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ABSTRACT: The 3D crystal structure of
{Ni,(H,0),(Bpa),}(V¢0;,) (NiBpaRT), were Bpa is 1,2-
bis(4-pyridil)ethane, was determined by single crystal X-ray
diffraction. The crystal structure is constructed from {Ni-
(H,0)(Bpa)} metal—organic and (V;Og;) vanadate chains.
The connectivity of these one-dimensional units generates a
three-dimensional inorganic substructure, and also a three-
dimensional inorganic—organic framework. The asymmetric
unit contains two crystallographically pseudoequivalent
vanadate and metal—organic chains. The stacking of these
crystallographically pseudoequivalent units seems to be nearly
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related to the twinning law of the crystals, and with the diffuse scattering observed in the diffraction pictures. Several models of
local disorders for the packing of these one-dimensional units have been proposed to explain the origin of the diffuse scattering
observed in the diffraction images. The obtained single crystals are systematically twinned. The origin of this twining is clearly
related to the packing of the crystallographically independent chains along the [100] direction. The topology of the crystal
structure is a new self-catenated three nodal net. The simplified structure can be described also as the natural tiling of two
different tiles. NiBpaRT shows a reversible solid state transformation due to the loss of coordinated water molecules at 180 °C.
The high temperature compound, {Ni,(Bpa),}(V40;,) (NiBpaHT), maintains the crystallinity, but the solid state transformation
involves a single crystal to polycrystalline reaction. So, the determination of the high temperature structure have been carried out
by rigid body Rietveld refinement of the room temperature crystal structure, from synchrotron X-ray diffraction radiation. The
loss of coordinated water molecules of the nickel cations is compensated by the incorporation of the terminal oxygen atoms,
belonging to the adjacent VO, tetrahedra, into the coordination environment of the nickel cations. We have referred to this
mechanism of reorganization of the structural units as padlock solid state transformation. The UV—vis spectra corroborate the
presence of octahedrally coordinated nickel cations in the high temperature crystal structure. The IR and Raman spectra show
strong changes in the absorption maxima related to the stretching vibration of V=0 terminal bonds, in good agreement with the
proposed padlock mechanism. The dimeric ferromagnetic coupling of the nickel cations through the VO, tetrahedra is similar for
NiBpaRT and NiBpaHT, showing also an antiferromagnetic coupling at low temperatures. However, the distortion of the nickel
coordination environment during the transformation implies an important difference in the g values for NiBpaRT and NiBpaHT.

B INTRODUCTION

Many interesting solid-state transformations of coordination
polymers driven by thermal treatments, photochemical
reactivity, or guest replacements have been reported.! The
reaction mechanisms in solid state transformations involve the
generation and cleavage of new covalent bonds. Concretely, for
the reactions driven by the removal/uptake of coordinated
solvents two general mechanisms have been described: (i) the
structural transformations take place due to the bonding of the
unused donor atoms of the already attached ligand to the metal
center” or (ii) the vacant coordination site is fulfilled by the free
donor site of another ligand or solvent molecule.® Those
structural transformations could give rise to a dimensionality
increase or decrease of the crystal framework.* However, solid
state reactions in inorganic compounds or within the inorganic
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skeleton of inorganic—organic compounds are still quite rare,
because they involve movements, and the consequent
rearrangement, of less mobile inorganic polyhedra’ The
reversibility of these solid state reactions is hindered because
of the strong character of the generated metal—oxygen bonds.
Usually, the structural transformations within the inorganic
skeleton imply a hard loss of crystallinity, or in the better cases
the loss of their single crystal nature, hindering the study of the
molecular movements after the solid state reaction.

The synthesis of inorganic—organic compounds combining
flexible inorganic and metal—organic substructures is a very
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interesting strategy to obtain reversible structural trans-
formations within the inorganic framework of the crystal
structures. In that regard, the rich crystal chemistry of the
hybrid vanadates allows to combine the great diversity and
connectivity of the vanadium oxide subunits with the metal—
organic scaffolds generated by the metal—ligand connectivity.”
Previously reported architectures show the synergetic inter-
growing of three-dimensional inorganic and metal—organic
sublattices in the same crystal structure. As far as we know, this
type of crystal architecture has not been observed in MOFs.®
Moreover, the variability of the vanadium oxide subunits
according to the initial synthesis conditions (pH, concentration,
initial stoichiometry, temperature...) increases the diversity of
the structures by the combination of the same initial reagents.
The thermal stability and thermal response of hybrid vanadates
to the loss of guest or coordinated molecules is closely related
to the crystal framework itself, and more specifically with the
combination of rigid or flexible inorganic and metal—organic
subnets within the crystal structure. For example, the rigid
three-dimensional inorganic scaffolds stabilized by rigid organic
pillars in [{Nig(H,0),o(Bpy)s}Vis0s1]-1.5H,0 and [{Ni-
(H,0),(Bpe)}V,0,,]-0.5H,0, where Bpy is 4,4'-bipyridil and
Bpe is 1,2-bis(4-pyridil)ethylene, give rise to irreversible loss of
coordinated water molecules with drastic reduction of the
crystallinity during the heating process and practically no
changes associated with the removal of crystallization water
molecules.” The crystal structures of [{Mn(Bpy)}(VOs;),]-
(H;0) 116 and [{Mn(Bpy)os}(VO;),]-(H,0)ps exhibit dy-
namic and reversible responses to the loss/uptake of
crystallization water molecules.'® Intermediate behaviors are
observed in [{Nig(Bpy)i6}V14065]:8.5(H,0) and
[{Ni3(H,0);(Bpa),}(V¢O15)]-8H,0, because of the combina-
tion of both three-dimensional metal—organic and inorganic
scaffolds in the same crystal architectures."’ An interesting
example is the [{M,(H,0),(Bpe),}(V,0,,)]-4H,0-Bpe (M =
Ni, Co) hybrid vanadate family, which exhibits reversible
removal and uptake of coordinated water molecules with a
drastic loss of crystallinity associated to the process. The
dynamic and reversible single crystal to single crystal
transformation because of the removal/addition of coordinated
water molecules in [Co,(ppca),(H,0)(V,01,)05] (ppca = 4-
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(pyridine-4-yl)pyridine-2carboxilate) generates changes in the
coordination environment of the Co(II) metal centers, and
hence to an appreciable change in the sample color.'” The
variation of the coordination environment of the metal centers
gives rise to interesting changes in the physical properties such
as color, leading to materials with potential applications in
sensing devices. Moreover, the existence of coordinated
unsaturated metal sites is very beneficial in porous materials,
providing Lewis acid sites in the structure, usable for the surface
postfunctionalization for specific catalytic reactions."

Herein, we report the padlock reversible solid state
transformation from {Ni,(H,0),(Bpa),}(V¢0,,) (NiBpaRT)
to {Ni,(Bpa),}(V40;,) (NiBpaHT), (Bpa =1,2-bis(4-pyridil)-
ethane). This is an amazing example of how the nonbonded
donor atoms of the inorganic polyhedra could complete the
coordination environment of the metal centers after the loss of
coordinated water molecules. The crystal structures are
analyzed, and the topology determined for both compounds.
The infrared and Raman spectra of the room temperature and
high temperature compounds are discussed, and the change in
the magnetic properties explained. Moreover, the possible
origin for the diffuse scattering observed in the diffraction
images is proposed, and the relationship between the crystal
structure and the systematic twinning of the single crystals

explained.

B EXPERIMENTAL SECTION

Materials and Methods. Commercially available reagent grade
chemicals were purchased from Sigma-Aldrich. These were used
without further purification. All synthetic reactions were carried out in
50 mL Parr Teflon-lined acid digestion bombs.

Synthesis of NiBpaA. A mixture consisting of NaVO; (1.04 mmol),
1,2-Di(4-pyridyl)ethane (Bpa) (0.13 mmol), Ni(NO,),"6H,0 (0.26
mmol), and H,0O (30 mL) in the molar ratio 6:1:2 was placed in a SO0-
mL Parr Teflon-lined autoclave. The initial pH value was adjusted to
6.0 with 1 M HNO; solution under vigorous stirring. The autoclave
was sealed and heated for 3 days at 120 °C. After the reaction, strongly
twinned yellow single crystals of NiBpaRT were obtained. The
chemical composition was calculated from atomic absorption spec-
troscopy (AES) and C, N, H elemental analysis. Calcd. for
{Ni,(H,0),(Bpa),}(VeO,,): H 2.57%, C 2622%, N 5.10%, V
27.80%, Ni 10.68%. Found: H 3.20(4)%, C 26.08(3)%, N 5.15(4)%,
V 27.75(2)%, Ni 10.98(2)%.
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The samples were characterized by powder X-ray diffraction. The
patterns were recorded on a Bruker Advance Vario diffractometer
(CuKa, radiation) (20 range = 5—70°, step size = 0.015°, exposure
time = 10 s per step). The Rietveld refinement with a fixed structural
model, confirms the inexistence of impurities, despite problems in the
fit of some reflections intensity due to the preferred orientation of the
samples. The density was measured by the flotation method in a
mixture of bromoform/chloroform being 2.00(1) g cm™.

Single-Crystal X-ray Diffraction: NiBpaRT Crystal Structure
Determination. For NiBpaRT, the single-crystal X-ray diffraction
data were acquired at 293 K on an Oxford Diffraction XCalibur2
diffractometer with a CCD detector and graphite-monocromated
MoKa radiation. Details of crystal data and some features of the
structure refinements are reported in Table 1. Lattice constants were

Table 1. Crystal Data and Structure Refinement for
NiBpaRT

compound NiBpaRT

formula C,HygN,Ni, 0,4V,
fw (g/mol) 1099.53

cryst syst monoclinic, P
color yellow

space group, no. P2/, 13

a(A), b @A), c@) 19.6177(10), 9.3725(3), 26.6897(17)
P (deg) 132.445(8)

Z, F(000), T(K) 4, 2172, 293

u (mm™) 2.562

cryst size (mm) 0.23 X 0.15 X 0.14
radiation (A(A)) 0.71073

no. of reflns 8448

reflns (I > 26(I)) 7852

—26>h 226, -12>k>12, —34>1> 34
0.0530, 0.0362
0.0925, 0.2241

h, k, | intervals
R(int), R(o)
R1, wR2(obs)*

(I > 206(I))
RI, wR2(all)* 00979, 02315
GOF 1.06
no. params/restraints 450, 0
largest diff. peak (e A7) 6244
largest diff. hole (e A™®)  —1.197

“R1 = (JwllFyl — IEI)/(EwlFl); wR2 = ((Tw((Fo)* — (F)*)*)/
(Zw((E)M)'? GOF = (Zw((Fo)* = (F))H)/((n = p)'™.

obtained by using a standard program belonging to the diffractometer
software, 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 crystal.'* The structure was solved by direct methods
(SIR-92)."® The refinement of the crystal structure was performed by
full-matrix least-squares based on F?, using the SHELX97 program.'

The crystal of NiBpaRT is a pseudomerohedral twin. Both
components of the twin are related by the twin law: (1 0 1, 0 —1 0,
0 0 —1). The visual analysis of the diffraction images show strongly
overlapped diffraction spots at high angles. Even at low angles, the
existence of two components is observed. To solve the twinning, the
cells of both components were indexed and the twin law obtained. The
reduction was carried out, and the data were treated, taking into
account different overlap limits for the diffraction maxima of both
components of the twin. The crystal structure was refined with the hkl
file containing the intensity data of both components of the twin.
Despite the final model was correctly solved, nonpositive anisotropic
thermal displacements were obtained for all the atoms during the
refinement. In that point of the study, and taking into account that
most of the diffraction maxima of both components of the twin were
strongly or completely overlapped, the reduction of the data was done
integrating both components of the twin with the same cell. R(int) and

660

R(o) values of the data were substantially lowered. The two
component twin law was introduced in the crystal structure
refinement, giving rise to an important improvement of the R values,
and in the anisotropic thermal displacement of the atoms. After the
refinement, the masses of both components of the twin were found to
have percentages of 59.7(2)% and 40.3(2) %. The crystal structure of
NiBpaRT was solved in the monoclinic P2/c space group, which
allowed obtaining the positions of vanadium, nickel, and oxygen
atoms. Carbon atoms were located in the difference density map.
Anisotropic thermal parameters were used for all atoms except for the
hydrogen atoms belonging to the organic ligand, which were fixed
geometrically and allowed to ride on their parent atoms (C—H = 0.95
A, U(H)= 12U,,(C) A?). The pyridyl rings of the organic ligand
were fitted to a regular hexagon (d = 1.39 A). The hydrogen atoms
belonging to the coordinated water molecules (O(1) and O(12) were
not located. After the refinement, the most intense residual density
maxima are of approximately +6 e~ A% however they are located at 1
A of the nickel metal centers. The reasons for these suspicious density
maxima are the existence of the twinnig and the presence of strong
diffuse scattering in the (hol), (hll), (h2l), (h3l), .. planes. A
qualitative explanation for the strong diffuse scattering is discussed in
the Crystal Structure section.

Powder X-ray Diffraction Refinement of the Crystal
Structure of NiBpaHT. The NiBpaRT to NiBpaHT solid state
transformation gives rise to the destruction of the single crystals, but
the crystallinity is maintained after the removal of the coordination
water molecules. The powder patterns of the sample at 180 °C were
collected in the BM25B SpLine of the ESRF (European Synchrotron
Radiation Facility). The powder sample was introduced in a 1 mm
capillary and the wavelength set at 0.82548 A. The pattern was
recorded from 3 to 43° in 20 (°), with a step of 0.01° and 2 s per
point.

In the initial steps of the refinement, the profile pattern matching
analysis allowed us to determine the cell parameters and to refine the
profile variables. The structural model obtained for the NiBpaRT
compound was used as the starting point of the structural refinement.
Rigid bodies were constructed for the pyridyl rings and the ethane
groups of the Bpa molecules and for the VO, tetrahedra. The bond
distances between rigid bodies were restrained to usual values, for
example for the linkage between the pyridyl rings and the ethane
groups a distance restraint of 1.5 A with 0.05 sd was imposed, and for
the V=0 bond distances between VO, tetrahedra typical values of 1.7
A with 0.05 sd were used. First, each rigid body orientation and
translation was refined separately until the refinement achieved the
convergence. In a second step of the refinement the pyridyl groups
were refined jointly. In a last step, all the rigid bodies, including the
VO, tetrahedra, were refined at the same time.

In that point of the refinement, the rigid bodies of the VO,
tetrahedra were dissolved and the vanadium and oxygen atoms were
refined independently, but introducing several bond distance and angle
distance restraints, in order to maintain the general shape of the VO,
tetrahedra. The bond valence values were checked routinely during the
refinement, introducing progressively more chemical logic bond
distance restraints. Common isotropic thermal parameters were used
for the vanadium and nickel atoms, and for the oxygen, carbon and
nitrogen atoms. In the last steps of the refinement, the hydrogen atoms
belonging to the Bpa ligand were geometrically introduced, and the
angles regarding the linkage between the pyridyl ring and the ethane
groups were also restrainted.

The final model possesses short intramolecular H---H contact
between symmetrically generated ethane and pyridyl groups. All
attempts to get a correct orientation for the ethane groups were
unsuccessful. The obtained X-ray powder diffraction data seems to be
not good enough to elucidate the final conformation of the ethane
groups in the Bpa ligands. Another possibility to explain these short
intramolecular H--H contacts is the existence of positional disorder in
the ethane groups, but this hypothesis can not be corroborated with
the experimental powder pattern. However, just in the initial steps of
the refinement, the reorientation of the VO, tetrahedra around the Ni
cation clearly indicates the transformation mechanism described in this
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work, with the incorporation of the V—O terminal oxygen atom to the
coordination sphere of the nickel cations. The final fitting is shown in
the Supporting Information Figure S1. All the steps of the refinement
were carried out with the program JANA."

Physical Measurements. Thermal analyses were performed in air
atmosphere, up to 500 °C, with a heating rate of 5 °C min™' on a DSC
2960 Simultaneous DSC-TGA TA Instrument. The temperature
dependent PXRD in air atmosphere were realized on a Bruker D8
Advance Vantec diffractometer (CuKa radiation), equipped with a
variable-temperature stage (HTK2000) with Pt sample holder. The
patterns were recorded each 10 °C from 30 to 500 °C (20 step =
0.01667°, 20 range = 5—30°, exposure time = 0.5 s). The temperature
variable XRD experiment shows that a structural transformation occurs
at temperatures above 180 °C. The reversibility of the solid state
reaction was checked heating the sample to 180 °C during ten minutes
and recording a XRD pattern. An appraisable color change from green
to yellow was observed. The heated sample was then exposed at room
temperature checking the color change in time. After ten minutes, the
sample recovers its initial color. A XRD pattern was collected after the
color recovering, If the heated sample is immersed in ethanol or stored
in an anhydrous media, the high temperature compound remains
stable.

The physical properties of the room temperature (NiBpaRT) and
high temperature (NiBpaHT) compounds were determined. The
transformation from NiBpaHT — NiBpaRT is slow enough, and the
data acquisition for the IR, Raman, and UV—vis experiments is also
short enough, to determine unambiguously the NiBpaHT spectra. To
minimize the exposure time to ambient conditions, the sample was
heated immediately before the measurements. To determine the
magnetic susceptibility of the NiBpaHT compound, the sample was
weighted and heated before mounting it in the capsules and measured
immediately. The magnetic measurements were carried out in vacuum,
preventing the exposure of the NiBpaHT sample to water vapor. The
color of the NiBpaHT temperature sample was checked before and
after the measurements to ensure that the transformation from
NiBpaHT to NiBpaRT did not take place during the data acquisition.
Infrared spectra were recorded on a Jasco FT/IR-6100 spectrometer
with pressed KBr pellets. IR spectra were obtained for the as
synthesized samples, and after heating them to 50, 100, 150, 200, and
250 °C, during one hour. Raman spectra were measured on a
Ranishaw Raman confocal microscopy spectrophotometer using the
514 nm laser line for excitation. UV—vis diffuse reflectance spectra
were registered on a Varian Cary 5000 spectrophotometer in the
50000—4000 cm™' range. Magnetic measurements on powdered
samples were performed in the temperature range 2—300 K, using a
Quantum Design MPMS-7 SQUID magnetometer at a magnetic field
of 0.1 T.

B RESULTS AND DISCUSSION

Structural Analysis. During the structural analysis the
comparison between the NiBpaRT and NiBpaHT crystal
structures are going to be established. The asymmetric unit
of NiBpaRT compound contains two crystallographically
independent Bpa organic ligands, two nickel and six vanadium
cations, and twenty oxygen atoms. The O(10) and O(21)
oxygen atoms lye on special positions at binary axis (Figure 1a).
For NiBpaHT, the asymmetric unit contains two oxygen atoms
less than in NiBpaRT (Figure 1b).

The 3D crystal structure of NiBpaRT is constructed from
four primary building units (PBU), that is, NiN,O;(H,0)
octahedra, (V,0;,) cycles, (V,0;) dimers, and Bpa organic
ligand."® Two different secondary building units (SBU) are
observed into the crystal structure, the metal—organic {Ni-
(H,0)(Bpa)}** chains formed by the connectivity between the
nickel cations and the Bpa organic ligands, and the (V;045)*"
vanadate chains generated by the linkage between (V,0,)
dimers and {V,0;,} cycles.
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Figure 1. Asymetric Units for NiBpaRT and NiBpaHT.

In NiBpaRT, the coordination sphere of the nickel(Il)
cations consists of three oxygen atoms, corner linked to
vanadium tetrahedra, two nitrogen atoms in trans arrangement,
and one coordinated water molecule. The Ni—N bond lengths
range from 2.077(4) A for Ni(1)-N(1) to 2.118(4) A for
Ni(2)—N(4), while Ni—O bond distances range from 2.029(6)
A for Ni(1)—0(13) to 2.132(9) A for Ni(2)—0(2),. The
minimum and maximum cis angles are 83.5(3) ° for O(1)—
Ni(2)—0(2) and 95.8(3) ° for O(3)"-Ni(2)—0O(2). The trans
angles range from 173.2(3)° (O(19)'-Ni(2)—0(2)) to
177.3(3)° (O(3)"—Ni(2)—O(1)) (Supporting Information
Table S1). Attending to the bond and angle distances, both
the coordination environment of Ni(1) and Ni(2) cations
possess near ideal octahedral shape. (Supporting Information
Tables S1—54)

The bond distances for the anhydrous NiBpaHT structural
model possess large deviations because of the difficulties to
refine such large asymmetric units by powder X-ray diffraction
data. Despite that, it is clearly observed that the coordination
environment of the Ni(II) cations is highly distorted. The
coordination sphere of the nickel atoms after the loss of
coordinated water molecules is formed by four oxygen atoms in
the equatorial plane and two nitrogen atoms in trans
arrangement. Two of the oxygen atoms are linked to the
same vanadium atom. This connectivity generates an edge
sharing linkage between the nickel octahedron and VO,
tetrahedron. In fact the long Ni—O bond lengths for Ni(1)—
0(12) 2.37(12) A and Ni(2)—0(2) 2.38(12) A are related to
this connectivity. The other two oxygen atoms are corner
shared by two (VO,) tetrahedral. The cis angles deviates
appreciably from their ideal values in a non distorted
octahedron, with maximum and minimum values of 79(10)°
and 100(7)° for O(10)—Ni(1)—N(1)a and O(9)—Ni(1)—
O(12), respectively. The trans angles possess values ranging
from 161(5)° for O(3)—-Ni(2)—0(19)' (i=x, —y — 1,z + 1/2)
to 171(6)° for O(9)—Ni(1)—0(11), far from 180°, the value
for an ideal octahedron (Supporting Information Table S2).
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The V—O bond lengths in NiBpaRT lie within the values
observed for previously reported hybrid vanadates. The oxygen
atoms corner shared by two adjacent (VO,) tetrahedra have
V—0 bond lengths ranging from 1.754(9) A for V(5)*~0(15)
(ix = —x, —y, —z) to 1.821 A for V(3)—O(8). The oxygen
atoms shared by (VO,) tetrahedra and Ni(H,O)N,0,
octahedra have shorter bond distances, with maximum and
minimum values of 1.545(11) A for V(1)—0(2) and 1.646(8)
A for V(3)—0O(11). The four vanadyl V=0 bonds present in
NiBpaRT crystal structure possess bond lengths ranging from
1.594(11) A for V(5)—0(17) to 1.632(8) A for V(6)—0(20)
(Supporting Information Table S3). The bond valence
calculation,”” assuming V(V)-O and Ni(II)-O bonds, confirms
+5 and +2 charges for vanadium and nickel atoms, respectively
(see Supporting Information Table SS).

For NiBpaHT, the V—O bond lengths were restrained during
the refinement taking into account the connectivity of the
oxygen atom. Despite the high deviation for the obtained
values, the bong lengths are in the range of these reported for
NiBpaRT. In that regard, the maximum and minimum bond
lengths range from 1.84(11) A for V(1)—0(5) to 1.60(6) A for
V(5)—0(6). The O—V—0 angles within the (VO,) tetrahedra
were also restrained, to maintain the tetrahedral geometry of
the (VO,) polyhedra (Supporting Information Table S4).
Despite the large deviations of the bond distances and angle
values, the bond valence calculations support the obtained
chemical model, that is, +2 and +S valences (see Supporting
Information Table SS).

Both in NiBpaRT and in NiBpaHT the six crystallo-
graphically independent vanadium atoms are four coordinated.
The connectivity between the VO, tetrahedra generates
{V,01,} cycles and (V,0,) dimers. Both PBUs are
centrosymmetric, so the {V,0y,} cycles are generated by two
crystallographically independent VO, tetrahedra, and the
dimers by one crystallographically independent VO, tetrahe-
dron, inverted by a center of symmetry. Into the NiBpaRT and
NiBpaHT crystal structures there are two crystallographically
independent {V,0;,} cycles and (V,0;) dimers, formed by the
V(1), V(2), and V(3) and V(4), V(5), and V(6) atoms,
respectively. So, there are two crystallographically independent
vanadate chains and two crystallographically independent
{Ni(H,0)(Bpa)}** metal—organic chains. Hereafter, the
vanadate chains constructed by the V(1)O, V(2)O, and
V(3)O, tetrahedra, and these ones formed by the V(4)O,,
V(5)O,, and V(6)O, tetrahedra are going to be named as V(A)
and V(B) vanadate chains, respectively. Similarly, the metal—
organic chains containing the Ni(1) and Ni(2) cations are
going to be named as Ni(A) and Ni(B) metal—organic chains.
The main difference between these crystallographically
pseudoequivalent units arises in the opposite orientations of
the ethane groups and (V,0,) dimers, belonging to the Bpa
organic ligand in Ni(A) and Ni(B) metal—organic chains and
V(A) and V(B) metavanadate chains.

Figure 2 shows the connectivity between the {V,0,,} cycles,
(V,0,) dimers and the nickel cations within the V(A) chains.
In each cycle, the V(1)O, tetrahedron is corner linked with two
V(2)O, tetrahedra within the cycle, and to two Ni,(H,0)N,04
octahedra. The V(2)O, polyhedra connects the cycle with the
(V,0,) dimers, giving rise to a one-dimensional vanadate chain.
The (V,0;,) dimers are generated by two corner linked V(3)O,
tetrahedra related by a center of symmetry. Both the V(2)O,
and V(3)O, polyhedra possess nonbonded oxygen atoms. In
the case of the terminal oxygen atoms belonging to the V(3)O,
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Figure 2. Connectivity between the vanadate chains and the metal—
organic chains in NiBpaRT and NiBpaHT. The Bpa organic ligands
have been simplified as cylinders.

tetrahedra, these plays very important role in the structural
transformation because of the loss of coordinated water
molecules. The connectivity of the {V,0,,} cycles and
(V,0,) dimers in the V(B) chains is equivalent to that one
of the V(A) chains.

In comparison with NiBpaRT, in NiBpaHT, the vanadium
oxide primary building blocks remain practically unchanged.
Slight reorientations of the (VO,) tetrahedra belonging to the
(V,0;) dimers and {V,O,,} cycles are observed, being the
most important change, the rotation of the (VO,) tetrahedra
within the (V,0;) dimers to edge share the NiN,O,
octahedron in NiBpaHT, after the loss of coordinated water
molecules (Figures 2 and 8).

In Figure 2, the connectivity between the V(A) vanadate
chains and the metal—organic chains is also observed. Each
vanadate chain acts as a six directional connector, linking four
Ni(A) metal—organic chains through the {V,Oy,} cycles and
two Ni(B) metal—organic chains across the (V,0,) dimers
(Figure 2).

In fact, as in natural pyroxenes, the crystal structures of
NiBpaRT and NiBpaHT can be described as the stacking
sequence of crystallographically nonequivalent hybrid chains
with different orientation of their tetrahedra. (Figure 3a.1, a.2,
and b). The connectivity between the Ni(A) and V(A), and
Ni(B) and V(B) chains, generates the inorganic—organic
NiV(A) and NiV(B) chains simplified in the Figure 3a.1 and
a.2. Each NiV(A) chains connect with the nickel cations of four
NiV(B) chains through the {V,0,,} cycles, giving rise to a
three-dimensional inorganic—organic framework, and also to a
three-dimensional inorganic substructure. Figure 3b simplifies
the stacking of the NiV(A) and NiV(B) chains along the [100]
direction.

The existence of two pseudoequivalent units is related to the
systematic twining and diffuse scattering in NiBpaRT. It is
difficult to determine exactly what is the origin of the systematic
twining of the crystals, observed independently of the synthetic
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Chains NiV(B)

Figure 3. Simplified view of the NiV(A) and NiV(B) hybrid chains. The blue and magenta polyhedra represent the Ni(A) and Ni(B) metal—organic
chains, while the green and orange subunits are the V(A) and V(B) metavanadate chains. (b) Crystal structure of NiBpaRT. The simplified stacking
of the crystallographically independent units in the average crystal structure is also represented. Possible local disorder or stacking faults of the
NiV(A)—NiV(B) crystallographically pseudoequivalent hybrid chains along the (c) [100], (d) [010], and (e) randomly disordered.

ViA)

(a)

4/“#'

Ave

(b)

Figure 4. Vanadate chains stacking along the [100] direction. Possible stacking sequences in the twin frontier (a) V(A)—V(B)—V(A)—V(A)*—

V(B)*—V(A)* and (b) V(B)=V(A)—V(B)—=V(A)*~V(B)*~V(A)*.

conditions, but under our point of view is related to the crystal
structure itself. The twin law (1 0 1, =0 1 0, 0 0 —1) indicates
that the twining is ascribed to the stacking of the chains along
the [100] direction. Figure 4 represents the stacking of the
V(A) and V(B) vanadate chains along the [100] direction. If
the ABABAB stacking sequence is maintained in the twinning
frontier, the mismatch between the V(A) and V(A)* chains is
evident (Figure 4a). Another possibility is to introduce a
stacking fault in the twin frontier. In the V(B)—V(A)—V(B)—
V(A)*—V(B)*—V(A)* sequence shown in the Figure 4b, the
similarity between the V(A)* and V(B) chains suggests that the
twining of the crystals does not involve a great energy barrier.
So the crystals are easily twinned perpendicular to the stacking
direction of the chains.

During the crystal data reduction an important contribution
of the diffuse scattering was detected in the recorded pictures.
Some of the diffraction maxima possess suspicious and irregular
shapes, and there is diffuse intensity located along the
diffraction rings connecting the diffraction maxima (Figure S).
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Radial diffuse component is detected in several diffraction
maxima, and diffuse streaks are observed along the a* and c¢*
directions (see Figure S: (1kI) and (hk2) projections). But the
stronger diffuse components are detected in the (hkl) planes,
when k is odd (Figure S). In the (h3I) and (hSI) planes, there
are short diffuse streaks in the (101) directions, and also diffuse
halos are observed.

Any departure from a strictly long-range-ordered average
structure give rise to diffuse scattering of crystals.”® The origin
of the diffuse scattering in the studied compound is ascribed to
two different levels of disorder or departures from average
structure, disorders of crystallographically pseudoequivalent
NiV(A) and NiV(B) chains, and local disorder of the primary
building units. One of the possible reasons for the diffuse
scattering associated to the long-range order deviations is the
disorders of NiV(A) and NiV(B) chains. Qualitatively, the
different alternatives are analyzed in Figure 3c—e. The average
structure is described as the ABABAB stacking of the A and B
chains along the [100] direction (Figure 3 b). Taking into
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(h3)

Figure S. Diffuse scattering along the diffraction rings, in the diffraction maxima, diffuse streaks along the [100], [001], and [101] directions, and
diffuse halos detected on the (h3[) and (hSI) planes.

account that the diffuse scattering is given principally in the a*
and ¢* directions, the most plausible origin could be the
existence of stacking faults or stacking disorders along the
[100] direction. In this sense, Figure 3c illustrates a crystal
structure with a local AABAB stacking of the hybrid chains
along [100]. Nevertheless, the disorder of the NiV(A)—NiV(B)
pseudoequivalent units, in principle could be also along the
[010] direction (Figure 3d), or in the most complex case, the
hybrid chains could be randomly disordered (Figure 3e).
Whatever the type of local disorder, the exchange of NiV(A)
for NiV(B) chains will produce local strain that has to be solved
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by the distortion or reorientation of the (VO,) tetrahedra and
the pyridyl and ethane groups belonging to the Bpa organic
ligand. So, the observed diffuse scattering along the [100],
[001], and [101] directions could be related to the disorder or
stacking faults of the NiV(A) and NiV(B) pseudoequivalent
chains, while the diffuse halos could be ascribed to the local
distortion and reorientation of the organic ligand and (VO,)
polyhedra near the disordered environments.

The NiBpaRT and NiBpaHT crystal structures can be
topologically described as self-catenated three nodal (4-c)(5-
¢)(6-c) connected nets, with {4.5%6-8},{4*-5°-6*}{5%6} point
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symbol (Figure 6a). This description considers (i) the {V,0,,}
cycles as a (6-c) node connecting four nickel octahedra

3‘ ‘8 o
9 V.0,
} = \ (] \4011

s:s,:ea::q}

{c 2}

Figure 6. (a) Three nodal (4-c)(5-c)(6-c) connected self-catenated
net. (b) Natural tiling of the net. (c.1) and (c.2) [5%6%] and [4%5%]

tiles, respectively.

belonging to the metal—organic chains, and two (V,0;) dimers
within the metavanadate chains, (ii) the nickel octahedra as a
(5-¢) node, sharing two nickel nodes within the same metal—
organic chains through the Bpa organic linkers, two {V,0;,}
cycles and one (V,0-) dimer, and (iii) the (4-c) nodes related
to the (V,0,) dimers that links two {V,0,,} cycles within the
metavanadate chains and two nickel octahedra of the metal—
organic chains. As in many hybrld vanadates, the simplified net
is a new self-penetrated topology.”" The analysis of the shortest
rings allows the calculation of the natural tiling of the net
(Figure 6b). The tiling is constructed from two different tiles,
[5*6] (Figure 6 c.1 and green polyhedra in Figure 6b) and [4*
] (Figure 6 (c.2) and pink polyhedra in Figure 6b).
Physicochemical Properties. Thermal Properties and
Structural Transformation. The increase of temperature upon
175 °C generates a single crystal to powder solid state
transformation with an appraisable color change of the sample.
The TG/DSC curves indicate that the structural transformation
is related to the loss of the water molecules coordinated to the
nickel(II) metal centers (Supporting Information Figure S2). In
fact, the thermogravimetric curve shows two weight losses of
3.04% (100—175 °C) and 31.30% (350—480 °C) associated to
the release of two coordinated water molecules (calcd 3.22%)
and the calcination of two Bpa organic ligands per formula unit
(32.61%). The thermodiffractometry reveals the instability of
the initial phase and the generation of a new crystalline
compound between 120 and 175 °C (Figure 7) in good
agreement with the release of the coordinated water molecule
from the nickel cation coordination environment. Figure 7
shows the generation of the diffraction maxima associated to
the structural transformation from NiBpaRT to NiBpaHT.
Taking the NiBpaRT crystal structure as a starting point, the
crystal framework after the loss of the coordinated water
molecules (NiBpaHT) was obtained by a rigid body Rietveld
refinement. The solid state transformation mechanism involves
the terminal oxygen atoms of the (VO,) tetrahedra belonging
to the {V,0,} dimers. The removal of the bonded water
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15 18 21 24 20(9

Figure 7. Selected 20 (°) interval of the thermodiffractometry. The
solid state transformation of NiBpaRT to NiBpaHT takes places
between 120 and 180 °C.

molecules from the coordination environment of the Ni(II)
cations generates the rotation of the (VO,) tetrahedra, bringing
closer the terminal oxygen atom to the Ni(II) cation (Figure 8).

-
& Ml '
- \u:;% = AL ‘O . /
>175°C § I- G
+H,0

" r - - :
- . > . - Ni(1) "
@ - 0{12)% Vie) : g -

Figure 8. Generation of new Ni—O bonds in the padlock mechanism
of the solid-state transformation of NiBpaRT to NiBpaHT. The solid
state reaction mechanism is the same for the A and B crystallo-
graphically independent units. For simplicity, only the transformation
mechanism of the A units is shown.

In this way, the crystal structure self-complete the octahedral
coordination sphere of the Ni(II) cation generating new Ni—O
bonds (2.37(12) A for Ni(1)—0(12), and 2.38 (12) A for
Ni(2)—0(2)). Nonetheless, the nickel coordination sphere is
severely distorted because in NiBpaHT the NiN,O, octahedra
and (VO,) tetrahedra share one edge, and the Ni—O bond
distances and O—Ni—O angles take values far from those
observed in NiBpaRT structure.

The solid-state structural transformation does not only
involve this padlock mechanism (Figure 8), but there are also
slight readjustment in the orientation of the (V,0;) dimers and
{V,Op}cycles and in the pyridyl rings and ethane groups
belonging to the Bpa organic ligands. The weak interactions
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Table 2. Crystal Data and Structure Refinement for
NiBpaHT

compound NiBpaHT

formula C,,H,,N,Ni, O,V
fw (g/mol) 1063.5

cryst syst monoclinic, P
color green

space group, no. P2/¢, 13

a (A), b (A), c (A) 19.056(9), 9.7904(15), 26.613(7)
P (deg) 134.35(2)

Z, F(000), T (K) 4, 2104, 453

u (mm™) 3.94

cryst size (mm) powder
synchrotron radiation (A(A)) 0.82548

no. of points 4001

20 (deg) interval 3—-43
params/restraints 119/106

R1% 0.0658

wR2/wR2 expected 0.0903/0.1782
GOF 0.510

RI = (TwllFl — IEI)/(TwiFyl). wR2 = ((Tw((Fo)* — (F.)?)?)/
(Zw((F)))'2 GOF = (Zw((Fo)* = (F))))/((n = p))'™.

between the coordinated water molecules and the VO,
tetrahedra involved in the padlock mechanism could play an
important role during the transformation process. The
hydrogen bonds between the coordination water molecules
and adjacent atoms could not be calculated because of the
impossibility to locate the hydrogen atoms by X-ray diffraction.
But the distances between the oxygen atoms of the coordinated
water molecules and the adjacent terminal oxygen atoms
belonging to the V=0 vanadyl bonds are short enough for the
existence of possible hydrogen bonding (Table 3). In fact, the

Table 3. Possible Hydrogen Bonds Established between the
Coordinated Water Molecules and Adjacent Oxygen Atoms

donor acceptor donor—acceptor distance (A)
Ni(1)-0(12) 0(9)=V(3) 2736
Ni(1)-0(12) 0(17)=V(5) 2.828
Ni(2)—0(1) 0(20)-V(6) 2723
Ni(2)-0(1) 0(7)-Vv(2) 2.862

shortest distances are established with the terminal oxygen
atoms belonging to the VO, tetrahedra within the V,0, dimers,
directly involved in the structural transformation process. This
fact suggests that the incorporation of the terminal oxygen
atoms of the VO, tetrahedra into the coordination sphere of
the nickel cations could be guided by the existence of previous
hydrogen bonding between the coordinated water molecules
and the vanadyl groups.

The structural transformation gives rise to a reduction of 105
A3 unit cell volume (Vygpec = 3626.6(9) A® = Vygpoc = 3521(1)
A®) (Supporting Information Figure S3). It is noticeable that
the volume loss of 105 A® is near the theoretical volume of two
water molecules of 80 A®. The cell parameters behave different
during the solid state transformation, the main changes are
ascribed to the “a” and “b” parameters with a reduction and
increase of —3.14% (a;09oc= 19.566(3) A = a;500c = 18.951(4)
A) and +3.97% (bygpec= 9.388(1) A — byspoc = 9.761(1) A),
respectively. The contraction of the a parameter is related to
the formation of new edge sharing connectivity between the
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nickel octahedra and (VO,) tetrahedra, while the increase of
the b parameter is given by a slight reorganization of the
metal—organic and metavanadate chains along the [010]
direction.

A great number of molecular compounds with structural
transformations due to the loss of coordinated water molecules
have been reported. In the case of the studied compound, the
reduction of the cell volume is related to the reorganization of
the primary and secondary building units within the crystal
structure to compensate the coordination environment of the
nickel metal centers after the loss of the coordinated water
molecules. For example, for the previously reported
[Co,(ppca),(H,0)(V401,)05) hybrid vanadate, the loss of
the coordinated water molecules gives rise to a change in the
coordination environment of the cobalt metal centers from an
octahedral coordination sphere to a five coordination one. The
30 A3 volume reduction is less than the volume of free H,0
water molecule (40 A®), and is ascribed also to the structural
reorganization after the loss of coordinated water molecules.

As judged by the X-ray powder diffraction patterns, the
transformation is completely reversible (Supporting Informa-
tion Figure S4). NiBpaHT is transformed to NiBpaRT in ten
minutes under room temperature conditions, and immediately
if the sample is soaked in water. This fact can be easily
understandable taking into account that the coordination
environment of the nickel atoms in the high temperature
crystal structure is highly distorted, so the cations tend to
incorporate coordination water molecules in order to recover
the regular and non strained coordination environment of the
room temperature crystal structure. This padlock mechanism is
similar to that observed in coordination polymers in which the
bonding of the unused donor atoms of the already attached
ligands next to the metal center takes place, as it occurs in
several coordination polymers constructed from carboxylates.**
However, the solid state transformations involving nonbonded
atoms and mobile polyhedra of the inorganic skeleton are less
common. The edge sharing connnectivity between the nickel
octahedra and (VO,) tetrahedra is not commonly observed in
hybrid compounds. Moreover, there is only one example of
hybrid vanadate with the metal center edge shared to the
(VO,) tetrahedra,™ and in transition metal phosphates is also
rarely observed.”*

Spectroscopic Properties. The UV—vis spectra of
NiBpaRT and NiBpaHT show the characteristic absorption
bands for octahedrally coordinated high spin Ni(II) d* cations
(Supporting Information Figure SS), attributed to the 3A2g -
*T,, (NiBpaRT = 15780 cm™, NiBpaHT = 15150 cm™") and
3Agy = *Ty, (NiBpaRT = 9680 cm™, NiBpaHT = 9250 cm™)
allowed transitions. The UV—vis spectra confirm the octahedral
coordination environment of the nickel cations in the
NiBpaHT crystal structure. Variations in the absorption and
shifts to lower wavelength values are observed for the maxima
during the solid state transformation, in good agreement with
the color change.

The IR and Raman spectra for the NiBpaRT and NiBpaHT
show the characteristic absorption bands of the metavanadate
groups and Bpa organic ligand. Three main regions can be
distinguished: (i) the absorption maxima related to the
crystallization and coordinated water molecules (3700—3000
cm™'), (ii) the Bpa ligand vibrational modes generating
absorption maxima in the 1700—1000 cm™" range, and (iii)
the absorption bands located at frequencies below 1000 cm™,
associated to {V,01,} cycles and (V,0,) dimers, and tentatively
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Figure 9. IR spectra of the sample heated at different temperatures during 20 min. (a) IR wavelength range associated to the stretching vibration of
the O—H groups. (b) Absorption bands related to the Bpa organic ligand. (c) 1050—1000 cm™ §(ring). 1000—900 cm ™ V=0 vanadyl stretching
vibration. (d) 850 —800 cm™ v,,(VO,) groups vibrations. 690 cm ™ v, (V—0—V) and v,((V—O—Ni) vibrations.

assigned to the V=0 stretching (1020—950 cm™"), 0,,(VO,) ™
(890 cm™) and v, (V—0O—V) 800—600 cm™" vibrations. In the
Raman spectra, the low Raman shift interval (600—140 cm™)
contains also the vibrational information about the Ni—O, Ni—
py, and Ni—H,O bonds.*®> The evolution of the most
representative absorption bands are depicted in the Figure 9
and Supporting Information Figure S6. The IR and Raman
spectra show important changes in the position and intensity of
the absorption bands related to the stretching vibration of V=
O bonds (Figure 9c). This fact is in good agreement with the
participation of the terminal oxygen atoms within the (V,0,)
dimers in the generation of new Ni—O bonds after the loss of
coordinated water molecules.

Regarding the absorption bands related to the Bpa organic
ligand, these are slightly modified after the transformation. This
observation is in good agreement with the determined high
temperature structural model in which only slight reorientation
of the Bpa organic ligands is observed during the solid state
reaction (Figure 9b). In the IR spectra, the loss of coordinated
water molecules also generates an intensity decrease of the
absorption bands related to the stretching vibration of the O—
H bonds (Figure 9a). The absorption bands related to the
0,,(VO,) and v, (V—0O—V) vibrational modes remain approx-
imately unchanged, indicating that the VO, tetrahedra and V—
O-V linkages are slightly affected by the solid state
transformation (Figure 9c and d).

Magnetic Properties. Magnetic measurements were
performed on powdered samples from room temperature to
2 K, at a magnetic field of 0.1 T. The thermal evolution of y,, T
vs T for NiBpaRT and NiBpaHT are shown in Figure 10. A
maximum in y,T product is observed at 8 and 10 K for
NiBpaRT and NiBpaHT respectively. The y,,T values at 300 K
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Figure 10. Thermal evolution of y, curves for NiBpaRT and
NiBpaHT.
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per nickel(IT) atom are 1.43 cm*K/mol and 1.25 cm®K/mol, for
NiBpaRT and NiBPaHT. These ones are in the same range that
the value for an isolated S = 1 ion (y,T = 1.21 cm®K/mol g =
22). The y,T vs temperature curves for NiBpaRT and
NiBpaHT show a continuous increasing of its value in the
300—8 K and 300—10 K temperature ranges, respectively. At
lower temperatures, the y,,T value decrease abruptly.

As the shortest distance Ni***Ni across the Bpa ligand is 13.40
A and 13.30 A for NiBpaRT and NiBpaHT, respectively, the
overall magnetic interaction should be mainly attributed to the
superexchange coupling within the inorganic framework. The
connectivity between the Ni(II) metal centers across O—V—0O
atoms suggests the existence of dimeric magnetic units (Figure
8). The distance between the nickel centers in the dimeric units
is of 5.34 and 5.54 A for NiBpaRT and NiBpaHT, and this
magnetic pathway J1 involves five atoms Ni—O—V—-O-Ni
The adjacent dimers are linked through (V,0,) dimers (J2:
9.35 A for NiBpaRT and 8.29 A for NiBpaHT), and {V,0,,}
cycles (J3: 9.40 A for NiBpaRT and 9.79 A for NiBpaHT). In
principle, the distance between the adjacent dimers, and the
number of atoms involved in the J2 and J3 magnetic pathways,
are very large for an effective interdimer magnetic coupling.

Therefore, the thermal evolution of the y,, T curve is ascribed
to the magnetic interaction within the dimeric units. The
intradimer antiferromagnetic interaction can be treated with the
isotropic spin Hamiltonian H = —2JSASB. The molar magnetic
susceptibility for a Ni(II) dimer (local spins SA = SB = 1) may
be expressed by eq 1:

2Npg? 1+
, = 2P exp (4x) + TIP
m kT 3 + Sexp(4x) + exp(—2x)
x = ]/kT (1)

where N is Avogadro’s number, f is Bohr magneton, g is
gyromagnetic ratio, k is Boltzmann constant, T is absolute
temperature, and TIP is temperature-independent paramagnet-
ism. The best fitting parameters obtained between 300 and 20
K are J/k = 2.78(4) K, g = 2.298(2), TIP = 0.00111(2) cm’K/
mol for NiBpaRT and J/k = 2.25(5) K, g = 2.162(2), TIP=
0.00067(2) cm’K/mol for NiBpaHT. These values are
consistent with intradimer ferromagnetic interactions. Probably,
below the temperature of the y,,T maxima J2 and J3 magnetic
exchange pathways gains importance, and an antiferromagnetic
coupling is established between the adjacent dimeric units,
giving rise to the observed decreasing in the y,, T curve.

It is not surprising that the magnetic coupling between the
nickel metal centers in NiBpaRT and NiBpaHT is so similar,
because the connectivity into the dimeric units and between the
dimeric units is maintained after the structural transformation.
The main difference between the magnetic behavior of both
compounds is the g value obtained from the magnetic fitting.
Probably, the explanation for the difference between the g
values of NiBpaRT and NiBpaHT crystal structures is the
distortion degree of the nickel coordination environments, after
the structural transformation.

B CONCLUSIONS AND DISCUSSION

The diffuse scattering observed in the diffraction images could
be ascribed to local disorders of the two crystallographically
independent and pseudoequivalent hybrid chains of the
NiBpaRT crystal structure. These local disorders give rise
also to rearrangements of the Bpa organic ligands and VO,
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tetrahedra, belonging to the metal—organic and metavanadate
chains, which could also contribute to the diffuse scattering.
Moreover, the systematic (1 0 1,0 —1 0, 0 0 1) twining of the
single crystals, can be clearly related to the stacking of the A
and B layers along the [100] direction.

The loss/uptake of coordinated water molecules in NiBpaRT
induces a reversible solid state transformation. The coordina-
tion environment of the Ni(Il) cations is completed by the
incorporation of the terminal oxygen atoms belonging to the
adjacent VO, tetrahedra, through the generation of a new Ni—
O bond. The IR and Raman spectra confirm that there are
drastic changes in the vanadyl terminal group during the loss of
bonded water molecules, while the UV—vis spectra confirms
the octahedral coordination environment of the Ni(II) cation in
the high temperature crystal structure. To the best of our
knowledge, this is the first reversible solid state mechanism
involving only polyhedra within the inorganic-substructure of
inorganic—organic materials.

Up to now, the previous studies of solid state transformations
in hybrid vanadates report a great loss of crystallinity during the
loss of bonded water molecules. But, these studies have been
carried out in hybrid vanadates constructed from rigid dipodal
ligands. The rational design of the crystal structures, and more
specifically, the rational choice of initial structural building
blocks with enough degree of freedom to establish new weak
interactions and/or bonds is a essential task to avoid the
crystalline to pseudoamorphous transformations after the loss
of coordinated species. In that regard, different possible
strategies can be adopted, such as (i) the synthesis of crystal
structures containing not rigid inorganic substructures formed
by corner-sharing polyhedra, (ii) the choice of secondary metal
centers that could adopt different coordination environments,
such as Co(II) and Cu(Il), and (iii) the use of flexible organic
ligands, instead of Bpe, that not only could reorient itselves or
adopt different conformations, but may also incorporate not
bridging atoms to the coordination sphere of the secondary
metal centers.
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