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Ein durch ein Hydrothermalver-

fahren hergestelltes Nickelsuccinat

wird beschrieben, dessen Struktur trotz
seines komplexen Aufbaus und der Gegenwart von
55 nichtdquivalenten Atomen aus Synchrotron-Pulverbeugungs-
daten vollstandig gelost werden konnte. Mehr zu dieser Verbindung,
die aus einer einzigartigen Hexanickel-Einheit mit interessanten
magnetischen Wechselwirkungen aufgebaut und unterhalb 20 K ferri-
magnetisch ist, erfahren Sie in der Zuschrift von N. Guillou et al. auf
den folgenden Seiten.
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Microporous Nickel Succinate

A Layered Nickel Succinate with Unprecedented
Hexanickel Units: Structure Elucidation from
Powder-Diffraction Data, and Magnetic and
Sorption Properties**

Nathalie Guillou,* Carine Livage, Wouter van Beek,
Marc Nogues, and Gérard Férey

During the last decade, synthesis of hybrid organic-inorganic
compounds based on transition metals has been actively
investigated. It allows the wide-ranging functionality of
transition metals (e.g., magnetic and optical properties,
electrical conductivity, and ferroelectricity) to be associated
with the ability of the organic moiety to modulate structural
arrangements.! Moreover, the use of hydrothermal condi-
tions can considerably enlarge the range of possible architec-
tures that may arise from a metal and an organic
molecule. It is even more efficient when the organic
molecule is flexible, for example, the linear dicar-
boxylic acid succinic acid.”! In general terms, coor-
dination polymers obtained with divalent metal ions
such as Mn', Fe'l, Co", Cu'", and Zn" often exhibit T
interesting architectures, but metal/oxide condensa-
tion is essentially “classical”, with edge- and some- 1/

times corner-sharing octahedra.’! By contrast, with i

nickel, inorganic condensation is more diverse: Our
first investigations on nickel phosphates showed that
Ni could generate microporous materials with novel
M—O—M connectivities in which polyhedra can share
faces, edges, and/or corners.! This was followed by

i

The nickel succinate was synthesized by classical hydro-
thermal reaction.®! Synchrotron powder data were collected
on the Swiss-Norwegian beamline at the ESRE.T A mono-
clinic  solution (a=7.8597(1), b=18.8154(3), c¢=
23.4377(4) A, f=92.0288(9)°, V=3463.9(4) A% was consis-
tent with the P2,/c space group. In the angular range 20 =
1-44°, 2921 integrated intensities were extracted for direct-
methods calculations, and 252 phases were observed for | E |
values greater than 1.2 and refined by using 4213 unique
triplets. By increasing the number of direct-methods attempts
to 256, the most probable £ map revealed all nickel atoms,
most of the surrounding oxygen atoms and a few carbon
atoms. Subsequent Rietveld refinement converged approx-
imately to Rg=0.30 and Ry=0.20. Successive difference
Fourier maps alternated with profile refinements then
completed the inorganic framework. The use of soft distance
and angular constraints gradually differentiated electron-
density maps and allowed the location of the organic moieties
and the free water molecules. At the final stage, the structural
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the first hydrothermally synthesized nickel succi-
nate,! which forms a remarkable honeycomb nickel
oxide network, and by two new nickel carboxylates
with rigid linkers.) Here we describe the second
nickel succinate, the structure of which, in spite of its
complexity and the presence of 55 nonequivalent atoms, was
completely solved ab initio from synchrotron powder-diffrac-
tion data. It forms a novel network with an unusual
hexanuclear building block that confers peculiar ferrimag-
netic properties on the material. To our knowledge this unit
has never been observed, neither in solid-state chemistry nor
in the rich domain of polyoxometalates.!”
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Figure 1. Final Rietveld plot of MIL-73. A zoom at high angles is shown as inset.

model contained 55 non-hydrogen atoms, and soft constraints
were maintained for the organic molecules. The final Rietveld
refinement (260=2.5-40°, 2266 reflections, 170 structural
parameters; Figure 1) corresponds to satisfactory model
indicators (Rg=0.063 and Ry=0.066) and profile factors
(Rp=0.049 and Ryp=0.062).

This new nickel succinate, denoted MIL-73, is built up
from organic—inorganic (100) layers. Nickel oxide corrugated
chains running along the b axis are connected by succinate
ions along the ¢ axis (Figure 2a). All carboxy groups of the
four independent succinate anions are deprotonated. Half of
the organic molecules decorate the chains, and the other half
covalently connect them. Nickel atoms occupy seven inde-
pendent crystallographic sites with octahedral geometry. The
Ni atoms are cooordinated by two p-, two ps-, and three p,-O
atoms; two terminal water molecules; and O atoms of four
succinate ions. Bond valence calculations give values very
close to 1 for the two p,-O atoms, and values in the range
0.77(5)-0.61(3) for the three p,-O atoms.!'”] This leads to
assignment of the w,-O atoms to hydroxo groups, as were
already observed in nickel(in) complexes,'! and to the
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with two neighboring Ni, units. In the Nig
unit a dimer of face-sharing octahedra is
grafted onto a tetramer formed by two
dimers of edge-sharing octahedra (Nil,
Ni4 and Ni6, Ni3) whose corners are
connected via hydroxide ions. The face-
sharing Ni atoms are connected to the
tetramer by sharing edges with the two
adjacent nickel octahedra, and corners
with the opposite ones (Figure 2¢). The
cohesion of successive layers is ensured by
strong hydrogen bonds involving one of
the three p,-“hydroxo/water” and the two
terminal water molecules (d (O-+O)=
2.73(4), 2.88(4) A). A pseudo-three-di-
mensional hybrid framework is thus
formed in which three types of channels
(A-C in Figure 2a) contain seven water
molecules, connected to the framework by
hydrogen bonds.

Figure 2. a) Projection of the structure along the a axis showing the three types of channels The thermal behavior of [Ni,(C,H,-
A-C. b) Polyhedral view c?ftheAhexanickeI unit (blue? connected to two Abridging Ni7 octahedra 0,),(OH)¢(H,0);]-”7H,0 was investigat-
(green). Decorating succinate ions are represented in purple and bridging ones in orange.
c) Schematic view of the connectivity of the Ni-centered octahedra.

ed by X-ray thermodiffraction (in air) and
gravimetric analysis (under flowing nitro-
assumption that the three y, sites are statistically occupied by ~ gen).['Zl A gradual weight loss of 3.4% up to 45°C corre-
two hydroxo ligands and one water molecule. This corre-  sponds to the loss of 2.4 adsorbed water molecules without
sponds to the chemical formula [Ni;(C,H,0,),(OH)s- any structural change. Then, the loss of the seven occluded
(H,0)5]:7H,0. Inorganic chains are built up from unusual  water molecules (found: 9.9 wt %, calcd: 10.5 wt %) occurs
hexanickel units connected by a seventh octahedron (Ni7,  with three successive crystallographic changes at 60, 110, and
green in Figure 2). This polyhedron shares two trans edges  180°C (Figure 3). This dehydration is reversible, but rehydra-

Amount adsorbed ——»

[l

Figure 3. Thermal evolution of diffractograms during dehydration-rehydration (40-200-50°C) and decomposition (up to 600°C) of MIL-73.
Adsorption (lower curve) and desorption (upper curve) isotherms for nitrogen at 77 K are shown in the inset. A=amount adsorbed.
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tion is characterized by progressive changes in the diffracto-
gram between 120 and 60°C, instead of successive steps. This
behavior may indicate sorption properties. The weight loss
between 225 and 300 °C was attributed to the three coordinated
water molecules (found: 4.3 wt%, calcd: 4.5 wt%). The
structure collapses at 280°C in air with the loss of the hydroxo
groups and combustion of the organic moieties. A sample
activated at 170°C under vacuum gave a typical type-1 N,
adsoption isotherm (Figure 3, inset) and a surface area of
135(4) m?g~!, which clearly indicates considerable porosity for
this compound.['?]

[Ni,(C,H,0,4)4(OH)s(H,0)]:7H,0 is ferrimagnetic below
20 K. The paramagnetic part of the 1/x(T) curve follows a
Curie-Weiss law (150-300 K) with C=9.65 Kemumol™', 6, =
—101 K, and u.;=3.3 pg per atom. The difference between
zero-field and field-cooled (100 G) curves provides a good
estimation of the magnetic ordering temperature of 20 K.['Y
Magnetization data versus applied field H below Ty confirm
this assessment and the extrapolated saturation magnetiza-
tion was estimated to be 4.7 ug per formula unit. The high 6,
value relative to those currently obtained for Ni compounds
indicates very strong antiferromagnetic interactions.[**! The
complexity of the Ni-O-Ni connectivity, in which polyhedra
can be linked by faces, edges, and corners, means that the
compound is magnetically frustrated. Indeed, if only vertex
connections with large angles, which favor antiferromagnetic
superexchange, are taken into account, antiferomagnetic
interactions are expected in the Nil-Ni5-Ni6 and Ni4-Ni2-
Ni3 triangles (Figure 2c), and hence spin frustration is
inevitable. A saturation magnetization of 4.7 ug suggests the
coexistence of two magnetic networks with five spin-up and
two spin-down centers. This experimental value is, of course,
lower than that calculated for cooperative ferrimagnetism
(M;=6 pp assuming g=2) resulting from the strong spin
frustration, which often decreases magnetic moments.['!

In summary, a nickel succinate was synthesized by a
hydrothermal technique. Its structure contains a unique
hexanickel unit with interesting magnetic interactions: The
compound is ferrimagnetic below 20 K. The novelty of the
structure illustrates the flexibility of nickel oxide networks
and confirms the versatility of nickel inorganic condensation
under hydrothermal conditions.>*l Moreover, after removing
the water of hydration, it also becomes porous (135(4) m?g~!)
and can reversibly reabsorb water molecules. Finally, the
structure determination (55 atoms and 165 atomic coordi-
nates) from synchrotron-powder diffraction data reaches the
limits of “traditional” ab initio methods.'®! Above this limit
and for larger cells, a new way of collecting datal'”) or “direct-
space” strategies in the case of organic materials,'®! must be
used, as was shown recently.
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Colorimetric Isomer Probes

Towards the Development of Colorimetric Probes
to Discriminate between Isomeric
Dicarboxylates**

Felix Sancenén, Ramon Martinez-Madriiez,* Miguel
Angel Miranda, Maria-Jesus Segui, and Judn Soto

The development of new chemosensors based on supra-
molecular concepts is a field of current interest.!l A
significant amount of work has been devoted to obtain
specific chemosensors that are able to change, upon complex-
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ation with the target guests, one or several macroscopic
properties in response to the molecular coordination event.
Changes in fluorescence® and in absorbancel are the output
signals used in the development of optical chemosensors.
Although a number of chromogenic receptors for the sensing
of metal ions have been developed, very few chromogenic
receptors for anions have been described in the literature that
are based on recognition approaches.’! Most of the receptors
have been developed for the colorimetric sensing of inorganic
anions,’) whereas very few have been designed for recogni-
tion of organic anions|’! particularly in aqueous environ-
ments. Thus, the development of chromogenic reagents for
such species remains a challenge. In this context, and as an
advancement of this field, we wish now to report a chromo-
genic system for the colorimetric discrimination between
certain organic isomers (cis/trans and ortho/meta/para dicar-
boxylates). Differentiation of isomers is, in general, a difficult
task because of their rather similar chemical and physical
properties. To the best of our knowledge, the examples we
show here are the first supramolecular-based colorimetric
probes for the detection of isomeric anions.

Most of the known colorimetric anion chemosensors are
based on host molecules containing anion coordination sites
coupled to chromogenic signaling units. In those receptors,
coordination of the anion usually modifies the charge-transfer
band of the chromogenic group resulting in “naked-eye”
anion detection. A different approach involves the use of
anion-induced reactions that can be either reversible or
irreversible.®l We have recently reported the use of one such
anion-induced reversible reaction for the selective detection
of ATP in water/organic solvent mixtures.[”) The system was
based on the cyclization of yellow 1,3,5-triarylpent-2-en-1,5-
diones to the magenta pyrylium cation. A family of 1,3,5-
triarylpent-2-en-1,5-diones were synthesized by electrophilic
aromatic substitution of the corresponding aniline derivative
with 2,6-diphenylpyrylium perchlorate in DMF at 150°C.
Subsequent column chromatography on aluminum oxide
afforded the receptors L'-L® in approximately 35% yield.
The UV/Vis spectra of LI-L? are very similar, with a band
centered at around 370-380 nm, which is indicative of their
brightly yellow color. The structures of the compounds L!-L8
are shown in Scheme 1.

Figure 1 shows a photograph of buffered dioxane/water
(70:30 v/v) solutions of L8 at approximately pH 6 (0.01m
HEPES buffer, HEPES = 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid) containing an equimolar amount of
certain carboxylate (acetate, benzoate) and dicarboxylate
anions (terephthalate, ~OOC—(CH,),—COO~, n=0 to 7,
oxalate, malonate, succinate, glutarate, adipate, pimelate,
suberate). The solution remains yellow upon addition of all
the above mentioned species, except for the oxalate and
malonate ions, whereby the solutions turn red-magenta. This
remarkable color change is, as stated above, a result of the
anion-induced selective cyclization of L® to give the colored
2,4,6-triphenylpyrylium cation (absorption maximum at ap-
proximately 550 nm). Figure 1 also shows the color variation
observed upon addition of maleate or fumarate dicarboxylate
ions to buffered solutions of L% (0.0l HEPES buffer,
approximately pH 6). The solution is yellow in the presence
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