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A unique 4-fold interpenetrated metal-organic framework, TIF-1, was synthesized by combining anionic indium node with

cationic linker. This framework shows a rare type of 4-fold interpenetrated dia network, constructed from tessellation of

biangular and tetragonal type metal—organic micropores. The porosity of TIF-1 is moderate due to four-fold interpenetration

and charge-balancing anions. The cationic feature of this MOF may give good efficiency for selective small anion exchange

or separation. In addition, the thermal stability and moderate CO, adsorption property of the complex were studied.

Introduction

Metal-organic frameworks (MOFs) or porous coordination
polymers (PCPs) are a class of porous crystalline hybrid
materials composed of metal ions/clusters and polytopic
organic linkers connected together via coordination bonds.?
High  surface area, tunable structure and good
thermal/chemical stability have made MOFs promising
candidates for a wide range of applications including, but not
limited to, gas storage,? chemical absorption,? gas separation,*
exchange reactions® and heterogeneous  catalysis.®
Furthermore, the flexible nature of MOFs opens up a range of
possibilities for tuning their functionality.1d-1872 For example,
Kitagawa group synthesized a flexible cadmium based PCP and
systematically examined the gas sorption properties of this PCP
towards O,, Ar and N,. It was identified that the flexible nature
of this material, significantly affected the gate-opening pressure
(Pgo) of O, Ar, and N,. The Py, reflects the interplay between the
guest molecule adsorption and the ability of the host
framework to self-transform, via the gate-opening intermediate
process, between a closed to an open pore configuration. In
their study, based on volumetric isotherms at 90 K, a sudden
increase in the Py, of Oy, Ar, and N, to 3.9, 40.1, and 55.3 kPa,
respectively was observed. Using kinetic analysis this process
was shown to be governed by intermolecular interaction forces
of the guest molecules.!"

However, the flexibility of MOFs could also pose a challenge
with respect to maintaining permanent access to the pores in
the material. This is especially challenging when the target is the
formation of a MOF with large pores. In this context, the
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synthesis of an interpenetrated MOF structure has been proven
to be an effective approach for preserving the porous
structure.’?cd112 However, in order to form large pores, one
must use large organic linkers for MOF synthesis. The large size
of the linkers will prompt the dual net catenation as a
consequence of the large free spaces in a single network and in-
turn also promote the filling of the voids.® Despite this reduction
in pore volume the framework-framework interactions can
stabilize the resulting MOF structure.® The level of
interpenetration depends on multiple synthetic parameters
including temperature,1% reactant concentration,0? solvent,10°
modulator,19¢ pH,1% and the ligand designi®, Hence, controlling
this synthetic process become a major challenge.
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Fig. 1 a) Chemical structure of the dicopper Robson-type ligand, H,L>*(ClO4),. [metal
coordinated solvents are removed in chemical structure for clarity] b) Crystal structure
of ligand H,L%*(ClO4),. c) Overall 4-fold interpenetrated unique dia network of TIF-1 (the
four interpenetrating nets coloured red, yellow, green and blue). d) Schematic 3D
representation of the crystal structure of TIF-1 along the c-axis
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Earlier work by Zaworotko and co-workers reported the
synthesis of an interpenetrated and a non-interpenetrated
primitive cubic (pcu) topology in two isomeric Cd(Il) mixed-
ligand MOFs by controlling synthesis temperature and reactant
concentration.1® Recently, Hupp’s and Farha’s group
intentionally designed tetraacid organic linkers with aryl-H
rather than with the bulkier aryl-Br moieties. Their aim was to
use the sterically less demanding aryl-H linkers in order to
control the degree of catenation in MOF synthesis. Using this
approach, they successfully compiled a library of noncatenated
MOFs.1% Kitagawa and co-workers reported the control over
the degree of interpenetration of a pcu network from 2-fold to
3-fold by the use of the solvent molecules as a template.o
Serre and co-workers reported the MIL-126 MOF, which is a
two-fold interpenetrated version of MIL-88. It was shown that
MIL-126 exhibits a higher degree of rigidity and stable porosity
compared to flexible non-interpenetrated MIL-88, which
undergoes pore collapse.!! Sun and co-workers managed to
construct a 3-fold and 8-fold interpenetrated frameworks using
ThSi, network and a bidentate pyridyl-based ligand of various
lengths.?

Herein, we describe the synthesis and structure of a charged
unique 4-fold interpenetrated MOF (Fig. 1) constructed from a
new dicationic Robson-type dicarboxylate linker (Fig. 1a and 1b)
and a 4-connected In3* node. Notably, while significant
interpenetrated networks based on neutral frameworks have
been reported, the charged interpenetrated networks are so far
very rare. The unprecedented cationic feature of this MOF may
provide good efficiency for selective small anion exchange or
separation. As observed previously, the use of an indium node
can provide moderate to high stability to the MOF owing to the
high valence state and hard acid nature of indium ions (In3+).13
In the present work the ligand and MOF structures were
unambiguously confirmed by single-crystal X-ray diffraction
analysis (SCD).

Results and discussion

The dicopper Robson-type ligand H,L?*(ClO,), (Fig. 1a) was
synthesized in a single step as shown in Scheme S1 (ESIt),
starting from 3,5-diformyl-4-hydroxybenzoic acid, 2,2-dimethyl-
1,3-propanediamine and Cu(ClO,),-6H,0. Single crystal X-ray
diffraction (SCD) measurements of the macrocyclic ligand
H,L?*(ClOy4’), revealed the presence of two five-co-coordinated
Cu?* ions with a distorted square pyramidal, which are bound
within the macrocyclic Schiff base moiety (Fig. 1b and S2 in
ESIT). The corresponding TIF-1 (Technion Institute Framework
1) was synthesised through a solvothermal reaction of
H,L2*(ClOy4), with In(NO3)3-xH,0 in a mixture of DMF and CH3;CN
at 80 °C, forming a green prism-like crystals of
[InL;]-(NO3)s-xsolvent (Fig. 2a&b). Analysis of the SCD data
shows that TIF-1 crystallized in tetragonal crystal system with /-
42d space group (a = 31.801(17) A, b = 31.801(17) A, and ¢ =
31.382(13) A at 110 K) (Table 1), which is the result of the
formation of a pseudosymmetric feature caused by the random
orientation and flexibility of the bent type dicopper Robson-
type ligand H,L?*(ClO4),. The coordination environment of TIF-
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1 shows monomeric indium node and each In3* is surrounded
by eight oxygen atoms, each from four independent carboxyl
groups of the linker. The coordination of the four ligands to each
In3* leads to a 4-connected three-dimensional

a)

Fig. 2 a) Coordination environment of In3* ion in TIF-1. b) Photograph of as-synthesized
crystals of TIF-1. c) Ball-and-stick view of single 3D network. d) 4-fold interpenetrated 3D
network.

3D) framework with interpenetrated dia topology.lic
Topologically, the inorganic indium building unit can be viewed
as tetrahedral nodes, linked via ditopic organic ligands to form
a 3-peridic dia network. This overall structure displays a rare
type of 4-fold interpenetrated dia net, which is different from
the two nets in the Reticular Chemistry Structure Resource
(RCSR) database—dia-c4 and dia-c4*.11 The crystal parameters,
data collection and refinements for H,L2*(ClO,4), and TIF-1 are
summarized in Table 1. Notably, the obtained TIF-1 unusually
possess an anionic indium node with cationic linkers. whereas,
other recently reported In-MOFs are constructed by a neutral
or a cationic indium SBU and a cationic linker.’®'° Closer
inspection of the MOF structure reveals that, the framework is
constructed by the tessellation of biangular and tetragonal type
metal—organic micropores along the c axis (Fig. 1c, 2d and S3 in
ESI 1). At each vertex four biangular and four tetragonal type
micropores are present labelled as {(2-4)-(2:4)-(2-4)-(2-4)}
network (Fig. 2d). Previously, for an indium-based anionic MOF
the tessellation of triangular and square metal—organic
nanotubes were shown to occur along the a-axis.!® Herein, the
square antiprismatic geometry of the In3* nodes and their link

This journal is © The Royal Society of Chemistry 20xx
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with the Robson-type ligands lead to a biangular and tetragonal
type polygons configuration, which is projected in the ab plane
(Fig. 2d). As shown in Figure 2c, the analysis of the 3D
framework of TIF-1 reveals that the single 3D network consists
of large irregular tetragonal channels (28.6 x 31.5 A), which are
occupied by other independent frameworks, generating the 4-
fold interpenetrated charged dia network (Fig. 1c, 2d and S3 in
ESIT). The phase purity of the bulk material was confirmed by
powder X-ray diffraction (PXRD) (Fig. 3a). PXRD measurements
of MOF crystals (Fig. 3a) reveals that the pattern closely
matches the simulated pattern generated based on the SCD
results, indicative of a phase-pure product. PXRD analysis of the
TIF-1 following treatment in various organic solvents showed
that the structure does not change (Fig S4). The Fourier
transform attenuated total reflection infrared spectroscopy
(FTIR-ATR) spectra (Fig. 4) of the TIF-1 shows a broad band at
ca. 3400 cm™ corresponding to the O-H of H,0 and a band at ca.
2900 cm1-2800 cm™ corresponding to the C-H stretching
vibrations of dimethyl-1,3-propanediamine of the ligand.?® In
addition, characteristic bands at ~1639 cm™ corresponding to
the C=N of the ligand,’® the deprotonated carboxylate
asymmetric stretching at ca. 1578 cm? and symmetric
stretching at ca. 1316 cm™ were also identified.?¢ The absence
of an absorbance band in the range of 1730-1690 cm! indicates
the complete deprotonation of the ligand carboxylic groups.2¢
The band near 1402 cm™ is attributed to the presence of NO3"
anions, which serve as charge balancing molecules.

Table 1 Crystallographic data for H,L2*(ClO,), and TIF-1

Compounds H,L%*(ClOy), TIF-1
Molecular formula C30H37Cu;N40g,2(ClO,) CsgHss Cug In NgO4,[S]
Formula weight 907.61 1401.06
T/K 200 K 110K
Wavelength (»&) 0.71073A 0.71073 A
Crystal system, Orthorhombic, Tetragonal,
Space group P2,2:2, 1-42d
a/ A 11.982(3) 31.8006(17)
b/ A 16.944(4) 31.8006(17)
c/ A 19.081(5) 31.3820(13)
a(?) 90 90
8(°) 90 90
v () 90 90
v/ A 3873.8(18) 31736(4)

Z, Calculated density (g cm3) 4,1.556 16,1.173
Absorption coefficient(mm-) 1.310 mmA-1 1.390 mmA-1
9 range/* 2.082 to 25.09 1.919 to 25.351
Reflections collected/unique 6873 14471
Independent reflections 2896 3843
Data/restraints/parameters 2896 /0/403 14471/277/738
Goodness-of-fit on F2 1.037 1.018
Final R indices [/ >20(/)] R1=0.0707, R1=0.0654,
wR2 =0.1825 wR2 =0.2081
R indices (all data) R1=0.1014, R1=0.1396,
wR2 =0.1952 wR2 =0.1601
Max. and min. transmission 0.871 and 0.939 and
0.696 0.831
CCDC number 2039820 2039821

Ri=3|Fol = |Fcl/3|Fol, wR; =[S (Fo? — F2)*/Sw(Fo?)2]*/2

This journal is © The Royal Society of Chemistry 20xx
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The identification of the NO3 was difficult to ascertain using
only the SCD data, presumably due to the poor diffractions in
the SCD as well as disordered nitrate anions in the micropores
of the TIF-1. To evaluate the oxidation state of the Cu sites, the
TIF-1 was analysed using high resolution X-ray photoelectron
spectroscopy (XPS). The binding energies were calibrated to the
C1ls peak at 284.8 eV (Fig. S5d in ESIT). The results show a peak
positioned at a binding energy value of 932.5 eV in the Cu 2p3/,
region, which corresponds to the Cu(ll) state (Fig. S5a in ESIT).172
The two satellites bands in the range of 940 to 945 eV further
confirm the presence of Cu?* sites. The band 444.6 eV,
corresponding to the binding energy of the In3d, shows the
In(lll) oxidation state (Fig. S5b in ESIT). The bands detected at
406.3 eV in the N1s region confirm the presence of NO3 anions
(Fig. S5c in ESIT).17b

The TGA-MS data of TIF-1 (Fig. S6 and S7 in ESI 1) displays a
gradual initial weight loss between 35 and 135 °C, which
corresponds to the bulk water (ca. 5% wt, m/z 18). As evident
by the TG and MS data, the onset for MOF decomposition starts
at ~240 °C, which is consistent with the previous indium
MOFs.18 The CO, adsorption isotherm of the TIF-1 measured at
195 K, showed moderate CO, uptake capacity of 30 cm3/g and
has a surface area of ~50 m?/g (Fig. S8). Following scCO2
activation the PXRD showed a shift in PXRD peaks of TIF-1.
However, PXRD pattern of the scCO, activated sample, was
validated to be the same as that measured for the sample after
physisorption analysis. The low uptake of CO, can be attributed
to the reduction of pore volume by the interpenetration in
addition the presence of charge balancing cations and anions in
the pores as well as the flexible nature of TIF-1.
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Fig. 3 PXRD pattern simulated from the CIF file of TIF-1 (black) and PXRD pattern of
freshly prepared TIF-1 (red).

Conclusions

In summary, this work reports the synthesis of a new dicopper
Robson-type dicarboxylate flexible ligand and its use for the
synthesis of a novel TIF-1 MOF with 4-fold interpenetrated dia
net, possessing both anionic nodes and cationic linkers. The
linker and MOF both were unambiguously confirmed by single-
crystal X-ray diffraction analysis. In contrast with the prolific
production of MOFs based on various ligands, the use of

J. Name., 2013, 00, 1-3 | 3
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bimetallic Robson-type ligand to construct MOF has only few
examples. This work provides access to the synthesis of novel
bimetallic core MOF's with advantageous functionality, which
lean on the versatile coordination chemistry of the Robson-type
ligand. The single-crystal X-ray analysis of the synthesized MOF
reveals that, the framework is constructed by the tessellation of
biangular and tetragonal type metal-organic micropores along
the c axis. It is shown that this 4-fold interpenetrated MOF is
highly stable following treatment in various solvents in addition
to being stable up to 240 °C. As a consequence of the flexible
nature and interpenetrated configuration the activated TIF-1
shows a relatively low BET surface area despite using scCO, for
solvent exchange. Notably, the presence of both anionic nodes
and cationic linkers in TIF-1 may be leveraged for the selective
small anion exchange or separation, an area that is currently
being investigated and will be reported in due course.

1 Linker H,L?*(CIO,),

- In-MOF

% Transmittance
L

I T T T T
2500 2000 1500 1000 500

Wavenumbers (cm™)

T 1
4000 3500 3000

Fig. 4. ATR-IR spectroscopy of Linker H,L2*(ClO,),: (cm™) v (amine C—H), 2967-2865; v
(COOH), 1679; v (C=N), 1638; v(ClO4), 1072 and 621 and TIF-1: (cm™?) v (H,0), 3385; v
(amine C—H), 2961-2871; v(C=N), 1642; v(COO), 1578, 1316; v(NO;’), 1402.

EXPERIMENTAL SECTION
Materials and Methods

Chemicals used for ligand and TIF-1 preparation i.e. Methyl-4
hydroxybenzoate, hexamethylenetetramine, 2,2-dimethyl-1,3-
propanediamine, In(NO3z)3:xH,0, Cu(ClO,),-6H,0, trifluoroacetic
acid (TFA), HNOs;, acetonitrile (CH3CN) and N,N-
dimethylformamide (DMF) were purchased from Aldrich and
used as received unless otherwise noted. The deuterated
solvent for NMR studies i.e CDCl; and dg-DMSO were acquired
from Aldrich and used as received. The common reagents and
common solvents were acquired locally and used as received.
All *H and 13C NMR spectra were recorded on a Bruker Avance
400 MHz spectrometers at 25 °C with chemical shifts given in
parts per million (ppm) using residual solvent peak at 7.26 ppm
as reference in the case of CDCl; and 2.5 ppm as reference in
the case of dg-DMSO. ESI mass spectra of the compounds were
recorded using JEOL GCMATE Il GC-MS. Fourier transform

4| J. Name., 2012, 00, 1-3

infrared spectra (FTIR) were recorded on a Nicolet 8700 FTIR
spectrometer equipped with an attenuated total reflection
(ATR) stage. Powder XRD diffraction data of the synthesized
material was collected on a Rigaku Smart Lab diffractometer
with Cu Ka radiation source (A = 1.54 A) with a 0.01 28 step
width and a 3° min'! scan speed over the 20 range of 4-50° at
room temperature. IS, RSl and RS2 values of 0.33, 12 and 20
were used, respectively. TGA-MS measurements were
performed on a SETARAM Labsys-Evo coupled to a Hiden QGA-
pro using synthetic air as the carrier gas (20% O, in Ar, 30
ml/min, 5 °C/min). High resolution X-Ray Photoelectron
Spectroscopy (HR-XPS) measurements were performed in an
analysis chamber (UHV — 210-10 Torr during analysis) using a
Versaprobe Il — PHI Instrument (PHI, USA). The sample was
irradiated with a Focused X-Ray AlKa monochromated X-rays
source (1486.6eV) using an X-Ray beam (size 200micron, 50W,
15kV). The outcoming photoelectrons are directed to a
Spherical Capacitor Analyzer (SCA). The sample charging was
compensated by a Dual Beam charge neutralization based on a
combination of a traditional electron flood gun and a low
energy argon ion beam.

Synthesis of H,L?*(ClO4),:

The new dicopper Robson-type ligand H,L?*(ClO47), was
synthesized with slight modification to a previously reported
procedure.’® In a 20 ml vial, aldehyde (40 mg, 0.2 mmol) was
dissolved in 6 ml hot ethanol. 100 mg Cu(ClOy),-6H,0
(0.27mmol), 23 gl CH3COOH (0.4 mmol) and 21 mg 2,2-
dimethyl-1,3-propanediamine (0.2 mmol) in 4 ml ethanol were
added to the aldehyde solution. After addition, the vial was
sealed and heated to 65 °C for 3 days. Prism like dark green
crystals were collected and dried. (Yield 0.147 g, 81 %). ATR IR
(cm™): v (amine C—H), 2967-2865; v (COOH), 1679; v (C=N),
1638; v(ClO,), 1072 and 621. MS (ESI): m/z 745 [H,L2*CIO .

Synthesis of TIF-1:

27 mgligand, 2 mg In(NO3z)3-xH,0, DMF (3mL), CH3CN (2mL) and
HNO; (0.2mL, 2.7M in DMF) were added to a 20 mL vial and the
vial was sealed and placed in an 80 °C oven for 5 d, green prism
like crystals of TIF-1 were collected and air dried, 72 % Yield. ATR
IR (cm™): v (H,0), 3385; v (amine C—H), 2961-2871; v (C=N),
1642; v(COO0), 1578, 1316; v(NOs’), 1402.
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