographic data for [Cu(BIIM)2]{[Cu(BIIM)2
(H2O)][Cu(BIIM)2BW12O40]·3H2O}2 (1).

Empirical formula C60H76B2Cu5N40O88W24
Mr 7517.22
Crystal size, mm3 0.17× 0.13× 0.11
Crystal system triclinic
Space group P1̄
a, Å 11.3750(14)
b, Å 12.8930(16)
c, Å 22.329(3)
α , deg 92.2550(18)
β , deg 92.309(2)
γ , deg 90.876(2)
V , Å3 3269.1(7)
Z 1
Dcalcd., g cm−3 3.81
µ(MoKα ), mm−1 21.9
F(000), e 3335
Refl. measured/unique/Rint 18 469/12 714/0.0311
Param. refined 988
R1/wR2 [I > 2 σ(I)]a 0.0379/0.0805
R1/wR2 (all data)a 0.0526/0.0860
GoF (F2)b 0.977
∆ρfin (max/min) e Å−3 1.97/−2.16

a R1 = Σ‖Fo| − |Fc‖/Σ|Fo|; wR2 = [Σw(F2
o − F2

c )2/Σw(F2
o )2]1/2,

w = [σ2(F2
o ) + (0.0332P)2]−1, where P = (Max(F2

o ,0) + 2F2
c )/3;

b GoF = [Σw(F2
o −F2

c )2/(nobs−nparam)]1/2.

Results and Discussion

Crystal structure of [Cu(BIIM)2]{[Cu(BIIM)2(H2O)]
[Cu(BIIM)2BW12O40]·3H2O}2 (1)

Complex 1 belongs to the triclinic crystal sys-
tem, space group P1̄ with Z = 1, consisting of
two [Cu(BIIM)2BW12O40]3− polyanions, two
[Cu(BIIM)2(H2O)]2+ cations, six water molecules
and one isolated [Cu(BIIM)2]2+ cation in which
the Cu2+ site is situated on an inversion center
(Fig. 1). In the [Cu(1)(BIIM)2BW12O40]3− polyan-
ion, the [BW12O40]5− anion is decorated by a
[Cu(1)(BIIM)2]2+ ion through one terminal oxygen
O(1) atom. The Cu(1)-centered square pyramid is
defined by four N atoms from two BIIM ligands in
the basal plane and an apical oxygen atom bridging
to a WO6 octahedron with a Cu(1)−O distance of
2.349(7) Å and Cu(1)−N bond lengths in the range of
1.995(9) – 2.020(9) Å. The coordination environment
of the Cu(2) site is similar to that of Cu(1), but the api-
cal oxygen position is occupied by a water molecule
with a Cu(2)−O(1W) bond length of 2.272(8)
and Cu(2)−N distances varying from 2.008(9) to
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Cu(1)–N(2) 1.995(9) Cu(2)–N(9) 2.008(9)
Cu(1)–N(1) 1.997(10) Cu(2)–N(10) 2.020(9)
Cu(1)–N(6) 2.015(8) Cu(2)–N(13) 2.022(9)
Cu(1)–N(5) 2.020(9) Cu(2)–N(14) 2.024(10)
Cu(1)–O(1) 2.349(7) Cu(2)–O(1W) 2.272(8)
Cu(3)–N(17) 1.963(9) Cu(3)–N(18) 1.986(9)
Cu(3)–N(17)#1 1.963(9) Cu(3)–N(18)#1 1.986(9)
B(1)–O(37) 1.534(12) B(1)–O(39) 1.564(12)
B(1)–O(40) 1.545(13) B(1)–O(38) 1.567(12)
W(1)–O(1) 1.711(7) W(2)–O(2) 1.702(7)
W(3)–O(3) 1.703(7) W(4)–O(4) 1.693(7)
W(5)–O(5) 1.713(7) W(6)–O(6) 1.735(7)
W(7)–O(7) 1.701(8) W(8)–O(8) 1.690(7)
W(9)–O(9) 1.702(7) W(10)–O(10) 1.719(7)
W(11)–O(11) 1.699(8) W(12)–O(12) 1.706(7)
N(2)–Cu(1)–N(1) 81.7(4) N(6)–Cu(1)–N(5) 83.3(4)
N(2)–Cu(1)–N(6) 162.7(4) N(2)–Cu(1)–O(1) 114.9(4)
N(1)–Cu(1)–N(6) 98.0(4) N(1)–Cu(1)–O(1) 93.6(4)
N(2)–Cu(1)–N(5) 96.6(4) N(6)–Cu(1)–O(1) 82.3(3)
N(1)–Cu(1)–N(5) 177.9(4) N(5)–Cu(1)–O(1) 88.2(3)
N(9)–Cu(2)–N(10) 81.8(4) N(13)–Cu(2)–N(14) 82.0(4)
N(9)–Cu(2)–N(13) 168.6(4) N(9)–Cu(2)–O(1W) 95.7(3)
N(10)–Cu(2)–N(13) 97.7(4) N(10)–Cu(2)–O(1W) 100.9(4)
N(9)–Cu(2)–N(14) 95.8(4) N(13)–Cu(2)–O(1W) 95.5(4)
N(10)–Cu(2)–N(14) 166.4(4) N(14)–Cu(2)–O(1W) 92.7(4)
N(17)–Cu(3)–N(17)#1 180 N(17)–Cu(3)–N(18)#1 97.2(4)
N(17)–Cu(3)–N(18) 82.8(4) N(17)#1–Cu(3)–N(18)#1 82.8(4)
N(17)#1–Cu(3)–N(18) 97.2(4) N(18)–Cu(3)–N(18)#1 180
O(37)–B(1)–O(40) 110.5(8) O(37)–B(1)–O(38) 111.6(7)
O(37)–B(1)–O(39) 109.3(8) O(40)–B(1)–O(38) 109.1(8)
O(40)–B(1)–O(39) 109.2(7) O(39)–B(1)–O(38) 107.1(7)

a Symmetry transformations used to generate equivalent atoms: #1 −x+1, −y+1, −z.

Table 2. Selected bond lengths (Å)
and angles (deg) of 1a.

Fig. 1. Unit of 1 showing the atom-numbering scheme
adopted. Displacement ellipsoids are drawn at the 30% prob-
ability level. The discrete water molecules, hydrogen atoms
attached to carbon and nitrogen atoms are omitted for clarity.

2.024(10) Å. The Cu(3) site is square planar with four
N atoms from two BIIM ligands with Cu(3)−N dis-
tances 1.963(9) – 1.986(9) Å. The [BW12O40]5−

anion has the following distances: W–Ot,
1.690(7) – 1.735(7) Å, W-Ob,c 1.858(8) – 1.958(7) Å
and W–Oa 2.290(7) – 2.429(6) Å. For the BO4
tetrahedron, the B–O distances are in the range of
1.534(12) – 1.567(12) Å with an average length of
1.522 Å, while the O–B–O angles vary from 107.1(7)
to 111.6(7)◦. Compared to the Cu(2)N4O square
pyramid, it is clear that the Cu(1)N4O square pyramid
is distinctly elongated along the Cu–O–W axis due to
the O(1)–W bridge. Additionally, WO6 octahedra and
BO4 tetrahedra are slightly distorted, affected by the
[Cu(BIIM)2]2+ cations.

The BIIM ligand also interacts with the
[BW12O40]5− anion via hydrogen bonds. For the
[Cu(1)(BIIM)2]2+ ion at (x, y, z), N(3)–H and N(4)–H
as donors link to O(13) (−x,−y+1,−z+1) and O(16)
(−x,−y+1,−z+1), and N(7)–H and N(8)–H interact
with O(3W) (x, y, z) and O(2) (−x + 1, −y, 1− z),



1222 L.-H. Wei et al. · An α-Keggin-based Organic-Inorganic Hybrid

Fig. 2 (color online). Hirshfeld surface: (a) dnorm and (b) shape index for 1.

respectively. For the [Cu(2)(BIIM)2(H2O)]2+ ion at (x,
y, z), N(11)–H and N(12)–H contact O(25) (x, y + 1,
z) and O(30) (x, y+1, z), and N(15)–H and N(16)–H
interact with O(6) (−x + 1, −y, −z) and O(2W) (x, y,
z). For the [Cu(3)(BIIM)2]2+ ion at (x, y, z), N(19)–H
and N(20)–H join O(26) (x, y + 1, z) and O(27) (x,
y+1, z). The components are thus linked by hydrogen
bonds into a three-dimensional framework. There are
also W–O···π interaction between the terminal oxygen
atoms of the [BW12O40]5− anion and the imidazole
ring, like for O(4) and the N(10) imidazole ring at
(x− 1, y− 1, z) with a distance of 3.127(9) Å from
O(4) to the ring centroid.

Hirshfeld surface analysis

Hirshfeld surfaces combing fingerprint plots gener-
ated by the CRYSTALEXPLORER 2.1 software [31] can
identify the types and regions of intermolecular inter-
actions and the proportion of this interaction to the total
Hirshfeld surfaces area. Molecular Hirshfeld surfaces
in crystal structures are constructed from the electron
distribution. The normalized contact distances (dnorm)
based on both de, di and the vdW radii of the atom are
listed in Eq. 1. The 2D fingerprint plot is the combina-
tion of de and di [32, 33].

dnorm =
(

di− rvdW
i

)
/rvdW

i +
(

de− rvdW
e

)
/rvdW

e (1)

Hirshfeld surfaces for 1 have been mapped over dnorm
and the shape index (Fig. 2), respectively. The inter-
actions between polyoxometalate oxygen and H atoms

bonded to N atoms are shown as deep-red areas in the
Hirshfeld surfaces. Pale-red areas on the surface corre-
spond to weaker and longer contacts than hydrogen-
bonding interactions. Visible spots are attributed to
H···H contacts. Obviously, a Hirshfeld surface can
fully reflect the hydrogen bonding information listed
in Table 3. The intermolecular N–H···O (polyoxomet-
alate and water) interactions with 56.7% contribu-
tion to the total Hirshfeld surface appear as two dis-
tinct spikes in the 2D fingerprint plots (Fig. 3a, b).
The lower spike is attributed to O atoms interact-
ing with H atoms bonded to nitrogen atoms, the up-
per spike being N–H atoms interacting with O atoms.
O···C/C···O contacts constitute 3.9% (Fig. 3d) of the
total Hirshfeld surface attributing to W–O···C interac-
tions, in which W–O(terminal oxygen)···π(imidazole
ring) appears in the fingerprint plots in a typical
style. The scattered points spread up to di = de =
1.0 Å correspond to H···H interactions in the fin-
gerprint plots (Fig. 3c). Obviously, there are no C–
H···π interactions because there are no pairs of typi-
cal ‘wings’ at the top left and bottom right of the two-
dimensional fingerprint plot. Moreover, π–π stacking
interactions are not observed because the adjacent red
and blue triangles do not appear in the shape index
surface.

IR and UV spectra

The IR spectrum exhibits absorption peaks at
1425 – 1620 cm−1 which are associated with the BIIM
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Fig. 3 (color online). Fingerprint plots: (a) full and involving (b) H···O/O···H, (c) H···H, and (d) O···C/C···O contacts showing
the proportion of contacts contributing to the total Hirshfeld surface area of 1.

D–H···A d(D–H) d(H···A) d(D···A) ∠DHA
N(3)–H(3A)···O(13)#2 0.86 2.16 2.995(12) 163.3
N(4)–H(4A)···O(16)#2 0.86 1.93 2.757(11) 161.3
N(7)–H(7A)···O(3W) 0.86 1.99 2.779(14) 152.3
N(8)–H(8A)···O(2)#3 0.86 2.16 2.846(12) 136.0
N(11)–H(11A)···O(25)#4 0.86 2.22 2.982(13) 147.4
N(12)–H(12A)···O(30)#4 0.86 2.00 2.813(11) 157.8
N(15)–H(15A)···O(6)#5 0.86 2.10 2.916(12) 157.3
N(16)–H(16A)···O(2W) 0.86 2.17 2.858(13) 137.3
N(19)–H(19A)···O(26)#4 0.86 1.85 2.649(11) 166.3
N(20)–H(20A)···O(27)#4 0.86 2.05 2.889(11) 165.2

a Symmetry codes: #2 −x, −y+1, −z+1; #3 −x+1, −y, −z+1; #4 x, y+1, z; #5 −x+1, −y,
−z.

Table 3. Hydrogen bond lengths (Å)
and angles (deg) of 1a.
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ligands. The band at 1000 cm−1 is characteristic of
B–O stretching vibrations. The peak at 953 cm−1

corresponds to v(W–Ot), and those at 906, 823,
755 cm−1 are attributed to v(W–O–W). Compared
with the IR spectrum of the parent α-Keggin cluster
H5[BW12O40] [25], the characteristic vibrational fre-
quencies for the compound have slightly shifted, af-
fected mainly by the surrounding cations. The UV
spectrum of 1 exhibits one intense absorption peak

at 260 nm, which corresponds to the Ob,c→W charge
transition. The Ot→W charge-transfer absorption band
has disappeared because of the coordination men-
tioned above. This is characteristic of the Keggin-type
polyanion.
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