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ABSTRACT:  The efficient capture of toxic gases, such as ammonia (NH3) and sulfur dioxide (SO2), can protect the general population and mitigate widespread air pollution. Metal–organic frameworks (MOFs) comprise a tunable class of adsorbents with high surface areas that can meet this challenge by selectively capturing these gases at low concentrations. In this work, we explored how modifying the metal ions in the node of an isostructural MOF series from a transition metal to a lanthanide or actinide influences the electronic environment of the node-based active site. Next, we investigated the adsorption properties of each MOF towards the relatively basic NH3 and relatively acidic SO2 gases. Within the NU-907 family of MOFs, we found that Zr6-NU-907 exhibits the best uptake towards NH3 at low pressures, while Th6-NU-907 demonstrates the best low-pressure performance for SO2 adsorption. Tracking the infrared stretching frequency of the node-based 3–OH groups provides insight into the electronegativity of the metal ion and suggests that the most electronegative metal ion (Zr) affords the node with the best NH3 uptake at low pressures. In contrast, the Th6 node contains additional coordinated water groups relative to the other M6 nodes, which appears to yield the MOF with the greatest affinity for SO2 uptake that occurs predominately through reversible physisorption interactions. Finally, in situ NH3 infrared spectroscopic studies indicate that both NH4+ and Lewis-bound NH3 species form during adsorption. Combined, these results suggest that tuning the electronic properties and structure of the node-based active site in a MOF presents a viable strategy to change the affinity of a MOF towards toxic gases.
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Introduction
Toxic industrial chemicals (TICs) produced from industrial manufacturing processes present persistent threats to both the general population and the environment. For example, sulfur dioxide (SO2) gas is generated upon the combustion of sulfur-containing fossil fuels, such as oil, coal, and diesel, and has an immediately dangerous to life and health limit (IDLH) value of only 100 ppm.1–4 Similarly, ammonia (NH3) is consumed globally as a chemical feedstock and as a fertilizer in the pharmaceutical and agricultural industries, respectively, but with an IDLH value of 300 ppm, it is a highly toxic and corrosive gas capable of causing severe damage to the respiratory tract and lungs at very low concentrations.1,3,5 Additionally, reactions between SO2 and NH3 in the atmosphere can generate particulate matter with a diameter of 2.5 m, known as PM2.5, which can cause lung cancer in personnel exposed to this pollution over long periods of time.6 As a result, the development of personal protective equipment (PPE) that can capture these toxic pollutants at low concentrations is essential to protect human life. General-purpose adsorbent materials, including activated carbons, zeolites, and metal oxides, have been explored for these applications, but low affinities and insufficient adsorbent capacities for these gases limit their protection capabilities.1,3,7-10 Additionally, subtle differences in the electronic properties between relatively basic NH3 and relatively acidic SO2 gas molecules may require specialized adsorbents to maximize uptake for each of these gases. Therefore, the development of high-performance adsorbent materials targeted towards the capture of these toxic species at low pressures with high affinities is an essential requirement for next-generation PPE materials.
In this regard, metal–organic frameworks (MOFs)11,12 have emerged as a class of crystalline porous materials built from inorganic nodes and organic linkers that can potentially address this challenge. MOFs have been established as excellent platform materials in a variety of applications, including catalysis,13,14 gas storage and separations,15-18 and chemical sensing,19-21 due to their high surface areas and ease of structural tunability. Importantly, excellent control over the pore environment has enabled selective uptake with high capacities for MOFs towards targeted analytes, including NH322-31 and SO2.32-38 Among these materials, zirconium-based MOFs (Zr-MOFs) show great promise as they exhibit excellent chemical and thermal stability and a significant degree of topological diversity.39 For example, Zr-MOFs feature [Zr6(3-O)4(3-OH)4]12+ nodes that contain both Lewis acidic open metal sites and Brønsted acidic bridging and terminal hydroxo ligands that can engage in various modes of reactivity (Figure 1), and varying the identity and geometry of the carboxylate linker offers access to many different network topologies. Moreover, reticular chemistry40-42 enables the synthesis of isostructural analogues of Zr-MOFs that feature nodes comprised of different metal ions as a strategy to systematically tune chemical properties while maintaining the same structural composition. Our group and others have leveraged this unique tunability to vary the metal in the hexanuclear node from Zr to other transition metals, lanthanides, or actinides,43-45 and applying this strategy within an isostructural series of MOFs presents an avenue to tune the chemical properties and reactivity of the node-based active sites while the immediate environment surrounding the active site remains constant.46-48 In other words, this approach enables researchers to deconvolute the effect of the metal ion in the hexanuclear cluster-based active site from many of the other parameters that influence reactivity of the MOF towards a specific analyte, including node connectivity, surface area, and pore size.
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Figure 1. (A) Structure of the M-NU-907 series of MOFs and the abtc4– linker. (B) Structure of the ideal 8-connected M6O8 node. (C) Illustration of the various properties of the node-based active sites.
In this context, we were interested in exploring whether changing the electronic character of the secondary building unit (SBU) by virtue of changing the metal ion in the hexanuclear cluster would offer a feasible route to modulate the gas uptake properties of a MOF towards toxic gases such as NH3 and SO2. Specifically, we envisioned that these changes in electronic structure would influence both the Lewis acidity of the open metal sites and the Brønsted acidity of the bridging hydroxo (3–OH) groups on the node (Figure 1C), which would impact the reactivity of the MOF towards the relatively basic NH3 or relatively acidic SO2 gases. In this work, we demonstrate that changing the metal ions in the node of the M-NU-907 family of MOFs from zirconium to cerium or thorium significantly impacts the adsorption properties of the MOF towards NH3 and SO2. Importantly, we correlated this performance with the structural properties of the hexanuclear SBU, such as the electronegativity of the metal ion in the node or the number of supporting ligands coordinated to the node, potentially enabling the future design of MOFs with adsorption properties targeted towards specific analytes via tuning the identity of the metal ions in the hexanuclear SBU.
Experimental
Materials. All chemicals were used as received from commercial suppliers unless otherwise indicated. Acetone, ethanol, hexanes, and N,N-dimethylformamide (DMF) were purchased from Fisher Scientific. Zirconium(IV) dichloride oxide (ZrOCl2·8H2O), ammonium cerium(IV) nitrate (Ce(NH4)2(NO3)6), hydrochloric acid, trifluoroacetic acid, NaOD, DMSO-d6, and D2O were purchased from Sigma Aldrich. Thorium nitrate (Th(NO3)4·4H2O) was purchased from International Bio-Analytical Industries. H4abtc was synthesized according to a previously published procedure.49
Synthesis of Zr6-NU-907. This MOF was synthesized according to a previously published procedure with some modifications.49 Zirconium (ΙV) oxychloride octahydrate (ZrOCl2·8H2O, 100 mg, 0.3 mmol) was ultrasonically dissolved in a mixed solvent of N,N-dimethylformamide (DMF; 25 mL) and formic acid (FA; 18 mL) in a 100 mL glass reaction vessel. H4abtc (110 mg, 0.3 mmol) was then added to the solution and sonicated for 10 min, then transferred to a preheated oven at 120 °C. After 3 days, the reaction vessel was removed, and the orange precipitate was isolated via centrifugation. The product was then washed with DMF (3-5 times). The solvent was exchanged to acetone and washed 3 times, and then soaked in acetone for overnight. To remove formates from the Zr6-based nodes, the product (50 mg), 35–37% HCl (0.5 mL), and acetone (50 mL) were added to a 100 mL glass reaction vessel, and the vessel was placed in a preheated oven (50 °C) for 24 hr. The product was washed with acetone 3-5 times. The modulator-free product was activated at 120 °C overnight on a Smart VacPrep (Micromeritics) prior to collection of the N2 sorption isotherm.
Synthesis of Ce6-NU-907. H4abtc (20 mg, 0.056 mmol), N,N-dimethylformamide (DMF; 1.2 mL), and formic acid (FA; 1.5 mL) were added to a 2 dram vial and sonicated for 5 min to generate well-dispersed, cloudy mixture. Next, Ce(NH4)2(NO3)6 (0.6 mL, 0.533 M aqueous solution) was added, and the mixture was sonicated for 30 s. The vial was capped and transferred to a pre-heated heating block (100 °C) and stirred at 450 RPM for 20 min (note: longer reaction times will generate crystalline CeO2). Upon completion of the reaction, the product was washed with hot DMF until the filtrate was clear (3-5 washes). The material was then exchanged to acetone and washed an additional 3-5 times and activated at room temperature overnight on a Smart VacPrep (Micromeritics) prior to collection of the N2 sorption isotherm.
Synthesis of Ce5Zr1-NU-907. H4abtc (20 mg, 0.056 mmol), N,N-dimethylformamide (DMF; 1.2 mL), and formic acid (FA; 1.5 mL) were added to a 2 dram vial and sonicated for 5 min to generate well-dispersed, cloudy mixture. Next, Ce(NH4)2(NO3)6 (0.5 mL, 0.533 M aqueous solution), ZrOCl2·8H2O (0.1 mL, 0.533 M aqueous solution), and 0.6 mL FA were added to the mixture, and the mixture was sonicated for 30 s. The vial was capped and transferred to a pre-heated heating block (100 °C) and stirred at 500 RPM for 15 min (note: longer reaction times will generate crystalline CeO2). Upon completion of the reaction, the product was washed with hot DMF until the filtrate was clear (3-5 washes). The material was then exchanged to acetone and washed an additional 3-5 times and activated at 80 °C for 6 hours on a Smart VacPrep (Micromeritics) prior to collection of the N2 sorption isotherm. The activated sample was stored in an Ar-filled glovebox.
[bookmark: _Toc81913096]Synthesis of Th6-NU-907. Solution A: 525 mg Th(NO3)4·4H2O (0.921 mmol) was ultrasonically dissolved in 10.5 mL DMF; solution B: 55 mg H4abtc (0.15 mmol) was ultrasonically dissolved in 11.0 mL DMF; solution C: 5.0 g benzoic acid (41 mmol) was ultrasonically dissolved in 10.0 mL DMF. A 1.5 dram vial was loaded with 0.5 mL solution A, 0.5 mL solution B, 0.05 mL solution C, and 0.06 mL H2O to afford a clear orange solution, and this procedure was repeated for a total of 20 1.5 dram vials. A sand bath was preheated in an oven at 100 °C for 2 hr. The vials were then placed in the preheated sand bath, and the sand bath was returned to the preheated oven (100 °C). After 18 hr, the vials were removed from the oven, and each vial contained crystalline yellow precipitates. The products from each vial were combined in a centrifuge tube and washed with DMF 3-5 times. The solvent was exchanged with ethanol, and the product was washed an additional 3-5 times with ethanol. The product was activated at 120 °C overnight on a Smart VacPrep (Micromeritics) prior to collection of the N2 sorption isotherm. Note: a fresh bottle of DMF was opened and used within 1-2 months of opening for the synthesis of Th6-NU-907. For the procedure described above, DMF bottles open to ambient conditions for longer than 2 months afforded Th6-NU-907 products with poor crystallinity and low porosity, as determined by analysis of powder X-ray diffraction (PXRD) patterns and N2 sorption isotherms, respectively.
Results and discussion
To begin our investigation, we selected the NU-907 family of MOFs as the 8-connected M6O8 nodes and 4-connected 3,3′,5,5′-azobenzene-tetracarboxylate (abtc4–) linkers generate a robust structure with the 4,8-connected scu topology (Figure 1). The ideal 8-connected node structure is comprised of Lewis acidic metal sites and Brønsted acidic bridging 3–OH species, and four pairs of aqua and terminal, Brønsted acidic hydroxo ligands cap the metal sites to balance the charge and complete the coordination sphere (Figure 1C). Due to the presence of multiple types of binding sites in these SBUs, we anticipated that modifying the electronic nature of the SBU would strongly impact how these active sites interact with acidic SO2 or basic NH3 gases. 
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Figure 2. (A) Experimental PXRD patterns for M-NU-907 compared to the simulated pattern for Zr6-NU-907. (B) Volumetric N2 isotherms at 77 K for M-NU-907. Volumetric uptake is derived from the gravimetric uptake and based on the crystallographic density of the MOF (see Supporting Information for details). The isotherms presented for Zr6-NU-907 were obtained using the modulator-free sample. Filled and unfilled shapes represent adsorption and desorption, respectively.
While we were able to employ a previously published solvothermal procedure to synthesize Zr6-NU-907 through the reaction of ZrOCl2·8H2O, H4abtc, and formic acid heated in N,N-dimethylformamide (DMF) at 120 °C for 3 days,49 the Ce- and Th-based analogues have not been reported prior to this work. The solvothermal synthesis of Ce6-NU-907 proceeds much more rapidly than with the Zr-based analogue, and formation of the MOF is complete within 20 min of heating Ce(NH4)2(NO3)6, H4abtc, and formic acid in DMF at 100 °C, with longer reaction times generating crystalline CeO2 (see Supporting Information). However, we found that this material is not stable following thermal activation from a variety of solvents or after supercritical CO2 (scCO2) drying, as evidenced by low porosity from N2 sorption isotherms at 77 K and poorly crystalline powder X-ray diffraction (PXRD) patterns obtained for these samples (Figure S1). To improve the stability of this MOF, we employed a mixed-metal approach50,51 with a 5:1 ratio of Ce:Zr under otherwise identical conditions to generate Ce5Zr1-NU-907, which can be thermally activated at 80 °C for 6 hr following solvent exchange to acetone with no apparent decrease in porosity or loss in crystallinity. Finally, the solvothermal reaction between Th(NO3)4·4H2O, H4abtc, benzoic acid, and water in DMF at 100 °C for 18 hr affords Th6-NU-907 (see Supporting Information for full synthetic details). 
The PXRD patterns obtained for activated samples of Zr6-NU-907, Ce5Zr1-NU-907, and Th6-NU-907 match well with the simulated pattern for Zr6-NU-907 and confirm that all MOFs in this series form the 4,8-connected scu topology (Figure 2A). Additionally, volumetric N2 sorption isotherms, which are derived from the gravimetric isotherms and based on the crystallographic density of the MOFs (see Supporting Information for details), indicate comparable porosity for the M-NU-907 series (Figure 2B), and nonlocal density functional theory (DFT)-calculated pore size distributions show that these MOFs each contain a single pore centered between 10–13 Å (Figure S2). 1H nuclear magnetic resonance (NMR) spectroscopic analysis of digested M-NU-907 samples in NaOD and diluted with D2O or DMSO-d6 reveal that formate (Zr6- and Ce5Zr1-NU-907) or benzoate (Th6-NU-907) modulators cap roughly 3.0, 3.0, and 1.5 of the 4 available active sites per node for Zr6-, Ce5Zr1-, and Th6-NU-907, respectively (Figure S3). While heating Zr6-NU-907 in 35–37% HCl (aq.) and acetone (1:100) for 24 hr at 50 °C affords the modulator-free version of this MOF (~0.2 modulators per node; Figure S3B), Ce5Zr1- and Th6-NU-907 were not stable to HCl washes, even at lower temperatures with lower concentrations (e.g., room temperature and as low as 0.005 M HCl), as demonstrated by substantial decreases in porosity and crystallinity. As a result, we carried out subsequent experiments with activated, modulator-capped samples of Ce5Zr1- and Th6-NU-907 that feature roughly 1.0 and 2.5 available active sites per node, respectively, and with the modulator-free Zr6-NU-907 sample that contains about 3.8 available active sites per node.
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Figure 3. (A) Volumetric NH3 adsorption-desorption isotherms for M-NU-907 (first cycle only) plotted from 0.0–1.0 bar. Volumetric uptake is derived from the gravimetric uptake and based on the crystallographic density of the MOF (see Supporting Information for details). Filled and unfilled shapes represent adsorption and desorption, respectively. Adsorption in the region highlighted in blue from 0–0.2 bar is depicted in (B), and the blue highlighted region from 0–0.02 bar in (B) is shown in (C). (D) Volumetric SO2 adsorption-desorption isotherms for M-NU-907 (first cycle only) plotted from 0.0–1.0 bar. Adsorption in the region highlighted in orange from 0–0.02 bar is depicted in (E), and the orange highlighted region from 0–0.002 bar in (E) is shown in (F). Table 1 contains corresponding data. For (A)–(C), the y-axes are defined as mmol NH3 / cm3 MOF. For (D)–(F), the y-axes are defined as mmol SO2 / cm3 MOF.
Table 1. NH3 and SO2 uptake for M-NU-907a
	
	Volumetric uptake, NH3 (mmol/cm3)
	Volumetric uptake, SO2 (mmol/cm3)

	MOF
	0.01 bar
	0.1 bar
	1 bar
	0.001 bar
	0.01 bar
	0.1 bar
	1 bar

	Zr6-NU-907
	6.9 (5.7)
	9.5 (8.0)
	14.5 (12.1)
	0.48 (0.40)
	1.1 (0.92)
	2.4 (2.0)
	5.8 (4.9)

	Ce5Zr1-NU-907
	4.8 (3.4)
	7.5 (5.4)
	11.8 (8.5)
	0.35 (0.27)
	1.2 (0.92)
	3.1 (2.2)
	6.3 (4.6)

	Th6-NU-907
	4.8 (2.6)
	7.6 (4.0)
	15.8 (8.5)
	1.3 (0.47)
	2.5 (1.4)
	6.4 (3.4)
	10.7 (5.7)


aUnits for volumetric uptake are defined as mmol NH3 or SO2 adsorbed per cm3 MOF. Corresponding gravimetric uptakes in mmol/g (defined as mmol NH3 or SO2 adsorbed per g MOF) are marked in parentheses. 

With the isostructural series of M-NU-907 MOFs in hand, we were then interested in probing their adsorption performance towards toxic gases. Prior to NH3 or SO2 adsorption studies, we activated the MOFs overnight at 120 °C (Zr6- and Th6-NU-907) or room temperature (Ce5Zr1-NU-907), and we performed 3 consecutive adsorption-desorption cycles for each sample with each gas without any thermal activation between the isotherm cycles. The NH3 isotherms at 298 K reveal gravimetric uptakes at 1 bar of about 12.1, 8.5, and 8.5 mmol/g for Zr6-, Ce5Zr1-, and Th6-NU-907, respectively (Figure S4). Maximum NH3 adsorption at 1 bar drops off for each sample for the second cycle, indicating chemisorption between NH3 and the M6-based active sites in each MOF. Zr6-NU-907 features the most significant decrease in NH3 uptake at 1 bar between the first and second cycles at ~3.8 mmol/g (versus ~1.9 and ~1.1 mmol/g for Ce5Zr1- and Th6-NU-907, respectively), which is likely attributed to the modulator-free node in this sample affording relatively more sites available for chemisorption (Figure S4). In all cases, the second and third NH3 adsorption-desorption cycles are almost identical, suggesting the rest of the NH3 uptake occurs through reversible physisorption processes; this combination of reversible and irreversible NH3 uptake is consistent with previous studies that examined NH3 adsorption in Zr-MOFs featuring the same hexanuclear SBU as in M-NU-907.52 Furthermore, Zr6- and Th6-NU-907 retain their crystallinity and some of their N2-accessible pore volume at 77 K following three NH3 adsorption-desorption cycles relative to those of the pristine activated samples, corroborating the reversible uptake observed for NH3 (Figures S8 and S10). In comparison, Ce5Zr1-NU-907 exhibits both a slight broadening in the PXRD pattern and a substantial decrease in N2 uptake under analogous conditions, which can potentially be attributed to partial distortions in the framework that prevent N2 from accessing the pores at 77 K (Figure S9). To directly compare the NH3 adsorption performance for this series, Figures 3A-C depict the first adsorption-desorption cycle for each sample plotted volumetrically (volumetric uptake is derived from the gravimetric uptake and based on the crystallographic density of the MOF; see Supporting Information for details). At 1 bar for the first NH3 adsorption cycle, Th6-NU-907 features the highest volumetric uptake of roughly 15.8 mmol/cm3, followed by 14.5 and 11.8 mmol/cm3 for Zr6- and Ce5Zr1-NU-907, respectively (Figure 3A and Table 1). At lower pressures, however, Zr6-NU-907 significantly outperforms the other two analogues: at 0.01 bar, Zr6-NU-907 adsorbs almost 7 mmol/cm3 of NH3, while Ce5Zr1- and Th6-NU-907 both adsorb under 5 mmol/cm3 (Figure 3C). Combined, these data indicate that Zr6-NU-907 demonstrates the highest affinity for NH3 at low pressures while Th6-NU-907 displays the highest volumetric uptake for NH3 at 1 bar.
Next, we obtained SO2 sorption isotherms at 298 K for M-NU-907, with gravimetric uptake for 3 consecutive adsorption-desorption cycles presented in Figure S6. At 5.7 mmol/g, Th6-NU-907 shows the highest gravimetric SO2 uptake at 1 bar, compared to 4.9 and 4.6 mmol/g for Zr6- and Ce5Zr1-NU-907, respectively, under similar conditions. Unlike in the NH3 sorption isotherms, SO2 uptake at 1 bar for all three MOFs only decreases ~0.2–0.3 mmol/g between the first and second cycles, indicating that most of the SO2 uptake for M-NU-907 occurs via reversible physisorption interactions. N2 sorption isotherms and PXRD patterns obtained for M-NU-907 following three consecutive SO2 adsorption-desorption cycles are comparable to those obtained following the NH3 cycles, suggesting similar stability for these MOFs in the presence of SO2 and NH3 (Figure S8-S10). Figures 3D-F depict the first SO2 adsorption-desorption cycle for M-NU-907 plotted volumetrically to better compare SO2 adsorption performance for this series (volumetric uptake is derived from gravimetric uptake and based on the crystallographic density of the MOF; see Supporting Information for details). At 1 bar, SO2 uptake for Th6-NU-907 (10.7 mmol/cm3) is almost double that of Zr6- and Ce5Zr1-NU-907 (5.8 and 6.3 mmol/cm3, respectively; Figure 3D) despite similar volumetric surface areas for these materials. This trend is even more pronounced at lower pressures: volumetric SO2 uptake at 0.01 bar for Th6-NU-907 is more than twice as large as that of Zr6- and Ce5Zr1-NU-907 (2.5 mmol/cm3 versus 1.1 and 1.2 mmol/cm3, respectively; Figure 3E). Additionally, Th6-NU-907 also significantly outperforms the other two analogues at 0.001 bar with an uptake of 1.3 mmol/cm3; however, Zr6-NU-907 exhibits slightly better uptake than that of Ce5Zr1-NU-907 (~0.48 and 0.35 mmol/cm3, respectively), indicating Zr-based nodes perform slightly better at extremely low pressures relative to the Ce analogue (Figure 3F). Overall, the volumetric SO2 sorption data indicate that Th6-NU-907 performs the best among this series at both low and high pressures. 
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Figure 4. Experimental DRIFT spectra for modulator-capped M-NU-907 showing the bridging 3–OH stretch. 
To better understand the trends observed for NH3 and SO2 adsorption for M-NU-907, we employed diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) to compare the stretching frequency for the bridging hydroxyl groups bound to the M6-based nodes. Previously, we established that the stretching frequencies for 3–OH species in activated samples of M-UiO-66 and M-MOF-808 (M = Zr6, Hf6, Ce6, Th6), which contain the same hexanuclear nodes as in M-NU-907, are correlated with the electronegativity of the metal in node, with less electronegative metals resulting in relatively lower, red-shifted stretching frequencies.46 For M-NU-907, every ideal 8-connected node contains 4 bridging m3–OH and 4 terminal –OH species (Figure 1B), which may potentially complicate assignment of the m3–OH peak in the DRIFT spectra; however, modulator-capped M-NU-907 samples should contain ~1 pair (Zr6- and Ce5Zr1-NU-907) or ~2.5 pairs (Th6-NU-907) of terminal aqua/hydroxo ligands per node (vide supra), meaning the dominant peak should be assignable to the m3–OH stretching frequency. For all three modulator-capped samples of M-NU-907, we observe a single peak in this region (Figure 4), suggesting either a minimal contribution from terminal –OH groups or that the stretching frequencies for both m3–OH and terminal –OH groups overlap and cannot be distinguished. Prior to acquisition of DRIFT spectra, modulator-capped M-NU-907 samples were activated either overnight at 120 °C (Zr6- and Th6-NU-907) or for 4 hr at 80 °C (Ce5Zr1-NU-907), then transferred to the IR cell and treated at 120 °C under Ar for at least 1 hr to remove physisorbed water from the nodes (Figure 1B). Both Zr6- and Th6-NU-907 are stable under these conditions, and the DRIFT spectra show sharp –OH peaks after removal of physisorbed H2O (Figures 4 and S11). In contrast, thermal treatment of Ce5Zr1-NU-907 leads to a concomitant decrease in intensity for both the sharp 3–OH peak and the broad peak from ~3600–3200 cm–1 that corresponds to physisorbed water, suggesting framework degradation under these conditions (Figures S11-12). Despite this apparent degradation, however, the 3–OH stretch is still assignable for Ce5Zr1-NU-907, as shown in Figure 4. For the M-NU-907 series, the 3–OH peak shifts to lower frequencies as the node changes from Zr6 to Th6 and Ce5Zr1, with stretching frequencies measuring 3670, 3646, and 3634 cm–1, respectively (Figure 4). This trend is consistent with 3–OH stretching frequencies observed for other MOFs with the same M6-based node, further validating these results and suggesting electronegativity of the metal ion within the M6-based nodes in M-NU-907 decreases in the order Zr > Th > Ce.46-48
In the context of the obtained NH3 sorption isotherms, these DRIFT data indicate that the SBU with the most electronegative metal ion among this series, Zr, is also the most reactive towards NH3 at low pressures (Figure 3C). However, this trend is not supported at higher pressures as Th6-NU-907 exhibits the best volumetric NH3 adsorption at 1 bar (Figure 3A), suggesting additional factors may potentially influence uptake within this regime (e.g., the influence of chemisorption versus physisorption processes at different pressures or the more efficient packing of NH3 within the pore space of Th6-NU-907 relative to the other two analogues). In the case of SO2, electronegativity of the metal ion also does not fully explain the observed trends in the adsorption isotherms. For example, DRIFTS experiments indicate that the electronegativity of Th falls between those of Zr and Ce, yet Th6-NU-907 exhibits significantly better SO2 uptake from 0.001–1.0 bar than either Zr6- or Ce5Zr1-NU-907 (Figures 3D-F). SO2 uptake predominately occurs through reversible physisorption interactions in the M-NU-907 series (vide supra), which is consistent with a previous study in which SO2 was shown to form relatively weak O=S=O···H–O hydrogen bonds during adsorption in a MOF with node-based hydroxyl groups.33 Although the three MOFs in the M-NU-907 series contain the same hexanuclear SBU, the Th6 cluster can contain nine-coordinated Th(IV) ions that each coordinate to one additional water molecule relative to the eight-coordinated M(IV) ions in the analogous M6 clusters (M = Zr, Ce).47,53 Considering the likely formation of reversible hydrogen bonding interactions during SO2 adsorption, the superior SO2 uptake for Th6-NU-907 relative to the Zr6- and Ce5Zr1-NU-907 analogues may arise from the additional coordinated water molecules present on the Th6 nodes that are capable of engaging in stabilizing hydrogen-bonding interactions with adsorbed SO2 molecules.
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Figure 5. In situ DRIFT spectra for Zr6-NU-907 during an NH3 purge (bottom) or Ar purge (top). Relevant regions are highlighted and show the 3–OH region (left), NH3/NH4+ region (middle), and Lewis-bound (LB) NH3 region (right).
To investigate the adsorption mechanism for NH3, we turned to in situ NH3 DRIFTS studies using Zr6-NU-907 (Figure 5). Briefly, Zr6-NU-907 was thermally treated at 120 °C until all physisorbed water was removed, and then the sample was dosed with NH3, followed by purging with Ar (see Figure S13 and subsequent discussion for more details). The DRIFT spectra presented in Figure 5 indicate the presence of multiple types of interactions between NH3 and the Zr6-based SBU. For example, the strong positive peak at ~1200 cm–1 is indicative of Lewis-bound (LB) NH3 species that likely coordinate to open Zr sites on the node.28,30,36 Additionally, the negative peak at ~3670 cm–1 suggests that a reaction occurs between NH3 and the Brønsted acidic 3–OH species on the node to form NH4+ groups, although the diagnostic NH4+ stretch around 1450 cm–1 is not apparent due to a strong negative peak centered at 1500 cm–1.27,54 The region from ~3300–2600 cm–1 contains peaks corresponding to symmetric and asymmetric stretching frequencies for both NH3 and NH4+.55,56 Specifically, the broad doublet from ~3300–3000 cm–1 is indicative of symmetric and asymmetric stretches for a primary amine, while the broad, overlapping stretch from roughly 3000–2600 cm–1 can be ascribed to the N–H stretch of an ammonium ion. Importantly, these peaks are still observed after the flow gas is switched from NH3 to Ar (Figure 5), and even after vacuum evacuation (Figure S13), suggesting strong chemisorption interactions that corroborate the steep drop observed between the first and second NH3 adsorption-desorption cycles for Zr6-NU-907 (vide supra).
Conclusion
We explored how the identity of the metal ions in the SBU of an isostructural series of MOFs influences the adsorption properties towards the toxic gases NH3 and SO2. We employed a solvothermal route to access M-NU-907 (M = Zr6, Ce5Zr1, Th6) based on the 4,8-connected scu net, which all feature 8-connected M6-based nodes that contain both Brønsted acidic 3–OH groups and Lewis acidic open metal sites. Zr6-NU-907 exhibits the greatest affinity towards NH3 at low pressures (6.9 mmol/cm3 at 0.01 bar), and consecutive NH3 adsorption-desorption isotherms suggest NH3 coordinates to M-NU-907 through both irreversible chemisorption and reversible physisorption processes. In situ NH3 DRIFTS studies on Zr6-NU-907 corroborate this observation and indicate the presence of both NH4+ and Lewis-bound (LB) NH3 species during adsorption. Employing DRIFTS to track the 3–OH stretch on the M6-based nodes indicates that Zr is the most electronegative metal ion in this series, suggesting electronegativity of the metal ion may be the most significant parameter that influences low pressure uptake of the relatively basic NH3 for MOFs that contain this M6-based SBU. For SO2 adsorption, Th6-NU-907 demonstrates the highest volumetric uptake at low pressure among this series (1.3 mmol/cm3 at 0.001 bar and 2.5 mmol/cm3 at 0.01 bar) and significantly outperforms the Zr6- and Ce5Zr1-based analogues. For each MOF, uptake capacities for the first SO2 adsorption-desorption cycle are similar to those of the second and third cycles, implying that uptake occurs predominately through reversible physisorption interactions between SO2 and M-NU-907 – likely through the formation of hydrogen bonding interactions between SO2 molecules and node-based hydroxyl groups. In contrast to the NH3 adsorption properties of M-NU-907 at low pressures, which seem to be most strongly influenced by the electronegativity of the metal ion in the SBU, the number of coordinated water groups in the SBU appears to correlate with the low- and high-pressure uptake performance of the relatively acidic SO2 gas, and the Th analogue that contains additional coordinated water groups on each node relative to the Zr6- and Ce5Zr1-based nodes exhibits the highest volumetric SO2 uptake among this series. Moving forward, we anticipate that this work will provide an additional design strategy for researchers developing MOF-based sorbents with hexanuclear SBUs, and other polynuclear clusters in general, for the targeted capture of toxic gases at low pressures.
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37. Carter, J. H.; Han, X.; Moreau, F. Y.; da Silva, I.; Nevin, A.; Godfrey, H. G. W.; Tang, C. C.; Yang, S.; Schröder, M. Exceptional Adsorption and Binding of Sulfur Dioxide in a Robust Zirconium-Based Metal-Organic Framework. J. Am. Chem. Soc. 2018, 140, 15564−15567.
38. Tchalala, M. R.; Bhatt, P. M.; Chappanda, K. N.; Tavares, S. R.; Adil, K.; Belmabkhout, Y.; Shkurenko, A.; Cadiau, A.; Heymans, N.; De Weireld, G.; Maurin, G.; Salama, K. N.; Eddaoudi, M. Fluorinated MOF Platform for Selective Removal and Sensing of SO2 from Flue Gas and Air. Nat. Commun. 2019, 10, 1328.
39. Chen, Z.; Hanna, S. L.; Redfern, L. R.; Alezi, D.; Islamoglu, T.; Farha, O. K. Reticular Chemistry in the Rational Synthesis of Functional Zirconium Cluster-Based MOFs. Coord. Chem. Rev. 2019, 386, 32–49.
40. Yaghi, O. M.; O’Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, M.; Kim, J. Reticular Synthesis and the Design of New Materials. Nature 2003, 423, 705−714. 
41. Yaghi, O. M.; Kalmutzki, M. J.; Diercks, C. S. Introduction to Reticular Chemistry: Metal-Organic Frameworks and Covalent Organic Frameworks; John Wiley & Sons, 2019; pp. 1–176.
42. Chen, Z.; Jiang, H.; Li, M.; O’Keeffe, M.; Eddaoudi, M. Reticular Chemistry 3.2: Typical Minimal Edge-Transitive Derived and Related Nets for the Design and Synthesis of Metal-Organic Frameworks. Chem. Rev. 2020, 120, 8039–8065.
43. Lammert, M.; Glißmann, C.; Reinsch, H.; Stock, N. Synthesis and Characterization of New Ce(IV)-MOFs Exhibiting Various Framework Topologies. Cryst. Growth Des. 2017, 17, 1125−1131.
44. Dolgopolova, E. A.; Ejegbavwo, O. A.; Martin, C. R.; Smith, M. D.; Setyawan, W.; Karakalos, S. G.; Henager, C. H.; Zur Loye, H. C.; Shustova, N. B. Multifaceted Modularity: A Key for Stepwise Building of Hierarchical Complexity in Actinide Metal-Organic Frameworks. J. Am. Chem. Soc. 2017, 139, 16852−16861.
45. Yuan, S.; Qin, J. S.; Lollar, C. T.; Zhou, H. C. Stable Metal-Organic Frameworks with Group 4 Metals: Current Status and Trends. ACS Cent. Sci. 2018, 4, 440−450. 
46. Islamoglu, T.; Ray, D.; Li, P.; Majewski, M. B.; Akpinar, I.; Zhang, X.; Cramer, C. J.; Gagliardi, L.; Farha, O. K. From Transition Metals to Lanthanides to Actinides: Metal-Mediated Tuning of Electronic Properties of Isostructural Metal–Organic Frameworks. Inorg. Chem. 2018, 57, 13246–13251.
47. Lyu, J.; Zhang, X.; Li, P.; Wang, X.; Buru, C. T.; Bai, P.; Guo, X.; Farha, O. K. Exploring the Role of Hexanuclear Clusters as Lewis Acidic Sites in Isostructural Metal–Organic Frameworks. Chem. Mater. 2019, 31, 4166–4172.
48. Wang, X.; Zhang, X.; Li, P.; Otake, K.-I.; Cui, Y.; Lyu, J.; Krzyaniak, M. D.; Zhang, Y.; Li, Z.; Liu, J.; Buru, C. T.; Islamoglu, T.; Wasielewski, M. R.; Li, Z.; Farha, O. K. Vanadium Catalyst on Isostructural Transition Metal, Lanthanide, and Actinide Based Metal–Organic Frameworks for Alcohol Oxidation. J. Am. Chem. Soc. 2019, 141, 8306–8314.
49. Wang, H.; Dong, X.; Lin, J.; Teat, S. J.; Jensen, S.; Cure, J.; Alexandrov, E. V.; Xia, Q.; Tan, K.; Wang, Q.; Olson, D. H.; Proserpio, D.M.; Chabal,Y.J.; Thonhauser,T.; Sun, J.; Han, Y.; Li, J. Topologically guided tuning of Zr-MOF pore structures for highly selective separation of C6 alkane isomers. Nat. Commun. 2018, 9, 1745. 
50. Lammert, M.; Glißmann, C.; Stock, N. Tuning the Stability of Bimetallic Ce(IV)/Zr(IV)-based MOFs with UiO-66 and MOF-808 Structures. Dalton Trans. 2017, 46, 2425–2429.
51. Nouar, F.; Breeze, M. I.; Campo. B. C.; Vimont, A.; Clet, G.; Daturi, M.; Devic, T.; Walton, R. I.; Serre, C. Tuning the Properties of the UiO-66 Metal Organic Framework by Ce Substitution. Chem. Commun. 2015, 51, 14458–14461.
52. Liu, J.; Lu, Z.; Chen, Z.; Rimoldi, M.; Howarth, A. J.; Chen, H.; Alayoglu, S.; Snurr, R. Q.; Farha, O. K.; Hupp, J. T. Ammonia Capture within Zirconium Metal–Organic Frameworks: Reversible and Irreversible Uptake. ACS Appl. Mater. Interfaces 2021, 13, 20081–20093. 
53. Li, P.; Wang, X.; Otake, K.-I.; Lyu, J.; Hanna, S. L.; Islamoglu, T.; Farha, O. K. Synthetic Control of Thorium Polyoxo-Clusters in Metal–Organic Frameworks toward New Thorium-Based Materials. ACS Appl. Nano Mater. 2019, 2, 2260–2265.
54. Micek-Ilnicka, A.; Gil, B.; Lalik, E. Ammonia Sorption by Dawson Acid Studied by IR Spectroscopy and Microbalance. J. Mol. Struct. 2005, 740, 25−29. 
55. Yang, X.; Zhao, B.; Zhuo, Y.; Gao, Y.; Chen, C.; Xu, X. DRIFTS Study of Ammonia Activation over Cao and Sulfated Cao for NO Reduction by NH3. Environ. Sci. Technol. 2011, 45, 1147−1151.
56. Zecchina, A.; Marchese, L.; Bordiga, S.; Pazè, C.; Gianotti, E. Vibrational Spectroscopy of NH4+ Ions in Zeolitic Materials: An IR Study. J. Phys. Chem. B 1997, 101, 10128–10135. 



[image: ]
TOC
1


9


image2.emf
>

Normalized Intensity (AU)

‘JL_A The-NU-907

. )l Zr,-NU-907

L CesZr;-NU-907

Zrg-NU-907
(sim.)

2

8 10 12 14 16 18 20
20 (degrees)

B 1000

———O— Zr6-N U-907
——/—0— CeSZr1-NU-907
—— [ Th6-N U-907

00}

o

o
1

(@)}

o

o
1

N

o

o
1

N
o
o

Quantity Adsorbed (cm3/cm?3)

00 02 04 06 08 10
Relative Pressure (P/P°)









0.0 0.2 0.4 0.6 0.8 1.0

0

200

400

600

800

1000

Q

u

a

n

t

i

t

y

 

A

d

s

o

r

b

e

d

 

(

c

m

³

/

c

m

³

)

Relative Pressure (P/P°)

/  Zr

6

-NU-907

/  Ce

5

Zr

1

-NU-907

/  Th

6

-NU-907

2 4 6 8 10 12 14 16 18 20

N

o

r

m

a

l

i

z

e

d

 

I

n

t

e

n

s

i

t

y

 

(

A

U

)

2q (degrees)

Figure 2. (A) M-NU-907 PXRD and (B) N2 isotherms (vol./vol.)
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Figure 5. In situ NH3 DRIFTS for Zr-NU-907
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