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By controlling the pH of the reaction system, a dilacunary y-Keggin silicotungstate [Cu
(en)(H,O)][Hoen]{y-SiWO36[Cu(en),(H,0)]}-7.5H,0 (1) (en=ecthylenediamine) has been
hydrothermally synthesized by the reaction of CuCl, with a-H4SiW,04¢ and characterized by IR
spectra, thermogravimetric analysis, and single-crystal X-ray diffraction. The product is prepared
in the pH range 7.9-8.2, which reveals that pH plays a key role in the assembly of saturated
a-H,SiW 1,04 to dilacunary [y-SiWoOs6]® polyoxometalate. The polyoxoanion {y-SiW,,056[Cu
(en),(H,0),1}*~ of 1 presents a rare [p-SiW,O56]° -retaining structure, in which two lacunary
sites of [y-SiW,OOu,]S’ are unoccupied, meanwhile, two [Cu(en)2(H2O)]2+ groups are grafted on
either side of the [y—SinOO%]S’ unit by Cu—O-W bond.

Keywords: pH-Dependent; Dilacunary; Hydrothermal synthesis; Silicotungstate

1. Introduction

Polyoxometalates (POMs) have attracted interest for their potential and applications in
catalysis, photochemistry, medicine, electrical conductivity, magnetism, and nanotechnol-
ogy [1-3]. Currently, attention is concentrated on the incorporation of transition metal
(TM) ions in lacunary polyoxoanion fragments due to a variety of structures with
improved magnetic, catalytic, and electrochemical properties [4-7]; Keggin-based TM-
substituted silicotungstates (TMSSTs) represent a large subfamily. Compared with abun-
dant reports of trilacunary [SiW4034]""" and monolacunary [SiW; 1050]% -based TMSSTs,
dilacunary [y-SiW,oOs¢]® -containing derivatives (abbreviated y-{SiW,o}) are rare, but
particularly interesting in catalysis because of their unique reactivities that depend on com-
positions and structures of their active sites [8—11]. Since the first y-Keggin dilacunary sili-
cotungstate Kg[y-SiW9036] was reported by Hervé in 1986 [12], some p-{SiWio}
derivatives have been synthesized using Kg[y-SiW9034] as a precursor [13-23]. In 2011,
Nazy[Mn;9(OH)2(a-SiW¢037)]- 115H,0  containing 19 manganese(Il) centers and
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60-tungsto-6-silicate were reported by Kortz et al. [24], which was isolated by the reaction
of Mn" with the trilacunary precursor [A-a-SiW034]'>~ controlling the pH at 8. Subse-
quently, the Cronin group reported a silicotungstate, K;s[Mn"",Mn",(13-0),(H,0)4(B-f-
SiWg031)(B--SiWe034)(y-SiW19036)]-40H,O, composed of three inequivalent lacunary
silicotungstate Keggin fragments, obtained by carefully controlling pH using
Kg[y-SiW(O36] as a precursor [25]. The work of Kortz and Cronin demonstrate that con-
trolling pH plays a key role in structural transformation of lacunary [A-0-SiW¢034]'>~ or
Kg[p-SiW¢036] precursor to targeted product.

Inspired by this work, we considered whether carefully controlling pH could lead to the
structural transformation of starting saturated a-H4SiW,,049 precursor to targeted y-
{SiW,o}. Controlling pH of decomposition of saturated H4SiW,0,4¢ precursor can result
in different lacunary silicotungstate Keggin fragments. Therefore, parallel experiments have
been carried out by systematically changing pH. We obtained three lacunary Keggin-based
silicotungstates: dilacunary [Cu(en),(H,O)][H,en]{y-SiW¢O34[Cu(en),(H,0)],}-7.5H,0
(1), monolacunary {[Cu(en),(H,0)],[Cu(en),][a-SiCuW;039]}-5H,O (2), and trilacunary
[Hyen]; sNayH[A4-a-SiWoO56]- 10H,O (3) at pH 8, 7.2, and 8.9, respectively. The parallel
experiments unambiguously demonstrate that saturated a-H;SiW,040 precursor has vari-
able stability, undergoing structural transformations at high pH. The polyoxoanion
{y-SiW14036[Cu(en),(H,0),]}*~ of 1 presents a rare [p-SiW,oOs6]° -retaining structure
with idealized C,; symmetry, in which two lacunary sites of [y-SiW10036]87 are still
unoccupied, while two [Cu(en)>,(H,0)]*" groups are grafted on either side of the
[y-SiW4036]*~ unit by Cu—-O-W bond bridge. Compound 1 is very different from
the above-mentioned p-{SiW¢} derivatives, in which two lacunary sites are occupied
by TM cations to reconstitute the saturated POMs. As far as we know, such
[7-SiW0036]% -retaining silicotungstate with supporting Cu-en complexes has not been
reported.

2. Experimental

2.1. Materials and methods

All chemicals are analytical grade and used without purification. Hydrothermal syntheses
were carried out in polytetrafluoroethylene-lined stainless steel containers. Elemental analy-
ses (C, H, and N) were performed on a Perkin-Elmer 240C elemental analyzer. Inductively
coupled plasma (ICP) spectra were performed on a Perkin-Elmer Optima 2000 ICP-OES
spectrometer. IR spectra were obtained from KBr pellets on a Nicolet 170 SXFT-IR spec-
trometer from 400 to 4000 cm ™', Thermogravimetric analyses were performed in N, on a
Perkin-Elmer-7 instrument with a heating rate of 10 °C/min. PXRD measurements were per-
formed on a Philips X Pert-MPD instrument with CuKa radiation (A= 1.54056A) at 293 K.

2.2. Synthesis

2.2.1. [Cll(ell)z(Hzo)] [Hzen] {y-SiW10036[Cu(en)z(HzO)]z}'7.5H20 (1). H4SiW12040'
xH,O (0.5g), CuCl, (0.1 mmol), and HAc (0.5ml) were dissolved in H,O (10ml). The
mixture was stirred and its pH adjusted to 8.0 with en. After stirring for 2 h at room tem-
perature, the resulting mixture was transferred to a Teflon-lined steel autoclave and kept at
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130 °C for seven days. After slowly cooling to room temperature, purple block single crys-
tals of 1 were filtered (Yield: ca. 72% based on CuCl,). Anal. Calcd (%) for C;4H79Cus.
N140465S51Wyo: C, 5.18; H, 2.45; N, 6.04; Si, 0.86; Cu, 5.87; W, 56.64. Found (%): C,
5.14; H, 2.59; N, 6.09; Si, 0.79; Cu, 5.83; W, 56.30.

2.2.2. {[Cu(en),(H,0)],[Cu(en),][a-SiCuW;030]}-5H,0 (2). 2 was prepared using a
method similar to that employed for 1, except pH was adjusted to 7.2 with en. Purple strip
single crystals of 2 were obtained, which had been synthesized by Zhao et al. in a differ-
ent way [26].

2.2.3. [H,en];sNa,H[A-a-SiWoO034]- 10H,O (3). 3 was prepared by similar method
except with pH of 8.9. After slowly cooling to room temperature, the resulting purple solu-
tion was retained under slow solvent evaporation. After a month, colorless block crystals
were collected (Yield: ca. 20% based on H4SiW,049'xH>O). Anal. Calcd (%) for
C7Hs56N;Na,044SiWo: C, 3.15; H, 2.11; N, 3.67; Si, 1.05; W, 61.92. Found (%): C, 3.08;
H, 2.19; N, 3.62; Si, 1.16; W, 61.83.

2.3. Crystallographic data collection and structure determination

Data were collected on a Bruker APEX-II CCD diffractometer with Mo-Ka radiation at
298 K. Absorption corrections were applied using the multi-scan program SADABS [27].
The structures were solved by direct methods and non-hydrogen atoms were refined aniso-
tropically by the least-squares method on F* by full-matrix least-squares using SHELXTL

Table 1. Crystal data and structure refinement parameters for 1 and 3.

Empirical formula

Formula weight
Temperature (K)
Wavelength (A)

Crystal system, space group
a ()

b (A)

cA)

B ()

V(A%

Z

D (g cm )

Crystal size

Absorption coefficient (mm ')
F(000)

Theta range for data collection (°)

Limiting indices

Reflections collected/unique
Data/restraints/parameters
Goodness-of-fit on

Final R indices [/>20()]

R indices (all data)

Ci14H79Cu3 N14046.50SiW1o (1)
3245.12

296(2)

0.71073

Monoclinic, P21/c
17.015(3)

17.001(3)

23.964(4)

106.299(3)

6653.5(18)

4

3.504

0.26 X 0.17 x 0.14 mm
18.267

5896

1.5-25

20<h<20

20< k<11

27<1<28
34,302/11,690 [R(int)=0.0585]
11,690/115/811

1.019

R,=0.0425, wR,=0.1019
R,=0.0647, wR,=0.1094

C7Hs56N7N2ay044S1Wo (3)
2671.31

296(2)

0.71073

Monoclinic, P21/n
15.854(11)

17.306(12)

17.526(12)

93.405(14)

4800(6)

4

3.696

0.35 x0.27 x 0.21 mm
21.635

4804

1.68-25

—-18<h< 18
—-19<k<20

-16<7<20

23,869/8442 [R(int)=0.1087]
8442/342/626

0.978

R;=0.0450, wR,=0.0797
R;=0.0639, wR,=0.0845

Note: Ry = YIFo|-Fl/TIFof; wRy = {ZIw(Fo = F 2 YEIwES) 1.
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97 [28]. The heaviest atoms could be unambiguously located. C, N, and O atoms were
subsequently located in the difference Fourier maps. Hydrogens residing on en were placed
geometrically and no hydrogens associated with water were located in the difference Fou-
rier map. Crystal data, as well as details of the data collection and refinement, for 2 and 3
are summarized in table 1.

3. Results and discussion

3.1. Synthesis

All reported y-{SiW}-containing polyoxotungstates have been obtained by the reaction
of a TM with Kg[y-SiW9034] under slow solvent evaporation. The metastable precursor
Kg[v-SiW19036] usually undergoes isomerization dissolved in aqueous solution, leading to
a or f3 isomer derivatives [12]. As a result, the encapsulation and substitution of TM cations
into [y-SiW,0Os6]®~ with the retention of the y-Keggin framework have generally been con-
sidered to be very difficult. Herein, we chose H4SiW,04¢ as the precursor and synthesize
by hydrothermal method based on the following considerations: (1) H4SiW,04 is a stable
precursor with high yield compared to Kg[y-SiW¢O34]; (2) TMSSTs also can be obtained
by the decomposition of saturated H4SiW;,04y precursor through controlling of pH; and
(3) The hydrothermal synthetic method has been widely used for POMs to obtain new com-
pounds with desirable structures and properties, not easily obtainable under conventional
aqueous solution conditions. In the process of hydrothermal synthesis, critical factors, such
as initial reactants, reaction time, concentration, pH, and temperature, can significantly

@
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Figure 1. Schematic pH influence on the assembly of saturated to lacunary Keggin-based polyoxosilicotungstates.
H4SiW 1,040 was separated in the pH range 4.0-6.5, with the pH value increasing, mono, di, and trilacunary
silicotungstate (compounds 2, 1, 3) were obtained in the ranges 7.0-7.5, 7.9-8.2, and 8.6-9.5, respectively. (Color
code: WOg, purple; Si, blackish green; Cu, sky blue; O, red; N, mazarine blue, and C gray (see http://dx.doi.org/
10.1080/00958972.2013.780051 for color version).)
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affect product composition. Herein, pH is the primary factor influencing the assembly of
saturated to lacunary Keggin-based silicotungstate, which can be easily seen from figure 1.

To investigate the influence of pH on the structural transformation in the hydrothermal
reaction system of {a-H;SiW,040—CuCly—en}, we carried out parallel experiments by sys-
tematically changing in the pH range 1-14 at an interval of 0.1. H4SiW,04y Was sepa-
rated in the pH range 4.0-6.5, with the pH value increasing, mono-, di-, and trilacunary
silicotungstate (compounds 2, 1, 3) were obtained at 7.0-7.5, 7.9-8.2, and 8.6-9.5, respec-
tively. The structural transformation of saturated H4SiW;,04¢ to mono, di, and trilacunary
silicotungstate from low pH (left) to high pH (right) is symbolically depicted by figure 1.
High pH leads to decomposition of H4SiW;,040 and the corresponding lacunary silico-
tungstate may be obtained by controlling the pH.

When H4SiW,04¢ was replaced by K4SiW 5,049, we isolated 1, 2, and 3 except with
different amounts of en. When H;SiW,04¢ was replaced by KgSiW ;039 or K;4SiWgO3y4,
only 2 can be obtained. During the synthesis of 1, HAc did not exist in the final structure.
However, if HAc was not introduced into the reaction mixture or replaced by other acid
(oxalate, boracic acid, or hydrochloric acid), no crystal products were isolated under simi-
lar reaction conditions, so it may be presumed that HAc is necessary for obtaining high
quality crystals and enhancing the product yields of 1.

3.2. Structural description

Single-crystal X-ray diffraction reveals that 2 displays the same structural framework as
reported by Zhao [26] and 3 is constituted of a well-known [A-0-SiW4034]'°~ polyoxoan-
ion, three and a half [Hyen]*", two Na' ions, and 10 crystal waters (figure S1). Therefore,
only the structure of 1 is described in detail.

The asymmetric unit of 1 (figure 2) is constructed from a {y-SiW(O3z6[Cu
(en)>(H,0)],]}*~ polyoxoanion, one [Hoen]*", one [Cu(en),(H,0)]*", and seven and a half
crystal waters. The [y-SiW0056]° -retaining polyoxoanion is different from the previously
reported y-{SiW o} derivatives.

cooc e
nzoowvg
{ =

Figure 2. The polyhedral and ball-and-stick representation of the asymmetric unit of 1. For simplification,
crystal waters and hydrogens are omitted. (Color code: WOy, purple; Si, blackish green; Cu, sky blue; O, red; N,
mazarine blue, and C gray (see http://dx.doi.org/10.1080/00958972.2013.780051 for color version).)
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Reported y-{SiWo} derivatives can be reduced to four kinds, sketched in figure 3. The
two lacunary sites of Kg[y-SiW0Os¢] are occupied by TM cations to reconstitute the satu-
rated POMs, resulting in: (1) dimetal-substituted monomer [p-SiW;oM>Oy4o]"~ [13-16, 29]
(figure 3(a)); (2) dimer constructed from two equivalent [p-SiWoO36]°~ units [17-22]
(figure 3(b)); (3) trimer composed of three [y-SiW,036]° units [22, 23] (figure 3(c)); and
(4) trimer constituted with three inequivalent lacunary silicotungstate Keggin fragments
[25] (figure 3(d)). In the polyoxoanion of 1, two [Cu(en),(H,O)]*" groups are grafted
on [y-SiW10036]8_, meanwhile, the two lacunary sites of [y-SiW10036]8_ unit remain
unoccupied.

Furthermore, the polyoxoanion {y-SiW,,03¢[Cu(en),(H,0)],]}*~ (figure 4(a)) is com-
pared with the analogous monomer [y-SiW(034(PhPO),]*~ [29] (figure 4(b)). Two PhPO,
groups are grafted on [SiWyOs¢]°" unit via terminal oxygens and act as electrophiles
occupying two lacunary sites, forming the saturated [y-SiW,o03¢(PhPO),]*~. While herein,
two [Cu(en),(H,0)]*" groups are incorporated into [y-SiW,0s6]°~ via two u3-O instead
of occupying lacunary sites to form the polyoxoanion {y-SiW,cO35[Cu(en),(H,0)],]}*", in
which the skeleton of divacant [y—SinOO36]87 is still maintained.

'Y £
T]&w : )
q

Ks ["{-S iw |003n]

(d)

Figure 3. The reported [y—SiWIOO%]B’ containing derivatives obtained from reactions between Kg[y-SiW;¢O36]
precursor and TM under slow solvent evaporation. The two lacunary sites in [y-SiWoO36]* " are occupied by TM
forming (a) dimetal-substituted monomer [y-SiW;(M,040]"" [13-16, 29], (b) dimer constructed from two
equivalent [y—SinO%]g’ units [17-22], (c) trimer composed of three [y—SiWIOO%]S’ units [22, 23], (d) trimer
constituted with three inequivalent lacunary silicotungstate Keggin fragments [25]. (Color code: WOg, purple; Si,
blackish green; TM, sky blue; O, red (see http://dx.doi.org/10.1080/00958972.2013.780051 for color version).)
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Figure 4. (a) Schematic representation of {[Cu(en),(H,0)]5[7-SiW0Os6]}*~. For simplification the tungstens
W(i) which become equivalent in the idealized C,, symmetry will be given the following symbolism: W(A)
for i=1, 3, 6, 8 W(B) for i=4, 5, 9, 10; W(C) for i=2 and 7. (b) Schematic representation of
[y-SiW14036(PhPO),]*~ [27]. (c) Schematic plane representation of the polytungstate framework in 1. Edge and
corner junctions are symbolized by solid and dotted lines, respectively.

{y-SiW14056[Cu(en)»(H,0)],]}*~ adopts a geometry consistent with C», symmetry of
[y-SiW14056]° . Actually the two [Cu(en),(H,0)]*" groups are contained in a pseudo-
mirror plane, orthogonal to the lacunary plane (figure 4(a)). Schematic plane representation
of the polyoxotungstate framework is shown in figure 4(c), in which edge and corner junc-
tions are symbolized by solid and dotted lines, respectively. For simplification, the tung-
stens W(i) which become equivalent in the idealized C,, symmetry will be given the
following symbolism [12]: W(A) for i=1, 3, 6, 8; W(B) for i=4, 5, 9, 10; W(C) for i=2
and 7.

The W-O bond lengths and the W(A)-O-W(B)-O junction are shown in table 2 and
figure 5, respectively. There is an increase in W(A)-O(AB) and W(B)-O(P) bond lengths
and a decrease in W(B)-O(AB) bond lengths compared with the dilacunary
[y-SiW14056]% (figure 5(c)) in [p-SiW0036(PhPO),]*~ (figure 5(b)), in which the terminal

Table 2. Comparison of W-O distances among 1, [y-SinOO3(,(PhPO)2]47 and [y-SiW”)O%]S* polyoxoanion.
O(Cu): uz-oxo bridging between W(B) and Cu in 1 and bridge atom in [y-SiW;0016]* . O(P): u-oxo bridging
between W(B) and P in polyoxoanion [y-SiW,403¢(PhPO),]*" and terminal atom in [y-SiW4036]* " anion.

Compound Bond length W(B)-O(Cu) W(B)>-OP) W(B)O, W(B)OAB) W(A)-O(AB)
1 Range 1.920-1.949 1.717-1.764  2.129-2.159 1.793-1.824
Mean 1.935 1.744 2.142 1.815
[y-SiW,4036(PhPO),]*~  Range 1.99-2.03 / 1.80-1.85 1.98-2.01
Mean 2.02 1.83 2.00
[y-SiW,4036]%~ Range 1.70-1.79 2.11-2.25 1.73-1.89

Mean 1.74 2.19 1.82
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(a)

(b)

W(B)

O{AB)

Figure 5. Focus on the W(A)-O-W(B)-O junction in: (a) 1; (b) polyoxoanion [y-SiW1,034(PhPO),]*"; and (c)
[y-SiW1¢034]%~ anion.

oxygen (O,) becomes bridging (Op) resulting in variations of corresponding W—O bonds.
The original u,-O becomes z3-O (Oc,) bridging between W(B) and Cu in 1 (figure 5(a));
W(B)-O(AB), W(B)-O, and W(A)-O(AB) bond lengths have little variation with
corresponding bond lengths in [p-SiW,oO36]° . The above descriptions unambiguously
demonstrate that coordination of Cu®" on x3-O site has little influence on the skeleton of
[y-SiW0056]° . Si displays tetrahedron, which has been somewhat deformed resulting
from the removal of two W octahedra compared with the saturated Keggin structure. The
Si—O bond distances vary from 1.623(8) to 1.647(8) A, the O-Si—O bond angles are 108.1
(4)-111.2(4)°. Cul is five-coordinate, coordinating with two en and one water. Cu2 and
Cu3 are six-coordinate with distorted octahedral geometry, both defined by four nitrogens
from two en in the plane and two oxygens on apical site, one from a water and the other
from the skeleton of [y-SiW,00s4]° . Bond valence sum (BVS) calculations [30] indicate
that the oxidation states of all W and Cu in 1 are+6 and +2, respectively.

One diprotonated en and one [Cu(en),(H,0)]*" are counterions stabilizing the polyoxo-
anion skeleton. N-H- - -O hydrogen bonds, including inter-molecular hydrogen bonds, exist
between en and polyoxoanions or lattice waters with N---O distances 2.824-3.383 A,
which contribute to the chemical stability of 1.

3.3. TG curve of 1

The TG curve of 1 (figure S2) shows two weight losses from 30 to 800 °C. The first
weight loss of 6.00% (Caled 5.82%) from 30 to 243 °C is assigned to the release of seven
and a half crystal waters and three coordinated waters, followed by loss of 13.10% (Calcd
13.47%) from 244 to 680 °C corresponding to the decomposition of the {Si—-O-W} frame-
work according to the reaction H,[Cu(en),][en]{y-SiW¢oO3¢[Cu(en),],}—10 WO;+ SiO,
+H,01 +3CuO + 7en?.

3.4. IR spectrum

The IR spectrum of 1 (figure S3) shows the characteristic vibrations resulting from Keggin
POM framework at 1000-700 cm ™' [30]. Four groups of characteristic absorptions result-
ing from the dilacunary Keggin-type silicotungstate framework [29] are observed at 1042,



Downloaded by [Renmin University of China] at 10:53 13 October 2013

1338 L. Yang et al.

985, 937-811, and 737 cm™ !, attributed to the stretching vibrations of w(Si—O), v(W=0,),
W(W=0y), and W(W-0,), respectively. In comparison with those of [y-SiW,,O36]°~ [12],
the stretching vibrational bands v(W-0O,—W) and v(W=0,) shift to higher frequency, attrib-
uted to the impact of the polyoxometallic moiety through fixation of the [Cu(en),(H,0)]
units. The v(N-H) is observed at 3244cm ' and v(C-N) is at 1323 cm™'. Peaks centered
at 1587 and 1395cm ™' are attributed to 6(N—-H) and §(C—H) [31], which confirms the
presence of en in 1. The occurrence of the vibration at 3434 cm ™' suggests the presence of
lattice water in 1. The IR spectrum is consistent with X-ray diffraction structural analysis.

4. Conclusions

By controlling pH, mono, di, and trilacunary silicotungstates ({[Cu(en),(H,0)],[Cu(en),]
[0-SiCuW1030]}-5SH,0 2, [Cu(en)»(H,0)][Haen]{y-SiW0036[Cu(en)»(H,0)]5}-7.5H,0 1,
and [Hyen]; sNayH[A-0-SiW¢O34]- 10H,0 3) have been hydrothermally synthesized by the
reaction of CuCl, with a-H4SiW,04 in the presence of en. The isolation of 1 shows an
approach to extending the y-{SiW o} through reasonable controlling of the pH. We will
expand to other transition-metal cations (such as Zn, Fe, Ni, Mn, Cr) or other organic
amines for more multidimensional y-{SiWo} derivatives. Furthermore, the lacunary sites
of [7-SiWo036]® unit in 1 are still unoccupied, which provides possibility to introduce
TM heterometallic cations into the lacunary sites forming multidimensional TM
heterometallic silicotungstates. Therefore, the systematic exploration of the POM system is
in progress.

Supplementary material

CCDC 843866 for 1 and 861927 for 3 contain the Supplemental material 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. Supplementary data associated with this article can
be found in the online version.
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