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ABSTRACT: Two novel 1D copper-bridged tetrahedral polyoxometalate nanoclusters with
tetrameric rare-earth cores and germanotungstate vertexes, Na;H,[Cu(en),]s[Cu(en),(H,0)],-
[RE,Ge,W,60,64(H,0);]-nH,0 (RE = Gd"™, n = 25 for 1; RE = Y™, n = 23 for 2; en =
ethylenediamine), have been hydrothermally synthesized and structurally characterized by elemental
analyses, IR spectra, thermogravimetric analysis (TGA), and single-crystal X-ray diffraction. The
most prominent structural feature of 1 and 2 consists of unprecedented tetrahedral RE-substituted
germanotungstate nanoclusters {[(a-GeW;;0;)RE),(p;-WO,)(a-GeW,;0;,RE(H,0))](1,-WO,)-
[a-GeW,0,,RE(H,0),]}**", in which four mono-RE"-substituted Keggin [a-GeW;O;,RE-
(H,0),]°” (n =0, 1, 2) moieties are combined together with the aid of two WO,*~ connectors.

What’s more interesting is that adjacent tetrahedral nanoclusters are interconnected with each other

via [Cu(en),]?*" bridges, forming a 1D extended chain architecture. To our knowledge, 1 and 2 are the first polyoxometalate-
based Cu—RE containing 1D chain constructed from tetrahedral RE-substituted germanotungstate nanoclusters and copper—
organic bridges. Furthermore, the solid-state electrochemical and electrocatalytic properties of 1 and 2 have been carried out in
0.5 mol-L™" Na,SO, + H,SO, aqueous solution by entrapping them in a carbon paste electrode. 1 and 2 display apparent
electrocatalytic activities for the nitrite and bromate reduction.

B INTRODUCTION

Polyoxometalates (POMs) are a versatile family of metal—
oxygen clusters with oxygen-rich surfaces and a controllable
size, shape, composition, charge density, solubility, redox
potential, and acid strength, which are widely studied in
different scientific domains, such as catalysis, magnetism and
nanotechnology, electrochemistry, photochemistry, and materi-
als science." The design and synthesis of large metal oxide
clusters are in the current forefront of synthetic chemistry. The
self-assembly of large clusters often proceeds via condensation
steps, which is usually thermodynamically driven by charge and
nucleophilicity of the growing transient cluster fragments.”
Lacunary POMs are inorganic multidentate ligands that can
integrate multinuclear d- or f-block metals, offering the
possibility of combining stereospecific elements (mainly
transition-metal (TM) and rare-earth (RE) cations) in
structurally diverse multiunit assemblies. Such an enormous
potential has given rise to a dramatic increase in the number
and size of TM-substituted POMs (TMSPs) and RE-
substituted POMs (RESPs) with specific properties for
applications.” A simple synthetic strategy is based upon the
self-assembly of preformed defect POM precursors with TM or
RE cations.” By this way, Yamase et al. prepared tetrameric
and hexameric RESPs [CsC{Eu(H,0),(a-AsW,0;;)},]*~ and
[KC{Eu(H,0),(a-AsWy033)}¢]*°~ in 2005.* Godin et al.
reported a hexameric TMSP [HPW,Fe,q0,45]2* " Kortz
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and co-workers described a 20 Ce™ containing decamer

[CeyGe1oWi000576(OH),(H,0)50]%7.* Later, Yang et al.
addressed a tetrameric TMSP [{Fe"; ;Fe™,(us-OH) ,(pt-
PO,),}(B-a-PW,05,),]*'~.*! Wang et al. obtained two multi-
copper containing tetramers [Cu;,(OH),(H,0)4(Si-
W8031)4]16_ and [Cu;o(H,0),(N;),(GeWo03,),(Ge-
W;03,),]%~.% In 2009, Hussain and co-workers synthesized
a Gd"-bridged polytunfgstoarsenate nanocluster [Gds-
As 1, W1540,43,(H,0),,]°~.# In 2010, Reinoso et al. communi-
cated a giant crown-shaped polytungstate [KCK;Ce,,Ge,-
Wi500456(OH) 1,(H,0),]3* "% Recently, Fang et al. discov-
ered a gigantic core—shell TMSP [Mn', P, WYL, Ogee] 442
Kortz’s group isolated a planar {Mn,,(OH),}**" unit
incorporated in a 60-tungsto-6-silicate polyanion [Mn,,-
(OH) 1,(SiW,003,)6]**~.** Most reported large TMSP or
RESP clusters are, however, discrete in structure. The extended
architectures established by large TMSP or RESP clusters are
rare, but some examples are reported, which include a 1D
phosphotungstate made up of 20 Ni'' substituted {NiyP,-
W3,(OH),0,56(en)s(H,0),} units communicated by Yang’s
group,™ two 1D arsenotungstates built by 18 Ni'' substituted
{[(a-AsW0,4)Nis(OH),(H,0);(en) (B-a-AsW,034) |-
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Table 1. X-ray Diffraction Crystallographic Data for 1 and 2

empirical formula

1

CasH79Cu;GdyGeyNygNaz0 19 Wi

formula weight 13903.20

crystal system triclinic

space group PT

a A 21.635(2)

b A 23.415(3)

¢ A 24.754(3)

a, deg 93.327(2)

B, deg 100.308(2)

7, deg 97.322(2)

v, A3 12195(2)

Z 2

absorption coefficient, mm™! 23.849

F(000) 12238

T, K 296(2)

limiting indices -25<h<2§
27 <k<27
24 <1<29

no. of reflns collected 62356

no. of independent reflns 42577

Ry, 0.0770

data/restrains/parameters 42577/657/2291

goodness-of-fit on F* 1.008

final R indices [I > 20(I)] “R, = 0.0792
“WR, = 0.1368

R indices (all data) R, = 0.1558
wR, = 0.1493

2,
CasHi75Cu;GeyNpgNaz 019, WYy
13593.81
triclinic
P1
21.675(2)
23.348(2)
24.687(2)
93.355(2)
100.387(2)
97.351(2)

12 145(2)

2

23.815

11998

296(2)
—-25<h<2§
=27 < k<27
-29<1<20
61678

42392

0.0918
42392/521/2474
1.006

R, = 0.0788
wR, = 0.1306
R, = 0.1602
wR, = 0.1397

“R, = Y|IF,| — IF||/SIFL. PwR, = [Yw(F.2 — F2)*/ Yw(F.2)*Y% w = 1/[6*(F,2) + (xP)? + yP], P = (F,? + 2F.2)/3, where x = 0.0222, y = 0.0000

for 1, x = 0.0278, y = 0.0000 for 2.

[W,0,6][Ni3(H,0),(en)],}*~ and 20 Ni substituted {[(a-
AsW,0,6)Nig(OH),(en), s(B-a-AsWyO3,) [,H, [W,0 4] [Ni,-
(H,0),(en),],}*" units addressed by us,”® and an accessible
open framework nanocube-based architecture [Mng(H,O),5Ps-
W,0,5,]%* discovered by Cronin et al.>

Hitherto, extended architectures created by large TM-
bridged large RESPs or RE-bridged large TMSPs have been
less explored. The challenge lies in the unavoidable competition
among highly negative POM precursors, less-active TM cations,
and strongly oxyphilic RE cations in the reaction system.® In
this work, by reactions of the lacunary germanotungstate (GT)
precursor with Cu" and RE™ cations under hydrothermal
conditions, we first realize unusual 1D copper-bridged
tetrahedral POM nanoclusters with a tetrameric RE core and
GT vertexes. Two rare 1D copper-bridged RESP architectures,
Na;H;[Cu(en),]s[Cu(en),(H,0)],[RE;Ge;W,450,6,(H,0)5]:
nH,0 (RE = Gd"™, n = 25 for 1; RE = Y, n = 23 for 2; en =
ethylenediamine), have been successfully synthesized and
structurally characterized. To our knowledge, both represent
the first 1D POM-based structures constructed from tetrameric
RE-substituted GT nanoclusters and copper—organic linkers.
This finding provides a route for preparing the extended
structures made by large TM—RE containing POM units. Such
a tetrahedral nanocluster represents the third largest GT cluster
characterized so far, being only surpassed by [Ce,,Ge,q-
Wv1000376(01_1)4(1_120)30]56_;4c and [KCK;Cey,Ge ;W50 56-
(OH);,(H,0)¢,]%%".* TGA measurements of 1 and 2 have
been performed and are used to determine the lattice water
molecules of 1 and 2. The cyclic voltammograms from 1 or 2
modified carbon paste electrodes exhibit two pairs of redox
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waves, which are, respectively, attributable to the redox process
of the Cu"' centers and the redox process of the W' centers in
the framework. Moreover, the W"-based waves of 1 or 2
modified carbon paste electrodes manifest obvious electro-
catalytic activities for the nitrite and bromate reduction.

B EXPERIMENTAL SECTION

Materials and Methods. The trivacant Keggin GT precursor
KgNa,[A-a-GeW,0,,]-25H,0” was synthesized as previously de-
scribed. All other chemicals were used as purchased without
purification. Elemental analyses (C, H, and N) were performed
using a PerkinElmer 240C elemental analyzer. 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 ™. TGA
experiments were performed under a N, atmosphere on a Mettler-
Toledo TGA/SDTAS51 instrument with the heating rate of 10 °C
min~" from 25 to 800 °C. 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 a Ag/
AgCl electrode was referenced. Chemically bulk-modified carbon paste
electrodes (CPEs) were used as working electrodes. A PHB-4 type pH
meter was used for pH measurement.

Synthesis of NasH;[Cu(en),]s[Cu(en),(H,0)],[Gd,Ge;W 460164~
(H,0)31-25H,0 (1). A mixture of KgNa,[A-a-GeW,0;,]-25H,0
(0.330 g, 0.107 mmol), CuCl,-2H,0O (0.068 g, 0.399 mmol), GACl,
(0.068 g, 0.258 mmol), en (0.10 mL, 1.494 mmol), and H,O (S mL,
278 mmol) was stirred for 2 h, sealed in a 25 mL Teflon-lined steel
autoclave, kept at 160 °C for 6 days, and then cooled to room
temperature. Purple prismatic crystals of 1 were obtained by filtering,
washed with distilled water, and then dried at ambient temperature.
Yield: ca. 32% (based on KgNa,[A-a-GeW,04,]-25H,0). Elemental
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analysis for C,gH,,oCu,Gd,Ge,NazN,,0,0,W,6: C, 2.42; H, 1.30; N,
2.82. Found: C, 2.58; H, 1.47; N, 2.74.

Synthesis of NasH,[Cu(en),]s[Cu(en),(H,0)1,[Y,Ge;W460464-
(H,0)51-23H,0 (2). The synthetic procedure of 1 was employed with
a mixture of KgNa,[A-a-GeWy03,]-25H,0 (0.431 g, 0.140 mmol),
CuCl,-2H,0 (0.063 g, 0.370 mmol), YCl; (0.068 g, 0.348 mmol), en
(0.10 mL, 1.494 mmol), and H,0O (5 mL, 278 mmol). The reaction
time was changed to 9 days; purple prismatic crystals were obtained.
Yield: ca. 35%. Elemental analysis for CogH,,5Cu,Ge,N,gNa;0,9, W, 4
Y,: C, 247; H, 1.30; N, 2.89. Found: C, 2.60; H, 1.45; N, 2.85.

Preparations of 1- and 2-CPEs. 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 pestle to achieve a 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 surface was wiped with paper. Electrical contact was
established with a Cu rod through the back of the electrode. In a
similar manner, 2-CPE was made with compound 2.

Gas Adsorption Measurements. Low-pressure gas adsorption
measurements involved in this work were performed at 77 K for N,
and H,, maintained by a liquid nitrogen bath, on a Quantachrome
Quadrasorb automatic volumetric instrument. CO, adsorption
measurements were done at 198 K. In all adsorption measurements,
ultra-high-purity H, was obtained by using calcium aluminosilicate
adsorbents to remove trace amounts of water and other impurities
before introduction into the system. The crystals of 1 and 2 were
heated at 130 °C for 6 h under a dynamic vacuum to remove water
molecules.

X-ray Crystallography. The intensity data collections for 1 and 2
were carried out at 296 K using a Bruker Apex II diffractometer
equipped with a CCD bidimensional detector with the graphite-
monochromated Mo Ka radiation (1 = 0.71073 A). The absorption
correction was based on multiple and symmetry-equivalent reflections
in the data set using the SADABS program.** Direct methods were
used to solve the structures and to locate the heavy atoms using the
SHELXTL-97 program package.® "< 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 map. 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. All non-hydrogen atoms were refined
anisotropically except for some oxygen, carbon, and nitrogen atoms
and water molecules (see the Supporting Information). Crystallo-
graphic data and structure refinements for 1 and 2 are summarized in
Table 1.

B RESULTS AND DISCUSSION

Synthesis. In the past several decades, intensive interest has
been devoted to the search and discovery of TM-, RE-, or
organometal (OM)-substituted POMs.*>® One of the
important synthetic strategies is incorporation of TM, RE, or
OM cations into the defect sites of POM lattices to construct a
tremendous number of POM-based materials with various
stoichiometries and structural features combined with interest-
ing properties. Within the class of POM candidates, lacunary
polyoxotungstates are particularly important in this respect on
account of thelr higher stability than polymolybdates and
polyvanadates Lacunary Keggin GT precursors as the crucial
members of them have been also exploited (Table SI,
Supporting Information).'”"! As shown in Table SI, so far,
most of the previously reported work has been primarily
focused on the preparations and characterization of congeneric
metal-substituted GTs; however, the combination of lacunary
GT precursors with heterogeneous metal ions to synthesize
newfangled TM—RE containing GTs remains less explor-

ed”™¢ On one hand, lately, the search and discovery of
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POM-based TM—RE containing species have gradually become
a new growth point of POM chemistry. On the other hand, the
current trend of synthetic chemistry is toward “rational design”
based on the accumulated knowledge of crystal chemistry,
thermodynamics, and reactivity principles as well as the
relationship between structures and properties.” Enhghtened
by this context, with the aim of discovering novel organic—
inorganic hybrid TM-bridged RESPs or RE-bridged TMSPs,
the system containing the [A-a-GeW,05,]'"” precursor and
Cu?* and RE** cations has been continuously and extensively
exploited based on the following considerations: (a) The
trivacant [A-a-GeW,0,,]'"” precursor is the readily accessible
and the most used GT candidate and has the relatively high
activity in the aqueous solution. (b) Compared with other TM
cations, Cu® ions exhibit more flexible various coordination
modes (square, trigonal bipyramid, square pyramid, and
octahedron); moreover, the Jahn—Teller effect of the
octahedron and pseudo-Jahn—Teller effect of the square
pyramid for Cu" cations can make them adopt diverse linking
modes to overcome steric hindrance, forming novel architectur-
es.”™ (c) RE cations provide good opportunities for discovering
unusual structures due to their high and variable coordination
numbers and flexible coordination geometry. (d) The
combination of flexible coordinate Cu" and RE™ ions with
lacunary GT precursors tends to construct unique TM-bridged
RESPs or RE-bridged TMSPs.

First of all, when the reaction was performed with KgNa,[A-
a-GeW,04,]-25H,0/CuCl,-2H,0/LaCl; in the presence of
en, a novel tetrameric TM—RE containing GT Na,Hy[Cu-
(en),(H,0)]s{Cu(en),[La(a-GeW,,04),],}-18H,0 was first
discovered, and its major skeleton {Cu(en),[La(a-Ge-
W,,03),1,}** is made up of two 1:2-type [La(a-Ge-
W,,036),]"*” moieties and one [Cu(en),]** linkage."'® To
investigate the influence of other RE ions on the structures of
Cu—RE containing GTs, various reactions were performed
using different RE cations. When LaCl; was replaced by PrCl,
or ErCls, similar tetramers, K,H,[Cu(en),(H,0),]s[Cu(en),-
(H,0)1,[Cu(en),],{Cu(en),[Pr(a-GeW,,05),],}-16H,0 and
KNa2H7[enH2]3Cu(en)2(H20)]Z[Cu(en)z]Z{Cu(en)z[Er(a-
GeW,,04),1,}-15H,0, were also obtained.''® When EuCl,,
TbCl;, and DyCl; were, respectively, utilized, three fresh
members, {[Cu(en), (HZO)][Cu3RE(en) (OH),(H,0), ](0{—
GeW,,059)},-nH,0 (RE = Eu™, Tb™, n = 11, RE = Dy, n
= 10), were sequentially aﬁorded which dlsplay the interesting
dimeric motif {[Cu;RE(en);(OH),(H,0),](a-GeW,,03)},*
constructed from two {Cu;REQO,} cubane anchored mono-
vacant [a-GeW,;04,]®" fragments by virtue of two W—O—
RE—O—-W linkers.''® As our work continued, the employment
of GdCl; or YCl; resulted in the formation of two novel
copper-bridged tetrahedral POM nanoclusters with 1D
architectures, Na;H,[Cu(en),];[Cu(en),(H,0)],[RE,Ge,-
W,60164(H,0);]-nH,0 (RE = Gd™, n = 25 for 1; RE = Y1,
n = 23 for 2). These results illustrate that the nature of RE™
cations has an important influence on the structural diversity of
the resulting GT derivatives. Additionally, the common
structural features of these heterometal containing GTs are
that they all consist of [@-GeW,;;03]®" fragments; however,
when K¢Na,[a-GeW,;0;,]-13H,0 replaced KgNa,[A-a-Ge-
Wy03,]-25H,0 under the similar conditions, they cannot be
obtained, which suggests that it seems to be indispensable for
the conversion of [A-a-GeW,03,]'%" to [a-GeW,,05]% in
their preparations. Extra tungsten centers are inserted into the
skeletons of 1 and 2 as a result of partial decomposition or
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evolution of some of the lacunary [A-a-GeW,05,]'” precursor
in solution. Alternatively, addition of extra sodium tungstate
during the reaction cannot form 1 and 2.

In the combination procedure of the [A-a-GeWy0s,]'""
precursor with Cu** and RE* cations in the participation of
en, some points are worthy of mentioning here: (1)
hydrothermal synthesis, which is preferentially employed in
favor of generating more complicated metastable or inter-
mediate phases, offers an excellent opportunity for the
formation of unique GT-based Cu—RE units. (2) The
simultaneous introduction of Cu" and RE™ cations to the
bifunctional active GT (as H*/e™ reservoirs) system in the
presence of organic components not only can alter the reaction
behavior of the system but also can transfer their functionalities
(such as magnetic and optical properties, Lewis acid catalysis)
to the targeted species with enhanced properties owing to their
synergistic effects.*® (3) The delicate combination of Cu" and
RE™ cations with lacunary GT precursors will create
unprecedented phases constituted by in situ formed huge
GT-based Cu—RE units due to the flexibility of coordination
modes of Cu" ions and the oxophilicity and high coordination
numbers of RE ions. (4) The nature of RE ions decides their
activity to react with lacunary GT precursors; that is, the
copper-bridged tetrahedral POM nanoclusters are only formed
by the reaction of Gd** or Y** ions with [A-a-GeW,0;,]*°~ and
Cu?" ions. In addition, to investigate the effect of the nature of
other TM cations on the structural diversity of the products,
Ni** and Co®* cations were used in the presence of RE ions
under the similar conditions; unfortunately, only organic—
inorganic hybrid TM sandwiched GTs, [enH,],[Ni(en),],-
{[Nig(en),(H,0),] [B'a'GeW9034]2}'14H20Hb and {[Co-
(dap),(H,0)],[Co(dap),],[Co,(Hdap),(B-a-HGeW,0;,),]}-
7H20,11‘]l were obtained. When other TM ions, such as Ti*,
Cr**, Fe**, Fe?", and Cd*" ions, were also investigated, however,
amorphous powders were obtained. In a word, the afore-
mentioned facts indicate that the Cu’* ions have the high
tendency to form the TM—RE containing GTs, whereas the
Ni** or Co®" ions have the strong tendency to generate the
TM-substituted sandwich-type GTs in our studied system.

IR Spectra. The IR spectra of 1 and 2 have been recorded
between 4000 and 400 cm™' (Figure S1, Supporting
Information) and display four characteristic vibration patterns
derived from the Keggin framework in the low-wavenumber
region. Four characteristic vibration bands attributable to
v(W-0,), v(Ge—0,), v(W—0y), and (W—-0_) are observed
at 943, 873, 801, and 690 cm™! for 1 and 944, 874, 801, and
691 cm™" for 2, respectively. The IR spectra of 1 and 2 in the
low-wavenumber region resemble that of K;Na,[a-GeW;05,]-
13H,0 (Figure S1), indicating that they contain the
monovacant Keggin [a-GeW,;;0;,]% fragments in their
skeletons. Compared to K¢Na,[(a-GeW,;,0;,)]-13H,0, the
v(W—0,) vibration bands for 1 and 2 are almost not shifted,
suggesting that [Cu(en),]*" and [Cu(en),(H,0)]*" cations
have a weak effect on the terminal oxygen atoms on [a-
GeW,,05,]%" fragments. The v(W—0O,) vibration bands for 1
and 2 split into two peaks, the possible major reason for which
may be related to the fact that the incorporation of the RE™
cations to the defect sites of the [a-GeW,;0;,]*" fragments
leads to the deformation and distortion of the [a-GeW,,0;4]%"
skeletons. The IR spectra of 1 and 2 are obviously different
from that of KgNa,[A-a-GeW,04,]-25H,0 (Figure S1), which
further confirms the structural transformation of the [A-a-
GeW,03,]'"" precursor to the [a-GeW,;;03]® fragment. For
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1 and 2, the stretching bands of —NH, and —CH, groups are
observed at 3135—3309 and 2880—2945 cm ™" and the bending
vibration bands of —NH, and —CH, groups also appear at
1579—158S and 1452—1460 cm™'. These resonance signals
verify the presence of en groups in 1 and 2.

Structural Description. X-ray analyses reveal that 1 and 2
are essentially isomorphic and consist of a large TM—RE—
POM fragment containing a novel tetrahedral RE-substituted
[RE,Ge,W,40,6,(H,0),]**" subunit with five [Cu(en),]** and
two [Cu(en),(H,0)]*" cations (Figures S2 and S3, Supporting
Information). Thus, only the structure of 1 is briefly described
here. The prominent structural feature of 1 is the presence of
an unprecedented tetrahedral Gd"-substituted GT subunit
{{[(a-GeW,039Gd),(p3-WO,) (a-GeW,,03,Gd(H,0)) ] (u4-
WO,)[a-GeW,,0,0Gd(H,0),]}**~ with a size of ca. 2.1 nm
(Figure 1). In this special tetrahedral unit, four Keggin-type [a-

Figure 1. (a) The tetrahedral POM nanocluster with the tetrameric
Gd"™ core and GT vertexes. (b) The detailed coordination connectivity
around the tetrameric Gd™ core.

GeW,,053,Gd(H,0),]*” (n 0, 1, 2) moieties are fused
together with the help of two WO,>™ ions (Figure 2). There are
four crystallographically unique Gd™ ions (Gd1, Gd2, Gd3, and
Gd4), which are all incorporated to the monovacant sites of the
[a-GeW,04,]* fragments through four Gd—O bonds [Gd—O:
2.25(2)—2.457(17) A]. Notably, four Gd™ ions display two
types of coordination geometries. The Gd1, Gd3, and Gd4 ions
inhibit in the seven-coordinate severely distorted monocapped
trigonal prism, whereas the Gd2 ion adopts the eight-
coordinate distorted square antiprismatic configuration (Figure
3). The difference of coordination geometries of Gd" ions is
related to the effect of the steric hindrance. More concretely,
three mono-Gd'™-substituted Keggin [a-GeW,;0;,Gd-
(H,0),]°” moieties are combined together by three W—O—
Gd—O-W connectors; meanwhile, two WO,>~ ions cap on
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Figure 2. Top: the exploded view of {[(a-GeW, 05,Gd),(u;-
WO,)(a-GeW;03,Gd(H,0)) ] (#4-WO,) [@-GeW,;05,Gd-
(H,0),]}**". Bottom: the arrangement of four Keggin-type [a-
GeW;,03,Gd(H,0),]%” (n = 0, 1, 2) moieties with the help of two
WO,* ions (shown in different colors for clarity).

Figure 3. Coordination geometries of Gd1, Gd2, Gd3, and Gd4 ions
in 1.

both sides of the trimeric unit via coordinating to three Gd™
ions, generating a unique windmill-like arrangement (Figure
4a), which is completely distinct from the other reported
trimers, such as [Co(H,0);(a-GeW,,Co03,),]"~,""* [(B,-
SiW,,MnO33,0H);]*7,"> and [RbC(GeW,(Mn,05),]'7.'%°
More interestingly, to reduce the steric hindrance, the fourth
Keggin [a-GeW,;03,Gd(H,0),]>” moiety grafts to the -
WO,*” ion via only one Gd—O—W bond, thus constructing the
novel tetrahedral poly(POM) nanocluster. As a result, this
nanocluster can be approximately viewed as the product of a 4
WO,> -directed tetrahedral assembly of four Keggin [a-
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Figure 4. (a) The unique windmill-like arrangement derived from the
combination of three mono-Gd™-substituted Keggin [a-GeW;,0so-
Gd(H,0),]° moieties with the help of two WO,*™ ions. (b) Three
groups of tetrahedra in {[(a-GeW,,0;,Gd),(u3;-WO,)(a-GeW,,05,-
Gd(H,0))](u-WO,)[a-GeW},03,Gd(H,0), ]}

GeW,,0,,Gd(H,0),]*” subunits. Actually, the presence of
the 4;-WO,” ion to some extent prevents the distribution of
four [a-GeW;;03,Gd(H,0),]°” moieties in the form of a
regular tetrahedron. As a result, the y,-WO,>” ion is not
situated on the center of the tetrahedron, which is further
confirmed by the distorted tetrahedral alignments of four Gd™
ions and four [a-GeW,;0;,]*" fragments (Figure 4b, Figure S4,
Supporting Information). It should be noted that the
construction mode of such a nanocluster is first observed and
distinct from those of the reported tetrameric TMSP or RESP
clusters, such as [Nb,O4(a-Nb;SiWy0,),]*°",” [(PM,-
W10038)4(W3014)]30_ M = Eu', YIH):% [{(SiW,03,)-
(SiW,05;(OH))(Cu(OH))(Cu},X]*~ (X = Cl, Br)™* and
[{Co,(OH),PO,},(PW,0,,),]*"." In addition, on the basis
of the charge balance consideration, seven protons should be
added to the molecular structural unit of 1. Seven protons in 1
can be localized, and monoprotonated oxygen atoms are
identified by bond valence sum (BVS) calculations (Table S2,
Supporting Information).'* The results show that the BVS
values (1.57, 1.30, 1.57, 1.16, 1.04, 1.53, and 1.57) of 028, 039,
071, 078, 0102, 0105, and O139 are significantly lower than
2, indicating that two oxygen atoms may be monoprotonated.
Therefore, the molecular structural unit of 1 can also be
formulated as Na;[Cu(en),]s[Cu(en),(H,0)],[ Gd,Ge,W,sH,-
0,64(H,0)5]-25H,0. A combination of elemental analysis and
TGA confirms the number of lattice water molecules in 1. TGA
indicates the presence of 25 lattice water molecules in 1 (Figure
SS, Supporting Information). Similarly, there are 23 lattice
water molecules in 2. This method that determines the number
of lattice water molecules for a compound is often used in giant
poly(POM) species.'

More importantly, the ample oxygen surface of this
nanocluster provides an excellent opportunity for the
coordination of the copper—en cations in its periphery, which
offers a precondition of the extended structures. In fact, the
[Cu(en),]*" and [Cu(en),(H,0)]*" ions are all bonded to this
nanocluster through weak Cu—O interactions. It is interesting
that adjacent tetrahedral nanoclusters are interconnected with
each other via [Cu(en),]*" linkers, giving rise to a 1D chain
along the ¢ axis (Figure Sa). To the best of our knowledge, this
is the first POM-based Cu—RE heterometallic 1D chain
constructed from tetrahedral RE-substituted GT nanoclusters
and copper—organic bridges. Furthermore, these nanocluster-
based 1D chains are packing into a 3D framework with a much
dense structure, which is further stabilized via extensive H-
bonds between en ligands and surface oxygen atoms from
adjacent la subunits/water molecules (Figure Sb; Figures S6
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Figure 5. (a) The 1D chain formed from [Cu(en),]*"-bridged
tetrahedral nanoclusters. (b) The 3D structure of 1. (c)
Representation of the packing of tetrahedral nanoclusters.

and S7, Table S3, Supporting Information). The 3D packing of
1D chains forms the oblong channels with sizes of ca. 18.0 X
3.0 A (Figure S6, Supporting Information), which are occupied
by Na* ions and lattice water molecules, and these Na* ions and
lattice water molecules can further stabilize the crystal structure.
Actually, in the solid state, the 1D chains align side by side, thus
delimiting no void in its structure, which has been also proved
by the fact that 1 does not display the obvious gas-adsorption
properties (Figures S8—S10, Supporting Information). In
addition, the 3D structure can also be looked upon as the
rational assembly of tetrahedral nanoclusters (Figure Sc).

Thermal Properties. To examine the thermal stability and
determine the number of lattice water molecules of 1 and 2, the
TGA measurements of 1 and 2 have been performed on the
crystalline samples under a N, atmosphere with a heating rate
of 10 °C/min in the temperature range of 25—800 °C (Figure
SS, Supporting Information). The TGA curve indicates that 1
loses weight in two steps. The weight loss of 3.64% in the first
step from 25 to 225 °C corresponds to the loss of 25 lattice
water molecules (calcd 3.24%). Above 140 °C, the second
weight loss of 7.61% up to 800 °C is assigned to the removal of
S coordination water molecules and 14 en ligands and the
dehydration of 7 protons (calcd 7.15%). The TGA curve of 2
also shows two steps of weight loss. The first weight loss of
3.46% between 25 and 242 °C corresponds to the loss of 23
lattice water molecules (calcd 3.05%). The second weight loss
of 8.20% from 242 to 800 °C is attributable to the removal of §
coordination water molecules and 14 en ligands and the
dehydration of 7 protons (caled 7.31%). The observed
experimental values are in good agreement with the elemental
analyses and the results of single-crystal X-ray structural
analyses.

Electrochemical and Electrocatalytic Properties. Elec-
trochemistry of POMs has been attracting extensive interest
due to their potential applications in electrocatalytic processes
and the manufacture of chemically modified electrodes.'®
Extensive studies have shown that POMs are capable of
delivering the electrons to other species, thus serving as the
powerful electron reservoirs for multielectron reductions and
electrocatalytic processes.'” As a result, by means of cyclic
voltammetry (CV), the solid-state electrochemical and electro-
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catalytic properties of 1 and 2 have been carried out in 0.5 mol-
L™ Na,SO, + H,S0, aqueous solution (a medium suitable for
testing electrocatalytic processes) by entrapping them in a
carbon paste electrode (CPE) for the sake of the inorganic—
organic hybrids 1 and 2 prepared by the hydrothermal reaction
being insoluble in water and having poor solubility in common
organic solvents. The reproducibility of cyclic voltammograms
indicates that 1-CPE and 2-CPE are stable in this medium.
Furthermore, because 1 and 2 are isostructural, the results of
CV measurements also prove that their electrochemical and
electrocatalytic properties are very similar (Figures 6 and 7;
Figures S11—S13, Supporting Information); as a result, only 1
is herein discussed. Figure 6a shows the typical CV behavior of
1in a pH 1.51 sulfate medium (0.5 mol-L™" Na,SO, + H,SO,)
at a scan rate of SO mV s~ at room temperature. It can be
clearly seen that, in the potential range of 0.4 to —0.8 V, the
patterns are restricted to two pairs of redox waves and their
mean peak potentials E;,, = (EPa + EPC)/Z are —0.016 and
—0.609 V (vs the Ag/AgCl electrode), respectively. As
expected, the W"-based wave is located at a more negative
potential than that attributed to the Cu" centers. The former
features the redox process of the Cu centers,'® and the latter is
attributed to the redox process of the WY centers in the
polyoxoanion framework.*” The domain where the WY wave
appears has been also observed in the other tungsten containing
POMs.'? The peak potential separation of the W"-based wave
is around 120 mV, which corresponds to a semireversible one-
electron charge-transfer process. Furthermore, the influence of
the scan rate on electrochemical behavior of 1-CPE has been
studied in the potential range of 0.4 to —0.8 V in the above-
mentioned conditions. Figure 6b illustrates the variation of
cathodic peak currents of the W"'-based wave with the scan
rate. When the scan rate is varied from 20 to 100 mV s~ %, the
peak current intensities (I,.) are proportional to the scan rate
(v), and its linear equation is I,. = —0.000093v — 0.6467 with
the correlation coefficient of 0.9932, which suggests a surface-
controlled electron-transfer process occurring at 1-CPE.'®®?° It
is well-known that reduction of POMs leads to an accumulation
of negative char%e, which increases the basicity of the POM
polyoxoanion.””*" Thus, the reduction process may be
accompanied by concomitant protonation. To investigate the
influence of the variation of the acidity on the electrochemical
response of 1-CPE (Figure 6¢c), H,SO, was used to adjust the
pH values of the 0.5 mol'L™' Na,SO, medium. The results
indicate that the pH of the supporting electrolyte has a marked
effect on the electrochemical behavior of 1-CPE. It can be seen
that, along with increasing the pH, the peak potential of the
WV".based wave gradually shifts to the negative potential
direction and the peak currents gradually decrease. It can be
explained by the fact that reduction of 1-CPE is accompanied
by the evolution of protons from solution to the surface of the
electrode to maintain charge neutrality.'”” Along with
increasing pH, slower penetration of protons to the surface of
1-CPE should be the reason for the current decrease,m”223 and
the negative shift of the reduction Eeak potential can be
elucidated by the Nernst equation.'””**® This phenomenon has
been observed in the Dawson-type heteropolyoxomolybdate-
modified electrodes (such as [BMIM]4P,Mo,,0;, immobilized
on a glass carbon electrode, KsP,Mo,304,-14H,0 assembled
CNTP electrode).’**® In addition, Keita et al. performed the
comparison studies on the solution electrochemistry and solid-
state electrochemistry of Cs;4Nay,[{Sn(CHj;),(H,0)},,{Sn-
(CH;),}12(A-PW,03,),,]-149H,0, and the results also indicate
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Figure 6. (a) Cyclic voltammogram of 1-CPE in pH = 1.51, 0.5 mol:
L™! Na,SO, + H,SO, aqueous solution. (b) Variation of cathodic peak
currents of the W"-based wave with the scan rate for 1-CPE. (c)
Variation of cyclic voltammograms of 1-CPE with the pH value. (d)
Variation of cathodic peak potentials E, of the WVLbased wave of 1-
CPE as a function of the pH value. Scan rate: 50 mV s™".

that, when the pH increases, the current decreases and the
entire cyclic voltammogram is shifted in the negative potential
direction. Even though the POM is not diffusing freely in
solution and reacts mainly in the interfacial region, this feature
underscores, once again, the important role of protons in the
electrochemistry of POMs.'® Figure 6d shows variation of
cathodic peak potentials of the W"'-based wave as a function of
the pH of the solution. The pH varies in the range of 1.00—
1.96, the cathodic peak potentials of the W"'-based wave shift
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Figure 7. (a) Cyclic voltammograms of 1-CPE in pH = 1.51, 0.5 mol:
L™' Na,SO, + H,SO, aqueous solution containing various
concentrations ((a) 3 X 1073, (b) 7 x 1073, (¢) 1.1 X 1072, (d) 1.5
x 1072 (e) 1.9 X 107 mol-L™") of NaNO,. (b) Cyclic voltammo-
grams of 1-CPE in pH = 1.51, 0.5 mol-L™" Na,SO, + H,SO, aqueous
solution containing various concentrations ((a) 3 x 1073, (b) 7 x
1073 (c) 1.1 x 1072, (d) 1.5 X 1073 (e) 1.9 X 107> mol-L™") of
NaBrO;. Scan rate: 50 mV s™%.

negatively with the increase in the pH, and the plot of the
cathodic peak potential (E,) versus the pH shows good
linearity (Figure 6d). The slope of the E,./pH line is about 102
mV, which indicates the addition of two protons to the reduced
forms of 1 when one electron is transferred.

It is well-known that POMs have been extensively exploited
in electrocatalytic reductions in the past several years due to
their ability to undergo reversible multielectron redox
processes.'®** For instance, Keita et al. reported that two-
electron-reduced SiMo,;,0,*" can reduce nitrite in acidic
solution.”® Nohra et al. observed the high electrocatalytic
efficiency for the hydrogen evolution reaction of POM-based
metal—organic frameworks, (TBA);[PMo"sMo"",0;,(OH),-
Zn,][C4H;3(CO0);]4,5°6H,0, (TBA)s[PMOVsMOVI4O37'
(OH);Zn,][C4H,;(COO0);], and &TBA)s[PMoVSMoVﬂOy-
(OH);Zn,] [C6H3(COO)3]-8H20.16 Peng and co-workers
investigated the electrocatalytic activity of (pbpy),H[P-
Mo,,0,4,(VO)]-CPE and (pbpy),H,[SiMo,,0,,]-CPE for the
reduction of chlorate.** In the present paper, 1-CPE and 2-
CPE were employed to probe the electrocatalytic reduction of
nitrite and bromate in 0.5 mol-L™" Na,SO, + H,SO, aqueous
solution (pH = 1.51). Nitrite is a common pollutant from both
agricultural and industrial sources, and its direct electro-
reduction requires a large overpotential at most electrode
surfaces, and no obvious response is observed at a bare CPE.*
In our experiments, we find that 1-CPE and 2-CPE display the
electrocatalytic activity toward the reduction of NO,™ in the
acidic sulfate medium in the range of 0.4 to —0.8 V, as shown in
Figure 7a and Figure S13a (Supporting Information). It can be
clearly seen that, with addition of nitrite, the reduction peak
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currents of the Cu-based wave is less affected, whereas the
reduction peak currents of the W'-based wave increase
gradually and the corresponding oxidation peak currents
decrease gradually. The results show that the reduction of
nitrite is mainly mediated by the reduced species of tungsten—
oxo clusters in 1 and 2. Actually, such a phenomenon has been
previously encountered.'***® From the viewpoit of medicine,
bromate is suspected to act as a human carcinogen,”” so the
monitoring or removal of this species is of interest as it is
present in drinking water samples as a byproduct of ozone
disinfection and is often used as a food additive.”® Generally,
the reduction of bromate is totally irreversible at a glassy carbon
electrode in acidic aqueous solution and does not take place
prior to the evolution of hydrogen.'’”® Experiments have
attested that the reduction of bromate can readily be catalyzed
by the mixed-valence molybdenum or tungsten species.”” To
test the electrocatalytic ability of 1-CPE and 2-CPE toward the
reduction of BrO;~, CV measurements of 1-CPE and 2-CPE in
0.5 molL™" Na,SO, + H,SO, aqueous solution containing
various concentrations of NaBrO; have been carried out at
room temperature. It can be seen from Figure 7b and Figure
S13b (Supporting Information) that the onset of the catalytic
process is triggered by the W"-based wave. With the addition
of BrO;~, the cathodic current of the W"-based wave rises;
meanwhile, the corresponding anodic current gradually
decreases while the Cu'-based wave is almost unaffected by
the addition of BrO;™. The phenomenon suggests that bromate
is reduced by the reduced species of tungsten components.'”**”
In addition, to check the stability of catalyst 1 after the
electrocatalytic reduction of nitrite and bromate, the IR spectra
of 1 and 1-CPE before electrocatalysis and 1-CPE after
electrocatalysis are compared (Figure S14, Supporting In-
formation). Because the reduction of nitrite or bromate is
mainly mediated by the reduced species of tungsten-oxo
clusters in 1, the comparison of the IR spectra is concentrated
on the characteristic vibration bands of the POM cluster in the
low-wavenumber region. The result exhibits that four character-
istic vibration bands, v(W-0,), v(Ge—-0,), v(W—-0,), and
v(W=0,), of 1-CPE before electrocatalysis and 1-CPE after
electrocatalysis are not shifted and no new vibration band is
observed in IR spectra in comparison with those of the original
sample 1, which suggests that the catalyst 1 is stable after
electrocatalysis. The similar case is observed for 2 (Figure S15,
Supporting Information). By and large, the results indicate that
the 1-CPE and 2-CPE have obvious electrocatalytic activities
for the nitrite and bromate reduction.

B CONCLUSIONS

In summary, we have successfully prepared two unusual 1D
copper-bridged tetrahedral POM nanoclusters with a tetrameric
RE core and GT vertexes Na;H,[Cu(en),]s[Cu(en),(H,0)],-
[RE,Ge,W,40,4,(H,0),]-nH,0 (RE = Gd™, n = 25 for 1; RE
= Y™, n = 23 for 2), which have been structurally characterized.
In particular, the most remarkable feature of 1 and 2 is the
occurrence of an unprecedented tetrahedral RE-substituted GT
nanoscale subunit, {[(a-GeW, O;,RE),(15-WO,)(a-Ge-
W11039RE(H20))] (/44‘WO4) [a'GEWnOz@RE(HzO)z] }24_; in
which four Keggin-type [a-GeW,,;0,,RE(H,0),]*” (n = 0, 1,
2) spheres are fused together with the help of two WO,*” ions.
It should be noted that the construction mode of such
tetrahedral nanoclusters is first discovered. Furthermore, the
solid-state electrochemical and electrocatalytic properties of 1
and 2 have been evaluated. Both 1-CPE and 2-CPE have
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obvious electrocatalytic activities for nitrite and bromate
reduction. This work opens up a door for exploring the
extended structures created by large TM—RE containing POM
fragments. More giant TM—RE containing POMs with
extended structures can be expected through this approach in
the future. More importantly, chiral organic ligands will be
introduced to this system to control the charge distribution of
microstructures of desired materials, further leading to the
noncoincidence of the centers for the positive charges and
negative charges, and thus, TM—RE containing POM-based
functional materials with ferroelectricity and piezoelectricity

will be prepared.
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The details during the course of the refinements of structures of
1 and 2; summary of phases obtained from lacunary Keggin GT
precursors; IR spectra of 1 and 2; related structural figures;
TGA figures of 1 and 2; BVS values of the oxygen atoms in 1;
hydrogen-bonding interactions in 1; adsorption isotherms of 1
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