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Three new supramolecular sandwich-type compounds
constructed from [SbWoOs33]°~
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Three new tungstoantimonates, [{Nay(H,0),(OH),}{Na(H,0)4},{(Zn(H,0)3),(W(H;0),)»(SbWy
033)2}]-8H,0 (1) [{Nay(H20)4(OH),} {Na(H0)4}2 {(Ni(H20)3)2(W(H,0),)2(SbWoO33),}]- 16H,0
(2) and [{Nay(H,0)3(OH)3}»{(Mn(H20)3)2(W(H20),)>(SbWoO33),}]-4H;0- 12H,0 (3), have been
synthesized by the routine synthetic reactions in aqueous solution and structurally characterized by
elemental analysis, IR, XRD, TG and single-crystal X-ray diffraction. Compounds 1 and 2 are isomor-
phic. The frameworks of 1-3 are constructed from two trivacant [B--SbWo055]°~ linked by two [W
(H,0),]*" segments and two [M(H,0);]** (M =Zn, Ni, Mn) groups leading to [M,Sb,W,]. The units
are bonded by binuclear sodium cluster {Na,(H,0)4(OH),} and {Na(H,0),} linker (for 1 and 2) or
by binuclear {Na,(H,0);(OH)3} linker (for 3) to form infinite 1-D chains. These chains are further
packed into various interesting 3-D supramolecular frameworks via hydrogen bonding interactions.
Compounds 1 and 2 are supramolecular structures with large voids. The electrochemical and
electrocatalytic behaviors of 1-3 have also been investigated.

Keywords: Polyoxometalates; Sandwich-type structure; Electrochemical property

1. Introduction

Polyoxometalates (POMs) constitute a class of metal-oxygen clusters with a variety of
fascinating structures and exciting properties, applications of which include catalysis, ana-
lytical chemistry, electronic devices, medicine, etc. [1-4]. Transition-metal substituted
POMs (TMSPs) have attracted attention because of their highly tunable nature and excel-
lent properties [5—7]. For TMSPs, sandwich-type POMs contain a certain number of transi-
tion-metal cations sandwiched by two lacunary fragments. The sandwich-type species
based on trivacant Keggin [XMgOs40r33]" (X=Si, Ge, P, As, Sb, Bi, Zn, Fe) represent
the largest subfamily. Weakley- [8—11], Hervé- [12—14], Krebs- [15, 16], and Knoth-
[17-19] sandwich-type polyoxoanions have been obtained.

Sb™-containing POMs has been known for a long time [20-22]. The lone pair of elec-
trons on the hetero atom does not allow the closed Keggin unit to form, resulting in some
unexpected structures, for example [NaSboW,;Og6]'®™ and [Na,SbgW30135(H,0)4]1%~
[23]. [SbW4053]°~ are the most studied Sb™-containing POM. Sandwich-type species based
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on trivacant Keggin [SbW4033]°~ moieties represent the largest subfamily [24-28].
[SbW,035]°~, which possess two isomers B-a and B-f, contain a pyramidal heteroatom
with a lone pair of electrons. Compounds of sandwich-type based on [B-a-SbWo035]°~
which contain mono-, bi-, tri-, tetra- and hexa-supported sandwich-type polyanions have
been reported [29-34]. In comparison to extensive work on sandwich-type species based on
[B-a-SbWy055]°~, considerably less research has been accomplished on Krebs-type
polyoxoanions. There has been recent upsurge in interest in investigating Krebs-type
polyoxoanions. The first Krebs-type sandwich structure [(WO,)4(OH)(S-SbWO35),]"*~
was discovered by Krebs et al. [35]. Subsequently, the authors obtained some isostructural
derivatives, [(WO,)>My(H,0)g(-SbW035),]"42V~ (M™ =Fe**, Co®*, Ni**, Mn**, Zn*")
[36]. Some Krebs-type tungstoantimonates have been reported, such as [SbyW,007o(RuCg
Hia)2]'", [Sb2W2gO70(RuCeHe)o] ", [Sb2WagRUo(H>0), (dmso)eOes]* ™, [{Y(H20)7}4Sbs
W2,0761", [{Sn(CH;3),(H,0),}3(8-SbW4033),1°, [Fey (H20)10(8-SbW4033),]°” and [Fe,
(C204)4(H>0)2(SbWo035),]"*~ with [B-A-SbWo055]°~ [37-42]. However, most are discrete
structures [43]. Extended structures of Krebs-type polyoxoanions linked by bridging groups
are less common. Recently, our group described a 1-D chain based on {M,Bi,W,,} anions
and Na' linker [44], extended structures of tungstoantimonates connected by bisodium
clusters to form supramolecular sandwich-type compounds.

>Here we report three new sandwich-type tungstoantimonates, [{Na,(H,O)4(OH),}
{Na(H20)4}2{(Zn(H20)3)2(W(H20)2)2(SbWoO33)2 11 8H,0 (1) [{Nay(H,0)4(OH),} {Na(H,
0)4}2{(Ni(H20)3)2(W(H20)2)2(SbWo033),2 1] 16H,0 (2) and [{Nay(H,0);(OH);}2{(Mn(H,
0)3)>,(W(H50),)>(SbW5053),}]-4H50-12H,0 (3). The electrochemistry of 1-3 are studied
in detail.

2. Experimental

2.1. Materials and general procedures

All reagents were purchased and used without purification. Elemental analyzes (H) were per-
formed on a Perkin—Elmer 2400 CHN Elemental Analyzer. Na, Sb, Mn, Co and W were
obtained with a Leaman inductively coupled plasma spectrometer. IR spectra were recorded
from 4000 to 400cm™"' on an Alpha Centaurt FT/IR Spectrophotometer with pressed KBr
pellets. X-ray powder diffraction data were collected on a Bruker AXS D8 Advance diffrac-
tometer using Cu-Ka radiation (1=1.5418 A) in the 20 range of 5°-50° with a step size of
0.02°. TG analyzes were performed on a Perkin—Elmer TGA7 instrument in flowing N, at a
heating rate of 10°Cmin~'. The electrochemical measurement was carried out on a CHI
660 electrochemical workstation at room temperature (25-30°C). The working electrode
was a glassy carbon electrode. Platinum gauze was used as a counter electrode and Ag/AgCl
as a reference electrode.

2.2. Synthesis of 1

SbCl;y (0.228 g, 1.0mmol) dissolved in 1 mL of 6 M HCIl, was added to a solution of
Na,WO,4-2H,0 (3.300g, 10.0 mmol) in 40mL of deionized water and the mixture was
heated to 60°C for 10min. Then, a solution of ZnSO4-7H,O (1.0 mmol) dissolved in
4mL water was added to the clear solution. The pH of the solution was adjusted to 6.2
at room temperature by addition of 1M HCI. The mixture was kept at 60 °C for 2h and
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then cooled to room temperature and filtered. White crystals were obtained after 7 days.
(Yield: 45.2% based on Zn). Anal. Calcd for HgzNasSbyW,0Zn,00g: H, 1.07; Zn, 2.29;
Sb, 4.26; W, 64.38; Na, 1.61%. Found: H, 1.09; Zn, 2.31; Sb, 4.30; W, 64.61;
Na, 1.56%.

2.3. Synthesis of 2

Compound 2 was synthesized by similar procedure to 1 except that ZnSO,4 7H,O was
replaced by NiCl,-6H,O (0.7 mmol). Green crystals were obtained after 8days. (Yield:
47.5% based on Ni). Anal. Calcd for H;4NasSboW,oNi>O96: H, 1.32; Ni, 2.01; Sb, 7.09;
W, 62.44; Na, 0.78%. Found: H, 1.33; Ni, 2.10; Sb, 6.89; W, 62.83; Na, 0.73%.

2.4. Synthesis of 3

Compound 3 was synthesized by similar procedure to 1 except that ZnSO4 7H,O was
replaced by MnCl,-4H,0 (0.7 mmol). The pH of the solution was adjusted to 6.8; yellow
crystals were obtained after 8days. (Yield: 54.2% based on Mn). Anal. Caled (%) for
HsgNasSboW,ooMn,O104: H, 1.14; Mn, 1.98; Sb, 7.03; W, 61.87; Na, 0.77. Found (%): H,
1.18; Mn, 2.07; Sb, 6.78; W, 62.59; Na, 0.71.

2.5. X-ray crystallography

Crystal data of 1-3 were collected on a Bruker SMART CCD APEX(II) diffractometer
equipped with graphite-monochromated MoKa radiation (1=0.71073 A) at 293 K. Data
processing was accomplished with the PROCESS-AUTO program. The structures
were solved by direct methods and refined by full-matrix least-squares on F° using the
SHELX-97 crystallographic software package [45]. The final refinement includes aniso-
tropic displacement parameters for non-hydrogen atoms.

CCDC Nos. 854790, 877834 and 877833 for 1, 2 and 3 contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data request/cif.

3. Results and discussion

3.1. Crystal structures of 1, 2 and 3

Single-crystal X-ray diffraction analysis reveals that 1-3 are sandwich-type structures
composed of two [B-B-SbW,0Os3]°~ units. The W—O distances can be grouped into three
sets: W—Oq (terminal): 1.703(12)-1.735(11)A for 1, 1.701(17)-1.767(18) A for 2, 1.681—
1.765 A for 3; W—Oy,. (bridge): 1.726(11)-2.113(11) A for 1, 1.770(16)-2.078(16) A for 2,
1.79(3)-2.07(3) A for 3; W-O, (central): 2.166(12)-2.357(10) A for 1, 2.256(15)-2.330(16)
A for 2, 2.26(2)-2.35(3) A for 3. As shown in figure 1, two [B-f—SbWy035]°~ units are
linked by two corner-sharing WO, octahedra and two octahedral M™ O4(H,0), (M™" =7Zn*",
Mn?*, Ni**) groups forming Krebs-type polyoxoanions. Each M™ is six-coordinate by three
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Figure 1. Polyhedral and ball-and-stick representation of the transition-metal-disubstituted polyoxoanions
[{M(H,0)3}>{W(OH),}»(SbWs033),]°".

terminal oxygens derived from two [B—3-SbWoO13]° " units and three terminal waters. The
Zn-O bond lengths vary from 2.043(11) to 2.123(13) A, whereas angles are in the range 84.3
(5)°~177.7(6)° for 1. Ni-O bond lengths vary from 2.011(17) to 2.068(18) A and O-Ni-O
angles are 85.5(7)°-176.9(7)° (for 2). The Mn-O distances are 2.09(3)-2.23(4)A and
O-Mn-O angles from 80.2(12)° to 170.6(14)° (for 3); all are in common ranges.

Compounds 1 and 2 are isomorphic with only slight differences in substituted transition
metal and the number of lattice waters. As shown in figure 2(a), the terminal oxygen and the
bridging oxygen of [B-f-SbWy013]°~ are connected, respectively, by {Na(H,O),}" and
[Na,(H,0)4(OH),]. Compounds 1 and 2 are linked in a 1-D chain by two [Na(H,0),]"
groups and one [Na,(H,0)4(OH),]. The 1-D sandwich-type polyoxoanions are linked into
a 2-D layer by extensive hydrogen bonding interactions between H,O and polyoxoanion

(a) F » -. . .

Figure 2. (a) Polyhedral and ball-stick representation of the 1-D chain in 1 and 2. (b) Polyhedral and ball-stick
representation of the 2-D layers in 1 and 2. (c) Polyhedral and ball-stick representation of the 3-D supramolecular
structures of 1 and 2.
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(figure 2(b)). The 2-D layer is further connected into a 3-D supramolecular network with
large voids via Na" and extensive O- - -Opopms hydrogen-bonding interactions (050- - -O41,
3.02(2) A; 054---027, 3.21(3) A; 049---019, 3.02(3) A) (figure 2(c)). The void dimensions
are 3.4387 x 27.5222 A Compared to Nag[{Na(H20)2}3{M(C4H6N2)}3(SbW9033)2]'28H20
(M=Co(1); M=Mn(2) complexes [46]), 1 and 2 are based on two [B—-SbWo053]°~ units
which are linked by two transition metal ions and two tungstens, while sandwich-type struc-
tures in the reported compounds are based on two [B-a-SbWoO53]°~ units connected by
three transition metal ions and three sodium ions. Compounds 1 and 2 exhibit a new linking
mode from reported compounds, which are extended into 1-D chains via hydrogen-bonding
interactions between organic groups and oxygen of POMs. However, 1 and 2 are packed
into 1-D chains via Na-O-Na covalent bonds.

Polyanion 3 can be described as [(Mn(H,0)3)>(W(H,0),)>(SbW035),]*~ linked by two
[Na,(H,0);(OH);3]  into a 1-D chain (figure 3(a)). In {Na,(H,0);(OH)s}, Na (2) is five coor-
dinate, linked by two terminal oxygens of [B--SbW035]°~ and Na (1) is six coordinate. Na
(2) and Na (1) form a binuclear molecule through three OH . 3 is further connected into 2-D
layer and 3-D supramolecular networks via Na" and extensive O- - -Opoys hydrogen-bonding
interactions (O10- - -035, 2.74(4) A; O7---08, 2.85(5) A; O1---033, 2.79(6) A) (figure 3(b)
and (c)). Comparing to [Nag(H>O)6][{Mn3(H,0)sW(OH),} {SbWo0O53},]-13H,0 [47], in 3
two [B-A-SbWo053]°~ units are linked by two {MnOg} octahedra and two {WOg} octahedra
while in reported compounds, two trivacant [B—8-SbW,033]°~ units are connected by three
{MnOg} octahedra and one {WOg} octahedron. Compound 3 exhibits a new linking mode,
extended into 1-D chain and 2-D layer via Mn—O—W bonds and Na—O—-Na covalent bonds,
respectively. However, 3 is packed into a 1-D chain and 2-D layer via Na—O—Na covalent
bond and hydrogen-bonding interactions, respectively.

All hydrogen bonds are O-H- - -O and typical distances (O- - -O) are 2.705(18)-3.46(3) A
for 1, 2.34(4)-3.26(3) A for 2 and 2.74(4)-2.86(4) A for 3.

The crystallographic and structural data of 1, 2 and 3 are summarized in table 1. Selected
hydrogen-bond distances are given in tables S1-S3. Selected bond distances and angles are
given in tables S4-S6 for 1-3, respectively. Bond valence sum (BVS) calculations [48]

Figure 3. (a) Polyhedral and ball-stick representation of the 1-D chain in 3. (b) Polyhedral and ball-stick
representation of the 2-D layers in 3. (c) Polyhedral and ball-stick representation of the 3-D supramolecular
structures of 3.
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Table 1. Crystal data and structure refinement parameters for 1, 2 and 3.

407

Compound 1 2 3

Formula H60N34Sb2W2()Zn2098 H76Na4Sb2W20Ni20106 H53Na4Sb2W20Mn20104
Mr 5763.48 5894.21 5772.56

Crystal. size, mm® 0.26 x 0.20 x 0.20 0.38 x 0.32 x 0.30 0.26 x 0.22 x 0.20
Crystal system Monoclinic Monoclinic Triclinic

Space group P21/m P21/mn P—1

a, 12.8999(9) 12.916(2) 12.485(3)

b, A 25.2473(17) 25.211(4) 13.766(3)

¢, A 16.2418(11) 16.107(3) 17.101(4)

b, de§ 94.1710(10) 94.189(2) 83.031(3)

V(A 5275.7(6) 5230.8(15) 2493.3(10)

VA 2 2 1

Deatea> gem > 3.63 3.74 3.85

u(MoKa), cm™" 23 23 2.4

F(000), e 5044 5196 2526

0 range, deg/° 2.53-28.28 2.53-28.31 2.46-25.00
Reflns. collected/unique/Rint 42,202/12,980/0.0777 37,085/12,728/0.1067 15,743/8331/0.1043
Data/restraints/parameters 12,980/1038/568 12,728/1122/604 8331/1374/577
RiyWR, [I>20(D)]* 0.0485/0.1199 0.0872/0.2306 0.0829/0.2143
R(F)WR(F?)* (all refl.) 0.0846/0.1279 0.1070/0.2466 0.1472/0.2515
GoF (F?)* 1.088 1.031 1.043

Apfin (max/min), e A~ 4.67/—4.13 6.10/—12.78 4.51/-9.25

R, =Y||Fol- \FCH/Z\FO\ WR, = Z[W(F(. -FC)]/Z[W(F )]”2 w=[0*(Fo>)+(0.484P)* +24.2999P] ', where P=(Max
(Fo 002 F*)3, GoF = [Lw(Fo™F )/ (obs Nparam)] >

confirm that all Sb and W centers are +3 and + 6, respectively. The Zn, Ni, and Mn cations
in 1-3 are in+2 oxidation states. BVS calculations for O linked to Na centers present hydro-
xyl (0.56-0.72) and water (0.22-0.34). Four extra protons should be added to isolated
waters of 3 for charge balance.

3.2. IR spectrum and XRD

Compounds 1, 2 and 3 have similar IR spectra (figure S1). Peaks at 1629 and 3422 cm '

are characteristic of water. Characteristic peaks for 1, 2 and 3, respectively (670, 700,
648 cm™ ), are ascribed to W(W-0,), (950, 941, 940cm™ ") corresponding to V(W=0,)
(873, 851, 871 cm™ ), associated with V(W—O,—W), and (806, 760 cm™"), (804, 767 cm™ ")
and (821, 767 cm ™) attributed to V(W-OW) [35, 49].

The powder XRD pattern of 1, 2 and 3 and their simulated XRD pattern are shown in
figure S2. Diffraction peaks on the pattern correspond in position, confirming that the
product is a pure phase. The differences in reflection intensity are probably due to
preferred orientation in the powder samples.

3.3. TG analysis

Thermal gravimetric analysis has been performed for 1-3 between 20 and 800 °C (figure
S3). The TG curve of 1 shows a weight loss of 8.82% from 48 to 546 °C (calcd 8.74%),
which corresponds to removal of all lattice and coordinated water (figure S3). Compound
2 has similar weight loss steps. The weight loss of 10.87% (calcd 10.98%) from 38 to
687 °C corresponds to removal of all water. Similarly, 3 shows a weight loss of 9.05%
from 31 to 679 °C corresponding with the calculated value of 9.34% (figure S3).
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3.4. Voltammetric behavior

The cyclic voltammetric studies of 1-3 were investigated in a buffer solution (0.4 M
CH;COONa+ CH3COOH) at pH 4. Figure 4 shows the cyclic voltammetry of 1-3 in the
potential range —1.0—1.0 V. There exist three reversible redox peaks I-I', [I-II" and TII-III"
with the half-wave potentials E,,= (Epa+Epc)/2 at+0.515V (I-I'), +0.071 V (II-1I') and
—0.318V (III-1I") for 1, 0.523 V (I-1"), — 0.00625V (II-1I") and —0.279 V (III-I11") for 2,
+0.552V (I-'), +0.0665V (II-II') and —0.324V (III-IIT") for 3 (scan rate: 60mVs ).
Redox peaks I-I' and II-II" correspond to two consecutive one-electron processes of W
atoms, while III-III" correspond to a two-electron process [50]. The electrochemical behav-
iors of 1-3 are similar except for some slight potential shift, which may relate to the effect
of transitional metal [51].

3.5. Electrocatalytic property

The electrocatalytic properties indicate that 1-3 have good electrocatalytic activities toward
the reduction of hydrogen peroxide (see figure 5). With the addition of H,O,, all reduction
peak currents increased while the corresponding oxidation peak currents dramatically
decreased, suggesting that H,O, was reduced by all four reduced polyoxoanion species. It

(@), | : (b)1o 1 :
s |
1 6
4 ]
0 35
- = 0 4
- 4]
2 6 ]
-8 4
3 10 4
T ; - - 12 : T T T T
A0 05 0.0 05 1.0 15 A0 05 0.0 05 10
EV (vs.AglAgCl) EIV (vs.AgiAgCl)
(€)
4 4
2
0 -
g 2

-1I.n -ol.s uju n‘.s 1:0
EIV (vs.Ag/AgCI)
Figure 4. Cyclic voltammograms of 1.0mM of 1-3 ((a) 1, (b) 2, (¢c) 3) at pH 4 (0.4M CH;COONa

+CH3COOH) at different scan rates (from inner to outer: 20, 40, 60, 80, 100, 120 mVs’l). The working
electrode was glassy carbon and the reference electrode Ag/AgCl.
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Figure 5. Electrocatalysis of the reduction of H,O, of 1-3 ((a) 1, (b) 2, (c¢) 3) in a pH 4.0 medium
(CH3;COONa+ CH;COOH) at a scan rate of 20 mV s~!. The concentration of H,0, is 0.0, 0.4, 0.6, 0.8, 1.0, 1.2
and 1.4 mM.

has been noted that the catalytic activities were enhanced with the increasing extent of the
anion reduction.

4. Conclusions

In this paper, we report three 1-D chains based on [M,Sb,W,o] which connected by binu-
clear {Na,(H,O)4(OH),} and {Na(H,0)4} linker or by {Na,(H,0)3;(OH)s} linker. These
chains are further packed into various interesting supramolecular frameworks via hydrogen
bond interactions. Electrochemical analysis shows unique redox properties and good elec-
trocatalytic activity to reduce H,O,.
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