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Abstract

Construction of multifunctional metal-organic frameworks (MOFs) with asymmetric

connectivity have the potential to expand the scope of their utilization. Herein, we

report a robust 9-connected microporous Zr-based MOF, NU-300, assembled from

asymmetric tri-carboxylate ligands and Zrs nodes. As indicated by single-crystal X-ray

diffraction analysis, there exist uncoordinated carboxylate groups in the structure of

NU-300 that can participate in ammonia (NH3) sorption through acid-base interactions

which yield high uptake of NH3 at low pressure regions (<0.01 bar). /n situ infrared (IR)

spectroscopy shows the interactions between Brensted acidic sites and NH3, which
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suggests that NU-300 can be used as a sorbent for NH3 capture at low pressures.
Introduction

Metal-organic frameworks (MOFs) are a class of porous crystalline materials
assembled by metal nodes and organic ligands. > Because of their high porosity,’

4

versatile pore structures,® and tunable chemical functionalities,”’ MOFs can be

precisely designed at the molecular level for targeted applications including, but not

11-16 17-19 20, 21

limited to, gas storage®!? and separation, catalysis''~”, chemical sensing, and
more.?> 2 Particularly, zirconium-based MOFs (Zr-MOFs) have attracted extensive
attention in recent years due to their high thermal and chemical robustness, as well as
topological diversity.** »° Many reported Zr-MOFs contain 12-, 10-, 8-, 6- or 4-
connected Zrs nodes with di-, tri-, and tetra-carboxylate ligands, showcasing different
network topologies.?® In designing stable zirconium MOFs, in general, highly
symmetric di-, tri-, and tetra-carboxylate ligands are used which results in high
symmetry MOFs when combined with symmetric Zrs nodes.’* ?° In the case of
asymmetric ligands, although copper and rare-earth (RE) based MOFs have been
constructed with non-planar tri-carboxylate ligands,?”?® however, Zr-based MOFs have
rarely been explored.?’ Asymmetric ligands can introduce new types of coordination
environments and potentially unlock new topological structures for novel MOF
materials.?” Thus, the construction of Zr-MOFs with asymmetric ligands remains under
explored for understanding the relationship between the different connected Zrs nodes

and ligands within their unique structures, as well as exploiting the potential chemical

properties related to the asymmetric ligands.

2



The exceptional stability of Zr-MOFs renders them as promising candidates for the
capture of ammonia (NH3).>%*? Considering the associated corrosiveness and toxicity,
the capture of NH3 at extremely low concentrations using porous materials under
ambient conditions in industrial settings is of great importance to comply with limits of
short-term exposure (35 ppm) and long-term exposure (25 ppm) set by the Occupational
Safety and Health Administration (OSHA).>! Several MOFs including HKUST-1,%
MOF-74,** M(isonicotinic acid), (M = Zn, Co, Cu, Cd),”> MFM-300(Al),*
M:CLBBTA (M = Co, Mn),*” MxClo(BTDD) (M = Mn, Co, Ni and Cu),*® and UiO-66
series®® > have been tested for NH3 uptake. However, the majority of MOFs studied for
NH3; uptake showed structural degradation upon exposure or significant loss of uptake
after consecutive cycles. So far, only a limited number of MOFs are reported to exhibit
good reversible NH3 sorption over multiple cycles, e.g. MFM-300(Al), Co.CbBBTA
and M>Clo(BTDD).*%*8 The development of robust MOFs with reversible NH3 sorption
that can withstand multiple cycles remains challenging.

With the aforementioned challenges in mind, herein, we report a robust and
functional 9-connected microporous Zr-MOF (NU-300) assembled from an asymmetric
tri-carboxylate ligand and novel Zrs node with an unusual linker connectivity. Notably,
NU-300 has a high ammonia uptake at low pressures by exploiting Bronsted acidic sites
on both the ligand and the node, which can be used an adsorbent for NH3 capture at low
concentration.

Result and Discussion

The solvothermal reactions of ZrCls and 3,5-di(4'-carboxylphenyl)benzoic acid
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(H3L) in N,N-dimethylformamide (DMF) with formic acid as a modulator, yielded
colorless rhombic-shaped crystals of NU-300 (NU stands for Northwestern University).
Single crystal X-ray diffraction revealed that NU-300 crystallizes in the orthorhombic
Imma space group. The asymmetric unit of NU-300 contains four Zr* atoms, each
uniquely eight-coordinated. As shown in Figure 1a, Zr1 is coordinated by four distinct
oxygen atoms from different carboxylates of four HsL ligands and four p3-O entities.
Zr2 is coordinated by two distinct oxygen atoms from carboxylates of two H3L ligands,
one oxygen atom from formic acid, one oxygen atoms from DMF and four p3-O entities.
Zr3 is coordinated by three oxygen atoms from various carboxylates of three HsL
ligands, one oxygen from DMF and four p3-O entities. Finally, Zr4 is coordinated by
three oxygen atoms from various carboxylates of three HsL ligands, one oxygen from
terminal OH/H>O and four p3-O entities. Two Zrl, two Zr2, one Zr3 and one Zr4 atoms
are connected together by eight n3-O atoms to form the ZrsOg cluster (Figure S2). This
cluster differs from previously reported Zrs nodes that contain only one or two
crystallographically independent Zr*" atoms.?® 2% 3942

Moreover, the H3;L ligand adopts two types of coordination modes. In mode I, two
carboxylate groups of HsL adopt a bridging bis-monodentate mode while one is
monodentate (Figure 1b). In mode II, two carboxylate groups of HiL adopt
monodentate and bridging bis-monodentate modes, respectively, while one carboxylate
group remains uncoordinated (Figure 1c) and points to the channel along the g-axis in

the 3D structure of NU-300 (Figure 1d). The topological analysis indicates that NU-

300 consists of 9-connected Zrs nodes and three crystallographically independent
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tritopic linkers, since monodentate carboxylic acids are not included in the connectivity
counting. Thus, the 3D framework of NU-300 can be simplified as a (3, 3, 3, 9)-
connected network with a point symbol of (4.6%) (42.6), (4.6%°.8%) (Figure le), which
is a new topology. The 9-connected Zrs nodes of NU-300 are different from a previously
reported 9-connect node, wherein the carboxylate ligands bridge adjacent Zr atoms in

the node.?’

Figure 1. Single-crystal structure for NU-300: (a) Coordination environment of the
node and schematic representation of each 9-connected Zr**. (b) Coordination mode I
of the Hs3L ligand and schematic representation of the 3-connected ligand. (c)
Coordination mode II of the H3L ligand. (d) The 3D structure of NU-300 viewed along
the a direction. (e) Schematic representation of the (3, 3, 3, 9)-connected networks of

NU-300 (Zr, green; C, grey; O, red).



The phase purity of bulk NU-300 is confirmed by comparison of simulated and
experimental PXRD patterns (Figure 2a). Thermogravimetric analysis (TGA) reveals
that the framework of NU-300 starts to decompose at around 400 °C in air (Figure S3),
demonstrating the high thermal stability of NU-300. The permanent porosity of NU-
300 is confirmed by N> adsorption measurements at 77 K (Figure 2b). NU-300 exhibits
a type [ isotherm, indicative of the microporous character of the material. The Brunauer-
Emmett-Teller (BET) area and total pore volume for NU-300 are calculated to be 1470
m?/g and 0.58 cm?®/g, respectively, while the pore size distribution based on DFT

modeling indicates micropores of ~11 A (Figure 2b).
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Figure 2. (a) PXRD patterns of the simulated and as-synthesized NU-300. (b) N>
sorption isotherms at 77 K and DFT pore size distribution of NU-300.

The chemical stability of NU-300 is then investigated by soaking NU-300 in 100 °C
H>0, 0.01 M aqueous HCI (pH=2) and 0.001 M aqueous NaOH (pH=11) solutions for
24 h. As illustrated by PXRD patterns (Figure 3a), the crystallinity of the NU-300 is
retained after these treatments. To further confirm the chemical stability of NU-300, N»
sorption measurements are also conducted after these treatments (Figure 3b). The N»

1sotherms of NU-300 in hot water and acidic conditions are almost identical to that of



pristine NU-300, confirming its structural integrity and permanent porosity after
exposure to boiling water and dilute acid. However, a decrease is observed in surface

area and pore volume after base treatment.
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Figure 3. (a) PXRD patterns and (b) N2 sorption isotherms at 77 K of NU-300 after
treatment with 100 °C H2O, 0.01 M HCI and 0.001 M NaOH for 24 h (open symbols,
adsorption; solid symbols, desorption).

In light of the presence of free carboxylate groups (-COOH) within the framework,

NHj3 sorption tests were conducted on NU-300 to investigate potential guest-host
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interaction. The first run adsorption-desorption isotherm shows an adsorbed NHj
amount of 8.28 mmol/g at 298 K and 1.0 bar (Figure 4a). At pressures less than 0.01
bar (Figure 4b), NH3; molecules preferentially adsorbed to the Zrs nodes and Brensted
acidic sites of the free -COOH groups in NU-300, exhibiting the steep NH3 isotherm.
After regeneration at room temperature under vacuum, an NH3 uptake of 3.30 mmol/g
remained in NU-300, likely due to the chemisorption process by the formation of strong
interactions between the uncoordinated -COOH groups and NH3 molecules, apart from
the acidic -OH groups on Zrs nodes (Figure S5). This indicates that Bronsted acid sites,
particularly the free -COOH groups, aid NU-300 in NH3 uptake at low pressures,
allowing NU-300 to reach approximately 4 mmol/g uptake by 0.10 bar and 1.5 mmol/g
by 0.01 bar, and the latter can be recycled for at least three times (Figure 4b). There was
a loss in NHj3 uptake capacity at 1 bar between the first and second cycles while the
third cycle of NHs sorption was nearly identical (5.71 and 5.41 mmol/g at 1.0 bar),

suggesting that the loss in capacity occurs primarily in the initial sorption cycle.
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Figure 4. (a) Three cycle NH3 sorption isotherms of NU-300 at 298 K and (b) low
pressure range of 0-0.1 bar for clarity.

We then turned to IR spectroscopy to further assess how the carboxylic acid sites in
NU-300 interact with NH3 molecules during the adsorption and desorption processes.
As observed in Figure 5, with NH3 exposure for 60 min on NU-300, two characteristic
NHj3 bands are observed, indicating NH3 interactions with NU-300: the degenerate and
symmetric deformation of NH3 at 1625 and 1360 cm™!, respectively.** The location of

C=0 stretching vibration of the free -COOH groups at 1730 cm™ (Figure S7) decreases
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to 1710 cm™ upon NHj exposure, possibly due to deprotonation and subsequent
resonance that weaken the C=0 bond strength.** The appearance of overlapping bands
between 3300 and 3700 cm™! supports the deprotonation of -COOH by NH3.* However,
none of these bands between 3300 and 3700 cm™ disappear upon Ar purge. NH;j
exposure also results in a new band at 1480 cm™!, which could be assigned to the
vibration of N-H in NH4"* These observations indicate that NH3 molecules were
protonated in acid-base reaction with Bronsted acidic sites. IR spectra showed that even
after Ar purge residual adsorbed ammonia bands were still present which rationalized

the loss in uptake between the first and second cycles.
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Figure 5. IR spectra of in situ NH3 adsorption and desorption on NU-300 at 373 K with
relevant bands highlighted in gray.

Conclusions

In summary, we have designed a robust 9-connected Zr-based MOF, NU-300 using an
asymmetric tri-carboxylate ligand. The presence of free -COOH groups on the ligands

provides NU-300 with relevant functional properties for the chemisorption of NH3
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molecules at low partial pressures. For the first cycle adsorption, the adsorbed uptake
of NH3z was 8.28 mmol/g at 298 K and 1.0 bar. On the other hand, the second and third
cycles of NH3 sorption showed reduced NH3 capacity compared to the first cycle,
indicating saturation of the chemisorption of NH3 in the first cycle. By in situ IR
measurement of NH3 adsorption and desorption, we observed that the ammonium band
in the spectra which suggested the interactions between Bronsted acidic sites and NH3
molecules. The chemical interaction of NH3 and the framework indicated efficiency of
introducing uncoordinated Bronsted acidic sites for achieving high NH3 uptakes at low
concentrations for air filtration applications.
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