Solvent-dependent stability of highly defective UiO-66 to acids and bases
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Abstract

UiO-66 is one of the most chemically stable Metal-organic frameworks (MOFs) available. However, little
is known about its stability in organic solvents. In this study, we synthesized a highly defective UiO-66 (HD-
Ui0-66) and explored how its textural properties change when exposed to weak and strong acids, both
organic and inorganic in nature, and dissolved in different solvents, water, dichloromethane (DCM), and
tetrahydrofuran (THF). Exposing defective UiO-66 to weak acids and bases, such as acetic acid and
triethylamine, maintains its crystalline structure and porosity, irrespective of the solvent. Sulphuric acid
decomposes HD-UiO-66 in organic solvents but not in water, trifluoroacetic acid decomposes the
framework only in DCM. Tetramethylguanidine decomposes HD-UiO-66 in organic solvents but mantains
some of the MOFs porosity and crystalline structure in water, whereas potassium carbonate damages the
MOF to a greater extent in water than in organic solvents. Our results show that the acid/base properties
of the solvent modulate the strength of acids and bases and its polarity determines the extent of their
solvation, thus playing a crucial role in altering the MOF’s textural properties. This systematic investigation
highlights the central role played by the solvent in tuning the stability of MOFs, which is relevant for liquid-

phase applications in acidic and basic environments, such as catalysis and adsorption.



Introduction

Metal-organic frameworks (MOFs) are porous coordination polymers constituted by inorganic nodes and
organic linkers.! Their unique features have drawn attention for applications in many different fields,
including catalysis, gas separation and storage, and drug-delivery.? A MOF of particular interest for the
scientific community is UiO-66, first reported by Cavka et al. in 2008,3 consisting of [Zrs(OH)404]*2* nodes
and terephthalate linkers. Its thermal,* chemical® and mechanical® stability is attributed to the high
connectivity and nuclearity of the inorganic node and promoted the development of a large family of “Zrg
MOFs”, including NU-1000’ and MOF-808,%2 with tetradentate and tridentate carboxylate linkers,
respectively. Isoreticular MOFs were synthesized by using linkers with various functional groups* and
different size,? post-synthetic modification (PSM),* 1% and post-synthetic exchange (PSE) of the linker!! and

of the nodes.?

The simulated BET surface area of a defect-free Ui0-66 structure is 1100 m?/g.!® The addition of acids as
modulators during the synthesis of the framework promotes the formation of “missing linker” and/or
“missing cluster” defects.’*'” Defects result in different properties of the framework, such as increased
chemical reactivity in PSM,*® increased Lewis acidity,'® increased surface area?® and improved gas sorption

properties,?! but may cause a reduction in the thermal stability of the compound.?

MOFs can decompose upon interaction with water via hydrolysis of the metal-linker bond.? This
phenomenon is extremely important for gas phase applications, such as carbon dioxide and water
capture, and the stability of MOFs towards water vapour has been studied extensively.?* Similar
mechanisms of decomposition may take place in liquid phase applications, such as catalysis. UiO-66 is
stable upon treatment with aqueous solutions of different pH and with common solvents, retaining its
crystalline structure.* > 2> This may not be due necessarily to the framework’s inertness, but rather to a

dynamic process of ligand exchange.!! More recently, Leus et al. proved that a significant loss of the



porosity of MOFs can take place without affecting their diffraction patterns,?® highlighting how nitrogen
physisorption and diffraction provide complementary insight into the stability of MOFs upon chemical
treatment. BlzZek et al. reported a detailed investigation of the stability of UiO-66 to aqueous buffer
solutions.?’” The reactivity of Ui0-66 with acidic and basic solutions in organic solvents is extremely
important for its applications. Its stability was, for the most part, proved indirectly: UiO-66-NH, underwent
PSM treatments with anhydrides both in solution of dichloromethane or chloroform or in gas phase,

preserving crystallinity and porosity;® 1% 2

and a UiO-67 derivative functionalized with palladium retained
its structure after being used in Suzuki-Miyaura coupling.?° The role that defects in UiO-66 play in the

chemical stability towards acids, bases and solvents remains largely unexplored.

In this work, we synthesized a highly defective UiO-66 (HD-UiO-66) and studied its reactivity towards acids
and bases in different solvents. By studying the textural properties of the samples with nitrogen
physisorption and powder X-ray diffraction, we demonstrate that the solvent has a dramatic influence on

modulating the interaction of the framework with such chemicals.

Results

We synthesized HD-UiO-66 with acetic acid as a modulator, giving a crystalline material with PXRD pattern
showing a UiO-66 topology (Figure S1, ESI) and with a BET surface area larger than 2000 m?/g (Figure S2,
ESI), among the highest values reported for this material.?° Thermal Gravimetric Analysis (TGA) shows a
linker-to-node ratio of around 4.1, indicative of a high defectivity of the sample. The TGA curve (Figure S3,
ESI) shows the decomposition of the framework between 480 and 500 °C, comparable to that reported
elsewhere.’* We explored how the textural properties of HD-UiO-66 would change, depending (a) on the
polarity of the solvent from protic (water), to aprotic and polar (THF) and apolar (DCM) and (b) on the
nature and strength of the acid and the base from inorganic (H.SO4 and K,COs), strong organic (TFA and

TMG) and weak organic (AcOH and EtsN).



Treatment of HD-Ui0-66 in aqueous solutions

The PXRD of the material formed after treatment of HD-UiO-66 with pure water showed reflections
belonging to the UiO-66 framework, broader and of lower intensity than in the pristine material (Figure
1, left, red and black curves). The BET surface area of the material reduced to 1590 m?/g (Table S1, entry
2, ESI), and the nitrogen adsorption isotherm showed a lower uptake than the pristine material at

p/po > 0.1 (Figure 1, right, red and black squares).

Treating the MOF with 0.1 M H,SO, gave an almost identical PXRD pattern as that of the parent material
(Figure 1, left, blue curve). The nitrogen physisorption isotherm featured a steeper increase at p/po > 0.1
than the pristine material and resulted in a BET surface area of 1630 m?/g (Figure 1, right, blue squares).
The material after exposure to a 0.1 M TFA solution showed an increased baseline in the PXRD pattern
(Figure 1, left, green curve); the nitrogen adsorption isotherm maintained a similar shape to the starting
material but with reduced uptake capacity and a BET surface area of 1700 m?/g (Figure 1, right, green
squares). Exposure to 0.1 M AcOH resulted only in slight PXRD peak broadening (Figure 1, left, light blue
curve), and the nitrogen adsorption capacity was reduced by a small extent; the BET surface area was

1820 m?/g (Figure 1, left, light blue squares).

Upon exposure to 0.1 M aqueous K,CO3 the sample lost its diffraction pattern (Figure 2, left, blue curve),
and the nitrogen uptake capacity was significantly reduced, with a BET surface area of 540 m?/g (Figure 2,
right, blue squares). The diffraction pattern of the sample treated with a 0.1 M TMG solution showed only
a few broad reflections, corresponding to the most intense signals (Figure 2, left, green curve), and the
BET surface area was reduced to 980 m?/g (Figure 2, right, green squares). The treatment with 0.1 M
aqueous EtsN caused only a slight reduction in the intensity of the PXRD signals and a minor increase in
the baseline (Figure 2, left, light blue), but the nitrogen physisorption isotherm was similar to that of the

previous sample, with a BET surface area of 1020 m?/g (Figure 2, right, light blue squares).



Treatment of HD-UiO-66 in tetrahydrofuran solutions
The treatment of HD-UiO-66 with pure THF resulted in a slight broadening of the PXRD peaks (Figure 3,
left, red curve) and a decrease in the nitrogen uptake, with a BET surface area of 1620 m?/g (Figure 3,

right, red squares).

Treating HD-UiO-66 with a 0.1 M solution of H,SO4 in THF caused the loss of the diffraction pattern (Figure
3, left, blue curve) and of the nitrogen uptake capacity of the material, resulting in a BET surface area of
50 m?/g (Figure 3, right, blue squares). The material obtained after exposure to a TFA solution had a
diffraction pattern comparable to that of the pristine material (Figure 3, left, green curve) and a similar
nitrogen physisorption isotherm, with a BET surface area of 1510 m?/g (Figure 3, right, green squares).
HD-UiO-66 treated with 0.1 M AcOH showed a minimally affected PXRD pattern (Figure 3, left, light blue
curve) and nitrogen physisorption isotherm, with a BET surface area of 1700 m?/g (Figure 3, right, light

blue squares).

The PXRD pattern of HD-UiO-66 after treatment with 0.1 M K,COs in THF was similar to that of the starting
material but with two additional reflections, attributed to residues of the base (Figure 4, left, blue curve).
The BET surface area was reduced to 1060 m?/g (Figure 4, right, blue squares), a value that is
underestimated because of the presence of a non-porous solid in the mixture. The material obtained after
exposure of the MOF to a TMG solution showed only a broad reflection in the diffractogram (Figure 4,
left, green curve) and a low nitrogen physisorption isotherm, with a BET surface area of 470 m?/g (Figure
4, right, green squares). Treatment with 0.1 M EtsN did not affect the PXRD pattern (Figure 4, left, light
blue curve) and caused only a slight reduction in nitrogen uptake, with a decrease in BET surface area to

1760 m?/g (Figure 4, right, light blue squares).



Treatment of HD-Ui0-66 in dichloromethane solutions
Soaking HD-UiO-66 in pure DCM had a minimal effect on its diffraction pattern (Figure 5, left, red curve)
and nitrogen physisorption isotherm, with a reduction of the BET surface area to 1850 m?/g (Figure 5,

right, red squares).

The material that formed after treatment of HD-UiO-66 with 0.1 M H,SOs in this solvent had different
PXRD pattern than the starting material (Figure 5, left, blue curve) and showed no nitrogen uptake, with
a BET surface area of 70 m?/g (Figure 5, right, blue squares). Exposure to a TFA solution resulted in a
diffraction pattern with weak reflections belonging to the starting material and a broad signal between 5°
and 9° (Figure 5, left, green curve) and the BET surface area decreased to 680 m?/g (Figure 5, right, green
squares). After treatment with 0.1 M AcOH, the material retained its PXRD pattern (Figure 5, left, light
blue curve) and nitrogen physisorption isotherm, with a BET surface area of 1950 m?/g (Figure 5, right,

light blue squares).

The diffraction pattern of the material obtained after treating HD-UiO-66 with K,CO3 in DCM contains
weak and broad reflections of the starting material as well as those of the base residues (Figure 6, left,
blue curve); its BET surface area was reduced to 680 m?/g (Figure 6, right, blue squares), an
underestimated value. Treatment with a 0.1 M TMG solution resulted in the loss of the framework
reflections from the PXRD pattern, which contains only a broad peak (Figure 6, left, green curve), and in a
lower nitrogen physisorption isotherm with a BET surface area of 640 m?/g (Figure 6, right, green squares).
Exposing the MOF to a Et3N solution did not change the PXRD pattern (Figure 6, left, light blue curve) and

reduced the BET surface area to 1710 m?/g (Figure 6, right, light blue squares).

Discussion

Figure 7 schematically summarizes our observations. The textural properties of the MOF are impacted

considerably, both by the solvent and the presence of an acid or a base. HD-UiO-66 shows similar stability



in water as the corresponding defect-free material, being more resistant to acidic than to basic solutions.*
> By comparing the effect of solvents alone, we found that polar solvents have a stronger effect on
reduction of crystallite size, mesoporosity (Figure 1, 3 and 5, red samples) and BET surface area (Table S1,
entries 2, 9 and 16, ESI). As Kim et al. demonstrated, suspension in solvents promotes the dissolution and

recrystallization of this material, with a higher rate found for polar solvents.!

While HD-Ui0-66 is stable after treatment with weak acids and bases in all solvents, its textural properties
are strongly affected by the solvent in the treatment with strong acids and bases. In comparing the effect
of strong acid solutions in water and in DCM, it is clear that H,SO4 and TFA have a minimal effect on the
integrity of HD-UiO-66 in aqueous solution, losing around 20% of its surface area (Table S1, entries 3 and
4, ESI), while in DCM there is decomposition of the MOF (Figure 5, blue and green curves). Both H,SO, and
TFA dissociate to H30* and the corresponding conjugated base in water. The acid H30" is the one that
likely reacts with the framework. The situation is different in the apolar solvent DCM, which does not have
basic sites. In that case the strongest proton acceptor in the reaction mixture is the framework:
protonation of terephthalate linkers by H,SO4 and TFA is a plausible explanation for the decomposition of
the MOF in DCM.2* In THF, which is still polar but not protic, the results were intermediate: a H,SO4
solution causes the decomposition of the framework, while a TFA solution has only minor effects on its

textural properties (Figure 3, blue and green curves).

The situation with the textural properties of HD-UiO-66 treated with basic water solutions is more
complex. TMG has a pK, value of 13, while K;COs; and EtsN have a similar pK,, around 10.5 in water,
showing that stability does not depend exclusively on the strength of the base. Even though TMG is a
much stronger base than K,COs, it damages the framework to a lesser extent and reduces the surface area
as much as a solution of EtsN. This shows that the nature and size of the base play important roles in the
reactivity of HD-UiO-66 in water and that the concentration of OH" is not the only determining factor in

MOF decomposition. Whereas water solutions of the organic bases have a similar effect on the



framework, in other solvents the effects differ significantly. Solutions of TMG in organic solvents destroy
the framework; solutions of EtsN leave it unaffected. The different basic strengths may not be the only
explanation; other properties of the reaction mixture, e.g. the ligand properties of the bases and how they
are affected by solvation, must be considered. Water, with its hydrogen-bond donor capacity, can
efficiently solvate the bases and modulate their interaction with zirconium ions. In solution of THF or DCM,

the bases are “naked” and can interact directly with the framework’s nodes.

In conclusion, the stability of HD-UiO-66 is solvent-dependent especially upon treatment with strong acids
and strong bases. The role of the solvent is to solvate the acid or base and their conjugated species and
act as a mediator of the acid and base strength. Whereas in water the acids and bases produce H* and OH"
this is not the case in organic solvents, which leave the acids and bases more “naked”, enabling different
reactivity with the framework. The treatment of HD-UiO-66 with mild acids and bases minimally changes
its textural properties in all solvents. These results will be useful in the MOF community, since the

conditions studied are relevant for catalysis and other liquid-phase applications.
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Figure 1: (left) PXRD patterns of as synthesized HD-UiO-66 (black) and of HD-UiO-66 after treatment with water (red) and with
acidic aqueous solutions of H,SO4 (blue), TFA (green) and AcOH (light blue). (right) Corresponding nitrogen physisorption
isotherms, adsorption represented by filled squares, desorption by open squares.
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Figure 2: (left) PXRD patterns of as synthesized HD-UiO-66 (black) and of HD-UiO-66 after treatment with water (red) and with
basic aqueous solutions of K,CO3 (blue), TMG (green) and Et3N (light blue). (right) Corresponding nitrogen physisorption
isotherms, adsorption represented by filled squares, desorption by open squares.
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Figure 3: (left) PXRD patterns of as synthesized HD-UiO-66 (black) and of HD-UiO-66 after treatment with THF (red) and with
acidic solutions of H,SO4 (blue), TFA (green) and AcOH (light blue) in THF. (right) Corresponding nitrogen physisorption
isotherms, adsorption represented by filled squares, desorption by open squares.
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Figure 4: (left) PXRD patterns of as synthesized HD-UiO-66 (black) and of HD-UiO-66 after treatment with THF (red) and with
basic solutions of K,COs3 (blue), TMG (green) and Et3N (light blue) in THF. Residues of K,CO3 are indicated by a star. (right)
Corresponding nitrogen physisorption isotherms, adsorption represented by filled squares, desorption by open squares.
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Figure 5: (left) PXRD patterns of as synthesized HD-UiO-66 (black) and of HD-UiO-66 after treatment with DCM (red) and with
acidic solutions of H,SO4 (blue), TFA (green) and AcOH (light blue) in DCM. (right) Corresponding nitrogen physisorption
isotherms, adsorption represented by filled squares, desorption by open squares.
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Figure 6: (left) PXRD patterns of as synthesized HD-UiO-66 (black) and of HD-UiO-66 after treatment with DCM (red) and with
basic solutions of K,COs3 (blue), TMG (green) and EtsN (light blue) in DCM. Residues of K,COs are indicated by a star. (right)
Corresponding nitrogen physisorption isotherms, adsorption represented by filled squares, desorption by open squares.
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Figure 7: Summary on the retention of textural properties of HD-UiO-66, according to both characterization techniques. Colour
gradient: green = complete retention and yellow = complete loss of textural properties.

C=Crystallinity, P = Porosity
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