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ENGLISH SUMMARY

Metal-organic frameworks (MOFs) have been extensively studied due to their large
porosities and flexible chemical compositions, giving potentials for applications such
as gas and liquid absorption, gas separation, catalysis, sensoring and detection, food
storage etc. Amorphization and glass formation of MOFs with disordered structure
induced by temperature, pressure, and ball-milling were recently discovered. This
glass with hybrid structural units chemically differs from the inorganic, organic and
metallic glass categories, making it a new glass family of glasses. In this thesis, crystal
formation, physical and structural properties, and potential applications of the
chemical functionalities have been investigated on amorphous MOFs.

Crystal synthesis of ZIF-4 isomorphs with [Zn(Im),] composition was developed
using solution mixing method. Synthesis time strongly influences the crystal phases,
whereas synthesis temperature only affects the morphologies and porosities with
regard to the crystal formation of ZIF-zec. High porosities of ZIF-zec and ZIF-nog
phases (>500 m? g'!) are revealed. Moreover, both phases undergo amorphization,
recrystallization to ZIF-zni, and melting upon heating, and MOF glasses can be
achieved after quenching from the melts.

Dynamic features of a stable MOF glass - a,ZIF-62 were studied via sub-T; enthalpy
relaxation. The long relaxation time in the range of 0.93~0.997; and the wide range
of the stretching exponent demonstrate the prominent structural heterogeneity in
ZIF-62 glass.

Melting and glass forming ability of some MOFs were evaluated by calorimetric
approach. Although most MOFs show no melting upon heating, ZIF-76 and the
isomorph ZIF-76-mbIm have been discovered to be good MOF glass formers for the
first time. Remarkably, vitrified a,ZIF-76-mblm still possesses permanent accessible
porosity especially for CO, and CHs. In addition, a Zr-based MOF, DUT-67, exhibits
an irreversible first-order phase transformation to a dense framework at 230 °C, while
the transformation needs an activation energy of ~183 kJ mol! with an enthalpy
release upon heating. The densified DUT-67-HT also exhibits enough pore volume
for N, and CO, absorption.

The application potentials of MOF glasses were facilitated by the following
investigations. Inspired by the liquid blending of miscible polymers, blends of ZIF-4
and ZIF-62 in liquid and amorphous state were achieved. This discovery provides a
technique to tune the chemical structures and thus the functionalities of MOF glasses.
Motivated by improving the porosity of MOF glasses, a post-synthetical modification
(PSM) method was applied to ZIF-7 by imidazole. A kinetically stable ZIF-PSM
composite was hence obtained, which is composed by the parent ZIF-7 phase and the
modified ZIF-62 phase. This ZIF-PSM can be thermally driven to amorphous arZIF-
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PSM at 500 °C. The atZIF-PSM preserves the porosity and shows a larger surface
area from N, uptakes than other temperature-induced amorphous MOFs. This finding
indicates that the PSM method is beneficial to tuning the framework structures for the
retention of the porosity of MOFs after amorphization.
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DANSK RESUME

Metalorganiske netverker (fra engelsk: metal-organic frameworks, forkortet MOF)
har veret studeret flittigt grundet deres store poresitet og fleksible kemiske
sammensatninger, der muligger applikationer sdsom gas- og vaskeabsorption,
gasseparation, katalyse, detektion, madopbevaring osv. Glasdannelse af MOF med
uordnede strukturer fremkaldt af temperatur, tryk, og kuglemaling blev opdaget for
nyligt. Disse glasser har hybride strukturelle enheder, og adskiller sig fra uorganiske,
organiske og metalliske glasser, hvilket gor dem til en ny familie af glasser. I denne
athandling er krystaldannelse, fysiske og strukturelle egenskaber, samt potentielle
anvendelser af kemiske funktionelle grupper af amorfe MOF blevet undersogt.

Krystalsyntese af ZIF-4 isomofer med sammensatningen [Zn(Im),] blev udfert vha.
oplesningsblandingsmetoden. Syntesetid har en sterk indvirkning pa krystalfaser,
hvorimod syntesetemperaturen pavirker kun morfologi og porgesitet med hensyn til
krystaldannelse af ZIF-zec. De store poresiteter af ZIF-zec og ZIF-nog faser
(>500 m? g') er afdekkede. Derudover gennemgir begge faser amorfisering,
krystallisation til ZIF-zni, og smeltning under opvarmning, mens MOF-glasser kan
opnas via bratnedkeling fra smelterne.

Dynamiske funktioner af en stabil MOF-glas, a,ZIF-62, blev studerede via sub-T,
entalpirelaksation. Den lange relaksationstid i temperaturintervallet 0.93~0.997; og
den brede spand af straekningseksponenten demonstrerer den fremtraedende
heterogenitet i ZIF-62 glas.

Smeltning og glasdannelsesevne af nogle MOF blev evaluerede fra en kalorimetrisk
tilgangsvinkel. Selvom de fleste MOF ikke udviser smeltning under opvarmning, blev
ZIF-76 og isomorfet ZIF-76-mblm opdagede som gode glasdannende materialer for
forste gang. Bemerkelsesverdigt, vitrificeret a,ZIF-76-mblm besidder fortsat
permanent og tilgeengelig poresitet, serligt for CO, and CH4. Derudover, udviser en
Zr-baseret MOF, DUT-67, en irreversibel faseovergang til en kompakt netvaerk ved
230 °C, mens den overgang kraver en aktiveringsenergi p& ~183 kJ mol”! med en
entalpifrigerelse under opvarmning. Den densificerede DUT-67-HT udviser ogsa nok
porevolumen for N, og CO, absorption.

Anvendelsespotentialer af MOF-glasser blev fremmet vha. felgende undersogelser.
Inspireret af veeskeblanding af blandbare polymerer, blev blandinger af ZIF-4 og
ZIF-62 i bade veeske- og amorf tilstand opnéet. Denne opdagelse giver en teknik til at
variere pa den kemiske struktur og dermed funktionaliteter af MOF-glasser. For at
forbedre porgsiteten af MOF-glasser, blev post-syntetisk modificering (PSM) anvendt
pa ZIF-7 med imidazol. En kinetisk stabil ZIF-PSM komposit, der bestar af ZIF-7
fasen og den modificerede ZIF-62 fase, blev dermed opnaet. ZIF-PSM kan blive
termisk drevet til en amorf arZIF-PSM ved 500 °C. Denne arZIF-PSM opretholder
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porgsiteten og wudviser et storre overfladeareal fra N, optag end andre
temperaturinducerede amorfe MOF. Denne opdagelse indikerer at PSM metoden er
fordelagtig for at variere netvarksstrukturerne til at opretholde porgsiteten af MOF-
glasser efter en glasovergang.
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CHAPTER 1. INTRODUCTION

CHAPTER 1. INTRODUCTION

1.1. BACKGROUND AND CHALLENGES

Metal-organic frameworks (MOFs), or coordination polymers (CPs), have been a hot
research topic in the last two decades, due to their large porosity and flexible chemical
composition, giving various kinds of potentials for applications such as gas and liquid
absorption, gas separation, catalysis, sensoring and detection, food storage etc. (1-4).
Companies, such as BASF, MOF Technologies, and framergy, as well as a number of
start-ups including novoMOF and MOFWORX, have commercialized some MOFs
for industrial applications. Furthermore, over 60,000 MOF structures have been
reported in literature according to the Cambridge Crystallographic Data Centre
(CCDC) in 2017, showing the speed at which this hybrid inorganic-organic material
research field broadens in structural chemistry and crystallography.

Amorphous MOFs obtained directly after synthesis, however, were rare reported
before, as most of them are regarded as failures of the syntheses of crystalline MOFs.
Amorphization of MOFs was first reported as an edge sub-topic in 2010 (5). The
studied subject is ZIF-4, which is in the category denoted as zeolite imidazolate
frameworks (ZIFs), a subfamily of MOFs. ZIF-4 [Zn(Im),], composed by Zn*" as
metallic center and imidazolate (Im) as organic linker, can be amorphized and
recrystallized to ZIF-zni upon heating. The thermal-induced amorphous ZIF-4
(atZIF-4) has the angle of ~145° between the Zn-Im-Zn bond in the tetrahedral,
analogues to that of Si-O-Si in silica (Figure 1-1).
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Figure 1-1 (a) Structural analogy of the building units between ZIFs (Zn-Im-Zn) and silica (Si-
O-Si); (b) Unit cell of ZIF-4; (c) Representative view of arZIF-4 structure (3,6).

Amorphous MOFs could be categorized as three different types: liquid and melt-
quenched glasses; non-melt quenched glasses; and amorphous non-glassy solids (7).
Remarkably, melt-quenched glasses (also MOF glasses in this thesis) refer to the
samples quenched after melting, which show a liquid-like state with glass transition
behaviour on the DSC trace upon reheating (8). A number of 3D MOFs, especially
some ZIFs such as ZIF-4, TIF-4 [Zn(Im);s5(5-mblm)os], and ZIF-62
[Zn(Im), 75(bIm)g 5], are revealed to form melt-quenched MOF glasses (9,10). Taken
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TIF-4 as an example, the melting point (7mm) and the glass transition temperature (7)
are 467 °C and 343 °C, respectively (10). It suggests the high thermal stability of 3D
MOF glasses. The mechanism of ZIF-4 melting has been interpreted by an in silico
study: the coordinated bond between Zn?" and the linkers breaks and metal ions
redirect to connect another linker in a short time scale (11,12). Furthermore, some 1D
and 2D coordiCPs, such as [Zn(H2POa4)(HTr);] (HTr: 1,2,4-triazole) are also
discovered to form melt-quenched MOF glasses (13—18). These 1D and 2D CPs can
be normally melted at 71, < 200 °C. As with the non-melt quenched MOFs glasses,
they are mostly obtained by heating or ball-milling MOFs (6,19-21). A characteristic
feature is that these glasses are structurally the same as those from melt-quenching
with no broken coordination bonds (22). The third category points to those amorphous
MOFs with considerable changes of the local environments of the metal center and
the broken coordination bonds compared to their crystalline counterparts. They can
be achieved by ball-milling, pressure, heating, or even direct synthesis (23-26).
Considering the constituents and bonds, the coexistence of both ionic bonds and
coordination bonds in hybrid MOFs is unique, compared to other glass formers such
as oxide glasses, metallic glasses, and organic molecules and polymers. This
discovery makes amorphous MOFs, especially MOF glasses, a new subfamily of
glass.

The amorphous MOFs could be characterized by XRD spectroscopy, PDF analysis,
DSC-TGA, and nanoindentation measurements. MOFs lose the long-range order
structure after amorphization, which can be verified by the disappearance of Bragg
peaks on XRD patterns and the PDF spectra. In particular, structural information with
subtle differences of the local environments between crystalline and amorphous
MOFs could be revealed by PDF and NMR or EXAFS results (10). Additionally,
elastic modulus and hardness from nanoindentation measurements normally increases
after amorphization of MOFs (27). It is ascribed to the loss of the crystal defects and
the structural flexibility in the crystalline counterparts. More experimental approaches
are applied to investigate the structural features and properties of amorphous MOFs,
such as SAXS/WAXS, NMR, SR-FIR etc (9,21,28-30). Gas absorption
measurements and positron annihilation lifetime spectroscopy (PALS) are also carried
out to detect the pore size and volume of amorphous MOFs (31-33), although the
pores might be disappeared due to the collapse of the framework.

Amorphous MOFs have shown practical advantages for potential applications. For
instance, a,ZIF-8 has proved to permanently capture ratioactive waste such as iodine
(34,35). Some MOFs are biodegradable, and hence amorphous MOFs can be regarded
as biomaterials. As an example, amorphous UiO-66 via ball-milling exhibits a
satisfactory period of time to release calcein (up to 30 days), which overcomes the
fast release of the drug in the crystalline counterpart (36). With the amorphous features
of homogeneous structure and casting possibility, it is possible to apply amorphous
MOFs for diverse purposes such as ion conductivity and membrane selectivity
(13,37).
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As a new family of glasses, amorphous MOFs are far from being understood. Here
are some intriguing questions: Do synthesis conditions kinetically affect the crystal
phases and thus the glass forming ability? What is the mechanism of melting and glass
transition in MOF glasses, compared to the conventional glass families? Can theories
in amorphous materials be transferred to MOF glasses to explain the physical features
of amorphous MOFs, such as structural relaxation? What is the connection between
the crystalline and glassy MOFs in structures and properties? Can we predict MOF
glass formers by their crystalline structures? Is it possible to control and design the
structures of MOF glasses to facilitate their functionalities? These questions
motivated the author to implement this PhD project on amorphization and glass
formation of MOFs. Some of the mentioned questions are discussed in this thesis.

1.2. OBJECTIVES

The objectives of the Ph.D. thesis are summarized as follows:

1. Probe the crystalline MOF synthesis influence on the amorphization of
MOFs.

2. Investigate the dynamic features, such as sub-7, enthalpy relaxation, of a
MOF glass with good glass forming ability (ZIF-62).

3. Explore more MOF glass formers, and discuss the structural features and
functionalities after amorphization.

4. Facilitate chemical properties and porosities of MOF glasses by designing
the structure of the crystal phases for potential applications.

1.3. THESIS CONTENT

The experiments of this thesis were conducted at Aalborg University and University
of Cambridge. This thesis consists of an overview and four papers, of which three
papers have been published in peer-reviewed journals, and one has been accepted. The
four papers correspond to the content in Chapter 3, Chapter 4, Chapter 6, and Section
5.2, respectively. Specifically, in the joint paper III, the author conducted all DSC
measurements, which are one of the main outcome in the paper. Moreover, in the joint
paper 1V, the author firstly discovered the glass formation of ZIF-76, which is one of
the most prominent contribution in the manuscript. The author also contributed to all
the DSC measurements and the manuscript writing, and involved in other
characterizations. In addition, results in Section 5.1, 5.3 and Chapter 7 were mostly
conducted by the author and independently analyzed by the author. The manuscripts
regarding to the results will be submitted soon to journals in relative fields. The
relations between the contents of chapters and those in the attached papers are also
clarified in the footnotes in the first page of each chapter.
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CHAPTER 2. EXPERIMENTAL

In this Chapter, details of sample synthesis in this dissertation and the characterization
methods are presented.

2.1. SYNTHESIS

Solvothermal and solvent mixing methods were mostly used for MOF synthesis in the
present work. All syntheses were performed solely by the author in this thesis. All of
the structures were verified by matching the PXRD patterns with the simulated ones.

2.1.1. ZIF-4 ZN(IM),

According to the previous synthesis process (9), 2.27 g zinc nitrate hexahydrate (7.63
mmol), and 1.5 g imidazole (HIm, 22.0 mmol) were dissolved in 50 ml DMF (N,N-
dimethylformamide). The solvent was transferred into a 100 ml glass jar, which was
sealed tightly and heated to 130 °C for 48 hours. Colorless prism-shaped crystals were
collected and washed by DMF (30 ml % 3) and DCM (dichloromethane, 30ml x
1). The crystalline sample was activated at 100 °C for 20 hours in vacuum before use.
The yield was 1.545 g (41 % based on the amount of zinc).

2.1.2. ZIF-62 ZN(IM)1.75(BIM)o.25

According to the previous synthesis process (38), 2.380 g zinc nitrate hexahydrate
(8 mmol), 7.35 g imidazole (108 mmol), and 1.418 g benzimidazole (HbIm, 12 mmol)
were dissolved in 75 ml DMF. The solvent was transferred into a 100 ml glass jar,
which was sealed tightly and heated to 130 °C for 48 hours. Colorless prism-shaped
sample was collected and washed by DMF (30 ml x 3) and DCM (30ml x 1). The
crystals were activated at 100 °C in vacuum before use. The yield was 1.148 g (67 %
based on the amount of zinc).

2.1.3. ZIF-11 ZN(BIM), AND ZIF-12 CO(BIM),

According to the previous synthesis process (39), toluene-assisted method was applied
for ZIF-11 and ZIF-12 synthesis. First, 120 mg benzimidazole (1 mmol) was dissolved
in 4.8 g methanol (6.061 ml). Then 4.6 g toluene (5.287 ml, 50 mmol) was added into
the solution. Ammonia hydroxide (60 mg, 66.7 uL, 1 mmol) was then dropped into
the solution. After stirring at room temperature to obtain a homogeneous solution,
110 mg zinc acetate dehydrate (0.5 mmol) was added to synthesize ZIF-11 (or
125 mg cobalt(II) acetate tetrahydrate for ZIF-12 synthesis). After stirring for 3 hours,
the samples were collected by centrifugation. Both crystals were washed by methanol
2 times and dried at room temperature in fume cupboard overnight. The yields of ZIF-
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11 and ZIF-12 were 123.6 mg (81.6 %) and 107 mg of ZIF-12 (72.2 %), respectively,
based on Zn.

2.1.4. ZIF-71 ZN(DCIM),

According to the previous synthesis process (40), a solution of 110 mg zinc acetate
dehydrate (0.5 mmol) in 15 ml DMF, and another one of 220 mg 4,5-
dichloroimidazole (HdcIm, 1.6 mmol) in 15 ml DMF, were mixed together in a sealed
glass jar. The solution was mixed at room temperature for 24 hours via a stirring bar.
The DMF was removed by a pipette and the crystals were soaked in chloroform
(20 ml x 3) for 3 days. The sample was finally collected via centrifugation. The
crystalline sample was evacuated at 100 °C for 24 hours in vacuum. The yield was
144.1 mg (85.5 % based on Zn).

2.1.5. MCLF-1 CU2(DCl),-MECN

According to the previous synthesis process (41), 19 mg copper(I) iodide (0.1 mmol)
and 12 mg 4,5-dicyanoimidazole (HDCI, 0.1 mmol) were dissolved in 5 ml MeCN.
The solution was stirred for 10 minutes in a 20 ml glass vial and left it at room
temperature for 3 days. The sample were filtered and immersed in fresh MeCN
overnight. Then the product was collected by filtration, washed with MeCN three
times, and dried in air. The yield was ~7.5 mg (18.6% based on Zn).

2.1.6. TIF-5-CL ZN(IM)(DCBIM)

According to the previous synthesis process (42), 1.785 g zinc nitrate hexahydrate
(6 mmol), 408.5 mg imidazole (6 mmol) and 877.1 mg 5,6-dichlorobenzimidazole
(HdcbIm, 6 mmol) were dissolved in 50 ml DMF. The mixture was transferred into a
100 ml glass vial, followed by heating to 100 °C for 72 hours. The product was filtered
after synthesis, and washed by DMF (20 ml x 3) and DCM (20 ml x 2). After leaving
in fume hood overnight, 872.1 mg crystalline sample was collected (yield: 53.3 %
based on Zn).

2.1.7. JUC-160 ZN4(2-MBIM)3(BIM)s

According to the previous synthesis process (43), 119 mg zinc nitrate hexahydrate
(0.4 mmol), 52.8 mg 2-methylbenzimidazole (2-HmbIm, 0.4 mmol), and 59 mg
benzimidazole (0.5 mmol) were dissolved in 11 ml of DMF. The solvent was
transferred into a 23 ml autoclave, which was sealed tightly and heated to 180 °C for
48 hours. Pale-yellow crystals were collected and washed by DMF (30 ml x 2). The
crystalline sample was activated at 100 "C in vacuum before use. The yield was
316 mg (60 % based on the amount of zinc).



CHAPTER 2. EXPERIMENTAL

2.1.8. ZTIF-1 ZN(5-MTZ)(2-EIM)

According to the previous synthesis process (41), 110 mg zinc acetate dihydrate
(0.5 mmol), 43 mg 5-methyltetrazole (5-Hmtz, 0.5 mmol) and 48 mg 2-ethylimidazole
(2-Helm, 0.5 mmol) were dissolved in a mixed solvent with 2 ml DMF and 2 ml
ethanol. The mixture was sealed tight in a 20 ml glass vail and heated up to 120 °C for
72 hours. The transparent polyhedral crystals were collected by filtration after washed
by ethanol. The yield was 100 mg (81.4% based on Zn).

2.1.9. ZIF-76 ZN(IM)(5-CBIM)

According to the previous synthesis process (44),1.785 g zinc nitrate hexahydrate
(6 mmol), 408.5 mg imidazole (6 mmol) and 915.5 mg 5-chlorobenzimidazole (5-
Hcblm, 6 mmol) were dissolved in 50 ml DMF. The mixture was transferred into a
100 ml glass vial, followed by heating up to 100 °C for 72 hours. The samples was
filtered after synthesis, and washed by DMF (20 ml x 3) and DCM (20 ml x 2). After
leaving in fume hood overnight, 622.5 mg crystalline sample was collected (yield:
37.2 % based on Zn).

2.1.10. ZIF-76-MBIM ZN(IM)(5-MBIM)

According to the previous synthesis process (45), 117.5 mg imidazole (1.725 mmol)
and 114.5 mg 5-methylbenzimidazole (5-HmbIm, 0.866 mmol) were dissolved in a
mixed solvent with 5.75 ml DMF and 5.75 ml DEF (N, N-diethylformamide). Then
255.6 mg zinc nitrate hexahydrate (0.859 mmol) was added to this solution.
0.5184 ml NaOH solution (M = 2.5 mol/L) was added later according to the literature.
The mixture was transferred into a 20 ml glass vial, followed by heating to 90 °C for
72 hours. The product was filtered after synthesis, and washed by DMF (20 ml x 3)
and MeOH (20 ml x 2). After leaving in fume hood overnight, 622.5 mg crystalline
sample was collected (yield: 37.2 % based on Zn).

2.1.11. DUT-67 [ZRs06(OH)2(TDC)4(AC):]

According to the previous synthesis process (46,47), 233 mg ZrCls (1 mmol) was
dissolved in a mixed solvent of 9.5 ml DMF and 9.5 ml NMP (N-methyl-2-
pyrrolidone) by sonication for 10 minutes. 86 mg 2,5-thiophenedicarboxylic acid
(Hatdc, 0.5 mmol) was added to the mixed solvent and the solution was sonicated for
5 minutes. Acetic acid (HAc, 15 ml) was then added and sonicated together for 10
minutes. The solution was transferred into a 50 ml autoclave and synthesized at 120
°C for 2 days. The resultant powders were collected via centrifugation and washed
with DMF and ethanol (20 ml x 2). The product was dried at 60 ‘C overnight. The
yield was 132 mg (70% based on tdc).
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2.1.12. DUT-69 [ZRs04(OH)4(TDC)s(AC):]

According to the previous synthesis process (46), 233 mg ZrCls (1 mmol) was
dissolved in DMF (33 ml) via sonication for 10 minutes. 115 mg Hstde (0.67 mmol)
was added to the mixed solvent and sonicated for 5 minutes. Then acetic acid (HAc,
18.3 ml) was added and sonicated for 10 minutes. The solvent was transferred into a
100 ml glass jar and synthesized at 130 °C for 3 days. The samples were centrifuged
and washed with DMF and ethanol (20 ml x 2). The resultant powders were collected
via centrifugation and thoroughly washed with DMF and ethanol (20 ml x 2). The
sample were dried at 60 °C overnight. The yield was 40 mg (19% based on tdc).

2.1.13. UIO-66 [ZR:O4(OH)4(BDC)é]

According to the previous synthesis process (48), 3.5 g ZrCls (15 mmol) and 2.5 g
terephthalic acid (H,bdc; 15 mmol) were dissolved in DMF (155 ml). 1.5 ml of a 37
% solution of HCI was add to the solution. The mixture was transferred into a 250 ml
glass jar and synthesized at 120 “C for 24 hours. The resultant powders were collected
via centrifugation and thoroughly washed with DMF and ethanol (20 ml x 2). The
sample were dried at 60 °C overnight. The yield was 3.726 g (91.5% based on Zr).

2.1.14. MOF-808 [ZRs04(OH)4(BTC)2(FA)e]

According to the previous synthesis process (49), 268 mg ZrOCl,*8H»O (0.83 mmol)
and 175 mg trimesic acid (Hsbtc; 0.83 mmol) were dissolved in a mixed solvent of
DMF (33 ml) and formic acid (HFa, 33 ml) DMF (155 ml). The solvent was
transferred into a 100 ml glass jar and synthesized at 100 °C for 4 days. The resultant
powders were collected via centrifugation and thoroughly washed with DMF and
ethanol (20 ml x 2). The sample were dried at 60 °C overnight. The yield was 136 mg
(63% based on Zr).

2.1.15. ZIF-7 ZN(BIM),

2.38 g zinc nitrate tetrahydrate (8§ mmol) and 1.89 g benzimidazole (16 mmol) were
well dissolved in 180 ml DMF after stirring 20 minutes by magnetic stirrers. The
solvent was then transferred to a 200 ml glass jar. After heating to 130 °C for 48 hours,
crystals were collected by centrifugation. The samples was washed by DMF
(30 ml x 3) and methanol (30 ml x 3). 2.377 g crystalline sample was obtained after
drying (yield: 88.5 % based on Zn).

2.2. CHARACTERIZATIONS AND METHODS

The author performed most of the experiments and analysed all results in this thesis.
A co-author contribution is presented in the relevant section only if the measurements
were not carried out by the author independently.
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2.2.1. POWDER X-RAY DIFFRACTION (PXRD) SPECTROSCOPY

PXRD patterns of fine-grinded samples were collected on a PANalytical empyrean
X-ray diffractometer (AAU) or a Bruker-AXS D8 diffractometer (UCam) in Bragg-
Brentano geometry using Cu Ko, radiation (A = 1.54098 A) equipped with a Cu Ka
operated at 45 kV and 40 mA. PXRD patterns were collected in the 20 range from 3
to 50" (or 70°) with a step size of 0.013°. Simulated PXRD patterns were obtained from
Software Mercury 3.9 from the ecrystallographic information files (cif) of
corresponding framework structures. Analysis of the data was carried out using the
X’pert HighScore Plus, Topas-Commercial V3, or Topas-Academic V4 programs.

2.2.2. REFINEMENT DETAILS

The peak positions of the experimental PXRD data of a MOF sample were first
compared to simulated patterns of MOFs with corresponding compositions to evaluate
the possible crystalline phases. Note that there is no new crystalline structure reported
in the present work, and the structural models were initiated according to the
corresponding cifs from the CCDC (Cambridge Crystallographic Data Centre).
However, the peak intensities and width of the PXRD pattern shall be refined in order
to give the precise structural information. Therefore, Rietveld and Le Bail refinements
were applied to some PXRD patterns to study the crystal structure (50,51). All
refinements were carried out with Topas-Commercial V3 package using the
fundamental parameters approach (50).

The background was fitted using the Chebyshev polynomial model. A Lorentz—
polarization factor of 90, and a polarization correction of 1, and a refined axial
convolution parameter and absorption coefficient parameter were also implemented.
Space group, unit-cell dimension, and site occupancies were initially adopted from
the corresponding cif file after the preliminary compaison between the experimental
and simulated PXRD patterns. The peak positions were first refined by optimizing the
unit cell parameters and the specimen displacement. The preferred orientation
(March-Dollase parameter is in the range of 0.7~1), site occupancies, atomic
coordinates, and isotropic ADPs (positive values) were applied to refine the relative
peak intensities. The anisotropic displacement parameters were not modified as (1)
preferred orientation parameters were applied during refinements; (2) the unit cells
are quite large (>10000 A%), and the considerable atoms (e.g. 116 sites for ZIF-zec)
give strong atomic motions; (3) the current model could yield good refinement results.
Pesudo-Voigt model was applied to refine the peak profile. Regarding the least-
squares Rietveld analysis, the R factors were expected to be Ryp < 20, Rpragg < 5,
R, <5, and y° <5, so as to verify the rationality of the structural model. Other details
of the refine models and parameters with regard to the PXRD patterns of the relevant
samples are presented in the corresponding sections.



AMORPHIZATION AND GLASS FORMATION OF METAL-ORGANIC FRAMEWORKS

2.2.3. DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Differential scanning calorimetric and thermogravimetric (TGA) results were
collected simultaneously with Netzsch STA 404 C (AAU), Netzsch STA 449 F1
Jupiter (AAU), and TA Q600 (UCam). Pt/Rh crucibles were used for both samples
and the references. The sample mass was normally 7 ~ 15 mg. The direction of the
enthalpy release, i.e. exothermic direction, points downwards in all figures in this
thesis. Scanning rates were 10 K/min as default, whilst various upscan rates were also
applied for determining activation energy. The isobaric heat capacity (C,) curves (i.e.
Cp~T curve) were determined by comparing the DSC outputs with those of a reference
sapphire at the same upscan rate.

2.2.4. LIQUID-STATE NUCLEAR MAGNETIC RESONANCE (NMR)
SPECTROSCOPY

Liquid-state nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
DPX600 Advanced 600 MHz spectrometer. All the samples (8~15 mg) were dissolved
in a mixed solvent (37 wt% DCI/D,0: 100 ul; DMSO-de: 500 ul). 'H, 3C, and 2D
BC-HSQC were collected at 308.1 K. Spectral acquisition was controlled using the
TopSpin 3.6 software (Bruker BioSpin). The spectra were also processed with the
MestreNova Suite program. All liquid-state NMR results, except those in Paper IV,
were collected and analysed by the author. Note that liquid-state NMR spectroscopy
is commonly used for characterizing MOF structures due to small amount of samples
(5~20 mg), short time for data collection, and high resolution data for analysis (52—
55).

2.2.5. SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) measurements were performed on Zeiss EVO
60 SEM using secondary electron mode. For observations, samples were coated by a
thin gold layer with a thickness of ~15 nm. Alternatively, some SEM measurements
were conducted by using FEI Nova Nano SEM 450. The samples were dried under
30 °C and then followed by chromium coating prior to imaging.

2.2.6. RAMAN SPECTROSCOPY

Raman spectra were collected in HORIBA LabRAM HR Evolution Raman
microscope with a green laser with the wavelength of 532 nm. A typical power of
0.1 W was used to record the Raman shift in the range of 150 to 2000 cm™’. Raman
data in 5.3.2 were collected by Ang Qiao and analysed by the author.
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2.2.7. FOURIER-TRANSFORM INFRARED (FT-IR) SPECTROSCOPY

Fourier transform-infrared (FT-IR) spectra were collected on a Varian 640 IR
spectrophotometer in transmittance mode with the KBr technique (KBr:sample wt%
=100:1). Alternatively, some FT-IR measurements were performed by using Bruker
Tensor II FT-IR Spectrometer in an attenuated total reflectance (ATR) mode. All data
were collected in range of 4000~400 cm.

2.2.8. GAS ABSORPTION

Gas absorption isotherms were measured on a Micromeritics ASAP 2020 instrument.
About 100 mg sample was used for each measurement. Samples were degassed in
vacuum for 3 hours at approximately 100 °C before starting the measurements. The
N, and CO; absorption-desorption isotherms were conducted at 77 K and 273.1 K
respectively. The surface area was estimated by the Brunauer-Emmett-Teller (BET)
and Langmuir methods for the relative pressure range (P/Po) of 0.06 to 0.2 from the
N uptake isotherms. The results in 3.1 and 5.4 were measured by Giuliana Magnacca
and Jingwei Hou, respectively, and the ones in 7.4 were collected by the author and
Jingwei Hou. All results were analysed by the author.

2.2.9. GAS PYCNOMETRY

Pycnometric measurements on the samples were performed using a Micromeritics
Accupyc 1340 helium pycnometer, equipped with a 1.3 cm? insert. The typical mass
used was ~150 mg. The mean values and standard deviations are calculated from a
cycle of 10 measurements.

2.2.10. NANOINDENTATION

The Young’s modulus (£) and hardness (H) of the samples were measured using an
MTS Nanoindenter XP at ambient conditions. Samples were mounted in an epoxy
resin and polished using increasingly fine diamond suspensions up to 1/4 pm.
Indentation experiments were performed under the dynamic displacement controlled
mode, at a constant strain rate of 0.05 s-'. All tests were conducted using a three-sided
pyramidal (Berkovich) diamond indenter tip, to a maximum surface penetration depth
of 500 nm. The collected load-displacement data were analysed using the Oliver &
Pharr method (56). A Poisson’s ratio of 0.4 was used, in accordance with prior studies
on ZIF materials (57). The results in 7.3 were measured and analysed by the author,
and the relevant results in Paper III is not included in this thesis.

2.2.11. X-RAY TOTAL SCATTERING MEASUREMENTS

X-ray total scattering data were collected on the I15-1 beamline at the Diamond Light
Source, Didcot, UK. Data were collected between ~0.4 < Q < ~26 A" with the



AMORPHIZATION AND GLASS FORMATION OF METAL-ORGANIC FRAMEWORKS

wavelength of A = 0.161669 A. Finely powdered samples were loaded into 1.17 mm
(inner diameter) borosilicate capillaries, and data from an empty instrument and
capillary were also collected for background subtraction. Corrections for background,
multiple, container and Compton scattering, along with absorption were performed
using the GudrunX program (58,59). The normalized reciprocal space data were then
converted to the pair distribution functions (PDFs) via Fourier transform. The author
took part in the sample preparation and data collection of the X-ray total scattering
measurements, and the preliminary analysis of the data in Papers II, III, and IV.

2.2.12. SAXS/WAXS MEASUREMENTS

Synchrotron SAXS/WAXS data were collected on the SAXS beamline at the
Australian Synchrotron (ANSTO), Clayton VIC, Australia. Dried powder samples
were loaded into a 1.0 mm quartz capillary under argon protection in a glove box. The
in-situ SAXS/WAXS measurements were carried out at 16 keV, 2675 mm camera
length using a Pilatus 1M detector at a transmission mode. A line scan mode (3 mm)
was conducted for each analysis at 0.3 mm/s. The data were processed on an in-house
developed Scatterbrain software for averaging and background subtraction. The
experiments were performed by Jingwei Hou, and the results were analysed by the
author.

2.2.13. SYNCHROTRON RADIATION FAR-INFRARED SPECTROSCOPY

Synchrotron radiation far-infrared (SR-FIR) measurements were conducted on the
THz/Far-IR Beamline at the Australian Synchrotron (ANSTO), Clayton VIC,
Australia. The beamline was equipped using the attenuated total reflectance (ATR)
sampling accessory. The resolution was 0.028927 THz (0.9642 cm™!) and the spectra
were collected in range of 30-700 cm’!. The spectrometer was performed at a current
of 200 mA with a total of 240 scans. The experiments were performed by Jingwei
Hou, and the results were analysed by the author.



CHAPTER 3. CRYSTAL SYNTHESIS
AND GLASS FORMATION ZN(IM),
POLYMORPHS

Polymorphism in metal-organic frameworks has been extensively studied (60,61),
which can be observed by controlling synthesis conditions, such as synthesis
temperature and time, concentration of reagents, pH values, post-synthetic processes,
pressure etc. At the same time, the crystal size and morphology of the obtained
crystalline MOFs are also influenced by these conditions, giving different properties
such as porosities. The first-reported melt-quenched MOF glass was ZIF-4 [Zn(Im);]
with a cag topology as the variscite CaGa,O4 in Pbca space group (9). [Zn(Im)]
polymorphs have various network topologies, such as cag, coi, crb, dft, gis, mer,
nog, zec and zni (60). In literature, ZIF-4 and ZIF-zni were mostly studied (11,62),
and only ZIF-4 and ZIF-gis were reported to form MOF glasses after melt-quenching
in ZIF [Zn(Im),] polymorphs (9,10). Synthesis influence of the ZIF [Zn(Im),]
frameworks and their glass forming ability is however not investigated in details. In
light of this, the influence of synthesis conditions on the crystal formation of ZIF with
Zn(Im), composition was explored in this Chapter. Crystal size, morphology and
porosity, glass formation of the polymorphs were discussed ‘.

3.1. SYNTHESIS CONDITIONS INFLUENCE OF ZN(IM)

POLYMORPHS
Ay
\_\___/
DEF . >
Certain Solvent exchange §Z,
Liquid temperature i al & washing ;?@?’I
o ’ LARE & LALALA
mixing ‘%’ L gyl Heat & vacuum alald
. Va7 treatment V747
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As-synthesized ZIF structure

@ Znsalt = Imidazole
Figure 3-1 Schematic figure of the process of Zn(Im)z synthesis using solution mixing method.

A solution mixing method was applied to synthesize ZIF [Zn(Im),] to precisely
control the conditions, instead of using the conventional solvothermal method as
normally used for ZIF-4 synthesis (63). A solution of 1.1 g zinc acetate dihydrate
(5 mmol) in 25 ml n-propylamine, and a solution of 681 mg imidazole (10 mmol) in

! Results in this chapter have been published in Paper I.



AMORPHIZATION AND GLASS FORMATION OF METAL-ORGANIC FRAMEWORKS

25 ml DMF, were mixed together. Products were obtained after magnetic stirring (600
rpm), while synthesis time and temperature were controlled as listed in Table 3-1. The
samples were dried before washed by dichloromethane for 3 times. A schematic
process is demonstrated in Figure 3-1. The yields of all samples were calculated based
on the input amount of zinc in Table 3-1, and the identities of the samples are
discussed below.

Table 3-1 Synthesis conditions (time and temperature), topology, space group, and yield of the
product of each process.

Sample Time Temp  Topology Yield
No.  /hour  /°C Space group
S1 0.083 23 amorphous - 41
S2 18 10 coitcag 14+P bca 44
S3 24 10 zec C2/c 50
S4 48 10 nog P2i/n 48
Ss 120 10 zni I4cd 66
S6 24 15 zec C2/c 47
S7 24 23 zec C2/c 50
S8 24 30 zec C2/c 90
S9 24 35 zec C2/c 58

3.1.1. SYNTHESIS TIME INFLUENCE

Figure 3-2 shows the PXRD patterns of samples S1-S5 which were synthesized at
10 °C with different durations. The PXRD pattern of S1 shows a broad hump at
20 =~ 15°, an indicative of its amorphous feature. In other words, a short synthesis time
like 5 minutes is not enough for nucleation of ZIFs [Zn(Im),]. After comparing the
PXRD pattern of S2 with the simulated ones from other polymorphs (60), sample S2
is assigned as mixed crystal phases of ZIF-4 in cag topology and one with coi
topology, here denoted as ZIF-coi (CCDC code: EQOCOC) (Figure 3-2b) (63). With
further increase of the synthesis time, pure crystalline phases of ZIFs [Zn(Im),] were
obtained. Specifically, the crystal identities of S3-S5 are assigned as ZIF-zec
(HICGEG), ZIF-nog (HIFWAYV), and ZIF-zni, corresponding to the synthesis time of
18, 24, and 120 hours, respectively. The 'H liquid-state NMR spectra of ZIF-zec and
ZIF-nog crystals were also measured to verify the imidazolate ligand, as shown in
Figure 3-12a. It is worth to note that ZIF-zni has been proved to process the most
stable structure in thermodynamics in ZIF family (64).
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Figure 3-2 Experimental PXRD patterns of the samples S1-S5 obtained after different synthesis
time, and the corresponding simulated spectra (black). Synthesis durations: (a) 0.083 h; (b) 18
h; (¢) 24 h; (d) 48 h; and (e) 120 h.
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Figure 3-3 SEM micrographs of S1-S5 from left to right. Scale bar: 10 um.

Crystal morphologies of S1-S5 were then characterized by SEM micrographs (Figure
3-3). Particles of S1 are ill defined, with an average size smaller than 1 pum. On the
other hand, the micrographs of other samples show clear edges and planes, verifying
their crystalline features. Specifically, S2 shows a rod-like morphology with particle
size range of 5~20 pm. The morphology of S3 demonstrates an agglomerated feature
with an ortahedral-like shape, and the particle size is around 2-5 pm. S4 presents a
needle-like shape, which accords well with the simulated morphology from Mercury
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3.9 package in terms of its cif file (63). When the synthesis time reaches to 120 hours,
the ZIF-zni shows an aggregated morphology composed by granual-like particles,
with the size of 5~10 um.
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Figure 3-4 Thermogravimetric analysis of samples S1-S35.

Moreover, thermogravimetric measurements of samples S1-S5 were conducted
(Figure 3-4). All samples show very small changes of mass (< 3 %) upon heating,
before their decomposition temperature at 74 =~ 863 K (593 °C). This correlates well
with the Tgs of other two Zn(Im), polymorphs (ZIF-4 and ZIF-gis) in literature (10).
Comparably, ZIFs obtained from solvothermal method normally show a ~10 % mass
loss due to the loss of solvent from the framework voids (mostly DMF) when heating
up to ~200 °C, even though the samples were evacuated in vacuum at 100 ‘C for
24 hours. This suggests that the ZIF-Zn(Im), polymorphs synthesized via solution
mixing method are easily activated for potential applications, such as gas absorption.
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Figure 3-5 N: absorption-desorption isotherms of samples S1-S5 synthesized for different
durations (a) Solid symbols: Absorption; Open symbols: Desorption. (b) Pore size distribution.

N> absorption-desorption isotherms were conducted on samples S1-S5 in Figure 3-5,
Specific surface area (BET method) was obtained as illustrated in Table 3-2. N, update
isotherms of all samples show a typical type-I behaviour. The pure crystalline phases
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of ZIF-zec and ZIF-nog have relatively high specific surface area, whereas the other
three samples show quite low porosities in Figure 3-5a. Note that ZIF-4 has a BET
surface area of 300 m? g! (65). Pore distributions were also presented in Figure 3-5b.
S1, S2, and S5 samples show low amount of pore volume. On the country, pore size
of both ZIF-zec and ZIF-nog was mostly distributed to be around 1 nm, indicating the
micro porous feature of both crystals. Density measurements of all samples were also
carried out via a gas pycnometer using helium (Table 3-2). The densities of S1-S4 are
similar, while the most densified ZIF-zni phase was confirmed with the highest
density.

Table 3-2 Specific surface area (BET method), pore volume, N: uptakes (at P/Py=0.9), and
densities of samples S1-S5. The brackets give the standard error of the density from 10 cycle
measurements.

Sample Crystal phase ~ Surface  Micropore N, uptake Density

No. area volume femg!  /gcem’
/m?g! Jem? g! (STP)

S1 Amorphous 16 0.012 9 1.648(8)

S2 ZIF-coit+ ZIF-cag 13 0.009 6 1.630(6)

S3 ZIF-zec 107 0.051 35 1.631(3)

S4 ZIF-nog 571 0.229 179 1.608(10)

S5 ZIF-zni 23 0.024 15 1.673(8)

Figure 3-2 to Figure 3-5 demonstrate that synthesis time has a significant influence
on the crystal identity and formation of ZIFs with Zn(Im), composition. The phase
evolution of Zn(Im), polymorphs with synthesis time can be explained by connecting
the Ostwald’s rule of stages (66): The least stable crystals form at the beginning, and
then transform to metastable and stable polymorphs gradually with synthesis time.

3.1.2. SYNTHESIS TEMPERATURE INFLUENCE

Kinetic influence of the crystal formation of ZIF-Zn(Im), has been investigated by
changing the synthesis time. In contrast, thermodynamic effects on the polymorphs
are explored via altering the synthesis temperature. ZIF-zec was considered to be
kinetically stable since it is the first synthesized monocrystalline sample when
prolonging the synthesis time. Here the temperature influence on the product of ZIFs
Zn(Im), was investigated with regard to the ZIF-zec formation.

By controlling the synthesis temperature from 15 to 35 °C for the same synthesis
duration of 24 hours, samples S6-S9 were obtained (Table 3-1). Note that the boiling
point of n-propylamine is 47.8 C, and the synthesis lasted for 24 hours, therefore the
synthesis temperature was not raised above 35 °C for safety reasons. PXRD patterns
of samples S6-S9 and S3 are presented in Figure 3-6, which are also associated with
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the simulated pattern of ZIF-zec. However, the relative intensities of the Bragg peaks
of the experimental patterns show a small difference from the simulated PXRD pattern
of the ZIF-zec phase. In specific, the relative intensity ratios of the strongest peak at
20 = 5.57° associated with the (1 1 0) plane (d-spacing = 15.79 A) to other Bragg
peaks are lower than the expected value. This difference is ascribed to the preferred
orientation during crystal nucleation under the solvent mixing synthesis, as well as the
apparatus parameters during the data collections, such as Lorentz—polarization factor.
Therefore structure refinements are required to study the differences of the crystalline
structure of the samples obtained under different synthesis temperature.

Synthesis
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S3-10°C
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Simulated ZIF-zec
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Figure 3-6 PXRD patterns of samples S3 and S6-S9 obtained at different temperature for 24
hours. Simulated XRD pattern of ZIF-zec is also shown in black.
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Figure 3-7 Rietveld refinement of the PXRD pattern of S6.

To reveal the crystalline structure difference of S3, S6-S9, Rietveld refinements were
applied to the PXRD patterns with regard to the ZIF-zec phase. It has to be clarified
that the relevant figures and results in Paper I were implemented in Pawley method.
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Here the PXRD results in Figure 3-6 were collected specifically for Rietveld
refinements in this section. The data were accumulated in the 20 range of 3° to 70°
using a step size of 0.013° with a dwell time of 360 s per step. With this condition, the
intensity of the strongest peak was > 100000 counts (Figure 3-7). The refinement
details are given in Section 2.2.2, and the refined parameters of the PXRD patterns
are illustrated in Table 3-3. All R-factor values (weighted profile R-factor (Rwp),
profile R-factor (R,), Bragg R-factor (Rprage), and goodness of fit (y?) are small enough
to show the good refinements of the PXRD patterns and their crystal identity of the
ZIF-zec phase. The errors of the refined parameters (estimated standard deviations
(ESD)) are also illustrated in Table 3-3, which are directly calculated from the
program based on the inverted least-squares matrix.

Table 3-3 Refinement parameters of PXRD patterns of S3, S6-S9. Space group: C2/c. Values in
brackets give the estimated standard deviations (ESDs) from the refinements.

Sample No. 3 6 7 8 9
a/A 36.623  37.052 37.346  36.181 37.032
(46) (67) (57 (55) (75)
b/A 19.829  19.523 19.422  19.436 19.517
(29) (15) 32) (29) (15)
o /A 25.168  25.182 25.123 24997  25.273

27 11 (16) (€28) (10)
132.05 132.71 132.74  132.47 132.66

& ae  an 12 5 (15)
Rwp /% 4.20 5.75 6.12 6.66 5.68
Ry, /% 3.28 3.90 4.36 5.06 3.90
Rirage /% 2.00 1.68 370 413 1.81
)(2 2.77 3.72 4.04 4.24 3.76

Crystal size Lo /nm  35(18) 302 (41)  47(18) 12.8Q27)  46(17)

Cell volume/AZ 13571 13385 13383 12966 13433
(54) (35) (41) (34) (43)

TV /m’ 2.95 2.99 2.99 3.08 2.98

Moreover, peak shapes are assumed to be in both Lorentzian and Gaussian
convolutions, and thus the peak profile were refined using the modified Thompson-
Cox-Hastings Pseudo-Voigt model (PV_TCHZ peak type in TOPAS). Taken the
pattern of sample S6 in Figure 3-7 as an example, a number of refinements are carried
out with regard to the appropriate specimen broadening factors, including crystallite
size broadening and microstrain broadening. The results indicate that, when only the
size broadening factor is taken into account, the refinement yields the lowest Rpragg
factor, and the R, factor shows weak dependence during these trials (3.87~4.04).
Therefore the refinements here do not include the strain broadening factor but the size
broadening one, and the crystallite sizes of the samples are obtained after refinements.
Due to the anisotropic morphology of the ZIF-zec crystallite (a = 1.9¢), the Scherrer
approach would overestimate the crystallite size by applying the FWHM of the Bragg
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peaks. Alternatively, the crystallite sizes are thus determined by using the Stokes and
Wilson method, i.e., the integral breadth based Lo (volume weighted mean column
heights). The crystallite sizes and the refined errors in Table 3-3 show that S8 has the
smallest mean crystallite size.

Synthesis Temperature
56-15 °C 57 0°C
) ey e A o %\‘}m

Figure 3-8 SEM micrographs of S6-S9 from left to right. Scale bar: 10 um.

Crystal micrographs of S6-S9 are shown in Figure 3-8. Specifically, the micrographs
of samples S6, S8, and S9, obtained at the synthesis temperature of 15, 30, and 35 °C
respectively, exhibit aggregated phase composed by rice-like shaped particles, with
the particle size of 2-5 um. This morphology is similar to that of S3 synthesized at 10
°C (Figure 3-3). However, S7 (23 °C synthesis) demonstrates a brick-like morphology
in a larger particle size (~5 pm) with no aggregation. It is worthy noting that the
particle sizes observed from SEM micrographs are surely larger than the crystallite
size determined from the refinements of the PXRD patterns. Although the correlation
between characteristic size and synthesis temperature from either approach is slightly
different, both results, however, indicates that the particle size and crystallite size of
S7 are comparably larger. It shall be pointed out that although the mechanical stirring
rate could significantly affect the crystal size, they normally show a positive
correlation (67). As the stirring rates of all synthesis in the present work were
controlled to be at 600 rpm, the crystal size dependence of stirring rate is not within
our discussion.
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Relative Pressure (P/P;) Pore Width (A)

Figure 3-9 N> absorption-desorption isotherms of samples S3 and S6-S9 synthesized at different
temperature. Solid and open symbols: Absorption and desorption, respectively. (b) Pore size
distribution.
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Porosities and pore size distributions of all ZIF-zec samples are studied by N, uptake
measurements. Figure 3-9a shows that the N uptake isotherms of all ZIF-zec samples
demonstrate a type-I behaviour. Specific surface area from the BET method together
with the micropore volume are derived (Table 3-4). All of the ZIF-zec samples have
larger surface area compared to the S1, S2, and S5 samples. In all ZIF-zec samples,
S8 obtained at 30 °C has the largest surface area (559 m?g!), and S3 and S7 have
relatively small surface area. Pore size distribution of the ZIF-zec samples are also
derived from the N, absorption results (Figure 3-9b), where all samples have
mesopores with the size of ~18 A and micro pores at ~11 A. However, S6, S8, and S9
samples have larger amount of the pore volume, compared to those of the other two
samples. In addition, mesopores with the size of 16 A are observed in S3 and S7
despite their low amount of the pore volume. Certainly, the distribution of the pore
size and the amount of the pores in Figure 3-9b lead to the comparably small surface
area of S3 and S7.

Table 3-4 Specific surface area (BET method), pore volume, N: uptakes (at P/Py=0.9), and
densities of all ZIF-zec samples.

Sample Synthesis  Surface Micropore N, uptake Density

No. Temp/ °C area volume Jem? g! /g cm’
/m? gt /em3 g! (STP)

S3 10 107 0.051 35 1.631(3)

S6 15 471 0.205 149 1.610(5)

S7 23 162 0.073 54 1.612(6)

S8 30 559 0.249 179 1.607(6)

S9 35 410 0.178 127 1.601(3)

Figures 3-5 and 3-9 show that ZIF-nog (S4) and a ZIF-zec sample (S8) have the
surface area of > 500 m? g”!, larger than that of ZIF-4 (300 m? g'!) (65). Hence the ZIF-
nog and ZIF-zec have potentials for gas absorption in ZIFs Zn(Im),, although the
synthesis conditions need to be well controlled as presented in the current work.

Figure 3-10a summarizes the crystal phase of the Zn(Im), products synthesized at
different time and temperature in the present work. ZIF-zec and ZIF-nog were
obtained after prolonging the synthesis time, meaning that both phases are more
thermodynamically stable than ZIF-cag (ZIF-4). This can be related to the framework
density (FD, T/V), which is the number of tetrahedral (7) per volume (V). As
illustrated in Table 3-3, ZIF-zec has T/V values in range of 2.95~3.08 nm3, while ZIF-
nog and ZIF-zni show the 7/V values of 3.49 and 4.63 nm, respectively (Figure
3-10b). The T/V results of each phase in the current work are also comparable to the
ones from the corresponding cif files (see arrows in Figure 3-10b). The higher the FD
is, the more stable the framework is in the thermodynamic viewpoint. Therefore the
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result of this phase evolution in Figure 3-10 is consistent with the Ostwald’s rule of
stages (66).s
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Figure 3-10 (a) Summary of crystal phases of synthesized for different time and at different
temperature. (b) Framework densities (FD, T/V) of the polymorphic ZIFs from Table 3-3. The
arrows give the FD of the corresponding crystals in literature (60).

3.2. GLASS FORMATION OF ZIF-ZEC AND ZIF-NOG
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Figure 3-11 (a) Heat flow of the crystals and glasses of ZIF-nog, ZIF-zec (S8) and ZIF-zni, (b)
PXRD patterns of ZIF-nog annealed at different temperature, ZIF-nog glass, ZIF-zec glass,
and simulated XRD patterns of ZIF-nog and ZIF-zni.

Glass forming ability of the product with pure crystal phases, i.e., ZIF-zec, ZIF-nog,
and ZIF-zni, was studied with various characterization methods. Figure 3-11 shows
the DSC-TGA and PXRD results of the three crystals. All of them show a melting
behaviour at ~855 K (~582 °C) upon heating, indicated by the end-set points of the
endothermic peaks on the DSC upscans. During heating, both ZIF-nog and ZIF-zec
first become amorphous at 693 K, and recrystallize to ZIF-zni at 783 K. Hence the
melting peaks on the DSC upscans result from the melting of ZIF-zni, the same as the
cases in ZIF-4 and ZIF-gis (6,9). After melt-quenched from 863 K, MOF glasses of

22



CHAPTER 3. CRYSTAL SYNTHESIS AND GLASS FORMATION ZN(IM)2 POLYMORPHS

Zn(Im), were obtained, as verified by the broad hump without any Bragg diffraction
peak on the PXRD patterns and by the glass transition peaks on the DSC upscans.

Table 3-5 Melting (Tw) and glass transition (Tg) temperature of the ZIF Zn(Im)2 isomorphs,

together with crystal porosity, the enthalpy of recrystallization (AH,c) and the heat of fusion
(4Hy) of the ZIF crystals.

Sample Porosity /% Twm/K  To/K To/Tm AH./Jg' AH:/Jg!

ZIF-zec 35.8 858 578  0.674 12.88 12.16
ZIF-nog 24.6 853 575 0.674 21.26 21.91
ZIF-zni 8.8 851 575 0.676 - 65.27

Characteristic thermodynamic values derived from the DSC upscans are illustrated in
Table 3-5. Since the melting peaks are actually attributed to the ZIF-zni phase, the
three samples show similar melting temperature (71,) and glass transition temperature
(T,). The exothermic area related to the recrystallization of ZIF-zec and ZIF-nog has
been integrated to determine the enthalpy change during recrystallization (4H),
which is compared with the heat of fusion (4Hs) during melting. The 4H,. values of
ZIF-zec and ZIF-nog are consistent well with the corresponding AHr. Their small 4H¢
values compared to that of ZIF-zni suggest that ZIF-zec and ZIF-nog are not fully
recrystallized to ZIF-zni upon heating, and hence less energy is required for melting.
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Figure 3-12 (a) Liquid-state 'H NMR spectra and (b) FT-IR spectra of crystalline and glassy
ZIF-nog and ZIF-zec.

Structural features of the amorphous ZIF-nog and ZIF-zec are investigated by
comparing to the crystalline ones, as characterized by liquid-state 'H NMR
spectroscopy and FT-IR spectroscopy (Figure 3-12). As for the local environment
around H from the imidazolate, the peak positions of the ZIF-zec and ZIF-nog glasses
are the same as those of the crystals in the NMR spectra. Both samples show
downfield resonance peaks at 8.94 and 7.56 ppm, corresponding to the NCHN and
NCHCH on the aromatic ring, respectively. The integration of the peak area of Peak
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1 and 2 gives the value in range of 1:(1.96~2.05), suggesting that the imidazolate ring
remains intact after amorphization. Note that the solid-state NMR spectra are certainly
better for characterizing the structure of the local environment of specific elements. It
is however unpractical in the case of investigating glassy ZIFs, as the solid-state NMR
measurements require a considerable amount of sample (500~1000 mg) to achieve a
good collection. On the other hand, only 5~20 mg sample digested in solvent is
enough for the liquid-state NMR measurements. Moreover, the liquid-state NMR
spectra normally have a high resolution for quantification in a short time for
measurements. It is thus commonly used for characterizing the local structure in
MOFs or ZIFs in literature (9,45,52-55).

FT-IR spectra of the crystalline and glassy ZIF-nog and ZIF-zec show characteristic
peaks in range of 1800~600 cm!, mostly coming from the change of dipole moment
due to the vibration of the imidazolate ring. The peak positions are almost the same
between the crystals and the glasses. The ratios between the peak intensities, however,
show a small difference, which is attributed to the vibrational energy level changes
from crystals to melt-quenched glasses, corresponding to vibrations of bending and
stretching of the imidazole ring.

3.3. SUMMARY

In this Chapter, the influence of synthesis time and temperature on the crystal
formation of ZIFs with the Zn(Im), composition was systematically investigated using
the solution mixing method. The results show that the crystal phases transform from
a mixed phase to pure phases with more densed packing by prolonging the synthesis
time. This phase evolution follows the Ostwald’s rule of stages. ZIF-zec, ZIF-nog,
and ZIF-zni are proved to be kinetically stable. Considering the thermodynamic
effects on the crystal formation, synthesis at variable temperature was also conducted
based on the process to obtain ZIF-zec phase. The characterization results demonstrate
that the crystal identity (confirmed by Rietveld refinements) is not sensitive to the
temperature, but the crystal morphologies and porosities are strongly affected. ZIF-
zec and ZIF-nog shows a relatively high surface area compared to the ZIF-4 with cag

topology.

Glass formation study on the ZIF-zec and ZIF-nog shows that both go through
amorphization, recrystallization and melting upon heating, and they can be melt-
quenched to MOF glasses as the case of ZIF-4. Structural features between the crystals
and glasses are characterized by liquid-state 'H NMR and FT-IR spectroscopy. The
results indicate that the structures of both glasses heritage the crystalline ones, perhaps
due to the remaining intact imidazolate ring after vitrification.
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CHAPTER 4. ENTHALPY RELAXATION
IN ZIF-62 GLASS

Thermodynamic and dynamic behaviours of amorphous materials are intrinsic
physical properties and have connections with their structures and functionalities. As
a new branch of glass, MOF glasses are rarely investigated in terms of structural
relaxation, especially on the dynamic behaviour. Structural relaxation, as one of the
universal dynamic features of amorphous materials, helps to physically understand
glass transition and structural evolution, and the features can be connected to their
macroscopic properties (68—70). Although it is easy to probe the relaxation behaviour
in organic molecules and ionic liquid with dielectric spectroscopy, dynamic
relaxations in other amorphous materials could be hard to detect in experiments.
General approaches for studying relaxation, such as dielectric spectroscopy and
dynamic mechanical spectroscopy, cannot be applied to the relaxation study on MOF
glasses due to the limitation of their yield and detective temperature range.
Alternatively, calorimetry for quantifying enthalpy relaxation in glasses does not
require the materials to be a bulk size or a specific fluid state. In light of this,
thermodynamic features of a MOF glass former were investigated regarding the
theories of chemical thermodynamics, and deeply explored the enthalpy relaxation of
a MOF glass. ZIF-62 [Zn(Im);75(bIm)o2s] (Im = imidazolate, C3H3;N,; blm=
benzimidazolate, C;HsN,") was chosen due to its high glass forming ability (10,38) 2.

4.1. GLASS TRANSITION IN ZIF-62

Crystalline and glass ZIF-62 were characterized by PXRD and DSC as shown in
Figure 4-1. The crystal structure of ZIF-62 was verified by matching the PXRD
pattern with the simulated one (44). After quenching the melt from 753 K with a
cooling rate of 10 K min’!, ZIF-62 glass was obtained, which is denoted as a,ZIF-62
by following the nomenclature in literature (27). The PXRD pattern of the a,ZIF-62
shows a hump at a d-spacing of 5.9 A (20 = 15°), confirming its glassy nature.

DSC upscan of the crystalline ZIF-62 shows an endothermic peak at 540 K together
with a mass decrease of ~13.1 %, which is ascribed to the DMF loss from the
framework voids. A melting endothermic peak is observed with further heating,
giving a melting point (7m) at 711 K. The glass transition peak, with an onset
temperature of 7, = 593 K (320 °C), is prominent on the upscan curve of the a,ZIF-
62.

2 Results in this chapter have been published in Paper I1.
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Figure 4-1 (a) PXRD of the simulated and as-synthesized crystalline ZIF-62, and a;ZIF-62 with
different cooling rates. (b) Temperature dependence of Cp and mass loss of crystalline and glass
ZIF-62 upon heating, shown as red and blue curves, respectively.

Unlike metallic glasses with similar temperature range of 7, in which exothermic
peaks assigned as recrystallization are normally observed upon heating, a,ZIF-62 does
not have a recrystallization process before its decomposition. To investigate its
thermal stability against recrystallization, an a,ZIF-62 sample was heated to 658 K
above its T, and annealed for 12 hours, followed by a slow cooling rate (1 K min!) to
room temperature. Bragg peak is not observed in the corresponding PXRD pattern
(Figure 4-1a), confirming its high thermal stability. This high thermal stability is
attributed to the high steric hindrance of its liquid structure (38). In particular, the
liquid state of ZIFs has been proved to contain mostly interconnected Zn(Im)x (x = 3
or 4) species, leading to extremely sluggish diffusion kinetics given the size of the
imidazolate ligand. The high steric hindrance is connected to a high energy barrier for
nucleation, resulting in the enhancement of the glass stability against crystallization.

4.2. THERMODYNAMIC FEATURES OF ZIF-62

Classical thermodynamic theory was applied to study the thermodynamic feature of
ZIF-62 crystal and melt. According to Kubaschewski (71), the temperature
dependence of C, of a supercooled liquid and that of the crystal can be described by
the following power law:

CH(T)=3R+a*T+b*T7? 4-1

CY(T)=3R+c*T+d=T? 4-2
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Figure 4-2 Temperature dependence of the heat capacity in supercooled liquid, glass and
crystalline states of ZIF-62, shown as red line (Eq. 4-1), blue diamond points and black line
(Eq. 4-2), respectively. The green circles are the heat capacity in supercooled liquid obtained
from the enthalpy relaxation results.

Here a, b, ¢, and d are the fitting parameters, and R is the gas constant. After
converting the unit of Cy(7) to J mol™' K™! by using its molar mass (184.0 g mol™),
the Cgl(T) and C;(T) dependence on temperature are obtained by fitting to Eqs. 4-
1 and 4-2, with the fitting parameters as follows: a = 0.2396 (+ 0.0035) J mol ' K2,
b = 5.531 (£ 0.105) x10” J K mol', ¢ = 0.7000 (+ 0.0016) J mol' K? and
d = -4.744 (£ 0.025) x10™* J mol™' K3 (Figure 4-2). The difference in C, between
supercooled liquid and crystal of ZIF-62 at Ty, i.e., Cpil | iy is obtained as 51.5 J mol ™!

g
KL, This value is smaller than those of most molecular and oxide glasses, but larger

than those of alloys (72,73).
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Figure 4-3 (a) AHY"*(T) and ASS*=*(T) of ZIF-62. (b) AGS*™*(T) of ZIF-62, together with
the data of some alloys from literature (74-76).

By integrating the area of the melting peak, the enthalpy of fusion (AHy) is determined
as 3.566 kJ mol’!, which is smaller than other zeolites and ZIFs (62,64,77). The
entropy of fusion is also derived as AS; = AH;/T,, = 5.015 J mol™" K™!. Therefore,
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the differences in enthalpy (AH®'%) and entropy (ASS"™%) between the supercooled
liquid and crystal of ZIF-62 are obtained according to the following equations:

AHS"X(T) = AHp — [ ACSI(T")dT", 4-3

fT“q ACSH*(T")

- —
ASSIH(T) = AS; — [, —

ar’. 4-4
The fitted curves of AHS'™* and AS®!™* are shown in Error! Reference source not
found.a. The Gibbs free energy difference between the supercooled liquid and crystals
AGS'™*(T) is hence determined by Eq. 4-5:

AGS'*(T) = AHSY"*(T) — T * ASSI=*(T). 4-5

As shown in Figure 4-3b, the AGS'™ increases with decreasing temperature below
Twm, implying the recrystallization of a,ZIF-62 could spontaneously occur
theoretically. Some AGS'™*(T) data of other alloys from literature were also given for
comparison in Figure 4-3b. Apparently the AGS'™* of ZIF-62 liquid shows a quite
weak dependence with temperature. This result explains that the recrystallization of
a,ZIF-62 could be only achieved by an extremely low cooling rate from the ZIF-62
melt during cooling. The small AGS'~*(T) values of ZIF-62 indicate the low driving
force of nucleation in terms of thermodynamic factors and further confirm its high
stability against crystallization.

In addition, Eqgs. 4-1 ~ 4-5 can be discussed on a per atom basis. Each ZIF-62 molecule
is regarded as 18.5 atoms based on its composition. The C;, value at 7 is ~15.6 J g-
atom ! K™!, which is within the Dulong-Petit regime at high temperature (78,79). The
obtained AGS*"*(T) determined on a per atom basis shows very small values, as
shown in Figure S2 in Paper II. However, this quantification is not appropriate in ZIF-
62. The reason is that the aromatic rings in the organic linker in ZIF-62 are not
destroyed after melting or vitrification, hence they cannot be treated as separate and
harmonic atoms contributing to the heat capacity entirely. It is the same as the analysis
on a per building unit basis as presented in Figure S3 in Paper II, where the three
building units per molecule refer to the metallic node (Zn*") and the two organic
ligands. After making these comparisons, the analysis in terms of thermodynamic
mechanisms was rationally carried out on a per mol basis in this section.

4.3. ENTHALPY RELAXATION IN AcZIF-62

The enthalpy relaxation behaviour of agZIF-62 was studied by performing sub-7,
annealing in argon atmosphere at temperatures (7,) between 553 and 587 K, i.e.,
0.93 ~0.99 T,. Figure 4-4 shows the C, vs. T curves of ZIF-62 glass preheated at 7, =
559 K for various durations (z,). With the increase of #,, the overshoot of the glass
transition peak becomes prominent, and the width of the peak broadens gradually. The
onset 7, shows weak independence with f, indicating that only a relaxation was
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involved during annealing, whilst other relaxation processes, such as slow p
relaxation, did not contribute to the difference in the thermal response during the
subsequent DSC upscans after preheating with different #, (80,81). In terms of the
potential energy landscape (PEL), the configurational energy state of the annealed
glass drops into a local minima with low configurational entropies (82). During
reheating, an energy barrier needs to be overcome to return to the energy state
corresponding to the standard glass (70), resulting in the overshoot of glass transition
on the heat capacity curve. Moreover, the overshoot area increases with the annealing
time #,. This can be interpreted as a longer #, leads to a lower energy minima during
annealing, and also a larger energy recovered upon reheating, giving the larger
overshoot area.
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Figure 4-4 Temperature dependence of Cp of agZIF-62 annealed at 559 K for different durations
ta (in seconds).

The recovered enthalpy AH(T,, t.) is quantitatively determined by difference of the
area of the glass transition peaks on C;, curves between the samples with a dwell time
and the ones with no duration (#=0). At each annealing temperature, f, has been
increased up to 24 hours. The AH(T, t,) values at each T, are calculated as shown in
Figure 4-5. The recovered enthalpy decreases with 7, for a certain ¢, and increases
with #, for a given 7.

The enthalpy relaxation of glasses can be described by the non-exponential
Kohlrausch-Williams-Watts (KWW) function according to the literature (83,84):

— ta B _ AH (Tg,00—t4)
(0) = exp [_ (Z) ] T MHeq(Ta) 46

where £, is the annealing time, z, is the characteristic relaxation time at 7, and S is the
stretching exponent. Thus the AH(T5, t,) is described as:
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Figure 4-5 The recovered enthalpy (AH(Ta, ta)) of acZIF-62 after annealing at different
temperatures and time. Dashed lines. the fitted curves via Eq. 4-7. Inset: Ta dependence of f.

By inputting the AH(T, %) and ¢, at each T, to Eq. 4-7, the relaxation time 7., the
stretching exponent S, and the AHcq(T,,20) can be derived (Table 4-1). The AHcq(75,%0)
shows a negative trend with 7, as expected. This tendency demonstrates the glass
gradually relaxed to the energy state of the standard glass with 75 in the vicinity of 7,
(70,82). In addition, using the interpolation method, the le at the 7= (Ta11Tx2)/2 can
be derived from the two AHcy(7.) values. The calculated C;l (T) values from the
enthalpy relaxation are presented as green points in (Figure 4-2). All points agree well
with the le(T) calculated from Eq. 4-1.

Table 4-1 Fitting parameters and standard errors from Eq. 4-7 in Figure 4-5.

TJK  AH.(T)I g! Ta /s B

553 3.405+0.121 6125+ 393 0.444 £0.017
559 2.886+0.108 5937+378  0.567 +£0.031
569 1.590 £ 0.061 5842 +379  0.604 + 0.037
579 1.272£0.024 5114+ 160 0.662 +0.023
587 0.781 £0.017 4880170  0.763 +0.033

The relaxation time 7, and the stretching exponent f are further discussed (Table 4-1).
7, decreases with higher annealing temperature, which is attributed to the narrower
energy barrier between the annealed glass a higher 7, and the standard glass (80). In
contrast, according to the definition of glass transition, the relaxation time of 7,
(593 K) is ~100 seconds. The results of Figure 4-1b derive this value to be 228 seconds
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from the width of the glass transition peak and the upscan rate ((7g.end-7 g onset)/Rn). That
is, the average relaxation time 7. declines gradually with 5000 seconds in the sub-7,
temperature region, and drops dramatically to hundreds of seconds at 7. It is not
feasible to fit the 7. vs. 7, via the Arrhenius equation for a,ZIF-62 because of its non-
linear relationship, although this equation is commonly used to obtain the activation
energy of the glass transition in literature. The long relaxation time 7, in a,ZIF-62 can
be ascribed to a high degree of dynamic heterogeneity as reported in (85). It is worth
noting that some researchers explained the physical meaning of the fitted parameters
(86,87). The 7, shall be denoted as the characteristic relaxation time of the probability
distribution z*, modified with a gamma function (fractional) function (87,88). With
this modification, the relaxation time parameter 7 at certain temperature could be much
larger when g --> 0. However, as this parameter is constant and depends the f, it is
difficult to add this modified parameter to fit the experimental data by the KWW
equation. Hence, the 7" is normally approximated as , in literature (89-91,85,92).

Table 4-2 The glass transition temperature Tg, liquid fragility m, and the stretched exponent
from the KWW equation (Eq. 4-7) for different ranges of Ta/Ts.

Composition T/K  Fragility 7./T,range B Refs.
LassAlxsNijoCuio 454 35 0.91-0.98  0.75-0.79 (93,94)
Pd43NiioCuz7P20 576 65 0.97-0.99  0.68-0.75 (74)
ZIF-62 593 35 0.93-0.99  0.44-0.76  This work
Zrss sCuiseNi2s 668 50 0.95-0.99  0.79-0.89 (95,96)
-Aljo3Nbag
Zrs5Cu3oNisAljo 676 69 0.95-0.99  0.71-0.79 97)
ZrysCuszo3Al7Ags 7 688 - 0.94-0.99  0.72-0.89 (83)
GeO, 792 17-20 0.71-0.91  0.59-0.61 (80)

The stretching exponent f reflects the distribution width of the relaxation time, which
normally ranges from 0 to 1. A smaller f corresponds to a wider distribution. Here the
p value of ayZIF-62 ranges from 0.44 to 0.76, corresponding to the annealing
temperature 7, from 0.937; to 0.997; (Table 4-1). If extending the S to Ty in a linear
relation, it would be almost at 1, which is an indicative of a strong liquid in terms of
liquid fragility (Figure 4-5inset) (84,95,98). Table 4-2 summarizes the f values in the
range of sub-T, of a number of glass formers with similar 7, range to a,ZIF-62, which
are also obtained from enthalpy relaxation. The fragility indices () and T, ranges
relative to 7, are also illustrated. The broad range of § of a,ZIF-62 suggests that this
MOF glass is sensitive to 7, and exhibits strong dynamic heterogeneity. Based on an
empirical correlation among £°, m and the width of the typical glass transition peak
from heat flow scan: AT,/ =2.20 x (1/m +0.0026) x (1/8"— 0.59) (10,99), the S’ of
agZIF-62 is calculated to be 0.69. This value is comparable to that of arZIF-4 (=
0.71) (100). It is worth noting that this f’ is derived from the non-liner Tool-
Narayanaswamy-Moynihan-Hodge model but not from the currently used non-
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exponential KWW model. However, the consistency of the 8’ of atZIF-4 and a.ZIF-
62 indicates a typical dynamic feature of MOF glasses.

4.4. STRUCTURAL FEATURES AFTER RELAXATION
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Figure 4-6 Structure factors S(Q) of agZIF-62 after melt quenching (red), annealing at 553 K
with no duration (ta=0) (purple), and annealing at 553 K for 72 hours (blue).

To further reveal the structural changes during sub-7, relaxation, X-ray total scattering
measurements were conducted in Diamond Light Source, Didcot, UK. Three samples:
an as-quenched a,ZIF-62 sample, an annealed sample with no duration a.ZIF-62
(553 K, 0 hour), and a fully-relaxed sample a,ZIF-62 (553 K, 72 hours) were selected
for structural studies. Structural factors S(Q) of all three samples shows no Bragg
peaks in Figure 4-6, verifying their amorphous features. The position of the first sharp
diffraction peak at Q ~1.10 A™! remains invariant. Other than that, the spectra exhibit
almost identical patterns giving us no more different information between the
samples.
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Figure 4-7 Corresponding pair distribution functions D(r) in the regions (@) 0 A <r < 7 A and
(h)6.5A<r<I24.

Moreover, pair distribution functions (PDFs) D(r) of the samples are achieved by
converting from total scattering data via Fourier transformation, as shown in Figure
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4-7. In short range order 0-6 A, the intra-organic and metal-linker-melt bonding does
not show changes after annealing, consistent with the reported PDF results of
crystalline ZIF-62 (10). In particular, the peaks at 1.3 A and 2.0 A, corresponding to
C-C/C-N and Zn-N correlations, respectively, remain unchanged with sub-T7,
annealing. As for the medium range order between 6-12 A corresponding to the inter-
linker bond connections, the PDFs are more featureless as general. Although the peaks
6-8 exhibit left shift, the tiny changes are attributed to the densification after
annealing. Overall, no significant change of the glass structure is observed after sub-
T, annealing according to the PDF results of aoZIF-62. This observation can be
connected with its ultrahigh viscosity in liquid state and highly heterogeneous
structure, which also coincides with the broad f range in Figure 4-5.

4.5. SUMMARY

In this Chapter, the enthalpy relaxation behavior of ZIF-62 glass was investigated.
The small difference of the Gibbs free energy AGS'™* indicates of a low driving force
for nucleation in terms of thermodynamics. From the enthalpy relaxation
measurements in 7, ranges of (0.93~0.99)T,, the average relaxation time in the
vicinity of 7, is ~5000 seconds, and the stretching exponent f ranges from 0.44 to
0.76, of which both suggest it a high degree of dynamic heterogeneity. Comparing the
structures of as-quenched a,ZIF-62 with the ones after sub-7, relaxation by PDF
analysis, no significant change is detected.
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CHAPTER 5. GLASS FORMING ABILITY
OF MOFS

As melt-quenched MOF glasses are a new family of glassy materials, only tens of
different kinds of MOF glasses have been reported until now. They were mostly
discovered in ZIFs with the network structure analogous to silica (6,10). Exploring
new amorphous and glassy MOFs would help to understand their physical properties,
and further develop new frameworks and improve their functionalities. In light of the
limited number of MOF glass formers, it is still difficult to describe the general
mechanisms and glass forming ability of MOFs. An empirical rule to obtain MOF
glasses via melt-quenching is to lower the melting point (7y,) than the decomposition
temperature (73). For example, it has been achieved by inducing the secondary organic
linker (10). This is attributed to the induced defects into MOFs to result in disorder
structure. Other MOFs or coordination polymers (CPs) were also reported, including
a series of CPs with phosphate anions and a number of ionic liquids (13,15). In
literature, thermal stability of MOFs was mostly characterized only by
thermogravimetric analysis. In other words, other phase transformations with no mass
changes, such as melting behaviour, were not detected and considered. Hence, thermal
stability and glass forming ability of most MOFs needs to be reconsidered.

Motivated by exploring more MOF glass formers and probing the relation between
the amorphous structures and properties, glass forming ability of some candidates was
investigated by calorimetric and thermogravimetric measurements in this Chapter. In
particular, a melting process combined with an endothermic thermal response is
highly expected prior to the decomposition upon heating. If so, an amorphous
structure with a glass transition peak on its DSC upscan could verify a melt-quenched
MOF. It shall be pointed out that with regard to the nomenclature of the MOF glasses,
the names refer to the parent crystal structures from which the glasses originated ~.

5.1. GLASS FORMING ABILITY OF SOME MOFS
5.1.1. ZIF-11 & ZIF-12

ZIF-4 [Zn(Im);] and ZIF-62 [Zn(Im); 75(bIm)o2s] (Im = imidazolate, C3H3N,"; bIm=
benzimidazolate, C;HsN,") have been manifested to have good glass forming ability,
hence the contribution of blm in the framework to the glass formation is considered.
ZIF-7 [Zn(bIm),] in R3 space group and sod (sodalite) topology has been investigated

3 Results in 5.2 were included in Papers IV. The results in 5.3 were mostly measured and all
analyzed independently by the author, and the manuscript regarding to this work will be
submitted for publication in the near future.
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by in situ PXRD measurements. It exhibited a reversible polymorphization at 500 °C
in CO» or N with no amorphization (101). Although ZIF-7 cannot form MOF glass
via thermal activation and shows no melting, ZIF-11, with the same composition but
in the Pm3m space group and rho topology, has a lower framework density
(T/V=2.02) than ZIF-7 (T/V=2.49). That is, the metallic center Zn>" and organic linker
bIm is loosely packed in ZIF-11. It implies the susceptibility of having defects in the
crystalline structure and thus higher possibility to become a disorder structure upon
heating. Based on these reasons, ZIF-11 and ZIF-12 (the same structure but with Co?*
as the metal center) are synthesized and their thermodynamic properties are probed.
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Figure 5-1 (a) Unit cell of ZIF-11 from the direction of b axis. Gray: C; Light blue: N; Dark
blue: Zn. H atoms are omitted for clarity. (b) PXRD patterns of the as-synthesized and
simulated ZIF-11. (¢) DSC-TGA upscan curves of the as-synthesized ZIF-11.
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Figure 5-2 (a) Unit cell of ZIF-12 from the direction of b axis. Gray: C; Light blue: N; Dark
blue: Co. H atoms are omitted for clarity. (b) PXRD patterns of the as-synthesized and
simulated ZIF-12. (¢c) DSC-TGA upscan curves of the as-synthesized ZIF-12.

Figures 5-1 and 5-2 show the characterization results of ZIF-11 and ZIF-12,
respectively. The PXRD patterns verify their structures by matching with the
simulated ones. The simultaneous DSC-TGA results show that melting behaviour
with noticeable exothermic peak and no mass change was not detected prior to their
decomposition with significant mass loss at 7¢~620 °C upon heating. It is worth noting
that except for the desolvation peaks at ~220 °C, the bumps on the heat flow curve are
attributed to the mass loss of the frameworks as the unit of heat flow is W g'.The Tgs
of ZIF-11 and ZIF-12 are higher than most ZIFs. The high thermal stability of both
structures is ascribed to the flexibility of both imidazolate and phenyl ring, and the
rigid spatial hindrance of the organic linker. The results indicate that ZIF-11 and
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ZIF-12 cannot be melted and thus cannot form MOF glasses, at least at ambient
pressure in argon.

5.1.2. ZIF-71 & MCIF-1

A recent paper described the melting mechanism in ZIF-4 that in a short time scale,
the Zn-N bond in the tetrahedral structure shows fluctuations, breakage, and
reformation between the Zn center and N from other imidazolate rings (11). It is
feasible to tune the electronic environment around the N atoms and thus affect the
bonding energy of Zn-N, in order to detect the melting process. This can be obtained
by controlling the structure of the aromatic ring with various kinds of chemical groups.
Some groups such as -CH3 on imidazole have studied in ZIF-8 (9). Here the effects of
-CN and -CI groups on melting are discussed in two frameworks, which are denoted
as ZIF-71 and MCIF-1, respectively(40,102,103).
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Figure 5-3 (a) Unit cell of ZIF-71 from the direction of b axis. Gray: C; Light blue: N; Green:
Cl; Dark blue: Zn. H atoms are omitted for clarity. (b) PXRD patterns of the as-synthesized
and simulated ZIF-71. (c) DSC-TGA upscan curves of the as-synthesized ZIF-71.

ZIF-71 [Zn(dcIm),] shares the same topology and space group with ZIF-11. It was
synthesized with a good yield (86 %), and the crystal phase was verified by PXRD
pattern in Figure 5-3. DSC-TGA results show no mass loss or heat flow peaks during
upscan before its decomposition at ~450 °C, suggesting its good thermal stability. No
melting occurs in ZIF-71, ZIF-11 and ZIF-12 upon heating, implying that ZIFs with
the rho topology could be difficult to be melted.
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Figure 5-4 Unit cell of MCIF-1 from the direction of a axis (a) and c axis (b). Gray.: C; Blue:
N; Red: Cu. H atoms are omitted for clarity. (c) PXRD patterns of the as-synthesized and
simulated MCIF-1. (d) DSC-TGA upscan curves of the as-synthesized MCIF-1.
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MCIF-1 [Cux(DCI),-MeCN] (DCI: 4,5-dicyanoimidazolate), owing the structure in
the 4,22 space group and simplified as (4, 4)-connected pts topology, was a recently
reported metal cyanoimidazole framework (MCIF) by Zhao et al, (103). This
framework is successfully synthesized (Figure 5-4), yet the yield is quite low rather
than a promising large scale as reported in literature. Thermodynamically speaking, a
mass loss is detected at ~80 °C due to the desolvation of acetonitrile, and other signals
related to possible phase transformations are not observed upon heating until the
decomposition at ~500 °C. Although CN is a weak conjugate base and is expected to
be less influential than CI" on the local electron environment, the Nim-Cu-Nen-group
bonds are coordinated in MCIF-1, which somehow stabilizes the framework. The
results of MCIF-1 in Figure 5-4 suggest the -CN group may contribute more to the
coordination of the topology than to the effects of the local environment of the N
atoms on the imidazolate ring, leading to good thermal stability and no melting
process.

5.1.3. TIF-5-CL & JUC-160

Different from the results of MOFs with mono ligand in Sections 5.1.1 and 5.1.2, in
this section, MOFs with secondary ligands are discussed with regard to their glass
forming ability. As a comparable study, inducing bIm into Im in the frameworks leads
to the structure of from ZIF-4 to ZIF-62. This secondary ligand is regarded as defects
in the frameworks which lowers the melting point to be detected (10). Although there
are many ZIFs with two organic linkers (60), some of them have been proved to be
easily decomposed, especially ones containing nitroimidazolate ligand. Here two ZIFs
with diplo ligands are chosen to investigate \their glass forming ability.
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i el Zn(im)ideblm) Zn(Im)(deblm) |- 100
) s o § - 2]
;?“ > > —~
SeER & 'E.f‘) %v"‘ < J | u 400 °C = -
- & ;’c: l Il l_ As-synthesized| = 11 E
ﬂg} k= LUt g lao &
- id o T =
he g Lt 'S Ii II Simulated 04
?} T2 1"9 L 5
4 b 0 10 20 20 40 @ 100 200 300 400 500 600 700
20(degree) T(°C)

Figure 5-5 (a) Unit cell of TIF-5-Cl from the direction of b axis. Gray: C; Light blue: N; Green:
Cl; Dark blue: Zn. H atoms are omitted for clarity. (b) PXRD patterns of the as-synthesized
and simulated TIF-5-Cl, and one preheated at 400 °C. (c) DSC-TGA upscan curves of the as-
synthesized TIF-5-CI.

TIF-5-CI [Zn(Im)(dcbIm)] was selected due to the similar composition of ZIF-62,
with the dcbIm as the secondary organic linker to induce defects instead of blm (63).
Another reason is related to its structure in /41/a space group and gis topology, the
same as the glass former ZIF-gis (10). The structure was verified by the PXRD pattern
Figure 5-5b. DSC-TGA measurements were conducted as shown in Figure 5-5c. The
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significant mass loss observed at ~620 °C results fom the decomposition. The reason
of the gradual mass loss at 300 °C was not very clear. However, the PXRD pattern of
a preheated sample to 400 °C exhibits no significant structural changes (Figure 5-5b),
suggesting that the crystalline framework was intact after the mass loss. More
experiments need to be carried out to investigate the structural changes during this
temperature region, yet from the results in Figure 5-5, TIF-5-Cl can be confirmed as
no melting behavior upon heating.
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Figure 5-6 (a) Unit cell of JUC-160 from the direction of b axis. Gray: C; Light blue: N; Dark
blue: Zn. H atoms are omitted for clarity. (b) PXRD patterns of the as-synthesized and
simulated JUC-160. (c) DSC-TGA upscan curves of the as-synthesized JUC-160.

If the Im was considered as the secondary organic linker rather than blm in ZIF-62,
the Im can be replaced by other ligands, and thus the glass forming ability of the
frameworks can be explored. JUC-160 [Zn(2-mbIlm)7s(blm)i2s], with 2-mblm
substitution of Im with regard to ZIF-62, was chosen as the candidate to study the
glass forming ability (43). In addition, JUC-160 structurally shares the gis
(gismondine) topology with ZIF-gis but it is in the Pnma space group. The match of
the PXRD pattern of JUC-160 with the simulated one confirms the crystalline
structure. DSC-TGA results of JUC-160 show a mass loss owing to the release of
solvents up to 280 °C. No more signal is detected upon heating before the
decomposition at ~630 °C in argon. The results in Figures 5-5 and 5-6 indicate that
the topology and secondary organic linkers as induced defects in MOFs might be not
the critical aspect to dominate the melting behaviour. In contrast, compositions are
suggested to be very influential on melting of MOFs.

5.1.4. ZTIF-1

Triazole or tetrazole is suggested to lower the melting point of MOFs as well (14).
Therefore metal azolate frameworks (MAFs) and zeolitic tetrazolate-imidazolate
frameworks (ZTIFs) are considered as good candidates to investigate their glass
forming ability. Syntheses of several frameworks were tried including MAF-66 (or
USTA-49), ZTIF-1, ZTIF-2, and ZTIF-6 based on the synthesis methods in literature
(41,104-106). However, only ZTIF-1 crystals was obtained successfully after the
second trial.
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Figure 5-7 (a) Unit cell of ZTIF-1 from the direction of b axis. Gray: C; Light blue: N; Dark
blue: Zn. H atoms are omitted for clarity. (b) PXRD patterns of the as-synthesized and
simulated ZTIF-1. (c) DSC-TGA upscan curves of the as-synthesized ZTIF-1.

ZTIF-1 [Zn(5-mtz)(2-eIm)] is structurally in the I43m space group and sod (sodalite)
topology. The PXRD pattern verifies the crystalline structure (Figure 5-7). DSC-TGA
upscans show a mass loss at 80 “C resulting from the removal of ethanol from the
voids. The framework is stable with no visible decomposition feature when heating
up to ~320 °C. Compared to other frameworks discussed in this Chapter, ZTIF-1
exhibits a weak thermal stability against decomposition. The bump of the DSC upscan
curve at ~320 °C is ascribed to the significant effect of the mass loss rather than to a
melting behaviour. Although the crystalline structure would change to mostly
amorphous after preheated to 300 °C as suggested by PXRD results (41), the strongest
diffraction peak at 20 = 7.39° associated with the (1 1 0) plane remained there,
manifesting its crystalline feature. Nevertheless, thermodynamic results on ZTIF-1
reveal no melting process upon heating at ambient pressure in argon.

5.2. GLASS FORMATION OF ZIF-76
5.2.1. GLASS FORMAITON OF ZIF-76

Inducing secondary ligand to increase the steric hindrance by congested blm is
suggested to lower the melting point in ZIF-62, while melting is not detected in
TIF-5-CI with 5,6-dcbIm and Im as ligands. Alternatively, an asymmetrical ligand -
S-chlorobenzimidazolate - is considered together with the parent Im ligand, and thus
ZIF-76 [Zn(Im)(5-cbIm)] is developed for investigation of the glass forming ability.
In addition, the crystalline structure of ZIF-76 has an Ita (Linde Type A) topology
with a very low framework density 7/V of 1.03, implying the retention of the pores
after amorphization.
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Figure 5-8 (a) Unit cell of ZIF-76 from the [1 0 1] orientation. Gray: C; Light blue: N; Green:
Cl; Purple: Zn. H atoms are omitted for clarity. (b) DSC-TGA upscan curves of the as-
synthesized ZIF-76.

The cystalline ZIF-76 was obtained as described in 2.1.9, and the structure is
confirmed by PXRD results (Figure 5-9). The heat flow upscan of the crystalline ZIF-
76 shows a melitng peak at 451 ‘C with the AH; = 1.8 kJ mol! prior to the
decomposition at 517 °C from the TGA trace (Figure 5-8). The PXRD pattern of the
quenched ZIF-76 from the liquid state shows a hump at a d-spacing of 5.2 A (20 =
17°), confirming its amorphous nature (Figure 5-9a). The results manifest that ZIF-76
can be melt-quenched to a,ZIF-76. The DSC upscan of the glassy a,ZIF-76 shows a
glass transition peak at 7, =310 °C.
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Figure 5-9 (a) PXRD patterns of the agZIF-76 and ones preheated at 400 °C and melting point
(451 °C). (b) DSC-TGA upscan curves of the agZIF-76.

A ZIF-76  isomorph, ZIF-76-mblm [Zn(Im)(5-mblm)] (5-mbIm: 5-
methylbenzimdazilate) was also investigated (45). The crystalline structure of ZIF-
76-mblm was confirmed, and DSC-TGA measurements were also carried out. Similar
to the thermodynamic behaviour of ZIF-76, ZIF-76-mblm also demonstrates a melting
behaviour at Ty, = 471 °C. DSC upscan curve of the melt-quenched a,ZIF-76-mblm
exhibits a glass transition peak at 7, =317 °C.
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Figure 5-10 (a) PXRD patterns of the as-synthesized ZIF-76-mbIm and the one preheated at
melting point (471 °C). (b) DSC-TGA upscan curves of the as-synthesized ZIF-76-mblm. Inset:
DSC upscans of agZIF-76 and agZIF-76-mbIm.

Table 5-1 Characteristic temperatures of crystalline and glassy ZIF-76 and ZIF-76-mbIm.

Sample State Twn/C Tq/C Ty I'C
ZIF-76 crystalline 451 517 -
a,ZIF-76 glass - 511 310
ZIF-76-mbIm crystalline 471 596 -
agZ1F-76-mblm glass - 590 317

The T, Tq and T of crystalline and glassy ZIF-76 and ZIF-76-mblm are summarized
in Table 5-1. The characteristic temperatures of ZIF-76-mblm are all higher than those
of the ZIF-76. It can be ascribed to the greater van der Waals radius of the methyl
group than the -Cl which results in the stronger non-covalent interactions between the
cbIm/mbIm and Im.

Structural features after vitrification of ZIF-76 and ZIF-76-mbIm were probed by *C
magic angle spinning (MAS) NMR spectroscopy and synchrotron X-ray total
scattering spectroscopy (Figures 2-3 in Paper IV and Figures S14-S18 in the SI). The
signals from the 'H and '*C MAS NMR spectra in the crystalline samples match well
with the positions expected from the chemical environments of their organic ligands.
The spectra of the glassy samples are similar to those of their parent crystalline
counterparts, indicating that the organic linkers remain intact after vitrification. 2D
'H-13C spin-diffusion NMR measurements in various mixing time were performed to
detect the dynamic polarization transfer between protons in crystalline and glassy ZIF-
76-mblm. In brief, the rates of the polarization transfer through inter-linkers (NCHNin
~ NCCHj3 5-mbim) and intra-linker (NCHN5-mbim ~ NCCH3 s5.mpim) become faster after
vitrification, demonstrating stronger chemical interactions between the different
linkers and more prominent polarization between the 5-mblm ligands. Moreover, the
PDF results confirm the amorphous feature of a,ZIF-76 and a ZIF-76-mbIm by
showing featureless peaks in the range of » > 6 A. The peak positions in the PDFs of
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the glasses in the range of = 0~6 A accord well with the ones from the corresponding
crystals, indicating the consistent chemical composition before and after vitrification
of ZIF-76 and ZIF-76-mbIm. More discussion can be referred to the context in Paper
V.

5.2.2. POROSITY

The porosities of the vitrified ZIF-76 and ZIF-76-mbIm are explored. Both crystals
possess two cavities with the diameters of 5.7-5.8 A and 15.6-15.7 A, as detected by
the positron annihilation lifetime spectroscopy (PALS) (Figure S19 in Paper IV) (31).
After melt-quenched to glasses, the cavity of a,ZIF-76 only exhibits a single pore with
the diameter of ~5 A. Remarkably, the a,ZIF-76-mblm retained two separate sizes of
pores with the diameters of 4.8 A and 7.2 A (Figure S20 in Paper IV), respectively.
This indicates that the agZIF-76-mblm obtained directly from melt-quenching is more
porous and could have the potential for gas absorption.

Table 5-2 Summary of the porous characteristics of ZIF-76, ZIF-76-mbIm and agZIF-76-mbIm.
Surface area and pore volume are calculated from the NLDFT fitting of the CO2 absorption
isotherms.

Temp/K ZIF-76  ZIF-76-mblm  a,ZIF-76-mblm

H, uptake /cm® g’! 77 187 130.5 -

N> uptake /cm? g! 77 338 339 -
CH, uptake /cm? g! 293 16.3 14.7 5.1
CO, uptake /em® g! 273 509  544(10wt%) (6.7 wt%)
Surface area /cm? g’! 273 - 643 375
Pore volume /cm?® g! 273 - 0.17 0.12

Diverse gas absorption isotherms on the crystals and glasses were carried out to
analyse the porosities of the MOF glasses. The results are given in Figures 4 and S23-
S34 in Paper 1V, and some conclusive data are presented in Table 5-2. Both glasses
show low uptakes of N», and a,ZIF-76-mbIm show a significant hysteresis uptake of
H; (Figure S30 in Paper IV). Both phenomena indicate the restricted diffusion of the
molecules, which is attributed to the constrictions of the dense framework after
vitrification. However, both glasses, especially the a,ZIF-76-mblm, yield good
absorption of CO; (273 K) and CH4 (293 K). a,ZIF-76 absorbed 4 wt% of CO; but
with notable hysteresis upon desorption (Figure S29 in Paper IV). On the other hand,
agZIF-76-mblm reversibly absorbed 6.7 wt% CO; at 273 K and a pressure of 1 bar
(Figure 4 in Paper IV). Although the surface area and CO» uptakes decline after
vitrfication, it is rationally ascribed to the lower amount of pore volume in the glasses
compared to the crystalline counterparts. Furthermore, the a,ZIF-76-mblm also show
a reversible absorption of CHy4 (Figure 4 in Paper IV). Regarding the large kinetic
diameter of the CHs molecule (3.76 A), the CO, and CH4 absorption of the a,ZIF-76-
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mbIm can be related to the retention of a number of pores in large sizes, as verified
by the PALS results (7.2 A, Figure S20 in Paper IV).

To sum up, ZIF-76 and the isomorph ZIF-76-mblm are reported to be good MOF glass
formers. The melt-quenched a,ZIF-76-mblm shows permanently accessible porosity
with reversible absorptions of guest molecules, such as CO; and CHs. To clarify the
contribution in Paper I'V and this section, the author discovered the glass formation of
ZIF-76 for the very first time. With this preliminary and crucial breakthrough, more
observation, including the glass formation of ZIF-76-mblm and the permanent
accessible porosity in the glassy MOFs, are recognised. Except for the input of the
manuscript of Paper IV, the author also joined in other experimental parts including
the sample preparation for PDF measurements, data analysis of liquid 'H NMR
spectra, and nanoindentation measurements (not included in the manuscript).

5.3. PHASE TRANSFORMATION OF DUT-67
5.3.1. PHASE TRANSFORMATION OF DUT-67

Zirconium-based MOFs have attracted wide attentions due to their extraordinary
properties for applications on catalysis, water absorption and electron conductivity
(49,107,108). One of the well-studied Zr-based MOF is UiO-66 [ZrsO4(OH)s(bdc)e].
This framework can be easily synthesized with a high yield, possesses high porosity
and thermal stability, and can be modified by other functional groups (109-112). A
Zr-based MOF, DUT-67 [ZrsOs(OH)2(tdc)s(Ac).] (tdc: 2,5-thiophenedicarboxylate),
showed high porosity and chemical resistance in acid, and catalytic capability after
loading Pd (46,113,114). The building unit between Zr*" and tdc* in DUT-67 exhibits
an angle of 147.9°, which is reminiscent of the M-Im-M relationship with an angle of
145° in ZIFs and the Si-O-Si bond in silica. Moreover, the structure of DUT-67 is in
Fm3m space group and a reo (ReOs) topology, with a framework density of only 7/
= 0.40, of which the value is distinctly smaller than ZIF-4 (3.68) and ZIF-76 (1.03).
These features suggest this framework could be a good candidate of MOF glass former
with accessible pores. In this section, structural and themodynamic features of DUT-
67, together with the porosities, are investigated with the activation of temperature.

The framework was verified by the PXRD pattern Figure 5-11b. DSC-TGA
measurements were performed, and the DUT-67 underwent solvent desolvation, an
unknown phase transformation, and framework decomposition upon heating,
corresponding to the Peak A, B, and C in Figure 5-11c, respectively. A mass loss of
2.5 %, associated with Peak A, is detected at ~200 °C due to the loss of water and
DMF from the voids (113). The decomposition of the tdc linker as well as the
framework is demonstrated at 350 °C (7q), together with an increase of thermal
response (Peak C).
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Figure 5-11 (a) Unit cell of DUT-67 from the direction of b axis. Gray: C; Yellow: S; Red: O;
Light blue: Zr. H atoms are omitted for clarity. (b) PXRD patterns of the as-synthesized and
simulated DUT-67, and ones heat-treated at 230 °C, 260 °C and 300 °C in argon. (c) DSC-TGA
upscan curves of the as-synthesized DUT-67. Inset: DSC upscan after preheated at 260 °C.

Remarkably, the significant exothermic peak (Peak B) is observed between 230 and
260 °C on the DSC upscan curve. The slight mass loss at ca. 220 °C is attributed to the
release of DMF and acetic acid according to the literature (46,113). Note that the
hierarchical stages of mass loss can be normally observed in MOFs upon heating if
more than two types of solvents are applied during MOF synthesis (10,105,106).
PXRD measurements of preheated DUT-67 were carried out to reveal the structural
changes during Peak B. The crystalline structure is retained at 230 °C. However, the
Bragg peaks are mostly disappeared after pre-heated to 260 “C. At the same time, a
number of notable Bragg peaks appear, which seem to be at the positions shifted to
the higher angle side compared to the previous peak positions, together with a
background of broad peak at 26 = 8. It is worthy noting that this PXRD pattern was
repeated 5 times separately and the pattern is repeatable every time. Based on this
PXRD pattern, the framework is expected to be mixed phases with (1) partially
ordered structure (Bragg peaks) and (2) disordered amorphous structure. When the
sample is preheated at 300 °C, the structure becomes more disordered and the sample
starts decomposing (light-yellow color). The samples preheated at 230 and 260 °C are
still in the form of white powder, similar to the as-synthesized crystals. Hereafter the
sample preheated to 260 °C is referred to as DUT-67-HT, and the occurrence of the
Peak B in Figure 5-11c was regarded as a phase transformation, which is further
discussed in this section.

Refinements of PXRD patterns were carried out to discuss the structural changes
further after the phase transformation. Rietveld refinement of the PXRD pattern of the
as-synthesized crystal gives the lattice parameter a = 38.8953 (18) A (Ryp = 4.48 %,
Rp=3.15 %, Rprage = 2.82 %, x> = 3.72). This is associated with the a = 39.120 A from
the initial cif file. In light of the Bragg peaks of the DUT-67-HT, the PXRD pattern is
refined using Le Bail method. The fit with the same space group (Fm3m) as DUT-67
could yield a good fit (Rwp = 1.74 %, Ry, = 1.38 %, x> = 1.26) with a = 32.082 (17) A.
To be honest, as the Fm3m space group is highly symmetrical, the crystalline
structure cannot be distinguishable from other Laue class such as m3, especially in
the cubic crystal system. More Le Bail refinements using structural models in lower
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symmetry crystal systems in the cubic class also give good fits with similar parameters
(31.5~32.2 A). Although other structural characterizations are required to fully
understand the ordered structure of DUT-67-HT, the results of the structural
refinements suggest the smaller domain size of the ordered structure after the phase
transformation upon heating. On the other hand, a glass transition-like peak on DSC
upscan trace of the DUT-67-HT was observed, with a characteristic temperature of
232 °C (Figure 5-11 inset). This result is comparable with the glass transition
behaviour of other MOF glasses, verifying the disordered amorphous structure of the
DUT-67-HT (10,115).
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Figure 5-12 PXRD patterns of as-synthesized and simulated MOFs, and ones heat-treated at
certain temperatures. (a) DUT-69, (c) UiO-66, and (e) MOF-808; DSC-TGA upscan curves of
the as-synthesized (b) DUT-69, (d) UiO-66, and (f) MOF-808.

More syntheses and characterizations were conducted to discuss the universe of the
phase transformation in DUT-67 in other Zr-based MOFs. Three more Zr-based
MOFs were synthesized and characterized by PXRD and DSC-TGA (Figure 5-12).
The synthesis details of DUT-69, UiO-66, and MOF-808 are given in 2.1.12~2.1.14.
As a brief introduction, DUT-69 [ZrsO4(OH)4(tdc)s(Ac):] has the same organic linker
as DUT-67 (tdc), while this framework is in a orthorhombic crystal system (space
group P2,2,2,) with a bet topology (46). UiO-66 [ZrsO4(OH)4(bdc)s] is one of the
most investigated MOFs reported firstly in 2008 (107), of which the structure is in the
Fm3m space group with a feu topology. MOF-808 [ZrsO4(OH)4(btc),(Fa)s] has a
cubic structure in the Fd3m space group with a spn topology, and it possesses large
pore sizes and high guest molecule uptakes in N> and water (49). The PXRD patterns
in Figure 5-12 verify their crystal identity. Due to the thermal instability of the
carboxyl group of the organic ligands (tdc, bdec, btc), all frameworks start to
decompose at a lower temperature than ZIFs upon heating, as verified by the Peak B
in Figure 5-12b, Peak C in Figure 5-12d, and Peaks B and C in Figure 5-12f on the
DSC-TGA traces. All Peaks A are attributed to the solvent loss, as well as the Peak B
in Figure 5-12d. To detect the structural changes after thermal-induced desolvation,
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each sample was preheated to a certain temperature before decomposition in argon,
and afterwards PXRD patterns were collected to explore the structural changes. As
shown in Figure 5-12, the crystalline structures are all preserved after pre-heated at
>280 °C. That is, no thermal-driven phase transformation is observed before
decomposition in the three Zr-based MOFs. It also manifests that the slight mass loss
from the voids during heating does not prominently influence the structural identity
in Zr-based MOFs. This comparable study indicates that the phase transformation
observed in DUT-67 is a remarkable phenomenon, and it is not universal in other Zr-
based MOFs.

5.3.2. STRUCTURAL FEATURES

Figure 5-13 SEM micrographs of (a) DUT-67 and (b) DUT-67-HT. Scale bar: 2 um.

Before presenting the the structural features of DUT-67 and DUT-67-HT, Figure 5-13
shows the morphology of both samples from the SEM measurements. The SEM image
of DUT-67 shows clear edge and plane, which are associated with the crystalline
morphology. As for the DUT-67-HT, most of the particles retain the clear planes, as
an indicative of ordered or crystalline phase. The distinct feature of the DUT-67-HT
morphology is that the small particles are keen to agglomerate together.
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Figure 5-14 (a) In situ SAXS profile of DUT-67. (b) Some SAXS data at characteristic
temperatures.
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In situ small-angle X-ray scattering (SAXS) measurements were carried out to further
study the structural evolution of DUT-67, and the (Figure 5-14). The structure is
confirmed by the good refinement of the SAXS pattern at room temperature to the
crystal structure of DUT-67. The miller indices of the diffraction peaks with strong
intensities are assigned in Figure 5-14b. The peak intensity decreases gradually when
heating up to 50 °C, which may result from the framework stabilization upon heating.
The hump at ¢ = 0.4 A! gradually shifts to the right side upon heating, which can be
related to the desolvation of water and DMF as the results in Figure 5-11b. The DUT-
67 crystalline structure remains intact when heating up to ~220 "C. With further
increasing the temperature from ~230 °C, the intensities of peaks corresponding to the
original phase decrease significantly, whereas new Bragg peaks are notable next to
the original peaks at a higher ¢ side as an indicative of a ‘‘secondary’’ phase (Figure
5-14b). These peaks corresponding to the new phase are quite stable, such as the one
with constant intensity at ¢ = 0.57 A" (Figure 5-14a). On the contrary, the gradual
decrease of the peak intensities with temperature suggests the loss of the crystal
symmetry of the preliminary DUT-67 phase. The structural changes with regard to the
phase transformation are prominent at the peaks related to the planes of (2 2 0), (2 2
2), and (4 0 0) (Figure 5-14b). At 260 °C, both the preliminary phase and the new
secondary phase exist. Continuous heating leads to the loss of the ordered structure of
both phases. The sample at 325 “C shows no Bragg peaks, corresponding to the
collapsed framework after decomposition. The SAXS results are conistent with the
PXRD and DSC results in 5.3.1. According to the in situ SAXS results, the phase
transformation from DUT-67 to DUT-67-HT can be related to the loss of the
crystallinity of the preliminary DUT-67 phase and the formation of a secondary phase
with smaller volume.
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Figure 5-15 Comparison of the structure of DUT-67 and DUT-67-HT characterized by (a) 'H
and 'H-3C HSQC liquid-state NMR, (b) Raman, and (c) FT-IR spectroscopy.

Structural changes of the local chemical environment from DUT-67 to DUT-67-HT
were investigated by NMR, Raman, and FT-IR spectroscopy (Figure 5-15). The 'H
liquid-state NMR spectrum of DUT-67 shows a strong signal at § = 7.585 ppm, which
is assigned as the SCCH on the thiophene ring according to the literature (113). Except
for signals from solvents (DMF and DCl), another signal at 6 = 1.78 ppm comes from
the -CH5 in Ac. Both signal are also observed at the same position on the extracted 'H
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spectrum from the 'H-"3C 2D HSQC NMR spectra. The data of DUT-67-HT shows
that the peak related to the SCCH shifts to 7.57. This 8.4 Hz upfield shift indicates the
weak deshielding effects of the thiophene ring on the protons in DUT-67-HT. Note
that the ligands are intact after dissolving in the mixed solvent for NMR
measurements; otherwise signals cannot be detected at this deshielding region.

Raman and FT-IR measurements of the two samples were also conducted, although
the vibrational peaks from the same method are displayed more or less at same
positions. The Raman shifts around 800 cm! are assigned as the vibration modes from
the out-of-plane ring deformation, and the ones at 1150 and 1480 cm™! are related to
the C-C/C-S stretching and C-H bending (116). On the other hand, the broad peaks of
FT-IR spectra in the range of 1700~1300 cm™! are related to the vibrational modes of
the stretches and bends in the thiophene ring (116). No significant difference of the
peak positions on Raman and FT-IR spectra is observed after heating to 260 °C, while
NMR results demonstrate weak deshielding effects of the tdc on the H atoms,
indicating the alteration of the local electron environment of the thiophene ring.

5.3.3. THERMODYNAMICS

To further reveal this temperature-induced phase transformation in thermodynamic
perspective, DSC upscans of DUT-67 annealed at different temperatures (7,s) were
conducted (Figure 5-16a). The solvents of DMF and water are released after
preheating to 195 °C. Annealing at 220 °C does not influence the exothermic response
on the subsequent DSC upscan. A hump prior to the exothermic peak is noticed,
probably due to the structural reformation prior to the phase transformation. With the
T.s in the range of 230~260 °C, the exothermic peak area decreases gradually. The
onset and peak temperatures also shift to lower temperatures with 7,. This indicates
that the phase transformation happens at ca. 230 °C and completed at ca. 260 °C. Based
on the structural results, the exothermic peak is attributed to the formation of both new
secondary phase and the disordered structure from the preliminary DUT-67 phase.
The heat flow response of the sample at 7, = 230 “C was almost symmetric, implying
it a first-order transformation. DSC response is featureless with further annealing up
to 300 °C. The results in Figure 5-16a also demonstrate that the thermal-induced phase
transformation was irreversible.
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Figure 5-16 (a) DSC upscans of DUT-67 preheated at various temperatures. The red point on
each scan indicates the preheated temperature. (b) DSC upscans at different heating rates Ri
on the sample preheated to 220 °C. Inset: Linear fits of the characteristic onset, peak and end-
set temperatures of the exothermic peak with heating rates.

The enthalpy release duing the phase transformation is determined as
AHES, ¢ = -20.15 kJ mol! (or -0.209 V), from the DSC upscan preheated at 220 °C
in a standard 10 K min™! heating rate. According to the first law of thermodynamics,
AH is contributed by the change of internal energy (AU) and the pressure-volume
work pAV. Based on the density changes measured from gas pycnometry (Table 5-3),
the pAVCfg,st is calculated to be -1.63 kJ mol!. The AU is thus negative as well with
respect to the phase transformation. The intrinsic energy of the DUT-67-HT is lower
than that of its crystalline counterpart, indicting its higher thermal stability.

The activation energy to induce the transformation (£,) is determined by performing
DSC upscans at different heating rates on the sample preheated at 220 °C (Figure
5-16b). Although the widely used Kissinger’s equation was derived for quantifying
crystalline kinetics, it is still powerful and rational to analyse kinetic behaviour in
complex processes from the physical viewpoint (117-120). As shown in Figure
5-16b-inset, the E, values are determined to be 164.0 + 19.0 kJ mol-!, 213.4 £ 9.4 kJ
mol-!, and 171.5 £ 18.6 kJ mol-!, from the onset, peak, and end-set shifts, respectively.
Comparing with the small changes of the intrinsic energy AU, the energy barrier
during phase transformation is considerably large in terms of the potential energy
landscape (121,122). The results in Figure 5-16 demonstrate that the phase
transformation of DUT-67 is a first-order and irreversible transformation, and the
activation energy is determined to be on average 183 kJ mol?! from different
characteristic points.
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5.3.4. POROSITY
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Figure 5-17 (a) N2 and (b) CO: absorption-desorption isotherms of DUT-67 and DUT-67-HT.
Solid points: Absorption; Open points: Desorption.

Table 5-3 Surface area (BET method from N: uptakes), pore volume, N2 uptakes (P/Po=0.9),
CO: uptakes (P/Po=0.03), and densities of DUT-67 and DUT-67-HT.

Sample Surface  Micropore N uptake CO,uptake  Density
area volume /em’ gt /cm?® g! /g cm
/m? g’! /em® g'! (STP) (STP)
DUT-67 1038 0.428 276.4 40.7 2.074 (6)
DUT-67-HT 490 0.217 140.3 29.6 2.554 (8)

The porosities of DUT-67 and the sample after phase transformation were investigated
by gas sorption using N, and CO, (Figure 5-17). Both N, absorption-desorption
isotherms show type-I behavior. The surface area of DUT-67 from N, uptake is
determined as 1038 m? g'!, associated well with the reported 1064 m? g'! in literature
(46). The DUT-67-HT also shows a high surface area (490 m? g'!), indicating the
retention of the porosity after the phase transformation. This large surface area is
contributed by the voids of the new secondary phase. Both samples demonstrate
reversible CO; uptakes, showing their permanent porosities. The better accessibility
of DUT-67 to CO; than most ZIFs could be ascribed to the beneficial -OH group in
the framework, as manifested by the study of UiO-66 (112). The densities of both
samples were also measured by helium pycnometry (Table 5-3). The considerable
increase (23 %) of the density of DUT-67-HT accords with the dense framework with
ordered secondary phase and disordered amorphous phase, as explained from other
experimental results (PXRD, DSC, and SAXS).
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5.4. SUMMARY

In this Chapter, the glass forming ability of selected MOFs are investigated from the
thermodynamic viewpoint. Various factors, such as topologies, types of organic
ligands, types of the secondary linkers, are investigated to probe MOFs with melting
and glass forming properties. Several MOFs were hence chosen as candidates.
DSC-TGA results verify that ZIF-11, ZIF-12, ZIF-71, MCIF-1, TIF-5-Cl, JUC-160,
and ZTIF-1 do not show melting process prior to their decomposition upon heating.
However, ZIF-76 and the isomorph ZIF-76-mbIm are discovered to be good MOF
glass formers for the first time. Remarkably, the glassy a,ZIF-76-mblm exhibits
permanent accessible porosity with reversible CO, and CHy uptakes. The retention of
the porosities is ascribed to the constricted framework with the pore size of 4-8 A after
glass formation of ZIF-76-mbIm.

Furthermore, a Zr-based MOF, DUT-67, is also investigated on the structure and
thermodynamic response with temperature. An irreversible first-order phase
transformation at 230~260 °C is revealed upon heating, with an activation energy of
183 kJ mol!. With regard to the structure, the DUT-67-HT after the phase
transformation is suggested to be mixed phases of an ordered secondary phase and a
disordered amorphous phase, according to the experimental results from various
methods. The densified DUT-67-HT also possesses accessible porosities for guest
molecules including N, and CO..
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CHAPTER 6. ZIF-4 AND ZIF-62 LIQUID
PHASE BLENDING IN
THERMODYNAMIC ASPECTS

Liquid-state MOFs are investigation worthy because of their potentials of ion
conduction and liquid-phase separation (15,16,123,124). It would be of great
importance to control and develop MOFs with advanced properties, and most studies
focus on controlling the functional group of MOFs during synthesis or with post-
synthetic modification. As MOF glasses hold a temperature region of fluidity upon
heating, it is feasible to modify the structure in the liquid state of MOFs. Since
miscible polymers can be blended to study their physical properties (125-128),
structure and properties of two MOFs quenched in the liquid and amorphous state
were developed and studied. As discussed in Chapters 3 and 4, ZIF-4 and ZIF-62
phases were chosen as the candidates due to their good glass forming ability. The
results of the blending of both phases were reported in Paper IV. Due to the
contribution of each author, in this Chapter, only in the thermodynamic perspective
of the blending results is presented “.

6.1. ZIF-4-ZN & ZIF-62

ZIF-4-Zn and ZIF-62 crystals were synthesized as described in Section 2.1. The two
ZIFs were mixed by equal weights (250 mg each) via ball-milling for 5 minutes,
giving the mixture denoted here as ZIF-4-Zn/ZIF-62(50/50).
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Figure 6-1 Unit cell of ZIF-4-Zn (a) and ZIF-62 (b) from the direction of b axis. Light blue: Zn;
Dark blue: N; black: C; H atoms are omitted for clarity. (c) DSC and TGA results of ZIF-4-

4 Results in this chapter have been published in Paper III.
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Zn/ZIF-62(50/50) mixture (red line) and blended (ZIF-4-Zn)o.s(ZIF-62)o.5 (blue line). Upscan
rate: 10 K min™.

Calorimetric study was conducted on the ZIF-4-Zn/ZIF-62(50/50), as shown in Figure
6-1c. The broad endothermic peak at ~200 °C is due to the desolvation of DMF from
the voids of the framework, together with a mass loss of 8.9 %. Another two
endothermic peaks with the end-set temperature at 445 “C and 580 °C are ascribed to
the melting of ZIF-62 and ZIF-4-Zn, respectively. The enthalpy of ZIF-62 melting at
445 °C is integrated to be ca. 3 kJ mol’!, consistent with the result in Section 4.2. In
contrast, the exothermic peak at ~470 °C is contributed by the enthalpy release during
the recrystallization of ZIF-4-Zn. The enthalpy corresponding to this peak is not
determined by integration as it is difficult to find the end-set of the peak from Figure
6-lc.
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Figure 6-2 PXRD results. Purple and orange lines correspond to the patterns of ZIF-62 and
ZIF-4-Zn, respectively, and the dashed lines are the simulated patterns, respectively. Blue and
red lines represent the patterns of ZIF-4-Zn/ZIF-62(50/50) mixture and blended (ZIF-4-
Zn)os(ZIF-62)os, respectively.

To blend the two ZIFs in liquid state, the mixture was heated to 590 ‘C where both
frameworks were melted. The blended sample is thus referred to as
(ZIF-4-Zn)o5(ZIF-62)9s. The PXRD result of (ZIF-4-Zn)os(ZIF-62)os shows no
Bragg peak, demonstrating its amorphous feature as expected (Figure 6-2).
Calorimetric scan of the (ZIF-4-Zn)os(ZIF-62)05 was performed to investigate the
glass transition of the blended sample. If the two phases are immiscible, then two glass
transition peaks with 7,s at 293 °C and 320 "C would be observed which are attributed
to the a,ZIF-4-Zn and a,ZIF-62, respectively. As shown in Figure 6-1c, however,
(ZIF-4-Zn)o 5(ZIF-62)0.5 exhibits only one glass transition peak with 7; = 306 °C. This
suggests the two phases were nicely blended in the liquid state, as reported in some
miscible polymers, metallic glasses and oxide glass formers (126,129-133).
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Figure 6-3 (a) DSC upscans of the blended (ZIF-4-Zn)ix(ZIF-62).. The dashed arrow
represents the shift of Ty. (b) Tg shift with the wt% of ZIF-62 in the blended (ZIF-4-Zn) 1 x(ZIF-
62)x. Predicted T based on the properties of the two ZIFs are shown as the dashed lines in
terms the CK and GT models.

Furthermore, a series of mixture between ZIF-4-Zn and ZIF-62 with different ratios
was blended and the obtained (ZIF-4-Zn)x(ZIF-62), samples were characterized by
DSC (Figure 6-3). All blended samples only show one glass transition peak upon
heating. The 7, increases gradually with the amount of ZIF-62 in the series with a
linear-like correlation (Figure 6-3b). Some models were proposed to describe and
predict the composition dependence of 7, changes in a system with miscible polymer
blends. Here two popular models are applied: the Couchman-Karasz (CK) model and
the Gordon-Taylor (GT) model (134,135). The former one is based on the entropy
continuity at the 7,, whilst the latter is based on the linear volume change with
temperature. Both models share the equation of Ty = (x1Tgq + kx;Ty2) /(%1 + kx3),
where in the CK model, kcx = AC,1/ACy; (AC, is the jump of heat capacity at Ty),
and in the GT model, kgr = p,T4,/p1Ty41 (p is the density of each composition)
(136). The predicted T,s of the blended (ZIF-4-Zn).«(ZIF-62)x from the parameters
of pure ZIF-4-Zn and ZIF-62 phases are presented in terms of the CK and GT model
(Figure 6-3b). Both models slightly overestimate the 7,s compared to the
experimental results, which suggests the mixture has positive mixing enthalpy
(AHmix > 0), as the behaviour observed in the mixture of o- vs. m-
methoxymethylbenzene (MBB) (136). Since the two models can only be applied to
mixtures with relative weak intermolecular interactions, the derivations between the
experimental results and the predictions suggest strong interactions between ZIF-4-
Zn and ZIF-62 phases after blending.

6.2. ZIF-4-CO & ZIF-62

ZIF-4-Co has the same structure (space group: Pyca) as ZIF-4-Zn but the substitution
of the metal center of Zn by Co. It is also applied to blend with ZIF-62 to further
investigate the intermolecular interaction between two MOFs after blending in liquid
state. The heat flow of the mixture ZIF-4-Co/ZIF-62(50/50) is shown in Figure 6-4c.
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The characteristic thermal responses of the phase transformations of each phase
during heating, such as thermal amorphization and melting, are pointed out on the
DSC upscans by arrows in Figure 6-4¢. As the atomic size of Co?" is smaller than that
of Zn*', giving weak Co-N bonds in ZIF-4-Co, the decomposing temperature of ZIF-
4-Co is significantly lower than that of ZIF-4-Zn. To avoid the occurrence of the
decomposition of ZIF-4-Co upon heating, the ZIF-4-Co/ZIF-62(50/50) was quenched
after heating to 425 °C. In other word, this obtained (ZIF-4-Co)s(ZIF-62)05 was
blended by amorphous ZIF-4-Co and ZIF-62 liquid rather than by two liquid phases
in (ZIF-4-Zn), x(ZIF-62)y.
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Figure 6-4 Unit cell of ZIF-4-Co (a) and ZIF-62 (b) from the direction of b axis. Green: Zn;
Purple: Co; Dark blue: N; black: C; H atoms are omitted for clarity. (c) DSC and TGA results
of ZIF-4-Co/ZIF-62(50/50) mixture (blue line) and blended (ZIF-4-Co)o.5(ZIF-62)0.s5 (inset).
The mixture was ball-milled for 5 minutes. Upscan rate: 10 K min™'.

\w(ZIF-4-Co)0_5(ZIF-62)0_5

(ZIF-4-Co)(ZIF-62)
(50/50)

Intensity (A. U.)

ZIF-4-Co

'y Pt LA

10 20 30

26(degree)
Figure 6-5 PXRD results. Purple and green lines correspond to the patterns of ZIF-62 and ZIF-
4-Zn, respectively, and the dashed lines are the simulated patterns, respectively. Brown and

red lines represent the patterns of ZIF-4-Co/ZIF-62(50/50) mixture and blended (ZIF-4-
Co)o.5(ZIF-62)0.5, respectively.
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Figure 6-5 shows the PXRD results in the case of ZIF-4-Co/ZIF-62. The blended
(ZIF-4-Co)o.5(ZIF-62)05 also yields a glassy state, as verified by the red curve in
Figure 6-5. The T, of (ZIF-4-Co)o.5(ZIF-62)5 is determined by the DSC upscan to be
ca. 300 °C. Similar to the thermodynamic behaviour of (ZIF-4-Zn)o s(ZIF-62)¢5 in
Figure 6-1c, only one glass transition peak is detected on the heat flow curve of (ZIF-
4-Co)o.5(ZIF-62)5 (Figure 6-4c-inset). It indicates that amorphous ZIF-4-Co and ZIF-
62 liquid have intermolecular interactions during blending.

Furthermore, X-ray energy dispersive spectroscopy (EDS) together with scanning
transmission electron microscopy (STEM) were applied to investigate the interfacial
bonding between each phase and the domain structure in (ZIF-4-Co)o 5(ZIF-62)0.5. As
shown in Figures 4 and 5 in Paper 111, the amorphous phases of ZIF-4-Co and ZIF-62
were blended with domain sizes of ~200 nm. The 3D image of (ZIF-4-Co)o s(ZIF-
62)05 from EDS tomography also confirms the heterogeneous mixing between both
phases.
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Figure 6-6 DSC and TGA results of ZIF-4-Co/ZIF-62(50/50) mixture (blue line) and blended
(ZIF-4-Zn)os(ZIF-62)o.s5 (ved line) from different pre-treatments. (a) The mixture was light
grinded in a mortar and pestle; (b) The mixture was ball-milled for 20 minutes. Upscan rate:
10 K min™.

For a comparable study of the domain size influence on the thermodynamic behaviour
of (ZIF-4-Co)o5(ZIF-62)0 5, a lightly grinded sample by mortar and pestle and a fully
mixed sample after ball-milling for 20 minutes were prepared for blending. As seen
in Figure S15 in the supplementary information of Paper III, the EDS-STEM images
show that the Co and Zn phases interact after blending. With regard to the domain
sizes of the blended samples, the light grinded one shows the domain sizes of > 500
nm, and 20 minutes ball-milled sample shows the size of only ~100 nm. Moreover,
the domain sizes of both phases became larger after blending for the 5 and 20 minutes
ball-milled samples, whereas the domain sizes of the light grinded sample show no
significant change after blending. This could be ascribed to the liquid flow and
diffusion in the liquid state during blending. It suggests that the two phases of the light
grinded sample are physically heterogeneous and the other two samples are well
mixed before blending.
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Simultaneous DSC-TGA measurements were also carried out on these two samples
(Figure 6-6). From the light grinded sample with larger domain sizes, the heat flow
curve is the same as the one ball-milled for 5 minutes (Figure 6-4c): both samples
show all thermal responses of ZIF-4-Co and ZIF-62 phases. The following upscan of
the quenched mixture shows two Ts, which are consistent with the 7, of arZIF-4-Co
and a.Z1F-62, respectively. In contrast, the blended (ZIF-4-Co)o 5(ZIF-62)0 5 premixed
for 20 minutes by ball-milling only exhibits one glass transition peak with 75 = 305
°C, which accords well with the results in Figure 6-4c. Considering the EDS-STEM
results, it can be concluded that the glass transition behaviour after blending is
strongly connected with the pre-treatment conditions. The one 7, peak after blending
of two MOFs is attributed to the small domain sizes of each phases. The interfacial
bonding concentration may somehow contribute to the glass transition behaviour, yet
it is difficult to elucidate the connection between this factor to the heat flow signal
based on the current results. It shall be pointed out that ZIF-4 (Zn or Co) and ZIF-62
are two compatible MOFs, hence the (ZIF-4-Zn);«x(ZIF-62) and (ZIF-4-Co)o.s(ZIF-
62)0.5 are miscible blends with strong interactions and could easily result in one 7.
Very recent results of a blended (ZIF-67)2(ZIF-62)0s with the flux melting method
verify the feasibility to give rise to miscible blends from compatible MOFs (137). This
practical approach could be extended for tailoring new structures and develop
properties of amorphous MOFs.

6.3. SUMMARY

In this Chapter, the liquid phase blends between two MOF glass formers, ZIF-4 and
ZIF-62, are revealed in thermodynamic aspects. The (ZIF-4-Zn).«(ZIF-62). glasses
show one 7, on the DSC upscans, indicating the two amorphous phases are
successfully blended with preliminarily ball-milling for 5 minutes. The T,s shifts
higher with the increasing amount of ZIF-62 in the mixture. By comparing the
predicted 7,s with the experimental ones, the two frameworks are suggested to have
strong intermolecular interactions in (ZIF-4-Zn)x(ZIF-62)x glasses. Blended MOF
glasses are also achieved with Co substitution of Zn in ZIF-4. Calorimetric results of
the (ZIF-4-Co)o.5(ZIF-62)05 glasses demonstrate the strong connection between the
glass transition behaviour and the preliminary domain sizes. One glass transition peak
in a well-blended MOF glass can be observed (preliminarily ball-milled for 5 and 20
minutes), which is mostly ascribed to the small domain sizes of each phase before
blending.
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CHAPTER 7. POST-SYNTHETIC
MODIFIED MOF WITH ENHANCED
POROSITY AFTER AMORPHIZATION

As described in Chapter 1, the potential applications of MOF glasses somehow take
advantages of their porosities although the voids in the framework are mostly
vanished with the collapse of the structure after amorphization. It is thus crucial to
improve the porosity of MOF glasses. An in silico study has shown that the possibility
of melting and retention of porosity are strongly connected with the framework
topology in ZIFs (12). This observation suggests a practical approach to retain the
pores by modifying the framework. Post-synthetic modification (PSM) method has
been applied to discover and obtain MOF's with desirable structures and functionalities
that are incompatible with de novo synthesis. However, physical properties such as
glass forming ability and thermodynamic properties of MOFs after PSM are far from
investigation.

In this Chapter, a composite MOF obtained by PSM on ZIF-7 [Zn(blm),] by imidazole
was developed, which is denoted as ZIF-PSM. The chemical stability and glass
forming ability of this composite are investigated, and this ZIF-PSM composite can
be thermal-driven to amorphous MOF - atZIF-PSM. This amorphous MOF shows a
higher surface area than the reported ones, as well as the ZIF-7 before modification.
The structural features after amorphization are also studied °.

7.1. CRYSTAL IDENTITY AFTER MODIFICATION

ZIF-7 [Zn(blm);], with zinc and benzimidazolate (bIm) as tetrahedral node and
organic linker, respectively, was modified by imidazole (Im) using mechanochemical
method (138), as shown in Error! Reference source not found.a. A standard process
to obtain the ZIF-PSM sample involves as-evacuated ZIF-7 crystal (150.9 mg, 0.5
mmol), imidazole (136.2 mg, 2 mmol) with 75 uL. DMF as an assist solvent in a
10 ml stainless steel grinding jar. The mixture was ball-milled at 30 Hz for 60 minutes
at room temperature. The obtained sample was dried and washed with distil water for
the removal of unreacted imidazole and DMF. The ZIF-PSM sample was obtained
after filtration and drying at 100 °C for four hours.

J Results in this chapter were mostly measured and all analyzed independently by the author,
and the manuscript regarding to this work will be submitted for publication in the near future.
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Figure 7-1 (a) Schematic modification process with mechanochemical method; (b) PXRD
patterns of the ZIF-PSM crystal, together with the simulated ones of ZIF-7 and ZIF-62 phases;
(¢) Rietveld refinement of the PXRD pattern of the ZIF-PSM

To verify the crystal identity of the ZIF-PSM, the PXRD pattern of the ZIF-PSM
sample was compared to all simulated patterns of the ZIFs with bIm and/or Im as
organic linkers. The ZIF-PSM is hence verified as a composite with ZIF-7 and ZIF-
62 phases (Figure 7-1b) (38,44). Rietveld refinement of the PXRD pattern of the ZIF-
PSM was carried out to quantify the amount of each phase (Rw, = 6.99 %, R, = 5.44
%, x* = 1.97), and the refinement parameters with ESDs are given in Table 7-1.
FWHM based PV_TCHZ model was applied to refine the peak profile regarding the
crystallite size broadening. March-Dollase preferred orientation corrections were used
on both phases to yield a good refinement (Table 7-1). Atomic coordinate was
imported from cif files without further refinements. Only isotropic atomic
displacement parameters (ADPs, Biso) of Zn atoms in each phase (occupancy = 1) were
refined with other elements occupying the same crystallographic site from cif files.
After the careful Rietveld refinement of the PXRD pattern of the ZIF-PSM, the
composition of the ZIF-PSM is determined as (ZIF-7)47.2(ZIF-62)s,.3, almost half of
each phase after modification (Figure 7-1c). Although the simulated patterns of ZIF-
62 and ZIF-4 are similar, a unique Bragg peak at 26 = 11.56° associated with (2 0 0)
plane in ZIF-4 is not observed in the PXRD pattern of ZIF-PSM. This indicates that
ZIF-4 phase is not formed after modification.

60



CHAPTER 7. POST-SYNTHETIC MODIFIED MOF WITH ENHANCED POROSITY AFTER AMORPHIZATION

Table 7-1 Refinement parameters of the PXRD pattern in Figure 7-1c. Values in brackets are
ESDs from refinements.

Phase ZIF-7 ZIF-62
Space group R3 Pbca
Rietveld wt% 47.19(31) 52.81(31)
Preferred Orientation
hkl (1-3-2) 210D
0.76 (12) 0.71 (28)
alA 22.9204(13)  15.5061(16)
b/A - 15.6716(16)
c/A 15.7491(14)  18.1892(18)
Riragg /% 5.44 4.55
Biso /AZ
Znl 1.66(27) 1.51(56)
Zn2 - 1.52(50)

Figure 7-2 Liquid-state 'H NMR spectrum of the mixture of ZIF-7/ZIF-62(50/50) (a) and the
ZIF-PSM (b) digested in DCI/D:0/DMSO-ds. Peak assignments of ZIF-7/ZIF-62(50/50): 9.46
(s, 1H): NCHN (bIm); 8.92 (s, IH): NCHN (Im); 7.75 (dd, J = 6.1, 3.1 Hz, 2H): NCCH (bim);
7.50 (s, 2H): NCHCH (Im); 7.47 (dd, J = 6.1, 3.1 Hz, 2H): NCCHCH (bim). Peak assignments
of ZIF-PSM: 9.45 (s, IH): NCHN (blm); 8.92 (s, 1H): NCHN (Im); 7.75 (dd, J = 6.1, 3.0 Hz,
2H): NCCH (bIm); 7.49 (s, 2H): NCHCH (Im); 7.47 (dd, J = 6.0, 3.1 Hz, 2H): NCCHCH
(bim).

Liquid-state '"H NMR spectrum of the ZIF-PSM confirms the existence of the
imidazolate in the ZIF-PSM. The ratio of the peak area between the peak assigned to
the NCHN from the blm ring and that from Im one in the NMR spectra is
quantitatively determined. This value derived from the ZIF-PSM spectrum is
comparable to the one calculated from the spectrum of the physical mixed ZIF-7/ZIF-
62(50/50). This consistency manifests the composition of the ZIF-PSM (Figure 7-2).
A systematic study from Gustafsson ef al. showed that by varying concertation of
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Zn*", blm, and Im in the solvent during solvothermal synthesis, only single phase of
ZIFs, i.e., either ZIF-7 or ZIF-62, could be obtained, whereas a composite of both
phases can be hardly achieved directly (139). Figure 7-1 demonstrates that using the
mechanochemical PSM approach the composite with ZIF-7 and ZIF-62 phases could
be obtained which is difficult to be de novo obtained.
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Figure 7-3 (a) PXRD patterns of modified ZIF-7 by imidazole and 75 uL DMF for different
durations. (b) PXRD patterns of modified ZIF-7 by imidazole for 60 minutes with different
volume of DMF. Note that the ZIF-PSM sample refers to the one specifically modified for 60
minutes with 75 uL. DMF.

Kinetic and chemical influences during modification with the mechanochemical
method are further investigated. A series of PSM samples were obtained by altering
the modification time from 5 to 360 minutes. Figure 7-3a shows that the PXRD spectra
accord well with the spectrum of ZIF-PSM, the one with a modification time of 60
minutes. This congruity demonstrates that the PSM samples modified with different
durations are also composed by ZIF-7 and ZIF-62 phases. The relative intensities
between the Bragg peaks are almost consistent, suggesting that the percentage of each
phase does not change significantly. Moreover, changing the amount of the assisted
solvent (DMF) from 50 to 150 pL yields the modified products with similar PXRD
patterns, as an indicative of the same composition by ZIF-7 and ZIF-62 (Figure 7-3b).

Although aspects such as the induced stress during ball-milling are not considered,
the results in Figure 7-3 suggest the phases and composition of the PSM samples of
ZIF-7 modified by imidazole are not driven by kinetic reasons, including the
modification time and volume of assisted solvent.
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Figure 7-4 PXRD patterns of modified ZIF-7 by imidazole for 60 minutes with 75 uL of different
types of solvent.

As guest solvents also play an important role during modification (140), the influence
of six different types of assisted solvent on the PSM products is investigated. The
PXRD patterns of the obtained samples after modification are collected (Figure 7-4).
To resolve the compositions of the phases of these PSM samples, the PXRD patterns
are also refined using the Rietveld method, and some refinement parameters are
presented in Table 7-2. Only the one with n-PrOH has a similar structure to the ZIF-
PSM sample with DMF. Interestingly, ZIF-7 can be totally modified to ZIF-62 in
DEF, whereas ZIF-zni, the most dense phase of [Zn(Im),] composition as mentioned
in Chapter 3, was formed together with the initial ZIF-7 phase with the assisted solvent
of MeOH.

Table 7-2 Compositions of the PSM samples with different types of solvents, quantified by
Rietveld refinements of the PXRD patterns in Figure 7-4.

Solvent Composition/% Ruwp /% Ry 1% Rbrage /%
ZIF-7 ZIF-62  ZIF-zni ZIF-7  ZIF-62
DMF 47.19 52.81 - 6.99 1.97 5.44 5.44 4.55
MeOH 46.22 - 53.78 10.77 2.71 8.09 8.55 4.64
EtOH 67.70 32.30 - 17.75 4.65 9.88 6.17 8.83
n-PrOH 53.50 46.50 - 8.84 2.40 6.68 3.84 3.80
n-BuOH 85.20 14.80 - 12.31 3.14 9.63 6.49 7.02
DEF 1.01 98.99 - 18.38 4.69 7.79 5.64 7.16

Alternatively, solvothermal post-synthetic modification of ZIF-7 by imidazole was
also performed in DMF and n-BuOH (Figure 7-5) The experimental process is: As-
evacuated ZIF-7 crystal (90.5 mg, 0.3 mmol) and imidazole (81.7 mg, 1.2 mmol) were
dissolved in 10 ml DMF or n-BuOH in a glass vial, which was later heated to 130 °C
for 48 hours for ligand exchanges. According to the PXRD patterns of the modified
sample in DMF, the product is verified as (ZIF-7)247(ZIF-62)753 (Rwp = 11.45 %,
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Rp =9.04 %, RBragg-ZlF-7 =5.84 %, RBragg.ZIF.62 =7.10 %, )(2 = 192) This COl’IlpOSitiOIl
has a larger amount of the new phase (ZIF-62) than the ZIF-PSM sample via
mechanochemical approach. However, the solvothermal modified sample in n-BuOH
only shows the parent ZIF-7 phase, demonstrating no linker exchange after
modification. The results in Figures 7-4 and 7-5 show the significant influence of the
types of assisted solvents on the products after modification. Solvents such as DMF,
DEF, n-PrOH, and MeOH are suggested to be good structure-directing templates with
regard to the modification in ZIFs.

Salvothermal PSM

ZIF-7-PSM-DMF

ZIF-7-PSM-n-BuOH

Intensity (A. U.)

10 : 20 ' 30 : 40
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Figure 7-5 PXRD patterns of modified ZIF-7 by imidazole with DMF and n-BuOH using
solvothermal method.

The rule of mechanochemical modification has been demonstrated that only ligands
with lower basicity can be readily substituted by ones with higher basicity (141). Since
the pK, value of imidazolate (C3H3Ny") is also larger than that of 2-methylimidazolate
(2-mIm) and 2-ethylimidazolate (2-eIm), the mIm and elm ligands in ZIFs should be
exchanged by Im. As a comparable study, mechanochemical modifications on ZIF-8
[Zn(mIm),] and ZIF-14 [Zn(elm);] by imidazole were also conducted (Figure 7-6).
As a result, both modified samples are assigned as the ZIF-zni phase. That is, the
organic ligands in ZIF-8 and ZIF-14 were fully substituted by imidazole during
modification. This phenomenon is not observed in the case of the PSM on ZIF-7, in
which the composite does not show the formation of ZIF-zni. The difference of the
PSM products on ZIF-7 and ZIF-8/ZIF-14 could be connected to the spatial topologies
(phenyl group in ZIF-7) and/or the potential energy barriers between the preliminary
and modified frameworks. The ZIF-zni from PSM of ZIF-8 and ZIF-14 is not further
characterized in the present work, as this phase has been well investigated in literature
(5,19,31,57,142).
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Figure 7-6 PXRD patterns of as-synthesized and modified ZIF-8 (a) and ZIF-14 (b) by
imidazole for 60 minutes with 75 uL. DMF.

7.2. GLASS FORMATION AND STRUCTURAL EVOLUTION
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Figure 7-7 (a) Heat flow of ZIF-7, ZIF-62, mixture (ZIF-7)(ZIF-62)(50/50), ZIF-PSM crystal
and arZIF-PSM. Upscan rate: 20 K min”'; (b) PXRD patterns of ZIF-7, ZIF-62, (ZIF-7)(ZIF-
62)(50/50) and ZIF-PSM samples after preheated at 500 °C.

Thermodynamic response of the ZIF-PSM sample, pure phase of ZIF-7 and ZIF-62,
and the physical mixture of ZIF-7 and ZIF-62 (50/50) (by mortar and pestle), was
probed by DSC and TGA (Figure 7-7a). Broad endothermic peaks at ~250 °C on all
DSC upscans of the crystals are ascribed to the desolvation of DMF. Crystalline ZIF-
7 shows an endothermic peak at 460 °C, corresponding to the polymorphic transition
from narrow-pore (np) phase to large-pore (Ip) phase (101,143), and ZIF-62
undergoes a melting process at 440 ‘C with the enthalpy of fusion (AHy) of 9.0 J ¢!
upon heating. The heat flow curve of the mixture ZIF-7/ZIF-62 (50/50) shows the
thermodynamic features of both phases. An endothermic peak at 440 °C is noticed
with the enthalpy absorption of 4.4 J g*!, almost half of AH¢ of ZIF-62. This peak is
assigned as the melting of ZIF-62, and hence the heat response of polymorphic
transition of ZIF-7 in the mixture is not detected. The DSC upscan of the ZIF-PSM
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crystal, however, shows no thermal response in the temperature range of 300-500 °C.
This different thermodynamic response suggests the structural differences of the ZIF-
PSM sample and the physical mixture of ZIF-7 and ZIF-62. It implies that the two
phases in ZIF-PSM are chemically bonded around their interfaces.

To explore structure changes after heat treatments, PXRD patterns of the samples after
heating to 500 °C were measured (Figure 7-7b). The structures of ZIF-7 and ZIF-62
at 500 °C are assigned as crystalline lp-ZIF-7 and ZIF-62 glass (agZIF-62),
respectively (10,143). The preheated mixture turns into mixed phases of ZIF-62 glass
and lp-ZIF-7 crystal as expected. However, the PXRD pattern of the ZIF-PSM sample
shows no Bragg peak but only a broad hump at 20 = 18°, revealing its amorphous
feature. The composite ZIF-PSM is hence regarded as a glass former, and this
amorphous sample cooled from 500 °C is denoted as arZIF-PSM hereafter.

ZIF-PSM
600 °C

o
(=2

ZIF-PSM @ %OO °C

M
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< | \ N <
S ——— >
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Figure 7-8 (a) Ex-situ PXRD measurements of the ZIF-PSM sample preheated at different
temperature. (b) A comparison of the PXRD patterns of ZIF-7 and ZIF-PSM at room
temperature and preheated at 600 °C. The star indicates the ZnO phase.

Ex situ variable-temperature PXRD results of the ZIF-PSM (Figure 7-8a) show that
the ZIF-PSM gradually becomes amorphous after preheated at 400 °C, which is
probably attributed to the vitrification of the ZIF-62 phase. The thermal stability of
atZIF-PSM up to ca. 600 "C, with the appearance of the ZnO phase. With regard to
the high thermal stability of the parent ZIF-7 phases, ZIF-7 was preheated to 600 °C,
and the initial phase becomes crystalline Ip-ZIF-7 phase without amorphization or
decomposition (Figure 7-8b).

DSC upscan of arZIF-PSM exhibits a glass transition peak with the characteristic
temperature (7,) of 253 °C (Figure 7-7a). This T; is far below the one (7,=320 °C) of
the a,ZIF-62 (Figure 4-1b), indicating that the arZIF-PSM is thermodynamically
different from the a,ZIF-62 due to the ZIF-7 phase. Elemental analysis (Table 7-3)
and 'H liquid-state NMR results (Figure 7-9) show few differences between the
crystalline ZIF-PSM and the amorphous atZIF-PSM. That is, the aromatic rings in
the framework remains intact after amorphization.
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Figure 7-9 Liquid-state '"H NMR spectrum of the arZIF-PSM digested in DCl/D20/DMSO-ds.
Peak assignments: 9.45 (s, 1H): NCHN (bIm); 8.92 (s, 1H): NCHN (Im); 7.75 (dd, J = 6.1, 3.1
Hz, 2H): NCCH (bim); 7.49 (s, 2H): NCHCH (Im); 7.47 (dd, J = 6.1, 3.1 Hz, 2H): NCCHCH
(bim).

Table 7-3 Elemental analysis of the ZIF-PSM and arZIF-PSM (based on the composition of
(ZIF-7)47.2(ZIF-62)s2.5, ZIF-7: ZnC14H10Ny; ZIF-62: ZnC7He.5N4)

C /% H /% N /%
ZIF-PSM
Calculated 48.16 3.72 22.67
Found 50.62 3.25 21.15
atZIF-PSM
Calculated 47.42 3.22 22.78
Found 50.67 2.62 21.22

7.3. MORPHOLOGY AND MECHANICAL PROPERTIES

The morphology and the mechanical properties of the modified framework is
discussed in this section. SEM measurements were performed to probe the
morphology before and after PSM (Figure 7-10). The morphology of crystalline ZIF-
7 is consistent with the simulated one. The ZIF-7 and ZIF-62 phases in the physical
mixture are well separated (not shown here), whereas the morphology of the ZIF-PSM
only shows smooth edges among planes (Figure 7-10b). The particle shapes of the
ZIF-PSM heritage the ZIF-7 crystals before modification, though they are keen to
agglomerate together. The partical sizes (~300 nm) become smaller after
mechanochemical PSM. By preheating the ZIF-PSM at 500 °C, the arZIF-PSM shows
smooth and round-like morphology, as an indicative of the flowing surface (Figure
7-10c). It would be mostly ascribed to melted ZIF-62.
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Figure 7-10 SEM micrographs of (a) ZIF-7, (b) ZIF-PSM, and (c) arZIF-PSM. Scale bar: 500

nm.

Before the experiments, the two phases of the ZIF-PSM is anticipated to be connected
in one of the following modes: (1) it is a core-shell structure with the parent ZIF-7
phase inside covered by the ZIF-62 shell; (2) the parent ZIF-7 nanoclusters as droplets
are surrounded by ZIF-62 phase as a matric, like a chocolate cookie; (3) the two phase
are randomly allocated and chemically interconnected around the interface. Although
core-shell and droplet-matric structures are normally verified by SEM and TEM
images in literature (144—148), the two phases with obvious interfaces cannot be
observed in the present work. It could be ascribed to: (1) There is only one type of
metallic elements (Zn) before and after modification, therefore EDS or BSE mode
cannot tell the two different phases from microscopic images; (2) The morphology of
the ZIF-PSM is hardly well-shaped after the collisions by ball-milling. It is
unfortunately hard to draw a conclusion which one of the three assumptions is the
mode in ZIF-PSM based on Figure 7-10. Nevertheless, the morphological changes
from ZIF-PSM to arZIF-PSM suggest the interaction of the two phases among the
particles, and it is consistent with its amorphous feature from the PXRD results in
Figure 7-7b.
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Figure 7-11 (a) Load-displacement curve from nanoindentation measurement of the arZIF-
PSM. Inset: E-H relationship of ZIF-7, acZIF-62 and arZIF-PSM (10,57). (b) Elastic modulus
(E) and hardness (H) as a function of indentation depth of arZIF-PSM. Error bars come from
the standard deviation of 26 measurements.

Nanoindentation measurements were performed to probe the mechanical properties of
the arZIF-PSM (Figure 7-11). The hardness of arZIF-PSM (0.70 GPa) is slightly
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larger than the values of ZIF-7 crystal and ZIF-62 glass (Figure 7-11a inset).
Comparing the hardness with that of the a,ZIF-62, ZIF-7 phase increases the
resistance of plastic deformation, leading to the increase of the hardness of the atZIF-
PSM. However, the elastic modulus value of the atZIF-PSM is more or less the same
as the ones of ZIF-7 crystal and ZIF-62 glass. It is noteworthy that due to the very
limited size, it is not possible to measure the mechanical properties of the ZIF-PSM
via nanoindentation method.

In addition, the densities of the ZIF-PSM and the atZIF-PSM determined from helium
pycnometry are 1.520 (5) g cm™ and 1.558 (2) g cm?, respectively. Both values lies
in between the densities of ZIF-7 (1.467 g cm?, this work) and a,ZIF-62
(1.566 g cm, from (10)). On the other hand, the density of ZIF-7/ZIF-62(50/50)
mixture is measured as 1.484 g cm™, smaller than that of ZIF-PSM. In addition, the
density of arZIF-PSM is more closer to the value of a,ZIF-62. Both comparisons
suggest that the two phases in the composite are densely packed in both crystalline
and amorphous state.

7.4. POROSITY OF A{ZIF-PSM
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Figure 7-12 (a) N2 absorption-desorption isotherms of ZIF-7 crystal, ZIF-PSM, and arZIF-
PSM at 77 K. Solid points: Absorption; Open points: Desorption. (b) Relations between BET
surface area from N2 uptake measurements and pycnometric density of some amorphous MOFs
(10,19).

One of the crucial motivations of the present work is to improve the porosity of MOF
glasses. N> uptake isotherms were carried out on ZIF-7 crystal, ZIF-PSM, and
arZIF-PSM at 77 K, all of which show type-I behaviour with permanent accessible
porosities (Figure 7-12a). The low N> uptakes of ZIF-7 are ascribed to its narrow pore
which is only favourable of guest molecules with small kinetic diameters. This has
been manifested in literature that ZIF-7 could demonstrate large amount of CO»
uptakes rather than Ny, because of the smaller molecule size of CO, (3.3 A) than N,
(3.64 A) (149-151). After modified by imidazole, ZIF-PSM exhibits a surface area as
71.8 m? g'! based on N, absorption using the BET method. This surface area is higher
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than the value of ZIF-7. Considering that crystalline ZIF-62 has almost no porosity
(152), this large surface area of ZIF-PSM can be only attributed to the pores of
ZIF-7. The ZIF-7 framework in ZIF-PSM is presumably constricted by the ZIF-62
phase, leading to opening the gates for the access to large molecules such as N,. The
surface area of the arZIF-PSM derived from N absorption isotherms decreases to
23.8 m? g'!. In the light of no porosity in a,ZIF-62 (10), the pore and surface area in
atZIF-PSM are benefited from the gate-opening ZIF-7 phase. Although the surface
area decreases due to the collapse of the framework during vitrification, this value is
still larger than most of the reported amorphous MOFs, especially those activated by
temperature (Figure 7-12b). The relatively high porosity of the arZIF-PSM is also
connected with its low pycnometric density when comparing with other amorphous
ZIFs. To sum up, this thermal-induced amorphous MOF obtained via PSM possesses
a larger porosity than the reported ones, which is ascribed to the retention of the stable
parent phase (ZIF-7) after modification. The results in Figure 7-12 demonstrate that
modified MOFs can facilitate the retention of the porosity even after amorphization.

7.5. STRUCTURAL FEATURES OF A:ZIF-PSM
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Figure 7-13 Synchrotron radiation far-infrared (SR-FIR) spectra of ZIF-7 crystal, ZIF-7/ZIF-
62 (50/50) mixture, ZIF-PSM and arZIF-PSM.

Structure features of the composite ZIF-PSM and the amorphized arZIF-PSM were
probed by using synchrotron radiation far-infrared (SR-FIR) spectroscopy, which has
proved to identify the structural instability of crystalline and amorphous ZIFs
(30,153). Note that this is the only experimental result with the assist of collaborators
in this Chapter, while other results and all analysis are carried out by the author
independently. As shown in Figure 7-13, the characteristic two peaks in the range of
260-330 cm’! are assigned as the vibration modes of tetrahedral N-Zn-N bond
stretching (153). The spectra of composite ZIF-PSM and the ZIF-7/ZIF-62 (50/50)
mixture are compared and discussed. Although the positions of the two vibrational
modes in the purple region in Figure 7-13 do not shift significantly, the intensity of
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the two peaks is almost equivalent in the ZIF-PSM spectrum. However, these
observations show differently in the spectrum of the mixture. This difference again
verifies that the ZIF-7 and ZIF-62 phases in ZIF-PSM are chemically coordinated
rather than physically mixed. Taken the peak at 430 cm™! as a reference, the intensity
of the peaks in the range of 630-680 cm™! in the ZIF-PSM pattern is stronger than the
mixed one, an indicative of a stronger response of aromatic ring deformation in the
composite ZIF-PSM (30,153). Few differences are observed on the arZIF-PSM
spectrum compared to the ZIF-PSM one, except the loss of the peak at 350 cm™!, which
corresponds to the vibrational motions of organic linker twisting. Remarkably, the
vibrational motions related to the ring bending and pore breathing giving the peaks at
145 cm! and 225 cm! can still be detected in arZIF-PSM (153). The SR-FIR results
structurally confirm the porosity in arZIF-PSM with regard to the discussion of Figure
7-12.

7.6. SUMMARY

In this Chapter, post-synthetic modification (PSM) of ZIF-7 by imidazole is
systematically investigated. The modified product is verified to be composed by the
initial ZIF-7 phase and modified ZIF-62 phase. The constituent of this ZIF-PSM
composite shows weak dependence on the modification time and the amount of
assisted solvent (DMF). However, the types of solvents strongly influence the phases
of the modified products. The ZIF-PSM can be thermally driven to the amorphous
counterpart arZIF-PSM at 500 °C, of which the calorimetric behaviour differs from
the ZIF-7/Z1F-62 (50/50) mixture. As the motivation in enhancing the porosity of
amorphous MOFs, this obtained arZIF-PSM comparably shows accessible porosity,
and relatively large surface area with a low pycnometric density. SR-FIR results of
atZIF-PSM demonstrate the vibrational modes associated with ring bending and pore
breathing, verifying the retention of the pores in ZIF-PSM after amorphization.
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CHAPTER 8. CONCLUSIONS AND
PERSPECTIVE

8.1. CONCLUSIONS

Although metal-organic frameworks (MOFs) have been extensively investigated,
amorphization and glass formation of MOFs are discovered very recently. This new
cutting field connects the scientific fields of materials chemistry including materials
design for new structures and functionalities, and the amorphous physics such as
applicability of the classic condensed matter theories. In this thesis, the following
three aspects of the research related to amorphization and glass-forming MOFs are
facilitated and developed: (1) Probing crystalline MOF synthesis influence on MOF
amorphization (Chapter 3); (2) Understanding the physical properties of amorphous
MOF with regard to dynamic relaxation, melting, glass transition, and phase
transformation (Chapters 4 and 5); (3) Exploring and promoting the practical
applications of MOF glasses (Chapters 6 and 7). Highlights are summarized as
follows:

As ZIF-4 [Zn(Im).] with cag topology was the first reported MOF glass, the influence
of synthesis time and temperature on the crystal formation of ZIF [Zn(Im);] isomorphs
was systematically investigated via solution mixing method (Chapter 3). The
synthesis time significantly affects the crystal identity of ZIF [Zn(Im)], whereas the
varying synthesis temperature only influences the morphologies and porosities but not
the crystal identity. The large surface area (>500 m? g") of ZIF-zec and ZIF-nog is
revealed. Both phases can be melt-quenched to MOF glasses before amorphized and
recrystallized to ZIF-zni upon heating, as the case of ZIF-4.

With the aim of understanding the physical properties of MOF glasses, sub-T,
enthalpy relaxation of ZIF-62 glass is investigated (Chapter 4). The long relaxation
time in the vicinity of 7, and the wide range of the stretching exponent indicate the
high degree of structural heterogeneity in a;ZIF-62. Glass forming ability of a number
of MOF candidates is also studied (Chapter 5). Most candidates decompose directly
with no melting process upon heating. Fortunately, ZIF-76 and the isomorph
ZIF-76-mblm show the melting behavior, with the 7,5 of a,ZIF-76 and
agZIF-76-mblm at 310 °C and 317 °C, respectively. Both phases are first discovered
to be good MOF glass formers. Moreover, the glassy a,ZIF-76-mblm exhibits
permanent accessible porosity with reversible CO, and CH4 uptakes, which opens a
new category of porous glass materials. In addition, a Zr-based MOF, DUT-67, shows
an irreversible first-order phase transformation at 230~260 “C upon heating, with an
average activation energy of 183 kJ mol!. During the phase transformation, the
preliminary network gradually becomes disordered, resulting in the enthalpy release.
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Simultaneously, the new crystalline phase formed after desolvation is preserved,
contributing to the retention of the pores for N> and CO; absorption.

Motivated by facilitating the application of MOF glasses, two areas of studies a
conducted as discussed in Chapters 6 and 7. First, ZIF-4 and ZIF-62 phases are
revealed to be well blended in liquid or amorphous state (Chapter 6), which develops
the approach to tune the functionalities of MOF glasses by blending with another
phase. Another mission is to improve the porosity of amorphous MOFs, especially the
thermally induced ones. In Chapter 7, post-synthetic modification method was applied
on ZIF-7 modified by linker exchange of imidazole. A composite ZIF-PSM composed
by half of ZIF-7 and half of ZIF-62 is obtained, which is difficult to be de novo
synthesized. The ZIF-PSM is kinetically stable as verified by a series of products, and
can be thermally amorphized to atZIF-PSM at 500 °C. The surface area of the
atZIF-PSM is larger than the reported values of thermal-driven amorphous MOFs.
The retention of the pores in the arZIF-PSM is manifested by the SR-FIR results.

8.2. PERSPECTIVE

The outcomes of this thesis suggest the following research projects for future
investigations.

With regard to the amorphous features, some theories for glasses, such as the
constraint theory and thermodynamic and relaxation models, can be applied to MOF
glass formers to understand the disordered structure. MOF glasses and ultrastable
glasses may share structural similarities due to their high thermal stability. A recent
study manifested that thermal-driven, ball-milling, and melt-quenching amorphous
ZIF-4 samples showed no significant difference in structures by PDF and simulation
results (22). We reckon that statistical approaches such as calorimetry or dynamical
mechanical analysis could shed lights on the differences of the amorphous MOFs
obtained from different routes. Certainly, glass forming ability of most MOFs is still
under exploration. With the studies of more glass formers, mechanisms for melting
and glass formation of MOFs would be facilitated.

To develop MOF glasses with enhanced properties, liquid blends of various types of
MOF are worthy investigating. Blends in ZIF-62/UiO-66 and ZIF-62/MIL-53 have
been studied, and the related results will be submitted to relevant journal soon. As
a,ZIF-76-mblm and atZIF-PSM show accessible porosities, MOFs with complex
structures, such as ones with three types of organic ligands, could be perhaps vitrified
with the retention of pores. In addition, for the purpose to facilitate applications of
MOF glasses on membranes or in liquid, it is essential to investigate the chemical
durability of MOF glasses in acidic and alkaline environment.
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ARTICLE INFO ABSTRACT

Keywords:
Zeolitic imidazolate framework
Synthesis conditions

We study the effect of synthesis time and temperature on the crystal formation, morphology and size of zeolitic
imidazolate frameworks (ZIFs) with the Zn(Im), composition by using the solution mixing method. The crystal
structure, morphology and thermodynamic properties of the ZIFs were characterized by powder X-ray diffrac-

Morpl?ology tion, scanning electron microscopy and nitrogen sorption isotherms. Our results indicate that the synthesis time
if(r):snly significantly influences the structure and topology of crystal products. The crystal structure transforms from ZIF-
glass

coi to the progressively denser polymorphs (ZIF-zec, ZIF-nog and ZIF-zni) upon increasing synthesis time from
18 to 120 hours at 10 °C, in accordance with Ostwald's step rule. Increasing synthesis temperature does not
change the formation of the ZIF-zec crystals but affects their morphologies and porosities. Both ZIF-nog and ZIF-
zec exhibit relatively large surface areas (> 500 m?/g). Furthermore, heating ZIF-nog and ZIF-zec causes re-
crystallization to ZIF-zni and subsequent melting. Quenching the MOF-liquid results in Zn(Im), glass. This work

helps to understand and control the crystal formation of ZIFs, and reveals two new MOF glass formers.

1. Introduction

Zeolite imidazolate frameworks (ZIFs), a subset of metal-organic
frameworks (MOFs), have attracted attention owing to their high
thermal stability, chemical stability and surface area compared to many
of other MOFs [1,2]. Such characteristics have led to potential appli-
cations in gas storage [3-6], separation [7-9], catalysis [10,11] and
chemical sensing [12-14]. ZIFs have extended three-dimensional
structures with tetrahedral topologies, which are built up by metallic
nodes (M = e.g. Zn*>*, Co®*, Cu®>*, Cd**) connected by imidazolate
(Im, C3H3N; ™) linkers [1,15]. Polymorphism in the family has been
extensively observed [16], and, like across the MOF family [17], syn-
thetic conditions such as synthesis time, temperature, concentration
and pressure are used to control the precise nature of the formed
polymorphs [18-20].

For example, it has been observed that the mechanochemical
synthesis of ZIF-8 causes amorphization [21], before subsequent re-
crystallization to dense polymorphs with the dia or kat topologies [22].
A second in-situ study shows that Im or 2-ethylimidazole based ZIFs also
undergo polymorphic transitions, and the solvent amount influences
the dynamics of the formation of the ZIFs [23]. The crystal size and

* Corresponding author.
E-mail address: yy@bio.aau.dk (Y. Yue).

https://doi.org/10.1016/j.micromeso.2018.01.038

morphology of the polymorphs formed are also of great importance,
with respect to their proposed applications. For instance, the gate
opening pressure in a porous and flexible framework, DUT-8, is sig-
nificantly influenced by the crystal size [24].

The effect of synthesis conditions on the ZIF structure, however, has
not been fully understood. ZIF-4 [Zn(Im),], which possesses the same
cag topology as the mineral variscite CaGa,Oy, is of current interest due
to its structural collapse [25]. In particular, it has been observed to
undergo polyamorphization, recrystallization and melting before de-
composition upon heating. The glass formed by quenching the ZIF-4
liquid is the first-reported hybrid glass in contrast to the conventional
melt-quenched glass families (inorganic, metallic, organic systems)
[26,27]. Other [Zn(Im),] polymorphs possess different network topol-
ogies, such as cag, coi, crb, dft, gis, mer, nog, zec and zni [16], and
have been found to display an array of different behaviours on heating
[28,29]. Calorimetric and computational studies have ordered these
polymorphs in terms of density and enthalpy relative to the zni ground
state [30-32], though a synthetic study of their formation conditions
has, to the best of our knowledge, not yet been attempted.

Accordingly, here we study the influence of the synthesis conditions
(time and temperature) on the crystal formation of ZIFs with the Zn
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(Im), composition, by using a solution mixing method. Specifically, we
found that at the synthesis temperature of 10 °C, different synthesis
times lead to products with different topologies, whereas altering the
synthesis temperature from 10 to 35°C only affects the crystal
morphologies and porosities of the products but does not change the
crystal identity (ZIF-zec). As part of the study, we obtained two types of
ZIFs, namely, ZIF-zec and ZIF-nog, and their glass-forming ability has
not been reported. Powder X-ray diffraction and calorimetric results
demonstrate that both undergo amorphization and recrystallization to
ZIF-zni upon heating, and vitrification upon quenching as in the case of
ZIF-4.

2. Experimental procedure
2.1. Synthesis

A solution mixing method was used to synthesize ZIFs with the Zn
(Im), composition in the present work [33]. In all synthetic procedures,
1.097 g of zinc(II) acetate dihydrate (Zn(Ac),*2H,0, 5 mmol) was dis-
solved in 25 mL of n-propylamine, and 681 mg of imidazole (10 mmol)
was dissolved in 25 mL of N,N-diethylformamide. The zinc acetate and
imidazole solutions were then mixed together with magnetic stirrer
(~600rpm). Details of the synthesis time and temperature of each
samples are given in Table 1. Colourless products were washed three
times with dichloromethane and then the samples were filtered in va-
cuum with ceramic filters. The obtained products were dried in fume
hood at room temperature (~23°C) overnight. The yields of product
from each synthesis process were calculated according to the molar
ratio of zinc, as given in Table 1.

2.2. Characterization

Powder X-ray diffraction (PXRD) measurements of the samples were
performed on a PANalytical empyrean X-ray diffractometer with Cu Ka
(A = 1.5406 A) radiation. The PXRD patterns were collected in the 26
range of 5-50° with a step size of 0.013°. Thermodynamic properties
were determined by differential scanning calorimetry (DSC) and ther-
mogravimetry (TGA) using Netzsch STA 404 C upon heating in argon
atmosphere. The upscan rate for all DSC and TGA measurements was
10 K/min. Scanning electron microscopy (SEM) measurements were
conducted using Zeiss EVO 60 SEM. For observations, samples were
coated with a ~15nm thick gold layer. Surface area and nitrogen ab-
sorption-desorption isotherm measurements were performed using a
Micrometrics gas-volumetric apparatus (ASAP 2020) at liquid nitrogen
temperature (77 K). Samples were degassed for 4 h at 30 °C and then
under vacuum for 12hat 100 °C before starting the absorption mea-
surements up to a maximum pressure of 1bar. Densities were de-
termined by using a Micromeritics AccuPyc 1340 helium pycnometer.
Liquid-state 'H nuclear magnetic resonance (NMR) spectra of digested
ZIF-nog and ZIF-zec crystals and glasses (DCl/D,O0/DMSO-ds) were
recorded on a Bruker DPX600 Advance spectrometer operating at a
frequency of 600 MHz. Fourier transform-infrared (FTIR) spectra of the

Table 1
Synthesis conditions, topology, space group, and yield of the product of each process.

Sample No. Time/hour Temp/°C Topology Space group Yield/%
S1 0.083 23 amorphous - 41
S2 18 10 coi + cag I14,+P bca 44
S3 24 10 zec C2/c 50
S4 48 10 nog P2;/n 48
S5 120 10 zni I4;cd 66
S6 24 15 zec C2/c 47
s7 24 23 zec C2/c 50
S8 24 30 zec C2/c 92
S9 24 35 zec C2/c 58
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Fig. 1. Experimental and simulated (black) PXRD patterns of the samples S1-S5 obtained
after different synthesis time and simulated spectra. Synthesis durations: (a) 0.083 h; (b)
18h; () 24 h; (d) 48 h; and (e) 120 h.

ZIF-nog and ZIF-zec samples were performed on a Varian 640 IR
spectrophotometer in transmittance mode with the KBr technique
(KBr:sample = 100:1).

3. Results and discussion
3.1. Influence of the synthesis time on the crystal formation

The synthesis of ZIFs [Zn(Im),] was conducted by employing
synthesis durations from 0.083 to 120h at 10°C. The powder X-ray
diffraction patterns are presented in Fig. 1, from which the different
identities of the products were elucidated. Fig. 1(a) shows a broad
hump at ca. 15° on the PXRD pattern, indicating the amorphous feature
of S1. This suggests that a synthesis time of 0.083 h is not enough for
the nucleation of a crystalline region. In Fig. 1(b)-(e) clear Bragg peaks
are observed, demonstrating that the S2-S5 samples have crystalline
structures. The crystal identity of each sample is assigned by comparing
the experimental spectra with the simulated ones. S2 synthesized for
18 is therefore assigned as mixed phases of ZIF-4 (cag topology) and
ZIF-[Zn(Im),]-coi (CCDC code: EQOCOC) [1,33]. With an increase of
the synthesis time, the crystal topology transforms to ZIF-[Zn(Im),]-zec
(HICGEG) and to ZIF-[Zn(Im),]-nog (HIFWAV), corresponding to the
synthesis durations of 24 and 48 h, respectively [33]. Additionally, li-
quid-state '"H NMR spectra also confirm the presence of the imidazole
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Fig. 2. SEM micrographs of S1-S5 from left to right. Each scale bar
corresponds to 10 pm.

§5-120 h

54-48 h

ligand in the two frameworks (See Figs. S1-S2). To make their crystal
names convenient, we omit their composition ([Zn(Im),]) hereafter,
and name the crystals according to their topologies, e.g ZIF-zec and ZIF-
nog [16]. Furthermore, the 120-h synthesis was performed and S5 was
obtained. The PXRD pattern of S5 signifies its crystalline structure as
ZIF-zni, the most thermodynamically stable of the ZIFs family [32].

Crystal morphologies were characterized by SEM, and micrographs
of representative particles of S1-S5 are shown in Fig. 2. Particles of S1
are ill defined, and their average size is smaller than 1 um. The SEM
micrographs of S2-S5 present clear edges and planes, indicating the
crystalline features of these samples. In details, the micrograph of S2
shows that the morphology of S2 has a rod-like shape with a particle
size range of 5-20 um. The S3 sample presents agglomerated crystals
with an octahedral-like shape of 2-5um. The morphology of S4 de-
monstrates that ZIF-nog crystal has a needle-like shape, associated with
its simulated morphology from its crystallographic information [33].
Upon 120h synthesis, the ZIF-zni has a morphology aggregated by
granual-like particles with a size of 5-10 um. The phase transformation
with synthesis time can be related to the Ostwald's rule of stages, in
which the least stable crystals form first, and then subsequently trans-
form to metastable and stable polymorphs [34]. Figs. 1-2 indicate that
synthesis time has a great influence on the crystal formation of ZIFs [Zn
(Im)].

3.2. Influence of the synthesis temperature on the crystal formation

Compared to the kinetic influence on the crystal formation by al-
tering the synthesis time, thermodynamic factors for ZIF synthesis can
be studied by changing the synthesis temperature. Since ZIF-zec is the
first monocrystalline product we obtained by prolonging the synthesis
time from 18 to 24 h at 10 °C, it is regarded as a kinetically stable to-
pology. Taken ZIF-zec as an example, we explore the effects of synthesis
temperature on the crystal formation of ZIFs [Zn(Im),].

Samples S6-S9 were obtained by increasing the synthesis tem-
perature from 15 to 35°C for the synthesis time of 24 h. The PXRD
patterns for those samples and S3 synthesized at 10 °C are shown in
Fig. 3. Rietveld refinements of the PXRD data in Fig. 3 confirm the
identity of all as ZIF-zec (Fig. S5). The PXRD patterns of S3 and S6
suggest that they are slightly less crystalline considering the lower

Synthesis
Temperature

Intensity (A. U.)

Simulated ZIF-zec

10 20 30
20(degree)

Fig. 3. Experimental PXRD data of samples S3 and S6-S9 synthesized at different tem-
perature for 24 h. Simulated XRD pattern of ZIF-zec is shown in black.

40

59

intensity of their Bragg peak at 260 = 5.64° associated with the (1 1 0)
plane. Fig. 4 shows that ZIF-zec is thermodynamically stable and the
crystal phase is not sensitive to the synthesis temperature.

SEM micrographs of samples S6-S9 are presented in Fig. 4. The
micrographs of S6, S8, and S9, corresponding to the synthesis tem-
perature of 15, 30, and 35 °C, respectively, show rice-like shapes in
aggregated particles with about 2-5 pm. Their morphologies are also
similar to that of S3 obtained at the synthesis temperature of 10 °C
(Fig. 2). The S7 sample, however, shows a brick-like morphology and
has a relatively large particle size without aggregation (~5um). To
compare their morphology, cell volume and crystal size of each sample
are calculated through the Rietveld refinements and the Scherrer
equation, respectively (Table S1). It is seen that S7 has the largest
average crystal size of 261.6 nm, whereas other samples only have the
average crystal sizes of 65-115 nm, in accordance with the SEM results.
That is, both the SEM morphologies and the calculated crystal size
demonstrate that S7 synthesized at 23 °C has a relatively larger particle
size compared to other ZIF-zec samples.

3.3. Porosity of samples

Nitrogen absorption measurements on all samples were carried out
to study the porosity and pore size of the samples. Fig. 5 shows the
nitrogen absorption-desorption and pore size distribution results of
S1-S9. Nitrogen absorption isotherms of all samples show a typical
type-I behaviour. Brunauer-Emmett-Teller (BET) surface area, Lang-
muir model surface area, and micropore volume were determined from
the nitrogen absorption isotherms (Table 2). Densities of all samples
measured by a helium pycnometer are also given in Table 2. Only ZIF-
nog and ZIF-zec have a higher surface area (the pore size of ~1nm)
than the samples obtained for other synthesis time. Other samples show
almost no porosity according to the surface area and pore size dis-
tribution as shown in Fig. 5 (a) and (c).

The nitrogen absorption-desorption isotherms and pore size dis-
tributions of all ZIF-zec samples obtained at different synthesis tem-
peratures are plotted in Fig. 5 (b) and (d). All ZIF-zec samples have
relatively large surface area than samples S1, S2 and S5. However, the
surface area of the ZIF-zec samples varies with the synthesis tempera-
ture. S8 synthesized at 30 °C has the largest BET surface area (559 m?/
g) among all ZIF-zec samples. The BET values of S6 and S9 are also
relatively large, whereas S3 and S7 have comparably small surface area.
Fig. 5(d) shows that the amount of the pores with a size of ~1.1 nm in
S3 and S7 is less than that of other ZIF-zec samples. Furthermore, the
meso-pore sizes of S3 and S7 are around 1.6 and 1.8 nm, whereas the
other ones only have meso-pores with the size larger than ~1.8 nm.
Both the pore sizes and their distribution give rise to the small surface
area of S3 and S7. Fig. 5 demonstrates that the ZIF-zec samples syn-
thesized at different temperatures show a great difference in porosities
(pore size distribution and surface area). It has been reported that ZIF-4
with the cag topology has a BET surface area of ~300m?/g [24].
Compared to ZIF-4, ZIF-nog (S4) and ZIF-zec (S8) possess larger surface
area and may have a potential to be used for gas absorption in ZIFs with
the Zn(Im), composition.

Fig. 6(a) shows the synthesis temperature ~ time matrix for ob-
taining the polymorphs with various topologies. ZIF-zec and ZIF-nog
are obtained by prolonging the synthesis time, indicating that both
crystalline structures are more thermodynamically stable than ZIF-cag.
This is rationalized by considering the framework densities (T/V) of the
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Fig. 4. SEM micrographs of $6-S9 from left to right. Each scale bar
corresponds to 10 pm.

§9-35°C
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Desorption. (c) and (d): Pore size distribution.

Table 2

Specific surface area (BET and Langmuir methods), pore volume, N, uptakes (at P/P, = 0.9), and densities of samples S1-S9.

Sample No. Crystal Phases BET/m*g ' Langmuir/m?* g~ Micropore volume/cm® g~ * N, uptake/cm® g~ ! (STP) Density/cm® g~ *
1 Amorphous 16 23 0.012 9 1.648(8)

2 ZIF-coi + cag 13 19 0.009 6 1.630(6)

3 ZIF-zec 107 143 0.051 35 1.631(3)

4 ZIF-nog 571 754 0.229 179 1.608(10)

5 ZIF-zni 23 50 0.024 15 1.673(8)

6 ZIF-zec 471 625 0.205 149 1.610(5)

7 ZIF-zec 162 216 0.073 54 1.612(6)

8 ZIF-zec 559 738 0.249 179 1.607(6)

9 ZIF-zec 410 545 0.178 127 1.601(3)

ZIFs, i.e., the number of tetrahedral (T) per volume (V). As shown in
Fig. 6(b), the T/V value of 3.57 nm > places ZIF-nog between ZIF-zec
(T/V = 2.59-2.95nm %) and ZIF-zni (T/V = 4.64nm™ %), indicating
that the phase transformations of ZIFs with the increase of synthesis
time are consistent with the Ostwald's rule of stages [34].

3.4. Glass forming of ZIF-zec and ZIF-nog

The thermodynamic behaviour of the ZIF-nog, ZIF-zec and ZIF-zni

60

samples were characterized by DSC and TGA, and the structures at high
temperature were characterized by PXRD (Fig. 7, S6 and S7). The
structure of ZIF-nog was retained after heating to 543 K, after which an
exothermic peak followed by a broad endothermic peak around 600 K
indicates thermal amorphization, consistent with X-ray diffraction on a
sample cooled from 693 K and results on other polymorphs [27,28]. A
broad exothermic peak observed at the temperature range of 700-800 K
on the DSC upscan curve corresponds to recrystallization from the
amorphous ZIF to ZIF-zni, consistent with the PXRD pattern of the
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Table 3
Melting (Ty,) and glass transition (Ty) temperatures of the ZIF glasses, crystal porosity,
and the enthalpy of recrystallization (AH,.) and the heat of fusion (AHy) of the ZIF
crystals.

Sample Porosity/% Tm/K Ty/K To/Tm AH,/J g~ " AH/J g~ !
ZIF-zec 35.8 858 578 0.674 12.88 12.16
ZIF-nog 24.6 853 575 0.674 21.26 21.91
ZIF-zni 8.8 851 575 0.676 - 65.27
ZIF-zec glass
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Fig. 8. FT-IR spectra of ZIF-nog, ZIF-zec, ZIF-nog glass, and ZIF-zec glass.
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sampled annealed at 783 K. A subsequent sharp endotherm at 858K is
assigned to the melting of the zni phase, with an amorphous product
formed upon melt quenching. The glass transition upon reheating is
observed at 575K, similar to the thermodynamic behaviour of ZIF-4
[29]. Another polymorph, ZIF-zec, displays almost the identical ther-
modynamic behaviour as ZIF-nog upon heating, given in Fig. 7(a) and
Fig. S6. DSC results of ZIF-zni and the glassy ZIF-zni also show the si-
milar melting and glass transition behaviours as ZIF-nog and ZIF-zec in
Fig. 7(a). Note that the thermodynamic behaviour of the amorphous ZIF
(S1) is shown by the DSC curve, where a glass-transition like peak
appears, but no melting process is detected (Fig. S8).

Table 3 shows the glass transition and melting and temperatures (T,
and Ty,), crystallization enthalpy (AH,.) and fusion enthalpy (AHp) of
ZIF-nog, -zec and -zni. The melting peaks on the DSC upscan curves
(Fig. 7(a)) are attributed to melting of ZIF-zni, therefore the Ty, and T,
values of the three samples are similar. The AH,. of ZIF-nog and ZIF-zec
is identical to their AHy. The AH; of ZIF-zni is rather different among the
three samples. The smaller AH; of ZIF-nog and ZIF-zec implies that their
amorphous phases are not fully transformed into ZIF-zni, and hence,
less energy is needed during the melting stage.

Liquid-state 'H NMR and FT-IR measurements were performed to
compare the structures of ZIF-nog and ZIF-zec crystals and their glasses
(Figs. $1-S4 and Fig. 8). The 'H NMR spectra of the two glasses are
comparable to those of the crystals, indicating that the imidazolate li-
gand remains largely intact after vitrification in both samples. The peak
positions from FT-IR spectra of the glasses are also in good agreement
with those of the crystals. There is only a slight difference in the ratios
between the transmittance peaks in the range of 1500-600 cm ™' on the
FT-IR spectra, suggesting a small change of the stretching and bending
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of the imidazole ring after glass forming.
4. Conclusions

Synthesis time and temperature have pronounced effects on the
crystal formation, morphology and porosity of ZIFs with Zn(Im),
composition obtained by the liquid mixing method. Longer synthetic
time leads to denser polymorphs, which is consistent with Ostwald's
rule of stages. Nitrogen absorption-desorption results indicate that ZIF-
zec synthesized at 30 °C (S8) and ZIF-nog (S4) have larger surface area
(> 500m?/g) than ZIF-4. Furthermore, the thermodynamic behaviour
of the ZIF-nog and the ZIF-zec are studied. Both crystals undergo
amorphization, recrystallization to ZIF-zni and melting upon heating,
comparable to the phase transitions in ZIF-4. The structures between
the crystals and glasses are characterized by liquid-state 'H NMR and
FT-IR spectra.
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Table S1 Refinement parameters of PXRD patterns of S3-S9.

Sample No. 3 4 5 6 7 8 9

Rwp 2.45 5.227 5.281 3.155 2.836 2.508 3.607
Rp 1.74 2.93 3.45 1.94 1.94 1.70 2.01
gof 3.24 4.94 3.23 3.75 3.18 2.59 4.72
Rexp 0.76 1.06 1.63 0.84 0.89 0.97 0.76
R-Bragg 0.065 0.247 0.476 0.065 0.15 0.083 0.090
Crystal size /nm 93.7 185.4 69.2 66.4 261.6 70.9 113.5
Cell Volume/A®  15436.3 5597.5 6903.1 147742 13692.8 13553.5 15065.0
TV Inm?3 2.59 3.57 4.64 2.71 2.92 2.95 2.66
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In this work, we explore the thermodynamic evolution in a melt-quenched metal-organic framework
glass, formed from ZIF-62 upon heating to the melting point (T,,), and subsequent enthalpy relaxation.
The temperature dependence of the difference in Gibbs free energy between the liquid and crystal
states of ZIF-62 in the temperature range from the glass transition temperature (Tg) to T, is found to be
weaker than those of other types of glasses, e.g., metallic glasses. Additionally, we find that the stretched
exponent of the enthalpy relaxation function in the glass varies significantly (8 = 0.44-0.76) upon
changing the extent of sub-T, annealing, compared to metallic and oxide glasses with similar Tgs,
suggesting a high degree of structural heterogeneity. Pair distribution function results suggest no significant
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Introduction

Metal-organic frameworks (MOFs), or coordination polymers,
have been intensively investigated in recent decades owing to
their multiple functionalities and potential for applications
such as in gas absorption, catalysis and sensing.'™ Recently,
several members of the zeolitic imidazolate framework (ZIF)
family, a subset of MOFs, have been discovered to melt prior to
decomposition, and can be vitrified upon quenching.*® These
‘MOF-glasses’ are novel in the glass family and present a new
opportunity to explore one of the most complex problems in
condensed matter science, i.e., the mechanism of melting and
glass formation. A previous study demonstrated that the melting
temperature (7,,) and the interval between T, and decomposition
temperature depends on the identity of the framework forming
organic ligands.® However, further links between MOF-glasses and
classical glass theory, including the effect of defects, disorder and
flexibility upon T;, and Ty, have thus far not been made.”
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structural changes during the sub-Ty relaxation in ZIF-62 glass.

A study of the dynamic behavior of MOF-glasses is important
for understanding glass formation upon quenching in the super-
cooled MOF liquid temperature region, and also for exploring the
time dependence of the properties of MOF-glasses. Relaxation, a
universal dynamic feature of amorphous materials specific to
different glass-forming systems and linked to cohesive force and
bonding identity, is strongly connected with structural evolution
and macroscopic properties.'®"* For example, glass enthalpy and
stress generally decrease during isothermal relaxation below the
glass transition temperature (T), resulting in the enhancement
of plasticity and hardness of glasses after annealing."*™® Chen
et al. have shown that, together with the liquid fragility index (m),
the stretching exponent f plays a key role in determining the
relaxation dynamics in various types of glasses.'” The f value,
alongside the dependence of the Gibbs free energy on temperature,
is therefore a useful quantity in evaluating the relaxation behavior of
MOF-glasses. Additionally, structural evolution during relaxation in
glasses is generally difficult to detect and observe directly in
experiments due to the disordered nature of amorphous matter.

In this work, we explore the thermodynamic features of the
glass formed from ZIF-62 [Zn(Im), ;5(bIm), 5] (Im = imidazolate,
C;H;N, 5 bIm = benzimidazolate, C;H;N, ) (i.e. a,ZIF-62), and the
extent of enthalpy relaxation in the supercooled regime. The origin
of the high thermal stability against crystallization is discussed in
terms of the thermodynamic driving force (Gibbs free energy) of
nucleation in the glass state. The enthalpy relaxation of the glass
was investigated by determining the stretching exponent of
the Kohrausch function during sub-T, annealing at various
temperatures. Structural changes induced by sub-T; relaxation
were characterized by synchrotron X-ray total scattering.

Phys. Chem. Chem. Phys., 2018, 20, 18291-18296 | 18291
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Experimental
Sample preparation

ZIF-62 was synthesized by a solvothermal method,*'® in which
1.515 g Zn(NO3),-6H,0 (8 mmol), 7.35 g imidazole (108 mmol),
and 1.418 g benzimidazole (12 mmol) were dissolved in 75 ml
of dimethylformamide (DMF) and transferred into a 100 ml
glass jar. The jar was sealed tightly and heated to 403 K for 48 h
in an oven. After cooling to room temperature, colourless
prism-shaped ZIF-62 crystals were collected from the mother
liquid and washed with ~30 ml DMF three times and ~30 ml
of dichloromethane. The crystalline sample was characterized
before drying at 373 K under vacuum for 10 h. a,ZIF-62 was
obtained by heating crystalline ZIF-62 to 753 K at a heating rate
of 10 K min~", and then melt-quenching to room temperature
at 10 K min "' under an argon atmosphere. Annealed glasses
were prepared by heating the as-quenched glass to various
temperatures for various durations.

Characterization

Powder X-ray diffraction (PXRD) measurements were conducted
on both ZIF-62 crystalline and glass samples with a PANalytical
empyrean XRD using Cu Ko, radiation (2 = 1.54098 A). The
structural identity of the crystalline phase was confirmed by
comparing the experimental PXRD pattern to the simulated one
(Fig. 1a)."® The amorphous nature of the ZIF-62 glass was
verified by the absence of Bragg peaks in the collected diffraction
pattern (Fig. 1a). All thermodynamic measurements were per-
formed in a differential scanning calorimeter (DSC) (STA 449 F1
Jupiter, Netzsch GmbH). The crucibles for sample and reference
were both made of Pt/Rh. A baseline was used to correct the DSC
output of all measurements. The isobaric heat capacity (Cp)
curves (i.e. C, ~ T curve) of the samples were determined by
comparing their DSC output with that of a reference sapphire at
the upscan rate of 10 K min~'. The sample mass of ZIF-62 glasses
for DSC measurements was of the order of 15 mg. The mass
changes were recorded simultaneously during the DSC scans.

X-ray total scattering data were collected at the I15-1 beamline at
the Diamond Light Source, UK, at a wavelength of /. = 0.161669 A.
Data were collected in the region of ~0.4 < Q < ~26 A™". Finely
powdered samples of the melt quenched and annealed glasses were
loaded into 1.17 mm (inner diameter) borosilicate capillaries, and
data from an empty instrument and capillary were also collected for
use in background subtraction. Corrections for background,
multiple, container and Compton scattering, along with absorption
were performed using the GudrunX program.”**' The normalized
reciprocal space data were then converted to the pair distribution
functions (PDFs) via Fourier transform.

Results and discussion
Glass stability of ZIF-62

Crystalline and glass ZIF-62 samples were characterized using
PXRD and DSC (Fig. 1). A broad hump, i.e. diffuse scattering, in
the PXRD pattern of the glass at a d-spacing of 5.9 A (20 ~ 15°)
confirmed the glassy nature of a,ZIF-62. Fig. 1(b) shows the

18292 | Phys. Chem. Chem. Phys., 2018, 20, 18291-18296
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Fig. 1 (a) PXRD of the predicted“’ and as-synthesized crystalline ZIF-62,
melt-quenched ZIF-62 glass and a glass sample cooled at 1 K min! after
annealing at 658 K, shown in black, red, blue and green, respectively. (b) The
Cp and mass loss curves of crystalline and glassy ZIF-62 upon heating, shown
as red and blue, respectively. Both upscan rates were 10 K min™,

temperature dependence of C, and mass loss for both ZIF-62
and a,ZIF-62 during upscans. A pronounced endothermic peak
around 540 K on the C, curve of the crystal, coincident with a
gradual mass loss of 13.1%, confirms this is due to removal of
DMF from the framework voids. The second endothermic peak
with an offset temperature of 711 K (defined as T,,,) is assigned
to the melting event.®

The liquid formed from ZIF-62 has a large range of stability
(up to 100 K above Ty,) compared with other glass-forming ZIFs,
where decomposition temperatures are close to Tp,.*>* A typical
glass transition feature is observed upon reheating a,ZIF-62.
The onset temperature (593 K) of the peak is defined as the
calorimetric glass transition temperature (T,).>'* However, no
crystallization peak is observed on the second upscan curve.
Furthermore, annealing the sample at 658 K below T, for
12 hours, followed by slow cooling to room temperature at
1 K min~", does not result in the appearance of any Bragg peaks
in the XRD pattern (Fig. 1a), implying a high stability of
a,ZIF-62 against crystallization. This is attributed to the high
steric hindrance of the liquid structure.”” Specifically, the
liquid state has been shown to contain mainly interconnected
Zn(Im), (x = 3 or 4) species, which, given the size of the
imidazolate ligand, have extremely sluggish diffusion kinetics.
The high steric hindrance increases the energy barrier for nucleation
and thereby enhances the glass stability against crystallization.
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Thermodynamic features of ZIF-62 glass

Fig. 2(a) shows the isobaric heat capacity (C,) as a function
of temperature for the liquid, glassy and crystalline ZIF-62.
According to Kubaschewski,?® the temperature dependence of
C,, of a supercooled liquid Cf,l(T) and that of the corresponding
crystal C5(T) can be described by the power law:

CYT)=3R+axT+bhxT? (1)
CyT)=3R+cx T+d x T, (2)

where R is the gas constant, and a, b, ¢ and d are fitting
parameters. Here, we change the units of C, from J g ' K ' to
Jmol " K~".* The C,, data of the supercooled liquid and the crystal
are fitted to eqn (1) and (2), respectively, and thus the following
fitting parameters are obtained: a = 0.2396 (+0.0035) ] mol * K2,
b=5.531(£0.105) x 10’ J K mol *, ¢ =0.7000 (+-0.0016) ] mol * K *
and d = —4.744 (£0.025) x 10~* J mol " K™°. The difference in C,,
between supercooled liquid and crystal of ZIF-62 at T, is found to

(a) E-
oo ZIF-62
T R Supercooled liquid
e Oqg %_‘_*‘w
S 3004 & R .
E Glass
= t
o° ! T:
Crystal T
200 4
T T L} T T . T
450 500 550 600 850 700
T(K)
(b)
4 = - A
A g ML
e 34
°
E Zf—ll Z‘Ti'!\lcul: DNi"JBETZS
x 24
6’ Pd,Ni_ Cu,.P,
<
1 [GeSe)],JSb?TEE}?;
ZIF-62
0 -+ T - T - T - T -
0.5 0.8 0.7 0.8 0.9 1.0
T, (KIK)
Fig. 2 (a) The heat capacity dependence on temperature in supercooled

liquid, glass and crystalline states of ZIF-62, shown as red line (egn (1)), blue
diamond points and black line (eqn (2)), respectively. The green points are the
heat capacity in supercooled liquid obtained from the enthalpy relaxation
results. (b) The variation of the Gibbs free energy difference AG™ ()
between the supercooled liquid and the crystal of ZIF-62. The AG*™(T) of
some alloys are also given as comparisons from literature.?>~2> Note that one
atom is taken as per mol for metallic glasses and the chalcogenide glass,
whilst 18.5 atoms are used as per mol for ZIF-62 according to the formula.
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be 51.5 J mol~* K, which is smaller than those of most molecular
and oxide glasses but larger than those of metallic glasses.*”*

The temperature dependence of the differences in C,
between liquid and crystal ACf,l’x(T) was also determined.
The enthalpy of fusion (AHy) is obtained from the melting peak
in Fig. 1(b) to be 3.566 kJ mol '. This value is much smaller
than the formation enthalpy of other ZIFs and zeolites.>*** The
differences in enthalpy (AH* ) and entropy (AS* ) between the
supercooled liquid and crystal are calculated by the following
equations, respectively (Fig. S1, ESI}):

AHY(T) = AH; — TMAC“’"(T/)dT/ 3)
—ami - [ "aq;

T ACS=(T")

ASY(T) = ASy — [ dr'. (@)

Jr T
The entropy of fusion is determined to be AS; = AH{T,, =
5.015 J mol ' K '. The Gibbs free energy difference between
the liquid and crystalline forms AG™(7) in the supercooled
liquid region is determined by the equation:

AGX(T) = AHX(T) — T x ASS(1). ©)

As shown in Fig. 2(b), the Gibbs free energy difference
between the liquid and crystalline forms of ZIF-62 increases
with decreasing temperature below Tp,. This suggests that the
recrystallization of liquid ZIF-62 during cooling could be theoretically
achieved if the cooling rate is low enough for nucleation. However,
compared to the AG®(T) of some typical metallic glasses and a
chalcogenide glass, the AG™*(T) dependence on temperature below
T, in ZIF-62 is weak. A comparison of AG®~*(T) on a per atom basis
is shown in Fig. S2 (ESIt), which yields smaller values of AG. These
are however not suitable as a comparison, as atoms within each
organic ligand of the central metal ion (Zn*") remain bonded to one
another throughout the melting and vitrification process, and are
thus not independent in terms of mobility. Additionally, AG"(7) is
expressed on a per building unit basis (referring to one metal center
unit and two organic linker units) as shown in Fig. S3 (ESIT), which
thus has smaller values of AG. Using analogies to SiO, of this ZIF
family, we thus plot AG*'*(T) on a per mol basis (Fig. 2b). The
small AG®'~*(T) value of ZIF-62 indicates the low thermodynamic
driving force of nucleation, supporting the high resistance
against crystallization.>”

Enthalpy relaxation in ZIF-62 glass

The enthalpy relaxation behavior of agZIF-62 was studied by
performing annealing treatments at sub-T, temperatures (T%)
between 553 and 587 K, i.e., 0.93-0.99T, in argon. Fig. 3 shows
the Cj, vs. T curves of ZIF-62 glass annealed at T, = 559 K for
various durations (¢,). The overshoot of the glass transition
peak becomes prominent and the width of the peak broadens
gradually with ¢,. Fig. 3 shows that annealing time does
not influence the onset temperature of the glass transition,
indicating that only o relaxation is involved during annealing
rather than other relaxation processes during the subsequent
DSC upscans.'*?> In terms of the potential energy landscape
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Fig. 3 Temperature dependence of the isobaric heat capacity (Cp) of
agZIF-62 after annealing at 559 K for different durations (in seconds). The
upscan rates of all measurements were 10 K min~%.

(PEL), the configurational state of the glass enters a local minima
with low configurational entropies during sub-T, annealing.>> An
energy barrier between such local minima therefore needs to be
overcome in order for the glass to return to the potential energy
of the standard glass (cooled at 10 K min~ ') during
upscanning,'? leading to the observed glass transition overshoot.
In addition, the overshoot area of glass transition peak becomes
larger with ¢,. The longer ¢, is, the lower potential energies the
glasses can reach upon annealing, and the greater the observed
enthalpy recovery is upon reheating.

The enthalpy AH(T,, t,) recovered during annealing is deter-
mined by integrating the C, differences of the glass transition
peaks between the samples with ¢, > 0 and the one with no
duration (¢, = 0). Fig. 4 shows the AH of the glass after annealing
for different ¢, up to 24 hours at five different T,,. The AH increases
with ¢, for a given T,, and decreases with T, for a given t,.

The enthalpy relaxation in the ZIF-62 glass is described by
the Kohlrausch-Williams-Watts (KWW) function:***

¢0):eu{—<g)q, (©)

where ¢, is the annealing time, 7, is the characteristic relaxation
time at a certain temperature, and f is the stretching exponent.
The AH(T,, t,) can be hence expressed as:

AH(Taﬁtu):AHeq(Tkx){] _exp|:_<%)/j:|}’ (7)

where AH.q(T,) is the recovered enthalpy at T, for an infinite
annealing time. The ¢, dependence of the recovered enthalpy at
each T, is fitted to eqn (7) to obtain the parameters of 7, and f.

Fig. 4 shows that the AH, decreases with T,, indicating that
the glass system gradually relaxes toward the potential energy
level of the standard glass."** The heat capacity of the super-
cooled liquid (C3) below T, cannot be directly determined, but
the heat capacity difference ACjy §(T") between the supercooled
liquid and the glass can be calculated through the relation
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Fig. 4 The recovered enthalpy (AH(T,, t.) of agZIF-62 after annealing at
different temperatures and time. Dashed lines: the fitted curves via eqn (7).
Inset: T, dependence of f.

Ac;lig(T) = (AHeq(Tal) - AHeq(TaZ))/(TaZ - al)! where 7' is
the average value of two adjacent annealing temperatures
(Ta1 + Tap)/2. Note that the interval between T,; and T, should
be an infinitesimally small value. The calculated C?,l data from the
enthalpy relaxation agree well with the eqn (1) fit (see green
circles and red dashed line in Fig. 2a).

The 7, and f values, which were obtained from the fit of
eqn (7) to the ¢, dependence of the recovered enthalpy at
various T, are given in Table 1. A higher sub-7, annealing
temperature corresponds to a shorter average relaxation time
T,, which is ascribed to the narrower energy gap between the
energy state of the annealed glass at higher T, and that of the
standard glass." The 7, value decreases slightly with increased
T,, but it decreases drastically to ~100 seconds when the
temperature approaches T, (593 K) based on its definition.
The Arrhenius equation is often used to fit the 7, vs. T, relation
to obtain the activation energy of the glass transition. However,
in the present work, the 7, at T, = 587 K is still found to be
around 5000 seconds, whereas the t, at T,, determined by
dividing the width of the glass transition region by the upscan
rate (Fig. 1b), is just 228 seconds. Hence, it is not reasonable to
fit the 7, vs. T, relation to the Arrhenius equation due to the
non-linear nature. According to a previous study,’’ a large
7, value determined from sub-T, relaxation experiments can
be related to a higher degree of structural heterogeneity. There-
fore, the long 7, at T, = 587 K suggests that the structure of the
ZIF-62 glass is highly heterogeneous.

Table 1 Fitting parameters and standard errors from eqn (7) in Fig. 4

T./K AHq(To)) g TalS B

553 3.405 + 0.121 6125 + 393 0.444 + 0.017
559 2.886 + 0.108 5937 + 378 0.567 + 0.031
569 1.590 £ 0.061 5842 + 379 0.604 + 0.037
579 1.272 £+ 0.024 5114 + 160 0.662 + 0.023
587 0.781 + 0.017 4880 + 170 0.763 + 0.033
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The stretching exponent f is a measure of the distribution
width of the relaxation time, which normally ranges from 0 to 1.
The f value of a,ZIF-62 increases from 0.44 to 0.76 when T,
increases from 0.93 to 0.997T, (Table 1). The f values increase
with T, and approaches unity at T, which is a typical feature of
a strong liquid (Fig. 4 inset).>**®*> The ranges of f values in
other types of glass formers with similar T, to a,ZIF-62 are
summarized in Table 2, along with their fragility indices (m)
and annealing temperatures. a;ZIF-62 exhibits a broad range of
p for the sub-T, annealing, indicating its sensitivity of f§ to T,
and its high degree of structural heterogeneity. According to an
empirical relationship between the width of the glass transition
peak, liquid fragility index and the stretching exponent f’ (AT,/T, =
2.20 x (1/m +0.0026) x (1/f' — 0.59)),>" the B’ of a,ZIF-62 here is
determined to be 0.69. In addition, another study reported that the
stretching exponent 8 of the related glass a;ZIF-4 (Zn(Im),) is
0.71.* However, both /' values are derived from the non-linear
Tool-Narayanaswamy-Moynihan-Hodge equation and not from
the current non-exponential KWW model.

The structural evolution of a,ZIF-62 during sub-T, relaxation
was also characterized by synchrotron X-ray total scattering
(Fig. 5). Data were collected on the as-quenched glass, along-
side those annealed at 553 K for ¢, = 0 and 72 hours. The
structural factors S(Q) showed no signs of Bragg peaks (Fig. 5a)
confirming that all the samples were fully amorphous. The
position of the first sharp diffraction peak remained invariant
at Q ~ 1.10 A~*. Both short range (0-6 A, Fig. 5b) and medium
range (0-12 A, Fig. 5c) atom-atom correlations were obtained
after conversion of the total scattering data to the corresponding
pair distribution functions (PDFs). Consistent with previous
PDF data collected on ZIF-62,° intra-organic and metal-linker-
metal bonding up to 6 A is maintained upon glass formation
and annealing. This short range order is near identical between
annealed samples. Peaks at ~1.3 A and 2.0 A, belonging
to C-C/C-N, and Zn-N correlations, remain unchanged as
expected (Fig. 5b). Few differences exist in the medium range
order (Fig. 5¢) and the PDFs are featureless and identical above
12 A (Fig. S4, ESIt), as expected for amorphous ZIF samples. The
lack of significant changes in glass structure upon annealing is
consistent with the high viscosity, whereas the substantial
heterogeneity of the glass is reflected by the broad range of
p values obtained in the narrow sub-7, temperature range.

Table 2 The glass transition temperature T, liquid fragility m, and the
stretched exponent f# from the KWW equation (eqn (7)) for different ranges
of Tu/Ty

T,/ Ty
Composition Tg/K Fragility range p Ref.
LassAlysNijoCuyy 454 35 0.91-0.98 0.75-0.79 36 and 37
Pd,;Ni;oCu,,Py 576 65 0.97-0.99 0.68-0.75 23
ZIF-62 593 35 0.93-0.99 0.44-0.76 This work
Zrsg5CUys eNipsg- 668 50 0.95-0.99 0.79-0.89 38 and 39
Alyo3Nb, g
ZrssCusoNisAl,, 676 69 0.95-0.99 0.71-0.79 40
ZrysCUszo sAl,Agg ; 688  — 0.94-0.99 0.72-0.89 35
GeO, 792 17-20 0.71-0.91 0.59-0.61 14
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Fig. 5 (a) S(Q) of agZIF-62 after melt quenching (red), annealing at 553 K
with no duration (t, = 0) (purple), and annealing at 553 K for 72 hours (blue).
Corresponding pair distribution functions D(r) in the regions (b) O A<r<7A
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Conclusions

We have investigated the thermodynamic features and the
enthalpy relaxation of a,ZIF-62. The small difference in the Gibbs
free energy between crystal and supercooled liquid for ZIF-62
indicates a low thermodynamic driving force of nucleation in the
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temperature region between 7T, and Tp,. The enthalpy relaxation
study demonstrates a wide range of the stretched exponent
(B = 0.44-0.76) for a,ZIF-62, suggesting a substantial degree of
structural heterogeneity. Pair distribution function measurements
of the annealed glasses suggest no significant structural changes
during sub-T relaxation.
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nectivity and short range order is confirmed by nuclear magnetic resonance spectroscopy and
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etal-organic frameworks (MOFs), or networked struc-
M tures of inorganic nodes connected by organic ligands,

are flexible materials ? that can be broadly separated
into two classes according to their porosity. Those that contain
high internal surface areas are of intense interest for gas separa-
tions and catalysis*~°, while dense MOF materials are investigated
for their potential in other applications, e.g., conduction and
magnetism’ .

The zeolitic imidazolate framework (ZIF) family of MOFs
contains structures of tetrahedral M™ nodes, (M = e.g., Zn, Co,
Li, B, Ni, Mg) linked through the N atoms of imidazolate
Iigandsm’lz. Several members, e.g. ZIF-4-Zn, have been observed
to possess accessible melting temperatures (T',) between 400 and
600°C'3.  The melting process proceeds via a
dissociation-association mechanism of Zn-N coordination
bonding and associated ligand switching between Zn?>* centres'*.
This becomes sub-nanosecond at Ty,, in a manner analogous to
the switching between hydrogen bonds in liquid water.

Such liquid states will be of particular intrigue in the devel-
opment of alternatives to solid-state compounds for industrial-
scale gas sorption and separations, due to the better handling and
ease of installation compared to their classical solid-state coun-
terparts'®. Additionally, the intrinsic instabilities of micro-
crystalline MOF structures often preclude processing into the
physical forms and bodies required by industry!® !”. Solution
casting techniques combine the processability of organic poly-
mers with selective MOF additives'®, though drop-casting, fibre
drawing or melt spinning of single-component MOF liquid states
would circumvent chemical compatibility concerns.

Cooling of (strongly associated) MOF liquids from above T,
results in a family of melt-quenched glasses chemically different
from the inorganic, organic and metallic glass categories known
at present. Accordingly, the formation of the liquid and glass
phases of MOFs has recently emerged as a new area in an ever-
expanding field'® ' 19722, The reactivity of these ‘MOF liquids’
has not yet been studied. Possibilities also exist in the production
of novel MOF glasses, given the potential to incorporate multiple,
designed chemical functionalities within a single glass, or in the
creation of hybrid equivalents of alloys, blends and ceramics.
Progress in the preparation of crystalline materials containing
multiple inorganic or/and organic functionalities within a single
framework structure has already been made’® **. These multi-
variate MOFs>> 2° arise from the interaction of several chemical
components during solvothermal or mechanochemical synthesis,
though not in the liquid state.

Here we are interested in how a MOF liquid behaves when
combined with a secondary MOF component and the funda-
mental possibilities that this may afford in new materials' dis-
covery. Specifically, we hypothesize that this may result in the
formation of a glass containing interlocking MOF domains.
Motivated by the concept of forming this type of material, which
we term ‘MOF blends’, we investigated the high temperature
reactions within mixtures of ZIF-4 [M(Im),] and ZIF-62 [Zn
(Im), 75(bIm)g,s] (M= Co?>", Zn*', Im: C;H;N,~, blm:
C;HsN, 7). Previously, it has been observed that, upon heating,
both ZIF-4-Zn and ZIF-4-Co undergo a transition to a high-
density amorphous phase and a dense crystal on heating to 300 °
C and 450 °C, respectively. The zinc framework melts at 550 °C,
unlike the dense cobalt crystal, which remains intact until thermal
decomposition at ca. 570 °C. ZIF-62 remains in the room tem-
perature crystalline state until liquid formation at 410 °C'® %7,

Results
Differential scanning calorimetry. Samples of ZIF-4-Zn and
ZIF-62 were synthesized and evacuated according to previously
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reported solvothermal procedures (Fig. 1a)>’~%°. A physical
mixture of the two frameworks in equal weight portions, hereby
referred to as (ZIF-4-Zn)(ZIF-62)(50/50), was prepared by ball-
milling to ensure sample homogeneity (see Methods). Differential
scanning calorimetric (DSC) experiments were then performed
up to 590°C in an argon atmosphere, beyond which thermal
decomposition of the liquid state occurred. The first endothermic
feature at 225°C is coincident with a mass loss of ca. 9% and
ascribed to desolvation. As expected, two endothermic features
belonging to the respective melting points of ZIF-62 and ZIF-4-
Zn (445°C and 580 °C, respectively) were noted, identical to
those recorded from pure samples (Fig. 1b)'>. The melting
enthalpy of ZIF-62 was recorded as ca. 3kJ mol 1. Quenching
after isothermal treatment for 2 min at 590 °C yielded a glassy,
amorphous product (Supplementary Figure 1).

Re-heating of this amorphous sample revealed a single glass
transition, glass transition temperature (Tg) =306 °C (Fig. 1b,
blue solid line), whereas two separate features at 292 °C (ZIF-4-
Zn) and 318°C (ZIF-62) would have been anticipated”. A
physical mixture of the two glasses formed separately yielded the
expected two T,s (Supplementary Figures 2 and 3). Such a
markedly different, single value is indicative of liquid phase
mixing, as is also the case in e.g metallic glasses®’, inorganic
oxides and phosphates®’, or miscible polymer blending in
organics32. We name the blend produced (ZIF-4-Zn),s(ZIF-
62)0.5- The ability to tailor T, was explored through analysis of a
further set of (ZIF-4-Zn),_,(ZIF-62), mixtures. The results from
DSC experiments on the glasses formed upon quenching the
liquids from 590°C (Supplementary Figure 4) show a
composition-dependent shift in T, (Fig. Ic). The increase in T,
with increasing ZIF-62 content follows a linear relation,
analogous to the trends observed in binary organic mixtures
exhibiting mass additivity behaviour (AT,=0) e.g. poly(1,3-
trimethylene adipate) and poly(vinyl methyl ether)*.

In order to facilitate the use of electron microscopy as a
characterization technique for the blended glass, a physical
mixture of ZIF-4-Co and ZIF-62, hereby referred to as (ZIF-4-
Co)(ZIF-62)(50/50), was analysed. A pure sample of ZIF-4-Co
was synthesized by following prior literature®. As expected”’, it
possesses a stable amorphous region from 325 to 500°C
(Supplementary Figure 5), before the expected recrystallization
to a dense ZIF at ca. 510 °C. No melting above this temperature is
observed. DSC experiments on (ZIF-4-Co)(ZIF-62)(50/50) con-
firmed these transitions, along with the expected T, of ZIF-62
(Fig. 1d). Quenching of the sample from 425°C, ie. a region
containing amorphous ZIF-4-Co and liquid ZIF-62, yielded a
glass (Supplementary Figure 6). A subsequent DSC of the
quenched glass again demonstrated a single Ty, at ca. 300°C
(Supplementary Figure 7), despite the fact that it was formed
from an interaction between an amorphous solid and a liquid. A
second measurement using a slower heating rate again yielded
only one T, (Supplementary Figure 1). Differences between (ZIF-
4-C0)o5(ZIF-62)o5 and (ZIF-4-Zn),s5(ZIF-62)ys are perhaps
expected to be small, given the very hi§h viscosities for both
ZIF-4-Zn and ZIF-62 reported previously'® 3.

Structural characterization. Small-angle X-ray scattering (SAXS)
has previously been used to reveal information on the pore sur-
face and characteristics of MOF-5°°, HKUST-1°° and monitor
particle evolution and growth in situ®”> 3. Combined with wide-
angle X-ray scattering (WAXS), it provides a powerful tool that
has also been used to study the collapse of some MOFs to
amorphous states”!.

The temperature-resolved WAXS profile of ZIF-62 (Fig. 2a)
shows consistent Bragg diffraction from the sample, which
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reduces in intensity and then disappears at ca. 340°C upon
gradual formation of the liquid state. Decomposition of this MOF
liquid is then evidenced at ca. 550 °C by the emergence of several
Bragg features at relatively large q values. The temperature-
resolved WAXS profile of (ZIF-4-Co),s(ZIF-62),5 (Fig. 2b)
contains a region in which amorphous ZIF-4-Co and the ZIF-62
liquid are co-existent, between ca. 340°C and ca. 400°C.
Recrystallization of amorphous ZIF-4-Co to a dense phase is
then observed. These observations are broadly consistent with the
DSC results presented in Fig. 1, though these differ because of the
dissimilar temperature—time profiles of the two experiments.

The decay in SAXS signal at room temperature was extracted
from the three-dimensional, variable temperature plot of the
SAXS intensity Isyxs for ZIF-62 and follows power law behaviour
of the form g—% where a = 3.9 (Supplementary Figure 9). At ca.
440°C, a decrease to a = 3.4 is observed, consistent with the
formation of rougher internal surfaces upon melting. Computa-
tion of the volume-weighted fraction of the particles (Supple-
mentary Figure 9) shows an initial expansion in particle radii
from 5nm at the point of melting, which is consistent with
interfacial particle coalescence. The radii then drop drastically
and the volume fraction tends to zero, as homogeneous melting of
the sample occurs. The increase in particle size at ca. 460 °C then
marks the onset of gradual thermal decomposition.

The variable temperature plot of the SAXS intensity Isaxs for
(ZIF-4-Co)(ZIF-62)(50/50) (Fig. 2c) was also fitted and displays a
lower initial value of a=3.66, consistent with the presence of
different internal pore structures and particle sizes within the
ball-milled mixture of MOFs. This value increases to 4 on heating

NATURE (‘;";"(,\L,HM‘AT\(‘»‘J%‘ (2018)9:2135

| DOI: 10.1038/541467-018-04553-6 | www.nature.com/naturecommunications

to 340 °C when ZIF-4-Co amorphizes, before decreasing to 3.1
due to both recrystallization of ZIF-4-Co and melting of ZIF-62.
The volume-weighted fraction of the particles also reveals that the
distribution of particle scatterers is much broader in the initial
instance, consistent with the inhomogeneity in sample composi-
tion. Like ZIF-62, the particles disappear rapidly upon liquid
formation at 340 °C. The broad distribution of particles that starts
to appear at ca. 450 °C is ascribed to the known formation of
crystallites of a dense ZIF from ZIF-4-Co at these higher
temperatures (Fig. 2d).

Liquid-state 'H nuclear magnetic resonance (NMR) was
carried out by digesting samples of (ZIF-4-Co)(ZIF-62)(50/50)
and (ZIF-4-Co), 5(ZIF-62), 5 (produced by quenching from 445 °
C) in a mixture of deuterium chloride (DCl; 35%)/deuterium
oxide (D,O; 100uL) and DMSO-ds (500 uL) (Supplementary
Figure 10). Resonances in both spectra are fairly broad, arising
from the substantial paramagnetic broadening induced by the
presence of Co’t, predominantly in an octahedral complex
coordinated by either H,O or dimethyl sulphoxide (DMS0)*
giving the metal centre a likelg electronic arrangement of t2g58g2
and three unpaired electrons®”. This prevents the integration of
most of the aromatic signals of the imidazolate ligands. Both
NCHN}y,,, and NCHNy,y,,, peaks are, however, well resolved in the
9-9.7 ppm high-field region and are used to determine the Im:
bIm ligand concentration ratios; values of 1:0.076 +0.010 and
1:0.054 £ 0.015 are obtained for (ZIF-4-Co)(ZIF-62)(50/50) and
(ZIF-4-Co)g 5(ZIF-62), 5, respectively (Supplementary Figure 10).
Within error, these values are both in agreement with the
expected 1:0.066 stoichiometric ratio. Additionally, in the glass
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of (ZIF-4-Co)(ZIF-62)(50/50)

sample, a second resolved peak of the bIm ligand (CHCNy,,,) can
be integrated relative to NCHN in Im, giving a 1:0.12 + 0.01 ratio
(expected integration from stoichiometry is 1:0.13), confirming
that any loss of ligand in the amorphization process is negligible
and/or below the detection limit of NMR. The absence of
impurity peaks in the 7-9ppm region indicates minimal
decomposition of imidazolates during digestion/amorphization.

The chemical structure of the blend was probed through
synchrotron neutron and X-ray total scattering. Whereas the X-
ray structure factor S(Q) of (ZIF-4-Co)(ZIF-62)(50/50) contained
Bragg diffraction, that of (ZIF-4-Co),s(ZIF-62),5, as expected,
did not. This rules out small regions of crystallinity in the latter
(Fig. 3a). After appropriate data corrections (see Methods
section), the data were converted to the corresponding pair
distribution functions (PDFs) (Fig. 3b), which are weighted
histograms of the atom pair distances present in both samples.
Interatomic distances at 1.3, 2, 3, 4 and 6 A were common
between both crystal and blend samples, consistent with previous
conclusions on near-identical short-range order between crystal
and glass ZIFs'".

Above this distance, oscillations at high r were present from the
crystalline mixture (ZIF-4-Co)(ZIF-62)(50/50), though the PDF
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of (ZIF-4-Co)y5(ZIF-62)y5 was relatively featureless. A dual-
phase refinement in PDFGUI*! of the PDF for (ZIF-4-Co)(ZIF-
62)(50/50) was performed in the range 1-15 A, confirming the
presence of both crystalline phases (Fig. 3b inset). Neutron total
scattering was also carried out on a deuterated sample of (ZIF-4-
Co0)o.5(ZIF-62)95 (Supplementary Figures 11 and 12). The
expected C-D peak below 1A was not visible in the PDF, due
to the sample containing a higher hydrogen content than
expected. Above this distance and below 6 A, the PDF was
similar to those previously reported for deuterated Zn(Im),
polymorphs*?.

To probe the evolution in domain structure or size upon
heating, synchrotron X-ray diffraction data were collected on a
sample of (ZIF-4-Co),5(ZIF-62),5 heated from room tempera-
ture to 460 °C (Fig. 3c). The first sharp diffraction peak in the S
(Q) varied little in intensity or position. While the second and
third peaks also remained approximately invariant on heating,
some ‘flattening’ of features at high Q values occurred upon
heating above 300 °C. This temperature corresponds to the T, of
(ZIF-4-Co) 5(ZIF-62),5, and the flattening is consistent with
formation of a more liquid-like state. The peak in the D(r) at r =
1.3 A, which only contains contributions from C-C and C-N pairs

| DOI: 10.1038/541467-018-04553-6 | www.nature.com/naturecommunications
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and no contributions from pairs involving Co or Zn, remained
constant in intensity and position (Fig. 3d). Those peaks arising
mainly from M-N; (‘B'~2A), M-C (‘C~3 A), M-N, (‘D’~4 A)
and M-M (‘E'~6 A) correlations, however, were observed to
undergo a reduction in intensity upon heating. The intensity
recovered upon cooling back to ambient temperature, showing
that no permanent change in short-range order had taken place.

To investigate the suitability of transmission electron micro-
scopy as a characterization technique for MOF glasses, pure
samples of crystalline ZIF-62, (ZIF-4-Co)(ZIF-62)(50/50) and
(ZIF-4-Co), 5(ZIF-62), 5 were investigated by electron energy loss
spectroscopy (EELS, Fig. 4a, Supplementary Figures 13 and 14).
The K (1s) ionization edges for C and N atoms exhibited high-
intensity % peak features, which are a signature of conjugated
heterocycles and consistent with the m* signature previously
reported for EELS of molecular imidazole*’. These observations
demonstrated that the ligands were not damaged under the
selected electron beam conditions used. A sample of (ZIF-4-
Co)o5(ZIF-62)y5 was subsequently investigated using annular
dark field (ADF) scanning transmission electron microscopy
(STEM) exhibiting thickness and atomic number contrast and
EELS and X-ray energy dispersive spectroscopy (EDS) for
chemical mapping at similar or lower electron beam exposures.

EELS performed on a single shard of the glass (Fig. 4a) clearly
showed the presence of Co and Zn (Fig. 4b) along with an
interfacial region. EDS was performed to yield more insight into
the domain structure and interfacial bonding present in the glass
particles too thick for EELS analysis (Fig. 4b, c). These revealed a
more extended network exhibiting relatively sharp interfaces
between Co and Zn domains. Domain sizes were observed
ranging from 200nm to >1pum in width. This is markedly
different to (ZIF-4-Co)(ZIF-62)(50/50), where separate particles
of each framework, without domain mixing, were located

NATURE COMMUNICA

5] (2018)9:2135

(Supplementary Figure 15). In STEM analyses, the electron probe
is transmitted through the sample, resulting in EELS and EDS
signals that arise from the entire volume through the three-
dimensional sample. As a result, these two-dimensional analyses
alone were not sufficient to fully characterize the interfaces
between the lamellar domains of Co and Zn MOFs. Two-
dimensional interface regions with mixed signal composition are
not distinguishable from single-phase compositional domains
overlapping along the electron beam direction.

EDS tomography was performed in order to address this
uncertainty and to characterize the sharpness of the interface
between the Co- and Zn-containing regions (Fig. 5). A single-
piece shard of (ZIF-4-Co), 5(ZIF-62), 5 was located that contained
two large domains of predominantly Co and Zn, respectively. At
the interface, there were two regions (labelled 1 and 2 in Fig. 5)
characteristic of heterogeneous mixing between the Co and Zn
phases and exhibiting a similar interlocked microstructure as
those observed in Fig. 4b, c. Inspection of the tomographic
reconstruction volumes at these features revealed that, at feature
1, the Co protrusion is present in a region with negligible Zn
content. At feature 2, both Co and Zn were found in the same
three-dimensional region, suggesting some minor homogeneous
mixing. While some regions of the three-dimensional interface
exhibited micro-scale mixing of Co and Zn, the majority were
segregated into single-metal domains within an interlocked
network microstructure.

Mechanical properties. Nanoindentation has previously been
used to probe the Young’s moduli, E, of crystalline and amor-
phous MOFs**, though it often results in significant differences
between the identified values and those gained from computa-
tional studies. The Young’s moduli provides a descriptor of the
stiffness of a structure under strain and is highly dependent on
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the molecular structure. Nanoindentation experiments were thus
performed on two independent samples of (ZIF-4-Co)gs(ZIF-
62)o.5. The existence of both constituent phases in a single glass
monolith, in domain sizes smaller than the indenter tip, was
confirmed by the consistency across measurements of E. Average
values of E (7.5+0.5GPa and 7.1+0.4 GPa, Fig. 6a) were
recorded from the load-displacement data (Fig. 6b) of indenta-
tions on polished glass monoliths (Fig. 6a inset) between 100 nm
and 500 nm. These values lie roughly intermediate between the
upper bound of that expected for organic polymers and the lower
bound for inorganic glasses (Fig. 6¢).

The blend is of comparable pycnometric density to single-
phase samples of aZIF-4-Co and the ZIF-62 glass'®> %/, though it
exhibits less compliant behaviour under the indenter tip. The
increase in E relative to the pure samples (aZIF-4-Co, E = 6.6
GPa and ZIF-62 glass, E = 6.1 GPa) is ascribed to the isothermal
treatment of 2min above T, which is necessary for blend
formation. This is similar to the increase in E from quenching a
ZIF-62 liquid from Tj, (E = 6.6 GPa) and 572 °C (E = 8.8 GPa) .
It should also be noted that the relatively poor agreement between
calculated and experimental values of E for MOFs has been
ascribed to various factors including the large surface effects from
small single crystals or monoliths, structural defects and
macroscale sample cracking®®. The prior values of E reported
for aZIF-4-Co were gained from non-coalesced single-crystal
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samples, and the extent of defects in all three systems has not
been the subject of investigation.

Discussion

We have demonstrated that the two MOF liquids derived from
ZIF-4-Zn and ZIF-62 can be blended or alloyed together. The
resultant melt-quenched glass shows a single Tg, the position of
which can be controlled according to the sample composition.
The resultant glass structure was probed through electron
microscopic measurements on a glass derived from ZIF-4-Co and
ZIF-62, finding heterogeneous domain formation. Binding
between the domains was investigated using electron tomo-
graphy, showing regions of homogeneous Co and Zn con-
centration—indicative of liquid-liquid reactivity. The absence of
complete homogeneous mixing is in this instance ascribed to the
high viscosity of both molten phases. The interfacial binding of
the separate MOF domains to one another is entirely consistent
with the observed mechanism of MOF melting, which proceeds
via imidazolate dissociation from a M?* centre, and subsequent
association of a different imidazolate ligand. We therefore ascribe
the domain interlocking mechanism to ligand ‘swapping’ between
the liquid MOF phase and amorphous solid, resulting in the
heterometallic MOF glasses shown'®. Similar heterogeneous
structures are also found in SiO,-Al,O; glasses, where SiO,-rich

domains are embedded within Al,O5-rich phases®C.
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Fig. 5 EDS tomography of a (ZIF-4-Co)o 5(ZIF-62)0 5 glass particle. a Two-dimensional analyses by ADF-STEM showing the particle morphology and EDS
chemical maps of Co and Zn. Scale bar is 500 nm. b A volume rendering of the tomographic reconstructions for the Co and Zn signals (two orthogonal
viewing directions). ¢, d Discrete two-dimensional slices from the three-dimensional volume reconstruction for Zn plotted with the transected volume

rendering of the Co reconstruction. Two protrusions from the principal Co domain are highlighted with the numbers 1and 2. These highlight the extent of

three-dimensional spatial overlap in Co and Znin ¢, d

The relationship between domain size and T, was investigated
through the synthesis of two further (ZIF-4-Co)(ZIF-62)(50/50)
samples with both larger and smaller initial particle sizes. The
first sample was formed through light grinding of ZIF-62 and
ZIF-4-Co in a mortar and pestle and compared to a second
sample, where the two crystalline frameworks were ball-milled for
20 min together (as opposed to the 5min used initially). EDS
experiments provided qualitative support for the differences in
domain sizes of each component using these three different
methods of sample preparation (Supplementary Figure 15).
Furthermore, DSC experiments confirmed that the sample
formed through light grinding contained two distinct Tgs (Sup-
plementary Figures 16 and 17), while that formed by ball-milling
for a longer time (Supplementary Figure 18) possesses only one,
in a near identical position to the original blend sample (ca. 300 °
Q).

The binary MOF blend formed and characterized here belongs
to the compatible polymer blend category, due to the chemically
compatible interactions between the two components and the
observation of a single glass transition’’. A mixture of two che-
mically incompatible MOF liquids would therefore be expected
give rise to an immiscible blend with two or more T,s. The results
will prove important in understanding the possibilities afforded
by the glass and liquid states of MOFs, demonstrating that
blended materials containing two or more MOFs can be
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produced. We have also shown that the reactivity of the liquid
MOF state may be utilized in binding to other MOF components
and that the T, of MOF glasses may be tailored according to
blend composition.

Methods

Synthesis. All crystalline samples studied here crystallize in the Pbca space group,
with cell volumes of 4342 A3, 4280 A3 and 4466 A3 for ZIF-4-Zn, ZIF-4-Co and
ZIF-62, respectively. The preparation of mixed samples was done in 0.5 g quan-
tities. For example, for a 50/50 ratio mixture, 0.25 g of each MOF was placed in a
10 ml stainless steel jar, along with 2 x 7 mm diameter stainless steel balls. The
mixture was then milled for 5min (or, to produce a finer particle size for one
control sample, for 20 min) in a Retsch MM400 grinder mill operating at 25 Hz.
Powder X-ray diffraction patterns of both ball-milled mixtures are shown in
Supplementary Information, demonstrating the lack of amorphization.

Differential scanning calorimetry. DSC characterizations were conducted using a
Netzsch STA 449 F1 instrument in platinum crucibles at a 10 °C min~! heating
rate. The simultaneous DSC-thermogravimetric analysis in Supplementary Fig-
ure 5 was performed using a TA instruments Q-600 series differential scanning
calorimeter, with the sample (~7 mg) held on an aluminium pan under a con-
tinuous flow of dry Ar gas. The data were obtained using a heating rate of 10 °C
min~ L. Tys were determined by the method described elsewhere®.

X-ray powder diffraction. Data were collected with a Bruker-AXS D8 dif-
fractometer using Cu Ka (A = 1.540598 A) radiation and a LynxEye position
sensitive detector in Bragg-Brentano parafocussing geometry.
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Combined SAXS and WAXS. X-ray data were collected at the 122 beamline at the
Diamond Light Source, UK (A = 0.9998 A, 12.401 keV). The SAXS detector was
positioned at a distance of 9.23634 m from the sample as calibrated using a 100 nm
period Si;N grating (Silson, UK), giving a usable Q range of 0.0018-0.18 AL The
WAXS detector was positioned at a distance of 0.16474 m from the sample as
calibrated using a standard CeO, sample (NIST SRM 674b, Gaithersburg, USA),
giving a usable Q range of 0.17-4.9 A~1. Samples were loaded into 1.5 mm dia-
meter borosilicate capillaries under argon inside a glovebox and sealed with Blu-tac
and Para-film to prevent the ingress of air. Samples were heated using a Linkam
THMS600 capillary stage (Linkam Scientific, UK) from room temperature to 600 °
C at 10 °C min~. Simultaneous SAXS/WAXS data were collected every 1°C. Data
were reduced to one dimensional using the DAWN package*” °* and standard
reduction pipelines’. Values for the power law behaviour of the samples were
found using the power law model of SASView 4.1.1°% Data were fitted over the
range 0.003 < ¢<0.005 A~L. Particle size distributions were calculated using the
MCcSAS package®® *4, a minimal assumption Monte Carlo method for extracting
size distributions from small-angle scattering data. Data were fitted over the range
0.002 < g <0.18 A~! with a sphere model.

NMR spectroscopy. NMR samples were prepared by digesting ~8 mg of sample in
100 uL of 35wt% DCI in D,O (purchased from Sigma Aldrich, 99% deuterated)
then dissolved in 500 puL. of DMSO-d (purchased from Sigma Aldrich, 99.9%
deuterated). All 'H NMR spectra were recorded on a Bruker Avance III 400 MHz
spectrometer.

Total scattering measurements. X-ray data were collected at the I15-1 beamline
at the Diamond Light Source, UK (1 = 0.161669 A, 76.7 keV). A sample of (ZIF-4-
Co)(ZIF-62)(50/50), and a small amount of the (ZIF-4-Co), 5(ZIF-62)o5 sample
used in the neutron total scattering experiment were loaded into borosilicate glass
capillaries of 1.17 mm (inner) diameter. Data on the samples, empty instrument
and capillary were collected in the region of ~0.4 < Q <~ 26 A~1. Corrections for
background, multiple scattering, container scattering, Compton scattering and
absorption were performed using the GudrunX program®> *°. Variable tempera-
ture measurements were performed using an identical set-up, though the capillaries
were sealed with araldite. Data were taken upon heating at 25 °C, 100 °C, 200 °C,
280 °C and then in 10 °C steps to 340 °C. Further data were collected in 20 °C
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intervals to 460 °C, before cooling and a final data set taken at room temperature.
Data were corrected using equivalent measurements taken from an empty capillary
heated to identical temperatures. Published structures for ZIF-4-Co and ZIF-62
were used to refine data in PDFGUI'" %, The values Uy, Us, and Uss were set to
0.003 A% and constrained to be isotropic. Cross-diagonal terms were set to 0, and
data beyond 15 A were not fitted because of the lack of intensity. The final R,, value
was 0.34, due to some disordering in the initial mixture introduced by ball-milling.
Deuterated samples of ZIF-4-Co and ZIF-62 were prepared by equimolar
replacement of the hydrogenated benzimidazole and imidazole in their respective
syntheses, by the deuterated equivalents, supplied by the ISIS Deuteration Facility.
A glass sample of (ZIF-4-Co) 5(ZIF-62),s was then produced as reported in the
manuscript. Data were measured at room temperature using the NIMROD
diffractometer at ISIS”. A sample was placed into an 8-mm diameter thin-walled
vanadium can, and data from an empty vanadium can, empty instrument, 8 mm
V-5.14% Nb rod was used to correct the data in the Gudrun software®”.

Gas pycnometry. Pycnometric measurements were carried out using a Micro-
meritics Accupyc 1340 helium pycnometer. The typical mass used was 200 mg; the
values quoted are the mean and standard deviation from a cycle of 10
measurements.

Electron microscopy and spectroscopy. STEM data were acquired using an FEI
Osiris microscope equipped with a high-brightness X-FEG electron source and
operated at 80 kV. The beam convergence was set to 11.0 mrad. EELS was acquired
using a post-column Gatan Enfinium spectrometer. A 2.5 mm entrance aperture
was selected, defining a collection semiangle of 19.4 mrad. Spectra were acquired in
dual EELS mode: electrons undergoing no inelastic scattering (the zero loss peak)
and those undergoing low energy losses were recorded with a fast acquisition time
(0.0001 s) and nearly simultaneously electrons undergoing inelastic scattering at
element-specific core loss ionization edges were recorded at longer exposures times
(100 ms exposure at C and N K edges and 500 ms at Co and Zn L,; edges). Probe
currents in this electron optical configuration were typically <150 pA. X-ray EDS
was acquired using a ‘Super-X’ EDS detector system with four detectors mounted
symmetrically about the optic axis of the microscope (200 ms per pixel). For all
spectroscopic data, images were also simultaneously recorded on ADF detectors.
These images contain atomic number and thickness contrast, giving structural
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Supplementary Figure 1. X-ray powder diffraction patterns of crystalline and blended
samples, along with the simulated structures (solid and broken traces respectively). The tick

mark on the simulated trace of ZIF-62 indicates the presence of a Bragg peak of low

intensity.
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Supplementary Figure 2. DSC trace of a physical mixture formed by mixing equal weights

of ZIF-62 and ZIF-4 glasses (pre-formed).
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in the physical mixture (ZIF-4-Zn)(ZIF-62)(50/50) during heating at 10 °C min™". Blue curve:
reheating curve representing the enthalpy response of the corresponding glass that forms
upon quenching, i.e. (ZIF-4-Zn)o5(ZIF-62)o5 during prior cooling at 10 °C min™. This is the
same data as presented in Fig. 1b, but with a higher magnification for comparison with

Supplementary Figure 3.
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Supplementary Figure 5. Simultaneous DSC/TGA of ZIF-4-Co. Heating rate 10 °C min™.
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Supplementary Figure 6. X-ray powder diffraction patterns of ZIF-62 (green), ZIF-4-Co
(red), (ZIF-4-Co)(ZIF-62)(50/50) (purple) and (ZIF-4-Co)o 5(ZIF-62)0 5 (black). Extremely small
Bragg peaks can be seen in the diffraction pattern, though the impact of them cannot be

seen in the PDF.
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Supplementary Figure 8. DSC trace of (ZIF-4-Co)o5(ZIF-62)05, conducted at 5 °C min™

heating rate.
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(b) (ZIF-4-Co)o5(ZIF-62)05, (see below for complete spectral assignment). Integrations of

individual "H shown in red only when resolution allowed. Solvent peaks are labelled, and #

denote resonances from small amount of
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(ZIF-4-Co)(ZIF-62)(50/50): 'H NMR (400 MHz, DMSO-de): 5 (ppm) 1.14 (grease), 2.51
(DMSO0), 2.63, 2.81 (DMF), 7.39 (CHCHCN), 7.52 (HCI/H,0), 7.57 (CHCHN,y,), 7.78
(CHCNyim), 8.23 (DMF), 9.02 (NCHN ), 9.57 (NCHNyim), 14.49 (NHimoim).
(ZIF-4-C0)o5(ZIF-62)05: 'H NMR (400 MHz, DMSO-ds): § (ppm) 1.14 (grease), 2.51 (DMSO),
7.39 (CHCHCNpim), 7.52 (HCI/H;0), 7.59 (CHCHNpn), 7.82 (CHCNpim), 9.07 (NCHN)), 9.61

(NCHNym), 14.59 (NHimpim).
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Supplementary Figure 12. Neutron pair distribution function D(r) of (ZIF-4-C0), 5(ZIF-62)0 5.
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Supplementary Figure 13. Electron Microscopy on Pure ZIF-62 Crystal and Glass
Samples. (a) ADF-STEM and (b) EELS characterization of a crystalline ZIF-62 particle
supported on lacey carbon. The spectrum in (b) is from the boxed region in (a) with no

contribution from the lacey carbon support. The scale bar is 100 nm.
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Supplementary Figure 14. (a) ADF-STEM and (b) EELS of a ZIF-62 glass particle supported
on lacey carbon. The spectrum in (b) is from the boxed region in (a) with no contribution

from the lacey carbon support. The scale bar is 100 nm.
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Supplementary Figure 15. ADF-STEM image of samples of (ZIF-4-Co)(ZIF-62)(50/50)
formed by (top) lightly grinding crystalline ZIF-4-Co and ZIF-62 in a mortar and pestle,
(middle) ball-milling together for 5 minutes and (bottom) ball-milling together for 20 minutes.
Maps were generated by peak integration at the K, X-ray lines for Co and Zn, shown as an
overlay. The right hand column contains identical analysis of the glass samples. Scale bars

correspond to 200 nm.
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Supplementary Figure 16. DSC scan on a sample of (ZIF-4-Co)(ZIF-62)(50/50) formed by
hand grinding, and the resultant glass, conducted at 10 °C min™ heating rate. The second
glass transition temperature Ty, is defined as the intersection point between lines
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(see Supplementary Figure 17 below).
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Supplementary Figure 17. Second glass transition point construction.
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Abstract

To date, only several microporous, and even fewer nanoporous, glasses have been
produced, always via post synthesis acid treatment of phase separated dense materials, e.g.
Vycor glass. In contrast, high internal surface areas are readily achieved in crystalline
materials, such as metal-organic frameworks (MOFs). It has recently been discovered that a
new family of melt quenched glasses can be produced from MOFs, though they have thus
far lacked the accessible and intrinsic porosity of their crystalline precursors. Here, we report
the first glasses that are permanently and reversibly porous toward incoming gases, without
post-synthetic treatment. We characterized the structure of these glasses using a range of
experimental techniques, and demonstrate pores in the range of 4 — 8 A. The discovery of
MOF glasses with permanent accessible porosity reveals a new category of porous glass
materials that are potentially elevated beyond conventional inorganic and organic porous

glasses by their diversity and tunability.



Conventional porous glasses are silica-rich materials derived by acid treatment of phase-
separated borosilicate glass precursors. They have found widespread applications in
electrodes, chromatography and medical devices, and as desiccants, coatings and
membranes." In general, they are easily processed and exhibit high mechanical stability.
However, these advantages are offset by limitations in their pore sizes, which are typically
confined to the macroporous size regime. No porous glass has been fabricated directly by
melt-quenching, without post-treatment. Few microporous glasses have been reported,
although advances in their synthesis would be particularly attractive for applications based
on the selective uptake of gases and small molecules.? One of the most well studied
microporous glasses is Vycor, which is obtained by first melt-quenching a borosilicate liquid,
and then heat treating the glass at a temperature well above T, to encourage phase
separation. The borate-rich phase is then leached out via acid treatment, to generate pores
of over 3 nm radii and Brunauer-Emmett-Teller (BET) surface areas in the range 100-200
m2g~"'." Silica-derived aerogels have also attracted much attention due to their own high BET
surface areas and pore sizes of between 0.5 nm and 1 nm.2 The desire to introduce
controllable properties based on organic functional groups has however also spurred the
development of amorphous microporous organic materials, such as PIM-1.4% Surface areas
verging on 1000 m2g~" arising from pore sizes of up to 1 nm have been reported. Whilst
these organic materials present fewer chemical restrictions on their functionality than their
inorganic counterparts, their thermal stability is unfortunately limited and their susceptibility

to densification over time (physical aging) is well documented.®

In this context, porous materials that combine the advantageous properties of both inorganic
and organic glasses are highly sought after. Recent advances in our understanding of the
flexible behaviour® of soft porous metal-organic frameworks (MOFs)” have combined with a
surge in research into defects®? and disorder® to redefine our perception of MOFs as ‘perfect’

crystalline materials.’® We, and others, have drawn on these advances to show that



crystallinity is not a prerequisite for many of the attractive properties of MOFs, and to

produce liquids and glasses with internal cavities and ion conducting abilities."'-'3

One sub-set of MOFs that has garnered much attention is the zeolitic imidazolate framework
(ZIF) family, numbering over 140 distinct structures containing tetrahedral transition metal
ions, linked by imidazolate bis(monodentate) ligands into zeolitic architectures.*'5> Several
members of the family melt upon heating to around 400 °C. For example, in the case of
certain polymorphs of ZIF-4 ([Zn(Im).], Im = imidazolate, C3H3N2"), this process proceeds on
a sub-nanosecond timescale near T (melting temperature) and results in a viscous MOF
liquid of identical chemical composition to the crystalline solid."" Quenching of the liquid
results in a ‘frozen’ structure containing tetrahedral Zn(ll) ions bridged by Im ligands. The
continuous random network produced is similar to that of aSiO», but with the advantage of

having both inorganic and organic components.'"16

Known hybrid glasses, formed from ZIFs and phosphate coordination polymers,'”-'8 are all
inaccessible to guest molecules. Here, motivated by the prospect of combining the attractive
properties of both inorganic and organic moieties in a porous glass, we sought to develop
accessible porosity in a melt-quenched MOF glass. We herein report the successful
realization of this goal, in the form of glasses derived from ZIFs that reversibly adsorb gas
molecules. These materials can be considered prototypical new porous glasses, given that
there is no requirement for post-processing treatment. They are synthesized using a
straightforward protocol and are stable, retaining their porosity in air over extended periods.
These results provide a rational strategy upon which other porous MOF liquid and glass
systems can be produced. We anticipate that the stability, processability and chemical
diversity of these glasses will underpin their applications in separations, and as components

of membranes, catalysts, functional coatings, and thin films.



Results and Discussion

Thermal characterization and vitrification of ZIF precursors

The free energy requirement for breaking the zinc-imidazolate bond has been calculated to
be ca. 92 kJ mol' at 865 K.'" This relatively low bond strength led us to consider ZIFs
containing this ligand as primary candidates for melting, followed by quenching of the liquid
to produce porous glasses. Limitations exist to the exclusive use of imidazolate however,
since close association of the Zn and Im components in the liquid and glass states leads to
dense materials.'® We thus developed a strategy involving the incorporation of sterically
congested benzimidazolate (blm) ligands into the framework, alongside the parent
imidazolate linker. We anticipated that the inclusion of a bulky ligand would prevent close
packing of the liquid state, and therefore facilitate pore network formation upon quenching.
Similar approaches have proven successful in optimizing porosity in both crystalline
materials,'® and amorphous organic polymers.5 Suitable levels of the imidazolate linker are
however still required to facilitate melting, since frameworks constructed exclusively from
benzimidazolate ligands do not melt.

To develop our strategy, we initially focused on ZIF-76, [Zn(Im)1.62(5-Clblm)o.38] (5-Clblm =
5- chlorobenzimidazolate, C7H4N2Cl).2° This three dimentional framework, formed from Zn?*
nodes connected by Im or 5-Clblm ligands (Figure 1a), possesses the zeolitic LTA topology.
In this network architecture, sodalite cages are connected together by rings of 4 Zn ions
linked to one another and give rise to a supercage in the centre of the cell.?' The structure
possesses a framework density of 1.03 T/nm™ (T = tetrahedral metal atoms). This is
extremely low when compared with ZIF-4 (3.66 T/nm-3), which forms a non-porous glass,
and ZIF-8 [Zn(mIm);], (mIm = 2-methylimidazolate, CsHsN2") (2.45 T/nm3), which does not
melt.?? The structure of ZIF-76 was confirmed by powder X-ray diffraction (PXRD), and the
Im:5-Clblm ratio determined by 'H nuclear magnetic resonance (NMR) spectroscopy on
dissolved samples. Desolvation of ZIF-76 resulted in loss of occluded 5-Clblm from the

pores (Supplementary Figures 1-5).



Thermogravimetric analysis (TGA) performed on an evacuated sample of ZIF-76 under
argon resulted in a featureless trace until thermal decomposition at 525 °C. An
accompanying differential scanning calorimetry (DSC) measurement, which quantifies the
heat absorption of a sample relative to a reference, revealed an endothermic feature that we
ascribe to a melting transition at 451 °C (AH: = 1.8 kJ mol™") (Figure 1b). Cooling of this
liquid to room temperature produced a vitreous product, termed agZIF-76 (Supplementary
Figure 1). This terminology identifies an amorphous ('a') product formed by melting, then
quenching (subscript 'g' referring to a 'glass'), crystalline ZIF-76. agZIF-76 possesses an
identical chemical composition to ZIF-76 and (most likely) has the same short range
chemical connectivity as that of the ZIF-76 crystal structure. agZIF-76 exhibits a glass
transition temperature, Ty, of 310 °C upon reheating in a DSC measurement (Figure 1b,
Supplementary Figure 6).

The isostructural crystal framework [Zn(Im)1.33(5-mblm)o67] (5-mblm = 5-
methylbenzimidazolate, CsH7Nz2), referred to as ZIF-76-mblm, also forms a glass (agZIF-76-
mblm) (Supplementary Figure 7).2324 A comparison of these with ZIF-76 and agZIF-76,
allowed us to study the relationship between ZIF structure and the properties of the resulting
glass. ZIF-76-mblm melts at 471 °C (Supplementary Figure 8), indicating a higher energy
barrier to ligand dissociation due to the electron-donating methyl group. A similar electronic
effect was previously pinpointed as the reason why ZIF-8 does not melt."" agZIF-76-mblm
possesses a Ty of 317 °C (Figure 1b, Supplementary Figure 9). The linker ratio of ZIF-76-
mblm, and indeed ZIF-76, are maintained in their respective glasses (Table 1,
Supplementary Figures 2-5, 10 and 11), which is expected on the basis that no mass loss
occurs during the melting process. The greater Ty for agZIF-76-mblm is consistent with the
greater van der Waals radius of a methyl group compared to chlorine atom, which leads to
stronger non-covalent interactions between the framework constituents. This trend is

reminiscent of the relationship between T4 and steric side groups in organic polymers.2526
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Figure 1. Liquid and Glass Formation of ZIF-76. (a) The structure of ZIF-76, as determined by single-crystal X-
ray diffraction.20 Zn — light blue, Cl — green, C — grey, N — dark blue, H — omitted for clarity. (b) The isobaric heat
capacity (C,) and mass change (%) of ZIF-76 measured during a DSC-TGA upscan at 10 °C/min, highlighting the
stable liquid domain between T, and Tq. Inset — Glass transitions for agZIF-76 (blue) and azZIF-76-mblm (green).
(c) Temperature resolved WAXS profile of ZIF-76 upon heating from 25 °C to 600 °C. (d) Temperature resolved

volume fraction distributions of the different particle sizes of ZIF-76, indicating coalescence into particles of up to

30 nm.

The transformation of ZIF-76 from the crystalline to the liquid state was investigated by
small- and wide- angle X-ray scattering (SAXS and WAXS). Bragg diffraction in the variable
temperature WAXS pattern decreases sharply around 420 °C, consistent with the melting
point from DSC. The resultant diffuse scattering then ceases at ca. 520 °C, corresponding to
thermal decomposition (Figure 1c¢). The liquid formed from ZIF-76 is therefore stable over a

temperature range of approximately 100 °C, consistent with TGA evidence (Figure 1b).



Table 1. Summary of the crystalline and glass samples.

Composition 2 State Tm (°C) Ty (°C) Tq (°C)
ZIF-76 [Zn(Im)1.62(5-Clblm)o.3g] crystalline 451 - 517
agZIF-76 [Zn(Im)1.62(5-Clblm)o.3g] glass - 310 511
ZIF-76-mblm [Zn(Im)1.33(5-mblm)o 67] crystalline 471 - 596
agZIF-76-mbim [Zn(Im)1.33(5-mblm)o 67] glass - 317 590

The SAXS intensity follows a power law behaviour of the form Q® at room temperature
(Supplementary Figures 12 and 13). Fitting gave a value of a = 3.7, which decreased to
3.5 at 360 °C, indicating a roughening of internal surface structure upon melting. Similar
results were observed in a previous study of the melting of a different material, ZIF-62.2” The
dynamic nature of the liquid phase upon heating was evidenced by a steady increase in a to
3.9 between 360 °C and 500°C, which we associate with a regularization of the internal pore
structure of the liquid with both time and temperature. The discontinuity in the SAXS profile
at around 550 °C indicates thermal decomposition, in accordance with the WAXS and DSC
measurements. The volume weighted fractions of the particles below the observable limit of
315 nm in the sample were extracted from the data (Figure 1d), showing crystalline ZIF-76
particles of 5 nm, 12 nm and 20 nm radius, which coalesce at ca. 370 °C before melting at

higher temperatures.
Linker Positioning in the Vitreous State

The chemical environments, distribution and relative motion of the framework linkers in the
liquid state prior to vitrification were studied, to gain insight into phase separation processes
and glass homogeneity. Solid-state "H magic angle spinning (MAS) NMR spectroscopic
measurements were carried out for this purpose. Measurements on an evacuated sample of
ZIF-76 yielded a single, broad, unresolvable signal at 6-7 ppm arising from both Im and
Clblm protons (Supplementary Figure 14). The spectrum of ZIF-76-mbim featured an
additional peak at 1.5 — 2 ppm, belonging to the methyl substituent of the benzimidazolate

ring. The '3C MAS NMR spectra of these crystalline samples exhibited several partly



resolved signals, matching those expected from the chemical structure of the ligand
(Supplementary Figure 15). Vitrification resulted in little change to the resonances in both
the 'H and '3C spectra, aside from a small shift in position of the methyl group resonance to
lower field in the 3C NMR spectrum of ZIF-76-mblm. These MAS NMR results demonstrate
that the chemical environments of the ligands in the glasses are broadly similar to those in

their crystalline precursors.

The distribution of the organic linkers within both crystal and glass phases was also
investigated using spin diffusion NMR spectroscopy. This is a powerful technique, which is
able to detect the proximity of different organic components based on the rate of polarization
transfer between their protons.?82° 'H-detected spin-diffusion experiments were first
performed on ZIF-76-mblm, to track the transfer of proton polarization from the methyl group
protons of 5-mblm (resonance at 2 ppm) to all other protons in the sample (with chemical
shifts in the region 6-7 ppm). Off-diagonal peaks at a mixing time of 0 ms are absent, as
expected. Their appearance and gradual strengthening in intensity after this time however, is
due to polarization transfer (Supplementary Figure 16). After mixing times of 10-12 ms, a
plateau in the spin-diffusion curve (Supplementary Figure 17) was observed, indicating that
maximum transfer to both imidazolate and other 5-methylbenzimidazolate protons had been
achieved. The detection of a well-resolved and isolated 'H signal from the methyl group
protons of 5-mblm and the '3C signal from C1’ of the Im ligand (Figure 2a) facilitated '*C-
detected proton spin-diffusion measurements. This allowed us to track the polarization
transfer from the methyl group to H1 protons of the 5-methyl benzimidazolate (intra-linker
transfer) and to H1' protons of the imidazolate (inter-linker transfer between the two different
linkers) (Figure 2b). In crystalline ZIF-76-mblm, the inter-linker transfer of polarization was
observed to be faster than intra-linker transfer, implying that the linkers are well mixed within
the framework (Figure 2c). In agZIF-76-mblm, very fast spin-diffusion among the linkers of
two different types confirms that the 5-methyl benzimidazolate and imidazolate linkers

remain very well mixed and do not separate into domains. Notably, the initial parts ofthe



spin-diffusion curves of the glass are steeper than in the crystal, suggesting that the inter-
linker distances between 5-methyl benzimidazolate and imidazolate linkers contract slightly
upon vitrification (Figure 2d). This is consistent with the downfield shift of the methyl group
resonance in the *C NMR spectrum of agZIF-76-mblm, which may arise from closer

contacts with the = electron clouds of neighboring ligands.
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Figure 2. Linker dynamics upon melting. (a) '>C MAS (black solid line) and "H-"3C Lee-Goldburg cross-
polarization MAS (red solid line) NMR spectra of crystalline ZIF-76-mblm. Tentative assignment of individual
signals is based on literature data for isotropic chemical shifts from the two molecular fragments. The assignment
is further confirmed by comparing the resonances in the '*C MAS and "H-"3C Lee-Goldburg cross polarization
MAS NMR spectra. In the latter, only resonances belonging to those carbons with hydrogens attached can be
observed. (b) "®C-detected 2D spin-diffusion NMR spectrum, recorded with a mixing time of 10 ms. Cross peaks
due to polarization transfer between methyl protons of 5-mblm on one hand and H1’ protons of Im and H1
protons of 5-mblm on the other are denoted. (c) and (d) Spin-diffusion curves from the '*C-detected
measurements on ZIF-76-mblm and agZIF-76-mblm (squares: inter-linker polarization transfer between methyl
protons of 5-mblm and H1’ protons of Im; circles: intra-linker polarization transfer between methyl and H1 protons

of 5-mblm). Solid lines in (c) and (d) indicate the initial slopes of the two spin-diffusion curves for crystalline ZIF-

76-mblm (i.e., lines in (d) are equal to lines in (c)).
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Pair Distribution Function Measurements

To further probe the structures of the ZIFs before and after vitrification, synchrotron X-ray
total scattering measurements were performed on ZIF-76, ZIF-76-mblm, a,ZIF-76 and agZIF-
76-mblm (Figure 3a). The glassy nature of agZIF-76 and agZIF-76-mblm was confirmed by
the absence of sharp features in their respective structure factors. The corresponding pair
distribution functions (PDFs), which are in effect atom-atom distance histograms, of all
samples were extracted after appropriate data corrections (Figure 3b). The PDFs of all
samples are near-identical for distances up to 6 A. Since the correlations in this range are C-
C/C-N (1.3 A) and Zn-N (2 A and 4 A), this implies that the local Zn2* environment is near
identical in all four samples. The limit of this order, at 6 A, corresponds to the distance
between two Zn?* centres, and confirms that metal-ligand-metal connectivity is present
within both crystalline and glass samples. This is consistent with observations made on
other MOF glasses, and it underscores the consistency in the composition of thesematerials
and the similar coordination environment of the zinc(ll) ions across the crystalline and

amorphous phases.'®

The PDFs of dense ZIF-glasses are relatively featureless beyond 6 A,'® which contrasts with
the PDFs of agZIF-76 and agZIF-76-mblm. In particular, the feature at 7.5 A in the D(r) for
agZIF-76 (Peak A, Figure 3b and inset) (and for agZIF-76-mbim, Supplementary Figure
18) is related to a Zn-N?® distance, where N2 is the third nearest N atom to a given Zn?* ion. A
further feature at 10.8 A in the D(r) for agZIF-76 is related to the distance between a Zn2* ion
and the CI group on the next nearest neighbour ligand (Peak B, Figure 3b and inset). The
observation of medium range order (MRO) in the glass state, i.e. Zn-Im-Zn-Clblm
connectivity, is ascribed to the relative sluggish diffusion kinetics and high viscosities of the
liquid phase. Lower viscosities associated with greater ligand movement would result in
vastly reduced Zn-Im-Zn-Clblm correlations. The extended connectivity here would also
render a contiguous pore network possible, as confirmed later by gas adsorption. Similar

analysis of the PDFs for ZIF-76-mblm and agZIF-76-mblm (Supplementary Figure 18) also
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indicates a degree of MRO in the glass, with oscillations persisting to higher r values. This is

also consistent with the lower position of the first sharp diffraction peak of ZIF-76-mblm.3°

Synchrotron X-ray diffraction data were collected during the melting process of ZIF-76
(Figure 3c). We observed a reduction in Bragg intensity upon heating, resulting in complete
loss of all sharp diffraction peaks in the S(Q) at the highest studied temperature of 540 °C.
The amorphous pattern is recovered to room temperature on cooling; sharp Bragg peaks do
not reappear. In the PDF, features at r values of over 8-10 A are present in crystalline ZIF-
76, but are virtually absent by 540 °C and in the sample at room temperature after heating

(Figure 3d).

o5k ZIF-76 — Crystal
— Glass
ofH
0.5

ZIF-76-mblm
10 — Crystal

S(Q)

— Glass

S(Q
=4
=)

D(n)

"00 4.0 80 120 160 200
QA

Figure 3. Diffraction in the Crystalline and Glass State. (a) X-ray structure factors S(Q) of crystalline ZIF-76
and ZIF-76-mblm, along with the corresponding glass samples. (b) Corresponding ZIF-76 pair distribution
function D(r). Inset — medium range order. Zn — light blue, Cl — green, C — grey, N — dark blue, H — omitted for
clarity. (c) and (d) X-ray structure factors S(Q) and pair distribution functions D(r), respectively, of ZIF-76 upon

heating and subsequent recovery to room temperature (green curve at 25 ‘C).
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Accessible Porosity in a MOF-glass

We have previously shown that positron annihilation lifetime spectroscopy (PALS) is a useful
tool for the mapping of various pore sizes in MOF crystals and glasses.?' In agreement with
the crystal structure of ZIF-76,20 two cavity diameters of 5.7 A and 15.7 A were detected in
our ZIF-76 samples (Supplementary Figure 19, Supplementary Table 1). Upon
vitrification to agZIF-76, a single pore with a diameter of ca. 5 A was revealed. PALS analysis
of crystalline ZIF-76-mblm also yielded two cavities of diameters 5.8 A and 15.6 A. The
agZIF-76-mblm glass retains two distinct pores with diameters of 4.8 A and 7.2 A
(Supplementary Figure 20). Although this analysis shows a reduction in porosity due to

vitrification, the glasses, and particularly agZIF-76-mblm, still maintain significant porosity.

To prepare samples possessing high pore volumes before conducting gas adsorption
experiments, we optimized the synthetic procedures for ZIF-76 and ZIF-76-mblm, and
incorporated larger quantities of the benzimidazolate-derived linker in each case. This
strategy borrows the logic employed by Yaghi et al in the synthesis of new high surface area
crystalline materials.’® Samples of ZIF-76 and ZIF-76-mblm, with stoichiometries of
[Zn(Im)1.0(5-Clblm)1.0] and [Zn(Im)o.93(5-mblm)1.07], respectively, were thus prepared. The ligand
ratios in these materials were determined by '"H NMR spectroscopy on dissolved samples
(Supplementary Figures 21 and 22). A range of gas adsorption isotherms were measured
on crystalline [Zn(Im)1.0(5-Clblm)1.0] and [Zn(Im)o.93(5-mblm)1.07]. From N2 adsorption
isotherms at 77 K, BET surface areas of 1313 cm? g' and 1173 cm? g! were estimated for
ZIF-76 and ZIF-76-mbim, respectively. These values are consistent with those reported in
the literature.?® As expected, these crystalline ZIFs are also porous to a range of other small

gases (Table 2, Supplementary Figures 23-28 and Supplementary Tables 2-4).

Remarkably, and representing a departure from the dense melt quenched MOF-glasses
reported to date,'® these samples of agZIF-76 and agZIF-76-mblm are permanently porous to
incoming gases. While agZIF-76 reversibly adsorbs in excess of 4 wt% CO. at 273 K

(Supplementary Figure 29), isotherms measured on this glass were accompanied by
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significant hysteresis in their desorption branches, which persisted with long equilibration
times. This indicates restricted diffusion of guest molecules due to constrictions in the pore
network, which is consistent with very low uptake of N2 and H> at 77 K. This is to be
expected, given the partial collapse of the crystalline porous structure, to the glass state. We
therefore turned our attention to the permanent porosity displayed by agZIF-76-mblm, which
reversibly adsorbs CO2 and CHs4 at 273 K and 293 K (Figure 4a). In this case, the adsorption
isotherms exhibited only very minor hysteresis, implying that diffusion limitations are largely
absent for these gases. At 77 K, however, N2 is prevented from diffusing into the pores, while

H2 is adsorbed but with significant hysteresis (Supplementary Figure 30).

The appreciable remnant network of accessible, interconnected pores in agZIF-76-mbim
enables it to adsorb 7.0 wt% of CO2 at 273 K and a pressure of 1 bar (Table 2). Micropore
volumes and surface areas for ZIF-76-mblm and agZIF-76-mblm were estimated by NLDFT
fitting of their CO2 adsorption isotherms (Supplementary Figures 31 and 32). We note that
these are naturally lower than the values derived from N isotherms measured at 77 K,
which could only be obtained for ZIF-76-mbim. The lower CO- uptake of agZIF-76-mblm
compared to its crystalline precursor can be ascribed to the slight contraction of the overall
pore volume of 0.12 cm?® g-' upon vitrification. The enthalpy of adsorption at Qs for CO2
indicates that agZIF-76-mblm binds CO, more strongly than ZIF-76-mbim (Figure 4b,
Supplementary Figures 33 and 34). The modest Qs at zero coverage of the crystalline ZIF
(-27.2 kd mol™") arises from its largely non-polar pore environment, while the increase in Qst
in the glass reveals a pore environment with enhanced interactions with the guest CO»
molecules (vide infra). We ascribe the higher Qs for binding CO: of the glass to a highly
contoured pore surface and constricted pore environment, which provide enhanced contacts
with the guest. The relatively steep drop-off in Qst with increasing CO: loading of the glass
indicates that the vitrification process creates regions within the pore network with a

particularly high affinity for CO..
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Table 2. Summary of the textural characteristics of a permanent porous glass derived from ZIF-76-

mbim.
~ ZIF-76-mbim '~ agZIF-76-mbim

Uptake of CO; (1 bar, 273 K) 10.0 wt% 6.7 wt%

from N7 77 K data 1173 d
Surface area @

from CO, / 273 K data 643 3775

from N2 / 77 K data 0.50 d
Pore volume ®

from CO, / 273 K data 0.17 0.12
Isosteric heat of adsorption, Qs (CO2) ° -26.3 -29.3

21n cm? g’1 using the BET model (N2) or NLDFT fitting (CO2). ® Volume accessible to adsorbate in cm® g’1 at1
bar using the density of liquid adsorbate (N2) or NLDFT fitting. ®In kJ mol™ at zero loading. 9 Not measurable
due to diffusion limitations.
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Figure 4. Permanent accessible porosity in agZIF-76-mblm and comparisons with ZIF-76-mbim. (a)
Adsorption isotherms of agZIF-76-mblm (filled symbols = adsorption, empty symbols = desorption), (b) Calculated
isosteric heats of adsorption (Qst) for CO2 as a function of guest loading, orange — ZIF-76, blue — a,ZIF-76-mbim.
(c) Time-dependent CO; uptake profiles at 273 K at a pressure of 5 Torr, (d) Pore size distributions as

determined by a NLDFT method from CO; adsorption isotherms at 273 K.
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The kinetic profiles of CO2 uptake were also measured for ZIF-76-mblm and agZIF-76-mbim.
Over adsorption of CO> leads to a fractional uptake above 1, before CO; release and
equilibration. agZIF-76-mbim takes significantly longer to attain equilibrium between the
adsorbed and non-adsorbed gas molecules (Figure 4c), which implies that diffusion is more
constricted in the glass than its crystalline precursor, and the pore network is more tortuous.
This is consistent with the reduced structural regularity, and hindered diffusion inherent in

glass, with the remainder of its void space more closely resembling the parent material.

A further illustration of the pore structure is provided by the pore size distribution calculated
from CO_ adsorption isotherms at 273 K, which indicate that the pores contract slightly upon
vitrification (Figure 4d). Taken together, these observations show that glasses derived from
ZIFs have potential in both kinetic and equilibrium-based gas separation processes. Glasses
for gas separations may be optimised by matching the pore window sized to the kinetic
diameters of target gas pairs. Preliminary experiments indicate that this may be
accomplished by varying linker ratios in these glasses. Vitrification of the crystalline
frameworks is possible within a broad range of linker ratios to produce porous glasses with
finely tuned textural characteristics. The adsorption of gases and the separation of gas

mixtures using this suite of materials are the subjects of ongoing investigation.

We note that the network of channels in agZIF-76-mblm is stable for at least three months, a
conclusion drawn from the reproducibility of adsorption isotherms measured on samples
stored over this period of time. Further, the glasses can be handled in ambient laboratory
atmospheres without any detrimental effects on their adsorption capacity. The superior
textural characteristics of agZIF-76-mblm compared to agZIF-76 can be ascribed to the
presence of the methyl group in the former. As indicated by solid-state NMR, these groups
anchor the glassy network by noncovalent interactions with neighbouring ligands, which
helps to maintain a relatively open and contiguous network of pores and channels.

Discussion
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This report describes permanent, accessible, and reversible porosity inherent to glasses
derived from metal-organic frameworks. Two precursor crystalline ZIFs were designed, and
their high temperature melting monitored in-situ by a range of combined diffraction
experiments. Notably, these glasses are distinct from those reported by Yaghi and Angell,'3
which are prepared via sol-gel methods, and in which Ty disappears after solvent
evaporation. This means that sol-gel glasses cannot be ‘formed’ by heating to high
temperatures. The discovery of accessible porosity in glasses derived from MOFs may serve
as the foundation for a new class of porous hybrid inorganic-organic materials. We expect
that developments in this field will be enabled by (i) the large number of known MOF or
coordination polymer structures that can serve as potential glass precursors,?? (i) the ability
to combine the chemical diversity of MOFs with established techniques for handling and
moulding glasses, (iii) the availability of several techniques for vitrifying crystalline
frameworks,'23% and (iv) the use of post-synthetic techniques that are employed in other

glass families to increase available surface areas.3

We envisage a plethora of potential applications will stem from porous MOF glasses,
including membranes for chemical separations, catalysis, ion transport, and conductivity.3®
These glasses should not however be placed into competition for the ultra-high surface
areas heralded for crystalline MOFs, but seen in the light of ease of processing, mechanical
stability and possible use in separations. Additional avenues for research may also arise
from their comparison and contextualization with conventional glasses. In this light, MOF
glasses may be geared towards applications in optics, where one of their principle
advantages will lie in their ‘softer’ nature and correspondingly lower processing
temperatures. The combination of the stimuli responsivity of MOF chemistry®® with the glass

domain will also lead to new, smart applications and a new era of glass technology.®’

Methods

Synthesis
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ZIF-76 [Zn(Im)1.62(5-Clblm)o.3g] and ZIF-76-mblm [Zn(Im)+.33(5-mblm)o.e7] were prepared via
the procedures reported by Peralta et al in the literature.?® Specifically, imidazole (0.12 g,
17.25 x 10 mol) and 5-chlorobenzimidazole (0.13 g, 8.66x10* mol) were mixed together in a
solution of DMF (8.28 mL) and DEF (5.73 mL). Zn(NOQs)2.6H20 (0.25 g, 8.59 x 10* mol) was
subsequently added, along with NaOH (0.52 mL, 2.5 moldm-3). The turbid solution was then
heated to 90 °C for 5 days, and the microcrystalline powder collected by filtration. Occluded
solvent was removed by heating under vacuum at 200 °C for 6 h.3® For the mblm equivalent,
5-methylbenzimidazole (0.115 g) was used in place of 5-chloroimidazole. Identical procedures
were followed for samples of [Zn(Im)1.0(5-Clblm)1o] and [Zn(Im)o.e3(5-mbim)1.07] except
NaOHaq) was omitted from the reaction solvent.

Vitrification

Bulk powder samples were placed into a ceramic crucible and then into a tube furnace, which
was purged with argon, prior to heating at 10 °C/min to the melting temperatures identified in
Table 1. Upon reaching the set temperature, the furnace was turned off and the samples
allowed to cool naturally (under argon) to room temperature.

X-ray Powder Diffraction

Data were collected with a Bruker-AXS D8 diffractometer using Cu Ka (A =1.540598 A)
radiation and a LynxEye position sensitive detector in Bragg-Brentano parafocusing
geometry.

Total Scattering measurements

X-ray data were collected at the 115-1 beamline at the Diamond Light Source, UK (A =
0.161669 A, 76.7 keV). A small amount of the sample was loaded into a borosilicate glass
capillary of 1.17 mm (inner) diameter. Data on the sample, empty instrument and capillary
were collected in the region of ~0.4 < Q < ~ 26 A~'. Background, multiple scattering,
container scattering, Compton scattering and absorption corrections were performed using
the GudrunX program.3%40 Variable temperature measurements were performed using an
identical set up, although the capillaries were sealed with araldite. Data were taken upon

heating at 25 °C, 100 °C, 200 °C, 280 °C and then in 10 °C steps to 340 °C. Further data
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were collected in 20 °C intervals to 540 °C, before cooling and a final data set taken at room
temperature. Data were corrected using equivalent data those taken from an empty capillary
heated to identical temperatures.

Combined small angle — wide angle X-ray scattering

X-ray data were collected at the 122 beamline at the Diamond Light Source, UK (A =

0.9998 A, 12.401 keV). The SAXS detector was positioned at a distance of 9.23634 m from
the sample as calibrated using a 100 nm period SisN4 grating (Silson, UK), giving a usable Q
range of 0.0018 — 0.18 A-'. The WAXS detector was positioned at a distance of 0.16474 m
from the sample as calibrated using a standard CeO, sample (NIST SRM 674b,
Gaithersburg USA), giving a usable Q range of 0.17 — 4.9 A", Samples were loaded into 1.5
mm diameter borosilicate capillaries under argon inside a glovebox and sealed to prevent
the ingress of air. Samples were heated using a Linkam THMS600 capillary stage (Linkam
Scientific, UK) from room temperature to 600°C at 10°C/min. Simultaneous SAXS/WAXS
data were collected every 1°C. Data were reduced to 1D using the DAWN package *"#?and
standard reduction pipelines.*® Values for the power law behavior of the samples were found
using the power law model of SASView 4.1.1.44 Data were fitted over the range 0.003 < Q <
0.005 A-'. Particle size distributions were calculated using the McSAS package,*®4% a
minimal assumption Monte Carlo method for extracting size distributions from small-angle
scattering data. Data were fitted over the range 0.002 < Q < 0.18 A" with a sphere model.
Nuclear Magnetic Resonance Spectroscopy

Solid-state NMR experiments were carried out on a 600 MHz Varian NMR system equipped
with a 1.6 mm Varian HXY MAS probe. Larmor frequencies for 'H and '3C were 599.50 MHz
and 150.74 MHz, respectively, and sample rotation frequency was 40 kHz. For one-
dimensional 'H and '3C magic-angle spinning (MAS) measurements, 'H and '3C 90°
excitation pulses of 1.65 ps and 1.5 ys were used, respectively. In 'TH MAS NMR
measurements 8 scans were co-added and repetition delay between scans was 3 s. In 3C
MAS NMR measurements number of scans was 5500 and repetition delay was 30 s.

Frequency axes of 'H and '3C spectra were referenced to tetramethylisilane. 'H-3C cross-
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polarization (CP) MAS NMR experiment employed Lee-Goldburg (LG) CP block with
duration of 100 ys and high-power XiX heteronuclear decoupling during acquisition; number
of scans was 660 and repetition delay between scans was 0.4 s. For two-dimensional 'H-H
and 'H-"3C spin-diffusion measurements the numbers of scans were 16 and 4000, and
numbers of increments in indirectly detected dimensions were 100 and 12, respectively.
Repetition delay between scans was 0.5 s. During mixing periods of both measurements,
RFDR scheme was used to enhance homonuclear dipolar coupling among protons. 'H-3C
experiment employed LG scheme during the CP block.

Solution "H NMR spectra of digested samples (in a mixture of DCI (35%)/D20 (0.1 mL) and
DMSO-ds (0.5 mL)) of samples (about 6 mg) were recorded on a Bruker Avance Ill 500MHz
spectrometer at 293 K. Chemical shifts were referenced to the residual protio-solvent signals
of DMSO-ds. The spectra were processed with the MestreNova Suite.

Differential Scanning Calorimetry and Thermogravimetric Analysis

Characterizations of all the samples were conducted using a Netzsch STA 449 F1
instrument. The samples were placed in a platinum crucible situated on a sample holder of
the DSC at room temperature. The samples were heated at 10 °C /min to the target
temperature. After cooling to room temperature at 10 °C /min, the second upscan was
performed using the same procedure as for the first. To determine the C, of the samples,
both the baseline (blank) and the reference sample (sapphire) were measured.*’

Gas Adsorption

Isotherms were measured by a volumetric method using a Quantachrome Autosorb iQ2
instrument with ultra-high purity gases. Prior to analysis, the samples were degassed under
a dynamic vacuum at 10 Torr for 10 hours at 150 °C. Accurate sample masses were
calculated using degassed samples after sample tubes were backfilled with nitrogen. Where
possible, BET surface areas were calculated from N2 adsorption isotherms at 77 K according
to established procedures.*®

Density Measurements
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True densities were measured using a Micromeritics Accupyc 1340 gas pycnometer (1 cm?
model). The typical mass used was 0.2 g, with the values quoted being the mean and standard
deviation from a cycle of 10 measurements.

Positron Annihilation Lifetime Spectroscopy

22NaCl, sealed in a thin Mylar envelope, was used as the source of positrons. The samples
were packed to 2 mm thickness surrounding the positron source. The o-Ps lifetime
measurements were taken under vacuum (1 x 107 Torr) at 298 K using an EG&G Ortec
spectrometer at a rate of 4.5 x 10° counts per sample. The lifetimes were converted to pore
sizes by using the quantum-based formulation assuming a spherical pore geometry.*° A full
description of the technique can be found in a previous study.3’

Molecular Simulations

Grand canonical Monte Carlo (GCMC) simulations were performed as implemented in the
RASPA simulation code®® to compute single component gas adsorption isotherms of Ar (77
K), CHs (273 K), CO2 (273 K), H2 (77K), N2 (77 K) and O2 (273 K) in ZIF-76 up to 1 bar. The
crystal structure of ZIF-76 [Zn(Im).5(clblm)o.s] was taken from the Cambridge
Crystallographic Data Center (reference code = GITWEM), and the disorder was removed
manually to generate a suitable set of input coordinates for the calculations.5' Structural
properties such as accessible pore volume, pore limiting diameter (PLD) and the largest
cavity diameter (LCD) were calculated using Zeo++ software®? and are listed in
Supplementary Table 4. For pore volume calculations, the probe radius was set to zero.
Data Availability

The data that support the findings of this study are available from the corresponding authors
on request.
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1. Vitrification of ZIF-76
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Supplementary Figure 1. X-ray powder diffraction patterns of ZIF-76. Experimental (as-
synthesized), and those from samples quenched from 400 °C and 451 °C, are shown
alongside the simulated pattern.
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Supplementary Figure 2. '"H NMR spectrum of as-synthesized ZIF-76 digested in
DCI/DMSO-dg. NMR peak assignments: Zn(Im)q g2(Clblm)o 3s. "H NMR (500 MHz, DMSO-dg):
25 (DMSO-ds), 7.50 (CHCHNy), 7.54 (CCHCHcpm), 7.82 (CCHCHcpm), 7.90
(CICCHCCcpim), 8.89 (NCHN\r,), 9.46 (NCHNCcipim).
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Supplementary Figure 3. '"H NMR spectrum of a sample of ZIF-76 heated to 200 °C and
cooled to room temperature, digested in DCI/DMSO-ds. NMR peak assignments:
Zn(Im);62(Clbim)ozs. 'H NMR (500 MHz, DMSO-ds): 2.5 (DMSO-dg), 7.52 (CHCHN,y,), 7.56
(CCHCHcibim), 7.82 (CCHCHgipim), 7.90 (CICCHCCcoim), 8.93 (NCHN), 9.50 (NCHNGppim).
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Supplementary Figure 4. "H NMR spectrum of a sample of ZIF-76 heated to 400 °C and
cooled to room temperature, digested in DCI/DMSO-ds. NMR peak assignments:
Zn(Im);62(Clbim)g.ss. "H NMR (500 MHz, DMSO-dg): 2.5 (DMSO-dg), 7.56 (CHCHN,y,), 7.56
(CCHCHgjpim), 7.85 (CCHCHgpim), 7.93 (CICCHCCcppim), 9.00 (NCHN,r,)), 9.57 (NCHNcpim)-
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Supplementary Figure 5. '"H NMR spectrum of ayZIF-76 digested in DCI/DMSO-ds. NMR
peak assignments: Zn(Im)4e2(Clblm)o 3s. "H NMR (500 MHz, DMSO-ds): 2.5 (DMSO-dg), 7.49

(CHCHN,,), 7.55 (CCHCHcipim), 7.81 (CCHCHem), 7.89 (CICCHCCoppm), 8.86 (NCHNm),
9.43 (NCHNGypim).
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Supplementary Figure 6. Thermal analysis of a4ZIF-76. Isobaric heat capacity (C;) and

mass as a function of temperature (T) for agZIF-76. The DSC experiment was conducted in
argon at a rate of 10 °C / min, to 700 °C.
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Supplementary Figure 7. X-ray powder diffraction patterns of ZIF-76-mbim. Experimental

(as-synthesized), and that from a sample quenched from 471 °C, are shown alongside the
simulated pattern for ZIF-76.
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2. Vitrification of ZIF-76-mbim
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Supplementary Figure 8. Thermal analysis of ZIF-76-mbim. Isobaric heat capacity (C,)

and mass as a function of temperature (T) for ZIF-76-mblm. The DSC experiment was
conducted in argon at a heating rate of 10 °C / min, to 700 °C.
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Supplementary Figure 9. Thermal analysis of a,ZIF-76-mblm. Isobaric heat capacity (C,)

and mass as a function of temperature (T) for a;,ZIF-76-mblm. The DSC experiment was
conducted in argon at a heating rate of 10 °C / min, to 700 °C.
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Supplementary Figure 10. '"H NMR spectrum of ZIF-76-mbIlm digested in DCI/DMSO-ds.
NMR peak assignments: ZIF-76-mbIm. (Zn(Im);.s3(mblm)oe7). 'H NMR (500 MHz, DMSO-ds):
2.36 (CHambim), 2.5 (DMSO-dg), 7.32 (CCHCHmpim), 7.54 (CHNCH,y,), 7.55 (CCHC(CH3)mpim),
7.65 (CCHCHmpim), 8.96 (NCHNn), 9.41 (NCHNmpim).

7
7.663

7.657
J.~7.645

——2.369
2.364

o o o -
=) =N P o~

=

.24

@ -

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 PPm

Supplementary Figure 11. '"H NMR spectrum of agZIF-76-mblm digested in DCI/DMSO-
ds. NMR peak assignments: (Zn(Im)q 33(mblm)o 7). 'H NMR (500 MHz, DMSO-dg): 2.36
(CH3mbim), 2.5 (DMSO-dg), 7.32 (CCHCHmpim), 7.54 (CHNCH)), 7.55 (CCHC(CH3)mpim), 7.66
(CCHCHmpim), 8.98 (NCHNm), 9.42 (NCHN mpim)-
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3. Small Angle X-ray Scattering

logio (I(Q))

0.01 01
logio (Q)

Supplementary Figure 12. Variable temperature resolved SAXS profile for ZIF-76.
Heating range from 25 °C to 600 °C.
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Supplementary Figure 13. Porod fitting of the variable temperature SAXS data.

Experiments performed on a sample of crystalline, evacuated ZIF-76.
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4. Solid state NMR Spectroscopy, PDF and PALS measurements

Supplementary Table 1. Positron annihilation lifetime spectroscopy data.

Intensity Lifetime
Sample 13 (%) 14 (%) 13 (ns) 4 (ns)
ZIF-76 5.8 +0.2 6.2+ 0.1 1.999 + 0.05 11.934 £ 0.20
a ZIF-76 6.3+0.1 1.826 + 0.02
ZIF-76-mblm 15.4+0.3 16.6 £ 0.1 2.068 +0.03 11.741 £ 0.07
agZIF-76-mbim 9.0+1.6 18.0+1.8 1.554 + 0.14 2.913 £ 0.08
a b
crystal
glass
ZIF-76

ZIF-76 Ao

T 7 S|

— T | STy | PR, T |
2 4 mbim 475 15 125 100 75 50 25 0

T . ETR T F ZTE PN TR N T

1
14 12 10 8 3] 4 2 ]
'H chemical shift (ppm) "*C chemical shift (ppm)

Supplementary Figure 14. Solid-State "H MAS (a) and (b) "*C MAS NMR spectra.

Im 5-Clblm 5-mbim
/13{ 1437 1417
N Ny N Ny . Ny
\—/ 1323 1375 136.0 1373
1228 1228
116.0 1170 1152 1153
Ry 129.2 TS 134.3
cl CH,

217

Supplementary Figure 15. *C isotropic chemical shifts of imidazole ligands. 5-
chlorobenzimidazole (5-ClblmH) and 5-methylbenzimidazole (5-mblmH) and imidazole (ImH)
species, as found in the literature. These chemical shifts enable tentative assignment of *C

MAS NMR spectra.
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Supplementary Figure 16. Selected 'H-detected and '*C-detected 2D proton spin-
diffusion NMR spectra of crystalline ZIF-76-mblm. The absence of off-diagonal peaks at a
mixing time of 0 ms indicates that proton polarization transfer has not occurred, whilst their
steady appearance and strengthening in intensity from 2-10 ms is due to the polarization

transfer taking place.
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Supplementary Figure 17. Spin-diffusion curves obtained from the 'H-detected

measurements in crystalline ZIF-76-mblm and agZIF-76-mbim.
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Supplementary Figure 18. Experimental X-ray total pair distribution functions D(r).
ZIF-76-mblm (green) and agZIF-76-mblm (purple).
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Supplementary Figure 19. PALS measurements on ZIF-76 and ZIF-76-mblm. Results for

the third and fourth components (13 and t4) are represented as Gaussian distributions which

correspond to the small and large cavities, respectively, and the Intensity is related to their

relative number within the sample (13 and 14).
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Supplementary Figure 20. PALS measurements on a,ZIF-76 and a ZIF-76-mblm. Results

for the third and fourth components (13 and t4) are represented as Gaussian distributions

which correspond to the small and large cavities, respectively, and the Intensity is related to

their relative number within the sample (13 and 14).
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5. Gas Adsorption Isotherms

Supplementary Table 2. Gas adsorption properties for crystalline ZIF-76 and ZIF-76-mbim.
The data are given as volumetric uptake (mL STP / g) at a pressure of 1 bar.

Gas H2 CO Ar (o7} N2 CHg4
Temperature / K 77 273 77 273 77 273
ZIF-76°
Experimental 187 59.9 - - 338 25.2
Simulated 95.5 19.7 268.5 3.4 342 14.6
ZIF-76-mbim
Experimental 130.5 54.4 - 27.4 339 441

@ Calculations performed on [Zn(Im)1.5(5-Clblm)o.s] while experimental isotherms were measured on
[Zn(Im)1.0(5-Clblm)1 o].
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Supplementary Figure 21. "H NMR spectrum of ZIF-76, [Zn(Im)(5-Clblm)4,], digested
in DCI/DMSO-d;. NMR peak assignments: 'H NMR (500 MHz, DMSO-ds): (Zn(Im)1.o(5-
Clblm)p). 2.5 (DMSO-ds), 7.63 (CCHCHcipim), 7.67 (CHCHN,,), 7.90 (CCHCHcppim), 7.97

(CICCHCCcpim), 9.13 (NCHN|y,), 9.68 (NCHNcppim).

Supplementary Figure 22. '"H NMR spectrum of ZIF-76-mblm, [Zn(Im)g.e3(5-mbim);7],
digested in DCI/DMSO-ds. NMR peak assignments: (Zn(Im)oes(mbim); 7). 'H NMR (500
MHz, DMSO-de): 2.48 (CH3mpim), 2.5 (DMSO-ds), 7.40 (CCHCHpim), 7.65 (CCHC(CH3)mbim),
7.67 (CHNCH,y,), 7.73 (CCHCHppim), 9.13 (NCHN/y,), 9.56 (NCHNpmpim).
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Supplementary Figure 23. N, adsorption isotherm at 77 K and BET surface area plots for
ZIF-76, [Zn(Im)4 o(5-Clblm) o].
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Supplementary Figure 24. H, adsorption isotherm at 77 K for ZIF-76, [Zn(Im) o(5-Clblm) o]

(circles = adsorption; squares = desorption).
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Supplementary Figure 25. Gas adsorption isotherms at 273K and 293 K for ZIF-76,
[Zn(Im)40(5-Clblm)4 o] (filled symbols = adsorption; empty = desorption).
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Supplementary Figure 26. N, adsorption isotherm at 77 K and BET surface area plots for
ZIF-76-mblm, [Zn(Im)g.¢3(5-mblm); o7].
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Supplementary Figure 27. H, adsorption isotherm at 77 K for ZIF-76-mblm, [Zn(Im)o g3(5-

mblm)1,07].
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Supplementary Figure 28. Gas adsorption isotherms at 293 K (and 273 K where indicated)
for ZIF-76-mblm, [Zn(Im)o.e3(5-mblm),o7] (filled symbols = adsorption; empty = desorption).
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Supplementary Figure 29. CO, adsorption isotherms at 273K and 293 K for ayZIF-76,
[Zn(Im)10(5-Clblm)4 o] (filled symbols = adsorption; empty = desorption).
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Supplementary Figure 30. H, adsorption isotherm for agZIF-76-mbim, [Zn(Im)oe3(5-
mblm) 7], at 77 K (filled symbols = adsorption; empty = desorption).
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Supplementary Figure 31. NLDFT fitting of the CO, adsorption isotherm at 273 K of ZIF-76-

mblm, [Zn(Im)o.e3(5-mblm)4 o7].
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Supplementary Figure 32. NLDFT fitting of the CO, adsorption isotherm at 273 K of a,ZIF-

76-mb|m, [Zn(Im)olg3(5-mblm)1,07].
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Supplementary Figure 33. Virial fitting of CO2 adsorption isotherms at 273 K and 293 K for

ZIF-76-mblm, [Zn(Im)o.e3(5-mblm)+.07], used to calculate the isosteric heat of adsorption (Qst).
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6. Simulated Gas Adsorption Isotherms

In GCMC simulations, Lennard-Jones (LJ) 12-6 and Coulomb potentials were used to
model repulsion-dispersion forces and electrostatic interactions, respectively. The Lorentz-
Berthelot mixing rules were used to calculate adsorbent-adsorbate and adsorbate-adsorbate LJ
cross interaction parameters. Molecular simulations were performed for 10,000 cycles with the first
5,000 cycles for initialization and the last 5,000 cycles for taking ensemble averages. Three
different types of moves including translation, reinsertion and swap of a molecule were considered
for spherical molecules. Rotation move was also applied for non-spherical molecules. The cut-off
distance was set to 12.8 A for truncation of the intermolecular interactions and simulation cell
lengths were increased to at least 26 A along each dimension. Periodic boundary conditions were
applied in all simulations. Peng-Robinson equation of state was used to convert the pressure to
the corresponding fugacity. All molecular simulations were performed using a rigid framework.
More details of these simulations can be found in the literature.™?

Single-site spherical Lennard-Jones (LJ) 12-6 potential was used to model H,,> Ar,* and
CH,4° CO, was modeled as a three site linear molecule with three charged LJ interaction sites
located at each atom using the EPM2 potentiala. Similarly, N, (O2) was modeled as a three site
molecule with two sites located at two N (O) atoms and the third one located at its center of mass
(COM) with partial point charges and the potential parameters of N, and O, were taken from the
literature.” The interaction potential parameters for gas molecules were given in Supplementary
Table 3. The atomic charges of ZIF-76 were estimated using charge equilibration method as
implemented in RASPA simulation code.® The Ewald summation method was used to calculate
electrostatic interactions. The potential parameters of ZIF-76 atoms were taken from the Dreiding
force field.® These potentials and force fields were selected based on the results of previous
studies which showed good agreement between simulation results and experimentally measured
gas uptake data of ZIFs."*"

In order to compare simulation results with the experimentally measured gas uptake data,

the absolute gas amount (N, ) obtained directly from GCMC simulations were converted to the

excess gas amount ( N, ) as follows:
Nex:Nabs _pg'vg (1)

where Py is the density of adsorbates in gas phase obtained from the Peng-Robinson equation of
state and Vg is the pore volume of ZIF-76.

RASPA was used to compute gas adsorption isotherms. Zeo++ software'® was used to compute
physical properties of ZIF-76 such as density, pore limiting diameter (PLD), the largest cavity
diameter (LCD) and pore volume. The accessible pore volume is defined as the volume reachable
by the center of the probe and calculated using a Monte Carlo integration technique. Pore volume

calculations were performed using a probe radius of 0 A.
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The structure of ZIF-76 is highly disordered, where imidazolate (Im) linker positions are
partially occupied by chlorobenzimidazolate (cblm). The disorder was removed manually to
give the literature™ linker ratio of cblm/Im = 1/3. The geometry was then optimized prior to
molecular simulations. Steepest descent minimization was performed using the Forcite
module of Materials Studio 8.0." Note: Perez-Pellitero et al."® examined different possibilities
for the position and orientation of the organic linkers using different configurations and they

showed that adsorption results were not affected dramatically.
Cif file for ZIF-76 used as input for molecular simulations

data_zif76edited

_symmetry_cell_setting triclinic
_symmetry_space_group_name_H-M 'P 1'
_symmetry_Int_Tables_number 1
_space_group_name_Hall P 1
loop_

_symmetry_equiv_pos_site_id
_symmetry_equiv_pos_as_xyz

1x,y,2

_cell_length_a 22.6702
_cell_length_b 22.6702
_cell_length_c 22.6702
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 90.0000
_cell_volume 116511
loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z

C1C 0.00624 0.27237 0.27158
H18 H 0.01567 0.23907 0.23874
Zn92 Zn 0.00118 0.18339 0.36792
Zn96 Zn 0.00068 0.36786 0.18137
C6 C 0.15785 0.11609 0.31263
C7 C 0.11376 0.15787 0.30965
N8 N 0.14062 0.07252 0.34907
N9 N 0.06869 0.14037 0.34400
C10 C 0.08624 0.08840 0.36712
H22 H 0.06036 0.06328 0.39835
H23 H 0.19993 0.11768 0.29023
H24 H 0.11544 0.19925 0.28600
C11 C 0.15750 0.31163 0.11432
C12 C 0.11339 0.30905 0.15617
N13 N 0.06853 0.34371 0.13869
N14 N 0.14047 0.34814 0.07075
C15 C 0.08622 0.36659 0.0866
H19 H 0.19945 0.28895 0.11584
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H20 H 0.11490 0.28535 0.19753
H21 H 0.06056 0.39799 0.06154
N16 N 0.01092 0.45115 0.18872

Zn40 Zn 0.18223 0.00229 0.36786

N17 N 0.01173 0.19055 0.45112

Zn34 Zn 0.18179 0.36778 0.00059

C25 C -0.00001 0.72589 0.72766
C30 C 0.01842 0.49797 0.82619
C31 C 0.01700 0.82425 0.49919
H37 H 0.06306 0.49856 0.84303
H38 H 0.06190 0.84037 0.50021
H39 H 0.00351 0.76003 0.76080
N35 N 0.06630 0.65209 0.86226
N36 N 0.06708 0.85706 0.65112
C2 C 0.98518 0.35477 0.31055
C3 C 0.98550 0.31246 0.35356
N4 N 0.99863 0.33049 0.25808
N5 N 0.99914 0.25975 0.32997
N47 N 0.81284 0.01310 0.55259
C53 C 0.66771 0.40979 0.02191
C54 C 0.96875 0.32515 0.41146
C55 C 0.58208 0.01750 0.32801
C56 C 0.58628 0.31617 0.03347
C57 C 0.66946 0.02585 0.41599
C58 C 0.96812 0.41271 0.32244
C59 C 0.88934 0.30903 0.15556
C60 C 0.84584 0.11584 0.30832
C61 C 0.69032 0.15293 0.11122
C62 C 0.69200 0.11025 0.15445
C63 C 0.88925 0.15842 0.31021
C64 C 0.84615 0.30671 0.11278
C65 C 0.79881 0.06785 0.53485
C66 C 0.46564 0.06532 0.20259
C67 C 0.79021 0.53139 0.06728
C68 C 0.79099 0.47106 0.06785
C69 C 0.52593 0.06642 0.20274
C70 C 0.79953 0.07006 0.47462
C71 C 0.56657 0.03311 0.38579
C72C0.61018 0.03816 0.42954
C73 C 0.95201 0.42704 0.38053
C74 C 0.95226 0.38346 0.42495
C75C 0.56915 0.37419 0.04661
C76 C 0.60929 0.42111 0.03950
CI77 C1 0.58634 0.49369 0.05341
ClI78 CI1 0.59043 0.06237 0.50028
CI79 Cl1 0.92989 0.40177 0.49670
N80 N 0.86130 0.07156 0.34455
N81 N 0.65571 0.06613 0.13869
N82 N 0.93180 0.14095 0.34776
N83 N 0.93141 0.34732 0.13851
N84 N 0.86117 0.34343 0.06874
N85 N 0.65283 0.13561 0.06856
N86 N 0.80935 0.55053 0.01461
N87 N 0.44713 0.01162 0.18579
N88 N 0.81208 0.01619 0.45328
N89 N 0.80862 0.45121 0.01481
N90 N 0.54646 0.01288 0.18766

S24



Zn93 Zn 0.81578 0.36799 0.00296
Zn94 Zn 0.81633 0.00596 0.36966
Zn95 Zn 0.62993 0.00128 0.18358
C100 C 0.63288 0.08259 0.08629
C101 C 0.91374 0.08790 0.36755
C102 C 0.91320 0.36716 0.08549
H131 H 0.54792 0.01021 0.29629
H132 H 0.55553 0.28063 0.03959
H133 H 0.69722 0.44589 0.01417
H134 H 0.96699 0.29150 0.44492
H135 H 0.88930 0.19991 0.28664
H136 H 0.52453 0.38284 0.06131
H137 H 0.55351 0.10371 0.21395
H138 H 0.78979 0.10429 0.56428
H139 H 0.79042 0.10833 0.44763
H140 H 0.71607 0.11228 0.19559
H141 H 0.96573 0.44576 0.28853
H142 H 0.52072 0.04098 0.39665
H143 H 0.43670 0.10180 0.21299
H144 H 0.80484 0.11799 0.28402
H145 H 0.80555 0.28171 0.11461
H146 H 0.77798 0.55988 0.10354
H147 H 0.88964 0.28514 0.19686
H148 H 0.71397 0.19437 0.11133
H149 H 0.70160 0.02672 0.45042
H150 H 0.77887 0.44299 0.10448
H151 H 0.93853 0.47168 0.39089
H153 H 0.93647 0.40033 0.06030
H154 H 0.60011 0.05734 0.06252
H155 H 0.93738 0.06246 0.40026
C165 C 0.68461 0.35122 0.01289
C166 C 0.64432 0.30645 0.01545
N167 N 0.67053 0.25477 0.00327
N168 N 0.73895 0.32910 0.00277
C326 C 0.72562 0.00060 0.27442
C327 C 0.64177 0.01085 0.31450
C328 C 0.68422 0.01382 0.35730
N329 N 0.73814 0.00672 0.33307
N330 N 0.66686 0.00295 0.26128
C103 C 0.26919 0.00696 0.26937
N107 N 0.25869 0.00120 0.32843
C108 C 0.17748 0.01999 0.50100
H152 H 0.23492 0.01702 0.23775
H162 H 0.16151 0.06495 0.50160
Zn369 Zn 0.36411 0.00003 0.17704
C109 C 0.27249 0.27193 0.00202
C114 C 0.49981 0.17672 0.01827
C115 C 0.17644 0.50042 0.02109
H159 H 0.16295 0.49989 0.06686
H161 H 0.49869 0.16521 0.06456
H163 H 0.23928 0.23839 0.00895
C41 C 0.72862 0.00405 0.73058
C46 C 0.49801 0.01782 0.82082
H51 H 0.49781 0.06303 0.83611
H52 H 0.76027 0.01379 0.76492
Zn256 Zn 0.82051 0.00021 0.63557
C121 C 0.30957 0.15688 0.10867
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C122 C 0.30593 0.11291 0.15060
N123 N 0.34037 0.06768 0.13371
N124 N 0.34648 0.13942 0.06557
C125 C 0.36415 0.08503 0.08193
H156 H 0.39572 0.05903 0.05736
H157 H 0.28182 0.11483 0.19171
H158 H 0.28741 0.19910 0.10996

Zn127 Zn 0.17838 0.63354 0.00115
Zn252 Zn 0.81873 0.63335 0.00226

N49 N 0.65144 0.06767 0.85994
N50 N 0.86331 0.06753 0.66033
Zn91 Zn 0.63342 0.17803 0.99950
C97 C 0.82077 0.50070 0.98348
C164 C 0.72839 0.27007 0.99689
H270 H 0.76295 0.23816 0.98895
H271 H 0.83838 0.50047 0.93913
C110 C 0.35501 0.31270 0.98511
C111 C 0.31244 0.35535 0.98834
N112 N 0.25942 0.33065 0.99860
N113 N 0.33090 0.25908 0.99442
C169 C 0.41318 0.32685 0.97017
C170 C 0.31815 0.03715 0.59135
C171 C 0.04457 0.40813 0.68842
C172 C 0.32581 0.41472 0.97901
C173 C 0.03167 0.32811 0.59378
C174 C 0.40660 0.03633 0.67945
C175 C 0.30721 0.10763 0.84358
C176 C 0.10987 0.15089 0.69504
C177 C 0.15225 0.30497 0.89225
C178 C 0.10917 0.30677 0.84944
C179 C 0.15260 0.10766 0.69256
C180 C 0.30532 0.15104 0.88613
C181 C 0.19989 0.53159 0.93524
C182 C 0.53205 0.19639 0.93189
C183 C 0.06611 0.20344 0.47070
C184 C 0.47184 0.19517 0.93015
C185 C 0.06651 0.20124 0.53092
C186 C 0.19910 0.47132 0.93430
C187 C 0.05577 0.38436 0.58407
C188 C 0.42637 0.38560 0.95531
C189 C 0.38293 0.42950 0.96055
C190 C 0.41955 0.05655 0.62233
C191 C 0.37554 0.05692 0.57834
C192 C 0.06388 0.42364 0.63154
CI193 CI 0.39207 0.08391 0.50774
CI194 CI 0.10082 0.49063 0.61999
CI195 CI1 0.49618 0.40423 0.92769
N196 N 0.06688 0.34485 0.86634
N197 N 0.13674 0.34178 0.93602
N198 N 0.34180 0.13573 0.93026
N199 N 0.13554 0.06578 0.65407
N200 N 0.34503 0.06525 0.86092
N201 N 0.06584 0.13607 0.65822
N202 N 0.18561 0.55045 0.98954
N203 N 0.55028 0.18470 0.98702
N204 N 0.18600 0.45114 0.98850
N205 N 0.01192 0.18880 0.55046

S26



N206 N 0.45094 0.18474 0.98464
Zn207 Zn 0.36736 0.18086 0.99546
Zn208 Zn 0.00033 0.18196 0.63378
C210 C 0.08254 0.08412 0.63428
C211 C 0.36494 0.08338 0.91387
C212 C 0.08464 0.36504 0.91924
H281 H 0.06904 0.39703 0.53997
H282 H 0.20847 0.44351 0.89668
H283 H 0.39356 0.47501 0.95069
H284 H 0.46343 0.07261 0.61241
H285 H 0.06120 0.39833 0.94411
H287 H 0.39791 0.05993 0.93915
H289 H 0.05738 0.06105 0.60095
H309 H 0.10418 0.20897 0.55918
H310 H 0.43985 0.03811 0.71329
H311 H 0.28351 0.10746 0.80217
H312 H 0.44742 0.29458 0.96885
H313 H 0.11175 0.19140 0.72017
H314 H 0.29452 0.44922 0.98638
H315 H 0.19318 0.28051 0.89050
H316 H 0.10918 0.28285 0.80816
H317 H 0.05191 0.43755 0.72499
H318 H 0.19389 0.10723 0.71646
H319 H 0.28092 0.19199 0.88404
H320 H 0.20922 0.56028 0.89828
H321 H 0.10356 0.21235 0.44253
H322 H 0.28408 0.03968 0.55841
H323 H 0.56113 0.20421 0.89489
H324 H 0.02401 0.29954 0.55699
H325 H 0.44455 0.20268 0.89174
C424 C 0.30689 0.01622 0.64817
C425 C 0.34968 0.01582 0.69068
C454 C 0.01683 0.31226 0.65138
C455 C 0.01995 0.35223 0.69639
N456 N 0.00140 0.25883 0.67262
N457 N 0.00272 0.32701 0.74710
C261 C 0.68838 0.11087 0.84270
C262 C 0.69235 0.15238 0.88701
N263 N 0.65812 0.13508 0.93222
C264 C 0.63417 0.08350 0.91457
H273 H 0.71031 0.11252 0.80038
H274 H 0.60265 0.05878 0.94049
H277 H 0.71633 0.19359 0.88531
C265 C 0.84076 0.31135 0.88985
C266 C 0.88509 0.30742 0.84837
N267 N 0.93032 0.34158 0.86573
N268 N 0.85799 0.34820 0.93311
C269 C 0.91262 0.36556 0.91729
H278 H 0.93864 0.39686 0.94219
H279 H 0.88349 0.28324 0.80728
H280 H 0.79850 0.28930 0.88823
Zn33 Zn 0.99846 0.36479 0.82327
C116 C 0.72909 0.72978 0.01197
N119 N 0.67158 0.74347 0.00082
N120 N 0.74304 0.67232 0.00077
H160 H 0.76113 0.76214 0.02597
Zn253 Zn 0.63301 0.81944 0.00346
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N126 N 0.55009 0.80998 0.01336
N129 N 0.65593 0.86261 0.07133
N130 N 0.86566 0.65987 0.06606
C98 C 0.49740 0.98058 0.17610
C99 C 0.82170 0.98256 0.50185
H406 H 0.75939 0.99526 0.24115
H407 H 0.83509 0.93678 0.50032
H408 H 0.49826 0.93543 0.16069
C104 C 0.31238 0.98759 0.35008
C105 C 0.35212 0.98264 0.30503
N106 N 0.32643 0.99701 0.25361
C331 C 0.41043 0.66857 0.01989
C332 C 0.32870 0.97635 0.40835
C333 C 0.03186 0.59503 0.32953
C334 C 0.31719 0.58753 0.03672
C335 C 0.04394 0.68993 0.40940
C336 C 0.40841 0.95927 0.31405
C337 C 0.30679 0.88842 0.15094
C338 C 0.10845 0.85080 0.30806
C339 C 0.15551 0.68997 0.11404
C340 C 0.11275 0.69264 0.15723
C341 C 0.15154 0.89361 0.30582
C342 C 0.30522 0.84522 0.10817
C343 C 0.53026 0.79196 0.06616
C344 C 0.06507 0.47067 0.20244
C345 C 0.20427 0.93435 0.53007
C346 C 0.20415 0.93514 0.46979
C347 C 0.46996 0.79220 0.06575
C348 C 0.06515 0.53089 0.20177
C349 C 0.37550 0.57159 0.05089
C350 C 0.06309 0.63322 0.42524
C351 C 0.42216 0.61135 0.04052
C352 C 0.05585 0.58556 0.38595
C353 C 0.42444 0.94334 0.37185
C354 C 0.38535 0.95368 0.41907
CI355 C1 0.49178 0.90758 0.38502
CI356 C1 0.39011 0.50364 0.08486
CI357 C10.07742 0.51440 0.40736
N358 N 0.34221 0.86058 0.06448
N359 N 0.06758 0.65788 0.14103
N360 N 0.13712 0.65344 0.07097
N361 N 0.06647 0.86767 0.34652
N362 N 0.13645 0.93745 0.34272
N363 N 0.34490 0.93075 0.13418
N364 N 0.18739 0.98740 0.55023
N365 N 0.01058 0.55060 0.18938
N366 N 0.18886 0.98925 0.45093
N367 N 0.45083 0.80881 0.01213

Zn368 Zn 0.00024 0.63446 0.18370
Zn369 Zn 0.36411 1.00003 0.17704

C373 C 0.08348 0.63503 0.08846
C374 C 0.08453 0.92062 0.36652
C375 C 0.36537 0.91277 0.08137
H385 H 0.28140 0.55761 0.04562
H386 H 0.10812 0.80961 0.28397
H387 H 0.28059 0.80439 0.10981
H388 H 0.10255 0.44248 0.21117
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H389 H 0.21466 0.89697 0.55784
H390 H 0.02455 0.55832 0.30072
H391 H 0.55826 0.78074 0.10312
H392 H 0.21488 0.89860 0.44104
H393 H 0.44139 0.78063 0.10218
H394 H 0.19756 0.71250 0.11432
H395 H 0.39843 0.94308 0.46377
H396 H 0.10268 0.55905 0.21047
H397 H 0.46720 0.59838 0.04968
H398 H 0.19217 0.89187 0.28086
H399 H 0.30007 0.98573 0.44480
H400 H 0.43770 0.95022 0.27778
H401 H 0.05065 0.72626 0.43914
H402 H 0.11520 0.71659 0.19843
H403 H 0.44642 0.69784 0.01061
H404 H 0.28251 0.88857 0.19202
H405 H 0.08267 0.62609 0.46821
H415 H 0.06131 0.94563 0.39986
H416 H 0.05697 0.60371 0.06409
H417 H 0.39858 0.93631 0.05648
C419 C 0.35175 0.68473 0.01072
C420 C 0.30714 0.64446 0.01539
N421 N 0.25520 0.67029 0.00320
C468 C 0.01936 0.69767 0.35351
C469 C 0.01621 0.65247 0.31376
N470 N 0.00154 0.74820 0.32834
C25 C 0.99999 0.72589 0.72766

C26 C 0.99260 0.64161 0.68788

C27 C 0.99091 0.68366 0.64462

N28 N 0.99775 0.66723 0.74124

N29 N 0.99620 0.73781 0.66868

C42 C 0.64804 0.98423 0.68729

C43 C 0.69294 0.98153 0.64719

N44 N 0.74416 0.99614 0.67300

N45 N 0.66976 0.99695 0.74125

C117 C 0.69205 0.64985 0.98053
C118 C 0.64926 0.69231 0.98071
C213 C 0.68191 0.59384 0.95714
C214 C 0.98202 0.66836 0.58551
C215 C 0.58987 0.97250 0.67071
C216 C 0.59309 0.68162 0.95787
C217 C 0.68402 0.96093 0.58989
C218 C 0.98782 0.58170 0.67444
C219 C 0.88537 0.69012 0.84558
C220 C 0.84548 0.88832 0.69206
C221 C 0.69097 0.84571 0.89203
C222 C 0.69283 0.88839 0.84873
C223 C 0.88794 0.84486 0.69362
C224 C 0.84197 0.68779 0.88817
C225 C 0.93254 0.79716 0.46718
C226 C 0.46812 0.93228 0.79465
C227 C 0.93451 0.46666 0.79662
C228 C 0.52838 0.93200 0.79637
C229 C 0.93343 0.52693 0.79739
C230 C 0.93164 0.79587 0.52746
C231 C 0.97512 0.56556 0.61613
C232 C 0.57928 0.95231 0.61299

S29



C233 C 0.62651 0.94526 0.57318
C234 C 0.62540 0.58136 0.93493
C235 C 0.97133 0.60879 0.57187
C236 C 0.58101 0.62500 0.93546
CI237 C1 0.51099 0.60900 0.90671
CI238 CI1 0.95073 0.58804 0.50030
CI239 CI 0.50725 0.93513 0.59055
N240 N 0.93202 0.86041 0.65721
N241 N 0.86289 0.93092 0.65454
N242 N 0.65586 0.93220 0.86377
N243 N 0.65271 0.86259 0.93418
N244 N 0.93026 0.65527 0.86248
N245 N 0.85955 0.65125 0.93154
N246 N 0.98766 0.44788 0.81476
N247 N 0.98594 0.81507 0.44885
N248 N 0.44846 0.98594 0.81015
N249 N 0.98506 0.81123 0.54808
N250 N 0.54781 0.98603 0.81120
N251 N 0.98648 0.54722 0.81446

Zn254 Zn 0.99686 0.81551 0.63139
Zn255 Zn 0.99719 0.63075 0.81934
Zn257 Zn 0.63112 0.99773 0.81812

C258 C 0.91339 0.63253 0.91482
C259 C 0.63241 0.91542 0.91592
C260 C 0.91575 0.91290 0.63442
H272 H 0.59916 0.94045 0.93926
H275 H 0.94107 0.93659 0.60164
H276 H 0.93940 0.60124 0.93974
H286 H 0.71615 0.56101 0.95481
H288 H 0.98251 0.70034 0.55082
H290 H 0.55346 0.98001 0.69987
H291 H 0.71518 0.80459 0.89235
H292 H 0.55994 0.71557 0.95614
H293 H 0.80019 0.71083 0.88745
H294 H 0.89834 0.43790 0.78475
H295 H 0.99447 0.54783 0.70658
H296 H 0.80413 0.88843 0.71587
H297 H 0.43999 0.89517 0.78429
H298 H 0.61846 0.92863 0.52914
H299 H 0.88582 0.80376 0.71775
H300 H 0.71774 0.88666 0.80807
H301 H 0.55673 0.89484 0.78677
H302 H 0.88350 0.71389 0.80426
H303 H 0.89652 0.55468 0.78538
H304 H 0.89454 0.78385 0.55495
H305 H 0.96856 0.51952 0.60525
H306 H 0.61624 0.53814 0.91681
H307 H 0.89614 0.78676 0.43815
H308 H 0.71992 0.95471 0.55953
C376 C 0.68689 0.88801 0.16038
C377 C 0.69026 0.84580 0.11670
N378 N 0.65022 0.93114 0.14259
C379 C 0.63241 0.91458 0.08833
H410 H 0.70913 0.88702 0.20257
H411 H 0.60111 0.93925 0.06211
H414 H 0.71425 0.80465 0.11887
C380 C 0.88453 0.85113 0.30763
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C381 C 0.84060 0.89311 0.31131
N382 N 0.92963 0.86776 0.34235
N383 N 0.85796 0.93600 0.34852
C384 C 0.91226 0.91945 0.36632
H409 H 0.93819 0.94384 0.39808
H412 H 0.88269 0.81018 0.28322
H413 H 0.79848 0.89202 0.28895
Zn32 Zn 0.99746 0.82460 0.36596
Zn48 Zn 0.36526 0.99609 0.81833

Zn128 Zn 0.17861 0.99670 0.63339
Zn370 Zn 0.36783 0.81531 0.99936

C372 C 0.50070 0.82070 0.98131
C418 C 0.27028 0.72792 0.99485
N422 N 0.32933 0.73865 0.99957
H441 H 0.23818 0.76227 0.98675
H452 H 0.50105 0.83761 0.93668
C423 C 0.26868 0.98914 0.72919
N426 N 0.32666 0.99832 0.74243
N427 N 0.25504 0.99898 0.67142
H451 H 0.23614 0.97707 0.76191
C433 C 0.15088 0.69321 0.88933
C434 C 0.10899 0.68971 0.84533
N435 N 0.13438 0.65799 0.93410
C436 C 0.08280 0.63394 0.91646
H445 H 0.11006 0.71234 0.80334
H448 H 0.19179 0.71768 0.88767
H449 H 0.05868 0.60160 0.94194
C428 C 0.31210 0.83903 0.88593
C429 C 0.30840 0.88299 0.84410
N430 N 0.34226 0.92848 0.86141
N431 N 0.34852 0.85678 0.92932
C432 C 0.36586 0.91132 0.91328
H443 H 0.29022 0.79667 0.88450
H444 H 0.28462 0.88093 0.80281
H447 H 0.39687 0.93762 0.93823
C437 C 0.11053 0.83949 0.68754
C438 C 0.15264 0.88330 0.69056
N439 N 0.13553 0.92856 0.65625
C440 C 0.08343 0.91136 0.63310
H442 H 0.05848 0.93747 0.60192
H446 H 0.11179 0.79736 0.70987
H450 H 0.19391 0.88134 0.71439
C209 C 0.97957 0.18095 0.50071
C453 C 0.99302 0.26977 0.73127
H465 H 0.93372 0.16771 0.50057
H466 H 0.98140 0.23579 0.76266
C458 C 0.84579 0.11261 0.69462
C459 C 0.88713 0.15708 0.69083
N460 N 0.93045 0.14007 0.65394
C461 C 0.91484 0.08543 0.63648
H462 H 0.93969 0.05967 0.60494
H463 H 0.80453 0.11415 0.71851
H464 H 0.88525 0.19935 0.71283
C371 C 0.97854 0.50083 0.18018
C467 C 0.99122 0.73204 0.27136
N471 N 0.99979 0.67336 0.26051
H476 H 0.97951 0.76343 0.23755
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H480 H 0.93267 0.50065 0.16712
C472 C 0.87850 0.71562 0.08127
C473 C 0.92065 0.71455 0.12490
N474 N 0.93446 0.65814 0.13732
C475 C 0.90034 0.62599 0.10078
H477 H 0.94280 0.75254 0.14317
H478 H 0.86111 0.75440 0.05968
H479 H 0.90410 0.57871 0.09616
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Supplementary Figure 35. Simulated Hy, CO,, CH4 and O isotherms for ZIF-76.
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Supplementary Table 3. Interaction potential parameters used for gas molecules.

Molecule Atom o (A) elkg (K) q(e)
H, H, 2.96 34.20 -
CH,4 CH,4 3.73 148.00 -
Ar Ar 3.410 119.50 -

CO, C 2.80 27.02 0.700

O 3.05 79.01 -0.350

\P) N 3.306 38.298 -0.405

COM 0.00 0.00 0.810

O, O 3.04 53.02 -0.112

COM 0.00 0.00 0.224

Supplementary Table 4: Calculated textural characteristics of ZIF-76.

Pore volume (cm®/g)

PLD (A)

LCD (A)

0.84

3.24
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