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ABSTRACT

Metal-organic frameworks (MOFs) have attracted significant attention as sorbents due to their high surface
area, tunable pore volume and pore size, coordinatively unsaturated metal sites, and ability to install desired
functional groups by post-synthetic modification. Herein, we report three new MOFs with pillar-paddlewheel
structures that have been synthesized solvothermally from the mixture of the carboxylate-pyrazole flexible
linker (H,L), 4,4-bipyridine (BPY)/triethylenediamine (DABCO), and Zn(ll)/Cu(ll) ions. The MOFs obtained,
namely [Zn"(L)BPY], [Cu"(L)BPY], and [Cu'(L)DABCO], exhibit two-fold interpenetration and dinuclear
paddle-wheel nodes. The Zn(Il)/Cu(ll) cations are coordinated by two equatorial L linkers that result in two-
dimensional sheets which in turn are pillared by BPY or DABCO in the perpendicular direction to obtain a
neutral three-dimensional framework that shows one-dimensional square channels. The three pillar-layered
MOFs were characterized as microporous materials showing high crystalline stability after activation at
120°C and CO, adsorption. All MOFs contain uncoordinated Lewis basic pyrazole nitrogen atoms in the
framework which have an affinity toward CO, and hence could potentially serve as CO, adsorption material.
The CO, uptake capacity was initially enhanced by replacing Zn with Cu and then replacing the pillar, going
from BPY to DABCO. Overall, all the MOFs exhibit low isosteric heat (Qg) of adsorption which signifies an
advantage due to the energy required for the adsorption and regeneration processes.

INTRODUCTION

In recent decades, with an increasing demand for global energy and concomitant usage of fossil fuels, the
concentration of CO, in the atmosphere has increased gradually. As this gas is one of the leading causes
of the greenhouse effect and, therefore, global warming, CO, adsorption, or conversion had been
considered a research topic with high priority.!2 The large-scale conventional method for CO, capture from
exhaust streams from power plants, and subsequent controlled release of the captured CO,, involves the
use of agueous amine solvents as reversibly chemically reactive sorbents.2® This approach, while
demonstrably functional, has not been widely adopted. As an alternative to reversible chemical binding to
corrosive amine-containing liquids, physisorption to high-area porous materials (solids), has many potential
advantages. They include higher adsorption capacity, lower desorption energy, and ease of handling.4

Different types of solid adsorbers have been investigated for CO, adsorption®, including carbonaceous
materials: activated carbon,®’ carbon nanotubes,??, and graphene'®'"; as well as zeolites'? and ordered
mesoporous silica.'® Nevertheless, in recent years metal-organic frameworks (MOFs) which are a class of
crystalline porous materials built from metal nodes and organic linkers connected by coordination
bonds,'*'5 have been recognized as one of the most promising alternatives for selective gas adsorption
due to their high surface area, large pore volumes, adaptable pore size, ability to create an unsaturated
metal co-ordination sites and installation of desired functional groups by post-synthetic modification.:17

In order to improve the CO, adsorption capacity and selectivity using MOFs, three main strategies have
been reported:'® (1) incorporation of coordinatively unsaturated (open) metal sites, which allows the
interaction with CO, molecules providing high adsorption at very low pressures and selectivity of CO, over
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N,,1920 (2) decoration with Lewis basic sites- this approach involves the use or functionalization of organic
linkers with polar groups containing nitrogen or hydroxyl because of the strong interactions with COy;
examples of those groups are; primary, secondary or tertiary amines, tetrazole, triazine, imidazole, and
pyrazole,?’-22 and (3) to use flexible linkers with tunable porosity as a result of host-guest interactions

inducing guest-responsive dynamic behavior, this is a unique advantage for gas storage and separation.
23,24,25

However, the synthesis of MOFs using flexible or large linkers (third strategy) may still be a challenge.?:2
In many cases, large porous MOFs collapse quickly after removal of the guest solvent molecules, turning
them into amorphous non-porous material.?® Pillar-layered MOFs have surged as an effective and
straightforward strategy to retain porosity by avoiding structural collapse. This approach consists of building
three-dimensional (3D) porous frameworks from 2D layers (formed by multitopic carboxylic acid linkers and
metal node) by coordination of dipyridyl pillaring linkers with unsaturated metal nodes to get more stable
structures.?® Pillar-layered MOFs show tunable pore volume or window size depending on the length of the
pillar or the carboxylate ligands that form the 2D sheets which result in distinct properties.?63 Also, pillar-
layered MOFs allow post-synthetic modification by introducing functional groups into the pores to get
desired properties without changing the network topology.2-3

Here, we present the synthesis, characterization, and CO, adsorption performances of three new pillar-
layered MOFs based on carboxylate-pyrazole flexible linker (H,L), with Zn (Il) or Cu (II) metal nodes, and
4.4 -bipyridine (BPY) or triethylenediamine (DABCO) as pillaring ligands. Here we have used carboxylate-
pyrazole flexible linker H,L based on the following considerations: the carboxylate ligands represent one of
the most studied types of linkers due to their ability to make strong metal-carboxylate bonds which have
allowed to obtain a large family of MOFs 31.3233.34: the pyrazole group is a softer base than the carboxylate,
therefore it does not participate in the formation of the MOF, instead, it presents the opportunity to use the
nitrogens of pyrazole group for the adsorption of CO,. Additionally, the flexibility of the linker could be
advantageous for gas storage/separation. The three new MOFs obtained are three-dimensional
interpenetrated microporous materials with pillared-paddlewheel type topology. Although the frameworks
exhibit similar topology, but differ in porosity, thermal stability, and CO, adsorption properties, depending
on the choice of the metal ions and dipyridyl linkers. The difference in CO, uptake ability was further verified
by DFT calculations showing higher interaction energy between CO, and MOF pores for [Cu'(L)DABCOQ].

EXPERIMENTAL SECTION
Materials

All reagents and solvents were commercially purchased from commercial suppliers and used without further
purification. Acetylacetone (299%), formaldehyde (37%), magnesium sulfate anhydrous (298%), acetic acid
(299.7%), terephthalaldehyde (99%) 4,4-bipyridine (98%), diethyl ether (299%), ethyl acetate (99.8%),
acetic acid (299.7%) and triethylenediamine (=99%) were purchased from Sigma Aldrich. 4-
hydrazinobenzoic acid (97 %) was purchased from Fisher Chemical. N,N-Dimethylformamide (DMF) (99%)
was purchased from Acros organics, copper(ll) nitrate trihydrate (99%) was purchased J.T. Baker, and
zinc(ll) nitrate hexahydrate (98%) was purchased from Strem Chemicals.

Synthesis of the linker (H,L)

The structure of the linker (H,L) is shown in Figure 1 and was synthesized in two steps according to the
previous reports,3 details of the synthesis, and structural characterizations are provided in the Supporting
Information (Scheme S1).
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Figure 1. Chemical structure of the linker H,L
Synthesis [Zn'(L)BPY] single crystal

The mixture of HoL (111.05 mg, 0.25 mmol, 1 equiv.) and 4,4"-bipyridine (19.5 mg, 0.125 mmol, 0.5 equiv.)
in DMF (1.5 mL) was sonicated until all the solids were dissolved. In another vial, Zn(NO;3),-6H,0 (47.30
mg, 0.25 mmol, 1 equiv.) was dissolved in DMF (1.5 mL). The solutions were mixed in a 2-dram vial,
capped, and placed in an oven preheated to 120 °C for 72 hours. After cooling down to room temperature,
the reaction mixture was centrifuged at 8500 rpm for 10 minutes and the supernatant was poured out. The
solid was washed sequentially with DMF (10 mL x 3) and acetone (10 mL x 3). Finally, it was soaked with
acetone overnight, centrifuged, and dried in air to give a light-yellow powder.

Synthesis [Cu'(L)BPY] single crystal

The linker H,L (111.05 mg, 1 mmol, 1 equiv.) and 4,4-bipyridine (19.5 mg, 0.125 mmol, 0.5 equiv.) were
dissolved in DMF (1.5 mL) by sonication for 10 minutes. In a separate vial, Cu(NO3),-3H,0 (60.40 mg, 0.25
mmol, 1 equiv.) was entirely dissolved in DMF (1.5 mL). The copper solution was then added to the ligands
solution and sonicated until the reaction mixture was homogenized. The resulting mixture was capped and
heated at 120°C in an oven for 48 hours before being cooled to room temperature. The light-green powder
product was collected by centrifugation and washed with DMF (10 mL x 3) and acetone (10 mL x 3). Then,
the material was immersed in acetone (10 mL) and kept at room temperature overnight. To obtain the
product, this mixture was centrifuged and air-dried.

Synthesis [Cu'(L)DABCO] single crystal

In a 3-dram vial, the linker H,L (111.05 mg, 0.25 mmol, 1 equiv.), triethylenediamine (DABCO) (11.4 mg,
0.125 mmol, 0.5 equiv.) and DMF (4.0 mL) were added. The mixture was sonicated until all the solids were
dissolved. On the other hand, Cu(NO3),-3H,0 (60.40 mg, 0.25 mmol, 1 equiv.) was dissolved in DMF (3.5
mL), which were placed in a 2-dram vial. The solutions were mixed in a 3-dram vial, capped, and placed in
an oven preheated to 120 °C for 72 hours. After cooling down to room temperature, the reaction mixture
was centrifuged at 8500 rpm for 10 minutes and the upper solvent was poured out. The solid was washed
three times with DMF (10 mL) followed by three times with acetone (10 mL) every two hours. Finally, it was
soaked with acetone overnight, centrifuged, and dried in air to give a green powder.

Physical measurements

Single-crystal X-ray crystallography. The data of [Zn"(L)BPY], [Cu'(L)BPY], and [Cu'(L)DABCO] were
collected at 100 K on a 'Bruker APEX-Il CCD' diffractometer with a MoKa (A = 0.71073 A) microfocus X-ray
source. The single crystal was mounted on MicroMesh (MiTeGen) with paratone oil. The structures were
determined by intrinsic phasing (SHELXT 2018/2)% and refined by full-matrix least-squares refinement
(SHELXL-2018/3)37 using the Olex238 software packages. The refinement results are summarized in Table
S1. Crystallographic data for the [Cu'(L)BPY], [Zn"(L)BPY] and [Cu'(L)DABCOQ] structures in CIF format
have been deposited in the Cambridge Crystallographic Data Centre (CCDC) under deposition numbers
CCDC-2027569, 2027570, and 2027578, respectively. The data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, U.K.).
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Powder X-ray Diffraction (PXRD). PXRD patterns of MOFs were recorded at room temperature on a STOE-
STADI-MP powder diffractometer equipped with an asymmetrically curved Germanium monochromator
(CuKa1 radiation, A = 1.54056 A) and one-dimensional silicon strip detector (MYTHEN2 1K from DECTRIS).
The line focused Cu X-ray tube was operated at 40 kV and 40 mA. The activated MOF powder was packed
in a 3 mm metallic mask and sandwiched between two polyimide layers of tape and measured in
transmission geometry in a rotating holder. Intensity data from 1 to 34 degrees 26 were collected over 7
minutes. The instrument was calibrated against a NIST Silicon standard (640d) prior the measured.

Thermogravimetric Analysis (TGA). TGA was performed on a TGA/DCS 1 system (Mettler-Toledo AG,
Schwerzenbach, Switzerland), which runs on a PC with STARe software. Samples were heated from 25 to
600 °C at a rate of 10 °C/min under nitrogen with a flow rate of 20 mL/min.

Fourier-Transform Infrared Spectroscopy (FTIR). Measurements of FTIR were carried out on a Fourier
transform spectrometer SHIMADZU IRTracer-100. Absorption spectra at a resolution of one data point per
8 cm~! were obtained in the region between 4000 cm~" and 350 cm~'. All spectra were recorded at room
temperature using KBr disc cell. 16 scans were collected, fourier-transformed and averaged for each
measurement. Spectral analysis was performed with Labsolution IR software from SHIMADZU corporation.

N, adsorption and desorption isotherms. All the measurements were performed on a Micromeritics Tristar
I 3020 (Micromeritics, Norcross, GA) instrument at 77 K. Pore-size distributions were obtained using NL-
DFT model with N2 kernel. Before each run, all the MOF samples were activated by heating 120 °C for 16
h under a high dynamic vacuum on a Smart Vacprep from Micromeritics. Around 50 mg of sample was
used in each measurement and Brunauer-Emmett—Teller (BET) surface area was calculated in the region
P/Po = 0.005-0.05.

CO, Sorption Measurements. The CO, adsorption experiment was performed with Micromeritics ASAP
2020 surface area analyzer. Approximately 50 mg of sample was used which previously was activated by
heating 120°C under dynamic vacuum on a Smart Vacprep from Micromeritics until the outgassing rate
was <5 ymHg/min. The different temperatures at which the measurements were taken, were maintained
by using a Micromeritics Iso Controller.

Isosteric heats of the CO, adsorption (Qg, Kj mol') were determined according to the Clausius-Clapeyron
equation (Eq. (1)), where T (K) is the temperature, R is the universal gas constant (R =8.314 J mol' K),
and C is a constant.83°

Qst 1

(InP)y=— RT +C Equation 1

Theoretical calculations.

Relativistic density functional theory*? calculations were carried out by using the ADF 2018.02 code*'4?
incorporating scalar corrections via the ZORA Hamiltonian.*3 44.45 Triple-¢ Slater basis set*¢ (STO-TZP) for
valence electrons were employed together with the RPBE functional*” with Grimme D3 dispersion
correction.*® The ground state equilibrium geometries were undertaken without any symmetry restrain, via
the analytical energy gradient method implemented by Versluis and Ziegler.*® The optimized geometries
were proven to be minima in the potential energy surface (PES) by calculating the vibrational frequencies.
The nature of the binding interaction is studied in the truncated representation of the MOF and the CO,
adsorbed molecules through the Morokuma-Ziegler decomposition scheme. The binding energy was
determined by applying a fragment approximation to the molecular structure and the decomposition of the
interaction energy (AE,,) among the fragments. Therefore, this compound was logically studied as two
fragments that constitute the whole system: The truncated fragment of the MOF and the CO, molecules
adsorbed on this structure. The interaction energy can be decomposed as: 5°
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AEjy = AEgjec + AEp,yui + AEpis + AEgm, Equation 2

The AEp,,; refers to the Pauli repulsion (commonly known as exchange repulsion). This energy is
responsible for any steric repulsion. The remaining three terms corresponds to the classical electrostatic
interaction (AEgec), the dispersive contribution (AEp;), and the effect of the orbital interaction and
polarization effects (AEoy,). All these terms have a stabilizing contribution to the interaction energy.

RESULTS AND DISCUSSION
Crystal Structure analysis

In order to elucidate the structure of three frameworks, SCXRD measurements were acquired on crystals
grown from metal salts and H,L linker in the presence of additional BPY or DABCO pillar ligands with a
molar ratio of 2:2:1 in anhydrous DMF at 120 °C. Light-yellow plate-like crystals for [Zn'(L)BPY] and green
plate-like crystals for both [Cu"(L)BPY] and [Cu"(L)DABCO] were obtained after three days. The crystal
structure and crystallographic data are summarized in Figure 2 and Table S1, respectively. Both
[Zn"(L)BPY] and [Cu'(L)BPY] crystallize in the monoclinic space group C2/m. On the other hand,
[CU'(L)DABCO] crystallizes in orthorhombic space group Pbcm due to different lengths and shapes of the
pillar linker. The asymmetric unit of three MOFs is constructed by a node, one L linker, and one
BPY/DABCO molecule (Figure 2). The node is composed of two metal ions in paddle-wheel fashion with a
metal---metal distance of 2.907 A, 2.619 A, and 2.926 A for [Zn"(L)BPY], [Cu'(L)BPY], and [Cu'(L)DABCO],
respectively. Furthermore, the metal ions possess a square-pyramidal geometry completed by four oxygen
atoms from four L linkers and a nitrogen atom from the pillar linker. The M-N and M-O distances were
calculated to be 1.93-1.95 A and 2.04-2.14 A, respectively. Two L linkers in equatorial position form a two-
dimensional (2D) sheets in ab plane through the connection of metal ions. The in-plane linker is bent around
64° from linear due to probably steric hindrance via bulky methylated groups as well as the flexibility of L
linker. The 2D sheets are pillared by BPY/DABCO in the axial direction (along the ¢ axis) to obtain a three-
dimensional (3D) framework (Figure 3). All of them exhibit a two-fold interpenetrated structure. It is
observed that two uncoordinated nitrogen atoms are present in each equatorial linker of all three
frameworks that would be a good platform for CO, adsorption studies.

Figure 2. Coordination environment for a) Zn'' in [Zn'(L)BPY], b) Cu'in [Cu'(L)BPY], and c) Cu" in [Cu"(L)DABCO]
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Figure 3. View of 2-fold interpenetrated 3D pillar-layered framework a) [Zn"(L)BPY], b) [Cu"(L)BPY], and c)
[Cu'(L)DABCO]

Powder X-ray diffraction (PXRD) and thermogravimetric analysis (TGA)

The crystallinity of the as-synthesized samples, after activation under dynamic vacuum at 120°C for 16 h
and CO, adsorption were investigated by comparing the PXRD pattern after measurements with the
simulated PXRD pattern obtained from the single-crystal structure data. As shown in Figure 4 and Figure
818, the as-synthesized pillared-layered MOFs showed a high phase-purity and the crystallinity of the
samples is maintained after activation at 120°C for 16 h and after CO, absorption.

a) b)

Intensity (a.u.)

[Zn"(L)BPY]

After CO, adsorption

A Activated at 120°C

As Synthesized

Simulated

M A\ Linker H,L|

Intensity (a.u.)

[Cu'(L)DABCO]

After CO, adsorption

ﬂ A Activated at 120°C
A N s As Synthesized

A Simulated

A A Linker H,L

5 10 15 20 25 30
20 (degrees)

5 10 15 20 25 30
20 (degrees)

Figure 4. PXRD patterns for a) [Zn'(L)BPY], and b) [Cu'(L)DABCQ]. Linker H,L (black); simulated (red); as-
synthesized (blue); activated at 120°C x 16h (green); and after CO, adsorption (purple).

TGA curves for [Zn'(L)BPY], [Cu'(L)BPY], and [Cu'(L)DABCO] showed that these pillar-layered MOFs are
stable until 300°C, 260°C, and 250°C, respectively (Figures S19). In all cases, the first weight loss (5%)
between 30° and 250°C, corresponds to the release of guest molecules that had trapped in the framework.
At lower temperatures, acetone and water (adsorbed from air) was removed that was used during washing
of the samples after the synthesis, and DMF was released at higher temperatures (>150°C) which was
used during the synthesis and washing. The [Zn"(L)BPY] collapsed within the temperature range between
300°C and 470°C with a weight loss of ~65 % that could be attributed to the loss of the coordinating ligands.
For [Cu"(L)BPY] the collapse of the framework begins at 260°C and goes until 472°C, showing a similar
weight loss of approximately ~65 %. The collapse of the [Cu'(L)DABCOQ)] occurred progressively from 250°C
until 472°C and showed a weight loss of ~58.50%.

Nitrogen (N,) Adsorption Studies.
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The evidence of the permanent porosity of [Zn"(L)BPY], [Cu'(L)BPY], and [Cu'(L)DABCOQO], was obtained
from Ny-adsorption/desorption measurements at 77K (Figure 5 and Figure S21). Before the measurement,
MOF samples were activated at 90°C for 1 hour and 120°C for 16 hours under a dynamic vacuum to remove
the pore trapped solvent molecules. All the MOFs exhibit a type | isotherm, which is characteristic of
microporous materials. In this type of isotherm, there is a high gas uptake at very low p/p, because of the
adsorbate-adsorbent interactions in mainly narrow micropores.>' The hysteresis loop of all the isotherms
corresponds to type H4 and is often associated with narrow slit-like pores.5'52 The estimated apparent
Brunauer—-Emmett-Teller (BET) surface areas are 290 m2/g for [Zn"(L)BPY], 430 m2/g for [Cu'(L)BPY], and
680 m2/g for [Cu'(L)DABCO]. The specific pore volumes also follow the same trend as BET surface area
and recorded as 0.09 cm?/g for [Zn"(L)BPY], 0.18 cmdg for [Cu'(L)BPY], and 0.31 cm?3/g for
[CUu'(L)DABCO]. The pore size distribution (PSD) (Figure 6 and Figure S$21) calculated from the nitrogen
adsorption experiment reveals micropores with a diameter of 11 A, 12 A, and 8.6 A for [Zn'(L)BPY],
[CU"(L)BPY], and [Cu"(L)DABCO], respectively.
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Figure 5. Nitrogen sorption isotherms at 77 K for a) [Zn"(L)BPY], and b) [Cu'(L)DABCO]
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Figure 6. DFT calculated pore size distributions for a) [Zn'(L)BPY], and b) [Cu'(L)DABCO]

CO, Adsorption Studies.

Due to the availability of the uncoordinated nitrogen sites which can act as Lewis base and interact with the
quadrupolar CO, (13.4 x 1040 C m?) we hypothesize, these MOFs will be beneficial for CO, uptake. The
adsorption isotherms for CO, were determined at 195, 273, and 298 K, and results are presented in Figure
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7 and Table S2. [Cu"(L)DABCO] exhibits higher CO, uptake capacity than [Zn'(L)BPY] and [Cu"(L)BPY]
regardless of the temperature at which it was measured. For all pillar-layered MOFs, we found that the CO,
uptake decreases as temperature increases, typical behavior for an exothermic process where the CO,
molecules are physisorbed on the surface of the MOFs. #5354

[zn"(L)BPY] [Cu"(L)BPY] [Cu"(L)DABCO]
—m—298 K
—8—-273K

—=—298 K
1204 —4A—195K

1204 —e—273kK

—A—195K

90

Quantity Adsorbed (cm*/g STP)
Quantity Adsorbed (cm*/g STP)

—T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100

T T T T T T
200 300 400 500 600 700 8
Absolute Pressure (mbar) Absolute Pressure (mbar) Absolute Pressure (mbar)

Figure 7. CO, adsorption isotherms at 195, 273 and 298 K for a) [Zn"(L)BPY], b) [Cu"(L)BPY], and c)
[Cu'(L)DABCO].

The CO, adsorption capacity at 298 K and 750 mbar for [Zn'(L)BPY] was 2.68 wt% (13.5 cm? /g, 0.61
mmol/g), which increased to 3.39 wt% (17.1 cm?3/g, 0.77 mmol/g) when the temperature decreased to 273
K; at 195 K the amount of CO, adsorbed further increased to 8.35 wt% (42 cm?3/g, 1.90 mmol/g). The
dramatic influence of the metal ion is observed towards CO, uptake capacity in a topologically similar MOF
[CU(L)BPY]. At 298 K and 750 mbar the uptake capacity was 3.94 wt% (20 cm?/g, 0.89 mmol/g), at 273 K
the adsorption increases until 5.28 wt% (26.69 cm?/g, 1.20 mmol/g). Finally, the highest CO, uptake was of
18.2 wt% (92 cm?/g, 4.12 mmol/g). When the pillaring linker 4,4’-bipyridine was replaced with a shorter
linker DABCO in [Cu"(L)DABCO], the CO, uptake capacity reaches to the maximum. The highest uptake,
at 298 K and 750 mbar was 6.47 wt% (32.7 cm?3/g, 1.47 mmol/g), increasing to 7.20 wt% (36.4 cm%/g, 1.64
mmol/g) at 273 K and finally, maximum uptake was 31.0 wt% (156 cm?®/g, 7.03 mmol/g) at 195 K.
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Figure 8. Heat of adsorption of CO, at different temperatures for a) [Zn'(L)BPY] (We believe that the discontinuity at
~8 cm?/g is a fitting artifact, rather than a real step-change) and b) [Cu'(L)BPY], and c¢) [Cu"(L)DABCO]

To understand further the interactions between CO, and the porous frameworks, the experimental isosteric
heat (Qg) of CO, adsorption was determined for the three pillar-MOFs and shown in Figure 8 as a function
of loading. The estimated value of Qg for [Zn'(L)BPY] was found to be 23.0 kJ/mol at zero coverage (Q%),
which is similar to the ultramicroporous MOFs without any active sites (20-25 kJ/mol).55 At higher amounts
of CO, adsorption, the obtained value of Qg (approx. 20 kdJ/mol) resembles that reported by Farrusseng
and coworkers for IRMOF-3, which presents a functional amino group on the benzene 1,4-dicarboxylic
linker.56 The low Qg found for [Zn"(L)BPY] might allow CO, storage at more cost-effective prices, because
of the reduced energy consumption and effective regeneration of the MOF.57:%8 [Cu'((L)BPY] shown a value
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of Q% of 25.9 kJ/mol that means a relatively weak CO,-adsorbent interaction; however, when the loading
increases over 2 cm?/g, the values rise to around 27-29 kJ/mol that was attributed to increasing CO»-CO,
interaction at higher loadings.5® The calculated value of QY for [Cu'(L)DABCO] was of 28.04 kJ/mol and
then it decreases slightly as CO, loading increase. The enhancement can be attributed to the size
differences between the pillars. Thus, DABCO led to smaller pore sizes (8.6 A instead 11-12 A for the BPY
MOFs) which increase the interactions between CO, and the framework.?® The obtained Qg values
suggests modest interaction of CO, with the MOF pores. Overall, we found that at zero coverage, the trend
of Qg values is clearly in accordance with the CO, uptake amounts following the trend: [Cu'(L)DABCO]
>[Cu'(L)BPY] > [Zn'(L)BPY].

Theoretical computations

In an effort to have more insight into the CO, adsorption behavior of these three MOFs, DFT calculations
were performed over a truncated structure of the periodic structure. The studied fragment represents the
section of interest of the MOFs that could be a potential interaction site with CO,. Thus, two and four CO,
molecules were included inside the cavity (see Figure 9 and Figure $22) and the Morokuma-Ziegler energy
decomposition was performed over the interaction (see Table 1 and Table S3). The CO, molecules were
optimized near and far from the free nitrogen present in the linker. As evident from the data, the estimated
interaction energies are in accordance with the CO, adsorption capability of these materials, and these
tendency is not dependent on the position where the CO, interacts with the MOF structure. Furthermore,
[Zn"(L)BPY] and [Cu"(L)BPY] have a slight different interaction energy, which correlates well with the
adsorption capability of the studied materials. While [Zn"(L)BPY] shows the smallest interaction energy with
CO,, [Cu'(L)DABCQ] shows the largest interaction energy possibly due to the orbital energy contribution.
Finally, the same trend of energy values and composition is observed when two or four CO, molecules are
included inside the generated cavity of the studied MOF’s.

Table 1. Morokuma-Ziegler EDA in Kcal/mol.

AEp,yii AEg. AEom, AEp;s AE,
Zni8PY tco, 40 2 s2 a1 1a0
[CutL)BPY] oo, a1 s 27 81 209
CHUDABCOl Lol aus oo it asn s
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Figure 9. Studied MOFs and the adsorbed CO, molecules. [Zn"(L)BPY] with a) 2 CO, molecules and b) 4
CO; molecules. [Cu'(L)BPY] with c) 2 CO, molecules and d) 4 CO, molecules. [Cu"(L)DABCO] with e)2
CO, molecules and f) 4 CO, molecules.

CONCLUSION

In summary, we have synthesized three new pillar-layered MOFs via the solvothermal synthesis method
through the combination of carboxylate-pyrazole based flexible linker (L), and BPY or DABCO npillaring
linker and either Zn2* or Cu?* metal salts. All of them exhibit two-fold interpenetration and nodes of the
paddle-wheel type connected in the equatorial position to L linkers with the axial positions occupied by
pillars. All MOFs are characterized as microporous materials with pore sizes of approximately 8-12 A with
high framework stability after activation at 120°C for 16h and after CO, adsorption. All the MOFs show CO,
uptake capacity, due, in part, to the presence of nitrogen-rich functionality within the 1D porous channels.
The CO, uptake capacity was enhanced by replacing the Zn2* in the nodes with Cu?* and then replacing
the pillar, going from BPY to DABCO. Further evidence of MOF Pores-CO, interaction came from DFT
calculations. The energy of interaction between the MOFs and CO, was described in terms of its
components for each studied material, and the results are in accordance with the experimental observation.
In all cases, the relatively low Qg for the CO, storage signifies a potential advantage due to the low energy
required for the adsorption and regeneration.
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