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Three new sandwich-type polyoxotungstates (POTs) decorated by nickel-2,2’-bpy complexes [{Ni(2,2’-
bpy)2(H20)}{Ni(2,2"-bpy)}2 {Nig(H20)s(B-0-XWg034)2}]"~ (X=P", n=4 for 1; X=As", n=4 for 2; X=Ge",
n=4 for 3) (2,2’-bpy=2,2’-bipyridine) were successfully synthesized under hydrothermal conditions and
structurally characterized by elemental analyses, IR spectroscopy, single-crystal X-ray diffraction, and
magnetic properties. Single-crystal structural analyses indicate that 1 and 2 are isostructural and both
crystallize in the monoclinic space group C2/c, whereas 3 belongs to the triclinic space group P1. To our
knowledge, 1, 2 and 3 represent rare examples of the organic-inorganic hybrid sandwich-type
polyoxometalates functionalized by multiple nickel-aromatic amine complexes. Magnetic measure-
ments of 1 exhibit the presence of ferromagnetic interactions within the rhombic tetranuclear-Ni"

© 2009 Elsevier Inc. All rights reserved.

1. Instruction

Currently, polyoxometalates (POMs) have been attracting
considerable attention because of their exciting and unexpected
structural variety combined with a multitude of potential
applications in analytical science, materials science, catalysis,
and medicine and in the emerging areas of bio- and nano-
technology [1-14]. In this field, an increasing research interest is
to functionalize and decorate inorganic POMs by means of various
organic ligands and/or transition-metal complexes (TMCs) to
prepare inorganic-organic composite POM materials with unique
structures and properties [15-20]. Thus, a large number of novel
POM-based inorganic-organic composite functional compounds
have been successfully obtained, which exhibit interesting
electrochemical and magnetic properties [21,22].

Sandwich-type polyoxotungstates (POTs) represent a large
subfamily of transition-metal substituted polyoxometalates
(TMSPs), which are often easily synthesized by the self-assembly
reaction of transition-metal (TM) ions with appropriate lacunary
POT precursors (such as [XWg034]"~ or [XoW;50s6]" 7). To date,
most of the obtained sandwich-type POTs are inorganic [23-32],
however, sandwich-type species decorated by organic groups or
TMCs are very rare [33-38]. Very recently, much more attention has
been focused on the reactions of lacunary polyoxoanions with
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organic groups or TMCs, because this route can result in (1) novel
sandwich-type POMs functionalized by organic substrates or TMCs;
(2) high-nuclear TM cluster sandwiched POM aggregates; (3) multi-
dimensional extended frameworks constructed from sandwich-type
POM units and TMCs. In 2006, our group, for the first time,
communicated a novel 1-D chain-like architecture built by Weakley
sandwich-type germanotungstates and Cu'en cation bridges [33].
In 2007, Yang's group reported a series of two-dimensional frame-
works constructed from tetra-TM sandwiched POTs with TM-
organic cation bridges [34,35]. Very recently, Wang et al. addressed
two extended structures consisting of sandwich-type POTs functio-
nalized by aliphatic amines [36]. These reported sandwich-type
POM-organic hybrids mostly were decorated by TM-aliphatic amine
complexes. In these sandwich-type hybrids, TM-aliphatic amine
complexes are incorporated in the sandwich belt, act as decorated
cations coordinating to the surface oxygen atoms of POM
matrixes, or function as bridges to construct multi-dimensional
extended frameworks. However, the investigation on sandwich-type
POTs decorated by TM-aromatic amine complexes is undeveloped.
Recently, we began to explore this domain, as expected, four
novel sandwich-type germanotungstates decorated by aromatic
amines or TM-aromatic amine complexes {[Cu(2,2’-bpy)]2[Cu(2,2’-
bpy)a]2[Cug(2,2'-bpy)a(B-0:-GeWg034)2 ]}, {[Cu(phen)]o[Cu(phen), o[-
Cug(phen)y(B-0-GeWg034)2]}, [C02(2,2'-bpy)2C04(H20)y(B-0- GeWy
034),]3~ and [{Mn(phen)},Mn4(H>0)5(B-0-GeWqy034 )]~ were iso-
lated [37,38]. As a part of our work, in this paper, we report three
new sandwich-type POTs decorated by Ni'-aromatic amine com-
plexes [Ni(2,2-bpy)>(H20)][{Ni(2,2'-bpy)o(H20)}{Ni(2,2'-bpy)}2{Nia
(H20)a(B-0-PWg034)2}] - 3H,0 (1), [Ni(2,2"-bpy)s][{Ni(2,2-bpy),
(H20)}2{Ni(2,2'-bpy)}2{Nig(H20)(B-0:-AsWgO34)2}] - 2.5H,0 (2),
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and [Ni(2,2-bpy)s]2[{Ni(2,2'-bpy)2(H20)}{Ni(2,2'-bpy)}2{Nis(H20),
(B-0-Ge-Wg034)2}] - 6H20 (3). To the best of our knowledge, 1-3
represent a rare family of sandwich-type POTs decorated by Ni'-
aromatic amine complexes in POM chemistry. The successful
syntheses of these POMs not only further testify that the
functionalization of sandwich-type POMs by aromatic amine ligands
is an effective strategy in preparing novel inorganic—-organic hybrid
TMSPs, but also enrich the structural diversity of sandwich-type
TMSPs. Furthermore, the preparations of 1— 3 provide the likelihood
to introduce other electron-delocalized aromatic ligands (such as
polycarboxylic ligands) to the system of sandwich-type POMs. We
believed that the expedited development of such hybrid sandwich-
type POMs constructed from high-nuclear metal cluster aggrega-
tions or their multi-dimensional POM derivatives decorated by
electron-delocalized aromatic ligands will be promoted greatly in
due time.

2. Experimental
2.1. Materials and methods

Na;,[P,W;5056]- 18H,0 precursors were prepared according to
previous literature [39] and confirmed by IR spectra. Other chemical
reagents were used as commercially purchased without further
purification. Elemental analyses (C, H and N) were performed using a
Perkin-Elmer 2400 Elemental Analyzer. Inductively coupled plasma
(ICP) analysis was performed on a Perkin-Elmer Optima 2000 ICP-OES
spectrometer. IR spectra were obtained on a sample powder
palletized with KBr on Nicolet AVATAR 360 FTIR spectrophotometer
over the range 4000-400cm~!. Variable temperature magnetic
susceptibilities were carried out with a Quantum Design MPMS-5
magnetometer. Experimental susceptibilities were corrected for
diamagnetism of the constituent atoms by use of Pascal’s constants.

2.2. Synthesis

2.2.1. Synthesis of [Ni(2,2’-bpy )2(H20)][{Ni(2,2'-
bpy )2(H20)}2{Ni(2,2'-bpy )} 2{Ni4(H20)2 (B-:-PW¢034)2}] - 3H20 (1)
A mixture of Na;pP;W;50s56-18H,0 (0.432¢g, 0.10 mmol),
NiSO4-6H,0 (0.158mL, 0.60mmol), BaCl,-2H,0 (0.125¢g,
0.50mmol), 2,2’-bipyridine (0.045g, 0.29 mmol) and water
(15mL) was stirred and its pH value was adjusted to 5.3 with
2M HCI. The resulting suspension was sealed in a 23 mL Teflon-
lined reactor and kept at 160 °C for four days. After cooling the
autoclave to room temperature over two days by a programmable
temperature-controlling instrument, green block single crystals of
1 were separated, washed with water and air-dried (32% yield
based on W element). Elemental analysis (%) calcd
CgngoN]sNi9P2W18076: C, 15.06; N, 3.51; H, 1.26; Ni, 8.28; P,
0.97; W, 51.86. Found: C, 14.96; N, 3.46; H, 1.27; Ni, 8.18; P, 1.00;
W, 52.24. IR (KBr pellet) (cm~'): 497(m), 597 (m), 668(s), 736(s),
770(s), 789(s), 897(s), 942(s), 970(s), 1049(s), 1159(m), 1107(m),
1383(m), 1440(s), 1474(s), 1628(m), 3437(w).

2.2.2. Synthesis of [Ni(2,2'-bpy)3][{Ni(2,2'-bpy )-(H>0)}2{Ni(2,2'-
bpy)}2{Nis(H20)2(B-0- AsWq034)5}] - 2.5H20 (2)

A mixture of NazAsO4-12H,0 (0.594¢g, 1.40mmol), Na,.
WO, - 2H,0 (4.288 g, 13.00 mmol), NiCl, - 6H,0 (0.259 g, 1.09 mmol),
Ni(CH5C0O0), - 6H,0 (0.285g, 1.00 mmol), 2,2’-bipyridine (0.30g,
1.92 mmol) and water (15 mL) was stirred for an hour at 90 °C and
its pH value was adjusted to 5.6 with 2M HCl. The resulting
suspension was sealed in a 23 mL Teflon-lined reactor and kept at
180 °C for six days. After cooling the autoclave to room temperature
over two days by a programmable temperature-controlling instru-

ment, green block single crystals of 2 were separated, washed with
distilled water and air-dried in 28% yield based on W element.
Elemental analysis (%) calcd for CooHgsN1gNigAs,W18074.50: C, 16.38;
N, 3.82; H, 1.30; Ni, 8.01; As, 2.27; W, 50.15. Found: C, 16.29; N,
3.78; H, 1.33; Ni, 7.94; Ge, 2.22; W, 50.68. IR (KBr pellet) (cm~1):
762(s), 780(s), 853(s), 902(s), 960(s), 1167(m), 1277(m), 1314(m),
1448(s), 1629(s), 3420 (w).

2.2.3. Synthesis of [Ni(2,2'-bpy )3]2[{Ni(2,2'-bpy )2(H>0)}»{Ni(2,2'-
bpy)}2{Nis(H20)5(B-0:-GeWg034)2}] - 6H20 (3)

A mixture of Na;WO4-2H,0 (0.595g, 1.80mmol), GeO,
(0.021g, 0.20mmol), NiSO4-6H,0 (0.105g, 0.40 mmol), 2,2'-
bipyridine (0.062g, 0.40 mmol) and water (15mL) was stirred
and the pH adjusted to 5.9 with 2 M HCL. The resulting suspension
was sealed in a 23 mL Teflon-lined reactor and kept at 160 °C for
eight days. After cooling the autoclave to room temperature over
two days by a programmable temperature-controlling instru-
ment, green block crystals of 3 were separated, washed with
water and air-dried (ca. 21% yield based on W element).
Elemental analysis (%) calcd for Cyz9H;16N24NijoGe;W1g075: C,
20.06; N, 4.68; H, 1.63; Ni, 8.17; Ge, 2.02; W, 46.07. Found: C,
20.09; N, 4.66; H, 1.67; Ni, 8.18; Ge, 1.97; W, 46.54. IR (KBr pellet)
(cm™1): 703(s), 779(s), 832(s), 865(m), 881(s), 935(s), 1154(m),
1393(m), 1443(s), 1635(s), 3429 (w).

2.3. X-ray structure determination

A crystal with dimensions 0.18 x 0.12 x 0.10mm> for 1
0.13 x0.12 x 0.10mm?> for 2 and 0.20 x 0.15 x 0.12mm?> for 3,
was stuck on a glass fiber and intensity data were collected at
296K on a Bruker Smart APEX II CCD diffractometer with
graphite-monochromated Mo-Ko. radiation (1=0.71073A). Rou-
tine Lorentz polarization and Multi-scan absorption correction
were applied to intensity data. Their structures were determined
and the heavy atoms were found by direct methods using the
SHELXTL-97 program package [40,41]. The remaining atoms were
found from successive full-matrix least-squares refinements on F?
and Fourier syntheses. No hydrogen atoms associated with water
molecules were located from the difference Fourier maps.
Positions of the hydrogen atoms attached to carbon and nitrogen
atoms were geometrically placed. All hydrogen atoms were
refined isotropically as a riding mode using the default SHELXTL
parameters. For 1, of 19773 reflections, 10900 unique reflections
(Rine=0.0754) were considered observed [I > 2¢(I)]. The final
cycle of refinement including atomic coordinates and the
anisotropic thermal parameters converged to R;=0.0482 and
WR,=0.1164 [I > 20(I)]. For 2, of 32910 reflections, 11 624unique
reflections (Rj,:=0.0344) were considered observed [I > 2a(I)].
The final cycle of refinement including atomic coordinates and the
anisotropic thermal parameters converged to R;=0.0294 and
WR,=0.0689 [I > 20(I)]. For 3, of 27515 reflections, 13135
unique reflections (Ri,;=0.2101) were considered observed [I >
20(I)]. The final cycle of refinement including atomic coordinates
and the anisotropic thermal parameters converged to R;=0.0653
and wWR,=0.1336 [I > 20(I)]. Crystallographic data and structure
refinements for 1—3 are summarized in Table 1. Selected bond
lengths for 1—3 are given in Table 2.

3. Results and discussion
3.1. Synthesis

1, 2 and 3 were all synthesized under hydrothermal conditions
(Table 3). 1 was synthesized by reaction of trilacunary
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Table 1
The crystallographic data and structure refinements of 1-3.

1 2 3
empirical CgoHgoN16Nig CgoHgsN1gNig Ci20H116N24Niqo
formula P,W18076 Asy;W18074.50 GeaWig073
fw 6381.23 6598.29 7183.95
cryst system monoclinic monoclinic triclinic
space group C2/c C2/c P1
a (A) 29.462(6) 29.500(3) 15.6436(13)
b (A) 24.713(5) 24.804(2) 17.0693(14)
c(A) 18.087(4) 18.1476(16) 19.0695(16)
o (deg) 63.6470(10)
B (deg) 94.17(3) 94.3390(10) 72.6590(10)
y (deg) 66.2240(10)
vol (A%) 13134(5) 13241(2) 4131.3(6)
V4 4 4 1
Temp (K) 296(2) 296(2) 296(2)
dearea (gcm™3) 3.227 3.310 2.888
abs coeff (mm~') 17.070 17.408 14.032
index range —35<h<34 —-34<h<34 —-18<h<18
—29<k<29 -25<k<29 —-20<k<19
0<i<21 -21<i<21 —-22<1<22
measured reflns 19773 32910 27515
unique reflns 10900 11624 13135
Rint 0.0754 0.0344 0.2101
wavelength (A) 0.71073 0.71073 0.71073
crystal size (mm®) 0.18x0.12x0.10 0.13x0.12x0.10 0.20 x 0.15 x 0.12
GOF on F? 1.032 1.015 1.009
R [I > 2a(D)] 0.0482 0.0294 0.0653
WR. [I > 20(I)] 0.1105 0.0658 0.1244
R, (all data) 0.0618 0.0400 0.0838
WR,P (all data) 0.1164 0.0689 0.1336

? Ry = Y IIFo| — |Fcll/ 32 |Fol.

® WRy = [ w(F; — F2)/ SSw(Fg)*1 %
w=1/[62(F2)+(xP)* +yp], p = (F2+2F2)/3 , where x=0.0563, y=359.4996 for 1,
x=0.0281, y=103.5251 for 2 and x =0.0121, y=0 for 3.

Dawson-type precursor [PoW;5056]'>~ with the NiSO,4-6H,0
in the presence of 2,2’-bpy under hydrothermal conditions.
Interestingly, the Keggin-type fragments are observed in 1,
indicating that the following transformation must have taken
place in the formation of 1: [PaW;5056]'2~ = [B--PWg034]° . As
a result, the polyoxoanion [P;W;50s56]'2~ is metastable in the
course of the hydrothermal reaction and undergoes a disassembly
and reassembly course at the certain pH value (5.3). In contrast, 2
and 3 were isolated without using any POM precursors, but
directly by employing the initial oxides or salts including their
component elements and aromatic amine ligands. If NiSO4 - 6H,0
was replaced by CuCl, - 2H,0 in the synthesis of 3, a novel hexa-
Cu sandwiched tungstogermanate {[Cu(2,2’-bpy)]>[Cu(2,2’-
bpy)2]2[Cug(2,2’-bpy),  (B-2-GeWg034)2]} [37] was afforded,
which is decorated by four [Cu(2,2’-bpy),]*>* coordination
cations, and notice that the most striking structural feature is
that two peripheral Cu atoms on the {Cug} cluster were also
functionalized by two 2,2’-bpy ligands. When 2,2’-bpy ligand was
replaced by phen, an isostructural tungstogermanate was
obtained [37]. In our case, parallel experiments reveal that
initial TM reactants have a great influence on the crystallization
phases and the structural types of products. For example, in the
preparation of 3, when the initial reactant NiSO4-6H,0 was
replaced by CoSO,-7H,0 and 1,6-hexamethylenediamine was
introduced to the reaction system at 160 °C, another hexa-cobalt
sandwiched tungstogermanate (CgN>H1g)3Ha [{Co(2,2'-bpy)}2Co4
(H20)2(0-GeWg034),] - 4H,0 was isolated [38], in which the
two peripheral Co atoms on the {Cog} cluster are chelated by
two 2,2’-bpy ligands and protonated 1,6-hexamethylenediamine
components only act as countercations due to the case that it is
very difficult for such long carbon chain amines to chelate nickel

Table 2
Selected bond length (A) for 1-3.

1
)-0(31) 1.556(5) P(1)-0(32) 1.552(6)
P(1)-0(33) 1.532(6) P(1)-0(34) 1.549(6)
i(1)-0(12) 2.022(6) i(1)-0(20) 2.056(6)
i(1)-N(1") 2.036(7) i(1)-0(15) 2.184(6)
i(1)-N(1) 2.040(7) i(1)-0(14) 2.198(6)
i(2)-0(2) 2.035(7) i(2)-N(3") 2.067(9)
i(2)-N(3 ) 2.058(10) i(2)-N(2) 2.086(9)
i(2)-N(2’ 2.063(10) i(2)-0(1W) 2.124(7)
i(3)- 0(28) 1.983(6) i(3)-0(27) 2.064(6)
Ni(3)-0(25)#1 1.995(6) Ni(3)-0(34)#1 2.149(6)
i(3)-0(26)#1 2.050(6) Ni(3)-0(34) 2.150(5)
i(4)-0(29)#1 2.000(6) Ni(4)-0(2W) 2.078(6)
i(4)-0(30)#1 2.007(6) Ni(4)-0(27) 2.082(6)
i(4)-0(26) 2.060(5) Ni(5)-0(3W) 2.084(11)
i(5)-0(3W)#2 2.084(11) Ni(5)-N(4’) 2.133(11)
i(5)-N(4")#2 2.133(11) Ni(5)-N(4)#2 2.224(9)
i(5)-N(4) 2.224(9) Ni(4)-0(34)#1 2.191(6)
1
2
s(1)-0(31) 1.678(5) As(1)-0(32) 1.692(6)
As(1)-0(33) 1.671(5) As(1)-0(34) 1.680(5)
Ni(1)-0(25)#1 1.985(5) Ni(1)-0(27) 2.106(5)
i(1)-0(28) 2.005(5) Ni(1)-0(34)#1 2.123(5)
1
(1)-0(26)#1 2.084(5) Ni(1)-0(34) 2.127(5)
(2)-0(29)#1 2.023(6) Ni(2)-0(27) 2.082(5)
Ni(2)-0(30)#1 2.029(5) Ni(2)-0(26) 2.083(5)
(2)-0(1W) 2.055(6) Ni(2)-0(34)#1 2.144(5)
1
Ni(3)-N(1") 2.020(7) Ni(3)-N(1) 2.065(7)
Ni(3)-0(10) 2.033(5) Ni(3)-0(14) 2.158(6)
Ni(3)-0(20) 2.061(5) Ni(3)-0(15) 2.193(5)
Ni(4)-0(7) 2.039(5) Ni(4)-N(3) 2.087(10)
Ni(4)-N(2") 2.049(8) Ni(4)-N(2) 2.090(9)
Ni(4)-N(3") 2.076(8) Ni(5)-N(4) 1.99(4)
Ni(5)-N(4’) 2.0000(10) Ni(5)-N(5)#2 2.05(4)
Ni(5)-N(5) 2.07(4) Ni(5)-N(4)#2 2.16(4)
Ni(5)-N(4")#2 2.26(2) Ni(4)-0(2W) 2.134(7)
3
Ge(1)-0(31) 1.761(9) Ge(1)-0(32) 1.759(9)
Ge(l) 0(33) 1.797(9) Ge(1)-0(34) 1.728(9)
Ni(1)-0(20) 2.028(9) Ni(1)-N(1") 2.080(13)
Ni(1)-N(1) 2.035(13) Ni(1)-0(14) 2.175(9)
Ni(1)-0(12) 2.053(10) Ni(1)-0(15) 2.194(10)
Ni(2)-0(2) 2.015(10) Ni(2)-N(2’) 2.091(14)
Ni(2)-N(3) 2.049(13) Ni(2)-N(3") 2.100(16)
Ni(2)-N(2) 2.055(15) Ni(2)-0(1W) 2.114(11)
Ni(3)-0(25) 2.013(9) Ni(3)-0(34)#1 2.072(9)
1
Ni(3)-0(28) 2.042(9) Ni(3)-0(26) 2.118(10)
Ni(3)-0(34) 2.058(8) Ni(3)-0(27)#1 2.147(11)
1
Ni(4)-0(29) 2.046(8) Ni(4)-0(27) 2.068(9)
Ni(4)-0(30) 2.054(9) Ni(4)-0(2W) 2.088(12)
Ni(4)-0(34)#1 2.064(10) Ni(4)-0(26) 2.096(9)
Ni(5)-N(4) 2.104(16) Ni(5)-N(4’) 2.099(15)
Ni(5)-N(5) 2.065(13) Ni(5)-N(5") 2.094(17)
Ni(5)-N(6) 2.075(17) Ni(5)-N(6") 2.097(14)

Symmetry transformations used to generate equivalent atoms: (1); #1-x+1/2, -
y+1/2, -z; #2-x+1, =y, —=z+1 (2)#1-x+1/2, -y-1/2, -z; #2-x, -y, -z+1; (3)}#1-x+3,
-y+1, —-z+1.

ions. It should be noted that these structural motifs are evidently
different from those previously reported 2-D sandwich-type POTs,
where 2-D extended (4,4)-topological networks are constructed
by tetra-Ni-substituted sandwich-type POMs and Ni"-aliphatic
amine bridges [34]. The main reason may be that flexible aliphatic
amine ligands prefer to coordinate to TM ions and the resulting
TM-aliphatic amine ions are easy to act as bridges to construct
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Table 3

Summary of synthetic conditions and related compounds in the preparations of 1—3.

Initial reactants (molar ratio) Temperature  Phases
(°0)
Na;,P,W150s56 - 18H,0/NiSO, - 6H,0/BaCl,/2,2'-bpy/H,0=0.1/0.6/0.5/0.29/833 160 1
Na,WOy, - 2H,0/GeO,/CuCl, - 2H,0/2,2'-bpy/H,0=1.9/1.15/0.3/0.32/833 180 {[Cu(2,2’-bpy)]>[Cu(2,2’-bpy)2]2[Cues(2,2'-bpy )o(B-ar-

Na;WO0O, - 2H,0/Ge0,/CoS0O,4 - 7H,0/1,6-hexamethylenediamine/2,2’-bpy/H,0=1.8/0.2/ 160

0.4/0.4/0.4/833

KgNay[A-0-GeWg034] - 25H,0/NiCl; - 6H,0/1,2-diaminopropane(dap)/H,0=0.08/1.0/2.945 100

|444

GeWy0s34)p]}[11a]
(CeN2H8)3Ha[{Co(2,2'-bpy)}2Co4(H20)a( -
GeWy034)2] - 4H,0[11b]
{INi(dap)>(H,0)]>[Ni(dap);]>[Nig(Hdap)(e-B-
HGeWy034),]} - 6H,0[9a]

NayWO, - 2H,0/Na3AsO, - 12H,0/NiCl, - 6H,0/Ni(CH5C00), - 6H,0/2,2'-bpy/H,0=13/1.4/ 90 2

1.09/1.0/1.92/833
Na,WO0,. 2H,0/Ge0,/NiSO, - 6H,0/2,2'-bpy/H,0=1.8/0.2/0.4/0.4/833

Na;,P,W;5056 - 18H,0/NiCl, - 6H,0/1,2-diaminopropane(dap)/H,0=0.05/0.395/1.178/278 120

160 3
{[Ni(dap)>(H20)]>[Ni(dap)]>[Nis(Hdap),(c-B-
HPW034)2]} - 4H20[9a]

Fig. 1. Combined polyhedral/ball-and-stick/wire representation of polyoxoanion
in 1. The atoms with “A” in their labels are symmetrically generated (A: 0.5-x,
0.5-y, -z). Hydrogen atoms were omitted for clarity. Color codes: Orange, PO4;
Turquiose, WOg. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

extended structures, whereas it is very difficult for TM-aromatic
amine ions to serve as bridges forming extended architectures
due to larger steric hindrance though rigid aromatic amines can
also bond to TM ions. Therefore, the systematic exploration on the
functionalization of TMSPs by aromatic N-containing ligands
remains a great challenge to us. The continuous work is in
progress.

3.2. Structural description

Single-crystal X-ray diffraction reveals that 1 and 2 crystallize
in the monoclinic space group C2/c, whereas 3 crystallizes in the
triclinic space group P1. Although the crystal systems and space
groups of 1-2 and 3 are different, their polyoxoanions {Ni(2,2’-
bpy)2(H20)}2{Ni(2,2"-bpy)}> {Nis(H20)2(B-0-XWe034)2}]"~ (X=P,
n=4 for 1; X=As", n=4 for 2; X=Ge'V, n=4 for 3) display the same
structural framework and are all composed of a well-known
sandwich-type entity [Nig(H20)2(B-0-XWg034):]"~ as well as
decorated two [Ni(2,2’-bipy)]** and two [Ni(2,2’-bpy)(H,0)]**
coordination cations (Fig. 1, S1, S2). Therefore, only the structure
of 1 is described in detail.

The structural unit of 1 consists of a tetra-supporting
polyoxoanion fragment [{Ni(2,2’- bpy)>(H>0)}{Ni(2,2’-bpy)}>

{Nig(H20)o(B-0-GeWg034)2}]*~, two discrete [Ni(2,2’-bpy)s]**
cations and six lattice water molecules. Notice that the most
striking structural feature of the polyoxoanion [{Ni(2,2’-
bpy )2(H20)}2{Ni(2,2"-bpy)}2{Nis(H20),(B-o- GeWg034),}]* in 1
is that a classical Weakley sandwich-type moiety [Nig(H,0)x(B-u-
GeWy034),]'2~ is decorated by four nickel-aromatic amine
complexes, namely two [Ni(2,2’-bpy),(H,0)]** and two [Ni(2,2'-
bpy)]?* complex cations. In the skeleton of sandwich-type
polyoxoanion, each of the two [Ni(2,2’-bpy)(H,0)]** fragments
coordinates to the ‘belt’ position of the B-o-[GeWq054]'°~
subunits through a terminal oxygen atom, while each of the two
[Ni(2,2’-bpy)]?* fragments grafts on the ‘polar’ position of the two
B-0-[GeWg034]'°~ subunits via four bridging oxygen atoms.
Notably, the grafting fashion of the [Ni(2,2’-bpy)]** cation is very
rarely observed in the system of POM and TM-aliphatic amine
cations. But similar grafting fashion of the [Cu(2,2’-bpy)]** cation
has been observed in our previously reported hybrid inorganic-
organic POT Na[{Cu(2,2’-bpy)(H20)}>{Cu(2,2’-bpy)}.(B-a-
SbWyg033)] - 2H,0 [42], where each [Cu(2,2’-bpy)]?* group grafts
on a window on the ‘polar’ position of [B-0-SbWg033]°~ unit by
four ps3-O bridges.

Recently, organic-inorganic hybrid sandwich-type POTs have
attracted increasing interest and developed as a unique subclass
of TMSPs. For example, in 2006, we reported the first hybrid 1-D
chain-like sandwich-type germanotungstate [Cu(en);]s3[Cu(en),
(H20)]2{[Cus(GeWs034);] [Cu(en)y]}-9.5H,0 (Fig. 2a) [33]. In
2007, Yang et al. reported a series of 2-D hybrid networks
constructed from tetra-TM sandwiched POTs and TMCs bridges
(Fig. 2b) [34,35]. In 2008, Yang et al. prepared a family of novel
hybrid high-nuclear-TM sandwiched TMSPs with 0-D, 2-D and
3-D structures, in which the number of TM cations in the sandwich
belts varies from tetra-nuclear to octa-nuclear [43-46]. In the
same year, Wang et al. addressed two extended structural
phosphotungstates (NH4)2[Nig(enMe)g(H,0),Nig(enMe)(PWq
034)2]-9H,0 and Nay[HeNy(CHy)glo  {Nig[H4No(CHy)gl2(H2PWy
034)2}-7H,0 (Fig. 2c) constructed from tetra-Ni-substituted
sandwich-type POMs [36]. Subsequently, we reported a 1-D
sinusoidal  chain-like tungsto-antimonate Na4H,[Nas(H20)s
Mnjs(p-OAc)y(B-0-SbWg033),] - 20H,0  (Fig. 2d) consisting of
sandwich-type POTs bridged by the carboxylate-bridging ligands
[47], and Dolbecq et al. synthesized two novel hybrid
tungstoantimonates Na4[Felf{(0x)4(H,0)5(SbWg033),] - 60H,0
(Fig. 2e) and [enH:];[Fe}' (0x)4s(SbWg033),]-14H,0, in which
tetra-nuclear Fe'"" clusters in the sandwich belt are functionalized
by oxalato ligands [48]. As shown above, most hybrid sandwich-
type TMSPs are decorated by TM-aliphatic amine complexes or
TM-carboxylate complexes. However, the exploration on hybrid
sandwich-type POTs decorated by TM-aromatic amine complexes
is less developed (Fig. 2f) [37,38]. As far as we know, 1, 2 and 3
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Fig. 2. Main structural types of organic-inorganic hybrid sandwich-type POTs.
Color codes: Turquiose octahedra, WOg; Orange tetrahedral, XO4; Green
octahedra, first row transition-metal cations MOg. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

represent rare examples of the organic-inorganic hybrid
sandwich-type TMSPs functionalized by multiple nickel-aromatic
amine complexes.

In the structural unit of 1, there are five crystallographically
unique Ni®* cations. Both Ni1 and Ni2 complex cations all graft on
the polyoxoanion skeleton via four bridging oxygen atoms and a
terminal oxygen atom, respectively; Ni3 and Ni4 ions fused
together with their symmetrical atoms form a rhombic {Ni4}
cluster by edge-sharing fashion; whereas the Ni5 complex
cation act as a discrete countercation. Albeit the five crystal-
lographically unique Ni! atoms all reside in the distorted
octahedral geometries, they display four kinds of octahedrally
environments in 1: the Nil ion is bonded to four oxygen donors

® N

Fig. 3. The n-7 stacking fashion of polyoxoanions in 1 along the c axis. Hydrogen
atoms were omitted for clarity. Color codes: Orange, PO4; Turquiose, WOg; Green,
NiOg. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

from [B-0-GeWy034]'°~ fragment and two nitrogen atoms from
one 2,2’-bpy [Ni-0: 2.022 (6)-2.198(6)A and Ni-N: 2.036(7)-
2.040(7)A]; the octahedral geometry of the Ni2 ion is defined by
one terminal water ligand, one oxygen atom from the [B-u-
GeWo034]'°~ skeleton and four nitrogen donors from two 2,2'-
bpy ligands [Ni-O: 2.035(7)-2.124(7)A and Ni-N: 2.063(10)-2.
860(9)A]; both Ni3 and Ni4 ions are all coordinated by six oxygen
atoms from bridging oxygen atoms or water molecule [Ni-O:
1.983(6)-2.191(6)A]; and the Ni5 ion is combined with four
nitrogen donors from two 2,2’-bpy ligands [Ni-N: 2.133(11)-
2.224(9)A] and two water molecules [Ni(5)-O(3W): 2.084 (11)A].
Moreover, the separations of adjacent nickel atoms in the sides of
the rhomb-like {NisOq6} cluster are between 3.151(2) and
3.163(2)A, and the distances of two nickel atoms in the diagonals
are between 3.158(2) and 5.466(2)A. In comparison to 1, the
distances of nickel atoms in the rhomb-like Ni4O6 groups of 2
and 3 become much longer and the lengths of the sides and
diagonals of NisO;¢ rhombs are in the range of 3.184(2)-
3.192(2)A and 3.243(3)-5.490(3)A for 2 and 3.082(2)-
3.117(3)A and 3.106(3)-5.363(2) A for 3, respectively. The results
indicate that the distances of Ni-Ni in the Ni4O groups rise with
increasing the electric charge of heteroatom, and the distances
increase with increasing the radius of heteroatom when the
charges of the heteroatoms are equal. Bond valence sum (BVS)
[49] calculations for all the Ni and W atoms in 1-3, the bond
valence of these Ni and W atoms are +2 and +6, respectively.

It should be noted that every nickel ion bears one or two 2,2'-
bpy ligands in the polyoxoanion skeletons of 1—3, thus, stronger
-7 interactions are likely to occur between 2,2’-bpy ligands. In
the solid-state structure of 1, adjacent polyoxoanions are closely
aligned via the offsetting n—n interactions between neighboring
2,2'-bpy ligands on Nil and Ni2 along the a axis due to the
centroid separations of adjacent 2,2’-bpy ligands being 3.7180(3) A
(Fig. 3), whereas the similar -7 interactions between neighboring
2,2’-bpy ligands were observed down the ¢ axis with the centroid
separations of adjacent 2,2-bpy ligands being 3.6993 (9)A for 2
and in the range of 3.696(3)-3.921(3)A for 3 (Fig. S3 and S4).
These observations are in approximate agreement with the
previous study [50]. In addition, the 2,2’-bpy ligands on
polyoxoanion skeleton and Ni5 are closely packed in the solid-
state via the offsetting m-m interactions and multiple weak
C-H...0 hydrogen bonds forming 3-D supramolecular structure
(Fig. 4), which contributes to the stability of the crystal structure.

3.3. IR spectra

The IR spectra of 1-3 have been recorded between 4000 and
400 cm ™!, which is very useful for the identification of character-
istic vibration bands of trivacant Keggin polyoxoanions and
organic components in products. For 1-3, characteristic vibration
patterns derived from «-Keggin-type polyoxoanions are observed
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Fig. 4. The -7 stacking perspective viewed along c axis of crystal packing of 1.
Hydrogen atoms and water molecules were omitted for clarity. Color codes:
Orange, PO4; Turquiose, WOg; Green, NiOg. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

in 1100-700cm~! are in good agreement with the trivacant
Keggin-type polyoxoanions [51,52]. The obvious characteristic
bands, appearing at 942, 897, and 789cm~! for 1, 960, 902, and
780cm ! for 2, and 935, 881 and 779 cm ™! for 3, are attributed to
v(W-0t), v(W-0b), and v(W-0Oc), respectively. The vibration
resonances observed in the region 1050-830cm ™! for 1-3, that is,
1049 cm~! for 1, 853 cm~! for 2, and 832 cm~! for 3, are assigned
to v(X-0a) (X=P/As/Ge). Noted that these v(X-0a) vibration bands
correlate very well to the X-0a bond distances; namely, the v(X-
Oa) vibration frequency weakens with increasing the X-Oa
distances (Table 2). In addition, the vibration bands at 1107,
1159, 1383, 1440, 1474 and 1628 cm~! in 1 are indicative of the
presence of 2,2’-bpy ligands. Similarly, the resonances at 1167,
1277, 1314, 1448 and 1629cm ™! in 2 and 1154, 1393, 1443 and
1635cm~! in 3 are assigned to the characteristic vibration
pattern of 2,2’-bpy ligands. According to previous investigations
[51,52], the bands in the range of 1640-1560cm ™! are assigned
to anamorphic vibration and the vibration resonances in the range
of 1600-1430cm ™! are assigned to the ring framework vibration
of 2,2’-bpy aromatic ligands; and the weak resonances between
1350 and 1000cm ™! are attributed to C-N stretching modes. In
addition, the broad peaks at 3440-3420cm ! are characteristic of
water molecules in 1-3.

3.4. Magnetic properties

Because the molecular structures of 1, 2 and 3 are very similar,
now, only the magnetic susceptibility of 1 is measured. The
temperature dependence of the magnetic susceptibility of 1 under
an applied field of 1 kOe is shown in Fig. 5 in the form of ym, ymT
vs T plots. The y, value slowly increases from 0.0353 emu mol !
at 300K to 0.55 emumol ! at 26 K, then exponentially reaches the
maximum value of 3.85emumol~' at 2K. The measured ymT
value was 10.63emumol 'K at room temperature, which is
slightly larger than the only spin value (9.90emumol~! K) for
nine non-interacting Ni(Il) ions (S=1, g=2.20). Upon cooling, the
ymT value rises slowly until 50 K, subsequently rapidly increases,
and finally reaches the maximum value 14.61emumol 'K at
18 K. This behavior implies that ferromagnetic interactions occur
within the rhomb-like NisOq¢ cluster. Below 18K, the yn,T value
sharply drops to 7.70 emumol 'K at 2K, which results from the
presence of the zero-field splitting within the ground state and
intermolecular interactions. Additionally, the behavior of yuT at
very low temperature may be related to an anisotropic coupling of
the Ni!' ions inside the Ni, O cluster rather than to a mean field

correction [53]. Furthermore, the magnetic susceptibility data
between 50 and 300K follow the Curie-Weiss equation y,=C/
(T—0) with C=10.286 emumol ~ 'K and 6=14.176 K (Fig. 6). Such
behavior manifests the predominant ferromagnetic interactions
between adjacent Ni!! centers mediated by the oxygen bridges.
Considering the cluster topology and connection motif of
magnetic centers in 1, the ferromagnetic exchange interactions
mainly occur in the rhomb-like tetranuclear Ni4O;¢ core in the
sandwich belt. Such ferromagnetic exchange interactions are
frequently observed in high-nuclear nickel-oxo cluster compounds
[28,53-56], which are largely due to the interactions between A,
Ni! ions. For example, the trinuclear-Ni' clusters in [Nis(H,0)s
(PW10039)H>0]7~ [28] and [NizNa(H>0):(AsWs034),]1™ [53] exhibit
the ferromagnetic exchange interactions. Furthermore, both the
rhomb-like tetra-Ni" cluster in KgNau[Nig(H20)a(0-B-PWgOs34)s]
-24H,0 [28] and the cubane NizO4 cluster in Csy[H,PWgNigOsy
(OH)3(H0)6] - 5H0 [54] manifest the ferromagnetic couplings.
Recently, several hexa-Ni" cluster substituted POMs reported by
Yang et al. also typify the ferromagnetic coupling interactions by
means of the theoretical simulation [43]. Moreover, the magnetic
property of the much larger nona-Ni" cluster constructed by three
Ni30;, triangles through two HPO?( groups in KsNa;[Nig(OH)3
(H20)6(HPO4)2(PWg034)3] - 52H,0 was also investigated, which
shows the dominant ferromagnetic interactions although it is
a coexistence system of antiferromagnetic and ferromagne-
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tic interactions [55,56]. In fact, the magnetic interactions of
nickel-oxo clusters are highly sensitive to the values of the Ni-O-
Ni angles. In view of rhomb-like tetra-nuclear Ni4O¢¢ core in 1, the
ferromagnetic exchange interactions are expected in this system
because the Ni— O — Ni angles range from 93.1(2) to 100.1(1)°, which
are in the range where the Ni-Ni ferromagnetic exchange interac-
tions are dominant (90 + 14°) by making use of magnetic coupling
between the dy,_, orbitals on Ni?* cations via the p orbitals on the
bridging oxygen atoms [54].

4. Conclusions

Three new sandwich-type Polyoxotungstates functionalized by
nickel-2,2’-bpy  complexes [Ni(2,2’-bpy)>(H20)][{Ni(2,2’-bpy)>
(H20)}2{Ni(2,2'-bpy)}2{Nis(H20)2(B-0:-PWg034),}] - 3H,0 (1), [Ni(2,
2/-bpy)s][{Ni(2,2'-bpy)>(H20)}2{Ni(2,2"-bpy)}2{Nia(H>0)>(B-0t-AsWq
0O34)2}]-2.5H20  (2), and  [Ni(2,2"-bpy)s]2[{Ni(2,2"-bpy)2(H20)}>
{Ni(2,2’-bpy)}>{Nig(H20)>(B--GeWg034),}] - 6H,0 (3) were suc-
cessfully achieved, and which were structurally characterized by
IR spectra, elemental analysis, and single-crystal X-ray diffraction.
Notably, 1 —3 represent the rare sandwich-type POTs functionalized
by TM-aromatic amine coordination cations. Furthermore, the
successful preparations of 1—3 provide the likelihood to introduce
other electron-delocalized aromatic ligands (such as polycarboxylic
ligands) to the system of sandwich-type POMs, which will pave an
avenue for the design and syntheses of novel hybrid sandwich-type
POMs constructed from high-nuclear metal cluster aggregations or
their multi-dimensional POM derivatives decorated by electron-
delocalized aromatic ligands under hydrothermal systems, and
which will promote the expedited development of such hybrid
sandwich-type POMs. Believe that large numbers of sandwich-type
POMs decorated by electron-delocalized aromatic ligands will be
obtained in due time.

Supplementary data

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Center, CCDC
numbers 661210—-661212 for 1—3. These data can obtained free
of charge via http://www.ccdc.cam.ac.uk/data_request/cif or from
The Cambridge Crystallographic Data Center, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: +44-1223-336033; e-mail: depos-
it@ccdc.cam.ac.uk).
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