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Coexistence of long-range ferromagnetic ordering
and spin-glass behavior observed in the first
inorganic—organic hybrid 1-D oxalate-bridging
nona-Mn" sandwiched tungstoantimonate chain+
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A neoteric 1-D sinusoidal tungstoantimonate (TA) NasH4{IMn(H,0):]5[Mn(H,0),]1,[Mn(H,O0)I[MNn(C,04)]5-
[B-at-SbWgO33]2}-31H,O (1) was synthesized from the reaction of Nag[B-a-SbWgOs33]-19.5H,0 with
MnCl,-4H,O with the assistance of oxalic acid and structurally characterized by elemental analysis, IR
spectroscopy, single-crystal X-ray diffraction, powder X-ray diffraction and thermal analyses. In 1, an
unprecedented oxalate-bridging nona-Mn'" {IMn(H,0)z]5IMn(H>0),l5IMNn(H,0)lIMN(C,0.)]512* cluster is
clamped by two trivacant Keggin [B-0o-SbWsO33]°~ fragments forming a unique nona-Mn”-encapsulated
sandwich-type species. In the sandwich belt, the internal hexa-Mn'" {IMn(H,0),]lo[Mn(H,O)lIMN(C>04)15}*
ring is alternately concatenated with three [Mn(H,O)s]?" ions situated at three vertices of an equicrural
triangle through oxalate linkers, completing an approximately coplanar nona-Mn'" core. More interestingly,
adjacent nona-Mn'-sandwiched TA units are interconnected by double Mn"-C,Q4 linkages, giving
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rise to the first inorganic—organic hybrid 1-D chain high-nuclear Mn-sandwiched TA. Furthermore, the
zero-field-cooling/field-cooled magnetization and alternating current magnetic susceptibility measure-
ments reveal the occurrence of long-range ferromagnetic ordering and spin-glass behavior in 1, which
are further consolidated by the fitting of the Arrhenius law and the conventional critical scaling law
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Introduction

The continuous exploitation and research of new molecule-
based magnetic materials has evoked considerable attention
with the development of the information technology revolution
on account of their realized and potential applications in high-
density information storage, quantum computing and low-
temperature magnetic refrigerants.’ The discovery of magnetic
materials with special magnetic phenomena such as single-
molecular magnets (SMMs) or single-chain magnets (SCMs) is a
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prodigious breakthrough and opens up a popular avenue in the
field of nanomagnetism. Recent particular emphasis has been
placed not only on designing new SMMs or SCMs, but also on
exploiting other unique magnetic phenomena and behaviors.
It is well-known that polyoxometalates (POMs), as a kind
of well-defined anionic metal-oxo clusters of early transition
metals (W, Mo, Nb, or V) in their high oxidation states with
remarkable molecular and electronic tunabilities, can function as
attracting inorganic multidentate ligands to incorporate almost
any metal moiety into the compositions of POMs, rendering them
with broad prospects in the construction of novel transition
metal (TM)-substituted POMs (TMSPs) and widespread potential
applications in catalysis, medicine, molecular magnetism and
materials science.” It should be further noted that one very
intriguing subfamily of TMSPs is the sandwich-type species that
is usually constructed from two lacunary POM fragments hinged
by a diverse and versatile TM core. To date, the number of TM
centers in the sandwich belt within the reported sandwich-type
TMSPs (STMSPs) has generally been less than six (Fig. 1),>®
principally because the oxygen atoms in the defect sites of
lacunary POM moieties are fully coordinated by TM cations and
are therefore unable to bind many more TM cations and the

J. Mater. Chem. C, 2017, 5, 2043-2055 | 2043


http://crossmark.crossref.org/dialog/?doi=10.1039/c6tc05479j&domain=pdf&date_stamp=2017-02-08
http://rsc.li/materials-c
http://dx.doi.org/10.1039/c6tc05479j
http://pubs.rsc.org/en/journals/journal/TC
http://pubs.rsc.org/en/journals/journal/TC?issueid=TC005008

Published on 19 January 2017. Downloaded by Henan University on 21/05/2018 09:37:17.

View Article Online

Journal of Materials Chemistry C

Fig. 1 A summary of some representative sandwiched TMSPs. WOg¢ octahedra, turquiose; XO,, polyhedral, yellow; X, yellow; TM, pink; TM’, bright green;

Na, K, and Rb, lime; O, red; C, gray-80%; N, blue.

in situ generated higher-nuclear TM clusters in the sandwich
belt are unstable without the aid of extraneous structure-
stabilizing agents.’® As a consequence, discovering and encap-
sulating higher nuclearity, by increasing the number of TM
centers, in the central sandwich belt of STMSPs is always a
particularly fascinating area and a long-standing pursuit. Albeit an
abundance of STMSPs with various TM nuclearities from 1 to 6
have been prepared and well-documented,®® reports on magnetic
STMSP species with TM nuclearityhigher than 7 are scarce, mainly
involving heptanuclear [{(B-0-PW4034)Co3(OH)(H,0),(Ale)},Co]**~
and [Ni;(OH),(H,0)(CO5),(HCO3)(A-0-SiWoO34)(B-SiW,005,)]** ~,#?
octanuclear [(A-a-SiWo034),Cog(OH)6(H,0)5(CO5)3]"®~ and [Cug
(L)4(H,0),(B-0-XWo034),]*~ (X = Si'V, Ge'; L = en, dap),’**
nonanuclear  [(A-0-SiWy034),Nig(OH)6(H,0)6(CO5)s]"*~  and
[H4{CubAsg" 0, 5(H,0)6H(0-AS"W4033),]° 7, %" as well as two
dodecanuclear  {[Mn}'Mng™n}(p3-0)e(1-OH)4(H,0),(CO3)e )
[B-B-SiWs056],}**,"* and [{Cuj(2,2"-bpy),(4,4"-bpy)],[CuiCug
(2,2"-bpy),(4,4'-bpy)»(B-0-GeWs034),}]*~ complexes.'®” Recently,
a three-winged-shaped tetradeca-Fe"-sandwiched nanocluster
[H3RbsFe;4(OH);,(PO,)s(B-0-PWo03,4),]-21H,0 with six phosphate
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linkers was discovered during the course of constructing
much higher nuclear STMSP species.'®> Obviously, extraneous
“stabilizers” such as small organic ligands (bpy, en, and dap)
or inorganic anions (CO;*", PO,*”, and As,0s*") have been
employed, which reveal that these flexible ‘stabilizers” as
structure-stabilizing agents (SSAs) can capture in situ generated
high-nuclear TM aggregates derived from the inductive effect of
lacunary POM fragments and the chelating coordination function
of flexible “stabilizers” and effectively eliminate the synthetic
obstacles in constructing higher nuclear STMSP species.
Furthermore, the utilization of small inorganic or organic anionic
ligands in the TM-POM system can facilitate the increase of the
number of TM cores through increasing the negative charges of
the desired compounds, accomplish unprecedented higher
nuclear STMSP assemblies and extend structures from discrete
molecules to 1-D chains, 2-D sheets and even 3-D frameworks.
Nevertheless, the utilized organic addenda in the reported
higher nuclear STMSPs are neutral aliphatic or aromatic amines.
In contrast, there is still no report on the higher nuclear STMSPs
by implanting polycarboxylate ingredients to increase the number

This journal is © The Royal Society of Chemistry 2017
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of TM cores, in which polycarboxylate groups simultaneously
serve as connectors and extend the structure into a 1-D chain
alignment, which is of great interest and provides excellent
opportunities.

As an important subfamily of POMs, on the one hand,
tungstoantimonates (TAs) have held the crucial position in
the past several decades owing to their specific structural
characteristics, especially the stereoactive lone-electron pair
effect of the Sb™ heteroatom,'? and the previously reported
M-substituted TAs are dominated by the Krebs-type di-M-
substituted polyanions [Sb,W,,M,04(H,0)]"~ (M = Fe'™, Co",
Mn", Ni", cu”, zZn") and tetra-M substituted polyanions
[M4(H,0)10(B-B-SbWs035),]°” (M = Fe™, AI"™),%'5 and their
organic and organometallic derivatives.””®*'® The past decade has
witnessed a great boost in the realm of TA-based TMSPs accom-
panied by the discovery of the purely inorganic Mng-hexagon TA
[(MnCl)s(SbWo033),]">~ * and the Fel}-containing hexameric TA
[Fe11(H,0)14(OH),(W5010)5(0-SbWoOs3)s~,""* and the inorganic-
organic hybrid 2,3-pyzdc-bridging TA [(2,3-pyzdc),{NaNi,(H,0),-
Sb,W,00504,]%27,1”” the Ale-functionalized TA [{(SbWoO;3),Cus-
(H,0)5.5Clg 5}2{Cuq(Ale),(Hy0)s}5]>” ", and the homochiral
macroanion {CoSbgO,(H,0);[Co(hmta)SbWg0s;]}**~.""¢ A mixed-
metal TA cluster [H;e{[Mn(OH,)],W,;03,H{Ag,05[Mn(OH,)],}-
(SbW,033)]°” was also discovered recently.'”® The recent
progress in main-group metal or lanthanide substituted TAs
is presented in the ESIL.{ These findings indicate that lacunary
TA units can be modified artificially and have great potential to
construct higher nuclear TM-substituted TAs.

On the other hand, among TMSPs, Mn-substituted POMs are a
flourishing and burgeoning research theme due to their excellent
magnetic merits. Hitherto, a handful of Mn-substituted-POM SMMs
with {MnfMn3}, Mn"Mn{}, {Mn"Mn5}, {MnyMng'Mnj}} and
{Mn{"™MnJO,(H,0); (L)} (L = ethylenediamine, piperazine) groups
that contain mixed-valence Mn-O cubane clusters possessing large
uniaxial anisotropy induced by Jahn-Teller-elongated Mn™ centers
have been successively reported,®*'*'® and good knowledge of
SMM behaviors has also been gained. However, the continuous
exploration of new architectures with unusual magnetic
phenomena is a challenging task. Bearing these in mind, we
have conducted research on the [B-a-SbW,053]° /Mn** system
in the presence of functional oxalic acid based on the following
considerations: (a) besides the easy accessibility of the trilacunary
TA precursor, the stereochemical influence of the lone-electron
pair located in the trigonal pyramidal {SbO;} group can guarantee
the existence of lacunary POM skeletons rather than saturated
POM fragments in the process of reaction, facilitating the direct
insertion of many more TM ions into the defect positions; (b) the
functionality-carrying Mn>" cation is chosen for its flexible and
abundant coordination modes and the success in the assembly of
extraordinary structural topologies with unexpected magnetic
properties; (c) the versatile binding modes and configurations
of oxalic acid can largely favor the construction of higher nuclear
TM-substituted TAs with a great possibility of constructing
extended architectures through linking metal centers, in the
meantime, oxalic acid is a good electron transfer ligand that
can improve the magnetic exchange interactions between metal
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Scheme 1 The schematic synthetic process of 1.

centers by simultaneously offering the super-exchange pathway
of o and = electronic coupling; (d) the weak acidic or neutral
aqueous environment is beneficial for the deprotonation of
oxalic acid and increases the negative charge of the reaction
system so as to induce the aggregation of more TM ions in the
products. Thus, we successfully prepared a novel inorganic-
organic hybrid 1-D sinusoidal chain nona-Mn" sandwiched
tungstoantimonate Na,H,{{Mn(H,0);]5[Mn(H,0),],[Mn(H,0)]-
[Mn(C,0,)]3[B-0-SbW403;],}31H,0 (1) (Scheme 1), which was
structurally characterized by elemental analysis, IR spectro-
scopy, single-crystal X-ray diffraction, powder X-ray diffraction
and thermal analyses. The results of magnetic studies show
that the rare long-range ferromagnetic ordering and spin glass
behavior coexist in 1. It should be noted that 1 represents the
first 1-D chain polyoxotungstate constructed from the nona-
Mn'"-sandwiched TA units and double Mn"-C,0, linkages
exhibiting the coexistence of long-range ordering and spin
glass characteristics.

Experimental
Materials and physical measurements

The lacunary precursor Nag[B-0-SbWy033]-19.5H,0 was synthe-
sized according to the literature method"® and characterized by
IR spectroscopy. All other reagents were obtained commercially
and used without further purification. The C, H and N elemental
analyses were carried out on a Perkin-Elmer 240C elemental
analyzer. Inductively coupled plasma atomic emission spectro-
metry (ICP-AES) analyses were conducted on a Perkin-Elmer
Optima 2000 ICP-AES spectrometer. IR spectra were recorded
on a Nicolet 170 SXFT-IR spectrophotometer (using KBr pellets)
in the range of 4000-400 cm™'. Powder X-ray diffraction (PXRD)
spectra were recorded on a Bruker D8 ADVANCE instrument with Cu
Ko radiation (4 = 1.54056 A) in the angular range 26 = 5-40° at 293 K.
UV spectra were recorded on a HITACHI U-4100 UV-Vis-NIR spectro-
meter. Thermogravimetric (TG), derivative thermogravimetric (DTG)
and differential thermal analyses (DTA) were carried out on the
crystal sample of 1 using a Mettler-Toledo TGA/SDTA 851°
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instrument with a heating rate of 10 °C min™" from 25 °C to
800 °C under a flowing N, atmosphere. X-ray photoelectron
spectra (XPS) were recorded with an Axis Ultra X-ray photo-
electron spectrometer. The field dependence of magnetization
at different temperatures and variable temperature (1.8-300 K)
magnetic susceptibility measurements were performed with a
Quantum Design MPMS XL-7 magnetometer and the magnetic
data were corrected from diamagnetic contributions estimated
from Pascal’s constants.

Preparation of Na,H,{{Mn(H,0);];[Mn(H,0),],[Mn(H,0)][Mn
(C204)]3[B-0-SbW4033],}-31H,0 (1)

Nag[B-0-SbW033]-19.5H,0 (2.500 g, 0.873 mmol), MnCl,-4H,0
(1.500 g, 7.579 mmol) and oxalic acid (0.080 g, 0.635 mmol)
were dissolved in 20 mL of distilled water under continuous
stirring. The pH was adjusted to 6.3 by 2 mol L™' NaOH
aqueous solution. Followed by another 30 min of stirring, the
resulting solution was heated at 90 °C for 1 h, cooled to room
temperature and filtered. After several days, light yellow micro-
crystals appeared and were filtered out. Upon continuous
evaporation at room temperature, red rhombus desired crystals
were harvested from the filtrate in about one month. Yield: 21%
(based on oxalic acid). Elemental analysis caled (%) for 1:
C, 1.15; H, 1.52; Na, 0.74; Mn, 7.94; Sb, 3.91; W, 53.13; found
(%): C, 1.32; H, 1.64; Na, 0.65; Mn, 7.79; Sb, 3.96; W, 52.88. IR
(KBr pellet, cm™): 3402 (s), 1647 (s), 1317 (m), 944 (s), 868 (s),
825 (s), 726 (s), 474 (W).

X-ray crystallography

A good-quality crystal of 1 was picked up from the mother
liquor and mounted on fiber glass. Diffraction intensity data
were collected at 296 K on a Bruker Apex-II CCD diffractometer
equipped with graphite-monochromated Mo Ko radiation
(A = 0.71073 A). Routine Lorentz and polarization corrections
were employed and a multi-scan absorption correction was
utilized with the SADABS program.”® Direct methods were used
to solve the structure and locate the heavy atoms using the
SHELXTL-97 program.>! The remaining atoms were found from
successive full-matrix least-squares refinements on F> and
Fourier syntheses. No hydrogen atoms associated with water
molecules were located from the difference Fourier map. All
non-hydrogen atoms were refined anisotropically except for
some oxygen atoms and water molecules. Crystallographic data
and structural refinement parameters for 1 are summarized in
Table 1. CCDC 1513036 (1).

Results and discussion
Structural description

Bond valence sum (BVS) calculations® manifest that the oxidation
states of all W, Sb and Mn centers are assigned to +6, +3 and +2,
respectively (Table S1, ESIT). Specifically speaking, the BVS values
of the W1, W2, W3, W4, W5, W6, W7, W8, W9, Mn1, Mn2, Mn3,
Mn4, Mn5 and Sb1 centers are 5.96, 6.25, 6.02, 6.04, 6.01, 6.05,
6.11, 6.11, 6.09, 2.07, 2.00, 2.02, 1.89, 2.10 and 2.88, respectively.
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Table 1 Crystallographic data and structure refinements for 1

1

Empirical formula CeHosMngNa,04,35b,Wig

Formula weight 6228.05

Crystal system Monoclinic

Space group C2/c

a, A 18.061(4)

b, A 27.381(6)

o A 23.825(5)

o, deg 90

B, deg 106.140(4)

y, deg 90

v,A™? 11318(4)

zZ 4

i, mm™* 19.777

F(000) 11180

T, K 296(2)

Limiting indices -16 < h <21
31 < k<32
—27 <1<28

No. of reflections collected 28233

No. of independent reflections 9863

Rine 0.0621

Data/restrains/parameters 9863/12/658

GOF on F* 1.021

Final R indices [I > 20()] R; = 0.0459
WR, = 0.1148

R indices (all data) R, = 0.0727
WR, = 0.1243

Largest diff. peak and hole, e A~ 2.774, —2.631

(@)

50000
40000
30000

20000

Counts / s

10000

o}

44 40 36 32 660 655 650 645 640 635
Binding energy / ¢V

48 K
(C) Binding energy / eV (d)
Mn 3s

5800

Sb 3d,

5600

88.78 eV

Counts / s
5 2 8 @
& 8 2
g 8 8 &
g 8 8 8
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4400
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Binding energy / eV Binding energy / eV

Fig. 2 XPS spectra of 1 for (a) W 4fs;, and W 4f;,2; (b) Mn 2py/> and Mn 2ps,2;
(c) Mn 3s; (d) Sb 3dsz/> and Sb 3dsy».

The XPS spectra of 1 were also recorded to further consolidate
the chemical valences of W, Sb and Mn atoms (Fig. 2). The two
overlapped strong peaks with binding energies (BEs) of 37.18
and 34.98 eV in the XPS pattern are ascribed to W' (4fs),)
and W' (4f,,) (Fig. 2a). These observed values are basically
in agreement with the previously reported values of the
W' components.>® The Mn 2p spectrum splits into two peaks
of Mn 2p,;, and Mn 2p;,, owing to the spin-orbit doublet, and
their binding energies are, respectively, located at 653.38 and
640.81 eV (Fig. 2b), suggesting a uniform +2 oxidation state of all
the Mn centers, which well coincides with the values observed

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Comparison of the PXRD pattern of 1 and its single-crystal XRD
pattern.

in the pure MnO.>* Additionally, the extent of Mn 3s multiplet
splitting measured simultaneously offers additional insight
into the Mn chemical states.>** In the case of 1, the Mn 3s
multiplet splitting value of 5.92 eV also suggests the +2
chemical state of the Mn centers (Fig. 2c). Besides, two appar-
ent signals appearing at 539.08 and 529.78 eV correspond to
the Sb 3d;/, and Sb 3ds,, of the Sb™ center (Fig. 2d), and the Sb
3d;,, and Sb 3ds, BE values in 1 are consistent with those
[539.13 (Sb 3d3/,) and 529.77 eV (Sb 3ds/,)] observed in the pure
Sb,0; crystal.>® These results agree well with the structural
analysis. Furthermore, the phase purity of 1 was confirmed by
the good consistency of its experimental PXRD pattern with
that calculated from the single-crystal X-ray diffraction (Fig. 3)
and the intensity discrepancy between the experimental and
simulated PXRD patterns may be resulted from the preferred
orientation variation of the powder sample.

Single-crystal structural analysis reveals that 1 crystallizes in
the monoclinic space group C2/c. The molecular structural unit
of 1 (Fig. S1, ESIf) consists of an unprecedented nona-Mn"
substituted sandwich-type polyanion {{Mn(H,0);]5[Mn(H,0),],-
[Mn(H,0)][Mn(C,0,)]5[B-0-SbWo03;],}°~ (Fig. 4a and h), in which
the nona-Mn" {{Mn(H,0);};[Mn(H,0),],[Mn(H,0)[Mn(C,0,)]s}"**
(Mny) hybrid cluster core is encapsulated by two symmetrical
trivacant Keggin [B-0-SbW,05;]°~ TA fragments, giving rise to the
beautiful sandwich assembly. Upon close inspection of the parti-
cular Mny cluster core (Fig. 4b), it is remarkably interesting to find
that this unusual nona-Mn" cluster core can be considered as a
hexagonal {Mng(H,0)5(C,04)3}°" (Mny) cluster with the incorpora-
tion of three alternating pedant [Mn(H,O);]*" groups. The
organic-inorganic hybrid hexagonal {Mng} cluster is constructed
from five {MnO¢} octahedra and one {MnOs} square pyramid
through edge-sharing mode, which is completely distinct from the
inorganic hexagonal [MngCle]*" cluster in [(MnCl)s(SbW035),]**~
that is formed by six {MnO,Cl} square pyramids through the edge-
sharing mode.** More appealingly, there are six crystallographi-
cally unique Mn*" ions (Mn1**-Mn6>") in the nona-Mn" cluster
core, which simultaneously display four kinds of coordination

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) and (h) Combined polyhedral and ball-and-stick views of the
molecular structural unit of 1; (b) the nona-nuclear {Mng} hybrid cluster in
1; (c) the hexa-coordinate triangular prism geometry of Mn12*, Mn22* and
Mn4?* cations; (d) the penta-coordinate square pyramid configuration of
the Mn32* cation; (e) the hexa-coordinate distorted octahedral geometry
of the Mn52* cation; (f) the penta-coordinate trigonal bipyramid geometry
of the Mn62* cation; (g) the 1-D sinusoidal chain in 1. The atoms with
the suffix A are generated by the symmetry operation, where A: 1 — x, y,
05-zB1-x,-1-y,1l—zandC:x,-1—-y, -05+z

geometries (Fig. 4c-f and Fig. S2, ESIf). Such a phenomenon is
rarely seen in POM chemistry. Specifically, the Mn1>*, Mn2*" and
Mn4®>" cations reside in the hexa-coordinate triangular prism
geometries defined by four 1;-O atoms from two [B-a-SbWgOs5]°
fragments [Mn-O: 2.149(11)-2.224(9) A] and two O atoms from two
coordinated water molecules [Mn-O: 2.204(11)-2.206(10) A] or one
oxalate anion [Mn-O: 2.184(10)-2.238(10) A] (Fig. 4c and Fig. S2ac,
ESIf). The Mn3*" cation employs a penta-coordinate square
pyramid configuration, in which the basal positions are occu-
pied by four O atoms from two [B-a-SbWoO3;]°~ fragments
[Mn-O: 2.120(10)-2.158(9) A] and the axial position is occupied
by an aqueous ligand [Mn-O: 2.10(3) A] (Fig. 4d and Fig. S2d,
ESIf). The Mn52" cation is embedded in a hexa-coordinate
distorted octahedral geometry where three water ligands and
one O atom from one oxalate anion stand on the equatorial
plane [Mn-O: 2.138(15)-2.220(13) A] and one terminal O atom
from a [B-a-SbWy03;3]°~ fragment and one O atom from an
oxalate anion are located at two polar sites [Mn-O: 2.156(9)-
2.195(11) A] (Fig. 4e and Fig. S2e, ESIt). The Mn6*" cation
adopts the penta-coordinate trigonal bipyramid environment,
in which one aqueous ligand and two O atoms from one oxalate
anion constitute the triangular plane [Mn-O: 2.21(8)-2.192(18) A]
and two aqueous ligands inhabit two vertices [Mn-O: 2.174(17) A]
(Fig. 4f and Fig. S2f, ESIt). These observations further demon-
strate that the functionality-carrying Mn** cations can utilize
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(e)

6.214 (5)°

Fig. 5 (a) View of the internal hexagonal {Mng} core; (b) view of the
oxalate ligand; (c) view of three external Mn?* cations distributed in an
equicrural triangle fashion; (d) view of the {Mng} cluster; (e) the simplified
{Mng} core with neighboring Mn---Mn distances of 3.321-3.420 A; (f) the
simplified oxalate bridge; (g) the simplified {Mnz} plane defined by three
external Mn®* cations with Mn.--Mn distances ranging from 15.498 to
16.195 A: (h) the simplified {Mng} cluster; (i) and (j) the {Mn¢} plane and the
{Mn3z} plane are almost coplanar with a small dihedral angle of about 6.2°.

the flexible and abundant coordination modes in the construc-
tion of the structure.

As anticipated, oxalate ligands participate in the coordination
of the {Mny} cluster core. The distribution motif of nine Mn**
cations in 1 can be described as follows (Fig. 5): the internal six
Mn”* ions are interconnected via double p,-O atoms making a
planar hexagonal {Mng} core with neighboring Mn- - -Mn distances
of 3.319-3.422 A (Fig. 5a and e), and another three external Mn*"
cations (Fig. 5¢ and g) (Mnj;) grafting to the internal {Mng} core
through three oxalate ligands (Fig. 5b and f) are located at three
vertices of the equicrural triangle with the Mn---Mn distances
ranging from 15.501 to 16.199 A, giving rise to the unseen nona-
Mn" cluster functionalized by oxalate ligands (Fig. 5d and h).
What is more, the inner hexagonal {Mne} plane and three
external Mn”* cations are approximately coplanar with a small
dihedral angle of about 6.2° (Fig. 5i and j). The phenomenon that
three oxalate ligands superseding six water molecules participate
in the coordination to three Mn>* cations situated at the alter-
nating sites of a {Mng} ring is for the first time encountered in
the chemistry of TMSPs, although the substitution of three water
molecules by three acetate ligands was previously observed in
[Nas(H,0)sMn;(1-OAc),(B-0-SbWo0s;),]" ' .7

Dramatically different from another two nona-nuclear
STMSPs, [(A-0-SiWo034),Nis(OH)s(H,0)6(CO5)s]"*~ (Fig. 6a)''”
comprising double-cube subunits linked by three carbonato
ligands capping the ninth Ni" atom (Fig. 6b) and [H4{CuAsO5-
(H20)eH(0-AsWo033),]°~ (Fig. 6¢) containing a cylindrical {CugAs
210, 5(H,0)6}°" core'? (Fig. 6d), the {Mn,} motif is innovative and
unparalleled and contains a hexagonal {Mng} ring surrounded by
a peripheral {Mn;} triangle through three inner oxalate bridges,
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nona—nucllear STMSPs

Fig. 6 (a) View of [(A-a-SiWgO34):Nig(OH)s(Ho0)6(CO3)sl**~. (b) View of
the [Nig(OH)g(H20)6(CO3)31%* (Nig) core. (c) View of [H4{CubAsEO15(H,0)e}-
(0-As""WoO33),18 . (d) View of the [CUSASEO45(H,0)6l®* (Cus) core. (e) View
of 1. (f) View of the {Mng} core in 1.

leading to an approximately coplanar {Mng} cluster; although
they all obtain high-nuclear STMSPs in the presence of SSAs,
the former two are discrete architectures whilst 1 shows an
interesting 1-D chainlike arrangement, which makes 1 outper-
form many reported STMSPs. Besides, in the case of the {Mng}
ring, in particular for a hexagon, it is reminiscent of the species
[(MnCl)g(SbWo033),]">~ (2) that was addressed by Yamase
et al,** in which each Mn?' cation in the hexagonal ring is
bound to an external ClI- anion. Nonetheless, there are four
obvious discrepancies between them: (a) oxalate ligands were
successfully introduced in 1 (Fig. 6e), which not only act as SSAs
but also serve as bridging agents through the coordination of
carboxylate O atoms, and these effectively increase the Mn**
nuclearity and extend the isolated unit to a 1-D chain, whereas 2
exhibits a discrete hexa-Mn" sandwich structure due to the
absence of any SSA; (b) 1 encompasses six crystallographically
unique Mn”" cations while 2 only consists of one crystallogra-
phically unique Mn>" cation; (c) Mn®" cations in 1 show four
kinds of coordination geometries with the coordination num-
bers ranging from 5 to 6, but in 2, only a penta-coordinate Mn>*
motif is observed; (d) the coordination atoms in 1 are unitary
O atoms from the [B-0-SbWy035]°~ subunits, carboxylate O atoms
and water molecules whereas the coordination spheres in 2 involve
the O atoms from the [B-0-SbWy03,]°~ fragments and Cl~ anions.
In addition, the {Mng} core in 1 (Fig. 6f) can be deemed as a
structure with the partially coordinated water molecules of the
hexagonal {Mng} ring superseded by Mn-C,0, complexes. Actually,
the POMs that coordinate aqueous molecules bound to TM
atoms are active enough to be replaced partially or completely
by N/O-containing organic ligands, providing the possibility of
constructing high-nuclear inorganic-organic hybrid TMSPs.
This research concept has been verified by several groups. For
instance, Zhao and Yang reported a series of STMSPs containing

double-cubane {Mn}j™n}0,(H,0),} cores with water ligands

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c6tc05479j

Published on 19 January 2017. Downloaded by Henan University on 21/05/2018 09:37:17.

Journal of Materials Chemistry C

substituted by two or four organic ligands.*’ Zhou’s group
synthesized three novel TMg-sandwiched tungstoarsenates with the
hexagonal metallocycles fully adorned by imidazole ornaments.* On
the basis of a similar strategy, Yang’s group also communicated a
class of octa-Cu-based STMSPs decorated by dap, en or bpy, as well
as a dodeca-Cu aggregate constructed from the octa-Cu-based
STMSPs and two Cu'-complexes ([Cuj(2,2’-bpy)(4,4"-bpy)]) through
4,4'-bpy linkers.'® In terms of this methodology, much more work
is still desired to acquire abundant inorganic-organic hybrid
STMSPs via carefully tuning the reaction conditions.

The most remarkable structural characteristic of 1 is that adjacent
{IMn(H,0),];[Mn(H,0),],[Mn(H,0)[Mn(C,0,)};[B-4-SbWs0;;31],}°
units are fused together by the double Mn-C,0, linkers, giving
birth to the beauteous 1-D sinusoidal chain (Fig. 4g), in which
[Mn5(C,04)(H,0);] and [Mn5A(C,0,4)(H,0)5] groups work as
connectors favoring the formation of the 1-D chain and the
[Mn6(C,0,4)(H,0);] groups function as pendants supporting both
sides of the 1-D chain. Another linear chain with a double-
bridging mode has been encountered in the Cus-based
TMSP [Cug(p3-OH);(en);(H,0);(B-0-PWo03,)]-4H,0 reported by
Yang’s lab,*® but different from 1, this 1-D chain is based on the
[Cug(p3-OH);(en)3(H,0)3(B-0-PWo034)] units through terminal
O atoms from the [B-o-PW,0;4]°~ fragments. As far as we are
aware, 1 represents the first example of an endless sinusoidal
chain assembled from nona-Mn'"-sandwiched TA units and
double Mn-C,0, linkages. Weak intermolecular interactions
play an important role in controlling the packing or assembly
of supramolecular architectures. In 1, adjacent chains are inter-
connected via feeble n- - -7 stacking existing between contiguous
oxalate ligands with a distance of 6.57 A (Fig. S3, ESIt), generating a
3-D stacking framework that is piled up regularly in the ~AAA- mode
(Fig. 7a and Fig. S4a, ESIt). These sinusoidal chains are distributed
parallelly in the g-axis forming a layer across the bc plane with the
interchain distance of 16.40 A (Fig. 7b), and in the c-axis forming a
layer across the ab plane with the interchain distance of 13.10 A
(Fig. 7b and Fig. S4b, ESIt). Though the - - -1 stacking and inter-
chain interactions are weak, they may contribute to the magnetic
exchange and lead to long-range magnetic ordering.

IR spectra

The IR spectrum of 1 (Fig. 8a and Fig. S5, ESIT) was recorded on
a Nicolet 170 SXFT-IR spectrophotometer using KBr pellets in
the range of 4000-400 cm ™", which exhibits four characteristic
vibration bands of v(Sb-0,), terminal »(W-O,), corner-sharing
(W-0y,), and edge-sharing 1(W-0,) derived from the trilacun-
ary Keggin [B-0-SbW,03;]°~ skeleton, appearing at 726, 944, 825
and 687 cm ', respectively. It should be noted that largish
shifts of the »(W-0O) and 1(Sb-O) characteristic patterns are
observed in comparison with the precursor [B-a-SbWy055]°~
(Fig. 8b and Fig. S6, ESIT) [767, 920, 890 and 715 cm ™" for 1{Sb-0,),
UW-0,), YW-O,) and {W-O,)],"* which are probably attributable
to the incorporation of the {Mny} cluster into the defect sites of
two [B-a-SbW,035]°~ segments leading to the distortion of the
[B-0-SbW,035]°~ skeleton. However, the IR spectrum of 1 is
somewhat similar to that of [(MnCl)¢(SbW033),]">~ (725, 942, 813
and 683 cm™*),** indicating that the hexagonal Mng-substituted
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Fig. 7 (a) The 3-D packing architecture of 1 viewed along the a-axis;
(b) the simplified 3-D packing mode of 1 viewed along the a-axis.

TA subunit still remains in 1. The slight movement of the
characteristic peaks may be relevant to the grafting of metal-
organic complexes onto the {Mng} ring in the central belt. In
the high-wavenumber region (v > 1000 cm '), two intense
absorption peaks appearing at 3402 cm " and 1647 cm ' are
assigned to the stretching and bending vibrations of 1(O-H)
groups, reflecting the presence of coordinated and lattice water
molecules. Actually, the asymmetric stretching vibration of the
carboxylate group of the oxalate ligand is overlapped by the
intense bending vibration bands of {O-H) groups of water
ligands. In the IR spectrum of 1, the band at 1647 cm™ " is also
indicative of the asymmetric stretching vibration of the carboxylic
group [denoted as 1,5(CO, )] whilst the signal at 1362 cm™ " is
ascribed to the symmetric stretching vibration of the carboxylic
group [denoted as v5(CO, )]. In the IR spectrum of the free oxalic

acid ligand (Fig. 8c and Fig. S7, ESIY), the 1,5(CO, ") and v5(CO, ")
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Fig. 8 Comparison of the IR spectra of 1 (a), Nag[B-a-SbW¢O33]-19.5H,0
(b) and oxalic acid (c) in the range of 2000-400 cm™2.

stretching vibration bands appear at 1690 and 1348 cm™ " In

comparison with the IR spectrum of the free oxalic acid ligand,
the 1,4(CO, ") and 1,(CO,") vibration bands of 1 are obviously

View Article Online
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shifted for 43 and 14 ecm ™" as a consequence of covalent coordi-
nation of the oxalate ligands with Mn®" cations.”” In general,
the separation (Av) between 1,4(CO, ) and v4(CO,") in the IR
spectrum has been successfully utilized as a criterion to evaluate
the bonding mode of the carboxylic groups.”® If Av is larger than
200 cm ™, carboxylic groups adopt the monodentate coordination
mode; correspondingly, if Av is smaller than 200 cm ™", carboxylic
groups make use of the chelating coordination fashion.”® In the
case of 1, different from monodentate and chelating coordination
modes, the much larger separation of 285 cm™" interprets the
bridging mode of the oxalate ligand. In summary, the results of IR
spectroscopy are in good agreement with those of X-ray single-
crystal structural analysis.

Magnetic properties
POM matrices with unique electronic and structural characteristics
not only possess the ability to serve as inorganic ligands embedding
exchange-coupled paramagnetic TM clusters but also show great
potential as ideal magnetic insulation materials that may dilute the
magnetic units and effectively shield the magnetic cores from
interactions with other molecules. These POM frameworks offer a
good opportunity to investigate magnetic exchange interactions
within TM clusters encapsulated by POM matrices and study the
electron delocalization effect in highly symmetrical clusters, as well
as control the magnitude of magnetic couplings.® In this paper, a
comprehensive study on the magnetic behaviors of 1 was carried
out considering the presence of the well-isolated oxalate-
functionalized {Mng} core between two nonmagnetic TA fragments.
Magnetic susceptibility measurements of the crystalline
sample of 1 were performed using a Quantum Design MPMS
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Fig. 9 (a) Temperature dependence of yu and ymT for 1 between 1.8 K and 300 K at 1000 Oe; (b) the plots of zero-field-cooling magnetization and
field-cooled magnetization at 10 Oe; (c) field dependence of magnetization of 1 at various temperatures; (d) hysteresis loops for 1 measured at

different temperatures at a sweeping rate of 500 Oe s ; (

the out-of-phase (ym") for 1 under a zero static field.
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; (€) ac measurements of the in-phase (yu’) for 1 under a zero static field; (f) ac measurements of
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XL 7 magnetometer from 1.8 K to 300 K under a 1000 Oe dc
field. As shown in Fig. 9a, the y\ slowly increases from
0.16 emu mol ' at 300 K to 2.21 emu mol ' at 22 K, and then
exponentially to the maximum of 41.81 emu mol * at 1.8 K.
The y\T value is 46.7 emu K mol ™" at 300 K, which is slightly
higher than the spin-only value of 39.4 emu K mol " expected
for nine uncoupled Mn(u) ions (S = 5/2, g = 2). Upon lowering
the temperature, the yu7T value increases moderately to
49.4 emu K mol™' at 15 K and then abruptly reaches a
maximum of 94.8 emu K mol " at 3.9 K. This behavior demon-
strates the dominant ferromagnetic (FM) interactions within
Mn>" centers, which can be further consolidated by the appar-
ently unsaturated magnetization value of 37.0 N under a 7 T
magnetic field. Eventually, the y\,7T value sharply drops to
75.3 emu K mol ' at 1.8 K, which may be attributed to the
occurrence of the zero-field splitting (ZFS) effect, the antiferro-
magnetic (AFM) interactions within Mn>" centers and/or inter-
molecular interactions in 1. Besides, according to the Curie-Weiss
law, the linear fitting of the magnetic data of y\; vs. T in the whole
temperature range yields the positive Weiss temperature 0 = 1.1 K
and the Curie constant C = 46.6 emu K mol ™" (Fig. S8, ESIt), and
the small positive 6 value further corroborates the weak dominant
FM interactions in 1. In the structure of 1, the nona-Mn"
{{Mn(H,0);];[Mn(H,0),l,[Mn(H,0)[Mn(C,0,)]s}**" hybrid cluster
is embraced by two symmetrical trivacant Keggin [B-0-SbWoO33]°~
fragments and the nona-Mn" cluster can be viewed as a hexagonal
hexa-Mn" {Mn,(H,0)5(C,0,)3}°" cluster coordinated by three alter-
nating pedant [Mn(H,O);]*" groups via three oxalate ligands. On
the basis of the previous reported documents,® it is clearly
found that oxalate ligands always mediate the AFM interactions
between Mn>" centers. Thereby, it can be deduced that the
magnetic couplings within Mn2**---Mn6°®", Mn4*"...Mn5C*",
and Mn4A>"---Mn5B°®" centers (Fig. 4b) are AFM interactions.
However, dominant FM interactions occur in 1, therefore, we can
basically conclude that the predominant FM interactions of 1
principally stem from the FM contribution of the hexagonal
{Mny(H,0)5(C,0,)5}°" cluster. As a matter of fact, the FM inter-
actions of the similar hexagonal hexa-Mn" [Mn¢Clg]°* cluster in
[(MnCl)s(SbWs05;),]**~ were investigated by Yamase’s group.®
So, FM and AFM interactions coexist in 1. Furthermore, to
determine the existence of the possible magnetic phase transi-
tion demonstrated by the hump of the y\T curve at around
3.9 K, zero-field-cooling (zfc) and field-cooled (fc) magnetization
measurements were performed in the temperature region of
2-16 K under 10 Oe (Fig. 9b), which exhibit an abrupt increase
below 4 K and have an evident divergence at around 3 K, implying
the appearance of long-range FM ordering in 1.3

The field dependence of magnetization of 1 was performed
at 2 K (Fig. S9, ESIT). As the field arises, the magnetization
rapidly increases up to about 1 T, and then continually ascends
to the maximum of 37.0 N at 7 T, which is lower than the
saturated value of 45 N expected for nine Mn>" ions (assuming
g = 2). Besides, the field dependence of the magnetization has
also been recorded up to 7 T between 2 and 5 K (Fig. 9¢c). The
almost superposition of the isofield lines reveals the presence
of the weak ZFS effect,*'” which interprets that the sharp drop
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of the ymT value below 3.9 K is mainly attributed to the AFM
interactions within Mn”* centers and/or intermolecular inter-
actions in 1. Furthermore, the low-temperature hysteresis loops
for 1 were recorded between 2 and 10 K within +1 T at a
sweeping rate of 500 Oe s~ ' (Fig. 9d). At 2 K, the initial
magnetization increases abruptly up to 10 Nf at 0.08 T, and
then increases linearly up to 1 T. Butterfly-shaped hysteresis
loops could be clearly seen below 8 K and become apparent
upon decreasing temperature, which all exhibit unsaturated
magnetization. The behavior of the larger departure from the
saturation of the field dependence of magnetization and the
appearance of the hysteresis loops suggest a spin-canted weak
ferromagnetic state in 1,>'° probably arising from the contribu-
tion of the FM {Mng(H,0)5(C,04);}°* cluster. The canting angle
o can be estimated from the equation sin(x) = Mg/Ms,** where
My is the remnant magnetization and Mg is the saturated
magnetization. A hysteresis loop with the coercive field (H.)
and the remnant magnetization (My) at 2 K of 4.3 Oe and 0.89
Np (Fig. S10, ESIt) was observed, thus giving the « value of
about 1.1°. Additionally, the hysteresis loop becomes narrower
and nearly ambiguous upon decreasing the field sweep rate to
100 Oe s~ * (Fig. S10-S12, ESIf), suggesting the possible quantum
tunneling of the magnetization of 1.

Alternating current (ac) magnetic susceptibility measurements
of 1 were performed in the temperature range of 1.8-5 K under a
zero static field oscillating at frequencies in the 1-999 Hz range.
As revealed in Fig. 9e and f, both the in-phase (y\') and out-of-
phase (") susceptibility signals were strongly frequency depen-
dent with a maximum between 2.8-3.2 K and 2-3 K, respectively,
which are accompanied by the increase of peak temperature as
well as the decrease of the peak height of y, with increasing
temperature while the maximum of the y\," peaks shifts to lower
temperature with decreasing frequencies. Such a shift of the
maximum of yy/ and y/ in temperature with frequency is a
positive signature of a SMM, a single chain magnetism (SCM), a
spin glass or a superparamagnetic behavior.>*****3* In order to
gain insight into the real magnetic behavior of 1, we first tried to
determine the relaxation time. The peak temperature (7},) of yn"
abides fairly closely to the Arrhenius law t = 14 exp(AE/kpT})
with a linear correlation of In(1/7) vs. 1/T}, (t = 1/27f), resulting
in the relaxation time 7, = 8.6 x 10~ %" s and the energy barrier
AE/kz = 138.6 K (Fig. 10a). The rather small value of 7, is
obtained beyond the normal range of typical SMMs or SCMs
(1077-107"* 5),** excluding the possibility of SMM and SCM
behavior in 1.>* The parameter ¢ = AT,/[T,A(logf)], as a
quantitative measurement of the frequency-dependent peak
temperature shift (AT,) of y\", is acquired as 0.045 and lies
in the region of normal spin-glass behavior, indicating that 1
has spin-glass behavior. This also precludes the possibility of 1
as a superparamagnet because the ¢ value of 0.045 is much
smaller than that of a superparamagnet.** Moreover, another
quantitative measurement in a spin-glass system is also deter-
mined by fitting the frequency dependence maxima in yy,” using
the conventional critical scaling law of the spin dynamics,
T = 1[(Tp — To)/T] *,*® where Ty and zv represent the freezing
temperature and the critical exponent, respectively. The best-fitting
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Fig. 10 (a) The Arrhenius fitting for 1; (b) frequency dependence of ac ym”
of 1 fitted by the conventional critical scaling law of the spin dynamics as
described by t = 1o[(T, — Ty)/T1 ™. The red lines are from the fitting results.

parameters were estimated to be 7, = 1.01 x 1077 s, T¢ = 2.07 K
and zv = 10.02 (Fig. 10b), and the zv value just falls in the typical
range (4-12) of the conventional spin glasses.**** All ac mea-
surements and the deduced results are indicative of the cano-
nical spin glass characteristic for 1, which may probably be
attributed to the intercluster couplings.>' Similar behaviors
have been encountered in 1-D chain-like complexes such as
[Mn((R,R)-salphen)Cr(Tp)(CN);],, (Salphen = N,N’-1,2-diphenyl-
ethylene-bis(salicylideneiminato)dianion and Tp = tris(pyrazolyl)-
hydroborate),*'* {{Co§(DMF);, [WV(CN)s],} . >* and [Fe(qeq)(CN)s]-
[Mn(salen)]- MeCN-H,0O (salen = N,N'-ethylenebis (salicyl-
ideneiminato)dianion).”” As far as we know, 1 is the first
tungstoantimonate-based material showing the coexistence of
long-range FM ordering and spin-glass behavior.

Chemists have not only been pushing to assemble larger
POM species with higher-nuclear TM cores, but are also
attempting to design anticipated magnetic materials with novel
structures. For instance, Fe-substituted POMs show possible
spin-crossover magnetic features arising from the large number
of unpaired electrons in the high-spin Fe"™ ions,*® and Mn-
substituted POMs are of great interest in the SMM materials
derived from large magnetic anisotropy favored by the high
valence states of Mn ions.">'® Among magnetic TMSPs, the FM,
AFM and SMM behaviors are the most common, however, other
interesting magnetic phenomena are rarely reported. Only in
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2004, an unusual spin glass behavior was discovered by Zhu et al.
in a 1-D mixed molybdenum-vanadium polymer {[Ni(phen),(H,O0)],-
[Ni(phen),][V§ Mog 'M03O40(PO,)]H{[Ni(phen),(H,0)],[VI;Mog -
Mo} 0,4(PO,),]}-5H,0-2EtOH (phen = 1,10-phenanthroline and
EtOH = ethanol) that was prepared under hydrothermal
conditions.®® However, no great development involving spin-
glass behavior was made in TMSP chemistry in the past several
years until the isolation of 1. The intensive investigations on the
spin-glass behavior of 1 not only illustrate the importance of the
intercluster couplings leading to spin-glass behavior, but also
can provide some valuable information for further designing
and discovering novel POM-based magnetic materials in the
future. In addition, the magnetic observation of 1 can also
exemplify the statement of Mydosh that intercluster couplings
must be added to take into account spin glasses because the spin
glass is not a non-interacting collection of clusters.*?

Conclusions

In summary, we further developed the synthetic concept that
utilizing extraneous flexible small organic carboxylate ligands
as SSAs can capture in situ generated high-nuclear TM aggre-
gates from the inductive effect of lacunary POM fragments to
construct novel inorganic-organic hybrid high-nuclear STMSPs
and thus prepared a novel inorganic-organic hybrid 1-D chain
heteropolyoxotungstate 1 established by nona-Mn"-sandwiched
TA units and double Mn-C,0, linkers. Above all, the coexis-
tence of long-range FM ordering and spin-glass behavior has
been observed in 1, and to our knowledge, 1 represents the first
1-D nona-Mn"-sandwiched TA displaying the coexistence of long-
range FM ordering and spin glass characteristics. The successful
preparation of 1 not only has great significance in the directed
assembly of inorganic-organic hybrid high-nuclear magnetic
TMSP materials, but also can largely expand the functional
applications of POMs in the realm of molecular magnetic materials.
Our further work will be focused on the following four aspects:
(i) judicious selection and manipulation of appropriate oxidizing
agents in the Mn/POM system to modulate variation of the
chemical valence states of Mn ions allows for greater possibility
in discovering new POM-based materials with interesting mag-
netic phenomena; (ii) other functional conjugated carboxylic
acid ligands will be purposefully employed to propagate the
elaborate and diverse TMSP fragments into polynuclear oligomers,
polymeric aggregates and multidimensional sheets or frameworks
and can effectively tune the magnetic exchange interactions
between TM centers; (iii) RE ions have significant magnetic
anisotropy resulting from their large unquenched orbital angular
momentum, thereby, RE ions will be introduced to this family and
affect the whole magnetic behaviors, giving rise to intriguing
RE-TM heterometallic cluster-based materials with large
magnetic anisotropy and high-spin states; (iv) the better under-
standing of the reliable relationship between structures and
magnetic properties is extremely important so as to provide
enlightening and valuable guidance for designing and controlling
new cluster-based magnetic materials.
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