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Abstract
The three-dimensional hybrid compound Ni3(C4H4N,)3(VsO23) has been synthesized by

mild hydrothermal methods under autogenous pressure at 170 °C. The structure of the
phase is stable until 380 °C. The removal of the pyrazine molecules from the structure
induces its collapse. The IR spectrum shows the vibration modes of the pyrazine
molecule and those of the [VO.,* groups. A UV-visible spectrum shows the
characteristic bands of the Ni(11) d®-high-spin cation in a slightly distorted octahedral
coordination. Magnetic measurements indicate the existence of antiferromagnetic
interactions that can be fitted with a chain model to give g = 2.31, J/k =-5.3, and zJ’/k =
-5.5.
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1. Introduction

Hybrid inorganic-organic materials have become a major research topic in materials
science because of their ability to exhibit functionality from both their inorganic and
organic components [1]. This class of materials is of great interest because of their
potential applications in medicine [2], sensing [3], and catalysis [4], among others.

In the last few years, several synthetic approaches have been followed to obtain hybrid
materials. One of these approaches involves the combination of metal oxides with
organic ligands along with other heterometallic centers. This approach has yielded an
impressive class of organic-transition metal oxide hybrids constructed from
molybdenum and vanadium oxides and metal-organic complexes [5].

Interest in vanadium oxides stems from the redox chemistry associated with this metal
and the structural variety of substructures that can be obtained. Depending on the
oxidation state, vanadium can be found in various coordination environments, ranging
from the ideal octahedron for the oxidation state three to the tetrahedron for the
oxidation state five. It can also be found in the distorted octahedron, the square-based
pyramid and the trigonal bipyramid (oxidation states four and five) [6]. The
polymerization of these coordination polyhedra gives rise to a wide variety of
substructures, such as clusters, rings, chains, layers, and 3-D frameworks [7]. The
polymerization degree of the vanadium substructures can be controlled by the synthetic
conditions [8].

With regard to the metal-organic moiety, it can be discrete or polymeric (1-, 2- or 3-D),
depending on the organic ligand used and the coordination preferences of the metal. In
our research work, we have used first-row transition metals with a preferential
coordination of six and two types of organic ligands: aliphatic and aromatic amines.
When using aliphatic amines or aromatic amines with chelating properties (2,2’-
bipyridine, phenantroline), discrete metal-organic units are obtained [9]. Whereas, if
aromatic amines with bridging properties such as pyrazine, 4,4’-bipyridine or 1,2-di(4-
pyridil)ethene are used, extended metal-organic frameworks are obtained [10].

It is obvious that the election of the metal, the organic ligand and the synthesis
conditions determine whether the structures obtained have more or less complexity.

In this work, we report the characterization and properties of a hybrid vanadate with six-
coordinated nickel(Il) and pyrazine, which acts as a bridging ligand,
Ni3(C4HsN2)3(VsO23). The structure of this phase had been studied previously by our



research group, but we were unable to obtain the product as a pure phase [11]. Here, we
describe the separation method used to purify the phase to characterize it, and we report
on the thermal, spectroscopic and magnetic behaviors of the material.

2. Experimental

2.1. Synthesis and Characterization

Ni3(C4HsN2)3(VsO23) has been synthesized using mild solvothermal conditions using
PTFE (poly-tetrafluoroethylene) reactors. In a typical synthesis, 100 mg (0.34 mmol) of
Ni(NO3)2.6H,0, 41.93 mg (0.34 mmol) of NaVO; and 27.23 mg (0.34 mmol) of
pyrazine (pz) were added to 30 ml of distilled water, resulting in a pH of 5.5. This pH
was decreased to 3 by adding a few drops of a 1 M solution of HCI. After maintaining
the reactors for five days at 170°C, a mixture of green prismatic crystals and some
unidentified yellow powder was obtained. Crystalline product was separated from the
powder, washed with distilled water and acetone, and dried at room temperature.

The powder X-Ray diffraction analysis of the crystals shows the presence of two
phases, the one given in the title and Niy(CsHsN2)(V4012)(H20), [11]. Several trials
were conducted with varying synthesis conditions (pH, reagent concentrations, molar
ratio, reaction temperature and time and reagents) to obtain the title compound as a
single product. However, it always appears together with crystals of
Nio(C4H4N2)(V4012)(H20),. For this reason, we proceeded to separate both phases by
taking into account the advantage of the different physical properties of both phases,
specifically of the different density values. The density of both phases were measured
by the flotation method [12], using a mixture of CHal; (3.222 g/cm®) and CH,Cl, (1.325
g/cm®). The density was 2.41(1) g/cm® for Niz(C4HaN,)3(VsOzs) and 2.70(1) g/lcm® for
Nio(C4H4N2)(V4012)(H20),. The same liquids were used to prepare a mixture with a
density of approximately 2.55 g/cm®. The mixture of crystals was added to the prepared
solution. After a short time, the crystals of the denser phase,
Nio(C4HaN2)(V4012)(H20),, were at the bottom and the crystals of the title compound
were floating at the top. The crystals of Ni3(C4sH4N2)3(VsO,3) were then easily removed
from the liquid, washed with distilled water and acetone and left to dry at room
temperature. The isolated crystals were observed carefully under a polarizing

microscope to remove any remaining crystals of the other phase.



The amounts of nickel and vanadium in Niz(C4HsN2)3(VsO23) were measured by
inductively coupled plasma—atomic emission spectrometry (ICP-AES), and C, N and H
were measured by elemental analysis. The following values were calculated (%): Ni,
14.8; V, 34.2; C, 12.1; N, 7.0; H, 1.0. The following values were found experimentally
(%): Ni, 14.3(2); V, 33.9(1); C, 11.8(1); N, 6.8(1); H, 0.9(1).

2.2. Powder X-ray diffraction

To evaluate the pureness of the isolated phase, powder X-Ray diffraction was
performed. The sample was pounded with an agate mortar until homogenized. The
X-ray diffraction data were collected with a BRUKER D8 Advance Vario
equipped with a primary monochromator and a solid-state detector SolX with an
energy discrimination window optimized for copper Kay. The diffracted intensities
were collected from 6° to 100° in 20, with a step size of 0.015° and a measuring time
of 30 s per step.

After the Rietveld analysis (y?= 3.50), the cell parameters obtained were a=
8.5074(3) A, b= 9.0726(3) A, c= 12.530(3) A, a= 70.997(2)°, = 83.488(2)°, and y=
61.229(2)°, in agreement with the values obtained by the single-crystal X-Ray
diffraction method [11]. The good fitting achieved for the experimental pattern
(Fig. 1) together with the cell parameters after the refinement proved that the
isolated phase was pure and could be used for the subsequent characterization.

Figure 1
2.3. Physicochemical characterization techniques

Thermogravimetric analysis (TGA) was performed under synthetic air on a NETZSCH
STA 449 C thermobalance. A crucible containing approximately 20 mg of sample was
heated at 5 °C.min™ in the temperature range 30 °~500 °C. The thermal study was
completed using time-resolved X-ray diffractometry (thermodiffractometry). A
BRUKER D8 Advance Vantec diffractometer (Cu-Ka radiation) equipped with a
variable-temperature stage (Anton Paar HTK2000) with a Pt sample holder was used in

the experiment. The powder patterns were recorded every 10 °C from room temperature



to 500 °C in 20 steps of 0.01667° in the 5<26<38° range, with 0.1 s per step. The IR
spectrum (KBr pellet) was obtained with a Nicolet FT-IR 740 spectrophotometer in the
4000-400 cm™ range. The ultraviolet-visible spectrum of the powdered sample (diffuse
reflectance) was registered at room temperature in the 200-17800 nm range on a Varian
Cary 5000 spectrometer. Magnetic measurements were performed in a Quantum Design
SQUID MPMS-7T magnetometer. The magnetic susceptibility data were obtained on
powdered samples in the temperature range of 2.0-300 K in a magnetic field of 1 kG,
first after zero-field cooling (ZFC) and next after field cooling (FC).

3. Results and Discussion

3.1. Thermal Behavior

A thermal behavior study was conducted by using thermogravimetric (TG) and
thermodiffractometric analyses. The TG curve shows only one mass loss, which was
associated with an exothermic process. This process occurs between 405 and 440 °C. In
this temperature range, 20.1% of the mass is lost, which represents the theoretical
weight of the pyrazine molecule. The product of the thermal decomposition was
analyzed by powder X-ray diffraction, and it consisted of a mixture of a nickel(ll)
vanadate, Ni(V20g) (S.G. P-1, a= 7.128 A, b=8.820 A, c= 4.793 A, o= 90.24°, p=
94.10°, y= 102.15°) [13], and vanadium(V) oxide, V20s (S.G. Pmn2;, a= 11.503 A, b=
4.369 A, c= 3557 A) [14]. Taking into account these results, the decomposition reaction
must be the following:

TT
Ni3(C4H4N2)3(V8023) > 3NI(V206) Ol V7,05 Ok 3C4H4N, () -

The thermodiffractometric study (Figure 2) shows that the structure of the phase is
stable until 380 °C. During heating, the cell volume of Ni3(C4HsN2)3(VgO23) increases
by 0.84% before the collapse of the structure. Taking into account the stability
temperature and the thermogravimetric data, the collapse of the structure is due to the
removal of the pyrazine. As the maxima of the hybrid vanadate disappear, the maxima
of the decomposition product begin to appear. These maxima match with those

observed after the thermogravimetric decomposition.



“Figure 2”

3.2. Spectroscopic Properties

The IR spectrum shows three main absorption regions in the 4000-400 cm™ range.
First, the group of weak bands absorbing between 3115 and 2850 cm™ are due to the
stretching vibration of the C-H bonds of the pyrazine. Between 1420 and 1065 cm™, the
stretching vibration of the C-C and the C-N bonds of the aromatic ring can be observed.
In the third region, from 1000 to 475 cm™, a group of strong bands due to the absorption
of the V-O bonds are registered. Because the vanadate oxoanion has different VV-O bond
distances depending on the connectivity of the oxygen atoms, several absorption bands
appear in this range. At 1000 cm™, the band caused by the terminal V-O bond is
observed. Between 970 and 910 cm™, a series of bands that can be attributed to the
antisymmetric stretching vibration of the V-O(-V) bonds is observed. The symmetric
stretching vibrations of these bonds appear at 640 cm™. The bands due to the V-O(-Ni)
bonds appear as a group of four bands between 860 and 805 cm™ for the antisymmetric
stretching, and another group of four bands in the range of 535-475 cm™ is due to the
symmetric vibrations.

The UV-visible spectrum of Niz(C4HaN2)3(VsO23) shows two absorption bands at 8900
and 15400 cm™ and a shoulder at 12250 cm™. At 3000 cm™, the charge transfer band
appears. According to the energy level diagram [15] of a high spin d® system, there are
three spin allowed transitions between the ground state 3A29(3F) and the excited states
T24(%F), *T1g(F) and *T4(°P). In addition, it is common to observe two spin forbidden
bands because of the electronic transitions to the 'Ey('D) and 'T,4('D) terms [16]. The
band observed at 8900 cm™ is due to the *A,(°F)— *T,(°F) transition, while the
transition *Ax(°F)— *T14(°F) is the one at 15400 cm™. The shoulder observed at 12250
cm™ is attributed to the *Ax(°F)— 'E4(*D) spin forbidden transition. The values of the
crystal field splitting parameter (Dq) and of the B and C Racah parameters have been
calculated by taking into account the band positions in the spectrum and using the
equations for the energy levels involved in the transitions [16]. These are Dg= 890 cm™,
B= 760 cm™ (74% of the free Ni(I1) ion, Bo(Ni**)= 1030 cm™[15]) and C= 2700 cm™.
These values are in close agreement with those observed for compounds with Ni(11) d®-

cations of high spin in slightly distorted octahedral environments [16,17].



3.3. Magnetic Properties

The thermal evolution of the molar magnetic susceptibility, xm, was measured by
applying a magnetic field of 0.1 T (Figure 3). The value of y, decreases when
increasing the temperature from 2 to 300 K. The thermal evolution of the inverse of the
magnetic susceptibility, 1/ym, fits a Curie-Weiss law in the whole temperature range
with a Curie constant of 1.33 cm®K/mol and a Weiss temperature of -11.4 K. The
negative character of the Weiss temperature, in addition to the continuous decrease of
the ymT product with decreasing temperatures—from 1.92 cm® K/mol at 300 K to 0.300
cm® K/mol at 2 K—indicates that the main interactions of the phase are

antiferromagnetic.
“Figure 3”

To obtain a better understanding of the magnetic behavior of the phase, the structural
characteristics of the compound were evaluated. The minimum distance between two
Ni?* cations is 5.42(2) A, too large to establish direct magnetic exchange between the
metallic centers. The nickel(ll) ions in the structure did not share any of the atoms of
their coordination sphere with each other. Therefore, the most direct exchange pathways
are super-superexchange pathways. There are two pathways along which the magnetic
interactions can be propagated: one of them is through one vanadate oxoanion, J; (Fig.
4), and the other one is through the pyrazine molecules, J, (Fig. 5). Both pathways have
a one-dimensional character. However, the combination of them gives rise to a three-
dimensional net (Fig. 6). The magnetic behavior observed is the result of the
competition between these two pathways.

“Figures 4, 5, and 6”

The average angle of these exchange pathways is 123(2)°, a value different from
orthogonality, which explains the predominance of the antiferromagnetic interactions in
the phase [18].

Several fittings of the thermal evolution of yn, with different theoretical models were

conducted, taking into account the structural characteristics described above. The better



fitting was obtained for a model of isolated chains, whereas the molecular-field
approximation [19] had to be applied, making it possible to consider the weaker
magnetic coupling between a spin and the neighbors not considered in the initial model.
The thermal evolution of the magnetic susceptibility for a chain model was fitted with
the Fischer and Dingle equation [20,21]:
_ Ng?5°S(S +1) 1-u
3KT 1+u’
where u =T/T, —coth(T,/T) and T, =2JS(S +1)/k.

The magnetic susceptibility obtained from this equation was corrected by the following

expression:

_ Xi
1-(223 INg?B?) .

where y1p is the temperature-independent paramagnetism term.

7 +XTIP,s

In this way, an optimal fit of the experimental curve was obtained with g= 2.31,
Jik= -5.3, 23’/k= -5.5 and y7;p=7.310" (Figure 3). The negative character of the J
confirms that the main interactions are antiferromagnetic. However, the high value
obtained for zJ /k, higher than the 10% of J/k, indicates that the theoretical model is not
absolutely correct, although it is a good approximation to the real magnetic behavior of
the compound. The fact that a reasonable fitting was obtained for a chain model implies
that one of the proposed magnetic exchange pathways is effective, while the other one is

not. A neutron powder diffraction study would be necessary to corroborate this fact.
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Figure Captions:

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Rietveld analysis of the X-ray powder diffraction pattern of
Ni3(C4H4N2)3(V8023).

Thermal evolution of the diffraction patterns of Nig(C4HsN2)3(VsO23) between

room temperature and 500 °C.

Thermal evolution of ¥, and T at 0.1 T for Niz(C4H4N2)3(VgO23). The solid
line represents the fit of the magnetic behavior with a corrected model for

isolated chains.
Drawing of the super-superexchange pathway J; (green bonds).
Drawing of the super-superexchange pathway J, (deep red bonds).

Schema of the combination of the exchange pathways J; and J,.
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*Research Highlights

Research Highlights

- Anovel Inorganic-organic hybrid vanadate of nickel(ll) cooordination complex with
pyrazine has been synthetized hydrothermally

- The thermal and spectroscopic behavior has been studied

- The compound shows AFM interactions which has been fitted to a magnetic model of
lineal chains
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