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Abstract

The metal-linker coordination bond in Metal-Organic Frameworks (MOFs) can be unstable in
humid and acid gas environments, leading to loss of crystallinity and porosity. This degradation
is not necessarily irreversible; solvent-assisted crystal redemption (SACRed) has been shown to
recover physical and chemical properties of ZIF-8 exposed to humid SO». This approach can be
useful in creating mixed linker materials that might be challenging to produce via de novo
synthesis. In this paper we extend the concept of controlled degradation of a MOF with acid gas,
followed by treatment with a fresh linker solution to several MOF templates (ZIFs, UiO-66 and
Ui0O-67) and acid gases (SO2 and NO» in dry and humid conditions). Significant loss in porosity
and crystallinity along with functional changes are observed in acid gas exposed MOFs. SACRed
is shown to heal acid gas-exposed MOFs with near-complete structural and functional recovery.
X-ray Pair Distribution Function (PDF) analysis confirms the molecular level degradation upon
exposure with acid gas and recovery while treated with native-linker solution. These findings

indicate the generality of SACRed as a means for treating a variety of MOFs.



Introduction

Metal-Organic Frameworks (MOFs) are a large and well-known class of crystalline nanoporous
materials composed of metal ions coordinated by organic linkers. There is a very extensive
literature investigating the synthesis and properties of MOFs relevant to separations, catalysis,
storage, chemical sensors, drug delivery, and many other potential applications. In this context,
the interactions of MOFs with acid gases such as SO», NO, H2S, and CO», have recently generated
increased interest' !°. The metal-linker coordination bond is often unstable in humid'! and acid
gas! environments. Cleavage of this bond by an acid gas species (which may occur even at ppm
levels of the gas) leads to loss of crystallinity, pore size and volume due to defects in the form of
acid-linker complexes®'?. Such degradation of MOFs was widely assumed to be irreversible!?.
However, recent studies have expanded the understanding of degradation mechanisms?,
quantifying progressive degradation,! and developing stability prediction capabilities by
techniques such as data-driven models (correlations)’, machine learning'*, and atomistic/quantum
chemistry (DFT) calculations'>!6. Among different MOF classes, zeolitic imidazolate frameworks
(Z1Fs) have been extensively studied. One such effort evaluated the stability of 16 ZIFs towards
SO; and COz in both humid and dry conditions', as well as the remarkably different effects of NO,
and SO, on ZIFs>. ZIFs were observed to have different stabilities towards SO2 and NO in dry
environments and in the presence of humidity. ZIFs are stable in dry SO> and most ZIFs degrade

in humid SO,. However, degradation of ZIFs can occur in dry NO*. A detailed mechanism based



on FTIR data and DFT calculations proposed H-abstraction by free radical NO, followed by an

acid attack of HNO3 on metal-linker bond, whereas such a route is absent in the SO» case.

Recently, it was shown that acid gas damage in ZIFs can be reversed with a method named
“Solvent-Assisted Crystal Redemption” (SACRed)"? by treating the damaged ZIF with a solution
of the fresh linker. In particular, ZIF-8 exposure to humid SO- led to significant loss of surface
area, porosity and crystallinity, but post-SACRed ZIF-8 recovered structural and chemical
properties nearly identical to the pristine ZIF-8. NMR and other techniques confirmed that
SACRed is a true linker replacement process in which degraded linker-acid complexes were
replaced by fresh linker molecules. It was also shown that SACRed could be adapted to synthesize
new mixed-linker ZIFs. First, the ZIF-8 “template” MOF materials were subjected to controlled
demolition by different levels of humid SO exposure. Then, the partially demolished ZIF-8
materials were treated with a solution of non-native linkers to reconstruct the materials in the form
of mixed-linker ZIFs that retain the same crystal topology as ZIF-8.!” With this approach several
bulky non-native linkers (benzimidazole, methylbenzimidazole, and halobenzimidazole) could be
introduced into ZIF-8 while maintaining the SOD topology. Such mixed-linker ZIFs containing
linkers of disparate nature are difficult to obtain by techniques such as direct (de novo) mixed-
linker synthesis!® or solvent-assisted linker exchange (SALE).! Thus, it was possible to
circumvent the thermodynamic, steric, and kinetic barriers that exist for synthesis of mixed-linker

MOFs using disparate types of linkers.

The above findings demonstrated ways to recover the properties of acid gas-degraded MOFs and
also to synthesize new mixed linker MOFs by controlled degradation of a template MOF by an
acid gas followed by insertion of non-native linkers at the degraded sites. However, almost all the

early work was done with ZIF-8 as the template MOF and humid SO as the demolition agent. In



this paper we focus on expanding SACRed for MOF recovery to a wider set of MOF materials and
demolition agents. Specifically, we show the extension of this method to five different MOF
materials (ZIF-8, ZIF-90, ZIF-71, UiO-66 and UiO-67) from the ZIF (imidazolate linkers) and
UiO (dicarboxylate linkers) classes that have varied structural features and properties, using SO>
and NO; in dry or humid conditions as demolition agents. SACRed recovery protocols were
developed for each combination of MOF and degradation conditions. X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), and nitrogen physisorption isotherms were used
to qualitatively and quantitatively study the controlled demolition and reconstruction process. We
also illustrate the application of synchrotron x-ray crystallography and pair distribution function
analysis to obtain molecular/unit-cell level insights on the MOF recovery process. Hence, this
paper provides a proof of concept for generalizing the above-mentioned MOF recovery and new

MOF synthesis approaches.

Experimental Methods

Materials

Zinc nitrate hexahydrate (Alfa Aesar), Zinc acetate (J.T. Baker Chemicals), Zirconium chloride
(Sigma Aldrich), benzenedicaboxylic acid (Sigma Aldrich), 2-methylimidazole (2-Melm) (Sigma
Aldrich), imidazole-2-carboxaldehyde (OHC-Im) (Alfa Aesar), 4,5-dichloroimidazole (dClIm)
(Sigma Aldrich) sodium formate (Alfa Aesar), terephthalic acid (TPA) (Acros Organics), benzoic
acid (Sigma Aldrich), methanol (VWR), acetone (VWR), N, N-dimethylformamide (BDH), and
Biphenyl-4,4'-dicarboxylic acid (BPDC) (TCI Co. Ltd.) were used as received. Deionized water
from the EMD Millipore water purification system, 1000 ppm SO, balance N>, 1000 ppm NO-
balance N> and ultra-high purity air (76.5-80.5% N, 19.5-23.5% O.) from Airgas were used in

this work.



MOF Synthesis

ZIF-8 was synthesized with a modified procedure from Zhang et al*. 0.297 g Zn(NO3).6H20 was
dissolved in 20 mL methanol. Typically, 0.164 g 2-Melm was dissolved in 20 mL methanol with
0.269 g HCOONa. The metal solution was added to the linker solution and transferred to a Teflon
liner. The liner was then sealed inside a Parr Instruments stainless steel autoclave and then
incubated at 363 K for 48 hours. The crystals were centrifuged at 8500 rpm for 5 mins and washed
thrice with fresh methanol. The crystals were air dried at 333 K. Dried crystals were then degassed

at 453 K in vacuum overnight.

Previously reported ZIF-90 synthesis protocols®' were modified. Typically, 15.368 g of OHC-Im
was added to 400 mL DMF and heated to 333 K to dissolve the linkers. 11.904 g of Zn(NO3).6H>O
was added to the solution and heated to 393 K in an oil bath for 20 min. The solution was then
cooled to ambient temperature and left to crystallize for 4 days. The crystals were centrifuged at
8500 rpm for 5 mins and washed thrice with DMF. The collected crystals were washed three times
with methanol and air-dried at 333 K. Dried crystals were then degassed at 453 K in vacuum

overnight.

Previously reported ZIF-71 synthesis protocols?* were modified. Typically, 0.297 g of Zn(OAc),
and 0.876 g 4,5-dichloroimidazole were dissolved in 60 mL of methanol separately. The metal

solution was added to the linker solution and kept without stirring for 24 h under ambient



conditions. The collected crystals were washed three times with methanol and air-dried at 333 K.

Overnight activation of crystals after air-drying was carried out by degassing in vacuum at 453 K.

Ui0-66 synthesis protocol was carried out as reported earlier.?? Typically, 0.180 g of ZrCls, 0.129
g of terephthalic acid, 14 mg deionized water were added to 30 mL of pre-treated DMF. The
solution was ultrasonicated for 10 mins and heated in an oil bath at 393 K for 48 hr. The crystals
were collected by centrifuge, washed thrice with DMF followed by solvent exchange with acetone
to remove trapped solvent. Overnight drying at 333 K removes most acetone. The sample was

activated overnight at 453 K in vacuum.

A synthesis method for UiO-67 was taken from earlier work?*. Typically, 2.167 g of ZrCls was
added to 216 mL DMF with 503 pL of water at room temperature. The solution was heated and
0.862 g of benzoic acid was added, waited until ZrCls completely dissolved. 2.256 g of BPDC was
added. The synthesis was performed at 403 K, stirring under reflux for 24 hours. White crystals
were washed with hot DMF at 373 K and acetone, followed by overnight vacuum drying at 423

K.
Characterization

Activated MOF samples (pristine, acid gas exposed and recovered) were characterized to
determine the physical and chemical properties. An X’Pert Pro PANalytical diffractometer (CuKa
source, A=0.1541 nm) was used to perform powder X-Ray Diffraction (PXRD) measurements. Cu
anode was operated at 45 kV and 40 mA for collecting PXRD patterns with a scan time of 12
step/sec and a step size of 0.0167° 20 over the range of 5-50° 20. Tristar, Micromeritics was used
to obtain N> adsorption isotherms at 77 K. Brunauer-Emmett-Teller (BET) surface area and t-plot

pore volume were evaluated from N> adsorption isotherms at 77 K obtained with Micromeritics



Tristar analyzer. Ex situ FTIR spectra were collected with a resolution of 4 cm™ using a Thermo
Scientific Nicolet iIS10 FT-IR equipped with a Smart iTX accessory. EDX measurements were

carried out with Hitachi SU 8230 scanning electron microscope.

Synchrotron XRD and PDF Analysis

X-ray pair distribution function (PDF) measurements were performed at beamline 11-ID-B of the
Advanced Photon Source. An X-ray wavelength of 0.2113 A (58.677 keV) was used for all
measurements. Measurements were made using a Perkin-Elmer large area detector, with a sample
to detector distance of 180 mm. Detector calibration was done using a CeO> standard. Prior to
measurement, all samples were activated in a vacuum oven at 90 °C for 3 hours. Samples were
then packed into 1 mm OD Kapton capillaries and sealed at both ends with epoxy. Pattern
integration and calibration were performed using FIT2D software®. 1-D patterns were then
background subtracted and processed into the reduced pair distribution function, G(r), using
PDFGetX3 software®®. The sine Fourier transform was performed over a k range of 0.8-24 Al
using a rpoly value of 1.2. The PDF plots were normalized with the peak at 2 A corresponding to

the first Zn>" coordination bond.
Acid gas exposure

Activated MOF samples were exposed in a system designed and built to enable acid gas exposure
of MOFs. The system consists of two individual lines for acid gas and humidity generation. Acid
gas was sourced from cylinders with an acid gas concentration of 1000 ppm SO or NO> in N».
Humidity is generated with a Humidity bottle from Fuel Cell Technologies Inc. Ultra-high purity

air was used in the humidity stream. These streams are combined and fed into an exposure unit.



The extent of room temperature exposure for each MOF-acid gas pair is chosen to cause significant
degradation observed with loss in pore volume, surface area and crystallinity. Six different
exposure protocols were used (Table S1, Supporting Information). Exposed samples were
reactivated at 453 K and vacuum overnight to desorb any physisorbed entities that will affect later

linker replacement and characterization.

Solvent Assisted Crystal Redemption (SACRed)

Around 100 mg of degraded MOF samples were treated with 0.25 M solutions containing the fresh
native linker dissolved in an appropriate solvent (Table S2). The degraded MOF samples were
dispersed in the recovery solutions inside Teflon-lined Parr autoclaves and were incubated in an
oven without rotation for 48 hours at 363 K. The recovered crystals were separated from the mother
liquor and washed thrice with fresh methanol and air dried at 333 K. Dried samples were vacuum
activated at 453 K overnight. In the case of ZIF-90, UiO-66 and UiO-67, the crystals were washed

thrice with hot DMF and then washed once with methanol, to remove excess linkers.

Results and Discussion

The crystallinity of pristine, acid gas exposed and recovered MOF samples was characterized by
PXRD (Figure 1). The extent of exposure is represented in ppm-days (concentrationxtime). The
PXRD data in this figure are normalized with respect to the most intense Bragg peak on a log scale
without any offset. The evident upward shift of the baseline in ZIF-8 after exposure to 125 ppm-
days of dry NO» (Figure 1a) implies reduced intensities of crystalline peaks as compared to the
background. A broad peak from 7° to 20° in dry NO»-degraded ZIF-8 indicates diffuse scattering
from structurally disordered regions. Similarly, a significant loss in crystallinity is observed ZIF-

8 exposed to humid NO», ZIF-90 exposed to humid SO, and ZIF-71 exposed to dry NO; (Figures



1b-1d). The two carboxylate linker MOFs (UiO-66 and UiO-67) also show an analogous loss in
crystallinity (Figures 1e-1f). The broadening of characteristic peaks and loss of higher angle peaks
is evident in degraded UiO-67 (Figure 1f) indicating the loss of long-range order. At the same
time, the retention of characteristic peaks in the exposed samples signifies the presence of partial
order of the parent crystals, which enables the effective reconstruction of MOF into the parent
topology. These findings are analogous to the relative increase in amorphous background signal
observed in ZIF-8 exposed to humid SO, indicating structural degradation and disorder®. The
introduction of defects can help interpret the peak broadening observed in PXRD patterns®’. A
model featuring normally distributed layer position fluctuations in ZIF-8 depicts broadened peaks
without significant changes in the PXRD pattern, unlike a model with stacking disorder. This
suggests that the peak broadening can be attributed to position disorder introduced with the
introduction of dangling acid gas-linker complex with the mean position of atoms unchanged. A
downward shift of the baseline of SACRed recovered ZIF-8 is observed (Figure 1a). The
restoration of long-range order in this material is indicated by the elimination of broad amorphous
peak from 7° to 20°. Analogous restoration of long-range order with the downward shift of baseline
and renewal/reappearance of higher-angle peak intensities is also observed in the other acid gas-
MOF combinations upon application of SACRed (Figure 1b-1f). The reappearance of higher angle

peaks corresponds to the restoration of long-range order (Figure 1f).
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Figure 1. XRD patterns of (a) ZIF-8 (pristine, dry NO2 exposed 125 ppm-days and post SACRed
treatment), (b) ZIF-8 (pristine, humid NO: exposed 225 ppm-days and post SACRed treatment),
(¢) ZIF-90 (pristine, humid SO, exposed 300 ppm-days and post SACRed treatment), (d) ZIF-71
(pristine, dry NO> exposed 750 ppm-days and post SACRed treatment), (e) UiO-66 (pristine, dry
NO» exposed 750 ppm-days and post SACRed treatment) and (f) UiO-67 (pristine, humid NO>
exposed to 100 ppm-days and post SACRed treatment).



Table S3 (Supporting Information) shows the BET surface area and 7-plot micropore volume for
pristine, degraded, and SACRed-recovered MOF materials as obtained from N> adsorption
isotherms measured at 77 K. In the case of ZIF-8 exposed to dry NO», the surface area and pore
volume drop to 53% and 59% respectively relative to the pristine ZIF-8. After SACRed treatment,
the pore volume (surface area) recovers to 87% (92%) of the original value. Similarly, in humid
NO. degradation and recovery, pore volume and surface area lowered to 37% and were
subsequently restored to 80% of pristine ZIF-8, respectively, indicating that NO.-damaged linkers
can be replaced to a significant extent, similar to the case of ZIF-8 after humid SO, degradation'?.
ZIF-90 exposed to humid SO2 showed an analogous behavior with the exposed sample retaining
only 30% of pore characteristics later increasing to 70% of the original surface area and 76% of
the original pore volume upon recovery. ZIF-71 and UiO-66 upon dry NO exposure and SACRed
recovery display a similar trend. Remarkably, humid NO, exposure of UiO-67 leads to the near-
complete loss of porosity but SACRed completely restores of the porosity characteristics. Overall,
the PXRD patterns and N2 physisorption data depict different levels of degradation and recovery
for each MOF-acid gas pair. This reflects the quite different interactions of different acid gas (e.g.,
SO2 versus NO;) with these MOFs, and the further effects of humidity. Complete recovery of
porosity in every case is not pursued in this work for several reasons. Firstly, our objective here is
to demonstrate a generalized approach to linker replacement, even if the resulting materials are not
completely recovered. Second, NO2 may have other effects such as functionalizing some of the
organic linkers, and SO can react with the aldehyde group in ZIF-90 linkers (2-
carboxyimidazole)?®. While these side-reactions do not degrade the MOFs, they are expected to
reduce the pore volume depending on the MOF and the acid gas, due to the addition of the new

SO, or NO; derived functional groups. For example, complete functionalization of the 4-carbon



(or 5-carbon) position in ZIF-8 by -NO2 groups would reduce its pore volume by ~50% even
without any degradation. There is a large SACRed parameter space of linker solution
concentrations, temperature, and duration that could be used in SACRed and our aim in this paper

is not to exhaustively explore this parameter space.
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Figure 2. FTIR spectra 600-2000 cm™! of (a) ZIF-8 (pristine, dry NO2 exposed 125 ppm-days and
post SACRed treatment), (b) ZIF-8 (pristine, humid NO2 exposed 225 ppm-days and post SACRed
treatment), (¢) ZIF-90 (pristine, humid SO exposed 300 ppm-days and post SACRed treatment),
(d) ZIF-71 (pristine, dry NOz exposed 750 ppm-days and post SACRed treatment), (e) UiO-66
(pristine, dry NO> exposed 750 ppm-days and post SACRed treatment) and (f) UiO-67 (pristine,
humid NO; exposed to 100 ppm-days and post SACRed treatment).



We used FTIR spectroscopy to track the chemical transformations occurring with acid gas
exposure and subsequent SACRed treatment of the six MOFs. This is aided by detailed peak
assignments made recently for ZIF-8 exposed to SO,%? and NO>. We first summarize the present
findings for ZIF-8, which are consistent with previous reports. Overall, a diverse set of organic
and inorganic nitrogenic groups are observed in ZIF-8 exposed to dry or humid NO- (Figures 2a-
2b). A peak corresponding to N=0 stretch at 1650 cm™ along with additional peaks at 812, 674
and 1105 cm™ (N-O stretch, O-N=0 deformation and C-O stretch respectively) confirms the
presence of organic nitrites (Schematic 1d). Peaks at 1570 cm™ (asymmetric NO stretch), 970
cm® (N-N stretch), 1500 cm™ (N=0 stretch) and 1165 cm™ (C-N stretch) depict the presence of
organic nitrosamines and nitramine (Schematic 1la-1b) in humid NO, exposed ZIF-8, whereas
these peaks are absent in the ZIF-8 exposed to dry NO22*%, The asymmetric NO stretch in the
range of 1500-1540 cm™ and the peak at 1031 cm™ (aromatic C-N stretch) indicate the presence
of organic nitro- groups (Schematic 1e) in humid NO2-exposed ZIF-82°2, The overlapping nature
of these peaks prevents the unambiguous assignment of organic nitro- groups ZIF-8 exposed to
dry NO.. The peak at 1270 cm™ (symmetric NO; stretch) indicates a probable presence of organic
nitrate (Schematic 1c) group in dry NO> exposure whereas peaks corresponding to organic nitrate
groups are absent when ZIF-8 is exposed to humid NO2%®. In ZIF-8 exposed to both dry or humid
NO2, a peak at 812 cm™ along with an additional peak at 1235 cm™ corresponding to asymmetric
NO; stretch confirms the presence of inorganic nitrite (Schematic 1f)*°. A masked shoulder at
1380 cm™® (symmetric NOs stretch) with other characteristic peaks at 712 and 860 cm™ indicate
the presence of inorganic nitrates (Schematic 1g) after humid NO2 exposure of ZIF-8%L. The
prence of inorganic nitrite after dry exposure of ZIF-8 cannot be distinctly confirmed due to the

overlapping nature of the characteristic peaks. The distinctions in the species formed upon dry



and humid exposure illustrate the mechanistic differences resulting from the absence or presence
of water vapor. The functionalization of organic linkers upon exposure is confirmed by the
emergence of organic functional groups, while the cleavage of metal-linker bonds is confirmed by
the presence of inorganic nitrogenic groups. The cleavage of metal-linker bonds is essential for
selective linker replacement (by SACRed), which leads to a substantial reduction or disappearance
of peaks corresponding to both organic and inorganic nitrogenic functional groups. However, the
post-SACRed peaks at 795, 1355 and 1650 cm™ in dry NOz-exposed ZIF-8 and peaks at 1100,
1200 and 1640 cm™ in humid NO-exposed ZIF-8 confirms the occurrence of organic

functionalization of linkers independent of metal-linker bond cleavage.

The FTIR spectra of ZIF-90 exposed to humid SO, and subsequently recovered with SACRed
treatment are presented in Figure 2c, along with that of pristine ZIF-90. The appearance of peaks
at 980, 1030 and 1200 in the exposed material correspond to the presence of (bi)sulfites*’. The
appearance of peaks at 720 and 1000 cm™ can be assigned to the formation of sulfites334.
Additionally, overlapping peaks at 960 and 1130 cm™ can be attributed to (bi)sulfites and
(bi)sulfates respectively?. On the other hand, the FTIR spectrum of SACRed-treated ZIF-90 is a
close match with pristine ZIF-90. After the SACRed treatment, a broad peak is present between
1000-1200 cm indicating a substantial but not complete recovery, unlike ZIF-8 exposed to humid

SO,

Figure 2d shows the behavior of ZIF-71 upon exposure to dry NO. and later recovered with
SACRed. ZIF-71 is particularly interesting among ZIFs, since it shows higher resistance than other
materials to several types of acid gases!. In ZIF-71 exposed to dry NO, the presence of organic
nitrites (Schematic 1d) is shown by the peak at 1660 cm™ assigned to N=0 stretch along with the

allied peaks at 685, 810 and 1150 cm™ attributed to O-N=0 deformation, N-O stretch and C-O



stretch respectively. Peaks corresponding to asymmetric NO stretch and aromatic C-N stretch at
1540 and 1020 cm™ along with a partially overlapping peak at 840 cm™ (NO2 deformation) indicate
a probable presence of organic nitro groups (Schematic 1€)**-°. The asymmetric NO- stretch at
1560 cm™ along with less distinct peaks at 790, 995 and 1295 cm™ assigned to NO deformation,
N-N stretch and symmetric NO. stretch unambiguously indicate the formation of nitramine
(Schematic 1b) upon exposure. A shoulder at 1495 cm™ (N=O stretch) and 1190 cm™ (C-N
stretch) suggest the presence of nitrosamine (Schematic 1a)?°*°. The formation of inorganic nitrate
(Schematic 19) is indicated by peaks at 840 and 1385 cm™ (asymmetric NOs stretch)*’. No signs
of inorganic nitrite or organic nitrate are observed. The vibrational changes observed in ZIF-71 are
modest compared to ZIF-8, even though the exposure level is six times higher than was used for
ZIF-8. Overall, these changes are consistent with the mechanism proposed earlier®, i.e.,
degradation during dry NO> exposure proceeds via proton abstraction by NO2. The ZIF-71 linker
(4,5-dichloroimidazole has only a single proton available for proton abstraction as compared to
five (2 aromatic and 3 aliphatic) in the ZIF-8 linker. Thus, the availability of protons acts as a
limiting factor for degradation of ZIF-71 in dry NO.. The FTIR spectrum of the SACRed-treated
ZIF-71 is nearly identical to the pristine material. Small peaks at 1000, 1218 and 1430 cm™ in the
recovered samples indicate residual levels of NO: derived organic functionalization, consistent

with the near-complete recovery as observed in PXRD and N adsorption isotherms.

Turning to the two carboxylate MOFs, UiO-66 and UiO-67, the FTIR spectra after exposure to dry
and humid NO; indicate the formation of NO> functional groups, similar to the observations in
ZIF-8 and ZIF-71 (Figures 2e-2f). The N=0 stretch at 1660 cm™ in both MOFs can be assigned
to the formation of organic nitrite groups (Schematic 2b). This assignment is supported with N-O

stretch and O-N=0 deformation peaks around 780 and 1105 cm™' in both MOFs>. The asymmetric



NO; stretch at 1520 cm™ and aromatic C-N stretch at 1100 cm™ confirm the presence of organic
nitro groups (Schematic 2c¢) in UiO-67%>%. In the case of UiO-66, peaks at 1550 cm™ (asymmetric
NO> stretch) and 1100 cm™ (aromatic C-N stretch) with the absence of other allied peaks
corresponding to aliphatic C-N stretch and NO> deformation indicate a probable presence of
organic nitro groups (Schematic 2c). A peak at 1655 cm™ assigned to asymmetric NO> stretch
with other supporting peaks at 1270 cm™ (symmetric NO») stretch and NO, deformation peaks
suggest a probable presence of organic nitrate groups (Schematic 2a) in UiO-67°°, whereas such
peaks are absent in UiO-66 exposed to dry NO>. No peaks can unambiguously confirm the
formation of nitrosamine and nitramine in both UiO-66 and UiO-67. Shoulder peaks at 1360 cm!
assigned to asymmetric NOs stretch with allied peaks at 720 and 850 cm™ confirm the formation
of inorganic nitrate groups (Schematic 2e) in both UiO-66 and UiO-67°°. These detailed
observations are consistent with more general observations reported earlier®. The disappearance of
peaks in the range of 600-800 cm™! corresponding to the out-of-plane (oop) bending of aromatic H
in the exposed MOFs, supports the same H-abstraction mechanism by NO- as prevalent in ZIFs.
After SACRed treatment, the peaks corresponding to the organic and inorganic nitro functional
groups are significantly decreased in intensity. The out-of-plane bending peaks in the range of
600-800 cm™! are partially restored with recovery. These observations are aligned with the PXRD

and N> adsorption isotherm results for both UiO-66 and UiO-67.
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Schematic 1. Product species generated during degradation of ZIFs under dry/humid NO,.
Reaction can occur at any site R, R, and R3 (except Ri= CH3s, R2/R3 = Cl). More detailed examples
of stoichiometric reactions have been described in earlier work?>.
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To provide more detailed insights into the SACRed treatment method, we selected one material
(ZIF-8) for further analysis with real space Pair Distribution Functions (PDFs) obtained from high-
resolution synchrotron X-ray diffraction data (Figures 3-4). Figure 3 shows the PDFs of ZIF-8
(pristine, dry NO- exposed, and SACRed treated). The reduction in the intensity of peaks (which
correspond to atomic pair distances) upon exposure indicates the loss of long-range order. For
example, the loss of peak intensities in the range of 1-6.4 A (first Zn coordination sphere) implies
the scission of Zn-N (imidazole) bonds leading to inter-molecular level modifications (Figure 3a).
Similarly, the reduced intensity of peaks at longer distances indicates that the degradation of
crystalline order has extended to intra- (6.4-14 A) and inter-unit cell (14-30 A) distances (Figures
3b and 3c respectively). Upon SACRed treatment, the ZIF-8 PDFs are restored to become
practically identical to the pristine material at all distance ranges (Figure 3) shows the restoration
of peaks in intermolecular, intra- and inter-unit cell), thus confirming the atomic/molecular level

repair and associated renewal of long-range order.
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Figure 3. X-Ray Pair Distribution Function (X-Ray PDF) of ZIF-8 (pristine, Dry NO; exposed
125 ppm-days and post SACRed treatment) (a) 0-14 A and (b) 14-30 A.



Figure 4 shows PDFs for ZIF-8 exposed to 95% humid SO; at different total exposure levels
(pristine, 100 ppm-days, 140 ppm-days, and 180 ppm-days). The intensity of each atomic-pair
peak (r>2 A) is reduced with increased exposure, illustrating the loss of inter-molecular and long-
range order. Peak fitting analysis of the peak corresponding to Zn-N bond (2.01 A) in pristine ZIF-
8 and the emergent Zn-O bond (1.93 A) in degraded ZIF-8 (created by the incorporation of
inorganic sulfite and sulfate) was performed, and provides further insight into the degradation
mechanism (Table 1). The area of each characteristic peak is a semi-quantitative measure of the
number of bonds present. The gradual introduction of Zn-O bonds is depicted with an increased
Zn-0/Zn-N ratio upon increased exposure. Table 2 shows the analysis of the first peak in the PDF
pattern (~1.4 A) which corresponds to C-C and C-N bond lengths. In humid SO> exposed ZIF-8,
the S=O peaks (from bisulfite and bisulfate species) at 1.5 A will overlap with this peak. The
increased peak area, full width half maximum (FWHM), and the shift of the peak maximum to

higher distances, conclusively establish the increased presence of S=O with greater exposure.
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Figure 4. X-Ray Pair Distribution Function (X-Ray PDF) of 95% humid SO; exposed ZIF-8
(pristine, 100, 140 and 180 ppm-days)

Table 1. Peak-fitting analysis of Zn-N and Zn-O bonds in pristine and humid SOz-exposed ZIF-8.

Zn-O Zn-N Analysis
Peak |Peak Area| Peak
Position (arb. Position | Peak Area | Area Ratio |Total Area
Material (A) units) A) (arb. units)|(Zn-O/Zn-N)|(arb. units)
Pristine ZI1F-8 - 0 2.01 0.777 0 0.777
H-SO2 100
ppm-days 1.94 0.181 2.02 0.579 0.31 0.76
H-SO, 140
ppm-days 1.93 0.205 2.01 0.557 0.37 0.762
H-SO2 180 ppm-
days 1.93 0.234 2.01 0.529 0.44 0.763




Table 2. Peak-fitting analysis of C-C and C-N bonds in pristine and humid SO»-exposed ZIF-8.

Peak Maximum

Peak Peak Area | FWHM Maximum | Value (arb.
Material Range (A)| (arb. units) (A) Position (A) units
Pristine ZIF-8 1.27-1.46 0.105 0.126 1.39 0.805
H-SO, 100 ppm-days| 1.29-1.5 0.115 0.136 1.39 0.879
H-SO; 140 ppm-days| 1.31-1.57 0.157 0.165 1.41 0.973
H-SO, 180 ppm-days| 1.32-1.59 0.39 0.178 1.45 2.28

Using ZIFs as an example, we have previously established that SACRed is truly a crystal repair
process and does not involve significant dissolution and recrystallization processes'®>. SACRed
operates at conditions that are much milder than those required for dissolution, and the preservation
of the micrometer-scale morphology of ZIF-8 crystals in the absence of any coordination
modulators (such as sodium formate) also confirms that SACRed is a true repair mechanism. Here,
we have extended this analysis to carboxylate MOFs using UiO-67. Figure S2 shows energy-
dispersive x-ray (EDX) elemental composition measurements of the UiO-67 synthesis solution
used in this work (Figure S2a) and the UiO-67 SACRed recovery solution (after 24 hours of
treatment, Figure S2b), dried over conductive carbon tape. Zr (24.3 atomic% on dry mass basis)
is easily detected in the UiO-67 synthesis solution, whereas the UiO-67 SACRed solution does not
show any Zr above noise levels. Similar to the case of ZIF-8, this finding strongly supports a true

crystal repair mechanism.
Conclusion

Previous demonstrations of SACRed have focused on ZIFs that were degraded by exposure to gas
streams containing humid SOo. In this paper we have extended the use of SACRed to imidazole-

based MOFs and carboxylic-based MOFs (UiO-66 and UiO-67) degraded by two different acid



gases (SO2 and NOz) under both dry and humid conditions. Our results suggest that SACRed is a
versatile technique for introducing new linkers into MOFs after deliberate degradation by acid
gases, resulting in highly crystalline materials. In each example we studied the linkers that were
introduced had the same identity as the original MOF, but we note that previous studies have

shown that SACRed can readily be used to produce mixed linker MOFs?’.

The loss of crystallinity that occurs during exposure to acid gases can be attributed to structural
disintegration due to the formation of dangling acid gas- linker complexes?*. The different extent
of exposure required to cause observable degradation in each MOF — acid gas pair hints at the
complexity of MOF- acid gas interactions and the nontrivial role of humidity in these processes.
FTIR analysis of both degraded and recovered samples indicate the formation of dangling linkers
during degradation and their subsequent removal during the recovery. FTIR also confirms a
diverse set of acid gas-derived organic functionalization of linkers in exposed MOFs. In some
cases these functional groups can be formed via acid-gas interactions with intact linkers. These
intact functionalized linkers can lead to low levels of porosity loss that cannot be recovered via
SACred. In addition to our observations with FTIR, molecular level degradation associated with
the formation of dangling acid gas- linker complex upon exposure and the subsequent removal of
such complexes have been semi-quantitatively confirmed with X-ray Pair Distribution Function

analysis.
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