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A new nanocrystalline inorganic-organic hybrid compound, VO(C6H5COO)2 has been synthe-
sized under solvothermal conditions by reacting vanadium(V) oxytriisopropoxide with benzoic acid
in toluene. A detailed investigation of the composition, structure and properties of VO(C6H5COO)2
using chemical and thermal analysis, synchrotron X-ray powder diffraction, electron microscopy
techniques including SEM, TEM and SAED, spectroscopy techniques like XPS, EDX and FTIR,
SQUID magnetometry and EPR is carefully described. Due to the low-crystallinity of the final
material, its crystal structure has been solved from synchrotron X-ray powder diffraction data by
combining a direct space global optimization technique and DFT geometry optimization and
subsequently refined by the constraintRietveldmethod. The compound crystallizes in themonoclinic
systemwith a=20.652(3), b=6.798(1), c=9.954(1) Å, β=92.145(6) �, space groupC2, andZ=4. The
inorganic part of the structure can be regarded as staggered V-V-V chains, formed of corner-
sharing VO6 octahedra, running along the monoclinic b-axis. A strong V-O bond alternation along
the chain was evidenced by the DFT geometry optimization. The organic part is based on two
crystallographically independent singly ionized benzoatemoieties linked to vanadiumatoms through
a bidentate bridging mode. The morphology of VO(C6H5COO)2 exhibits long nanofibers, which
further consist of smaller individual nanofibers aligned in parallel to the growth direction along the
b-axis, as expected from the 1D nature of the compound. The magnetic susceptibility and X-band
EPR measurements shows that the magnetic properties of VO(C6H5COO)2 can be described by a
S=1/2 linear antiferromagnetic chainmodel with the isotropic interaction between nearest neighbors
and an estimatedmagnetic spin exchange parameter of J=-189K. DFT calculations have also been
carried out to simulate the optical response and to estimate the magnetic spin exchange related to VO
(C6H5COO)2. Such calculations allowed explaining the yellow-green color of the powder and the
one-dimensional character of the magnetic structure.

Introduction

Since the discovery of carbon nanotubes (CNTS),1 one-
dimensional (1D) nanostructures have attracted consid-
erable attention because they represent the smallest ob-
jects for efficient transport of electrons and excitons, and
thus are especially attractive building blocks for hierarchical

assemblyof functional nanoscale structures.2,3 In the case of
inorganic materials, such as oxides, nitrides, carbides, chal-
cogenides, and so forth, 1D morphologies are now quite
common. Another important class of materials are hybrid
inorganic-organic framework materials defined as com-
pounds that contain both inorganic and organic moieties.
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A subclass of hybridmaterials is metal-organic frameworks

(MOF), which is based on metal ions coordinated by

polydentate bridging organic ligands.4-7 Depending on

the type of metal ion connectors (chemical element, oxida-

tion state), the end functional group of organic ligands,

coordination polyhedra around metal cations, and the

conformation of carbon chains, a variety of topological

structures, such as one-dimensional (1D) chains,8 two-

dimensional (2D) layers or grids,9-11 and three-dimen-

sional (3D) porous motifs,12 can be tailored. In contrast

to MOFs, which are characterized by isolated metal

atoms linked by multifunctional organic ligands, inorga-

nic-organic hybrid compounds contain infinite

metal-oxygen-metal arrays as part of their structure.13

A crucial point in obtaining inorganic-organic hybrids with

desired properties is the ability to control the formation of a

particular network through the appropriate choice of the

constituent metal and bridging organic linkers. Hybrid

inorganic-organic materials have been widely used in gas

storage,6 catalysis,4 nonlinear optics,14 magnetism,15 and

molecular recognition and separations.7 Switching to the

nanometric dimensions one enters into the field of nano-

crystalline inorganic-organic hybrids, which is a challen-

ging task for bioapplications, i.e., because of their tunable

nature, these materials might have potential interest in a

varietyof imaging, biosensing,biolabeling, anddrugdelivery

applications.16-18Moreover, their physical properties might

be significantly different compared to the corresponding

bulk as one normally expects from the surface effects as well

as the quantum confinement of surface-state electrons, sur-

face spins, and other nanoscale related physical phenomena.

Including an anisotropic morphology and downgrading

to 1D nanostructures, the complexity of such inorganic-
organic hybrids becomes higher and the corresponding

chemical, optical, electrical, and magnetic properties depart

even further fromthoseof thebulk,making thus the research
object highly interesting.19,20

Considering the electronic structure, theoretical calcu-
lations have suggested that inorganic-organic hybrids
are semiconductors or insulators with band gaps between
1.0 and 5.5 eV. Because the highest occupied valence
bands are dominated by the contribution of the 2p atomic
orbitals of carbon atoms of the aromatic rings with a
small contribution of the atoms from the carboxylate
groups, changing the degree of conjugation in the ligands
should provide a way to tune the bandgaps.12 Moreover,
by proper design and realization of inorganic-organic
hybrids, particularly by the proper choice of themetal ion
or even by doing a partial substitution ofmetal ions of one
type with another one, it is possible to tune the band gaps
ranging from semiconducting (insulating) to metallic
states, which significantly broadens the application pos-
sibility of inorganic-organic hybrids.21

In the last several years, we have shown that the so-
called nonaqueous sol-gel routes are valuable alterna-
tives to aqueous systems. Nonaqueous sol-gel syntheses
gave access to a large variety of binary and ternary metal
oxide nanoparticles,22-24 oxide-based inorganic-organic
hybrids,25,26 metal (oxide) hydroxides,27,28 and doped
metal oxides.29-31 The obtained inorganic nanoparticles
exhibit phase purity as-obtained, high crystallinity with-
out further post-thermal treatment, and last but not least,
a tunable morphology. Further extension of the nonaqu-
eous sol-gel route to the field of nanocrystalline inor-
ganic-organic hybrids with reduced dimensionality is a
fascinating task, particularly with respect to achieving
additional interesting physical properties. Such an ap-
proach would not result in single crystals, which is often
the prerequisite for the successful solving of the crystal
structure, but in an additional challenge (powder XRD,
DFT-based geometry optimization) to reveal new crystal
structures of nanopowders.
Herein, we report a one-step nonaqueous chemical

synthesis of a novel nanocrystalline inorganic-organic
hybrid that is identified as vanadium oxobenzoate exhi-
biting a complex morphology, consisting of long nanofi-
bers where many of them comprises several smaller
nanofibers. The synthesis is based on a nonaqueous
process involving the reaction of vanadium(V) oxytriiso-
propoxide with benzoic acid in toluene at elevated
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temperature. Besides the novelty of the resulting product,
we present an original approach in the crystal structure
solution and refinement performed by combining a direct
spacemethod (global optimization) followed by aRietveld
refinement of the startingmodel, deduced from the powder
synchrotron XRD, with DFT-based geometry optimiza-
tion. Apart from the thorough structural characterization
of the final product including SEM, TEM, XPS, elemental
analysis, TGA, SAED, FTIR, and Raman spectroscopy,
ab initio calculations have been done in order to reveal the
electronic structure of the new inorganic-organic hybrid.
Finally, the magnetic properties of such 1D magnet were
probed by DC magnetization and EPR measurements
and compared to DFT calculated properties in order to
obtain a clear picture of the investigated material.

Experimental Section

Materials. Vanadium(V) oxytriisopropoxide, benzoic acid

(99.5%), and toluene (99.8%, anhydrous) were obtained from

Aldrich and used without further purification. The heat treat-

ment was performed in Parr acid digestion bombs with 45 mL

Teflon cups.

Synthesis. All procedures were started in a glovebox (O2 and

H2O<0.1 ppm). In a typical synthesis of nanofibers, 1 mmol of

vanadium(V) triisopropoxide and 3 mmol of benzoic acid were

added to 20 mL of anhydrous toluene under vigorous stirring.

The transparent reaction solution of yellow color was trans-

ferred into the autoclave. The autoclave was taken out of the

glovebox and heated at 200 �C for 48 h in a regular laboratory

furnace. The resulting suspension was centrifuged, and the

precipitate was thoroughly washed with ethanol and dried at

60 �C in air for 1 day. The final product was ground in a mortar

to yield a yellow-green powder.

Characterization. Scanning electron microscopy (SEM) mea-

surements were performed on a LEO 1550 Gemini with a gold-

coated sample. Transmission electron microscopy (TEM) mea-

surement was performed on a Zeiss EM 912Ω instrument at an

acceleration voltage of 120 kV, while high-resolution transmis-

sion electron microscopy (HRTEM) characterization was per-

formed on a CM30ST microscope (Philips; LaB6 cathode,

operated at 300 kV, point resolution of 2 Å). For TEM

characterization, the nondried sample which stayed suspended

in ethanol after the washing procedure was thoroughtly soni-

cated. One drop of this suspension was placed on a 400-mesh

carbon-coated copper grid and left in air to dry. Thermal

stability of the material was probed by the thermogravimetric

analysis (TGA), which was performed onNetzsch TG 209 F1 at

a scanning rate of 20 �C/min under an air atmosphere. The

elemental analysis was performed on a Perkin-Elmer 2400

element analyzer and inductively coupled plasma (ICP) analysis

on a Perkin-Elmer Optima 3300DV ICP spectrometer. The

oxidation state of vanadium was determined by X-ray photo-

electron spectroscopy (XPS), using an ESCALAB 250 spectro-

meter. The density of the powder was determined at 20 �C using

a gas-penetration pycnometer AccuPyc 1330 operating with He

gas. IR spectrumof the polycrystallinematerial was recorded on

a FT-IR Bruker 66v spectrometer under a vacuum with KBr

pelletized sample.

High-resolution X-ray powder diffraction patterns were col-

lected at the Swiss Light Source powder diffraction station using

the multicrystal analyzer detector.32 The powder was mounted

in a 0.5 mm Lindemann capillary and the capillary span at

approximately 10 Hz. In order to keep changes induced by

radiation under control, multiple short diffraction patterns (15

min) were collected under identical conditions, carefully in-

spected and merged into a single pattern if no sign of radiation

damage was detected. The photon beam wavelength calibration

was performed using theNIST silicon standard (640C)mounted

in a 0.5 mm Lindemann capillary. A Rietveld refinement has

given the value λ=1.034693 ( 0.000024 Å.

Bulk DC magnetic properties have been studied with a

QUANTUM DESIGN MPMS-XL-5 SQUID magnetometer.

Magnetization M as a function of temperature T has been

measured between 2 and 300 K in several constant magnetic

fields (100, 1000, and 10 000 Oe). In addition the isothermal

magnetization M versus magnetic field strength H at tempera-

ture of 2 K was obtained. As the M(H) curve at H=1000 Oe is

still linear, we calculated the susceptibility χ=M/H from M(T)

measurements. The susceptibility data are corrected for a small

diamagnetic contribution of the sample holder and for the

diamagnetic contribution of the inner core electrons obtained

from the Pascal tables (χdia=-1.7� 10-4 emu/mol).33 X-band

continuous wave (cw) EPR measurements were performed on a

commercial Bruker E580 spectrometer using TE102 dual cavity

and Oxford cryogenics continuous flow E900 cryostat. The

temperature stability was better than (0.2 K over the entire

temperature range.

Structure Solution and Refinement. The observed first 14

reflections of VO(C6H5COO)2were indexedwith the autoindex-

ing programWDICVOL04.34 The solution with figure of merit

[M(14)=15.9, F(14)=44.6(0.0123, 20)] has been chosen between

monoclinic solutions which indexed all selected peaks. A

C-centered monoclinic cell was found (a=20.652(3), b=6.798

(1), c=9.954(1) Å, β=92.145(6)�) with no other observable

systematic extinctions. The structure was solved in the space

group C2 using the program FOX35 and direct space method.

On the basis of the measured density (1.560(3) g cm-3) and

observed cell volume the structure was modeled with one rigid

octahedron VO6 and two independent rigid benzoate molecules

C6H5COO- kept in a flat conformation. The same correct

solution was identified in several global optimization runs of

around 1 h each.

The structuralmodel was refinedwith theRietveldmethod by

using the program TOPAS.36 The intermediate solution of the

Rietveld refinement was used as a starting model which was

further DFT geometry optimized. Output data of the geometry

optimization were finally introduced again in the Rietveld

refinement through restraint of the bonds and angles yielding

to the final structural model. The benzoate molecules were

described as semirigid bodies using the internal coordinates

(Z-matrix). The phenyl ring of both benzoate molecules was

kept flat, and only the torsion angle between C1 and C2 was

allowed to vary within the limit -30 to þ30� and the C-C and

C-O distances within the limit 1.2-1.5 Å. Then the position

and orientation of themolecules were allowed to vary. TheV-O

(32) Gozzo, F.; Schmitt, B.; Bortolamedi, T.; Giannini, C.; Guagliardi,
A.; Lange,M.;Meister, D.; Maden, D.; Willmott, P.; Patterson, B.
P. J. Alloys Compd. 2004, 362, 206–217.

(33) Kahn, O. Molecular Magnetism; VCH Publishers: Weinheim,
Germany, 1993.

(34) Boultif, A.; Louer, D. J. Appl. Crystallogr. 2004, 37, 724–731.
(35) Favre-Nicolin, V.; �Cern�y, R. J. Appl. Crystallogr. 2002, 35, 734–

743.
(36) Coelho, A. A. TOPAS-Academic, 2004, http://members.optusnet.

com.au/∼alancoelho.
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distance restraints of 2 Å for four vanadium coordinating

oxygens of the benzoate molecules and of 1.87 Å for the two

remaining oxygens (one independent site O3) were used to

model the VO6 octahedron. Three isotropic displacement para-

meters (vanadium, carbon and oxygen atoms) were refined. The

diffraction profiles were described by the pseudo-Voigt func-

tion, and the background (the relatively high background is due

to the high amorphous content visible in HRTEM images) by

the Chebyshev polynomials. The observed anisotropic line

broadening was supposed to be due to the anisotropic crystallite

size and was described by a spherical harmonics model. In the

final run, 39 structural, 4 lattice parameters, 14 profile, and 19

background parameters were allowed to vary. The uncertainties

of the atomic parameters of the carbon and oxygen atoms from

the benzoatemolecules were not available from the least-squares

matrix, because the molecules were refined using their internal

coordinates and were therefore estimated by the bootstrap

method.37

Ab Initio Calculations. Density functional theory (DFT)

calculations have been carried out using two different codes:

the Vienna Ab initio Simulation Program (VASP) for the

geometry optimization of the structures and the WIEN2k

program package for the calculation of the electronic structures

and the spin exchange parameters and the simulation of the

optical properties.38,39

To correctly describe the spin state of V4þ ions (d1 electronic

configuration), the resulting local structure, and its related

properties (electronic, magnetic and optical), we have carried

out DFT calculations within the generalized gradient approx-

imation (GGA)40 plus on-site Coulomb repulsion (U). The

validity of the GGAþU approach has been tested by changing

the value of the effective Hubbard parameter, Ueff=U - J. As

it will be discussed in the next section, aUeff value of about 2 eV

has been shown to provide a coherent picture of the magnetic

and optical properties of VO(C6H5COO)2.

The parameters used in the VASP calculations are the follow-

ing. The wave functions are expanded in a plane-wave basis set

with kinetic energy below 500 eV. The VASP package is used

with the projector augmented wave (PAW) method of Bl
::
ochl.41

The integration in the Brillouin Zone is done by the Methfessel-

Paxton method42 on a set of k-points determined by the

Monkhorst-Pack scheme.43 All the optimizations of atomic

coordinates are driven by following a conjugate gradient mini-

mization of the total energy scheme (3.10-2 eV/Å). During the

optimization the lattice parameters have been kept to the

experimental ones.

The geometry optimization has been realized using a multi-

step approach. Starting from an intermediate solution of the

Rietved refinement, the atomic positions have been relaxed

using GGA exchange-correlation potential and considering an

FM order. The converged atomic structure has been then

optimized using GGAþU with Ueff = 2 eV and FM order.

Finally, in order to ensure that the long-range magnetic order

has negligible effect on the atomic arrangement, the converged

structure has been relaxed in GGAþU (Ueff=2 eV) based on an

AFM order. As expected, no significant structural (bond dis-

tances and angles) evolution has been observed betweenFMand

AFM orders, confirming the validity of the FM long-range

order to correctly describe the equilibrium atomic arrange-

ment surrounding V4þ ions with d1 electronic configuration

and S =1/2 spin state.

The density of states, spin exchange parameters and optical

properties are deduced from a self-consistent calculation, using

the full-potential linearized augmented plane wave (FP-LAPW)

method, as embodied in the WIEN2k code. The maximum l

value in the expansion of the basis set inside atomic sphere was

12. The convergence of basis set is controlled by a cutoff

parameter RMT�Kmax=3, where RMT is the smallest atomic

sphere radius in the unit cell and Kmax is the magnitude of the

largest k vector. The self-consistency was carried out on a 8 k-

points mesh in the irreducible Brillouin zone, with the following

radii RMT(V)=1.68 au, RMT(O,C)=1.19 au, RMT(H)= 0.71

au, and GMAX=20 Bohr-1.

Results and Discussion

The chemical analysis of the as synthesized material
gave for the chemical composition the following results
expressed in atomic percentages: V, 3.85 at %, C, 54.70
at %, H, 20.96 at %. The rest to 100 at % was attributed
to the remaining constitutive element oxygen O, 20.49
at %. To further elucidate the chemical composition and
vanadium oxidation state, we analyzed the sample by X-
ray photoelectron spectroscopy (XPS). Figure S1a in the
Supporting Information shows the typical survey spec-
trum of vanadium oxobenzoate nanofibers. No other
core levels related to impurities were detected, proving
the high purity of the sample. In general, the difference in
binding energies (ΔE) between the O 1s and V 2p3/2 levels
vary for different oxygen content ratios in vanadium
oxide compounds. For this reason, the binding energies
of vanadium oxide compounds are calibrated typically
based on theO 1s peak position.44 In our case, it was found

Figure 1. Rietveld output plot of VO(C6H5COO)2. Observed (blue) and
calculated (red) intensities and their difference curve (pink) are denoted.
In addition, calculated Bragg positions of the VO(C6H5COO)2 are
indicated by vertical ticks.
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from Figure S1b and S1c that the binding energies of O 1s,
V 2p1/2, and V 2p3/2 levels were 531.8, 524.3, and 517.2 eV,
respectively. The peak separation of 14.5 eV (ΔE) bet-
ween O1s and V2p3/2 is close to the energy reported for
VO2, although a small shift in the V2p3/2 peak position
from 515.6 eV (indexed Hand of X-ray photoelectron
spectroscopy) to 517.2 eV was found, from the crystalline
VO2 to the vanadium oxobenzoate nanofibers, respec-
tively. This shift indicates a change of microenvironments
for vanadium and confirms that V atoms in vanadium
oxobenzoate nanofibers remain in the same formal valence
state of V4þ.44 On the basis of the above-mentioned
findings, we propose the chemical formula of the as syn-
thesized inorganic-organic hybrid as VO(C6H5COO)2 or
empirical formula VO5C14H10.
Thermogravimetric analysis (TGA) was performed in

order to determine the thermal stability of the vanadium
oxobenzoate nanofibers, and to additionally check the
suggested chemical formula. From room temperature to
300 �C (Figure S2 in the Supporting Information) only
2.3% of the total weight was lost, indicating a high
thermal stability of the vanadium oxobenzoate nanofi-
bers up to this temperature. The weight loss in this range
occurs because of the release of physisorbed species like
adsorbedwater, freeOHgroups, or some residual organic
molecules originating from the employed solvent toluene.
Themain weight loss of 70.2% asmeasured relative to the
starting point occurs between 300 and 468 �C and is
attributed to the decomposition of the organic part of
the initial inorganic-organic hybrid. Assuming that the
final product of decomposition is the most stable vana-
dium oxide V2O5, the observed net weight loss (70.2%) is
consistent with the expected one (70.6%) based on the
proposed empirical formula. Accordingly, TGA results
corroborate the proposed chemical formula of the inves-
tigated inorganic-organic hybrid.
Description of the Structure. Figure 1 shows a typical

Rietveld output plot of the synchrotron XRD powder
pattern of VO(C6H5COO)2 recorded at T=300 K. An
obvious feature is the low crystallinity and/or a high
amorphous content (hump in the pattern) originating from
the employed synthesis method. A further post-thermal
treatment which would certainly increase the crystallinity
has not been applied in order to keep the desired

inorganic-organic hybrid. Therefore, a relatively low-
quality powder pattern has been analyzed with nonstan-
dard methods using rigid body modeling and geometry
optimization based on DFT calculations. Careful inspec-
tion of the Rietveld plot shows that some peaks (2θ=9.18,
10.58, 17.74, and 20.48�) are not fully explained by the
structural model, which is also reflected in the relatively
high value of χ2 = 4.3. It can be attributed either to
impurities of an unknown phase produced as a byproduct
during the synthesis, or alternatively, it can be explained at
least partly by removing the C-centering of the lattice. It
would mean that two neighboring VO6 octahedra in a
chain would become independent. We were not able to
verify this model, because the resolution of the powder
diffraction data was not sufficient (low crystallinity).
Before describing the final structural model, it should

be noticed that the geometry optimization was realized
based on an intermediate solution of the Rietveld refine-
ment. In particular, the intermediate model was different
from the last one by the way that the inorganic and
organic blocks were connected to each others. Panels a
and b in Figure 2 show the local arrangement around two
neighboring V4þ ions sites before and after the DFT
geometry optimization, respectively, using Ueff = 2 eV
and FM magnetic order. A significant structure rearran-
gement was observed. Interestingly, the DFT optimized
model exhibits a similar arrangement like the last model
deduced from the Rietved refinement.
Such results show the particular stability of the last

refined atomic arrangement. The corresponding final
crystallographic parameters are summarized in Table 1,
refined structural parameters in Table S1 (Supporting
Information), geometry optimized structural parameters
(Ueff=2 eV) in Table S2 in the Supporting Information,
and selected interatomic distances and angles in Table 2.
For convenience, the atomic labels from these tables are
attached to the corresponding atoms in the scheme given
in Figure S3 in the Supporting Information. The asym-
metric unit of the vanadium oxobenzoate contains two
singly ionized benzoate ligands C6H5COO-, and one
oxygen anion necessary for V4þ charge balance. The
metal center is surrounded by six oxygen atoms, four of
them from four different C6H5COO- ligands, and two
from the remaining structural oxygen which forms two

Figure 2. Schematic view of the local arrangement (a) before and (b) after the DFT geometry optimization based onGGAþU (Ueff = 2 eV) calculations
using an FM order. Vanadium, oxygen, carbon, and hydrogen atoms are respectively represented in blue, red, gray, and white. O3 site is evidenced by an
orange color.
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short bonds with the lengths of 1.73(3) and 1.87(3) Å in
the Rietveld model, whereas only one bond is short
(vanadyl bond) in the DFT model. The resulting coordi-
nation polyhedron around each vanadium atom, in the
Rietveldmodel, is a distorted octahedronwithV-Obond

lengths (Table 2) in the range 1.73(3)-2.008(7) Å. The
O-V-O bond angles lie in the range 66.9(4)-147.6(2)�,
which appreciably deviate from the values for regular
octahedron of 90 and 180�. For comparison, a geometry-
optimized solution presented in the third column of
Table 2 exhibits less-distorted VO6 octahedron, i.e., O-
V-O bond angles are quite close to 90 or 180�.
Although the DFT and Rietveld models are similar

from the architectural point of view, important structural
differences are observed in terms of bond lengths and
angles. A close inspection of the structural variations
between the last Rietveld model and the DFT optimized
structure leads to the following observations.
For the V-O bond lengths, an increase of 2.4% from

1.916 to 1.962 Å is observed between the Rietveld and the
DFT models, with distances ranges of [1.731-2.007] and
[1.699-2.029] Å, respectively. In particular, the double
bond character of the vanadyl bond is enhanced in the
DFT model (contraction of about 2%). For the C1-O
bond lengths, a decrease of about 10.3% from 1.426 to
1.278 Å is observed between Rietveld and DFT models,
with distances ranges of [1.202-1.500] and [1.275-1.282] Å,
respectively. It should be noticed that the standard devia-
tion is significantly reduced after the geometry optimiza-
tion, from 0.149 to 0.003 Å. Additionally, the average
C1-O distance in the DFT model is 1.278 Å, which is in
between the values expected for a double bond, 1.24 Å,
and a partial double bond, 1.36 Å. For the C1-C bond
lengths, a decrease of about 0.4% from 1.494 to 1.488 Å is
observed between Rietveld and DFT models, confirming
its single-bond character (expected values ranging from
1.49 to 1.54 Å). For the others C-C bond lengths, which
are involved in the ring, an increase of 0.6% from 1.389 to
1.398 Å is observed between the Rietveld and DFT
models, with distances ranges of [1.200-1.500] and
[1.391-1.404] Å, respectively. As for theC1-Odistances,
a significant decrease in the standard deviation is ob-
served from 0.109 to 0.005 Å. These distances in between
1.39 and 1.40 Å in the DFT model agree quite well with
the expected value for C-C bond lengths involved in an
aromatic ring (1.39 Å). Finally, it should be noticed that a
very short O-O contact was obtained in the Rietveld
model between O3 and O1b atoms of 2.116 Å. After the
geometry optimization, this contact has been increased to
2.751 Å, i.e., an increase of 30% of the distance.
In summary, the DFT structural model is more regular

than the Rietveld one, both in terms of bond lengths and
angles. Different arguments could be given to explain
such a difference: (1) a theoretical treatment at 0 K
appears to be inadequate to correctly describe the
room-temperature structure, (2) a too short coherence
length leading to strong uncertainties in the Rietveld
refinement. As a matter of fact, one way to resolve this
dilemma is to estimate the oxidation state of the V4þ ions
in the structure by calculating the well-known bond-
valence sum rule.45 Calculating the bond-valence sum

Table 1. Crystallographic Data and Refinement Parameters Obtained

from Synchrotron X-Ray Powder Diffraction

compound name vanadium oxobenzoate

chemical formula VO(C6H5COO)2
V-oxidation number þ4
space group C2 (No. 5)
mol wt 309.17
Z 4
cryst syst monoclinic
a (Å) 20.652(3)
b (Å) 6.798(1)
c (Å) 9.954(1)
β (�) 92.145(6)
cell volume (Å3) 1396.4(9)
calculated density (g/cm3) 1.470(1)
experimental density (g/cm3) 1.560(3)
data collection range 4 to 50�
restricted data analysis range 4 to 31�
wavelength (Å) 1.03469(2)
no. of contributing reflns 130
no. of params refined 76
no. of bond lengths restrained 19
no. of bond angles restrained 26
average apparent crystallite size (nm) 28.8
standard deviation of the size,

measure of anisotropy (nm)
13.0

Rp (background corr.), Rwp, Rexp, RB (%) 16.78, 2.66, 1.28, 1.02
χ2 4.3

Table 2. Selected Bond Distances and Bond Angles of the Refined

Structure and Geometry Optimized Model

atoms
refined model
distance (Å)

DFT optimized model
distance (Å)

variation (%)
(dexp - dDFT)/dexp)

V-O3 1.73(3) 1.699 -1.8
V-O30 1.87(3) 1.992 6.5
V-O1a 1.925(6) 2.007 4.3
V-O2a 2.008(7) 2.029 1.0
V-O1b 1.971(9) 2.017 2.3
V-O2b 1.996(7) 2.026 1.5
V-V 3.577(9) 3.401 -4.9
O1a-C1a 1.20(2) 1.277 6.4
O1b-C1b 1.49(1) 1.276 -14.4
O2a-C1a 1.49(3) 1.279 -14.1
O2b-C1b 1.50(1) 1.283 -14.5
C1a-C2a 1.49(1) 1.488 -0.1
C1b-C2b 1.30(2) 1.489 14.5
C2a-C3a 1.500(4) 1.405 -6.4
C2b-C3b 1.414(9) 1.402 -0.9
O1a-O2a 2.309(4) 2.270 -1.7
O1b-O2b 2.587(5) 2.271 -12.2

atoms angle (�) angle (�) (Rexp - RDFT)/Rexp

O3-V-O30 144.2(1) 177.3 22.9
O1b-V-O2b 138.9(3) 172.5 24.2
O1a-V-O2a 147.6(2) 169.8 15.0
O1a-V-O2b 81.1(3) 88.1 8.7
O2a-V-O1b 89.7(3) 90.1 0.5
O3-V-O1b 84.3(5) 92.7 10.0
O3-V-O1a 79.2(4) 96.3 21.6
O30-V-O1b 74.8(3) 84.9 13.4
O30-V-O1a 66.9(4) 85.0 27.0
V-O3-V 167.6(1) 134.1 -20.0
O1a-C1a-O2a 117.0(9) 125.2 7.0
O1b-C1b-O2b 119.2(5) 125.1 5.0
C3a-C2a-C7a 114.4(7) 119.8 4.7
C3b-C2b-C7b 116.8(9) 119.7 2.5

(45) Brown, I. D.; Kang Kun, W. Acta Crystallogr., Sect. B 1976, 32,
1957–1959.
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(BVS) for vanadium atom in the VO6 coordination
octahedron, one obtains the value of BVS of 4.35 for
the refinedmodel and 3.94 for the calculated one. Because
the oxidation state of vanadium is deduced being þ4,
bothBVS values agreewell with it, confirming the validity
of the proposed structural model for VO(C6H5COO)2.
However, a better agreement is obtained with the DFT
model confirming the necessity to properly describe both
the vanadyl bond and the more regular geometry of the
octahedron around V4þ ions. In other words, although
the DFT arrangement is more regular than the Rietveld
one, it also leads to a strong V-O bond alternation. The
present analysis leads to the conclusion that the discre-
pancy between the Rietveld and DFT models is mainly
due to the low crystallinity of the investigated material,
leading to strong uncertainties. However, if the XRD
pattern exhibits the features typical of a low crystalline
product and the initial structure of the DFT geometry
optimization was far from the final solution, both tech-
niques converged independently toward the same archi-
tecture. Such results clearly illustrate the interest to
support XRD analysis by DFT relaxation in the case of
poorly crystallized samples.
Concerning structure description, two crystallographi-

cally independent benzoate ligands act in the same fash-
ion. Both the COO- groups of singly ionized benzoate
moieties link adjacent metal centers forming infinite
parallel chains along the 2-fold symmetry b-axis, which

is nicely illustrated in Figure 3. The major difference
between these two independent ligands is in their planar
conformation, because they lie in almost mutually per-
pendicular planes whose normal vectors are both perpen-
dicular to the b-axis (panels a and b in Figure 3). The
resulting structure consists of chains of corner-shared
VO6 octahedra (mutually linked with the oxygen atom
O3) running along the b-axis with a V-V separation of
about 3.6 Å (c and d in Figure 3). In terms of connectivity
along the b-axis, the structure can be regarded as a
staggered V-V-V chain, where adjacent chains, sepa-
rated from each others by the organic part composed of
benzoate moieties, are mutually distant by 9.95 Å and
9.855 Å, respectively, along the c- and a-axes.
The second parameter that might serve as a criterion to

validate the structural model is the experimentally deter-
mined bulk density of the compound. Comparison of the
experimentally determined density of F=1.560(3) g/cm3

with the corresponding calculated X-ray density Fcalcd=
1.470(1) g/cm3 shows a slight discrepancy that might be
attributed to the presence of unidentified impurities and a
considerable amount of an amorphous content in the
analyzed material.
Finally, let us briefly discuss the microstructural prop-

erties of the investigated vanadium oxobenzoate nanofi-
bers. It is generally expected in a system of reduced
dimensionality that anisotropic broadening occurs, i.e.,
crystallite sizes might show a strong anisotropic charac-

Figure 3. Solved and refined final crystal structure of VO(C6H5COO)2 viewed (a) along the b-axis, and (c) along the c-axis. A geometry optimized crystal
structure ofVO(C6H5COO)2 based onDFT calculation is displayed in (b) along the b-axis, and in (d) along the c-axis. Projection of the unit cell is indicated
by solid lines.
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ter.27 As already mentioned in the experimental part, the
anisotropic size broadening is considered in general to be
a phenomenological model, in which using the Scherrer
formula it can be written as a linear combination of
spherical harmonics.46 After refinement of the expansion
coefficients, the Rietveld program calculates the crystal-
lite size along each reciprocal lattice vector. The resulting
extracted apparent crystallite size for each reflection hkl is
displayed in Figure S4 in the Supporting Information as a
function of 2θ in the selected range from 5 to 21�. It is
noteworthy that the difference between minimum and
maximumvalue of the size is quite high, i.e., 13 and 75 nm.
The highest value of the crystallite size (75 nm) corre-
sponds to the 020 reflection (direction of the b-axis),
which is most probably the preferred growth direction
of the nanofibers. This feature is in accordance with the
proposed structural model of parallel one-dimensional
chains arranged along the crystal b-axis (Figure 3). Such
structural arrangement remains aligned in the final mor-
phology, thus forming nanofibers with the long axis
parallel to the crystal b-axis.
The microstructural properties of the final product,

including morphology and local crystallinity, have been
probed by electron microscopy including TEM, electron
diffraction, and SEM. A representative SEM overview
image of VO(C6H5COO)2 is displayed in Figure 4a, from
which it seems that the entire material is rather homo-
geneous consisting of long nanofibers up to 10 μm in
length and even up to 100 nm in diameter. However, a
higher-magnification SEM image, in Figure 4b, clearly
discloses that the nanofibers are not so uniform, but some
of them exhibit a complex morphology consisting of
mutually aligned individual nanofibers as can be particu-
larly seen in the upper left corner of Figure 4b. A typical
TEM image (inset in Figure 4b) reveals the presence of
individual nanofibers having a distribution of their
widths with a mean value of 41 nm, and a standard
deviation of 10 nm. Figure 4c shows a magnified TEM
image of two isolated nanofibers, where variation of the
contrast along the axes of the nanofiber confirms their
complexmorphology. The well-resolved individual parts,
i.e., parallel aligned nanofibers, are clearly visible corro-
borating the SEM findings. The local crystallinity of the
individual nanofiber has been tested by recording the
corresponding electron diffraction pattern, taken from a
selected region of a single nanofiber. The resulting pattern
is displayed in Figure 4d, showing that it consists of
discrete Laue spots, thus revealing the single-crystallinity
of the part of the investigated individual nanofiber. In
addition, the symmetry of the Laue spots and the corre-
sponding reflection assignment make it possible to iden-
tify the zone-axis as [001] (c-axis), which is in this case
parallel to the thickness of the nanofiber. Similarly, the
long axis of the nanofiber or the growth direction is
identified as [020] (b-axis), whereas the width of the
nanofiber is then along [200] (a-axis). In this way, the
TEM results nicely confirm the anisotropic crystallite

sizes as deduced from XRD analysis. On the other hand,
one can notice that the length of the nanofibers is up to ten
micrometers, but the apparent size along the b-axis is only
75 nm. This observation implies that the structural coher-
ency is not kept along thewhole length of the nanofiber. It
is then reasonable to conclude that the powder is con-
stituted of polycrystalline VO(C6H5COO)2 nanofibers,
themselves based on the assembly of smaller single-crys-
talline units. Unfortunately, the present compound is
highly sensitive to the e-beam, because of the high content
of organics, and therefore detailed HRTEM analysis is
not possible. AnyHRTEM imaging yields to amorphous-
like data without resolvable crystal lattice fringes.

The nature of the amorphous by product was investi-
gated by local probe technique like TEM-EDX and by
visual analysis of TEM/SEM images. From SEM as well
as TEM images, no separate amorphous phase was ob-
served, since the material displayed therein looks rather
homogeneous. Moreover, thorough washing of the final
material with ethanol certainly removed most of the
excess of purely organic byproducts, leaving behind the
targeted inorganic-organic hybrid compound.
To get more insight about the organic moieties and

their binding to the metal centers, the investigated com-
pound has been probed by FT-IR spectroscopy. The
resulting spectrum, which is displayed in Figure 5, con-
sists of a bunch of absorption peaks reflecting a high
structural complexity of this inorganic-organic hybrid
compound.
The spectrum can be divided in two parts: Character-

istic bands corresponding to the different molecular
vibrations of the benzoate ligand, and the bands attrib-
uted to vibrations of the inorganic O-V-O octahedral

Figure 4. (a) Overview SEM image of the as-synthesized vanadium
oxobenzoate nanofibers. (b) SEM image recorded at a higher magnifica-
tion. In the inset TEM image of individual nanofibers is shown. (c)
Higher-magnification TEM image of several parallel aligned nanofibers.
(d) Indexed SAED pattern of the single nanofiber in [001] zone-axis, and
growth direction [020] is denoted by the arrow.

(46) Jarvinen, M. J. Appl. Crystallogr. 1993, 26, 525–531.
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framework. The broadband centered at 3417 cm-1 is
attributed to O-H stretching modes of the hydroxyl
groups of adsorbed water molecules and hydrogen-
bonded OH groups. Moreover, the presence of the sharp
absorption band centered at 3593 cm-1 is normally
assigned to the stretching of free hydroxyl groups, again
most probably attached on the surface of the nanofibers.
It is interesting to note that the bands at 927and 1287 cm-1,
characteristic of the dimeric structure of benzoic acid, are
still observed, pointing to the fact that a small amount of
benzoic acid dimers are also present in the sample. The
bands at 1599, 1511, and 1493 cm-1 are characteristic of
the skeletal vibrations of the phenyl ring, the bands at
3028 and 3066 cm-1 can be assigned to C-Hstretching of
the phenyl ring, and the band at 1179 cm-1 with the tail at
1162 cm-1 is typical of C-C vibration.25,47,48 In the low-
frequency range of 811-700 cm-1, another set of char-
acteristic frequencies of the phenyl ring are observed,
specifically the band at 714 cm-1 corresponding to the
C-H out of plane deformation and the one at 677 cm-1

related to the CdC deformation.48 Important informa-
tion about the binding of the organic moieties, the
benzoate anions, or more precisely the carboxylate
groups COO-, to the metal centers can be deduced by
comparing the difference of frequencies between its anti-
symmetric νa and symmetric νs stretching modes. The
carboxylate anion may coordinate to metals in three
modes: monodentate, bidentate chelating (bonded to
one V) and bidentate bridging (bound to two V), where
eachmode has its own stretching vibration frequency that
allows us to distinguish them.49 In the IR spectrum,
νa(COO-) is located at 1590 cm-1 and νs(COO-) at
1413 cm-1, leading to a difference of Δ = 177 cm-1.
Monodentate coordination leads to a significantly higher
difference between asymmetric and symmetric carboxy-
late frequencies in the range 380-450 cm-1. Therefore
such a coordination can be certainly excluded.25,50 On the
basis of the IR results, discrimination between bidentate
bridging and bidentate chelating coordination is not so

straightforward. However, it is usually reported that
bidentate chelating appears with much smaller frequency
differences between 40 and 70 cm-1,25 guiding us to
conclude that the most probable coordination of the
carboxylate group to the vanadium centers is bidentate
bridging, where two subsequent vanadium cations are
coordinated to one carboxylate group as already deduced
from XRD and DFT geometry optimization. Conse-
quently, FT-IR results nicely support the suggested
structure of vanadium oxobenzoate.
To explore the magnetic properties of the new vana-

dium oxobenzoate, we performed DCmagnetization and
EPR measurements. According to the VO(C6H5COO)2
atomic structure, only V4þ ions, with spin quantum
number S=1/2, are expected to carry a nonzeromagnetic
moment. As they are arranged in chains the magnetic
properties characteristic for one-dimensional systems33

and possible instabilities, such as spin-Peierls transition,
at low temperature were expected to be detected.51

The temperature dependence of the susceptibility dis-
played in Figure 6 can be divided into two regions. (I) In
the high-temperature region, between 300 and 60 K,
the susceptibility, χ, shows a broad maximum at around
Tmax=215 K, indicating AFM interactions between V4þ

moments along theV-V-Vchains. The broadmaximum
in χ is very typical for 1D AFM systems and has been for
instance observed in Cu2þ chains.52,53 Unusually, high
Tmax value marks very strong superexchange interactions
between V4þ (S=1/2) moments. (II) In the low-tempera-
ture region, i.e., for T<60 K, a small “bump” in the
susceptibility is noticed around 50 K. However, this
anomaly has not been seen in all batches, so we believe
that it is not of intrinsic origin. Below 40 K, the suscept-
ibility starts to increase again, showing a typical Curie-
like tail. To investigate the nature of paramagnetic
moments that cause the Curie-like tail, we measured the
magnetization versus magnetic field at 2 K. The inset to
Figure 6 shows a characteristic paramagnetic S-shaped

Figure 5. FT-IR spectrum of VO(C6H5COO)2.
Figure 6. Temperature-dependent susceptibility of the vanadium oxo-
benzoate and fit to eq 1. In the inset, we show the magnetization as a
function of the magnetic field at 2 K and fit with the Brillouin function.

(47) Tocchetto, A.; Glisenti, A. Langmuir 2000, 16, 6173–6182.
(48) Caravati, M.; Grunwaldt, J.-D.; Baiker, A. Phys. Chem. Chem.

Phys. 2005, 7, 278–285.
(49) Zhu, Y.; Li, H.; Y., K.; Gedanken, A. J. Mater. Chem. 2002, 12,

729–733.
(50) Doeuff, S.; Henry, M.; Sanchez, C.; Babonneau, F. J. Non-Cryst.

Solids 1987, 89, 206–216.

(51) Peierls, R. E. Quantum Theory of Solids; Oxford University Press:
London, 1955.

(52) Mastropietro, T. F.; Armantano, D.; Grisolia, E.; Zanchini, C.;
Lloret, F.; Julve, M.; De Munno, G. Dalton Trans. 2008, 514–520.

(53) Lee, Y. M.; Lee, H. W.; Kim, Y. I. Polyhedron 2005, 24, 377–382.
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magnetization curve without detectable hysteresis. As a
matter of fact, the measured data can be fitted with the
Brillouin function for S=1/2 spins, which is the value
expected for V4þ ions. So we explain this paramagnetic
signal at low temperature as a contribution of noninter-
acting V4þ ions that are not perfectly incorporated in the
AFM ordered chains.

Themain feature in the χ(T) data describing our system
corresponds to the high-temperature region I), where the
susceptibility shows a maximum value approximately at
215K. After correction for themagnetic susceptibility for
the diamagnetic contribution we tried to reproduce the
experimental data with a rationale function54 that simu-
lates the Boner-Fisher curve55 describing the suscept-
ibility of a linear magnetic chain with the isotropic
interaction between nearest neighbors: H=-2J ΣSi 3Sj.
We add a Curie term for spin S=1/2 to the function54 to
account for the noncoupled magnetic moments and ob-
tain

χ ¼ ð1-FÞNAg
2μB

2

kBT

0:25þ0:14995xþ0:30094x2

1:0þ1:9862xþ0:68854x2þ6:0626x3

þF
NAg

2μB
2

4kBT
ð1Þ

where F is the molar fraction of noncoupledmoments,NA

the Avogadro number, g = 1.96 obtained from EPR
measurements (see below), μB the Bohr magneton, kB
the Boltzmann constant and finally x=|J|/T where the
magnetic spin exchange interaction J (in Kelvins) is
negative for AFM coupled magnetic moments. The best
fit of function 1 to the experimental data (full line in
Figure 6) was obtained with J=-189 K and F=0.004=
0.4% noncoupled V4þmagnetic moments. The value of F
corresponds to about one unpaired V4þ ion per 250 V4þ

ions incorporated into the perfect chains. The average
length of the unperturbed chains is then l=250�0.35 nm
=87 nm, which is almost identical to the crystallite size
along the b-axis. Because the V-chains grow along this
axis, the detected Curie contribution in fact corresponds
to the surface V4þ sites.
In addition, X-band EPR measurements were per-

formed in order to investigate the ground state of vana-
dium oxobenzoate. A typical X-band EPR spectrum
measured at room temperature is shown in the inset of
Figure 7a. TheEPR line shape cannot be simply described
with a single Lorentzian. Two overlapping Lorentzian
components are needed to perfectly reproduce the mea-
sured X-band EPR line shape. However, the parameters
for the two components are rather similar and show very
similar temperature dependence suggesting that both
components arise from the same region of the sample.
For this reason, we proceed with a moment analysis: the
first moment defines the center of the line and therefore
the g-factor, whereas the square root of the second

moment gives the full-width at half-maximum line width√
M2 = ΔHfwhm. The calibrated intensity of the room

temperature EPR signal roughly corresponds to the total
EPR susceptibility measured by SQUID (Figure 6). The
room-temperature EPR line width is ΔHfwhm=270 G,
whereas the g-factor is 1.962(2).We note that the g-factor
is rather characteristic of V4þ centers in an octahedral
environment. The observed structural distortion of the
VO6 octahedra (Figure 2) should lead to an axially
symmetric g-factor with gx=gy=ge -2(λ/δ) and gz=ge
- 8(λ/Δ).56 Here λ=170 cm-1 is the spin orbit coupling
constant of V4þ. Although we are not able to reliably
determine gx, gx, and gz from the present powder X-band
EPRdata, we can estimate the crystal field parameters δ=
2100 cm-1 and Δ=8400 cm-1. On cooling from 400 K to
∼230 K, the integrated EPR susceptibility χEPR increases
with decreasing temperature (Figure 7a), similarly as
found in the magnetic susceptibility measurements (Fig-
ure 6). Below Tmax, χEPR starts to decrease reaching a
minimum at Tmin=28 K. However, the observed χEPR
does not imply opening of a spin gap that would be
characteristic of 1D magnetic instabilities. In the entire
temperature interval, between 400 K and Tmin, the line
shape remains almost unchanged. Below Tmin, the line
shape qualitatively changes and the EPR signal intensity
starts to increase again. The line shape changes are
however subtle and further high-field EPR experiments
are needed to understand the evolution of the EPR be-
low Tmin. The temperature dependence of χEPR is there-
fore indicative of the one-dimensional character of
V4þ Heisenberg exchange interactions at least between
400 K and Tmin. It is not clear however if the increase in
χEPR is due to the impurity signal with a Curie-like

Figure 7. Temperature dependence of X-band EPR parameters for the
vanadium oxobenzoate: (a) dependence of the integrated EPR spin
susceptibility, (b) full-width at half-maximum line width, and (c) g-factor.
In the inset to (a), we show a typical room-temperature X-band EPR
spectrum.

(54) Estes, W. E.; Gavel, D. P.; Hatfield, W. E.; Hodgson, D. J. Inorg.
Chem. 1978, 17, 1415–1421.

(55) Bonner, J. C.; Fisher, M. E. Phys. Rev. 1964, 135, A640–A658.
(56) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of

Transition Ions. Clarendon Press: Oxford, U.K., 1970.
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dependence or due to some short-range ordering of the
V4þ moment in the VO6 chains.
Further insight into the magnetic behavior of vana-

dium oxobenzoate is obtained from a close inspection of

the temperature dependence of ΔHfwhm. Within the high-

temperature Kubo-Tomita expansion, which predicts

the exchange-narrowed line width to be ΔHfwhm ≈ (2/

(gμB))(M2/|J|), we estimate that a magnitude of the

magnetic anisotropy, which is responsible for the second

momentM2, is about 3.5 K. This value is at least an order

of magnitude larger than it would be expected to be for

the dipolar contribution. Therefore, we suggest that large

M2 could be explained by considering Dzyaloshinski-
Moriya interaction, which is in our case allowed by the

crystal symmetry. At high-temperatures an almost linear

dependence of ΔHfwhm has been noticed (Figure 7b).

When T decreases and approaches ∼Tmax/2, the slope

ofΔHfwhm starts to change. Below 50K,ΔHfwhm starts to

dramatically increase with decreasing temperature and

reaches more than 500 G at 4 K. In the same temperature

interval, the g-factor, which was temperature-indepen-

dent at high-temperatures, also increases monotonically,

reaching 1.975(3) at 4 K (Figure 7c). Two scenarios could

explain the low-temperature changes in EPR: (i) As we

have already mentioned above, the presence of surface

V4þ sites is significant and the low-temperature EPR line

shape may be ascribed to these centers. Due to the

coupling of the surface V4þ centers to the bulk V4þ

moments in the chains, we propose that the residual

temperature dependence of the linewidthmay then reflect

the slowing down of the chain spin dynamics in the low-

temperature regime. (ii) Alternatively, the observed

changes in EPRmay indicate a crossover to the predicted

quantum one described by the Oshikawa-Affleck (OA)

theory for one-dimensional quantum spin Heisenberg

chains with the staggered field.57,58 The origin of the

staggered field may be in our case either the Dzyaloshins-

ki-Moriya interaction, already announced by the high-

temperature dependence of the line width, or the g-factor

variation due to the tilting of VO6 octahedra along the

chain. Additional high-field frequency-dependent EPR

measurements are needed to discriminate between these

two possibilities.
Let us sum up the experimental results. A new com-

pound has been obtained with the chemical formula VO
(C6H5COO)2. The final product of the synthesis is a

yellow-green powder indicating that thematerial partially

absorbs the visible light. Suchmacroscopic observation is
the signature of the presence of two absorption bands,

respectively centered at about 2 and 3 eV. Additionally,
from the color of the powder, we can conclude that VO

(C6H5COO)2 is a semiconducting compound. Magnetic

data of VO(C6H5COO)2 have been interpreted as origi-
nating from a spin-half AFM chain system with an

estimated spin exchange parameter J=-189 K.

To corroborate these experimental results and inter-
pretations, we have estimated the optical and magnetic
properties of the optimized structure based on DFT
calculations. Before discussing these results, we first
consider the effect of the Ueff parameter on the electronic
structure. Up-spin total densities of states (DOS) related
to the optimizedDFTmodel with different Ueff values are
represented in Figure 8. These calculations have been
carried out on the basis of the AFM magnetic structure
(up and down spin total DOS’s are then equivalent). The
general features of these DOS’s are similar except for a
significant change in the V(d) bands positions as a func-
tion of the Ueff value. Particularly, it leads to a band gap
increase from 0.7 to 1.7 eV when Ueff is raised from 0 to
3 eV. To better understand the consequence of the band
gap increase on the optical properties and to properly
relate the yellow-green color of the powder to the so-
obtained DOS’s, we have realized calculation of the
dielectric function. Figure 9 shows the imaginary part of
the dielectric function for aUeff value of 2 eV, leading to a
good agreement with the experimental observations. In
fact, if the band gap in the DOS is only 1.7 eV, the
resulting absorption spectrum leads to two absorption
bands, respectively centered at 2.2 and 3 eV. The combi-
nation of an intense absorption band at 3 eV and a less
intense absorption at 2.2 eV allows us to explain the

Figure 8. Total densities of states (up-spin) of the DFT optimized
vanadium oxobenzoate with the AFM order and for different Ueff

parameters. The Fermi level is set to 0 eV; the top of the valence band
as well as the bottom of the conduction band are denoted with the red
(blue) dashed lines, respectively.

Figure 9. Prediction of the imaginary part of the dielectric function as a
function of the incident photon energy (solid line), based on GGAþU
(Ueff = 2 eV) calculations. The optical transitions starting from the V(d1)
level are represented in black.

(57) Oshikawa, M.; Affleck, I. Phys. Rev. Lett. 1999, 82, 5136–5139.
(58) Oshikawa, M.; Affleck, I. Phys. Rev. B 2002, 65, 134410.
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yellow color (due to the presence of the 3 eV band) of the
powder with some greenish aspects (due to the simulta-
neous presence of the two bands).
To have more insights about the origin of these

two bands, we could first have a look at the partial
DOS (pDOS) for Ueff=2 eV. Figure 10 shows the sum
of spin-up and spin-down DOS’s projected on selected
sites.
Below the Fermi level, the occupied bands could be

described as based on two main blocks. The first part
from-8 to-1 eV is mainly composed of C(2p) states and
O(2p) states interacting with V(3d) states. In the present
case, the VO6 octahedron is distorted with shorter bonds
along the z-axis of the octahedron, meaning that the first
V(3d) orbital will be 3dxy, followed by the two nearly
degenerate orbitals 3dxz and 3dyz, then 3dx2-y2 and finally
the highest orbital 3dz2. The second part, just below the
Fermi level, is mainly based on V(3dxy) states interacting
with O(2p) states. As a consequence, the present DOS’s
confirm the d1 electronic configuration of vanadium
atoms and its 4þ formal oxidation state. It should be
noticed that no interaction betweenV(3d) orbitals andO3
(2p) orbitals are observed, while a significant contribu-
tion of O1a, O2a, O1b, andO2b is observed (as illustrated
in Figure 10 with O1a pDOS). Such observation could be
easily explained on the basis of geometrical arguments.
As expected, the 3dxy orbital does not interact with the
bridging apical oxygen ligand (O3) for symmetry rea-
sons. In contrast, this orbital, which comes from the t2g
block of the regular octahedron, could interact with the
basal plane oxygen atoms (O1a, O1b, O2a, and O2b).
This observation has a strong impact allowing to under-
stand the magnetic spin exchange path in such a system.
The superexchange path V(3dxy) - O3(2p) - V(3dxy)
will have a negligible effect, while the supersuper-
exchange path V(3dxy) - O1a(2p) - O1b(2p) - V-
(3dxy) will be significant. It should also be noticed that
some of the C(2p) orbitals of the benzoate molecules

contribute in the magnetically active orbital V(3dxy),
demonstrating the strong interaction and delocalization
between the atomic orbitals of these ligands. In other
words, the magnetic moment in such a system will be
signifi-
cantly delocalized over the whole benzoate molecule.
Above the Fermi level, the first empty states are mainly
based on V(3dxz, 3dyz) orbitals interacting with O3(2p)
orbitals.
As a consequence, from the present analysis the first

optical transition will be from the V(3dxy) band to the V
(3dxz, 3dyz) bands.All the optical transitions starting from
the V(3dxy) level are represented in black in Figure 9, con-
firming the nature of the first optical transitions in VO-
(C6H5COO)2.
Finally, the present DFT calculations may also be used

to estimate the magnetic spin exchange parameters in VO
(C6H5COO)2. As we just emphasized from the analysis of
the orbital overlap, the main magnetic paths are super-
super-exchangeV3dxy-O1a(2p)-O1b(2p)-V3dxy and
V3dxy - O2a(2p) - O2b(2p) - V3dxy. Both structural
and magnetic data lead to argue that VO(C6H5COO)2 at
low temperature is a 1D antiferromagnetic system, with
one magnetic spin exchange parameter, Jintra, corre-
sponding to the intrachain supersuper-exchange interac-
tion. The interchain interaction, Jinter, is expected to be
negligible particularly if we consider that V-V separation
along a and c are larger than 9.5 Å.
To estimate the strength of these J values and confirm

the present 1D picture, we have considered three mag-
netic ordered structures . The first model, denoted FM, is
only based on ferromagnetic (FM) interactions. The
second model, AFM1, is based on AFM interactions
along the chain and FM interactions between the chains.
The third model, AFM2, is based on AFM interactions
along the chain and between the chains. As expected,
AFM1 and AFM2 orders are more stable than the FM
model. In addition, the energy difference between AFM1

Figure 10. Partial densities of states of VO(C6H5COO)2 in the AFM order. The Fermi level is set to 0 eV.
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and FM is the same than between AFM2 and FM (-29.6
meV/f.u.), meaning that the interchain spin exchange
interaction is not significant. The energies of these three
ordered spin states can be evaluated using the Heisenberg
spin Hamiltonian written in terms of the two spin ex-
change parameters, Jintra and Jinter.

EðFMÞ ¼ -J intra -J inter ð2Þ

EðAFM1Þ ¼ þJ intra -J inter ð3Þ

EðAFM1Þ ¼ þJ intraþJ inter ð4Þ
By mapping the energy differences between the ordered
spin states given by the spin Hamiltonian (relations
2, 3, and 4) onto those given by the GGAþU calcula-
tions, we obtain Jintra and Jinter values. For Ueff=2 eV,
Jintra=-171.9 K and Jinter=-0.2 K, meaning that only
intrachain interactions are relevant to describe the
magnetic properties of VO(C6H5COO)2. Figure 11 shows
the evolution of the Jintra spin exchange value as a
function of the Ueff parameter. As for the optical pro-
perties, the choice of Ueff = 2 eV leads to reasonable
results in comparison to the experimental estimation of
J=-189 K.
The present decrease in the spin exchange strength with

increasingUeff parameter is directly related to the increase
of the band gap with Ueff. In fact, increasing Ueff value
leads to a relocalization of the V(3d) orbitals. As a
consequence, the V(3d) - O(2p) interaction is reduced
and the supersuper-exchange path is less efficient. These
last DFT results, in regards with the magnetic data,
confirm the highly anisotropic nature of the magnetic
interaction in VO(C6H5COO)2 and the 1D character
based on a dominant supersuper-exchange intrachain
interaction. Considering the AFM1 magnetic structure,
the magnetic moment of vanadium has been estimated to
be about 0.73 μB. It should be noticed that this value
appeared to be not sensitive to the Ueff parameter for
values up to Ueff=3 eV.

Conclusions

Wehave synthesized a new compoundwithin the group
of nanocrystalline inorganic-organic hybrids, vanadium

oxobenzoate VO(C6H5COO)2, using a simple solvother-
mal reaction between vanadium(V) oxytriisopropoxide
and benzoic acid in toluene. The crystal structure of this
compound has been solved from the synchrotron X-ray
powder diffraction pattern in an unconventional way by
combining a direct space method, DFT geometry opti-
mization, and in the last step, a constraint Rietveld
refinement. Such a combination of complementary ap-
proaches was crucial for the successful crystal structure
determination of such a material with low crystallinity,
for which conventional approaches failed to solve the
structure. The compound crystallizes in the monoclinic
crystal system, in the C2 space group with the following
lattice parameters: a=20.652(3), b=6.798(1), c=9.954
(1) Å, β=92.145(6)�. The inorganic part of the structure
can be regarded as staggered V-V-V chains, formed of
corner-sharingVO6 octahedra, running along themono-
clinic b-axis, with a V-V separation of about 3.6 Å. In
addition, it should be noticed that a strong V-O bond
alternation is suggested by the present DFT calcula-
tions. The organic part is based on two crystallographi-
cally independent singly ionized benzoate moieties,
linked to vanadium atoms through a bidentate bridging
mode, where two subsequent vanadium cations are
coordinated to one carboxylate group. The morphology
of VO(C6H5COO)2 is rather complex, exhibiting several
micrometers long nanofibers, and each nanofiber con-
sists of smaller subunits aligned in parallel to the growth
direction along the b-axis as expected form the 1D
nature of the compound. The magnetic susceptibility
and X-band EPR measurements shows that the mag-
netic properties of VO(C6H5COO)2 can be described by
a S=1/2 linear antiferromagnetic chain model with the
isotropic interaction between nearest neighbors and an
estimatedmagnetic spin exchange parameter of J=-189
K. EPR measurement further confirms the structural
model, since EPR determined g-factor equals to 1.962
(2), which is rather characteristic of V4þ centers in an
distorted octahedral environment. The present experi-
mental picture of VO(C6H5COO)2 was supported by
DFT calculations, using GGAþU method with Ueff=2
eV, at least. In particular, the simulated optical response
related to the DFT geometry optimized atomic structure
allowed to explain the yellow-green color of the powder,
with two absorption bands centered at 2.2 and 3 eV.
After analyzing the DFT data, these two bands appear
to be the consequence of optical transitions fromV(3dxy)
to V(3dxz, 3dyz) states. In addition, using the same
approach (GGAþU with Ueff = 2 eV), magnetic spin
exchange interactions in VO(C6H5COO)2 have been
estimated. Values of Jintra=-171.9 K and Jinter=-0.2 K,
confirming that only intrachain interactions are relevant
to describe the 1D character of the related magnetic
structure.
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