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ABSTRACT

Two organic-inorganic hybrid copper-lanthanide heterometallic germanotungstates KNa,H;[enH,];
[Cu(en),(H20)]z[Cu(en),]>{Cu(en),[Eu(a-GeW;1039)2]2}-13H,0 (1) and NayHy[Cu(en)y(H20)]z[Cu(en),]s
[Cu(en),]{Cu(en),[La(-GeW11039)-]2}-12H,0 (2) have been hydrothermally synthesized by reaction of
KgNaj[A-0-GeWg034]-25H,0 with CuCl,-2H,0 and EuCls/LaCls in the presence of en (en = ethylenedia-
mine) and structurally characterized by elemental analyses, IR spectra and single-crystal X-ray diffrac-
tion. 1 exhibits the 1D chain motif built by tetrameric {[Cu(en),(H,0)]>[Cu(en),]>{Cu(en),[Eu(a-Ge
W;1039),]2}}1%~ moieties through square antiprismatic K* cations while 2 displays the 1D architecture
made by tetrameric [[Cu(en),]g[Cu(en),]{Cu(en),[La(c-GeW;1039)-]5}]'®" units via octahedral [Cu(en),]**
cations. Furthermore, the solid-state electrochemical and electrocatalytic properties of 1 have been inves-
tigated and 1 indicates the good electrocatalytic activity for nitrite reduction. In addition, the photolumi-
nescence property of 1 has been investigated.

© 2013 Elsevier B.V. All rights reserved.

Introduction

afford versatile inorganic nucleophilic polydentate building blocks
for transition-metal (TM) or lanthanide (Ln) cations but also their

Polyoxometalates (POMs) have attracted increasing interest not
only because they can act as anionic metal-oxygen clusters to
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potential applications in catalysis, magnetism, electrochemistry
and materials science [1-7]. In recent years, germanotungstates
(GTs) as an important subfamily of POM chemistry have gradually
become a new research focus and a challengeable area. Numerous
fresh TM substituted GTs have been consecutively obtained such as
[Mn,"(H;0)2(GeWo034)2]*~  [8], [Cus(H,0)(B-B-GeWs033(0H))
(B-p-GeWs030(OH))]"*~  [9], [Co(H20)>{Co3(B-p-GeWq033(OH))
(B-p-GeWsO3o(OH)):21**~  [9],  [Mn(H20),{Mns(H,0)(B--GeWs
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O330H))(B-$-GeWsO3o(OH))}2]**~  [9],  [Zrs0(OH)(0-GeW50s4)
(B-GeWs034)]"*~ [10], [M4(H20):(GeWgO34)2]'>~ (M =Mn", Cu",
ZH“, and Cd“) [11], [n-BUNH3]12[CU4(G@W9034)2]-]4H20 [12], [Feﬁ
(OH)3(A-0:-GeWq034(OH)s),]"'~  [13],  [K(H20)(-Fe;GeW10037
(OH))(y-GeW10036)]"*~ [14], [{B-FesGeW10037(OH):)5]"> [14],
[MngGesW24004(H20)]" " [15], [Cu(H,0),]H,[Cug(dap)s(H20)
(0-B-GeWg034)2] [16] and  [Cu(deta)(H20)]z[Cus(en)o(H20),
(B-0t-GeWg034),]-6H,0 [17]. On the other hand, Ln'" jons, by means
of their multiple coordination numbers and strong oxophilicity,
can be used as effective and multifunctional linkers in the prepara-
tions of Ln-containing GTs, and some typical examples are as fol-
lows: [{Lna((1,4)-GeW;0035)(H20)3}-1'2~ (Ln = Dy™ or Er'") [18],
[Ce20Ge10W1000376(0H)a(H20)30]°  [19],  [Dy(H20)4lo0.25[Dy
(H20)s]0.25Ho.5{Dy(H20);[ Dy(H,0)2(DMSO)(2-GeW 11 039)]}-5.25H,0

[20], [(CH3)4N]>H1 50[Nd1 50(GeW11039)(H20)6]-3H,0 [21], [(CH3)4-
N]>H35[Smy 25(GeW11039)(H20)4]-3.75H,0  [21],  [(CH3)4N]2 50-
Hy 50[Y(GeW11039)(H20),]-4H,0 [21], [(CH3)4N]250H2.50YD(GeW1,
O39) (H20),]-3.75H,0 [21] and [KCK7Cez4Ge12W12004s56 (OH)12
(H20)64]°2~ [1]. In contrast, little work has been dedicated to the
study of TM-Ln heterometallic GTs. To the best of our knowledge,
only a few examples have been reported. For example, in 2009,
Reinoso’s group reported a rhomblike-Ce",Mn'',,0,, substituted
GT [{Ce(H,0),},Mny(B-0-GeWg054), 13~ [22], later, they communi-
cated a new type of Cu"-Ce" heterometallic GT hybrid [{Ce'
(OAC)}Cu"5(H,0)(B-0-GeWg0134),]''~ [23]. In 2011, Yang et al. ad-
dressed a novel Keggin-type GT containing heterometallic Cu-Dy
cubane clusters {[Cu(en),(H,0)][DyCus(en)s(OH)3(H,0),(GeW14.-
039)]}2-18H,0 [24]. As a result, the design and preparation of
TM-Ln heterometallic GTs is still a challenging task. Recently,
our attention has been paid on this field on the basis of the follow-
ing four ideas: (1) In comparison with other TM caions, Cu" ions
have more flexible various coordination configurations (square, tri-
gonal bipyramid, square pyramid and octahedron); (2) Ln cations,
with their high and variable coordination numbers and flexible
coordination geometry, provide good opportunities for discovering
of complicated structures; (3) Combination of the flexible coordi-
nation requirements of Cu' ions and strong oxophilicity of Ln cat-
ions with the labile lacunary GT precursors can construct novel
Cu-Ln heterometallic GT derivatives; (4) The presence of the
Jahn-Teller effect of the octahedral and pseudo-Jahn-Teller effect
of the square pyramids for Cu" cations may overcome larger steric
hindrance and contribute to stabilize the in situ formed GT deriv-
atives [25,26], thus, a family of organic-inorganic hybrid GT-based
Cu-Ln heterometallic derivatives {[Cu(en)(H,0)][CusTb(en)s
(OH)s (H20)2](2-GeW;1039)}>-11H30, {[Cu(en)(H20)][CusDy(en)s
(OH)3  (H20)2](o-GeW11039)}2-10H,0,  K4Ha[Cu(en),(H20),]5[Cu
(en); (Hz0)]2[Cu(en)y]>{Cu(en)y[Pr(x-GeW11039):]2}-16H,0 and
KNasHe  [enH;]s[Cu(en)z(H20)]2[Cu(en)z]>{Cu(en)y[Er(o-GeWrs-
039)2]2}-12 H,0 have been firstly isolated [26]. As a part of our
ongoing research, two new organic-inorganic hybrid Cu-Ln het-
erometallic GTs KNayH[enH;]3[Cu(en), (H,0)]z[Cu(en),;], {Cu(en),
[Eu(o-GeW11039)2]2}-13H0 (1) and NapHy[Cu(en)y(H20)], [Cu
(en);]e{Cu(en),[La(x-GeW,039)2]2}-12H,0 (2) have been consecu-
tively isolated and characterized by elemental analyses, IR spectra
and single-crystal X-ray diffraction. Structural analyses show that
1 exhibits the 1D chain motif constructed from tetrameric
{[Cu(en)y(H,0)]2[Cu(en),]o{Cu(en),[Eu(o-GeW;q Os9)2]2}}'®" moi-
eties through square antiprismatic K* cations whereas 2 utilizes
the 1D chain fashion formed by tetrameric [[Cu(en),]s[Cu(en),]
{Cu(en),[La(-GeW1,039)>]>}]'®" units via octahedral [Cu(en),]**
cations. The solid-state electrochemical and electrocatalytic prop-
erties of 1 have been carried out in 0.5 mol L~! Na,SO,4 + H,SO4
aqueous solution (pH = 0.8) by entrapping it in a carbon paste elec-
trode owing to 1 prepared by hydrothermal reaction being of insol-
ubility in water. In addition, the photoluminescence property of 1

has been investigated and 1 displays the characteristic emissions of
the Eu®* ions.

Experimental
Materials and physical measurements

KgNay[A--GeWg034]-25H,0 was synthesized according to Ref.
[13]. All other reagents were of analytical grade and used as pur-
chased without further purification. Elemental analyses (C, H and
N) were performed on a Perkin-Elmer 240 °C elemental analyzer.
Inductively coupled plasma atomic emission spectra were per-
formed on a Perkin-Elmer Optima 2000 ICP-AES spectrometer. IR
spectra were obtained from a sample powder palletized with KBr
on a Nicolet 170 SXFT-IR spectrophotometer over the range of
4000-400 cm~'. Cyclic voltammograms were recorded on a CS
electrochemical workstation (Wuhan CorrTest Instrument Co.
Ltd.) at room temperature. A conventional three-electrode system
was used. Platinum gauze was used as a counter electrode and
an Ag/AgCl electrode was referenced. Chemically bulk-modified
carbon paste electrode (CPEs) was used as the working electrode.
A PHB-4 type pH meter was used for pH measurement. The emis-
sion spectrum was recorded on a HITACHI F-7000 fluorescence
spectrophotometer.

Synthesis of 1

A mixture of KgNap[A-a-GeWg034]-25H,0  (0.307 g,
0.100 mmol), CuCl,-2H,0 (0.098 g, 0.575 mmol), EuCl; (0.202 g,
0.781 mmol), en (0.10 mL,1.494 mmol) and H,0 (5 mL, 278 mmol)
was stirred for 2 h, sealed in a 25 mL Teflon-lined steel autoclave,
kept at 160 °C for 5 days and then cooled to room temperature.
Purple prismatic crystals were obtained by filtering, washed with
distilled water and dried in air at ambient temperature. Yield: ca.
21% (based on KgNa,[A-a-GeWg034]-25H,0). Anal. calcd. (found
%) for CZGH]47CU5EU2GC4KN26N820171W44 (1) C 247 (260), H
1.17 (1.33), N 2.88 (2.72), Na 0.36 (0.45), K 0.31 (0.25), Cu 2.51
(2.64), Ge 2.30 (2.39), W 63.96 (63.88), and Eu 2.40 (2.47).

Synthesis of 2

The synthetic procedure of 2 was identical to 1 with a mixture
of KgNay[A-0-GeWg034]-25H,0 (0.608 g, 0.198 mmol), CuCl,-2H,0
(0.104 g, 0.610 mmol), LaCl3 (0.098 g, 0.399 mmol), en (0.10 mL,
1.494 mmol) and H,0 (5 mL, 278 mmol). Purple prismatic crystals
were also obtained. Yield: ca. 23% (based on KgNay[A-0-GeWg034]
25H20) Anal. calcd. (found %) for C40H192Cu10GeglasNyoNarOq79.
Wy4 (2): C 3.61 (3.80), H 1.46 (1.62), N 4.21 (4.07), Na 0.35
(0.47), Cu 4.78 (4.66), Ge 2.18 (2.28), W 60.85 (60.69), and La
2.09 (2.20).

Preparation of 1-CPE

1-CPE was fabricated as follows: 30 mg of graphite powder and
10 mg of 1 were mixed and ground together by an agate mortar
and pestled to form an uniform mixture, and then 0.05 mL of Nujol
was added with stirring. The homogenized mixture was packed
into a glass tube with a 3.0 mm inner diameter, and the tube sur-
face was wiped with paper. Electrical contact was established with
a Cu rod through the back of the electrode.

X-ray crystallographic determination
A single crystal of 1 or 2 suitable for X-ray crystallography was

carefully selected under an optical microscope and glued to a thin
glass fiber. Diffraction data for 1 and 2 were collected on a Bruker
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APEX-II CCD diffractometer using graphite monochromatized Mo
Ko radiation (1=0.71073 A) at 296(2) K. Intensity data were col-
lected using the w scan technique. Routine Lorentz polarization
and empirical absorption corrections were applied. Their struc-
tures were solved by direct methods and refined using full-matrix
least-squares on F2. All calculations were performed using the
SHELXTL-97 program package [27,28]. No hydrogen atoms associ-
ated with water molecules were located from the difference Fou-
rier map. 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 SHEL-
XTL parameters. All non-hydrogen atoms were refined anisotropi-
cally except for some carbon atoms and water molecules. Crystal
data and structure refinements for 1-2 are listed in Table 1.

Results and discussion
Synthesis

Trivacant Keggin GT [A--GeWg054]'°~ precursor can act as a
polydentate ligand for TM or Ln cations forming TM or Ln substi-
tuted GTs with diverse metal nuclearities and beautiful structures
under either conventional aqueous solution or hydrothermal envi-
ronments [8,13,16,17,22,23]. The KgNa,[A-o-GeWg0534]-25H,0 pre-
cursor was firstly introduced to hydrothermal reactions by us in
2008 [16,29]. When it was reacted with CuCl,-2H,0 in the present
of en or dap (1,2-diaminopropane) or 2,2’-bpy (2,2’-bipyridine) at
100 or 150 °C, a class of novel organic-inorganic hybrid octa-Cu
sandwiched GTs (Hyen),[Cug(en)s(H,0),(B-0-GeWg034),]-5H,0
(Fig. 1a) [29], [Cu(H20)2]H>[Cug(dap)s(H20)z(0t-B-GeWgO34)s]
(Fig. 1b) [16] and [Cu";(H20),(2,2"-bpy)2]{[Cu'(bdyl)]o[Cu"s(2,2'-
bpy)s (H20),(B-0-GeWg034)2]}-4H,0 (Fig. 1c¢) [29]. Similarly, when
it was reacted with NiCl,-6H,0 in the present of en or dap at
100°C, two ferromagnetic hexa-Ni substituted GT hybrids
[Ni(en)z]o.s[{Nig(113-OH)3(en)3(H20)s}(B-0-GeWg034)]-3H,0  (Fig.
1d) and [{Nig(p3-OH)s(dap)s(H20)s}(B-a-GeWy034)]-H30-4H,0
were synthesized [30]. Subsequently, the reactivity of it with CuCl,_
-2H,0 in the participation of deta (diethylenetriamine) at 130 °C led
to the 6°-8 CdSO,-type 3-D framework built by hexa-Cu" sand-
wiched polyoxotungstates [Cu(en);]>[Cu(deta)(H,0)]2[Cug(en),
(H20),(B-0-GeWg034),]-6H,0 (Fig. 1f) with mixed organic ligands
[17]. Furthermore, KgNa,[A-0-GeWg034]-25H,0, NiSO4-7H,0 and
en were utilized at 160 °C affording a hexa-Ni" sandwiched GT

Table 1
Summary of crystallographic data for complexes 1 and 2.

Data 1 2

Empirical formula Ca6H147CusEu,GeKNyg C40H192Cu10Geyla,
Nay0171Wy4 N4oNaz0170Was

Formula weight 12647.16 13293.30

Crystal system Monoclinic Triclinic

Space group P24/c P-1

a(A) 17.570(3) 17.607(3)

b (A) 24.221(4) 18.191(3)

c(A) 24.700(4) 18.668(3)

o (deg) 90 69.362(3)

B (deg) 104.107(4) 85.639(3)

7y (deg) 90 87.677(4)

V (A3) 10195(3) 5578.8(17)

V4 2 1

D (gcm™3) 4.120 3.957

wu (mm~1) 26.531 24.515

Limiting indices —20<h<20 -19<h<20
-28<k<25 -18<k<21
-28<1<29 -21<1<22

Goodness-of-fit on F? 1.018 1.030

Ry, WRy [I>20(I)]
Ry, WR; [all data]

0.0464, 0.1145
0.0801, 0.1313

0.0782, 0.1476
0.1184, 0.1537

[enH,]5[Ni(en),],{[Nig(en),(H,0),][B-0-GeWg034],}-14H,0  (Fig.
1e) [31]. Recently, with the design and preparation of TM-Ln het-
erometallic polyoxotungstates becoming an emerging focus in
POM chemistry, the reaction system containing KgNa,[A-c-Ge
Wg034]-25H,0 with TM and Ln mixed cations in the presence of
organic components was explored by our lab. The mixture of
KgNay[A-a-GeWg034]-25H,0, CoCly-6H,0, PrCl; and dap was firstly
employed at 160 °C, unexpectedly, a 2-D organic-inorganic hybrid
tetra-Co''-substituted  sandwich-type GT  {[Co(dap).(H.0)]>
[Co(dap),]2[Co4 (Hdap)a(B-0-HGeWg034),]}-7H,0 (Fig. 1g) was iso-
lated [32]. Although PrCl; was used in the reaction, no Pr'" ion was
observed in the product. The paralleling experiments indicated that
only amorphous powder was obtained when removing PrCl; away
from the reaction. PrCl; may play a synergistic action with other
components in the reaction. With the deepening of research in this
field, when the reaction was performed with KgNa,[A-a-GeWg034]
-25H,0/CuCl,-2H,0/EuCl; in the presence of en at 160 °C, a unique
{Cu3Eu04} cubane substituted GT {[Cu(en)(H,0)][CusEu(en)3(OH)3
(H20),](-GeW11039)}2-11H,0 was discovered (Fig. 1h) [26]. When
TbCl; and DyCl; replaced EuCls, the analogues {[Cu(en)(H,0)][Cus.
Tb(en)3(OH)3(H20)2](-GeW11039)},-11H,0 and  {[Cu(en),(H,0)]
[CusDy(en)3(OH)3(H20),](0-GeW11039)}2-10H,0  were obtained
[26]. However, LaCl;/PrCl3/ErCly were used under similar reaction
conditions, we prepared three POM hybrids built by Ln-containing
GTs and copper-en complexes Na,Hg[Cu(en),(H,0)]g{Cu(en),
[La(o-GeW11039)2]2}-18H,0, K4Hy[Cu(en)y(H20),]s5[Cu(en)y(H20))],
[Cu(en)zlz{cu(en)zlPT(O(-GeW11039)2]2}-16H20 (Flg 11) and KNa,
Hy[enH;]3[Cu(en)(H20)],[Cu(en), |o{Cu(en),[Er(«-GeW;1039)2]2}-
15H,0, which are completely distinct from those {CusLnO4} cubane
substituted GTs [26]. With our systematic exploration, another two
organic-inorganic Cu-Ln heterometallic GTs 1 (Fig. 1j) and 2
(Fig. 1k) have been hydrothermally synthesized. The above-men-
tioned results suggest that the molar ratios of KgNa,[A-a-GeWg
034]-25H,0/CuCl;,-2H,0/LnCl; have an important influence on the
structural diversity of the resulting GT derivatives. Other else, the
common structural features of 1, 2, {CusEuQO4} cubane substituted
GTs and three POM hybrids built by Ln-containing GTs and cop-
per-en complexes are that all contain monovacant [a-GeW;;035]%~
fragments, however, when KgNa,[x¢-GeW;;035]-13H,0 replaced
KgNa,[A-a-GeWg034]-25H,0 under the similar conditions, they
can be not formed, illustrating that the conversion of [A-a-Ge
Wo 034]% to [«-GeW;,039] "~ is necessary in the formation of them.

Structural descriptions of 1 and 2

Single-crystal X-ray diffraction indicates that 1 crystallizes in
the monoclinic space group P2;/c and 2 belongs to the triclinic
space group P — 1. The common feature of 1 and 2 is that both
consist of 1:2-type [Ln(o-GeW;1039)2]'>~ subunits with the sup-
porting copper-en cations. The tetrameric molecular unit of 1 is
composed of 1 four-supporting tetrameric Keggin-type POM sub-
unit  {[Cu(en),(H20)]5[Cu(en)]o{Cu(en)>[Eu(c-GeWq1030)2]21}1¢ ™,
3 diprotonated [enH,]?* cations, 2 Na* cations, 1 K" cation, 7 proton
and 13 lattice water molecules (Fig. 2a). The molecular unit of 1
can be viewed as the fusion of two asymmetric structural units
(Fig. S1) by the bridging role of the [Cul(en),]*" cation. Notably,
there are three crystallographically unique copper-en cations
(namely, [Cul(en),]*", [Cu2(en),(H,0)]*" and [Cu3(en),]**) in the
molecular unit of 1. It should be worth noting that the [Cul(en),]**
cation is located on the inversion center (0,0,1/2) of the molecular
unit. The [Cul(en),]** and [Cu2(en)y(H,0)]** cations are embedded
in elongated octahedral geometries constituted by four N atoms
[Cu-N: 1.95(2)-2.005(15) A] and two terminal or water O atoms
[Cu-0: 2.502(14)-3.190(13) A] while the [Cu3(en),]?* cation is in
the square pyramidal geometry formed by four N atoms [Cu-N:
1.92(2)-1.92(2) A] and a terminal O atom [Cu-O: 2.565(15)A].
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3D framework

NiCl,-6H,0, en, 100 °C, 5d

7 ‘(‘ Hydrothermal conditions
AN

3D framework

CuC1,2H,0, PrCl,, en, 160 °C, 5d /
>

CuC1,2H,0, EuCl,, en, 160 °C, 5d

CuCl,2H,0, LaCl;, en, 160 °C, 5d
N

Fig. 1. The summary of the synthetic condition and related phases in the [A-0-GeWg0s34

The eight-coordinate Eul cation is sandwiched by two
monolacunary [o-GeW;,039]%~ moieties resulting in a well-known
sandwich-type bis(undecatungstogermanate)lanthanate [Eu(a-Ge
W11030)2]'>~ unit. Such 1:2-type structural type was firstly discov-
ered by Peacock and Weakly in 1971 [33] and this 1:2 structural
series made up of one Ln cation and two monovacant Keggin-type
POM units have been widely investigated [34,35]. The Eul cation
shows the distorted square antiprismatic geometry with the Eu-
O distances of 2.380(13)-2.470(14) A (Fig. 2b). In the coordination
polyhedron around the Eul cation, the 027, 031, 036 and 039
atoms and the 040, 048, 071 and 068 atoms create two bottom
surfaces of the square antiprism, and their average deviations from
their least-squares surfaces are 0.0067 and 0.0115 A, respectively.
The distances between the Eul cation and two bottom surfaces
are 1.2437 and 1.2727 A, respectively. The dihedral angle for two
bottom surfaces is 2.60°. The above-mentioned data indicate that
the square antiprism is somewhat distorted, which may be related
to the distortion of [Eu(o-GeW,1039),]'>~ unit resulting from the
influence of copper-en cation, [enH,]?*, Na* and K* cations in its
periphery. It is worth noting that that adjacent four-supporting tet-
rameric units in 1 are combined with each other via eight-coordi-
nate K1 cations (Fig. 2c), giving rise to a 1D chain architecture
(Fig. 2d), in where the K1 cation displays the severely distorted
square prismatic geometry with the K-O distances of 2.807(13)-

]10—

reaction system.

2.836(14) A. The 1D chain fashion in 1 is the same to that observed
in KNa,H7[enH;]3[Cu(en)(H,0)]2[Cu(en), |{Cu(en),[Er(a-Ge
W11039)2]2}-15H,0 reported by us recently [26].

Different from 1, the asymmetric structural unit of 2 is com-
posed of one 1:2-type [La(o-GeW;;039)2]*>~ core, four [Cu(en),]**
cations, one free [Cu(en),(H,0)]?* cation, one Na* ion, two protons
and six lattice water molecules (Fig. 3a). There are six crystallo-
graphically independent copper-en cations (namely, [Cul(en),]*",
[Cu2(en);]?*, [Cu3(en),]*", [Cud(en),]**, [Cu5(en),(H,0)]** and
[Cub(en),]?"), in which the [Cu2(en),]** and [Cu4(en),]** cations
are situated on the special positions with the site occupancy factor
of 0.5 while the remaining copper-en cations occupy the usual sites
with the site occupancy factor of 1 for each. The [Cul(en),]**,
[Cu3(en),]** and [Cu6(en),]?* cations act as the supporting groups
linking to the [La(a-GeW;1056)2]'>~ core whereas the [Cu2(en),]**
and [Cu4(en),]?" cations function as the bridging cations connect-
ing neighboring the [La(a-GeW,1039)>]'>~ cores. The [Cul(en),]**,
[Cu3(en),]?", [Cu5(en),(H,0)]** and [Cu6(en),]** cations show the
square pyramid geometries defined by four N atoms from two en
ligands [Cu-N: 1.86(4)-2.08(3) A] and one terminal or water O
atom [Cu-O: 2.395 (18)-2.850(21)A]. The [Cu2(en),]** and
[Cu4(en),]*" cations display the octahedral geometry built by four
N atoms from two en ligands [Cu-N: 1.93(4)-2.04(2)A] and
two terminal O atoms from adjacent two 1:2-type [La(o-PWq.
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Fig. 2. (a) The tetrameric molecular unit of 1 with selected numbering scheme.
Hydrogen atoms, Na*, K" cations and lattice water molecules are omitted for clarity.
(b) The distorted square antiprismatic coordination geometry around the Eul
cation. (c) The distorted square prismatic coordination geometry around the K1
cation. (d) The 1D chain architecture formed by {[Cu(en),(H20)]2[Cu(en),]-f-
Cu(en),[Eu(a-GeW;1039)2],}}'®~ units through K* cations. The atoms with the
suffix codes A and B are generated by the symmetry operation. A: —x, -y, 1 — z; B:
—x,1-y,1-2z

O30)2]'"" subunits [Cu-0: 2.847(23)-2.995(23) A]. The Lal cation
also inhibits in the distorted square antiprismatic geometry with
La-O distances of 2.460(18)-2.604(16) A (Fig. S2). Analogous to
1, two asymmetric structural units of 2 can be combined together
by means of the [Cu2(en),]?* cation forming the tetrameric molec-
ular unit  [[Cu(en)]s[Cu(en);[{Cu(en),[La(ot-GeW1036)2]2}]"%"
(Fig. 3b). The most remarkable characteric of 2 is that tetrameric
molecular units are interconnected via [Cu4(en),]** bridges giving
rise to a 1D extended chain (Fig. 3c). From the above discussion we
can see three main differences between 1 and 2: (a) there are three
crystallographically unique copper-en cations in 1 while six crys-
tallographically unique copper-en cations exist in 2; (b) the tetra-
meric molecular unit of 1 is four-supporting whereas the
tetrameric molecular unit of 2 is six-supporting; (c) the 1D chain
in 1 is constructed from the tetrameric molecular units by the
square antiprismatic K" connectors, in contrast, the 1D chain in 2
is established by the tetrameric molecular units through the octa-
hedral [Cu(en),]** linkages.

IR spectra

IR spectra of 1-2 have been recorded between 4000 and
400 cm~! with KBr pellets (Fig. 4). In the low-wavenumber region
(v <1000 cm 1), Both exhibit the characteristic v(Ge-0,), terminal
v(W-0y), corner-sharing v(W-0O,) and edge-sharing v(W-0.)
asymmetrical vibration patterns derived from Keggin-type GT
frameworks, which are observed at 878; 939; 817, 757; and
706 cm™~! for 1, 872; 938; 813, 757; and 707 cm™! for 2, respec-
tively. Compared to KgNay[(%-GeW;,039)]-13H,0 prepared accord-
ing to the reference [36], the v(W-0y) vibration band for 1 and 2 is
almost not shifted, suggestings that [Cu(en)y(H,0)]** and

Fig. 3. (a) The asymmetrical molecular unit of 2 with selected numbering scheme.
Hydrogen atoms, Na* cations and lattice water molecules are omitted for clarity. (b)
The tetrameric molecular unit of 2 with selected numbering scheme. (c) The 1D
extended chain constructed from tetrameric molecular units via [Cu4(en),]**
bridges. The atoms with the suffix codes A and B are generated by the symmetry
operation. A: 2 —x, -y, 1—-2z;B: 1 —-x%, -y,2 —z

[Cu(en),]?" cations have a weak influence on the terminal oxygen
atoms on the [a-GeW;,055]%~ fragments, which well coincides
with the longer Cu-O distances (>2.35 A) from the X-ray single-
crystal analysis. Furthermore, the resonances at 3308-3146 cm™!
and 2952-2892cm™! are assigned to the v(NH,) and v(CH,)
stretching vibration, and the signals at 1589-1583 cm~! and
1474-1463 cm™! correspond to the §(NH,) and 6(CH,) bending
vibration, respectively. These resonance signals confirm the exis-
tence of en groups. Additionally, the occurrence of the vibration
band at 3446-3435 cm~! suggests the presence of lattice water
molecules or coordination water molecules. By and large, the re-
sults of the IR spectra are good consistence with the single-crystal
structural analysis.

The solid-state electrochemical and electrocatalytic properties of 1

It is well known that the ability of POMs undergoing reversible
multielectron redox processes makes them very attractive in the
chemically-modified electrode and electrocatalytic study [37]. Be-
cause 1 is hydrothermally obtained and has poor solubility in

Transmittance / %
~N

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers / cm™'

Fig. 4. IR spectra of 1 and 2.
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aqueous solution, 1 can be used as the modified carbon paste elec-
trode (1-CPE) to investigate the electrochemical behavior and elec-
trocatalytic activity. The cyclic voltammograms for 1-CPE in a
pH =0.81in 0.5 mol L~' Na,SO, + H,SO, aqueous solution at differ-
ent scan rates are presented in Fig. 5. In the potential range of
—0.8V to 0.4 mV, it can be clearly seen that there are two pairs
of reversible redox peaks (I-I' and II-1I") with the mean peak
potentials Eqj; = (Epc + Epa)/2 at —0.022 V and —0.574 V (scan rate:
50 mV/s), which can be respectively ascribed to the redox process
of the Cu" centers [38] and the redox process of the W¥! atoms in
[Eu(a-GeW;1039)2]'3~ fragments [39]. From Fig. 5 we can see that
with the scan rates increasing, the cathodic peak potentials of the
WY wave and the Cu" wave slightly shift to the negative direction
and the corresponding anodic peak potentials slightly shift toward
the positive direction. The peak-to-peak separation between the
corresponding cathodic and anodic peaks slightly increases, but
the mean peak potential does not change on the whole. The reason
why the peak-to-peak separations between the corresponding ano-
dic and cathodic peaks increase with increasing the scan rate may
be related two factors: (a) the reduction of 1 immobilized in the
CPE is accompanied by the evolution of protons from solution to
maintain charge neutrality [40]; (b) the electron exchange rate be-
tween the insoluble solid 1 and the electrode may be slower than
that between the soluble POM anions and the electrode [40]. Usu-
ally, the scan rate can influence the electrochemical behavior. As a
result, the influence of the scan rate on the electrochemical behav-
ior for 1 has been investigated. The results show that the peak cur-
rent is proportional to the scan rate (Fig. S3), indicating that the
redox process of 1-CPE is surface-controlled when the scan rate
is lower than 100 mV s~ !, however, the peak current is propor-
tional to the square root of the scan rate (Fig. S4), which suggests
that the redox process of 1-CPE is diffusion-controlled when the
scan rate is higher than 100 mV s~' [40]. The influence of the scan
rate on the electrochemical behavior observed in 1-CPE is very
similar to those in (Hbpy)4SiM01,040]-CPE and [Cu(bbi)]sH
[HoW15040]-CPE reported by Peng and coworkers [39,40]. As we
know, the reduction of nitrite to ammonia involves a six-
electron-eight-proton change [40], the direct electroreduction of
nitrite requires a large overpotential at most electrode surfaces,
therefore, no obvious response is observed for nitrite at a bare
CPE in the potential range of —0.8 to +4 V in 0.5 mol L™! Na,SO,4 +
H,S04 aqueous solution [41]. However, Fig. 6 shows the cyclic vol-
tammograms of 1-CPE at the scan rate of 50 mV s~! in the acid
0.5 mol L~! Na,S0,4 + H,SO, aqueous solution (pH = 0.81) contain-
ing sodium nitrite. Obviously, with the addition of sodium nitrite,
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Fig. 5. The cyclic voltammograms of 1-CPE in 0.5 mol L~! Na,SO,4 + H,S0, aqueous
solution (pH = 0.81) at the different scan rates. From inner to outer: 20, 50, 80, 110,
140, 170, and 200 mV s~ .

the reduction peak current of the W"!-based wave increases mark-
edly while the corresponding oxidation peak current decreases
gradually, which indicates that the reduction of nitrite is mediated
by the reduced species of germanotugstate polyoxoanions and 1-
CPE displays good electrocatalytic activity toward the reduction
of nitrite.

Photoluminescence properties

Ln-containing compounds have aroused much attention
because of their unique luminescent properties and various
applications as functional materials in low-energy scintillators,
light-emitting diodes, tunable lasers, NIR-emitting materials and
sensory probes [42], which involve mainly in the fact that the elec-
tronic energy levels of Ln ions are well defined due to the shielding
of the 4f orbitals by the filled 5s25p® subshells, and they are less
sensitive to the chemical environments around lanthanide ions
[43], thus, Ln ions retain their atomic properties upon complex for-
mation. Consequently, each Ln ion exhibits narrow and character-
istic 4f-4f transitions. Ln ions suffer from weak light absorption
due to the forbidden f-f transitions, making the direct excitation
of the metals very inefficient unless high-power laser excitation
is utilized. This problem can be overcome by coupling species that
can participate in energy transfer processes, known as “lumines-
cence sensitization” [44]. Photoexcitation of the O - M (M = Mo
or W) ligand to metal charge transfer (LMCT) bands of the POM lat-
tice can result in intramolecular energy transfer from the O — M
excited states to excited energy levels of Ln'" ions, thereby sensitiz-
ing Ln"" emission [45]. The photoluminescence behavior of some
POMs containing Ln cations has been investigated by Yamase and
other groups [46-50]. Furthermore, the molecular mechanisms of
intramolecular energy transfer processes have been also compre-
hensively probed by Yamase [46]. The emission characteristics of
Ln" jons are highly dependent on the nature of POM units, the
symmetry and coordination geometry at the Ln centers and the
number of aqua coligands. Indeed, POM units bound to Ln™ jons
are usually polydentate, minimizing the coligation of aqua and
similar ligands, which consist of high frequency O-H and N-H
oscillators that tend to quench the luminescence emission [45].
As a result, the solid-state photoluminescence property of 1 has
been investigated at room temperature. When the as-synthesized
solid of 1 was measured under excitation at 392 nm, the character-
istic emission bands of the Eu™ ions are observed at 558 nm,
573 nm, 593 nm, 612 nm, 645 nm and 706 nm (Fig. 7), which are
attributed to 5D1 - 7F2, 5DO - 7F0, 5D() - 7F1, 5D() - 7F2, SDO - 7F3
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Fig. 6. Cyclic voltammograms of the 1-CPE in 0.5 mol L' Na,SO, + H,SO4 aqueous
solution (pH =0.81, 50 mL) containing 1 x 10~ (a); 3 x 10~ (b); 5 x 103 (c);
7 x 1073 (d) mol L' NaNO,. Scan rate: 50 mV s~ 1.
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and °Dg — ’F, transitions, respectively [51]. The magnetic dipole
Dy — F; 3 transitions are insensitive to their local environments
while the electric dipole Dy — 7F0,2,4 transitions are hypersensitive
to their local environments [52]. The °Dy — ’F, transition is strictly
forbidden in a field of symmetry, but this symmetrically forbidden
transition at 573 nm can be hardly found in 1, suggesting that 1
utilizes the comparatively higher symmetry. The Dy — “F; transi-
tion at 593 nm is a magnetic-dipole transition and its intensity var-
ies with the crystal field strength acting on Eu" ions. The °Dg — 7F,
transition at 612 nm is an electric dipole transition and is extre-
mely sensitive to the chemical bonds in the vicinity of Eu" ions.
Therefore, the intensity ratio of the °Dy — “F,/°Do — ’F; transitions
is widely used to check the chemical microenvironment of around
the Eu ion and is acted as a measure of the site symmetry of the
Eu' ions [53]. In a site environment with inversion symmetry, the
5Dy — ’F; magnetic dipole transition is dominant while in a site
environment without inversion symmetry, the >Dy — ’F, electronic
dipole transition becomes the strongest one [54]. The intensity ra-
tio of the °Dg — ”F»/°Dg — ’F; transition in 1 is ca. 0.15, indicating
that the site environment of the Eu' ion in 1 have a higher symme-
try, which is in good agreement with the fact that the square-
antiprismatic Eul ion is sandwiched by eight oxygen atoms from
two [0-GeW;1034]%~ subunits. Such luminescent behavior of 1 is
somewhat different from those of {[Cu(en),(H,0)][CusEu(en)s
(OH);3(H0),](-GeW11039)},-11H,0 [26] and [Cu(dap),(H,0)],
{Cu(dap),|[a-H,SiW11039Eu(H,0)5],}-10H,0 [55] previously re-
ported by us, the main reason of which is that their coordination
environments of the Eu'" ions are different.

Summary

In conclusion, we have hydrothermally prepared and structur-
ally characterized two Cu-Ln heterometallic GT hybrids. 1 exhibits
the 1D chain motif built by tetrameric {[Cu(en);(H,0)][Cu(en),],
{Cu(en),[Eu(a-GeW;1039)-]5}}1%~ moieties through square antipr-
ismatic K* cations while 2 displays the 1D architecture made by
tetrameric  [[Cu(en),]g[Cu(en),]{Cu(en),[La(c-GeW1030)2]2}]1°~
units via octahedral [Cu(en),]?* cations. By comparison of the syn-
thetic conditions 1 and 2 with those Cu-Ln heterometallic GTs pre-
viously reported by us [26], a conclusion can be made that the
molar ratios of KgNay[A-0-GeWg034]-25H,0/CuCl,-2H,0/LnCl3
have an important influence on the structural diversity of the
resulting GT derivatives. Moreover, 1 is used to make the modified
electrode to electrocatalyze the reduction of nitrite and the results
indicate that the 1-CPE has a good electrocatalytic activity toward
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Fig. 7. The solid-state emission spectrum for 1 at room temperature. The emission
spectrum was recorded at Jex =392 nm.

the reduction of nitrite. The solid-state photoluminescence prop-
erty of 1 has been investigated at room temperature. Photoexcita-
tion of the as-synthesized solid of 1 at 392 nm displays six
characteristic emission bands of the Eu" ions. In the following
work, the N/O-containing functional ligands, variable TM cations
and POM precursors will be introduced to our research system to
obtain much more TM-Ln heterometallic GTs with unexpected
structures and properties.
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Appendix A. Supplementary material

Crystallographic data have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication CCDC
920432 for 1 and CCDC 920433 for 2. Copies of the data can be ob-
tained free of charge on application to CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK (Fax: +44 1223 336 033, e-mail:
deposit@ccdc.cam.ac.uk). Supplementary data associated with this
article can be found, in the online version, at http://dx.doi.org/
10.1016/j.saa.2013.05.054.
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