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Most of the porous hybrid metal-organic frameworks
(MOFs) discovered up to now are coordination polymers in
which metal atoms or inorganic clusters are bridged by
polyfunctional organic molecules.'””! However, some hybrids
have inorganic subnetworks in which metal-oxygen—-metal
bonds extend in one, two, or even three dimensions. The
closer resemblance of such extended inorganic hybrids® to
metal oxides implies that, compared to coordination poly-
mers, they may be more likely to show analogous properties
such as long-range magnetic ordering?®'!l. However, exam-
ples of three dimensional (3D) metal-oxygen-metal arrays
are scarce and, to our knowledge, only two architectures have
been described with dicarboxylates (nickel
succinate and nickel glutarate),"*'? two with
monocarboxylates (formate, acetate),'***! and
one with an amino acid (aspartate).'® These
examples show that 3D inorganic MOFs are
more specific to small, flexible carboxylates.!'”)

Previously, we studied relations between
synthetic parameters (metal/succinate ratio,
pH, concentration) and observed architectures
for cobalt and nickel succinates.''®! In the case
of cobalt, we demonstrated that condensation of
the inorganic species increased with increasing
temperature and pH, and this led to seven
cobalt succinate topologies.'! Comparison of
these compounds to known nickel succinates
indicates that the phases that occur at lower
temperatures tend to be isostructural (consistent with other
Co" and Ni" coordination polymers)!'”?? while the hydro-
thermal phases differ significantly. In particular conditions
used for synthesizing the cobalt structure MIL-9,*%* which
exhibits a 2D array of metal octahedra, gave a remarkable 3D
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inorganic framework when applied to nickel.'! These obser-
vations suggest that a hydrothermal study of the Co/Ni ratio
as sole reaction variable may improve our understanding of
the relationship between these two systems.

In MIL-9, Cos(OH),(C,H,0,),, Co" occupies five crystal-
lographic sites with the same multiplicity. Consequently, we
increased the ratio of Ni" in increments of 20 %, correspond-
ing to substitution at each potential site. The starting mixture
with a molar ratio of (M, M')Cl:1.5succinic acid:3
KOH:120H,0O was heated to 180°C. The resulting series
contained four crystalline phases. As illustrated in Figure 1, at
20 % Ni substitution in 1, the major phase becomes M,(OH),-

100% Ni

Figure 1. Progressive formation of the four phases starting from Co succinate
Cos(OH),(C4H,O4)4 (1) with increasing substitution by Ni: M,(OH),(H,0),-
(CeH,0.)52H,0 (2), M, (OH),(H,0),(C,H,0,)¢:3.5 H,0 (3), and Ni,(OH),(H,0),-
(C4H404)6'2 H,O (4)

(H,0),(CH,0,);2H,0 (2). This compound, already
reported in its pure cobalt form,?" is constructed by stacking
of perforated metal oxide layers with hydrated 14-membered
ring channels. When nickel becomes predominant, 2 is
replaced by M,(OH),(H,0),(C,H,;0,)s3.5H,0 (3), a previ-
ously unknown structure with an unprecedented 3D M-O-M
topology (see below). With increasing nickel content up to
80%, M,(OH),(H,0),(C,H,0,)s2H,0 (4) becomes the
major phase. This topology, which was the first metal
dicarboxylate with a 3D nickel oxide network, has layers in
which 12- and 15-membered rings are connected through
isolated octahedra.™” When looking at the reduced chemical
formula of 1-4, some trends specific to the introduction of Ni
appear. The number of succinate ligands L per metal center
increases slightly for the nickel-rich compounds with a
concomitant decrease in the degree of “hydrolysis” (u-OH).
Moreover, introduction of Ni increases the dimensionality of
the inorganic network and decreases the density (Table 1).
While it is intuitive that hydrolysis-favoring synthesis
conditions, such as an increase of pH or temperature, lead to
increased inorganic condensation, it is more difficult to
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Table 1: Reduced formulas (i.e., one metal atom per formula unit),
calculated density, and calculated solvent-accessible voids for as-synthe-
sized and dehydrated solids 1-4.

Reduced formula Dimens.! Density  Calculated
[gem™® accessible
voids [%]"
T [M(OH)osLog]™" 2 2337(5) <1
2 [M(OH)os(H;0)osLos]- (H0)0s™ 2 2.085(3) 23-13.8
3 [M(OH)o23(H:0)0.28L0ss]' (H20)as 3 2.090(8) 7.0-11.2
4 [M(OH)o25(H20)02sL0sel (H20)025" 3 1.995(8) 7.8-18.1

[a] Dimensionality of the inorganic subnetwork. [b] Deviation corresponds
to the difference of 0.6 % in atomic weight between Co and Ni. [c] PLATON

geometric analysis and plotting program.!

26]

explain the remarkable structural variations induced here by
Co/Ni substitution as sole reaction variable. Surprisingly, in
the pure cobalt system, when temperature is the only
synthetic variable, the initial topology 1 crystallizes at
250°C, whereas 2 only needs 150°C.*! Addition of nickel
therefore has the same apparent effect as a lower temper-
ature. However, the role of temperature was tested for 3, and
heating did not influence the nature of the final product (180-
240°C).

Following its isolation, synthesis conditions for 3 were
optimized in order to obtain a pure phase with high
crystallinity. Chemical analyses on several samples support a
statistical distribution of Co and Ni within the structure and a
Co/Ni ratio that varies from 1/1 to 1/2 independently of the
initial composition. Figure 2 ¢ shows the 3D extended array of
metal polyhedra, generated by eight independent metal sites,
two of which are located on an inversion center. All metal
atoms are octahedrally coordinated by oxygen atoms with
bond lengths between 2.03 and 2.19 A. As illustrated in
Figure 2b, honeycomb sheets of edge-sharing octahedra are

Figure 2. a) Polyhedral view of the 14-membered ring lined with succinate ions. b) Connection of
the honeycomb layers by vertex-sharing metal octahedra. c) View perpendicular to the honey-
comb sheets. d) Schematic representation of the metal network highlighting the distorted
diamond-like topology (only metal atoms are shown).
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connected by single corner-sharing octahedra. The metal
network adopts a “distorted” diamond-like topology (Fig-
ure 2d).”! Such layers were already observed for cobalt
succinate and manganese glutarate.-?” Most of the structural
characteristics of 3 correspond to features from either the
more Co-rich 2, in which the sheets are identical, and Ni-rich
4, in which single octahedra connect sheets in the same way.
The six crystallographically independent succinate anions act
as scaffolds for the stability of the network. Free water
molecules are located in pores formed by 14-octahedra rings
and lined by the alkyl chains of dicarboxylates (Figure 2a).

Thermogravimetric studies showed a weight loss at 50°C
corresponding to the departure of the free water molecules,
followed by the loss of coordinated water molecules at 220 °C.
The second weight loss is associated with a change of color
from light violet to green. Decomposition occurs around
300°C under flowing oxygen and 380°C under pure nitro-
gen.® Thermodiffractometry performed under air showed
three successive crystallographic changes at 50, 220, and
270°C. Whereas this compound exhibits a reversible dehy-
dration/rehydration process, crystallographic modifications
observed with the departure of occluded water molecules
certainly induce structural changes associated with loss of
porosity. Indeed, for samples activated at 50, 100, or 180°C
under vacuum, no measurable surface area was obtained.

In spite of the extended M-O-M connectivity, magnetic
susceptibility measurements revealed paramagnetic behavior
down to 5 K. The best linear fit yielded C=19.0 emuKmol™
and 6 = —50 K. This gives a magnetic moment of 4.66 ug per
metal atom, which is intermediate between the observed
values for octahedral cobalt (5.2-5.5 ug) and nickel succinates
(2.8-3.3 pg). The negative sign of 6 and a small decrease of y,,1
versus T from room temperature to 50 K suggests antiferro-
magnetic interactions between metal centers. Below 50 K, an
increase in susceptibility can be accounted for by assuming
heterometallic occupation of the metal
sites, which avoids compensation of
magnetic moments.

In conclusion, this study has shown
that a set of appropriate mixtures of
metal ions allows synthesis of different
solids with new unforeseen architec-
tures. These results underline once
more the difficulty of predicting or
controlling inorganic condensation in
the field of MOFs.”! Acidobasic char-
acteristics of cobalt and nickel are
usually considered to be slightly differ-
ent, but under hydrothermal conditions
this difference seems to be enhanced
and leads to different structural types.
However, structural characteristics
from previously characterized cobalt
and nickel succinates dominate the
new topology. Indeed, 3 is built up
from the honeycomb layers of MIL-16,
connected by isolated vertex-sharing
octahedra typical of the 3D nickel
succinate compound.
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Experimental Section

Preparation of 3 was optimized, and it can be obtained as a pure phase
with high crystallinity. A mixture containing CoCl,,6 H,O (2.3 x
1073 mol), NiClL-6H,0 (2.3x107* mol), HO,C(C,H,)CO,H (6.9 x
107 mol), KOH (10.4 x 10~* mol), and H,0O (5 mL) corresponding
to a molar ratio of 0.5:0.5:1.5:2.25:60 was heated at 180°C for 2 d. In
contrast to the preparation of microcrystalline powder and in spite of
many trials, single crystals were obtained only once and as minor
product. The identity of these two samples was evidenced by Rietveld
refinement of X-ray powder diffraction data with the structural model
obtained from single-crystal data. IR for 3 (KBr pellet): 7 =3549 (w),
3493 (s), 3422 cm ™' (s) (v(OH) of OH and H,0); 1624-1573 (s) and
1435-1399 (s) (symmetric and asymmetric stretching bands of
carboxylate groups). Single-crystal diffraction data were collected
on a Bruker SMART CCD system with Mok, radiation (1=
0.71073 A). Intensity data were collected in 1271 frames with w
scans (width of 0.30° and exposure time of 30s per frame). Data
reduction was performed with the SAINT software and absorption
corrections by using the SADABS program.’” u(Moyg,)=
2.985 mm™, F(000) = 1244, 20, = 56.6°; 20128 reflections collected,
of which 9042 were unique (R;,,=0.0733). Final R indices (I >20l):
R, =0.0420, wR,=0.1057. Lorentzian and polarization corrections
were made, the structure was solved by using direct methods and
difference Fourier calculations, and the data were refined against
| F?| by using the SHELXTL suite.’! All non-hydrogen atoms were
refined anisotropically except for those of the free water molecules.
Hydrogen atoms of the organic molecules were placed in calculated
positions. CCDC 620466 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif. Crystallographic data for 3: C,,H3;;M;O;, 5,
triclinic, space group PI, a=10215(5), b=11.271(5), c=
17.523(8) A, a=91.123(8), f=95.620(8), y=100.987(8)°, V=
1969(1) A3, Z=2, pesiea =2.090 gem >,
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