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ABSTRACT: Three polyoxometalates encapsulating high-
nuclearity magnetic clusters MFes, [As,MFesMo,,Ogs-
(H,0)]" (M = Fe*", n = 14; M = Ni** and Mn*>", n = 15),
were synthesized and characterized by single-crystal X-ray
diffraction, elemental analysis, infrared spectroscopy, thermo-
gravimetric analysis, and magnetism measurements. The poly-
anion [As,MFesMo,,0g5(H,0)]"" consists of a central
MMo,0,5 (M = Fe’*, Ni**, and Mn®") fragment and two

AsMo-,0,; fragments linked together by two trimeric clusters, Fe,MoO(u,—0O), and Fe3(H,O), to form a banana-shaped structure
with C; symmetry. The MMo,O,g and AsMo,0, units have a similar structure and can be considered as a monocapped hexavacant
a-B-Keggin subunit with a central MO, group or a central As"'O5 group. The polyoxometalates have a low absorption of
v(Mo—0y4) (925—913 cm ™ ") because most of the Mo atoms in the polyanions have at least two longer Mo—Oy4 bonds. The
framework of the arsenomolybdates is stable before As, O3 escaping (ca. 300 °C). The analysis of magnetostructural correlations and
magnetism measurements indicate the coexistence of ferro- and antiferromagnetic interactions, which give an overall ferromagnetic

spin ground state in the compounds.

B INTRODUCTION

Polyoxometalates (POMs) are a unique class of metal—
oxygen cluster species with an enormous structural variety and a
multitude of interesting properties." Although POMs have been
known for about 200 years, interest in this class of compounds is
larger than ever before.” The sandwich-type complexes are one of
the important subclasses, and the search for novel polyanions is
predominantly driven by the catalytic and magnetic properties. Such
compounds are usually composed of two trivacant Keggin or Dawson
ligands (e.g, XMyOs33_34" (M =W or Mo), X',W;0s6">, X = P,
As, Sb, Bi, Ge, Si, Co, Zn, etc; X' =P, As) linked together by divalent
or trivalent transition-metal ions varied from dinuclear to hexanuclear
structures.” Besides, several interesting double-sandwich or banana-
shaped polyoxotungstates have been reported in recent years, such as
[Co7(H,0)5(OH),P,W505,]™ " - [NighsWa,O0y(H20)]'",
and [NiyMn,P3W,,004(H,0),] 177;5 and [((MOH,)M,PW5034),-
(PW3059)]” (M = Co™, Mn*),° [((CoOH,)C0,GeWsOs4),
(GeW4026)17",” and [FecGesWpsOoy(H,0),] ™ * all of which
consist of two trivacant Keggin moieties XWyO5,4 and a unique central
XW¢Oy6 fragment linked via two transition metal M3 clusters lead-
ing to a banana-shaped structure with C,, symmetry. In 2009,
the single molecule magnet based banana-shaped polyoxotungstate,
[(FesWs034(H,0)),(FeWy0,6)]"* ™, was reported by Mialane and
co-workers.” Compared with the extensive reports of sandwich-type
polyoxotungstates, the molybdate analogues are very rare,'*” ' due
to the structural lability of lacunary heteropolymolybdate in aqueous
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solution resulting in the difficulty in obtaining a sandwich-type
molybdate. Here, we report a new family of polymolybdates, which
are formulated as (NH,);,Cu(H,0)4[As,FesMo,,0g5(H,O)]+
20H,0 (1), (NH,);5[As,NiFesMoy,Os5(H,0)]-17H,0  (2),
and (NH,)14Mngs[As,;MnFesMo,,Og5(H,0)]-22H,0 (3). To
the best of our knowledge, these compounds represent the first
example of double-sandwich molybdates. It is interesting that the
magnetism measurements indicate the coexistence of ferro- and
antiferromagnetic interactions, which give an overall ferromagnetic
spin ground state in 1—3.

B EXPERIMENTAL SECTION

General Methods and Materials. All chemicals were commer-
cially purchased and used without further purification. Elemental analyses
(H and N) were performed on a Perkin-Elmer 2400 CHN elemental
analyzer; As, Mo, Fe, Cu, Mn, and Ni were analyzed on a IRIS Advantage
ICP atomic emission spectrometer. IR spectra were recorded in the range of
400—4000 cm™ " on an EQUINOXSS FT/IR spectrophotometer using
KBr pellets. TGA-DSC analyses were performed on a NETZSCH STA
449C TGA instrument in flowing N, with a heating rate of 10 °C ~min_ "
Magnetism measurements were performed on a Quantum Design MPMS
SQUID magnetometer. The experimental susceptibilities were corrected
for the diamagnetism of the constituent atoms (Pascal’s tables)."
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Table 1. Summary of Crystallographic Data for the Structures of 1—3

1

empirical formula As,CuFegHggM0,,N 1,010

M (gmol ™) 4686.06
cryst syst triclinic
space group P1

a (A) 16.1691(15)
b (A) 18.3676(17)
c(A) 20.8273(19)
a (deg) 96.626(2)

P (deg) 105.4730(10)
¥ (deg) 96.8410(10)
Vv, (A% 5848.4(9)

Z 2

temp (K) 293(2)

deaar (g cm™3) 2.661

GOF 1.024

R (I >20(D)) 0.0585

wR, (I>20(1)) 0.1932

R,“ (all data) 0.0846

wR," (all data) 0.2224

“Ry = [Z|F| — |[F|I/[Z|F]. " wRs = {[Zw(F,* — F2)*]/[Zw(F,)*]} 2.

2 3

As,FesHgsMo0,5N 1 sNiO o3 As,FesH 0,Mn; sMo02,N140108

4553.40 4649.14
triclinic triclinic

P1 P1
16.3842(11) 12.664(5)
17.6856(11) 16216(7)
19.9638(13) 26.974(11)
93.3880 (10) 100.818(7)
107.6070(10) 92.650(7)
99.4640 (10) 103.425(6)
5402.2(6) 5269(4)

2 2

293(2) 293(2)
2.799 2.930
1.018 1.011
0.0504 0.0837
0.1477 0.1901
0.0668 0.1698
0.1661 0.2079

(NH4)12Cu(H20)4[A52Fe6M022085(H20)] . 20H20 (1). The
synthesis of 1 was accomplished by adding a solution of As, 03 (0.08
g,0.4 mmol) dissolved in 6 M hydrochloric acid (2 mL) to a solution
of (NH,)sMo,0,,-4H,0 (0.99 g, 0.8 mmol) dissolved in H,O
(10 mL). Then, 0.22 g of FeCls-6H,0 (0.8 mmol) was added, and
the pH was adjusted to 6.0 by 3 M ammonium hydroxide. The
resulting suspension was heated to about 90 °C, and a clear solution
was formed. Solid CuCl, - 2H, O (0.05 g, 0.3 mmol) was added to the
hot solution, and the solution was heated for an additional 30 min.
The hot solution was filtered and allowed to stand at ambient conditions.
At this point, the pH was 6.2. Within several days, 0.4S g (yield 72% based
on FeCly-6H,0) of brown crystals were isolated. Elemental analysis calcd
(%) for AsyCuFegHygM0,,N1,01109: Mo, 45.0; As, 3.2; Fe, 7.2; Cu, 1.4; N,
3.6; H,2.1. Found (%): Mo, 45.3; As, 3.2; Fe, 7.3; Cu, 1.5; N, 3.7; H, 2.1. IR
for 1 (KBr, cm™): 925(m), 875(s), 825(m), 749(m), 675(s).

(N H4)-|5[A52NiFe5M022085(H20)] -1 7H20 (2). The synthetic
procedure for 2 is similar to that of 1 except for using Ni(CH;COO),-
4H,0 (0.04 g 0.16 mmol) instead of CuCl,-2H,0. Brown crystals
(0.55 g) were isolated (yield 76% based on FeCl;-6H,0). Elemental
analysis calcd (%) for As,FesHogMo0,,NsNiOo3: N, 4.6. H, 2.1. Fe, 6.1. Nj,
1.3. As, 3.3. Mo, 46.4. Found (%): N, 4.6; H, 2.3; Fe, 6.0; Ni, 1.3; As, 3.2;
Mo, 46.9. 1R for 2 (KBr, cm ™ *): 925(m), 874(s), 825(m), 767(m), 670(s).

(NH4)14Mn0.5[A52MnFe5M022085(H20)] * 22H20 (3). The syn-
thetic procedure for 3 is similar to that of 1 except for using MnCl, - 2H,O
(0.06 g, 0.4 mmol)) instead of CuCl,-2H,0. Brown crystals (0.51 g, yield
69% based on FeCl; - 6H,0) were isolated. Elemental analysis calcd (%) for
As,FeH,0oMn; sM0y,N 140108 3: Mo, 45.4. As, 3.2. Fe, 6.0. Mn, 1.8. N, 4.2.
H, 2.2. Found (%): Mo, 46.1; As, 3.4; Fe, 6.3; Mn, 1.9; N, 4.3; H, 2.3. IR for 3
(KB, cmfl): 913(m), 877(s), 825(m), 771(m), 676(s).

X-ray Crystallography. Intensity data were collected on a BRU-
KER SMART APEX II CCD diffractometer with Mo Ko monochro-
mated radiation (4 = 0.71073 A) at 293 K. An empirical absorption
correction was applied. The structures of 1—3 were solved by the direct
method and refined by the Full-matrix least-squares on F” using the
SHELXTL-97 software. All heavy atoms (As, Mo, Fe, Cu, Ni, and Mn)
were refined with anisotropic displacement parameters, and the other
atoms were refined isotropically. Hydrogen atoms were not included but

were included in the structure factor calculations. As usual for most of
the polyoxometalates crystallized with amounts of water in which the
counterions fill the cavities formed by the polyoxometalate arrangement,
the crystal shows some disorder in the range of counterions and water
molecules. For these hydrated ammonium salts, the data did not support
discrimination between oxygen and nitrogen atoms, and the ammonium
ions were modeled as oxygen atoms. Accordingly, the exact formula was
determined by elemental analyses. A summary of the crystallographic
data and structure refinement for compounds 1—3 is given in Table 1.
Further details of the crystal structure investigation can be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax, (49)7247-808-666; e-mail, crysdata@
fiz-karlsruhe.de) on quoting the depository number CSD-419889,
423257, and 419891 for 1, 2, and 3, respectively.

B RESULTS AND DISCUSSION

Synthesis. Many factors can affect the isolation of final products,
such as initial reactants, counter cations, pH values, reaction time,
and temperature. In the synthesis of compounds 1-3, pH value,
counter cations, and temperature of the reaction system are of
crucial importance for the formation of the final products. They
were formed in similar conditions. For example, in the synthesis of 1,
the pH value should be carefully controlled between $.5 and 6.5.
When the pH value was lower than 5.5, [3-MogO,s]*~ was the
main product, and when the pH value was higher than 7.0, a large
amount of unknown brown deposition was obtained. The tempera-
ture should be controlled at ca 90 °C; when the temperature was
between 25 and 85 °C, the yellow sandwich-type heteropolymo-
lybdate (NH,) ;5[ Fe,(AsMo,0,;),] - 16H,0"! was the main prod-
uct, which can crystallize very quickly, even within several minutes.
When the temperature rose to 90 °C, the sandwich dimer
[Fez(AsMor;Oy)z]lzf would decompose gradually and transfer
to [As,FegMo,,055(H,0)]**™ (1a). The addition of a small
amount of Cu®" is in favor of the isolation of 1a; however, in the
same reaction conditions using Ni** or Mn?* instead of Cu2+, we
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Figure 1. Combined polyhedral/ball-and-stick representation (left) and ball and stick representation (right) of double-sandwich polyoxomolybdates,

[As;MFesMo,,045(H,0)]"™ (M = Fe, Ni or Mn).

got 2 and 3 in which Fe®* in the central MMo,Oag fragment was
substituted by Ni*" or Mn®>". In the absence of any NH," cations, no
double-sandwich polymolybdates were obtained, which suggests
that the structure is stabilized by NH," ions.

Structural Description of the Polyanions. X-ray structural
anal}rsis revealed that the structures of the pol?ranions
[ASI IzFeHIéMozzoss(Hzo)]147 (la), [ASIHzNiHFeH sMoy,-
OSS(HZO)]157 (2a), and [ASHIzMnHFeHIsMozzoss(Hzo)]157
(3a) are isostructural (Figure 1); therefore, only the structure of
la is discussed here. The polyoxoanion 1a consists of a central
FeMo,0,g fragment and two external AsMo,O,; fragments
linked together by two trimeric clusters, Fe,MoO(u,—0O), and
Fe;(H,0), to form a double-sandwich C-shaped structure with
C; symmetry; therefore, it can be expressed as {[AsMo,0,,]
[Fe;MoO (1, —0),][FeMo,0,5][Fe3(H,0)][AsMo,0,,] } "
The structure of la is somewhat analogous to those of the
double-sandwich  polyoxotungstates reported in recent
years, such as [C07(H20)2(OH)2P2W25094]167;4 [NigAss-
W24O94(H20)2]177 and [Ni4Mn2P3W24094(H20)2]177,5 and
[((MOH,)M;PW503,),(PWs026)]"~ (M = Co™, Mn™),°
[((COOHz)CozGeW9O34)2(GeW6026)]207;7 and [FesGesWay-
O94(H,0),] 14~ 8 which consist of two trivacant Keggin moieties
XWy03,4 and a unique central XWsO,4 fragment linked via two M,
clusters leading to a banana-shaped structure with C,, symmetry.
In the polyanion, the central FeMo,0,g fragment and external
AsMo;0,; fragment have a similar structure, and both of them can
be viewed as a monocapped hexavacant B-a-Keggin subunit with a
central FeO, group or a central As"'O; group. The polyoxoanion
contains an interesting monocapped cinque-substituted -Keggin
[Fe(FesMo,)O,;(H,0O)] subunit derived from a-Keggin
[FeMo,,040)° through rotating a Mo3;O;; trimer 60°,
replacing five MoOg with FeOg4 octahedra, and then capping
one MoOyg octahedron between two Mo3O 5 trimers (Scheme 1).
Therefore, there are alternative possibilities of rationalizing the
structure of 1a, and we can say that it is formed by the condensation
of two AsMo,0O,, fragments and a novel monocapped cinque-
substituted [3-Keggin bridging cluster [Fe(FesMo,)O4;(H,0)].
There are two different coordination Fe atoms in the polyanion;
the Fe—O distances of the five octahedrally coordinated iron
centers are in the range of 1.907(9)—2.208(9) A in which the
distance of Fe—Oyy is 1.981(11) A, and the Fe—O distances of the
tetrahedral coordinated iron in the central FeMo,0,s fragment are
in the range of 1.873(8)—1.904(8) A, and the bond lengths and
angles of the molybdenum-oxo frameworks are within the usual
ranges. Valence bond summations of Fe atoms in the Fe;MoOs-
(H,O) cluster are in the range of 2.78—3.0S, and the average value

is 2.91, and that in the FeO, group is 2.50; those of As1 and As2 are
2.88 and 2.93, respectively, and those of Mo are in the range of
5.96—6.17, which suggests that the valency of all the atoms remains
unchanged. Interestingly, the Fe** in the central FeMo,O,g
fragment of la can be replaced by Ni** or Mn®" to form
isostructural compounds 2a or 3a. The selective bond lengths of
compounds 1—3 are summarized in Tables 2 and 3.

FT-IR.IR spectra of the polyanions 1a—3a are similar, and all of
them have four characteristic vibration bands below 1000 cm ™"
at 925—913, 877—874, 825, and 676—670 cm ", attributed to
the characteristic vibrations of v(Mo—0y), v(O,—Mo—O0y),
v(As—0,), and v(Mo—0,), respectively. It is worth noting that
the polyoxometalates have a lower vibration band of ¥(Mo—0,)
(925913 cm ™) compared with those (v(Mo—Qy4) =950 cam )
of other Keggin-type polyanions containing As" as central
heteroatoms'® because most of the Mo atoms in the polyanions
have at least two longer Mo—Oy bonds rather than only one
Mo—0O4 bond.

Thermal Analyses. TGA-DSC curves (see Supporting In-
formation) of 1—3 are very similar, and from the TGA-DSC
curves, we can deduce that the thermal decomposition process is
approximately divided into three steps. By taking compound
(NH4)1,Cu(H,0)4[As,FegMo,,055(H,0)] - 20H,0 (1) as an
example, first, it gradually loses all water and NH; molecules at
25—310 °C. The total weight loss of 13.1% is consistent with the
calculated value of 13.5%. Then, the weight loss of 4.3% (calcd 4.2%)
from 310 to 410 °Cis ascribed to the escaping of As,O3 The last stage
is the decomposition of the Mo—Fe—O framework structure, and the
final product should be the mixed metal oxides 3Fe;,O3 + CuO +
22Mo0;, and the observed total weight loss of 19.6% can compare
with the calculated value of 20.5%, accompanying a remarkable
exothermal peak at around 456 °C.

Magnetic Properties. The magnetic properties of 1—3 were
measured at a field of 0.1 T over the range 1.8—300 K. The )T and
X plots of 1—3 are shown in Figure 2. The experimental jT
values of 1—3 (CuFeg, NiFes, and Mn; sFes) at room temperature
are 2646, 23.73, and 2664 emu K mol ’, respectively, which
correspond to the expected values of 26.62 emu K mol " for the
total spin-only value for six Fe** ions (s = 5/2, g = 2.0) and one Cu>"
ions (s=1/2,g=2.0) for 1,22.87 emu Kmol " for the total spin-only
value for five Fe** ions (s = 5/2, g = 2.0) and one Ni*" ions (s = 1,
g=2.0) for 2, and 28.44 emu K mol " for the total spin-only value for
five Fe*" ions (s = 5/2,g=2.0)and 1.5 Mn*" ions (s= 5/2,g=2.0) for
3. The )T values increase from ambient temperature down to 14.0,
14.0, and 18.0 K with a maximum of 55.4, 514, and 50.0 emu
K mol ', respectively, then decrease sharply to 48.7, 49.8, and
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Scheme 1. Derivation of Monocapped Cinque-Substituted f-Keggin [M(FesMo-)O,;(H,0)] (M = Fe, Ni or Mn) in the Double-

Sandwich Polyoxomolybdates
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Table 2. Bond Lengths of Fe,,,—O and M;.,,—O and Bond Angles of Fe,..—O—Fe, and Fe,.;:—O—Metr, in 1-3

JBgg—=0) Meetra—O 1B =O=1fggy 1ER = O =l e
cmpds average average average average
1 1.907—2.208 2.027 1.873—1.904 1.887 96.6—101.6 98.85 116.3—122.0 119.8
2 1.936—2.087 2.021 1.861—1.894 1.875 96.4—101. 6 98.54 118.0—121.3 119.8
3 1.926—2.167 2.040 1.828—1.898 1.865 96.4—100.7 98.70 115.6—123.8 119.61
Table 3. Bond Lengths of Mo—O and As—O in 1-3
Moyg—O Mo,—O Mo.—O As—O
cmpds average average average average
1 1.671—1.785 1.720 1.788—2.200 1.981 2.202—2.475 2.300 1.772—1.826 1.801
2 1.695—1.790 1.729 1.79—2.166 1.926 2.06—2.495 2.259 1.771—1.816 1.800
3 1.658—1.795 1.723 1.80—2.134 1.941 2.086—2.377 2.253 1.772—1.882 1.802

42.3 emu K mol ™" at 2 K for 1—3. The increase of 3T indicates
the presence of dominant ferromagnetic interactions among
magnetic centers, and the low-temperature drop may be attributed
to secondary effects, such as zero-field splitting (ZFS) and/or
intermolecular antiferromagnetic interactions.'* The temperature
dependence of the reciprocal susceptibilities (1/y;) during
300—100 K obeys the Curie—Weiss law with C = 22.18 emu K
mol'and 0 =47.3Kfor1,C=19.47emuKmol 'and 0 =541K
for 2, and C = 22.92 emu K mol " and 6 = 40.3 K for 3,
respectively, which supports the presence of the overall ferromag-
netic coupling among magnetic centers.

The double-sandwich POMs contain a six magnetic center
cluster MFe™ (M = Fe**, Ni**, and Mn”"), which represents a
new type of magnetic core, and to the best of our knowledge,
there are no hexanuclear MFe'" complexes relevant to 1—3 for
which both the structural and the magnetic data have been
reported. Considering that the determination of the magnetic
exchange parameters by direct diagonalization of the adapted
Heinsenberg—Dirac—Van Vleck Hamiltonian is very difficult
given the size of the matrices involved (ca. 10° x 10°), and the
analysis of the experimental magnetic susceptibility data using all
of the spin states is an enormous task to undertake, and beyond
the scope of the present undertaking, we focused our study on
the determination of the nature of the spin ground state.

The multiplicity of the ground state in the MFe'"sO, (M = Fe**,
Ni**, and Mn*") core can be rationalized in terms of magneto-
structural correlations. It is well-known that for oxobridged high-
spin Fe"" compounds, small Fe—O bond lengths and lar%e
Fe—O—Fe angles lead to large antiferromagnetic interactions.
In approximation, the two contrary couplings are consistent with the

9175

change in M—O—M bridging angles in the MFe;Og core (shown in
Figure 3): (a) antiferromagnetic coupling between the tetrahedral
coordinated M and the octahedrally coordinated Fe' centers
through one u-oxo group with the angles of M—O—Fe in the
range of 115.6(6)°—123.8(6)° and (b) ferromagnetic coupling
between the octahedrally coordinated Fe"" centers with the angles in
the range of 96.4(7)°—101.6(6)° and an average of 98.8°.

The curves M(H) data of 1—3 at 2.0 K are shown in Figure 4.
These curves saturate at the value M = 17.9 Nf for 1, M = 21.6
Np for 2, and M = 19.4 Nf3 for 3, where N is Avogadro’s number
and f is the Bohr magneton, which can be compared with the
suggested spin alignments in the MFe™ 04 (M = Fe**, Ni**, or Mn>")
core (Figure 3); S = 10 ground state for 1, S = 10.5 ground state for 2,
and S = 10 ground state for 3. It is worth noting that the maximum )T
of 55.4, 51.4,and 50.0 emu K mol ™" for 1—3 (as shown in Figure 2) is
a little lower than those of the suggestted spin alignments. This
phenomenon is possibly due to the presence of a positive zero field
splitting or an orbital momentum in the ground states preventing the
simple description, as the total spin is no longer a good quantum
number,'® and besides, the outside coordinating metal-ions and/or
intermolecular antiferromagnetic interaction cannot be excluded as
well. It is interesting that all of the reported multi-ron POMs exhibit
diamagnetic ground states'""” with the M—O—M bridging angles in
the range of 86—139°, except those containing tetrahedrally coordi-
nated Fe™ SMM based POMs [ (Fe,WO134(H,0) ), (FeW¢0,) 1"~
and [Fey(H,0),(FeWOs,),]"" with S =7.5 and S = 5 ground states,
respectively,9’18 in which the Fe,,—Fe, interactions are antiferromag-
netic and the Fe,—Fe, interactions are ferromagnetic; therefore, the
tetrahedrally coordinated metal ion in the central fragment of the

polyanion plays an important role in reducing the Fe,—O—Fe,q
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Figure 2. " and yuT plots for polycrystalline samples of 1—3 ata 1
kOe applied field.

Figure 3. Possible spin alignments in the MFe™04 (M = Fe**, Ni**,
or Mn**) core (O, red balls; Fe, yellow-brown balls; and M,
purple ball) suggesting the ground state is S = 10 for 1, S = 10.5 for 2
and S = 10 for 3.

angle and results in ferromagnetic coupling between the octahedrally
coordinated Fe" centers. It is worth mentioning that no out-of-phase ac
susceptibility (") has been detected above 1.8 K (Figure S7 in the
Supporting Information) for 1—3.
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Figure 4. M(H) data for polycrystalline samples of 1—3 at 2.0 K.

B CONCLUSIONS

We have prepared three new polyoxometalates encapsulating
hexanuclear transition-metal clusters, [ As,MFesMo,,Ogs(H,O)]"™
M= Fe**, n=14; M = Ni** and Mn**, n = 15), and the magnetic
cluster MFes represents a new type of magnetic core for which
both the structural and the magnetic data have not yet been
reported. The tetrahedral coordinated metal ion in the central
fragment of the polyanions plays an important role in reducing
the Fe,—O—Fe, angle and resulting in ferromagnetic cou-
pling between octahedrally coordinated Fe' centers, and the
overall ferromagnetic interactions are dominant in the clusters
despite antiferromagnetic coupling between the tetrahedral co-
ordinated M and the octahedrally coordinated Fe'™ centers. One
or more of the transition-metal ions encapsulated in the POMs
fragments could be expected to be replaced by other transition-
metal ions, thus opening the way for further theoretical and
practical developments.
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