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The reaction of V,05 with H,C,0,4:2H,0 in the presence of
H3;BO3; under hydrothermal conditions has afforded
V;,0,(0OH),(C504)(H20), (1), which crystallizes in the triclinic
system, space group P1 with a = 5.2405(10)A, b =
5.7340(11) A, ¢ = 7.1778(14) A, a = 76.44(3)°, § = 69.37(3)°, »
= 75.37(3)°. The vanadium atoms in 1 form dimers by sharing
edges consisting of u-OH groups, and these dimers are con-

nected further by oxalate ligands to form chains. The mag-
netic susceptibility data of 1 fit excellently with the Heisen-
berg dimer model in the temperature interval 2-300 K. Com-
pound 1 is antiferromagnetic with a J value of —29.6 cm™.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The oxalate ion C,04> shows a large variety of structural
characteristics. It can act as a monodentate,l'l bidentate,
tridentate,®! or tetradentate™ donor ligand and can form
chains,! layers,'®) or three-dimensional networks with metal
centers.l In the presence of water molecules directly linked
to the metal ions or weakly bonded to the framework,>-*]
abundant structural architectures in one-, two-, or three di-
mensions can be formed.”) Moreover, the oxalate ion can
mediate strong spin coupling between paramagnetic centers

LS
e

a b

,.x’f.'lf'

2,9

OJO }-f

separated by more than 5 A.['% Thus, homo- and hetero-
metallic systems involving oxalate ions (ox) as bridging li-
gands have been studied intensively in the search for new
molecular-based magnets.[''"13] Because of the variable oxi-
dation states of vanadium (V™I, VIV, and VV) and the coor-
dination geometries of vanadium oxide polyhedra (tetrahe-
dral, square pyramidal, trigonal bipyramidal, and octahe-
dral),l'¥ many compounds containing both vanadium
atoms and oxalate ions have been reported,!'®!5-17 with dif-
ferent linkages between the vanadium atoms and the oxa-
late ions as shown in Figure 1, which result in different
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Figure 1. Different linkages between vanadium atoms and oxalate ions found in the literature. a) from ref'?l; b) ref.?%; c) ref.l'l; d)
ref.l19; ¢) ref.?1; ) ref.l'8); g) inferred by ref.'%; h) from ref.[?!]; i) this work. C, white ball; O, black ball; VOg, gray octahedron.
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magnetic properties.['?16-18211 Recently, a new bonding
mode for vanadium atoms and oxalate ions (Figure 1i) has
been found in the compound V,0,(OH),(C,04)(H,0), (1).
The synthesis, structure and magnetic properties of 1 are
reported below.
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Results and Discussion

Synthesis

The synthesis of compound 1 was performed in an aque-
ous solution of H;BO; under hydrothermal conditions.
Some experimental parameters, including the V,0s/H,C,0,
molar ratio, were varied, but the resulting products re-
mained the same. Finally, a V,Os/H,C,O, ratio of 1:14 was
used. The formation of 1 was found to be sensitive to the
presence of H;BO;. Compound 1 did not form when no
H;BO; was added to the mixture of V,0s, H,C,0,4:2H,0,
and water. Although crystals of 1 formed from an aqueous
solution, their solubility in pure water was low.

Crystal Structure

V,0,(0OH),(C,04)(H,0), is centrosymmetric in the tri-
clinic system with the space group P, the center of inver-
sion lies along the C—C bond of the bridging oxalato moi-
ety, or on the common edge of two adjacent VO¢ octahedra.
The asymmetric unit of 1 corresponds to half of the molec-
ular formula, including one vanadium(IV) atom, half an
oxalate ligand, one water molecule, one oxygen atom, and
two half p-OH groups. As shown in Figure 2, the vanadi-
um(IV) atom binds to two oxygen atoms from one oxalate
ligand, one oxygen atom from a water molecule, two oxygen
atoms from the p-OH groups, and one terminal oxo oxygen
atom to form a distorted octahedron, a very common ge-
ometry in vanadium(IV) compounds.!10-16-18-21]

The VOg octahedra of 1 link together by sharing a com-
mon edge consisting of two p-OH groups to form V,0;q
dimers; this type of link is rare in vanadium oxalate com-
pounds. The typical ways to link oxalate ligands with VXg
(X = 0, Cl, F, and/or N) octahedra are shown in Figure 1.

The V,0;, dimers are further linked by oxalate ligands
to form chains (Figure 1i). The oxygen atoms of the n-OH
groups (O4) in one chain form hydrogen bonds with the
oxygen atoms (O3) from the oxalate ions in the neighboring
chain, which connects the chains into layers (Figure 3a).
The water molecules coordinated to the vanadium atoms in
one layer form two hydrogen bonds with the oxygen atoms
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Figure 2. ORTEP drawing (at 30% probability) of the coordination
environment of the vanadium atoms in V,0,(OH),(C,04)(H,0)-.
Symmetry codes: 1) 1 —x, 1 —y, —z; i) —x, | =y, 1 — z.

of the p-OH groups (0O4) and the terminal oxo oxygen
atoms (O5) in neighboring layers (Figure 3b). This results
in the formation of a three dimensional net structure for 1.

Vibrational Spectroscopy

The Fourier transform infrared (FTIR) spectrum of 1
exhibits two broad peaks centered at 3272 and 3041 cm™!,
mainly attributed to the symmetric and asymmetric stretch-
ing modes of water molecules and hydroxy groups. The sig-
nal for the bending mode of water expected at around
1600 cm™' is overlapped by the intense oxalate band. The
antisymmetric stretching mode of the oxalate ion appears
at 1650 cm !. The peaks at 1355 cm ! and 1311 cm™! corre-
spond to the symmetric stretching modes of the oxalate ion.
The peak at around 979 cm™' is assigned to the bending
mode of the p-OH group. The strong bands observed at
around 771 and 731 cm™! correspond to the in-plane defor-
mation mode of the oxalate ion.

Thermal Stability

Thermogravimetric analysis shows that compound 1 is
stable up to 200 °C and then undergoes decomposition to
form a mixture of products with a maximum weight loss of

Figure 3. Packed structure of V,0,(OH),(C,04)(H,0),, showing hydrogen bonding.
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40.0%. The mixture is then slowly oxidized to V,0s with a
total weight loss of 37.8% (calcd. 37.7%), as confirmed by
X-ray diffraction data.

Magnetochemical Investigations

The magnetic properties of V,0,(OH),(C504)(H,0), are
depicted in Figure 4. A near-perfect fit with the Heisenberg
dimer model is attainable with the parameters listed in
Table 3. A susceptibility maximum occurs near 50 K, and
the compound exhibits Curie—Weiss paramagnetism at high
temperatures. The compound is thus strongly antiferromag-
netic with a J value of about —30 cm™!, which is comparable
to values for copper hydroxo-bridged dimers with antiferro-
magnetic coupling!®>?3! and is larger than those for the
(oxo)vanadium(IV) (d') oxalate-bridged dimers listed in
Table 3. In fact, when oxalate bridging is considered,
V,0,(0OH),(C>0,4)(H>0), can be seen to consist of alternat-
ing-exchange Heisenberg chains with S = 1/2.2426 In this
case, two exchange constants J and aJ should be considered
in order to understand the magnetic properties. However,
the value of a is so small that the interaction represented
by aJ may be neglected (see Table 3). Therefore, the mag-
netic data fit very well with the dimeric model.
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Figure 4. Thermal variation of the molar magnetic susceptibility
and the reciprocal magnetic susceptibility for V,0,(OH),-
(C,04)(H50),; the solid line represents the best fit obtained with
the parameters reported in the text.

Conclusions

The use of oxalate, with the help of H3BOj3, has led to
the preparation of V,0,(OH),(C,0,4)(H,O), from V,Os.
The V,0,o dimer connected by a common edge found in
this compound induces a stronger antiferromagnetic coup-
ling than the oxalato-bridged (oxo)vanadium(IV) dimer.[*")

Experimental Section

Materials and Analyses: All reagents were of analytical grade and
were used as obtained from commercial sources without further
purification. IR spectra were recorded in the 400-4000 cm™' range
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with a Magna-IR 750 FTIR spectrometer. Elemental analyses were
carried out on an Elementar Vario EL III microanalyzer. TG analy-
sis was performed with a heating rate of 10 °Cmin ' using a Du-
pont 1090 instrument.

Preparation of V,0,(OH),(C,04)(H,0), (1): A mixture of V,Os
(1.00 g, 5.50 mmol), H,C,04-2H,0 (10.0 g, 79.4 mmol), H;BO;
(10.0 g, 162 mmol), and deionized H,O (15 mL, 0.83 mol) with a
mol ratio of about 1.0:14:29:151 was placed in a 50-mL Teflon-
lined stainless steel autoclave, and the autoclave was sealed, heated
to 155 °C under autogenous pressure for 20 d, and then cooled to
room temperature at a rate of 5 °C/h. The pH values of the system
before and after synthesis are about 2 and 1, respectively. The blue
crystalline product was filtered, washed with hot distilled water,
and dried at ambient temperature to give about 1.44 g of complex

Table 1. Single-crystal data and structure refinement details of the
compound VzOz(OH)Q(C204)(H20)2 (1)

Empirical formula C,Hs0,0V>
Formula mass 291.94
Crystal system triclinic
Space group P1(No.2)
a[A] 5.2405(10)
b[A] 5.7340(11)
¢ [A] 7.1778(14)
a [°] 76.44(3)
Bl 69.37(3)
y[° 75.37(3)
V' [A] 192.77(8)
zZ 1
Pcalcd. [g Cm73] 2.515
4 [mm] 2.465
Reflections collected 797
Unique data/parameters 719/61

int 0.0218
Reflections with 7 = 2¢ 695
Goodness of fit (S) 1.000

Ri/WR, (I = 20)
R/WR, [all data]

0.0472/0.1372
0.0483/0.1400

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ry = Z(\Fo| = |FNIZIFo|; wRy = [Ew(Fo? — FAHEw(F )"
w = 1/[c*(F,2) + (0.1343P)2 + 0.1200P] with P = (|F.|* + 2|F.]2)/3.

Table 2. Selected bond lengths [A] and angles [°] for V,0,(OH),-
(C04)(H0), (1).

V1-05 1.598(3) 04-V1-04  79.6(1)
V1-04 1.993(3) 04-V1-03  86.0(1)
V1-04 2.014(2) 04-V1-03  84.8(1)
V1-01 2.049(3) 04-VI-O1  160.5(1)
V1-02 2.059(3) 04-VI-O1  91.3(1)
V1-03 2.246(3) 04-VI-02  93.6(1)
O1-Cl 1.244(5) 04-VI-02  164.5(1)
03-Cl1 1.250(4) 02-V1-03  80.8(1)
Cl-Cl 1.539(6) 01-VI-02  90.8(1)
05-V1-04 101.25(1) 01-VI-03  75.9(1)
05-V1-04 100.70(1) 03-CI-Cl  115.8(4)
05-V1-03 171.5(1) CI-01-VI  118.8(2)
05-V1-01 97.4(1) 01-C1-03  127.3(3)
05-V1-02 94.2(1) O1-CI-Cl  116.9(4)
V1-04-V1 100.4(1) CI-03-VI  112.5(2)
D-H-A D-A [A] H--A [A] D-H--A [A]
02-H2A--041 (.82 1.91 2.714(4)
02-H2B--05M (.82 1.93 2.747(4)
04-H4--031  0.82 2.00 2.806(3)

[a] Symmetry transformations used to generate equivalent atoms:
X, —y+2,—z+1.[b]x+1, y z. [c] x+1, —p+1, =z+1.
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Table 3. Best-fit magnetic parameters.

Compound® g J [em™] p tip a

1 1.95£0.01 -29.60%0.05 0.008 £0.001 0.00012£0.00001

1®! 1.95£0.01 -29.28+0.05 0.002%0.001 0.00004 £0.00001 0.025(2)
21271 1.93£0.01 -6.50£0.05 0.01£0.002 0.0018 £0.00005

31271 1.95%£0.01 -6.25£0.05 0.02£0.002 —0.0004 +0.00005

4081 1.91 -3.85 0.008

stiel 1.927 —4.35 0.00064

[a] 1, V,0,(OH)y(C,04)(H,0); (this work); 2, [EtyNL[(VO)2(C,04)3(H20),]-4H,0; 3, [EtaNL[(VO)A(C,04)(C3H,04)2(H,0),]-2H,0; 4,
[V20,(C504)(H,0)6]Cly4BuyNCI-H,O; 5, [PhyP)L[(VO)»(C504)3(H50),]4H,0. [b] These values were obtained by fitting the data using
Heisenberg alternating chain model with Equation (2) and all others are for the Heisenberg dimer model with Equation (1).

1 (yield 90% based on V,0s). Complex 1 is stable and insoluble in
water and most organic solvents. V,0,(OH),(C,04)(H-0),
(291.94): caled. C 8.22, H 2.05; found: C 8.32, H 2.13.

Crystallographic Studies: Intensity data were collected on a Rigaku
AFC6S diffractometer with graphite-monochromated Mo-K,, (1 =
0.71073 A) radiation by using the w-26 scan method at room tem-
perature. The structure was solved with direct methods and refined
on F? with full-matrix least-squares methods using SHELXS-97
and SHELXL-97 programs, respectively.”! All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were added
in the riding model and refined isotropically with O-H = 0.82 A.
The crystallographic data are summarized in Table 1, and the se-
lected bond lengths are listed in Table 2. CCDC-294737 contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Magnetic Measurements: Magnetic data of polycrystalline samples
(H = 5000 Oe) were recorded on 47.90 mg of 1 in the 2-300 K
temperature range with a Quantum Design MPMS-5S SQUID
Spectrometer. Correction for the sample holder was applied. The
data were fitted to the Heisenberg dimer model for two S = 1/
2 spins [Equation (1)] whilst taking into account the presence of
monomeric paramagnetic impurities (second term) and tempera-
ture-independent magnetism (third term) [where y is the magnetic
susceptibility, N4 the Avogadro constant, kg the Boltzmann con-
stant, ug the Bohr magneton, 7 the temperature, g the g factor, J
the exchange constant, p the ratio of the paramagnetic impurities,
tip is the temperature-independent contribution]. The best-fit pa-
rameters are given in Table 3.

2exp| ——
NAgzlulzs (kliT) +pNAg2:uI23 +tip a
B 2J 2k,T
1+3exp| —
k,T

x=>0-p)

B

The data were also fitted to the Heisenberg alternating chain model
with S = 1/2 using the following Equation (2), where the first term
describes the Heisenberg alternating chain model, x = |J|/kpT, J is
the exchange integral between a spin and its right neighbor, aJ the
exchange integral between a spin and its left neighbor, the values
for A(a), B(a), C(a), D(a), E(a), and F(a) can be found in ref.[>3]
The fit was good, and the best-fit parameters are listed in Table 3.

Eur. J. Inorg. Chem. 2006, 28502854
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