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The first purely inorganic polyoxotungstates
constructed from dimeric tungstoantimonate-
based iron-rare-earth heterometallic fragments

Lijuan Chen, Jing Cao, Xinghua Li, Xing Ma, Jie Luo* and Junwei Zhao™*

The rational self-assembly of a trilacunary Keggin precursor with Fe3* and RE*" (rare-earth) ions via a con-
ventional aqueous solution method has led to a series of novel tungstoantimonate-based Fe-RE hetero-
metallic derivatives [Pr(H>O)gl[Pr(H,O)gl[Fes(H20)10(B-B-SbWgOs33),]-16H,0 (1) and [RE(H,O)/lx[Fes(H,0)10(B-B-
SbWoO33),1-22H,0 [RE = Tb" (2), Dy" (3), Lu™ (4), Y (5)], which have been further structurally characterized
by elemental analysis, IR spectroscopy, powder X-ray diffraction (PXRD), single-crystal X-ray diffraction and
thermogravimetric (TG) analysis. To the best of our knowledge, 1-5 represent the first purely inorganic
1°” unit. In 1, the
tetra-Fe" substituted sandwich-type unit [Fe4(H,O):o(B-B-SbWsOs33),1%" is built up of two trilacunary Keggin
subunits [B-p-SbWoOs3]°~ sandwiching a rhomb-like {Fe';} cluster, and then the disordered Pr'' cations
work as bridges that link adjacent sandwich-type units [Fe4(H,O)1o(B-B-SbWsOs33),1%", giving rise to the first
2-D extended sheet based on tungstoantimonate fragments and Fe-RE heterometallic cations. 2-5 are
isomorphic and exhibit a discrete structure composed of a tetra-Fe!' substituted sandwich-type unit
[Fe4(H20)10(B—B—SbW9033)2]6' and two supporting [RE(H,0)g]** cations. The electrochemical and electro-
catalytic properties of 1 and 2 have been investigated in detail in a 0.5 mol L Na,SO,4 + H.SO, supporting
electrolyte, and both 1 and 2 illustrate obvious electrocatalytic activity toward the reduction of NO,™ and

Fe-RE heterometallic tungstoantimonates based on the trilacunary Keggin [B-B-SbWgOs3

Www.rsc.org/crystengcomm BrOs™.

Introduction

It is well known that the featured oxygen-enriched surfaces,
high negative charges and controllable sizes of lacunary poly-
oxometalate (POM) precursors derived from several classic
polyoxoanions (POAs), such as the Keggin type {XM;,0.,0},
Dawson type {X,M;50s,}, and Lindqyvist type {M¢O,0}, are the
reasons why they are often recommended as excellent
multidentate inorganic ligands that link various transition-
metal (TM) or rare-earth (RE) cations into novel polynuclear
functional aggregates with diverse metal nuclearities, beauti-
ful structural topologies and unique properties." Among the
well-known class of TM or RE containing POM aggregates,
the sandwich-type POM-based derivatives have been widely
explored. Within the class of those species, the sandwich-type
species constructed from two trivacant Keggin [a-XWq03,4]*
(x = si", Ge", PY, As") or Dawson [a-X,W;5056]"" (X = PY,

Henan Key Laboratory of Polyoxometalate Chemistry, Institute of Molecular and
Crystal Engineering, College of Chemistry and Chemical Engineering, Henan
University, Kaifeng, Henan 475004, PR China. E-mail: luojie@henu.edu.cn,
zhaojunwei@henu.edu.cn

t Electronic supplementary information (ESI) available: Additional data. CSD
429364-429368 for 1-5. See DOI: 10.1039/c5ce00633¢

5002 | CrysttngComm, 2015, 17, 5002-5013

As’) fragments and a TM core probably represent the best
known and most studied subfamily since the first rhomb-like
tetra-Co" substituted sandwich-type species [Co,(H,0),(B-0-
PW,03,),]'"” was reported by Weakley et al. in 1973.> The
existence of Sb™-containing POMs has been known for a long
time,® and most of the published findings are based on the
trivacant Keggin [SbW,y0;5]°” fragment. Among these
tungstoantimonates (TAs), a majority of them are dimeric
sandwich-type structures constructed from two trivacant
Keggin [SbW,05;]°” fragments encapsulating a metal cluster.
In 1997, Krebs et al. firstly reported the synthesis approaches
of the [B-a-SbWy05;3]°” POA and the dimeric Krebs-type sand-
wich [Sb,W,,0,4(OH),]">” POA," where the [Sb,W,,054(OH),]"*~
POA is composed of two trivacant Keggin-type segments
[B-B-SbW,035]°” joined via a sandwich belt of two interior
{WO0,}*" and two exterior {WO(OH),}*" groups. Subse-
quently, Krebs and co-workers showed that two exterior
{WO(OH),}** moieties can be substituted by extraneous
{M(H,0);}*"*" fragments, leading to the TM-substituted
[Sby,W,oM,0-0(H,0)6]”” POAs (M = Fe'", Co", Mn", Ni", Cu",
Zn").>® From then on, the continuous interest in exploring
TM-substituted Krebs-type TAs has persisted and the rate of
discovering novel derivatives has been steadily growing. As
we know, the groups of Proust, Kortz, Bi and Wang all
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demonstrated that two exterior {WO(OH),}>" moieties of this
structure-type can be easily replaced by organometallic
groups forming novel organometallic derivatives such as
[SbyW,0050{Ru(p-cymene)},]'*7,7  [SbyW,0050(RUCeH,),]"0",2
[SbaW,5050(RUC1oH14)5]"7,% [SbyW,oRU,(H,0),(dmso)s0gs]*,°
and [{Sn(C4H0,)(H,0)},(WO,),(B-B-SbWs035),]'*"."° On the
other hand, Kortz et al. also showed that adamantane-
like {Ru,O4(H,0)o}*" cluster units were able to take the
place of two terminal {WO(OH),}** groups."' Furthermore,
Hill's group prepared two Krebs-type metal carbonyl
complexes Na,;H[Sb,W,,0,4{Re(CO)3},]-34H,0 and
KoNaz[Sb,W,0050{Mn(C0O);},]-32H,0,"*  in  which  two
tricarbonyl {M(CO);}* cations substitute two {WO(OH),}**
moieties on the Krebs-type POM skeleton. Later, Kortz
evidenced that two inner and two outer W centers in the
Krebs-type TA can be substituted by TM cations, resulting in
[M4(H,0)10(B-B-SbWo0353),]*” (M = Fe™, A" very
recently, Reinoso et al. also obtained a series of organic
functionalization derivatives of TM-substituted Krebs-type
POMs [{M(imc)(H,0)},(WO,),(B-B-SbWy053),]"*~ (M = Mn",
Co", Ni", Zn") and [(2,3-pyzdc),{NaNi,(H,0);Sb, W10}, >~
Meanwhile, the other structure types of TM-substituted
derivatives based on trilacunary [SbW,03;]°" fragments
have also been reported. Some representative examples
are listed here: Cronin et al. isolated a monotitanium
embedded POA [Na;TiO(B-a-SbWy033),]*"", which is com-
posed of two [B-0-SbWy0;3]°” fragments linked by five
sodium ions and a unique square pyramidal Ti(O)O,
group.'® Pope et al. synthesized a di-UO,>" sandwiched TA
[(UO,)2(H,0)(SbW4035),]**"."” A number of Hervé-type
trinuclear substituted sandwich-type TAs were also discov-
ered by several groups with various metal nuclearities
(cu™, zn", Mn", Co™, Ni", Pd™)."® And a unique hexanuclear
substituted sandwich-type TA [(MnCl)e(B-a-SbWy033),]">"
was communicated by Yamase and co-workers.'”® More-
over, Hill's group reported a molecular highly unusual fea-
ture tetramer [{Na(u-OH,)(OH,),}6{Sns(B-SbW40;3),},]°".1"
In contrast to TM-substituted TAs, there are few reports on RE-
substituted TAs including an unprecedented Ce™-containing
derivative [(SbWy033),{WO,(H,0)},Ce;(H,0)s(Sb,0,)]7,* a Y™
containing trimer [{Y(0-SbWs05;(OH),)(CH;COO)(H,0)}(WO,)[*~
that is composed of three [a-SbW,03;5]°” segments linked
by three Y™ ions and a capping, tetrahedral WO,>”
group,”® and two inorganic sandwich-type dimers
[RE(H,0),Sb,W,,05,(0OH)]"°" (RE Yb™, Lu™) and
[RE,(H,0)5(Sb,W,0050)°” (RE = Y™, Lu™, Y™).>*> However,
to our knowledge, the research on TM-RE heterometallic TAs
containing the trilacunary [SbWy03;]°” fragments remains
largely undeveloped. Under this background, we have isolated
a family of organic-inorganic hybrid TM-RE heterometallic
TAs with amino acid ligands [RE(H,0)g],[Fe4(H,0)s(thr),][B-B-
SbWy035],-22H,0 (RE = Pr'™, Nd™, sm™, Eu™, Gd™, Dy, Lu™).>
As a part of our continuous work, herein, we report a series
of [B-B-SbWo0;;3]"-based 3d-4f heterometallic purely inorganic
POMs [Pr(H,0)g][Pr(H,0)s][Fe,(H20)10(B-B-SbWo033),]-16H,O (1)
and [RE(H,0), |,[Fe4(H,0)10][B-B-SbWy035],-22H,0 (RE = Tb™ (2),
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Dy™ (3), Lu™ (4), Y™ (5)). Their common characteristic is
that they comprise a tetra-Fe'" substituted sandwich-type unit
[Fe4(H,0)10(B-B-SbW4053),]*” with the bonding RE ingredi-
ents on their surface. 1 displays the 2-D extended sheet
constructed from the tetra-Fe™ substituted sandwich-type
units [Fe,(H,0)10(B-B-SbWy053),]*” through Pr'™ linkers,
whereas the molecular structures of 2-5 consist of a tetra-Fe'"
substituted sandwich-type unit [Fe,(H,0)(B-B-SbWo033),]%"
and two supporting [RE(H,0)]*" cations. As far as we know,
1-5 stand for the first purely inorganic TM-RE heterometallic
TAs. The electrochemical and electrocatalytic properties of 1
and 2 have been investigated in detail.

Experimental
Materials and physical measurements

The trilacunary precursor Nag[B-0-SbW,033]-19.5H,0 was syn-
thesized as previously described® and further identified by IR
spectroscopy. All other reagents were used as purchased with-
out further purification. Hydrogen elemental analysis was
performed on a Perkin-Elmer 2400-II CHNS/O analyzer.
Inductively coupled plasma atomic emission spectrometry
(ICP-AES) was performed using a Perkin-Elmer Optima 2000
ICP-AES spectrometer. IR spectra were recorded with a Nico-
let FT-IR 360 spectrometer using KBr pellets in the range of
4000-400 cm™'. Powder X-ray diffraction (PXRD) patterns
were collected using a Bruker D8 ADVANCE instrument with
Cu Ko radiation (4 = 1.54056 A). Cyclic voltammograms were
recorded on a CS electrochemical workstation (Wuhan
CorrTest Instrument Co. Ltd) at room temperature. Twice-
distilled water was used throughout the experiments. A con-
ventional three-electrode system was used. The working
electrode was a glassy carbon, a platinum gauze was used as
a counter electrode and an Ag/AgCl electrode was referenced.
The supporting electrolyte of 1 and 2 was 0.5 mol L™" Na,SO,
+ H,SO, aqueous solution. TG analyses were carried out
under a N, atmosphere using a Mettler-Toledo TGA/SDTA
851e instrument with a heating rate of 10 °C min™" from 25
to 750 °C.

Preparations of 1-7

[Pr(H,0)s][Pr(H20)6][Fes(H,0)10(B-B-SbW,033),]- 16H,O (1).
Nag[B-0-SbW,0;5]-19.5H,0 (0.200 g, 0.070 mmol), FeCl;-6H,0
(0.032 g, 0.118 mmol), and PrCl;-6H,0 (0.070 g, 0.197 mmol)
were dissolved in 15 mL of water with stirring and the pH
value of the solution was carefully adjusted to 0.5 using a
dilute HCI solution (4 mol L™"). The solution was stirred for 2
h, heated at 80 °C for 2 h and then filtered when it cooled to
room temperature. Slow evaporation of the filtrate at room
temperature led to green yellow cubic block crystals of 1 for
several days. Yield: ca. 33% (based on FeCl;-6H,0). Anal.
caled. (found %) for HgoFe,O106Pr,Sb,Wyg (1): H 1.38 (1.57),
Fe 3.83 (3.71), Pr 4.83 (4.66), Sb 4.17 (4.38), W 56.72 (56.59).
IR (KBr pellets, em™): 3393(vs), 1634(s), 957(m), 889(w),
777(vs), 662(m), 472(w), 418(w).
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[Tb(H,0);],[Fe4(H,0)10][B-B-SbWs033],-22H,0 (2). The syn-
thesis process of 2 is similar to 1, except that TbCl;-6H,0O
(0.070 g, 0.187 mmol) replaced PrCl;-6H,0. Yield: ca. 30%
(based on FeCl;:6H,0). Anal. caled. (found %) for
Ho,Fe,0,,,Sb,WysTb, (2): H 1.55 (1.64), Fe 3.74 (3.64), Tb
5.32 (5.40), Sb 4.07 (4.00), W 55.35 (55.45). IR (KBr pellets,
em™): 3397(vs), 1643(s), 953(m), 883(w), 783(vs), 649(m),
474(w), 421(w).

[Dy(H,0),]2[Fe4(H,0);0][B-B-SbWo03;],-22H,0 (3). The syn-
thesis process of 3 is similar to 1, except that DyCl;-6H,O
(0.100 g, 0.265 mmol) replaced PrCl;-6H,0. Yield: ca. 35%
(based on FeCl;-6H,0). Anal. caled. (found %) for
Ho,Fe,0,1,Sb,W,sTh, (3): H 1.55 (1.64), Fe 3.74 (3.64), Dy
5.32 (5.40), Sb 4.07 (4.00), W 55.35 (55.45). IR (KBr pellets,
em™): 3413(vs), 1632(s), 952(m), 878(w), 788(vs), 660(m),
469(w), 421(w).

[Lu(H,0),],[Fe,(H,0);0][B-B-SbWs03;],-22H,0 (4). The syn-
thesis process of 4 is similar to 1, except that LuCl;-6H,0O
(0.070 g, 0.180 mmol) replaced PrCl;-6H,O. Yield: ca. 38%
(based on FeCl;-6H,0). Anal. caled. (found %) for
Ho,Fe,0,1,Sb,WysLu, (4): H 1.54 (1.65), Fe 3.72 (3.60), Lu
5.82 (5.71), Sb 4.05 (3.94), W 55.05 (55.17). IR (KBr pellets,
em™): 3407(vs), 1638(s), 952(m), 889(w), 782(vs), 655(m),
474(w), 421(w).

[Y(H,0);]5[Fe4(H,0)10][B-p-SbWo05;],-22H,0 (5). The syn-
thesis process of 5 is similar to 1, except that YCl;-6H,O
(0.100 g, 0.330 mmol) replaced PrCl;-6H,0. Yield: ca. 36%
(based on FeCl;:6H,0). Anal. caled. (found %) for
Ho,Fe,0,1,Sb,W 1Y, (5): H 1.59 (1.67), Fe 3.83 (3.74), Y 3.05
(3.16), Sb 4.17 (4.29), W 56.68 (56.59). IR (KBr pellets, cm*):
3392(vs), 1633(s), 953(m), 883(w), 776(vs), 660(m), 474(w),
415(w).

Table 1 Crystallographic data and structural refinements for 1-5

CrysttngComm

X-ray crystallography

Intensity data for 1-5 were collected on a Bruker APEX-II
CCD diffractometer using graphite monochromatized Mo Ka.
radiation (1 = 0.71073 A) at 296(2) K. Direct methods were
used to solve their structures and 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. Routine Lorentz
polarization and empirical absorption corrections were
applied. No hydrogen atoms associated with water molecules
were located from the difference Fourier map. All non-
hydrogen atoms were refined anisotropically except for some
oxygen atoms and water molecules. It should be pointed out
that the Pr1 and Pr2 cations are disordered over two posi-
tions with the site occupancy of 50% for each position. Simi-
lar disordered phenomenon has been observed in the previ-
ous document.”® Crystal data and structure refinements for
1-5 were summarized in Table 1. The CCDC reference num-
bers for 1-5 are 429364-429368, respectively. These data can
be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49 7247 808
666; e-mail: crysdata@fiz-karlsruhe.de).

Results and discussion
Synthesis

Over the past several decades, a number of POM-based TM-
RE heterometallic derivatives (PTRHDs) have been success-
fully synthesized, leading to a growing family of PTRHDs
with an intriguing variety of architectures and topologies,
since the first series of PTRHDs [RE(H,O0)s{Ni(H,0)},
AS4W400140]21— (RE — YIH, CCHI, PI‘IH, NdIH, SmIH, EuIH, GdIH)

1 2 3 4 5
Formula HgoFe;0106Sb,W1sPr, HoyFe 01158b,WigTb, HooFe 011,Sb,WisDy, HoyFey0115Sb,Wiglu, HooFeg 0q1,8b,WisY,
M, (g molfl) 5834.66 5978.78 5985.94 6010.88 5838.60
T (K) 296(2) 296(2) 296(2) 296(2) 296(2)
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic
Space group P1 P1 P1 P1 P1
a(A) 12.7448(10) 12.7304(5) 12.7569(12) 12.7131(16) 12.7178(5)
b (A) 12.7563(9) 13.0108(5) 13.0680(12) 12.9743(17) 13.0050(5)
c (A) 16.1414(12) 15.9909(6) 16.0200(15) 15.960(2) 15.9829(6)
a (deg) 78.1290(10) 75.3150(10) 75.2730(10) 75.090(2) 75.2040(10)
£ (deg) 74.3740(10) 74.3990(10) 74.4050(10) 75.892(6) 74.3750(10)
7 (deg) 83.6220(10) 76.0750(10) 75.9710(10) 75.818(2) 75.9460(10)
Vv (A% 2468.9(3) 2425.05(16) 2444.0(4) 2405.1(5) 2418.00(16)
VA 1 1 1 1 1
D, (g cm™®) 3.924 4.094 4.067 4.150 4.010
4 (mm™) 23.059 23.938 23.834 24.718 23.751
No. of reflections collected 12495 12450 12172 12121 12372
No. of independent 8478 8447 8355 8369 8416
reflections
Rin¢ 0.0389 0.0358 0.0455 0.0339 0.0495
Limiting indices -15<h<14 -15<h <15 -13<h <15 -14 <h <15 -9<h<15
-15<k<11 -10 <k <15 -15 <k <15 -10 <k <15 -15<k<15
-19<[<18 -19<l<18 -18<1<18 -18<1<18 -19<1<18
GOF on F? 1.007 1.043 1.013 1.017 1.029

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

0.0522, 0.1337
0.0613, 0.1393
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0.0365, 0.0923
0.0399, 0.0942

0.0503, 0.1271
0.0566, 0.1312

0.0432, 0.1106
0.0522, 0.1157

0.0549, 0.1450
0.0599, 0.1493
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were published by Xue et al. in 2004.2°” However, the prepa-
ration of novel PTRHDs has been a great challenge because
the pH stability region for TM cations in aqueous solutions is
different from that of RE cations; furthermore, there are
unavoidable competitive reactions among highly negative
POM precursors, strongly oxyphilic RE ions and less active
TM ions in the same reaction system.*® Consequently, it is
comparatively difficult to seek suitable reaction conditions
that would capacitate the acquisition of novel PTRHD aggre-
gates. In order to further explore novel extended aggregates
in this domain with the “property-adding” feature, an effec-
tive strategy was developed to utilize the lacunary POAs as
inorganic polydentate building units to capture TM and RE
ions for constructing the extended PTRHD multifunctional
hybrid materials. Highly lacunary POM precursors are
selected as the ideal candidates because of their nucleophilic
oxygen-enriched surfaces and high negative charges, which
allow incorporation of more metal centers.”” It should be
pointed out that the choice of diverse “connectors” such as
TM cations or RE cations is important since they can
effectively link lacunary POM precursors. As far as we know,
since the first extended inorganic PTRHD was discovered
by Wang's group in 2007,>® hitherto, more than twenty
extended PTRHDs have been obtained by means of various
TM or RE linkers (Table 2).”° In Table 2, it was evident
that only seven examples of extended PTRHDs with RE
linkers have been reported. In 2007, Wang et al. reported
the first 1-D chiral ladder-like chain based on tetra-Mn™
substituted  [Mn,Si,W;3045(H,0),]"> and Ce*
linkers.>” Subsequently, the first 2-D inorganic aggregate

units
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K;Na;{Nd,(H,0),,Cu,(H,0),(SiWs03,),}-21H,0  built by
tetra-Cu"” sandwiched [Cuy(H,0),(SiWs034),]">" units and
Nd** linkers was also obtained by them.*®” In 2010,
Mailane et al reported a 1-D double-chain system
Cs4[(y-5iW1036),(Cr(OH)(H,0));(La(H,0),),];-19H,0, in  which
sandwich-type  [(y-SiW;¢036)(Ct(OH)(H,0));]'>” moieties were
connected by La** cations.>®® In 2012, Niu's group obtained a
1-D helical chain formed by [0-SiWy;05]°” POAs and RE*
cations, which was further extended to a 3-D framework through
Cu®* cations. Recently, Yang and coworkers discovered the first
3-D Mn-Ce heterometallic organic-inorganic hybrid framework
K,Na,[Ce,(0x)3(H,0),]2{[Mn(H,0);],[(Mn,GeW403,),(H,0),]}
‘14H,0 constructed by sandwich-type = TM-substituted
POAs and mixed 3d and 4f metal linkers.”” They also
synthesized two  3-D  frameworks  KNa,[{Sm¢Mn(u-
H,0),(0OCH,COO0),(H,0),sH{Na(H,0)PsW;,0;10}]-22H,0 and
K4[{Sm,Cu,(gly),(0x)(H20),4{NaPsW3¢0;10}]CL,-25H,0 that con-
tain {PsW;,} units and TM/RE-carboxylate-RE connectors.”*?
It is obvious that only three examples of extended purely inorganic
PTRHDs have been reported. On the other hand, the exploration
on purely inorganic TM-RE heterometallic TAs remains largely
undeveloped. This background provides us with an excellent
opportunity to exploit the TA-TM-RE system. Eventually, we
have successfully obtained a novel 2-D purely inorganic TM-RE
heterometallic TA [Pr(H,0);][Pr(H,0)e][Fes(H,0);9(B-B-SbWo033),]
16H,0 (1) and four 0-D purely inorganic TM-RE heterometallic
TAs [RE(H,0), |o[Fes(H,0)10][B-B-SbWs055],-22H,0 [RE = Th™ (2),
Dy™ (3), Lu™ (4), Y™ (5)]. In the beginning, 1 was first obtained
by reaction of Nag[B-a-SbWo03;]-19.5H,0, FeCl;-6H,0 and PrCl;
-6H,0 in an aqueous solution, pH = 0.5, at 80 °C. And then the

Table 2 The summary of extended POM-based TM-RE heterometallic materials

Year Dimension Linkers Phase
2007 1-D ce* K,4Na,[{Ce(H,0);},Mn,Si,W;5065(H,0),]-21.5H,0%”
2008 1-D cu** KoH,[{RE(PW,;030),H{Cu,(bpy),(p-ox)}]-xH,0***
2-D Nd** K;Naz{Nd,(H,0);,Cu,(H,0),(SiWe034),-21H,0%”
2009 1-D cu* [Ho{Ce(0-PW,,034),}Cu(en),] 6H,0>%
2-D cu** [Cu(en),][(Cu(en)(OH));La(SiW;,034)]-20H,0>°?
2010 1-D cu** H,[Cu(en),H,0]s[Cu(en),]s[{(o-SiW,1030)Ce(H,0)(n?,u-1,1)CH;COO0}, ]-22H,0%*
1-D cu* Hg[Cu(en),H,0];[Cu(en),}{[Cu(en),][La(PW,;030),]}»-18H,0%
1-D La* C84[(y-SiW,0036),(Cr(OH)(H,0))5(La(H,0);),]5-19H,0%%
2011 1-D cu** {[Cu(en),]; s[Cu(en)(2,2"-bipy)(H,0)n]RE[(c-PW,,030),]}s (RE = Ce, Pr)>**
2-D cu** {[Cu(en),]»(H,0)[Cu(en)(2,2-bipy)]RE[(c-HPW;,05,), ]}4 (RE = Gd, Tb, Er)**"
3-D cu® {[Cu(en),], 5[Cu(en)(2,2'- blpy)]Nd[(oc-HsPWI1039)2]}3
2-D cu* [Cu(en),],He[Ce(0-PW1;030),]-8H,0>°
2-D cu** [Cu(dap),(H,0)][Cu(dap),]s s[Dy(c-PW;;030),]-4H,0%%
2-D cu** [Cu(dap)(H,0),]o.s[Cu(dap),]4H,[Pr(c-PW,;030),]-3H,0%Y
2012 3-D Fe* [e-PMo"sMo"",05,(0OH)3{La(H,0)5(Fe(CN)g)o.25}4]-12H,0%%%
1-D K K(enH,),[Cu(en),(H,0)],{[Cu(en),]; sGd[(0-H; 75SiW11030),]},-~15H,0%
3-D RE*, cu* (enH,), 5{[Cu(en),], 5 RE[(a-HSiW,;0;)]}-3H,0 (RE = La, Ce)*’
3-D cu** (enH,),{[Cu(en),(H,0)][Cu(en),],RE[(0-H; 5SiW,;030),]}-6H,0 (RE = Pr, Sm)**
1-D cu** [Cu(en),(H,0)],{[Cu(en),],[Cu(pzda),][(0-H,SiW;,030)Ce(H,0)]o}-n H,0*™
1-D cu** [Cu(dap)(H,0),]o.5[Cu(dap),(H,0)],[Cu(dap),]s[RE(c-AsW1;030),]-xH,O (RE = Pr, Eu)**"
2-D cu** [Cu(dap),]5.5[RE(at-AsW1;030),]-¥H,0 (RE = Tb, Dy)*"
2-D cu* Na[Cu(en),(H,0)]4[Cu(en),],[Cu(H,0)4]o.5{Cu(en),[H,Ce"™ (0-AsW1;03), ], }-10H, 0"
2-D cu** Na;[Cu(en),(H,0)][Cu(en),]; s[H; RE(a-AsW1;034),]xH,O (RE = Pr, Nd, Sm, Eu, Tb)**"
2013 3-D Mn**, Ce** K,4Na [Ce,(0X)3(H0), ] {{Mn(H,0);],[Mn,(GeWs054),(H,0), ]} 14H,0%
1-D cu** [Cu(en),(H,O)][Cu(en),][Tb(c-PW1;030)(H,0),(0x)Cu(en)]-6H,0>%
2014 3-D Mn**, Sm** KNa,[{SmeMn(11-H,0),(OCH,COO0),(H,0); s {Na(H,0)PsW3(011,}]-22H,0>%7
3-D Mn**, sm** K,4[{Sm,Cu,(gly),(0x)(H,0),4H{NaPsW50011}|Cl,-25H,0%%7

This journal is © The Royal Society of Chemistry 2015
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replacement of the Pr'" cation by Tb™, Dy"™, Lu™, Y™ cations
led to the formation of 2-5. 1 exhibited a 2-D sheet architecture
while 2-5 are isolated structures. These results imply that the
nature of RE cations may influence the structural diversity of
the products. Moreover, investigations on other RE cations in
this system are in the avenue. To further study the effect of dif-
ferent TM cations on structural diversity, when the Fe*" cations
were replaced by Fe**, Co®" and Ni*" cations under the same
conditions, however, only some amorphous precipitates were
isolated. Therefore, TM ions also play an important role in the
construction of products. Next, the step by step assembly strat-
egy will be employed in this system. That is, prefabricated TM
substituted TA precursors will be used to react with RE cations
or prefabricated RE substituted TA precursors will be used
to react with TM cations to construct our desired TA-based
TM-RE heterometallic derivatives. Certainly, the pH of the solu-
tion is a key factor; when the pH was approximately adjusted
to 0.5, the products were obtained. However, the systemic
development on TA-based TM-RE heterometallic derivatives
still remains a great difficulty for us. In the future, we will con-
tinuously explore and discover novel extended PTRHDs by
changing different synthetic conditions including pH, tempera-
ture and reactants.

Structural descriptions

1-5 were all prepared via a similar conventional aqueous
solution method and the common structural characteristic of
1-5 is that they include a tetra-Fe'" substituted Krebs-type
sandwich  [Fe,(H,0);9(B--SbWy053),]*” unit, which is
constructed from two trilacunary Keggin subunits [B-B-
SbW,035]°" encapsulating a rhomb-like {Fe'",} cluster. In the
[Fe4(H,0)10(B-B-SbWy053),]°” unit, the Fe and W atoms can
be unambiguously determined by checking their anisotropic
thermal displacement parameters and the Fe-O or W-O dis-
tances. This unambiguous determination of the 3d-metal and
W atom in tetra-TM substituted Krebs-type sandwich POMs
is very common.>*" In addition, the phase purity of 1-5 is
determined by the consistency of the experimental PXRD pat-
terns of the as-prepared samples with the XRD patterns
obtained from the single-crystal X-ray diffraction (Fig. 1).

1 crystallizes in the triclinic space group P1 and its struc-
tural unit consists of a sandwich-type [Fey(HO):0(B-p-
SbW,053),]°” POA and two crystallographically independent
Pr*" cations (Fig. 2a). The sandwich-type [Fe,(H,0)o(B-B-
SbW,033),]°” POA can be simplified into two cages encapsu-
lating a {Fe",} belt (Fig. 2b). The well-known sandwich-type
[Fe4(H,0)10(B-B-SbWy053),]*” POA is composed of two
trivacant Keggin [B-B-SbWy05;]°” building blocks in a stag-
gered fashion sandwiching a central symmetric rhomb-like
{Fe'",} group, in which the four Fe™ cations lie at the corners
of a rhombus with adjacent two edges of 5.656 and 5.664 A;
meanwhile, adjacent Fe cations are bridged by the Fe-O-
W-0O-Fe bonds, and the distance of two inner Fe---Fe is 5.408
A while the distance of two external Fe---Fe is 9.945 A (Fig. 3).
This connection mode is somewhat distinct from that in the
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Fig. 1 (a) The experimental PXRD and simulated XRD patterns of the
as-prepared 1. (b) The experimental PXRD and simulated XRD patterns
of the as-prepared 2. (c) The experimental PXRD and simulated XRD
patterns of the as-prepared 3. (d) The experimental PXRD and simu-
lated XRD patterns of the as-prepared 4. (e) The experimental PXRD
and simulated XRD patterns of the as-prepared 5.

tetra-Fe" sandwiched unit [Fe,(en)(B-a-GeW,0;34),]*” reported
by our group recently,®® in which four Fe'" centers are
connected by Fe-O-Fe bonds. Nevertheless, the sandwich
belt of the POA in 1 is defined by two types of inequivalent
Fe™ cations, which contain two interior Fe'" ions (Fe2 and
Fe2A) and two exterior Fe™' cations (Fel and FelA). Albeit
two types of Fe'" cations display the octahedral geometries,
their coordination surroundings are somewhat different. The
octahedral Fe2™ cation is defined by two O atoms from one
[B-B-SbW,0;5]° fragment [Fe-O: 1.956(10)-1.971(11) A], two

Fig. 2 (a) Polyhedral/ball-and-stick representation of the structural
unit of 1. Lattice water molecules are omitted for clarity. The atoms
with the suffix A, B, C, D, and E are generated by the symmetry
operation: A: -x,1-y,2-z;B:1+x,1+y,-1+z C:1-x,2-y,1-z
D:—x,3-y,1-2z E 1+ x, -1+ y, z. (b) The simplified view of the
structural unit of 1.
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Fig. 3 The central symmetric rhomb-like {Fe";} group in 1 showing
the Fe-:-Fe distances. The atoms with the suffix A are generated by the
symmetry operation: A:1-x,2-y,1-2z.

O atoms from the other [B-B-SbWy0;5]°” fragment [Fe-O:
1.918(11)-1.963(10) A] and two O atoms from two terminal
H,O ligands [Fe-O: 2.087(11)-2.089(13) A], whereas the octa-
hedral Fe1™ cation is built by two O atoms from one [B-B-
SbW,03;]°” fragment [Fe-O: 1.906(11)-1.941(11) A], one O
atom from the other [B-B-SbWy0;;]°” fragment [Fe-O:
1.972(10) A] and three O atoms from three terminal H,O
ligands [Fe-O: 2.034(11)-2.098(14) A]. It is interesting that
each sandwich-type dimeric [Fes(H,0)10(B-B-SbWo033),]°
POA is combined with the four adjacent same ones alterna-
tively by O-Pr-O bonds resulting in a unique 2-D sheet archi-
tecture (Fig. 4a). However, the linkers are defined by two
types of inequivalent Pr'" (Pr1 and Pr2) ions. The Pr1™ cation
coordinates directly to the terminal atom that is away from
the sandwich belt of the [Fe™,(H,0)0(B-B-SbWs033),]°” POA;
what's more, the Pr1™ cation is disordered over two positions
(Pr1 and Pr1A) with a site occupancy of 50% for each position
and the Pr---Pr distance is 1.842(4) A. The Pr1™ cation
exhibits an eight-coordinate severely distorted square anti-
prismatic configuration [Pr-O: 2.518(11)-2.72(4) A]. The Pr1™
cations can be viewed as connectors that link the sandwich-
type POAs into an infinite 1-D chain. The Pr2™ cation
links to the terminal O atom near the sandwich belt of the
[Fe™,(H,0)1(B-B-SbW4053),]*” POA, and it is also disordered
over two positions (Pr2 and Pr2D) with the site occupancy of
50% for each position and the Pr---Pr distance is 3.102(6) A.
Nevertheless, the Pr2™ cation displays a nine-coordinate
monocapped square antiprism configuration [Pr-O: 2.36(2)-
2.62(5) A, and the Pr2™ cations function as connectors to
join neighboring 1-D chains further into a 2-D sheet con-
struction (Fig. 4a, b). As illustrated in Fig. 4c, adjacent 2-D
sheets are regularly aligned in a staggered pattern to reduce
the steric hindrance. As far as we know, 1 represents the first
2-D extended sheet constructed from the tetra-Fe™"
substituted sandwich-type units [Fe,(H,0);o(B-B-SbW033),]>
through Pr'™ linkers. From a topology viewpoint, supposing
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d)

Fig. 4 (a) The 2-D sheet architecture constructed from [Fe4(H,0);0(B-
B-SbWs033),1°" POAs and Pr'" linkers in 1. Lattice water molecules are
omitted for clarity. (b) The simplified schematic view of the 2-D sheet,
in which yellow rhombs represent {Fe'',} groups and green balls stand
for disordered Pr'" cations. (c) The packing of schematic 2-D sheets
exhibiting a staggered pattern to reduce the steric hindrance. (d) The
2-D (4,4) topological sheet.

that the structural unit of [Pr(H,0)g][Pr(H,0)s][Fes(H,0)10(B-
B-SbWy0s33),] is considered as a four-connected node, the 2-D
sheet of 1 facilitates a 2-D (4,4)-network topology (Fig. 4d). As
a result, the discovery of 1 offers us a useful guidance for the
development of the complicated inorganic or organic-inor-
ganic coordination networks of TA-based TM-RE hetero-
metallic derivatives.

To our knowledge, the well-known highly charged
trivacant species [SbW405;3]°” is obtained by removal of three
edge-sharing WO, octahedra of a hypothetical parent Keggin
anion, which can be depicted as the combination of three
{W;0;;} groups around the {SbO;} central pyramid and

CrystEngComm, 2015, 17, 5002-5013 | 5007



Paper

possesses two isomers B-o. and B-B. Formally, the [B-p-
SbW,05;]°” anion can be envisioned as an isomer of the [B-a-
SbW9033]9_ anion; that is, the 60° rotation of one edge-
shared {W;0,,} group in the [B-0-SbW,0;5]°” anion generates
the [B-B-SbW,0;;]°” anion. It should be noted that the
sandwich-type [Fe(H,0);0(B-B-SbWs033),]°” POA presented in
1 contains two [B-B-SbW,05;]°~ building blocks. However, the
[B-B-SbW,03,]°” fragment was not used as the starting mate-
rial during the preparation of 1; therefore, the isomerization
of B-o. — B-f of the [SbWy0;3]°" unit must have occurred.
The conceivable reaction process is similar to that reported
by Krebs. The precursor [B-a-SbWy03;]°" is obtained in a
basic medium; when the reaction medium is changed to be
acidic, the precursor [B-a-SbW,03;]°” has a higher tendency
to isomerize to the [B-B-SbWy03;]°” fragment.”*' This is in
good accordance with the synthetic conditions for 1, which
was obtained at pH 0.5. Such isomerization phenomenon has
been reported in previous research on TAs, as listed in Table
S$1.7%* 2-5 are isostructural and belong to the triclinic space
group P1; therefore, only 2 is discussed in detail herein.
Although they were obtained in the same system as 1, their
structural constructions are somewhat different. On one
hand, the common characteristic of the sandwich-type
[Fe4(H,0)10(B-B-SbWy053),]®” POAs in 1 and 2 is that they can
be described as two trivacant Keggin [B-B-SbWys0;3]°” units
sandwiching a central symmetric {Fe'",} segment, resulting
in the classic sandwich-type assembly. On the other hand,
four striking differences between them can be found: (a)
there are two crystallographically unique Pr'™ cations in 1; in
contrast, only one crystallographically independent Tb™ cat-
ion is observed in 2; (b) the coordination positions of RE cat-
ions on the surfaces of [B-B-SbWy03;]°" units are differenti-
ated: in 1, two types of Pr'™ cations are simultaneously
combined with the terminal O atoms that are away from and
near the sandwich belt of the [Fe™,(H,0);o(B-B-SbW033),]*
POA; on the contrary, in 2, the Tb™ cations link to terminal
O atoms that are adjacent to the sandwich belt of POA
(Fig. 5a); (c) each Pr'™ cation in 1 is disordered over two
positions with a site occupancy of 50% for each position
while the Tb™ cation in 2 is completely localized with a site
occupancy of 100%; (d) 1 shows a 2-D sheet architecture,
whereas 2 employs a discrete structure. In addition, the
[Tb(H,0);]s[Fes(H,0)10(B-B-SbW4033),] entities in 2 are regu-
larly arranged in the ~AAA- motif along the b or ¢ axis (Fig. 5b).

It is obvious that 1-5 all consist of tetra-Fe'™ substituted
dimeric sandwich-type [Fe™,(H,0)10(B-B-SbWo033),]°” POAs
as the fundamental building blocks. This tetra-Fe™
substituted Krebs-type sandwich POA [Fe™,(H,0);0(B-B-
SbW,033),]°” (A) is comparable to the tetra-Fe™ substituted
Weakley's sandwich-type POA [Fe™,(H,0),(B-a-
Fe™W,034),]'°” (B) that was reported by Niu's group in 2013
(Fig. 6).* The common feature of A and B is that they were
prepared by making use of Nag[B-0-SbWy03;3]-19.5H,0 and
can be viewed as two trivacant Keggin-type fragments anchor-
ing a tetra-Fe'™ core illustrating the classic sandwich-type
subfamily. Although A is somewhat similar to the B, the main
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Fig. 5 (a) Polyhedral/ball-and-stick representation of the structural
unit of 2. (b) The packing view of 2 in the bc plane. Lattice water
molecules are omitted for clarity.

discrepancies between A and B rest on three aspects: (1)
the synthetic methods are discrepant: A was synthesized
under the conventional aqueous solution while B was sepa-
rated under the hydrothermal conditions; (2) the differ-
ences of the trivacant Keggin-type fragments give rise to
the imparities of their structures: A contains two [B-f-
SbW,03,]°" fragments with the presence of a lone pair of
electrons on the tri-coordinate Sb™ heteroatom, whereas B
includes two [B-o-FeW,0;4]''” fragments with the four-
coordinate Fe™ heteroatom; (3) the greatest differences
between them are that A contains a rhomb-like tetra-Fe™
group, in which adjacent Fe' cations are bridged by the
Fe-O-W-O-Fe bonds; however, adjacent Fe™ cations are

ow- b

[B-B-SbW,05;]*

[B-0-SbW,0,,]% 1
” —

[B-0-Fel™W,0;,]11~

Fig. 6 The comparison of the tetra-Fe"' substituted Krebs' sandwich-

type [Fe'"4(H,0)10(B-B-SbWsO33),16™ in 1-5 and the previously reported
tetra-Fe"' substituted Weakley's sandwich-type POA [Fe"4(H»0),(B-a-
Fe'"'Wo034),1"0".
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joined by the Fe-O-Fe bonds in B. Moreover, comparing
1-5 with [RE(H,0)s],[Fe,(H,0)s(thr),](B-B-SbW,03;),]-22H,0
(RE = Pr'", Nd™, sm™, Eu™, Gd™, Dy™, Lu™) reported by us
in 2014, two obvious differences in synthetic methods and
structures can be observed: (1) the pH of the reaction system
of 1-5 is controlled at ca. 0.5, whereas the pH of the reaction
solution of [RE(H,0)g],[Fe4(H,0)gs(thr),][B-B-SbWo035],-22H,0
is adjusted to ca. 1.2; (2) 1 displays the inorganic 2-D
extended sheet built by tetra-Fe™ sandwich-type units
[Fe4(H,0)10(B-B-SbWy053),]°” via Pr** linkers, 2-5 exhibit the
inorganic isolated structure based on [Fe,(H,0);0(B-B-
SbW,033),]°” with two supporting [RE(H,0),]** cations on the
top and bottom sides, while [RE(H,O)s],[Fe4(H,0)g(thr),(B-p-
SbW,033),]-22H,0 adopt the isolated organic-inorganic
hybrid architecture functionalized by amino acid ligands, in
which two thr ligands substitute for two water ligands of
the classic [Fe,(H,0)10(B-B-SbWo033),]®” POA leading to the
[Fe4(H,0)g(thr),(B-B-SbWo0;3),]°” hybrid unit.

Furthermore, to the best of our knowledge, tetranuclear
TM substituted sandwich-type POMs mainly comprise other
seven kinds of structural types as well as the above-
mentioned Weakley- and Krebs-type structures (Fig. 7). In
2006, Kortz's group published an asymmetric dimeric species
[Zr,0,(0OH),(H,0)4(B-SiW10035),]"" consisting of B,,- and Bi,-
SiW;003, segments sandwiching a [Zr,O,(OH),(H,0),]""*
cluster (Fig. 7a).>" In the same year, Mizuno et al. synthesized
an unexpected cyclic tetra-Ti" substituted silicotungstate [{y-
SiTi,W,0036(OH),}2(1-0),]*” (Fig. 7b).>* Subsequently, Hill and
co-workers prepared a highly active tetraruthenium homoge-
neous catalyst for water oxidation [{Ru",0,(OH),(H,0)4}(y-
SiW10036)2]'"", in which two staggered [y-SiW,,0;6]°” fragments
incorporate an adamantane-like [Ru" ;(u-0)4(n-OH),(H,0),]**
core (Fig. 7¢).*® Meanwhile, Dolbecq's group obtained a unique
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representative
sandwich-type compounds previously reported.
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phosphotungstate  [(PW,;0;0),Fe,"0,(dmbpy),]®” with a
butterfly-like tetra-Fe"™ [Fe,"0,(dmbpy),]*" hybrid cluster
encapsulated between two monolacunary [o0-PW;;030] "
segments (Fig. 7d).>” In 2010, Liu's group reported
an acetate-functionalized tetra-Zr sandwiched POM
[Zr 4(OH)¢(CH;CO0),(0-PW;00s7),]'” built by two dilacunary
[0-PW1003,]®" subunits linked via a [Zr,(OH)s(CH;COO),]**
central cluster (Fig. 7e).*® Recently, Mizuno et al isolated
two novel Zinc-containing sandwich-type silicotungstates
[{Zn,W(0)05},H{0-SiWe053 1, (Fig. 7f) and [{Zn,W(0)05},H,{-
SiWo0535]° (Fig. 7g), which consist of two [SiWs035]°” subunits
sandwiching the unprecedented distorted hexaprismane core
[{Zn,W(0)05},]*".** Simultaneously, they also communicated a
tetra-silver substituted sandwich-type silicotungstate [Ag,(y-
H,SiW,0036),]®” constructed from two [y-SiW,;(036]*” subunits
encapsulating a diamond-shaped [Ag,]"" cluster (Fig. 7h).*

IR spectra

IR spectra for 1-5 were recorded in the range of 4000 and
400 cm™ with KBr pellets (Fig. S11). In the low-wavenumber
region (v < 1000 cm™'), IR spectra of 1-5 display four similar
characteristic vibration patterns derived from the Keggin-type
framework observed at 649-662, 952-957, 878-889 and 776-
788 cm™, which are ascribed to 1(Sb-0,), terminal v(W-0,),
corner-sharing v(W-0y,) and edge-sharing v(W-O.), respec-
tively. The similarity of IR spectra of 1-5 in the low-
wavenumber domain suggests that all of them contain the
tetra-Fe'  substituted  sandwich-type  [Fe,(H,0)o(B-B-
SbW9033)2]6' units in their skeletons. Compared with the IR
spectrum of Na;o[B-0-SbWy03,4]-19.5H,0 [767, 920, 890 and
715 em™* for v(Sb-0,), v(W-0y), W(W-0y), and »(W-0O,) asym-
metry stretching vibrations],* four characteristic asymmetry
vibration peaks for 1-5 have different shifts, which may be
assigned to the configuration transformation of [B-o-
SbWy03;]°” — [B-B-SbW,033]° and the implanting of the
rhomb-like {Fe',} cluster to the vacant sites of two [B-B-
SbW,0,5]° fragments. Furthermore, these IR data are compa-
rable to those of the dimeric Krebs' structure Nag[Fe,(H,0)0(B-
B-SbW,0;;),]-32H,0 [678, 948, 883 and 773 cm™* for v(Sb-0,),
V(W-0y), (W-0p) and v(W-O.) asymmetry stretching vibra-
tions];'® four characteristic asymmetry vibration bands for
1-5 only have little shifts, indicating that RE cations have
certain effect on [Fey(H,0);o(B-B-SbWs053),]°” POAs.

Electrochemical and electrocatalytic properties

To survey their electrochemical and electrocatalytic proper-
ties, the cyclic voltammetry (CV) measurements of 1 and 2
were carried out in 0.5 mol L™ H,SO, + Na,SO, aqueous solu-
tion. Both compounds display similar electrochemical (Fig. 8,
S2, and S37) and electrocatalytic properties, which may result
from the same POA building unit [Fe™,(H,0)0(B-B-
SbW9033)2]6_ in their structures of 1 and 2. The reproducibil-
ity of cyclic voltammograms is indicative of the stability of 1
and 2 in this medium (Fig. S47).
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Fig. 8 Cyclic voltammogram of 1 (concentration: 1.73 x 10 mol L™
in 0.5 mol L™ Na,SO4 + H»SO, aqueous solution (pH = 1.44). Scan
rate: 30 mV s %,

Fig. 8 demonstrates the typical cyclic voltammogram for 1
(at a concentration of 1.73 x 10 mol L") dissolved in 0.5
mol L H,S0, + Na,SO, aqueous solution, pH = 1.44, at a
scan rate of 30 mV s™'. The typical cyclic voltammogram for 2
is illustrated in Fig. S3a.f In the negative potential direction,
the cyclic voltammogram exhibits two pairs of redox waves
with the corresponding E;,, peak potentials located at —0.566
V (/1) and -0.197 V (II/IT') for 1 and -0.550 V (I/I') and -0.185
V (I/I) for 2 [Eyj, = (Epa + Epc)/2], respectively. In the positive
potential direction, there is only an ill-defined oxidation peak
appearing at +0.749 V (III) for 1 and +0.734 V (III) for 2, and
the corresponding reduction peak is not readily visible. As
expected, the W"'-based waves are seen at the more negative
potential than the Fe'-based wave. The AE, values of two
couples of redox waves (I-I' and II-II') in the cyclic
voltammograms are 178 mV and 100 mV for 1 and 223 mV
and 107 mV for 2, respectively (Tables S2, S3t), which suggest
the quasi-reversible redox processes of W'' centers in the
POA frameworks (the theoretical value of the AE, value for a
reversible one-electron transfer process is about 59 mvV).
These results are in accordance with the previous docu-
ments.*" The appearance of a single oxidation peak potential
at +0.749 V (III) for 1 and +0.734 V (III) for 2 confirms the
irreversible process of the Fe'™ centers.*” The related discus-
sion on the influences of the scan rate and the pH on the
electrochemical behaviors of 1 and 2 are shown in the ESIT
(Fig. S2, S3, S5, S6, and S7; Tables S2 and S3).

As is well known, electrocatalytic properties of POMs have
been widely explored on account of their capability of deliver-
ing the electrons to other species and experiencing rapid
multi-electron transfer redox processes.*> Some groups have
been working on the exploration of the electrocatalytic reduc-
tions of POMs (such as Mialane, Dolbecq, Kortz and Wang
and so on).**** Inspired by the previous excellent work, we
have also done some research on electrocatalytic properties.
Recently, our group reported that two novel Cu"-RE"™ hetero-
metallic germanotungstate hybrids had obvious electrocata-
Iytic activities toward nitrite and bromate and a Fe™-pPr™
heterometallic TA hybrid was effective in the electrocatalytic
reduction of nitrite, bromate and hydrogen peroxide.** Here,
1 and 2 were employed to probe their electrocatalytic

5010 | CrystEngComm, 2015, 17, 5002-5013

CrysttngComm

activities toward the reduction of nitrite (NO, ) and bromate
(BrO;7) in 0.5 mol L™" Na,SO, + H,S0, aqueous solution, pH
1.44 (Fig. 9 and S87). As illustrated in Fig. 9a, it can be clearly
seen that with the addition of nitrite, the Fe"-based peak
current intensity remains almost unvaried, and the cathodic
reduction current intensities of two couples of W'-based
waves gradually increase, meanwhile the corresponding
anodic oxidation current intensities decrease gradually. More-
over, compared with the first redox couple (I-I'), the second
redox couple (II-II') shows a weak evolution trend. These
results indicate that the reduction process of nitrite is mainly
controlled by the reduced species of tungsten-oxo clusters in
1. This phenomenon is in good agreement with the previous
reports.’® Furthermore, the electrocatalytic activity of 1
toward the reduction of bromate was also measured (Fig. 9b),
and the electrocatalytic procedure occurs on the first (I-1')
and second (II-II') redox couples. With the addition of BrO;
the cathodic peak current intensities of two redox couples
gradually enhance and the opposite anodic peak current
intensities decrease, whereas the Fe'-based wave is almost
unaffected by the addition of BrO; . The results indicate that
the reduction of bromate is also mainly mediated by the
reduced species of tungsten-oxo clusters in 1. It is apparent
that 2 exhibits a similar electrocatalytic behavior toward the
reduction of NO, and BrO; (Fig. S8f). In addition, the
electrocatalytic activities of Nag[B-0-SbW,033]-19.5H,0, FeCl;
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Fig. 9 (a) Cyclic voltammograms of 1 (concentration: 1.73 x 10™* mol
L™ in 0.5 mol L™ Na,SO, + H,SO, aqueous solution, pH = 1.44, with the
addition of various concentrations of NaNO, (a: 0, b: 1 x 1075, ¢ 3 x
10 d: 7 x 10°, e 1 x 1074 f: 1.5 x 10* mol L. (b) Cyclic
voltammograms of 1 (concentration: 1.73 x 10™* mol L) in 0.5 mol L™
Na,SO,4 + H,SO,4 aqueous solution, pH = 1.44, with the addition of
various concentrations of NaBrOs (a: 0, b: 1 x 107>, ¢: 3 x 107>, d: 5 x
1075 e: 7 x 1073, f: 9 x 10> mol L.
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-6H,0, PrCl;-6H,O and TbCl;-6H,O toward the reduction of
NO, and BrO; were also performed under similar condi-
tions (Fig. S9-S12t). The results show that Nag[B-0-SbWqO3;]
-19.5H,0 exhibits very weak electrocatalytic activities toward
the reduction of NO, and BrO; under similar conditions
(Fig. S91). As shown in Fig. S10,f FeCl;:6H,0 has almost no
electrocatalytic activity toward the reduction of NO, , whereas
it illustrates weak electrocatalytic activity toward the reduc-
tion of BrO; . As expected, both PrCl;-6H,0 and TbCl;-6H,0O
have no electrocatalytic activities toward the reduction of
NO, and BrO; (Fig. S11 and S12t). These comparative
experiments further confirm that the electrocatalytic activities
of 1 and 2 toward the reduction of nitrite and bromate are
mainly controlled by tungsten-oxo cluster fragments in their
structures. However, the electrocatalytic activities of 1 and 2
that are better than Nag[B-a-SbWy03;]-19.5H,0 may be
derived from the synergistic contribution of [B-B-SbW,0;5]°"
and {Fe™,} segments, which suggests that the incorporation
of TM cations into lacunary polyoxotungstate matrices can
improve the electrocatalytic activities. According to the
method introduced by Keita, we can estimate and compare
the catalytic efficiency (CAT) of 1 and 2 for the reduction of
nitrite and bromate. Take NaNO,, for example, the CAT of I
is defined by: CAT = 100 x {I,(POM, NaNO,)-I,(POM)}/I,(POM)
where I,(POM) and I,(POM, NaNO,) are the cathodic peak
current intensities in the absence and in the presence of
NaNO,, respectively.”” In Table $4,f the CAT values of the
first W reduction peak (') for 1 and 2 (catalyst, 1.47 x 10~
mol L") with regard to 1 x 10~ mol L™ NaNO, are calculated
to be 4.78% and 4.55%; with regard to 3 x 10> mol L™
NaNO,, the values are calculated to be 12.07% and 9.89%;
with regard to 1.5 x 10~* mol L™ NaNO,, the values are calcu-
lated to be 38.08% and 29.31%, respectively. Obviously, the
results demonstrate that the CAT of 1 is slightly higher than
2 in the electrocatalytic reduction of nitrite. Table S5t displays
the CAT values of 1 and 2 for the bromate reduction; it is evi-
dent that the CAT of 1 is also slightly higher than 2 in the
electrocatalytic reduction of BrO; . However, under the same
conditions, the catalytic activities of 1 and 2 in the reduction
of BrO;™ are higher than that of NO, (Fig. 9 and S8).

TG analyses

The thermal stability of 1-5 has been investigated on crystalline
samples under a nitrogen atmosphere from 25 to 750 °C. The
TG curves indicate that 1-5 undergo a slow one-step weight loss
process (Fig. 10). For 1, the weight loss of 13.26% involves the
loss of 16 lattice water molecules and 24 coordination water
molecules (caled. 12.34%). The weight loss of 14.18%, 14.46%,
14.37% and 14.82% for 2, 3, 4 and 5 corresponds to the loss of
22 lattice water molecules and 24 coordination water molecules
(caled. 13.85%, 13.83%, 13.78%, and 14.18%, respectively).

Conclusions

Two types of novel purely inorganic TA-based Fe-RE hetero-
metallic derivatives have been successfully separated under

This journal is © The Royal Society of Chemistry 2015
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the conventional aqueous solution method and structurally
characterized by elemental analysis, IR spectroscopy, PXRD,
single-crystal X-ray diffraction and TG analysis. 1-5 represent
the first purely inorganic Fe-RE heterometallic TAs based on
tetra-Fe™  substituted  sandwich-type  [Fe,(H,0)0(B-B-
SbW,033),]°" POAs. Furthermore, other types of tetra-TM
sandwiched POMs have been summarized and compared. In
addition, the electrochemical and electrocatalytic properties
of 1 and 2 have been evaluated in aqueous media. Both 1
and 2 manifest obvious electrocatalytic activity toward the
reduction of NO, and BrO; . The successful syntheses of
these heterometallic compounds will provide us with a new
opportunity for further searching and finding novel purely
inorganic TA-based TM-RE heterometallic derivatives. In the
next work, we will utilize prefabricated TM substituted TA
precursors to react with RE cations or prefabricated RE
substituted TA precursors to react with TM cations to design
and prepare desired TA-based TM-RE heterometallic deriva-
tives with interesting structures and unique properties by
making use of different TM and RE pairs and different syn-
thetic strategies. We believe that many more TA-based TM-
RE heterometallic derivatives will be discovered by means of
the step by step assembly strategy. Moreover, implanting
polycarboxylic ligands to TM or RE centers in this reaction
system to construct organic-inorganic hybrid TA-based TM-
RE heterometallic derivatives is also our other goal during
the course of our PTRHD exploration.
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