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ABSTRACT: A versatile one-pot strategy was employed to synthesize five cerium(III)-
containing polyoxotungstate nanoclusters through pH-controlled and sulfite anion-directed
assembly: [C,HgN];Na;[Ce,(H,0)sW,,0,,(0OH),]-20H,0 (1) at pH 5.0;
[C,HgN]sNa4[Cey(H,0)1,W,4,0,14,(0H),]-23H,0 (2) at pH 4.5;
[C,H¢NT,Na,Ce,[Ce,(H,0),,W,500,(OH),]-27H,0 (3) at pH 2.8-3.3;
[C,HN],Na;[{a-SW;0,5}H{Ce, (H,0)} (W304){a-SW,05, H{a-SW505,(OH) } - 18H,0
(4) at pH 2.5; [C,HgN],Na 4[Ce,(H,0)gW350,14(OH)1,],-30H,0 (5) at pH 1.5. These
compounds were characterized by single-crystal X-ray structure analysis, IR spectroscopy,
thermogravimetric (TG) analysis, X-ray photoelectron spectroscopy (XPS), and electro-
spray ionization mass spectrometry (ESI-MS). Moreover, their electrochemical properties
were investigated. Single-crystal X-ray structure analysis revealed that 1 and 2 were di- and
tetra-cerium(III)-bridged polyoxotungstates, constructed from two different types of
lacunary {W;,;} units. 3 composed of the well-known cerium(III)-stabilized {W,¢} unit and
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organic amine—sodium—cerium cations, was isolated in the pH range 2.8—3.3. In this reaction system, the SO, anion acted as a
heteroanion template at a lower pH 2.5. 4 was isolated by the combination of cerium(III) centers and SO;*~ heteroanion
template, which is the first lanthanide-containing polyoxotungstates with sulfur heteroatoms, and the 4f metal cerium(III) centers
in 4 both have eight-coordinated modes and the SO;>~ heteroanion templates display 4, and y coordination modes. At a much
lower pH 1.5, the polyanion of § was obtained, two triangular-shaped {Ws4} subunits were bridged by the cerium(IIl) ions,
resulting in the largest lanthanide-containing iso-polyoxotungstates known to date.

Bl INTRODUCTION

Polyoxometalates (POMs) constitute a large family of anionic
clusters which can be viewed as soluble molecular oxides of
early transition metals in high oxidation state (e.g,, WY, MoV},
VY, and NbY).! As a family of inorganic compounds, they
possess an exceptional range of both structural and composi-
tional diversity, allowing blending of their electronic structure
as well as their potential functionality, including magnetism,
multifunctional materials, nanotechnology, and so on.?
Although the first POM had already been synthesized in
1826 by Berzelius,'* the mechanism of POM formation is still
not well-known.® There are many factors affecting the self-
assembly synthesis process (e.g, reaction temperature, ionic
strength, pH values, mole ratio of the reactants, etc.), among
which the suitable reaction pH ranges have already been proved
to be a strong influence on the reaction pathways in solution.*
Moreover, the use of some inorganic anions (e.g., PO43_,
SO;*7, etc.), involving anion templates (e.g, PO,* -mediated
POM supercluster assembly)® or anion control experiments
that the anions do not exist in the final structure (e.g., the
formations of {W,,} and {W,,} isopolyoxotungstate clusters),’
also constitutes a key feature in the formation of POMs.”
Therefore, understanding the role of anion-directed assembly
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process remains an important research subject to allow for a
prospective design of tailored POM assemblies.

Lanthanide (Ln)-containing polyoxotungstates (POTs),
especially the iso- and hetero-POTs fragments bridged or
stabilized by the Ln centers, establish one of the most-
interesting subgroups ascribed to its photoluminescence,
catalytic, electrochemical, and magnetic properties.® In recent
years, there are a significant increase of Ln-containing hetero-
POTs to be reported.® The large sizes of Ln centers
accompanied by their high coordination numbers (usually 8—
12) trend to link or stabilize the lacunary POTs building blocks,
such as [A52W19067(H20)]14_: [a—GeW9O34]1°_, [a-
P,W 056127, [Br-SiW,,035]%7, etc.” In this respect, lacunary
hetero-POT's building blocks are particularly important because
they can be used as multidentate ligands to construct much
larger nanoscale Ln-containing hetero-POTs. Most recent
reports on lacunary hetero-POTs are mainly based upon the
heteroanion templates (e.g., AsO33_, GeO44_, PO43_, SiO44_,
SbO;>7, BiO;*"),” a detailed survey of the heteroatom-based
Ln-containing hetero-POTs is given in Table S1 in the
Supporting Information. Recently, our group also reported a
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Table 1. Detailed Survey of Lanthanide-Containing Isopolyoxotungstates

Tungsten cemters type”

year formula pH T (°C) (mw,) ref
1971-1974  [Ln(W;O44),]"" (Ln = La, Ce**, Ce*, Pr, Nd, Sm, Ho or Yb) 6.5-7.5 85 2W, 13
2008 [H¢Ce,(H,0)CI(W40,4);]"~ 5.0 100 3W, 14
2009 [Ln,(H,0),0W5,0,,(0H),]*” (Ln = La, Ce, Tb, Dy, Ho, Er, Tm, Yb, or Lu) 2.2 RT. W,, 15
2009 [Ln,(H,0);0W,3043(0H), 1" (Ln =Sm or Eu) 32 RT. 2W,, + Wy 16
2013 [Ln,(WO,)(H,0),6{W,0,,(0,),}4]"*" (Ln = La or Pr) 3.0 RT. AW, 17
2014 [Ce,(H,0)4W,,0,,(0OH),]"*~ 5.0 70 2Wy, this work
2014 [Ce,(H,0),W,,0,44(0OH),]**~ 45 70 AW, this work
2014 [Ce,(H,0)gW;60,,0(OH) 1,2~ 1.5 70 Wi this work

“m and n refer to the number of different tungsten building blocks within a polyanion and the number of tungsten centers within a unit, respectively.

series of Ln-containing hetero-POTs by combining cerium
linkers with SeO;>~ or TeO,*~ heteroanion templates.'’
However, the tungsten pyramidal sulfite ion (SO5*”) system
remains explored less up to date, only the Dawson-type {W;5}
cages incorporating the targeted one or two pyramidal sulfite
ior7ls1 as the central cluster templates were reported by Cronin et
al.”

Because only a few iso-POTs building blocks have been
isolated, including [HWO )7, [H,W,,05]%", [H,W,0,],
[H,W,0,]', [HW,,07,]", and [H;;W;40,5,]'>7,%"* the
interactions of Ln ions with iso-POTs have been studied less
than hetero-POTs. Kortz et al. have reviewed this field in a
comprehensive fashion recently;*® meanwhile, many other
groups have also paid much attention to this field."*™"" As
shown in Table 1, the classical Lindqvist sandwich-type
structures (sznthesized at pH 5.0—7.0) have been studied
early years,'> whereafter, Cao and co-workers reported a
pentadecatungstate [HCe,(H,0)CI(W;0,5);]"~ consisting of
dinuclear cerium(III) centers and the {W;} units, which was
obtained in a weakly acidic medium at pH 5.0."* In 2009, Kortz
and co-workers synthesized the polyanions
[Ln,(H,0),,W,,0,,(OH),]*~ (Ln = La, Ce, Tb, Dy, Ho, Er,
Tm, Yb, and Lu) based on the {W,,} building blocks'® and the
“V”-shaped polyanions [Ln,(H,0);;W,3043(OH),]'"* (Ln =
Sm, and Eu) based on the {W,;} units by the reaction of
WO,*” and Ln ions in acidic aqueous medium with pH 2.0—
3.5."° Recently, Niu and co-workers discovered Ln-containing
peroxoisopolytungstate [Ln,(WO,)(H,0),,{W,0,,(0,),},]**
(Ln = Sm, and Eu) involving the [W,0,,(0,),]®” units with
tetrahedral WO,*” template cores in an acidic medium at pH
3.0, which remains the largest tungsten nuclearities ever seen in
Ln-containing iso-POTs.!

The sulfite anion has a C;, symmetry and contains a
nonbonding but stereochemically active pair of electrons, also
observed in SeO;2~ or TeQ,>” heteroanions,"® which may be
beneficial for exploring the sulfite anion-directed assembly of
Ln-containing iso-POTs.” Therefore, it may be a meaningful
synthesis strategy to combine the pH-controlled and {SO;*"}-
directed assembly strategy along with cerium(III) centers to
discover new members of the Ln-containing POTs family.
Here, five cerium(IIl)-containing POTs have been isolated
depending on the pH values by using this synthesis strategy
(Scheme 1): [C,HgN];Na,[Ce,(H,0)W,,0,,(0OH),]-20H,0
(1) at pH 5.0; [C,HgN]Na;[Cey(H,0)1,Wy40144(OH) 1, -
23H,0 (2) at pH 4.5; [C,HgN],Na,Ce,[Ce,(H,0);o-
W,509,(OH),]-27H,0 (3) at pH 2.8—3.3; [C,HgN],Na,[{a-
SW;0,5H{Ce,(H,0)6}H(W;306){a-SW303,H{a-SW;05,(OH) } -
18H,0 (4) at pH 2.5; [C,HgN],Na;3[Ce,(H,0),-
W360110(OH),1,-30H,0 (S) at pH 1.5. Single-crystal X-ray
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Scheme 1. Synthetic Procedure of 1-5

Polyanion 2
{Ce,W,} pH=45

B

Polyanion 1 W} W0 50,2 Woe} Polyanion 3
{CeW.} pH =50 Ces {Ce,W,;} pH=28~33
2z (Kortz et al. reported 2009)®

Polyanion 5
{Ce,W,;}, pH=15

Polyanion 4
{Ce,S,W,;} pH=25

structure analysis revealed that two different types of lacunary
{W,,} units existing in 1 or 2 constituted the di-, or tetra-
cerium(III)-bridged POTs. The polyanion of 3 was obtained at
the pH range from 2.8 to 3.3, which has the similar
configuration as Kortz et al. reported in 2009, but SO~
anion and organic amine-sodium—cerium counter cations were
employed during the assembly.'® The assembly and isolation of
4 was based on the combination of cerium(III) centers and
SO;> heteroanion template at pH 2.5, which remains the first
Ln-containing POTs with sulfur heteroatom. The cerium(III)
centers in 4 are eight-coordinated and the SO;>~ heteroanion
templates display u, and g coordination modes. The polyanion
of 5 was obtained at much lower pH of 1.5, in which the
cerium(II) centers were bridged by two triangular-shaped
{W;}'* units, resulting in the largest Ln-containing iso-POTs.
The polyanions of 1—5 can be isolated in good yields only by
using Na,SO;, which has been verified by a series of parallel
experiments.

B EXPERIMENTAL SECTION

General Considerations. All commercially obtained reagent,
including Na,WO,-2H,0, Na,SO;, acetic acid, Ce(NO;);-6H,0,
dimethylamine hydrochloride, HCl, were purchased from Aldrich
and used without further purification. Deionized water was used
throughout the study. The reaction mixtures were heated and agitated
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in the round bottomed flasks with reflux condensing tubes on a CL-
1A-type agitator purchased from GongYi Company in China. A pHS-
25B pH meter was used for pH measurements.

Synthesis of [C,HgN];Na,[Ce,(H,0)sW,,0,,(0H),J-20H,0 (1).
Na,WO,-2H,0 (3.00 g, 9.09 mmol) and Na,SO; (020 g 1.58
mmol) were dissolved in 40 mL of water. The pH of the solution was
adjusted to 5.5 with 50% acetic acid solution, and the reaction mixture
was stirred for 60 min. Solid Ce(NO;);6H,0 (0.43 g, 1.00 mmol)
and dimethylamine hydrochloride (1 g, 12.26 mmol) were successively
added. The final pH was kept at 5.0 by adjustment with 4 M HCI. This
solution was heated to 70 °C stirred for 1 h, and then cooled to room
temperature and filtered. After slow evaporation at about 10 °C for
about two months, yellow block-shaped crystals were obtained, which
were then collected by filtration and air-dried. Yield: 0.73 g (28%
based on W). IR (KBr disk (see Figure S20 in the Supporting
Information) v/cm™): 3421(w), 3144(w), 2783(w), 1620(s),
1469(s), 946(s), 886(s), 804(w), 746(m). Elemental anal. Calcd
(%) (found): C 1.14 (1.10), H 1.28 (1.25), N 0.67 (0.70), Na 2.55
(2.49), W 64.07 (64.30), Ce 4.44 (4.51).

Synthesis of [C,HgN]gNa;s[Ce,(H0):,W 140,44(0H);,]-23H,0 (2).
The synthesis process of 2 is similar to 1, but the pH of the solution
was adjusted to 4.5 by the addition of aqueous 4 M HCl before heating
to 70 °C. After slow evaporation at about 10 °C for about one month,
yellow block-shaped crystals were obtained, which were then collected
by filtration and air-dried. Yield: 0.49 g (19% based on W). IR (KBr
disk (see Figure S21 in the Supporting Information,) v/cm™'):
3413(w), 3126(w), 2793(w), 1623(s), 1468(s), 973(s), 873(w),
763(s), 684(m). Elemental anal. Calcd (%) (found): C 1.53 (1.55), H
1.17 (1.21), N 0.89 (0.91), Na 2.94 (2.90), W 64.59 (64.61), Ce 4.47
(4.50).

Synthesis of [CHgNI,Na,Ce,[Cey(H,0);0W3504,(0H),1-27H,0 (3).
The synthesis process of 3 is similar to 1, but the pH of the solution
was adjusted to 2.8—3.3 by the addition of aqueous 4 M HCI before
heating to 70 °C. After slow evaporation at about 10 °C for about two
months, yellow block-shaped crystals were obtained, which were then
collected by filtration and air-dried. Yield: 0.60 g (23% based on W).
Elemental anal. Calcd (%) (found): C 0.60 (0.62), H 1.15 (1.17), N
0.35 (0.38), Na 1.14 (1.10), W 63.83 (63.87), Ce 6.95 (7.01).

Synthesis of [C,HgNI,Na,[{a-SW;0,g}{Ce,(H,0)s}(W;50¢){a-
SWyO3,}{a-SWoO53;(OH)}]- 18H,0 (4). The synthesis process of 4 is
similar to 1, but the pH of the solution was adjusted to 2.5 by the
addition of aqueous 4 M HCI before heating to 70 °C. After slow
evaporation at about 10 °C for about three months, orange block-
shaped crystals were obtained, which were then collected by filtration
and air-dried. Yield: 0.38 g (15% based on W). IR (KBr disk (see
Figure S22 in the Supporting Information) v/cm™): 3432(w),
3148(w), 2777(w), 1638(s), 1463(s), 969(w), 888(s), 788(w),
723(m). Elemental anal. Calcd (%) (found): C 0.62 (0.60), H 0.84
(0.91), N 0.36 (0.29), Na 2.07 (2.04), S 1.24 (1.28), W 66.18 (66.20),
Ce 3.60 (3.62).

Synthesis of [C,HgN],Na,g[Ce,(H,0)gW360;10(OH);5130H,0 (5).
The synthesis process of 4 is similar to 1, but the pH of the solution
was adjusted to 1.5 by the addition of aqueous 4 M HCl before heating
to 70 °C. After slow evaporation at about 10 °C for about 2 months,
yellow needle-shaped crystals were obtained, which were then
collected by filtration and air-dried. Yield: 0.29 g (12% based on
W). IR (KBr disk (see Figure S23 in the Supporting Information) v/
em™'): 3428(w), 3121(w), 2781(w), 1615(s), 1463(s), 948(s),
893(w), 806(m), 769(m). Elemental anal. Caled (%) (found): C
0.25 (0.30), H 0.72 (0.75), N 0.15 (0.18), Na 2.17 (2.12), W 69.32
(69.52), Ce 2.94 (3.01).

Characterization. Elemental analysis of Na, S, W, and Ce were
performed with a Leaman inductively coupled plasma (ICP)
spectrometer; C, H and N were performed on a PerkinElmer 2400
CHN elemental analyzer. IR spectra were recorded on an Alpha
Centauri FTIR spectrophotometer on pressed KBr pellets in the range
400—4000 cm™'. Water contents were determined by TG analyses on
a PerkinElmer TGA?7 instrument in flowing N, with a heating rate of
10 °C min™". XRD studies were performed with a Rigaku D/max-1IB
X-ray diffractometer at a scanning rate of 1° min~" with Cuy, radiation
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(1 =1.5418 A). X-ray photoelectron spectroscopy was performed on a
VG ESCALABMKII spectrometer with an Mgy, (1253.6 eV)
achromatic X-ray source. The vacuum inside the analysis chamber
was maintained at 6.2 X 107° Pa during the analysis. Electrospray
ionization mass spectrometry was carried out on a Bruker Micro TOF-
QII instrument, the solutions of the investigated systems were
prepared in water (1 mg/mL).

Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction
data for 1—S were recorded on a Bruker Apex CCD II area-detector
diffractometer with graphite-monochromated Moy, radiation (4 =
0.71073 A) at 296(2) K. Absorption corrections were applied using
multiscan technique and performed by using the SADABS program.'**
The structures of 1—5 was solved by direct methods and refined on F>
by full-matrix leastsquares methods by using the SHELXTL pack-
age.lc”b Anisotropic thermal parameters were used to refine all non-
hydrogen atoms. Hydrogen atoms attached to lattice water molecules
were not located. The numbers of lattice water molecules and counter
cations for 1—$ were estimated by the results of elemental analyses,
TG curves, and calculations of electron count in the voids with
SQUEEZE."® CCDC 975840 (1), 975841 (2), 975842 (3), 975843
(4), and 975844 (S) contain the supplementary crystallographic data
for this paper.

Electrochemical Experiments. Electrochemical measurements
were carried out on a CHI 660 electrochemical workstation at room
temperature. Thrice-distilled water was used throughout the experi-
ments. All solutions were deaerated by bubbling high pure argon prior
to the experiments and the electrochemical cell was kept under an
argon atmosphere throughout the experiment. A conventional three-
electrode system was used with a 1.5 mm glassy carbon working
electrode, an Ag/AgCl reference electrode used as electrode, and a
platinum wire counterelectrode. The glassy carbon working electrodes
were polished with alumina on polishing pads, rinsed with distilled
water, and sonicated in H,O before each experiment. The scan rate
was 30—500 mV s™". All potentials were measured and reported versus
Ag/AgCl. Solutions 1-5 in 0.5 M H,SO,/Na,SO, were used. A pHS-
25B pH meter was used for pH measurements.

B RESULTS AND DISCUSSION

Synthesis. Compounds 1—S5 were all synthesized using one-
pot procedure by reaction of Na,WO, and Na,SO; with the pH
range from 1.5—5.0 and isolated as mixed sodium—organic
amine salts. The successful synthesis of 1—5 may be ascribed to
the strategy of pH-controlled and sulfite anion-directed
assembly with Ce™ ions.

First, it is worth noting that the directive functions of SO5*~
anion in the assembly process. The ability of the sulfite anion to
act as a template or anion control experiments, although it does
not exist in the final structure, has been demonstrated in the
case of molybdenum, tungsten and vanadium systems, which
possess the inherent ability to form POM structures.”

Compound 4 seems to be a unique example of sulfur-
containing POT cluster in terms of the SO;*~ anion as
structure-directing templates compared to the other four
clusters. Anion template has emerged as a valuable tool for
constructing a wide variety of significant assemblies in
POMs,>?*° especially for the redox-inactive “conventional”
heteroanion templates (e.g., $i0,*, PO, AsO,%"), most of
the previous reports on lacunary hetero-POT's are based upon
them. Recently, the redox active heteroanions from group VIA
(e.g, SO;*, SeO5>", TeO;*") have received much attention in
an effort to engineer clusters with intrinsically more diverse
structures, for example, assembly of molecular “layered”
Hetero-POT architectures based on TeO;>” anion templa-
tes,"*d assembly of gigantic nanoscale Hetero-POTs by using
Se0,>” as a template linker." In this stage, SO, anion
remains less developed in templating POTSs system, only the
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Table 2. Survey of the Sulfite Anion (- or fty-Coordination Modes) as a Template in POMs

year formula pH T (°C) template modes ref
2004 [Mo,504,(S0,),1¢” ~4.0 reflux Ho 21a

2005 [WY15054(803),]* [WY5056(S053),(H,0),]% 19 reflux H7, Ko 11a

2008 Mo}, VY VY, 04, (1s-S05) 17~ 3.0 RT. Ho 21b

2010 [Mo¥!,, VY VY, 04, (15-SO;) (Mo "V 0,,) '™ 2.0—-4.0 RT. U 21c

2010 [H2W18057(503)]67 [W18056(303)2(H20)2]87 17 RT. Ho 11b
2014 [Ce,S3W,304,(H,0)s(OH)1*~ 2.5 70 Uy Ho this work

Table 3. Crystal Data and Structure Refinements for 1-5
1 2 3 4 5

empirical formula CeHgyCe,N3Na, 0,0,W,, Ci6H 46CeNgNa ;0,9 W,

M 6312.60 12525.13

A (A) 0.71073 A 0.71073 A

T (K) 296(2) 296(2)

cryst syst monoclinic tetragonal

space group C2/c 14,/a

a (A) 71.433(9) 25.987(4)

b (A) 12.8889(16) 25.987(4)

c(A) 38.595(5) 34.162(6)

a (deg) 90 90

B (deg) 105.632(3) 90

7 (deg) 90 90

V (A%) 34219(7) 23071(6)

z 12 4

D, (Mg m™) 3.676 3.606

u (mm™) 23.020 22.735

F(000) 34776 21960

0 range (deg) 1.72—25.00 1.85—25.00

measd reflns 87931 58962

ind reflns 30112 10158

data/restraints/ 30112/319/1662 10158/290/614
params

R, after SQUEEZE 0.0693 0.1201

GOF on P 0.947 1.030

R(I > 26(1))* 0.0404 0.0448

wR, (all data)® 0.0939 0.0949

“Ry = YNFol — IEJl/ZIE. "wR, = { X [w(Fo?— F2)X/ X [w(EH)?* I}~

C4Hy,CeyN,NayO 3, Wyg
8065.04

C4HesCe,N,Na;0,5,8;Wog
7778.73

C4H,36Ce4N,Na 30,9, W5y
19096.65

0.71073 A 0.71073 A 0.71073 A
296(2) 296(2) 296(2)
triclinic triclinic triclinic

PT PT PT
19.3210(17) 15.929(2) 17.8782(10)
21.8489(19) 16.781(2) 23.3128(12)
22.0152(19) 27.229(4) 23.6398(13)
72.2390(10) 78.097(2) 70.4370(10)
69.4860(10) 79.359(2) 80.1970(10)
86.8980(10) 65.014(2) 77.0890(10)
8274.8(12) 6416.3(15) 9000.4(8)

2 2 1

3237 4.026 3.523
20.546 25.856 23.503
7052 6784 8268
1.78—25.00 1.90—25.00 1.79-23.75
43391 33508 42529
28765 22278 27247
28765/325/1594 22278/967/1351 27247/479/1720
0.0442 0.0588 0.0588
0.924 1.000 0915
0.0484 0.0708 0.0531
0.1105 0.1806 0.1176

Dawson-type {Wm} cages incorporating the targeted one or
two pyramidal sulfite ions as the central cluster templates were
reported.”!" The pyramidal SO,*~ anion as structure-directing
template with its lone pair of electrons, reducing agent as well
as inorganic ligand, introduces the necessary diversity into
POM systems and allows access to new libraries of building
blocks and then controls the associated assembly process.” As
for 4, two tips should be mentioned during the synthesis: (i)
the formation of lacunary Keggin-type {a-SW,} and {a-SW,}
units. The SO;*~ anion reveals a multiple set of coordination
modes, such as commonly p3, piy, fs, e }- OF fig etc. The initial
driving force is attributed to the electrophilicity of the POT-
based building units and the nucleophilicity of the sulfite anions
combined with their various ability of coordination (u, for {a-
SW,} and p, for {a-SWo}) to act as inorganic ligands, in other
words, the POTs species “grow” around the pyramidal SO;*~
anion which effectively prevents the “closure” of the POT
assemblies to the Keggin-type cluster, and instead gives rise to
“open” lacunary units, as the Keggin-type {@-SW,} and {a-
SWo} units in 4. Moreover, the use of bulky “shrink-wrapping”
cations, namely protonated organic amine cations (dimethyl-
amine hydrochloride), restricts and stabilizes low-symmetry
clusters that can be used as building blocks: Keggin-type {a-
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SW.} and {@-SWy} units. There were no clusters to be isolated
using other different counterions (for example, potassium or
cesium etc.) in the reactions. (ii) the existence of the Ce
centers. 4f Ce ions display a powerful ability to link lacunary
POTs to build unprecedented architectures because of its
oxophilicity and high coordination numbers. The larger size of
Ce ions prevents its full incorporation in lacunary frameworks
as addendum atoms, and therefore additional sites are available
for further derivatization. Thus, the combination of Ce centers
and the sulfite anion templates with its structural diversity is
beneficial for obtaining novel sulfur-containing POT clusters.

The SO;*~ anion acts as anion control experiments during
the synthesis of 1, 2, 3, and §, although it does not exist in the
final structure. A series of anion control experiments have been
carried out without sulfite, there are no products obtained
except the classical {W,,} iso-POT fragment.(”lsb Furthermore,
if sulfite was substituted by other anions, such as the sulfate,
dithionate, silicate, nitrate, bismuthate, or phosphate under the
same reaction conditions, there are still no compounds to be
isolated.

Second, pH-controlled synthesis is the other fundamental
factor in the reaction system (Scheme 1). Precise pH control of
the one-pot reaction conditions was employed for the assembly
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of 1-5. At pH 5.0 with the existence of SO;*~ simultaneously,
1 was obtained. During the synthesis of 2, the pH was adjusted
to about 4.5 and also with sulfite anion-directed assembly.
Polyanion of 3 was obtained at the pH range from 2.8 to 3.3
with a similar configuration as Kortz et al. reported in 2009
(Scheme 1),'® but there are two differences during the
synthesis of 3, including the use of sulfite and the extra
dimethylamine cations. 4 with the SO, anion as a template
was isolated as a mixed sodium-organic amine salt at a lower
pH 2.5, and 5 was obtained at the lowest pH 1.5. It is worth
noting that SO;>~ anion is always found to act as a template in
the synthesis of POMs at a low pH values (generally pH <4.0
and even pH <2.0) according to many other works.'"*" It acts
as templates usually showing p,- or pg-coordination modes in
cage-type POMs (Table 2) at low pH values and even pH < 2.0
in POTs system, conversely, at higher values, the sulfite anions
trend to display p, pt, ps or ps modes as inorganic ligands or
linkers, instead of structure-directing templates, for example,
the vanadium-sulfite POMs*** (NH,),(Et,N)[(VIVO),(u,-
0),(u3—OH),(k3-SO;)4(H,0),]CI'H,O  (prepared at pH
4.5) and trans-(NH,),[V'V(OH),(u-SO;),] (prepared at pH
6.0), the sulfite anions here display y# or p; modes; the
polyoxomolybdenum sulfite complexes®?®
(NH,) 5[ (Mo0,"0,4)5(#2-803) 15 (43-S03)4]-4H,0 (prepared at
pH 5.0), (NH,)15{Na[(Mo0,"0,)4(#2-805)3(ks-S03) 1,}-SH,O
(prepared at pH 5.5), (NH,)s[(Mo,"0,)(SO3),(1y-80;)]-
2H,0 (prepared at pH 6.0), the sulfite anions here display
My M3 or pg modes. Thus, we primarily conclude that the
powerful sulfite anions reveal different coordination modes at
different pH value in POMs, which introduce the necessary
diversity into POM systems and allow access to new libraries of
building blocks.

Structural Analysis. Single-crystal X-ray diffraction analysis
(Table 3) indicates that the polyanion of 1,
[Ce,(H,0)¢W,,0,,(OH),]"", has an interesting “S”-shaped
topology similar to the {W,,} iso-POT cluster® (Figure 1,
Figures S1 and SS in the Supporting Information). It is
constructed from two nine-coordinated Ce™ ions and two
{W,,} units,® two Ce!" centers located at the inflection point,
which are linked to each other and further coordinate to two
lacunary {W,,} subunits through two pus-oxo bridges to form

Figure 1. Polyhedral and ball-and-stick representation of polyanion of
1: (a) top view, (b) connection patterns the two cerium centers, (c)
side view. Color code: W (blue); Ce (yellow); and O (gray).

the final dimmer structure (bond lengths: Ce;—0, 2.498, Wo—
O, 1.833, Ce,—0, 2.529, Ces— O 2.540, W—O, 1.797, Ce,—
0, 2.537 A) (Figure 1b). The {W,,} subunits (Figure 3a) here
remains analogous to the framework of the [H,W,,O;4] 6=
reported in 1988,"2* which has already been proved to be an
“active” building block in an effort to discover new members of
iso-POTs family. The bond-valence sum™ (BVS) results clearly
indicate that each {W;;} unit occupied the protonation degree
of 2.

X-ray crystallographic analysis of 2 presents that
[Ce,(H,0),W,,0,,,(OH);,]*™ is a tetrameric polyanion
composed of four novel {CeW,,} subunits (Figure 2, Figures

{W..}

Figure 2. Polyhedral and ball-and-stick representation of polyanion of
2. Color code: W (blue); Ce (yellow); and O (gray).

S2 and S6 in the Supporting Information). The {W,} unit
(Figure 3b) which derivatives from the a-Keggin iso-POTs type
[H,W,,04]° by losing of one {WOg} octahedron, is different
from that of 1 (Figure 3a), which may be mainly due to the
diverse pH values during the reactions. One nine-coordinate
Ce'" ion is filled in the vacant site of {W,,} fragment to form
the {CeW,,} subunits via four y,-oxo bridges (Figure 3c): W,—
0;,—Ce;, W;—0,,—Ce;, W,—0;,—Ce;, and Wy—0;,—Ce,
(bond lengths: W,—0, 1.783, W;—0,, 1.811, W,—05,
1.738, Wy—03, 1.759, Ce—O 2.468—2.587 A). The tetrameric
architecture of 2 is constructed from the coordinations of the
cerium ion within one {CeW,;} subunit and the bridging and
terminal oxygen atoms within the other {CeW,,} subunit.
Moreover, the four separate cerium ions form a “square-planar-
like” configuration'® followed by each one situated at the
corners of the square unit (see Figure S2 in the Supporting
Information). Each pair of two opposite {W;,} units represent
a “V”-shaped arrangement, which is cross located above and
below the “cerium plane”, respectively, resulting in 2 crystal-
lized in space group I4,,, with a tetragonal structure. Both the
related architectures of polyanions of 1 and 2 are unexpected in
Ln-containing iso-POTs, which reveal the di- or tetra-
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Figure 3. Ball-and-stick representations of two types of {W,} units in
(a) 1 and (b) 2. Connection patterns of the {CeW,} subunits in 2
(c). Color code: W (blue); Ce (yellow); and O (gray).

topologies based upon the linkage of two types of {W,}
building blocks bridged via the cerium(III) centers. The BVS
calculations indicate that each {W;} unit appears to be trebly
protonated with the protons located at the three y,-oxo bridges.
The polyanion of 3 consists of a isopolyanion unit
[H,W,3055]?°" that contains two undecatungstate {W,}
fragments, a hexatungstate fragment {W,} and two {Ce-
(H,0)5}** supporting groups as above-mentioned in polyanion
of 1."° This polyanion was first reported by Kortz et al. in 2009
isolated as sodium salt in the solid state, but here 3 was isolated
by the sodium—organic amine and extra cerium cations.

The polyoxoanion of 4 represents a trimetric Ce'-stabilized
POTs nanocluster structure, which was isolated as a mixed
sodium—organic amine salt [C,HgN],Na,[{a-SW;0,5}-
{Ce,(H,0)6}(W304){a-SWy05, H{a-SW,05,(OH) } |- 18H,0
(Figure 4, Figures S3 and S7 in the Supporting Information).
The SO;*~ here acts as a heteroanion template, which has a
lone pair of electrons and forms three bonds with oxygen atoms
in trigonal configurations, effectively giving rise to “open”
lacunary units instead of “closed” Keggin-tyge clusters. It can
also be viewed as a “inorganic ligand”."** The trimerical
polyanion can be divided into four subunits: one lacunary
Keggin-type {@-SW,} unit, two lacunary Keggin-type {a-SW,}
units and a {Ce,W,} core (Figure 4). As shown in Figure S, the
{a-SW,} unit is derived from the trilacunary Keggin-type {a-
SW,} unit by losing two {WOg} octahedra from two adjacent
{W,0,;} units. The SO;*~ anion shows two types of y,-SO,*"
and 15-SO;* coordination modes with the bond lengths
ranging from 1.508(18) to 1.572(18) A (Figure S and Table S7
in the Supporting Information), which are a little shorter than
those of SeO;”” and TeO,*” heteroanion templates in
cerium(III)-containing POTs.'”'® The SO;*~ anion supports
the peripheral {W,} unit to exhibit an unusual y,-coordination
mode, which is different from the reported u,-SO,>~ in POTs
existing in the Dawson-type ployanion, such as
[W13054(S0;),(H,0),]%,7"" only seven W centers of each
{SW,} fragment are connected to the SO;>~ anions. Moreover,
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Figure 4. Polyhedral and ball-and-stick representation of the basic
building blocks (top) and their connection modes in the polyanion of
4 (bottom). Color code: W (blue); Ce (yellow); S (indigo); and O

(gray).

I~
B,-SO, Hy-SO,

Figure S. Ball-and-stick representation of {4,-SO;} and {4o-SO5} units
in the lacunary Keggin-type fragments of 4. Color code: W (blue or
light blue); S (indigo); and O (gray).

one of the Keggin-type {@-SW,} units appears to be single
protonated with the proton located at one of the three y,-oxo
bridges according to the BVS calculations. Furthermore, all the
4f metal cerium(III) centers represent eight-coordinated modes
to stabilize three lacunary Keggin-type units, finally resulting in
the formation of the polyoxoanion of 4, which is the first Ln-
containing POT with sulfur heteroatom to date.***®

The formation of this unprecedented Ce™-stabilized cluster
based on the SO;*~ heteroanion templates may be ascribed to
four key factors: (1) the SO5>” acts as a heteroanion template
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(due to the lone pair of electrons) with the multiple
coordination modes (eg., y, and p,), which introduces the
necessary diversity into POT clusters and allows an access to
the new library of building blocks (eg., Keggin-type {a-SW.}
unit) during the design and synthesis of high-nuclear tungsten
sulfite system; (2) the pH of the reaction has been verified to
control the formation process, all the five clusters were
prepared under the same reaction conditions but with different
pH. Such a low and precise pH (pH 2.50) “sensitizes” the
sulfite anion to act as structure-directing template for the
engineering of this compound; (3) the existence of cerium
centers may also be important due to its high coordination
number, long bonds, and large radius. Two eight-coordinated
Ce’* ions coordinate with three extra {WQ} octahedra to form
the {Ce,W,} core (Figure 4) with the bond lengths ranging
from 2.360(18) to 2.80(3) A (see Table S8 in the Supporting
Information), which stabilizes three lacunary Keggin-type units
at the same time; (4) the bulky use of protonated organic
amine cations is beneficial for the isolation of this cluster.'"
Structural analysis reveals that the polyoxoanion of § has a
dimeric structure constructed from two identical {Ce,W,4}
subunits related by an inversion center (Figure 6, Figures S4

{Ce, W

36}2

Figure 6. Polyhedral and ball-and-stick representation of polyanion of
5. Color code: W (blue); Ce (yellow); and O (gray).

and S8 in the Supporting Information). As shown in Figure 6,
in each {Ce,W,¢} subunits, one Ce*" ion is trapped at the
bottom of the central cavity in {Wy} subunit and the other
Ce’ ion attaches to the flank of the {Wys} subunit. The two
{W5¢} subunits are bridged by two “attached” Ce centers and
stabilized by two “trapped” Ce centers. The Ln ions may be the
first time to be implanted into the {W,4}-based inorganic crown
in the host—guest chemistry.uf’24 The {W;4} iso-POT segment
has already been discovered by Cronin et al. in 2004'* and now
it is efliciently introduced here as an iso-POT building block,
whereas, it is worthy to mention that the coordination mode of
W(27) bridge is different from the other two W(10) and
W(30) bridges in each {W;} cluster of 5, which uses only two
W-0 bonds (W,,—0,, 1.917, W,,—0,, 1.908 A) as the

9492

bridges to link the two adjacent {Wi,} units because the
“trapped” Ce centers present a new {Wy¢} iso-POTs segment
(Figure 7). The BVS calculations indicate that two oxygen

this work

(Cronin et al. reported 2004)'*

Figure 7. Ball-and-stick representations of two types of {Wy¢} units.
Color code: W (blue); Ce (yellow); and O (gray).

atoms in the unusual W(27) bridge are doubly protonated
which can be considered as the “guest” cerium metal-induced
process just in contrary to the aqua-ligand-induced capability of
“trapping” guest metal ions reported by Wang’s group™ (The
results of BVS calculations for all the oxygen atoms of 1—S5 are
listed in Tables S2—S6 in the Supporting Information). In
addition, BVS, elemental analysis, EPR spectra, XPS spectra,
and DFT calculations indicate that the oxidation states of Ce'™
centers in 1—5 (see Section 3 in the Supporting Information).

Structural Features. The discovery of 1, 2, 3, and S reveals
the powerful abilities of iso-POTs ligands coordinating to the
Ce centers. Different types of the lacunary {W,;} units along
with Ce centers achieve variant Ce-bridged dimeric or
tetrameric architecture respectively: the “S”-shaped topology
{Ce,Wy,} and the novel {Ce,W,,} containing a-Keggin-type
{W,,} units. In addition, bigger ligands, namely the “V”-shaped
{W,} and triangular-shaped {W4} units, trend to be stabilized
by the Ce centers to form {Ce,W,3} and {Ce,Wy¢},. Different
sizes of iso-POTs ligands may guide bridging or stabilizing
functions of high coordinated Ce centers. As for 4, it is the first
Ln-containing POTs with sulfur heteroatom, involving two
types of lacunary Keggin-type {a-SW,} and {a-SW,} ligands
with p,- and pg-coordination modes. The diverse coordination
modes for the sulfite anion show the important roles of the
design and synthesis of novel sulfite-based Ln-containing
materials.

Electrospray lonization Mass Spectroscopy (ESI-MS)
Studies. ESI-MS studies®® of 1, 2, 3, and 4 dissolved in water
confirmed that the four compounds retained its integrity in
solution through all the m/z values of the main peaks, which
can be assigned to their different charge/cation states. For
polyoxoanion of 1, the strong peaks centered at m/z 1150.3
and 1438.1 correspond to the charges of —5 and —4,
respectively. The other peak, which has an m/z value of
1942.8 and lower intensity compared to the other two, has a
charge of —3 (see Figure S10 in the Supporting Information). 2
shows only one peak at m/z 2350.3 with the charge of —5 and
retains its structural integrity (see Figure S11 in the Supporting
Information). Accordingly, we found the two clusters associated
with [C,HgN]*, Na*, and H* ions dominated the solution of
redissolved pure 1 or 2. As for the polyoxoanion of 3, the peaks
centered at m/z 2066.3 and 2758.1 correspond to the charges
of —4 and —3, respectively (see Figure S12 in the Supporting
Information). The observed peaks of 4 were assigned to
{NaH3[CEZ(HZO)653W28097(OH)]}5_) {(C,H4N)-
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Figure 8. ESI-MS of 4 in H,O0.
Na,H,[Ce,(H,0)48;W,500,(OH)]}*", and {(C,H,N),Na;H- 6
[Ce,(H,0)¢S;W1504,(OH) ]}, giving envelopes centered at 1 11 11|
m/z 1445.5, 1823.5, and 2454.7, respectively (Figure 8). In the 31
case of 5, the main fragment (e.g, {Ce,Wjs}) has been
observed associated with [C,HgN]*, Na*, and H* ions (see « 01
Figure S13 in the Supporting Information). The assignments of 2, TTd
peaks of the five polyoxoanions are listed in Tables S14—S18 in —
the Supporting Information. -6 i
X-ray Photoelectron Spectroscopy (XPS). The XPS
investigations on 1, 2, 4, and § were performed to confirm 94 '
the valence states of W, Ce and S. The XPS s.pectra of Ce 15 10 05 00 05 10 15
centers: the peaks around 904.0 and 885.5 eV in the energy E/V (vs.Ag/AgCl)
regions of Ce 3d;/, and Ce 3ds), correspond to Ce** (Figure 40 T
S14a for 1, S14b for 2, Sl4c for 4, and S14d for S in the 111
Supporting Information).””* The XPS spectra of W centers: the 20+
peaks around 37.2 and 35.1 eV in the energy regions of W 4f;,
and W 4f,, are confirmed to be WS centers represented in < 04
Figure S15 in the Supporting Information.””” Moreover, Figure 2
Sl4e in the Supporting Information shows the existence of =-201
sulfite in 4 with the S 2p peak located at 167.8 eV, further 401
confirming the combination of Ce®" ions and SO,*~
heteroanion templates to lead to the formation of 4. In 604
alclldltlon, low cgntents f(i: the. Ce ar;d S comfParascc:l to ;NSIT} 15 10 05 00 05 10 15
these compounds cause the noisy XPS spectra for Ce an I E/V (vs.Ag/AgCl)

compared them to those for the tungsten atoms.*® Besides, the
Ce 3d XPS spectra of Ce-containing compounds are known to
be complicated due to the hybridization of the Ce 4f with
ligand orbitals and fractional occupancy of the 4f valence
orbitals.>5"8

Electrochemistry. Cyclic voltammetry (CV) experiments
were performed to examine the redox properties of 1—5 in 0.5
M H,S0,/Na,SO, solution. All of the compounds show the
waves associated with the reduction of W' centers between
—1.143 and —0.333 V as well as the redox process of Ce™
centers from +0.673 to +0.867 V (vs Ag/AgCl), which are in
good a%reement with reported Ce'-containing POT com-
pounds.t101429

In a sulfate pH 5.0 medium, the CV of 1 (Figure 9) (5 X
107* M) at a scan rate of 30 mV s~ shows two separated quasi-
reversible redox couples of waves at E;, = —1.102 V (I/I') and
Eyj, = —0.605 V (/1) [E, , = (E,, + E,)/2] (vs Ag/AgCl),
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Figure 9. Cyclic voltammograms of 1 in 0.5 M H,SO,/Na,SO,
solution (pH 5.0). POM concentrations = S X 107* M. The scan
rate was 30 mV s~ (top). Cyclic voltammograms at different scan
rates: from inside to out: 30, 100, 200, 300, 400, and 500 mV s™!
(bottom). The working electrode was glassy carbon, and the reference
electrode was Ag/AgCl.

corresponding to the redox processes of W'' centers,
respectively (Table 4). When taken at a higher concentration
(107 M) (Figure 10), one more quasi-reversible couple at E;
—0.778 V (vs Ag/AgCl) (Table 4) between the
aforementioned two couples was observed. This additional
couple is hard to be recognized at a low concentration (S X
107* M), and retains weaker at a high concentration (107> M).
Also, Figure 11 compares the CVs of 1 and the [H,W,;,045]¢~
building block'?® recorded in 0.5 M H,S0,/Na,SO, solution

dx.doi.org/10.1021/ic500442k | Inorg. Chem. 2014, 53, 9486—9497
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Table 4. Redox Peak Potentials for all the Tungsten Waves
Determined by Cyclic Voltammetry in 0.5 M H,SO,/Na,SO,
Solution (pH 5.0) for W;; and 1“

Ce,Ws,* (pH 5.0)

Ce,W,," (pH 5.0)

Wy, (PH 5.0)

Ep (V)
—0.565
—1.061
—0.522
—0.751
—1.010
—0.339
—0.579
—0.956

Epe (V)
—0.644
—1.143
—0.600
—0.805
-1.113
—0.428
—0.632
—1.012

Ein (V)
—0.605
—-1.102
—-0.561
—0.778
—1.062
—0.384
—0.606
—0.984

AE, (mV)
79
82
78
54
103
89
S3
56

“POM concentrations = *5 X 107 M. P10 M. 2 x 107> M.

20
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E/V (vs.Ag/AgCl)

Figure 10. Cyclic voltammograms of 1 in 0.5 M H,SO,/Na,SO,
solution (pH 5.0) in different concentrations. The scan rate was 30
mV s™". The working electrode was glassy carbon, and the reference
electrode was Ag/AgCl.

20

— Compound 1
- Wn

-40 T
-1.2
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E/V (vs.Ag/AgCl)

0.0

Figure 11. Cyclic voltammograms of 1 (black) and W, (red) in 0.5 M
H,S0,/Na,S0, solution (pH 5.0). POM concentrations =107 M (1);
2 X 10 M (Wy;). The scan rate was 30 mV s'. The working
electrode was glassy carbon, and the reference electrode was Ag/AgCl.

(pH 5.0, scan rate was 30 mV s™"). This study might allow us to
extract some distinct features of 1 which is due to the two
bridged Ce centers. The CV of [H,W,;033]°" is characterized
by three redox steps located at —0.384, —0.606, and —0.984 V
(vs Ag/AgCl) (Table 4). Compared to 1, there is a potential
shift of 177, 172, and 78 mV toward the positive region for the
first, second, and third redox steps, respectively (Table 4).
These differences observed here may be due to the extra Ce
centers and different negative charges of them under such
conditions.*® The exact positions and strength of the W-waves
evolve upon increasing the pH of the supporting electrolyte®!
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(see Figure S16 in the Supporting Information). As expected,
the CV pattern of W-waves moves toward negative potentials
when the pH increases®'* (see Table S19 in the Supporting
Information), in addition, the second redox couple is gradually
clear and the other two couples fade but still easy to be
identified when the pH is sequentially increased from 5.0 to 6.0.
This observation accords with the previous reports because W-
waves are usually more likely to split with the increase of the
electrolyte pH.>”*" In the positive region of potentials, we
observed an oxidation peak located at E,, = 0.828 V (vs Ag/
AgCl), whereas the AE, value of 109 mV for the oxidation
process of interest suggests a quasi-reversible one-electron
process (the theoretical value of AE, for a reversible electron
transfer is about 59 mV),*** which is attributed to the
cerium(IV/III) redox processes (Table 6). After increasing
the scan rates, from 30 to S00 mV s~ (Figure 9), the first W-
based redox couple gradually enhance while the second couple
shows a weaken trend, and the peak positions remain no shifts
as described in the literature for other POMs.*' Above 100 mV
s™! the peak currents were proportional to the square root of
the scan rate, demonstrating that the redox process becomes
diffusion-controlled, similar behaviors were observed in the case
of the other compounds (see Figure S17 in the Supporting
Information).

As for 2 (Figure 12a) at a scan rate of 30 mV s™), an
unforgettable and sharp peak potential with a large current

I

150+ (@)

100

5 <10 05 00 05 10 15

E/V (vs.Ag/AgCl)
1)

I

<104

= 20/

I8

-30-
IV
-40

45 10 05 00 05 10 15

E/V (vs.Ag/AgCl)
Figure 12. Cyclic voltammograms of 2 (a) and 3 (b) in 0.5 M H,SO,/
Na,SO, solution (pH 4.5 for 2, pH 3.5 for 3). POM concentrations =
5 X 10™* M. The scan rate was 30 mV s™". The working electrode was

glassy carbon, and the reference electrode was Ag/AgCl

intensity appeared at +0.867 V (III) confirms that the
irreversible cerium(IV/III) process (Table 6). 1 and 2 possess
two types of {Wy;} units that achieve different coordination
environment of W centers thus the W-waves in the negative
region varied: one single oxidation wave is observed at E,, =
—0.015 V (II) (see Table S20 in the Supporting Information)
and it gradually begins to be found obviously after increasing
the scan rates (see Figure S18 in the Supporting Information);
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the other remains a quasi-reversible redox couple with the
corresponding E, , peak potentials located at —0.723 V (I/T)
(see Table S20 in the Supporting Information). Similar W-
waves were also found in 3 (Figure 12b). The negative region
of potential values represents two obvious reduction waves
appeared at —0.613 (II') and —0.965 V (I'), which were also
assigned to W' centers respectively (Table S20 in the
Supporting Information). As the large current intensity Ce™
wave in 2, we also found one wave near at E,, = +0.726 V (111)
(vs Ag/AgCl) (Figure 12b), indicating the irreversible cerium-
(IV/III) process (Table 6).

In the case of 4, the unique sulfur-containing POT cluster,
one oxidation wave was observed on positive potential located
at +0.232 (III) (Figure 13) thus confirming the irreversible

05 00 05 10
E/V (vs.Ag/AgCl)

I

I 1\%

I

05 00 05 10 15
E/V (vs.Ag/AgCl)

Figure 13. Cyclic voltammograms of 4 in 0.5 M H,SO,/Na,SO,
solution (pH 2.5). POM concentrations = 5§ X 10™* M. The scan rate
was 30 mV s™' (top). Cyclic voltammograms at different scan rates:
from inside to out: 30, 100, 200, 300, 400, and 500 mV s~! (bottom).
The working electrode was glassy carbon, and the reference electrode
was Ag/AgCl

oxidation of S" centers according to the previous reports.'!?

Another oxidation peak at E,, = +0.863 V (IV) (vs Ag/AgCl)
was attributed to the irreversible cerium(IV/III) process just as
the peaks in 2 and 3. The negative region of potential values
represents two well-separated quasi-reversible redox couples of
waves at E,, = —0.589 V (I/I') and E, , = —0.355 V (II/II)
(vs Ag/AgCl), corresponding to the redox processes of W"!
centers, respectively. In aqueous solution, the redox behavior of
4 is pH dependent, as seen in Figure 14. As the pH of the
electrolyte increases from 2.5 to 4.5, the second redox waves are
shifted in the direction of negative potentials and the current
intensity decrease gradually. This is a well-known electro-
chemical behavior for the majority of the POMs about the W-
waves.”” ! Table 5 summarizes redox peak potential values for
the second waves of 4 in 0.5 M H,SO,/Na,SO, solution at pH
2.5, 3.5, and 4.5. Furthermore, no shifts or shapes of the
irreversible cerium(IV/III) process changed because of no H*
or OH™ involved during this process (Figure 14).
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15+
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Figure 14. Cyclic voltammograms of 4 at different pH values: pH 2.5
(black), pH 3.5 (red), pH 4.5 (blue) in 0.5 M H,SO,/Na,SO,
solution. POM concentrations =5 X 107" M. The scan rate was 30
mV s™". The working electrode was glassy carbon, and the reference
electrode was Ag/AgCl.

Table S. Redox Peak Potentials for the Second Tungsten
Waves Determined by Cyclic Voltammetry in 0.5 M H,SO,/
Na,SO, Solution at pH 2.5, 3.5, and 4.5 for 4

pH E. V) E,. V) Ein (V) AE, (mV)
2.5 —0.560 —0.617 —0.589 57
3.5 —0.630 —0.703 —0.667 73
4.5 —0.731 —0.803 —0.767 72

Figure 15 shows the main characteristic peaks associated with
W centered redox couples of § in the region —1.000 to +1.200
V of potential values versus Ag/AgCl at a scan rate of 30 mV
s~". Scanning toward the negative region of potential values, the
reduction of W centers occurs through three quasi-reversible
(vs Ag/AgCl) redox couples, with the corresponding E, ,, peak

40
1 Il

0.5 00 10 15

0.5
E/V (vs.Ag/AgCl)
1V

II 111

05 00 05 1.0

E 1.5
E/V (vs.Ag/AgCl)

Figure 1S. Cyclic voltammograms of § in 0.5 M H,SO,/Na,SO,
solution (pH 1.5). POM concentrations = 5 X 10™* M. The scan rate
was 30 mV s™' (top). Cyclic voltammograms at different scan rates:
from inside to out: 30, 100, 200, 300, 400, and 500 mV s™! (bottom).
The working electrode was glassy carbon, and the reference electrode
was Ag/AgCl
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potentials located at —0.297 (III/II'), —0.546 (II/1I'), and
—0.786 V (I/I') (see Table S21 in the Supporting
Information), respectively. Compared to the {W;s}'* reduction
peaks (see Figure S19 in the Supporting Information), there is
a potential shift of 166, 102, and 71 mV for the first, second,
and third reduction steps, respectively, each in favor of Wi
reduction (see Table S21 in the Supporting Information).
These differences may be due to the influence of the coordinate
Ce centers, the oxidation peak of it is located at E,, = +0.673 V

Pa
(IV) (vs Ag/AgCl) in the positive region (Table 6).

Table 6. Oxidation Peak Potentials, E,,, for the Ce™ Waves
Determined by Cyclic Voltammetry in 0.5 M H,SO,/Na,SO,

Solution for 1, 2, 3, and §

compounds
Ce, W, Ce,Wyy Ce, W {Ce, Wi}y
E., (V) 0.828 0.867 0.726 0.673

As for 1, 2, 3, and S, they are all Cem-containing iso-POTs.
The iso-POTs ligands, involving two types of the lacunary
{W};} units, the “V”-shaped {W,g} unit that contains two
{W,,} units, and the triangular-shaped {W4} unit that contains
three {W,} units, were stabilized or bridged by the Ce™
centers. Table 6 summarizes Ce-waves for the four
compounds. It is possible and easy to see that similar Ce™
oxidation peak potentials for 1 (E,, = +0.828 V) and 2 (E,, =
+0.867 V) (vs Ag/AgCl) were observed in view of their similar
{W,,} ligands, whereas, 1 shows one redox wave (E, ,, = +0.774
V (vs Ag/AgCl)), whereas 2 exhibits one oxidation peak, which
may mainly be due to the fact that the different types of {W,,}
units vary the coordination environment of Ce™ centers: two
Ce™ jons are linked to each other and further coordinate to two
lacunary [H,W,,05]" units, achieving the ditopology in 1,
whereas, one Ce! jon is filled in the vacant site of
[H;W,,03]°" units to yield the {CeW,,} subunits thus
forming the tetra-topology in 2. 3 also reveals one oxidation
peak potential at E,,, = +0.726 V (vs Ag/AgCl) as well as that in
2, but there is a potential shift of 141 mV toward to the
negative region. Thus, we can see Ce' oxidation potential
correlates the size of coordinated iso-POT ligands. For the
small size of {W;} units, 1 and 2 possess similar Ce'" oxidation
peak potentials. As for the larger “V”-shaped {W,s} unit, 3
possesses Ce'! oxidation peak potential at +0.726 V (vs Ag/
AgCl) toward to the negative region compared to 1 and 2.
More trend to the negative region was observed in § (E,, =
+0.673 V (vs Ag/AgCl)) that contains the largest triangular-
shaped {W34} unit.

B CONCLUSIONS

A versatile one-pot strategy was used to prepare five
cerium (III)-containing POTs via pH-controlled (from pH 1.5
to 5.0) and sulfite anion-directed assembly process, which have
proved to be the key factors for the successful synthesis of 1-S5.
The iso-POTs units, involving two types of the lacunary {W,}
units, the “V”-shaped {W,s} unit, and the triangular-shaped
{Wss} unit, were stabilized or bridged by the cerium(III)
centers to form 1, 2, 3, and S. The isolation of polyanion of 4 at
pH = 2.5 is dependent on the combination of cerium(III)
centers and SO;*~ heteroanion template, it is the first Ln-
containing POTs with sulfur heteroatom. These compounds
were characterized by single-crystal X-ray structure analysis, IR
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spectroscopy, TG analysis, XPS, and ESI-MS. Moreover, the
electrochemical studies in aqueous media showed the redox
process of Ce™ centers from +0.673 to +0.867 V, the oxidation
of the S metal center at +0.232 V, and the reduction of W"!
centers between —1.143 and —0.333 V, respectively.

In the field of iso-, or hetero-POT-based high-nuclearity
clusters, this work may be an important leap: (1) the discovery
of polyanions of 1, 2, and § enriches the family of Ce'-
containing iso-POTs clusters with the utilization of iso-POT
basic building blocks (eg., {W;,} and {Ws4}); (2) the successful
synthesis of 4 may be an important breakthrough, which opens
up a novel perspective for the design of sulfur-based POTs
functional materials and devices; (3) there is also some key
experience during the synthesis, such as pH, the sulfite anion
templates, and so on. It is worth noting that the role of the
sulfite anion in the formation of these clusters may direct the
synthesis of different iso-POTs and promote the use of the
building-block principle. Whence, our future work will
concentrate on investigating the assembly and the functionality
of these clusters with different heteroanion templates (eg,
S0,>7, Se05>7, or TeO;>).

B ASSOCIATED CONTENT
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Details of additional structural figures, the table of the detailed
survey of Ln-containing hetero-POTs, the table of the BVS
calculation result of all the oxygen atoms, the Determination of
the Ce(IlI) oxidation state, the IR, TGA, XRD, XPS, ESI-MS
characterizations, and electrochemistry, the tables of the
assignment of peaks of ESI-MS. This material is available free
of charge via the Internet at http://pubs.acs.org.
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