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The sandwich-type complex Na(Hy0)q(CoHcO3N);[Nay(H20)7(CeH6O3N) ]2 [(Na(H0)7)3-
(Cu(H,0))3(BiWg033),]-14H,0 (1) (CgH;6O3NT = protonated triethanolamine) has been syn-
thesized and structurally characterized by single-crystal X-ray diffraction, IR spectroscopy
and TG analysis. The basic framework of 1 is built from a sandwich-type [(Na(H;0);)3-
(Cu(H,0))3(BiWg033)2]°~ anion, two [Nag(H20)7(C6H1(,O3N)]3+ cations, a free Na(H,O0)¢™
cation, and two free CgHjgO3NT units. In compound 1, the [(Na(H,0))3(Cu(H,0))s-
(BiW9033)2]9* anion links two bi-nuclear units [N212(H20)7(C6H1603N)]3Jr to form a [Nap-
(H20)7(C6H16O3N)]2[(Na(H20)2)3(Cu(HQO))3(BiW9O33)2]3’ cluster, and a new 3D supramolec-
ular structure is further constructed by hydrogen bonding interactions among this cluster, the free
Na(H,0)g ™ cation, and the free C¢H;4O3N™ cations. Crystal data: CuzNagBi; W1gCr4Hj 500121 Ny,
monoclinic, C2/c, a = 14.5668(13), b = 23.0405(13), ¢ = 37.412(2) A, B =91.569(10)°, Z = 4.
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Introduction

Polyoxometalates (POMs) [1-5], as one kind of
significant metal oxide clusters with nanosizes and
abundant topologies, have recently been employed as
inorganic building blocks for 1D, 2D, or even 3D ex-
tended solid frameworks. Parallel to the rapid progress
of POMs, particular attention has been devoted to fam-
ilies of transition metal-substituted POMs because of
their highly tunable nature, coupled with their fascinat-
ing properties which lead to potential applications in
catalysis [6, 7], magnetism [8 — 11], and medicine [12 —
14]. Among these, the sandwich-type species based
on tri-vacant Keggin moieties probably represent the
largest subunit owing to their defining of a planar mini-
surface.

Since the first sandwich-type polyanion [Cos-
(H>0)>(a-B-PW¢034),]'%~ was found by Weakley et
al.in 1973 [15], many sandwich-type compounds have
been synthesized. In addition, many investigations
focused on tri-vacant tungstophosphate, -silicate,
and -arsenate fragments. Up to now, the research
for the analogs containing the subvalent main group
atoms Bi'l or Sb! as heteroatoms has been scarce.
Known examples for such compounds with tungsto-
bismutate include [(CHj3)4N]¢[H3BiW3O¢0] [16],

[(Mn'{(H,0)3)2(W01)2(BiW9033)2]'%~ [17], Naj,-
[(Cu(H20))3(BiW9O33)2] - 29H,O [18], [BixWoo-
M;070(H20)6] ™72~ (M = Co'l, Zn", Fe') [19],
Ki11H[(BiW¢O33)3Bis(OH)3(H20)3V4019] - 25H0
201, [M""3(H20):(BiWgO33)2] 183~ Mt =
(VO)!, x=0 and M"" = Cr!l, Mn!!, Fe!ll, Co!l, Nill,
Cu'l, x=3) [21], (NH4)14Nas[(Np3sW4015)(H,0)3-
(BiWg0O33)3] - 62H2O [22], K;Nag(NHy)s[(VO)2-
(BiWg0O33)2] - 41H20 [23], K2[(VO)3(BiWgO33)3]
- 29H,0 [24], etc. [25-29]. However, organic li-
gand-modified tungstobismutates are rare, and only
imidazole- or imidazole derivative-based polyanions
were reported to date [30—33].

In this paper, we chose triethanolamine as the
organic ligand to modify the tungstobismutate compo-
nent and obtained a novel sandwich-type compound
Na(H>0)6(CsH1603N)2[Nay(H20)7(CeH1603N) 2~
[(Na(H20)2)3(Cu(H20))3(BiWyO33)2]- 14H,0 (1).

Results and Discussion

Structure description

In compound 1, the sandwich-type polyoxoanion
[(Na(H20)2)3(CU(HQO))3(BiW9O33)2]97 consists of
two tri-vacant [@-B-BiWg033]°~ moieties linked by
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A
Fig. 1. (A) View of the [(Na(H20);2)3(Cu(Hy0))3-
(BiW9033)21°~ polyanion, (B) view of the [Nap(H,O)7-
(C6H1603N)]2[(Na(H;0)2)3(Cu(H,0))3(BiWg033),1°~
polyanion in the crystal structure of 1. Bi, sky blue; Na, olive
green; O, red; N, blue; C, gray (color online).

Fig. 2. A schematic illustration of the 1D chain of com-
pound 1. The hydrogen bonds are labeled by light-purple
dashed lines. Bi, sky blue; Na, olive green; O, red; N, blue;
C, gray (color online).

Fig. 3. View of the 2D layer of compound 1.

an alternating arrangement of three Cu?t and three
Na' ions (Fig. 1A). Three Na® ions and three
Cu?" ions are alternatingly linked to each other
to form a six-membered ring, and these six atoms
basically lie in the same plane. Each of the three
equivalent Cu?* ions exhibits a square-pyramidal
coordination geometry defined by four O atoms

Fig. 4. Schematic illustration of the 3D framework of com-
pound 1: (A) the extended structure viewed along the crys-
tallographic a axis, (B) the extended structure viewed along
the b axis.

from two tri-vacant [@-B-BiWgO33]°~ subunits
and one water molecule. The Cu—O bond lengths
are in the range of 1.926(7)-2.223(8) A. A [Nap-
(H20)7(C¢H1603N) I2[(Na(H20)2)3(Cu(H20))3(Bi-
Wy033)2]3~ polyanion (Fig. 1B) is formed by a
[(Na(H,0),)3(Cu(H,0))3(BiWy033)2]1°~ anion con-
nected with two [Nay(H,0)7(C¢Hi603N)PT  units.
In the [Nay(H,0)7(CeH 603N)* unit, there are two
crystallographically unique Na atoms. One Na atom
adopts a distorted octahedral geometry, being coor-
dinated by six water molecules, and the octahedron
of the other Na atom is defined by one O atom of
[0-B-BiWy0131°~, one O atom of a triethanolamine,
and four of water molecules.

Fig. 2 shows that adjacent [Nay(H,0)7(CeHjs-
03N)2[(Na(H,0),)3 (Cu(H,0))3(BiW9033)21>~ an-
ions are connected via hydrogen bonds formed by
O atoms of coordinated water molecules and tri-
ethanolamine of [Nay(H,0)7(CeH;603N)1?t  units
and of the terminal and bridging O atoms of the [¢-
B-BiWy033]°~ anions. 1D chains are formed by these
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Table 1. Details of data collection and structure refinement

for compound 1.

Formula CU3NagBi2W13C24H1500121N4
M, 6533.28

Crystal size, mm? 0.21x0.16 x0.12
Crystal system monoclinic

Space group C2/c

a, A 14.5668(13)

b, A 23.0405(13)

¢, A 37.412(2)

B, deg 91.569(1)

v, A3 12551.70(15)

z 4

Dealed> g™ 3.457

F(000), e 11852

Absorption coefficient, mm™~! 19.86

hkl range

—15<h <17, =26 <k <27,

—44<1<42
0 range, deg 1.65-25.00
Reflections coll./unique/R;y; 31786/11056/0.042
Data/restraints/parameters 11056/24/802
R1/wR2[I >20(I)] 0.034 /0.069
R1/wR2 (all data) 0.047/0.072

GoF (F?) 1.06
Largest diff. peak/hole, e A—3 1.25/-2.57

hydrogen bonds among different [Nay(H0)7(Ce-
Hi603N)]2[(Na(H20),)3(Cu(H20))3(BiWg033)2]°
anions (Fig. 2).

In compound 1, there are also some Na atoms
which are coordinated by six water molecules with
octahedral coordination geometry. The Na(H,O)¢"
cations link the 1D chains by hydrogen bonds to
form a 2D supramolecular structure (Fig. 3). Finally,
a 3D extended framework is formed by hydrogen
bonds among the different layers (Fig. 4). Acting as
space-filling units, the free protonated triethanolamine
molecules are intercalated in the interlayer voids via
hydrogen bonds.

IR spectrum of compound 1

The IR spectrum of compound 1 has strong bands
at 953, 841, and 758 cm~! due to the characteris-
tic absorption of V(W-0q), V(W-0y), and v(W-0O),
respectively. Bands at 3430, 2920, 2860, 1620,
and 1410 cm™! are attributed to the triethanolamine
molecules.

Thermal analysis

The TG curve of compound 1 can be divided
into five stages. The first two steps in the range
of 29—145 °C are ascribed to the loss of crystal wa-
ter molecules, coordinated water molecules bound to
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Table 2. Selected bond lengths (A) and angles (deg) for com-
pound 12,
Cu(1)-0(1) 1.926(7) Na(2)-O(10) 2.880(7)
Cu(1)-0(19) 1.977(6) Na(2)-0O(3) 2.848(7)
Cu(1)-0(45) 2.187(10) Na(3)-0(21) 2.391(8)
Cu(2)-0(18) 1.931(6) Na(3)-O(46) 2.407(10)
Cu(2)-0(33) 1.944(6) Na(3)-O(44) 2.430(9)
Cu(2)-0(25) 1.953(7) Na(3)-O(43) 2.467(9)
Cu(2)-0(28) 1.964(7) Na(3)-O(42) 2.646(10)
Cu(2)-0(40) 2.223(8) Na(3)-0(37) 2.348(12)
Na(1)-0(41) 2.410(9) Na(4)-O(43) 2.463(9)
Na(1)-0(25) 2.441(7) Na(4)-O(46) 2.395(8)
Na(1)-0(18) 2.473(7) Na(4)-0(47) 2.403(9)
Na(1)-O(24) 2.868(7) Na(4)-O(48) 2.408(9)
Na(2)-0(39) 2.364(8) Na(4)-0(49) 2.389(8)
Na(2)-0(28) 2.444(7) Na(4)-O(42) 2.385(9)
Na(2)-0(19) 2.462(8) Na(5)-0(35) 2.395(11)
Na(2)-0(1) 2.481(7) Na(5)-0(36) 2.407(9)
Na(2)-0(33) 2.484(7) Na(5)-0(34) 2.574(12)
Na(2)-0(38) 2.510(9)
0O(1)-Cu(1)-0(19) 87.4(3) 0(39)-Na(2)-0(1) 95.0(3)
O()*-Cu(1)-0(19)  90.2(3) O(21)-Na(3)-O(46) 93.6(3)
0O(1)-Cu(1)-0(45) 97.5(2) O(21)-Na(3)-0(42) 78.8(3)
0(45)-Cu(1)-0(19) 99.4(2) O(21)-Na(3)-0(37) 86.3(4)
0(18)-Cu(2)-0(28) 88.3(3) O(21)-Na(3)-0(44)  110.8(3)
0(28)-Cu(2)-0(33)*1  89.1(3) 0(46)-Na(3)-0(42) 78.7(3)
0(33)*1-Cu(2)-0(25)*! 87.3(3) 0(42)-Na(3)-0(37)  110.1(4)
025" -Cu(2)-0(18)  90.2(3) 0(43)-Na(3)-0(37)  105.2(4)
0(33)"-Cu(2)-0(40)  96.0(3) 0(43)-Na(3)-0(42) 73.9(3)
0(25)"1-Cu(2)-0(40)  98.0(3) O(49)-Na(4)-O(48) 89.8(3)
0(28)-Cu(2)-0(40)  101.5(3) O(47)-Na(4)-O(48) 87.3(3)
0(18)-Cu(2)-0(40) 98.8(3) O(46)-Na(4)-0(48)  100.5(3)
0(25)-Na(1)-0(18) 76.7(2) O(42)-Na(4)-O(43) 78.7(3)
0(18)-Na(1)-0(24) 59.8(2) O(49)-Na(4)-0(43)  164.8(3)
0(24)-Na(1)-O(41) 84.5(2) O(47)-Na(4)-0(43)  103.9(3)
0(41)-Na(1)-O@41)#  94.1(4) O(46)-Na(4)-O(43) 79.2(3)
0(41)-Na(1)-O(25) 86.0(2) O(48)-Na(4)-0(43) 94.5(3)
0@1D*-Na(1)-0(18)  84.9(3) O(35)-Na(5)-0(36) 87.8(4)
041" -Na(1)-0(24)  86.9(2) 0(35)"-Na(5)-0(36)  92.2(4)
0(1)-Na(2)-0(28) 76.5(2) O(35)-Na(5)-0(34)*  80.6(4)

90.4(3) 0O(35)%-Na(5)-0(34)” 99.4(4)
74.7(2) O(36)-Na(5)-0(34)*2  100.8(3)
0(38)-Na(2)-0(39) 90.6(3) 0(36)-Na(5)-0(34) 79.2(3)
0(39)-Na(2)-0(19)*1  90.3(3)

2 Symmetry transformations used to generate equivalent atoms:
oy, —z—1/2,% —x—3/2, —y+1/2, —z.

0(3)-Na(2)-0(39)
0(33)*1-Na(2)-0(19)*!

Na atoms, and interstitial triethanolamine molecules.
The observed weight loss (10.67 %) is in agreement
with the calculated value (10.08 %). The final three
continuous steps occurring in the range 170-584 °C
are due to the loss of more strongly coordinated
water molecules and the coordinated triethanolamine
molecules of the anions (20.70 % observed, 21.01 %
calcd.).

In summary, a new 3D supramolecular structure 1
has been synthesized under moderate conditions. It is
the first inorganic-organic hybrid material which was
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constructed by modifying tungstobismutate with the
organic ligand triethanolamine.

Experimental Section
General methods and materials

All reagents were purchased commercially and used with-
out further purification. Deionized water was used for the
synthesis of the target compound. The infrared spectrum was
recorded on a Nicolet 170SX FT-IR spectrophotometer with
a KBr pellet in the 4000—400 cm™! region. TG analysis
was performed on a Netzsch STA 449C microanalyzer in an
atmosphere of nitrogen with a heating rate of 10 °C min~—!
from 25 to 800 °C.

Synthesis

Na(H>0)6(CsH 603N )2[Naz(H20)7(CsH 1603N) ] -
[(Na(H20),)3(Cu(H20))3(BiWg033),]-14H>0 (1)

In a typical preparation, 1.65 g (5 mmol) of
NapWO4-2H,O was dissolved in 50 mL of deionized
water, and this solution was heated to 80 °C with stirring.
A solution of Bi(NO3)3-5H,O0 (0.243 g, 0.5 mmol) in
1 mL of 6 M HCI was added dropwise. If a light turbidity oc-
curred, addition was discontinued until the solution was clear
again before the next drop was added. Then CuCl,-2H;0
(0.171 g, 1 mmol) and triethanolamine (0.13 mL, 1 mmol)
were added in succession. The final pH of the mixture was
adjusted to 5.5, and the resulting solution was stirred and
heated at 80 °C for half an hour. After it had cooled to r.t.,
the mixture was filtered to remove insoluble solids, and
the filtrate was allowed to evaporate slowly. After a few
days, grass-green columnar single crystals suitable for X-ray
diffraction were isolated. CuzNagBi; W 3CoqH 500121 Ny4:

calcd. Cu 2.92, Na 2.82, Bi 6.40, W 50.65, C 4.41, H 2.31,
N 0.86; found Cu 3.32, Na 3.12, Bi 6.60, W 51.15, C 3.98,
H 1.85, N 0.52.

Crystal structure determination

Single crystal X-ray diffraction data for compound 1
were recorded on a Bruker Apex CCD diffractometer with
graphite-monochromatized MoKy, radiation (A = 0.71073 A)
at 296 K. Absorption correction was applied using a multi-
scan technique. The structure was solved by Direct Meth-
ods with SHELXS-97 [34] and refined by full-matrix least-
squares on F 2 (SHELXL-97 [35]). Some of the non-hydrogen
atoms were refined isotropically to avoid non-positive def-
inite displacement ellipsoids. Most of the hydrogen atoms
attached to carbon atoms were fixed in ideal positions. Like-
wise, the hydrogen atoms attached to water molecules could
not be located in difference Fourier maps. For that reason no
information regarding hydrogen bonds involving the water
molecules can be given. Additional details of data collection
and structure refinement are listed in Table 1. Selected bond
lengths and angles are listed in Table 2.

CCDC 691703 contains the supplementary crystallo-
graphic data for compound 1. They can be obtained free of
charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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