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The three-dimensional hybrid compounds [{Nig(H,O);0-
(Bpy)6}V150s51]-1.5H,O (1, Bpy = 4,4'-bipyridine) and [{Ni-
(H,0),(Bpe)}V4044]:0.5H,0O (2, Bpe = 1,2-bis(4-pyridyl)eth-
ene) have been synthesized under mild hydrothermal condi-
tions. The 3D crystal structures of both compounds are
closely related, with an inorganic honeycomb-like frame-
work stabilized by the organic ligands. The latter are ori-
ented in a crossed way into the channel of the inorganic
backbone, and directly attached to the nickel(Il) metal cen-
ters. Increasing of the ligand length causes widening of the
inorganic skeleton with retention of the main structural or-
ganization. Both compounds possess self-catenated nets, a
24-nodes net (3-c),(4-c)3(5-c); for 1 and a binodal net (4-c)
(7-c) for 2. These rigid architectures exhibit very interesting
thermal properties. The co-crystallized water molecules can
be removed without changes in the crystal structures. The ini-

tial phases show a low thermal expansion of the cell volume,
with a negative thermal expansion of the b parameter for
compound 1. Moreover, at high temperatures structural
irreversible transformations are observed in both com-
pounds, due to the removal of coordinated water molecules.
These transformations have been followed by thermodiffrac-
tometry and IR spectra. The UV/Vis spectra show the charac-
teristic bands of the Ni'! d8-high spin cation in slightly dis-
torted octahedral environment. The magnetic behaviour is
strongly dependent of the connectivity of the metal centres
through the VO; polyhedra. Compound 1 exhibits a typical
Zero Field Splitting for six nickel(Il) cations, while the short-
est distances between the nickel(Il) ions in 2 allow a weak
antiferromagnetic 1D coupling.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The construction of new inorganic-organic hybrid com-
pounds through the rational combination of organic li-
gands (“spacers”), metal nodes and different anions has be-
come an area of great interest recently due to the potential
application in catalysis, hydrogen storage, molecular ad-
sorption, electromagnetism and photochemistry. Although
hybrid materials are expected to exhibit improved proper-
ties and functions not seen in pure inorganic or organic
phases,['l studies on thermal properties are still rare. The
flexibility of the organic part of the crystal structures, com-
bined with a rigid inorganic framework could give rise to
near-zero or negative thermal expansion.
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The synergetic interaction between the organic and inor-
ganic components allows a partial degree of crystal engi-
neering by exploiting fundamental aspects of the structural
organization: (i) coordination preferences and oxidation
states of the metal centres. (i) The length of the spacer,
geometry, degree of flexibility and relative position of the
ligand donor groups. (iii) The structural influence of the
anion on the framework organization and assembly
adopted by the different metal-organic moieties.”!

In concrete terms, hybrid vanadates with first-row transi-
tion metal centres exhibit very rich crystal chemistry, with
several structural archetypes in function of the metal centre,
geometry of the ligand and the vanadium oxide subunit.
Owing to the ability of vanadium to adopt a variety of co-
ordination environments in various oxidation states, recent
interest has focused on their potential use as secondary
cathode materials for advanced lithium batteries,”! their im-
portance in industrial oxidative catalysisi*! and photocata-
lytic activity.l’)

From this point of view, the combination of dipodal li-
gands like, pyrazine, 4,4'-bipyridine or 1,2-bis(4-pyridyl)-
ethene, with first-row transition metal centers, and the van-
adate oxoanion gives rise to several 3D inorganic-organic
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architectures. These polytopic organic amino ligands serve
to bond the metal sites and to propagate the structural in-
formation express in the metal coordination preferences
through the extended structure.l®! The expansive chemistry
of coordination polymers bound to pyrazine, 4,4'-bipyr-
idine and 1,2-bis(4-pyridyl)ethene includes one-, two- and
three-dimensional metal-organic subnets exhibiting dia-
mond, grid, ladder, brick, railroad and octahedral building
blocks.”l Usually, the combination of the metal-organic
subnet and the vanadium oxide subunit gives rise to crystal
structures constructed from inorganic layers pillared by the
organic ligand.[®! Such materials are still rare, their three-
dimensional architectures exhibit a 3D inorganic frame-
work stabilized by organic molecules.>~1°]

Modification of the hydrothermal synthesis conditions,
such as time, temperature, stoichometry, pH, concentra-
tion! and filling factor, allows partial control of the
oxoanion polimerization degree giving rise to different
1V,O,} species that are stable in solution.['”l Examples of
are the {V,0,} dimers, {V,0;,} cyclic tetramers or {VOs3}
metavanadate chains. Recently, we reported the effect of the
initial concentration and pH value in the hydrothermal syn-
thesis of the Ni/Bpy/V,O, and Ni/Bpe/V,O, systems.!'*! In
this respect, high concentrations and acidic conditions pro-
mote five-coordinated vanadium, more polymerized
1V,O,} subunits, and hence more condensed three-dimen-
sional inorganic frameworks stabilized with metal-ligand
chains. Interestingly, the crystal structures obtained under
neutral or slightly acidic conditions contain four-coordi-
nated vanadium, more complex metal-organic moieties, and
less condensated inorganic architectures.

In this work we describe the mild hydrothermal synthesis
of two inorganic-organic hybrid compounds, [{Nig(H>0),o-
(Bpy)s} VisOs1]'1.5H,0 (1) and [{Ni(H,0)»(Bpe)} V4Oy ]
0.5H,O (2), their thermal behaviour, spectroscopic and
magnetic properties. Moreover, the topological analysis of
the compounds reveals self-catenated entanglements. The
vanadium oxide subunit promotes the formation of highly
linked frameworks, and hence favoures the self-catenation
phenomenon." Of the many reported types of entangle-
ments!'®! the phenomenon of self-catenation has attracted
much attention in recent times. Until now, only a few have
been observed in metal-organic frameworks.

Results and Discussion

Crystal Structures

The crystal structures of [{Nig(H»0)o(Bpy)s} V13051
1.5H,0 (1) (see part a of Figure 1) and [{Ni(H,O),(Bpe)}-
V,401,]:0.5H,0 (2) (Figure 2, a) are an example of a rigid
3D inorganic honeycomb-like framework stabilized by bi-
dentate organic ligands like 4,4'-bipyridine or 1,2-bis(4-pyr-
idyl)ethene, respectively.
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Figure 1. a) Three dimensional crystal structures of 1. (b) Connec-
tivity between V,0; dimers and nickel octehedra. (c¢) Connectivity
between the metavanadate chains and the V,0O; subunits. (d) Con-
nectivity between the metavanadate chains and nickel octahedra.

(b)

Figure 2. (a) Crystal structure of 2. (b) Connectivity between the
double metavanadate chains and the NiN,O»(H,0), octahedra.

The chiral phase 1 crystallizes in the monoclinic space
group P2;. The high volume of the unit cell and the low
symmetry of the space group generate 209 crystallographic
independent atoms. The crystal structure is constructed
from four different structural subunits: 1) V,0; dimers of
corner-linked VO, tetrahedra, ii) metavanadate chains of
edge-shared VO5 polyhedra, iii) two types of nickel(II) octa-
hedra NiN,O,(H,0),, and NiN,O3;H,O, and iv) the bpe or-
ganic ligand (Figure 1). The crystal structure possesses
three crystallographically independent V,O, subunits with
different orientations (Figure 1, b and c¢). The connectivity
between the dimers and the octahedra generates layers con-
structed from two kind of helical chains (Figure 1, b). The
NiN,O3(H,0) octahedra links three V,0O; subunits giving
rise to zig-zag chains of nine polyhedra rings (Figure 1, b).
The NiN,O,(H,0), octahedra are corner-shared by two
V,0; subunits generating helical chains (Figure 1, b). Both
chains are corner-linked and give rise to an unprecedented
connectivity.
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The metavanadate chains consist of twelve edge-shared
crystallographically independent VOs polyhedra. This sub-
unit has two kinds of linkages, one of its sides is linked to
the V,0, dimers (Figure 1, ¢), and the other one is shared
with the NiN,O,(H»0), octahedra (Figure 1, d). The con-
nectivity between the vanadium oxide subunits and the
nickel(IT) octahedra generates a honeycomb-like inorganic
framework.

The organic ligand is directly attached to the Ni'l metal
centers and exhibits a crossed disposition in the channels of
the crystal structure. The co-crystallized water molecules
are encapsulated between the crossed Bpy molecules and
the inorganic three-dimensional framework.

The metavanadate-chains or the V,0, dimers have been
previously reported for different hybrid vanadates, but the
presence of both structural subunits in the same crystal
structure is sufficiently distinct from those of the other
metal oxides and it has not precedent in the literature.
Moreover, the orientation of the V,0O- subunits brokes the
centre of symmetry giving rise to the chirality in the final
framework.

The crystal structure of 2 is an example of an expanded
inorganic honeycomb-like inorganic framework due to the
increase of the ligand length (Figure 2, a). The unit cell con-
tains one NiN,O,(H,0), octahedra, four VOs polyhedra,
and one Bpe molecule. The vanadium oxide subunit is con-
structed from two corner-linked matevanadate chains of
edge-shared VOs polyhedra, giving rise to a double metav-
anadate chain (Figure 1, b) The vanadium oxide subunit is
disordered in two positions with 0.5 occupation factor (see
Figure S.1 in the Supporting Information).

Each double vanadate chain is connected to nickel octa-
hedra in four different directions (Figure 2), generating a
three-dimensional honeycomb-like inorganic framework.
The nickel(IT) octahedral environment is completed with
two-coordinate water molecules and two nitrogen atoms.
The ligands are linked to the Ni'! cations, and pointing to
the centre of the inorganic channels. The orientation of the
Bpe molecules generates a crossed disposition of the or-
ganic ligand in crystal structure. The co-crystallized water
molecules are encapsulated between the crossed Bpe mole-
cules and the inorganic framework.

The topological analysis of the crystal structures gives
rise to two self-catenated nets. The topology of 1 consists
of 24 nodal net with point symbol {33.42.5.7.83},
{33.42.5.7%.82} {33.42.5.83.9} {32.43.52.6.7}, {33.43.5%.6}4
{4.5.77.8%}, {457}, {4.7.8} {4.8%} {5.7°.8°.12}
{5.7°.85.12} {7.8*.10} {7.8*.12} {7°.8%.10}, (Figure 3, a).
The complexity of the net is related with the different
connectivities between the vanadium oxide subunits,
nickel octahedra and Bpy ligand. Parts (b) and (c) of Fig-
ure 3 depict the simplification of the vanadate chains and
dimers and its connectivity with the nickel atoms. For 2
the net is a binodal (4-¢)(7-c) connected self-catenated net
with point symbol {3°.44.6°.72}{6°.10} (Figure 3, d). The
vanadate chains and its simplification are shown in parts
e and f of Figure 3. The vanadium nodes are seven-con-
nected, and are linked to five vanadium nodes, related
with the vanadate chains, and two nickel ones. The nickel
nodes are four connected, and links to two nickel ones
through the Bpe ligand, and two vanadium nodes of the
metavanadate chains. The highly connected V,O, sub-

Figure 3. (a) 24-Nodal self-catenated net of 1. (b) Simplification of the vanadium oxide subunit and the connectivity with the nickel
atoms. (c) Vanadium oxide subunit and its connectivity with the nickel cations. (d) Binodal self-catenated net for 2. (e¢) Vanadate chains

simplification. (f) Vanadate chains.
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units of 1 and 2 promote the self-catenation entangle-
ments, and increase the complexity of the obtained top-
ologies.[16]

The bond lengths for 1 and 2 are depicted in the Figures
S.2 and S.3 (see Supporting Information). The Ni-O and
Ni—N bond lengths are in good agreement with slightly dis-
torted octahedral environments, ranging from 2.02-2.16 A
(for 1) and 2.04-2.10 A (for 2). The V-O bond lengths are
strongly dependent on the oxygen atom connectivity. From
this point of view, the shorter V-O bonds are related with
the terminal oxygen atoms and these ones corner-linked to
the nickel(IT) cation. The V-O bonds with the oxygen atom
shared by VO5 and/or VO, polyhedra possess slightly longer
distances.['”] The bond valance calculations for compounds
1 and 2 are resumed in the Table 1, and are in good agree-
ment with 5+ and 2+ oxidation state for the vanadium(V)
and nickel(II) ions, respectively.[!®]

Table 1. Bond balance for the nickel and vanadium atoms in 1 and
2.

Phase (1) Phase (2)

Ni(1) 2.006 V(7) 5.113 Ni 2.121
Ni(2) 2.062 V(@) 5.141 V(DA 5.212
Ni(3) 2.053 V() 5.108 V(1)B 5.048
Ni(4) 1.973  V(10) 5.042 V(2)A 5.130
Ni(5) 2.020 V(1) 5.091 V(2)B 5.112
Ni(6) 1.987  V(2) 5175 V(3)A 5.215
V(1) 5.145  V(13) 5.038 V(3)B 5.100
V(2) 5.108  V(14) 5.095 V(A 5.285
V(3) 5.146  V(15) 4.980 V(4)B 5.169
V(4) 5.175  V(16) 4.928

V(5) 5.054  V(17) 5.008

V(6) 5.041  V(18) 4.950

Thermal Behaviour

The TGA and ATD curves for the studied compounds
(Figure S.4) exhibit a continuous weight loss of 2.2% (for
1) and 2.9% (for 2) between room temperature and 180 °C.
These values are higher than those calculated for the re-
moval of co-crystallized water, 0.84 % (for 1) and 1.35% (for
2), indicating that the process is overlapped with the loss of
adsorbed water.

The loss of co-crystallized water molecules in these mate-
rials finished at high temperatures. This is not surprising
because these ones are encapsulated between the organic
ligands and the inorganic framework. The TGA and DTA
curves of 1 show that the thermal decomposition is initiated
by the loss of coordinated water molecules. The observed
weight loss (5.4%) in the 180-280 °C temperature range
corresponds to the release of ten water molecules per for-
mula unit (calcd. 5.58%). The DTA curve, between 180 and
280 °C exhibits a continuous plateau, suggesting that the
removal of coordinated water molecules is a continuous
process during the whole temperature range. Furthermore,
the weight loss (29.7%) occurring at 370-480 °C is related
to the calcination of six bipyridine molecules per formula
unit (caled. 29.01%). A similar thermal behaviour is ob-
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served for 2, with a initial weight loss of 5.8% in the tem-
perature range 200-290 °C related to the removal of coordi-
nation water molecules (calcd. 5.41%). The DTA curve
shows broad maxima, suggesting that the process occurs
during the whole temperature range (200-290 °C). A second
weight loss (27.6%), is observed at 370-450 °C, correspond-
ing to the calcination of one Bpe molecule per formula unit
(calcd. 27.37%).

The thermal stability of 1 and 2 was also studied by time-
resolved X-ray thermodiffractometry in air (Figure S.5).
Phase 1 is stable up to 260 °C, but the crystallinity decreases
dramatically by 210 °C. At this temperature, a second com-
pound starts to crystallize but disappears at 430 °C (Figure
S.5, a). The thermogravimetric study shows the loss of coor-
dinated water molecules between 210-280 °C. Taking this
fact into account, the loss of coordinated water molecules
gives rise to a strong reorganization of the crystal structure,
promoting the crystallization of the anhydrous phase up to
210 °C. Moreover, the crystallinity is drastically reduced
during the transformation, hindering the study of the anhy-
drous phase by X-ray diffraction. This one is stable up to
430 °C, but the patterns show an appreciable decrease of
the intensity upon 380 °C. At higher temperatures several
inorganic vanadates and vanadium oxides are observed:
NiV;05 (410-470 °C) — NiV,04 + V,05 (470-750 °C) —
Ni,V,0,. The thermodiffractometry of 2 reveals that the
initial phase retains its crystal structure in the 30-260 °C
temperature range, but the intensity of the diffraction max-
ima shows an appreciable reduction up to 210 °C. The an-
hydrous phase began to crystallize at 210 °C, and coexists
with the hydrated one between 210 and 260 °C, disap-
pearing at 400 °C. After the calcination of the organic mole-
cule, the Ni,V,0; and V,Os inorganic phases crystallize.

In the same way as for compound 1, a drastic reduction
of the crystallinity is observed during the transformation
process of 2. For this phase the position of the diffraction
maxima in the hydrated compound can be related to the
position of these corresponding to the anhydrous phase.
Taking into account that the crystal structure of the anhy-
drous compound probably is related to the initial one, the
unit cell has to be similar. However, the intensity of the
reflections changes drastically during the removal of coor-
dination water molecules (Figure S.6, a). The position of
the (020) reflection is displaced from 7.9 to 7.4° in 20 while
the (011) maximum changes its position from 8.3 to 9.0°.
The pattern maching refinement of the anhydrous phase
was carried out with the Fullproff program.['”]

The initial values of the » and ¢ parameters were calcu-
lated from the position of (020) and (110) reflections. The
obtained cell parameters (Table 2) have to be considered

Table 2. Cell parameter for the initial phase 2 and the anhydrous
one.

a[A] b [A] c[A] Bl
Phase 2 7.2721(3)  23.062(2) 12.4826(6) 91.245(4)
Anhydrous 2 7.722(9) 24.18(1) 10.824(3) 91.3(1)
www.eurjic.org 4789
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Figure 4. Thermal evolution of the cell parameter and the f angle. (a.

qualitatively, because the pattern of the anhydrous phase
exhibits poor crystallinity, with only few and broad maxima
in the measured 20 range.

The removal of coordination water molecules is probably
compensated by the generation of new Ni-O bonds with
the terminal oxygen atoms of the VOs polyhedra (Figure
S.6, b). This connectivity shortens the distances between the
adjacent vanadate chains, and hence reduces the ¢ param-
eter. The same connectivity between the nickel(II) ions and
the vanadate chains is observed in the inorganic vanadate
Ni(VO3),4H,0.P The cooperative movements of the
structural subunits imply a strong reorganization of the
crystal structure, and hence promote a reduction of the
crystal domains, diminishing the crystallinity of the pat-
terns.

An interesting feature of the initial phases 1 and 2 is that
the diffraction maxima don not show a strong displacement
during the heating process before the transformation. The
cyclic Rietveld refinement of the crystal parameters with
respect to the temperature describes the thermal expansion
of the crystal structures. Owing to the preferred orientation
of the samples there are problems in the fit of some reflec-
tion intensities. However, the introduction of a fixed struc-
tural model allows us a better description of the thermal
behaviour. The relative expansion of the crystal parameters
has been calculated using the following equation: R.E. (%)
= [(P1/Pr() — 11X 100, where Pt and P are the param-
eter values at the studied temperatures, and 7" = 30 °C,
respectively. The thermal evolution of the cell parameters
and the cell volume are shown in part a.l of Figure 4 for 1
and in part b.1 for 2.

The crystal structure of 1 shows a near zero thermal ex-
pansion of the volume in the temperature range 30-200 °C.
4790

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

90.4+

90.2+

< P
oo { ”H}}
N R
WENNmn
:191.4.HH'|1H |

40 80 120 160 200
(b.2) Temperature (°C)

1)-(a.2) compound 1. (b.1)—(b.2) compound 2.

The thermal evolution of the cell parameters shows a nega-
tive thermal expansion of the b parameter (—0.4%), and the
increase of the a parameter (+0.4%). During the heating
process the ¢ parameter remains practically unchanged and
the ff angle shows a slight decrease of its value. The thermal
behaviour of compound 2 is different in comparison with
that corresponding to 1, despite the similarities of the crys-
tal structures. The « and b parameters slightly increase their
values. The ¢ parameter shows a relative expansion of
0.13% between room temperature and 130 °C, and at
higher temperatures the expansion is blocked and retains
its value approximately constant. The f angle remains ap-
proximately unchanged during the heating process. The
thermal behaviour of the volume is strongly correlated to c.

The crystal structures of 1 and 2 do not seem to be in-
fluenced by the removal of crystal water molecules. This
is not surprising if we take into account the rigid three-
dimensional inorganic frameworks stabilised by the organic
ligand of the crystal structure.

For 1 the crossed disposition of the Bpy molecules in the
inorganic pseudo-hexagonal channels restricts the thermal
expansion of the ¢ and b parameters. If the a parameter
presents a positive expansion, the » parameter has to show
a decrease of its value, to keep the Ni---Ni distance approxi-
mately constant. Hence, these opposite trends cancel the
contribution of both parameters, and the thermal behaviour
of the volume is closely related to the slight thermal expan-
sion of ¢.>' The compound 2 also possess a crossed dispo-
sition of the Bpe ligand in the channels of the inorganic
framework. However, the Bpe ligand is slightly inclined in
the channels direction. This fact could promote the thermal
expansion of ¢, until the process is blocked at higher tem-
peratures.
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UVI/Vis and IR Spectroscopy

In the diffuse reflectance spectrum, two absorption
bands of strong intensity corresponding to the allowed
transitions: *A,,(°F) — T5,(°F), T ,(°F), at 9200, and
15400 cm ! for 1, and 9500 and 15660 for 2, and the forbid-
den one 3A,,(°F) — 'E;4(D) at 13100cm™! for 1 and
13300 cm™! for 2, are observed. From the spin transitions
corresponding to the d8-high spin Ni'! cation in octahedral
geometry, the Dg and Racah B and C parameters have been
calculated, by using the energy expressions given in the Tan-
abe-Sugano diagrams.?”l The values for compound 1 are
Dg =940, B=930cm ! and C = 3350 cm', and those ones
for compound 2 are Dg = 950, B =955 and C = 3120 cm™".
The value of the B parameter is approximately 90% of that
of the free Ni' cation (1030 cm™), which indicates an ap-
preciable covalent character in the chemical bonds inside
the octahedron. The Dg and B values indicate a weak crys-
tal field, and are in good agreement with those previously
reported for compounds with slightly distorted octahedral
environment.

The IR spectra were collected from a pristine sample (see
Figure S.7 in the Supporting Information), then after heat-
ing at different temperatures during one hour. The evol-
utions of the more representative absorption maxima for
compound 1 are depicted in the Figure S.8. The same ones
for compound 2 are shown in Figure S.9. The changes of
the IR spectra for 1 and 2 are very similar.

For 2, the progressive reduction of the band related to
the stretching vibration of the O-H bonds (Figure S.9, a) is
in good agreement with the loss of crystallization (25—
125°C) and elimination of the coordinated (175-250 °C)
water molecules. The removal of co-crystallized water mole-
cules do not modify the bands related with the organic
molecule (Figure S.9, b) and vanadium oxide subunit (Fig-
ure S.9, ¢ and d).1?3! This fact is in good agreement with the
thermodiffractometric study.

After the removal of coordinated water molecules, the
vibrational stretching C=C band is split in two signals (Fig-
ure S.9, b), and the absorption maxima related to the
breathing of the pyridyl rings are broadening (Figure S.9,
¢). However, the most important differences in the IR spec-
tra are related to the vibrational modes of the vanadium
oxide subunit (Figure, S.9, ¢ and d). Concretely, the position
and intensity of the bands related with the V=0 and V-O-
V stretching vibrations (Figure S.9, ¢) which changes drasti-
cally during the transformation process.

Similar changes are observed in the infrared spectra of
1, but here the coordinated water molecules do not disap-
pear up to 250 °C. The IR spectra of the sample heated at
this temperature shows a drastic change in the intensity and
the position of the band associated to the vanadium oxide,
and minor change in the bands associated to the vibrations
of the Bpy molecule (Figure S.8).

In both compounds, the changes of the IR spectra sug-
gest a strong reorganization of the vanadium oxide subunit
and minor changes in the organic molecules during the re-
moval of coordinated water molecules.
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Magnetic Behaviour

The temperature susceptibilities of 1 and 2 have been
measured in the range 300-5 K. The y,,7 values at 300 K
per nickel(Il) atom are, 1.462cm3®K/mol for 1, and
1.645 cm?K/mol for 2. These ones are higher than the ex-
pected for an isolated S = 1 ion (3,7 = 1.21 cm*Kmolg =
2.2), due to the contribution from the temperature indepen-
dent magnetism.

The . vs. temperature curve for compound 1 shows a
continuous increasing of its value between 300-5 K (Fig-
ure 5). Due to the large distance between Ni'l ions (approx.
6.2, 7.3 and 11.2 A through the VO, tetrahedra, VOs poly-
hedra and Bpy ligand, respectively) significant exchange in-
teractions between the metal centres are not expected.
Therefore, the decreasing of the y,,7" value with decreasing
temperature is attributed to the Zero Field Splittting, typi-
cal for an axially distorted d® high spin isolated Ni'' system.
Considering an additional yjp to account the temperature
independent paramagnetism. The best fitting parameters
obtained (solid line in Figure 5, a) are D/hc = -14.4(2) cm ™!,
g =2.199(1) and yrp = 0.0051(5) cm*mol~'. The D param-
eter value is consistent with the observed slightly distorted
octahedral coordination environment for Nil cations,”*
and still well within the generally observed rather broad
range from —22 to +12cm.
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Figure 5. Plot of y,, (circles) and y,,,T (squares) vs. temperature, (a)
for 1, (b) for 2.

4791

www.eurjic.org



FULL PAPER

R. Fernandez de Luis et al.

The thermal evolutions of the molar magnetic suscep-
tibility, y,, and y,, 7 vs. T curves for 2 are shown in Figure 5
(b). The molar susceptibility increases from 300 to 5 K. In
the same way that in compound 1, due to the large distance
between the nickel(I) cations, 6.26 A through the VOs
polyhedra, a strong magnetic coupling is not expected. The
xm and y,, T curves were fitted considering the same model
used in compound 1, but the poor fit of the data, and the
D/he = 37(4) cm™! value, out of the usually observed ones
between —22 to 12 cm !, suggest a weak antiferromagnetic
exchange between the metal centres. As the shortest dis-
tance Ni-+Ni across the Bpy ligand is 13.63 A, the overall
antiferromagnetic interaction should be mainly attributed
to the superexchange coupling within the inorganic frame-
work. The Ni-+Ni distance through the VOs polyhedra
along the [010] direction is 6.26 A, and the connectivity be-
tween the metal centres across the O-V-O atoms suggest
the existence of one-dimensional magnetic behaviour [Fig-
ure S.10 (Supporting Information)]. The distance between
adjacent chains in the crystal structure is 12.11 A, very large
for an interchain magnetic coupling. The magnetic data
were thus analyzed according to an isotropic chain
model®! for S = 1 ions, and taking into account the tem-
perature-independent paramagnetism. The theoretical fit-
ting resulted in parameter g = 2.27(2), J/k = -5.80(4) and
x1ip = 0.00127(6) emu/mol (Figure 5, b, solid line).

Conclusions

Two inorganic-organic nickel(IT) vanadates with a 3D in-
organic framework stabilized by bipodal ligands have been
hydrothermally synthesized. Their crystal structures possess
a similar organization of the vanadium oxide subunits,
nickel(IT) octahedra and organic ligands, giving rise to an
expansion of the inorganic honeycomb like inorganic
framework, due to the increase of the length of the organic
ligand. The topological analysis gives rise to self-catenated
nets for both compounds. This type of entanglement is pro-
moted by the highly connected vanadium oxide subunits.
The strong frameworks give rise to low thermal expansion
of the initial phases, without any appreciable change in the
crystal structure due to the removal of co-crystallized water
molecules. Moreover, at higher temperatures the loss of co-
ordinated water molecules generates an irreversible struc-
tural transformation with an important decrease in crystal-
linity. IR spectroscopy suggests an important structural re-
organization of the vanadium oxide subunit during the
transformation. The magnetic behaviour is strongly de-
pendent of the metal center connectivity, and phase 1 exhib-
its a typical zero-field splitting for the nickel(II) ions, while
phase 2 shows a 1D antiferromagnetic coupling due to the
link of the nickel(IT) cations through the VO5 polyhedra.

Experimental Section

General: Commercially available chemicals (reagent grade) were
purchased from Sigma-Aldrich, without further purifications. All
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synthetic reactions were carried out in Teflon®-lined 50 mL Parr
acid digestion bombs.

Synthesis of [{Nig(H,0)o(Bpy)s}(V1s0s1)]-1.5H,0 (1): A mixture
consisting of NaVO; (0.78 mmol), 4,4'-bipyridine (0.26 mmol),
Ni(NO3),6H-0 (0.26 mmol), and H,O (30 mL) in the molar ratio
1:3:1 was placed in a 50-mL Teflon®-lined Parr autoclave. The ini-
tial pH value was adjusted to 4.0 with a 1 M HNOj solution. After
the mixture was stirred for 1 min, the autoclave was sealed and
heated for 3d in an electric furnace maintained at 170 °C. After
the reaction time yellow prismatic single crystals of 1 with a very
small amount of an unidentified yellow microcrystalline phase were
obtained. The entire sample was dispersed in ca. 30 mL of water
and sonicated for 10 min. The water was poured off after allowing
the single crystals to settle for 20 min. This process was repeated
until a pure sample of 1 was obtained, as judged by PXRD and
visually under a microscope.

[{Ni(H,0),(Bpe)}(V40,)]-0.5H,O (2): A mixture consisting of
NaVO; (0.78 mmol), 1,2-bis(4-pyridyl)ethylene (0.135 mmol),
Ni(NO3),6H,0 (0.135 mmol), and H,O (30 mL) in the molar ratio
1:6:1 was placed in a 50-mL Teflon®-lined Parr autoclave. The ini-
tial pH value was adjusted to 4.0 with 1 M HNO; under a vigorous
stirring. The autoclave was sealed and heated for 3 d at 120 °C. A
mixture of orange single crystals of 2 and green single crystals of
previously reported {Ni(Bpe)}(VOs), was obtained.”®! The orange
single crystals of 2 were mechanically separated from the green
crystals. All attempts to obtain 2 as a single phase after the hydro-
thermal reaction were unsuccessful.

The synthesized samples were characterized by X-ray powder dif-
fraction data. The patterns were recorded by means of a PHILIPS
X’PERT diffractometer (Cu-K, radiation) for 1 (20 range: 5-90°,
step size: 0.02°, time exposure: 5s per step), and in a Bruker Ad-
vance Vario diffractometer (Cu-K, radiation) for 2 (260 range: 5—
70°, step size: 0.015°, time exposure: 10 s per step). The Rietveld
refinement with a fixed structural model, confirm the inexistence
of impurities, despite problems in the fit of some reflections inten-
sity due to the preferred orientation of the samples.

The percentages of the elements were calculated by atomic absorp-
tion spectroscopy (AAS) and C, N, H elemental analysis. 1:
C160H4sN35NigOg, 5Vig: caled. C 22.32, H 2.22, Ni 10.91, V 28.39,
N 5.20; found C 22.30(2), H 2.20(3), Ni 10.81(2), V 28.32(2), N
5.19(2). 2: caled. C 32.62, H 2.27, N 4.21, Ni 8.82, V 30.62; found
C 32.60(4), H 2.20(2), N 4.19(2), Ni 8.80(4), V 30.52(4). The den-
sity was measured by the flotation method in a mixture of bromo-
form/cloroform being, 2.12(2) g/lcm 3 (for 1) and 2.11(2) g/cm3 (for
2).

Single-Crystal X-ray Diffraction: Prismatic single-crystals of 1 and
2, with dimensions given in Table 3, were selected under a polaris-
ing microscope and mounted on a glass fibre. Single-crystal X-ray
diffraction data were collected at 100 K (for 1) and 150 K (for 2)
on an STOE IPDS (Imaging Plate Diffraction System) automatic
diffractometer (Mo-K, radiation). Details of crystal data and some
features of the structure refinements are reported in Table 3. Lattice
constants were obtained by using a standard program belonging to
the software of the diffractometer, confirming at the same time the
good quality of the single crystal.

The Lorentz polarization and absorption corrections were made
with the diffractometer software, taking into account the size and
shape of the crystals.?”! The structures were solved by direct meth-
ods (SHELXS97).[8] The refinement of the crystal structures was
performed by full-matrix least-squares based on F2, using the
SHELX97 program.!*”! Scattering factors were taken from ref.[3]
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Table 3. Crystal data and structure refinement for 1 and 2.

European Journal
of Inorganic Chemistry

Compound 1 2

Formula C160H4gN3:NigO62.5V 15 CoH14NoNiO5V,

Fw [g/mol] 3206.28 664.72

Crystal system monoclinic monoclinic

Colour yellow red

Space group P2, P2,/c

a, b, c [A] 18.6048(4), 12.4654(3), 21.7505(5) 7.2721(3), 23.062(2), 12.4826(6)
° 91.489(2) 91.245(4)

Z, F(000), T [K] 2, 3148, 100 4, 1312, 150

u [mm] 2.778 2.675

Pealed.» Pobsd. [€Cm?] 2.113, 2.12(2) 2.110, 2.11(2)

Crystal size [mm] 0.14x0.07 X 0.03 0.2x0.1x0.05

Radiation (1) [A] 0.71073 0.71073

Number of reflections 20443 4588

Reflections with /> 2c(1) 18359 2778

hk,l

R(int), R(sigma)

Ry, wRy(obsd.) [/>20(1)]
Rla M/Rz(all)

0.000, 0.0607
0.0574, 0.1309
0.0681, 0.1381

GooF § 1.060
Number of parameters/restraints 1007, 1
Largest diff. peak [e A~ 1.862
Largest diff. hole [e A7) -0.960

-23=h=23,-15=k=15,-27=1=27

8=h=9,-29=k=29, -15=1=15
0.0546, 0.0938

0.0330, 0.0419

0.0769, 0.0469

0.758

306,6

—0.828

0.089

The crystal structure of 1 was solved in the monoclinic P2; space
group which allowed to determine the positions of the Ni, V and
O atoms. The C and N atoms were located in the difference density
map. Anisotropic thermal parameters were used for all atoms ex-
cept for the H atoms belonging to the organic molecule, which were
fixed geometrically and allowed to ride on their parent C atoms
(C-H: 0.95 A), and refined with common isotropic displacements.
The H atoms of coordinated water molecules were not located.

At this stage of the refinement some of the oxygen atoms belonging
to the vanadate chains show non-positive definite geometries. We
performed several attempts to resolve the crystal structure in the
centrosymmetric space groups P2,/c, and P2,/m, localizing all the
atoms except for the vanadium and oxygen atoms belonging to the
V,0; dimers. The crystal structure possesses a strong pseudosym-
metry relating the nickel octahedra, VOs polyhedra, and the or-
ganic molecules, but not the V,0; dimers.*!l Moreover, the system-
atic absences (i 0 /) are clearly broken, and the refinement in the
centric groups gives rise to unreasonable chemical models. The
large correlations between the symmetry related parts of the final
crystal structure gives rise to problems in the anisotropic thermal
displacements of the atoms belonging to these ones. For these
reasons we have used equal anisotropic displacements for the car-
bon and nitrogen atoms of the organic molecule, and for the tri-
coordinated oxygen atoms of the VOs polyhedra. The absolute pa-
rameter 0.337(13) indicates a racemic twining of both enantiomers.
The structure of 2 was solved in the P2,/c space group. Anisotropic
thermal displacements were used for all non hydrogen atoms. Some
of the vanadium and oxygen atoms of the vanadium oxide subunit
are disordered in two positions with occupation factor 0.5. Equal
anisotropic thermal displacements were used for the disordered va-
nadium atoms, tri-coordinated oxygen atoms, and bi-coordinate
and terminal ones. Hydrogen atoms belonging to the organic mole-
cule were located at calculated their positions using a riding model,
while the hydrogen atoms of the coordinated water molecules were
located in the Fourier density maps and refined with isotropic ther-
mal displacements. The O-H bond length was restrained to
0.93(1) A. The hydrogen atoms attached to co-crystallized water
molecules were not located. Details of crystal data, data measuring

Eur. J. Inorg. Chem. 2009, 4786-4794

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and reduction, structure solution and refinement are reported in
the Table 3.

CCDC-736371 (for 1) and -736372 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Physical Measurements: The infrared spectra were recorded on a
Jasco FT/IR-6100 spectrometer with pressed KBr pellets. The IR
spectra were recorded for pristine samples of 1 and 2, and after
heating these ones up to 100, 125, 150, 175, 200, 225 and 250 °C
during one hour. Thermal analyses were performed in air atmo-
sphere, up to 500 °C, with a heating rate of 5°Cmin! on a DSC
2960 Simultaneous DSC-TGA TA Instrument. The temperature-
dependent PXRD in air atmosphere for 1 was realized on a PHIL-
IPS X’PERT diffractometer (Cu-K, radiation), equipped with a
variable-temperature stage (Paar Physica TCU2000) with Pt sample
holder. Patterns were recorded each 10 °C from 30 °C to 800 °C
(20 step: 0.05°, 26 range: 5-35.2°, time exposure: 1 s per step). The
temperature-dependent PXRD in air for 2 was carried on a Bruker
Advance Vantec diffractometer (Cu-K, radiation), equipped with a
variable-temperature stage (HTK2000) with Pt sample holder. Pat-
terns were recorded each 10 °C from 30 °C to 500 °C (26 step:
0.033°, 20 range: 5-33.0, time exposure: 0.5 s). Diffuse reflectance
spectra were registered at room temperature on a Varian Cary
50000 spectrophotometer in the 500004000 cm ' range. Magnetic
measurements of a powdered sample were performed in the tem-
perature range 5-300 K, using a Quantum Design MPMS-7
SQUID magnetometer. The magnetic field was 0.1 T.

Supporting Information (see also the footnote on the first page of
this article): Disorder of the VOs polyhedra of the metavanadate
chains for 2 (Figure S.1). Bond length histograms for 1 (Figure
S.2). Bond lengths for 2 (Figure S.3). TGA and ATD curves (Figure
S.4). Thermodiffractometry for 1 and 2 (Figure S.5). Thermal evol-
ution of the (020) and (011) reflections during the transformation,
as a result of removal of coordinated water molecules, for 2. Quali-
tative model for the transformation due to the loss of coordinated
water molecules (Figure S.6, parts a and b, respectively). IR spectra
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for the pristine samples of 1 and 2 (Figure S.7). IR spectra for the
pristine samples of 1 and heated ones at 125, 150, 175, 200, 225,
250 °C during one hour (Figure S.8). IR spectra for the pristine
samples of 1 and heated probes at 125, 150, 175, 200, 225, 250 °C
during one hour (Figure S.9). Magnetic exchange pathway for the
compound 2 (Figure S.10).
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