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Abstract: A novel three-dimensional two-fold interpenetrated bi-porous metal-organic framework
IPM-325 (IPM: IISER Pune Materials) having pcu topology was synthesized at room temperature.
Single crystal X-ray diffraction (SC-XRD) study revealed that the compound crystallizes in monoclinic
lattice with molecular formula {[Zn(L), (SiFg)] (CH,Cl,) xG}, where G = Guests). All metal centers
were found to have octahedral geometry. From single crystal analysis it can be inferred that SiFg?~
anion play a vital role in extending the dimensionality of the framework by bridging between two
metal centers. Interestingly, IPM-325 exhibited two-step structural transformation maintaining the
crystallinity of the framework as characterized by powder X-ray diffraction (PXRD).

Keywords: metal-organic framework; neutral N-donor framework; structural transformations

1. Introduction

Metal-organic frameworks (MOFs)/Porous coordination polymers (PCPs) have shown immense
potential in various domains including separation, storage, sensing, catalysis, etc. [1-5]. MOFs are
extended networks constituting of metal nodes and organic moiety linked via coordination bonds
resulting in framework formation with potential voids [6,7]. MOFs can be readily functionalized using
different organic building blocks thus imparting flexibility to tune the properties [8]. Metal-organic
frameworks can also be tuned by using varied metals/metal clusters along with counter ions with
different coordinating tendency [9-13]. MOFs have been classified as neutral and ionic MOFs (iMOFs)
based on the framework charge [14]. Among various type of linkers, neutral nitrogen donor-based
linkers have played a vital role since the emergence of MOFs owing to the easy availability and facile
coordinating ability [15,16]. In pioneering reports, Zaworotko and Kitagawa have reported MOFs
utilizing SiF¢2~ as counter anion and neutral nitrogen donor linker [17,18]. Recently, (SiF¢2™) anion
has been utilized extensively due to the tendency of SiFs>~ to bridge two-dimensional sheets to form
an overall three-dimensional framework with formation of one dimensional channel with varied
porosity depending on the length of the linker [19,20]. Owing to the presence of highly electronegative
fluorine atoms in SiF4?~ it leads to the formation of highly charged polar surfaces. Owing to the
highly charged polar surfaces, SiF¢2~ anion based MOFs are currently being pursued in various
sorption-based applications like CO, capture, water sorption, hydrocarbon separation, etc. [21-23].
Thus, SiF¢?~ as an inorganic pillar should be utilized to develop novel materials as it imparts higher
selectivity in sorption-based applications.
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Yet another important classification within the field of MOFs is to classify MOFs as rigid MOF or
flexible MOF depending on the frameworks tendency to change the structure on the application of
varied stimuli like pressure, temperature, etc. [24-26]. Flexible MOFs are the frameworks which tend
to change the overall structure upon applications of different stimuli. Flexible MOFs have been utilized
in various adsorption-based separation processes with promising results [27,28]. Thus, development of
MOFs that exhibit structural transformation is quite crucial for the development of materials exhibiting
selective sorption.

SiFg%~ anion-based rigid MOFs have been extensively studied but less attention has been paid
towards flexible SiFs?~-based MOF system. SiF¢2~ anion-based flexible MOFs may show dual facet of
high selectivity, hysteretic sorption along with various characteristics of flexible MOFs accompanied
with properties imparted by SiF¢?>~ anions. Herein, we report the crystal structure of IPM-325 which
exhibits structural transformations as characterized by PXRD.

2. Materials and Methods

All the starting reagents zinc hexafluorosilicate hydrate, (1E,2E)-1,2-bis(pyridin-4-ylmethylene)
hydrazine were purchased from Sigma-Aldrich, Bangalore Karnataka, India and all the solvents
were procured locally. Powder X-ray diffraction (PXRD) patterns were measured on Bruker D8
Advanced X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) at room temperature
using Cu-Ka radiation (A = 1.5406 A) with a scan speed of 0.5° min~! and a step size of 0.01° in
2 theta. Thermogravimetric analysis results were obtained in the temperature range of 30-800 °C
on Perkin-Elmer STA 6000 analyzer (TGA, STA 6000 Perkin Elmer, PerkinElmer, Inc., Waltham, MA,
USA) under N atmosphere, at a heating rate of 10 °C min~!. Single-crystal X-ray data of IPM-325_P1
was collected at 100 K on a Bruker KAPPA APEX II CCD Duo diffractometer (operated at 1500 W
power: 50 kV, 30 mA, Bruker AXS GmbH, Karlsruhe, Germany) using graphite-monochromated
Mo K« adiation (A = 0.71073 A). A crystal was mounted on a nylon Cryoloop (Hampton Research)
with Paraton-N oil (Hampton Research). The data integration and reduction were processed with
SAINT software [29]. A multi-scan absorption correction was applied to the collected reflections [30].
The structure was solved by the direct method using SHELXS-2014 [31] and was refined on F2 by
full-matrix least-squares technique using the SHELXL-2017 [32] program package within the WINGX
program [33]. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were located
in successive difference Fourier maps and they were treated as riding atoms using SHELXL default
parameters. Highly disordered guest solvent molecules were observed. SQUEEZE option was used
that eliminate the contribution of disordered guest molecules [34]. Residual electron density was
calculated from the SQUEEZE function 49 electrons/unit cell. Gas adsorption measurements were
performed using BelSorp-Max instrument (BEL Japan, Inc., Osaka, Japan).

Experimental Synthesis

Synthesis of Linker L ((1E,2E)-1,2-bis(pyridin-4-ylmethylene)hydrazine): Linker L was synthesized
by modifying a reported protocol [35]. 4-pyridinecarboxaldehyde (49.94 mmol, 4.704 mL) was taken
in a round bottomed flask. To this flask (1:1) Methanol (15 mL) and ethanol (15 mL) solution was
added and catalytic quantity of acetic acid was added to this mixture. This mixture was stirred at
120 °C for 0.5 h. Further, hydrazine hydrate (19.97 mmol, 0.970 mL) was added and the reaction was
maintained at 120 °C for 12 h. Subsequent cooling to room temperature yielded yellow crystalline
product. Crude product was recrystallized from a solvent combination of methanol: ethanol solvent
mixture. Yield = 90%.

Synthesis of IPM-325_p1: Single crystals of IPM-325_p1 were obtained by slow diffusion
1:1 mixture of zinc hexafluorosilicate hydrate (ZnSiFs, H,O) (0.1 mmol, 20.7 mg) and
L = (1E,2E)-1,2-bis(pyridin-4-ylmethylene)hydrazine (0.1 mmol, 21 mg) in a solvent combination
of Dichloromethane, methanol and benzene. Block shaped yellow colored crystal was obtained after
one week. Yield ~60%.
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Desolvated phase preparation: IPM-325_p1 was heated at 160 °C overnight with slow increase in
the temperature at the rate of 5 °C/h and then maintaining 160 °C overnight. The desolvated phase
was further characterized by thermogravimetric analysis.

3. Results and Discussions

IPM-325 was synthesized by slow diffusion of ligand L (Scheme 1) and ZnSiF4 at room temperature
to yield block shaped yellow colored crystals. Single crystal X-ray diffraction analysis revealed that
the compound crystallizes in C2/m space group with Z = 2 (Table 1). The asymmetric unit consist of
Zn(IT) metal ion along with two linkers and SiFg?>~ anion with dichloromethane molecules and other
disordered molecules present within the voids (Figure 1). Zn(II) metal node is octahedrally coordinated
with NF, donor set with the distance between Zn(Il) and equatorial nitrogen atoms 2.139 A while the
distance between Zn(II) and axial F atoms was 2.153 A. SiF¢2~ anions were found to bridge between
two metal centers (Figure 2a). Overall structure was found to be two-fold interpenetrated in nature with
an overall pcu topology (Figure 2b). Along the a-axis, the packing diagram showed types of rectangular
voids Pore A and Pore B having dimensions 5.55 x 7.46 A? and 5.84 x 6.54 A2 respectively (excluding
van der Waals radii) (Figure 2b). The voids of the asynthesized framework (Figure 3) (IPM-325_p1;
p represents phase) are filled with dichloromethane solvent wherein the H6 atom exhibits hydrogen
bonding interaction with the F3 atom present at the metal node. To establish the bulk phase purity
of IPM-325_pl1, it was characterized using powder X-Ray diffraction measurements (PXRD) which
showed a considerable shift in the observed pattern when compared to the simulated pattern (Figure 4a.
The observed shift may be due to the overall structural transformation leading to formation of new
phase named as IPM-325_p2 (p represents phase). To establish the bulk phase purity, we performed
PXRD analysis of asynthesized crystals in presence of mother liquor. The PXRD pattern corroborated
well with the simulated pattern (Figure 4a) thus establishing the bulk phase purity of IPM_325p1.

We observed a considerable shift in the PXRD pattern of the asynthesized compound upon
exposure to air. This shift may be attributed to the sliding of the interpenetrated networks at ambient
conditions due to escaping of low boiling guests from the voids. The PXRD profile showed an entirely
new pattern thus confirming the formation of another structure. Another interesting observation
from the PXRD pattern is that the intensity profile at 20 = 5.37° peak exhibited a highly sharp peak
after long exposure to ambient conditions. From this it can be inferred that IPM-325_p2 retains a
crystalline nature after exposure to ambient conditions thus establishing the air stability of this phase.
Due to the drastic shift observed in PXRD, we sought to obtain a single crystal of IPM-325_p?2 after
air exposure but due to the poor quality of the crystal we were unable to obtain single crystal data.
Thermogravimetric analysis of the IPM-325_p2 present at ambient conditions showed ~10% weight
loss around ~103 °C owing to the presence of occluded guests molecules present within the pores with
overall loss of 20% observed until 220 °C. (Figure 4b). To obtain the desolvated phase of compound the
material was heated at elevated temperature (160 °C) overnight with vacuum and further characterized
via both PXRD and TGA measurements. Desolvated phase was characterized using thermogravimetric
analysis which showed no initial loss in the desolvated phase of compound ~220 °C after which a
gradual loss was observed which can be correlated to the decomposition of the framework. Powder
X-ray diffraction measurement of the desolvated phase exhibited an entirely new pattern with the
retention of original peak at 20 = 5.37° along with the emergence of some new peaks (Figure 4a). Thus,
IPM-325_p2 showed another structural transformation to yield the desolvated phase IPM-325_p3 (p
represents phase). Also, the peak at 26 = 5.37° maintained its intensity thus from which we can infer
that the desolvated framework is highly crystalline in nature. Low temperature N, adsorption was
performed, which revealed slow opening of the pore (Figure 5).

Thus, we have successfully synthesized and characterized a bi-porous MOF; IPM-325_p1 wherein
SiFg2~ anion acts as an inorganic pillar. IPM-325_p2 shows structural transformation as analyzed by
PXRD measurements. Further investigations regarding the structural aspect of the desolvated phase
IPM-325_p3 and its sorption measurements are currently being pursued in our lab.
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Scheme 1. Chemical diagram of linker L = ((1E,2E)-1,2-bis(pyridin-4-ylmethylene)hydrazine).
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Figure 1. Ortep diagram showing coordination sphere around Zn(II) metal ion in thermal ellipsoids
(50% probability).

Figure 2. (a) Packing diagram along a-axis of IPM-325_p1 with guests solvent molecules present
within the one-dimensional pore channel; (b) Packing diagram of IPM-325_p1 along a-axis depicting
two-fold interpenetration along with two kinds of pore. (Hydrogen atoms have been omitted for clarity)
Color: Grey—C, Light Blue—N, Dark Blue—Zn, Green—Fluorine, Red—Silicon, Light green—Chlorine.
Solvent hidden for clarity.
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Figure 3. Packing diagram showing potential voids of framework. Color: Grey—C, Light Blue—N,

Blue—Zn, Light green—Chlorine.
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Figure 4. (a) Powder X-Ray diffraction patterns of simulated (IPM-325_p1) Color Code—Blue,
IPM-325p1_crystals soaked in mother liquor 0 min Color Code—Green, Air exposed after 2 h
(IPM-325_p2) Color Code—Cyan, Air exposed after 24 h (IPM-325_p2) Color Code—Purple, Desolvated
framework IPM_325_p3; (b) Thermogravimetric analysis of IPM-325_p1 and IPM-325_p3.
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Figure 5. Low temperature nitrogen gas isotherm for IPM_325p3 at 77 K.
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Table 1. Crystal data for IPM-325_p1.

Crystal Data IPM_MOF-325-p1
Formula Crystal {[Zn(L);, (SiFg)]-(CH,Cly)-xG}n Monoclinic
CCDC 1,586,047
a/A 7.73 (9)
b/A 20.36 (3)
c/A 12.09 (14)
o/ 90
B/° 102.630 (2)
Y/° 90
Cell volume/A3 1857.6 (4)
Space group C2/m
Z 2
Dx/Mg m~3 1.426
R 5.4
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