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A novel series of fully reduced heteropolyoxovanadium(IV) compounds, [MVIV
6O6{(OCH2CH2)2N(CH2CH2OH)}6]X

(1, M ) Li, X ) Cl‚LiCl; 2, M ) Na, X ) Cl‚H2O; 3, M ) Mg, X ) 2Br‚H2O; 4, M ) Mn, X ) 2Cl; 5, M ) Fe,
X ) 2Cl; 6, M ) Co, X ) 2Cl‚H2O; 7, M ) Ni, X ) 2Cl‚H2O), have been synthesized and characterized by FT-IR
and UV−vis spectroscopies, thermogravimetric analysis, elemental analysis, manganometric titration, temperature-
dependent magnetic susceptibility measurements, bond valence sum calculations, X-ray powder diffraction, and
single-crystal X-ray diffraction analyses. The structures of the crystals are comprised of discrete units of fully
reduced cluster cations, [MVIV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]n+, counterions (chloride or bromide), and water of
crystallization (in the case of 2, 3, 6, 7). In each case the cluster ion is composed of a fully reduced cyclic {MV6N6O18}
(M ) Li, Na, Mg, Mn, Fe, Co, Ni) framework decorated with six triethanolamine ligands. Two arms of each
triethanolamine ligand are coordinated to the metallacycle, and the third arm projects outward from the hexagonal
ring. The {MV6N6O18} core adopts the Anderson-type structure. The cyclic core is comprised of a ring of six
edge-sharing {VO5N} octahedra linked to a central {MO6} unit. The hexametalate ring contains six d1 ions {VIV}
and shows remarkable flexibility to encapsulate a variety of metal centers Mn+ (Mn+ ) Li+, Na+, Mg2+, Mn2+, Fe2+,
Co2+, Ni2+) with different (dn) spins. The compounds show good thermal stability and exhibit interesting magnetic
properties that make these magnetic clusters promising building blocks for constructing supramolecular structures
and extended structure magnetic solids. Crystal data for 1; C36H78Cl2N6Li2O24V6, trigonal space group R3h, a )
13.7185(3) Å, c ) 24.8899(8) Å, Z ) 3. Crystal data for 2: C36H80ClN6NaO25V6, triclinic space group P1h, a )
11.1817(5) Å, b ) 12.1612(5) Å, c ) 21.5979(10) Å, R ) 75.8210(10), â ) 78.8270(10), γ ) 71.1400(10), Z )
2. Crystal data for 4: C36H78Cl2N6MnO24V6, monoclinic, space group P21, a )11.2208(5) Å, b ) 21.5041(9) Å, c
) 11.8126(5), â ) 111.2680, Z) 2. Crystal data for 5: C36H78Cl2N6FeO24V6, monoclinic, space group P21, a )
11.3057(7) Å, b ) 21.4372(13) Å, c ) 11.8167(7) Å, â ) 111.4170, Z ) 2.

Introduction

Vanadium oxide clusters and their coordination com-
pounds represent an expanding subclass of metal oxide

clusters (or poloxometalates).1-4 They are of current interest
due mainly to their relevance to catalysis and biochemical
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systems, their variable geometries, and their redox pro-
perties.1,3-7 The fascinating rich magnetochemistry associated
with many of these clusters, especially in their reduced forms,
is significant in the context of molecular magnetismsan area
of contemporary interest. Magnetic clusters, which can be
considered as tiny magnets, are of interest due mainly to
their relevance to molecular magnetism.8-12 Magnetic metal
oxide clusters are considered a promising class of chemical
systems that offers the opportunity of designing well-defined
molecular magnetic systems.2b,4b Such clusters can behave
as ligands to encapsulate a variety of magnetic metal centers
and their clusters, giving rise to systems that can contain
different numbers of unpaired spins. Since their sizes can
be varied incrementally from discrete molecules to nano-
meter-size aggregates to infinite solids,13,14 they provide
potential building blocks for preparing tailor-made mag-
nets.1,4,8,15,16

The functionalization of metal oxide clusters with organic
ligands would further expand their overall application as
building blocks for materials design and development.
Progress in this direction can pave the way for connecting
oxometallic clusters with organic and biological systems
(enzymes, cells, and proteins). Functionalized clusters are
conceptually attractive molecular building blocks. They can
be employed for designing hybrid materials, including
optically active ones, and prove useful in designing novel
chemical systems for possible applications in chemical and
biological sensing.

We are currently exploring the chemistry of vanadium
oxide clusters and their derivatives. During the course of
this ongoing investigation17 we found that while numerous
compounds of molybdenum and tungsten containing hexa-
metalate cores exhibiting the Anderson structure18 are
known,1,6,7,19 the corresponding structure based on the
hexavanadate core is rare. Moreover, the vast majority of
reported polyoxometalate clusters are anionic, and a small
number of them are neutral.20 We have now discovered a
novel series of cationic heteropolyoxovanadium(IV) clusters
containing a previously unobserved fully reduced metalla-
cyclic cores{MV6N6O18}sexhibiting the Anderson structure
and functionalized with triethanolamine ligands. This report
describes the hydrothermal synthesis, magnetic properties,
and characterization by FT-IR and UV-vis spectroscopies,
thermogravimetric analysis, elemental analysis, mangano-
metric titration, temperature-dependent magnetic susceptibil-
ity measurements, bond valence sum calculations, X-ray
powder diffraction, and single-crystal X-ray diffraction
analysis of the following new series of compounds:

[LiV IV
6O6{(OCH2CH2)2N(CH2CH2OH)}6]Cl‚LiCl (1),

[NaVIV
6O6{(OCH2CH2)2N(CH2CH2OH)}6]Cl‚H2O (2),

[MgVIV
6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Br‚H2O (3),

[MnIIVIV
6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl (4),

[FeIIV6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl (5),
[CoIIVIV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl‚H2O (6),
[Ni IIVIV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl‚H2O (7).

Experimental Section

Materials and Physical Measurements.Commercially available
reagent-grade chemicals were purchased from Sigma-Aldrich,
Fischer, Cerac, and Alfa Aesar. These were used in experiments
without any further purification. The ammonium decavanadate and
tetrabutylammonium decavanadate salts were prepared according
to the literature methods.21 All synthesis reactions were carried out
in 23-mL Parr Teflon lined acid digestion bombs.

Infrared spectra of the compounds were recorded on a Ther-
monicolet Nexus 470 Infrared Spectrometer (KBr pellets in 400-
4000 cm-1 region). The spectra were evaluated using Thermoni-
colet’s OMNIC software. The thermogravimetric analyses of the
compounds were performed on a Mettler-Toledo TGA/SDTA 851E
instrument, and the results were analyzed using METTLER
TOLEDO STARe 7.01 Software. Typically, 8-12 mg of the sample
was placed in a 70-µL alumina pan and heated in the temperature
range 25-800 °C at a rate of 5°C/min in a nitrogen atmosphere
with a flow rate of 60-90 mL/min.

The magnetic data were recorded on 54.84, 43.48, 34.86, 31.20,
41.46, 28.90, and 37.74 mg of polycrystalline samples of
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[LiV 6O6{(OCH2CH2)2N(CH2CH2OH)}6]Cl‚LiCl, [NaV6O6{(OCH2-
CH2)2N(CH2CH2OH)}6]Cl‚H2O, [MgV6O6{(OCH2CH2)2N(CH2-
CH2OH)}6]2Br‚H2O, [MnV6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl,
[FeIIV6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl, [CoV6O6{(OCH2-
CH2)2N(CH2CH2OH)}6]2Cl‚H2O, and [NiV6O6{(OCH2CH2)2N(CH2-
CH2OH)}6]2Cl‚H2O in the 2-300 K temperature range using a
Quantum Design MPMS-5S SQUID spectrometer. The temperature-
dependent magnetic data were obtained at a magnetic fieldH )
1000 Oe. Calibrating and operating procedures were done according
to the literature method.22

Synthesis. [LiV6
IVO6{(OCH2CH2)2NCH2CH2OH}6]Cl‚LiCl (1).

To a mixture of [NH4]6[V10O28]‚6H2O (0.136 mmol) and LiCl
(1.014 mmol) contained in a 23-mL Teflon vessel, CH3CN (57.36
mmol), C2H5OH (34.305 mmol), and{C2H4OH}3N (4.37 mmol)
were added. The Teflon vessel was then sealed in a stainless steel
Parr autoclave and heated in a Thermoline furnace maintained at
145 °C for 67 h. The reaction vessel was cooled to room
temperature for 12 h. The yellowish-green solution was decanted,
and the crystalline material on the side and bottom of the Teflon
vessel was washed with three 2 mL portions of ethanol. Then
crystals were slowly scraped off with a spatula and washed again
with five 2 mL portions of ethanol or until no further black im-
purity was seen in the supernatant solution. The rectangular
blue crystals were removed from the Teflon vessel and air dried at
room temperature. Any further impurities present in the crystalline
product were mechanically removed. The dark blue crystals were
obtained in 98.35% yield (based on vanadium). Anal. Calcd for
Li 2V6O24C36H78N6Cl2: Li, 1.01; V, 22.32; C, 31.57; H, 5.74; N,
6.14; Cl, 5.18. Found: Li, 0.48; V, 22.97; C, 31.72; H, 5.85; N,
6.40; Cl, 3.03. Prominent IR bands (KBr pellet 400-4000 cm-1):
462(s), 481(s), 505(vs), 643(s), 662(vs), 670(vs), 749(s), 901(s),
944(vs), 961(vs), 997(s), 1025(s), 1049(m), 1076(vs), 1087(vs),
1159(m), 1218(m), 1249(m), 1295(m), 1434(s), 1463(s), 2859(vs),
2923(m), 2966(sh), 3368(vs).

[NaV6
IVO6{(OCH2CH2)2NCH2CH2OH}6]Cl ‚H2O (2). The so-

dium derivative (2) was synthesized from a reaction mixture of
[NH4]6[V10O28]‚6H2O (0.0684 mmol), NaCl (0.17 mmol), CH3CN
(57.36 mmol), C2H5OH (51.46 mmol), and{C2H4OH}3N (2.38
mmol) sealed in a 23-mL Teflon-lined stainless steel Parr reaction
vessel. The vessel was heated in a Thermoline furnace at 145°C
for 24 h, then cooled to room temperature, and opened after 12 h.
The yellowish-green solution was decanted, and the crystals were
washed with ethanol and air dried according to the procedure
described for the synthesis of1. Any further white crystalline
impurities mixed with the crystalline product were mechanically
removed. The blue hexagonal crystals were obtained in 97.5% yield
(based on vanadium). Anal. Calcd for NaV6O25C36H80N6Cl: Na,
1.69; V, 22.46; C, 31.78; H, 5.92; N, 6.17; Cl, 2.60. Found: Na,
1.73; V, 22.52; C, 31.83; H, 6.37; N, 6.29; Cl, 1.77. Prominent IR
bands (KBr pellet 400-4000 cm-1): 459(vs), 500(vs), 551(m), 610-
(vs), 637(vs), 654(vs), 680(m), 749(vs), 904(s), 928(m), 944(vs),
966(vs), 996(vs), 1024(vs), 1051(s), 1071(s), 1088(vs), 1158(m),
1218(s), 1251(s), 1296(s), 1314(s), 1431(s), 1460(s), 1621(s), 2856-
(s), 3385(vs). UV-vis (190-800 nm region; aqueous solution);
λmax, nm (ε, L M-1cm-1): 240 (ε ) 6.17× 103), 252 (ε ) 5.29×
103), 248 (ε ) 5.78× 103), 224 (ε ) 4.95× 102), 234 (ε ) 5.71
× 103), 218 (ε ) 4.82 × 102), 208 (ε ) 4.45 × 103), 628 (ε )
1.85× 102).

[Mg II V6
IVO6{(OCH2CH2)2NCH2CH2OH}6]2Br ‚H2O (3).

Method I: A Teflon-lined Parr acid digestion bomb was charged

sequentially with MgBr2‚6H2O (0.147 mmol), [(n-C4H9)4N]3-
[H3V10O28] (0.05 mmol), CH3CN (57.4 mmol), C2H5OH (34.24
mmol), and (HOCH2CH2)3N (1.9 mmol). The reaction mixture was
heated in a Thermoline furnace maintained at 155°C for 66 h and
cooled to room temperature. After 12 h the blue crystals of3 were
washed according to the procedure described in the preparation of
1 until the decanted supernatant solution did not contain any
amorphous white impurity. The blue crystals obtained in 44% yield
(0.055 g, based on vanadium) were air dried, and any amorphous
white impurity was removed mechanically. Compound3 can also
be prepared in high yield, albeit at the cost of crystal quality, by
the following synthetic method.

Method II: This method for the preparation of the magnesium
derivative (3) is similar to the above method I except that [NH4]6-
[V10O28]‚6H2O (0.0504 mmol) was used instead of [(n-C4H9)4N]3-
[H3V10O28] in the reaction mixture and the Teflon-lined Parr reaction
vessel was heated for 72 h at 155°C. The light blue thin crystals
obtained along with a small amount of white amorphous material
were filtered, washed with ethanol, and air dried. Any further
impurities in the crystalline product were removed mechanically
to give 0.085 g of pure solid. Yield: 68% (based on vanadium).
Anal. Calcd for MgV6O25C36H80N6Br2: Mg, 1.63; V, 20.32; C,
29.88; H, 5.42; N, 5.65; Br, 10.74. Found: Mg, 2.15; V, 20.32; C,
30.69; H, 5.75; N, 5.96; Br, 6.48. Prominent IR bands (KBr pellet
400-4000 cm-1): 418(s), 442(s), 486(m), 508(vs), 556(s), 648-
(m), 671(vs), 751(vs), 900(vs), 922(m), 948(sh), 969(s), 996(m),
1018(s), 1154(m), 1221(m), 1243(m), 1303(s), 1350(s), 1384(m),
1395(m), 1435(m), 1440(s), 1462(s), 1617(s), 2870(s), 2923(s),
3355(vs).

[Mn II V6
IVO6{(OCH2CH2)2NCH2CH2OH}6]2Cl (4). [NH4]6-

[V10O28]‚6H2O (0.0684 mmol), MnCl2‚4H2O (0.15 mmol), CH3-
CN (57.42 mmol), C2H5OH (34.24 mmol), and (HOCH2CH2)3N
(1.9 mmol) were placed in a 23-mL Teflon-lined Parr acid digestion
bomb and heated at 145°C in a Thermoline oven for 24.5 h. The
reaction vessel was cooled to room temperature and opened after
12 h. The transparent pale yellowish-green solution was decanted,
and the crystalline material in the Teflon vessel was washed with
three 2 mL portions of ethanol. The crystals were scraped from
the bottom and sides of the vessel and washed again with ethanol.
The thin light blue hexagonal crystals obtained were air dried to
give a high yield (80% based on vanadium) of4. Anal. Calcd for
MnV6O24C36H78N6Cl2: Mn, 3.89; V, 21.67; C, 30.66; H, 5.57; N,
5.96; Cl, 5.03. Found: Mn, 3.74; V, 22.52; C, 30.4; H, 5.5; N, 6.2;
Cl, 5.09. Prominent IR bands from blue crystals (KBr pellet 400-
4000 cm-1): 429(s), 507(vs), 551(s), 620(sh), 668(vs), 749(s), 900-
(s), 922(m), 973(vs), 1018(s), 1058(vs), 1088(vs), 1155(m), 1222-
(m), 1241(m), 1300(m), 1351(m), 1436(s), 1460(s), 2873(vs),
2924(vs), 2942(sh), 2970(sh), 3324(vs).

[FeII VIV
6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl (5). Method I:

A mixture of ammonium decavanadate hexahydrate (0.0504 mmol),
ferric chloride hexahydrate (0.37 mmol), acetonitrile (57.42 mmol),
ethanol (51.4 mmol), and triethanolammine (1.13 mmol) was heated
in a Teflon-lined Parr autoclave for 89 h at 145°C. The reaction
vessel was cooled to room temperature for 12-24 h. The brown
filtrate was decanted, and the crystalline material that was deposited
on the side and bottom of the reaction vessel was washed with
ethanol (3× 2 mL). The crystals were carefully scraped with a
spatula and washed again with ethanol (5× 2 mL) to remove the
black- and brown-colored impurity. The bright green diamond-
shaped crystals were dried in air at room temperature, and the
remaining traces of the impurity were removed mechanically.
Yield: ∼63% (based on vanadium). The following modified
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synthetic method gives5 in monophasic form and in high yield,
albeit at the cost of crystal quality.

Method II: The reaction was carried out in a manner similar to
that described above except that 0.0684 mmol (instead of 0.0504
mmol) of ammonium decavanadate hexahydrate and 1.9 mmol
(instead of 1.13 mmol) of triethanolamine were used and the
reaction mixture was heated for 72 h. The dark green chunky
polycrystals of high purity (nearly monophasic form) were filtered
from the mother liquor and dried in air at room temperature.
Yield: ∼93% (based on vanadium). Anal. Calcd for C36H78Cl2-
FeN6O24V6: C, 30.64; H, 5.56; N, 5.94; Cl, 5.02; Fe, 3.96; V, 21.61.
Found: C, 29.88; H, 5.72; N, 6.19; Cl, 6.01; Fe, 3.90; V, 21.45.
Prominent FT-IR absorption bands for5 (KBr pellet 1600-400
cm-1): 1461(s), 1437(s), 1351(m), 1309(m), 1297(m), 1242(m),
1087(vs), 1060(vs), 1018(m), 972(vs), 926(s), 899(s), 750(s), 671-
(s), 665(s), 556(s), 508(s), 435(s). UV-vis (190-800 nm region;
aqueous solution);λmax, nm (ε, L M-1cm-1): 244 (ε ) 6.26 ×
103), 312 (ε ) 3.43× 103), 598 (ε ) 2.27× 102).

[CoII VIV
6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl‚H2O (6). The

cobalt derivative6 was synthesized from a mixture consisting of
[NH4]6[V10O28]‚6H2O (0.0684 mmol), CoCl2‚6H2O (0.27 mmol),
CH3CN (57.416 mmol), C2H5OH (51.396 mmol), and (HOCH2-
CH2)3N (1.9 mmol). The reaction mixture was sealed in a 23-mL
Teflon-lined Parr reaction vessel and heated in a Thermoline oven
at 145 °C for 60 h. The reaction vessel was cooled to room
temperature for 12 h. The dark brown solution was decanted, and
blue thin crystals clumped together were separated. The crystals
were washed with ethanol and air dried at room temperature.
Any impurity was mechanically removed to give crystalline
product in 84.68% yield (based on vanadium). Anal. Calcd for
CoV6O25C36H80N6Cl2: Co, 4.11; V, 21.34; C, 30.18; H, 5.63; N,
5.87; Cl, 4.95. Found: Co, 4.20; V, 21.37; C, 30.01; H, 5.59; N,
5.90; Cl, 4.98. Prominent IR bands (KBr pellet 400-4000 cm-1):
418(s), 435(s), 508(s), 554(s), 648(m), 672(s), 750(s), 900(s), 924-
(s), 966(vs), 1019(s), 1061(vs), 1087(vs), 1155(m), 1220(m), 1244-
(m), 1297(s), 1352(m), 1436(s), 1461(s), 1620(m), 2871(s), 2919(s),
3352(s).

[Ni II VIV
6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl‚H2O (7). The

nickel derivative (7) was synthesized from a mixture of 0.0504
mmol of [NH4]6[V10O28]‚6H2O, 0.27 mmol of NiCl2‚6H2O,
57.36 mmol of CH3CN, 51.46 mmol of C2H5OH, and 1.3 mmol of
[C2H4OH]3N sealed in a Teflon-lined Parr reaction vessel. The Parr
vessel was heated in a Thermoline oven at 145°C for 26 h. The
reaction vessel was cooled to room temperature for 12 h. The brown
solution was decanted, and the green crystals were washed with
ethanol according to the procedure described for1 to remove black
and colorless impurities. The green crystals were air dried at room
temperature, and any white crystalline impurity mixed with the
green crystalline product was mechanically removed. Yield: 41.52%
(based on vanadium). Anal. Calcd for NiV6O25C36H80N6Cl2: Ni,
4.10; V, 21.34; C, 30.19; H, 5.63; N, 5.87; Cl, 4.95. Found: Ni,
4.18; V, 21.41; C, 30.01; H, 5.67; N, 5.80; Cl, 5.31. Prominent IR
bands (KBr pellet 400-4000 cm-1): 442(s), 513(vs), 558(s), 670-
(vs), 749(vs), 900(s), 968(vs), 1081(s), 1041(s), 1059(s), 1087(vs),
1156(m), 1222(m), 1242(s), 1298(s), 1309(s), 1350(m), 1459(vs),
1437(vs), 1622(s), 2866(vs), 3383(vs).

Single-Crystal X-ray Diffraction. The single-crystal X-ray
diffraction data for the crystals of the lithium, sodium, manganese,
and iron derivatives (1, 2, 4, and5) were collected on a Bruker
SMART CCD23 diffractometer equipped with graphite-monochro-

matized Mo KR radiation. The data were processed with SAINT
Software,24 and empirical absorption corrections were applied with
SADABS.25 All calculations were performed using the SHELXTL26

package. X-ray powder diffraction patterns for3, 6, and7 were
run on a Siemens D5000 powder XRD at room temperature between
5×bc and 80° 2θ at 3 s count for every 0.02×bc.

Results and Discussion

The solvothermal reactions of decavanadates with tri-
ethanolamine in the presence of heterometal salts in a mixed
solvent media (CH3OH/C2H5OH and CH3CN) gave1-7 in
moderate to high yields. While only the best preparation
methods that produced high-purity crystalline materials of
the reported compounds in moderate to high yields are
described here, a large number of reactions with varying
reaction conditions (reactants, stoichiometry, reaction time,
and temperature) have been carried out in each case to study
the effect of reaction parameters on the formation of the
products. Most of the compounds can be prepared under
slightly different reaction stoichiometries, temperatures, and
reaction times. The synthetic procedures described in the
Experimental Section yielded fully reduced bright-colored
crystalline materials that are very pleasant to look at. In each
case the mother liquor that was stored at room temperature
in a closed glass tube yielded only colorless organic
materialsstetrabutylammonium or triethanol ammonium or
ammonium salts.

Synthesis of the sodium derivative (2) is very sensitive to
reaction conditions. A slight change in the stoichiometric
ratio, time, or temperature reduces the yield of2 drastically,
producing a large amount of colorless crystalline impurity.
In the preparation of [MgV6IVO6{(OCH2CH2)2NCH2CH2-
OH}6]2Br‚H2O (3), when the chloride salt of magnesium
was used instead of the bromide (MgBr2‚6H2O), a mixture
of light blue microcrystalline material and white impurity
was obtained. The IR spectrum of the blue microcrystalline
material was identical to that of crystalline3. Since separation
of the blue material from white impurity was tedious,
synthesis from the chloride salt is not reported here.

[MnV6
IVO6{(OCH2CH2)2NCH2CH2OH}6]2Cl (4) could be

prepared by three different methods using MnCl2‚4H2O and
different sources of vanadates (ammonium decavanadate and
tetrabutylammonium decavanadate). The method described
here gives the best result (higher yield and purer material)
as compared to two other methods17a in which tetrabutylam-
monium decavanadate was used as a reactant.

Bright green diamond-shaped X-ray diffraction quality
crystals of [FeV6IVO6{(OCH2CH2)2NCH2CH2OH}6]2Cl (5)
were first prepared in∼63% yield. By a systematic variation
in the molar ratio of the reactants and reaction time, we were
able to find optimum reaction conditions that increased the
yield of this compound to above 90%. This high-yield
method gives5 in monophasic form but at the cost of crystal
quality.

(23) SMART, version 4.210; Simens Analytical X-Ray Systems: Madison,
WI 1997.

(24) SAINT, version 4.050; Simens Analytical X-Ray Systems: Madison,
WI 1995.

(25) Sheldrick, G. M.SADABS; University of Gottingen: Gottingen,
Germany 1997.

(26) Sheldrick, G. M.SHELXTL, version 5.1; Siemens Industrial Automa-
tion, Inc.: Madison, WI, 1995.
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The thin blue crystals of [CoV6IVO6{(OCH2CH2)2NCH2-
CH2OH}6]2Cl‚H2O (6) and the turquoise tetrahedral crystals
of [NiV 6

IVO6{(OCH2CH2)2NCH2CH2OH}6]2Cl‚H2O (7) were
prepared readily. However, they were not suitable for single-
crystal X-ray diffraction work.

Compounds1-7 are highly colored, crystalline, and very
stable in air at room temperature. This is also the case with
the iron derivative [FeIIV6

IVO6{(OCH2CH2)2NCH2CH2OH}6]-
2Cl (5), which contains an FeII center, as previously
reported.17b The reduced iron (FeII) center in 5 remains
unoxidized in air at room temperature for a prolonged time.27a

This indicates the remarkable robustness of the metallocyclic
core in these clusters.

All of these compounds are highly soluble in water but
insoluble in common organic solvents such as methanol,
acetonitrile, ethanol, acetone, and methylene chloride. The
aqueous solutions of1-7 are brightly colored and stable over
a remarkably wide pH range (2.5-11.8). The bright green
and blue colors of crystals of1-7 are characteristic of
reduced compounds of vanadium. The results of mangano-
metric titrations, which revealed the presence of 6VIV sites
per formula unit in each case, support this observation.

The FT-IR spectra of1-7 exhibit similar features. The
absorption patterns for the ligand and vanadium oxide
framework are observed in the fingerprint regions, with slight
variations in the position and intensity as a consequence of
the presence of different heterometals in the framework. The
strong absorption peaks present in the 970-961 and 943-
953 cm-1 regions are assigned to the VdO stretch. The
absorption peaks below 600 cm-1 are assigned to V-O-V
and M-O symmetric and asymmetric stretches, respectively.
The spectra for1-7 show a very sharp band centered at
3301-3385 cm-1 assigned to the O-H stretch of the pendent
CH2CH2OH group. For compounds2, 3, 6, and 7, an
additional medium or strong absorption band at 1617-1620
cm-1 is assigned to H-O-H bending of the solvate water
molecules present in these materials.

The absorption bands due to the C-H stretch of the
triethanolamine ligand are found in the region 2980-2850
cm-1. The C-N stretch appears in the 1440-1431 cm-1

region, C-O stretching at 1088-1058 cm-1, andδsCH2 in
the 1460-1464 cm-1 region. The additional absorption bands
in the 1400-1000 cm-1 region are due to in-plane O-H
bending coupled with C-H wagging vibrations at 1420-
1330 cm-1, CH2 twisting and wagging at 1350-1150 cm-1,
and out-of-plane C-H bending in the 749-450 cm-1 region.

The thermogravimetric analyses of1-7 revealed weight-
loss patterns that can be attributed to the loss of all of the C,
H, and N atoms of the triethanolamine ligands, the anions,
and the hydroxy oxygen atoms of the pendent arms in the
250-800 °C temperature range.27b,c The compounds with
water of crystallization (compounds2, 3, 6, and 7) begin
losing weight at∼40 °C. In each case the observed total
weight loss corresponds well to the calculated weight loss.
FT-IR spectra of the black residues left after the thermo-
gravimetric experiments indicate the presence of mixed-metal
vanadium oxide phases in the residue. These have not been
characterized further.

Compounds1-7 were prepared in the form of highly
crystalline materials, and the crystal structures of four
representative examples of this series, [LiV6

IVO6{(OCH2-
CH2)2NCH2CH2OH}6]Cl‚LiCl (1) [NaVIV

6O6{(OCH2CH2)2N-
(CH2CH2OH)}6]Cl‚H2O (2), [MnIIVIV

6O6{(OCH2CH2)2N(CH2-
CH2OH)}6]2Cl (4), and [FeIIV6

IVO6{(OCH2CH2)2NCH2CH2-
OH}6]2Cl (5), were determined by complete single-crystal
X-ray diffraction analysis. The crystals of compounds3, 6,
and7 were found to be poorly X-ray diffracting and did not
yield data sets suitable for complete single-crystal structure
analyses. They were, however, studied by X-ray powder
diffraction and a number of other characterization techniques.

Crystallographic data for1, 2, 4, and5 are summarized
in Table 1. Each of these compounds contains fully reduced
cluster cations [MVIV6O6{(OCH2CH2)2N(CH2CH2OH)}6]n+

(1, M ) Li +, n )1; 2, M ) Na+, n ) 1; 4, M ) Mn2+, n )
2; 5, M ) Fe2+, n ) 2) and chloride anions. Although these
four cluster ions have three different crystallographic site
symmetries, their overall configurations are essentially
identical. In each case the cluster ion is composed of a fully
reduced cyclic{MV6N6O18} (M ) Li, Na, Mn, Fe) frame-
work decorated with six triethanolamine ligands. Two arms
of each of the triethanolamine ligands are coordinated to the
metallacycle, and the third ligand arm projects outward from
the hexagonal ring. Figure 1 shows a view of the cluster
cation of 4. Drawings of the other clusters have been
deposited as Supporting Information. The{MV6N6O18} core
in 1, 2, 4, and5 adopts the Anderson-type structure.18,19a,20a

The cyclic core, shown in Figure 2, is comprised of a ring
of six edge-sharing{VO5N} octahedra linked to the central
{MO6} unit. The six vanadium atoms lie alternately on
opposite sides of their mean plane, which contains the Mn+

ion. Bond valence sum calculations indicate that none of the
µ2- and µ3-oxo groups associated with the cyclic core are
protonated. These results are consistent with the presence
of six vanadium(IV) sites, as determined from the redox
titrations, and with charge balance considerations.

(27) This was proved by redox titration and magnetic measurements on
freshly prepared samples and samples of5 that were exposed to air
for 2, 4, and 12 weeks. (b) The thermogravimetric analysis on a sample
of 1 showed a total weight loss of 53.5% between 249 and 800°C.
This corresponds with the calculated weight loss due to the removal
of all the organics (C, H, and N) of the ligand, chloride ion, and six
oxygen atoms from the pendent arms of triethanolamine molecules.
The FT-IR of the black shiny residue gives absorption bands at 665,
625, and 450 cm-1, indicating the presence of a vanadium oxide phase
in the residue. Compounds4 and 5 follow a similar weight-loss
pattern.27cThe thermal analysis on a sample of2 showed a total weight
loss of 52.84% between 38 and 800°C. This corresponds to the
calculated weight loss (54.7%) due to the loss of all organics (C, H,
and N), chloride ion, solvated water, and six oxygen atoms from the
pendent arms of triethanolamine ligands. Compounds3, 6, and7 show
a similar weight-loss pattern.27c (c) Thermogravimetric analysis of3
gave a total weight loss of 57.59% between 40 and 800°C,
corresponding to a calculated weight loss of 58.47%. Thermal analysis
of 4 indicated a total weight loss of 47.3% between 250 and 700°C,
corresponding to a calculated weight loss of 47.6%. Thermogravimetric
analysis on5 gave a total weight loss of 54.7% between 224 and 700
°C, corresponding to a calculated weight loss of 53.984%. Thermo-
gravimetric analysis of6 indicated a total weight loss of 56.49%
between 40 and 800°C, corresponding to a calculated weight loss of
54.45%. Thermal analysis of7 gave a total weight loss of 55.04%
between 43 and 800°C, corresponding to a calculated weight loss of
54.46%.
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Each of the six vanadium atoms in the core is bound to a
terminal oxygen atom as well as to five atoms from the
triethanolamine ligandssa nitrogen donor atom, twoµ2-O
atoms, and twoµ3-O atoms. Each adjacent pair of vanadium
atoms around the ring is linked by oneµ2-O atom and one
µ3-O atom; the third bond of each triply bridging oxygen
atom is to the central metal ion. Two arms of each of the
six triethanolamine ligands are coordinated to the metalla-
cycle, and the third arm projects outward from the hexagonal
ring. In some cases the pendant arms are disordered. The
free hydroxy groups of these arms participate in hydrogen
bonding to the chloride ions and, in the case of2, to the
solvate water molecule. A view of the unit cell contents of
4, projected down thea-axis, is given in Figure 3, which
shows the relationship between the cations and anions in4.

Geometrical details of the central cores of1, 2, 4, and5
are tabulated in Table 2, and complete listings of bond
distances and angles may be found in the deposited cif files
as Supporting Information. Although the M-O distances to
the central atom span a range of almost 0.15 Å, the overall
sizes of the cations and most of their structural details are
closely similar. The primary variations associated with longer
M-O distances are larger O(µ3)-V-O(µ3) and V-O(µ3)-V
angles. The ability of the{MV6N6O18} framework to
accommodate central ions varying in size and charge
documents its remarkable flexibility.

Although the cluster ions of1, 2, 4, and5 have the same
overall structure, these four compounds crystallize in three
different space groups, and the cations have three different
crystallographic symmetries. Compounds4 (M ) Mn2+) and

Table 1. Crystallographic Data for [LiV6IVO6{(OCH2CH2)2NCH2CH2OH}6]Cl‚LiCl (1), [NaV6
IVO6{(OCH2CH2)2NCH2CH2OH}6]Cl‚H2O (2),

[MnIIV6
IVO6{(OCH2CH2)2NCH2CH2OH}6]2Cl (4), and [FeIIV6

IVO6{(OCH2CH2)2NCH2CH2OH}6]2Cl (5)

1 2 4 5

empirical formula C36H78Cl2N6Li2O24V6 C36H80ClN6NaO25V6 C36H78Cl2N6MnO24V6 C36H78Cl2N6FeO24V6

formula weight 1369.46 1361.14 1410.52 1411.43
cryst syst trigonal triclinic monoclinic monoclinic
space group R3h P1h P21 P21

a (Å) 13.7185(3) 11.1817(5) 11.2208 (5) 11.3057 (7)
b (Å) 13.7185(3) 12.1612(5) 21.5041 (9) 21.4372 (13)
c (Å) 24.8899(8) 21.5979(10) 11.8126(5) 11.8167(7)
R (deg) 90 75.8210(10) 90 90
â (deg) 90 78.8270(10) 111.2680 111.4170
γ (deg) 120 71.1400(10) 90 90
V (Å3) 4056.6(2) 2673.5(2) 2656.2(2) 2666.2(3)
Z 3 2 2 2
T (K) 173(2) 183(2) 178(2) 173(2)
Fcal (Mg.m-3) 1.673 1.691 1.764 1.764
µ (mm-1) 1.177 1.151 1.426 1.758
radiationλ (Å) 0.710 73 0.710 73 0.710 73 0.710 73
no. of reflections 2212 12 474 12 675 12 593
no. of parameters 118 664 663 677
R1 (F0)a (all data) 0.0736 0.0497 0.0478 0.1077
wR2 (F0

2)b 0.2027 0.1186 0.1227 0.2300
GOF 1.290 1.036 1.024 1.050

a R1 ) ∑||Fo - |Fc||/∑|Fo|. b wR2 ) [∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]] 1/2.

Figure 1. View of the cluster cation [MnIIVIV
6O6{(OCH2CH2)2N(CH2-

CH2OH)}6]2+ present in the crystals of [MnIIVIV
6O6{(OCH2CH2)2N(CH2-

CH2OH)}6]2Cl (4).

Figure 2. View of the cyclic metal oxide framework{MnV6N6O18}
showing the metal atoms and their coordination environments in the cluster
cation species in [MnIIVIV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl (4).
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5 (M ) Fe2+) crystallize in space groupP21, which imposes
no symmetry on the cation. The space group of compound
1 (M ) Li +) is R3h, and the cation has 3h crystallographic
symmetry. Compound2 (M ) Na+) crystallizes in space
groupP1h, and the cations are centrosymmetric, with two half
cations comprising the asymmetric unit. Differences in
chloride content and solvation, and possibly also small
differences in cation dimensions, presumably contribute to
these variations.

The crystals of3, 6, and7 were not of sufficient quality
for single-crystal X-ray studies. Their X-ray powder diffrac-
tion patterns in combination with other analytical data (from
elemental analysis, FT-IR, TGA, manganometric titrations,

and magnetic susceptibility measurement) are consistent with
the presence of cluster cations [MIIVIV

6O6{(OCH2CH2)2N(CH2-
CH2OH)}6]n+ (3, MII ) Mg2+, n ) 2; 6, MII ) Co2+, n ) 2;
7, MII ) Ni2+, n ) 2) which have structures analogous to
the clusters present in1, 2, 4, and5.

The{V6O12} ring in 1-7 may be regarded as a hexaden-
tate ligand to the metal M, forming{MV6O12} chelates. The
cavity in the oxometallic ligand exhibits remarkable flex-
ibility to accommodate a variety of metal ions Mn+ (M )
Li, Na, Mg, Mn, Fe, Co, Ni) of different sizes, which could
possibly be a consequence of the presence of a fully reduced
metallocyclic core. An earlier report28 shows a fully oxidized
species [NaV6O6{(OCH2CH2)2NCH2CH2OH}6]2S6‚2CH3OH
where sodium ion is encapsulated in the cavity defined by
the anionic hexavanadate core. Other examples of function-
alized hexavanadate clusters29-31 are those incorporating tris-
(hydroxymethyl)alkane ligands in a reduced{V6O19} core
that has a Lindquist-type structure.32,33

The fully reduced hexavanadate cores in1-7, containing
six spins from 6d1 (VIV) centers, act as ligands for the
encapsulated Mn+ (Mn+ ) Li +, Na+, Mg2+, Mn2+, Fe2+,
Co2+, Ni2+) centers with different spins. This leads to
interesting magnetic properties as revealed by the variable-
temperature magnetic susceptibility measurements. The ef-
fective magnetic moments (µeff) of 1-7 and the correspond-
ing expectedµeff for noninteracting spins are given in Table
3. Magnetic susceptibilityø data for [LiV6O6{(OCH2-
CH2)2N(CH2CH2OH)}6]Cl‚LiCl (1), presented in Figure 4,
shows that the effective momentµeff ) x8ø0T (ø0 ) ø -
TI, where TI is a temperature independent contribution, i.e.,
diamagnetism+ temperature-independent paramagnetism)
of the compound increases with decreasing temperature. This
indicates the presence of ferromagnetic interactions. The
effective magnetic moment at 300 K (4.33µB) is close to
the expected value for six noninteracting spinsS) 1/2, while
the moment at 2 K (7.04 µB) is characteristic forS ) 3,

(28) Chen, Y.; Liu, Q.; Deng, Y.; Zhu, H.; Chen, C.; Fan, H.; Liao, D.;
Gao, E.Inorg. Chem. 2001, 40, 3725. (b) Thomas, C.; Li, P.; Zheng,
C.; Huang, K.Chem. Commun. 1986, 1597.

(29) Khan, M. I.; Chen, Q.; Zubieta, J.Inorg. Chem. 1992, 31, 1556.
(30) Khan, M. I.; Chen, Q.; Hope, H.; Parkin, S.; O’Connor, C. J.; Zubieta,

J. Inorg. Chem. 1993, 32, 2929.
(31) Chen, Q.; Goshorn, D.; Scholes, C.; Tan, X.; Zubieta, J.J. Am. Chem.

Soc.1992, 114, 4667.
(32) Lindqvist, I.Ark. Kemi.1952, 5, 247.
(33) Kepert D. L.Inorg. Chem.1969, 8, 1556.

Figure 3. Unit cell contents of the crystals of [MnIIVIV
6O6{(OCH2-

CH2)2N(CH2CH2OH)}6]2Cl (4) projected down thea-axis, showing the
relationship between the cluster cations and chloride anions.

Table 2. Mean Dimensions (Å, deg) of the{MV6N6O18}n+ Cages in1,
2, 4, and5

1 (M ) Li) 2 (M ) Na) 4 (M ) Mn) 5 (M ) Fe)

V (Å3)/cationa 1352 1336 1328 1333
M-O 2.200(3)b 2.291(2) 2.184(3) 2.147(5)
V-O (terminal) 1.615(4) 1.612(2) 1.596(4) 1.647(7)
V-O(µ2)c 1.937(4) 1.953(2) 1.952(4) 1.956(6)

2.021(4) 2.041(2) 2.018(4) 2.014(6)
V-O(µ3) 2.004(3) 1.997(2) 2.039(4) 2.045(5)

2.195(3) 2.195(2) 2.278(4) 2.258(5)
V-N 2.178(4) 2.207(2) 2.170(4) 2.169(7)
O-M-O 80.23(11) 79.32(6) 80.95(13) 80.85(20)

99.77(11) 100.68(6) 99.05(13) 99.15(19)
180d 180d 179.39(16) 179.49(22)

V-O(µ2)-V 109.87(16) 110.00(9) 112.49(17) 111.63(26)
V-O(µ3)-V 100.89(14) 102.52(8) 99.58(14) 99.40(21)
M-O-V 100.31(14) 98.65(7) 102.21(14) 102.65(22)

94.60(13) 93.16(7) 94.92(13) 95.96(20)
O(µ2)-V-O(µ2) 160.47(17) 159.10(8) 158.67(16) 159.94(23)
O(µ3)-V-O(µ2) 71.43(13) 70.50(7) 70.37(14) 71.20(20)

76.59(8) 76.98(14) 77.12(22)
89.42(14) 89.96(7) 88.63(14) 89.03(21)

95.21(8) 95.84(15) 95.88(22)
O(µ3)-V-O(µ3) 84.82(19) 88.86(7) 81.89(13) 80.50(20)

a Calculated as the unit cell volume divided by the number of cluster
cations per cell.b All tabulated standard deviations are the average esd’s
of an indiVidual measurement.c Where distances of a given type cluster
about more than one distinctly different average value, each of the mean
values is listed.d Exact value, constrained by symmetry.

Table 3. Effective Magnetic Moments of
[LiV IV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]Cl‚LiCl (1),
[NaVIV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]Cl‚H2O (2),
[MgVIV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Br‚H2O (3),
[MnIIVIV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl (4),
[FeIIV6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl (5),
[CoIIVIV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl‚H2O (6), and
[Ni IIVIV

6O6{(OCH2CH2)2N(CH2CH2OH)}6]2Cl‚H2O (7)

compound µeff at 300 K (µB) µeff expected for noninteracting spins (µB)

1 4.33 4.14-4.24
2 4.29 4.14-4.24
3 3.78 3.77-3.87
4 8.81 7.20-7.35
5 7.93 6.65-6.95
6 7.79 6.10-6.65
7 6.63 5.00-5.45
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which results from the ferromagnetic interactions between
these spins. The experimental results have been described
using the Heisenberg six-atom ring model (S ) 1/2).22 The
Hamiltonian is

whereS7 is defined asS1. The energy of the levels for this
system were obtained in ref 22b. These values were
substituted in Van Vleck’s equation, and the obtained
expression for magnetic susceptibility was used to fit the
experimental data. The calculated susceptibilityø has been
corrected for intermolecular exchange interactionzJ′

The best fit wasg ) 1.95,J ) 19.0 K, zJ′ ) 0.015 K, and
TI ) -0.00065 cm3/mol.

The effective magnetic moment of [NaV6O6{(OCH2-
CH2)2N(CH2CH2OH)}6]Cl‚H2O (2) (Figure 5) at 300 K is
4.29µB, which again is attributed to six noninteracting spins
S ) 1/2 of six vanadium atoms in the+4 (VIV) state. The

effective magnetic moment increases with decreasing tem-
perature, indicating the presence of ferromagnetic interac-
tions. The moment at 2 K (7.13µB) is characteristic forS)
3, which results from the ferromagnetic interaction between
these spins. The experimental results were best described
using the Heisenberg six-atom ring model (S ) 1/2). The
Hamiltonian used is given in eq I. The best fit wasg ) 2.04,
J ) 19.6 K, and TIP) -0.001.

Magnetic susceptibility data for [MgV6O6{(OCH2CH2)2N-
(CH2CH2OH)}6]2Br‚H2O (3) is shown in Figure 6. Theµeff

value increases with decreasing temperature, indicating the
presence of ferromagnetic interactions. The effective mag-
netic moment at 300 K (3.78µB) is close to the expected
value for five noninteracting spinsS ) 1/2 (1.69 µB per
magnetic ion), while the moment at 2 K (5.60 µB) is
characteristic forS) 5/2. Unfortunately the lack of informa-
tion about spin configuration does not allow a precise
description of such a system. The high-temperature data were
extrapolated to Curie-Weiss law

The best fit wasC )1.73 cm3K/mol, θ ) -8.1 K, and TI)
-0.00076 cm3/mol.

Figures 7 and 8 show the temperature-dependent magnetic
susceptibilities and magnetic moment data for [MnV6O6-
{(OCH2CH2)2N(CH2CH2OH)}6]2Cl (4) and [FeIIV6

IVO6-
{(OCH2CH2)2NCH2CH2OH}6]2Cl (5), respectively. Theµeff

values (8.81µB for 4 and 7.93µB for 5) at 300 K are much
higher than the expected values (given in Table 3) for
noninteracting spins, indicating the presence of strong
ferromagnetic intramolecular exchange interactions in both
cases. The magnetic moment of4 decreases with a decrease
in temperature. As a consequence of the strong ferromagnetic
intramolecular exchange interaction in5, there is an increase
in the effective magnetic moment with decreasing temper-
ature to 15 K. However, at liquid helium temperature the
effective magnetic moment of5 drops below the room-
temperature (300 K) value, probably as a consequence of
zero-field splitting.

Figure 4. Magnetic susceptibilityø (0) and effective magnetic moment
µeff (O) of the lithium derivative (1) over temperatureT. The line drawn
through the data is the fit to the Heisenberg six-atom ring model.

Figure 5. Dependence of the magnetic susceptibilityø (0) and effective
magnetic momentµeff (O) of the sodium derivative (2) on temperatureT.
The line drawn through the data is the fit to the Heisenberg six-atom ring
model.

Figure 6. Magnetic susceptibilityø (0), effective magnetic momentµeff

(O), and the reverse susceptibility 1/ø0 (4) of the magnesium compound
(3) over temperatureT. The line drawn through the data is the fit to the
Curie-Weiss law.

ø ) ø0 + TI ) C
T - θ

+ TI

H ) -2J∑
i)1

6

SiSi+1 - gµBH·∑
i)1

6

Si, (I)

ø′ )
ø0

1 - (2zJ′/NAg2µB
2)ø

(II)
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The effective magnetic moments of [CoV6O6{(OCH2-
CH2)2N(CH2CH2OH)}6]2Cl‚H2O (6) and [NiV6O6{(OCH2-
CH2)2N(CH2CH2OH)}6]2Cl‚H2O (7) at 300 K, 7.79 and 6.43
µB, respectively, are also much higher than the expected value
for noninteracting spins, indicating the presence of a rather
strong ferromagnetic intramolecular exchange interaction. In
the case of6 the decrease in the effective magnetic moment
with decreasing temperature indicates a strong influence of
the zero-field splitting. The possibility of intermolecular
exchange should be taken into account also, but in this case
it is difficult to separate the contributions of these mecha-
nisms (Figure 9). In the case of7 the increase in the effective
moment with decreasing temperature up to 35 K is also a
result of strong ferromagnetic intramolecular exchange
interaction. At liquid He temperature the effective magnetic
moments drop below the values at 300 K, indicating an
antiferromagnetic intermolecular exchange (Figure 10).

Conclusion

The series of compounds described here constitutes the
first examples of fully reduced hexavanadium-based cationic
clusters containing metallocyclic cores exhibiting the Ander-
son-type structure and functionalized with organic ligands.
They also represent important members of magnetic clusters
that can have potential application in the emerging field of
molecular magnetism and in the controlled synthesis of
magnetic materials.

The cavity defined by the hexametalate{V6O12} ring in
these clusters has shown remarkable flexibility to encapsulate
a variety of magnetic and nonmagnetic ions of different sizes.
The hexametalate ring contains six d1 spins and acts as a
ligand for the encapsulated Mn+ (Mn+ ) Li +, Na+, Mg2+,
Mn2+, Fe2+, Co2+, Ni2+) centers with different spins. It is
clear now that the cavity can encapsulate other magnetic ions
of appropriate sizes. This can pave the way for the synthesis
and characterization of other members of this series and
allows for modifications in the magnetic behavior of these
compounds. This not only enables comparison of the
magnetic behavior of different derivatives containing the
{MV6O12} core but also provides an opportunity to study
the interaction of six spins due to six VIV centers with the
encapsulated (Mn+) species. Moreover, the pendant{-CH2-
OH} arms of the triethanolamine ligands on1-7 are potential
binding sites, making these magnetic clusters promising
building blocks for constructing supramolecular structures
and extended structure magnetic solids.

Although the exact reaction pathway and intermediates are
not yet established, it is clear that under solventothermal
conditions the decavanadate unit defragments and undergoes
a “reduction-reconstruction” self-assembly process incor-
porating the oxygen atoms of the triethanolamine ligand into
the cyclic metal oxide framework. During self-assembly the

Figure 7. Magnetic susceptibilityø (0) and effective magnetic moment
µeff (O) of the manganese derivative (4) over temperatureT.

Figure 8. Dependences of the magnetic susceptibilityø (0) and effective
magnetic momentµeff (O) of the iron derivative (5) on temperatureT.

Figure 9. Magnetic susceptibilityø (0) and effective magnetic moment
µeff (O) of the cobalt compound (6) over temperatureT.

Figure 10. Magnetic susceptibilityø (0) and effective magnetic moment
µeff (O) of the nickel compound (6) over temperatureT.
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two arms of each triethanolamine are incorporated asµ2 and
µ3 bridging alkoxide ligands in the fully reduced cyclic
hexametallic core of the Anderson-type structure in these
compounds. Furthermore, this work demonstrates the po-
tential of a soft solvothermal synthetic method for the
preparation of inorganic-organic hybrid materials with
desirable magnetic, optical, and catalytic properties.34
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