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A Cofn)-imidazolate-4-amide-5-imidate based MOF, IFP-5, is
synthesized by using an imidazolate anion-based novel ionic liquid
as a linker precursor under solvothermal conditions. IFP-5 shows
significant amounts of gas (N,, CO,, CH4 and H;) uptake capaci-
ties. IFP-5 exhibits an independent high spin Co(i) centre and
antiferromagnetic coupling.

Zeolitic imidazolate frameworks (ZIFs) are a subclass of
metal azolate frameworks, which, in turn, are a subset of
crystalline metal-organic frameworks (MOFs)."> They have
many interesting characteristics, including permanently high
porosity and exceptional chemical and thermal stability.
These properties make ZIFs very promising for applications
involving gas storage, gas separation, magnetic properties,
catalysts and sensing.>”®

ZIFs are typically synthesized solvothermally, although
preparatory procedures for ZIFs, involving mechanochemistry
and aqueous media at room temperature and in ionic liquids
(ILs), have already been established.® Systematic investiga-
tions of isostructural frameworks of a particular deprotonated
imidazole and/or its derivative as a linker and different metal
based ZIF series may be limited."*” In order to derive an
isoreticular series, recently, several examples of metal exchange
(transmetalation) within MOFs® and of solvent-assisted linker
exchange’ within ZIFs have been reported. However, imidazolate
anion-based ILs are synthesized,'® but the applications of ILs
in the context of coordination chemistry were restricted.'* For
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the first time, we used an imidazolate anion-based IL as a
precursor for MOF synthesis under solvothermal conditions.
Here, we report a 2-methylimidazolate-4-amide-5-imidate linker
(L1) based MOF, named as IFP-5 (co-centered, IFP = imidazolate
framework potsdam), and its gas-sorption and magnetic properties.

IFP-5 ([Co(L1)]-0.5DMF) was synthesized from a solvothermal
reaction of tetraethylammonium 4,5-dicyano-2-methylimidazolate
(IL1) with Co(NO3),:6H,0 in N,N-dimethylformamide (DMF;
Scheme 1). We have already reported imidazolate-4-amide-
5-imidate linker based Zn-frameworks, known as IFPs, from
2-substituted-4,5-dicyanoimidazole precursors under solvothermal
conditions in DMF." To get a new, different metal centre
based IFP from a neutral linker precursor, 1, we performed all
types of reactions with different Co-salts, as mentioned in the
synthetic strategies for preparing ZIFs (e.g., solvothermally in
DMF, DMA and solvent mixtures and mechanochemically),
but reactions did not yield crystalline materials.'®” Hence, a
4,5-dicyano-2-methylimidazole linker (1) was modified to an
ionic liquid precursor (IL1), wherein the linker is pre-ionized
as a 4,5-dicyano-2-methylimidazolate anion. IFP-5 formed as
a fine and pure crystalline material by using the IL precursor
under solvothermal conditions in DMF (Fig. S1, ESIf).
The anion (4,5-dicyano-2-methylimidazolate) of the ionic
liquid acts as a source of the linker, while the counter cation
(tetraethylammonium) is not involved in the coordination
bonding, facilitating only structure growth. Implementation
of the idea of utilization of the ionic liquid in the context of
coordination polymers has been previously reported.'* 2D/3D
frameworks are formed by changing the anion of the ionic
liquid with various polarities/hydrophobicities under iono-
thermal conditions."*'* In case of synthesis of anionic zeolites
or anionic metal-organic frameworks, ionic liquids act as
solvents and templates wherein the cation of the ionic liquids
participates in the frameworks.'* Moreover, the majority of
porous MOFs including ZIFs feature charge-neutral frame-
works.' In our study, we used ionic liquid as a linker precur-
sor; interestingly, the charge-neutral framework is formed.
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Scheme 1 Synthesis of IFP-5 from potassium imidazolate (2) and the
ionic liquid precursor (IL1).

The original idea behind such synthetic approaches was
to eliminate the competition between template-framework
and solvent-framework interactions that are present in
normal solvothermal reactions. However, the cation
(tetraethylammonium) in ionic liquid is large and bulky, lead-
ing to the growth of hydrophobic character in the ionic liquid
that alters the balance of chemistry, preventing favorable sol-
vent-framework interactions and enhancing the formation of
3D framework."*® Moreover, potassium imidazolate salt (2) also
yielded the powder material of IFP-5 which is not suitable for
single X-ray crystallographic measurement. A suitable crystal-
line material of IFP-5 for single X-ray measurement is only
formed by reacting Co(NO3),-6H,0 and IL1 under solvothermal
conditions. Therefore, the cation of the ionic liquid for the syn-
thesis of IFP-5 plays a vital role as a structure directing agent
for the growth of crystals.

The structure of IFP-5 was determined by single-crystal
X-ray crystallography and was found to be isostructural to
Zn based IFP-1."*? IFP-5 crystallizes in the highly symmetric
rhombohedral space group R3(see ESIf for details). The
cobalt ion in the IFP-5 structure is penta-coordinated by the
imidazolate-amidate-imidate linkers to form a distorted
trigonal-bipyramidal geometry (Fig. 1a). The structure pos-
sesses 1D hexagonal channels running along 0, 0, z; 1/3, 2/3, z;
and 2/3, 1/3, z. The methyl groups protrude into the open chan-
nels and determine their accessible diameter (Fig. 1b). By con-
sidering the van der Waals radii, the accessible diameter of

Fig. 1 a) The crystal structure of IFP-5 showing the trigonal-
bipyramidal coordination environment of Co", the coordination mode
of linker L1, and the hydrogen bonds (dotted lines). For the symmetry
codes and the hydrogen bonds, see ESL{ b) Hexagonal channels in
IFP-5 (the methyl substituent at the linker L1) are presented in a space
filling mode (pink Co, blue N, red O, dark gray C, light gray H).
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the channels in IFP-5 was estimated to be 3.8 A. Calculations
with the PLATON toolkit indicated that IFP-5 contains 40.8%
void space (see ESIT).

Thermogravimetric analysis (TGA) of as-synthesized IFP-5
indicated a gradual weight-loss step of 13.7% (calculated
14.0%) at 25-310 °C corresponding to partial loss of guest
species DMF, followed by the decomposition of framework
(Fig. S10, ESIT). TGA trace shows that after removal of the
solvent, IFP-5 is stable up to 300 °C. The material was activated
at 200 °C and 10~* mbar of pressure for 24 h. The powder X-ray
diffraction pattern (PXRD) of the activated sample exhibited
sharp diffraction peaks similar to those of the as-synthesized
sample. Thus, the porous framework maintained the crystal-
line integrity even without solvent molecules (Fig. S5, ESIY).

For gas sorption studies, the bulk material of IFP-5 was
prepared from the ionic liquid precursor. The gas sorption
isotherms were recorded for N,, H,, CH,, and CO, gases at
various temperatures at 1 bar. N, sorption of IFP-5 at 77 K
revealed a reversible type-I isotherm characteristic of micro-
porous materials and of the H4 type hysteresis loop which is
often associated with narrow slit-like pores (Fig. 2a)."> The
observed hysteresis is similar to previously reported MOFs."®
The estimated Brunauer-Emmett-Teller (BET) surface area
for IFP-5 was found to be 649 m> g™*, and total pore volume
was 0.30 cm® g™'. At 77 K and 1 bar, the total H, sorption
capacity was 1.44 wt% for IFP-5 (Fig. 2a, inset). However, H,
uptake capacity is slightly higher than those of ZIFs (ZIF-8,
1.29 wt%;' ZIF-11, 1.37 wt%'¢). The CO, sorption measure-
ments at 195, 273 and 298 K show typical type-I isotherms
with high uptake (Fig. 2b). At 195 K, a steep rise was observed
at relatively low pressure in the adsorption branch of CO,,
indicating the presence of a permanent micropore in IFP-5.
The uptake of CO, by IFP-5 at 298 K and 1 bar was 40 cm® g™,
A similarly high uptake was found by Yaghi and co-workers
for ZIF-69 and ZIF-82 (35.5 cm® g™, 1 bar, 298 K) which were
synthesized by using imidazolates containing the functional
groups Cl and CN.> However, strong interactions are expected
between the polar functional groups (amide and imidate) in
IFP-5 and CO,, which have a significant quadrupole moment.
To further understand the adsorption properties, the isosteric
heats of adsorption were calculated from the CO, adsorption
isotherms at 273 K and 298 K (Fig. S12, ESIt). At zero load-
ing, the Qy value (-AH) is 33.2 kJ mol™ which is comparable
with those for MOFs.? Upon increasing the loading amount,
the Qs value decreases rapidly to 27 kJ] mol™ which is still
well above the heat of liquefaction of bulk CO, at 17 kJ mol ™.
The high Qg value can be attributed to the high polar frame-
work and the pore size effect. The methane sorption capacity
for IFP-5 at 273 K was estimated to be 29.6 cm® g™'. The
channel diameter of IFP-5 (3.8 A) is slightly lower than that
of Zn-based IFP-1'** (4.2 A); hence, the gas uptake capacity
and BET surface area are slightly lower than those of
IFP-1."?? Selectivity depends not only on the size of the gas
components (kinetic diameter: CO, 3.3 A, N, 3.6 A and CH,
3.8 A) but also on the polarizability of the surface and of the
gas components.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 a) The N,-sorption isotherm and H, sorption isotherm (inset) at

77 K and 1 bar. b) CO, and CH,4 sorption isotherms. Adsorption and

desorption branches are indicated by closed and open symbols,

respectively.

Additionally, the chemical stability of IFP-5 was analyzed
by suspending IFP-5 for 7 days in boiling methanol, benzene
and water (Fig. S6-S8, ESIT), conditions that reflect extreme
operational parameters of typical industrial chemical pro-
cesses. After such extensive treatments, IFP-5 maintained its
fully crystalline integrity in methanol and benzene as con-
firmed by powder X-ray diffraction, but in boiling water, the
material irreversibly transformed to a so-far unknown crystal-
line phase after 24 h. It can be concluded that the polar water
molecules attack the unsaturated pentacoordinated Co center
of the IFP-5 structure.

The temperature dependent magnetic susceptibility for
IFP-5 was measured in the range of 2 to 295 K at a magnetic
field of 0.5 T. At 295 K, the measured value for the magnetic
moment of IFP-5 is p.¢ = 4.18up (Fig. S13, ESIT) via the spin
only formula g.g = g(S(S + 1))**up,, where g for a free electron
is 2.002 and S is the total spin of the Co(u) centers (half of
the number of unpaired electrons); the value of g can be
calculated for Co(u) high spin (S = 3/2) and Co(u) low spin
(§ = 1/2) complexes by neglecting spin-orbit interaction.
The calculated values of pq/pp are 3.87 for a Co(u) high
spin center and 1.73 for a Co(u) low spin center. Therefore,
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IFP-5 with an experimental value of y.¢ = 4.18up exhibits one
independent high spin Co(u) center. A slightly higher experi-
mental value of g.e/pp is consistent with the literature and
caused by small spin-orbit couplings of 3d metal centers.*
Furthermore, the geg/up vs. T curve (Fig. S13, ESIT) shows a
typical behavior of paramagnetic metal centers by decreasing
Het/pts With decreasing temperature up to a value of 1.45
(0.26 emu-K) at 2 K, suggesting antiferromagnetic coupling.*
The Curie-Weiss law,

= C/(T-0)

[C - Curie constant, T - temperature, § - Curie-Weiss con-
stant (or temperature)], supports this fact with a negative
Weiss-temperature of 6 = -31.2 K, obtained by the application
of reciprocal susceptibility vs. temperature (Fig. S14, ESIY)
and the extrapolation to y; ' = 0.

Thus, it can be summarised that neutral imidazoles may
not fabricate MOFs solvothermally in DMF. Therefore, in an
alternative way, neutral imidazoles can be deprotonated in
the presence of metal carbonate to form imidazolate salt. By
choosing the suitable cation, ionic liquid (or organic salt) can
be easily synthesized. Such imidazolate anion-based ionic lig-
uid or metal imidazolate salt might be useful for the fabrica-
tion of stable MOFs solvothermally. The cation of the ionic
liquid acts as a structure directing agent, and the pre-ionized
imidazolate anion acts as a source of linker. Such modifica-
tion of a linker to an ionic liquid can be useful for other
triazoles and tetrazoles or their derivatives. Based on such a
novel approach, we synthesized a MOF (IFP-5). Gas sorption
properties of IFP-5 are comparable with and higher than those
of IFP-1 and some reported ZIFs, respectively. IFP-5 shows an
independent high spin Co(u) centre (y.s = 4.18u3) and antiferro-
magnetic coupling. Moreover, research extending this ionic
liquid approach using other transition metal ions is in progress.
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