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Hydrothermal reaction of a mixture of Na,MoO,2H,O,
H3;PO,, CuCl,-2H,0, o-phenanthroline, and SrCl, in water
leads to the isolation of a basket-like mixed-valent poly-
molybdophosphate hybrid compound, [Cu(phen)(H,0)s3]-
[{Cu(phen)(H,0).}{Cu(phen)(H,0)}5{SrCPsMo," Mo, O3]
3H,0 1, which crystallizes in the space group P1 with a =
13.778(3) A, b = 19.267(4) A, ¢ = 24.168(5) A, a = 110.64(3)°,
B =90.31(3)°, y = 110.02(3)°, V = 5582.8(2) A3, Z = 2. Single-
crystal X-ray diffraction analysis shows that the four-elec-

tron-reduced basket-like polyoxoanion [SrCPgMo,YMoq,V!-
053]'%" contains a new tetravacant y-Dawson-type unit and a
“handle"-shaped {P;Mo,} segment, which are highly modi-
fied with {Cu(phen)(H,0),} (x = 1-3) fragments. Electrochem-
ical analysis shows that 1-modified carbon paste electrode
(CPE) displays good electrocatalytic activity to reduce hydro-
gen peroxide.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Polyoxometalate (POM)-based organic-inorganic hybrid
compounds have attracted great interest in recent years ow-
ing to their extensive theoretical and practical applications
in catalysis, molecular adsorption, medicine, electroconduc-
tivity, magnetism, and photochemistry.""7 A current re-
search interest in this field is modification of the surface of
POMs with various organic and/or transition-metal com-
plex moieties.!' "' These kinds of modified POM deriva-
tives can be regarded as an ideal molecular model for deter-
mination of the mechanisms of oxide-supported catalysts.!"]
Furthermore, such kinds of compounds can be molecularly
fine-tuned and provide potentially new types of catalyst sys-
tems as well as interesting functional materials with optical,
electronic, and magnetic properties.'>!<l During the prepa-
ration, two strategies have been exploited to increase the
surface charge density and activate the surface oxygen
atoms of heteropolyoxoanions:!'! (1) reduce the metal cen-
ters from a high oxidation state to a low oxidation state, for
example, from MoV! to MoV, by introducing strong reduc-
ing reagents or (2) replace high-valence metal centers with
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lower-valence ones, for instance, from MoV! to VIV or TM?*
(TM = transition metal). However, the highly reduced
polyoxoanions are usually unstable and inclined to be oxid-
ized in ambient atmosphere. Thus, the hydrothermal tech-
nique has been extensively employed and proved to be an
efficient way to obtain metastable POMs modified by vari-
ous organic and/or metal-organic fragments.”’] According
to the above-mentioned strategies, a series of hybrid com-
pounds based on Keggin- and Dawson-type heteropoly-
tungstates have been prepared, such as [{Ni(bpy),-
(H20)} (PW 1,040)]* P [{Ag(bpy)}2{Aga(bpy)s}2(PW,Vs-
041,71 [{Cu(bpy)>}(SeW,049)1* P9 [{Cu(PPD),}-
(As;W15060)1,°Yand  [{Zn(phen),} {Zn(phen),(H,0)}-
(P,W506,)].°9 In contrast, most modified polyoxomolyb-
date composite compounds in earlier research, especially in
the work of Zubieta,?¥ concentrated on isopolyoxometal-
ate-supported transition-metal complexes. When PO, was
introduced into the {MoO,/TM/L} (TM = transition metal,
L = organic ligand) system, a series of reduced polymolyb-
dophosphates decorated with metal-organic units were syn-
thesized.[?b-2¢19-121 1t {5 interesting that most of these hybrid
compounds are based on inorganic {PMo, ,TM Oy},
{P,Mo04¢O3;},1'T and {P,Mo050,3}!'? building blocks. More
recently, three unusual large clusters, [P¢Mo;3O75]'"",13!
[H14(M0;603,)C016(PO4)24(H>0)50]'* " and [Nay(H,0)e-
{(M0,04)10(P207)19(0ACc)s(H,0)4}** 1) have been re-
ported. However, no organic or metal-organic complexes
have been successfully coordinated to these highly reduced
polymolybdophosphate clusters so far, the reason for which
may be that the large size of these POMs decreases the elec-
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tron density of the surface or the coordination ability of the
surface oxygen atoms. During our continuing research on
modified-POM hybrid compounds in the {MoO,/P/TM/L}
system, we are interested in employing metal-organic units
to decorate high-nuclear clusters in order to get new hybrid
materials to explore their fascinating magnetic and electro-
chemical properties. In this paper, we report the hydrother-
mal synthesis and crystal structure of a basket-like four-
electron reduced polymolybdophosphate hybrid compound,
[Cu(phen)(H,0)5][{ Cu(phen)(H>0),} { Cu(phen)(H,0)} 5-
{SrCPcMo0,YMo,4¥'045}]-:3H,0 1. In the crystal structure
of 1, the basket-like polyoxoanion contains a new tetravac-
ant y-Dawson-type unit and a “handle”-shaped {P,;Moy,}
segment, which are decorated by four {Cu(phen)(H,O),}
(x = 1-3) fragments. The magnetic, electrochemical, and
electrocatalytic properties of compound 1 were also investi-
gated.

Results and Discussion

Syntheses

The successful isolation of compound 1 relies on the em-
ployment of a hydrothermal technique. Hydrothermal syn-
thesis has recently been proved to be a particularly effective
method for the preparation of new organic-inorganic hy-
brid materials.[>¢131 Exploitation of hydrothermal condi-
tions provides a paradigm shifting from the thermodynam-
ics to the kinetics. Under such conditions, equilibrium
phases are replaced by structurally more complex meta-
stable phases.”>!¢! In the hydrothermal environment, the re-
duced viscosity of water results in enhanced rates of solvent
extraction from solids and crystal growth from solution.!
Further, as different solubility problems can be minimized,
a variety of organic and inorganic precursors can be intro-
duced.”l Meanwhile, hydrothermal synthesis is still a rela-
tively complex process because many factors can influence
the outcome of a reaction, such as the type of initial reac-
tants, starting concentrations, pH value, reaction time, and
temperature.l>!'®) However, numerous successful experimen-
tal results from these so-called “black-box” reactions could
suggest some preliminary synthetic experiences, which
might be helpful for the future synthetic route.

Eur|IC

European Journal
of Inorganic Chemistry

During our exploration of the hybrid polymolybdophos-
phates modified with various organic and/or metal-organic
complex fragments, abbreviated as the {MoO,/P/TM/L}
(TM = transition metal; L = N donor organic ligand) sys-
tem, a series of new composite compounds have been hy-
drothermally synthesized as shown in Table 1.[112) It is
noteworthy that almost all the compounds can be separated
into three groups on the basis of their POM building
blocks, that is, {PMo;, \TM,O4}, {PsMo0sO5,}, and
{P,Mo05053} units (see Figure 1). During the preparations,
although various molar ratios of Na,MoO,/H;PO,/TM?*/
L were used, the initial pH value and the reaction tempera-
ture seem to be vital for a successful reaction. As shown
in Figure 1, the {P,Mos}-based composite compounds are
generally isolated at 160 °C, whereas most {P;Mog}-based
compounds could be prepared above 180 °C. Further, both
{P,Mos}- and {P;Mog¢}-based compounds can be syn-
thesized in a wide range of pH values, whereas the {PMo;, .-
TM ,Oy4p}-based compounds can only be prepared in a very
narrow pH range of ca. 3.5-4.

190 - .
{P4Mo06031} unit
||
& 1704
| S—
~ {PMo12xTMxO40} unit
160
P2Mo05023} unit
150 T v T v T T T
3 4 5 6
pH

Figure 1. Illustration of possible synthetic products in the {MoO,/
P/TM/L} system based on three kinds of building blocks under
different pH and temperature conditions.

In this work, compound 1 represents an exception
to the aforementioned examples. Compound 1 was synthe-
sized with a mixture of Na,MoO42H,0, CuCl,-2H,O0,

Table 1. Comparison of the synthetic conditions of various compounds from the {MoO,/P/TM/L} system.

Compound?! Approx. pH T [°C] ¢ [d] Ref.
L. [{Ni(phen)!,PMoY ;Mo Y1, 3.8 160 7 [10a]
L [{Cu(2,2"-bpy)}» sPMoY,MoVicO,, 2 3.5 180 4 [10b]
L [{Cu(4,4"-bpy)} ,HPMo,; CuOso2 3.7 165 6 [10c]
L [{Cu(2,2-bpy)} PMoY,MoY!, (0.0 3.8 165 4 [10d]
I1. [{Mn(phen)»(H,0), } 4 {Mn(PsMos(OH)0,s),} 1 4.5 1801°] 6 [11a]
1L [{Cd(4,4'-bpy)(H,0)}»{Cd(PsMog(OH)sOs)a J* 5.0 170 5 (1]
1. [Nas(PsMog(OH)5O4)o]'" 3.5 180 3 f11el
I1. [Mn(P;M0gO(OH)s),]'2 40 250 25 (1]
11 [Co(en)s],[PsM05Ox3] 3.0 160 6 (12a]
1L [{Cu(4,4"-bpy),} PaM0sO4 > 45 160 6 [120]
1L [{Ni(H,0)s} {Ni(4,4'-Hbpy)(H,0),} PsM05O,5]- 3.0 160 6 f12¢]

[a] I: Keggin-; II: {P4Mog}-; 111 {P,Mos}-building blocks. [b] The yield is improved at this reaction temperature.
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phen, H3PO,, and SrCl, in a molar ratio of
1.00:0.30:0.30:4.80:0.50 in water at 160 °C for 4 d. The ini-
tial pH value was controlled in the range 3-4 with 1-m
NaOH solution. If the reaction temperature was lower than
160 °C or the pH value was outside the 3-4 range, no crys-
tals could be obtained. It is also interesting that when SrCl,
was not introduced into the reaction mixture, another com-
pound!”! was isolated under similar reaction conditions (T
= 165 °C and pH = 3.5), which might be analogous to the
polyoxoanion [{Ni(phen)}>,PMoY3MoVY140,0]> .[1%] Thus, it
is supposed that the Sr>* ions could be the necessary tem-
plates for the isolation of compound 1.8

Structure Description

Single-crystal X-ray diffraction analysis revealed that 1
consists of an interesting basket-like [STCPsMo,;3075]'""
polyoxoanion decorated with four {Cu(phen)(H,O).} (x =
1 and 2) fragments (Figure 2) and charge balanced with one
{Cu(phen)(H,0);} unit. In the polyoxoanion of 1 (Figure 3
and Figure S1), all Mo centers exhibit a six-coordinate envi-
ronment with Mo-O bond lengths in the range 1.672(8)-
2.454(6) A and O-Mo-O bond angles varying from 83.4(3)
to 173.7(3)°. The six P centers display tetrahedral coordina-
tion geometry. The P-O bond lengths range from 1.503(7)
to 1.577(7) A, whereas the O-P-O bond angles vary from
107.2(4) to 112.8(4)°. The basket-like polyoxoanion can be
separated into two parts, that is, the “handle” {P;Mo,} unit
and the “basket body” {P,Mo;4} segment (Figure 2). The
{P4sMoy,} unit consists of four {MoQOg} octahedra and four
{POy4} tetrahedra, which are corner-linked together to form
the handle moiety. The {P,Mo 4} unit exhibits a tetravacant

Figure 2. (a) Polyhedral and ball-and-stick representation of
[SrCP¢Mo,5075]'" decorated by four {Cu(phen)(H,0).} (x = 1 or
2) fragments in 1. The isolated {Cu(phen)(H,0);}>" unit is omitted
for clarity. Octahedron, Mo; tetrahedron, P; large black ball, Sr;
middle grey ball, Cu; Small black ball, O; grey line, phen ligand;
(b) basket-like topology formed by 18 Mo atoms.
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Dawson-type structural feature. In comparison to the
Dawson-type isomers and their tetravacant species™
(Scheme 1), we conclude that the {P,Mo,4} building block
in 1 is derived from the y-Dawson anion. It is noteworthy
that Dawson anions and a series of its lacunary derivatives
have extensively acted as building blocks to constitute novel
complexes with various functionalities.!>*>! Nevertheless,
only six kinds of lacunary Dawson-type derivatives have
ever been observed (Scheme S1). In 1, the y-{P,Mo4} unit
represents a new lacunary Dawson-type species in POM
chemistry. The “handle” ({P4;Mo,} unit) and the “basket
body” ({P,Mo;4} unit) moieties are connected together
through the edge- and/or corner-sharing modes (Figure 3
and Figure S2). The whole basket-shaped cluster possesses
C,, symmetry (Figure S2). In the central cavity of the poly-
oxoanion, a Sr?* ion is fully encapsulated, and it exhibits a
nine-coordinate environment with the bond lengths of Sr—
O in the range 2.570(7)-2.754(6) A (Figure 3 and Fig-
ure S3). It is interesting that the cavity size of the basket-

Figure 3. (a) Polyhedral and ball-and-stick representation of the
basket-like [STCP¢Mo0,5075]'" in 1; (b) view of the “handle”
{P4;Moy} unit; (c) another view of the polyoxoanion of 1; (d) view
of the “basket body” {P,Mo4} unit. Octahedron, Mo; tetra-
hedron, P; large black ball, Sr; middle black ball, Mo; small grey
ball, P; small black ball, O.

a-P:2Mois

o-P2Mois

Scheme 1. Illustration of the comparison between a- and y-Daw-
son-type polyoxoanions and their tetravacant derivatives.
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like polyoxoanion seems to be more inclined to capture
larger cations (Sr>*) although both Sr?* and Na* ions co-
exist in the reaction system with similar concentrations.
Zhang et al. have also reported a similar [PgMo,50-5]'!"
polyoxoanion encapsulating a K* ion.!'3l The incorporation
of these large cations may vice versa stabilize the whole
cryptand polyoxoanion.['8]

In 1, there are five independent {Cu(phen)(H,O),.} (x =
1, 2, or 3) fragments. Four of them are coordinated directly
to the surface of the polyoxoanion, whereas the fifth is iso-
lated in the interspace of the crystal structure (Figure 4 and
Figure S4). The Cul atom exhibits a five-coordinate envi-
ronment with two O atoms from the polyoxoanion, two N
atoms from the phen ligand, and one water ligand. The Cu2
atom possesses an octahedral coordination geometry with
three O atoms from the polyoxoanion, two N atoms from
the phen ligand, and one terminal water ligand. The Cu3
atom also displays octahedral coordination geometry with
two O atoms from the polyoxoanion, two N atoms from the
phen ligand, and two terminal water ligands. The
{Cu(4)(phen)(H,0)} moiety is disordered in two positions
(Figure S4). Both of the disordered parts exhibit a four-co-
ordinate environment. The Cu5 atom has a five-coordinate
environment, involving two N atoms from the phen ligand
and three coordinated water molecules. The bond lengths
of Cu-N and Cu-O are in the range 1.983(1)-2.122(2) and
1.912(2)-2.619(3) A, respectively. It is noteworthy that two
{Cu(2)(phen)(H,0O)} units act as bridges to link two poly-
oxoanions into a dimeric cluster (Figure 4). In the packing
arrangement, the adjacent [{Cu(phen)(H,O),}{Cu(phen)-
(H,0)}3{SrCPcMo0,3075}]> dimeric clusters are linked to-
gether by n—rn interactions between adjacent phen groups
to form a three-dimensional supramolecular framework
(Figure S5). The isolated {Cu(phen)(H,O);} units are also
connected with their adjacent coordinated analogues
through - interactions between the phen groups. In the
crystal structure, the average distance between two phen
planes with m—n interactions is about 3.52 A. The lattice
water molecules should be extensively H-bonded with the
surface oxygen atoms of the polyoxoanions. The typical H-
bond lengths between them are as follows: OW1---048
2.823 A, OW2--05 3.168 A, OW3--046 2.845A, and
OW4--022 3.454 A.

In compound 1, all P, Cu, and Sr centers exhibit +5, +2,
and +2 oxidation states, respectively, on the basis of their
coordination environments, bond lengths and angles, and
the bond valence sum (BVS) calculation.['”] In addition, the
black color of the crystal suggests that the Mo centers in
compound 1 should be mixed valent. BVS calculation
shows an average value of ca. 5.79 for all Mo centers
(Table S3), which is close to the result of 14 Mo®* and 4
Mo>* in the polyoxoanion cluster. Considering the five [Cu-
(phen)(H,0),]** segments and no protonated oxygen atoms
on the surface of the polyoxoanion, together with the BVS
calculation results, the polyoxoanion formula can be ex-
pressed as [SrCP¢MoY,;MoVY1,,0-3]'%. Furthermore, each
Mo center on the y-{P,Mo,4} unit contains just one Mo=0
bond, whereas every Mo center on the “handle” {P;Mo,}

Eur. J. Inorg. Chem. 2007, 5662-5669
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Figure 4. Polyhedral and ball-and-stick representation of the di-
meric cluster of 1 and the coordination environments of the Cu
centers. The isolated {Cu5(phen)(H,0)s} unit is omitted for clarity.
Octahedron, Mo; tetrahedron, P; large black ball, Sr; middle grey
ball, Cu; small black ball, O; grey line, phen group.

fragments possesses two Mo=0 bonds, which suggests that
the Mo centers on the y-{P-Mo 4} unit are more easily re-
duced and that all four electrons could be delocalized only
on the y-{P,Mo,} unit.[?%

XPS, UV/Vis, and IR Spectral Analyses

The oxidation states of Mo, Sr, and Cu in 1 are further
confirmed by XPS measurements. The XPS spectrum of
molybdenum indicates two overlapped peaks of Mo®" and
Mo>* ions in the energy region of Mo3ds, and Mo3ds,
(Figure 5a).21a The peaks of Mo3ds), at 232.3 and 230.9 eV
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Figure 5. (a) The XPS spectrum of mixed-valent Mo in 1. The fit
line (black smooth line on the top) is produced by the decomposi-
tion of the overlapping peaks of Mo®* and Mo>* (middle and bot-
tom grey lines) with a peak/area ratio of ca 3.5:1; (b) solid-state
UV/Vis spectrum of 1.
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are attributable to the Mo®" and Mo>* ions, respec-
tively.2!'al The best fit (top black line in Figure 5a) for the
XPS spectrum of the mixed-valent Mo compound is pro-
duced by decomposition of the overlapping peaks of Mo®*
and Mo>* with a peak/area ratio of ca. 3.5:1, which corre-
sponds to the 14 MoV! and 4 MoV centers in compound 1.
This result is consistent with the BVS calculation and the
charge-balance consideration. The XPS measurements were
also carried out in the energy region of Sr3ds, and
Cu2ps), respectively. The peaks at 133.2 eV and 932.4 ¢V
are ascribed to Sr?* and Cu?" ions, respectively (Fig-
ure S6).121b:21¢]

The diffuse reflectance UV/Vis spectrum of compound 1
was also investigated with the solid-state sample in BaSOy4
pellet (Figure 5b). The two peaks at 259 and 318 nm are
associated with two kinds of O-Mo LMCT bands,?%4
whereas the other strong wide band around 615 nm is due
to overlap of several bands of the intervalence transition
from MoV to Mo"! by the Mo—O-Mo bond, the d-d transi-
tions of MoV octahedra,?¥! and the Cu—Nppen) and Cu—
Orpomy LMCT bands,?°®! which leads to the dark blue col-
oration of this compound.

In the IR spectrum of compound 1 (Figure S7), the char-
acteristic peaks concerned with coordinated o-phenan-
throline are at 1598(m), 1509(m), and 1430(s) cm!. Peaks
at 1086(s) and 1025(w) cm ! are assigned to the P-O vi-
brations and those at 923(s), 840(s), 769(s), and 711 cm™!
are attributed to the Mo=0 and Mo-O-Mo vibrations of
the polyoxoanion cluster.2%

Magnetic Properties

Solid-state variable-temperature magnetic susceptibility
measurements were performed on the polycrystalline sam-
ples of 1 suspended in eicosane to prevent torquing. The
DC magnetic susceptibility (yyr) data were measured in the
temperature range 1.8-300 K in a 1 T magnetic field and
are plotted as yy7 versus T in Figure 6. For 1, the yuT
product of 1.97 cm*Kmol™! at 300 K decreases continu-
ously to 1.92 cm*Kmol™! at 1.8 K. The y\T value at room
temperature is much lower than the spin-only value (g =
2.0) of 3.375 cm?K mol ! for five Cu?* and four Mo>* non-
interacting ions (S = 1/2), but close to the value of
1.875 cm®*Kmol ! for five isolated Cu?* ions. This result
suggests that four delocalized electrons in each poly-

1.884 0

100 260 ~ 300
T[K]

6 ey
050 100 150 200 250 300
T[K]

Figure 6. ymT vs. T curve of 1; inset: 1/yy vs. T curve. The solid
line is the fitted result based the on Curie—Weiss law.
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oxoanion cluster might be totally antiferromagnetically
coupled, which has yet to be observed.??! The 1/yy; versus
T curve is consistent with the Curie—Weiss law with C =
1.98 cm*Kmol ! and # = —0.1 K, which indicates the pres-
ence of very weak antiferromagnetic interactions in the
whole compound.

Thermogravimetric (TG) Analysis

The thermal behavior of compound 1 was investigated
between 50 and 930 °C. The TG curve of this compound
presents a three-step weight-loss process (Figure S8). The
first step in the temperature range 80-300 °C corresponds
to the loss of isolated and coordinated water molecules
(calcd. weight loss 4.32%; found 4.43%). The second step
occurs between 400 and 600 °C and corresponds to the loss
of the o-phenanthroline ligands on copper centers (calcd.
weight loss 19.65%; found 20.94%). The third step in the
temperature range 760-930 °C is probably due to the evapo-
ration of P,Os (calcd. weight loss 18.57%; found 17.10%).
The result of the TG analysis basically agrees with that of
the structure determination.

Electrochemical and Electrocatalytic Properties

Although compound 1 was obtained from an aqueous
system, it cannot be dissolved in water or a weak acidic
aqueous solution. Therefore, its electrochemical behavior
was investigated with a 1-modified carbon paste electrode
(1-CPE).[231 The cyclic voltammetric behavior for 1-CPE in
1-m H,SO,4 aqueous solution at different scan rates were
recorded (Figure S9a) and they exhibit three reversible re-
dox peaks in the potential range +800 to —100 mV, which
is attributable to the [SrCP¢Mo,;3075]'> polyanions. At
scan rates lower than 100 mVs!, the peak currents were
proportional to the scan rate (Figure S9b), which indicates
that the redox process of 1-CPE is surface controlled. It is
noteworthy that 1-CPE possesses high stability. When the
potential range is maintained at +800 to —100 mV, the peak
currents almost remain unchanged over 300 cycles at a scan
rate of 100 mVs!. After 1-CPE was stored at room tem-
perature for one month, the peak current decreased by only
3% and could be renewed by squeezing a little carbon paste
out of the tube. The high stability of 1-CPE could be as-
cribed to the organic-inorganic hybrid structural feature of
1 that stabilizes the polyoxoanion in the compound. Fur-
ther, compound 1 is insoluble in the acidic aqueous media
used in this experiment, which avoids the loss of the modi-
fier during measurements. Thus, 1-CPE could be an ideal
electrode material to investigate electrocatalytic properties.
Actually, 1-CPE displays good electrocatalytic activity
towards the reduction of hydrogen peroxide (Figure 7). At
the 1-CPE, with the addition of H,0,, all three reduction
peak currents increased, whereas the corresponding oxi-
dation peak currents dramatically decreased, which sug-
gests that H,O, was electrocatalytically reduced by all three
reduced polyoxoanion species.>>>*! Furthermore, the cata-
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lytic activities were enhanced with the increasing extent of
the anion reduction. In contrast, the reduction of H,O, at
a bare electrode generally requires a large overpotential and
no obvious response was observed at a bare CPE.

0
-2 b.
o ¢ bare CPE
é -4 b. 0mM
~ c¢. 4mM
-6 8 mM
e. 16 mM
e.
-8 T T T T T
=200 0 200 400 600 800

E [mV]

Figure 7. Cyclic voltammograms of 1-CPE in H,SO4 (1 M) contain-
ing 0.0, 4.0, 8.0, and 16.0 mm H,O, and a bare CPE in 5.0-mm
H,0, + 1-m H,SO, solution. Potentials vs. SCE. Scan rate:
30mVs .

Conclusions

In this paper, we report organic—inorganic hybrid com-
pound 1, which exhibits a four-electron-reduced basket-like
polyoxoanion modified with four {Cu(phen)(H,O),} (x =1
and 2) fragments. Electrochemical analysis shows that 1-
CPE displays good electrocatalytic activity to reduce hydro-
gen peroxide. During the preparation of 1, the use of Sr>*
ions led to the successful isolation of this new hybrid com-
pound, which can serve as a basis for a new type of POM
building block. Future efforts will be focused on the reac-
tions between various functional organic-metal fragments
and the basket-shaped polyoxoanion to obtain more
[SrCPsMo,3075]-based compounds. Furthermore, the tem-
plating effect of Sr>* may also play an important role in the
formation of [STCPsMo,5075]'%; thus, other alkaline earth
metal ions such as Ca?" and Ba>* will be introduced into
this reaction system to check whether this templating effect
could be reproduced.

Experimental Section

Materials: All chemicals purchased were of reagent grade and used
without further purification.

Physical Methods: Elemental analyses (C, H, N) were performed
with a Perkin—Elmer 2400 CHN elemental analyzer. Mo, Cu, P,
and Sr were determined with a Leaman inductively coupled plasma
(ICP) spectrometer. IR spectrum was recorded in the range 400—
4000 cm ! with an Alpha Centaurt FT/IR spectrophotometer with
a pressed KBr pellet. Diffuse reflectance UV/Vis spectrum (BaSO,
pellet) was obtained with a Varian Cary 500 UV/Vis NIR spec-
trometer. X-ray photoelectron spectrum (XPS) analyses were per-
formed with a VG ESCALAB MK II spectrometer with a Mg-K,,
(1253.6 ¢V) achromatic X-ray source. The vacuum inside the analy-
sis chamber was maintained at 6.2 X 107® Pa during analysis. Mag-
netic susceptibility measurements were carried out with the use of
a Quantum Design SQUID MPMS-XL susceptometer. DC mea-
surements were conducted from 1.8 to 300 K by using a 1-T field
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and performed on finely ground polycrystalline samples. The mag-
netic data were corrected for the diamagnetic contribution calcu-
lated from Pascal’s constants.>>) TG analysis was performed with
a Perkin-Elmer TGA?7 instrument in flowing N, with a heating
rate of 10 °Cmin!. The electrochemical measurement was carried
out on a CHI 660 electrochemical workstation at room temperature
(25-30 °C).

1-Modified Carbon Paste Electrode (1-CPE): Graphite powder
(1.0 g) and compound 1 (40 mg) were mixed and ground together
with an agate mortar and pestle to achieve an even and dry mixture.
Nujol (0.66 mL) was then added to the mixture and stirred with a
glass rod. The homogenized mixture was used to pack glass tubes
with a 3-mm inner diameter, and the surface was wiped with weigh-
ing paper. Electrical contact was established with a copper rod
through the back of the electrode. Platinum gauze was used as the
counter electrode and an SCE as the reference electrode.

Compound 1: A mixture of Na,MoO4-2H,0 (0.930 g), CuCl,-2H,O
(0.204 g), phen (0.216 g), H;PO, (0.838 mL, 85 wt.-%), and SrCl,
(0.317 g) in a molar ratio of 1.00:0.30:0.30:4.80:0.50 was dissolved
in H,O (16 mL) and stirred at room temperature for 30 min. Dur-
ing this period, the pH value of the solution was adjusted to ca.
3.5 with a solution of NaOH (1 m). The final mixture was sealed
in a 30-mL Teflon-lined stainless steel reactor and heated at 160 °C
for 4 d. The dark-blue crystals were isolated and collected by fil-
tration, washed thoroughly with distilled water, and dried at room
temperature. Yield: 65% (based on Mo). CgHgCusMogNyg-
Og4P¢St (4585.26): caled. C 15.72, H 1.36, N 3.05, P 4.05, Cu 6.93,
Mo 37.66, Sr 1.91; found C 15.79, H 1.42, N 3.11, P 3.99, Cu 7.01,
Mo 37.69, Sr 1.87.

X-ray Crystallography: Single crystal of 1 with the size of
0.27 X 0.25%0.23 mm was mounted on a glass fiber, and the data
were collected with a Bruker SMART CCD diffractometer with
graphite-monochromated Mo-K,, radiation (4 = 0.71073 A). Semi-
empirical absorption correction based on symmetry equivalent re-
flections was applied. A total of 41645 reflections were collected,
of which 19453 reflections were unique [R(int) = 0.0516]. The struc-
ture was solved by direct methods and refined by the full-matrix
least-squares method based on F2. Structure solution, refinement,
and generation of publication materials were performed with the
use of the SHELXTL crystallographic software package.”*! During
the refinement, the [Cu(4)(phen)(H,O)] unit is disordered in two

Table 2. Crystal data and structure refinement for 1.

CsoHe2CusMogN | OgyPsSt

Chemical formula

Formula weight 4585.26
Crystal system triclinic
Space group Pl

a[A] 13.778(3)
b[A] 19.267(4)
¢ [A] 24.168(5)
a [°] 110.64(3)
B 90.31(3)

7 [°] 110.02(3)
v [A3] 5582.8(19)
zZ 2

Dcalcd. [mgm 3] 2.728
Absorption coefficient [mm']  3.554

T [K] 293(2)
Reflections collected/unique 41645/19453 [R(int) = 0.0516]
Goodness of fit on F? 1.022
R 0.0497
WR,! 0.1394

[a] Ry = ZIFo| — [FllZIFo]. [D] wRy = X[w(Fo? — F2)VZw(F?)].
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positions with the site occupancies of 44 and 56 %, respectively. All
non-hydrogen atoms were refined with anisotropic parameters. The
H atoms on the C atoms of phen were included in calculated posi-
tions with the use of a riding model and refined with fixed isotropic
thermal parameters. The H atoms on water molecules were not
included and just put into the final molecular formula. The largest
residual peak (2.494 eA3) is near the phen group but featureless,
Q1-+C46 0.583 A. The deepest hole is —1.737 ¢ A3, which is close
to the Mo8 atom. A summary of the crystal data is presented in
Table 2. Atomic coordinates and isotropic displacement parameters
for 1 are listed in Table S1, and selected bond lengths and angles
are listed in Table S2. CCDC-642168 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Additional structural figures and packing arrangement views
of 1, additional XPS spectra, IR spectrum, TG curve, and CV
analyses for compound 1.
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