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David Dubbeldam, (2 ¢ Gadi Rothenberg (2 and Stefania Tanase (2 *@

Four novel metal—organic frameworks (MOFs) built from alkaline-earth metal ions and the flexible tetra-
hedral carboxylate ligand tetrakis[4-(carboxyphenyl)oxamethyllmethane acid (H4L) were synthesized
using solvothermal methods. A variety of three-dimensional frameworks were obtained when employing
different alkaline earth ions with the formula [Mg,(L)(H,O)(DMA)I-DMA (1), [Cas(L)2(DMA)3] (2),
[Cay(L)2(H20)2(DMA),I-(3DMA) (3) and [Sr4(L)2(DMF)4]-(2DMF) (4) reflecting the variation in the ionic radius
of alkaline-earth ions as well as the key role of the synthetic conditions used. By removing the guest
molecules, a framework shrinking was observed driven by the structural flexibility of the H4L ligand. This
resulted in large diffusional resistances towards N, over CO, molecules, therefore leading to a good CO,/
N, separation selectivity. Both Ca-based MOFs were very stable up to 98% relative humidity, while Mg-
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Introduction

The inherent properties of metal-organic frameworks
(MOFs), including high surface area, various compositions
and porous networks together with their tuneable function-
alities make them attractive candidates for a range of appli-
cations, including gas storage," molecular separations®
and sensing,® as well as catalysis.* A variety of metal cations
and functionalized organic ligands are used to design
MOFs that fulfil different functionalities. Most MOFs are
predominantly built from transition metal ions and, more
recently, rare-earth metal ions as nodes. Porous networks
based on alkaline-earth cations are relatively rare. This is
mostly due to their unpredictable coordination numbers
and geometries, as well as their tendency to form solvated
organic-inorganic ionic layers instead of MOFs.>®
Therefore, alkaline-earth ions are usually regarded as unsui-
table metal nodes for forming porous structures. Recent
studies, however, show the potential of alkaline-earth based
MOFs with specific properties, including ionic conduc-
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and Sr-based MOFs were much less stable.

tivity,” good ferroelectricity and piezoelectricity,® lumine-
scence’ and gas separation properties.'® Using alkaline-
earth ions offers other advantages compared to the tran-
sition and lanthanide metal ions, including abundance,
light weight and low costs.

Apart from metal nodes, the organic linkers also play an
important role in constructing new alkaline-earth metal
based MOFs. Polycarboxylate ligands, especially flexible
ones, are widely used in MOF synthesis because their vari-
able coordination modes enable a variety of framework
architectures and specific chemical and physical pro-
perties.”! Among these, tetrakis[4-(carboxypheneyl)oxa-
methylJmethane acid (H,L) is a promising candidate for
synthesizing MOFs.'? Firstly, due to its four carboxylate
groups, different topological networks, dia (diamond),
lon (lonsdaleite), pts (PtS) and flu (CaF,) can be obtained."’
Secondly, removing the guest molecules from some MOFs
prepared from flexible ligands, such as H,L, can cause a
framework shrinking driven by the flexible ligand distortion,
leading to enhanced gas adsorption/separation pro-
perties.'*'®> Most of the MOFs built from the H,L linker
contain transition and lanthanide metal ions as metal
nodes. However, to the best of our knowledge, there are no
reports on alkaline-earth MOFs with this linker.

Here we report the synthesis of novel MOF structures that
combine the flexible coordination behaviour of the alkaline-
metal ions, with the binding versatility of the H,L linker. Four
new alkali-earth based MOFs are synthesised and character-
ised for their humidity stability and adsorption properties.

Inorg. Chem. Front,, 2018, 5, 541-549 | 541
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Experimental
Materials and general methods

The ligand, tetrakis[4-(carboxyphenyl Joxamethyl |methane acid
(H4L) was synthesized using a reported procedure (see
Scheme S1 in ESIf).'® All other chemicals and solvents were
purchased from commercial suppliers and used as received.
Infrared spectra (IR, 4000-400 cm™ ', resol, 0.5 cm ') were
recorded on a Varian 660 FTIR spectrometer equipped with a
Gladi ATR device using KBr pellets as the transmission tech-
nique. Powder X-ray diffraction (PXRD) measurements were
carried out on a Rigaku Miniflex X-ray diffractometer.
Measurements were done from 3° to 50° with a turning speed
of 2.0° min~'. Thermogravimetic analysis (TGA) and differen-
tial scanning calorimetry (DSC) measurements were carried
out on a STA 449 F3 Jupiter® (NETZSCH Instrument) unit. The
measurements were done under air (20 ml min™") from 35 to
800 °C. N, adsorption isotherms were recorded on a Thermo
Scientific Surfer instrument at 77 K and 273 K, respectively.
Using the same instrument, CO, adsorption isotherms were
measured at 273 K. Water adsorption measurements at 303 K
were performed in a micro-calorimeter (Calvet C80, Setaram)
which can operate isothermally and is connected to a home
built manometric apparatus. All the samples were completely
degassed under a high vacuum (<107* torr) at 423 K for 8 h
before each measurement.

Synthetic procedures

[Mg,(L)(H,0)(DMA)]-4DMA (1). In a 20 ml Telflon-capped
borosilicate tube was added a solution of Mg(NO;),-6H,0
(25.6 mg, 0.1 mmol) and H,L (61.6 mg, 0.1 mmol) in a solvent
mixture of N,N-dimethylacetamide (DMA, 9 ml)/water (1 ml).
The vial was then sealed and placed in an oven at 150 °C for
48 h. Colourless crystals were then collected by filtration and
washed with fresh DMA several times, and dried at room temp-
erature. Yield: 80%. IR (KBr, cm™"): 2944 (w), 1620 (s), 1547
(m), 1452 (w), 1398 (s), 1230 (s), 1171 (m), 1017 (s), 858 (m),
785 (s), 681 (m). C, H, N analysis (%): caled C 57.17, H 6.20, N
6.29; found C 57.58, H 6.37, N 6.18.

[Cay(L)»(DMA);]-7H,O0 (2). In a 20 ml Telflon-capped boro-
silicate tube was added a solution of Ca(OH), (7.4 mg,
0.1 mmol) and H,L (61.6 mg, 0.1 mmol) in a solvent mixture
of DMA (9 ml)/water (1 ml). The vial was then sealed and
placed in an oven at 120 °C for 48 h. Colourless cubic crystals
were then obtained and separated by filtration and washed
with fresh DMA several times, then dried at room temperature.
Yield: 72%. IR (KBr, cm™'): 2944 (w), 1683 (s), 1606 (s), 1561
(s), 1430 (m), 1238 (s), 1035 (m), 862 (s), 780 (s), 654 (m). C, H,
N analysis (%): caled C 52.82, H 5.02, N 2.37; found C 52.49, H
4.80, N 2.47.

[Cay(L),(H20),(DMA),]-3DMA (3). The synthetic procedures
of 3 is the same as for compound 2, but with the reaction
temperature set at 140 °C. Yield: 72%. IR (KBr, cm™'): 2940
(w), 1622 (s), 1529 (m), 1420 (s), 1302 (w), 1234 (s), 1171 (m),
1017 (m), 862 (m), 789 (s), 654 (m). C, H, N analysis (%): calcd
C 55.57, H 5.22, N 3.76; found C 55.33, H 5.03, N 3.36.
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[Sr4(L),(DMF),]-2DMF (4). In a 20 ml Telflon-capped boro-
silicate tube was added a solution of Sr(NO;), (21.2 mg,
0.1 mmol) and HyL (61.6 mg, 0.1 mmol) in a solvent of N,N-di-
methylformamide (DMF, 10 ml). The vial was then sealed and
placed in an oven at 150 °C for 48 h. Colourless crystals were
then formed by filtration, washed with fresh DMF several
times and dried at room temperature. Yield: 65%. IR (KBr,
em™): 2940 (w), 1656 (s), 1611 (s), 1547 (m), 1420 (w), 1380 (s),
1238 (s), 1162 (m), 1026 (m), 862 (m), 780 (s), 672 (m). C, H, N
analysis (%): caled C 50.05, H 4.47, N 4.17; found C 49.40, H
4.63, N 4.45.

Structure determination and refinement

Single crystal X-ray diffraction data for compounds 1, 2 and 4
were collected on an Oxford-Diffraction Supernova diffract-
ometer, equipped with a CCD area detector utilizing Cu Ko
(4 = 1.5418 A) radiation. A suitable crystal was mounted on a
Hampton cryoloop with Paratone-N oil and transferred to a
goniostat where it was cooled for data collection. Empirical
absorption corrections (multiscan based on symmetry-related
measurements) were applied using CrysAlis RED software."”
The structures were solved by direct methods using SIR2004
and refined on F* using full-matrix least-squares with
SHELXL-2014/7.'®'° Software packages used were as follows:
CrysAlis CCD for data collection, CrysAlis RED for cell refine-
ment and data reduction, WINGX for geometric calculations,
and DIAMOND and Mercury for molecular graphics.?’ The
non-H atoms were treated anisotropically, whereas the aro-
matic H atoms were placed in calculated, ideal positions and
refined as riding on their respective carbon atoms. Electron
density contributions from disordered guest molecules were
handled using the SQUEEZE procedure from the PLATON soft-
ware suit.”!

Single crystal X-ray diffraction data for compound 3 were
collected on the Advanced Light Source on beamline 11.3.1
using a Bruker diffractometer, equipped with a PHOTON2
CPAD area detector utilizing synchrotron (1 = 0.7749 A) radi-
ation. A suitable crystal was mounted on a MiTeGen microloop
with Paratone-N oil and transferred to a goniostat where it was
cooled to 220 K for data collection. Empirical absorption cor-
rections (multiscan based on symmetry-related measurements)
were applied using SADABS software.”> The structure was
solved by direct methods using SHELXT and refined on F*
using full-matrix least-squares with SHELXL-2014/7.'%"°
Software packages used were as follows: APEX3 for data collec-
tion, cell refinement and data reduction, WINGX for geometric
calculations, and DIAMOND and Mercury for molecular
graphics.”® The non-hydrogen atoms were treated anisotropi-
cally, whereas the aromatic hydrogen atoms were placed in cal-
culated, ideal positions and methyl hydrogen atoms were
found in the difference map, all were refined as riding on their
respective carbon atoms.

The detailed crystallographic data are shown in ESI (see
ESI, Table S1f). CCDC 1582901-1582903 and 15869977
contain the supplementary crystallographic data for this

paper.
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Results and discussion
Description of the crystal structures

Four alkaline-earth based MOFs were synthesized using
various alkaline-earth salts and tetrakis[4-(carboxypheneyl)oxa-
methyl|methane acid (H,L) as starting materials. This was
done by varying both the type of alkaline-earth salt as well as
the temperature of the hydrothermal reaction. In all cases,
highly crystalline materials were obtained and their purity was
confirmed by using a combination of techniques, including
single-crystal and powder XRD, FTIR spectroscopy, thermo-
gravimetric analysis (TGA) and gas adsorption measurements.
Representations of the secondary building unit (SBU) and
the porous framework of 1 are shown in Fig. 1. Compound 1
crystallizes in the orthorhombic space group Py.,. The asym-
metric unit consists of two crystallographically independent
Mg>" centers (Mgl and Mg2), one fully deprotonated L*~
organic linker, two DMA and one water molecules. Although
both Mg>" centers are surrounded by six oxygen atoms display-
ing distorted octahedral coordination geometry, their coordi-
nation spheres are not equivalent as shown in Fig. 1a.
Particularly, Mg1 is linked to two oxygen atoms from one che-
lating carboxylate ligand and three oxygen atoms of bridging
carboxylate groups from four different L*~ linkers as well as
one oxygen atom from a coordinated DMA molecule. The
Mg1-O bond lengths range from 2.031 to 2.162 A. Mg2 is
linked to six oxygen atoms provided from five carboxylate

View Article Online
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groups of four independent L*~ linkers and one terminal water
molecule. The Mg2-O bond lengths range from 2.119 to
2.215 A. The carboxylate bridges of each L*~ adopt a distorted
tetrahedral conformation with the angle between the four
arms ranging from 108° to 112°. Three of the carboxylate
groups of the tetracarboxylic ligand L** bridge two Mg>" ions
either in the common bridging p,—n",n" mode (two of them) or
in a bridging-chelating p,-n*>n"' mode and the fourth one
bridges three Mg** ions in a p;—n',n> mode (see Fig. 1c).

The two types of MgO, octahedra are connected by one syn—
syn carboxylate group and two monoatomic oxygen bridges
resulting in a dinuclear Mg, unit. The dinuclear units are
linked through triatomic bridges of p,-n',n' and pz—n',n> car-
boxylates, resulting in the formation of the tetranuclear
[Mg4(CO,)5(H,0),(DMA),] SBU of 1 (see Fig. 1a and b). Then as
shown in Fig. 1d, each L*~ ligand connects three SBUs creating
a three-dimensional (3D) coordinated framework. The key
feature of the 3D framework of 1 is the presence of one-dimen-
sional (1D) rhombic channels that run along the a direction.
These channels are occupied by the guest and coordinated
solvent molecules. The solvent accessible volume calculated by
PLATON is 2254.1 A®, corresponding 29.2% of the unit cell
volume of 1.

Representations of a part of the chain SBU and the 3D
structure of 2 are shown in Fig. 2. Compound 2 crystallizes in
the orthorhombic space group Pp.,. The asymmetric unit con-
tains four crystallographically independent Ca** centers, two
fully deprotonated L*” ligands and three coordinated DMA
solvent molecules. As shown in Fig. 2a, three of the Ca®" ions,

Fig. 1 (a) The local coordination environment of the Mg, SBU in 1. (b)
Representation of the Mg, SBU from edge-sharing Mg, octahedra units.
(c) The coordination of L%~ ligand to the Mg?* ions. (d) The porous
framework with 1D rhombic channels along the a direction. Hydrogen
atoms and solvent molecules are omitted for clarity. Mg, green; C, grey;
O, red; N, purple.

This journal is © the Partner Organisations 2018

coordination environment of the 1D

Fig.2 (@) The local
[Cas(CO,)g(DMA)s],, rod in 2. (b) Representation of this rod from edge-
sharing Ca polyhedrons. (c) The coordination modes of the L*" ligand.
(d) The 3D porous framework with 1D rhombic channels along the ¢
axis. Hydrogen atoms and solvent molecules are omitted for clarity. Ca,
Orange; C, grey; O, red; N, purple.
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Cal, Ca2 and Ca4 centers are heptacoordinated exhibiting a
distorted pentagonal bipyramidal coordination geometry
whereas the fourth one, Ca3 is hexacoordinated displaying a
distorted octahedral geometry. The coordination sphere of Cal
and Ca4 consists of six oxygen atoms coming from two chelat-
ing and two bridging carboxylate groups of four L*~ linkers
and the seventh one from a coordinated DMA molecule.
Similarly, the coordination environment of Ca2 consists of five
oxygen atoms, originating from two chelating and one brid-
ging carboxylate groups located as the equatorial plane and
two more from bridging carboxylate oxygen atoms occupying
the axial positions of the pentagonal bipyramid. The Ca-O
bond lengths range from 2.264 to 2.847 A. The fourth Ca*" ion
of compound 2, Ca3 is bound to five oxygen atoms from five
bridging carboxylate groups of four L*~ linkers and to one
oxygen atom from a coordinated DMA molecule. The Ca-O
bond lengths range from 2.289 to 2.382 A.

Fig. 2c shows that the carboxylate groups of the fully depro-
tonated L* organic linker in 2 display four different coordi-
nation modes. In particular, six of the carboxylate groups
bridge two Ca®** ions either in a bridging-chelating p,—n’n’
mode (five carboxylates) or in the common bridging p,-n',n’
mode (one carboxylate) and the other two carboxylate groups
bridge three Ca®>" ions either in a pz—n',n? or in a pz—n',n*n’
modes. The connection of the Ca** ions through carboxylate
ligands gives a tetranuclear [Ca,(CO,)g(DMA);] repeating unit.
The [Cay(CO,)g(DMA);] units are connected through bridging
carboxylates leading to a zig-zag chain which forms the SBU of
2 (see Fig. 2a and b). The chains are bridged through the L*~
linkers in the ab plane, forming a 3D framework with 1D
rhombic channels running along the ¢ axis. These channels
are filled with coordinated DMA molecules. The solvent acces-
sible volume (calculated by PLATON) is 7277 A®, corresponding
to 40% of the unit cell volume of 2. This large void volume
combined with the linker flexibility favours the replacement of
DMA guest molecules by water molecules upon exposure of 2
at ambient conditions.

Interestingly, even though compounds 2 and 3 are syn-
thesized under the same experimental conditions (except the
temperature of the solvothermal reaction which is 120 °C for 2
and 140 °C for 3), their crystal structure is completely
different. Fig. 3 shows the representations of a part of the
chain SBU and the 3D structure of 3. In this case, compound 3
crystallizes in the orthorhombic space group €222,. The asym-
metric unit comprises three crystallographically independent
Ca®" centers, two fully deprotonated L*~ linkers and five DMA
molecules. Fig. 3a shows that two of the Ca®" ions, Cal and
Ca2, are hexacoordinated, displaying a distorted octahedral
geometry. Conversely, Ca3 is heptacoordinated, with a dis-
torted pentagonal bipyramidal coordination geometry. In this
case, Cal is linked to six oxygen atoms provided from six brid-
ging carboxylate groups of six independent L*" ligand. The
coordination environment of Ca2 consists of four oxygen
atoms coming from four bridging carboxylate groups of four
different L*~ linkers and two more oxygen atoms originating
from two coordinated DMA molecules. The Ca-O bond lengths

544 | Inorg. Chem. Front, 2018, 5, 541-549
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Ca2
Ca3

Cal

Fig. 3 (a) The local coordination environment of the [Cas(CO,)s(H,0)
(DMA),] cluster in 3. (b) Representation of the Ca3 cluster from vertex-
sharing Ca polyhedrons. (c) The coordination of L4- ligand to the Ca?*
ions. (d) The porous framework with 1D rhombic channels along the a
direction. Hydrogen atoms and solvent molecules are omitted for
clarity. Ca, blue; C, grey; O, red; N, purple.

range from 2.218 to 2.394 A. Ca3 binds to seven oxygen atoms
from two chelating and two bridging carboxyl groups of four
L*" linkers and one oxygen atom from coordinated water. The
Ca-0 bond lengths range from 2.306 to 2.572 A.

Fig. 3c shows that three carboxylate groups of the L*~
ligand bridge two Ca”>* ions either in the common bridging
m-n',n' mode (two of them) or in a bridging-chelating p,-n*n*
mode. The fourth carboxylate group bridges three Ca>* ions in
a pz—n',n>n" mode. This leads to a completely different trinuc-
lear [Cas(CO,)s(H,O)(DMA),] repeating unit compared with
compound 2. Similar to compound 2, these units are con-
nected through bridging carboxylate groups expanding to an
infinite chain along a direction and the L'~ linkers bridge
these chains into a 3D framework (see Fig. 3d). One-dimen-
sional rhombic channels run along the a direction and are
occupied by the guest and coordinated DMA solvent mole-
cules. The solvent accessible volume calculated by PLATON is
2094 A%, corresponding to 23% of the unit cell volume of 3.

Fig. 4 shows representations of a part of the chain SBU and
the 3D structure of compound 4. This compound crystallizes
in the triclinic space group P1. The asymmetric unit comprises
four crystallographically independent Sr** centers, two L*~
linkers and six DMF molecules. All the Sr** ions are bound to
eight oxygen atoms. In particular, Sr1 is bound to five oxygen
atoms coming from one chelating and three bridging carboxy-
late groups of three L*~ ions and three oxygen atoms originat-
ing from three coordinated DMF molecules, one of which acts
as terminal and the other two as bridging ligands. Sr2 is co-
ordinated to six oxygen atoms of two chelating and two brid-
ging carboxylate groups of three L*~ linkers and to two oxygen
atoms of bridging DMF molecules. Sr3 binds to seven oxygen

This journal is © the Partner Organisations 2018
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coordination

Fig.4 (@) The local environment  of  the
[Sr4(CO,)g(DMF)4l,, rod in 4. (b) Representation from edge-sharing Sr
polyhedrons. (c) The coordination modes of the L*~ ligand. (c) The 3D
porous framework with 1D rhombic channels along the a direction.
Hydrogen atoms and solvent molecules are omitted for clarity. Sr, dark
blue; C, grey; O, red; N, purple.

atoms from two chelating and three bridging carboxylate
groups of five L'~ linkers, and one oxygen atom from a brid-
ging DMF molecule. Sr4 binds to seven oxygen atoms from
three chelating and one bridging carboxylate groups of four
L*" linkers, and to one oxygen atom of a bridging DMF mole-
cule. The Sr-O bond lengths vary from 2.463 to 2.737 A.

The carboxylate groups of the fully deprotonated L*~
organic linker in 4 display two different coordination modes
(see Fig. 4c). Specifically, seven of the carboxylate groups
bridge two Sr** ions in a bridging-chelating p,-n>n" mode,
while the eighth bridges three Sr** ions in a p;—n',n*n" mode.
In addition, three of the coordinated DMF molecules act as
bridging ligands connecting two Sr>* ions through their O
atom and the fourth one acts as a terminal ligand. The connec-
tion of the Sr** ions through carboxylate and bridging DMF
ligands results in a tetranuclear [Sr,(CO,)s(DMF),] repeating
unit which is linked to the neighbouring units to give an infi-
nite chain which is the SBU of compound 4 (see Fig. 4a and b).
Similar to compound 2, the chains are linked by the L*~
ligands resulting a 3D framework with 1D rhombic channels
running along the a direction. These channels are filled with
coordinated and guest DMF molecules (see Fig. 4d). The
solvent accessible volume calculated by PLATON is 1673 A%
corresponding to 36% of the unit cell volume of 4.

Compounds 1-4 exhibit four distinct crystal structures,
including a variety of SBUs and coordination modes of the L*~
ligand. This shows a clear trend in the connectivity of various
alkaline-earth metal ions with the same ligand H,L. The ionic
radius increases from Mg”* to Sr**, leading to an increase of
the coordination number from 6 for Mg”" to 8 in the case of
Sr**. This is likely due to the decreased charge density of the
metal ions with larger ionic radius, and their tendency to com-
plete the coordination sphere by n-interactions with the aro-

This journal is © the Partner Organisations 2018
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matic ligand L*".*> Moreover, the coordination flexibility of
the larger ions, e.g. Ca’", is also reflected in the different
crystal structures when the reaction conditions are changed.

Like compound 1, several divalalent transition metal based
MOFs contain metal ions, e.g. Zn*",** Co*" and Mn**,"® with
low coordination numbers ranging from 4 to 6. All these com-
pounds form 3D frameworks which are constructed from mul-
tiple-nuclear metal clusters as SBUs. Conversely, lanthanide
ions, e.g. Dy*",>® La’" and Eu®",'* have higher coordination
numbers and form 1D metal ion-carboxyl chains of metal ions
as SBUs. In compound 2, 3 and 4, the alkaline-earth ions have
large coordination numbers, e.g. 7 and 8, similar to lantha-
nide-metal ions, and therefore they also form infinite 1D
SBUs. This trend suggests that the diversity of coordination
modes of the alkaline-earth metal ions can lead to extended
networks similar to those obtained with transition- and
lanthanide metal ions. Therefore, similar properties derived
from similar structures can provide us a new choice to solve
practical issues by using low-cost and non-toxic alkaline-earth
metal ions instead of transition/lanthanide metal ions.

Thermal stability and gas adsorption studies

The phase purity of all four materials was confirmed by both
PXRD and single-crystal X-ray diffraction analysis as well as
elemental and thermogravimetric (TGA analysis). For the as-
synthesised compounds 1, 2 and 3, the main peaks of the
experimental PXRD patterns are in good agreement with the
simulated ones (for details, see Fig. S1 to S3 in the ESI}). The
small shift observed in the position of the peaks is due to the
crystal weathering effect caused by the structural flexibility of
the organic linker. This is in agreement with our observations
during the single-crystal XRD measurements, the elemental
analysis and the TGA analysis discussed below. The larger
differences observed for 4 are assigned to a more significant
arrangement which is very likely the result of the flexible
coordination geometry of the Sr** ion.

Fig. 5b shows that all four compounds are stable up to ca.
400 °C in air. They start decomposing above this temperature.
Compound 1 shows a one-step weight loss of about 26% (calc.
27%) in the 105-175 °C range, indicating the removal of all
guest DMA and coordinated water molecules as well as half co-
ordinated DMA molecule. In the temperature range 35-125 °C,
the TGA of 2 displays a weight loss of about 5% (calc. 6%)
corresponding to the removal of seven water molecules, thus
supporting the crystal weathering effect. Furthermore, the
weight loss of about 16% (calc. 15%) observed in the range
125-265 °C corresponds to the three DMA coordinated mole-
cules. Compound 3 exhibits a continuous weight loss of about
12% (calc. 14%) in the 100-250 °C range, corresponding to the
removal of guest DMA molecules. For 4, the TGA shows a con-
tinuous weight loss of about 20% (calc. 21%) in the
130-350 °C temperature range, in agreement with the removal
of all the guest and some coordinated DMF molecules.

The high thermal stability of these four frameworks encour-
aged us to examine their porosity and gas adsorption pro-
perties, since the removal of the guest and coordinated solvent
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Fig. 5 (a) PXRD patterns and (b) TGA curves of the as-synthesized alka-
line-earth based MOFs. Colour code: 1 (green), 2 (orange), 3 (blue) and 4
(black).

molecules would leave a considerable volume for adsorbing
other gas molecules. To effectively remove the solvent mole-
cules and ensure that the crystal structure is retained, we
designed a suitable activation process. Thus, all compounds
were heated at 150 °C under high vacuum (<107 torr) for 8 h
before adsorption measurements. The TGA and elemental ana-
lysis (see Fig. S5-S8 and Table S2 in the ESIt) on the activated
samples 1-4 indicate that all the guest molecules are removed.
Additionally, 1 lost its coordinated water and half coordinated
DMA molecules, 2 lost two thirds of coordinated DMA mole-
cules and 4 lost three fourths of coordinated DMF molecules,
respectively.

To check if the evacuated materials have any porosity, we
carried out N, adsorption measurements on all activated
samples (see Fig. S9t). Surprisingly, there was almost no N,
uptake for all materials (less than 10 cm® g™' at STP), even
though the single-crystal XRD analysis reveals that the alka-
line-earth MOFs have seemingly considerable pore volume and
suitable pore size for N, uptake. This would indicate that these
compounds are either nonporous or have micro-pores smaller
than the kinetic diameter of N, molecules (3.64 A). To confirm
this, we performed CO, adsorption measurements which
indeed demonstrate that all four desolvated materials
adsorbed CO, (see Fig. 6a), with a maximum uptake of
17.3 em?® g7' (1), 27.6 cm® g7' (2), 46.9 em® g~' (3), and
9.8 cm® g 7' (4), respectively.

Based on the combined N, and CO, single adsorption iso-
therms, we can conclude that compounds 1-4 have micro-
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Fig. 6 (a) CO, uptake of the alkaline-earth based MOFs 1-4. (Closed
symbols correspond to the adsorption and the open symbols to the de-
sorption); (b) the selective uptake of CO, over N, for 2 and 3 at 273 K;
colour code: 2 (CO,: orange, Ny: red), 3 (CO,: blue, Ny: black). (c) IAST
calculated selectivity based on the experimentally observed adsorption
isotherms of the pure gases. Colour code: 2 (orange) and 3 (blue).

pores with the size between 3.3 A (CO,) and 3.64 A (N,).
Derived from the CO, adsorption isotherms, the specific
Dubinin surface areas and micropore volumes are 182 m” g™/
0.039 ecm™ ¢~' for 1, 355 m> g~'/0.080 cm ™ g~' for 2, 576
m” ¢ "/0.13 em™ g™ for 3 and 71 m”> ¢~ '/0.018 cm™> g~ for 4,
respectively. These values are smaller than those determined
based on the single crystal XRD analysis.

To fully understand the lower surface area and pore volume
values, we measured the PXRD patterns of compounds 1-4
after activation (see Fig. S1-S4 in the ESIf). The results indi-
cate that the crystallinity of all samples decreased as compared
to that of the as-synthesized frameworks. Additionally,
the PXRD patterns of compounds 1 and 4 show a shift of the
diffraction lines. Two factors can explain this behaviour.
Firstly, a channel shrinking, collapse or blockage can occur
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upon the removal of guest molecules. This is a common
phenomenon observed in MOFs built from flexible linkers.>®
Secondly, some of the coordination bonds within MOF struc-
ture can break during the activation process leading to a
decrease in the crystallinity.>” The two calcium MOFs retain
their crystallinity better, in agreement with the observed
higher CO, uptake (see Fig. S1-54 in the ESI}).

Based on the discussion above, we conclude that while
compounds 1-4 are thermally stable, all of them undergo
channel shrinking due to the intrinsic flexible property of
ligand L*~ after activation. This narrows the pore diameter to a
value between kinetic diameters of CO, (3.3 A) and N, (3.64 A).
The higher stability and adsorption selectivity towards CO, of
compounds 2 and 3 inspired us to test their potential appli-
cation for separating CO, from N,. This application is impor-
tant, since it would be a key step in the process for removing
CO, from the atmosphere.*®° As shown in Fig. 6b, there is
still no N, adsorption for the two Ca-MOFs at 273 K. This may
be due to the pore size of fully desolvated which probably is in
the middle of 3.3 A (CO,) to 3.64 A (N,). The removal of the
solvent molecules may cause a pore shrinking driven by the
flexible ligand distortion, giving rise to large diffusional resist-
ances towards N, molecules.*' The selective adsorption of CO,
over N, within compounds 2 and 3 can also be due to the
strong dipole-quadrupole interaction between the highly
polarizing unsaturated calcium sites after activation and the
CO, quadrupolar molecules.*” The binary CO,/N, selectivities
at 273 K with 15:85 molar ratios (a typical composition for
power plant flue gases), are predicted by employing the ideal
adsorbed solution theory (IAST) method based upon the
experimental single-component CO, and N, adsorption iso-
therms at the same temperature (see Fig. 5¢ for details). Using
the BET and Henry’s law equation to fit the data, we find that
the calculated CO,/N, selectivities are in the range of 41-32
and 60-38 for compounds 2 and 3, respectively (see Fig. S10-
S13 in the ESIf). Combining the fitting data in Fig. S13,} we
obtain a very low N, adsorbed amount until 0.35 bar at 273 K
for 3. This leads to a very high selectivity for 3 at low pressures.
Therefore, only the selectivities in the range of 0.35-2 bar of
compound 3 are presented in Fig. 6¢c. The predicted CO,/N, selec-
tivities of compound 2 and 3 at 1 bar, which is the total pressure
of flue gas from a typical power plant, are 36 and 45, respectively.
These values are higher than those reported for other MOFs
including CAU-1 (34),® [Cus(BTB)*], (34.2),>* HKUST-1 (13),*
MIL-101(Cr) (11),%° ZIF-90 (3.5) and ZIF-69 (21).>”

To further probe the porosity of 2 and 3, we decided to
study their stability and adsorption properties in the presence
of water. The water molecule is polar and has a kinetic dia-
meter (2.65 A), smaller than that of the CO, molecule. Usually,
water causes severe damage to MOF materials because moist-
ure conditions can hardly be avoided in practical applications.
The liquid-phase water adsorption studies at 303 K show that 2
and 3 exhibit water uptake capacities up to 0.84 mmol g~* (2)
and 0.93 mmol g (3) at saturation pressure. These results
confirm our hypothesis that the compounds have micropores
which are only accessible to molecules with a small kinetic dia-
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meter. The measured enthalpies of water adsorption at low
water loading are —67.9 and —66.4 k] mol™' for 2 and 3,
respectively (see Fig. 7b). This large exothermic heat effect
suggest that water is strongly bound to the open sites of the
Ca”* ions, which are formed by removing the coordinated
DMA molecules. Moreover, the rich oxygen environment
within frameworks 2 and 3 plays a key role in the water uptake,
favouring the formation of hydrogen bonding interactions.*®>°
Notably, the PXRD analysis indicate that 2 and 3 retain their
crystal structures after water adsorption measurements. To
further check the water stability, we exposed both calcium
frameworks to 98% relative humidity for two weeks. Fig. S2
and S37 show that both compounds retain their crystal struc-
ture although there is some loss of crystallinity. Control experi-
ments showed that compounds, 1 and 4 lost their crystallinity
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Fig. 7 (a) Water uptake of calcium-based MOFs 2 and 3 at 303 K; (b)
isosteric enthalpy of water adsorption of 2 and 3 at 303 K; colour code:
2 (orange) and 3 (blue). (c) PXRD patterns of 2 and 3 before and after
water adsorption. Colour code: 2 (as-synthesized: orange, after water
adsorption: red) and 3 (as-synthesized: blue, after water adsorption:
black).

Inorg. Chem. Front,, 2018, 5, 541-549 | 547


https://doi.org/10.1039/c7qi00734e

Published on 09 February 2018. Downloaded by Universiteit van Amsterdam on 1/3/2020 1:21:40 PM.

Research Article

at large extent even after 24 h under identical experimental
conditions.

The results discussed above clearly indicate that the flexible
L*" ligand can drive a shrinking of the frameworks 1-4 after
their activation, thus providing suitable pores to selective
adsorb CO, from CO,/N, mixture. Owing to the distortion of
L*" ligand, a specific steric arrangement of L*~ within frame-
work 2 and 3 after activation causes the hydrophobic benzene
rings of L*~ ligand to protect Ca*>* ions from attacking by water
molecules, leading to a good humidity stability.

Conclusions

Versatile coordination behaviour and flexible structural topolo-
gies were identified in four new MOFs constructed from the
H,L polycarboxylate linker and Mg”*, Ca** and Sr** metal ions.
Upon removing the guest solvent molecules, the Ca-based
MOFs display a flexible structural distortion which results in
permanent microporosity as well as selective CO, uptake. The
Ca MOFs can separate CO, over N, selectively, as shown by the
gas adsorption experimental studies and ideal adsorbed solu-
tion theory (IAST) calculations. The same materials also have a
good stability in the presence of water, demonstrated by the
structural studies performed on the samples’ water adsorption
measurements and those exposed at 98% relative humidity. All
these findings suggest that these new metal-organic frame-
works built from alkaline-earth metals and flexible ligands
may provide insight in developing new low-cost and non-toxic
materials for gas separation applications.
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