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A rare example of in situ linker generation with the formation of
soft porous Zn- and Co-MOFs (IFP-9 and -10, respectively) is
reported. The flexible ethoxy groups of IFP-9 and -10 protrude
into the 1D hexagonal channels. The gas-sorption behavior of
both materials for H,, CO, and CH4; showed wide hysteretic iso-
therms, typical for MOFs having a flexible substituent which can
give rise to a gate effect.

Flexible or soft porous networks are known as third-generation
porous coordination polymers that have gained much attention
because of their interesting properties."* Compounds of this
exclusive family of materials show a reversible dynamic response
dependent on external stimuli, such as the presence/absence
of specific guest molecules or even changes in temperature®
and pressure.® As a result of this unique property, flexible
MOFs have potential applications in selective gas adsorption/
separation or chemical sensing.””"® Despite the fact that the
number of responsive frameworks is still increasing, rational
fine-tuning of the dynamic features of flexible MOFs has
become more challenging.>*'® The series of pillared-layered
frameworks of the type [M,L,P], (M = Co, Ni, Cu, Zn; L =
dicarboxylate ligand; P = neutral pillar) were extensively stud-
ied in the past few years."'* Due to the elastic paddlewheel
building block, an intrinsic framework flexibility of these
MOFs was observed."" Thus, the MOFs can exhibit slightly
different crystal structures and cell volumes depending on
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the nature of the guest molecules adsorbed in the pores. In
addition, reversible shrinkage and expansion of their unit cells
(large pore — narrow pore — large pore) upon adsorption of
alcohols was noticed for the reported MOFs.'>® In a related
study, Fischer and coworkers have reported a series of MOFs by
using a specifically functionalized bdc-type linker having dang-
ling alkoxy substituents. Such frameworks exhibit a guest-
dependent structural transformation and breathing effect.'”

We have previously developed a new class of metal 2-substituted
imidazolate-4-amide-5-imidate based metal-organic frameworks
called IFP (Imidazolate Framework Potsdam).”*>* The chelating
2-substituted imidazolate-4-amide-5-imidate ligands were generated
in situ by partial hydrolysis of 2-substituted 4,5-dicyanoimidazole
in the presence of a metal salt hydrate in N,N' -dimethylformamide
(DMF) under solvothermal conditions, yielding IFP-1 to -4 and
IFP-7.>°?? Zinc-imidazolate-4-amide-5-imidate based IFP-7 showed
gate effects due to its flexible methoxy substituent and selec-
tive CO, capture.>” Herein, we report the syntheses of zinc
and cobalt based imidazolate-4-amide-5-imidate frameworks
called IFP-9 and -10, respectively, having a flexible ethoxy sub-
stituent. The gas sorption properties of IFP-9 and -10 again
indicate flexible MOFs with a gate effect.

The MOFs {[Zn(L2)]-0.5DMF},, and {[Co(L2)]-xH,O-yDMF},,
(L2 = 2-ethoxyimidazolate-4-amide-5-imidate) are named IFP-9
and IFP-10, respectively. IFP-9 was synthesized by the reaction
of 4,5-dicyano-2-ethoxyimidazole (L1) with an equimolar amount
of Zn(NO3),-4H,0 in a mixture of DMF, ethanol and water under
solvothermal conditions. The reaction conditions yielded in situ
the 2-ethoxyimidazolate-4-amide-5-imidate linker (L2). Similarly,
IFP-10 was formed by the reaction of L1 with an equimolar
amount of Co(NO;),-6H,0 in DMF under solvothermal condi-
tions (Scheme 1).

The degree of in situ hydrolysis of the cyano groups of
4,5-dicyano-2-ethoxyimidazolate (L1) into the corresponding
imidazolate-4-amide-5-imidate linker (L2) was studied using
infrared (IR) spectroscopy. The IR-spectra of the IFP-9 and
IFP-10 manifested no stretching bands related to C=N in
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Scheme 1 Syntheses of IFP-9 and IFP-10.

the 2200-2230 cm™ region. Instead, new typical bands for amide
and imidate groups were observed at around 1560 cm™* and
1660 cm™ ', respectively. Among other prominent IR changes,
those associated with N-H resonances were noticeable. Cen-
tered at 3341 cm™' (IFP-9) and 3335 cm ' (IFP-10), a broad
amide-imidate N-H band with a considerably fine structure
was noted (Fig. S1, ESIT).

IFP-9 crystallizes in the highly symmetric rhombohedral
space group R3.>* The asymmetric unit contains one Zn>* ion
and the bridging ligand L2 (Fig. S2, ESI{). The Zn** ion is
pentacoordinated by the donor atoms of three L2 ligands to
form a distorted environment with a trigonal-bipyramidal geo-
metry (Fig. 1). In turn, L2 acts as pentadentate linker that coordi-
nates three Zn>" ions. This means that Zn>* ions and bridging
L2 ligands act as 3-connected topological species forming a
net with a rare uninodal topology, named eth.>*****> The
topology of IFP-9 is classified by the vertex symbol 3.6.10.15.

In this arrangement, imidates N3 and O2 and the amide
03 reside in equatorial positions and two imidazolate N atoms
(N1 and N2) occupy the axial positions (Fig. 1). This five-fold
coordination leads to a Zn>* centre with Lewis acid properties.

|’|1 i

Fig. 1 Section of the crystal structure of IFP-9, showing the coordination
environment of Zn”", the bridging mode of the linker L2 and the hydrogen bonds
(dotted lines). For the symmetry codes and details of hydrogen bonds, see the ESI}
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The amide and imidate groups are formed by the in situ par-
tial hydrolysis of cyano groups and enable each L2 ligand to
participate in the formation of two five-membered chelate
rings. One ring forms by coordinating a Zn>" ion to the N1
(imidazolate) atom and the O3 (amide) atom. The other che-
late ring forms by coordinating a second Zn”* ion to the N2
(imidazolate) atom and the N3 (imidate) atom. The negatively
charged 02 (imidate) atom is coordinated to a third Zn>" ion.

The structure of IFP-9 is further stabilized by three hydrogen
bonds (Fig. 1), one intramolecular bond between a nitrogen
atom of an amide group and an imidate O atom (N4-H41:--02)
and intermolecular hydrogen bonds between an imidate NH
group and an imidazolate N atom (N3-H30---N2), as well as
between a nitrogen atom and an oxygen atom of the amide
groups (N4-H40---03). The hydrogen-bonding parameters as
well as the symmetry operators are listed in Table S4 in the
ESLf The structure of IFP-9 possesses 1D hexagonal channels
running along 0, 0, z; 1/3, 2/3, z; and 2/3, 1/3, z (Fig. 2).

The walls of the hexagonal channel in IFP-9 are essentially
constructed by the rigid and planar imidazolate-amide-imidate
linker L2. The Zn** ions are located almost on the edges of the
hexagonal channels. They are bridged by the L2 linkers
through coordination with both N imidazolate atoms. The
amide and imidate functional groups of the bridging ligand
L2 are embedded in the wall of the channel. The imidate
group bridges two Zn>* ions of two channel edges through its
N and O atoms. The three different types of hydrogen bonds
are all confined to the channel wall as well. The localization
of the amide and imidate groups and the hydrogen bonds in
the channel walls, and of the pentacoordinated Zn>* ions at
the edges of the hexagonal channels, as well as the ethoxy
substituents which point into the channels, polarizes and
functionalizes the coordination space of this MOF.

Moreover, after several attempts, we could not find a suit-
able crystal of IFP-10 for single crystal X-ray measurement.
Hence, the structural model of IFP-10 was constructed by using
the single-crystal X-ray refinement of IFP-1°° which was further
optimized by using an ab initio density functional theory (DFT)
method. The PXRD pattern of the optimized IFP-10 structure
is in good agreement with the experimental data (Fig. 3). The
theoretically optimized structure of IFP-10 also possesses 1D
hexagonal channels (Fig. 2b). The ethoxy groups protrude
into the open channels and determine their pore aperture.
The ethyl group of the ethoxy moiety is disordered over two
equally occupied sites. By considering the van der Waals radii,
the pore aperture diameter of the channels in IFP-9 was esti-
mated as 0.60 and 0.35 A for the corresponding disordered
species. For IFP-10, a diameter of 0.30 A was calculated from
the theoretically estimated structure. The void spaces in IFP-9
and IFP-10 represent 23% and 26%, respectively. For the void
calculation, the PLATON toolkit was used.*®’

Thermogravimetric analysis (TGA) for as-synthesized IFP-9
indicated a gradual weight-loss of about 5% starting from
200 °C up to 325 °C which corresponds to partial loss of DMF
guest species, followed by framework decomposition above
325 °C. As-synthesized IFP-10 showed a negligible weight-loss
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Fig. 2 Hexagonal channels with different accessible diameters - a) for IFP-9
(Zn-centre), b) for IFP-10 (Co-centre); orange - Zn, pink - Co, blue - N, red - O, dark
gray - C, light gray - H; the ethyl group in IFP-9 is disordered; only one species is
drawn. The structure of IFP-10 is based on ab initio density functional calculations.
() Insight into one channel of IFP-9 (running along ¢) with two different void
volumes - for details, see the squeeze output at the end of the cif.

step of 5% at 25-225 °C, corresponding to the release of sol-
vent molecules (Fig. S3, ESIt). TGA traces show that after sol-
vent removal, both IFPs are stable up to 300 °C. Materials
were activated at 200 °C at 10> mbar pressure for 24 h. Pow-
der X-ray diffraction patterns (PXRD) of activated samples
exhibited sharp diffraction peaks similar to the as-synthesized
samples (Fig. 3). Thus, the porous frameworks maintained
crystalline integrity even without solvent molecules.
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Fig. 3 Powder X-ray diffraction patterns of IFP-9; a) simulated, b) as-synthesized
and ¢) activated, and of IFP-10; d) simulated, e) as-synthesized and f) activated.

Activated IFP-9 and -10 are expected to show gas-sorption
selectivity towards small polar molecules due to their polar
and flexible ethoxy side chains. The gas sorption isotherms
of N,, H,, CH,;, and CO, for IFP-9 are recorded at various
temperatures up to 1 bar (Fig. 4 and 5). IFP-9 and -10 barely
adsorbed N, at 77 K, which can be attributed to a narrow
pore size of the channels (0.60 and 0.35 A for IFP-9 and 0.30 A
for IFP-10). Hence, N, molecules (kinetic diameter of 3.64 A)
cannot diffuse into the small channels. From the estimated
Brunauer-Emmett-Teller (BET) surface area for IFP-9 and -10
of 7 and 13 m® g™, respectively, it can be concluded that N, is
adsorbed at the outer surface only. The CO,, CH, and H,
sorption isotherms show very different sorption behaviors. The
low-pressure CO, sorption measurements for IFP-9 (at 273 K,
Fig. 4a) and IFP-10 (at 273 K and 298 K, Fig. 5a) indicate CO,
uptake with a broad hysteresis for the desorption branch. Such
hysteretic behavior was also observed for flexible MOFs like
IFP-7 and other MOFs having flexible substituents."”%?* The
uptake of CO, by IFP-9 and IFP-10 at 273 K and 1 bar is 5 cm® g™
and 39 em® g7, respectively. Because of the small-pore aperture
windows (see above), the CO, molecules are preferably located
in cavities (“zero-dimensional closed space”).”® Notably, IFP-9
and IFP-10 also adsorb 2.5 cm® g" and 6 em® g' CH, at 273 K
and 1 bar, respectively, despite their narrow pore apertures
(Fig. 4a for IFP-9 and Fig. 5b for IFP-10). Also, H, is adsorbed
at 77 K up to 8.8 and 5.2 cm® g™ in IFP-9 and -10, respectively,
at 1 bar (Fig. 4b for IFP-9 and Fig. 5b for IFP-10).

The reason that N, at 77 K is not adsorbed presumably
because of activated diffusion effects associated with the low
thermal energy of the adsorbate relative to the high barrier
for diffusion through the small-pore aperture windows.>® In
other words, at slow thermal motion at 77 K, the N, molecule
will statistically only seldom approach the small-pore aper-
ture with the correct orientation for penetration, that is, in
line with its molecule axis. While H, and CO, are adsorbed
at 77 K and 273 K, respectively, N, is not adsorbed at 77 K,

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Gas sorption isotherms for activated IFP-9. Adsorption and desorption
branches are indicated by closed and open symbols, respectively.

which is a frequently encountered phenomenon character-
ized by the kinetic hindrance of small pores or pore aperture
windows.*® It is suggested that the passage of guest mole-
cules through the small-pore aperture windows in and out of
the cavities proceeds through a temporary expansion of the
window size. The desorption branches of CH, isotherms for
IFP-10 show a wide desorption hysteresis. The CH, sorption
behavior of IFP-10 can be attributed to a kinetic trap created
by the polar flexible ethoxy substituent and imidazolate-
amide-imidate channel walls, acting as a gate that regulates
the access and release of CH, into and from the channels.
Such broad desorption behaviour for the CH, isotherm at
atmospheric pressure is rarely observed in microporous
MOFs.>>*! Another way to prove the flexibility of the frame-
works is by H, sorption. Although IFPs adsorb a low amount
of H, at atmospheric pressure, they show a wide desorption
hysteresis. As already mentioned, IFP-9 possesses pore aper-
ture windows of 0.35 A to the solvent-depleted cavities of 8.0
and 5.8 A diameter (see Fig. 2c), and ethoxy groups from the
ligand form the pore aperture windows. Incoming gas molecules
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Fig. 5 Gas sorption isotherms for activated IFP-10. Adsorption and desorption
branches are indicated by closed and open symbols, respectively.

have to widen the windows by changing the conformation of
the ethoxy groups arranged on the C2-atom of the imidazole
ring. Because of the lower kinetic diameter of CO, (3.3 A), in
comparison to that of CH, (3.8 A), the twist of the ethyl
groups for incoming CO, has to be smaller as it has to be for
CH,. Moreover, this behavior demonstrates that the selective
uptake for CO, over N,, CH, and H, could be attributed to
the difference in polarizability of adsorbate molecules (average
electric dipole polarizabilities: CO, 2.911 x 107>* em?®, N,
1.7403 x 107>* em®, CH, 2.593 x 10>* cm®).?* The interactions
are expected between the polar functional groups (amide and
imidate) and CO,, which has a significant quadrupole moment,
while CH, has none. Therefore, IFP-10 also shows a higher CO,
uptake compared to IFP-9 due to the presence of an unsatu-
rated metal site of the paramagnetic Co centre (d’-system). The
Zn centre has the electronic state d'° and is a diamagnetic sys-
tem. We anticipated that the Co centres in IFP-10 have a higher
potential to polarize CO, molecules than the Zn-based IFP-9.
This behaviour was also previously observed for the Co-based
isostructural IFP-5.** A similar wide hysteretic H, uptake was
observed by a nanoporous octanuclear Cu®* structure and its
Co*" ion-exchanged material.**
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In conclusion, we report an in situ formed 2-ethoxyimidazolate-
4-amide-5-imidate linker with its isostructural MOFs IFP-9 and-10.
Porous 3D frameworks with 1D hexagonal channels with pore
aperture diameters of 0.35 A and 0.30 A are formed for IFP-9
(zn) and IFP-10 (Co), respectively. The structure of IFP-9 was
determined by X-ray crystallographic analysis. The structure
of IFP-10 was determined by a combination of PXRD and
structure modelling and was confirmed by IR spectroscopy.
Due to the polar ethoxy group and narrow pore apertures,
wide hysteretic isotherms for H,, CO, and CH, were observed.
The very broad desorption hysteretic behaviour of CH, uptake
for IFP-10 is not commonly observed for microporous MOFs.
Such gas-sorption behaviour is typical for the MOFs having
flexible substituents. Due to the narrow pore apertures with
flexible ethoxy groups, IFP-9 and -10 could be useful for
potential gas mixture separation in comparison with other IFP
materials at high pressure measurements. Moreover, research
to extend this approach to other transition metal ions and
other flexible substituent-based IFPs is in progress.
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