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Abstract

Anisotropic magnetic clusters are interesting materials because magnetic anisotropy and spin state
are important factors in their magnetic properties. Although long-distance magnetic interactions
have been observed in several assemblies of anisotropic magnetic molecules, these interactions are
small and observed at extremely low temperature (typically below 2 K). In this work, to assemble
orientationally aligned anisotropic large spin metal oxo clusters, we managed to synthesize a
{V3*Mn3,} cluster with a large-spin (St=9) ground state by utilizing an anisotropic lacunary
polyoxometalate template. In the orientationally aligned clusters, unusual long-distance
intermolecular ferromagnetic interactions were induced below 35 K by a small magnetic field (>

0.01 T).
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Introduction

Assemblies of anisotropic molecules, clusters, and nanoparticles are of growing interest because
orientationally aligned anisotropic particles exhibit unique optical, magnetic, and electrochemical
properties, leading to the functional materials such as liquid-crystal display, magnetic storage
materials, and band gap materials.! Anisotropic magnetic clusters are intrinsically interesting
because the magnetic anisotropy and spin state of clusters play important roles to control the
magnetic properties.* In addition to the design of each molecule, orientation of magnetic clusters in
the crystals is also important.>® Although the interactions were significantly small and observed
only at low temperature (typically, below 2 K), several large spin molecules exhibiting magnetic
ordering via magnetic dipole interactions have been reported to date: for example,
Hpy[Fe17016(OH)12(py)12Brs]Bry and MngO4Br4Ls.>"'3 In addition, there have been several studies
on the effect of magnetic anisotropy on dipole interaction in bulk magnetic compounds.'*!> What
would happen if magnetic clusters possessing both large spin and large magnetic anisotropy were
orientationally aligned?

To approach the question, we set about seeing if we could utilize polyoxometalate (POM)-based
fragments.'®2! Lacunary POMs (ex. [A-a-SiW¢034]'%") act as rigid anisotropic multidentate ligands
for constructing anisotropic multinuclear metal oxo cluster. Recently, we have developed the
sequential synthesis method for constructing heteromultinuclear metal oxo clusters within lacunary
POMs.?>> By tailoring the combination of metal cations, intramolecular superexchange
interactions and single-molecule magnet (SMM) properties can be controlled, potentially allowing
the design of large spin clusters. In addition, the axial ligands of metal cations are aligned to the
same direction, and the large uniaxial magnetic anisotropy could be achieved. In this study, we have
synthesized an anisotropic heteropentanuclear metal oxo cluster {V3*Mn3%;} within anisotropic
trivacant lacunary POMs (TBA;[(A-a-SiW034),VMny(OH),] (IT), TBA = tetra-n-butylammonium;

Fig. 1 and 2). The intramolecular ferromagnetic superexchange interactions between the suitably
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arranged one V3* (§= 1) and four Mn3" (S = 2) cations successfully engendered a large spin (St = 1
+ 2 x 4 =9). Furthermore, we could control the arrangement of II in the crystalline state to prepare
orientationally aligned and non-aligned POMs with two types of orientations, and discovered that
the orientationally aligned anisotropic large-spin molecules (II-a) exhibited unusual long distance

intermolecular ferromagnetic interactions below 35 K under a small magnetic field.

multinuclear
metal cluster

Y

= 4

anisotropic POM ligand anisotropic
([SiWG0;,]1%7) large spin molecule

orientationally aligned not orientationally aligned
anisotropic large spin molecules anisotropic large spin molecules

Fig. 1 Schematics of preparation of orientationally aligned/not aligned anisotropic large spin
molecules in the crystal by using an anisotropic lacunary POM ligand. The green and purple solid
figures represent POM frameworks and multinuclear metal oxo clusters, respectively. Arrows

represent the anisotropies of metal oxo clusters.
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Results and discussion

Synthesis of a mononuclear V3*-containing POM (I)

Initially, a V3*-containing POM (I) was synthesized by reacting TBA Hg[A-a-SiWyO34]-2H,0
(SiW9)?¢ with 0.5 equivalents of V(acac); (acac = acetylacetonate) in a mixture of acetone and
water (17:3, v/v) under Ar.?” X-ray crystallographic analysis revealed that the product is a
vanadium-containing S-shaped dimer possessing vacant sites (Table 1, Fig. Sla, ESIT). The bond
valence sum (BVS) values for W (5.74-6.18), Si (3.86), and V (2.95) indicate that their respective
valences are +6, +4, and +3 (Table S1, ESIf). The X-ray photoelectron spectroscopy (XPS)
spectrum in the V2p region presented peaks for V2p;, (515.1 eV) and V2p,); (ca. 523 eV) (Fig. 3a).
The binding energy of V2ps, (515.1 V) was close to that of V,05 (515.29 + 0.2 eV), confirming
that V species exists as V3*.28 The direct current (dc) magnetic susceptibility data of polycrystalline
samples of I supported the valence of V3* (Fig. S2a, ESIt).?’ Based on these data, elemental
analysis, and TG analysis, the formula of I is TBA;H;o[(A-a-SiWy034),V]-2H,0-C,H4Cl,. 1t is

noteworthy that I is the first reported example of a V3*-containing heteropolyoxometalate.30-32

Synthesis of V3*—~Mn?**-containing POMs (II-a, I1-b)

Next, a V3*-Mn’" heteropentanuclear cluster (II) was synthesized by reacting I with four
equivalents of Mn(acac);. Upon addition of diethyl ether to the reaction solution of II in 1,2-
dichloroethane, dark-purple single crystals (II-a) were successfully obtained. The CSI mass
spectrum of a 1,2-dichloroethane solution of the crystals gave sets of signals at m/z 3471 and 6698
assignable to [TBAoH,Si,W3070VMny]** and [TBAgH,Si,W13070VMny]*, respectively, indicating
that four manganese cations were introduced into the vacant sites of I (Fig. S3b). X-ray
crystallographic analysis revealed that the anion structure of II consists of a {VMny} cluster and
two sandwiching [A-a-SiW¢O34]'*" units (Table 1, Fig. 2a, 2b, and S1b, ESI}). The BVS values for

W (5.98-6.11), Si (3.98, 3.99), V (2.93), and Mn (2.97-3.00) indicate that their respective valences
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are +6, +4, +3, and +3 (Table S2, ESIf). The XPS spectrum in the V2p region showed no
significant difference to that of I, i.e., the binding energy for V2ps, (515.2 eV) was close to those
of V,0; (515.29 £ 0.2 eV) and I (515.1 eV), supporting the obtained valence of V3* in II (Fig. 3b).

Thus, the results discussed above, as well as the elemental analysis and thermogravimetric (TG)
analysis data, indicate that the formula of the product is TBA;[(A-a-SiWy034),VMny(OH),]-H,O
(IT-a) and that the crystals contain no paramagnetic impurities. The Jahn-Teller axes of a {VMny}
cluster were aligned by using anisotropic SiW9 ligands, resulted in the construction of a designed
anisotropic molecule (Table S4, ESIt). It is noteworthy that a V3*—Mn3" heteromultinuclear metal
oxo cluster have no precedent before II.

Crucially, the molecular orientations in the crystals could be controlled by selecting
crystallization solvents. When diethyl ether was added to the synthesis solution of II in 1,2-
dichloroethane, single crystals with orientationally aligned clusters were obtained (II-a; Fig. 1, 2c,
and 4a-c). In contrast, by recrystallization from a mixture of nitromethane and diethyl ether, single
crystals of clusters with two types of orientations were obtained (II-b; Fig. 1, 2d, and 4d-f). X-ray
crystallographic analysis and CSI mass spectrum revealed that the anion structure in II-b is
essentially isostructural with that in II-a (Table 1, Fig. Slc and S3c, ESIY), i.e., the bond lengths,
angles, and BVS values of the {VMny} cluster in II-b are the same as those in II-a (Tables S2—-S5,
ESIT). Based on these data, elemental analysis, and TG analysis, the formula of II-b is
TBA;[(SiW¢0O34),VMny(OH),]- 10H,0O-CH3NO,. Thus, orientationally aligned (II-a) and not
aligned (II-b) anisotropic molecules in the crystalline state were successfully synthesized; i.e., II-a
exhibits molecules aligned in one direction, whereas II-b exhibits molecules with two different
orientations possessing mirror image relation, which were packed in alternating layers. The distance
between the central V3* in the nearest neighboring anions is ca. 14 A for both II-a and II-b, and

each anion is separated by TBA cations and solvents of crystallization (Fig. 4c¢).
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Table 1. Crystallographic data of I, II-a, and II-b

I II-a I1-b
molecular formula  C24Cl113N7070S1, VW13 CiooCLlsMmuN,070S1, VW15 CiisMmuN;;075S1, VW 5
Fw (g mol ™) 6549.13 6579.05 6431.45
crystal system triclinic triclinic monoclinic
space group P-1 (No. 2) P-1 (No. 2) P2,/c (No. 14)
a(A) 14.6894(4) 14.32330(10) 28.5552(2)
b(A) 18.7501(3) 20.1223(2) 22.3557(2)
c(A) 19.1270(5) 34.2013(4) 29.6380(2)
a (deg) 107.0720(10) 102.5640(10) 90
B (deg) 91.9510(10) 96.6350(10) 105.0709(2)
y (deg) 97.900(2) 93.4300(10) 90
volume (A3) 4972.8(2) 9520.16(17) 18269.3(2)
VA 1 2 4
temp (K) 123(2) 123(2) 123(2)
Pealed (g c3) 2.187 2.295 2.338
GOF 1.111 1.111 1.155
RE[I>20(D)] 0.0954 0.0576 0.0487
WRy? 0.2986 0.1881 0.1510

Ry = Z||FHFIZ|Fe], wRy = {Z[W(F=FA) Z[w(F>) 1},
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Fig. 2 (a) Polyhedral representation of II, (b) ball-and-stick representation of a {VMn,} cluster, and
crystal packings of (¢) II-a and (d) II-b. Green, gray, pink, and purple polyhedra represent [WOg]¢",
[SiO4]*, [VO4]°, and [MnOs]7, respectively. Red and light-green spheres represent O and Cl

atoms, respectively. Gray sticks in (¢) and (d) represent TBA cations and solvents of crystallization.
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Fig. 3 XPS spectra of (a) I and (b) II-a. The red lines represent the best fitting curves.
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Magnetic properties of II-a and II-b

To investigate the magnetic properties of II-a and II-b, dc magnetic susceptibility measurements
were performed. These compounds exhibited similar dc magnetic susceptibility data under a very
small magnetic field (Fig. 5a and S4, ESIt).3? The yT values continuously increased with decreasing
temperature and reach 46.0 cm3> K mol™! (II-a, 0.005 T) and 39.8 cm® K mol™' (II-b, 0.02 T) at
1.9 K, indicating intramolecular ferromagnetic interactions and a spin ground state of 9 (expected
xT value: 45 cm® K mol™). The temperature dependences of the inverse magnetic susceptibilities
(¢! for II-a and II-b obeyed the Curie-Weiss law above 100 K affording the positive Weiss
constants, supporting the dominant ferromagnetic exchange interactions (Fig. S5, ESIt). The M vs.
HT ! data supported the spin ground state of St = 9 (Fig. 5b).3433 The alternating current magnetic
susceptibilities for II-a and II-b showed the slow relaxation of magnetization characteristic for
SMMs under a zero dc field, supporting the large uniaxial magnetic anisotropy (Fig. S6 and S7,
ESIT).

By increasing the magnetic fields to 0.1 T, the 7" values for II-b slightly decreased at low
temperature (Fig. S4, ESIf). In contrast, very interestingly, the 7" values for II-a were strongly
dependent on the magnetic field. The maximum y7 value for IlI-a increased with increasing the
magnetic field (from 0.005 to 0.1 T) and reached 101.79 cm?® K mol™! at 2.9 K under 0.1 T (Fig. 5a),
which was significantly larger than the expected maximum value for the cluster with St = 9
(45 cm? K mol ™). These results indicated that the intermolecular ferromagnetic interactions were
induced even by the significantly small magnetic field (0.01-0.1 T) in the case of II-a. The AyT
curve, which was obtained by subtracting the y7 curve of II-b from that of Il-a, clearly revealed the
abrupt increase of AyT at ca. 35 K (Fig. 6). Upon further increasing the magnetic field from 0.1 to
1.0 T, the maximum y7 values for both II-a and II-b decreased, likely because smaller spin states
were mixed to the S = 9 state by Zeeman effects (Fig. S4 and S8, ESI{). Owing to the significantly

large magnetic susceptibility under the magnetic field, the magnetization curve of II-a showed a

10
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rapid increase at the small magnetic field (0.5-1.5 T) compared with the Brillouin function with St
= 0, also suggesting the presence of intermolecular ferromagnetic interactions (Fig. 5b), whereas
intermolecular magnetic interactions were hardly observed in II-b (Fig. S9, ESI¥).3

To elucidate the intramolecular magnetic interactions in II-b, the temperature dependence of 7T
under 0.1 T was analyzed (see Experimental Section for details, Fig. S4, ESIT). The best fitting
parameters were as follows: J; = 11.49 cm™! and J, = —2.46 cm™!, where J; and J, represent the
exchange constants for V-Mn and Mn—Mn, respectively. These results revealed the large positive
value for J; together with the significantly larger value of |/;| than that of /|, thereby supporting the
conclusion that the large spin ground state of II-b was engendered by the presence of strong
intramolecular ferromagnetic interactions between V3" and Mn** (S =1 + 2 x 4 =9, Fig. 2b). The
intramolecular magnetic interactions in II-a under 0.1 T (J; = 11.25cm™!, J, = =3.00 cm™;
Fig. S10, ESI})37 were very close to those for II-b, supporting that both II-a and II-b possessed a
spin ground state of 9.38

All of the above-mentioned results and considerations strongly support the existence of unusually
long distance intermolecular ferromagnetic interactions. In general, intermolecular interactions are
not observed in POMs because the distances between paramagnetic metal oxo clusters are long
enough (> ca. 10 A) not to make superexchange pathways by bulky POM frameworks.23° There
are several magnetic molecules that have been reported to show magnetic ordering induced by only
intermolecular magnetic dipole interactions despite not having intermolecular exchange pathways
between clusters.”!! However, such magnetic dipole interactions are observed only at extremely
low temperature (typically, below 2 K). In addition, for II-a, the dipole energy was estimated to be
Egip = 0.042 K,* at which the dipole interactions were expected to play a role.® This value was
much smaller than 35 K, thus indicating that the intermolecular magnetic interactions in II-a could

not be explained by simple dipole-dipole interactions.

11
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Although II-a and II-b possessed the same anion structures and large-spin ground states (St = 9),
the field-induced intermolecular ferromagnetic interactions were observed only for II-a. As
mentioned above, the significant difference between II-a and II-b is only the molecular orientation
in crystals. In addition, intermolecular interactions were not observed in a previously reported
ferrimagnetic {FeMny} cluster (III) having a smaller spin ground state of St = 11/2 (Table S6,
ESIT).23 The anion structure and crystal packing in III are intrinsically the same as those in II-a. On
the basis of these results, we can deduce that the alignment of molecular orientation in the crystal
and the large-spin ground state are crucial factors for the field-induced long distance intermolecular
ferromagnetic interactions in II-a. One possible explanation is based on the magnetic field effects in
chemical reactions, i.e., radical-pair mechanism or radical-triplet mechanism.*!-*¥ The magnitude of
the spin-state mixing should be based on the ratio of the energy difference between the diagonal
matrix elements and the magnitude of the off-diagonal matrix element, and is considered for II-a as
follows: 1) Since the Zeeman splitting for the {VMny} cluster with St = 9 is much larger than that
for a molecule with S = 1/2, the energy difference between the diagonal matrix elements should be
small. i1) In the case of metal complexes with § > 1, the off-diagonal matrix element is
approximated to zero-field splitting derived from the anisotropy cause by the spin-orbital coupling,
which should be large when the molecular orientation is aligned. This proposed mechanism is in
agreement with the intermolecular ferromagnetic interactions observed only for II-a from the
viewpoint of the large-spin ground state, the small magnetic field-induction, and the molecular

orientation.

12
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Fig. 4 Crystal structures of (a—c) II-a and (d—f) II-b. Views along the (a,d) b, and (b,e) ¢ axis, and
views displaying the distances between paramagnetic metals of (c) II-a and (f) II-b. Green, gray,
pink, and purple polyhedra represent [WOg]%, [SiO4]*, [VOg]®-, and [MnOs]”, respectively. Red
and light green spheres represent O and Cl atoms, respectively. Gray sticks represent TBA cations.

Blue grid lines represent unit cells.

13
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Fig. 5 (a) Temperature dependences of 7 for II-a (blue circle) and II-b (green square) under 0.1 T.
Inset: Temperature dependences of y7 for II-a under various magnetic fields. (b) Low-temperature

magnetization data for II-a. The solid line represents the curve of the Brillouin function estimated
with St = 9. Inset: An enlarged view.
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Fig. 6 Temperature dependence of AyT (AxT = yT(11-a) — yT(11-b)) under the applied dc field of 0.1
T. Inset: Enlarged view of temperature dependences of AyT.

Conclusions

In conclusion, the orientationally aligned (II-a) and not aligned (II-b) anisotropic large spin (St =
9) molecules {V3*Mn3*;} within anisotropic trivacant lacunary POMs were synthesized by the
sequential synthesis method. The unique field-induced long distance intermolecular magnetic

interaction (> 10 A) was observed in II-a below 35 K, presumably because of the alignment of

molecular orientation and the large-spin ground state.

Experimental section

Materials

Acetone (Kanto Chemical), acetonitrile (Kanto Chemical), 1,2-dichloroethane (Kanto Chemical),

nitromethane (TCI), diethyl ether (Kanto Chemical), tetra-n-butylammonium perchlorate (nacalai

15
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tesque), V(acac); (Aldrich), and Mn(acac); (Aldrich) were used as received. TBA4Hg[A-a-

SiWy034]-2H,0 was synthesized according to the reported procedure.?¢

Instruments

IR spectra were measured on JASCO FT/IR-4100 using KBr disks. UV/Vis spectra were measured
on JASCO V-570DS. Cold-spray ionization (CSI) mass spectra were recorded on JEOL JMS-
T100CS. Thermogravimetric and differential thermal analyses (TG-DTA) were performed on
Rigaku Thermo plus TG 8120. ICP-AES analyses for V, Mn, Si, and W were performed with
Shimadzu ICPS-8100. Elemental analyses were performed on Elementar vario MICRO cube (for C,

H, and N) at the Elemental Analysis Center of School of Science of the University of Tokyo.

X-ray Crystallography

Diffraction measurements were made on a Rigaku MicroMax-007 Saturn 724 CCD detector with
graphic monochromated Mo K radiation (4 = 0.71069 A, 50 kV, 24 mA) at 123 K. The data were
collected and processed using CrystalClear*~% and HKL2000.>! Neutral scattering factors were
obtained from the standard source. In the reduction of data, Lorentz and polarization corrections
were made. The structural analyses were performed using CrystalStructure®® and WinGX.>3 All
structures were solved by SHELXS-97 (direct methods) and refined by SHELXL-2014.543 The
metal atoms (V, Mn, Si, and W) and oxygen atoms in the POM frameworks were refined
anisotropically. In the crystallographic analysis of compound I, large electron densities remained
near the atoms at the vacant sites of lacunary POM frameworks. This is likely due to the disorder of
these atoms. CCDC-1818066 (I), -1818067 (II-a), and -1818068 (II-b) contain the supplementary
crystallographic data for this paper. The data can be obtained free of charge via
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre,
12, Union Road, Cambridge CB2 1EZ, UK; Fax: (+44) 1223-336-033; or

deposit@ccdc.cam.ac.uk).

16
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Bond Valence Sum (BVS) Calculations
The BVS values were calculated by the expression for the variation of the length 7; of a bond
between two atoms 7 and j in observed crystal with valence V..

Tb — rij
V= Zexp B

J

where B is constant equal to 0.37 A, 'y is bond valence parameter for a given atom pair.5¢-57

XPS Analysis
XPS analyses were performed using JEOL JPS-9000 under Mg Ka radiation (2v = 1253.6 eV, 8
kV, 10 mA). The peak positions were calibrated by the Ols (530.0 eV) of oxygen atoms in POMs,

and the baselines were subtracted by the Shirley method.

Electrochemistry

Cyclic voltammetric measurements were carried out with Solartron SI 1287 Electrochemical
Interface. A standard three-electrode arrangement was employed with a BAS glassy carbon disk
electrode as the working electrode, a platinum wire as the counter electrode, and a silver wire
electrode as the pseudoreference electrode. The voltage scan rate was set at 100 mV s!, and
TBACIO, was used as an electrolyte. The potentials were measured using Ag/AgNO; reference
electrode (10 mM AgNO;, 100 mM TBACIO, in acetonitrile, 0.55 V vs the normal hydrogen

electrode (NHE)) and were converted to NHE.

Magnetic Susceptibilities

Magnetic susceptibilities of polycrystalline samples were measured on Quantum Design MPMS-
XL7. Direct current (dc) field-cooling magnetic susceptibility measurements were carried out
between 1.9 and 300 K under 0.005—-1.0 T magnetic field. Diamagnetic corrections were applied by
the diamagnetisms of the sample holder and TBA4Hg[A-a-SiWyO34]-2H,0. Alternating current (ac)

magnetic susceptibility measurements were carried out under the zero or 0.1 T dc field and the 3.96

17
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x 10 T ac oscillating field. Spin Hamiltonian can be expressed by the following equation: H =
Hgo + Hgx + Hcerp + Hzgg (Hso, spin orbit coupling; Hgy, exchange coupling; Hcr, crystal field
interaction; Hzgg, Zeeman effect). The magnetic interactions were analyzed by fitting the
temperature-dependence of magnetic susceptibilities with the following isotropic spin Heisenberg—

Dirac—van Vleck Hamiltonian

Hygx = -2J1(Sv"Svn1 + Sv-Swvn2 T Sv-Svnz T Sv Suing) — 2J2(Svin1 " Svinz + Swin3*Shina)

where J; and J, represent exchange constants of V3*~Mn3" and Mn**—Mn3*, respectively. The
analyses were carried out by using the PHI program.® The g values for V3" and Mn3" were fixed to
2. Intermolecular magnetic interactions between {VMn,} clusters in II-a was modeled using the

mean-field approximation.>

Synthesis and characterization of TBA;H[(A-a-SiW¢034),V]-2H,0-C,H,Cl, (I)

To a deaerated mixed solvent of acetone and water (17:3, v/v, 32 mL) of V(acac); (86.0 mg, 247
umol), TBA4Hg[A-a-SiW034]-2H,0 (1.60 g, 494 umol) was added, and the resulting solution was
stirred for 3 h at room temperature (ca. 20°C) under Ar atmosphere. Then, diethyl ether (240 mL)
was added to the solution and brown precipitates formed were isolated by decantation. Brown
powder isolated was washed with diethyl ether (30 mL) twice, followed by recrystallization from
mixed solvent of 1,2-dichloroethane (32 mL) and diethyl ether (13 mL). The brown crystals of I
suitable for X-ray crystallographic analysis were obtained (644 mg, 41% yield based on
TBA4H¢[A-a-SiWy034]-2H,0). IR (KBr pellet): 2961, 2934, 2873, 1634, 1484, 1471, 1383, 1347,
1281, 1152, 1107, 1062, 1014, 991, 954, 908, 890, 813, 770, 681, 653, 560, 537, 516, 457, 377,
366, 359, 337, 325, 302, 291, 283, 267, 258, 256, 252 cm™'; UV/Vis (acetonitrile): 4 (¢) 249 nm (6.7
x 104 M cm™); positive ion MS (CSI, 1,2-dichloroethane): m/z 3330 (calcd. 3330.2)

[TBA9HgVSi, W 3046]>", 6418 (calcd. 6418.0) [TBAgHgVSi, W 3046]"; elemental analysis calced (%)

18
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for TBA7H o[(SiW9034)2V]-2H,0-C,H,Cl, (Cy14H270N7070Si,VW1g), C 21.57, H 4.29, N 1.55, Si
0.89, V 0.80, W 52.14; found, C 21.51, H4.27, N 1.51, Si 0.89, V 0.82, W 53.09.

Synthesis and characterization of TBA,[(A-0-SiW034),VMny(OH),]:(solvent) (II)

Mn(acac); (89.2 mg, 253 umol) was added to a 1,2-dichloroethane solution (6 mL) of T (400 mg, 63
umol), and the resulting solution was stirred for 1 h at room temperature (ca. 20°C). Then, diethyl
ether (16 mL) was added and the solution was filtered off. The dark purple crystals of II (II-a)
suitable for X-ray crystallographic analysis were obtained (336 mg, 82% yield based on I). II-b was
synthesized by the recrystallization of II (52.5 mg, 8.1 umol) in the mixed solvent of nitromethane
(1.0 mL) and diethyl ether (2.9 mL). (42.3 mg). IR (KBr pellet): 2961, 2935, 2873, 1635, 1484,
1381, 1152, 1107, 1056, 1014, 987, 957, 934, 923, 892, 876, 788, 709, 643, 551, 534, 409, 387,
374,333,279, 258 cm™!; UV/Vis (acetonitrile): A (¢) 268 nm (5.9 x 104 M~ ecm™); positive ion MS
(CSI, 1,2-dichloroethane): m/z 3470 (calcd. 3470.1) [TBAH,VMn,Si,W3070]?", 6698 (calcd.
6697.7) [TBAsH,VMn,S1, W15070]™; elemental analysis caled (%) for II-a
(TBA;[(SiW4034),VMny(OH),]-H,0, C;15H,56N707S1,VMngWig), C 20.78, H 4.00, N 1.52, Si
0.87, V 0.79, Mn 3.40, W 51.12; found, C 20.74, H 3.96, N 1.50, Si 0.83, V 0.78, Mn 3.30, W
51.80; elemental analysis caled (%) for II-b (TBA;[(SiW¢O34),VMny(OH),]-10H,0-CH;NO,,
C113H277Ng0,S1,VMnyWg), C 20.27, H4.17, N 1.67, Si 0.84, V 0.76, Mn 3.28, W 49.41; found, C

20.69, H 4.03, N 1.56, S1 0.79, V 0.71, Mn 2.98, W 46.46.
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Orientationally aligned anisotropic large-spin polyoxometalate clusters exhibited unusual long-distance
intermolecular ferromagnetic interactions below 35 K under a small magnetic field.



