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Abstract

Melt-quenched (MQ) glasses derived from metal-organic frameworks (MOFs) have emerged very
recently as tunable organic-inorganic hybrid glasses, showing potential applications in gas
separation. Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs which have shown high
meltability. ZIF-62, a mixed-linker ZIF, has been investigated extensively because of its low
melting temperature and high thermal stability. Application of glasses formed from MOFs on an
industrial scale requires large-scale production of parent crystals. However, in large-scale
production of mixed-linker MOFs, both kinetics and thermodynamics of synthesis play significant
roles. The importance of both factors originates from a heterogeneous linker distribution in mixed-
linker MOFs where each type of linker can form different crystalline phases during synthesis,
altering thermal properties and more importantly, the meltability. The parameters which affect the
formation of different crystalline polymorphs in ZIF-62, and the methods required to detect such
structural heterogeneity in the final material are investigated, while possible phase transformations

are also discussed.

Among a huge number of crystalline MOFs (over 70,000), only small number of them have shown
the ability to melt. Decomposition of the framework prior to its melting transition is an obstacle
hindering the transition to the liquid state while heating. Porosity and metal-ligand interactions
have been identified as parameters determining meltability of such frameworks. To overcome these
constraints, an ionic liquid (IL) containing its sodium salt was incorporated into the cages of ZIF-
8, a highly porous, normally non-meltable ZIF. After mechanical amorphization, the structure of
the resultant composite and stability of IL molecules in the collapsed pores were examined, and

the effect of structural collapse on ionic conduction, as a macroscopic property, was investigated.

After understanding the IL incorporation and structural characterization of IL@ZIF-8 composite,
interactions between the IL and ZIF-8 were investigated at elevated temperatures with the aim to
diminish melting constraints; by decreasing the potential melting temperature of ZIF-8 below its
decomposition temperature, it is possible to reach liquid phase, and melt a highly porous non-
meltable ZIF. IL molecules were observed to stabilize the electrostatic interactions between Zn-
sites and dissociated linkers in ZIF-8 and IL ions at high temperature, at the same time decreasing

the porosity, thereby satisfying melting criterion of non-meltable MOFs. After melting IL@ZIF-8
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and subsequent quenching, glassy IL@ZIF-8 composites were obtained. The structure of the
IL@ZIF-8 glass was investigated in detail and IL incorporation approach was introduced as a
possible route to melt other non-meltable MOFs, extending the application of MOF glasses by

widening their range of chemical and physical properties.
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1. Introduction

1.1. Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are porous crystalline networks constructed from coordination
of organic linkers to inorganic metal nodes. Flexibility in choice of constituents based on the size,
geometry, and functionality of organic linkers and metal sites have led to the existence of over
70,000 MOF crystal structures in the Cambridge Crystallographic Data Center (CCDC), having a
wide variety of physical and chemical properties.!™ Figure 1 illustrates examples of different
organic linkers and metal nodes used in formation of MOFs. MOF chemistry has attracted
extensive attention since the crystal structure of MOF-5, the first robust and highly porous MOF,
was reported in 1999. The structure consisted of ZnsO(CO2)s as metal centers coordinated by 1,4-
benzenedicarboxylate (BDC?") organic linkers forming a framework with 61% porosity and surface
area of 2320 m?/g, significantly higher than those observed for common porous materials such as
zeolites, activated carbons, and mesoporous silicas with surface area and pore volumes in the range
of 1,000 m*g and 0.3-1.1 cm?/g.® Progress in the field resulted in emergence of Nu-110,
([Cus(BHEHPI); BHEHPI® = 5,5',5"- ((((benzene-1,3,5-triyltris(benzene-4,1-diyl)) tris(ethyne-
2,1-diyl))-tris(benzene-4,1-diyl)) tris(ethyne-2,1-diyl))triisophthalate]) with a record porosity,
having a surface area and pore volume of over 7,000 m?/g and 4 cm?/g.” Due to their tunable
characteristics these materials have been applied extensively to various applications such as gas

storage and separation,® catalysis,’ sensing,'” and ion conduction.'!

MOFs have been investigated extensively for drug delivery applications.'?"'* Because of the highly
porous nature of MOF crystals, adsorbed/anchored molecules can release rapidly, impeding
controlled and efficient release of a potential drug molecule from the pores. In general, MOFs are
synthesized in powder form. However, in some applications such as gas separation it is necessary
to process such powders into a mechanically robust shape and bulk geometry, facilitating their
handling and usage.'® To overcome these challenges, structural amorphization of MOFs has been
introduced recently.!® This can be achieved via different methods: pressure-induced structural

collapse, ball-milling, melt-quenching, hot-pressing, and re-melting.!”%!. For instance, calcein, a
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Figure 6. Illustration of organic linkers and metal nodes used in MOFs. Reproduced from Ref. [4]
with permission from the publisher under license number 4951960361043. Copyright © 2016,
Macmillan Publishers Limited.

drug molecule, was introduced into a Zr-based MOF, UiO-66. Structural amorphization by ball-
milling entrapped the guest molecule in the pores leading to delayed release of the drug from the
collapsed structure (30 days) compared to crystalline UiO-66 (only 2 days).?> Furthermore, the
pressure-induced amorphization approach was used to trap radio-active iodine molecules, produced
as a harmful by-product from the nuclear energy industry, in ZIF-8 [Zn(mlm)2, Zn(CsHsN3z)2]
pores. Accordingly, iodine was loaded in ZIF-8 and subsequent amorphization under 0.34 GPa of
pressure led to structural collapse, trapping iodine molecules and impeding diffusion of iodine out
of the pores.?* The structural flexibility in MOFs facilitates the same degree of amorphization,
compared to traditional porous zeolites, to occur at much lower accessible pressures (almost an

order of magnitude lower).?*%°



1.2. Glass

Unlike crystalline materials that are well-ordered atomic structures, glasses lack long-range order
and atomic periodicity.?® Glass is defined as a non-equilibrium and non-crystalline material that
shows a glass transition (7). Although amorphous materials are also non-crystalline, they are
different from glasses. The distinct difference is the presence of glass transition in the glass,
however, all amorphous materials do not show the glass transition.?’ In terms of structure, glasses
show similar structures to their parent supercooled liquid (SCL) when above T,.2® The supercooled

liquid is found in the region between the Ty and T, (see Figure 2).%
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Figure 7. Schematic representation of specific volume (or enthalpy) versus temperature plot for a
glass-forming substance. Reproduced with permission from Ref. [29]. Copyright © 1996,

American Chemical Society.



As illustrated in Figure 2, if a liquid reaches the region below T without crystallizing, it forms a
supercooled liquid. As the temperature of a supercooled liquid is decreased, its viscosity increases,
the constituent molecules move more and more slowly. At a certain temperature the motion of the
molecules will be very slow that they will not be able to rearrange. As a result, the material will be
“frozen”, that we refer to it as a glass. According to Figure 2, T, of a material is not an exact value
and it can be different if a different cooling rate is used. Using a smaller cooling rate allows the

sample to stay more in equilibrium (i.e., the supercooled liquid state) until lower temperatures.

Since the glass is thermodynamically unstable, it relaxes toward supercooled liquid state once it is
formed. When the glass is heated it reaches the supercooled liquid at 7, where experimental or
observation time (fobs) iS comparable to the relaxation time of the supercooled liquid (zr). The
relaxation does not only occur at high temperatures, but also at any non-zero positive temperature,
but the timescales differ.’3! Traditional glass synthesis dates to around 6,000 years ago when oxide
glasses were synthesized.>? Progress in glass science and technology over the years resulted in
developing a huge number of glasses (400,000 compositions) which played an important role in
establishing the current modern civilization.>>* In addition to three main categories of glasses,
which are metallic, organic, and inorganic, very recently, MOF glasses have been synthesized by
melting their parent crystals and are considered as a new class of hybrid organic-inorganic

glasses.”!

1.3. Melt-quenched MOF glasses

Among amorphization approaches, melt-quenching allows fabrication of bulk MOF glasses in
desired shapes, enabling their application in different areas such as membrane-based gas
separations. A membrane fabricated by melting crystalline ZIF-62 on an alumina support resulted
in enhanced separation selectivity for CO2/CHa, CO2/H2, and CO2/N> gas mixtures. The glass
membrane out-performed crystalline ZIF-62 by showing three times higher separation selectivity.>*
Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs in which some of them show melt-
quenching property. Topology of ZIFs are very similar to inorganic zeolites: tetrahedral Zn>" and
Co*" are coordinated by imidazolate (organic) linkers instead of oxygens in SiO4* and AlO4>

tetrahedra.®>>’ Melt-quenching has been observed for a limited number of ZIFs such as ZIF-4
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[Zn(Im)2, Im: C3H3N» ] and ZIF-62 [Zn(Im)1.75(bIm)o.2s, Im: C3H3N>, bim: C7HsN> ], both having
cag topology.2®*® Theoretical studies on the mechanism of ZIF-4 melting revealed that melting
happens via dissociation of an imidazolate and rapid coordination of a neighboring imidazolate to
the under-coordinated Zn sites (see Figure 3).%

q Another Im
Im group approaching
leaving

7

; 9 4 Z : 4-fold Zn?*
coordination

Undercoordinated Zn**

4-fold Zn**
coordination

Fluctuation

~400 fs >

Figure 8. Molecular mechanism of ZIF-4 melting. Reproduced from Ref. [39] with permission
from the publisher under license number 4952650848893. Copyright © 2017, Nature Publishing
Group.

Structural differences between crystalline and amorphous ZIF-4 (achieved by ball-milling, heating,
and shear stress) were investigated using neutron and synchrotron X-ray total scattering data.
Results showed that local bonding below 6 A, defined as the short-range order, the ZnNj
environments were similar in all samples, however, structural differences appeared in long-range
order, above 6 A.* Similar ‘short-range’ structural order was shown for ZIF-62 and TIF-4
[Zn(Im); s(mblm)os, Im: C3H3N>~, mbIm: CsH7N> | glasses, retaining metal—organic—metal
connectivity.?’ Similarly, the same structural order has been observed in silica glass up to 3.1 A,
retainment of tetrahedral coordination around Si sites.*! The longer distances in local order of ZIFs

compared to silica is due to larger bridging imidazolate linkers compared to oxygens.

To tune or modify the properties of MOF glasses, glass blends and glass fluxes have been
introduced. MOF glass blends can be formed by mixing two glass-forming MOFs. For example,
mixing crystalline ZIF-62 and ZIF-4, heating to the highest 71, and subsequent quenching, results
in a blended glass phase with only a single glass transition temperature (7g), showing successful
liquid-phase mixing between two distinct MOF glasses. Using this approach, 7 of blended MOF
glasses can be tuned by adjusting the mixing ratios of constituent phases.*? A different approach,
called flux melting, was used to form a composite MOF glass, this time with only one glass-forming

phase. This mechanism uses a high-temperature liquid phase of a meltable MOF as a flux to



melt/dissolve the other phase. Here, the selection criteria of constituents require that the 7, of the
glass-forming MOF to be lower than the decomposition temperature (74) of the other MOF. This
was shown for a blended glass derived from ZIF-62, the major phase consisting 80 wt%, and ZIF-
8, only 20 wt%, which is not meltable. The obtained flux melted glass had no Bragg scattering,
showing its glassy nature with improved porosity towards H».** To take advantage of inorganic
glass domains and improve mechanical properties of MOF glasses, composite glasses were
fabricated by combining ZIF-62 as a MOF glass, and an inorganic phosphate glass. Selection
criteria was to choose an inorganic glass which had a 7, very close to 7T, of ZIF-62.
Characterization of the final hybrid glass indicated presence of two distinct 7, s, which showed
regions of each glass domain bonded together interfacially. Observed electrical and mechanical

properties of the hybrid glass were in between the two separate glass domains.**

1.4. Melting constraints in non-meltable ZIFs/MOFs

As mentioned previously, only a handful number of ZIFs/MOFs have shown meltability. The
reason why other MOFs do not show melting lies in the fact that their 74 are lower than their T,

(T4 < Twm), meaning that the structure decomposes before reaching the liquid phase.

Studies on the mechanism of MOF melting showed that meltable MOFs obey Lindemann’s melting
criterion. According to Lindemann’s criterion, melting occurs when the vibrational displacement
of atoms while heating reaches a certain characteristic displacement.*> However, this criterion does
not apply in non-meltable MOFs/ZIFs such as ZIF-8 [Zn(mIm)>, Zn(C4HsN>2)2]. ZIF-8 as a
commercially available MOF has a sodalite (sod) topology and has significantly higher porosity
compared to meltable ZIFs such as ZIF-4, ZIF-zni, and ZIF-62.%° ZIF-8 has surface area of around
1200 m?*/g, three times higher compared to ZIF-4, ZIF-zni, and ZIF-62 (ZIF-62-bImos) with
surface areas of 300, 4, and 476 m?/g, respectively.*®*” This difference in porosity is more evident
when comparing pore diameters (dp), defined as the diameter of the largest sphere that can fit into

the pores, of ZIF-8 (11.6 A) with that of ZIF-4 (2.1 A) and ZIF-62 (1.3 A).*®

High porosity (larger cavities) induces a higher energy barrier for linker mobility which results in
creating higher steric hindrance for the stabilization of dissociated linkers (during melting) around

Zn sites. Another parameter that has been identified as affecting melting is the Zn—N or Zn—linker
6



bonding strength.*’ Theoretical studies show that ZIF-8 has an activation energy of 177 kJ mol’!
for Zn-linker bond cleavage, whereas, it is lower in case of ZIF-4, 81 kJ mol™!, and ZIF-zni, 160
kJ mol™.* Tt can be concluded that, extent of interionic interactions between the metal site and the
linker plays an important role in meltability. According to the structural characteristics in meltable
MOFs/ZIFs, melting could happen if both high free energy from the linker mobility because of
porosity and interionic interactions, from the metal-ligand bonding strength, could be reduced at
the same time. One approach to address this is to incorporate a guest-molecules in the pores of
MOFs, which can decrease porosity and, at the same time, interact with the host framework.
Moreover, the potential guest molecule must have the proper size and geometry that can be
incorporated in the pores, while being sufficiently thermally stable to withstand high temperatures

during heating. Potential candidates fulfilling all these requirements can be ionic liquids (ILs).

1.5. Ionic Liquids (ILs)

Ionic Liquids (ILs) are salts that are generally liquid at room temperature (7 < 100 °C). The reason
behind their liquid state at low temperature is that in conventional inorganic salts such as NaCl (7w
= 803 °C), the interaction is long-range Coulomb forces between the net charges of cations and
anions. However, in ILs, long-range Coulomb forces are replaced by softened Coulomb forces due
to bulky size and asymmetric charge distribution in ions leading to highly directional
interaction.>*>! ILs are composed of organic cations and inorganic or organic anions; combination
of cations and anions results in formation of an almost infinite number of ILs with different physical
and chemical properties.’>>°> Molecular structure of common cations and anions are illustrated in

Figure 4.



CATIONS ANIONS

S BF, PFs Cl Br |
| e Z + S Tetrafluoroborate  Hexafluorophosphate Halides
N N - - - -
I R{ "R, NO; R—SO; R—COO RoPO,
i Pyrrolidinium Nitrate ~ Sulfonate ~Carboxylate ~Phosphate
Pyridinium R
N o - 0 o - 0
—\ S \\ N /7 A\ _N— /Y
N N R~ * R ~STUTSS S S<
RN N~R, R 3 F \(\) (l)/ F FsC \(\) cf)f CFs3
Imidazolium Sulfonium Bis(fluorosulfonyl)imide ~ Bis(trifluoromethanesulfonyl)imide
R4 R4 0
I+ |+ H - -
RZ—I?I—R4 RZ—T—R4 HZN—(II—COO O—S\:O
Rj R3 R CF;
Ammonium Phosphonium Amino acid Trifluoromethanesulfonate

Figure 9. Examples of common cations and anions in ILs. Reproduced from Ref. [55] by

permission of The Royal Society of Chemistry under license number 1080129-1.

This compositional variety renders tunable ILs to be used in different applications such as
catalysis,’® gas separation,’’ and electrochemistry.’® Changing ion pairs results in altered physico-
chemical properties making IL “designer solvents”.>® Because of their very low vapor pressure, ILs
have negligible volatility, making them alternative solvents to conventional organic solvents.>?
Another characteristic of ILs is their miscibility with a wide range of inorganic and organic
substances, a property that does not exist in other solvents. This is originating from the difference
in interatomic and intermolecular interactions in ILs: while conventional solvents only have
hydrogen bonding, dipole-dipole interactions, and van der Waals interactions, ILs have
electrostatic interactions, defined as attraction or repulsion interactions between charges species.”!
Interactions between cation and anion is a major parameter in determining ion mobility, viscosity,
thermal stability, melting points and extent of their interactions as guest molecules with host

material.>!-60-0!



1.6. IL-incorporated MOF composites

ILs have been used to tune the MOF properties as a post-functionalization approach to improve
MOF performance in different applications such as gas separation, catalysis, and ion conduction.®?

6 An illustration of an IL-incorporated MOF composite is presented in Figure 5.5

Figure 10. Illustration of an IL-incorporated MOF composite. Reproduced from Ref. [67] by
permission of John Wiley & Sons, Inc. under license number 4984160097160.

IL@MOF composites can be synthesized using three main techniques: wet impregnation, capillary
action, and ship-in-a-bottle. Depending on the targeted application, an appropriate synthesis route

can be selected.®?

For gas separation, ILs can tune the affinity of MOFs toward certain molecules, adjust the
molecular sieving capability of MOFs by occupying the pore space, and creating new adsorption
sites favorable for specific gasses. For instance, [BMIM][PFs] was incorporated in ZIF-8 pores and
the resulting composite, [ BMIM][PF¢]@ZIF-8, showed enhanced CO; uptake at lower pressures
(0.4 bar) which enhanced separation selectivity of CO2/CHs and CO2/N> more than double
compared to pristine ZIF-8. Observed increase in selectivity was attributed to creation of new
adsorption sites in ZIF-8 after IL confinement.®® In a different study, a hydrophilic IL,
[HEMIM][DCA], was deposited on a hydrophobic MOF, ZIF-8, to form a core (ZIF-8)-shell (IL)
type composite. The chosen IL had very low CHj solubility, however, CO; solubility was an order

of magnitude higher compared to CHa. This resulted in the IL acting as a smart gate in separation



of CO» from CH4. The composite showed 45 times higher CO»/CHj selectivity compared to parent
ZIF-8 at 1 mbar and 25 °C.%

For catalysis, a heterogeneous catalyst used for catalytic oxidative desulfurization of fuel oils such
as gasoline, was synthesized by immobilization of an IL, 1-methylimidazolium-3-propylsulfonate
hydrosulfate [PSMIM][HSO4], on a zirconium-based MOF, UiO-66. Benzothiophene (BT,
chemical formula: CsHeS) was used to test the desulfurization performance of the
[PSMIM][HSO4]/Ui0-66 catalyst. The [PSMIM][HSO4]/UiO-66 -catalyst outperformed the
pristine UiO-66 catalyst in the desulfurization reaction, showing 90.6 % removal of the BT for up
to six times of use at the optimum reaction conditions. Using such catalysts, SOy, a poisonous
compound to metal catalysts used in refining processing units, can be removed.”® In a different
study, a composite catalyst was prepared from an IL. N-methyl-2-pyrrolidonium methyl sulfonate,
[NMP][CH3S0s], and MIL-101(Cr) as the MOF. The aim was to produce amyl acetate, a solvent
in different applications, via esterification of acetic acid with amyl alcohol. 80 % conversion was
achieved for the IL/MOF catalyst and the catalytic performance was stable without losing any
activity after cycling six times. The authors also used the IL/MOF catalyst in the Friedel-Crafts
acylation: Pristine MIL-101(Cr) showed no conversion for the acylation of anisole with acetic

anhydride, however, with the IL/MOF catalyst a conversion of 80 % was achieved.”!

Another application of IL@MOF composites is their use in electrochemical devices as electrolytes.
ILs have been used extensively as electrolytes, however, freezing happens at low temperatures. For
instance, in automobile applications, freezing leads to lowering ion mobility and subsequent low
ion conduction performance. To avoid freezing of ILs, some solvents are added, decreasing the
freezing point of the solution. Nonetheless, those solvents are volatile and flammable, causing
safety problems in electrochemical devices.”> An approach to solve this issue was to confine ILs in
MOF pores so that freezing could be avoided as a result of host-guest interactions. Phase behavior
and ionic conductivity of [EMIM][TFSA] inside micropores of ZIF-8 was investigated at low
temperatures using differential scanning calorimetry (DSC) and 'F NMR, nuclear magnetic
resonance spectroscopy. Results showed that bulk [EMIM][TFSA] (1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide) possessed a phase transition, freezing at around -9 °C, however
[EMIM][TFSA]/ZIF-8 showed no phase transitions below -23 °C, ascribed to the nanoconfinement
effect. As aresult, [ EMIM][TFSA]/ZIF-8 exhibited enhanced ion conductivity at low temperatures
compared to bulk [EMIM][TFSA].677
10



IL@MOF composites have been extensively used for Li" ion conduction via dissolving a Li-salt in
an IL and subsequent incorporation in MOF pores.”*” Li-doped IL, (EMIosLio2) TFSA/ZIF-8 (20
mol% LiTFSA in [EMIM][TFSA]), was incorporated into ZIF-8 and ionic conductivity
performance was investigated. (EMIosLio2)TFSA/ZIF-8 showed decreased conduction
performance compared to the bulk (EMlIosLio2)TFSA. However, they observed comparable
activation energy values. Moreover, higher IL loadings could enhance the ion conduction in the
composite. The authors showed that Li-ions were diffusing in the pores via exchanging the solvated
TFSA anions.”® Another study measured Li‘-ion conductivity by incorporating
[EMIMo .sLio2][TFSI] into MOF-525 (Cu). MOF-525 (Cu) was chosen since it has open metal sites
in the structure where the anionic component of the Li salt could be grafted, so that Li*-ions could
diffuse more freely through pores. The composite showed a higher Li transference number, 0.36,
compared to the bulk IL.”” Due to uneven distribution of lithium sources on Earth and extensive
usage of lithium in electrochemical applications, future usage of limited lithium resources requires
a proper alternative.”® Accordingly, sodium-based electrochemical energy storage systems have
been introduced. Recently, researchers have been trying to develop suitable candidates for solid-
state sodium-based electrolytes.” In real-world applications, such electrolytes need to be stable in
the absence of an inert atmosphere.®’ To address this problem, charge carrier ions need to be
protected from contact and avoid reactions with the guest molecules present in ambient atmosphere.
Structural amorphization of MOFs impregnated by ILs, where ILs are trapped in MOF pores, can
be investigated as a possible solution, where the interaction of unwanted molecules with ILs/salts

1s hindered.

1.7. Interactions between IL and MOF in IL@MOF composites

As discussed above, interaction of ILs with MOF shows advantageous outcomes, improving the
MOF performance in a targeted application such as gas separation and ion conduction. It was
shown that the interactions between IL molecules and the MOF structure is crucial in creating new
interaction sites favorable for adsorption, catalysis, and ion conduction.®® Interactions between

different ILs and MOFs have been extensively investigated experimentally, as well as

11



computationally at low temperatures. A simulation study investigated IRMOF-1 supported IL
membranes for CO» capture.?! Four different ILs with identical cation and different anions were
used and the results demonstrated that the anion of the IL plays an important role in the extent of
interactions between the IL and the MOF. In a different study, combining DFT calculations and
experimental vibrational spectroscopy, the molecular interactions between a Cu-based MOF,
copper benzene-1-3-5-tricarboxylate (CuBTC), and an IL, 1-ethyl-3- methylimidazolium ethyl
sulfate (([EMIM][EtSO4]), was investigated. Their computational results showed that the IL.-anion
was interacting with the MOF Cu?* ions causing the transfer and redistribution of electron density
over the MOF metal sites. This result was further confirmed by showing elongated Cu—O bond
distances between MOF linkers and metal centers. This was further manifested in the experimental
vibrational spectra, observing redshifts in the IR bands associated with Cu—O bonding. The authors
concluded that intermolecular interactions between the linker molecules and Cu weakens upon
interaction with the IL ions.*” Weakening of metal-ligand bonding was further shown via
incorporating seven different imidazolium-based ILs in CuBTC pores, all having the same cation
but varying anions. It was shown that when the interionic interactions within the IL were higher,
then the IL interacted more strongly with the MOF structure and Cu—O bonding became weaker
resulting in lower thermal stability of the IL@MOF composites.>’

Most of the reported studies on IL@MOF composites have investigated the interactions between
ILs and MOFs at low temperatures. However, a more rigorous study of interactions between IL
and MOF at elevated temperatures is needed. Because of stronger IL-MOF interactions at high
temperatures, porosity and metal-linker bonding strength can be reduced, which are identified as

required criterion for the melting of non-meltable MOFs.*
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2. Cumulative summary

In this dissertation, the experimental findings have been published in peer reviewed journals. Thus,
the results and discussion section of the thesis will be illustrated in the form of a compilation of

publications in the peer reviewed journals in 2.1.1, 2.2.1, and 2.2.2 sections.

2.1. Structural integrity and meltability in glass-forming MOFs

Structural amorphization and melting of MOFs were introduced by Bennett et al.3* in 2010, where
several phase transitions resulting in the formation of dense ZIF-zni polymorph upon heating of
ZIF-4 was observed, followed by glass formation, with final melting upon further heating of the
formed dense ZIF-zni.*® Among meltable ZIFs, ZIF-62 has been studied extensively because of its
relatively low T, and high thermal stability, rendering a larger melting window (>100 K) compared
to other ZIFs.?® ZIF-62 has Im and bIm as organic linkers, categorized as a heterolinker ZIF with
a canonical stoichiometry of Zn(Im); 75(bIm)o.s5.*® Comparing melting behavior of ZIF-4 and ZIF-
62, an approach towards lowering 7Tm of ZIFs is to substitute some of the already coordinated
linkers, Im in the ZIF-4 case, with a different or bulkier linker (bIm in case of ZIF-62). This change
in linker composition decreases Tm of ZIF-4, 863 K, to 710 K of ZIF-62.2° Aiming to lower the
melting temperature of ZIF-62, the effect of linker composition, i.e., changing the Im:bIm ratio, on
Tm was investigated.®> By varying the Im:bIm ratio in Zn(Im)>—«(bIm)., where x = 0.02-0.35, T
could be tuned by 70 K.

This compositional effect was further investigated in heterolinker (or mixed-linker) ZIFs by
introducing structural disorder upon inclusion of multiple linkers which resulted in lowering the
melting temperature. For instance, by inclusion of a third linker in a ZIF, Im, bIm, and mbIm as in
ZIF-UC-1b [Zn(Im)1.66(bIm)o.22(mbIm)o.12] the structure could be melted at a lower Tm (691 K)
compared to that of ZIF-62 (710 K). It was shown that static atomic displacement and distortion in
orientation of linkers induced structural disorder, causing lower T3¢ Statistical models revealed
that coordination of different linkers to metal centers has certain probabilities, which are controlled
thermodynamically and kinetically. Dissimilar steric hindrances and metal—linker interactions
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results in favorable coordination of certain linkers; Im, blm, and mbIm linkers surrounding Zn
show the following probability: Im>bIm>mbIm, meaning that Im linkers are favored to be
coordinated to Zn compared to bim and mbIm.3¢ This has to be taken into account, particularly, in
scaling-up the synthesis of mixed-linker ZIFs. Another crucial parameter in ZIF synthesis is the
reaction temperature and time. Extending the reaction temperature and time has been shown to
influence the phase of the final ZIF crystals. During ZIF-4 synthesis (having cag topology), higher
temperature and longer reaction times led to formation of ZIF-zni [a dense polymorph of Zn(Im)>],
having zni topology.®” Moreover, starting from the same precursors, different isomeric crystals of
[Zn(Im)2] such as ZIF-1 crb, ZIF-2 crb, ZIF-3 dft, ZIF-4, ZIF-6 gis, and ZIF-10 mer, can be
formed. Among these isomeric crystals, ZIF-1, ZIF-3, and ZIF-4 show similar thermal phase
transformations upon heating.*>> The presence of different phases (as impurities) may preclude the
formation of these mixed-linker type glasses and their usage in targeted applications. According to
above-mentioned arguments, consequences of linker heterogeneity and synthesis conditions on the

variability of thermal properties in mixed-linker ZIFs need to be investigated.
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2.1.1

Structural integrity, meltability, and variability of
thermal properties in the mixed-linker zeolitic
imidazolate framework ZIF-62

Nozari, V.; Calahoo, C.; Longley, L.; Bennett, T. D.; Wondraczek, L. Structural Integrity , Meltability , and
Variability of Thermal Properties in the Mixed-Linker Zeolitic Imidazolate Framework ZIF-62. J. Chem.
Phys. 2020, 153 (20), 1-21. DOI: 10.1063/5.0031941

Metal-organic framework (MOF) glasses have emerged as a new class of melt-quenched glasses;
however, so far, all MOF glass production has remained at lab-scale; future applications will
require large-scale, commercial production of parent crystalline MOFs. Yet, control of synthetic
parameters, such as uniform temperature and mixing, can be challenging, particularly, when
scaling-up production of a mixed-linker MOF or a zeolitic imidazolate framework (ZIF). Here, we
examine the effect of heterogeneous linker distribution on the thermal properties and melting
behavior of ZIF-62. X-ray diffraction (XRD), Raman, and 'H nuclear magnetic resonance
spectroscopies revealed little discernable structural difference between samples of ZIF-62
synthesized in our lab and by a commercial supplier. Differential scanning calorimetry and variable
temperature/isothermal XRD revealed the samples to have significantly different thermal behavior.
Formation of ZIF-zni was identified, which contributed to a dramatic rise in the melting point by
around 100 K and also led to the alteration of the macroscopic properties of the final glass.
Parameters that might lead to the formation of unexpected phases such as an uneven distribution
of linkers were identified, and characterization methods for the detection of unwanted phases are
provided. Finally, the need for adequate consideration of linker distribution is stressed when

characterizing mixed-linker ZIFs.

Reprinted from [Nozari, V.; Calahoo, C.; Longley, L.; Bennett, T. D.; Wondraczek, L. Structural Integrity
,Meltability ,and Variability of Thermal Properties in the Mixed-Linker Zeolitic Imidazolate Framework
ZIF-62.J. Chem. Phys. 2020, 153 (20), 1-21], with the permission of AIP Publishing under license number
4961321229026.
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ABSTRACT

Metal-organic framework (MOF) glasses have emerged as a new class of melt-quenched glasses; however, so far, all MOF glass production has
remained at lab-scale; future applications will require large-scale, commercial production of parent crystalline MOFs. Yet, control of synthetic
parameters, such as uniform temperature and mixing, can be challenging, particularly, when scaling-up production of a mixed-linker MOF
or a zeolitic imidazolate framework (ZIF). Here, we examine the effect of heterogeneous linker distribution on the thermal properties and
melting behavior of ZIF-62. X-ray diffraction (XRD), Raman, and 'H nuclear magnetic resonance spectroscopies revealed little discernable
structural difference between samples of ZIF-62 synthesized in our lab and by a commercial supplier. Differential scanning calorimetry
and variable temperature/isothermal XRD revealed the samples to have significantly different thermal behavior. Formation of ZIF-zni was
identified, which contributed to a dramatic rise in the melting point by around 100 K and also led to the alteration of the macroscopic
properties of the final glass. Parameters that might lead to the formation of unexpected phases such as an uneven distribution of linkers were
identified, and characterization methods for the detection of unwanted phases are provided. Finally, the need for adequate consideration of
linker distribution is stressed when characterizing mixed-linker ZIFs.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0031941

INTRODUCTION Accordingly, MOF glasses have emerged as a new class of melt-
quenched glasses with unique and potentially advantageous proper-

Metal-organic frameworks (MOFs) are porous, crystalline, and ties stemming from their tunability and structural chemistry, which

“tunable” materials composed of organic linkers coordinated to
inorganic metal centers;~ component selection results in an almost
infinite number of possible framework structures having a wide
range of physical and chemical properties. These properties enable
implementation in a variety of different applications such as gas stor-
age, gas separation, and catalysis.” MOFs are typically synthesized
in the form of microcrystalline powders although this is problematic
as specialized and/or high-stress applications require MOFs formed
in robust, bulk geometries.

To overcome this challenge, melt-quenching of these hybrid
framework materials has been proposed, leading to bulk glasses.

can be exploited in crystalline and glassy states alike.” This ability
to form bulk, shapeable materials with enhanced processability and
durability, without loss of chemical selectivity, greatly broadens the
applicability of MOFs in many fields.

Thus far, only a small number of MOFs have been reported
to demonstrate substantial meltability. Zeolitic imidazolate frame-
works (ZIFs) are a subclass of MOFs some of which show melt-
quenching behavior; they often have topologies similar to those
found in inorganic zeolites (tetrahedral Si04*" and AlO4°~ species
are replaced by isotypic tetrahedral Zn** or Co*" coordinated by
imidazolates, which take the place of the oxygen anion).” ' For

J. Chem. Phys. 153, 204501 (2020); doi: 10.1063/5.0031941
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instance, crystal structures of ZIF-4, Zn(Im), with cag topology,
ZIF-zni, Zn(Im); with zni topology, ZIF-62, Zn(Im);75(bIm)o2s
with cag topology, and ZIF-7, Zn(bIm), with sod topology are illus-
trated in Fig. 1."" " ZIF-62 is one of the most extensively stud-
ied MOF glasses because of its relatively low melting temperature
and high thermal stability, resulting in a large processing win-
dow."” ZIF-62 is a mixed-linker (or heterolinker) ZIF consisting of
imidazolate (Im, C3H3N, ) and benzimidazolate (bIm, C;HsN;, ")
linkers with the standard stoichiometry of 7:1 Im to blm or
Zn(Im); 75(bIm)g2s."”

ZIF-62 glass, agZIF-62, shows promising results in gas sepa-
ration applications. For instance, a;ZIF-62 membranes fabricated
by Wang et al. via melting crystalline ZIF-62 powder on an
alumina support showed separation selectivity for different gas
mixtures (CO2/CHy, CO2/H;, and CO3/N3). Indeed, the glassy
ZIF-62 showed three times higher CO»/N; selectivity compared to
its crystalline counterpart at elevated pressures. These observa-
tions demonstrate the potential of MOF glasses to be implemented
in industrial applications.

Nevertheless, the most challenging issue remains unsolved
since bringing MOF glasses into real world applications requires
scaling-up the synthesis procedures.'” In this, several parameters
are crucial to the structural integrity and phase purity of the final
product, such as reaction time and temperature.*'” The presence

ARTICLE scitation.org/journalljcp

of structural defects or tiny amounts of impurities may change the
thermal behavior; this can induce a considerable increase in melt-
ing temperature or reduce the melting window of the material."”’
This is a concern not only for commercial materials but also when
analyzing the behavior of newly synthesized materials, where phase
purity plays a significant role in dictating thermal behavior. Cur-
rently, the MOF glass field tries to identify new meltable MOFs/ZIFs
from among a huge number of available crystalline MOFs; thus,
small impurities may play a large role by either broadening the melt-
ing window or, worse, by falsely identifying melting compositions as
non-glass forming.™

In mixed-linker ZIFs, effects of linker ratio on thermal behav-
ior of the corresponding ZIF have been investigated before, and it
was shown that increasing the structural disorder, through inclu-
sion of multiple ligands, causing static atomic displacement or dis-
tortion in orientation, resulted in lower melting temperature.””'
Statistical models indicate that in mixed-linker ZIFs, different Zn>*-
linker coordination spheres have corresponding probabilities. These
different zinc environments are both kinetically and thermody-
namically driven: respective steric hindrances of individual linkers
and preferred coordination of each linker to metal sites result in
some metal center-linker interactions being more commeon. For
instance, ZIF-62 crystals form with a propensity of Zn to be coor-
dinated by Im over bIm linkers,” possibly promoting regions of

FIG. 1. Crystal structure of (a) ZIF-4
[Zn(Im)z], (b) ZIF-zni [Zn(Im)s], (c) ZIF-
62 [Zn(Im);75(bim)os], and (d) ZIF-7
[Zn(blm)z]. Brown, carbon; blue, nitro-
gen; pink, hydrogen; gray, zinc tetrahe-
dra. Crystallographic data are taken from
Refs. 12-14.
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higher-than-average Im coordination. This suggests that homoge-
neous linker distribution (e.g., through controlling synthesis param-
eters such as time and temperature) is a crucial factor in tailoring the
physical properties of mixed-linker ZIFs/MOFs.

In this study, we investigate the structural and thermal prop-
erties of two variants of ZIF-62, one produced in the lab and the
other commercially, with different degrees of linker homogeneity.
The structures of these samples are studied using x-ray diffraction
(XRD), proton nuclear magnetic resonance (*H NMR), and Raman
spectroscopy. Differential scanning calorimetry (DSC) and variable
temperature/isothermal XRD (VT-XRD) measurements are used to
identify the differences in thermal properties, origin of unexpected
phases, and changes in the melting behavior of the materials. Impor-
tant parameters affecting the synthesis processes of a mixed-linker
material are addressed, and guidelines to control these issues are
discussed.

RESULTS AND DISCUSSION

We compare the structures of the two differently manufactured
ZIF-62 samples, obtained via lab synthesis and from a commer-
cial supplier, respectively (denoted as ZIF-62-synthesized and ZIF-
62-commercial). Structural characterization was performed using
XRD, '"H NMR, and Raman spectroscopy, as shown in Figs. 2 and
S1. Figure 2(a) compares the XRD patterns of samples of ZIF-62-
commercial, ZIF-62-synthesized, and ZIF-62-calculated using crys-
tallographic data from the literature."” The XRD patterns of both
ZIF-62-synthesized and ZIF-62-commercial display good agreement
with the calculated one, with only slight changes in the intensity
of some reflections. Figure S2 illustrates the differences in XRD
patterns between ZIF-62-synthesized, ZIF-62-commercial, and ZIF-
62-calculated. Similarly, the Raman spectra in Fig. S1 are consis-
tent with the previously reported literature and reveal the same

—— ZIF-62-commercial
——— ZIF-62-synthesized
—— ZIF-62-calculated

Intensity

2-Theta (°)
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features for both samples indicating identical chemical bonding
environments.”

In mixed-linker ZIFs or MOFs such as ZIF-62, acid-digested ' H
NMR spectroscopy provides useful information about the integrity
of the linkers as well as linker stoichiometry present in the frame-
work."""* As presented in Fig. 2(b), '"H NMR spectra for the
ZIF-62-commercial and ZIF-62-synthesized samples are well-
matched, confirming that the linkers are intact. Further analysis
on the linker composition showed that the linker ratio, defined
as bIm/(bIm + Im), deviates slightly from the canonical ZIF-62
linker ratio of 0.125 for both ZIF-62-synthesized (0.156) and
ZIF-62-commercial (0.135) samples. Accordingly, linker composi-
tions can be written as Zn(Im); ¢o(bIm)g31 and Zn(Im); 73(bIm) 27
for ZIF-62-synthesized and ZIF-62-commercial, respectively, and
compared to the canonical composition, Zn(Im); 75(bIm)g.2s. This
suggests that both ZIF-62-synthesized and ZIF-62-commercial sam-
ples possess similar chemical structures and have slightly more
bIm in the structure, as has been reported extensively in the
literature.”

Frentzel-Beyme et al.'” demonstrated that the melting temper-
ature of ZIF-62 can be tuned (~70°C difference) by varying the
Im:bIm ratio in Zn(Im),_,(bIm),, where x = 0.02-0.35. Motivated
by this, we investigated the thermal properties of ZIF-62-synthesized
and ZIF-62-commercial, starting with the ubiquitous technique of
differential scanning calorimetry paired with thermo-gravimetric
analysis (DSC-TGA). Figure 3 shows the calorimetric behavior of
ZIF-62-commercial and ZIF-62-synthesized samples. According to
Fig. 3(a), both ZIF-62-commercial and ZIF-62-synthesized samples
show no mass loss upon heating to 600 °C, implying that there
is no thermal decomposition prior to this temperature. On the
other hand, DSC scans in Fig. 3(b) illustrate significant differences
in temperature-driven enthalpic behavior. Although the scan for
ZIF-62-synthesized shows the expected thermal response upon
heating (an endotherm at ~400 °C, characteristic of ZIF-62 melt-
ing), that of ZIF-62-commercial contained a variety of complex

b —— ZIF-62-commercial
—— ZIF-62-synthesized
Im
2 DMSO-d,
5 j/ >. bIm
1 N 3

="
| E =
y
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FIG. 2. Structural characterization of ZIF-62-synthesized and ZIF-62-commercial samples: (a) XRD patterns. The ZIF-62-calculated pattern was obtained using crystallo-
graphic data taken from Ref. 13. (b) 'H NMR spectra. Peaks attributed to D,O/solvent are marked with asterisks. Insets show the structures of Im (imidazolate) and bim

(benzimidazolate) linkers of ZIF-62.
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FIG. 3. Thermal behavior of ZIF-62-synthesized and ZIF-62-commercial samples: (a) TGA scans performed under nitrogen; (b) DSC scans recorded at 10°C min~'; (c)
VT-XRD measurement of ZIF-62-synthesized; (d) VT-XRD measurement of ZIF-62-commercial; colored regions represent phase transitions in the corresponding DSC scans.

features related to various phase transitions, which are different
from any kind of thermal behavior that has been reported for ZIF-62
S0 far.‘ 5,17,18,24

As noted above, this behavior could be attributed to differ-
ences in the linker ratio, originating from higher amounts of bIm
in ZIF-62-synthesized compared to ZIF-62-commercial. However,
ZIF-62 with higher-than-ideal bIm content has been investigated
and showed almost identical enthalpic responses in DSC traces."
Considering linker ratio deviation between ZIF-62-synthesized and
ZIF-62-commercial, the expected melting temperature difference
would be less than 10°C." To uncover the unusual phase tran-
sitions found in our DSC measurements, we performed VT-XRD
on both ZIF-62-synthesized and ZIF-62-commercial samples. The
results are presented in Figs. 3(c) and 3(d), respectively. We focused
on 2-theta values in the range of 8°-25° since most of the crys-
talline features occur in this range. VT-XRD on ZIF-62-synthesized
[Fig. 3(c)] shows the expected loss of crystallinity upon melting start-
ing at ~400 °C, as evidenced by the disappearance of sharp Bragg
diffraction peaks and the appearance of broad amorphous scattering,
in good agreement with DSC data.

In contrast, ZIF-62-commercial [Fig. 3(d)] first goes through
a partial amorphization step around 300 °C (shown as a decrease
in diffraction peaks particularly at higher 2-theta values in XRD
and an endotherm in DSC), which is followed by the appearance
and growth of new crystalline peaks starting at 400 °C (detectable
in the DSC trace as an exothermic peak at almost the same tem-
perature) and finally amorphization of the newly emerged crys-
talline phase (in agreement with the broad endotherm starting at
500°C in DSC). Rather than full amorphization above 300 °C, the
diminishing diffraction peaks (and retention of ZIF-62 peaks) may
indicate that another phase which overlaps closely with the ZIF-
62 diffraction peaks is amorphizing in this temperature range. We
note that small differences between phase transition temperatures
as measured by DSC and VT-XRD may arise due to the different
atmospheres used: DSC was performed under nitrogen and VT-
XRD under argon. To confirm the unexpected DSC scan of ZIF-
62-commercial, the experiment was repeated, with consistent results
(Fig. $3).

Diffraction patterns and corresponding sample micrographs
representative for each selected temperature in the DSC and

J. Chem. Phys. 153, 204501 (2020); doi: 10.1063/5.0031941
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VT-XRD of ZIF-62-commercial are illustrated in Fig. 4(a). As the
temperature rises, the crystalline ZIF-62-commercial partially amor-
phizes and subsequently, a new crystalline phase, matching the
XRD pattern of ZIF-zni, emerges. ZIF-zni, a dense zinc imidazo-
late framework, is a thermodynamically stable ZIF polymorph of
ZIF-4, Zn(Im),, with zni topology " (ZIF-4 has cag topology and
crystallizes in the Pbca space group like ZIF-62'""). To confirm
the formation of ZIF-zni, several isothermal XRD measurements
were performed (360 °C for 14 h, 430°C for 7 h, and 500 °C for
5 h), and the morphologies of the resulting samples were stud-
ied using scanning electron microscopy (SEM). We note that dif-
ferent temperatures and times were chosen to allow for the sep-
aration and identification of morphological differences between
phases as follows: both ZIF-62 and zni phases (360 °C for 14 h),
only the zni phase (430°C for 7 h), and fully amorphous (500 °C
for 5 h). In isothermal XRD at 360°C for 14 h, ZIF-62 and
ZIF-zni crystal phases exist in the final XRD pattern, which can
also be seen in corresponding SEM images, as small rounded
ZIF-62 crystals appear along with the rod-shaped zni phase.”

ZIF-zni-calculated
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—410°C
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-390 °C
380°C

MM%M
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Imensity
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When we examined the sample after the isothermal experiment
at 430°C for 7 h, we find that only the crystalline ZIF-zni phase
remains, confirmed by the presence of only rod-shaped crystals
(along with the substantial amorphous phase) in the SEM images.
Finally, ZIF-zni becomes fully amorphous upon the isothermal
run at 500°C for 5 h; no crystals can be detected in its SEM
images.

Previous reports showed that ZIF-zni can be formed via
two routes: direct synthesis of ZIF-zni from its chemical pre-
cursors and recrystallization from amorphized isomeric Zn(Im),
while providing enough thermal energy to the system.” " Com-
paring the enthalpic behavior of ZIF-62-commercial sample with
other ZIF structures, almost identical phase transformations that
have been observed for ZIF-1, ZIF-3, and ZIF-4 are detected
in the ZIF-62-commercial sample.”’ Crystallization of the zni
phase was further examined via analyzing the integrated inten-
sity of the most intense reflection in the temperature range
where we observed crystallization in DSC and VT-XRD (2-
theta of 15°, ascribed to {400} and {112} reflections of the zni

360 °C
14h

| i e B e
B 10 12 14 16 18 20 22

2-Theta (°)

“Time (min)

400

20 12 116 18 W 2 ]
2-Theta (°)

W16 18
2-Theta (°)

FIG. 4. Formation of ZIF-zni phase upon heating ZIF-62-commercial. (a) XRD patterns obtained at different temperatures. ZIF-zni XRD was calculated using the crystallo-
graphic data from the literature.'* Isothermal XRD measurements along with SEM images obtained after isothermal XRD runs at: (b) 360 °C for 14 h, (c) 430 °C for 7 h, and

(d)500°C for 5 h.
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crystal structure). Figure S4 illustrates the growth of the zni
phase with rising temperature (the intensity of the doublet at
2-theta = 15° almost doubles upon an increase of 60 °C). This indi-
cates that there are regions in the sample where sufficiently low
amounts of blm are present. Upon heating, these Im-rich pockets
recrystallize to the zni phase.

Reaction time and temperature can significantly influence
the formation of the final crystalline product. For example,
starting with zinc nitrate tetrahydrate Zn(NOs);-4H,O and
imidazolate with slightly different stoichiometric ratios, differ-
ent isomeric crystals can be synthesized such as ZIF-1 crb
[Zn(Im); - (MeaNH)], ZIF-2 crb [Zn(Im);], ZIF-3 dft [Zn(Im).],
ZIF-4 cag [Zn(Im),-(DMF)(H,0)], ZIF-6 gis [Zn(Im):],
and ZIF-10 mer [Zn(Im);], which have the identical Zn(Im),
formula but very different crystal structures.” We note that
N,N-dimethylformamide (DMF) was used as the solvent for the syn-
thesis of isomer crystals except ZIF-3 in which a mixture of DMF
and N-methylpyrrolidone (NMP) was used as the solvent. Calcu-
lated XRD patterns of these isomer crystals are shown in Fig. S5.
It can be seen that the ZIF-4 XRD pattern is the closest to that of
ZIF-62, which is explained by the fact that both crystallize in the Pbca
space group with cag topology.'”

According to our DSC, VT-XRD, and calculated XRD pat-
terns of Zn(Im); isomer crystals, the in situ formation of ZIF-zni
during heating can be attributed to the presence of Im-rich, ZIF-
4-like regions in the ZIF-62-commercial sample. This is likely due
to inhomogeneous coordination processes of the Im and bIm link-
ers to Zn"" during the up-scaled commercial synthesis. To esti-
mate the amount of the ZIF-4-like phase, enthalpy of crystalliza-
tion for the zni phase from the crystallization peak in the DSC
scan (Fig. $6) was calculated, obtaining a value of 11.67 | g_l. The
enthalpy of zni formation from pristine ZIF-4 has been reported

(®)
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at 50 ] g~'."' Based on the corresponding enthalpy of crystalliza-
tion for zni in ZIF-62-commercial, an equivalent of ~23.3% of the
ZIF-4-like phase is nominally present in the ZIF-62-commercial
sample.

It has been shown previously that extending the synthesis time
and increasing the synthesis temperature resulted in zni formation
during the synthesis of ZIF-4.”" To examine this effect in the com-
mercial sample, SEM analysis was performed on as-received ZIF-62-
commercial and ZIF-62-synthesized samples, as presented in Iig. 5.
As can be seen from Fig. 5(a), there is no zni phase (rod-shaped
crystals) in the ZIF-62-synthesized sample, whereas in the ZIF-62-
commercial case, as seen in Fig. 5(b), a small number of rod-shaped
zni crystals can be detected, which proves the formation of zni
phase during ZIF-62-commercial synthesis. Corresponding melt-
quenched glasses of ZIF-62-commercial and ZIF-62-synthesized
samples are illustrated in Fig. 5(c).

Quantification of the zni phase in ZIF-62-commercial using
Rietveld refinement is presented in Fig. 6. Results revealed 1.8% of
the zni phase in the ZIF-62-commercial sample (see the section titled
“Materials and methods” for further details).

Accordingly, our results demonstrate that ZIF-zni and ZIF-
4-like pockets were formed during ZIF-62-commercial synthesis.
Moreover, as ZIF-62-commercial was heated, additional ZIF-zni is
formed via recrystallization of amorphized ZIF-4-like pockets. In
many cases, the presence of a small impurity, unwanted chem-
icals/phases, or phase separation can significantly influence the
macroscopic properties of glasses. As illustrated in Fig. 5(c), melt-
quenched glasses formed from ZIF-62-synthesized and ZIF-62-
commercial are different, while the glass of the ZIF-62-synthesized
sample is transparent (consistent with the literature), the glass
of ZIF-62-commercial is completely opaque because of the pres-
ence of zni crystals. These macroscopic differences in these two

FIG. 5 Morphology of ZIF-62-
synthesized and ZIF-62-commercial
samples: (a) ZIF-62-synthesized and
(b) ZIF-62-commercial, yellow arrows
highlight ~ rod-shaped zni crystals.
(c) Melt-quenched glasses obtained
from ZIF-62-synthesized and ZIF-62-
commercial upon heating the powder
samples to 450 °C with a ramp rate of
5°C min~" and subsequent cooling to
room temperature.
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FIG. 6. (a) Rietveld refinement of the XRD pattern of ZIF-62-commercial. (b) Focused region of the Rietveld refinement showing the presence of ZIF-zni in the sample. ZIF-62

and ZIF-zni crystallographic data for the refinement are taken from Refs. 12 and 14.

glasses would clearly hamper the use of such glasses in optical
applications.

We hypothesize that, based on the evidence presented, the ZIF-
62-commercial sample undergoes incongruent melting. This may
be a result of inhomogeneous linker distribution during synthesis
which manifests in dispersed ZIF-4-like regions in ZIF-62. In col-
lapsible framework structures such as ZIF-62, allowing the synthesis
reaction to reach its maximum entropy (complete mixing of Im and
bIm linkers) is of great importance. However, providing too much
energy helps the reaction to find the enthalpic minimum and form
the thermodynamically stable state (ZIF-zni). To show the complex
behavior of ZIF-62-commercial, a pseudo-phase diagram is illus-
trated in Fig. 7(a). Although many ZIFs, including those in this
study, are metastable, precluding a proper equilibrium phase dia-
gram, due to their deep energy well, we believe that such a pseudo-
phase diagram is still a useful tool for understanding the melting
behavior of these complex systems.

According to the pseudo-phase diagram in Fig. 7(a), we can
hypothesize possible linker ratios that result in incongruent melt-
ing. Even though enthalpic behavior of the system can be con-
trolled, inhomogeneities might occur because the reaction is also
affected by kinetics. At any linker ratio of Im and bIm, Im-rich
regions and bIm-rich regions can form, and incongruent melt-
ing may occur. Without reaching complete mixing, it is possible
for the material to be composed of two or more compositional
points on the pseudo-phase diagram (at constant T). The melt-
ing behavior of ZIF-62-synthesized shows that, it is clearly possible
to avoid the pink “liquid + ZIF-zni” region entirely as was inves-
tigated by Frentzel-Beyme et al." (their experimental data points
are included in the phase diagram). However, this is not achieved
only by satisfying the proper linker ratio ([Im/bIm]): From NMR of

ZIF-62-commercial, we expect that the material would not go
through incongruent melting (X = 0.27). Instead, linker heterogene-
ity creates at least two different local Zn**-linker environments and
constrains ZIF-62-commercial to go through two different paths
upon heating, as illustrated by the two white composition points
in the phase diagram. Figure 7(b) illustrates the behavior of ZIF-
62-commercial linker distribution during synthesis, showing the
early clustering of Im linkers. In Fig. 7(c), continued synthesis pro-
duces both canonical and Im-rich ZIF-62 phases, along with small
amounts of ZIF-zni crystals. When such kind of ZIF-62 polycrystals
are heated, more zni crystals form from the Im-rich pockets, and the
final product is a melted, amorphous ZIF-62 phase with zni crystals,
as shown in Fig. 7(d).

Moreover, in order for MOFs/ZIFs to perform as expected in
gas storage, gas separation, and catalysis applications, the parent
material must be sufficiently phase-pure to guarantee optimal per-
formance. " Specifically, in a glass derived from ZIF-62, the pres-
ence of a small amount of ZIF-zni can significantly influence the
gas separation and catalytic performance since adsorption and dif-
fusion of certain molecules will no longer be possible in dense zni
regions, while it would be possible in the absence of such unfa-
vorable phases.'”'” We note that both ZIF-62 and ZIF-zni crystal
habits have been described previously in detail, and the morpho-
logical differences between them enabled us to detect the presence
of zni in ZIF-62. Similarly, amorphization of ZIF-62 upon heating
allowed clear discernment of ZIF-zni peaks in the XRD patterns at
higher temperatures, corroborating the formation of ZIF-zni dur-
ing commercial synthesis. However, in other systems, there may be
different crystal phases with the same crystal habits, hindering easy
phase identification, while contributing to unexpected behavior and
performance in applications.
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Furthermore, when identifying new meltable MOFs/ZIFs,
the inhomogeneity of linker distribution and/or the presence of
impurities or other crystalline phases can change the thermal prop-
erties substantially, impeding the accurate evaluation of thermal sta-
bility and melting windows. Given that thermal behavior is a decid-
ing factor in application-driven MOF research and is arguably the
most important factor in the discovery and characterization of novel
amorphous MOFs, we believe that more effort should be spent on
characterizing the linker distribution in mixed-linker ZIFs. With-
out proper consideration of linker heterogeneity, thermal character-
ization is only applicable to that singularly synthesized MOF and
should not be generalized for all MOFs of that composition and
topology. Although linker distribution analysis adds an extra step
to investigations, it also brings attention to the fact that we now have
an additional method to tune the physical MOF properties.

We can tentatively summarize the important characterization
steps to confirm the homogeneity of a mixed-linker MOF/ZIF mate-
rial after synthesis in terms of subsequent transformation into a
glassy state. Typical structural characterization must be combined
with in-depth thermal analysis. XRD, SEM, Raman/FTIR, and NMR
spectroscopy can provide useful information about overall struc-
tural and linker integrity; at the first glance, this information may
confirm that the material has the intended structure. However, the

most important step is the evaluation of the thermal behavior: it
probes the dynamics of the system revealing differently behaved
inhomogeneities and phases. Only by combining DSC with VT-XRD
(and SEM) were the different phase changes of the inhomogeneous
regions apparent. The information presented in this work provides
a roadmap to identify synthesis differences, which may occur in
mixed-linker MOFs/ZIFs.

CONCLUSION

In summary, we investigated the structural heterogeneity and
thermal properties of meltable variants of ZIF-62. Our results
showed that in such mixed-linker MOFs/ZIFs, uneven distribution
of linkers might cause formation of polymorphs, which can result
in significant changes in thermal properties. This can cause a dra-
matic increase in melting temperature and/or change the macro-
scopic properties, which is of importance for accurate characteriza-
tion and in further processing of materials such as glasses. Thermal
characterization methods such as DSC and VT-XRD are of great
importance in testing the integrity and characteristics of a mixed-
linker MOF/ZIF product. From a practical standpoint, results pre-
sented here can provide a guideline for characterizing the success of
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scaling-up or large-scale production of ZIFs/MOFs. Yet, the striking
differences in thermal behavior also stress the necessity of deter-
mining linker distribution in mixed-linker ZIFs and highlight that
linker heterogeneity is an additional route to tune MOF physical
properties.

MATERIALS AND METHODS
Materials

ZIF-62-synthesized was prepared using the same procedure
reported previously' ” and compared to a commercial ZIF-62 mate-
rial as-received from ACSYNAM. Both materials were heated at
170 °C under vacuum overnight prior to use.

X-ray diffraction

VT-XRD and isothermal XRD experiments were conducted
using a Rigaku Smartlab diffractometer (Cu K, x-ray source with
a wavelength of 1.54059 A) with a Hypix-3000 (horizontal configu-
ration) in 1D scanning mode. The voltage and current of the x-ray
tube were set to 40 kV and 50 mA, respectively. For both experi-
ments, the general Bragg-Brentano geometry was used witha 10 mm
length-limiting slit as the incident section, a 2.5° Soller slit with a Ky
filter, and an anti-scattering slit in the receiving part. A powder sam-
ple (~40 mg) was placed in a corundum holder and installed on a
HTKI1200N (Anton Paar) heating stage. The vacuum stage was con-
nected to the heating stage, and all the connections were sealed. The
sample compartment was flushed two times using argon gas in the
chamber and pulling vacuum afterward. A turbo-molecular pump
(TMP) was used to evacuate the sample compartment. After the final
evacuation step, a continuous argon flow of 50 ml min~" was used
during the whole experiment. For VT-XRD, a temperature control
loop was set using “constant up down measurement” mode. Tar-
get temperature and ramp rate were set to 600 °C and 5°C min ™",
respectively. Diffraction patterns were collected in the 26 range of
8°-25° with a step size of 0.03° and at a speed of 50° min~'. Set-
ting these conditions resulted in obtaining a diffraction pattern every
6 °C. Isothermal XRD experiments were conducted using the “con-
stant up down measurement temperature loop” mode. Target tem-
peratures and holding times were set to 360 °C, 430 °C, and 500 °C
and 14 h, 7 h, and 5 h, respectively. Diffraction patterns were col-
lected in the 20 range of 8°-25° with a step size of 0.03° and at a
rate of 10° min~". The set ramp rate provided diffraction patterns
every 6 min. XRD data presented in Fig. 2(a) were collected using a
Rigaku MiniFlex diffractometer in the 2 6 range of 5°-40° with a step
size of 0.01°. Rietveld refinement was performed using GSAS-II soft-
ware. Instrumental parameters were extracted using LaBs as the
reference.

Differential scanning calorimetry coupled
with thermo-gravimetric analysis (DSC-TGA)

DSC-TGA analyses were performed using a Netzsch STA 449
F1 instrument. Approximately, 15 mg of each sample was placed in
a platinum crucible and gently pressed by hand to ensure a good
contact between the crucible and the powder sample. All the mea-
surements were performed under 20 ml min~" nitrogen flow. First,
the sample was heated to 120 °C with a ramp of 20 °C min~' and

ARTICLE scitation.org/journalljcp

equilibrated for 4 h to remove any volatiles. Subsequently, it was
heated to 600 °C with a ramp rate of 10 °C min™".

Scanning electron microscopy (SEM)

The morphology of samples after isothermal XRD runs and
as-synthesized and as-received commercial samples were analyzed
using a JSM-7001 F electron microscope (Jeol Ltd., Japan). Approx-
imately, 10 mg of each sample was placed on the carbon tape pasted
on an aluminum cell. Samples were coated with a thin layer of car-
bon prior to measurement. Working distance and voltage were set
to 15 mm and 15 kV, respectively.

Raman spectroscopy

Raman spectra for powder samples were collected using Ren-
ishaw inVia Raman microscope at 20x magnification with an exci-
tation wavelength of 785 nm. Samples were placed on a glass slide
and flattened. Spectra were collected in the wavenumber range of
500 cm™'-1600 cm™" with 50% laser power, acquisition time of 10's,
and one accumulation.

Nuclear magnetic resonance spectroscopy

'"H NMR spectra were measured on a Bruker 300 MHz spec-
trometer. Approximately, 6 mg of each sample was digested in a
mixture of DCI (20%)/D,0O (0.1 ml) and DMSO-ds (0.6 ml). Data
analysis was performed in TopSpin software.

Glass samples

Approximately, 100 mg of ZIF-62-commercial and ZIF-62-
synthesized were pressed into pellets (1 cm diameter) with 0.7 tons
for 1 min. Prepared pellets were transferred into a tube furnace (Car-
bolite), and the furnace was flushed with nitrogen gas for half an
hour before heating to 450 °C at 5°C min~" and holding for 10 min.
After heating, the pellets were left to cool down to room temperature
at the natural rate of cooling of the tube furnace. Both heating and
cooling steps were done under a constant nitrogen flow.

SUPPLEMENTARY MATERIAL

See the supplementary material for further structural and ther-
mal characterizations.
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Figure S1. Raman spectra of ZIF-62-commercial and ZIF-62-synthesized. Asterisk in ZIF-62-

synthesized represents a small band at 867 cm™! assigned to the solvent peak (DMF).!
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Figure S2. Differences in XRD patterns of ZIF-62-commercial, ZIF-62-synthesized, and ZIF-62-

calculated.
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Figure S3. Repeat of DSC scan of ZIF-62-commercial using the same method provided in methods

section.
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2.2. Effect of IL on the glass formation of non-meltable MOF's

Extending possible applications and identifying new MOF glasses requires accessing the liquid
state of these crystalline materials. Important melting constraints were identified as porosity and
metal-ligand interactions.*’ To overcome such constraints, incorporation of ILs, and the resulting
interactions between ILs and MOFs, is a possible approach. To investigate the effect of IL on the
meltability of non-meltable MOFs, the first step is to infiltrate IL molecules inside the pores.
Although stability of IL molecules in crystalline composites was studied before and it was shown
that ILs were stable in the pores, the effect of amorphization on the stability of IL molecules in the
collapsed pores is still unexplored.®® Structural amorphization by mechanical ball-milling was
investigated for MOFs where certain molecules were trapped, and the release kinetics was
controlled thanks to amorphization.!**? Here we used mechanical ball-milling to collapse the pores
which were filled with a salt-IL (S-IL) mixture beforehand. Ionic conduction performance was
used as a probe to examine the structure-property relationships of the amorphized composites.
Presence of IL molecules in the pores was further evidenced by comparing the stability towards

mechanical amorphization of pristine MOF versus its IL-incorporated counterpart.

In the next step, influence of IL incorporation on the thermal properties and meltability of a non-
meltable MOF is examined. Previous studies showed that melting temperatures can be altered via
substitution of a different metal or organic linker. Moreover, network topology was identified as a
parameter influencing the melting of ZIFs.%’ Here the challenging issue is that, in general, this
approach can only be applied to decrease the melting temperature of meltable MOFs, since there
is no defined protocol on choosing likely combination of metals and organic linkers which lead to
melting. A relatively simple approach is desirable if it to be used as a general approach towards
melting of non-meltable MOFs. In this work, IL incorporation was used as a simple post-synthesis
approach to tune the thermal properties of a non-meltable MOF. The choice of IL composition is
another advantageous property providing a wide variety of chemical functionalities which can be

used to introduce functionalities or induce desired interactions.

By IL incorporation, ions are occupying the pore space resulting in substantial decreases in
porosity.”® Therefore, the first constraint which is steric hindrance, because of porosity, is resolved

once the IL is incorporated inside pores. According to the melting mechanism described in previous
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Sections, in non-meltable MOFs, dissociated linkers cannot easily re-form metal-linker bonds at
other metal centers and this destabilizes the lattice leading to decomposition.>* However, since the
ILs are mostly liquid, they offer easier ion mobility in the pores and availability of interaction sites
where charge stabilization is needed within the framework, so that the charge stabilization will be
no longer a barrier.”! As discussed in the previous section, IL molecules were observed to interact
with MOF structure. Experimental and theoretical studies investigated such interactions at room
temperature and results showed that interactions are mostly electrostatic forces between IL ions
and MOF constituents. However, a detailed study of interactions at high temperature was needed
since the extent of such electrostatic interactions is expected to be different at elevated
temperatures. The second constraint for melting can be overcome if stronger interactions at high
temperatures weakens the intermolecular bonding energies within the MOF network. To study this
possibility, in-depth characterization towards determination of interaction sites between IL ions
and MOF structure in IL@MOF composites is investigated. The role of IL in thermal
amorphization and melting of the MOF is determined, and interactions during the melting and after

obtaining the melt-quenched glass are explained.
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2.2.1
Sodium Ion Conductivity in Superionic IL-
Impregnated Metal-Organic Frameworks: Enhancing

Stability Through Structural Disorder

Nozari, V.; Calahoo, C.; Tuffnell, J. M.; Adelhelm, P.; Wondraczek, K.; Dutton, E.; Bennett, T. D.;
Wondraczek, L. Sodium Ion Conductivity in Superionic IL-Impregnated Metal-Organic Frameworks :

Enhancing Stability Through Structural Disorder. Sci. Rep. 2020, 10, 3532

Metal-organic frameworks (MOFs) are intriguing host materials in composite electrolytes due to
their ability for tailoring host-guest interactions by chemical tuning of the MOF backbone. Here,
we introduce particularly high sodium ion conductivity into the zeolitic imidazolate framework
ZIF-8 by impregnation with the sodium-salt-containing ionic liquid (IL) (Nao.tEMIM.9)TFSI. We

demonstrate an ionic conductivity exceeding 2 x 10 S-cm™!

at room temperature, with an
activation energy as low as 0.26 eV, i.e., the highest reported performance for room temperature
Na'-related ion conduction in MOF-based composite electrolytes to date. partial amorphization of
the ZIF-backbone by ball-milling results in significant enhancement of the composite stability
towards exposure to ambient conditions, up to 20 days. While the introduction of network disorder
decelerates IL exudation and interactions with ambient contaminants, the ion conductivity is only
marginally affected, decreasing with decreasing crystallinity but still maintaining superionic

behavior. This highlights the general importance of 3D networks of interconnected pores for

efficient ion conduction in MOF/IL blends, whereas pore symmetry is a less stringent condition.

Copyright © 2020, Nozari, V.; Calahoo, C.; Tuffnell, J. M.; Adelhelm, P.; Wondraczek, K.; Dutton,
E.; Bennett, T. D.; Wondraczek, L. This is an open access article under the terms of the Creative

Commons CC BY license.
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Metal-organic frameworks (MOFs) are intriguing host materials in composite electrolytes due to

their ability for tailoring host-guest interactions by chemical tuning of the MOF backbone. Here, we
introduce particularly high sodium ion conductivity into the zeolitic imidazolate framework ZIF-8 by
impregnation with the sodium-salt-containing ionic liquid (IL) (Na, ;EMIM, g)TFSI. We demonstrate an
ionic conductivity exceeding 2 X 10~%S - cm~! at room temperature, with an activation energy as low
as 0.26 eV, i.e., the highest reported performance for room temperature Na*-related ion conduction in
MOF-based composite electrolytes to date. Partial amorphization of the ZIF-backbone by ball-milling
results in significant enhancement of the composite stability towards exposure to ambient conditions,
up to 20 days. While the introduction of network disorder decelerates IL exudation and interactions with
ambient contaminants, the ion conductivity is only marginally affected, decreasing with decreasing
crystallinity but still maintaining superionic behavior. This highlights the general importance of 3D
networks of interconnected pores for efficient ion conduction in MOF/IL blends, whereas pore symmetry
is a less stringent condition.

Crystalline metal-organic frameworks (MOFs) consist of metal nodes as coordination centers and organic linkers
which self-assemble to form a three-dimensional network. Chemical tailoring of both the inorganic node and
the organic linker enables property design for a wide range of applications such as gas storage, gas separation,
catalysis and ion conduction'?. An alternative route to tune the properties of a given MOF is post-synthetic
modification, for example, by applying pressure, temperature or other exogenous stimuli’. Depending on stim-
ulus intensity, such post-treatment can lead to structural collapse and solid-state amorphization of the frame-
work*”7. The formation of amorphous MOFs through solid-solid transitions (or, similarly, through quenching of
MOF-liquids) is of particular interest due to the distinct variations in chemical, mechanical and physical proper-
ties which can be obtained as a result of structural disorder®.

Amorphization of MOFs can be achieved via different techniques, including pressure-induced structural col-
lapse, ball-milling, melt-quenching, hot-pressing, and re-melting®*-'°. Of these, ball-milling, or mechanosynthesis,
which can also be used to synthesize crystalline MOFs, is the most universally applicable route. The low mini-
mum shear moduli of MOFs have previously been shown to be responsible for facile collapse of systems such as
Ui0-66 ([Zr,0,(OH) (1,4-BDC);], BDC =benzenedicarboxylate)'!. Using calcein as a model drug incorporated
into crystalline UiO-66, it was demonstrated that amorphization via ball-milling leads to delayed release of the
guest molecule: the timescale of release was increased from ~2 days in the crystalline structure to one month in
the amorphous composite as a result of structural collapse'?. Here, we investigate how structural collapse can also
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be used to enhance the stability of composite MOF materials, generated by impregnation of a crystalline MOF
with an ionic liquid (IL).

ILs are salts which are liquid at temperatures <100 °C. Similarly to MOFs, ILs are chemically tunable through
the choice of constituent cations and anions'*!*. They have recently been used for post-synthetic modifica-
tion of MOF structures by infiltration of the crystalline pore-network!>'®. The resulting composites have been
proposed for use in catalysis, gas separation or ion conduction’. Thus far, however, most such studies have
been focused on proton and Li* ion conduction. For instance, Fujie et al.'” studied ionic conduction in an IL
(1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [EMIM][TFSI])- incorporated ZIF-8 compos-
ite. It was shown that the IL molecules inside of the ZIF-8 pores do not exhibit a phase transition at low tempera-
ture, implying that no freezing of the ionic liquid takes place. As a result, this nanoconfinement effect produced a
higher ionic conductivity of the composite as compared to the bulk IL at low temperature. Following-up on this
work, the same authors investigated lithium ion diffusion in ZIF-8 mediated by an IL-salt mixture of [EMIM]
[TFSI] and LiTFSI'®, They reported that Li" diffuses through micropores via the exchange of the solvating
TFSI™ anions similar to the Grotthuss mechanism in proton conductivity'**. Very recently, Yoshida et al.”".
studied ionic conduction in a mesoporous MOFE, PCN-777, [Zrs0,(OH) o(H,O0)¢(TATB),] (H,;TATB: 4,4,4-s-
triazine-2.,4,6-triyl-tribenzoic acid), impregnated with [EMI][N(CN),]. The hybrid showed an ion conductivity
of4.4 x 107*S-cm ™ at room temperature with an activation energy of 0.20 eV. The authors showed that superi-
onic conduction in the composite was due to the formation of a bulk-like IL region within the mesopores. On a
broader perspective, the strategy of using composite structures for tuning electrical and mechanical properties
of electrolytes is followed in different research fields. Solid/liquid composites such as the soggy-sand concept?!,
gel electrolytes®, solid/solid composites (e.g. an inorganic fillers dispersed in a polymer matrix*, bicontinuous
structures®, inorganic/inorganic composites® and glass ceramics**’) are important examples - with MOF-based
materials being a new contender.

Further reports on Li* ion conductivity in MOF structures include the work of Wang et al.?*. who synthesized
a composite by incorporating [EMIM;Li,,] [TFSI] into MOF-525 (Cu). The composite showed ionic conductiv-
ity of 3.0 x 10*S-cm ™' at room temperature, with a Li transference number of 0.36, i.e., higher than the pure
IL. Whilst this approach relies on the non-MOF component to introduce lithium ions for conduction, the open
metal sites in certain MOF frameworks have also been utilized via post-synthetic modification. By grafting the
anionic component of a lithium salt directly onto an unsaturated metal center, the lithium ion is free to conduct.
For example, LiOtBu-grafted UiO-66 exhibits room temperature ionic conductivities of 1.8 x 10 °S-cm ' and
an activation energy of 0.18 eV?, and LiClO, (in propylene carbonate) grafted onto HKUST-1 showed a room
temperature ionic conductivity of 0.38 mS-cm~' and an activation energy of 0.18 eV

Lithium-ion conduction has been investigated extensively for its importance in electrochemical energy
storage®'. However, uneven distribution on Earth (coupled with the changing geopolitical climate) and increas-
ing demand for lithium in electronic devices, electric vehicles and grid storage, have created concerns for the
future of rechargeable lithium ion batteries*. As an alternative, electrochemical energy storage systems based on
sodium are also considered, although at present with a still much smaller variety of generally suitable material
candidates®, There have been some early studies regarding Na*-related ion conduction in MOFs. Cepeda et al.**.
explored Li* and Na* conduction in {[SeM(z,-pmdc),(H,0),]-solv}, [EHU1(Sc,M)] (where M = Li, Na; pmdc
= pyrimidine-4,6-dicarboxylate; solv = corresponding solvent). The corresponding Li* and Na™ conductivity
was 3.8 x 1077and 1.1 x 10~7S-cm™, respectively. Recently, Na*-ion conduction was also examined in an ani-
onic Cu-azolate MOF, MIT-20 which was reported with a Na*-ion conductivity of 1.8 x 10~°S-cm™" at room
temperature®. One of the issues impeding the application of such electrolytes in real-world devices is the lack of
stability outside of inert atmospheres®. Here, we speculate that this problem can be addressed by hindering the
interactions of secondary guest molecules (i.e., originating from the surrounding atmosphere) with the compos-
ite by amorphizing the MOF framework and, thus, trapping the IL molecules inside the pores of the amorphous
system; however with consideration of a possible trade-off with performance.

Starting from the above hypothesis, we address the two major subjects of achieving enhanced ion conductiv-
ity and, at the same time, enhanced stability by IL infiltration of a MOF and subsequent amorphization so as to
obtain a highly conductive amorphous composite. For this, we started with incorporating an imidazolium-based
IL, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [EMIM][TFSI], containing its correspond-
ing sodium salt [Na][TFSI] into crystalline ZIF-8. This composite (S-IL@ZIF-8) was demonstrated to exhibit
superionic properties. Subsequent partial amorphization of the composite using ball-milling lead to significantly
enhanced stability under an ambient atmosphere as compared to the crystalline counterpart.

Results and Discussion
Crystallinities and morphologies of the pristine ZIF-8 and S-IL@ZIF-8 composites were investigated using XRD
and SEM (Figs. 1a and S1). The small variations in peak intensities between the pristine ZIF-8 and ZIF-8 after
S-IL incorporation are attributed to confinement of S-IL in the ZIF-8 pores, as has previously been shown in the
literature'®. SEM images confirm that the morphology of the ZIF-8 crystals remains intact after S-IL incorpora-
tion (Fig. S1), with FTIR spectra confirming the presence of the S-IL within the composite (Fig. 1c). We find that
some vibrational features in S-IL were shifted to higher frequency upon incorporation into ZIF-8: peaks located
at 610, 1052, 1165, 1177, and 1347 cm ™! which are assigned to SO, antisymmetric bending, SNS antisymmetric
stretching, (N)CH, and (N)CH,CN stretching, CF; antisymmetric stretching, and SO, antisymmetric stretching
are shifted to 616, 1058, 1177, 1199, and 1351 cm ™!, respectively’’. As shown in previous studies reporting on
incorporation of different ILs in MOFs**, these distinct shifts in peak positions confirm the successful confine-
ment of S-TL mixture inside ZIF-8.

Both BET surface area and pore volume (Fig. S2 and Table S1) of ZIF-8 decreased significantly after S-TL
confinement (from 1297.3m?g " and 0.641 cc STP g respectively in ZIF-8, to 7.29m?g ! and 0.006 cc STP g~!
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Figure 1. (a) XRD patterns of the pristine ZIF-8, S-IL@ZIF-8 composite, and S-IL@ZIF-8 composites ball-
milled for fifteen and thirty minutes, respectively. Inset show highlighted regions of XRD spectra for a,,(S-IL@
ZIF-8)-15 mins and a,,(S-IL@ZIF-8)-30 mins samples. (b) Quantification of crystallinity and amorphous
fractions as a function of ball-milling time using Rietveld-refinement. Square and triangle symbols represent
S-IL@ZIF-8 composite and pristine ZIF-8, respectively. (¢) FTIR spectra of pristine ZIF-8, S-IL mixture and
S-IL@ZIF-8 composite. The spectral resolution is 2cm™". Shifted peaks in S-IL@ZIF-8 compared to S-IL
mixture spectra are highlighted in different colors. Peak deconvolution was performed using a Voigt function in
Fityk software™.

respectively in S-IL@ZIF-8), indicating that the S-IL solution occupies the pores in ZIF-8***, Since the thermal
stability limit of such composites determines the potential application of the electrolytes in the desired opera-
tion conditions, thermogravimetric analysis was conducted and the corresponding decomposition temperatures
were measured (Fig. S3a and Table S2). According to the onset temperatures of decomposition, the S-IL@ZIF-8
composite starts decomposing at a lower temperature (388 °C) compared to bulk S-IL (423 °C). This is a small
decrease, and the high thermal stability of the composite remains suitable for applications in electrochemical
energy storage devices. In good agreement with the IR peak shifts, the lower decomposition temperature for
S-IL@MOF is attributed to the immobilizing interaction between IL molecules and the MOF framework**,
Consistent with this result, DSC profiles (Fig. $3b) contain no evidence of any phase transition occurring in the
S-IL@ZIF-8 composite up to the decomposition temperature (388 °C). The DSC signal at temperatures above
400°C is attributed to thermal decomposition of the samples.

Using alternating current (AC) electrical impedance spectroscopy, the ionic conductivity of the S-IL@ZIF-8
composite was investigated using the thermal sweep protocol depicted in Fig. 2a (see also Methods section). The
obtained Nyquist plots for the S-IL@ZIF-8 composite show the typical behavior expected for ionic conductors: a
semicircle arched upwards at higher frequency and a tail in the low frequency region (Fig. 2b—e)****’. The error
bars in Nyquist plots according to instrument accuracy are depicted for each frequency point in Fig. S4. Tonic
resistance values were extracted from the data by taking the intersection between the semicircle and the tail, as
reported previously™. We found the difference between the typical method for calculating the resistance, fitting
the semicircle with a circle function, to differ from taking the intersection by less than four percent.

For solid state electrolyte applications, the importance of sample stability over multiple thermal sweeps and
repetitive measurements is paramount. Ionic conductivities of each heating and cooling cycle are very similar,
with only a slight increase in conductivity observed upon first heating cycle. This may be attributed to the thermal
relaxation of the composite in pellet form during the first heating cycle. The second heating and cooling cycles
overlap completely. Nyquist plots of the three isothermal consecutive measurements at each temperature step
(Fig. 2b-¢) and the corresponding Arrhenius plots (Fig. 3a) of the heating and cooling cycles validate that there
is no hysteresis and the composite is stable upon heating and cooling cycles with multiple measurements at each
step.

From the slope of the Arrhenius plots we derived activation energies for each cycle. The activation energy
for the first heating cycle is slightly higher than that of the other cycles, most likely originating from thermal
relaxation effects. The average value of the activation energy for the S-IL@ZIF-8 composite is 0.26 eV, which is
among the lowest values observed for MOF-based ionic conductors*#>4%, Together with the ZIF-8 pore aperture
(~3.4 A)®, the observed value of activation energy suggests that Na* ions are conducting through micropores
similar to a Grotthuss mechanism by exchanging the solvating TFSI~ anions (we note that coordination environ-
ment in the bulk S-IL is [Na(TFSI);]*7)*. Similar observations have been made previously on Li* migration in
ZIF-8'%. The composite exhibits an ionic conductivity of ~2x107*S -em ' at room temperature. To the best of
our knowledge, this is the highest reported value in the literature for Na*-related ion conduction in MOF-based
composite electrolytes so far***. Such low activation energy and high conductivity classify the composite as a
superionic conductor®.

An independent high temperature thermal sweep impedance measurement was carried out in a separate lab-
oratory (in University of Cambridge) within the temperature range of 25 °C to 125 °C with 20°C increments
(Fig. S5). Very good reproducibility was observed for the activation energy value (0.26 V).
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Figure 2. Thermal sweep AC impedance measurements of S-IL@ZIF-8 composite. (a) Temperature-
programmed thermal sweep protocol for impedance measurements of S-IL@ZIF-8 composite. Purple diamonds
with lower half filled indicate the isothermal, three fifteen-minutes spaced runs at each equilibrated temperature
step. (b-e) Nyquist plots of each heating and cooling cycle, where the blue to red transition indicates increasing
the temperature from 25 °C to 85 °C with 10°C increments. At each temperature step, the first, second and third
run is indicated with square, circle and triangle symbols, respectively. The error bars are too small to be seen in
this scale; corresponding error bars are shown in Fig. 4 at different scaling. Insets in Fig. 2b—e show semicircles
above 55°C. The solid lines are a guide for the eye.

The instability of composites or other types of electrolytes in humidity or ambient air is a challenging issue,
as it places a limit on the applicability outside of inert atmospheres. Here, we address this subject by partially
amorphizing the MOF framework via ball-milling of the crystalline S-IL@ZIF-8 composite. In doing so, we aim
for enhanced material stability while maintaining the ionic conducting performance’*!-**, Ball-milling was per-
formed on separate batches of S-IL@ZIF-8 composites under an inert atmosphere for fifteen to ninety minutes.
However, as a result of gradually reducing pore volume, the IL was partially expelled from the composite upon
ball-milling for 60 and 90 minutes, thus, we focus only on the partially amorphized samples of a,,(S-IL@ZIF-8)-
15 mins and a(S-IL@ZIF-8)-30 mins. During ball-milling, the particle size was observed to decrease (Fig. SI1).
Most notably, crystallinity was observed to decrease to 29% and 54% (see Methods section) for a,,(S-IL@ZIF-
8)-30 mins and a,,(S-IL@ZIF-8)-15 mins, respectively (Figs. 1, S1), differentiated from the effect of particle size
by the progressive rise in diffuse scattering observed in the inset of Fig. 1a. Full amorphization of pristine ZIF-8
occurred after 60 and 90 min of ball milling (Fig. 1b). Corresponding SEM micrographs of the amorphized ZIF-8
samples (a,,(ZIF-8)-60 mins and a,,(ZIF-8)-90 mins) are provided in Fig. S11. XRD patterns in Fig. S6 com-
pare the stability of pristine ZIF-8 and the S-IL@ZIF-8 composite towards ball-milling: the observed differences
between the collapse time of S-IL@ZIF-8 and that of pristine ZIF-8 reported previously are ascribed to the pres-
ence of a liquid medium within the MOF pores during ball-milling, which enhances the resistance to structural
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Figure 3. Arrhenius plots of S-IL@ZIF-8 composite. (a) Arrhenius plots of S-IL@ZIF-8 of heating and
cooling cycles. At each heating and cooling step, three independent runs with fifteen-minute intervals were
performed, shown as square, circle and triangle symbols. Second heating and cooling cycles overlap each other.
(b) Arrhenius plots of S-IL@ZIF-8 composite ball-milled for fifteen and thirty minutes. (¢) Change in the

ionic conductivity of crystalline (squares), S-IL@ZIF-8, and amorphized (circles), a,(S-IL@ZIF-8)-30 mins,
composites upon exposing the samples to ambient atmosphere for two, six, and twenty days. Error bars are in
the range of four percent.

7,55

collapse by ball-milling
of pristine ZIF-8.

FTIR spectra of a,(S-IL@ZIF-8)-15 mins and a,,(S-IL@ZIF-8)-30 mins (Fig. S7) confirm that the samples
retained their chemical integrity and that, at the same time, the S-IL solution remained inside of the pores upon
ball-milling. Corresponding TGA scans revealed similar thermal decomposition as with the crystalline com-
posites. BET surface area and pore volume (Fig. S2 and Table S1) of the a,,(S-IL@ZIF-8)-15 mins and a,,(S-IL@
ZIF-8)-30 mins were significantly decreased as compared to those of pristine ZIF-8, which is consistent with a
previous study on ball-milling of ZIF-8”. We note that the BET surface area of the a,,(S-IL@ZIF-8)-30 min sample

. We can conclude that the presence of IL molecules increases the mechanical stability
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slightly exceeds that of a,,,(S-IL@ZIF-8)-15 min; this may originate from the smaller particle size in the a,,(S-IL@
ZIF-8)-30 min sample (see Fig. S1).

The results of AC impedance measurements conducted under inert atmosphere on partially amorphized sam-
ples are summarized in Fig. 3b. The partially amorphized samples exhibit a somewhat lower ionic conductivity of
2.97 x 107°S:cm'and 1.26 x 107°S-cm™! for a,, (S-IL@ZIF-8)-15 mins and a,,(S-IL@ZIF-8)-30 mins, respec-
tively, as compared to the crystalline composites (2 X 10~*S-cm ') at room temperature (Fig. 3b). Also, the acti-
vation energy increases slightly from 0.26 eV for S-IL@ZIF-8 to 0.28 and 0.30€V for a,, (S-IL@ZIF-8)-15 mins and
a,,(S-IL@ZIF-8)-30 mins, respectively. Both observations indicate that amorphization exerts a disrupting effect
on the interconnected conduction channels within the MOF framework.

For evaluating the stability of crystalline S-IL@ZIF-8 in comparison to a,,(S-IL@ZIF-8)-30 mins, we moni-
tored the ion conductivity by re-measuring after exposure to ambient air (T = 20 °C, humidity ~45%) for different
periods of time (i.e., from 2-20 days). The corresponding Arrhenius plots are presented in Fig. S8, demonstrat-
ing the effects of exposure: conductivities for both crystalline and amorphized samples decrease relative to the
values of samples which were kept under inert conditions. For the crystalline composite, this decrease appears
significant already after two days of exposure, where the conductivity was found to decrease by about 8%, and
further by ~20% after 20 days of exposure when measured at 85°C. The relative change in ionic conductivity is
plotted in Fig. 3c after normalizing the difference between ambient and inert atmosphere storage. For the partially
amorphized sample under identical storage conditions, the decrease is only 6% after 20 days (when measured at
85°C). When re-measured at room temperature (25°C), the decrease in conductivity is more substantial for the
crystalline sample (up to one third after 20 days of storage), while the partially amorphized sample shows only
15% decrease even after 20 days of storage. Moreover, the change in activation energies are more significant in
crystalline composite compared to the partially amorphous one. For example, in the crystalline composite, the
activation energy increases from 0.26eV to 0.38 eV and 0.4 eV after two and six days of exposure, respectively,
whereas the activation energy in the partially amorphous composite remained unchanged after two days and
increased slightly to 0.28 eV after six days of exposure (the notable temperature dependence of degradation indi-
cates a certain amount of recovery when re-drying the material). Clearly, partial MOF amorphization provides
a powerful tool for enhancing the stability of conduction processes in IL@MOF composites. At the moment, we
do not have definite answer as to the mechanism of this effect. However, we infer that amorphization impedes the
interaction of guest molecules with the composite which in turn enhances long-term stability.

Conclusion

In summary, we report on a promising composite electrolyte via encapsulation of an IL into a crystalline MOF
(ZIE-8), showing very high sodium ion conduction with low activation energy. We investigated the effect of
structural amorphization on the ionic conductivity of this emerging class of collapsed MOF composites. Partially
amorphized MOFs exhibit notably enhanced stability in terms of persistence of high ionic conductivity under
ambient conditions as compared to their crystalline counterparts. This provides a novel tool for tailoring the
functionality of MOF composites by generating structural disorder; in particular, a major shortcoming of many
MOF-based materials can be addressed in this way while keeping the advantages of functionalization. This ‘best
of both worlds’ situation expands the possible applications for MOFs in which crystalline composites may have
serious drawbacks.

Methods

Preparation of S-IL@ZIF-8 composites. The IL, 1-ethyl-3-methylimidazolium bis(trifluoromethylsul-
fonyl)imide, [EMIM][TESI] (>99%) and its corresponding sodium salt, sodium bis (trifluoromethylsulfonyl)
imide, [Na] [TFSI] (99.5%), were purchased from IoLiTec and Solvionic, respectively, and used as received. Water
contents of the IL and salt were measured using Karl-Fischer titration and found to be less than 20 ppm. ZIF-8
was purchased from ACSYNAM Inc. All the compounds were stored inside an Ar-filled glovebox upon arrival,
with O, and H,O levels of less than 0.1 ppm. Because of the viscosity increase upon dissolving more salt in the
IL, salt-IL (S-IL) solutions were prepared by dissolving 10 mol% of salt in its corresponding IL. The mixture was
stirred overnight at 70°C to obtain a fully dissolved and clear S-IL solution (with three TFSI~ coordinated to
each Na* in the S-IL system)*’. ZIF-8 was evacuated at 125 °C under vacuum overnight prior to use in order to
remove moisture and other impurities. The S-IL@ZIF-8 composite loaded with 35wt% S-IL solution (i.e., the
maximum loading to obtain the composite in powder form) with ionic conductivity of 6 x 1073S -em ! at 25°C
was prepared using the capillary action method**¢. The theoretical volume occupancy of S-IL from S-IL density
(1.54gem™>)* and ZIF-8 pore volume (0.64 cm® g~!) was 55%. Based on the number of supercages per mol of
ZIF-8 (1.0 x 10* cages mol~")*, the number of S-IL in each cage was calculated to be 1.89 on average. The S-IL
solution was added dropwise into ZIF-8 and mixed thoroughly using mortar and pestle to obtain homogeneous
powder samples. This procedure was repeated for several times until the whole S-IL mixture was added to ZIF-8.
Preparation of S-IL@ZIF-8 composite took around one hour. To enhance the diffusion of S-IL solution into ZIF-8
pores, the as-prepared composite was kept at 80 °C overnight'®. All synthesis and sample preparation steps were
performed inside an Ar-filled glovebox to prevent water adsorption on the salt, on the IL or on the S-IL@ZIF-8
composite.

X-ray diffraction (XRD). X-ray diffractograms were collected using a Rigaku SmartLab diffractometer (Cu
K, X-ray source with wavelength of 1.54059 A) with a HyPix-3000 (horizontal configuration) detector in 1D
scanning mode. The voltage and current of the X-ray tube were set to 40kV and 50 mA, respectively. General
Bragg-Brentano geometry was employed with a 10 mm length-limiting slit at incident section and a 2.5° Soller slit
with a K filter in receiving part. The diffraction patterns were obtained in the 20 range of 5 to 50° with step size
of 0.01° at a rate of 10°min ", Rietveld- refinement® was performed to quantify the crystalline and amorphous
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phases in ball-milled samples, using the MAUD®® software package. The LaB, diffractogram was selected for
reference.

Thermogravimetric analysis (TGA). A Netzsch STA 449 F1 instrument was used for TGA and differential
scanning calorimetry (DSC) analysis. Approximately 10 mg of each sample were placed in a platinum crucible;
measurements were performed under 20 ml-min~' nitrogen flow. First, the samples were heated up to 120°C with
a ramp of 20°C-min ! and equilibrated for eight hours to remove any volatiles. Subsequently, the samples were
heated up to 700°C at a rate of 10°C-min .

Fourier transform infrared (FTIR) spectroscopy. FTIR spectra were collected for the pristine ZIF-8,
[EMIM][TFSI], [Na][TFSI], as well as the crystalline and amorphized S-IL@ZIF-8 composites using a Thermo
Scientific Nicolet iS10 model FTIR spectrometer equipped with an attenuated total reflection mode. Background
(64 scans) and sample (128 scans) spectra were measured with a resolution of 2cm™". The Fityk software was used
to evaluate the collected spectra®.

Brunauer-emmet-teller (BET) analysis. An Autosorb iQ instrument from Quantachrome Instruments
was used for BET surface area and pore volume analysis. N, adsorption at 77 K was carried-out to quantify the
BET surface area of the samples. Around 50 mg of each sample were loaded into a 9 mm diameter cell inside a
glovebox, sealed from atmosphere and installed on to the instrument. Prior to measurement, the samples were
outgassed for 20h under high vacuum (10~* mbar) at 125°C to remove any kind of impurities from the sample.

Scanning electron microscopy (SEM).  The morphology of the pristine ZIF-8 as well as of the crystal-
line and amorphous S-IL@ZIF-8 composites was analyzed using a JSM-7001F microscope (Jeol Ltd, Japan).
Approximately 10 mg of each sample were placed on a carbon tape pasted on a cell. The working distance for all
samples was set to 15 mm. Samples were coated with a thin layer of carbon before measurements.

Ball-milling amorphization. Amorphization of the S-IL@ZIF-8 composite was performed using a Retsch
PM 100 planetary ball mill. For each ball-milling run, around 1000 mg of sample with forty grinding balls of
5mm in diameter were placed in a 50 ml jar. The jar and grinding balls were stored in the glovebox one day prior
to tests, then, the samples were loaded and sealed using clamps inside the glovebox. The instrument was set to
650 rpm with one-minute intervals during the 15, 30, 60 and 90 minutes of runs. After milling, amorphized sam-
ples were recovered inside the glovebox and stored in sealed containers. The corresponding samples were referred
to as a,,(S-IL@ZIF-8)-15 mins and a,,(S-IL@ZIF-8)-30 mins, respectively.

lonic conductivity measurements. A Novocontrol Alpha-A Analyzer was used to carry-out AC imped-
ance measurements in the frequency range of 107! to 107 Hz*’. Approximately 450 mg of powder sample were
pressed into a pellet of 1.4 mm thickness and 20 mm in diameter by applying 3 tons of pressure load for one min-
ute inside an Ar-filled glovebox. The pellet was placed and sealed in a BDS 1308 sample holder with gold-plated
electrodes (Novocontrol Technologies). Thermal sweep tests were performed for two heating and cooling cycles
between 25°C and 85°C with 10°C increments and isothermal dwell times, see Fig. 2a. To ensure thermal equi-
libration within the sample and instrument chamber prior to any measurement, each temperature change was
followed by an isothermal hold period with a duration of thirty minutes in case of heating and ninety minutes
in case of cooling. At each equilibrated temperature step three consecutive runs of impedance measurement
were performed with a fifteen-minute interval between each run. Air-stability tests were performed in the same
way after exposure of the crystalline and amorphized samples to ambient atmosphere for two, six and twenty
days. Ionic conductivities were determined using the following equation, which considers all of the mobile ionic

species.
1 ]
A g

where Ry, was calculated at the intersection point between the high frequency semi-circle and the low frequency
tail in Nyquist plots (—Z" vs. Z')*. /A is the geometric ratio between sample thickness /and electrode area A. The
activation energy E, was determined from the Arrhenius plot of log (¢'T) versus (1/T) accordingly:

1

RDC

o=

oT = erxp[kE—AT]
B

where kj is Boltzmann’s constant®,
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Figure S1. SEM images of (a) ZIF-8; (b) S-IL@ZIF-8; (c) am(S-IL@ZIF-8)-15 mins and
(d) am(S-IL@ZIF-8)-30 mins.
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Figure S2. N2 gas adsorption-desorption measured on pristine ZIF-8, S-IL@ZIF-8 and
amorphized samples at 77 K. Empty symbols represent the desorption part. Lines are
drawn to guide the eye.
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Table S1. BET surface area and pore volume analysis. Instrumental error range is within

four percent.

BET surface area

DFT pore volume

Sample (mzlg) (cc STP/g)
ZIF-8 1297 0.641
S-IL@ZIF-8 7.29 0.006
am(S-IL@ZIF-8)-15 mins 11.99 0.048
am(S-IL@ZIF-8)-30 mins 12.03 0.049
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Figure S3. (a)Thermogravimetric analysis (TGA) and (b) Differential scanning calorimetry

(DSC) curves obtained with a heating rate of 10 °C min-! under nitrogen flow of 20 ml min-
1
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Table S2. Onset temperatures Tonset and decomposition temperatures Taecomp fOr various
samples. The onset temperature is defined as the temperature at which the sample has
lost two percent of its initial mass. Decomposition temperatures are obtained from

intersection of two tangent lines from horizontal and vertical parts of the TGA curves.

Sample Tonset (°C) Tdecomp (°C)
ZIF-8 543 613
S (salt) 400 421
IL 411 444
S-IL 423 444
S-IL@ZIF-8 388 428
am(S-IL@ZIF-8)-15 mins 388 435
am(S-IL@ZIF-8)-30 mins 373 435
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Figure S4. Error propagation of the impedance measurements based on instrumental
error. At each data point, depending on its individual frequency and impedance values,
the error bars are were calculated. The error bars start from 0.2 % in low frequency region
to 10 % at the highest frequency value.
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Figure S5. Variable temperature AC impedance measurement of S-IL@ZIF-8 on a
different lab on a similar setup showing: (a) the thermal sweep protocol of two heating and
cooling cycles with long thermal equilibration times (blue line) and indication of the three
conductivity measurements at each temperature step (orange points); (b) Nyquist plots at
each temperature step (circles; lines are drawn to guide the eyes) where the color
transition from blue to red represents the increasing temperature from 25 °C to 125 °C in
20 °C increments (only the second up and down temperature sweeps are shown for
clarity); and (c¢) Arrhenius plot of the ionic conductivity for each of the heating and cooling
temperature sweeps (inset: activation energies extracted from each of these data sets).
Error bars are too small to be visible on this scale. The solid lines are a guide for the eye.
These independent conductivity measurements were performed between 10! Hz and 10
7 Hz using a Solartron 1260 impedance/gain-phase analyser. The sample pellet is placed
in an impedance cell in which the sample is contacted to two stainless steel blocking
electrodes. Swagelok PTFE ferrules were used to seal the impedance cell to allow
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measurements to be carried out in an argon atmosphere. The impedance cell could then
be placed in a Lenton chamber furnace (EF 11/8B) which was monitored using a
thermocouple controlled by the raspberry pi in order to measure the impedance as a

function of temperature.
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Figure S6. XRD patterns of am(S-IL@ZIF-8)- 30 mins and am(ZIF-8)- 20 mins. Pristine
ZIF-8 was ball-milled using the same conditions as for S-IL@ZIF-8 composite. a and b

are normalized and as-measured intensities, respectively.
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Figure S7. FTIR spectra of S-IL@ZIF-8 composite (black) and of its corresponding
amorphized sample ball-milled for fifteen (blue) and thirty minutes (red). Spectra

resolution is 2 cm'.
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Figure S8. Arrhenius plots obtained from conductivity measurements during temperature
cycling on samples having been exposed for two, six and twenty days to ambient
atmosphere for: (a) crystalline sample, S-IL@ZIF-8 and (b) partially amorphized sample,
am(S-IL@ZIF-8)-30 mins. Note that the scale of the y-axis is the same in both figures.
Error bars are in the range of four percent.
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Figure S9. XRD patterns of amorphized ZIF-8 samples ball-milled for sixty (blue) and
ninety (red) minutes.
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Figure $10. SEM images of (a, b) am(ZIF-8)-60 mins and (¢, d) am(ZIF-8)-90 mins.
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2.2.2
Ionic Liquid Facilitated Melting of the Metal-Organic

Framework ZIF-8

Nozari, V.; Calahoo, C.; Tuffnell, J. M.; Keen D. A.; Bennett, T. D.; Wondraczek, L. Ionic Liquid

Facilitated Melting of the Metal-Organic Framework ZIF-8, submitted to Nature Communications.

Hybrid glasses from melt-quenched metal-organic frameworks (MOFs) have been emerging as a
new class of materials, which combine the functional properties of crystalline MOFs with the
processability of glasses. However, only a handful of the vast variety of crystalline MOFs have
been identified as being meltable. Porosity and metal-linker interaction strength have both been
identified as crucial parameters in the trade-off between thermal decomposition of the organic
linker and, more desirably, melting. For example, the inability of the prototypical zeolitic
imidazolate framework (ZIF) ZIF-8 to melt, is ascribed to the instability of the organic linker upon
dissociation from the metal center. Here, we demonstrate that the incorporation of an ionic liquid
(IL) into the porous interior of ZIF-8 provides a means to reduce its melting temperature to below
its thermal decomposition temperature (7m < 74). Experimental evidence shows that the Tm of
ZIF8 obtained by IL infiltration is around 381 °C, and that the glass forming ability (7¢/Tm) of such
melts is above 0.9, i.e. higher than those previously reported for other meltable MOFs. Our
structural studies show that the prevention of decomposition, and successful melting, is due to the
IL interactions stabilizing the rapidly dissociating ZIF-8 linkers upon heating. This understanding
may act as a general guide for extending the range of meltable MOF materials and, hence, the

chemical and structural variety of MOF-derived glasses.
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Ionic Liquid Facilitated Melting of the Metal-Organic Framework ZIF-8

Vahid Nozari', Courtney Calahoo', Joshua M. Tuffnell?, David A. Keen®, Thomas D. Bennett’

and Lothar Wondraczek'*"

'0tto Schott Institute of Materials Research, University of Jena, Jena, Germany
*Department of Materials Science and Metallurgy, University of Cambridge, Cambridge, United Kingdom
*ISIS Facility, Rutherford Appleton Laboratory, Harwell Campus, Didcot, Oxfordshire, United Kingdom
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Abstract

Hybrid glasses from melt-quenched metal-organic frameworks (MOFs) have been emerging as a
new class of materials, which combine the functional properties of crystalline MOFs with the
processability of glasses. However, only a handful of the vast variety of crystalline MOFs have
been identified as being meltable. Porosity and metal-linker interaction strength have both been
identified as crucial parameters in the trade-off between thermal decomposition of the organic
linker and, more desirably, melting. For example, the inability of the prototypical zeolitic
imidazolate framework (ZIF) ZIF-8 to melt, is ascribed to the instability of the organic linker
upon dissociation from the metal center. Here, we demonstrate that the incorporation of an ionic
liquid (IL) into the porous interior of ZIF-8 provides a means to reduce its melting temperature to
below its thermal decomposition temperature (7, < T4). Experimental evidence shows that the Ty,
of ZIF-8 obtained by IL infiltration is around 381 °C, and that the glass forming ability (7g/7,) of
such melts is above 0.9, i.e. higher than those previously reported for other meltable MOFs. Our
structural studies show that the prevention of decomposition, and successful melting, is due to the
IL interactions stabilizing the rapidly dissociating ZIF-8 linkers upon heating. This understanding
may act as a general guide for extending the range of meltable MOF materials and, hence, the

chemical and structural variety of MOF-derived glasses.
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Introduction

Metal-organic frameworks (MOFs) are porous crystalline three-dimensional networks composed
of organic linkers coordinated to inorganic metal centers. They are of great interest owing to their
structural tunability and potential applications in gas storage and separation, catalysis, drug
delivery, and clean water harvesting.'” Research on developing new structures has led to the
discovery of over 70,000 MOFs, mostly in the form of polycrystalline powders.® The use of such
powders in certain applications requires handling and processing into bulk and mechanically
stable shapes or geometries. For instance, preparation of pellets is a possible route, however,
pellet formation and achievement of the required mechanical stability can be challenging.’
Alternative routes for the fabrication of bulk, shapeable, and robust architectures with enhanced
processability are therefore highly desired, thereby broadening the range of potential MOF

applications.®

Liquid MOFs and melt-quenched MOF glasses have emerged recently as a new class of
materials, offering processable bulk shapes which still retain the advantageous chemical
functionality of crystalline MOFs.” Zeolitic imidazolate frameworks (ZIFs) are a subset of MOFs
having similar topologies as those which are found in inorganic zeolites (tetrahedral Zn*" are
coordinated by imidazolates instead of tetrahedral Si0," and AIO,* species bonded via corner-

10-12

shared oxygens). However, only a handful of ZIFs have been observed to form melt-

quenched glasses."* ™"

The limited meltability of crystalline MOFs results from the
decomposition temperature (7y) being lower than the melting temperature (7;,) of the MOF
framework. In the majority of cases, the organic linkers decompose prior to metal-ligand
coordination bond breakage and reformation (i.e. melting). This prevents the material from
reaching the potential liquid state. Post-processing strategies by which 77, could be reduced to
below T4 would enable access to a much more diverse array of MOF glasses. This could open a

wide variety of physicochemical properties, and significantly broaden the range of potential

applications.

The microscopic mechanism of ZIF melting, the breaking and re-formation of Zn—-N bonds
(referred to as defect formation) has been observed for meltable ZIFs such as ZIF-4 [Zn(Im),,
ZH(C3H3N2)2], ZIF-zni [Zn(Im)g, ZH(C3H3N2)2], and ZIF-62 [Zn(lm)z.x(blm)x, Zn(C3H3Nz)2.

(CHsNy), for 0 < x < 0.351.""'® This mechanism occurs via rapid dissociation and
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replacement of an initially coordinated linker with a neighboring linker.” Melting requires that the
vibrational displacement of atoms in the crystal structure reaches a characteristic level
(instability),"* which is achieved by heating.'” However, in the more open networks such as ZIF-8
[Zn(mIm),, Zn(C4HsN;),], the calculated temperature at which Lindemann’s ratio reaches the
threshold for melting exceeds those of ZIF-4 (1200-1500 K) and ZIF-zni (1500-1750 K). As a

result, the higher energy barrier for linker mobility in ZIF-8 precludes framework melting.18

ZIF-8, a commercially available ZIF with sodalite topology, has been investigated extensively in
the literature for a wide range of applications such as microelectronics,' (:Eltalysis,20 drug
delivery,” and gas separation.”? Theoretical studies on ZIF-8 melting revealed that the bond
cleavage activation enthalpy and entropy of ZIF-8 exhibited a significant difference (43% for
enthalpy and 60% for entropy) between Zn—N and Zn—Im coordination (where Im is the center of
mass of the imidazolate linker). However, for other ZIFs such as ZIF-4 and ZIF-zni variations of
activation enthalpy and entropy in Zn—-N and Zn—Im are less than 3%. This difference showed
that Zn—-N bonding strength is not the only parameter determining meltability. The specific
behaviour of ZIF-8 was further confirmed in simulation studies which found Zn to retain fourfold
coordination up to 1250 K. The extent of interionic interactions, i.e., interactions between metal
cations and organic anions, is therefore a crucial factor for melting; weaker interionic interactions

facilitate melting.18

The energy of defect formation was found to be similar for ZIF-8, ZIF-4 and ZIF-zni, i.e., 71 kJ
mol ", 56 kJ mol ™" and 67 kJ mol ', respec‘[ively.18 The striking difference between these three
ZIFs is in their surface area or porosity; ZIF-8 has a dramatically higher porosity as compared to
the other two ZIFs (~ 1200 vs. 400 and 4 ngfl).ZHS This difference is even more evident (see
Figure 1a) when comparing the pore diameter d, of ZIF-8 (11.6 A) with those of ZIF-4 (2.1 A)
and ZIF-62 (1.3 A), Figure 1a,” suggesting that porosity is a key factor determining meltability.

There is thus a major constraint which prevents the melting of ZIF-8. Specifically, the relatively
high porosity of the framework, which is linked to the absence of charge stabilization of the
newly dissociated linker.'® Hence, melting should occur where the high free energy (stemming
from the highly porous nature of ZIF-8) and interionic interactions between the metal cation and
organic anion are both diminished. Following this hypothesis, we incorporated an ionic liquid

(IL), 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [EMIM][TFSI] into ZIF-
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Figure 1. Crystal structure of ZIF-8 and ZIF-62 and molecular structure of [EMIM][TFSI]
used in IL@ZIF-8 composite. (a) Crystal structures and pore diameters of ZIF-8 and ZIF-62.

Orange spheres in crystal structures show corresponding free space in the cages.”®
Crystallographic data of ZIF-8 and ZIF-62 are taken from literature.”**> (b) Molecular structure
of [EMIM][TFSI]. Color codes: Zn — purple tetrahedra, N — blue, C — grey, S — yellow, O —red, F

—olive. H — omitted for clarity.

8 pores aiming to decrease the 7y, of ZIF-8 below its T4 and reaching liquid state as a result of

interactions between the IL and ZIF-8 at elevated temperatures.

Interactions between different ILs and MOFs have been extensively investigated experimentally
and computationally at low temperatures. It has previously been shown that the interactions
between IL molecules and the MOF structure are crucial in creating new functional sites
favorable for adsorption, catalysis, and ion conduction.”” For example, a simulation study
investigated IRMOF-1 supported IL membranes for CO; capture. Four different ILs with fixed
cation and different anions were used to demonstrate that the anion of the IL plays an important

role in the extent of interactions between IL and MOF.*®

Combined density functional theory (DFT) calculations and experimental vibrational
spectroscopy have also been used to probe the molecular interactions between a Cu-based MOF,
copper benzene-1-3-5-tricarboxylate (CuBTC), and an IL, 1-ethyl-3- methylimidazolium ethyl

sulfate ([EMIM][EtSO4]). Here, the results showed that interactions between the IL-anion and
4
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Cu*" ions caused the transfer and redistribution of electron density over the metal sites. A
corresponding red-shift was observed in the experimental vibrational spectra in IR bands
associated with Cu—O bonding. It was concluded that intermolecular interactions between the
linker molecules and Cu weaken upon simultaneous interaction with IL ions.”” Weakening metal-
ligand bonding was further shown via incorporating seven different imidazolium-based ILs in
CuBTC pores. It was shown that when the interionic interaction within the IL was higher, the IL
was interacting strongly with the structure and Cu-O bonding became weaker, resulting in a

lower thermal stability of the IL@MOF composites.™

Here, we use the synergistic concepts of (i) an adjustment of metal-linker bond strength and (ii) a
greater extent of energetic stabilization of a newly dissociated linker, to investigate the ionic

liquid mediated melting of a prototypical porous framework, ZIF-8.

Results

[EMIM][TFSI] was chosen since it is a hydrophobic IL, enabling incorporation into the
hydrophobic pores of ZIF-8.*! It has a very high 7, (~ 440 °C) compared to other imidazolium-
based ILs.*"** 35 wt% of [EMIM][TFSI] was loaded into ZIF-8 using a wet impregnation
technique (see methods section for further details). The resultant composite is herein referred to
as IL@ZIF-8 (Figure 1). The IL loading was adjusted in such a way to obtain a powder sample

without presence of excess liquid.

The IL@ZIF-8 composite was characterized using X-ray diffraction (XRD) (Figure 2a),
scanning electron microscopy (SEM) (Supplementary Figure S1), and Fourier transform infrared
spectroscopy (FTIR) (Figure 2b). XRD and SEM results confirmed that IL incorporation did not
damage the crystal structure and morphology of ZIF-8. FTIR measurements were carried out in
order to examine the incorporation of IL into ZIF-8 and show that all IL IR features are present in
the composite sample. These results are in agreement with previous studies on crystalline

IL@MOF composites.*

To study the bonding interactions between the IL and ZIF-8 at high temperature,
thermogravimetric analysis (TGA) coupled with differential scanning calorimetry (DSC), TGA-
DSC, were done on ZIF-8, the IL and the IL@ZIF-8 composite (Figure 2¢, d). No phase

5
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transitions were observed in pristine ZIF-8 and the bulk IL before the start of decomposition at
around 550 °C and 440 °C respectively. A small endothermic peak at 381 °C was noted in the
IL@ZIF-8 composite, very close to the decomposition temperature (~ 412 °C). To properly
assign this feature to melting, IL@ZIF-8 was heated at 387 °C and 390 °C under nitrogen
(slightly above Tp,, defined as the offset temperature of melting peak) for 30 and 40 minutes,
defined as LT (low temperature) and HT (high temperature) conditions, respectively. After
heating, samples were cooled down to room temperature at a rate of 50 °C-min”'. The obtained

samples are henceforth referred to as a,(IL@ZIF-8-LT) and ay(IL@ZIF-8-HT).
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Figure 2. Structural characterization, enthalpic responses, and thermogravimetric analysis.
(a) XRD patterns of ZIF-8, IL@ZIF-8 crystalline composite, a(IL@ZIF-8-LT) and a (IL@ZIF-
8-HT) samples. Crystallographic data is taken from literature.” (b) FTIR spectra obtained for
ZIF-8, IL, crystalline IL@ZIF-8 composite, ag(IL@ZIF-8-LT), and ay(IL@ZIF-8-HT). (¢) DSC
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scans of ZIF-8, IL, IL@ZIF-8, and a,(IL@ZIF-8-HT) samples with heating rate of 5 °C-min™". T,
and Ty are indicated as offset temperature of melting peak and onset temperature of
decomposition of IL@ZIF-8, respectively. T, is defined as the onset temperature of glass
transition peak of a (IL@ZIF-8-HT). (d) Thermogravimetric analysis of ZIF-8, IL, IL@ZIF-8,
and a,(IL@ZIF-8-HT) with heating rate of 5 °C'min™". Ty’s were obtained from the first

derivative weight traces.

Throughout these experiments, the heating temperature and time were selected in such a way that
fully and partially amorphous samples could be acquired for HT and LT conditions respectively,
as demonstrated by XRD analysis (see Figure 2a). The XRD pattern of a,(IL@ZIF-8-HT)
contains broad diffuse scattering characteristic of a glass (with a small unidentified Bragg peak at
11.6°). A pure sample of ZIF-8 subjected to the same (HT) treatment, retained its crystallinity.
However, a,(IL@ZIF-8-LT) contained weak diffuse scattering, alongside Bragg peaks
reminiscent of the starting crystalline phase. This suggests that the effects of temperature and

time are extremely important in glass formation of composite samples.

A DSC up-scan (Figure 2c¢) performed on ag(IL@ZIF-8-HT) revealed a glass transition
temperature (7,) of 322 °C (595 K), confirming the glassy nature of this sample. With the melting
temperature of ~ 381 °C (654 K), this results in a nominal value of Ty/Ty, of ~ 0.91, which even

surpasses the ultrahigh glass forming ability of 0.84 which was reported for melts of ZIF-62.%
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Figure 3. Confocal microscopy images showing the evidence of melting and glass formation

in: (a-c) ag(IL@ZIF-8-LT) and (d-f) a,(IL@ZIF-8-HT). Scale bars are 100 um.

Confocal microscopy images displayed in Figure 3 show clear evidence of macroscopic flow as
a result of melting, as well as direct light transmittance and smooth glassy surfaces. Macroscopic
flow and melting of the IL@ZIF-8 heated from room temperature to 390 °C were recorded in situ
using a laser scanning microscope (LSM), while no morphological changes were observed for the
parent ZIF-8. Results are provided as Supplementary Information video S1 and S2 for ZIF-8 and
IL@ZIF-8, respectively. All these observations show that ZIF-8, a non-meltable MOF, becomes
meltable through incorporation of an IL into its pores and subsequent heating of the infiltrated

crystalline composite.

To uncover the microscopic mechanism which facilitates the melting of the IL@ZIF-8
composite, FTIR, TGA, thermogravimetric analysis coupled with mass spectrometry (TG-MS),
'H NMR, "*C NMR, and total scattering measurements were performed on ZIF-8, IL, IL@ZIF-8,
a,(IL@ZIF-8-LT), and a,(IL@ZIF-8-HT) samples. As expected, IR bands in the glassy
composites are broader compared to crystalline ZIF-8 and the IL@ZIF-8 composite (see Figure
2b). Further analysis of deconvoluted spectra in Supplementary Figure S2 and S3, corresponding
to 600-800 cm™ (out of plane bending of imidazole ring) and 8001700 cm™ (in-plane bending

and entire ring stretching of imidazole ring) regions, revealed that the IR bands belonging to ZIF-

8
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8 are shifted in IL@ZIF-8, a,(IL@ZIF-8-LT), and a (IL@ZIF-8-HT) samples. The shifts are
summarized in Supplementary Table S1 and S2. They reflect a clear difference in the interactions
between ZIF-8 and IL in crystalline IL@ZIF-8, and in the melt-quenched glasses, a,(IL@ZIF-8-
LT) and a,(IL@ZIF-8-HT). The shifts are significantly larger in a (IL@ZIF-8-LT) and
a,(IL@ZIF-8-HT) compared to crystalline IL@ZIF-8, representing stronger -electrostatic
interactions between the metal center and organic linker of ZIF-8 and the anion and cation of the
IL component in these samples, respectively. The shifts show that most of the IR bands of ZIF-8
are shifted to lower frequencies (red shifted), indicating that intramolecular bonding within the 2-
methylimidazolate ring of ZIF-8 becomes weaker as a result of intense interaction with IL ions,
which only occurs at higher temperatures.?**® The resulting interaction becomes stronger when
temperature and heating time increase, as evidenced by larger red shifts in IR features of

a,(IL@ZIF-8-HT) compared to a,(IL@ZIF-8-LT).

The thermal stability of bulk IL, pristine ZIF-8, and IL@ZIF-8 composites was examined with
the same thermal treatment used to melt the ay(IL@ZIF-8-LT) and a (IL@ZIF-8-HT) samples.
TGA measurements are presented in Supplementary Figure S4, demonstrating the differences
between IL vs. IL@ZIF-8 weight losses. Corresponding quantitative values are provided in
Supplementary Table S3. Consistent with the XRD result obtained for ZIF-8-HT, pristine ZIF-8
shows almost no mass loss (1.0 and 0.9 % for LT and HT conditions, respectively), while, bulk
IL loses 17.5 and 50.0 % of its initial mass when heated to LT and HT conditions, respectively,
attributed to decomposition of IL that happens mostly in the isothermal heating step (see
Supplementary Figure S4). The thermal stability of ILs has been studied in dynamic and
isothermal TGA experiments previously.” ILs mostly decompose at lower temperatures when
heated isothermally as compared to the onset decomposition temperature in dynamic heating
conditions.”** ™ In the present case, the IL@ZIF-8 composite showed 20.7 % and 34.4 %

weight loss for LT and HT heating conditions, respectively.

To understand whether the decomposed species are from IL or ZIF-8 in IL@ZIF-8, we probed
the possible decomposition products by conducting TG-MS analysis. TG-MS experiments were
conducted on bulk IL and IL@ZIF-8 composites with LT and HT heating conditions. As for the
decomposition of bulk [EMIM][TFSI], it was previously found that elimination and nucleophilic
substitution are major mechanisms of decomposition.** At high temperatures (over 350 °C),

decomposition of the anion to more nucleophilic groups such as NH; and F, and subsequent
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attack of cation methyl and ethyl groups resulted in the detection of different decomposition
products in isothermal and scanning TGA-MS experiments. According to the results shown in
Supplementary Figure S5, almost all mass to charge ratios, m/z, coming from IL@ZIF-8 match
the masses detected from the bulk IL at LT and HT conditions. Assignment of m/z values to
decomposition products has been reported previously.”** Moreover, TG-MS shows that
detection of masses occurs in the isothermal segments of LT and HT heating conditions. This

agrees with mass losses observed in TGA experiments (see Supplementary Figure S4).

Digested liquid 'H NMR was also performed on ZIF-8, IL, IL@ZIF-8, a,(IL@ZIF-8-LT), and
a,(IL@ZIF-8-HT) samples to ascertain the stability of the ZIF-8 linker and IL; the spectra are
discussed in the Supplementary Information. The results suggest large-scale decomposition of the
IL and some linker decomposition within the glass, as also indicated by the darkened color in the

optical images (Figure 3).

The top of Figure 4 compares the 'H-C cross-polarization (CP) NMR spectra for ZIF-8,
IL@ZIF-8, a (IL@ZIF-8-LT), and a (IL@ZIF-8-HT). CP experiments result in much higher
signal/noise (S/N) than single-pulse experiments, but also only allow observation of solid-like
carbons (‘H 7} times must be longer than the time needed for 'H-X polarization transfer).* There
are three main carbon peaks highlighted with blue boxes from the mIm linker of ZIF-8: CH3 (C)),
CH (C45) and C (Cy) at 14.26, 124.67 and 151.66 ppm; the peaks from pure ZIF-8 are sharp with
widths of 0.2-0.3 ppm indicating crystallinity. As heat is applied, a broad shoulder emerges in
a,(IL@ZIF-8-LT) and almost all sharp peaks are absent in a,(IL@ZIF-8-HT), agreeing with the
XRD results displayed in Figure 2a. Although these NMR experiments only probe short-range
interactions, the broadness and sharpness of the peaks are clear indications of the degree of
crystallinity, allowing for assignment of the peaks to amorphous and crystalline features in
Figure 4. The variety of electronic environments found in broad NMR peaks is assumed to be
from varying bond angles and bond lengths, and strongly indicates a system without long-range
order. This loss of crystallinity is confirmed for the a(IL@ZIF-8-LT), and ag(IL@ZIF-8-HT) by
both XRD and pair distribution function (PDF) measurements, as well as by single-pulse Bc
NMR (Supplementary Figures S12-S16).
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Figure 4. Top. "H-13C CP NMR of ZIF-8, IL@ZIF-8, a,(IL@ZIF-8-LT), and a,(IL@ZIF-8-HT).
Spinning sidebands are marked with asterisks. Bottom. Insets of fits for C,:C, C4,5:CH and Cy:
CHj3 (methyl) carbons. For the fits of ag(IL@ZIF-8-LT) please see Supplementary Figure S17.

For a more thorough discussion of the 'H-"¢C spectra, we turn to the fits of the C (C;), CH (C45)
and CHj (C,) peaks, respectively, in the bottom of Figure 4. Upon IL addition, the three main

carbon peaks remain mostly unchanged, yet, a substantially shifted second peak emerges
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downfield (higher ppm) of the CH; (C;) and CH (C4s) peaks. Since the intensity of cross-
polarization peaks in liquids is very low (as can be seen for pure EMIM peaks in IL@ZIF-8 in the
top of Figure 4 and in Supplementary Figure S18), these new peaks in the IL@ZIF-8 in Figure 4
correspond to ZIF-8 interacting with the IL. Moreover, Supplementary Figure S20 confirms the
appearance of a new peak at approximately 15.4 ppm in IL@ZIF-8 that does not exist in either
pure IL or ZIF-8. Finally, IL-ZIF-8 interactions are further corroborated by the different chemical
shifts of TL vs. IL@ZIF-8 in Supplementary Figure S19.

For the HT condition, ag(IL@ZIF-8-HT), in the bottom of Figure 4, there are at least three types
of carbon peaks. The first type of peak, a very slight retention of the sharp ZIF-8 and IL-
associated sharp ZIF-8 peaks, is in simple agreement with the XRD results. We note that the LT
condition shows the same trends (Supplementary Figure S17). Like the IL-associated carbon
peaks, the broad peaks (bottom of Figure 4) are found downfield of the sharp peaks, indicative of
interactions with IL and/or strain of ZIF-8 linkers. The third type of peak is located upfield (lower
ppm), identified as free ZIF-8 linkers which are unbonded to Zn®".** Overall, the spectral regions
representing amorphous features and the free linker are very wide and sometimes contain more
than one clear peak; these large ppm ranges represent the many different types of chemical
environments and bonding which exist after heating. Returning to more quantitative single-pulse
BC NMR, in Supplementary Figure S21, we find that for the C; carbon in the LT sample roughly
21%, 58%, and 21% can be identified as crystalline, amorphous, and free linker, respectively.

Simultaneously, in Figure 5a and Supplementary Figure S19, we also find a large increase in S/N
for the IL peaks in a,(IL@ZIF-8-LT) and ay(IL@ZIF-8-HT), indicating that much more of the IL
is now immobilized and behaving like a solid. This result is unsurprising in consideration of the
collapse of the pores as evidenced by the dramatic differences in the out-of-plane bending and
C=N stretches in the IR after heating (see Supplementary Table S1 and S2). The most substantial
changes in chemical shifts, i.e., electronic environments, are observed for the C4:CH; and C,:CH3
carbons in EMIM (see Supplementary Figure S19). In the heat-treated samples, we further
observe the formation of imidazole, highlighted in gold, confirming the loss of ethyl and methyl
from EMIM observed in the 'H NMR results. Finally, for the a(IL@ZIF-8-HT) sample, the
signals from Cy, in the IL cation and C; in imidazole are very broad, which is in line with our 'H
NMR and literature which reveal this hydrogen to be the most reactive and likely to interact with
other molecules in the material.***¢
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The '"H-"N CP NMR spectra for ZIF-8, IL@ZIF-8 and in a,(IL@ZIF-8-LT) are provided in
Figure 5b, perfectly matching the trends of "H-"*C CP NMR, Figure 4a. Upon heating, a broad
shoulder appears downfield along with a broad peak upfield identified again as free-linker. The
free-linker peak position represents a much different environment than that of the original ZIF-8
linker. This is expected, given that the nitrogen of the ZIF-8 linker bonds directly to the Zn*"
metal center: the shift direction suggests the formation of Zn—H bonding as the imidazole peak is
found at —171.6 ppm in DMSO.*” This general increase in shielding i.e., electron density, on the
nitrogen of the mIm applies for the carbon atoms of the ZIF-8 linker as well, as all the assigned

free-linker peaks have lower chemical shifts than their corresponding intact framework peaks.
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Figure 5. (a) EMIM Peaks Comparison. Decoupled '*C SSNMR of IL, 'H-"*C CP SSNMR of
IL@ZIF-8, a(IL@ZIF-8-LT), and ay(IL@ZIF-8-HT). Pronounced broadening and shifting of the
IL carbon peaks in ag(IL@ZIF-8-LT), and a,(IL@ZIF-8-HT) confirms immobilization of the IL
and collapse of ZIF-8 pores at elevated temperatures. For clarity, IL cation peaks are highlighted,
while the ZIF-8 peaks are greyed out in the heat-treated samples. In the a,(IL@ZIF-8-LT) and
a,(IL@ZIF-8-HT) spectra appearance of Im cations can be observed in gold. (b) 'H-"N cp
NMR Comparison of ZIF-8, IL@ZIF-8, and a,(IL@ZIF-8-LT).
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According to literature, strong interionic interactions occur between [EMIM] and [TFSI] within
the IL.* Moreover, it has been shown that IL ((BMIM][TFSI]) interacts with ZIF-8 via the N or
S atoms of the IL anion and Zn sites in ZIF-8.> Although ILs are composed of charged ions, they
also are molecules with substantial intermolecular hydrogen bonding.*’ For example, the S=0O
group in trifluoromethanesulfonic acid has been found to form a hydrogen bond with a CH
carbon in an imidazole ring.*™' Surprisingly to most chemists, several studies show the protons
attached to sp3 carbons (methyl and ethyl groups) of EMIM forming H-bonds with halogens and

3349 We are unsure of the strength of the interaction between CHj and an H-acceptor

nitrogen.
such as S=0, but our 'H-"C CP NMR agrees: the interactions between ZIF-8 linker hydrogens
and IL ions explain the reason that only the ZIF-8 linker CH (C45) and CH3 (C,) carbons are
affected by the incorporation of IL, while the ZIF-8 linker C; or lone C is mostly unaffected by
IL incorporation. Furthermore, hydrogen bonding results in positive shifts (deshielding) of carbon

peaks in conjugated ring-systems, just like our emerging peaks in IL@ZIF-8 in Figure 4. Thus,

we believe the IL anion to interact with the ZIF-8 mIm linkers via H-bonding as shown in Figure

6a.

Figure 6. Schematic of possible interactions between IL and ZIF-8. (a) upon IL addition (b)
Melting/amorphization of IL@ZIF-8 at 381 °C.
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We know from DSC that melting of the system occurs well before substantial mass loss (381 °C
vs. 410 °C). Given the evidence of amorphization and formation of free linkers from the solid-
state NMR, alongside the proposed mechanism of melting in ZIFs,” we suggest that upon
dissociation from the Zn*" metal centers, the 2-methylimidazolate linkers are stabilized by

electrostatic interactions with the IL ions, which leads to a stable liquid (see Figure 6b).

After incorporation into ZIF-8 and subsequent heating at LT and HT conditions, mass
spectroscopy and solution "H NMR tell us that much of the IL anion is lost and that the IL cation
loses some of its methyl/ethyl groups upon heating. The leaving groups and percentages of each,
based on the area under the TG-MS curves, are shown in Figure 7a. The mass loss curves were
also used to calculate the elemental composition of the final LT and HT samples, in Figure 7b
and 7c, respectively. The general trends are that zinc remains, while fluorine, oxygen and sulfur
content decrease substantially in the LT sample and are absent entirely in the HT sample.
Commensurately, the carbon and nitrogen concentrations also increase, however, they do so in an
unexpected fashion: the increase in nitrogen content is more than double that of the carbon
content. Indeed, the many possible decomposition products from the IL make it challenging to
discern the exact structure of the resulting glass after further heating. Nevertheless, one possible
structure for the LT sample is depicted in Figure 7b, where some of the original IL cation and
anion can be found, as some F, S and O remains, but where there are also new molecules, such as
imines (ketimines, aldemines, sulfinyl imines and fluoro-substituted amines), which contain the
elements known to remain, and are liquids at RT and fairly stable in the absence of water
(expected from our BET measurements in Supplementary Figure S22 and Supplementary Table

S9), especially in the case of hexafluoroacetone, (CF3),CNH.

In the HT sample, only Zn, C, N and H remain in the material, yet again the increase in N content
is notably high. Consequently, we believe only imines (ketimines, aldemines) without fluorine
substitution to remain, which are stabilized by interactions with the Zn** sites, as has been shown
with silver in the literature.”® In fact, if the R* group is not H, these molecules are specifically
known as Schiff bases when they act as negatively charged ligands to form metal complexes.™
For example, such an R’ group could come be one of the ethyl/methyl groups that are lost from
the EMIM cation, as shown by both the solution '"H NMR and "*C SS NMR. Although the exact
composition of the partially decomposed IL and ZIF-8 mixture is hard to determine, the mass loss
from the ZIF-8 linkers is low and the net result is the formation of a glass.

15

75



344
345
346
347

Decomposition during isothermal step

Leaving Groups (MS) % mass loss
m/z m/z IT  HT
N H F
= 0,
o pr—— >=< 64 8% 12%
H B
48 }-— 6% 9%
69 } 2% 4%
i
H—-?' 51 2% 3%
F
i
HC—C=N 41 oy © 1% 1%
H

b

M: 211 g/mol

Final Compositions
C

a,(IL@ZIF-8-LT)

M: 176 g/mol

a,(IL@ZIF-8-HT)

Zn

F O s

Zn

0

%change +25

+8 +20

0

-48 -69 -64

%change +54

+15 +38 -2

-99

-100

-100

Figure 7. Route of decomposition and possible final compositions. (a) Likely leaving groups

and their percentages of the total mass loss observed from mass spectrometry. Detected masses <

1 wt% loss are not included. Possible final compositions of (b) a(IL@ZIF-8-LT) and (c)

76

16



348
349
350

351
352
353
354
355
356
357

358
359
360
361
362
363
364
365
366
367

368
369
370
371
372
373
374
375
376

a,(IL@ZIF-8-HT) as determined from the peak area of the MS curves. R, is H/F or CH3,F, and
R;’ is only CH;-F, and, while R is only an H-containing organic group, H or CH3z and R,’ is only
CHa.

To further investigate, and compare, the structures of the crystalline and glassy composites, room
temperature synchrotron X-ray total scattering experiments were conducted on the IL, ZIF-§,
IL@ZIF-8, a,(IL@ZIF-8-LT), and a,(IL@ZIF-8-HT) samples. For comparison with the heat
treated samples, ag(IL@ZIF-8-LT) and a,(IL@ZIF-8-HT), a sample of ZIF-8 was amorphized
(see Supplementary Figure S23) via ball milling for 30 minutes at 30 Hz in a shaker-type
grinding mill - as detailed in the Methods section. This ball-milled sample is herein referred to as

amZIF-8, in accordance with prior nomenclature."

The structure factors, S(Q) in Supplementary Figure S24a show Bragg peaks for the ZIF-8 and
IL@ZIF-8 samples, in agreement with the XRD data collected in this work. The intensity of the
Bragg peaks is reduced for the a(IL@ZIF-8-LT) sample (see Supplementary Figure S24) but it is
clear that the sample has not been fully amorphized. As expected, the S(Q)s for the IL and a,,ZIF-
8 samples show a noticeable absence of Bragg scattering, indicating their amorphous nature. The
S(Q) for the ay(IL@ZIF-8-HT) sample is most similar to the S(Q) of anZIF-8, both of which have
a broad first sharp diffraction peak (FSDP) often described as a manifestation of intermediate
range order in glasses.”>*® In addition to this broad peak at ~1 A™" in the S(Q) of a,(IL@ZIF-8-
HT), there is a small sharper peak at 0.52 A™'. This matches the scattering vectors observed for

(011) in PXRD of ZIF-8.

From the background corrected X-ray total scattering data, the real space pair distribution
function (PDFs), G(r) could be extracted by Fourier transform and were subsequently converted
to D(r) in order to emphasize the peaks at high r.>"° These peaks correspond to atom-atom
correlations in the sample, with the peak position determined by the inter-atomic distances
between atom pairs and the intensity is proportional to the product of the scattering factors from
all of the atoms which correspond to a particular interatomic distance. As such, PDF analysis is a
powerful tool for studying amorphous materials and glasses as the local short-range order can
still be probed, but the presence of disorder and loss of structural coherence at longer length

scales leads to the absence of peaks at this extended regime.
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As the X-ray atomic form factor is proportional to the atomic number, Z, the relatively light
elements such as those in the IL component do not contribute as intensely as correlations with the
heavier zinc atoms in ZIF-8. Additionally, the IL only accounts for a theoretical 35 wt% of the
composite sample, so the overall contribution of the IL towards the PDF pattern of the IL@ZIF-8
composite is expected to be small. Even so, a comparison of the PDFs of the IL@ZIF-8
composite, along with its constituent components in Figure 8a, shows that for correlations in
which there are peaks in both the TL and ZIF-8 patterns (e.g. the peaks at ~1.4 A), the intensity of
the corresponding peaks in the IL@ZIF-8 composite is greater than in the pure ZIF-8 pattern. For
peaks which only correspond to correlations in ZIF-8 (e.g., the peaks at 2.01, 3.01, 4.17 and 6.02
A), the intensity is smaller than in pure ZIF-8 due to the reduced ZIF-8 content in the composite.

Long-range order was evident in the ZIF-8 and IL@ZIF-8 samples, with peaks in the D(r)
extending out to 25 A (see Supplementary Figure S24b). However, the D(r) for the a,(IL@ZIF-8-
HT) sample appears largely featureless at extended distances (> 6.02 A) which would be
consistent with the vitrification of the ZIF-8 component. This loss of long-range order , alongside
the retention of the local structure (short-range order), is consistent with glass formation, as has
been observed for other glass forming MOFs.>” The retained short range order is very similar to
that exhibited by the pure ZIF-8 sample (see Figure 8b), suggesting that the secondary building
block units (i.e. the Zn(2-Melm)y clusters) of ZIF-8 are still intact, though, their arrangement at
extended length scales is disrupted. The presence of this short-range order also suggests that the
sample has not completely decomposed due to the heating procedure, or due to beam damage,
consistent with the digestive 'H NMR data. Finally, the PDF patterns of the ag(IL@ZIF-8-HT)
sample and the a,ZIF-8, shown in Figure 8b are remarkably similar which supports the

successful amorphization of the ZIF-8 framework within the composite.

Discussion

In summary, the incorporation of an ionic liquid into the pores of ZIF-8 makes this otherwise
unmeltable compound meltable. Based on structural investigations, we hypothesize that melting
is achieved by reducing the melting temperature of ZIF-8 to below its thermal decomposition
temperature, using electrostatic interactions of the IL at the ZIF-8 pores’ interior surface in order

to stabilize the rapidly dissociating ZIF-8 linkers upon heating. Although the methyl in mIm
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(ZIF-8 linker) likely changes the Zn*"-linker bonding in ZIF-8 relative to meltable ZIF-4 (where
only Im is present), the largest change is in topology: the sodalite ZIF-8 topology is over three
times as porous as the cag ZIF-4 topology.'® The IL anion and cation interact strongly with the
Zn®" and linker, respectively, and the IL is less constrained than the ZIF-8 linker; upon
infiltration, it decreases the internal surface area of ZIF-8 (see Supplementary Figure S22 and
Supplementary Table S9 for surface area and pore volume analysis). Thus, the high porosity of
ZIF-8, or the low mobility and isolation of its linkers no longer present a barrier to melting: the
IL ions are immediately available to exchange with the rapidly dissociating Zn*"-linker bond and
prevent decomposition at elevated temperatures. More generally, we conclude that a suitable, i.e.,
strongly bonding, IL stabilizes ZIF (and potentially other MOF) melts by reducing the lifetime of
unstable configurations via Zn**~N~ bonding and H-bonding. The corresponding melt-quenched
glass has a glass forming ability which exceeds even those of previously reported superstrong

glasses from conventionally meltable ZIFs.

This approach strongly broadens the variety of hybrid glass chemistries which may be derived
from the MOF family. It offers exciting opportunities to melt other non-meltable crystalline
MOFs, enabling a broad range of new hybrid glasses with a variety of physicochemical properties
and corresponding applications, in particular, ones which are derived from MOF architectures

with large pore size.

Methods.

Preparation of IL@ZIF-8 composite. ZIF-8 and the IL, I-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, [EMIM][TFSI] (>99%), were purchased from ACSYNAM Inc
and IoLiTec, respectively. To remove moisture and volatile impurities, ZIF-8 was evacuated at
105 °C under vacuum overnight. IL@ZIF-8 composite was prepared using wet impregnation at a
stoichiometric IL loading of 35 wt%, according to previous reports. Briefly, 0.35 g of IL was
dissolved in 20 mL acetone and stirred for 1 h at room temperature in a sealed container to hinder
acetone evaporation. Afterwards activated ZIF-8 (0.65 g) was added to the solution and the

mixture was stirred at 35 °C for about 7 h under open atmosphere until the acetone was
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evaporated. The resultant powder sample was dried overnight at 105 °C to remove remaining

acetone.

Glass samples. Approximately 25 mg of powder IL@ZIF-8 composite was placed in a platinum
crucible and pressed by hand to provide a better contact with the crucible. To facilitate an even
heat transfer in the sample, a smaller platinum crucible that could fit inside the sample crucible
was placed on the sample. To obtain a,(IL@ZIF-8-LT) and a (IL@ZIF-8-HT), the sample was
heated to 120 °C with a ramp rate of 20 °C'min"' and kept for 45 minutes, followed by heating to
387 °C and 390 °C with a ramp rate of 10 °C-min”' and kept for 30 and 40 minutes, respectively.
Afterwards the sample was cooled down to room temperature with a ramp rate of 50 °C-min™.

All heating and cooling steps were performed under nitrogen flow (20 mL-min™).

X-ray diffraction (XRD). A Rigaku MiniFlex diffractometer (Cu Ka X-ray source with
wavelength of 1.54059 A) was used to collect diffractograms in the 2 0 range of 5 to 40° with step
size of 0.02°. The voltage and current of the X-ray tube were set to 40 kV and 15 mA,

respectively.

Ambient Temperature X-ray Pair Distribution Function (XPDF). Synchrotron X-ray total
scattering data were measured at the Diamond Light Source, UK (EE20038). Samples were hand
ground and loaded into borosilicate capillaries with a 1.17 mm inner diameter. The ZIF-8 and
crystalline IL@ZIF-8 samples required the use of a beam filter due to detector saturation, giving
a transmission factor of 0.519; all other samples were used without this beam filter. Data were
collected for an empty capillary (used as a background) and for all samples to a Qpax 0f 25.0 A™'
(4 =0.161669 A, 76.69 keV) with a collection time of 10 mins per sample. Data normalization,
background subtraction and subsequent Fourier transform was performed using the GudrunX
program to obtain the pair distribution functions (PDFs) for each sample.””® The atomic
compositions used for this analysis were calculated from TG-MS data for the a,(IL@ZIF-8-LT)
and ag(IL@ZIF-8-HT) samples.

Amorphization of ZIF-8 via ball-milling. 50 mg of ZIF-8 was loaded into a 10 mL stainless
steel jar with 2 x 7 mm stainless steel ball bearings. The jar was then placed into a Retsch
MM400 grinder mill operating at 30 Hz for 30 min. The successful amorphization was confirmed

by powder X-ray diffraction.
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Fourier transform infrared (FTIR) spectroscopy. FTIR spectra were collected using a Thermo
Scientific Nicolet iS10 model FTIR spectrometer in attenuated total reflection mode. 64 and 128
scans were measured for background and sample spectra with 2 cm™ resolution. Evaluation of the

spectra was done using Fityk software.*’

Thermogravimetric analysis coupled with differential scanning calorimetry (TGA-DSC).
Thermogravimetric analysis (TGA) and DSC analysis were performed using a Netzsch STA 449
F1 instrument. Approximately 15 mg of each sample was placed in a platinum crucible and
gently pressed by hand to ensure a good contact between crucible and the powder sample. All
measurements were performed under 20 mL-min”' of nitrogen flow. First the sample was heated
to 120 °C with a ramp of 20 °C-min™' and equilibrated for four hours to remove any volatiles.
Subsequently, it was heated to 600 °C with a ramp rate of 5 °C'min”". To obtain the glass
transition temperature (7y), ag(IL@ZIF-8-HT) in powder form was placed in a platinum crucible
and heated to 400 °C with 5 °C-min’’ ramp rate. Ty, Ty, and 7, are determined as the intersection

of the starting baseline and the tangent to the DSC curve at the maximum gradient point.

Thermogravimetric analysis coupled with mass spectrometry (TG-MS). TG-MS analysis
was performed using Netzsch STA 449 F1/QMS 403 instrument with multiple ion detection
(MID) mode. Approximately 15 mg of each sample was placed in a platinum crucible and TG-
MS analysis was performed for the samples at LT (387 °C for 30 minutes) and HT (390 °C for 40

minutes) conditions under 20 mL-min" of nitrogen flow.

Scanning electron microscopy (SEM). A JSM-7001 F microscope (Jeol Ltd, Japan) was used to
analyze the morphology of ZIF-8 and IL@ZIF-8 samples. Approximately 10 mg of each sample
was placed on a carbon tape and pasted on an aluminum cell. Prior to measurement, samples
were coated with a thin layer of carbon. Voltage and working distance were set to 20 kV and 14

mm, respectively.

Digital optical microscopy. Imaging the glass samples was done using a Keyence VHX-6000
digital microscope with VHX-H2MK software and VHX-500 3D viewer 1.02. A VH-Z100UR
differential interference contrast lens was used and the images were created by focal scanning
along z-axis and stacking images. Top lights with side-lit lightening configuration was used to

capture the photos with variable magnifications (200X, 250X, and 300X).
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Confocal laser scanning microscopy. Melting of IL@ZIF-8 composite was recorded using a
Carl Zeiss Axio imager-Z1m LSM700 confocal laser scanning microscope. ZIF-8 and IL@ZIF-8
powders were placed on a quartz disc (5 mm diameter) and placed in a Linkam T95-HT stage.
Samples were heated to 390 °C with a ramp rate of 10 °C-min”' under 18 mL-min™' of argon flow.
Images were captures in one-minute intervals and ZEN-black software was used to create videos

from captured images.

Nuclear magnetic resonance spectroscopy (*H NMR). A Bruker 300 MHz spectrometer was
used to measure 'H NMR spectra. Approximately 6 mg of each sample was digested in 0.7 mL of
a stock solution of DCI (20%)/D,0O (0.889 mL) and DMSO-d¢ (3 mL). Data analysis was
performed in TopSpin software. Predicted 'H NMR spectra of decomposed IL structures was
generated using www.nmrdb.org after drawing the corresponding chemical structure of

decomposed EMIM cations.®"*

Solid-state Nuclear Magnetic Resonance (SSNMR) Spectroscopy. Single-pulse *C as well as
'H-"C and 'H-"N cross-polarization (CP) SSNMR was done using a Bruker Avance III 400 (9.4
T magnet, 400.17 MHz for 'H, 100.62 MHz for "*C and 40.55 MHz for "°N) equipped with a 4
mm MAS probehead. Carbon and nitrogen spectra were referenced to the external standard a-
glycine (carbonyl peak at 176.5 ppm and "N peak at 32.9 ppm, respectively). For single-pulse
BC experiments, relaxation times were varied from 10 — 150 s for the crystalline IL@ZIF-8
sample and the intensity for the longest relaxing carbon (C without any H) was found to be
invariant for D1 > 100 s (t, = 20 s); this relaxation time was used for all the single-pulse *C
experiments, assuming that glassy and IL carbons would relax faster. A 90° pulse of 10 ps (25
kHz) was used for single-pulse °C, as were optimized on adamantane previously, spinning at 10
kHz, while the number of scans varied from 800 to 4104, depending on the sample. Finally, for
the collection of the IL spectrum, no spinning was used, a 90° pulse of 3.5 ps (71 kHz) was used

with SPINAL-64 decoupling was also used at an rf field of 49 kHz.

For 'H-"C CP, a 2.4 us (104 kHz) 'H 90° pulse was used with a contact time of 2 ms with a
recycle delay of 2.5 s at an "*C rf field of 71 kHz whilst the 'H rf field amplitude was ramped up
to a maximum of 81 kHz. The number of scans varied from 2 300 to 68 000 for ZIF-8 vs.
a,(IL@ZIF-8-HT). In the case of 'H->N CP, a 2.5 us (100 kHz) 'H 90° pulse was used with a
contact time of 3 ms with a recycle delay of 2.5 s at an "°N rf field of 56 kHz whilst the 'H rf field
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amplitude was ramped up to a maximum of 68 kHz. The number of scans varied from 24 000 to
168 000 for ZIF-8 vs. a(IL@ZIF-8-LT). Spinal-64 decoupling was applied with an rf field
strength of 104 and 100 kHz for °C and "N, respectively. '*C was collected spinning at 10 kHz,
while "N was spun at 12 kHz.

Brunauer-Emmet-Teller (BET) analysis. An Autosorb iQ instrument from Quantachrome
Instruments was used for BET surface area and pore volume analysis of ZIF-8, IL@ZIF-§,
a,(IL@ZIF-8-LT), and a (IL@ZIF-8-HT) samples. To quantify the BET surface area N,
adsorption at 77 K was performed. Around 50 mg of each sample were used for each
measurement. Samples were outgassed for 20 h under high vacuum (10°* mbar) at 125 °C prior to

measurement to remove any kind of impurities.
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NMR results.

'H NMR results of ZIF-8 protons.

Results for ZIF-8 protons are presented in Supplementary Figure S6 and Supplementary Tables
S4-86. The Hy4s/H; ratio in Supplementary Table S5 shows that after IL incorporation the ratio
for pristine ZIF-8 (0.67 £ 5%) is preserved in IL@ZIF-8 sample (0.66 £ 5%) showing that the
ZIF-8 linker is intact in the IL@ZIF-8 composite. However, we observed a decrease in this ratio
to 0.59 £ 5% and 0.55 + 5% in a,(IL@ZIF-8-LT) and a,(IL@ZIF-8-HT) glasses, respectively.
Supplementary Table S6 illustrates the ratio of H; and Hys protons in the IL@ZIF-8 composite
and the glasses, with respect to the pristine ZIF-8. The percentage of Hy s protons are decreased
from 65.29 % of IL@ZIF-8 to 59.09 and 48.10 % for ay,(IL@ZIF-8-LT) and ay(IL@ZIF-8-HT),
respectively. However, the percentage decrease in H, protons is less; almost no change was

detected for a (IL@ZIF-8-LT) (66.79 %) and it decreased to 58.15 % for a,(IL@ZIF-8-HT).

'H NMR results of IL protons.

The NMR results of IL protons shows complex behavior for a,(IL@ZIF-8-LT) and a,(IL@ZIF-8-
HT), as can be seen from Supplementary Figures S7a, S8a, S9a, S10a, and S1la. Overall, there
are major changes in the chemical shifts of the IL protons (see Supplementary Table S7); the
appearance of additional sets of peaks proves significant changes in electronic environment and
the occurrence of new environments upon heating. The predicted 'H NMR shifts of the protons in
EMIM, considering all the possible decompositions/detachments of alkyl groups in
Supplementary Figures S7b, S8b, SOb, S10b, and S11b, suggest that the appearance of the new
peaks is consistent with partial decomposition of the IL. Supplementary Table S8 indicates
intensity of each EMIM proton in the samples and compares the intensities with those observed

for IL@ZIF-8.

The results show that the EMIM-h and EMIM-a environments in EMIM, are significantly
changed within the a,(IL@ZIF-8-LT) and a,(IL@ZIF-8-HT) samples, whereas those in EMIM-b
& c remain mostly intact. This is in accordance with literature results, showing that the cation and

anion interaction in imidazolium-based ILs occurs via the EMIM-h position. EMIM-h is the most
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acidic hydrogen in the cation of imidazolium-based ILs, responsible for directional hydrogen
bonds between the ions. It can be used as a probe for determining the strength of interionic
interactions.'"” The lower amount of EMIM protons in a,(IL@ZIF-8-HT) compared to
a,(IL@ZIF-8-LT) indicates a greater degree of decomposition of the IL molecules in a (IL@ZIF-
8-HT), consistent with TG-MS results.

3C NMR single-pulse results.

Supplementary Figure S12 displays the single-pulse quantitative °C NMR spectra of the four
samples: ZIF-8, IL@ZIF-8, ay(IL@ZIF-8-LT) and ay(IL@ZIF-8-HT), while Supplementary
Figures S13 — S15 show the ppm ranges which correspond to the three main carbon peaks from
the mIm linker of ZIF-8: CH; (C,), CH (Css) and C (C,), respectively.’ The IL peaks are
discernible as extremely sharp doublets or triplets (see Supplementary Figure S16 for
assignments®), while the ZIF-8 peaks tend to be broader. In the single-pulse *C NMR of the
a,(IL@ZIF-8-LT), Supplementary Figure S12, it is very clear that many of the ZIF-8 peaks have
broadened (with some sharper peaks indicative of crystallinity at LT), while any evidence of the
sharp IL peaks is missing, indicating the loss or immobilization of the IL carbons. Finally, in
Supplementary Figure S13, only broad peaks exist at the HT condition for the a,(IL@ZIF-8-HT)

sample.

Although cross-polarization (CP) is inherently non-quantitative and sensitive to the proximity and
amount of protons, single-pulse ?C NMR can provide information on the amount of IL that has
been incorporated into ZIF-8. The deconvolution of both methyl groups of the IL cation and ZIF-
8 (C. of EMIM and C; of mIm linker) in Supplementary Figure S16 shows 16 mol% IL and 84
mol% ZIF-8, respectively, which corresponds to about 26 wt% loading of IL. Although this is
lower than expected from the synthesis procedure, 26 wt% is still a high loading. For
quantification of the ZIF-8 carbons, it is important that the magnetization relaxes entirely;
anything less than complete relaxation will likely result in underestimation of the ZIF-8 content.
C NMR in solids, especially when not attached to any protons, can have surprisingly long
relaxation times, T; > 20 s. It is clear that there are some discrepancies for the %loading
depending on the chosen analysis technique: TGA, 'H NMR and C NMR find 34.3 wt%, 21

wt%, and 26 wt% loading, respectively. Unfortunately, all of these techniques have challenges
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making them less-than-ideally suited for accurate determination of wt% loading in these types of
systems. TGA analysis does not differentiate between whether the IL in on the surface or in the
pores, while quantitative *C NMR is challenging due to long relaxation times. Solution "H NMR
using D,O/DCI can result in the exchange of any acidic proton with deuterium, rendering that
proton signal invisible to NMR.’ For example, Hasani et al.® used a H,0 + D,O mixture to
observe the exchange rate between water and the acidic NH proton on ethylimidazolium. In
summary, a reliable measure of loading inside of the pores for IL@MOF composites still remains

to be found.
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Supplementary Figure S1. SEM images of a, b ZIF-8. ¢, d IL@ZIF-8.

107
108

95



0.8 -0.8
a 10.7 b 0.7
0.6 3 0.6 3
Lo.s @ L5
>
0.4 2 0.4 2
10.3 & 0.3 &
Lo.2 = Loz £
L0.1 F0.1
; ‘ . . . 0.0 — ‘ . ‘ 0.0
800 760 720 680 640 600 800 760 720 680 640 600
Wavenumber (cm™) Wavenumber (cm’')
r0.8 0.8
c N d
0.7 L0.7
0.6 3 log S
05 2 los &
>
04 = 04 Z
103 & 103 ©
Lo.2 = Lo.2 E
0.1 éégg % Sioj
—— . : : 0.0 L0.0
800 760 720 680 640 600 800 760 720 680 640 600
Wavenumber (cm™) Wavenumber (cm™')
0.8
e 07
=]
0.6 3
05 3
0.4 ‘@
c
0.3 &
[
0.2 =
% 0
=M e —aN 0.0

800 760 720 680 640 600

109 Wavenumber (cm™)

110

111  Supplementary Figure S2. Deconvoluted IR spectra in the region 600-800 cm™, out of plane
112 bending of imidazole ring. a ZIF-8. b IL. ¢ IL@ZIF-8. d a,(IL@ZIF-8-LT). e a(IL@ZIF-8-HT).

113 Peaks are deconvoluted in Fityk using a Voigt function.”
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Supplementary Figure S3. Deconvoluted IR spectra in the region 800-1700 c¢m™, in-plane
bending and entire ring stretching of imidazole ring. a ZIF-8. b IL. ¢ IL@ZIF-8. d ay(IL@ZIF-8-
LT). e a,(IL@ZIF-8-HT). Peaks are deconvoluted in Fityk using a Voigt function.’
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Supplementary Table S1. IR shifts in IL@ZIF-8, a(IL@ZIF-8-LT), and a,(IL@ZIF-8-HT)
compared to pristine ZIF-8 in the region 600-800 cm™ (out of plane bending of imidazole ring).
Shifts are calculated by subtracting peak positions in crystalline and glassy composite from the

corresponding peaks in ZIF-8.

600-800 cm™

2F-8 shift in IR peaks compared to ZIF-8
IL@ZIF-8 ag(IL@ZIF-8-LT) ag(IL@ZIF-8-HT)
679.04 0.17
683.94 0.3
694.02 -0.42
739.63 0.69
746.78 0.87
753.06 0.45
759.54 -0.19
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147

Supplementary Table S2. IR shifts in IL@ZIF-8, a,(IL@ZIF-8-LT), and a,(IL@ZIF-8-HT)

compared to pristine ZIF-8 in the region 800-1700 c¢cm™ (in-plane bending and entire ring

stretching of imidazole ring). Shifts are calculated by subtracting peak positions in crystalline and

glassy composite from the corresponding peaks in ZIF-8.

ZIF-8

952.59
992.36
1145.97
1176.76
1308.06
1418.13
1453.97
1480.28
1509.6
1584.79

800-1700 cm’'

shift in IR peaks compared to ZIF-8
IL@ZIF-8 ag(IL@ZIF-8-LT) ag(IL@ZIF-8-HT)

1.4 -0.9 -1
1.06@ 0.95 ﬂ 0.52 H
-0.5‘ -1.1:& -
0.81ﬂ -2.& -2.[]
1.7@ 0.74 ﬂ 0.55 H
3.53E -0.44@ -O.84[|
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—0.2& —1.& —1.7El
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Supplementary Figure S4. Thermal stability of bulk IL, pristine ZIF-8, and IL@ZIF-8
composite at melting conditions of 387 °C 30 minutes and 390 °C 40 minutes corresponding to

LT and HT, respectively. Olive and dark green lines related to y-axis show the heat profiles used
to form a,(IL@ZIF-8-LT) and ay(IL@ZIF-8-HT) glasses.
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169
170
171
172
173
174
175
176
177
178
179
180
181

Supplementary Table S3. Mass losses from DSC-TGA recorded after heating bulk IL, pristine

ZIF-8, and IL@ZIF-8 composite to the same melting temperatures and time of IL@ZIF-8: 387
°C 30 minutes, LT, and 390 °C 40 minutes, HT.

Sample Mass loss (%)
IL-LT 76

IL-HT 50.0
ZIF-8-LT 1.0

ZIF-8-HT 0.9
IL@ZIF-8-LT 20.7
IL@ZIF-8-HT 34.4
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182
183  Supplementary Figure S5. TG-MS curves for LT and HT heat treatments. a IL heated at LT. b
184  IL@ZIF-8 heated at LT. ¢ IL heated at HT. d IL@ZIF-8 heated at HT. TG-MS experiments were

185  performed under constant nitrogen atmosphere.
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Supplementary Figure S$6. '"H NMR of ZIF-8, IL@ZIF-8, ay(IL@ZIF-8-LT), and ay(IL@ZIF-8-

HT). Top figures show methyl-protons (H;) and imidazole-protons (Ha s) in ZIF-8. Solvent peaks

are marked with asterisk. (H,D);O" peaks are marked with #, please see Longley et al.” for more

details about solvent interactions.

204

205  Supplementary Table S4. Digested 'H NMR chemical shifts of ZIF-8, IL@ZIF-8, a,(IL@ZIF-
206  8-LT), and a (IL@ZIF-8-HT) samples.

Chemical shifts / ppm
sample H; Hys DMSO-ds Impurity
ZIF-8 2.46 7.31 2.51 6.95
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207
208
209

210
211

212
213

214

215
216

IL@ZIF-8 2.44 7.28 2.50 7.13
a,(IL@ZIF-8-LT) 2.46 7.30 231 7.04
a,(IL@ZIF-8-HT) 2.46 (29 2.51 7.05

Supplementary Table S5. Hys/H, ratio from 'H NMR integration of imidazole and methyl

protons.
Intensity relative to DMSO-d,
sample H; Hys H,s/H,y
ZIF-8 1.91 1.29 0.67
IL@ZIF-8 1.26 0.84 0.66
a,(IL@ZIF-8-LT) 1.28 0.76 0.59
a,(IL@ZIF-8-HT) 1.11 0.62 0.55

Supplementary Table S6. Intensity of H; and Hy 5 singlets in IL@ZIF-8, a,(IL@ZIF-8-LT), and
a,(IL@ZIF-8-HT) with respect to pristine ZIF-8.

Intensity relative to pure ZIF-8

sample H, Hys
ZIF-8 100.00 100.00
IL@ZIF-8 65.95 65.29
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Supplementary Figure S7. 'H NMR of EMIM protons. a 'H NMR of EMIM-¢ protons. b
Predicted "H NMR of EMIM-e with possible decomposed structure.

In the following 'H NMR results, prediction of 'H NMR spectra was done using
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Supplementary Figure S8. 'H NMR of EMIM protons. a '"H NMR of EMIM-a protons. b
Predicted '"H NMR of EMIM-a with possible decomposed structure.
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Supplementary Figure S9. '"H NMR of EMIM protons. a '"H NMR of EMIM-d protons. b

Predicted "H NMR of EMIM-d with possible decomposed structure.
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Supplementary Figure $10. 'H NMR of EMIM protons. a 'H NMR of EMIM-b & ¢ protons.
b Predicted 'H NMR of EMIM-b & ¢ with possible decomposed structure.
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Supplementary Figure S11. '"H NMR of EMIM protons. a '"H NMR of EMIM-h protons. b
Predicted "H NMR of EMIM-h with possible decomposed structure.
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269  Supplementary Table S7. Digested "H NMR chemical shifts of IL protons in IL@ZIF-8,
270  ag(IL@ZIF-8-LT), and a,(IL@ZIF-8-HT) samples.

Chemical shifts / ppm

sample EMIIM' EMH‘:“’& EMIM-d EMIM-a EMIM-e DMSO-d;

IL@ZIF-8 8.95 7.47/1.56 4.05 3.71 127 2.50

a(IL@ZIF-8-LT) 8'89;/8'9 : 398412 | 361377 | 1.09/1.22/1.30 251

a,(IL@ZIF-8-HT) 8‘888/8‘9 - 3.98/4.12 3.61/3.77 1.06/1.22/1.30 2.51
271
272
273

274  Supplementary Table S8. Intensity of IL protons in IL@ZIF-8, aj(IL@ZIF-8-LT), and
275  ag(IL@ZIF-8-HT) with respect to EMIMTFSI protons in IL@ZIF-8.

Intensity relative to EMIMTFSI protons
sample EMIM-h EMIM-b & ¢ EMIM-d EMIM-a EMIM-e
IL@ZIF-8 100.00 100.00 100.00 100.00 100.00

a,(IL@ZIF-8-LT) 56.47 9SS 64.89 62.63 77.96

a,(IL@ZIF-8-HT) 38.64 97.20 41.49 39.50 49.72
276
277
278
279
280
281
282
283
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284
285  Supplementary Figure S12. e single pulse of ZIF-8, IL@ZIF-8, a, (IL@ZIF-8-LT) and
286  ay(IL@ZIF-8-HT).
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287

288  Supplementary Figure S13. *C of C, or CH; in ZIF-8, IL@ZIF-8, a, (IL@ZIF-8-LT) and
289 a(IL@ZIF-8-HT).
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291
292  Supplementary Figure S14. °C of Cs, 5 or CH in ZIF-8, IL@ZIF-8, a; (IL@ZIF-8-LT) and
293 a,(IL@ZIF-8-HT).
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295  Supplementary Figure S15. '°C of C, or lone C in ZIF-8, IL@ZIF-8, a, (IL@ZIF-8-LT) and
296  a,(IL@ZIF-8-HT).
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298  Supplementary Figure S16. Comparison of fitting of single-pulse *C NMR of the C; or CH;
299  region in ZIF-8 (a) decoupled and (b) coupled. Both fits have the same approximate amount of IL
300 and ZIF-8.
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Supplementary Figure S17. 'H-"C CP NMR of ZIF-8, IL@ZIF-8, a,(IL@ZIF-8-LT) and
a,(IL@ZIF-8-HT). Spinning sidebands are marked with asterisks. Bottom. Insets of fits for C,:C,
C4,5:CH and C;: CH3 (methyl) carbons.
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Supplementary Figure S18. "°C single-pulse of IL cation, EMIM. Decoupled vs. pulse sequence
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311
312 Supplementary Figure S19. '"H-""C CP NMR. a. Cy, or C b. C,:CH; and Cy:CH, . CH; regions in
313  IL cation EMIM.
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317  Supplementary Figure S20. °C and 'H-">C CP NMR of CH; regions in ZIF-8.
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Supplementary Figure S21. "°C single-pulse fitting of C; or lone C region in ZIF-8 in the LT

sample.
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Supplementary Figure S22. N, isotherms obtained at 77 K for ZIF-8, IL@ZIF-8, a,(IL@ZIF-8-

LT) and ag(IL@ZIF-8-HT). Open symbols represent desorption isotherms.
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332 Supplementary Table S9. BET Surface area and pore volume results.

sample Surface area (m’ g") Pore volume (cm® g‘l)
ZIF-8 1752 0.634
IL@ZIF-8 11 0.005
a,(IL@ZIF-8-LT) 10 0.003
ay(IL@ZIF-8-HT) 8 0.001
333
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338  Supplementary Figure S23. Powder X-ray diffraction pattern for a sample of ZIF-8 which has
339  been amorphized via ball-milling (30 min, 30 Hz) showing only broad features. The data have

340  been background subtracted and normalized.
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Supplementary Figure S24. Ambient temperature X-ray PDF data. (a) X-ray total scattering
structure factor, S(Q) of the IL, ZIF-8, IL@ZIF-8, a(IL@ZIF-8-LT), ag(IL@ZIF-8-HT) and a,,
ZIF-8 samples. (b) Corresponding X-ray pair distribution functions, D(r).

343
344
345

33

121



346
347
348
349
350

351
352
353

354
355
356

357
358
359
360

361
362

363
364
365

366
367

368
369

370
37

372

References

Noack, K., Schulz, P. S., Paape, N. & Kiefer, J. The role of the C2 position in interionic
interactions of imidazolium based ionic liquids : a vibrational and NMR spectroscopic

study. Phys. Chem. Chem. Phys 14153-14161 (2010).

Wulf, A., Fumino, K. & Ludwig, R. Spectroscopic evidence for an enhanced anion-cation
interaction from hydrogen bonding in pure imidazolium ionic liquids. Angew. Chemie -

Int. Ed. 49, 449-453 (2010).

Baxter, E. F. er al. Combined experimental and computational NMR study of crystalline
and amorphous zeolitic imidazolate frameworks. Phys. Chem. Chem. Phys. 17,25191—
25196 (2015).

Chen, Y., Li, S., Xue, Z., Hao, M. & Mu, T. Quantifying the hydrogen-bonding interaction
between cation and anion of pure [EMIM][Ac] and evidencing the ion pairs existence in its
extremely diluted water solution: Via 13C, 1H, 15N and 2D NMR. J. Mol. Struct. 1079,
120-129 (2015).

Longley, L. er al. The Reactivity of an Inorganic Glass Melt with ZIF-8. Dalt. Trans.
submitted, (2021).

Hasani, M., Nordstierna, L. & Martinelli, A. Molecular dynamics involving proton
exchange of a protic ionic liquid-water mixture studied by NMR spectroscopy. Phys.

Chem. Chem. Phys 21, 22014 (2019).

Wojdyr, M. Fityk: A general-purpose peak fitting program. J. Appl. Crystallogr. 43, 1126—
1128 (2010).

Aires-de-Sousa, J., Hemmer, M. C. & Gasteiger, J. Prediction of 1H NMR chemical shifts
using neural networks. Anal. Chem. 74, 80-90 (2002).

Banfi, D. & Patiny, L. www.nmrdb.org: Resurrecting and processing NMR spectra on-

line. Chimia (Aarau). 62, 280-281 (2008).

34

122



3. Summary

In conclusion, this work investigated meltability and glass formation of metal-organic frameworks
(MOFs) as a new class of organic-inorganic hybrid glasses. MOF glasses take advantage of
chemical tunability of crystalline MOFs, provides easier processing and handling of such materials
in certain applications, and broadens their usage. Among huge number of crystalline MOFs, only
a handful of them can be melted. To enable large-scale application of newly emerged MOF glasses,
two major parameters need to be addressed: 1) large-scale production of meltable MOF crystals,
allowing production of bulk MOF glasses. 2) overcoming melting constraints in non-meltable

MOFs, extending the number of meltable MOFs.

At first, we studied the thermal properties and structural integrity of a commercially available and
meltable zeolitic imidazolate framework, ZIF-62. We showed that in a mixed-linker ZIF/MOF,
heterogeneity in linker coordination can result in the formation of different polymorph crystals
from each organic linker. In a commercial variant of ZIF-62, we identified the presence of two
different crystal phases other than the main phase, which were ZIF-zni and ZIF-4. The presence of
such polymorphs alters thermal properties by either a drastic increase in the melting temperature
(100 °C in the case of ZIF-62) or by hindering a melting transition. The formation of such
secondary phases not only affects thermal properties and glass formation but also can impair other
applications such as catalysis and gas separation. To identify new meltable MOF/ZIF candidates
and evaluate their phase integrity, thermal characterization techniques such as differential scanning
calorimetry (DSC) and variable temperature x-ray diffraction (VT-XRD) analysis must be
combined with common structural characterization tools, especially in the case of mixed-linker
ZIFs/MOFs. These findings can facilitate the successful large-scale production of such heterolinker

glass-forming ZIFs/MOFs.

To investigate the melting of non-meltable MOFs by considering the melting constraints, we
introduced a simple post-synthesis method of ionic liquid (IL) incorporation into nanopores of non-
meltable MOFs. IL@MOF composites benefit from tunable chemical and physical properties of
ILs such as hydrophilicity, presence of functional groups, adjustable size, very low melting

temperature, and most importantly, high thermal stability.
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In the second part, we investigated the incorporation of a salt-IL mixture, Nao.tEMIMoTFSI, in a
high porous and crystalline MOF, ZIF-8. The effects of structural amorphization, via mechanical
ball-milling, on the crystallinity, stability of salt-IL mixture in the pores, and ion conduction
performance were studied. The results exhibited that salt-IL was successfully encapsulated in ZIF-
8 pores, showing a very high ion conductivity (2 x 10* S cm™!) at room temperature. Ball-milling
was able to amorphize the structure and trap the salt-IL in collapsed pores. As the amorphization
degree increased, the ion conduction performance decreased. However, amorphous composites
showed better stability in ion conduction than their crystalline counterparts when exposed to
ambient conditions. Moreover, it was shown that the presence of IL molecules in the pores could
improve the stability of the composite toward mechanical ball-milling. This showed that the
structural amorphization is a useful approach enabling the application of MOFs in certain

applications where crystalline MOFs would fail.

According to the melting mechanism identified for ZIF-4, a meltable ZIF, dissociated organic
linkers from the metal sites are replaced by neighboring linkers so that initial coordination
environment of the metal sites is preserved. However, in more porous frameworks such as ZIF-8,
because of very isolated linkers, high free energy prevents the charge stabilization withing the
framework. As a result, incorporation of ILs in the pores, provides available anionic and cationic
species in the pores, thus a charge stabilization with the metal sites and organic linkers can be

achieved.

In the last part, high free energy and interionic interactions, identified as the constraints hindering
the melting of ZIFs/MOFs, were addressed. Overcoming these constraints can force the potential
melting temperature to be below the thermal decomposition temperature, enabling the melting of
non-meltable MOFs/ZIFs. ZIF-8, a non-meltable and highly porous ZIF, was infiltrated with an IL,
[EMIM][TFSI]. As a result, the porosity of ZIF-8 was decreased, and the IL was observed to
interact with ZIF-8. Upon heating the IL@ZIF-8 crystalline composite, the enthalpic response
showed a melting transition at 381 °C as a result of enhanced electrostatic interactions, and
IL@ZIF-8 was melted. NMR results of obtained glasses show that the prevention of ZIF-8
decomposition, and successful melting, is due to the IL interactions stabilizing the rapidly
dissociating ZIF-8 linkers upon heating. Electrostatic interactions between dissociated 2-
methylimidazolate linkers from the Zn>" metal centers and the IL ions were identified as the charge
stabilization mechanism, which leads to a stable liquid. Moreover, pair distribution function results
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(PDF), confirmed the successful amorphization of the ZIF-8 phase in the glass sample as the loss

of long-range order was observed in the glass whilst short-range order was preserved.

For the first time, experimental melting of ZIF-8 was observed at relatively low temperatures,
whereas computational studies estimated the melting temperature of ZIF-8 to occur around 1400
°C. We demonstrated that both constraints, defined as parameters hindering the melting of highly
porous crystals can be diminished by encapsulating ILs in MOFs/ZIFs. This approach can be
applied to melt other non-meltable MOF/ZIF structures, introducing a large number (over 70,000)

of potential new MOF glasses, having a wide variety of physical and chemical properties.
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4. Zusammenfassung

Zusammenfassend wurde in dieser Arbeit die Schmelzbarkeit und Glasbildung von
metallorganischen Gerlisten (metal-organic frameworks, MOFs) als eine neue Klasse von
organisch-anorganischen Hybridgldsern untersucht. MOF-Gldser machen sich die chemische
Abstimmbarkeit kristalliner MOFs zunutze, ermdglichen eine einfachere Verarbeitung und
Handhabung solcher Materialien in bestimmten Anwendungen und erweitern deren
Einsatzmdglichkeiten. Von der groBen Anzahl kristalliner MOFs kann nur eine Handvoll von ihnen
geschmolzen werden. Um eine grofftechnische Anwendung neuartiger MOF-Gléser zu
ermOglichen, miissen zwei wichtige Parameter beriicksichtigt werden: 1) die groBtechnische
Produktion von schmelzbaren MOF-Kristallen, die die Herstellung von MOF-Glésern in Masse
ermdglicht. 2) Uberwindung der Schmelzbeschrinkungen bei nicht schmelzbaren MOFs, wodurch

die Anzahl der schmelzbaren MOFs erhoht wird.

Zunichst untersuchten wir die thermischen Eigenschaften und die strukturelle Integritit eines
kommerziell erhiltlichen und schmelzbaren zeolithischen Imidazolatgeriists, ZIF-62. Wir konnten
zeigen, dass in einem ZIF/MOF mit gemischten Linkern die Heterogenitét der Linker-Koordination
zur Bildung unterschiedlicher polymorpher Kristalle aus jedem organischen Linker fithren kann.
In einer kommerziellen Variante von ZIF-62 identifizierten wir auller der Hauptphase zwei
verschiedenen Kristallphasen, ndmlich ZIF-zni und ZIF-4. Das Vorhandensein solcher Polymorphe
verandert die thermischen Eigenschaften, indem es entweder die Schmelztemperatur drastisch
erhoht (100 °C im Fall von ZIF-62) oder das Erreichen des Schmelziibergangs behindert. Die
Bildung solcher Phasen beeinflusst nicht nur die thermischen Eigenschaften und die Glasbildung,
sondern kann auch andere Anwendungen wie Katalyse und Gastrennung beeintrachtigen. Um neue
schmelzbare MOF/ZIF-Kandidaten zu identifizieren und ihre Phasenintegritit zu bewerten,
miissen thermische Charakterisierungstechniken, wie die Differential-Scanning-Kalorimetrie
(DSC) und die Analyse der Rontgenbeugung bei variabler Temperatur (VT-XRD), mit gdngigen
Werkzeugen zur strukturellen Charakterisierung kombiniert werden, insbesondere im Fall von
ZIFs/MOFs mit gemischten Linkern. Daraus gewonnene Erkenntnisse konnen die grof3technische

Herstellung solcher glasbildender ZIFs/MOFs mit verschiedenen Linkern erleichtern.
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Um das Schmelzen von nicht schmelzbaren MOFs unter Berlicksichtigung der
Schmelzbeschrinkungen zu untersuchen, haben wir eine einfache Post-Synthese-Methode zur
Einbindung ionischer Fliissigkeit (IL) in Nanoporen von nicht schmelzbaren MOFs eingefiihrt.
IL@MOF-Komposite profitieren von den abstimmbaren chemischen und physikalischen
Eigenschaften von ILs, wie z.B. Hydrophilie, das Vorhandensein funktioneller Gruppen,

einstellbare GrofBe, sehr niedrige Schmelztemperatur und - vor allem - hohe thermische Stabilitét.

In einem zweiten Teil wurde der Einbau einer Salz-IL-Mischung, Nao1EMIMooTFSI, in ein
hochpordses und kristallines MOF, ZIF-8, untersucht. Der Effekt der strukturellen Amorphisierung
durch mechanisches Kugelmahlen wurde im Hinblick auf die Kristallinitit, die Stabilitdt der Salz-
IL-Mischung in den Poren und die Ionenleitfahigkeit untersucht. Die Ergebnisse zeigten, dass Salz-
IL erfolgreich in ZIF-8-Poren eingebunden wurde und dadurch eine sehr hohe lonenleitfahigkeit
(2 x 10* S cm™) bei Raumtemperatur erreicht werden konnte. Durch Kugelmahlen konnte die
Struktur amorphisiert, und das Salz-IL in kollabierten Poren einfangen werden. Mit zunehmendem
Amorphisierungsgrad nahm die Ionenleitfahigkeit ab. Der amorphe Verbundstoff zeigte jedoch
eine verbesserte Stabilitit der lonenleitung, wenn dieser normalen Umgebungsbedingungen
ausgesetzt wurde. Aulerdem wurde gezeigt, dass die Anwesenheit von IL-Molekiilen in den Poren
die Stabilitdt des Komposits gegeniiber mechanischem Kugelmahlen verbessern kann. Dies zeigte,
dass die strukturelle Amorphisierung ein niitzlicher Ansatz ist, der die Anwendung von MOFs in

bestimmten Anwendungen ermoglicht, in denen kristalline MOFs versagen wiirden.

Gemill dem Schmelzmechanismus, der fiir ZIF-4, ein schmelzbares ZIF, identifiziert wurde,
werden dissoziierte organische Linker von den Metallstellen durch benachbarte Linker ersetzt,
sodass die urspriingliche Koordinationsumgebung der Metallstellen erhalten bleibt. In pordseren
Gertisten wie ZIF-8 verhindert jedoch die hohe freie Energie aufgrund der sehr isolierten Linker
die Ladungsstabilisierung innerhalb des Geriists. Infolgedessen bietet der Einbau von ILs in die
Poren verfligbare anionische und kationische Spezies in den Poren, wodurch eine

Ladungsstabilisierung mit den Metallstellen und organischen Linkern erreicht werden kann.

Im letzten Teil wurden die hohe freie Energie und die interionische Wechselwirkung als
Hemmnisse fiir das Schmelzen von ZIFs/MOFs identifiziert. Die Uberwindung dieser
Einschrinkungen kann die potenzielle Schmelztemperatur unter die thermische

Zersetzungstemperatur senken und damit das Schmelzen von nicht schmelzbaren MOFs/ZIFs
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ermdglichen. ZIF-8, ein nicht schmelzbares und hochpordéses ZIF, wurde mit einer IL,
[EMIM][TFSI], infiltriert. Als Ergebnis wurde die Porositit von ZIF-8 verringert, und eine
Interaktion von IL mit ZIF-8 konnte beobachtet werden. Beim Erhitzen zeigte der kristalline
IL@ZIF-8-Verbundwerkstoffs einen Schmelziibergang bei 381 °C als Ergebnis verstarkter
elektrostatischer Wechselwirkungen, und IL@ZIF-8 wurde aufgeschmolzen. NMR-Ergebnisse der
erhaltenen Gléiser zeigen, dass die Verhinderung der ZIF-8-Zersetzung und das erfolgreiche
Schmelzen auf die IL-Wechselwirkungen zuriickzufiihren ist, welche die schnell dissoziierenden
ZIF-8-Linker beim Erhitzen stabilisieren. Elektrostatische Wechselwirkungen zwischen
dissoziierten 2-Methylimidazolat-Linkern aus den Zn**-Metallzentren und den IL-Ionen wurden
als der Mechanismus zur Ladungsstabilisierung identifiziert, der zu einer stabilen Fliissigkeit fiihrt.
Dariiber hinaus bestétigten die Ergebnisse der Paarverteilungsfunktion (PDF) die erfolgreiche
Amorphisierung der ZIF-8-Phase in der Glasprobe, da der Verlust der Fernordnung im Glas

beobachtet wurde, wihrend die Nahordnung erhalten blieb.

Zum ersten Mal wurde das experimentelle Schmelzen von ZIF-8 bei einer relativ niedrigen
Temperatur beobachtet, wihrend Simulationsstudien die Schmelztemperatur von ZIF-8 auf etwa
1400 °C schitzten. Wir konnten zeigen, dass beide Einschrankungen, definiert als Parameter, die
das Schmelzen hochpordser Kristalle behindern, durch das Einbinden von ILs in MOFs/ZIFs
verringert werden konnen. Dieser Ansatz ldsst sich auch auf andere nicht schmelzbare MOF/ZIF-
Strukturen anwenden, wodurch eine gro3e Anzahl (iiber 70,000) potenzieller neuer Gldser mit einer

Vielzahl physikalischer und chemischer Eigenschaften entsteht.
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