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ABSTRACT:

Organophosphorus compounds, including nerve agents and pesticides, represent a class of toxic
chemicals causing harm to troops, civilians, and the environment. Metal—organic frameworks
(MOFs) have emerged as a class of highly porous, crystalline, tunable materials adept at both
capturing and catalytically neutralizing these harmful toxins. In particular, MOFs whose nodes
display strong Lewis acidic character are able to hydrolyze such chemicals nearly instantaneously.
However, without the help of a basic buffer to regenerate the active site, the benign
organophosphorus product strongly binds to the node and prevents catalyst turnover. Here, we
investigate a series of MOFs whose nodes contain metals of varying Lewis acidities and employ
isothermal titration calorimetry (ITC) to directly measure the heat from the binding of an
organophosphorus probe molecule, allowing the construction of a full thermodynamic binding
profile (AH, AS, AG, K,). We couple this with potentiometric titrations and solid state *'P magic
angle spinning (MAS) NMR to gain a clearer picture of how node identity, structure, and Lewis

acidity interplay to impact binding strength and favorability.

INTRODUCTION:
Metal-organic frameworks (MOFs) are a class of highly porous, crystalline materials
formed by the self-assembly of multitopic organic linkers with inorganic metal ions or clusters.'

Their modular structures enable precise control over their physical and chemical properties, such

t, 7-9

as topology,** pore size,* pore environment,”” and surface features.!® Thus, they can be tailored

for specific applications and, indeed, have been adopted for applications ranging from hydrogen

11,12 16-18

storage and carbon capture!* ! to drug delivery and sensing.!! Among these

applications, catalysis has emerged as an exciting avenue, with MOFs demonstrating remarkable



activity in various chemical transformations, including oxidation, hydrogenation, and
hydrolysis.?* %3

One area of interest over the last several decades is the use of MOF catalysts for the
hydrolysis of chemical warfare agents (CWAs), particularly organophosphorus nerve agents.? %’
These are highly toxic chemicals that, while banned for use internationally, still pose significant
threats to both civilian and military populations through unsanctioned use and stockpiling.?*!
Typical materials for the capture and/or neutralization of these chemicals include amorphous metal
oxides and weakly adsorbing activated carbon.*>* MOFs offer advantages over these materials in
their inherent ability to both capture and detoxify CWAs on contact. Furthermore, the
processability of MOFs allows them to be incorporated into support materials, further facilitating
their real-word implementation. Several MOFs have been investigated for their hydrolysis activity,
most notably Zr-based MOFs such as NU-1000, NU-901, and MOF-808.2>%634 The highly Lewis
acidic metal-oxo node effectively draws electron density from the molecule. This weakens the
potent P-F bond, which cleaves to give the benign organophosphate product and HF. While the Zr
node exhibits high Lewis acidity, its propensity to strongly bind the phosphate product limits
catalyst turnover.>® The Lewis acidity plays a role in this rate-limiting step as well as the Zr ion’s
water exchange rate (km20), which is often conversely related to a metal ion’s acidic properties.
This phenomenon describes how readily one water molecule can replace an aqua ligand within a
metal-aqua complex and depends on the properties of ion such as charge density, ionic radius, and
ligand field effects.*®*” Thus, a careful balance must be struck between Lewis acidity and water
exchange rate to ensure optimal catalytic performance.

Understanding the binding interactions at a molecular level, including the impact of Lewis

acidity and water exchange rate, is crucial for designing next-generation MOFs with improved



catalytic performance. Isothermal titration calorimetry (ITC) is a powerful tool for quantifying
these interactions and providing direct measurements for binding affinity and thermodynamic
parameters. ITC is most commonly used in biology fields to study protein/ligand interactions or
other homogeneous systems; however, recently it has been adopted to the heterogeneous

community with early success in measuring MOF/protein binding,3®*

catalyst/substrate
interaction,*® and composite material formation.*! In a typical set-up, the analyte is loaded into a
syringe connected to a highly temperature-sensitive cell containing the material of interest.
Adjacent to this is the reference cell, an identical chamber filled with water or buffer. The analyte
is titrated in small volumes into the cell containing the material of interest, leading to a binding
interaction that either releases or absorbs heat based on the mechanism. A minuscule temperature
change occurs, and the reference cell adjusts its temperature to match that of the sample cell.
Recorded by the instrument is the power needed by the ITC to adjust the temperature of the
reference cell. As the system saturates, these peaks plateau. They can then be integrated and plotted
against the mole ratio, resulting in a sigmoidal binding curve from which the binding association
constant (K.,), enthalpy (AH), entropy (AS), and Gibbs free energy (AG) may be calculated. From
this data set, hypotheses about the thermodynamic driving force, binding strength, mechanism,
and favorability of the binding may be drawn.

In this study, we use ITC coupled with solid-state NMR (ssNMR) and potentiometric
titrations to investigate the binding behavior MOFs with an organophosphorus probe molecule,
ethylphosphonic acid (EPA). We chose this molecule since it mimics a CWA simulant hydrolysis
product and has previously shown success with ITC to study MOF binding interactions.**** Our

library of MOFs contain metal nodes that span the spectrum of water exchange rates and Lewis

acidity: Zr-NU-1000, Hf-NU-1000, Fe-MIL-100, Zn-MFU-41, and Co-MFU-41. Using ITC, we



constructed full thermodynamic binding profiles (AH, AG, AS, and K,) for EPA with the selected
MOFs. We then investigated the acidic properties of the nodes using *'P magic angle spinning
(MAS) ssNMR with adsorbed trimethylphosphine oxide (TMPO) and acid/base titrations to
determine pK, values of coordinated hydroxyl/water at the node. We found that not one factor
alone (water exchange rate of aqua-ion complex, Lewis acidity of the node, pK. at the node) is the
sole driving force of the strength (K,) or favorability (AH) of EPA binding in the MOFs studied
here. Rather, we hypothesize that some combination, as well as the physical properties of the MOF
and its node structure, all contribute to the thermodynamic trends observed for these materials.
Most importantly, we further showcase ITC as a viable, powerful tool for measuring binding

interactions in MOF systems, which has been relatively underexplored in this field.
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Figure 1. A) Crystal structures of the selected MOFs and B) approximate water exchange rate

MATERIALS AND METHODS:

Materials

values for water-aqua complexes of metal ions.

All materials, unless otherwise specified, were purchased and used as received.

Zirconyl

chloride

octahydrate

(ZrOCl,-8H,0),

hatnium(IV)

oxychloride

octahydrate

(HfOCl>-8H70), zinc(IT) chloride (ZnCl,), anhydrous cobalt chloride (CoCl,), iron(III) chloride



hexahydrate (FeClz.6H>0), benzene-1,3,5-tricarboxylic acid (BTC), nitric acid (HNO3), sodium
nitrate (NaNO3) trifluoroacetic acid (TFA), benzoic acid (BA), 4-aminobenzoic acid, Bis-Tris
buffer (0.2 M), and MilliQ water were purchased from Sigma Aldrich (St. Louis, MO). N,N-
dimethyl formamide (DMF), acetone, ethanol, dichloro methane, sulfuric acid (H2SOs),
hydrochloric acid (HCI), potassium hydroxide (KOH), and Decon™ Contrad™ 70 were purchased
from Fisher (Fisher Scientific, Hampton, NH).
Instrumentation

N2 isotherms were performed on a Micromeritics ASAP2420 porosity and surface area analyzer
(Micromeritics, Norcross, GA) at 77 K. Surface areas were calculated using a BET model. Powder
X-ray diffraction (PXRD) measurements were taken on a STOE-STADI-P (IMSERC-
Northwestern University) run on pure CuKal radiation (A = 1.54056 A). Samples were prepared
by packing dry powder into a PXRD mask. Data was collected from 0-40 © 20 with a step size of
4.005 and time/PSD step set to 25 seconds. Scanning electron microscopy (SEM) images were
collected using a JEOL JSM- 7900FLV scanning electron microscope. Powder samples were
loaded on carbon tape and blown with compressed air. Prior to imaging, the samples were coated
with 18 nm of osmium oxide using an SPF Osmium Coater (NUANCE Center-Northwestern
University). Inductively coupled plasma-optical electron spectroscopy (ICP-OES) data were
obtained using a Thermo iCAP 7600 ICP Spectrometer. Standards of Zr and Co (0.2 ppm-9.5
ppm) were prepared via serial dilution in MilliQ water and 2% nitric acid. MOF samples were
digested via microwave digestion prior to analysis (QBIC-Northwestern University). X-ray
photoelectron spectroscopy measurements were taken on a NEXSA G2 XPS (KECK-
II/NUANCE-Northwestern University) using Al Ka radiation (hv = 1486.6 ¢V) equipped with an

electron flood gun. Samples were prepared by mounting dry powder onto a flat sample holder with



copper tape. Collected data was analyzed using Thermo Scientific Advantage Data System

software and peaks were referenced to adventitious Cls (284.8 eV).

Methods

Isothermal titration calorimetry (ITC): ITC was performed on a TA Instruments Affinity ITC
(Waters, TA Instruments, Newcastle DE). The instrument syringe and sample cell were rinsed
several times with 10% Contrad70, deionized water, MilliQ water, and 10 mM Bis-Tris buffer.
The reference cell was loaded with 350 puL. of MilliQ water. The sample cell was filled with 350
puL of 1 mM MOF in 10 mM Bis-Tris buffer. The 5 mM ethylphosphonic acid solution in 10 mM
Bis-Tris buffer was titrated with 50 injections of 2 pL. The stir rate was set to 125 rpm and the

equilibration time was 300 seconds. All titrations were performed at room temperature (25 °C).

Potentiometric titrations: Acid-base titrations were obtained using a Metrohm Titrando 905
equipped with Dosino 800 20 mL and 10 mL dosing units. Calibration was performed with
commercial pH buffers 2.00, 4.00, 7.00, and 9.00 (Metrohm). Samples were prepared by
suspending about 40 mg of MOF in 50 mL of 0.01 M NaNOs. This was left to equilibrate by
stirring covered overnight at room temperature. The pH of the solution was adjusted to 3 by adding
a few drops of 1 M HCI. The samples were titrated with 0.1 M NaOH at a rate of 0.1 mL/min until

the pH reached 11.

Solid state *'P NMR with Magic Angle Spinning: ssNMR data were collected on a Bruker
Avance III 400 MHz Spectrometer equipped with a 4mm HX probe and sample data was

acquired using TopSpin by Bruker. Samples were packed into a 4mm ZrO> rotor and sealed with



a Kel-F cap from Bruker. Spectra were collected at room temperature with a spin rate of 10 KHz

and scan number of 100-200.

MOF synthesis

Preparation of Zr-NU-1000: Zr-NU-1000 was synthesized according to the literature
procedure.** ZrOCp-8H>0 (98 mg, 0.30 mmol) and benzoic acid (2 g, 16.38 mmol) were mixed in
8 mL of DMF in an 8-dram vial and dissolved by sonication. The clear solution was incubated in
an oven at 100 °C for 1 h. After cooling down to room temperature, 1,3,6,8-tetrakis(p-
benzoate)pyrene (H4sTBAPy) (40 mg, 0.06 mmol) and trifluoroacetic acid (TFA) (40 uL, 0.52
mmol) were added and sonicated for 10 min. The yellow suspension was heated by convection at
100 °C for 18 h. After cooling down to room temperature, yellow polycrystalline material was
isolated by centrifugation (5 min, 7500 rpm) and washed three times with 15 mL of DMF. An HCI
washing step was performed as follows to remove coordinated modulator from the node. The
resulting yellow powder was suspended in 12 mL DMF and 0.5 mL of 8 M aqueous HCI was
added. This mixture was heated in an oven at 100 °C for 18 h. After cooling to room temperature,
the powder was isolated by centrifugation and washed three times with 15 mL of
dimethylformamide (DMF) and three times with 15 mL acetone and soaked in acetone for
additional 16 h. Zr-NU-1000 powder was collected by centrifugation, dried in a vacuum oven at

80 °C for 1 h, and then activated on a Micromeritics ASAP2420 instrument.

Preparation of Hf-NU-1000: Hf-NU-1000 was synthesized according to the literature procedure
with slight modification.*’ First, HFOClL-8H>0 (375 mg, 0.92 mmol) was dissolved in 8 mL of

DMF in a 100 mL bottle. In a separate, 6-dram vial, HyTBAPy (120 mg, 0.176 mmol) was



combined with 4-aminobenzoic acid (6.75 g, 49.2 mmol) and both were dissolved in 9 mL of
DMEF. Both solutions were incubated for 1 h at 100 °C. Once cooled, the solutions were combined
and 40 pL of TFA was added. After sonication for 5 minutes, the clear solution was heated at 120
°C for 18 h. After cooling to room temperature, the yellow solid was collected via centrifugation,
washed three times with DMF, and suspended in a solution of 26 mL DMF and 1.5 mL 8 M HCIl.
This solution was placed in an oven at 100 °C overnight. The resulting powder was isolated by
centrifugation and washed three times with 20 mL of DMF, three times with 20 mL acetone, and
soaked in acetone for additional 16 h. Hf-NU-1000 powder was collected by centrifugation (8000
rpm, 3 minutes), dried in a vacuum oven at 80 °C for 1 h, and then activated on a Micromeritics

ASAP2420 instrument.

Preparation of Zn-MFU-4l: Zn-MFU-41 was synthesized according to the literature procedure.*®
In a typical synthesis, 100 mg of 1H,7H-[1,4]Dioxino[2,3-F:5,6-F'|Bisbenzotriazole (BTDD, 0.36
mmol) was added to 1.0 g of ZnCl, (7.3 mmol) in a 100 mL scintillation bottle. To this, 60 mL of
DMF was added, and the solution was sonicated for several minutes. The brown solution was
heated for 18 hours at 140 °C in a synthesis oven and cooled down to room temperature. The light
brown solid was collected by centrifugation (8000 rpm, 3 minutes), then washed three times with
20 mL DMF, three times with 20 mL methanol, and three times with 20 mL DCM. The solid was
dried in a vacuum oven at 80 °C for two hours and activated at 180 °C under dynamic vacuum

overnight.

Preparation of Co-MFU-4l: Co-MFU-41 was synthesized according to previously published

procedures with slight modification.*” 100 mg of Zn-MFU-41 (0.08 mmol) was added to a solution



of anhydrous CoCl; (0.5 g, 2.1 mmol) dissolved in 16 mL of DMF in an 8-dram vial. The solution
was heated at 140 °C for 20 h in an oven. The blue-green solid was collected via centrifugation
(8000 rpm, 3 minutes) and washed three times with 20 mL DMF, three times with 20 mL methanol,
and three times with 20 mL DCM. The solid was dried in a vacuum oven at 80 °C for 2 h and

activated at 180 °C under dynamic vacuum overnight. ICP-OES confirmed 3.9 Co*" per node.

Preparation of Fe-MIL-100: Fe-MIL-100 was synthesized according to literature procedure with
slight modification.*® In a jar, FeCl3.6H20 (2.0 g, 7.4 mmol), BTC (1.055 g, 5.0 mmol), 4.4 mL of
HNO3, and 22.1 mL of water were combined and sonicated for several minutes. This solution was
divided equally between 4 different Parr vessels and heated overnight at 150 °C. The orange solid
was collected by centrifugation (8000 rpm, 3 minutes) and washed three times with 20 mL water
and three times with 20 mL of ethanol. The solid was left soaking in ethanol overnight before it
was collected, dried in a vacuum oven at 80 °C for 2 h and activated at 120 °C under dynamic

vacuum overnight.

Preparation of AI-NU-2000: NU-2000 was synthesized according to the literature procedure.*’
In a Parr vessel, bicylo[2.2.2]octane-1,4-dicarboxylic acid (137 mg, 0.69 mmol), aluminum
chloride hexahydrate (335 mg, 1.39 mmol), and water (3 mL) were added. The mixture was heated
at 200 °C in a convection oven, cooled to room temperature, and isolated via centrifugation. The
collected solid was washed three times with water, three times with DMF at 120 °C, and three
times with acetone and allowed to soak in acetone overnight. The sample was then dried in a

vacuum oven at 80 °C before thermal activation under dynamic vacuum at 300 °C.



RESULTS:
MOF selection

Our study began by synthesizing a variety of different MOFs whose nodes contain metals
in the 4", 37, and 2" oxidation states, spanning a wide range of water exchange rates and Lewis
acidities. In the 4" category, we chose Zr- and Hf-NU-1000, two well-studied, isostructural pyrene-
based MOFs with csg topology. The hexanuclear, 8-connected nodes include bridging oxo groups
and coordinated water or hydroxyl. Since both Zr*" and Hf*" have high charge densities, are
strongly polarizing, and display hard acid characteristics, their metal-aqua complexes exhibit slow
water exchange rates predicted to be in the range of 10— 10 s71.5° On the other hand, they are
highly Lewis acidic and thus are used as potent catalysts for a variety of chemical
transformations.>'~>* At the other end of the spectrum, we elected to investigate Zn- and Co-MFU-
4], whose nodes include the 2 oxidation state transition metals. These two azolate MOFs
crystallize in the cubic pcu topology and contain pentanuclear Kuratowski-type nodes with a
central octahedral Zn** and four peripheral tetrahedral Zn** or Co?*" ions coordinated to three
nitrogen atoms and one charge-balancing ion (chloride or hydroxyl). Notably, the de novo
synthesis has only been reported for Zn-MFU-4l, so the Co analogue was accessed via post-
synthetic transmetallation, with a Co:Zn ratio of 3.9:1.1, which is expected since the central Zn
cannot be exchanged. Both Zn** and Co*" have lower relative charge densities and are generally
considered to be softer or borderline acids. Therefore, the water exchange rates of their metal-aqua
ions are much faster, in the range of 10°— 10® s”!. Finally, to cover the intermediary, we selected
Fe-MIL-100, a mtn zeolite-like MOF with trivalent metal nodes containing ions in the 3" oxidation
state. Fe-MIL-100 crystalizes with tritopic trimesic acid linkers resulting in large cages of 25 and

29 A diameters.>



Characterization data for each MOF, including nitrogen adsorption/desorption isotherms,
powder X-ray diffraction (PXRD) patterns, and scanning electron microscopy (SEM) images can
be found in the supplemental information (Figure S1 — Figure S11).

Buffer Stability

Overall, each MOF was selected with careful consideration of stability in aqueous buffer
conditions and available open metal sites for guest coordination. NU-1000 and MFU-41 have been
previously investigated with confirmed water stability.*>* As for Fe-MIL-100, we carried out
stability tests to ensure it maintains porosity and crystallinity in the presence of water and buffer
(Figure S13). We suspended about 40 mg of MOF in about 50 mL of the chosen buffer for the ITC
experiments, 10 mM bis(2-hydroxyethyl)aminotris(hydroxymethyl)methane (Bis-Tris) buffer
with pH 6.4, for 3 hours. The solid was collected, washed three times with water and three times
with ethanol, dried in a vacuum oven at 85 °C, and activated at 120 °C overnight. Comparison of
nitrogen adsorption/desorption isotherms and PXRD patterns before and after exposure to the
buffer confirms that the MOFs retain their porosity and crystallinity in buffer conditions.

Aside from MOF stability, another important control for ITC experiments is to ensure that
the buffer interacts minimally with the MOFs. This maintains that the heat recorded from an ITC
experiment reflects the analyte interaction with the MOF rather than buffer or dilution effects. For
each of these controls, 350 pL of a 1 mM MOF solution in 10 mM Bis-Tris buffer was loaded into
the sample cell. To the syringe was added 10 mM Bis-Tris buffer, which was titrated in 2 pL
injections with 300 s equilibration time for 50 injections. For each MOF, small, equal peaks were
observed in the thermogram and displayed minimal enthalpy contributions, confirming that the
buffer has minimal interaction with the MOFs (Figure S15 — Figure S19). Similarly, we wanted to

ensure the analyte, ethylphosphonic acid (EPA), doesn’t interact significantly with the buffer. To



this end, we titrated 5 mM EPA into a 350 pL solution of 10 mM Bis-Tris, which resulted in small,

insignificant peaks in the thermogram with minimal enthalpy change (Figure S14).

ITC Binding Experiments

After we confirmed that the buffer does not interact with the MOFs nor EPA, we began
our ITC studies. For the general set-up, a 1 mM MOF solution was prepared in 10 mM Bis-Tris
buffer. Solutions were sonicated for several minutes to disperse the MOF and ensure an even
suspension. The pH was adjusted to 6.4 with several drops of KOH. Next, 350 uL of the MOF
solution was added to the cleaned and rinsed sample cell. The syringe was loaded 150 uL of 5 mM
EPA in 10 mM Bis-Tris with pH 6.4. After an equilibration period, EPA was titrated into the MOF
with 2 pL injections every 300 s for a total of 50 injections. Titrations were collected in triplicate

for each MOF.
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Figure 2. Representative ITC thermogram (top) and resulting binding curve (bottom) from the
titration of 5 mM EPA into 1 mM A) Zr-NU-1000, B) Hf-NU-1000, C) Fe-MIL-100, and D) Co-
MFU-4l1. All solutions were prepared in 10 mM Bis-Tris buffer, pH 6.4.

The thermograms of the two NU-1000 MOFs displayed large, exothermic peaks that
resulted in substantial enthalpy changes and a large, negative Gibbs free energy change (Figure
2A — B). Zr-NU-1000 measured a AH of -10.16 (£0.68) kJ/mol and a strong K, of 6.37 (£3.0) x
10* M1, Hf-NU-1000 displayed similarly strong binding with EPA, measuring an enthalpy change
of AH =-12.14 (£1.5) kJ/mol and a K, of 5.8 (£2.0) x 10* M. The large positive entropy changes

in terms of -TAS (-17.08 +1.78 kJ/mol for Zr-NU-1000 and -14.94 + 2.4 kJ/mol for Hf-NU-1000)



observed in both cases points to a possible rearrangement of water molecules at the node that
increased the overall entropy of the system. In the case of the divalent MFU-41 MOFs, we see
peaks in the thermograms with roughly a quarter of the intensity as the tetravalent NU-1000
materials. The weaker, less favorable binding is measured with smaller AH magnitudes of -4.38
(£0.36) and -4.47 (£0.98) kJ/mol for Zn- and Co-MFU-4l, respectively (Figure 2D, Figure S20).
The negative enthalpies calculated from the binding curves suggest an exothermic pathway for the
interaction, and negative AG values, though smaller in magnitude compared to the NU-1000
MOFs, suggest the binding is spontaneous. In the case of the trivalent MOF, Fe-MIL-100
surprisingly recorded the highest enthalpy change of AH =-26.56 (£3.85), surpassing even that of
Hf and Zr-NU-1000 (Figure 2C). For this case, the injection volume was reduced to 0.5 pL to
deconvolute the broad peak of the first injection seen with a 2 puL injection volume. The binding
association constant of Fe-MIL-100 measured 7.92 (£3.0) x 10* M"!, on par with the tetravalent
MOFs. Additionally, the entropy change from EPA interaction with Fe-MIL-100 is negligible,
suggesting that the driving force for the interaction is enthalpy-driven. All the materials, however,
exhibit large negative Gibbs free energy indicative of a favorable, spontaneous interaction.

Thermodynamic parameters of the five MOFs are compared in Figure 3.
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Figure 3. Thermodynamic parameters for EPA binding in selected MOFs calculated from a
single-site binding model. Error bars represent standard deviation of three trials.

Potentiometric Titrations

One way to probe the Lewis Acidity of metal sites within MOFs is to perform
potentiometric titrations to determine the pK, of protons present on the node. Since the pKa values
for Zr-NU-1000, Zn-MFU-41, and Co-MFU-4I have been reported,*’->* we took measurements for
Hf-NU-1000 and Fe-MIL-100. The reported pKai for Zr-NU-1000, 3.59, matches well with the
measured pKai of Hf-NU-1000 reported here as 3.31 (Figure 4A). These low values hint at acidic
protons on the coordinated bridging hydroxyl, suggesting highly Lewis acidic metal sites. On the
other hand, the reported pKai values for coordinated water on the nodes of Zn- and Co-MFU-41
are 7.7 and 8.5, respectively. The expected lower values are indicative of the weaker acidity of the
divalent metals compared to the tetravalent Hf and Zr. From the titration curve of Fe-MIL-100, a

pKaiof 3.1, pKaz 0f 6.33, pKaz of 7.20, and pKas of 8.35 were measured, indicating a wide range of



acidic sites (Figure 4B). Of note is the low pKai value that rivals those of Hf- and Zr-NU-1000,

pointing to the possibility of a local structural motif with enhanced Lewis acidity.
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Figure 4. Potentiometric titration curves for A) Hf-NU-1000 and B) Fe-MIL-100 in 10 mM

NaNOs. Gray traces are the first derivative which indicate the equivalence points.

Solid-State *' P-NMR

To get a better understanding of the acid sites in these MOFs, we ran solid-state >'P MAS
NMR (ssNMR) experiments with trimethyl phosphine oxide (TMPO). Monitoring peak shifts of
adsorbed phosphines is a well-studied strategy to gain insight into local structure and acidic sites

on solid catalysts, including porous materials.’’ " In a typical set-up, each material was treated



with 0.2 M TMPO in DCM under an inert argon atmosphere for 18 hours. The excess solvent and
uncoordinated TMPO was removed via vacuum.

Similar peak positions in the range of 6 20 — 70 ppm were observed for all materials, with
spinning sidebands around 6 -10 and 110 ppm. The main peak from the Hf- and Zr-NU-1000
samples appeared at 6 52.8 and 52.0 ppm, respectively. The less Lewis acidic Zn-MFU-41
expectedly has an upshifted peak centered at 6 48.7 ppm. The signal for Fe-MIL-100 fell in the
middle of these two ranges at 51.3 ppm, which is in line with the predicted Lewis acidity trend.
The spectra are shown in Figure 5, except for Co-MFU-41, whose paramagnetic nature prevented

the collection of sharp peaks that could be deconvoluted from spinning sidebands (Figure S21).

Zn-MFU-4l * *

Fe-MIL-100

Zr-NU-1000 *

Hf-NU-1000

150 130 110 90 70 50 30 10 -0 -30  -50
ppm

Figure 5. Solid-state *'P MAS NMR spectra for TMPO-treated MOFs. Spinning sidebands are
denoted with (*).

DISCUSSION

Water exchange rate and Lewis acidity



The individual metals comprising the nodes of the selected MOFs have a wide range of
properties, including Lewis acidity and water exchange rates of their metal-aqua complexes.
Generally, highly Lewis acidic metals, key for many catalytic transformations, inversely exhibit
slow k20, which can negatively impact turnover. From the series of MOFs studied here, Zr* and
Hf*" are the most Lewis acidic and exhibit the slowest kio in the range of 10® — 10 s°'. On the
other end of the spectrum, while exhibiting some Lewis acidic character, Zn** and Co?" have much
faster knoo values in the range of 10° — 10® s7'. The trivalent metal falls in the middle of this
spectrum, with Fe** exhibiting an intermediate exchange rate of 1.6 x 10 s™!. If we expected the
enthalpy change of binding between EPA and the MOFs calculated from ITC experiments to
correlate inversely with kio, we would see Hf*" ~ Zr*" > Fe** > Co*" > Zn?*. However, the trend
for enthalpy change from the ITC data observed was Fe** > Hf*" ~ Zr** > Zn?'~ Co?". This hints
to the influence of other factors impacting the EPA binding in the studied MOFs pertaining to their
structure, chemical composition, or physical properties.

The water exchange rate and Lewis acidity of metal ions within MOF nodes is likely not a
1:1 comparison with their corresponding isolated metal-aqua complexes. For one, most of the
coordinating moieties on the MOF node are functional groups from the linker rather than water.
While water is present on the node to varying degrees in these MOFs, the strength of its binding
is influenced by the electronic properties of the node which are tuned by the identity of
coordinating groups, number of coordinating groups, and proximity to neighboring metal ions.
Additionally, surface defects, which are not extensively characterized here, alter the local structure
of the material, perhaps inducing the formation of microenvironments with different material

properties than the bulk crystallite and/or powder.



Metal node acidity

The acidity of the nodes within the MOFs of the chosen series likely impacts the observed
binding with the organophosphonate probe. Both potentiometric titrations and ssSNMR are viable
techniques to gain insight into the metal acidity of MOF nodes. Acid-base titrations reveal pKa
values of protons present in the nodes to evaluate their Bronsted acidity and distinguish between
unique sites. Lower pK, values of protons from coordinated water or hydroxyl groups correlate to
stronger Lewis acidic metals.*® In this vein, from reported and observed pKai values, the trend was
found to be Fe** > Hf*" > Zr*" > Zn>*> Co?". This finding contradicts established Lewis acidity
trends of transition metals which place Fe*" between the tetra and divalent metals. The surprisingly
low pKa, from the titration with Fe-MIL-100 hints at the presence of structural or secondary effects
within Fe-MIL-100 that tune the acidic properties of the node. This trend, however, matches well
with both enthalpy changes and binding association constants for EPA interaction with the MOFs.
From ssNMR spectra, the peak shifts do follow the expected Lewis acidity trend. The detection of
more acidic sites on Fe-MIL-100 than NU-1000 seen in acid/base titrations but not in ssNMR may
indicate that the aqueous environment plays a role in the thermodynamics of EPA binding—while
potentiometric titrations and ITC were carried out in aqueous buffers, ssSNMR samples were

prepared with activated samples in dry solvent under an inert Ar atmosphere.

Inorganic node properties
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Figure 6. Inorganic nodes and pore structures from crystal structures of A) Zr/Hf-NU-1000, B)
Zn/Co-MFU-4l, and C) Fe-MIL-100. Color code: O (red), Fe (blue), C (gray), Zn (yellow), N
(teal). H omitted for clarity

Perhaps most important to understanding the strength of organophosphorus binding and
acidity is the composition and geometry of the node. The availability of open metal sites, or the
presence of labile water or hydroxide, is crucial for the binding of guest molecules to measure the
enthalpy and binding strength of the interaction. It is hypothesized that in this system, the
phosphonate oxygen from the P=0 bond replaces coordinated water and binds to the node during
ITC experiments (Figure 7). Zr- and Hf-NU-1000 contain hexanuclear nodes with both labile water

and charge-balancing hydroxyl groups. Each metal is open to binding, positively contributing to



the large enthalpy change observed from ITC. Zn- and Co-MFU-41 have pentavalent nodes;
however, only the four tetrahedrally coordinated peripheral metals have a labile counterion that
can be replaced to bind a guest molecule. Here, the weaker acidity of the Zn and Co ions compared
to that of Zr and Hf, in combination with the fewer accessible coordination sites per node, explains
the differences in enthalpy changes and binding association constants from EPA adsorption. Fe-
MIL-100 contains trivalent nodes with three labile water or hydroxyl groups. The iron MOF, which
has the fewest coordinating sites per node but the largest enthalpy change upon phosphonate
binding, reflects inherent features that contribute to its strong binding. Here, the node acidity,
estimated from observed pK,, is likely the driving force for the strong interaction with the
organophosphonate. One possible contribution is the redox activity of trivalent Fe (Fe**+ ¢ 2
Fe?"). A lower oxidation state of Fe in the node would necessitate more water ligands coordinated
to the node than hydroxyl groups to properly charge balance, which are easier to replace than the
more strongly coordinated anions. This availability of open metal sites as a crucial factor for
detecting binding thermodynamics from ITC is further exemplified by a study with AI-NU-2000,
a MOF with a chain-based node containing no open coordination sites. Titration with EPA resulted
in no noticeable heat changes, indicating minimal interaction with the framework due to a lack of
accessibility to the node. These data suggest that metal node identity and their properties, including
water exchange rate, acidity, and availability of open metal sites, all contribute to the favorability
and strength of organophosphorus binding. For coordination complexes, values like Lewis acidity
and water exchange rates are usually enough to predict certain properties. It becomes much more
complicated in MOF systems due to the structural rigidity, steric strains, and surface effects that

tune the material properties.



Figure 7. Schematic of EPA replacing a water molecule at the node of Fe-MIL-100 during a
binding interaction. Color code: O (red), Fe (blue), C (gray), P (pink). H omitted for clarity.
CONCLUSION

In conclusion, this study explored the binding interaction of a series of MOFs with an
organophosphorus probe, EPA. The library of MOFs chosen (Hf-NU-1000, Zr-NU-1000, Fe-MIL-
100, Zn-MFU-41, Co-MFU-4l) contain a variety of metals in oxidation states ranging from 2" to
4", The individual metals span a large range of Lewis acidities and water exchange rates of their
metal-aqua complexes. To better understand how these inorganic properties influence
organophosphorus binding in MOF systems, we used isothermal titration calorimetry to measure
the binding thermodynamics between the MOFs and EPA. While we observed strong binding
thermodynamics for the tetravalent Hf and Zr MOFs and weaker binding in the divalent azolate
materials, Fe-MIL-100 surprisingly recorded the strongest phosphonate binding, with over double
the enthalpy change compared to the other materials. We coupled these ITC experiments with

potentiometric titrations as well as solid-state NMR experiments to investigate how the acidities



of the metal node may have impacted this observed organophosphorus binding. We found that
while Fe* alone is known as a weaker Lewis acid than the tetravalent ions, the Fe-MIL-100 studied
here may have some local structural features with enhanced acidic properties. For example,
acid/base titrations measured a pK. of 3.1, slightly lower than Hf- and Zr-NU-1000. Ultimately,
while metal properties can provide insights into MOF behavior for certain applications, the
material's overall properties are shaped by a complex interplay of factors. We suggest a
combination of node structure, Lewis acidities, and accessible open binding sites influences the
thermodynamics of organophosphorus binding in MOFs. A more complete understanding of the
binding thermodynamics of adsorbates in the context of materials properties will help inform the
design of more effective MOFs for applications such as catalysis and selective adsorption. Most
noteworthy is the continued development of ITC as a viable technique to measure MOF/adsorbate

interactions, which has been relatively underexplored in this field.
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