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Energetics of Substitution Effect on the Stability of                                             

Metal-Organic Frameworks 

Abstract 

Metal-organic frameworks are hybrid materials constructed by inorganic metal nodes and organic 

linkers. The presence of both organic and inorganic moieties in the structure allows MOFs to have 

a significant flexibility and tunability in compositions, structures, and functional properties. This 

in turns enables MOFs to have very desirable and interesting properties, such as very high porosity, 

very high surface area, multiferroicity, electrical conductivity, proton conductivity and others. 

Consequently, MOFs have potentials in a wide array of applications, including catalysis, gas 

storage and separation, energy storage and drug delivery. 

Despite the significant amount of research performed on the development and synthesis of MOFs, 

fundamental study of their intrinsic stability is still fragmentary. The thermodynamic properties of 

materials are crucial in understanding their properties and evaluating their intrinsic stability. To 

accelerate the discovery of new MOFs, it is necessary to study the energetics of MOFs 

systematically to further understand how the compositions and structures affect stability. By 

relating these composition – structure – energetics relationships to other measurable, calculable, 

or available chemical properties, it should be possible to predict the stability of new MOFs. 

Therefore, this dissertation work aims to fulfill this goal of understanding and predicting MOF 

stability. 

Chapter 1 is a general introduction. Chapter 2 discusses the synthesis, characterization and 

thermodynamic study of mineral paceite CaCu(OAc)4‧6H2O as well as its cadmium-based 
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analogue CaCd(OAc)4‧6H2O. The enthalpy of formation revealed the destabilization introduced 

by the Cd to the structure. Additionally, it also explained the most possible synthesis route of 

paceite, which is through the formation of a calcium acetate – acetic acid solvate intermediate. 

Chapter 3 presents a systematic study of the energetics of A-site cation substitution on the 

thermodynamic stability of protonated-amine manganese formate perovskite. This system was 

chosen representative of a dense MOF system. The measured enthalpy of formation revealed that 

the stability of hybrid perovskites is not strongly influenced by the structural factor, unlike its 

inorganic perovskite counterparts. Instead, the stability is governed more by the interaction of the 

A-site cation with the framework, which further can be explained by the dissolution enthalpy of 

the cation salts. 

Chapter 4 reports the interplay between theoretical calculations and experimental measurements 

to determine the thermodynamic stability of porous metal organic frameworks, in this case 

fluorinated zeolitic imidazolate frameworks (ZIFs). The enthalpy of formations revealed the strong 

influence of ligand functionalization and topology on the stability. 

Chapter 5 presents a systematic study of the energetics of ligand substitution on the stability of 

ZIFs with sodalite structure. Based on the results obtained in Chapter 4, this study was designed 

to see only the contribution of ligand substitution to stability, while keeping the topology the same. 

It was found that the stability trend of sodalite ZIF samples with different ligand functionalization 

can be explained by a tabulated chemical property from physical organic chemistry, namely 

Hammett -para(+) constant. 

Lastly, in Chapter 6, all the results are related with summarizing points and suggestions for future 

research will be presented. 
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Introduction 

 

1.1 Metal-Organic Frameworks 

1.1.1 Background 

Metal-organic frameworks (MOFs) are a class of advanced hybrid materials with extended 

crystalline structures consisting of inorganic metal nodes interconnected by organic ligands or 

linkers (see Figure 1.1). Based on the choice of the metal nodes and the linkers used, the type of 

the framework and the corresponding physical and chemical properties of MOFs can be tuned. The 

vast number of possible combinations of organic and inorganic moieties allows significant 

flexibility in their composition, which further allows its structure and functional properties to be 

tuned for various applications1–4. 

Research on MOFs has mostly concentrated on porous MOFs, and has grown rapidly since the 

introduction of several important and currently widely utilized MOFs, including the report of 

HKUST-1 by Williams’ group in 19995 and the report of ZIF-8 by Yaghi’s group in 20066. The 

main features of these porous MOFs are very high porosity, up to 90 % seen on MOF-200, 

combined with very high Brunauer-Emmett-Teller (BET) surface areas, exceeding                              

9000 m2g-1, which was seen for NU-1501-Al7–9. Computationally, it was also demonstrated that 

MOF surface areas could exceed 14600 m2g-1 10.  
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Figure 1-1. Example of porous MOF structures; HKUST-1 (CSD code: FIQCEN) (left) and ZIF-

8 (CSD code: VELVOY) (right). Color scheme: Cu is blue, O is red, N is purple, C is gray, and 

Zn is green. 

In addition to porous MOFs, an increasing number of dense hybrid materials are also being 

synthesized and reported11,12. An example of dense MOFs are formate perovskites, a hybrid 

organic-inorganic material with perovskite structure, such as methylammonium manganese 

formate ([CH3NH3]Mn[(HCOO)3]) and dimethylammonium manganese formate 

([(CH3)2NH2]Mn[(HCOO)3]). These materials also have very interesting functional properties, 

such as ferromagnetism, ferroelectricity, ferroelasticity and multiferroicity13–17. Another example 

of dense MOF is recently discovered naturally occurring MOFs, stepanovite 

([Mg(H2O)6][NaFe(C2O4)3]·3H2O) and zhemchuzhnikovite 

([Mg(H2O)6][NaFe0.6Al0.4(C2O4)3]·3H2O)18,19. These materials were also found to exhibit 

interesting properties such as high proton conductivity, due to the presence of interstitial water 

molecules, and stability at elevated temperature, allowing reversible dehydration process. 
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These wide ranges of functional properties allow both porous and dense MOFs to be used in a 

wide array of application, including catalysis, gas storage and separation, energy storage, drug 

delivery and others.20,21.  

1.1.2 Synthesis of Metal-Organic Frameworks 

Most MOFs are synthesized using the conventional synthesis method of solvothermal synthesis.  

In this method, the starting materials, the organic ligands and the metal salts react in a closed vessel 

at elevated temperatures and pressures. This method of synthesis also typically use a large amount 

of organic solvents, such as N,N-dimethylformamide (DMF), N,N-diethylformamide (DEF) and 

1-methyl-2-pyrrolidone (NMP)22–24. Several other synthesis methods, such as mechanochemistry, 

have since been developed to reduce the usage of organic solvents and also lower the energy cost 

by working at lower temperature and pressure, as well as to make new MOFs not accessible by 

conventional solvothermal synthesis. Mechanochemistry is a chemical synthesis method that is 

enabled by mechanical force, typically provided by milling balls in jars made from stainless steel, 

tungsten carbide or zirconia25,26. In addition to making the synthesis more environmentally 

friendly, it was also shown that it was possible to synthesize new MOFs, such as sodalite 

Zn(CF3Im)2. This work has been published27 and will be discussed further in Chapter 4. 

1.1.3 Calorimetric measurements 

Development of an in-situ technique to measure the enthalpy associated with every kind of 

formation reactions would be difficult due to the different conditions where the reaction occurs. 

Because of this, an alternative pathway to calculate the enthalpy of formation is necessary. Based 

on the state function property of enthalpy, the value of the enthalpy associated with a specific 

reaction only depends on the initial and final state, irrespective of the path in which the reactions 



4 

 

occur. It would be then possible to design a thermodynamic cycle that corresponds to this 

formation reaction, where the enthalpy associated with each step in this cycle can be easily 

measured. 

 

Figure 1-2. Thermodynamic cycle used to calculate the enthalpy of formation of ZIF-8 with 

respect to its components (ZnO and 2-MeImH) 

An example of the thermodynamic cycle for the formation reaction of ZIF-8 (Zn(2-MeIm)2) is 

shown in the diagram (Figure 1-2). The formation reaction of ZIF-8 is given as the reaction of one 

mole of zinc oxide (ZnO) with 2 moles of 2-methylimidazoles (2-MeImH). In the proposed cycle 

here, the enthalpy of formation of ZIF-8 (ΔHf (Zn(2-MeIm)2) is calculated by using the enthalpy 

of dissolution of each component in an aqueous solution (ΔH1 - ΔH4). In this dissertation, the 

enthalpy of dissolution of the samples are measured in a room temperature solution calorimeter 

(CSC 4400 isothermal microcalorimeter) (Figure 1-3) 
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Figure 1-3. Picture and schematic of CSC 4400 isothermal microcalorimeter28 

1.2 Dissertation Objectives  

1.2.1 The Challenges 

The immense flexibility that MOFs offer with tunability of structural and functional properties 

while being their greatest strength, but this is also a drawback. Without the tools to properly predict 

the stability of MOFs, it would be difficult to target the best compositions for  specific applications, 

while also ensuring their synthesizability. Despite the substantial work on the discovery and 

synthesis of new MOFs, it has been largely trial and error and the thermodynamic driving force 

behind the stability of MOFs has not been studied systematically extensively. This can be seen 

from the most recent report, over 500000 MOFs have been predicted computationally while only 

over 90000 MOFs have been successfully synthesized so far29. This big difference between the 

predicted and synthesized structures could be attributed to both the need for new and novel 

synthetic methods and the intrinsic instability of the structures themselves, preventing them from 
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being synthesized. In addition, trying to synthesize hundreds of thousands of MOFs is a Herculean 

task, and therefore the synthetic chemist needs further focus and guidance.  

It is important to properly understand the relation between MOFs stability and their composition, 

both the inorganic metal nodes and the organic ligands are important. Based on the currently 

available thermodynamic stability study of both porous MOFs30–34 and dense MOFs35, there is still 

a lack of experimental data. Additionally, most of the computational study on the stability of MOFs  

by density functional theory (DFT) has not been experimentally validated36–40. Because of this, a 

further systematic study on MOF stability would be beneficial. Further relating this 

thermodynamic stability to other relevant and accessible chemical properties would allow the 

prediction of the stability of not yet synthesized MOFs. The experimentally measured 

thermodynamic properties would also help validate theoretical calculation models and 

subsequently improve its accuracy to calculate MOFs stability. This in turn would improve the 

prediction of MOF stability, significantly reduce the trial-and-error time involved during MOF 

synthesis and accelerate the development of functional MOFs. 

1.2.2 Thermodynamic Study 

The purpose of this dissertation is to study the thermodynamic stability of metal-organic 

frameworks, understand the energetics of substitution effects, and relate it to relevant chemical 

properties for use as a prediction tool for future syntheses. To achieve this, representative systems 

of dense and porous MOFs are chosen with different substituents to understand the role of 

substitution on the resulting thermodynamic stability systematically. First, the system of organic 

mineral paceite CaCu(OAc)4‧6H2O and its cadmium-based analogue has been studied to 

investigate the energetics of Cd substitution for Ca in the structure. The calorimetric data will also 
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be used to explain the possible reaction pathways to form paceite from its starting materials 

(Chapter 2, a published paper). Then in Chapter 3, a system of protonated-amine manganese 

formate perovskites (AmineH+-Mn-F) will be studied to explore the energetics of substitution 

effect on dense MOFs stability. The measured enthalpy of formation will be correlated with 

relevant properties to create a predictive model. In a similar fashion, in Chapter 4 (a published 

paper), a system of zeolitic imidazolate frameworks (ZIFs) with different substitutions and 

framework topologies will be studied. Here, both the role of substitutions and framework 

topologies on the stability of ZIFs will be investigated. Building from this result, in Chapter 5 (a 

published paper), a system of isostructural ZIFs with sodalite structure and only different 

substitutions will be analyzed. The energetics of substitutions on the thermodynamic stability of 

ZIFs with sodalite structure will be investigated, and the result will be correlated with relevant 

chemical properties to construct a predictive model.  
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Mechanochemical Synthesis, Accelerated Aging and 

Thermodynamic Stability of the Organic Mineral Paceite 

and Its Cadmium Analogue 

This chapter is presented based on the following previously published paper with additions on the 

thermal analysis and calorimetry section: 

Li, S.; Huskić, I.; Novendra, N.; Titi, H. M.; Navrotsky, A.; Friščić, T. Mechanochemical 

Synthesis, Accelerated Aging, and Thermodynamic Stability of the Organic Mineral Paceite and 

Its Cadmium Analogue. ACS Omega 2019, 4, 5486–5495. 

Note: My contributions to this work are on the thermal analysis experiments, calorimetric 

measurements, and discussion of the energetics of the system. 

 

2.1 Abstract 

We demonstrate the use of ball milling mechanochemistry for rapid, simple, and materials-

efficient synthesis of the organic mineral paceite CaCu(OAc)4‧6H2O (where OAc− is the acetate 

ion), composed of coordination polymer chains containing alternating Ca2+ and Cu2+ ions, as well 

as its cadmium-based analogue CaCd(OAc)4·6H2O. While the synthesis of paceite in aqueous 

solutions requires a high excess of the copper precursor, mechanochemistry permits the use of 

stoichiometric amounts of reagents, as well as the use of poorly soluble and readily accessible 
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calcium carbonate or hydroxide reactants. As established by thermochemical measurements, 

enthalpies of formation of both synthetic paceite and its cadmium analogue relevant to the 

mechanochemical reactions are highly exothermic. Reactions can also be conducted using 

accelerated aging, a synthetic technique that mimics geological processes of mineral weathering. 

Accelerated aging reactivity involving copper(II) acetate monohydrate (hoganite) and calcium 

carbonate (calcite) provides a potential explanation of how complex organic minerals like  paceite 

could form in a geological environment. 

2.2 Introduction 

Over the past 10 years, structural studies of geological samples have identified an increasing 

number of organic minerals, broadly defined as carbon-bearing mineral species other than 

carbonates and carbon allotropes.1,2 Principal representatives of such organic minerals are 

transition metal and lanthanide oxalates,3,4 as well as metal formates,5 mellitates,6 acetates,1,2 and 

organic molecules such as uric acid.7−9 The search for organic minerals and a deeper understanding 

of their structures and origins have been additionally promoted by the recent “Carbon Mineral 

Challenge” initiative, which considers organic minerals, while extremely poorly investigated, as 

nevertheless central to understanding mineral evolution and carbon cycle on Earth and other 

planetary systems.10,11 The vibrant investigations of organic minerals have recently led to the 

structural characterization of geoporphyrins,12 discovery of naturally occurring metal−organic 

frameworks (MOFs),13,14 and proposed geological appearance of organic cocrystals15 in 

extraterrestrial environments such as Titan.16 

Recent additions to the library of organic minerals are copper(II) acetate monohydrate, 

Cu(OAc)2·H2O, found as the mineral hoganite in the Potosi Mine in New South Wales (Australia), 
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and paceite, the related double salt of calcium copper(II) acetate hexahydrate, CaCu(OAc)4·6H2O, 

found as dark blue crystals growing on the surface of hoganite specimens.17 The minerals found 

in gossan were goethite, hematite, quartz, linarite, malachite, azurite, cuprian smithsonite, and 

cerussite. Gossan was located at a depth of approximately 20 m and in the vicinity of a 

decomposing leaf litter, providing a potential source of acetate ion. The structures of both minerals 

are unique in the context of organic minerals, representing the first identified acetate minerals,17 

and are also of relevance to modern metal−organic materials chemistry. In particular, hoganite 

consists of the well-known copper(II) acetate “paddlewheel” dimers (Figure 2-1), which are also 

important secondary building units in the design and synthesis of coordination polymers and 

metal−organic frameworks (MOFs).18 Calcium copper(II) acetate hexahydrate is a synthetic 

compound that has been known since at least 1960,19 and its single crystal X-ray diffraction 

structure was reported first by Langs and Hare in 1967,20 who described the structure without 

detailed crystallographic data. The structure was subsequently redetermined by Klop et al.21 and 

by El-Bali and Bolte22 and consists of one-dimensional coordination polymer chains of alternating 

square-coordinated copper(II) ions and hydrated octahedrally coordinated calcium ions bridged by 

acetate ions. Such regular alternation of metal ions is also of relevance for the development of 

metal−organic materials based on more than one type of metal ion. In particular, while a number 

of designs have recently emerged for such mixed-metal materials,23,24 these are usually based on 

the formation of solid solutions in which different metal ions are randomly distributed over specific 

crystallographic sites.25 The potentially broader relevance of this structure in metal−organic 

chemistry is highlighted by its cadmium- and calcium-based analogue, CaCd(OAc)4·6H2O. This 

compound was described by Balarew and Stoilova,26 as well as by Langs and Hare, who also 
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conducted structural characterization.20 The compound was reported to be isomorphous to 

CaCu(OAc)4·6H2O, but detailed crystallographic information was never provided. 

Consequently, we recognized paceite and its synthetic cadmium analogues as excellent targets for 

our ongoing investigation of the properties and potential origin of naturally occurring 

metal−organic materials.13,27 Specifically, we targeted the structure, thermal, and thermodynamic 

stability of synthetic paceite and its cadmium analogue, as well as potential routes through which 

such materials could assemble from geologically relevant precursors, via mechanochemical28 or 

accelerated aging29 reactions. 

 

Figure 2-1. a) Structure of the paddlewheel unit found in the crystal structure of Cu(OAc)2∙H2O 

(hoganite mineral) and b) fragment of the crystal structure of Cd(OAc)2∙2H2O, with coordination 

environments around cadmium ions shown as yellow polyhedra. c) Fragment of a single bimetallic 

coordination polymer chain in the crystal structure of paceite, CdCa(OAc)2·6H2O, with calcium 

and cadmium ion coordination environments shown as green and yellow polyhedra, respectively. 
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2.3 Experimental Section 

Mechanochemical syntheses were conducted using either a Retsch MM200 mixer mill operating 

at 25 Hz or a Form-Tech Scientific 1000 shaker mill operating at 30 Hz. All reactions were 

performed using stainless steel milling media, including a milling jar of 15 mL volume equipped 

with two milling balls of 7 mm diameter (1.37 g each). A detailed mechanochemical reaction 

procedure for each compound is given in the appendix.  

Differential scanning calorimetry coupled with thermogravimetric analysis (DSC-TG) was 

performed on a Netzsch 449 instrument to determine the water content of the samples. In each 

experiment, the samples were heated from 25 to 800 °C under an O2 atmosphere (heating rate 10 

°C/min, platinum crucible). 

Fourier transform infrared attenuated total reflectance (FTIR-ATR) spectra were obtained using a 

Bruker Platinum ATR spectrometer. In situ PXRD monitoring of aging reactions was performed 

on a PROTO AXRD Benchtop diffractometer equipped with a DECTRIS Mythen 1K strip 

detector. Data were collected using a custom designed sample holder.30 A homogenized mixture 

of Ca(OH)2 and Cu(OAc)2·H2O was placed in the middle, and 200 mL of 50% aqueous solution 

(by volume) of acetic acid was placed in the sample holder grooves. Consecutive powder 

diffractograms were collected over the course of 12 h with a time resolution of 5 min and 50 s 

between scans. Rietveld fitting was performed in the TOPAZ6 analytical program.31 

Single crystal X-ray diffraction data were collected on a Bruker D8 Advance diffractometer with 

a Photon 200 CMOS area detector and an IμS microfocus X-ray source (Madison, WI) using Mo 

Kα radiation. The single crystal was coated with paraffin oil, and data were collected at room 
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temperature. The Apex3 software suite (Madison, WI) was used for data collection, reduction, and 

unit cell assignment. 

The enthalpy of dissolution of the samples was measured using a CSC (Calorimetry Sciences 

Corporation) 4400 isothermal microcalorimeter at 25 °C. In each experiment, 5−15 mg of the 

sample was hand-pressed to form a pellet and dropped into a Teflon cell in the calorimeter filled 

with 25 g of 5 N HCl solvent. All weight measurements were done using a Mettler microbalance 

with an accuracy of 10 μg. The solvent was isothermally equilibrated for at least 3 h under 

mechanical stirring before the introduction of the sample, and the sample was allowed to dissolve 

in the cell for at least 3 h, ensuring the return of baseline back to the initial position. For each 

experiment, the solvent in the cell was replaced with a new fresh solvent. The collected data were 

integrated with a baseline correction and converted to joules using a calibration factor to obtain 

the total heat effect due to the dissolution of the sample. To obtain the calibration factor, the NIST 

standard reference material KCl was used. The calibration was done by dissolving 15 mg of KCl 

pellet into 25 g of H2O, which corresponds to a reference concentration of 0.008 mol/kg at 25 °C. 

The calibration factor was obtained by correlating the integrated data with a known enthalpy of 

dissolution and dilution of 0.008 mol/kg KCl. For each sample, at least four measurements were 

performed, and their average was reported as the final value. The uncertainties given in the result 

represent 95% confidence interval. This experimental method is the same as the one used in our 

earlier study of metal−organic frameworks.32 
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2.4 Results and Discussion 

2.4.1 Mechanochemical Synthesis of Synthetic Paceite and Its Cadmium 

Analogue. 

Synthesis of artificial paceite from water was described in 1960 by Holden and Singer using 

copper(II) acetate monohydrate and calcium acetate as starting materials.19 The synthesis is a 

textbook example of noncongruent cocrystallization, as the aqueous solubility of calcium acetate 

is significantly higher than that of Cu(OAc)2·H2O, which requires the two components to be used 

in a non-stoichiometric approximately 4:1 ratio. Mechanochemistry by ball milling has been 

demonstrated to provide access to solubility-independent reactions in which the stoichiometric 

composition of the product can be readily controlled by the composition of the reaction 

mixture.33,34 Such stoichiometry control was observed for mechanochemistry by neat (dry) milling, 

as well as by liquid-assisted grinding (LAG), a methodology that uses a small amount of a liquid 

phase (measured in the form of η, the ratio of liquid additive to reactant weight) to enable and 

accelerate mechanochemical reactions.32 Consequently, we decided to explore whether 

mechanochemistry can be used to obtain synthetic paceite samples using stoichiometric amounts 

of Cu2+ and Ca2+ precursors. 

For that purpose and with the intention to explore potential routes through which paceite could be 

formed in a geological environment, we envisaged a two-step synthetic protocol that would use 

mineral-like substances as precursors. We chose copper(II) acetate monohydrate, Cu(OAc)2·H2O, 

as a source of Cu2+ ions, while the calcium acetate material required for the synthesis would be 

obtained in a mechanochemical reaction of either CaCO3 or Ca(OH)2 in combination with acetic 
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acid (AcOH) (reactions 1 and 2). The resulting hydrated calcium acetate was then expected to form 

paceite in a mechanochemical reaction with 1 equiv of Cu(OAc)2·H2O (reaction 3). 

CaCO3(s) + 2AcOH(l) → Ca(OAc)2·H2O(s) + CO2(g)     (1) 

Ca(OH)2(s) + 2AcOH(l) → Ca(OAc)2·H2O(s) + H2O(g)     (2) 

Ca(OAc)2 ·H2O(s) + Cu(OAc)2·H2O(s) + 4H2O(l) → CaCu(OAc)4·6H2O(s)   (3) 

All mechanochemical reactions were performed by the LAG methodology35 using a small amount 

of water as an additive (typically 10−12 μL), and analysis of reactants by PXRD confirmed that 

the used CaCO3 was in the calcite form. The LAG reactions of either Ca(OH)2 or CaCO3 with a 

small excess (under 5 mol %) of glacial acetic acid led to the formation of calcium acetate 

monohydrate as the sole crystalline product. In particular, milling 0.5 mmol of Ca(OH)2 for 30 

min with 60 μL of AcOH and 10 μL of water led to the complete disappearance of the solid reactant 

and formation of hydrated calcium acetate of the formula Ca(OAc)2·H2O (CSD code CEJLIM), 

identified by powder X-ray diffraction (PXRD) and thermogravimetric analysis (TGA) (Figure 

2-2 and Figure 2-9). In contrast, complete conversion of CaCO3 into Ca(OAc)2·H2O required 80 

min of milling on the 1 mmol scale. Shorter milling times revealed the formation of a mixed 

hydrate and acetic acid solvate of calcium acetate, of composition Ca(OAc)2·H2O·AcOH, which 

was identified by PXRD reflections matching those simulated for the published structure (CSD 

code COKJUH), along with unreacted CaCO3. Upon longer milling, the initially formed 

Ca(OAc)2·H2O·AcOH reacted with remaining CaCO3 to provide Ca(OAc)2·H2O. 

In the next step, 1 equiv of Cu(OAc)2·H2O was added to the mechanochemically prepared 

Ca(OAc)2·H2O and the reaction mixture was milled for an additional 30 min. Analysis by PXRD 

revealed the complete disappearance of Bragg reflections of the starting materials and appearance 



18 

 

of new reflections consistent with the diffraction pattern calculated for the crystal structure of 

paceite. Identical outcomes were obtained regardless of whether the Ca2+ source in this two-step 

process was calcium carbonate or hydroxide (Figure 2-2). The formation of the paceite structure 

was also possible in a one-pot one-step process by milling calcium carbonate or hydroxide and 

acetic acid in the presence of equimolar amounts of Cu(OAc)2·H2O and water. After 30 min of 

milling, the PXRD pattern of the reaction mixture exhibited only X-ray reflections of the mixed 

coordination polymer CuCa(OAc)4·6H2O (Figure 2-2). The formation of paceite by both one-and 

two-step mechanochemical routes was also confirmed by Fourier transform infrared attenuated 

total reflectance (FTIR-ATR) spectra, which were identical for the products of both synthetic 

methods. 

The described two-step and one-step mechanochemical routes to CuCa(OAc)4·6H2O clearly 

demonstrate that the synthesis of this material can be readily performed through LAG using only 

stoichiometric amounts of metal precursors. 
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Figure 2-2. PXRD patterns for Ca(OAc)2∙H2O and CaCu(OAc)4∙6H2O mechanochemically 

prepared from Ca(OH)2 or CaCO3, to relevant patterns of reactants and simulated patterns. 
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2.4.2 Stoichiometric Control in Mechanochemical Synthesis of Calcium 

Acetate Solvates. 

The observed formation of Ca(OAc)2·H2O·AcOH as an intermediate in the mechanochemical 

synthesis of Ca(OAc)2·H2O from CaCO3 is consistent with previously reported formation of highly 

solvated compounds as intermediates in mechanochemical synthesis of coordination compounds 

and MOFs.36−38 It also suggests the possibility for selective synthesis of different solvates of 

calcium acetate, Ca(OAc)2·H2O or Ca(OAc)2·H2O·AcOH, depending on the stoichiometric 

composition of the reaction mixture. Specifically, we speculated that simply using the calcium-

based precursor and acetic acid in the respective stoichiometric ratio of 1:3 should enable the 

selective formation of Ca(OAc)2·H2O·AcOH. Indeed, milling of 1 mmol of Ca(OH)2 with 3 mmol 

of AcOH led to the complete disappearance of Bragg reflections of the solid reactant in the PXRD 

pattern of the reaction mixture and the appearance of reflections of Ca(OAc)2·H2O·AcOH (Figure 

2-3). The formation of Ca(OAc)2·H2O·AcOH was also verified by TGA (Figure 2-9). Similarly, 

milling of CaCO3 with 3 equiv of AcOH led to quantitative conversion within 60 min of milling. 

Energetic constraints on these reactions and observed intermediates are discussed below from the 

point of view of thermochemical data. 

The demonstrated ability to selectively obtain either Ca(OAc)2·H2O·AcOH or Ca(OAc)2·H2O 

provides an additional illustration  of the  effectiveness of mechanochemical methods in controlling 

the stoichiometric composition of products. 
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Figure 2-3. PXRD patterns for Ca(OAc)2∙H2O∙AcOH mechanochemically synthesized from 

Ca(OH)2 or CaCO3 to relevant patterns of reactants and simulated patterns. 
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2.4.3 Formation of Paceite by Accelerated Aging: A Potential Route for 

Geochemical Synthesis. 

The formation of paceite by two-step or one-step milling reaction of CaCO3 and Cu(OAc)2·H2O, 

both of which are known mineral species, suggests a possible geochemical route to paceite either 

through mechanical impact39 or through mineral weathering reactions. In order to explore this 

possibility, we conducted accelerated aging reactions40 inspired by mineral weathering processes41 

in which the exposure of inorganic minerals to small organic molecules under suitable conditions 

of temperature and atmosphere leads to the formation of organic minerals. 

Two designs of accelerated aging reactions were explored. In one design, the reaction mixtures of 

either Ca(OH)2 or CaCO3 with 1 equiv of Cu(OAc)2·H2O were manually mixed, followed by 

addition of a slight excess (10 mol %) of liquid AcOH, and then left to age for 7 days in 100% 

relative humidity (100% RH, i.e., saturated water vapor). In the second reaction design, the 

mixtures of Cu(OAc)2·2H2O with either CaCO3 or Ca(OH)2 as the calcium source were left to age 

for 7 days in an atmosphere saturated by vapors of a 50% aqueous solution of acetic acid (v/v). 

The reactions were conducted either at room temperature or in an incubator set to 45 °C. Visual 

observation of reaction mixtures over time in most cases revealed partial deliquescence and change 

in reaction mixture color to blue, consistent with paceite formation (Figure 2-4). The exceptions 

were reactions in which mixtures of Cu(OAc)2·H2O with CaCO3 or Ca(OH)2 were left to age in 

vapors of the 50% aqueous acetic acid solution. Even after 7 days, these mixtures clearly consisted 

of a white powder with dispersed dark green particles of the Cu(OAc)2·H2O reactant. The visual 

observations are confirmed by PXRD analysis of the aged reaction mixtures (Figure 2-5), which 

were briefly manually ground before recording a diffractogram. The analysis revealed the 
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formation of the paceite structure in all experiments, except in the aforementioned reactions of 

aging in vapors of 50% aqueous AcOH solution (v/v) at room temperature. Importantly, while 

reaction mixtures exhibited deliquescence, in no case was complete dissolution of samples 

observed. 

 

Figure 2-4. Optical images of equimolar mixtures of Cu(OAc)2∙H2O and either Ca(OH)2 or CaCO3 

upon six days of aging under different conditions: a) Cu(OAc)2∙H2O and Ca(OH)2 with 1.1 

equivalent of AcOH added directly to the mixture, and aged at 100% RH and 45 ºC; b) 

Cu(OAc)2∙H2O and Ca(OH)2 with 1.1 equivalent of AcOH added directly to the mixture, and aged 

at 100% RH and room temperature; c) Cu(OAc)2∙H2O and Ca(OH)2, aged in vapors of 50% 

aqueous AcOH at 45 ºC; d) Cu(OAc)2∙H2O and Ca(OH)2, aged in vapors of 50% aqueous AcOH 

at room temperature; e) Cu(OAc)2∙H2O and CaCO3 with 1.1 equivalent of AcOH added directly 

to the mixture, and aged at 100% RH and 45 ºC; f) Cu(OAc)2∙H2O and CaCO3 with 1.1 equivalent 

of AcOH added directly to the mixture, and aged at 100% RH and room temperature; g) 

Cu(OAc)2∙H2O and CaCO3, aged in vapors of 50% aqueous AcOH at 45 ºC and h) Cu(OAc)2∙H2O 

and CaCO3, aged in vapors of 50% aqueous AcOH at room temperature. 
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In addition to paceite, the reaction mixtures also exhibited X-ray reflections consistent with 

different amounts of Ca(OAc)2·H2O or Ca(OAc)2·H2O·AcOH. The observation that both of these 

phases participate in the solid-state formation of paceite was verified by real-time monitoring of 

the reaction of Cu(OAc)2·H2O with Ca(OH)2 in an atmosphere containing vapors of water and 

AcOH. An analogous measurement was not possible for CaCO3 as the calcium source due to 

formation of the gaseous CO2 in the reaction. A detailed description of the experimental setup and 

its use in monitoring cocrystal formation have been recently published.30,42 

Real-time in situ X-ray diffraction monitoring of changes in a mixture of equimolar amounts of 

Ca(OH)2 and Cu(OAc)2·H2O upon exposure to vapors of acetic acid and water revealed (Figure 

2-6) the interconversion of at least five crystalline phases: Ca(OH)2, Cu(OAc)2·H2O, paceite, 

calcium acetate monohydrate (CSD code CEJLIM), and Ca(OAc)2·H2O·AcOH (CSD code 

COKJUH). Rietveld refinement of in situ PXRD data revealed a continuous drop in the content of 

Ca(OH)2 and Cu(OAc)2·H2O reactants over approximately 14 h. The first new crystalline phase 

observed in the reaction is the mixed hydrate and acetic acid solvate Ca(OAc)2·H2O·AcOH, which 

is detected already in the first experimental data sets. The crystalline monohydrate Ca(OAc)2·H2O 

appears considerably later in the reaction, after approximately 3.5 h of aging, and is soon followed 

by the appearance of the paceite structure after approximately 5 h of aging. The initial formation 

of Ca(OAc)2·H2O·AcOH, followed by Ca(OAc)2·H2O, is consistent with previous general 

observations on mechanochemical reactions of oxides with carboxylic acids, which reveal the 

initial formation of the more solvated intermediate phases. 
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Figure 2-5. PXRD patterns for mixtures of Cu(OAc)2∙H2O after seven days aging under different 

conditions, to relevant patterns of reactants and simulated patterns. 

Rietveld analysis suggests that the disappearance of Ca(OH)2 takes place faster than that of 

Cu(OAc)2·H2O. While quantitative analysis is hindered by significant potential for preferred 

orientation and crystal size effects in such a nonmixed reaction system, these observations may be 

explained by multiple possible reaction pathways available for calcium hydroxide, forming three 

different calcium-containing products, in contrast to copper(II) acetate converting only to paceite. 
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Figure 2-6. a) Time-resolved X-ray powder diffractogram for the aging reaction of Ca(OH)2 and 

Cu(OAc)2∙H2O in an atmosphere of water and acetic acid and b) corresponding reaction profile 

based on Rietveld refinement of the PXRD data. 
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2.4.4 Cadmium Analogue of Paceite. 

We next explored the potential to use analogous reactivity to synthesize the previously reported 

cadmium analogue of paceite.20 Indeed, the two-step mechanochemical reactions involving milling 

of Ca(OH)2 or CaCO3 in the presence of a small excess of acetic acid, followed by milling of 

resulting Ca(OAc)2·H2O with commercially available Cd(OAc)2·2H2O, led to the quantitative 

formation of the targeted CaCd(OAc)4·6H2O paceite analogue (Figure 2-7). Formation of 

CaCd(OAc)4·6H2O was verified by PXRD pattern analysis, which revealed a product isostructural 

to paceite. As observed in the case of synthetic paceite, its cadmium analogue could also be 

obtained by a one- pot mechanochemical procedure starting from either CaCO3 or Ca(OH)2 in the 

presence of commercial Cd(OAc)2·2H2O, acetic acid, and a small amount of water. Again, the 

formation of CaCd(OAc)4·6H2O was confirmed by PXRD analysis (Figure 2-7), as well as TGA 

(Figure 2-9). In this case also, the formation of the same product by both one- and two-step 

mechanochemical routes was confirmed by FTIR-ATR spectroscopy. 
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Figure 2-7. PXRD patterns for CaCd(OAc)4∙6H2O prepared from Ca(OH)2 or CaCO3 to relevant 

patterns of reactants and simulated patterns. 

As the crystallographic data for CaCd(OAc)4·6H2O have previously not been reported, we also 

conducted a single crystal X-ray diffraction study of the structure of this mixed- metal coordination 

polymer (Table 2-1). Single crystals for CaCd(OAc)4·6H2O were obtained through an accelerated 

aging process from a deliquescent mixture of equimolar amounts of Ca(OH)2, Cd(OAc)2·2H2O, 

and a small excess (10%) of acetic acid that was aged over 2 days at 45 °C and 100% RH. Crystal 

structure analysis revealed coordination polymer chains of alternating Cd2+ and Ca2+ ions 

propagating along the 41-screw axis parallel to the crystallographic c-axis (Figure 2-8). The chains 

are isostructural to those of copper(II)- and calcium-based chains found in paceite. 
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Similar to paceite, Ca2+ ions adopt an octahedral coordination geometry involving four equatorial 

acetate ions. However, in the CaCd(OAc)4·6H2O structure, the oxygen atom of each acetate ion 

associated with a Ca2+ ion was found to be disordered over two sites, whose relative occupational 

parameters were established as 0.51 and 0.49 using least- squares refinement. The disorder gives 

rise to two Ca···O distances of 2.31 and 2.33 Å, respectively. As in the paceite structure, each 

acetate ion forms a bridge to one of the two nearest-neighbor Cd2+ ions in a chain (Cd···O distance 

2.29 Å). The apical coordination positions on each Ca2+ ion are occupied by oxygen atoms of two 

water molecule ligands (Ca···O distances 2.34 Å). Also analogous to Cu2+ ions, the Cd2+ ions in 

the structure of CaCd(OAc)4·6H2O adopt a roughly square-planar coordination geometry 

(O···Cd···O angle 90.7°), established through four monodentate oxygen ligands, each coming 

from a different acetate ion, which is also associated with a nearest-neighbor Ca2+ ion. 
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Table 2-1. Crystallographic and general data for CaCd(OAc)2∙6H2O. 

Formula C4H12Ca0.5Cd0.5O7 

Mr 248.4 

T / K 298(2) 

crystal system tetragonal 

space group I4/m 

a / Å 11.3440(4) 

c / Å 16.0488(6) 

V / Å3 2065.3(2) 

Z 8 

ρcalc / g/cm3 1.598 

μ / mm–1 1.362 

F(000) 1008 

crystal size / mm3 0.3 × 0.15 × 0.15 

λ / Å 0.71073 (MoKα) 

2 range for data collection / ° 7.18 - 66.21 

No. reflections 17744 

No. independent reflections 1825 

No. restraints 8 

No. parameters 79 

S 0.990 

R1, wR2 (I≥2σ(I)) 0.028, 0.070 

R1, wR2 (all data) 0.056, 0.087 

Largest difference electron density peak/hole / e Å–3 0.31; –0.27 
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Each of the two water ligands on a Ca2+ ion also acts as a hydrogen bond donor to two neighboring 

water molecules (O−H···O distance 2.77 Å), which are further hydrogen-bonded to their 

symmetry-related counterparts (O−H···O separation 2.78 Å) across a 41-screw axis to form 12-

membered cages based on O−H···O hydrogen bonds. 

 

Figure 2-8. The CaCd(OAc)4∙6H2O crystal structure viewed along the 41 screw axis parallel to the 

crystallographic c-direction: a) highlighting the hydrogen-bonded (H2O)12 cluster situated between 

four bimetallic coordination polymer chains and b) similar orientation of the structure, with metal 

coordination polyhedra outlined (Cd:yellow, Ca:green). For clarity, the disorder of the acetate ion 

is not shown. 

2.4.5 Thermal analysis for water content determination 

DSC-TG curves of all the samples are shown in Figure 2-9. Both copper and cadmium acetate 

samples showed an endothermic mass loss process at 100-200 oC which corresponds to the 

dehydration process. This water loss was followed by the loss of the acetate at around 250-350oC 

to form the corresponding oxides. Similar behavior was seen with calcium acetate, except that 

there was an additional mass loss step after the dehydration process where calcium carbonate 

formation occurs, which was then finally followed by the formation of calcium oxide. The mass 
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loss observed for each step for both copper and cadmium acetates agrees within 0.5 % with what 

is expected corresponding to the stoichiometric amount of water. For calcium acetate sample, the 

water content measured was slightly higher than expected, namely 1.1mol of H2O per mole of 

calcium acetate. This composition was the one used for the subsequent calorimetry measurements 

and enthalpy calculations involving calcium acetate. The mass loss behavior of the acetic acid 

solvated calcium acetate sample was similar to that of the non-solvated calcium acetate sample, 

except that during the dehydration process there was also the loss of acetic acid solvent, followed 

by the formation of calcium carbonate and calcium oxide at the last step. The mass loss observed 

for each step also agrees within 0.5 % with what is expected for the stoichiometric amount of 

water. For calcium carbonate, there was no mass loss until 650 oC, which indicates that there was 

no water on the sample. This was further confirmed by absence of water peak on the sample’s 

FTIR-ATR spectrum. 

For the paceite and cadmium analog of paceite (CaCd(OAc)4·6H2O) samples, a three-step mass 

loss process was observed, similar to the one observed with calcium acetate. The dehydration 

process started earlier at 50-200oC, followed by the loss of mass to form copper oxide and calcium 

carbonate for the paceite and to form cadmium oxide and calcium carbonate for the 

CaCd(OAc)4·6H2O. Finally, at the last mass loss step, CO2 was released to form the binary oxides. 

Here the mass loss observed in each step for both paceite and its cadmium analogue agrees within 

0.5 % with what is expected for the stoichiometric amount of water. The calculated water content 

of each sample and the expected mass loss value is summarized in Table 2-2. 
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Figure 2-9. DSC-TG curves of all studied samples. 
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Table 2-2. Summary of sample composition, the expected stoichiometric mass loss and the 

experimental mass loss observed from DSC-TG measurements 

Sample 

Mass loss (weight %) 

First step 

(complete 

dehydration) 

Expected 

value 

Total (formation 

of binary oxides) 

Expected 

value 

Cu(OAc)2.H2O 9.06 9.02 60.55 60.16 

Cd(OAc)2.2H2O 13.70 13.52 51.40 51.82 

Ca(OAc)2.1.1H2O 11.55 11.06 68.09 68.47 

Ca(OAc)2.1H2O.AcOH 32.94 33.05 75.89 76.26 

CdCa(OAc)4.6H2O 21.34 21.76 62.00 62.86 

CuCa(OAc)4.6H2O 24.3 24.13 69.28 69.72 

 

2.4.6 Enthalpies of Formation of Paceite Structures and Thermodynamic 

Driving Force for the Mechanochemical and Aging Formation of Paceite 

Structures from CaCO3. 

In order to achieve deeper insight into the formation of paceite and its cadmium analogue from 

calcium carbonate, we evaluated the enthalpies of formation (ΔHf) for both CaCu(OAc)4·6H2O 

and CaCd(OAc)4·6H2O using acid dissolution calorimetry43 in 5 N aqueous hydrochloric acid as 

the solvent. For this purpose, dissolution enthalpies for both CaCu(OAc)4·6H2O and 

CaCd(OAc)4·6H2O, as well as for Cu(OAc)2·H2O, Cd(OAc)2·2H2O, Ca(OAc)2.1.1H2O, 

Ca(OAc)2·H2O·AcOH, and CaCO3, were experimentally determined at 25 °C. 

For the calorimetric measurements, it was necessary to ensure that there was no variation in the 

final state for an accurate thermochemical cycle. Since the reactions occurred in an aqueous 
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solution rather than in a molten salt solvent, we had less experience and need to test consistency 

of final state more systematically by performing the following experiments: 

- Subsequent dissolution of several samples with the same composition into a batch of 

the same solvent. 

- Dissolution of a sample into a solvent containing other samples. 

- Dissolution of mechanical mixture of samples, and 

- Dissolution of samples with different masses 

The tests were performed using Ca(OAc)2.1.1H2O, Cu(OAc)2.H2O, and CaCO3 samples and the 

detailed measured solution enthalpy data for all of the samples is given in Table 2-3. 

Table 2-3. Solution enthalpy data from acid calorimetry in 5 N HCl at different conditionsa 

Sample: Paceite (CaCu(OAc)4.6H2O) 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in 

the solution 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in  

the solution  

9.90 2.83 - 10.61 2.79 - 

10.95 2.86 - 10.42 2.58 - 

Average ΔHs (kJ/mol) = 2.77 ± 0.13 kJ/mol (4) 

 

 

 

 

 

 



36 

 

Table 2-3. Continued 

Sample: CaCd(OAc)4.6H2O 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in 

the solution 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in  

the solution  

11.14 -24.53 - 10.24 -24.67 - 

10.13 -24.49 - 9.91 -24.59 - 

9.91 -25.18 - 
   

Average ΔHs (kJ/mol) = -24.69 ± 0.25 kJ/mol (5) 

 

Sample: Cu-acetate (Cu(OAc)2.H2O) 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in 

the solution 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in  

the solution  

11.43 2.46 - 9.89 2.46 9.76mg Cu(OAc)2.H2O 

9.63 2.39 - 7.12 2.89 9.65mg Cu(OAc)2.H2O 

11.49 2.75 - 9.98 2.58 19.64mg Cu(OAc)2.H2O 

9.88 2.54 - 9.60 2.29 16.77mg Cu(OAc)2.H2O 

13.60 2.63 - 12.65 3.25 29.62mg Cu(OAc)2.H2O 

9.76 2.86 - 9.44 2.90 26.37mg Cu(OAc)2.H2O 

9.65 2.88 -    

Average ΔHs (kJ/mol) = 2.68 ± 0.15 (13) 

 

Sample: Cd-acetate (Cd(OAc)2.2H2O) 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in 

the solution 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in  

the solution  

15.49 -14.02 - 13.24 -14.25 - 

12.96 -14.03 - 14.43 -14.25 - 

Average ΔHs (kJ/mol) = -14.14 ± 0.13 (4) 
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Table 2-3. Continued 

Sample: Ca-carbonate (CaCO3) 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in 

the solution 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in  

the solution  

10.08 -25.98 - 4.90 -25.77 4.76mg CaCO3 

10.22 -25.78 - 4.97 -24.99 9.86mg CaCO3 

10.34 -26.25 - 4.92 -24.74 9.96mg CaCO3 

9.87 -26.05 - 4.98 -24.82 9.66mg CaCO3 

10.77 -25.76 - 9.76 -25.71 10.07mg CaCO3 

10.07 -25.63 - 4.90 -24.87 14.88mg CaCO3 

4.98 -24.99 - 4.84 -24.47 14.63mg CaCO3 

5.08 -25.10 - 4.86 -24.84 19.78mg CaCO3 

4.97 -24.89 - 4.94 -24.15 19.47mg CaCO3 

4.95 -24.54 - 4.96 -25.07 
18.61mg (Cu(OAc)2.H2O 

+ Ca(OAc)2.1.1H2O) 

4.76 -25.22 - 4.89 -25.53 

18.61mg (Cu(OAc)2.H2O 

+ Ca(OAc)2.1.1H2O) 

+ 4.96mg CaCO3 

4.88 -26.58 4.98mg CaCO3 4.97 -24.90 

18.61mg of (Cu(OAc)2.H2O 

+ Ca(OAc)2.1.1H2O) 

+ 9.84mg CaCO3 

5.26 -25.65 5.08mg CaCO3 5.21 -24.31 
42.27mg Cu(OAc)2.H2O + 

9.92mg Ca(OAc)2.1.1H2O 

4.90 -25.16 4.97mg CaCO3 4.92 -25.13 
35.81mg Cu(OAc)2.H2O + 

9.99mg Ca(OAc)2.1.1H2O 

5.01 -24.82 4.95mg CaCO3    

Average ΔHs (kJ/mol) = -25.23 ± 0.22 (29) 
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Table 2-3. Continued 

Sample: Ca-acetate (Ca(OAc)2.1.1H2O) 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in 

the solution 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in  

the solution  

9.99 -29.90 - 9.36 -29.88 - 

10.16 -29.95 - 9.92 -29.89 42.27mg Cu(OAc)2.H2O 

9.47 -30.34 - 9.99 -30.06 35.81mg Cu(OAc)2.H2O 

Average ΔHs (kJ/mol) = -30.00± 0.15 (6) 

 

Sample: Cu- and Ca-acetate mechanical mixture (Cu(OAc)2.H2O + Ca(OAc)2.1.1H2O) 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in 

the solution 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in  

the solution  

9.81 -27.53 - 8.80 -26.64 
9.81mg (Cu(OAc)2.H2O 

+ Ca(OAc)2.1.1H2O) 

Average ΔHs (kJ/mol) = -27.08 ± 0.89 (2) 

 

Sample: Ca-acetate-acetic acid solvate (Ca(OAc)2.H2O.AcOH) 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in 

the solution 

Weight 

(mg) 

ΔHs 

(kJ/mol) 

Solute present in  

the solution  

9.75 -9.23 - 9.86 -9.28 - 

10.51 -9.21 -    

Average ΔHs (kJ/mol) = -9.24 ± 0.04  (3) 

The error is two standard deviations of the mean; the values in brackets are the numbers of 

experiments performed; weight refers to the weight of the sample pellet that was dropped to the 

solvent; ΔHs is the measured dissolution enthalpy; and the solute present in the solution refers to 

the solute that was already dissolved in the solvent before the sample drop was performed. 
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From the data in Table 2-3, it can be seen that the dissolution enthalpy values of the samples at 

different conditions were consistent and did not depend on the concentrations of other dissolved 

samples in the range used. Changing both the weight and the nature of the solute already present 

in the solvent resulted in no appreciable difference in the measured dissolution enthalpy. This 

indicates that the dissolved ions in the solvent interact similarly with each other and with the 

solvent independent of concentration in the range used. Additionally, the dissolution enthalpy 

value observed for the mechanical mixture of Cu(OAc)2·H2O and Ca(OAc)2.1.1H2O was -27.08 ± 

0.89 kJ/mol, which agrees with the expected value calculated from their individual dissolution 

enthalpy, 27.38 ± 0.18 kJ/mol. This further confirmed that the final state of sample and its 

constituents after calorimetric measurement are the same. 

Having confirmed the consistency of the final state on the calorimetric measurements, together 

with the measured and literature values for the dissolution enthalpies of glacial acetic acid and 

water, these enabled the evaluation of ΔHf for CaCu(OAc)4·6H2O and CaCd(OAc)4·6H2O from 

reacting the corresponding transition metal acetates either with CaCO3 and acetic acid or with 

hydrated calcium acetate. The calculations were performed following the thermodynamic cycle 

presented in Table 2-4 and the summary of the enthalpy values is given in Table 2-5: 
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Table 2-4. Thermodynamic cycle used to calculate the formation enthalpy of the paceite and 

cadmium analogue of the paceite 

Formation from CaCO3 and M(OAc)2·xH2O 

Reactions Enthalpy (ΔH, kJ mol-1) 

MCa(OAc)4.6H2O(s) → M2+
(aq) + Ca2+

(aq) + 4OAc-
(aq) + 6H2O(aq) ΔH1 

M(OAc)2.xH2O(s) → M2+
(aq) + 2OAc -

(aq) + xH2O(aq) ΔH2 

CaCO3(s) + 2H+
(aq) → Ca2+

(aq) + H2O(aq) + CO2(g) ΔH3 

AcOH(l) → OAc-
(aq) + H+

(aq) ΔH4 

H2O(l) → H2O(aq) ΔH5 

M(OAc)2.H2O(s) + CaCO3(s) + 2AcOH(l) + (5-x)H2O(l) → 

MCa(OAc)4.6H2O(s) + CO2(g) 

ΔH6 = ΔHf = -ΔH1 + ΔH2 

+ ΔH3 + 2ΔH4 + (5-x)ΔH5 

 

Formation from Ca(OAc)2.1.1H2O and M(OAc)2·xH2O  

Reactions Enthalpy (ΔH, kJ mol-1) 

MCa(OAc)4.6H2O(s) → M2+
(aq) + Ca2+

(aq) + 4OAc-
(aq) + 6H2O(aq) ΔH1 

M(OAc)2.xH2O(s) → M2+
(aq) + 2OAc-

(aq) + xH2O(aq) ΔH2 

Ca(OAc)2.1.1H2O(s) → Ca2+
(aq) + 2OAc-

(aq) + 1.1H2O(aq) ΔH7 

H2O(l) → H2O(aq) ΔH5 

M(OAc)2.H2O(s) + Ca(OAc)2.1.1H2O(s) + (4.9-x)H2O(l) → 

MCa(OAc)4.6H2O(s) 

ΔH8 = ΔHf = -ΔH1 + ΔH2 

+ ΔH7 + (4.9-x)ΔH5 

aM = Cu and Cd; x = 1 for Cu and 2 for Cd  
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Table 2-5. Thermodynamic data obtained and calculated from acid solution calorimetry in 5N HCl 

Compound ΔHs (kJ/mol) 

ΔHf (kJ/mol) 

From carbonate From acetate 

CuCa(OAc)4·6H2O(s) 

(synthetic paceite) 
2.77 ± 0.13 (4) -27.14 ± 0.30a -31.45 ± 0.25b 

CdCa(OAc)4·6H2O(s) -24.69 ± 0.25 (5) -16.14 ± 0.36c  -20.46 ± 0.32d 

Ca(OAc)2·1.1H2O(s) -30.00 ± 0.15 (6)   

Cu(OAc)2·H2O(s) 2.68 ± 0.15 (13)   

Cd(OAc)2·2H2O(s) -14.14 ± 0.13 (4)   

Ca(OAc)2·H2O·AcOH(s) -9.24 ± 0.04 (3)   

(Cu(OAc)2·H2O + Ca(OAc)2·1.1H2O) 

(mechanical mixture) 
-27.08 ± 0.89 (2)   

CaCO3(s) -25.23 ± 0.22 (29)   

AcOH(l) -0.21 ± 0.01e   

H2O(l) -0.35f   

Reactions corresponding to each enthalpy of formation values: 

aCu(CH3COO)2.H2O(s) + CaCO3(s) + 2CH3COOH(l) + 4H2O(l) → CuCa(CH3COO)4.6H2O(s) + CO2(g) 

bCu(CH3COO)2.H2O(s) + Ca(CH3COO)2.1.1H2O(s) + 3.9H2O(l) → CuCa(CH3COO)4.6H2O(s) 

cCd(CH3COO)2.2H2O(s) + CaCO3(s) + 2CH3COOH(l) + 3H2O(l) → CdCa(CH3COO)4.6H2O(s) + CO2(g) 

dCd(CH3COO)2.2H2O(s) + Ca(CH3COO)2.1.1H2O(s) + 2.9H2O(l) → CdCa(CH3COO)4.6H2O(s) 

eRef 42; fCalculated from dilution enthalpy of HCl43 Error is two standard deviations of the mean, 

value in brackets is number of experiments performed. 
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The calculated enthalpies of formations reveal that the formation of copper(II)- and cadmium-

based paceite structures was clearly exothermic, which agrees with the ease of forming 

CaCu(OAc)4·6H2O and CaCd(OAc)4·6H2O by mechanochemical milling of corresponding metal 

acetates. The ΔHf values for the formation of CaCu(OAc)4·6H2O and CaCd(OAc)4·6H2O from 

Ca(OAc)2·H2O are more exothermic than values when starting from CaCO3, which might be 

related to the high stability of the carbonate reactant. 

The measured thermodynamic data also reveal that the ΔHf for the formation of synthetic paceite 

is in each case more exothermic than for its cadmium-based analogue, indicating a destabilization 

effect introduced by the incorporation of cadmium. The other important distinction is that the 

reference states for the formation reactions of CaCu(OAc)4·6H2O and CaCd(OAc)4·6H2O are not 

identical, as well as that the crystal structures of the starting materials Cu(OAc)2·H2O and 

Cd(OAc)2·2H2O are different and have different water contents. 

Tentatively, the difference in ΔHf for synthetic paceite and its cadmium analogue might be 

attributed to the difference in the change of transition metal coordination during the reaction: in 

the Cu(OAc)2·H2O starting material, the Cu2+ ions are five-coordinated with oxygen-based ligands, 

whereas in Cd(OAc)2·2H2O, the Cd2+ ions adopt a coordination number of 7.46,47 However, in   

CaCu(OAc)4·6H2O and CaCd(OAc)4·6H2O, the transition metal ions adopt a coordination number 

of 4. Consequently, cadmium ions undergo a more significant change in coordination number upon 

transformation into the paceite structure compared to copper(II) ions.20 Such a difference might be 

a significant factor contributing to a diminished exothermic enthalpy of formation of 

CaCd(OAc)4·6H2O compared to synthetic paceite.  
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The measurement of enthalpies of dissolution also enabled the calculation of ΔHf for 

CaCu(OAc)4·6H2O and CaCd(OAc)4·6H2O from hydrated calcium acetate, in a process 

corresponding to the second step of the herein reported two-step mechanochemical synthesis 

starting from either CaCO3 or Ca(OH)2. The calculation of the enthalpy of formation of the 

intermediates and the enthalpy of formation of CaCu(OAc)4·6H2O and CaCd(OAc)4·6H2O from 

the intermediates were performed following the thermodynamic cycle presented in Table 2-6: 

Table 2-6. Thermodynamic cycle used to calculate the formation enthalpy of the intermediates 

and CaCu(OAc)4·6H2O and CaCd(OAc)4·6H2O from intermediates 

Formation of Ca(OAc)2.H2O.AcOH intermediate from CaCO3 

Reactions Enthalpy (ΔH, kJ mol-1) 

Ca(OAc)2.H2O.AcOH(s) → Ca2+
(aq) + 3 OAc -

(aq) + H2O(aq) + H+
(aq) ΔH1 

CaCO3(s) + 2H+
(aq) → Ca2+

(aq) + H2O(aq) + CO2(g) ΔH2 

AcOH(l) → OAc-
(aq) + H+

(aq) ΔH3 

CaCO3(s) + 3AcOH(l) → Ca(OAc)2.H2O.AcOH(s) + CO2(g) ΔHf = -ΔH1 + ΔH2 + 3ΔH3 

 

Formation of Ca(OAc)2.1.1H2O intermediate from CaCO3 

Reactions Enthalpy (ΔH, kJ mol-1) 

Ca(OAc)2.1.1H2O (s) → Ca2+
(aq) + 2OAc -

(aq) + 1.1H2O(aq) ΔH1 

CaCO3(s) + 2H+
(aq) → Ca2+

(aq) + H2O(aq) + CO2(g) ΔH2 

AcOH(l) → OAc-
(aq) + H+

(aq) ΔH3 

H2O(l) → H2O(aq) ΔH4 

CaCO3(s) + 3AcOH(l) → Ca(OAc)2.H2O.AcOH(s) + CO2(g) 
ΔHf = -ΔH1 + ΔH2 + 2ΔH3 

+ 0.1ΔH4  
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Table 2-6. Continued 

Formation of Ca(OAc)2.1.1H2O from Ca(OAc)2.H2O.AcOH 

Reactions Enthalpy (ΔH, kJ mol-1) 

Ca(OAc)2.1.1H2O (s) → Ca2+
(aq) + 2OAc -

(aq) + 1.1H2O(aq) ΔH1 

Ca(OAc)2.H2O.AcOH(s) → Ca2+
(aq) + 3 OAc -

(aq) + H2O(aq) + H+
(aq) ΔH2 

AcOH(l) → OAc-
(aq) + H+

(aq) ΔH3 

H2O(l) → H2O(aq) ΔH4 

Ca(OAc)2.H2O.AcOH(s) + 0.1H2O(l)  → Ca(OAc)2.1.1H2O(s) + 

AcOH(l) 

ΔHf = -ΔH1 + ΔH2 - ΔH3 + 

0.1ΔH4 

 

Formation of MCa(OAc)4.6H2O from Ca(OAc)2.H2O.AcOH intermediate 

Reactions Enthalpy (ΔH, kJ mol-1) 

MCa(OAc)4.6H2O(s) → M2+
(aq) + Ca2+

(aq) + 4 OAc -
(aq) + 6H2O(aq) ΔH1 

Ca(OAc)2.H2O.AcOH(s) → Ca2+
(aq) + 3 OAc -

(aq) + H2O(aq) + H+
(aq) ΔH2 

M(OAc)2.xH2O(s) → M2+
(aq) + 2OAc-

(aq) + xH2O(aq) ΔH3 

AcOH(l) → OAc-
(aq) + H+

(aq) ΔH4 

H2O(l) → H2O(aq) ΔH5 

Ca(OAc)2.H2O.AcOH(s) + M(OAc)2.xH2O(s) + (5-x)H2O(l)  → 

MCa(OAc)4.6H2O(s) + AcOH(l) 

ΔHf = -ΔH1 + ΔH2 + ΔH3 

– ΔH4 + 4ΔH5 

aM = Cu and Cd; x = 1 for Cu and 2 for Cd  

 

An energy diagram explaining the reaction steps that occur during the formation of 

CaCu(OAc)4·6H2O is given in Figure 2-10. It is drawn to conserve mass in all the reactions; thus, 

excess acetic acid and carbon dioxide appear in the final products together with the paceite. The 

top diagram shows the reaction steps when CaCO3 is first milled with acetic acid to form 

Ca(OAc)2·H2O·AcOH, followed by formation of Ca(OAc)2·1.1H2O, which is then followed by 
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subsequent milling with Cu(OAc)2·H2O to form paceite. Formation of the first intermediate 

Ca(OAc)2·H2O·AcOH was seen after short milling times, and the ease of this reaction is supported 

here by the exothermic enthalpy change (−16.62 ± 0.23 kJ/mol). The formation of 

Ca(OAc)2·1.1H2O is accompanied by an endothermic enthalpy change (20.94 ± 0.35 kJ/mol), 

which results in an intermediate that has higher energy than the reactants. The highly endothermic 

enthalpy is consistent with longer milling times required for the synthesis of calcium acetate 

monohydrate and with the loss of CO2 gas or other volatile reaction components, where a large 

positive entropy can compensate for the positive enthalpy to make the overall reaction favorable 

in free energy. The last step of paceite formation from Ca(OAc)2·1.1H2O is accompanied by a 

strong exothermic enthalpy change of −31.45 ± 0.25 kJ/mol.  
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Figure 2-10. Energy diagram for the formation reaction of CaCu(OAc)2∙6H2O from CaCO3 and 

Cu(OAc)2·H2O by considering the participation of either: (top) both intermediates or (bottom) one 

intermediate. Each step corresponds to one of the following compositions: 

(1) Cu(OAc)2·H2O(s) + CaCO3(s) + 3AcOH(l) + 4H2O(l);  

(2) Cu(OAc)2·H2O(s) + Ca(OAc)2·H2O·AcOH(s) + CO2(g) + 4H2O(l); 

(2*) Cu(OAc)2·H2O(s) + Ca(OAc)2·1.1H2O(s) + CO2(g) +     AcOH(l) + 3.9H2O(l) and 

(3) CuCa(OAc)4·6H2O(s) + AcOH(l) + CO2(g). 
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Comparison of the formation of paceite directly from either of the intermediates can be seen in the 

bottom diagram in Figure 2-10. There, the black line indicates the formation through the 

Ca(OAc)2·H2O·AcOH intermediate, while the blue line indicates the formation through the 

Ca(OAc)2·1.1H2O intermediate. It can be seen that the Ca(OAc)2·1.1H2O intermediate has higher 

enthalpy than the bulk reactants, compared to the other intermediate that has lower enthalpy than 

the reactants. The formation of Ca(OAc)2·1.1H2O is accompanied by a small positive enthalpy 

change of 4.32 ± 0.27 kJ/mol. Based on these two figures, the pathway with the formation of 

Ca(OAc)2·H2O·AcOH appears to be the more favorable one because the intermediate lies 

energetically between the reactants and the products, slightly closer to the products. The reactions 

proceed toward lower energy and more stable forms, where the first reaction step forming the 

intermediate is accompanied by an enthalpy change of −16.62 ± 0.23 kJ/mol and the subsequent 

step of paceite formation is accompanied by an enthalpy change of −10.51 ± 0.20 kJ/mol. 

Analogous diagrams for the cadmium analogue of paceite are given in Figure 2-11. The 

intermediates also have the same energy as previously, because their formation does not depend 

on the presence of copper(II) or cadmium acetate. In the bottom diagram, an interesting behavior 

is observed. The product has essentially the same enthalpy as the Ca(OAc)2·H2O·AcOH 

intermediate or perhaps slightly higher. The formation reaction of the product from 

Ca(OAc)2·H2O· AcOH is accompanied by an enthalpy change of 0.48 ± 0.29 kJ/mol, that is, 

essentially zero. Thus, while Ca(OAc)2·H2O· AcOH is indeed an intermediate in enthalpy between 

reactants and products in the case of CaCu(OAc)4·6H2O, for CaCd(OAc)4·6H2O it appears to be 

essentially the same in enthalpy as the final product. The reason for this difference is not yet clear. 
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Figure 2-11. Energy diagram of the formation reaction of CaCd(OAc)2∙6H2O from CaCO3 and 

Cd(OAc)2∙2H2O by considering the participation of either: (top) both intermediates or (bottom) 

one intermediate. Each step corresponds to one of the following compositions: 

(1) Cd(OAc)2∙2H2O(s) + CaCO3(s) + 3AcOH(l) + 3H2O(l); 

(2) Cd(OAc)2∙2H2O(s) + Ca(OAc)2·H2O∙AcOH(s) + CO2(g) + 3H2O(l); 

(2*) Cd(OAc)2∙2H2O(s) + Ca(OAc)2∙1.1H2O(s) + CO2(g) + AcOH(l) + 2.9H2O(l) ; 

(3) CdCa(OAc)4∙6H2O(s) + AcOH(l) + CO2(g). 
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2.5 Conclusions 

We have demonstrated the use of mechanochemistry for the rapid, simple, and materials-efficient 

preparation of synthetic samples of the organic mineral paceite and its cadmium analogue, 

CaCd(OAc)4·6H2O. Importantly, while the synthesis of synthetic paceite from aqueous solutions 

containing copper(II) acetate and calcium acetate requires the use of an approximately 4-fold 

excess of the calcium reagent, mechanochemistry permits the synthesis of this material using only 

stoichiometric amounts of metal precursors. Furthermore, the use of mechanochemical techniques 

also permitted the use of readily available calcium hydroxide or carbonate as a source of Ca2+, 

which would be difficult to achieve using simple solution-based chemistry. Consequently, the 

described mechanochemical approaches illustrate the benefits of ball milling mechanochemistry 

in improving the control over product stoichiometry in the synthesis of coordination polymers 

based on two different types of metal centers and in expanding the scope of starting materials in 

such syntheses to poorly soluble solids. At the same time, these syntheses of synthetic paceite 

illustrate a poorly explored, but fast, simple, and efficient route for making synthetic samples of 

organic minerals. This is expected to be of high value for studies of very rare mineral species, such 

as hoganite, paceite, and other organic minerals. The exploration of mechanochemical reactivity 

also led to hints at how analogous reactions could take place in a non- agitated system by aging of 

reactant mixtures at high humidity and mild temperature. Such accelerated aging experiments, 

which mimic mineral weathering processes in a geological environment, provide a potential route 

for the formation of organic minerals. Importantly, thermodynamic studies based on acid 

dissolution calorimetry confirm that the mechanochemical syntheses of synthetic paceite and 

analogous aging reactions, involving known mineral species Cu(OAc)2∙H2O (hoganite) and CaCO3 
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(calcite), are highly exothermic. It is expected that the exothermic nature of such transformations 

provides sufficient driving force for the formation of paceite in a natural environment.  
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Perovskites 

Novendra, N.; Nagabhushana, G. P.; Navrotsky, A (in preparation) 

 

3.1 Abstract 

Hybrid organic-inorganic materials, both dense and porous, have gained significant attention in 

recent years due to their extreme tunability in both compositions and functional properties. A deep 

understanding of their intrinsic stability would be crucial to accelerate the discovery of new 

compositions that are not only functional but also thermodynamically stable. Here, we report the 

first systematic experimental study on the effect of A-site cations on the thermodynamic stability 

of hybrid perovskites using a series of manganese formate perovskites [AmineH+]Mn[HCOO]3 

with AmineH+ = NH4
+, CH3NH3

+, (CH3)2NH2
+, (CH2)3NH2

+, CH(NH2)2
+, and C(NH2)3

+. Their 

thermodynamic stability is presented as the enthalpy of formations, calculated based on the 

measurement performed on a room temperature acid solution calorimetry. The stability trend of 

this protonated-amine manganese formate perovskite series was found to be independent of their 

tolerance factors, unlike what has been seen previously with other inorganic perovskites. We show 

that the perovskite enthalpy of formation correlates linearly to their corresponding A-site cation 

salts enthalpy of dissolution, suggesting that the interactions between the A-site cation and the 

framework dominate the energetics of the perovskite stability, rather than the geometric factor. 
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3.2 Introduction 

The term perovskite has been accepted for a wide class of materials that have a similar structure 

to the mineral CaTiO3. This structure has a general formula of ABX3, where A is a cation located 

at the cavities of the framework constructed by the B cation and X anions, typically halogens or 

oxygen. In this structure, the A-site cation is twelve-coordinated, while the B-site cation is six-

coordinated by the X-site anion to form a BX6 octahedron. These octahedrons are corner shared, 

forming the 3D framework1. Hybrid organic-inorganic perovskites (HOIP) can be defined as a 

subset of the perovskite family in which the cation in A-site and/or the anion in X-site is replaced 

by organic amine cations and/or organic linkers respectively. The introduction of organic 

components to this structure provides new functionalities and structural flexibilities that are 

previously unattainable with inorganic perovskites2–4. Additionally, the introduction of more 

organic components to the X-site allows the structure to be also characterized as a dense metal-

organic framework. 

The first discovered and characterized hybrid perovskite structure was cubic methylammonium 

lead halide (MAPbX3, X=Cl, Br or I)5,6. This structure gained massive popularity in the following 

years due to the promising properties of high optical absorption, benign grain boundaries, high 

carrier mobility and narrow bandgap, which together allow its application in high-performance 

photovoltaic operations. Since then, several different types of other HOIPs have been synthesized 

with different organic amine cations in the A-site, such as methylammonium (CH3NH3
+), 

formamidinium (CH(NH2)2
+), and dimethylammonium ((CH₃)₂NH2

+), and molecular linkers on 

the X-site, such as azide (N3
-), cyanide (CN-), formate (HCOO-) and borohydride (BH4

-)2,7–10.  
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Different thermodynamic studies have been performed on hybrid perovskites, both experimentally 

and theoretically, to understand their stability and the effect of their compositions on the overall 

stability11–17. However, throughout these studies, the effect of molecular A-site cation on the 

thermodynamic stability of the hybrid perovskite has not been explored systematically. AmineH+ 

cation on the A-site has been shown to have an interesting contribution to the hybrid perovskite 

properties, affecting the crystal structure due to the different cation sizes and charge compensation, 

modifying the electronic properties due to the mobility of the cation, and changing the mechanical 

properties due to the presence of hydrogen bonding.18–22 In this study, the role of the AmineH+ 

cation on the resulting stability of the hybrid perovskite was studied systematically using room 

temperature isothermal acid solution calorimetry for the first time. The system chosen for this 

study is a manganese formate perovskite series with formate ion (HCOO-) on the X site, or 

[AmineH+]Mn[HCOO]3 (Figure 3-1). This class of materials has very interesting functional 

properties, such as ferromagnetism, ferroelectricity, ferroelasticity and multiferroicity23–27. The 

presence of medium-sized formate anions on the [AmineH+]Mn[HCOO]3 (indicated by AmineH+-

Mn-F from this point forward) allows the incorporation of a wider array of AmineH+ into the 

structure. Here we report the synthesis, characterization, and calculation of enthalpy of formations 

of different AmineH+-Mn-F structures, where AmineH+ = ammonium (AM) (NH4
+), 

methylammonium (MA) (CH3NH3
+), dimethylammonium (DMA) ((CH3)2NH2

+), azetidinium 

(AZE) ((CH2)3NH2
+), formamidinium (FA) (CH(NH2)2

+), and guanidinium (GUA) (C(NH2)3
+). 

The energetics revealed that the stability of hybrid perovskites, unlike their inorganic counterpart, 

is not influenced strongly by the geometric mismatch explained by the tolerance factor. Instead, 

we show that the stability is more strongly related to the interaction between the cation and the 

framework, and this could be related simply to the dissolution enthalpy of the cation salts on HCl. 
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Figure 3-1. (a) Perovskite framework structure of AZE-Mn-F. (b) AmineH+ cations studied in this 

work: ammonium (AM) (NH4
+), methylammonium (MA) (CH3NH3

+), dimethylammonium 

(DMA) ((CH3)2NH2
+), azetidinium (AZE) ((CH2)3NH2

+), formamidinium (FA) (CH(NH2)2
+), and 

guanidinium (GUA) (C(NH2)3
+). Color scheme: Mn is green, O is red, N is purple, C is gray, and 

H is white. 

3.3 Experimental Methods 

3.3.1 Synthesis 

All chemicals used for the synthesis process were commercially available and used without any 

further purification. We previously reported the synthesis, characterization and calorimetric 

measurements of DMA-Mn-F14, and those calorimetric data are used in this report. AM-Mn-F was 

synthesized by the reaction of MnCl2·4H2O solution in methanol with ammonium hydroxide and 

formic acid solution in methanol. In a typical experiment, 203 mg of MnCl2·4H2O was dissolved 

in 10 mL of methanol and mixed with 5.5 ml 0.8 M solution of [NH4][HCOO] in methanol 

(prepared by mixing 0.29 ml of ammonium hydroxide and 0.22 ml of formic acid with 4.99 ml of 
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methanol). The mixed solution was left covered and undisturbed. The crystals were obtained after 

1 day and washed with methanol28. 

MA-Mn-F and AZE-Mn-F samples were synthesized with a solution diffusion method. In a typical 

experiment, 5 ml methanol solution of 0.5 M formic acid and 0.5 M of methylamine or azetidine 

respectively was placed at the bottom of a glass tube. 2 ml of methanol was layered on top of this 

solution carefully and on the upmost layer, 8 ml of 0.1 M MnCl2 solution in methanol was placed 

carefully. The tube was sealed and left undisturbed. The crystals were collected after a week and 

washed with methanol29.  

FA-Mn-F was prepared by a solvothermal method. In a typical experiment, 1.05 g of MnCl2·4H2O 

was dissolved in a mixture of 0.5 ml of ethanol, 0.5 ml of water, and 0.15 ml of formic acid with 

10 ml of formamide. The solution was sealed and kept undisturbed at 130 oC. Crystals formation 

were observed after a day and the crystals were collected after 2 days and washed with formamide. 

This synthesis method is an adaptation of the previously reported synthesis of DMA-Mn-F14.  

GUA-Mn-F was prepared by mixing 10 ml aqueous solution of 1.0mmol Mn(ClO4)2·6H2O with 

20 ml aqueous solution of 8.7 mmol formic acid and 4.2 mmol [C(NH2)3]2CO3. The mixture was 

left undisturbed and let to evaporate over time. The crystals were collected after 3 days and washed 

with ethanol30. 

3.3.2 Characterization 

Powder X-ray diffraction (PXRD) data of the samples were recorded at room temperature by 

Bruker-AXS D8 Advance diffractometer using Cu-Kα radiation (λ = 1.54060 Ȧ) operated at 40 

kV and 40 mA. The scans were collected in the range of 10 to 70 O 2θ with a step size of 0.02 O 

by using a zero-background sample holder. Thermogravimetric analysis (TG) was conducted by 
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using Netzsch 449 TG/DSC system. The measurement was done in a platinum crucible at a 

temperature range of 30-600 OC and a heating rate of 10 OC·min-1 under a mixture of argon and 

oxygen atmosphere (40 ml·min-1
 flow rate). Fourier transform infrared spectroscopy (FTIR) 

measurement was done with a Bruker Equinox 55 system and the data were collected in the range 

of 400 - 4000 cm-1. 

3.3.3 Isothermal Acid Solution Calorimetry 

Room temperature solution calorimetry measurement was conducted using a CSC (Calorimetry 

Sciences Corporation) 4400 isothermal microcalorimeter at 25 oC. The data collection and device 

operation were done by using IMC data acquisition software. In each experiment, typically 15 mg 

of the sample was hand pressed to form a pellet and dropped into a Teflon cell in the calorimeter, 

filled with 25.0 g of 5M HCl solvent. All weight measurements were done using a Mettler 

microbalance with an accuracy of 10 µg. The solvent was isothermally equilibrated for at least 3 

hours under mechanical stirring before the introduction of the sample, and the sample was allowed 

to dissolve in the cell for at least 3 hours, ensuring the return of signal back to its initial position. 

After each experiment, the cell was reassembled with fresh solvent.  

The collected data was integrated with a baseline correction in OriginPro 8.5 software, which was 

then converted to joules using a calibration factor, to obtain the total heat effect due to the 

dissolution of the sample. To obtain the calibration factor, a NIST standard reference material KCl 

was used. The calibration was done by dissolving a 15 mg KCl pellet into 25 g of H2O, which 

corresponds to a reference concentration of 0.008 mol·kg-1 at 25 oC. The calibration factor was 

obtained by correlating the integrated data with a known enthalpy of dissolution and dilution of                                     

0.008 mol·kg-1 KCl31. For each sample, at least 4 measurements were performed, and their average 
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was reported as the final value. The uncertainties given represents the 95 % confidence interval. 

This experimental method is the same as the one used in our earlier study of metal-organic 

frameworks14,32,33. 

3.4 Results and Discussion 

The characterization of AM-Mn-F, MA-Mn-F, AZE-Mn-F, FA-Mn-F and GUA-Mn-F will be 

discussed in detail here, while the result for DMA-Mn-F was previously reported14. PXRD analysis 

was performed on the synthesized samples to confirm the formation of the intended phase, and the 

PXRD patterns of all [AmineH+]Mn[HCOO]3 samples are given in Figure 3-2. Whole pattern 

fitting using the published crystal structures of each sample was performed using MDI Jade 6.5 

software. The result confirmed the formation of single phases, and the lattice parameters are given 

in Table 3-1. 

Table 3-1. Lattice parameters of the AmineH+-Mn-F samples. 

Sample Space Group a (𝐴̇) b (𝐴̇) c (𝐴̇) R2 value (%) 

AM-Mn-F P6322 7.362 7.362 8.484 5.37 

MA-Mn-F Pnma 8.684 11.943 8.161 3.35 

AZE-Mn-F Pnma 8.681 12.313 8.882 5.86 

FA-Mn-F C2/c 13.819 8.702 8.477 4.21 

GUA-Mn-F Pnna 8.524 11.980 9.058 6.35 

 

The compounds crystallized in different space groups depending on the size of the [AmineH+] 

cations, which confirms the effect of the A-site cation on the structure. The smallest cation, [NH4
+] 
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resulted in the formation of a structure that belongs to the hexagonal space group, while mid-sized 

cations ([CH3NH3
+], [(CH2)3NH2

+], [CH(NH2)2
+], [C(NH2)3

+]) led to the formation of compounds 

with perovskite structure. For samples with perovskite structure, albeit with different space groups, 

each sample shares the common feature of a perovskite structure, which is the existence of face 

centered cubic framework of Mn[HCOO]3
- and the [AmineH+] cation that occupies the cavity.  

 

Figure 3-2. PXRD patterns for all synthesized AmineH+-Mn-F samples in this work and their 

respective simulated patterns. 
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Further analysis of the purity of the sample was done with infrared spectroscopy (FTIR), and the 

FTIR patterns of all samples are given in Figure 3-3. The purity of the samples was confirmed by 

the absence of the starting material signals on the collected FTIR spectra. Additionally, the FTIR 

spectra of all samples are quite similar to each other, where every pattern shows the characteristic 

band for the HCOO- group and the respective [AmineH+] cations. On all samples, the symmetric 

bending and stretching and asymmetric stretching modes of O-C-O were observed at ~793 cm-1, 

1355 cm-1, and 1575 cm-1 respectively. Other different characteristic bands for the corresponding 

[AmineH+] cations are indicated in the figure. 

 

Figure 3-3. FTIR patterns of all AmineH+-Mn-F samples 

The thermal stability of the samples was investigated with thermal gravimetric analysis (TGA) and 

the TGA curve of all the samples are given in Figure 3-4. Under Argon, four of the samples, AM-
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Mn-F, MA-Mn-F, AZE-Mn-F and FA-Mn-F showed a distinct two-step mass loss, while GUA-

Mn-F showed only one step mass loss instead of two. Also, it can be seen that among all the 

species, GUA-Mn-F has a significantly higher decomposition temperature of 291.5oC compared 

to the other species, which indicates that GUA-Mn-F has the highest thermal stability. This is 

followed by FA-Mn-F which starts decomposing at 250.4oC, MA-Mn-F at 204.4oC, AZE-Mn-F at 

191.8oC, and lastly, AM-Mn-F which started to decompose the earliest at 181.7oC, indicating the 

lowest thermal stability.  

For the species that showed two-step mass loss, the first mass loss step corresponds to the loss of 

one formic acid and one amine per formula unit, which resulted in the formation of Mn[HCOO]2 

in each case. The experimental and calculated stoichiometric (in parentheses) weight loss 

percentages are 30.33 (29.83), 34.46 (34.26), 39.26 (41.16), and 37.11 (38.32) for AM-Mn-F, MA-

Mn-F, AZE-Mn-F and FA-Mn-F respectively. The second mass loss step corresponds to the 

decomposition of Mn[HCOO]2 to the final form of binary manganese oxides, which is confirmed 

by PXRD analysis of the residue. The total experimental weight loss percentages are 63.09, 66.97, 

68.91, and 67.24 for AM-Mn-F, MA-Mn-F, AZE-Mn-F and FA-Mn-F respectively.  In the case 

of GUA-Mn-F, only one step mass loss was observed, which indicates that the loss of one formic 

acid and one amine, and the decomposition of the resulting Mn[HCOO]2 occurs simultaneously. 

The total experimental weight loss percentage for GUA-Mn-F is 69.17.  
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Figure 3-4. TGA patterns of all AmineH+-Mn-F samples 

To assess the thermodynamic stability of AmineH+-Mn-F samples, room temperature isothermal 

acid solution calorimetry measurement was performed. The dissolution enthalpy (ΔHds) of the 

samples and its components in 5.0M HCl were collected and used to calculate the enthalpy of 

formation (ΔHf) of the AmineH+-Mn-F samples using thermochemical cycle described in Table 

3-2. The measured ΔHds, calculated ΔHf of AmineH+-Mn-F samples and other thermochemical 

data needed for the calculation are summarized in Table 3-3.  
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Table 3-2. Thermocycle used to calculate the formation enthalpy of AmineH+-Mn-F (AmineH+ = 

AM, MA, DMA14, AZE, FA, and GUA) 

Reactions Enthalpy (ΔH) 

[AmineH+]Mn(HCOO)3(s) → Mn2+
(aq) + AmineH+

(aq) + 3HCOO-
(aq) ΔH1 

MnCl2(s) + 2H+ → Mn2+
(aq) + 2HCl(5M HCl, aq) ΔH2 

[AmineH+]·Cl(s) + H+
(aq) → AmineH+

(aq) + HCl(5M HCl, aq) ΔH3 

HCOOH · xH2O(l) → HCOO-
(aq)

 + H+
(aq) + xH2O(aq) ΔH4 

xH2O(l) → xH2O(aq) ΔH5 

MnCl2(s) + [AmineH+]· Cl(s) + 3 HCOOH · xH2O(l) → 

[AmineH+]Mn(HCOO)3(s) + 3HCl(5M HCl, aq) + 3xH2O(l) 

ΔH6 = ΔHf, = -ΔH1 + ΔH2 + 

ΔH3 +3ΔH4 - 3ΔH5 

x = 0.07670 per formula unit  
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Table 3-3. Thermochemical data used for the calculation of enthalpy of formation of AmineH+-

Mn-F (AmineH+ = AM, MA, DMA, AZE, FA, and GUA) 

Compound ΔHds (kJ·mol-1)a ΔHf (kJ·mol-1) 

HCOOH -0.84 ± 0.17b (4)  

H2O -0.35b  

MnCl2 -48.06 ± 1.01b (4)  

AM·Cl 17.99 ± 0.16 (4)  

MA·Cl 8.96 ± 0.15 (5)  

DMA·Cl 2.83 ± 0.20 (6)  

AZE·Cl 0.04 ± 0.01 (5)  

FA·Cl 9.29 ± 0.44 (7)  

GUA·Cl 16.58 ± 0.16 (4)  

AM-Mn-F -10.32 ± 0.09 (4) -22.20 ± 1.15 

MA-Mn-F 4.73 ± 0.05 (5) -46.35 ± 1.14 

DMA-Mn-F -5.29 ± 0.06b (4) -42.38 ± 1.15b 

AZE-Mn-F -7.68 ± 0.09 (4) -42.86 ± 1.14 

FA-Mn-F 8.43 ± 0.12 (7) -49.72 ± 1.22 

GUA-Mn-F 24.97 ± 0.29 (6) -58.97 ± 1.18 

aValues given in parentheses are the number of experiments performed. The uncertainties 

given in the result represent a 95% confidence interval. bReference 14,31,33 
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The calculated ΔHf values show that all AmineH+-Mn-F samples studied here have exothermic 

heat of formation from their components, AmineH+·Cl and MnCl2 salts. This exothermic enthalpy 

of formation values indicates their overall thermodynamic stability and also explains that the 

formation reaction is thermodynamically driven. Among all of the studied samples, AM-Mn-F 

showed the least exothermic heat of formation of -22.20 ± 1.15 kJ·mol-1, indicating the lowest 

stability among all of the AmineH+-Mn-F samples in the series. As mentioned before in the PXRD 

result discussion, AM-Mn-F was the only sample that has a different structure compared to other 

AmineH+-Mn-F samples, having a non-perovskite structure due to the much smaller size of NH4
+

 

cation. Forming a perovskite structure with NH4
+ cation, which is the less favourable structure, 

would lead to less exothermic or even endothermic heat of formation. It was also observed that                  

AM-Mn-F sample decomposed rather quickly when left to sit at room temperature compared to 

the other samples. 

Among all of the studied samples with the perovskite structure, GUA-Mn-F has the most 

exothermic enthalpy of formation, indicating the most thermodynamically stable sample in this 

series, followed by FA-Mn-F, MA-Mn-F, AZE-Mn-F, and DMA-Mn-F. There is an appreciable 

change in enthalpy of formation between each sample, confirming the important role of [AmineH+] 

cations in the thermodynamic stability of the structures.  

To further understand the role of the [AmineH+] cations in the overall stability of the structure, 

several factors that are influenced by the change of the cations will be examined. Goldschmidt 

tolerance factor is a very extensively used parameter to explain the formation enthalpy behaviour 

of perovskites, especially inorganic perovskites34,35. This parameter explains the degree of 
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distortion of the structure from an ideal cubic perovskite structure. The value is calculated from 

the ratio of the ionic radii of the cations and the anion and is given by: 

𝑡 = (𝑟𝐴 + 𝑟𝑂)/√2(𝑟𝐵 + 𝑟𝑂)     (1) 

where 𝑟𝐴, 𝑟𝐵, and 𝑟𝑂 corresponds to the ionic radii of the cations and the anion (oxygen) of ABO3 

perovskite. The ideal perovskite structure will have a tolerance factor value of 1. The application 

of the Goldschmidt tolerance factor to an inorganic perovskite is straightforward due to the 

availability of ionic radius data, while the presence of molecular cations and anions in hybrid 

perovskite introduced another layer of difficulty to the calculation. It is difficult to define the ionic 

radius of a molecular ion due to the presence of hydrogen bonding that causes the bond lengths to 

vary. Kieslich et.al.36,37 tried to estimate the effective radii of the organic ions by using available 

crystallographic data of hybrid perovskites to overcome this problem. Additionally, the organic 

cations were assumed to be a rigid sphere having free rotational freedom around the mass, while 

the ions that have high anisotropy (such as HCOO-) was assumed to be a rigid cylinder. With this 

model, the effective ionic radius (or effective ion height for anisotropic ion case) was defined as 

the sum of the distance between the center of the mass of the ion to the farthest atom from the 

center of mass, excluding hydrogen atom, and the ionic radius of said atom. This is given by: 

𝑟𝐴,𝑒𝑓𝑓 = 𝑟𝑚𝑎𝑠𝑠 + 𝑟𝑖𝑜𝑛      (2) 

And the modified tolerance factor equation is given by: 

𝑡 = (𝑟𝐴,𝑒𝑓𝑓 + 𝑟𝑋,𝑒𝑓𝑓)/√2(𝑟𝐵 + 0.5ℎ𝑋,𝑒𝑓𝑓)    (3) 
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For formate ion, the effective radius 𝑟𝑋,𝑒𝑓𝑓 = 136 𝑝𝑚 while the effective height ℎ𝑋,𝑒𝑓𝑓 = 447 𝑝𝑚. 

The effective radius of the [AmineH+] cations and the calculated tolerance factor for each structure 

is summarized in Table 3-4. 

Table 3-4. Size of AmineH+ cations and the calculated tolerance factor of AmineH+-Mn-F samples 

 AmineH+ cation size (pm)a Tolerance factor (t) ΔHf (kJ·mol-1) 

AM-Mn-F 146 0.65 -22.20 ± 1.15 

MA-Mn-F 217 0.81 -46.35 ± 1.14 

DMA-Mn-F 272 0.94 -42.38 ± 1.15a 

AZE-Mn-F 250 0.89 -42.86 ± 1.14 

FA-Mn-F 253 0.90 -49.72 ± 1.22 

GUA-Mn-F 278 0.96 -58.97 ± 1.18 

aReference 14,37 

 

The calculated tolerance factors show that the modified equation produced a result that agrees with 

the trend seen in inorganic perovskites. The samples that have perovskite structure show tolerance 

factors ranging between 0.81-0.96, which are in the acceptable range to form a perovskite structure. 

AM-Mn-F, which has been shown to have a non-perovskite structure, has a tolerance factor of 

0.65, which is lower than the commonly accepted limit to form a perovskite structure (<0.8)38. 

To be able to properly assess the effect of the [AmineH+] cations on the overall stability and to 

rule out the contribution of structural changes to the stability, only the samples with perovskite 

structure will be analyzed. Additionally, DMA-Mn-F, which has a similar structure and whose 
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enthalpy of formation was studied previously14, will be included in the discussion. The correlation 

between the enthalpy of formation of AmineH+-Mn-F and the tolerance factor is shown in Figure 

3-5. 

 

Figure 3-5. Enthalpy of formation of AmineH+-Mn-F (AmineH+ = MA, DMA, AZE, FA, and 

GUA) as a function of tolerance factor 

From the figure, the enthalpy of formation of AmineH+-Mn-F changes as the tolerance factor 

changes, however, there is no obvious clear trend that explains the relation between them. 

Comparing the cations with similar number of carbon atoms but different number of nitrogen 

atoms, the enthalpy of formation becomes more exothermic as the number of nitrogen atoms 

increases, in order of MA-Mn-F, FA-Mn-F and GUA-Mn-F. However, the same is not seen for 

the cations with the same number of nitrogen atoms but different number of carbon atoms. AZE-
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Mn-F shows lower stability than MA-Mn-F while having a larger tolerance factor and belonged in 

the same space group. Additionally, AZE-Mn-F and FA-Mn-F, while having very similar cation 

size and similar tolerance factor, show a significantly different enthalpy of formation. This is also 

seen when comparing DMA-Mn-F with GUA-Mn-F. This is surprising when compared to the 

behaviour of inorganic perovskites, where it has been shown that the enthalpy of formation 

becomes more exothermic as the tolerance factor increases and approaches unity (the structure 

become more ideal)34,39–43. This indicates that the geometric mismatch represented by the tolerance 

factor is not the major component that affects the resulting thermodynamic stability of hybrid 

perovskites. 

Unlike inorganic perovskites, the cation in hybrid perovskite is a molecular cation, specifically in 

this case protonated amine. In addition to the electrostatic interaction, the presence of N-H and C-

H moieties in the cation structure provides a convenient hydrogen bonding between the cation in 

the cavity and the oxygen atom in the framework of the perovskite, both strong N-H···O hydrogen 

bonds and weak C-H···O hydrogen bonds18,44. Due to the different structures and compositions of 

the cations, it is imperative to expect that the hydrogen bonding interaction between the cation and 

the framework would affect the thermodynamic stability of the overall structure.  

Here, a convenient way to estimate the relative strength of the hydrogen bond is proposed by the 

means of the calorimetric measurements themselves. From the available crystal structure of some 

AmineH+·Cl salts, the chlorine atoms and the AmineH+
 groups are linked together by means of 

hydrogen bonds45–47. Because of this, the enthalpy associated with the dissolution reaction of 

AmineH+·Cl in HCl presented in the following reaction: 

[AmineH+]·Cl(s) + H+
(aq) → AmineH+

(aq) + HCl(5M HCl, aq)   (4) 
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would be equivalent to the enthalpy required to break the hydrogen bonds between the AmineH+
 

and the Cl atoms in the salt structure. One would expect that the relative strength of the hydrogen 

bonds in AmineH+·Cl salts would also translate to the relative strength of the hydrogen bonds 

between the AmineH+ cations and the surrounding frameworks in the AmineH+-Mn-F perovskites. 

This AmineH+·Cl salt dissolution enthalpy value in HCl was previously measured, and this would 

allow the comparison with the enthalpy of formation of the perovskites, as presented in Figure 

3-6: 

 

Figure 3-6. Enthalpy of formation of AmineH+-Mn-F (AmineH+ = MA, DMA, AZE, FA, and 

GUA) as a function of drop solution enthalpy of AmineH+·Cl salt 

Figure 3-6 shows that there is a strong linear correlation between the perovskite enthalpy of 

formation and the dissolution enthalpy of the cation salts. As the solution enthalpy of the cation 
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salts becomes more endothermic, the corresponding perovskite enthalpy of formation becomes 

more exothermic. This seems to be very intuitive in that the harder it is to protonate the salt to 

form the cation, the stronger is the hydrogen bonding between the AmineH+ groups and Cl atoms. 

Consequently, this results in stronger hydrogen bonding between AmineH+ cations and the 

surrounding frameworks on the perovskite structure. This result also agrees with the relative 

magnitude of hydrogen bonding energies between the cations and the framework that was 

previously calculated computationally for DMA, AZE and GUA-Mn-F, where it was found that 

the hydrogen bonding energy is the strongest for GUA-Mn-F, followed by DMA-Mn-F and AZE-

Mn-F.18,44 

This linear relationship would also provide an opportunity to predict the stability of other hybrid 

perovskites based only on the property of the A-site cation. For example, here the slope of the 

currently observed linear correlation between perovskite enthalpy of formation and the dissolution 

enthalpy of the cation salts is 1 kJ·mol-1, indicating that the perovskite stability would change by 

1 kJ·mol-1 per unit of cation salt dissolution enthalpy. Extending this result to other hybrid 

perovskite systems with a molecular A-site cation, it would be possible to predict the stability of 

the perovskite structures just by the dissolution enthalpy of the A-site cation salts and predict the 

most viable sample compositions for synthesis.  

3.5 Conclusions 

We present a systematic study on the effect of A-site cation substitution on the thermodynamic 

stability of AmineH+-Mn-F (AmineH+ = AM, MA, DMA, AZE, FA and GUA), a hybrid organic-

inorganic perovskite system. Calorimetric measurements using a room temperature isothermal 

acid solution calorimetry were performed to measure the solution enthalpies of the samples, which 
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are then used to calculate their formation enthalpies. The usage of NH4
+ as the organic cation 

resulted in the formation of a non-perovskite structure and was found to be the least stable 

structure, thermally and thermodynamically, in the series. Among other synthesized                      

AmineH+-Mn-F perovskites, GUA-Mn-F perovskite was found to be the most stable both 

thermally and thermodynamically, followed by FA-Mn-F, MA-Mn-F, and lastly AZE-Mn-F and 

DMA-Mn-F with similar stability. Unlike inorganic perovskite structures, the stability of hybrid 

perovskite was found to be governed more by the interaction between the A-site cation and the 

framework, mostly through hydrogen bonding, rather than the distortion degree of the structure 

calculated by the tolerance factor. It was found that it was possible to measure the relative strength 

of this hydrogen bonding energy by a simple dissolution enthalpy measurement of the cation salts 

and it was found that this energy correlates linearly with the perovskite enthalpy of formation. In 

the vast number of different possible composition combinations in hybrid perovskite systems, this 

relationship would be a very useful tool to predict the stability and accelerate the discovery of 

samples that are feasible for experimental synthesis.  
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Theoretical Prediction and Experimental Evaluation of 

Topological Landscape and Thermodynamic Stability of a 

Fluorinated Zeolitic Imidazolate Framework 

 

This chapter is presented based on the following previously published paper: 

Arhangelskis, M.; Katsenis, A. D.; Novendra, N.; Akimbekov, Z.; Gandrath, D.; Marrett, J. M.; 

Ayoub, G.; Morris, A. J.; Farha, O. K.; Friščić, T.; Navrotsky, A. Theoretical Prediction and 

Experimental Evaluation of Topological Landscape and Thermodynamic Stability of a Fluorinated 

Zeolitic Imidazolate Framework. Chem. Mater. 2019, 31, 3777–3783. 

Note: My contributions to this work are on the thermal analysis experiments, calorimetric 

measurements, and discussion of the energetics of the system. 

 

4.1 Abstract 

The prediction of topological preferences and polymorph stability remains a challenge for the 

design of metal−organic frameworks exhibiting a rich topological landscape, such as zeolitic 

imidazolate frameworks (ZIFs). Here, we have used mechanochemical screening and calorimetry 

to test the ability of dispersion-corrected periodic density functional theory (DFT) to accurately 

survey the topological landscape, as well as quantitatively evaluate polymorph stability, for a 
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previously not synthesized ZIF composition. Theoretical calculations were used to obtain an 

energy ranking and evaluate energy differences for a set of hypothetical, topologically distinct 

structures of a fluorine-substituted ZIF. Calculations were then experimentally validated via 

mechanochemical screening and calorimetry, which confirmed two out of three theoretically 

anticipated topologies, including a fluorinated analogue of the popular ZIF-8, while revealing an 

excellent match between the measured and theoretically calculated energetic differences between 

them. The results, which speak strongly in favor of the ability of dispersion-corrected periodic 

DFT to predict the topological landscape of new ZIFs, also reveal the ability to use peripheral 

substituents on the organic linker to modify the framework thermodynamic stability. 

4.2 Introduction 

The experimental and computational design of metal-organic frameworks (MOFs)1-4 has focused 

largely on the assembly of nodes and linkers of controlled size and rigid geometry.5-10 While the 

influence of linker substituents on MOF properties has recently been explored,11 theoretical studies 

of how the substituents affect the topological landscape and thermodynamic stability of MOFs are 

rare and generally not experimentally validated.12-15 Such studies are especially relevant for 

zeolitic imidazolate frameworks (ZIFs), azolate MOFs16 analogous to zeolites. Like zeolites, ZIFs 

readily form polymorphs, often with a rich topological landscape that depends strongly on the 

choice and positioning of linker substituents. For example, zinc 2-methylimidazolate Zn(MeIm)2 

forms a family of increasingly dense and stable frameworks with sodalite (SOD), katsenite (kat) 

and diamondoid (dia) topologies. Zinc 2-ethylimidazolate Zn(EtIm)2 yields ZIFs of zeolite rho 

(RHO), analcime (ANA) and quartz (qtz) topologies,17-20 while unsubstituted imidazolate yields 

at least 15 polymorphs.21 Periodic density functional theory (DFT) has been extensively used to 
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model ZIF polymorphism12-15,22-25 and generally predict MOF structures and properties.71,72 Our 

recent theoretical and experimental study shows20 that periodic DFT with semi-empirical 

dispersion correction (SEDC) can provide not only the correct energy ranking of Zn(MeIm)2 and 

Zn(EtIm)2 polymorphs, but also a reasonable evaluation of energy differences between them. This 

opens a route to use dispersion-corrected DFT to survey topological preferences of novel ZIFs by 

evaluating relative stabilities of topologically different hypothetical structures.28   

 

Figure 4-1. (a) Schematic representation of Zn(CF3Im)2 and ligand 2-trifluoromethylimidazole 

(HCF3Im); (b) synthesis of Zn(CF3Im)2 from ZnO. Crystal structures of herein predicted and 

observed: (c) qtz-Zn(CF3Im)2 and (d) SOD-Zn(CF3Im)2. 

We now test this approach by computationally screening and experimentally evaluating the 

topological preferences and stability for a previously not reported ZIF, zinc                                                       

2-trifluoromethylimidazolate (Zn(CF3Im)2, Figure 4-1). We selected this model system because 

of the recent high interest in fluorinated MOF materials.29-37 Importantly, previous attempts to 
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synthesize this material from solution were unsuccessful,38 prompting us to explore 

mechanochemical methodologies known to offer access to otherwise inaccessible phases.39 

4.3 Computational and Experimental Methods 

4.3.1 Computational Methods 

Computational screening, conducted prior to any experiments, was limited to putative Zn(CF3Im)2 

structures based on dia, kat, SOD, qtz, ANA, RHO, zni and cag-topologies that are often found in 

ZIFs. Structures were generated from ZIFs found in the Cambridge Structural Database (CSD),40 

by removing any guest molecules, inserting CF3 groups into the 2-position of imidazolate linkers 

and replacing any 4- and 5-substituents with hydrogens. Some of the resulting structures exhibited 

short “head-to-head” or “tail-to-tail” F···F contacts, notably those with SOD-, kat-, ANA- and 

RHO-topologies in which substituents in a 4-ring are in close vicinity (Figure 4-2a,b), and dia-

Zn(CF3Im)2 where such contacts result from close packing. To minimize such contacts, 

neighboring -CF3 groups were oriented into a head-to-tail arrangement (Figure 4-2c). This was 

readily done for dia-Zn(CF3Im)2, but not for SOD-, kat-, ANA- and RHO-structures where the 

alignment of substituents is constrained by space group symmetry. For those topologies two 

structural models were evaluated, one considering full crystallographic symmetry of the parent 

CSD structure, and the other with space group symmetry constraints removed to form a disordered 

P1 structure in which the relative orientations of -CF3 groups could be independently manipulated. 
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Figure 4-2. Illustration of different relative orientations of -CF3 groups across a 4-ring: (a) head-

to-head; (b) tail-to-tail; (c) head-to-tail. 

Structures were geometry-optimized using periodic plane wave DFT code CASTEP 16.11.,41 using 

the PBE functional with Grimme D2 SEDC.42 The I-centered structures (zni, SOD, ANA, RHO) 

were transformed to corresponding primitive structures, reducing the cell volume and 

computational cost, while preserving all symmetry operations of the original structures. Optimized 

structures were also used for single point calculations with the many-body dispersion 

(PBE+MBD*)43-45 energy model. While the Grimme D2 scheme relies on a parameterization of 

the pairwise atom-atom interactions to compute dispersion energies, MBD* approach computes 

the interaction parameters from the energy density of a structure while including the many-body 

terms beyond the pairwise interaction. The plane wave basis set was truncated at 750 eV cutoff, 

and norm-conserving pseudopotentials were used for the core regions of electron density. The 

Brillouin zone was sampled with a 0.03 Å-1 Monkhorst-Pack k-point grid.46 Each structure was 

geometry optimized to an energy minimum with respect to unit cell dimensions and atom 

coordinates, subject to space group constraints. One exception to this protocol was the 

computationally-expensive RHO-Zn(CF3Im)2 in P1 space group, generated from the optimized 

Im-3m structure. Due to high computational cost, only the positions of atoms in -CF3 groups were 

optimized, keeping the remaining atoms and unit cell parameters fixed from the optimization with 

symmetry constraints. The applied strategy provided putative structures without any unusually 
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short F···F contacts (see Table 4-1). Analysis of the contribution of dispersion correction to 

calculated energies of MOF structures (see the SI) reveals that it becomes increasingly important 

for structures of high density, especially for PC values higher than ca. 0.5. 

The electronic density of states (DOS) were calculated for the optimized ZIF structures, to assess 

any potential relationships between topological connectivity and electronic properties of 

Zn(CF3Im)2 polymorphs. The DOS plots were calculated using the code OptaDOS.47,48 Further 

computational details are provided in the SI.  
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Table 4-1. Topologies, calculated relative energies (Erel,c, kJ mol-1), volumes per formula unit (V, 

Å3), packing coefficients (PC) and shortest F···F distance (dF···F, Å) for putative Zn(CF3Im)2 

polymorphs.  

Topology 
Space 

group 

Erel,c 

V PC dF···F 

PBE+D2 PBE+MBD* 

qtz P64 0.00 0.00 270.5 0.66 3.06c 

dia P21/c
 a 11.29 13.49 265.9 0.74 2.74 

SODa 

P1a 19.01 15.93 436.4 0.45 2.89d 

I-43m 25.17 20.90 442.0 0.44 3.49d 

kat 

P1a 26.20 27.02 280.4 0.70 2.63 

P-42c 35.59 36.84 282.7 0.69 2.54 

RHO 

Im-3m 34.60 33.47 534.6 0.36 2.53 

P1a 34.75 34.14 534.6 0.36 2.53 

ANA 

I-3ad 43.87 45.25 409.0 0.47 2.87 

P1a 44.31 45.24 408.7 0.47 2.75 

cagb Pbca 121.81 116.99 409.0 0.49 2.58 

znib I41cd 182.15 181.58 296.1 0.65 2.41 

a-CF3 groups across a 4-ring were placed in a “head-to-tail” orientation; boptimization was not 

successful, leading to structure disruption; cthe shortest F···F distance in subsequently established 

experimental structure is 3.08 Å; dthe shortest F···F distance in subsequently established 

disordered experimental structure is 3.75 Å. 
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4.3.2 Synthesis and Sample Characterization 

The experimentally determined structures for qtz- and SOD-Zn(CF3Im)2 frameworks, as well as 

for the ligand HCF3Im, have been deposited with the Cambridge Crystallographic Data Centre 

(CCDC codes 1859151−1859153). 

Details of all experimental techniques, sample analysis, as well as examples of individual 

mechanochemical experiments are provided in the SI. In a typical mechanochemical experiment, 

reaction components were placed in a stainless steel jar of 10 mL volume, along with a milling 

liquid (50 μL per 0.1 mmol of each reactant, which maintained the liquid-to-solid ratio η49 below 

0.25 μL.mg-1) and two stainless steel balls of 7 mm diameter (1.34 g weight each), mounted on a 

Retsch MM400 mill. The mill was operated at 30 Hz in all cases. All samples of metal-organic 

frameworks were washed three times with methanol (MeOH) and dried under vacuum at room 

temperature. The samples were all analyzed using powder X-ray diffraction (PXRD) and Fourier-

transform infrared attenuated total reflectance (FTIR-ATR) spectroscopy. Selected samples were 

also analyzed using thermogravimetric analysis (TGA) and nitrogen sorption at 77 K (see SI). The 

crystal structure of the ligand HCF3Im was also determined using single crystal X-ray diffraction 

(see SI). 

4.3.3 Calorimetric Measurements 

Dissolution enthalpies of Zn(CF3Im)2 frameworks were measured with a CSC 4400 isothermal 

microcalorimeter operating at 25  ̊C. A pellet (3-5 mg) of each chemical used in the thermodynamic 

cycle (Table 4-2) was hand-pressed, weighed using a Mettler microbalance, and dropped into 25.0 

g of isothermally equilibrated 5 M HCl aqueous solution inside a 50 mL Teflon cell of the 

calorimeter. After each experiment the cell was reassembled with fresh solvent. The sample was 
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allowed to dissolve in the cell for at least 3 hours under mechanical stirring at approximately ½ Hz 

in all experiments. We have used a similar methodology in our previous thermochemical ZIF 

studies.20,50  

Table 4-2. Thermodynamic cycle used to calculate the formation enthalpy of ZIFs with respect to 

ZnO and HCF3Im.  

Reactions Enthalpy (ΔH, kJ·mol-1) 

Zn(CF3Im)2(s) → Zn2+
(aq) + 2 CF3Im-

(aq) ΔH1 = ΔHs(Zn(CF3Im)2) 

ZnO(s) + 2H+
(aq) → Zn2+

(aq) + H2O(aq) ΔH2 = ΔHs(ZnO) 

HCF3Im (s) → CF3Im-
(aq) + H+

(aq) ΔH3 = ΔHs(HCF3Im) 

H2O(l) → H2O(aq) ΔH4 = ΔHdil(H2O) 

ZnO(s) + 2HCF3Im (s) → Zn(CF3Im)2(s) + H2O(l) ΔH5 = ΔHf = -ΔH1 + ΔH2 + 2ΔH3 - ΔH4 

 

4.4 Results and discussion 

4.4.1 Results of computational screening 

Both SEDC approaches gave an identical ranking of putative Zn(CF3Im)2 frameworks (Table 4-

1), which is consistent with our previous comparative study28 of different SEDC schemes in 

calculating MOF stability. Both MBD*- and D2-based calculations indicate that the most stable 

form of Zn(CF3Im)2 should be a non-porous qtz-framework. Experimental studies on Zn(MeIm)2 

and Zn(EtIm)2 polymorphs, as well as other systems, indicate that open structures with a 

calculated energy (Erel,c) up to ~25-30 kJ mol-1 above the lowest-energy one might be 

observable.20,51 Therefore, it is reasonable to assume that qtz-, dia- and SOD-Zn(CF3Im)2, with 
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calculated energies under 20 kJ mol-1, could be experimentally accessible. While Erel,c for kat-

Zn(CF3Im)2 is just under 30 kJ mol-1, this phase might be difficult to observe as it is a high-energy 

densely-packed structure (packing coefficient PC=0.70) that cannot be stabilized by guest 

inclusion. 

Calculations reveal a striking effect of -CF3 group orientation  on ZIF stability: switching from the 

ordered P-42c structure for kat-Zn(CF3Im)2, in which -CF3 groups are arranged “head-to-head” 

(Figure 4-2a), to the P1 model with -CF3 groups in the “head-to-tail” orientation (Figure 4-2c) 

produced an energy gain of ~10 kJ mol-1 using either PBE+D2 or PBE+MBD* method. 

Corresponding difference for the less dense SOD-Zn(CF3Im)2 was between 5.0 and 6.2 kJ mol-1, 

and under 1 kJ mol-1 for low-density ANA- and RHO-Zn(CF3Im)2. These results show that the 

orientation and potential disorder of -CF3 groups can be an important factor in ZIF stability. 

Attempts to optimize zni- and cag-Zn(CF3Im)2, based on topologies found in ZIFs containing the 

unsubstituted imidazolate linker, were unsuccessful. Modeling led to significant, unrealistic 

distortions, involving the rupture of Zn-N bonds and the formation of Zn-F bonds involving -CF3 

groups. This suggests that a -CF3 group cannot be easily accommodated within structural models 

based on the unsubstituted imidazole ligand. 
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Figure 4-3. Final Rietveld refinement fits for: (a) qtz-Zn(CF3Im)2 and (b) SOD-Zn(CF3Im)2. (c) 

Nitrogen sorption isotherm measured at 77K for SOD-Zn(CF3Im)2. 

To investigate the effects of crystal packing on the electronic properties of Zn(CF3Im)2, electronic 

density of states (DOS) plots were calculated for all predicted structures. Despite the differences 

in lattice energy and packing density, all structures displayed a remarkable similarity in their DOS 
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plots and calculated band gaps (see SI). It is evident that the electron distribution in ZIFs mostly 

depends on the nature of nodes and ligands, rather than their network topology. 

4.4.2 Results of mechanochemical synthesis 

Previous attempts to synthesize Zn(CF3Im)2 from solution were reported to be unsuccessful, 

instead leading to the precipitation of  ZnO and/or the formation of oxo-bridged coordination 

polymers.38 We based our synthesis on mechanochemical ion- and liquid-assisted grinding 

(ILAG),52-54 i.e. ball milling of stoichiometric amounts of ZnO and HCF3Im (see SI) in the 

presence of a liquid additive and a catalytic amount of a protic salt (NH4NO3, 10 mol% relative to 

ZnO). Powder X-ray diffraction analysis of reaction mixtures after 20 minutes of milling revealed 

different phases depending on the choice of liquid: CHCl3, methanol, N,N-dimethylformamide 

(DMF) and 1,1,1-trifluoroethanol gave a new crystalline phase with characteristic Bragg 

reflections at 2θ of 11.5o and 13.5o. The PXRD pattern of the product obtained with DMF did not 

exhibit any reflections of reactants, indicating complete conversion, and on visual inspection was 

an excellent match to the computationally generated qtz-Zn(CF3Im)2 Structure and composition 

of qtz-Zn(CF3Im)2 were confirmed by Rietveld refinement (Figure 4-3a) and TGA in air (see SI 

for detailed experimental data). 

In contrast, ILAG with ethanol or dioxane for 20 min gave a product whose PXRD pattern was 

consistent with a mixture of qtz-Zn(CF3Im)2 and a material isostructural to the putative SOD-

Zn(CF3Im)2 phase. This phase was also observed for all liquid additives if ILAG was conducted 

for only 10 minutes (see SI), indicating that the mechanochemical reaction of ZnO and HCF3Im 

proceeds over two stages, yielding first the open SOD-Zn(CF3Im)2, followed by the close-packed 

qtz-Zn(CF3Im)2. Such transformations of open to increasingly dense phases upon 
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mechanochemical ZIF synthesis have previously been noted.20,39,53,54 Transformation to the                    

qtz-polymorph made the synthesis of phase-pure SOD-Zn(CF3Im)2 challenging and, 

subsequently, a reliable synthesis was accomplished by milder liquid-assisted grinding (LAG)49,55 

of the more reactive56 basic zinc carbonate [ZnCO3]2[Zn(OH)2]3, conducted in the presence of 

ethanol and without any protic salts that would encourage the structural rearrangement to the qtz-

phase. After methanol washing and evacuation, the composition of SOD-Zn(CF3Im)2 was 

confirmed by TGA and Rietveld refinement (Figure 4-3b). Nitrogen sorption at 77 K revealed a 

surface area of 923 m2/g, in good agreement with the value calculated from the crystal structure 

(1017 m2 g-1, Figure 4-3c, also see SI). The qtz-Zn(CF3Im)2 phase was non-porous, with measured 

surface area of 29 m2 g-1. 

4.4.3 Results of thermochemical measurements 

Availability of phase-pure samples allowed us to evaluate the enthalpies of formation (ΔHf, 

Equation 1 in Figure 4-1b, Table 4-3) of qtz- and SOD-Zn(CF3Im)2 from ZnO and HCF3Im, 

using dissolution enthalpies (ΔHds, Table 4-3) obtained by acid solution calorimetry.20,50,51 

All measured ΔHf are exothermic, indicating that the formation of both frameworks from ZnO is 

thermodynamically driven. However, ΔHf for SOD-Zn(CF3Im)2 is very small, which provides a 

tentative explanation for the formation of ZnO in attempts to obtain this material from solution.38 

The difference in ΔHf for SOD-and qtz-Zn(CF3Im)2 is 15.63 kJ mol-1, suggesting that the observed 

two-step mechanosynthesis mechanism, in which the initially formed SOD-phase transforms to 

qtz-Zn(CF3Im)2, follows Ostwald’s rule of stages.58  
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Table 4-3. Dissolution (ΔHds), Formation (ΔHf) and Transition (ΔHtrans) Enthalpies for qtz-

Zn(CF3Im)2, SOD-Zn(CF3Im)2 and related reaction components (kJ mol-1). 

Compound ΔHds ΔHf ΔHtrans 

ZnO -72.29 ± 0.17a - - 

HCF3Im -0.82 ± 0.03 - - 

H2O -0.35a - - 

qtz-Zn(CF3Im)2 -53.97 ± 0.20 -19.60 ± 0.27 27.10 ± 1.04 

SOD-Zn(CF3Im)2 -69.61 ± 0.54 -3.97 ± 0.57 42.73 ± 1.15 

areferences 20, bCalculated from dilution enthalpy of HCl57 

The ΔHf difference between SOD- and qtz-polymorphs of Zn(CF3Im)2  is remarkably close to the 

Erel,c for SOD-Zn(CF3Im)2  obtained using the MBD* method (15.93 kJ mol-1, Table 4-1), and is 

only 3.4 kJ mol-1 different from that obtained using D2. Such an excellent agreement validates the 

use of SEDC, and particularly the MBD* method, in calculating ZIF stability. This led us to revisit 

stabilities of Zn(MeIm)2 polymorphs using PBE+MBD*, revealing excellent agreement with 

experiment (Table 4-4).20 
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Table 4-4 Relative stabilities calculated using PBE+D2
a and PBE+MBD* methods (Erel,c,                         

kJ mol-1) and experimental ΔHrel (kJ mol-1) for Zn(MeIm)2 polymorphs. 

Framework Erel,c 
 (PBE+D2)a Erel,c

 (PBE+MBD*) ΔHrel 

dia-Zn(MeIm)2 0.0 0.0 0.0 

kat-Zn(MeIm)2 7.1 4.7 2.3 

SOD-Zn(MeIm)2 15.2 11.2 10.6 

afrom reference 20. 

The ΔHf was used to obtain the transition enthalpy (ΔHtrans, Table 4-3),20,51,59 a measure of 

enthalpic changes associated with pore formation from a hypothetical nonporous dense state. The 

ΔHtrans was calculated by subtracting from ΔHf the enthalpic effects (previously evaluated as −46.7 

± 1.0 kJ mol−1) related to the change in metal coordination environment from oxygen- to a 

nitrogen-based one. The resulting ΔHtrans values for qtz- and SOD-Zn(CF3Im)2 are positive, 

indicating that the change in metal coordination environment is the principal reason for ZIF 

formation from ZnO. The comparison of ΔHtrans for SOD- and qtz-Zn(CF3Im)2 to those previously 

reported20 for polymorphs of Zn(MeIm)2 and Zn(EtIm)2 reveals an unexpected effect of 

peripheral ligand substituent on ZIF stability (Figure 4-4). Namely, switching between -CH3, -

C2H5 and -CF3 substituents yields sets of ZIFs of similar network density (number of nodes per 

nm3) but with significant energy differences. For example, the network densities of SOD-

Zn(CF3Im)2, SOD-Zn(MeIm)2 and ANA-Zn(EtIm)2 are close, but the frameworks span an 

energetic stability range of experimentally measured enthalpies of 27.7 kJ mol-1. Similarly, qtz-

Zn(CF3Im)2, kat-Zn(MeIm)2 and qtz-Zn(EtIm)2 have similar network densities, but with 

measured enthalpies over a range of 21.7 kJ mol-1. In both sets of materials, the framework stability 
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falls in the sequence -CF3 < -CH3 < C2H5. A similar effect is observed for pairs of ZIFs with 

identical topologies, e.g. SOD-Zn(CF3Im)2 vs SOD-Zn(MeIm)2 and qtz-Zn(CF3Im)2 vs qtz-

Zn(EtIm)2. In both pairs the -CF3 substituent produces a material with ca. 20 kJ mol-1 more 

endothermic ΔHf and ΔHtrans compared to the hydrocarbon one.  

 

 

Figure 4-4. ΔHtrans for polymorphs of Zn(CF3Im)2 (this work), Zn(MeIm)2,
20 and Zn(EtIm)2,

20 

highlighting energy differences between structures of similar framework density. 

This is a remarkable result which indicates that hydrocarbon groups can notably increase the 

stability of a ZIF, while a fluorine-bearing substituent leads to destabilization. The presented 

results suggest a means to at least partially decouple the substituent effects on framework stability 

from its topology or network density. Qualitatively, the reduction in the stability of the ZIF 

structures upon introducing a trifluoromethyl substituent can be rationalized by several factors, 

including changes in Zn-N bond strength, repulsion between -CF3 substituents, as well as the 
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ability of hydrocarbon groups to form C-H···π interactions to adjacent imidazolate linkers. The 

herein observed reduction in MOF stability upon introducing a fluorinated substituent is in contrast 

to a previous report describing an enhancement in MOF stability upon fluorination. However, the 

previously reported stabilization was partially rationalized by short H···F intermolecular 

interactions involving hydrocarbon and fluorocarbon moieties in the MOF. Such a mechanism is 

not likely to be significant in the herein determined Zn(CF3Im)2 structures, as the SOD-polymorph 

does not exhibit any H···F contacts shorter than the sum of van der Waals radii for hydrogen and 

fluorine (2.57 Å),60 while the qtz-form exhibits only one such contact (2.53 Å). 

4.5 Conclusions 

In summary, this combined synthetic, theoretical and calorimetric study demonstrates the ability 

of dispersion-corrected periodic DFT to correctly model and anticipate the topological preferences 

for a previously not synthesized ZIF. Comparison of computational and thermochemical data 

shows that MBD* correction within periodic DFT CASTEP calculations also offers high accuracy 

in determining relative stabilities of ZIFs polymorphs, within 0.3-2.6 kJ mol-1 from the experiment. 

This study also reveals a surprising difference in stability between ZIFs exhibiting similar network 

density, but a different choice of linker substituents, suggesting a potential route to manipulate the 

thermodynamic stability of MOFs. While the calculations suggest that a dia-Zn(CF3Im)2 phase 

should also be accessible, the inability to observe it could be related to experimental limitations, 

similar to kat-Zn(MeIm)2 which was observed years after SOD- and dia-forms. In that context, it 

is important to highlight the efficiency of mechanochemistry, which rapidly produced two 

polymorphs of previously not accessible38 Zn(CF3Im)2. Overall, the herein demonstrated match 

between theory and experimental results is excellent and stands as a further benchmark for the 
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modeling community — where the direct evaluation through experimental calorimetry20,59,61 

remains rare. 
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Linker Substituents Control the Thermodynamic Stability in 

Metal-Organic Frameworks 

 

This chapter is presented based on the following previously published paper: 

Novendra, N.; Marrett, J. M.; Katsenis, A. D.; Titi, H. M.; Arhangelskis, M.; Friščić, T.; 

Navrotsky, A. Linker Substituents Control the Thermodynamic Stability in Metal–Organic 

Frameworks. J. Am. Chem. Soc. 2020, 142, 52, 21720-21729 

Note: My contributions to this work are on the sample characterizations (thermogravimetric 

analysis, powder X-ray diffraction analysis, surface area measurements), calorimetric 

measurements, and discussion of the energetics of the system. 

 

5.1 Abstract 

We report the first systematic experimental and theoretical study of the relationship between linker 

functionalization and thermodynamic stability of metal-organic frameworks (MOFs), using a 

model set of eight isostructural zeolitic imidazolate frameworks (ZIFs) based on 2-substituted 

imidazolate linkers. The frameworks exhibit a significant (30 kJ·mol-1) variation in the enthalpy 

of formation depending on the choice of substituent, which is accompanied by only a small change 

in molar volume. These energetics were readily reproduced by density functional theory (DFT) 

calculations. We show that these variations in the enthalpy of MOF formation are in linear 
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correlation to readily accessible properties of the linker substituent, such as the Hammett -

constant or electrostatic surface potential. These results provide the first quantifiable relationship 

between MOF thermodynamics and linker structure, suggesting a route to design and tune MOF 

stability. 

5.2 Introduction  

Metal-organic frameworks (MOFs) are advanced materials whose modular structure permits 

combining high microporosity with a range of functional properties.1–19 Whereas MOF 

development has led to sophisticated functional materials, achieving thermodynamic stability by 

design remains a challenge.20–22 For example, while sensitivity of MOFs to hydrolytic degradation 

by water is a topic of high interest,23,24 most studies have focused on kinetic aspects of the process, 

e.g. by introducing hydrophobic substituents25–27 or changing MOF design to increase the strength 

of metal-linker bonds.27–31 In contrast, thermodynamic driving forces behind MOF stability remain 

largely unexplored and poorly understood. We have previously explored the relationship between 

thermodynamic stability and topology of zeolitic imidazolate frameworks (ZIFs),32–36 a class of 

MOFs with topological diversity akin to zeolites.37–39 This enabled quantitative evaluation of 

structure-related energy differences between MOF polymorphs, and indicated periodic density 

functional theory (DFT)40–44 with semi-empirical dispersion correction (SEDC)45–47 as an accurate 

tool to calculate relative thermodynamic stabilities of MOFs. 

We now reveal that the enthalpy of formation of MOFs can be strongly and predictably influenced 

by peripheral substitution on the linker, providing a rational route to tune the framework 

thermodynamic stability without large-scale changes to MOF topology or design. Specifically, we 

present a systematic experimental and theoretical study of the enthalpies of formation for eight 
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isostructural, microporous ZIFs of sodalite (SOD) topology bearing different groups in the 2-

position of the imidazolate linker (Figure 5-1, R = CH3, CH=CH2, C≡CH, CHO, CF3, Cl, Br, I). 

Experimental calorimetry measurements show that the enthalpy of MOF formation with respect to 

the metal oxide can be varied over a wide range (~30 kJ·mol-1) simply by replacing the substituent 

on the linker (Table 5-1). It was previously shown that an accurate calculation33,34 and even 

prediction48,49 of MOF stability can be achieved by using extensive periodic DFT calculations. 

Here we show that the substituent-related variations in MOF stability are in a linear and 

quantifiable relationship with readily accessible parameters such as the Hammett -constants or 

electrostatic surface potentials (ESPs) of the linker substituent. This linear relationship between 

framework thermodynamics and easily accessible substituent properties opens the door for 

strategies to control MOF stability via peripheral modifications of the linker, in contrast with 

current approaches that involve significant changes to the metal node, linker structure, framework 

density and/or topology.22,50–53 In such a scenario, the linker becomes an active contributor not 

only to MOF functionality, but also to its thermodynamic stability. 
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Figure 5-1. (a) A SOD-topology ZIF structure, highlighting the linker 2-substituent (R); (b) used 

imidazoles: 2-methyl- (HMeIm), 2-vinyl- (HVIm), 2-acetylene- (HAIm), 2-carbaldehyde- 

(HCHOIm), 2-trifluoromethyl- (HCF3Im), 2-chloro- (HClIm), 2-bromo- (HBrIm), and 2-

iodoimidazole (HIIm), (c) Formation of SOD-Zn(RIm)2 ZIFs from ZnO, and the associated 

thermodynamic parameter. 

5.3 Experimental Section 

Details of experimental techniques and sample characterizations are provided in the appendix. 

5.3.1 Thermodynamic Measurements 

Dissolution enthalpies (ΔHs) were measured with a CSC 4400 isothermal microcalorimeter 

operating at 25 ̊C. Small sample sizes (around 5 mg) were used to ensure that the concentration of 

dissolved ions is sufficiently low to avoid enthalpy contribution from ion mixing. Additionally, 

several experimental trials using mechanical mixtures of samples, which gave enthalpy values 

consistent with mechanical mixtures, confirmed that the measured enthalpies of dissolution were 
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additive for the components, so any contribution from possible ion complex formation can be 

neglected.  In each experiment, ca. 5 mg of sample used in the thermodynamic cycle (Table 5-1) 

was hand-pressed to form a pellet and dropped into 25.0 g of isothermally equilibrated 5 N HCl 

aqueous solution inside a 50 mL Teflon cell of the calorimeter. All weight measurements were 

done using a Mettler microbalance with an accuracy of 10 µg. The solvent was isothermally 

equilibrated for at least 3 hours under mechanical stirring before the sample was introduced and 

was then allowed to dissolve in the cell for at least 3 hours, ensuring the return of the baseline back 

to the initial position. After each experiment, the cell was reassembled with fresh solvent. We have 

used a similar methodology in our previous thermochemical MOF studies.32–34 The uncertainties 

given in the results represent a 95% confidence interval. 

5.3.2 Theoretical Calculations 

Periodic DFT calculations were performed using the plane-wave DFT code CASTEP 19.1.54 The 

experimental CIFs of sodalite MOFs and the corresponding linkers were converted into CASTEP 

input format using the program cif2cell.55 Calculations were performed with the PBE functional,56 

combined with the many-body dispersion (MBD*)57–59 SEDC model, which has shown superior 

performance in our previous computational studies of MOF topological polymorphism.34 The 

plane-wave basis set was truncated at an 800 eV cutoff, and the ultrasoft on-the-fly 

pseudopotentials were used to attenuate the Coulomb potentials within the core regions of electron 

density. The electronic 1st Brillouin zone was sampled with a 2π × 0.05 Å-1 Monkhorst-Pack k-

point grid.60 The structures were geometry-optimized with respect to atom coordinates and unit 

cell parameters, subject to space group symmetry constraints. The calculations were deemed 

converged upon satisfying the following criteria: a total energy change of 10-5 eV·atom-1; a 



104 

 

maximum atomic displacement 10-3 Å; a maximum atomic force 0.05 eV·Å-1 and residual stress 

0.05 GPa. The calculated energies were used to compute the relative energy of formation (Ef,rel) 

for a SOD-topology ZIF based on an imidazolate linker bearing the general substituent R in the 2-

position, with respect to the corresponding 2-methyl-substituted framework Zn(MeIm)2 (ZIF-8), 

following the equation: 

Ef,rel(Zn(RIm)2) = E(Zn(RIm)2) – E(Zn(MeIm)2) – 2[E(HRIm) – E(HMeIm)]            (Eq. 2) 

where E(Zn(RIm)2), E(Zn(MeIm)2), E(HRIm) and E(HMeIm) are calculated energies of the 2-

substituted ZIFs, ZIF-8, 2-substituted imidazoles and HMeIm in the solid state, respectively. 

Molecular DFT calculations of electrostatic surface potentials (ESPs) for substituents on 

imidazolate anions were performed using GAUSSIAN 16 version A.03.61 The imidazolate anions 

were geometry-optimized using the PBE/6-311G(d,p) level of theory. The PBE functional was 

selected for consistency with the periodic DFT calculations. The substituent ESP values were 

calculated at the 0.002 a. u. isosurface of electron density.
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Table 5-1. Thermodynamic cycle used to calculate the formation enthalpy of ZIFs with respect to 

ZnO and HRIm.  

Reactions Enthalpy (ΔH, kJ·mol-1) 

Zn(RIm)2(s) → Zn2+
(aq) + 2 RIm-

(aq) ΔH1 = ΔHs(Zn(RIm)2) 

ZnO(s) + 2H+
(aq) → Zn2+

(aq) + H2O(aq) ΔH2 = ΔHs(ZnO) 

HRIm (s) → RIm-
(aq) + H+

(aq) ΔH3 = ΔHs(HRIm) 

H2O(l) → H2O(aq) ΔH4 = ΔHdil(H2O) 

ZnO(s) + 2HRIm (s) → Zn(RIm)2(s) + H2O(l) ΔH5 = ΔHf = -ΔH1 + ΔH2 + 2ΔH3 - ΔH4 

 

5.4 Results and Discussion 

5.4.1 Synthesis and Characterization of SOD-topology ZIFs 

Based on the previously reported crystal structures or PXRD patterns, all herein explored MOFs 

are isostructural to ZIF-8 and adopt the SOD topology.34,38,62–68 This provides a unique opportunity 

to evaluate changes to thermodynamic stability of ZIFs with variation of the linker substituent, 

without having to consider differences to framework topology or crystal structure. All eight ZIFs 

were obtained mechanochemically,69–71 by liquid-assisted grinding (LAG) of either zinc oxide 

(ZnO, Figure 5-1c), or basic zinc carbonate (3Zn(OH)2·2ZnCO3),
72 with the appropriate amount 

of imidazole ligand: 2-methyl- (HMeIm), 2-trifluoromethyl- (HCF3Im), 2-vinyl- (HVIm), 2-

acetylene- (HAIm), 2-chloro- (HClIm), 2-bromo- (HBrIm), 2-iodoimidazole (HIIm), and 

imidazole-2-carbaldehyde (HCHOIm). We have previously reported the mechanochemical 

syntheses and calorimetric characterization of ZIF-8 and Zn(CF3Im)2,
33,34 and that data is used in 
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this report. For all other cases, the varying of reaction parameters (amount of liquid additive,73 

milling time) enabled quantitative conversion of starting materials to the SOD-frameworks, as 

evidenced by the absence of reactant signals from the PXRD patterns and Fourier-transform 

infrared attenuated total reflectance (FTIR-ATR) spectra of the final products (see SI). The 

mechanochemically prepared materials were washed and evacuated before any further 

characterization, using previously described procedures (see SI). 

Isostructurality of all prepared ZIFs to ZIF-8 was confirmed by comparison of powder X-ray 

diffraction (PXRD, Figure 5-2) patterns of the obtained materials to those calculated for ZIF-8 

(CSD code VELVOY) and/or the corresponding ZIF. While the structures of ZIF-8,38,62 ZIF-90,63 

SOD-Zn(CF3Im)2,
34 SOD-Zn(VIm)2,

64,65 SOD-Zn(AIm)2,
66 SOD-Zn(ClIm)2,

67,68 and SOD-

Zn(BrIm)2
67,68

 have previously been reported (Table 5-3), the structure of SOD-Zn(IIm)2 was  

determined from PXRD data, using a model derived from the known SOD-Zn(BrIm)2 structure 

by replacement of bromine with iodine atoms. The iodine-substituted ZIF structure revealed 

orientational disorder of the imidazolate linker, analogous to that previously observed in SOD-

Zn(ClIm)2, and SOD-Zn(BrIm)2. The absence of included solvent in all prepared MOFs after 

washing and evacuation was confirmed by thermogravimetric analysis (TGA). Metal content was 

analyzed for samples of Zn(BrIm)2, Zn(IIm)2 and Zn(AIm)2 using inductively coupled plasma 

mass spectrometry (ICP-MS), giving outcomes in excellent agreement with theoretically expected 

values. Zn(CHOIm)2 was additionally characterized by 13C cross-polarization magic angle 

spinning solid-state nuclear magnetic resonance spectroscopy (CP-MAS ssNMR), producing a 

spectrum that was an excellent match to that previously reported (see SI).63 Microporosity was 

verified by nitrogen sorption measurements (Table 5-3) which gave Brunauer-Emmett-Teller 

(BET) surface areas consistent with previously published values (see SI).34,38,62–67,74,75 
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5.4.2 Thermodynamic Measurements 

Enthalpies of formation (ΔHf) for the ZIFs (Table 5-3) were calculated from the measured ΔHs 

values for the ZIFs, imidazoles and ZnO, following the thermodynamic cycle of Table 5-1. The 

ΔHf values for the formation of ZIFs by reaction of ZnO with two equivalents of the imidazole 

(Equation 1) are negative in all cases except ZIF-90, whose formation was endothermic by ca. 37 

kJ·mol-1 (Table 5-1). ΔHf values for other ZIFs were negative in the range from -4 kJ·mol-1 (for 

the -CF3 substituent) to -20 kJ·mol-1 (for -CH3 and -C≡CH substituents). While the exothermic 

nature of the reactions explains the generally observed ease of making ZIFs from the metal oxide 

using mechanochemistry or other types of processes, the ΔHf values also provide an immediate 

and quantitative measure of ZIF stability to hydrolysis (Equation 3). 

Zn(RIm)2(s) + H2O(l) → ZnO(s) + 2HRIm(s) (Eq. 3) 

As the hydrolysis reaction is a process reverse to ZIF formation from the metal oxide, the 

associated reaction enthalpies must be endothermic and opposite to herein measured ΔHf values, 

consistent with overall ZIF hydrolytic stability.24,38,64,76,77 
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Figure 5-2. Comparison of PXRD patterns for mechanochemically prepared SOD-topology ZIFs, 

compared to the calculated pattern for ZIF-8 (CSD code VELVOY). 

The endothermic ΔHf for ZIF-90 (36.65 ± 1.03 kJ·mol-1) is likely related to the unique structure 

of the HCHOIm ligand which was found to be dimeric in the solid state. With the exception of 

HAIm and HBrIm, whose crystal structures are not yet known, the measured PXRD patterns of 

solid imidazoles are an excellent match to those simulated for the crystal structures of imidazoles 

that were reported previously (HCHOIm, HMeIm, HCF3Im)34,78,79 or determined in this work 

(HVIm, HClIm, HIIm). All imidazoles are monomers in the solid state, with the exception of 
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HCHOIm whose crystal structure consists of tricyclic (HCHOIm)2 dimers (CSD code YASSAN) 

(Figure 5-3).79  

 

Figure 5-3. Molecular structure of the (HCHOIm)2 dimer in the solid state.  

To account for the dimeric structure of HCHOIm in the solid state, the corresponding ΔHs must 

be recalculated (Table 5-3, line 4). Moreover, a new thermodynamic cycle must be constructed to 

properly include the ligand dimer structure into the ΔHf calculation (Table 5-2). This new cycle 

would use the dimer dissociation enthalpy, ΔHdis((HCHOIm)2), which requires measuring the ΔHs 

for the ligand monomer which, to the best of our knowledge, has never been observed. Our 

repeated attempts to isolate the HCHOIm monomer by recrystallization from different solvents 

have so far been unsuccessful. To at least approximately account for the effect of ligand dimer 

structure on ΔHf of ZIF-90, we calculated the energy for gas-phase dissociation of the HCHOIm 

dimer into two monomers (+26.64 kJ mol-1).  Including this calculated dissociation energy into the 

thermodynamic cycle gave a new corrected value for the enthalpy of ZIF-90 formation (ΔHf,cor) of 

ca. +10 kJ·mol-1 (Table 5-1). While this value is still endothermic, it is substantially smaller in 

magnitude than the initially calculated ΔHf. We suspect that the actual enthalpy of ZIF-90 

formation is probably even less endothermic than this, or even exothermic, but the true value 

cannot be calculated without knowing the ΔHs for the still inaccessible HCHOIm monomer solid. 
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Table 5-2. Thermodynamic cycle used to calculate the formation enthalpy of ZIF-90 with respect 

to ZnO and (HCHOIm)2 dimer ligand and consequent correction with dimer dissociation enthalpy. 

Reactions Enthalpy (ΔH, kJ·mol-1) 

Zn(CHOIm)2(s) → Zn2+
(aq) + 2 CHOIm-

(aq) ΔH1 = ΔHs(Zn(CHOIm)2) 

ZnO(s) + 2H+
(aq) → Zn2+

(aq) + H2O(aq) ΔH2 = ΔHs(ZnO) 

(HCHOIm)2 (s) → 2CHOIm-
(aq) + 2H+

(aq) ΔH3 = ΔHs((HCHOIm)2) 

H2O(l) → H2O(aq) ΔH4 = ΔHdil(H2O) 

ZnO(s) + (HCHOIm)2 (s) → Zn(CHOIm)2(s) + 

H2O(l) 
ΔH5 = ΔHf = -ΔH1 + ΔH2 + 2ΔH3 - ΔH4 

(HCHOIm)2 (s) → 2HCHOIm(s) ΔH6 = ΔHdis ((HCHOIm)2) 

ZnO(s) + 2HCHOIm(s) → Zn(CHOIm)2(s) + H2O(l) ΔH7 = ΔHf,cor = ΔH5 – ΔH6 

 

   



 

 

Table 5-3. Selected structural information and thermodynamic data derived from acid solution calorimetry: unit cell 

parameter (a, Å),a BET surface area (BET, m2·g-1), framework density in tetrahedral centers (T) per unit volume (FD, 

T·nm-3)a and molar volume (MV, cm3·(mol Zn)-1) for herein explored ZIFs, as well as measured enthalpy of dissolution 

(ΔHs, kJ·mol-1), enthalpy of formation (ΔHf, kJ·mol-1) and transition enthalpy (ΔHtrans, kJ·mol-1). 

Compound a (Å)a 
BET area  

m2·g-1 

FDa 

T·nm-3 

MVa 

cm3·mol Zn-1 

ΔHs
b 

kJ·mol-1 

ΔHf
c 

kJ·mol-1 

ΔHtrans 

kJ·mol-1 

ZnO33 - - - - -72.29 ± 0.17 - - 

H2O - - - - -0.35 - - 

HCHOImd - - - - -8.26 ± 0.20 - - 

(HCHOIm)2 

(dimer) 
- - - - -16.53 ± 0.40 - - 

HVIm - - - - -27.91 ± 0.27 - - 

HAIm - - - - -14.52 ± 0.17 - - 

HClIm - - - - -5.49 ± 0.16 - - 

HBrIm - - - - -5.45 ± 0.10 - - 

HIIm - - - -  -10.86 ± 0.14 - - 

1
1
1

 

 



 

 

Table 5-3. Continued 

Compound a (Å)a 
BET area 

m2·g-1 

FDa 

T·nm-3 

MVa 

cm3·mol Zn-1 

ΔHs
b 

kJ·mol-1 

ΔHf
c 

kJ·mol-1 

ΔHtrans 

kJ·mol-1 

Zn(MeIm)2
33 16.9910(12) 1578 ± 42 2.50 240.99 -137.5 ± 0.83 -20.45 ± 0.94 26.25 ± 1.37 

Zn(CHOIm)2 17.2715(4) 1225 ± 62 2.33 258.55 -125.12 ± 0.94 
36.65 ± 1.03e 

10.01 ± 1.03f 

83.35 ± 1.44e 

56.71 ± 1.44f 

Zn(VIm)2 17.1473(6) 1009 ± 154 2.38 253.01 -111.19 ± 0.97 -16.58 ± 1.11 30.12 ± 1.50 

Zn(AIm)2 17.0454(11) 949 ± 73 2.42 248.53 -80.68 ± 0.82 -20.31 ± 0.90 26.39 ± 1.35 

Zn(ClIm)2 16.9824(4) 1114 ± 10 2.45 245.79 -63.44 ± 0.57 -19.48 ± 0.67 27.22 ± 1.20 

Zn(BrIm)2 17.065(2) 847 ± 31 2.41 249.39 -76.66 ± 0.43 -6.19 ± 0.50 40.51 ± 1.12 

Zn(IIm)2 17.1900(6) 721 ± 24 2.36 254.91 -87.21 ± 0.72 -6.44 ± 0.79 40.26 ± 1.28 

Zn(CF3Im)2
34 17.5317(12) 914 ± 25 2.23 270.41 -69.61 ± 0.54 -3.82 ± 0.57 42.88 ± 1.15 

aCrystallographic parameter a, FD and MV were obtained from previously published or herein reported (for SOD-

Zn(IIm)2) crystal structures of ZIFs; bMeasured enthalpy of dissolution in 5 N HCl at 298 K; cCalculated enthalpy of 

formation based on the formation reaction in Table 5-1; dEnthalpy of dissolution value before ligand dimer consideration; 

ecalculated before ligand dimer consideration ; fwith dimer consideration and after correcting for the dissociation of the 

linker dimer (Table 5-2).

1
1
2
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The obtained ΔHf values reflect a combination of the heat effects related to the formation of a 

porous MOF structure, and to the change in the local bonding environment of zinc ions from an 

oxygen-based one in ZnO to a nitrogen-based one in the ZIFs, accompanied by the release of water. 

The energetic effect of the change in local zinc coordination environment was previously 

established to be -46.7 ± 1.0 kJ·mol-1.32 Subtracting this value from the measured ΔHf makes it 

possible to evaluate the energetic effect associated with the formation of a porous SOD-topology 

structure. The resulting values correspond to the enthalpy of transition (ΔHtrans, Table 5-3), a 

normalized value of enthalpy that describes the transition of a hypothetical non-porous dense state 

to the experimentally observed open ZIF structure. The ΔHtrans values are endothermic in all cases, 

which indicates that the porous structures are metastable relative to a hypothetical dense state, and 

that the principal driving force behind the formation of ZIF structures from ZnO is a change in 

zinc local bonding. 

5.4.3 Theoretical calculations 

We have previously shown33,34 that periodic DFT calculations can offer excellent agreement with 

experiment in ranking the enthalpies of formation for ZIF polymorphs, based on identical linkers. 

Here, we explore the accuracy of such calculations for evaluating the effect of linker substitution 

on the stability of ZIFs with chemically distinct linkers. The prerequisite for such calculations, 

until methodologies for crystal structure prediction (CSP)48 of MOFs becomes more general, is the 

knowledge of the experimental crystal structures for MOFs and corresponding linkers. We have 

used the plane wave DFT code CASTEP, performing the calculations with the PBE functional in 

combination with MBD* SEDC. The role of dispersion corrections for accurate prediction of MOF 
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stability has been verified previously, with the MBD* model showing superior performance to 

alternative SEDC schemes.34,66  

Table 5-4. Comparison of the calculated (ΔEf,rel) and experimental (ΔHf,rel) enthalpies of formation 

of herein explored ZIFs, relative to ZIF-8. 

Framework 
ΔHf,rel  (kJ·mol−1) 

(experimental) 

ΔEf,rel  (kJ·mol−1) 

(calculated) 

Zn(MeIm)2 0.0 0.0 

Zn(VIm)2 3.87 ± 1.45 1.06 

Zn(ClIm)2 0.97 ± 1.15 -2.74 

Zn(IIm)2 14.01 ± 1.23  8.10 

Zn(CF3Im)2 16.63 ± 1.10 14.54 

Zn(CHOIm)2 57.10 ± 1.39 50.21 

 

The crystal structures of imidazole ligands required for calculations were either determined in this 

work by single crystal X-ray diffraction (HVIm, HClIm, HIIm) (see SI) or are available from the 

Cambridge Structural Database (CSD) (HCF3Im: CSD code XOPLEW; HMeIm: CSD code 

FULPIM; HCHOIm: CSD code YASSAN).  Crystal structure data was not available only for the 

HAIm and HBrIm linkers. Structural information on the linkers enabled the calculation of 

enthalpies of formation relative to ZIF-8 (ΔEf,rel) for all ZIFs except Zn(AIm)2 and Zn(BrIm)2 

(Table 5-4). The ΔEf,rel values showed excellent correlation with the experimentally measured ΔHf 

(Figure 5-4, Table 5-4), with 2-methyl, -vinyl and -chloro substituted ZIFs showing similar ΔEf,rel, 

followed by ZIFs bearing the 2-iodo, -CF3 and -CHO substituents.  The match between 
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experimental and calculated enthalpy of formation of ZIF-90 is noteworthy: since the calculations 

were made assuming the dimer structure of the HCHOIm ligand in the solid state, the match is 

consistent with the assumption that the unusually high ΔHf of ZIF-90 is due to the additional 

energy required for the dissociation of the linker dimer.  

 

Figure 5-4. Comparison of the calculated (ΔEf,rel) and experimental (ΔHf,rel)  enthalpies of 

formation. Both calculated and experimental values are defined relative to Zn(MeIm)2, for which 

the formation enthalpy is set to zero and excluded from linear fitting. 

5.4.4 Stability trends 

The isostructurality of the eight ZIFs offers an opportunity to examine how MOF thermodynamic 

stability changes with respect to composition, independent of framework structure or topology. In 

particular, ZIF stability is likely to be related to the strength of Zn-N bonds, which depends on the 

electronic properties of the framework linker. A well-established, readily accessible parameter that 

describes how different functional groups affect the electronic properties of small molecules is the 
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Hammett -constant.80–84 While Hammett -constants have been explored mostly for substituted 

benzenes, the values established for meta- (-meta constants) and para-substituted (-para 

constants) phenyl systems have also been found applicable to other chemically distinct systems, 

for example pKa values of imidazole derivatives.85,86 Consequently, we were encouraged to 

evaluate a potential relationship between ΔHf and either -meta or -para Hammett parameters. 

This is the first time, to our knowledge, that Hammett parameters have been related to the stability 

of framework solids. 

Plotting the ΔHf values for herein explored ZIFs against tabulated81 Hammett -meta constants for 

the corresponding linker substituent groups revealed a clear linear correlation with a coefficient of 

determination (R2) of 0.46 (Figure 5-5a). A weaker, but still significant linear correlation                              

(R2 = 0.35) was also observed when plotting ΔHf against Hammett -para constants (Figure 5-5b). 

Linear correlation between the ΔHf values of ZIF materials and Hammett parameters is novel and 

also surprising, as the -constants are generally used to describe small molecules in dilute solution 

or gas phase. We suggest that the strong linear relationship between -values and the 

thermodynamics of ZIFs is due to the open, microporous structure of the frameworks, which 

reduces the importance of non-covalent interactions between individual linkers.  
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Figure 5-5. Correlation of ZIF ΔHf and ΔHtrans to the Hammett -constants reported for: (a) meta-

substitution; (b) para-substitution (bottom) and (c) para-substitution with -para(+) parameters 

used. Red label and star indicate the ΔHf and ΔHtrans for ZIF-90 before correction for linker dimer 

dissociation. 
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The most notable discrepancies from a linear fit of ΔHf to the Hammett -parameter are observed 

for ZIFs with acetylene- and chloro-substituted linkers. These discrepancies are unlikely to have 

resulted from an experimental error, as the measured ΔHf value for the Cl-substituted MOF agrees 

with the energy calculated by periodic DFT. Both the -C≡CH and -Cl substituents can readily 

participate in the resonant electronic structure of the linker. Considering that the linker in the ZIF 

structure formally exhibits the electronic structure of an imidazolium cation,66 and that the 2-

substituent is in the direct vicinity of the Zn-N bond, we decided to explore how the correlation 

would be affected by considering the modified -para(+) Hammett constants.81 Notably, this 

modified version of the Hammett constant has been developed to account for the ability of the 

substituent to delocalize positive charge close to a reactive part of the molecule.81,87 Gratifyingly, 

the -para(+) constants yielded a strong correlation to measured ΔHf values, with R2 of ca. 0.7 

(Figure 5-5c).  

A particularly interesting observation to be made here is that the -para(+) constant for the -CHO 

substituent is larger than that of  the -CF3 group. This is opposite to the behavior seen for the -

meta and the -para constants and contributes significantly to the much-improved linear 

correlation of the data. The stability-substituent correlations reveal that the ΔHf for ZIFs becomes 

less exothermic, i.e. the materials should become less thermodynamically stable, with increasing 

Hammett parameter. This is consistent with the expectation that framework stability should be 

lower for linkers with electron-withdrawing substituents, which diminish the electron-donating 

ability of the linker and weaken the Zn-N bonds.  

Because the Hammett -constants reflect the electronic effects of a substituent, it is possible that 

other related parameters could be useful in quantifying ZIF stability. Electrostatic surface potential 
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(ESP) has previously been used to evaluate electron-donating and -accepting abilities of functional 

groups, notably for rationalizing the formation of hydrogen- or halogen-bonded cocrystals.88–90 To 

explore ESPs as a potential descriptor of ZIF stability, we calculated this parameter for substituents 

on isolated imidazolate anions in the gas phase. Plotting ΔHf against such calculated ESP values 

again revealed a strong linear correlation (R2 = 0.60, Figure 5-6a) In this correlation, the linkers 

with the highest (least negative) substituent ESP values (vinyl, acetylene) were found to provide 

the greatest ZIF stabilization, while the linkers bearing groups with most negative ESP 

(trifluoromethyl, aldehyde) produced the least stable ZIFs. 

The described correlations represent the first quantitative relationships between the 

thermodynamic stability of a complex three-dimensional framework structure, and fundamental, 

measurable, or readily calculated properties of the linker substituent. In the context of MOF design, 

the relationship between ΔHf and substituent -parameter or ESP value provides an opportunity 

to predict the stability of SOD-topology ZIFs based on the properties of the linker alone. For 

example, the slope of the best currently observed linear correlation between Hammett constant and 

the enthalpy of formation is 25.7 ± 7.1 kJ·mol-1, indicating that ZIF stability should change by 

almost 26 kJ·mol-1 per -para(+) unit. 
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Figure 5-6. Correlation of ZIF ΔHf and ΔHtrans to: (a) ESPs calculated for isolated gas-phase 2-

substituted imidazolate anions and (b) ZIF molar volume. Red label and star indicate the ΔHf and 

ΔHtrans for ZIF-90 before correction for linker dimer dissociation. 

Impact of the linker substituent on ZIF stability is evident by comparing it to the effect of molar 

volume (MV), which is a conventional approach for comparing the stability of solid-state 

materials. Framework materials of higher MV, which corresponds to a lower density, are typically 

less thermodynamically stable than their denser counterparts.32,91–93 Indeed, the herein explored 

ZIFs show a correlation of ΔHf to MV, with R2 of 0.45. It was shown previously that switching 

between the SOD- and dia-topology Zn(MeIm)2 polymorphs33, whose respective MV values are 

241 and 136 cm3·(mol Zn)-1, leads to a ΔHf change of ca. 11 kJ·mol-1 accompanied by a 44% 
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change in MV. In contrast, herein investigated variation of the substituent in the 2-position led to 

a ΔHf variation of ca. 30 kJ·mol-1, but with a MV variation of no more than 12% (30 cm3·(mol 

Zn)-1, Figure 5-6b). 

5.5 Conclusions 

We presented the first systematic and quantitative study of the effect of linker substituent on 

thermodynamic stability of MOFs. Using as a model a series of isomorphous sodalite-topology 

ZIFs based on 2-substituted linkers, we demonstrated a significant dependence of the enthalpy of 

formation of the MOFs from metal oxide on the choice of substituent. The calorimetric 

measurements were in excellent agreement with theoretically calculated values, revealing a linear 

correlation between MOF stability and readily calculable or tabulated properties of linker 

substituents, such as the Hammett -constants or electrostatic surface potentials. We believe that 

these descriptors can be used for the future design and prediction of ZIF structures with tailored 

stability. While periodic DFT calculation offers the most accurate prediction of ZIF energetics, 

they rely on the prior knowledge of crystal structure or an in-depth exploration of crystal energy 

landscape via crystal structure prediction. In contrast, this work shows that Hammett constants and 

electrostatic potential calculations allow for stability predictions based solely on the molecular 

structures of MOF linkers, proposing most feasible candidates for experimental synthesis or more 

in-depth computational screening.  
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Summary and Future Perspective 

In this dissertation, the energetics of substitution effect on the thermodynamic stability of hybrid, 

dense and porous metal organic-frameworks were investigated. Different systems of hybrid 

materials were studied, including a system containing the organic mineral paceite and its cadmium 

analogue, a system of protonated-amine manganese formate perovskites and a system of zeolitic 

imidazolate frameworks with different polymorphs and linker substituents. The structure and 

property relationship within these materials were then studied to explore the role of the substitution 

on the resulting stability. 

The formation of organic mineral paceite CaCu(OAc)4‧6H2O from minerals such as 

Cu(OAc)2∙H2O (hoganite) and CaCO3 (calcite) was found to be highly exothermic                                                            

(-27.14 ± 0.30 kJ‧mol-1), explaining the driving force of its formation in nature. The substitution 

of Cd to the paceite structure was found to destabilize the structure, and this was expected due to 

the greater change in coordination that Cd undergoes compared to Cu. Additionally, the 

calorimetric study also revealed a possible pathway in which the paceite could be formed. It was 

found that the formation of Ca(OAc)2·H2O·AcOH intermediate is exothermic (−16.62 ± 0.23 

kJ‧mol-1). Because of this, it was expected that the formation of paceite from Cu(OAc)2∙H2O and 

CaCO3 will go through the formation of Ca(OAc)2·H2O·AcOH intermediate. The consistency of 

the final state on the acid calorimetry measurements was also confirmed in this study. This was 

important to ensure that the calculation performed to obtain the enthalpy of formations are 

accurate. 
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To explore the energetics of substitution effects on dense MOF stability, a system of protonated-

amine manganese formate perovskites (AmineH+-Mn-F) was studied. The thermodynamic 

stability decreases in the order of GUA-Mn-F, FA-Mn-F, MA-Mn-F, AZE-Mn-F and DMA-Mn-

F. It was found that, unlike traditional inorganic perovskites, the stability of these hybrid perovskite 

samples was not governed by geometrical factors, as represented by the Goldschmidt tolerance 

factor. Upon further analysis, the stability was more closely related to the interaction between the 

A-site cation and the framework, mostly through hydrogen bonding. The relative strength of this 

interaction was found to be represented by the simple dissolution enthalpy measurement of the 

cation salts, which correlates linearly with the perovskite enthalpy of formation. It was found that 

the perovskite enthalpy of formation would change by 1 kJ·mol-1 per unit of cation salt dissolution 

enthalpy. This result could potentially open a way to predict the stability of other dense MOFs or 

other hybrid perovskites.  

To understand the energetics of substitution effect on porous MOF stability, a system of zeolitic 

imidazolate frameworks (ZIFs) with different polymorphs and linker substituents was studied. In 

Chapter 4, the enthalpy of formations of fluorinated ZIF (Zn(CF3Im)2) was compared to the 

enthalpy of formation of Zn(MeIm)2 and Zn(EtIm)2. Here, a very interesting result was observed, 

where switching between -CH3, -C2H5 and -CF3 substituents yields sets of ZIFs with significant 

energy differences, albeit having similar molar volume and framework density. For example, 

SOD-Zn(CF3Im)2, SOD-Zn(MeIm)2 and ANA-Zn(EtIm)2 all have similar framework density, 

but their enthalpy of formations differ significantly up to 27.7 kJ mol-1. Here the trend seen is also 

different from that has been seen with traditional porous materials such as silica zeolites and 

mesoporous silica, where the stability correlates linearly with the framework density.  
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To further investigate the role of substitution to the stability of porous metal-organic frameworks, 

a system of eight isostructural ZIFs with different substitutions on the 2-positions of the 

imidazolate linker (CH3, CH=CH2, C≡CH, CHO, CF3, Cl, Br, I) was studied in Chapter 5. It was 

found that despite having the same topology, the enthalpy of formation can vary widely (~30 

kJ·mol-1) simply by replacing the substituent on the linker. This confirms the significant 

dependence of the enthalpy of formation of the MOFs from metal oxide on the choice of 

substituent. Additionally, a poor correlation was observed when comparing the enthalpy of 

formations of the ZIFs to their framework density and molar volume. The stability trend could be 

explained better by relating it to readily calculable or tabulated properties of linker substituents 

such as electrostatic surface potential (ESP) and Hammett -para(+) constants. It was found that 

the ZIFs enthalpy of formation would change by almost 26 kJ·mol-1 per Hammett -para(+) unit. 

Similar to the case seen with hybrid perovskite earlier, this could also open a way to predict the 

stability of other ZIFs or other porous MOFs. 

The results in Chapter 3 and Chapter 5 suggest predictive tools to predict the stability of MOFs 

using an easily measurable or tabulated property. These could be very powerful for use in 

accelerating the discovery of new MOFs. Additionally, the results showed that the MOF energetic 

trend behaves very differently when compared to their respective inorganic counterparts. Because 

of this, additional research would be necessary to test and validate the accuracy of the results and 

the suggested predictive tools. A further systematic thermodynamic study on other MOF systems 

would be beneficial. For the dense MOF group, further study could be performed on other 

AmineH+-M-F systems, where AmineH+ = GUA, FA, MA, DMA, and AZE, and M = Co, Ni and 

Zn. Additionally, albeit not considered as a dense MOF, methylammonium lead iodide (MAPbI3) 

is also a hybrid organic-inorganic perovskite that gained significant attention due to its high power 
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conversion efficiency (PCE) for solar cell applications. A systematic study on the effect of 

substitution on the A-site and the B-site on the energetics has not been performed, thus it would 

also be interesting to study the effect of the cation substitution on the A-site, with cations such as 

MA and FA, and also on the B-site, with cations such as Pb and Sn, and correlate it to the result 

seen here with hybrid manganese formate perovskites. Similarly, in the porous MOF group, further 

study could be performed on other sodalite ZIFs with different metal nodes, such as Zn, Co and 

Cd, and with different substitutions on the 2-positions of the imidazolate linker such as CH=CH2 

and C≡CH. Overall, both of these studies would provide the bigger picture on the relationship 

between the energetics and the compositions for both dense and porous MOFs, and also provide a 

better understanding on how to predict the stability of other and new MOFs. 
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Appendix A                                                               

Supplementary Information for Chapter 2                                   

Mechanochemical Synthesis, Accelerated Aging and 

Thermodynamic Stability of the Organic Mineral Paceite 

and Its Cadmium Analogue 

Li, S.; Huskić, I.; Novendra, N.; Titi, H. M.; Navrotsky, A.; Friščić, T. Mechanochemical 

Synthesis, Accelerated Aging, and Thermodynamic Stability of the Organic Mineral Paceite and 

Its Cadmium Analogue. ACS Omega 2019, 4, 5486–5495. 

A.1 Synthetic Procedures 
Mechanochemical synthesis of calcium acetate monohydrate from calcium hydroxide 

Calcium acetate was prepared by combining 37 mg (0.5 mmol) calcium hydroxide, 60 µL (~1.1 

mmol) acetic acid, and 10 µL water in a milling jar. The sample was then milled for 30 minutes at 

25 Hz. 

Mechanochemical synthesis of calcium acetate monohydrate from calcium carbonate 

The synthesis of calcium acetate monohydrate from CaCO3 was accomplished by combining 100 

mg (1.0 mmol) of calcium carbonate, 120 µL (~2.0 mmol) of acetic acid, and 12 µL water in a 

milling jar. The sample was then milled for 60 minutes at 30 Hz. 

Mechanochemical two-step synthesis of synthetic paceite from calcium hydroxide 

Synthetic paceite was prepared mechanochemically in a stepwise manner. First, 37 mg (0.5 mmol) 

calcium hydroxide, 62 µL (~1.1 mmol) acetic acid, and 10 µL water were added to a milling jar. 

The sample was milled for 30 minutes at 25 Hz. Subsequently, 100 mg (~0.5 mmol) copper(II) 

acetate monohydrate and 60 µL water were added, and the sample milled for another 30 minutes 

at 25 Hz. 

Mechanochemical two-step synthesis of synthetic paceite from calcium carbonate 

Synthetic paceite was prepared mechanochemically in a stepwise manner. First, 50 mg (0.5 mmol) 

calcium carbonate, 62 µL (~1.1 mmol) acetic acid, and 10 µL water were added to a milling jar. 

The sample was milled for 30 minutes at 25 Hz. Subsequently, 100 mg (~0.5 mmol) copper(II) 
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acetate monohydrate and 67 µL water were added, and the sample milled for another 30 minutes 

at 25 Hz. 

Mechanochemical one-step synthesis of synthetic paceite from calcium hydroxide 

Synthetic paceite was prepared mechanochemically in a direct one-pot method. To a milling jar 

were added 37 mg (0.5 mmol) calcium hydroxide, 100 mg (~0.5 mmol) copper(II) acetate 

monohydrate, 62 µL (~1.1 mmol) acetic acid, and 62 µL water. The sample was milled for 30 

minutes at 25 Hz. 

Mechanochemical one-step synthesis of synthetic paceite from calcium carbonate 

Synthetic paceite was prepared mechanochemically in a direct one-pot method. To a milling jar 

were added 50 mg (0.5 mmol) calcium carbonate, 100 mg (~0.5 mmol) copper(II) acetate 

monohydrate, 62 µL (~1.1 mmol) acetic acid, and 60 µL water. The sample was milled for 30 

minutes at 25 Hz. 

Mechanochemical two-step synthesis of CaCd(OAc)4∙6H2O from calcium hydroxide 

The cadmium paceite analogue CaCd(OAc)4∙6H2O was prepared mechanochemically in a stepwise 

manner. First, 37 mg (0.5 mmol) calcium hydroxide, 63 µL (~1.1 mmol) acetic acid, and 10 µL 

water were added to a milling jar. The sample was milled for 30 minutes at 25 Hz. Subsequently, 

133 mg (~0.5 mmol) cadmium(II) acetate dihydrate and 60 µL water were added, and the sample 

milled for another 30 minutes at 25 Hz. 

Mechanochemical two-step synthesis of CaCd(OAc)4∙6H2O from calcium carbonate 

The cadmium paceite analogue CaCd(OAc)4∙6H2O was prepared mechanochemically in a stepwise 

manner. First, 50 mg (0.5 mmol) calcium carbonate, 62 µL (~1.1 mmol) acetic acid, and 10 µL 

water were added to a milling jar. The sample was milled for 30 minutes at 25 Hz. Subsequently, 

133 mg (~0.5 mmol) cadmium(II) acetate dihydrate and 60 µL water were added, and the sample 

milled for another 30 minutes at 25 Hz. 

Mechanochemical one-step synthesis of CaCd(OAc)4∙6H2O from calcium hydroxide 

The cadmium paceite analogue CaCd(OAc)4∙6H2O was prepared mechanochemically in a direct 

one-pot method. To a milling jar were added 37 mg (0.5 mmol) calcium hydroxide, 133 mg (~0.5 

mmol) cadmium(II) acetate dihydrate, 60 µL (~1.1 mmol) acetic acid, and 60 µL water. The 

sample was milled for 30 minutes at 25 Hz. 

Mechanochemical one-step synthesis of CaCd(OAc)4∙6H2O from calcium carbonate 

The cadmium paceite analogue CaCd(OAc)4∙6H2O was prepared mechanochemically in a direct 

one-pot method. To a milling jar were added 50 mg (0.5 mmol) calcium carbonate, 133 mg (~0.5 

mmol) cadmium(II) acetate dihydrate, 62 µL (~1.1 mmol) acetic acid, and 60 µL water. The 

sample was milled for 30 minutes at 25 Hz. 
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A.2 Real-time in situ reaction monitoring using powder X-ray 

diffraction (PXRD) 
In situ PXRD monitoring was performed on the PROTO AXRD Benchtop diffractometer equipped 

with a DECTRIS Mythen 1K strip detector. Measurements were collected using a custom designed 

sample holder.(ref) A homogenized mixture of Ca(OH)2 and Cu(OAc)2·H2O was placed in the 

middle and a 200 mL of 50% aqueous solution (by volume) of acetic acid were placed in the 

sample holder grooves. Consecutive powder diffractograms were collected over the course of 12 

hours, with a temporal resolution of 5 min 50 seconds. Rietveld fitting was performed in TOPAZ6 

analytical program. 

A.3 Selected Fourier-transform infrared attenuated total 

reflectance (FTIR-ATR) spectra of mechanochemically prepared 

materials 

 

Figure A-1. Overlay of selected FTIR-ATR spectra for mechanochemical syntheses of synthetic 

paceite samples and its cadmium analogue CaCd(OAc)4∙6H2O. 
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Appendix B                                                                

Supplementary Information for Chapter 4                                              

Theoretical Prediction and Experimental Evaluation of 

Topological Landscape and Thermodynamic Stability of a 

Fluorinated Zeolitic Imidazolate Framework 

Arhangelskis, M.; Katsenis, A. D.; Novendra, N.; Akimbekov, Z.; Gandrath, D.; Marrett, J. M.; 

Ayoub, G.; Morris, A. J.; Farha, O. K.; Friščić, T.; Navrotsky, A. Theoretical Prediction and 

Experimental Evaluation of Topological Landscape and Thermodynamic Stability of a 

Fluorinated Zeolitic Imidazolate Framework. Chem. Mater. 2019, 31, 3777–3783. 

B.1 Materials and methods 
ZnO (≥99%), NH4NO3 (≥99%), Zinc carbonate basic, [ZnCO3]2 • [Zn(OH)2]3, (technical, ≥53% 

Zn basis), 1–Methyl–2–pyrrolidinone (NMP) and 2,2,2-Trifluoroethanol (TFE) were purchased 

from Aldrich. Methanol (MeOH), N,N-Dimethylformamide (DMF) were purchased from ACP 

Chemicals. Ethanol (EtOH) were purchased from Commercial Alcohols. 1,4–Dioxane, Ethyl 

Acetate, Chloroform (CHCl3), Hexane were purchased from Fisher Chemicals. All chemicals were 

used without further purification. 

B.1.1 Thermal analysis 

Thermogravimetric analyses (TGA) were performed on a TGA/DSC 1 system, which runs on a 

PC with STARe software. Samples were heated from 25 to 800 °C at a rate of 10 °C/min under 

flowing N2. The balance and purge flow were 40 ml/min and 60 ml/min respectively. 

B.1.2 Powder X-ray diffraction 

Powder X-ray diffraction (PXRD) patterns were collected using a Bruker D2 Phaser powder 

diffractometer equipped with a Cu-Kα (λ=1.54060 Å) source and Lynxeye detector. The patterns 

were collected in the angle region between 3° and 40° (2θ) with a step size of 0.05° and 0.65 s 

counting per step. PXRD patterns used for structure solution-refinement were collected in the 

angle region between 4° and 120° (2θ) with a step size of 0.02° and 6.0 s counting per step. 
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B.1.3 Structure determination from powder X-ray data 

Crystal structures of qtz and SOD polymorphs of Zn(CF3Im)2 were determined from powder X-

ray diffraction data. Powder patterns were indexed using DICVOL06, while peak selection was 

made using the graphical interface of program DASH 3.3.4. For both powder patterns the indexing 

procedure produced unit cells very similar to those of qtz-Zn(EtIm)2 (CSD EHETER) and SOD-

Zn(MeIm)2 (ZIF-8, CSD OFERUN03), suggesting close similarity of Zn(CF3Im)2 polymorphs 

with their topological analogues. 

Simulated annealing structure solution and Rietveld refinement1 were performed using TOPAS 

Academic 6.2 First, Pawley refinement3 procedure was used to refine unit cell parameters, peak 

shape parameters (pseudo-Voigt function) and background Chebyshev polynomial terms. The 

space groups P64 and I 4̅3m were used for qtz- and SOD-structures, respectively. 

The optimal values for unit cell, peak shape and background polynomials found in Pawley 

refinement were fixed during the Simulated Annealing structure solution. The only remaining 

variable parameters were the positions and orientations of molecular fragments, as well as the 

overall scale factor. In the case of the qtz-structure, the asymmetric unit contained an isolated Zn 

atom and a CF3Im rigid body fragment. In the case of the SOD-structure, the rigid fragment 

contained half CF3Im unit which was constrained to move along the crystallographic mirror plane. 

Once satisfactory structural models had been found, they were subjected to Rietveld refinement. 

During the refinement procedure all previously constrained parameters (unit cell, peak shape and 

background) were allowed to refine. Atomic motion was described by a single isotropic Debye-

Waller factor for non-hydrogen atoms (Biso), while hydrogen atoms were assigned a Debye-Waller 

factor of 1.2×Biso. 

Finally, we have investigated the possibility of CF3 group being rotationally disordered within the 

experimentally established structures. While no evidence of disorder was found for the structure 

of qtz-Zn(CF3Im)2, the refinement of the corresponding SOD-polymorph produced a model with 

two orientations of CF3 group related by 180˚ rotation, with essentially equal refined occupancies 

of 0.531(6) and 0.469(6). It should be noted, however, that powder X-ray diffraction is less 

sensitive to disorder than the single crystal measurement. In our case, however, periodic DFT 

calculations have shown that disorder of CF3 group in the SOD-Zn(CF3Im)2 structure can lower 

the energy by approx. 5 kJ mol-1 compared to a fully ordered structure (see section S4). Therefore, 

our experimental structural model is supported by periodic DFT calculations. 

B.1.4 Thin-layer chromatography (TLC) 

Thin-layer chromatography (TLC) was performed on aluminum pre-coated silica gel plates from 

Merck, and developed plates were visualized by UV light (254 nm), Column chromatography was 

performed using flash chromatography with the indicated eluent on SiliaFlash P60 40-63 µm silica 

gel. 

B.1.5 Solution nuclear magnetic resonance (NMR) spectroscopy 

1H NMR spectra (500 MHz), 13C NMR spectra (125 MHz) and 19F NMR were recorded on Bruker 

AMX300 spectrometer. Chemical shifts are reported relative to acetone-d6 (δ 2.05 ppm) for 1H 

NMR spectra and Acetone-d6 (δ 29.84 ppm) for 13C spectra. The 1H NMR spectra data are 

presented as follows: chemical shift, multiplicity (s = singlet, br. = broad), and integration. 
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B.1.6 Fourier-transform infrared attenuated total reflectance (FTIR-ATR) 

spectroscopy 

Infrared spectra were obtained using a Bruker Platinum ATR spectrometer, and are reported in 

wavenumber (cm-1) units of significant bands. 

B.1.7  Melting point  

Melting point (M.P., for HCF3Im ligand) was determined on a WRS-1C Melting Point Apparatus. 

B.2 Synthetic Procedures 
For mechanochemical experiments, reactions were conducted in a stainless steel jar of 10 mL 

volume, using two 7 mm (1.34 g each) diameter stainless steel balls, and a Retsch MM400 mill 

operating at 30 Hz. All samples of metal-organic frameworks were washed three times with 

methanol (MeOH) and dried under vacuum at room temperature. 

B.2.1 Abbreviations 

HCF3Im = 2-(trifluoromethyl)-1H-imidazole; NMP = N-methyl-2-pyrrolidone; EtOH = Ethanol; 

MeOH = methanol; CHCl3 = chloroform; DMF = N,N-dimethylformamide; TFE = 2,2,2-

trifluoroethan-1-ol; HMeIm = 2-methyl-1H-imidazole; HEtIm = 2-ethyl-1H-imidazole. 

B.2.2 Synthesis of the SOD–Zn(CF3Im)2 framework by milling 

A solid mixture of [ZnCO3]2 • [Zn(OH)2]3 (54.9 mg, 0.1 mmol) and HCF3Im (136.08 mg, 1.0 

mmol, 1:2 stoichiometric ratio with respect to total zinc content) were placed in a 10 ml stainless 

steel jar along with 70 μl of EtOH, and the reaction mixture was milled for 30 minutes. 

B.2.3 Synthesis of the qtz–Zn(CF3Im)2 framework by milling 

A solid mixture of ZnO (40.69 mg, 0.5 mmol), HCF3Im (138.8 mg, 1.0 mmol) and catalyst salt 

NH4NO3 (10 mg, 0.125 mmol) were placed in a 10 ml stainless steel jar along with 50 μl of DMF 

and the reaction mixture was milled for 30 minutes.  

B.2.4 Synthesis of the HCF3Im ligand 

 

To a solution of 2-(trifluoromethyl)-1H-imidazole-4,5-dicarboxylic acid, (1.0 g, 4.46 mmol) in N-

methyl-2-pyrrolidone (5 mL) was heated in hydrothermal reactor at 236 °C for 4.0 h, after this 

time reaction mixture diluted with H2O (15 mL) and extracted with Ether (3 x 50 mL), combined 

organic layers dried over MgSO4 and concentrated. Purification by flash chromatography on silica 

gel (EtOAc/Hexane: 20/80 to 30/70) afforded crystalline of 2-(trifluoromethyl)-1H-imidazole 

(0.382 g, 63% over two steps starting from 2-(trifluoromethyl)benzimidazole).4 M.P.: 140-142 °C 

(145-146 °C lit.)1. ). IR (cm-1): 3022, 2922, 2797, 2612, 1661, 1568, 1476, 1420, 1334, 1188, 

1099, 904, 761, 743, 728, 552. 1H NMR: (500 MHz, acetone-d6): δ 12.42 (br. s, 1H), 7.27 (br.s, 

2H) ppm. 13C NMR: (125 MHz, acetone-d6): δ 136.2 (q, J = 40.3), 125.6 (2C), 120.2 (q, J = 267.5 

Hz).   19F NMR: (500 MHz, acetone-d6): δ -63.8. 
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B.3 Computational Methods 
The topological landscape of Zn(CF3Im)2 system was explored with the aid of periodic DFT 

calculations. As a basis for our computational study, we have selected 8 topologically distinct 

structures from CSD, namely dia-Zn(MeIm)2 (CSD OFERUN01), kat-Zn(MeIm)2 (CSD 

OFERUN08), SOD-Zn(MeIm)2 (CSD OFERUN03), ANA-Zn(EtIm)2 (CSD MECWIB), RHO-

Zn(EtIm)2 (CSD MECWOH), zni-Zn(HIm)2 (CSD IMIDZB01) and cag-Zn(HIm)2 (CSD 

VEJYUF). In preparation for DFT calculations, substituents (H-, Me or Et- groups) in the 2-

position were replaced by -CF3 groups, thereby generating putative polymorphic structures of 

Zn(CF3Im)2. The resulting structures were geometry-optimized. 

The periodic DFT calculations were performed with the plane-wave DFT code CASTEP 16.1.1.5 

The input files were prepared using cif2cell5 program. The I-centered structures (zni, SOD, ANA 

and RHO topologies) were transformed to the corresponding primitive structures with the aim of 

reducing the cell volume and, hence, the computational cost of the DFT calculations. This 

transformation preserved all the symmetry operations of the original structures. The plane wave 

basis set was truncated at 750 eV cutoff and norm-conserving pseudopotentials were used to 

attenuate Coulomb potential in the core regions. The Brillouin zone was sampled with a 0.03 Å-1 

k-point spacing. Dispersion interactions were modelled with the aid of Grimme-D27 dispersion 

correction. As a first step the optimization procedure involved full relaxation of unit cell 

parameters and atomic coordinates subject to the symmetry constraints of the corresponding space 

groups.  Subsequently, however, structures containing 4-rings in their topological nets (kat, SOD, 

ANA and RHO) were reoptimized in P1 space group in order to account for the possibility of CF3 

groups being rotationally disordered. Rotational disorder of CF3 groups is, in principle, possible 

for any topology. In the case of topologies containing 4-rings, CF3 groups of neighboring CF3Im 

are found in close proximity with each other. Consequently, the mutual orientation of these groups 

may have a pronounced effect on the overall lattice energy, potentially affecting the energy ranking 

of a particular topological polymorph. In preparation for the P1 geometry optimization, the 

neighboring CF3 groups were manually rotated in a “head-to-tail” orientation. The resulting 

structures were geometry-optimized without any constraints on atom coordinates or unit cell 

parameters. The only exception to that was the disordered RHO structure where, due to high 

computational cost of the calculation, we only relaxed the coordinates of atoms within the CF3 

groups. The unit cell parameters and coordinates of all remaining atoms were kept fixed at the 

positions, obtained from the RHO structure optimized with space group symmetry constraints. 

The Grimme-D2 dispersion correction is formulated as a set of C6 coefficients describing pairwise 

atom-atom interactions, ignoring all the higher order terms. As an alternative approach we have 

performed additional calculations with many body dispersion (MBD*)8-10 method, which includes 

higher order terms beyond the pair-wise model. In addition, the dispersion coefficients in the 

MBD* model are calculated for each structure based on the DFT-computed electron density. The 

PBE-MBD* energies were obtained by performing single point calculations on the structures 

optimized with PBE-D2 method. Finally, electronic density of states (DOS) was calculated for the 

optimized crystal structures, both in the ordered and disordered configurations. CASTEP spectral 

calculations were performed with PBE functional, 750 eV plane-wave cutoff and 0.03 Å-1 k-point 

spacing. The DOS plots were drawn using the adaptive broadening mode of the code OptaDOS11,12 

(Figure B-1-Figure B-4). The band gaps, determined from the DOS plots, were found to be very 

similar for all topological polymorphs of Zn(CF3Im)2, both experimentally observed and 
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hypothetical. We have excluded zni and cag structures from the DOS analysis, due to inability of 

these topologies to accommodate the CF3Im ligand. 

Table B-1. Calculated energies and band gaps of putative Zn(CF3Im)2 polymorphs. 

topology/structu

ral model 

PBE-D2 total energy 

per formula unit 

PBE-MBD* total 

energy per formula 

unit 
PBE energy 

contribution 

per formula 

unit / eV 

MBD* 

energy 

contribution 

per formula 

unit / eV 

Calculated 

band gap / 

eV absolute / 

eV 

relative /  

kJ mol-1 

absolute / 

eV 

relative 

/  

kJ mol-

1 

qtz P64 -7605.3131 0.00 -7605.1438 0.00 -7603.5179 -1.6259 4.551 

dia P21/c -7605.1962 11.29 -7605.0040 13.49 -7603.3419 -1.6621 4.194 

SOD 
P1 -7605.1161 19.01 -7604.9787 15.93 -7603.6050 -1.3737 4.453 

I-43m -7605.0523 25.17 -7604.9272 20.90 -7603.5800 -1.3472 4.447 

kat 
P1 -7605.0439 25.98 -7604.8638 27.02 -7603.2567 -1.6071 4.428 

P-42c -7604.9443 44.31 -7604.7620 36.84 -7603.4526 -1.3443 4.391 

RHO 
Im-3m -7604.9545 34.60 -7604.7969 33.47 -7603.4510 -1.3451 4.550 

P1 -7604.9530 34.75 -7604.7961 33.55 -7603.1919 -1.5701 4.522 

ANA 
I-3ad -7604.8584 43.87 -7604.6748 45.25 -7603.3135 -1.3613 4.491 

P1 -7604.8539 44.31 -7604.6749 45.24 -7603.3113 -1.3636 4.491 

cag Pbca -7604.0507 121.81 -7603.9313 116.99 -7602.6807 -1.2506 - 

zni I41cd -7603.4253 182.15 -7603.2619 181.58 -7601.8157 -1.4462 - 

 

Figure B-1. The magnitude of MBD* dispersion energy as a function of framework packing 

coefficient. It is evident that dispersion energy decreases at high framework densities (PC>0.65), 

while a plateau is reached at PC< 0.5. The outlier with PC=0.49 and E(MBD*)=-1.25 eV is the 

cag structure which, upon optimization, had one of the Zn-N bonds replaced by Zn-F contact, 

ceasing to be a ZIF. 
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Figure B-2. DOS plot of (a) qtz-Zn(CF3Im)2, (b) dia-Zn(CF3Im)2, (c) SOD-Zn(CF3Im)2 in 

disordered P1 configuration, (d) SOD-Zn(CF3Im)2 in ordered I-43m configuration, (e) kat-

Zn(CF3Im)2 in disordered P1 configuration, (f) kat-Zn(CF3Im)2 in ordered P-42c configuration, 

The valence bands are shown in blue and conduction bands are shown in red. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure B-3. DOS plot of (a) RHO-Zn(CF3Im)2 in ordered Im-3m configuration, (b) RHO-

Zn(CF3Im)2 in disordered P1 configuration, (c) ANA-Zn(CF3Im)2 in disordered P1 configuration, 

(d) ANA-Zn(CF3Im)2 in ordered I-3ad configuration. The valence bands are shown in blue and 

conduction bands are shown in red. 

 

 

Figure B-4. Projected density of states (PDOS) plot of SOD-Zn(CF3Im)2 in disordered P1 

configuration. Contributions from each element (H, C, N, F and Zn) are shown with different 

colors. The HOCO band is predominantly localized on the carbon atoms, while the LUCO band is 

distributed between carbon and nitrogen atoms. Essentially the frontier bands are localized on the 

CF3Im ligands, without involvement of metal orbitals. 

(a) (b) 

(c) (d) 
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B.4 X-ray diffraction 

B.4.1 Powder X-ray diffraction patterns 

 

Figure B-5. Screening of the mechanochemical ILAG reaction 1 ZnO + 2 HCF3Im + 10mol% 

NH4NO3 using different liquid additives and milling times. 

 

Figure B-6. Screening of the mechanochemical LAG reaction 0.2 [ZnCO3]2[Zn(OH)2]3 + 2 

HCF3Im using different LAG liquids and milling times.  
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B.4.2 Rietveld refinement of SOD- and qtz-Zn(CF3Im)2 structures 

 

Figure B-7. The final Rietveld fit for the SOD–Zn(CF3Im)2 structure. Experimental pattern is 

shown in blue, calculated pattern in red, and difference curve in grey. 

 

 

Figure B-8. The final Rietveld fit for the qtz–Zn(CF3Im)2 structure Experimental pattern is shown 

in blue, calculated pattern in red, and difference curve in grey. 
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Table B-2. Crystallographic data for structures of Zn(CF3Im)2 polymorphs determined from 

powder X-ray diffraction data. 

 qtz–Zn(CF3Im)2 SOD–Zn(CF3Im)2 

Formula Zn(C4H2F3N2)2 Zn(C4H2F3N2)2 

Mr (g mol-1) 335.54 335.54 

Crystal system hexagonal cubic 

a / Å 8.8027(4) 17.5317(8) 

b / Å 8.8027(4) 17.5317(8) 

c / Å 12.7893(6) 17.5317(8) 

α (°) 90 90 

β (°) 90 90 

γ (°) 120 90 

V / Å3 858.25(9) 5388.5(7) 

Space group P64 I 4̅3m 

ρc (g cm-3) 1.948 1.2408(2) 

Radiation type CuKα CuKα 

F(000) 492 1968 

Rwp 0.051 0.064 

Rp 0.040 0.049 

RBragg 0.018 0.021 

χ2 10.224 10.727 
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B.4.3 Single crystal X-ray diffraction 

Table B-3. Crystallographic and structure refinement data for the structure of HCF3Im determined 

from single crystal X-ray diffraction data. 

Formula HCF3Im 

Mr (g mol-1) 136.08 

Crystal system monoclinic 

Space group P21/c 

a / Å 7.5862(16) 

b / Å 9.8792(18) 

c / Å 7.6926(18) 

β (°) 108.970(18) 

V / Å3 545.2(2) 

Z 4 

ρc (g cm-3) 1.658 

Radiation type CuKα 

F(000) 272 

Reflections measured 3499 

Independent reflections 898 

Rint 0.0991 

R1 (I > 2σ(I))a, b 0.0825 

wR(F2) (I > 2σ(I)) c 0.1868 

R1 (all data) a 0.1909 

wR(F2) (all data) c 0.2401 

S 1.031 
a For observed data; b R1 = Σ‖Fo| − |Fc‖/Σ|Fo|; c wR2 = [Σw(|Fo

2| − |Fc
2|)2/Σw|Fo

2|2]1/2 

B.5 Thermogravimetric analysis (TGA) of prepared ZIFs 

 

Figure B-9. TGA thermogram of SOD–Zn(CF3Im)2 framework prepared by milling, after 

washing with methanol and evacuation, recorded in air. Calculated ZnO residue: 24.25%; 

observed: 24.92%. 
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Figure B-10. TGA thermogram of qtz–Zn(CF3Im)2 framework prepared by milling, after washing 

with methanol, recorded in air. Calculated ZnO residue: 24.25%; observed: 24.82%. 

 

B.6 Surface area measurements 
Activation of samples prior to gas sorption measurements was done by soaking the materials in 

methanol for 24 hours, followed by heating at 150 °C for 8 hours under vacuum. Nitrogen 

isotherms were measured on a Micromeritics TriStar II 3020 at 77 K. 

 

Figure B-11. N2 isotherms for SOD‒Zn(CF3Im)2 measured at 77 K. Filled and open circles 

represent adsorption and desorption isotherms, respectively. Connecting trace is shown as a guide 

for eyes. 

BET surface area for SOD‒Zn(CF3Im)2 = 923 m²/g 

Calculated for SOD-Zn(CF3Im)2 
Measured nitrogen sorption isotherm for SOD-

Zn(CF3Im)2 

Accessible  

surface area 
Pore volume 

Max. pore 

diameter 

Accessible  

surface area 
Pore volume 

Max. pore 

diameter 

1016.5 m2 / g 0.46 cm3 / g 10.9 Å 923.1 m2 / g 0.384 cm3 / g 10.9 Å 
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Figure B-12. N2 isotherms for qtz‒Zn(CF3Im)2 measured at 77 K. Filled and open circles 

represent adsorption and desorption isotherms, respectively. Connecting trace is shown as a guide 

for eyes. 

BET surface area for qtz‒Zn(CF3Im)2 = 29 m²/g 

 

B.7 Fourier-transform infrared attenuated total reflectance (FTIR–

ATR) spectra 

 

Figure B-13. FTIR–ATR spectrum of 2–(trifluoromethyl) –1H–imidazole (HCF3Im). 
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Figure B-14. FTIR–ATR spectra of Zn(CF3Im)2 products and relevant starting materials (from 

top to bottom): DMF (used as LAG additive); EtOH (used as LAG additive); SOD–Zn(CF3Im)2 

made mechanochemically; qtz–Zn(CF3Im)2 made mechanochemically; solid HCF3Im ligand. 
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Appendix C                                                                     

Supplementary Information for Chapter 5                                                      

Linker Substituents Control the Thermodynamic Stability in 

Metal-Organic Frameworks 

Novendra, N.; Marrett, J. M.; Katsenis, A. D.; Titi, H. M.; Arhangelskis, M.; Friščić, T.; 

Navrotsky, A. Linker Substituents Control the Thermodynamic Stability in Metal–Organic 

Frameworks. J. Am. Chem. Soc. 2020, 142, 52, 21720-21729 

C.1 Materials 
Zinc oxide (≥99%), 2-methylimidazole (HMeIm) (99%), zinc basic carbonate (≥58% Zn basis), 

2-chloroimidazole (HClIm) (97%), 2-bromoiidazole (HBrIm) (97%), 2-iodoimidazole (HIIm) 

(97%), ammonium nitrate (≥99%), ammonium acetate (≥99%), and n-methyl-2-pyrrolidone 

(99.5%) were purchased from Sigma Aldrich and were used without any further purification. 

Imidazole-2-carboxaldehyde (97%) was purchased from Oakwood Chemical and was used 

without further purification. Methanol (99.8%) was purchased from Fischer Chemical. 

Dimethylformamide (99.8%) was purchased from ACP chemicals. 2-vinylimidazole1 (HVIm), 2-

acetyleneimidazole2 (HAIm), and 2-trifluoromethylimidazole3 (HCF3Im) were prepared in-house 

according to previous reports.  

C.2 Synthetic Procedures 
All ZIFs were synthesized mechanochemically using a Retsch MM400 shaker mill (Retsch GmbH, 

Haan, Germany). 

C.2.1 Synthesis of SOD-Zn(MeIm)2  

SOD–Zn(MeIm)2 was synthesized following a previously published method4,5. The synthesis was 

performed mechanochemically by ball milling zinc oxide (1 mmol, 81 mg) with  HMeIm (2.1 

mmol, 172 mg) in the presence of ammonium nitrate (0.125 mmol, 10 mg) and 65 μl of methanol 

in a 10 mL stainless steel milling jar. Two 7 mm stainless steel balls were used as the milling 

media, and grinding proceeded at 30 Hz for 60 minutes. The product was washed with methanol 

then evacuated at 80°C for 12 hours.  

C.2.2 Synthesis of SOD-Zn(VIm)2 

SOD-Zn(VIm)2 was synthesized mechanochemically by ball milling zinc oxide (1 mmol, 81 mg) 

with HVIm (2 mmol, 188 mg  in the presence of ammonium acetate (0.125 mmol, 10 mg) and 100 
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μl of ethanol in a 15 mL stainless steel milling jar. Two 7 mm stainless steel balls were used as the 

milling media, and grinding proceeded at 30 Hz for 30 minutes. The product was washed with 

methanol then evacuated at 80°C for 12 hours.  

C.2.3 Synthesis of SOD-Zn(AIm)2 

SOD-Zn(AIm)2 was synthesized mechanochemically by ball milling zinc oxide (1 mmol, 81 mg) 

with HAIm (2.4 mmol, 223 mg) with conditions identical to those of SOD–Zn(VIm)2. Washing 

and evacuation also proceeded in an identical fashion. Analysis of zinc content using ICP-MS 

(sample size: 12.33 mg): expected 26.4%, measured 25.8%. 

C.2.4 Synthesis of SOD-Zn(CHOIm)2 

SOD–Zn(CHOIm)2 was synthesized mechanochemically by ball milling zinc basic carbonate 

([ZnCO3]2·[Zn(OH)2]3) (0.2 mmol, 110 mg) with HCHOIm (2.2 mmol, 211 mg) in the presence 

of 200 μl of N-methyl-2-pyrrolidone (NMP) in a 15 mL stainless steel milling jar. Two 7 mm 

stainless steel milling balls were used as milling media, and milling proceeded for 90 minutes at 

30 Hz. The sample was washed with methanol then evacuated at 80°C for 12 hours.  

C.2.5 Synthesis of SOD-Zn(CF3Im)2 

SOD–Zn(CF3Im)2 was synthesized mechanochemically using a previously reported method.4 The 

synthesis was performed by ball milling zinc basic carbonate (0.1 mmol, 55 mg) with HCF3Im 

(1.0 mmol, 136 mg) in the presence 70 μl of methanol in a 10 mL stainless steel milling jar. Two 

7 mm stainless steel balls were used as the milling media, and grinding proceeded at 30 Hz for 30 

minutes. The product was then washed with methanol and evacuated at room temperature.  

C.2.6 Synthesis of SOD-Zn(ClIm)2 

SOD–Zn(ClIm)2 was synthesized mechanochemically by ball milling zinc basic carbonate (0.1 

mmol, 55 mg) with HClIm (1.1 mmol, 113 mg) in the presence of 70 μl of dimethylformamide in 

a 15 mL stainless steel milling jar. Two 7mm stainless steel balls were used as the milling media, 

and milling proceeded at 30 Hz for 1 hour. The product was washed with methanol and evacuated 

at 80°C for 12 hours.  

C.2.7 Synthesis of SOD-Zn(BrIm)2 

SOD–Zn(BrIm)2 was synthesized mechanochemically by ball milling zinc oxide (0.5 mmol, 41 

mg) with HBrIm (1.16 mmol, 170 mg) in the presence of 70 μl of N,N-dimethylformamide (DMF) 

and 15 mg of ammonium nitrate in a 15 mL stainless steel milling jar. Two 7mm stainless steel 

balls were used as the milling media, and milling proceeded at 30 Hz for 2 hours. The product was 

washed with methanol and evacuated at 80°C for 12 hours. Analysis of zinc content using ICP-

MS (sample size: 6.35 mg): expected 18.3%, measured 18.1%. 

C.2.8 Synthesis of SOD-Zn(IIm)2 

SOD–Zn(IIm)2 was synthesized mechanochemically by ball milling zinc oxide (0.5 mmol, 41 mg) 

with HIIm (1.19 mmol, 230 mg) in the presence of 70 μl of DMF and 15 mg of ammonium nitrate 

in a 15 mL stainless steel milling jar. Two 7 mm stainless steel balls were used as the milling 

media, and milling proceeded at 30 Hz for 1 hour. The product was then washed with methanol 

and evacuated at 80°C for 12 hours. Analysis of zinc content using ICP-MS (sample size: 18.84 

mg): expected 14.5%, measured 14.2%. 
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C.3 Calorimetric Methods 

C.3.1 Room temperature solution calorimetry 

Dissolution enthalpies of the samples were measured with a CSC 4400 isothermal 

microcalorimeter operating at 25 ̊C. Small sample sizes (around 5 mg) were used to ensure that 

the dissolved ion concentration is low enough to avoid enthalpy contribution from ion mixing. 

Additionally, several experimental trials using mechanical mixture of the samples, which gave the 

expected enthalpy values from a mechanical mixture, confirmed that the measured enthalpies of 

dissolution were additive for the components so any contribution from possible ion complex 

formation can be neglected.  In each experiment, ca. 5 mg of a sample were hand-pressed to form 

a pellet and dropped into 25.0 g of isothermally equilibrated 5 N HCl aqueous solution in-side a 

50 mL Teflon cell of the calorimeter. All weight measurements were done using a Mettler 

microbalance with an accuracy of 10 µg. The solvent was isothermally equilibrated for at least 3 

hours under mechanical stirring before the introduction of the sample, and the sample was allowed 

to dissolve in the cell for at least 3 hours, ensuring the return of baseline back to initial position. 

After each experiment, the cell was reassembled with fresh solvent. We have used a similar 

methodology in our previous thermochemical ZIF studies.3,6,7 

C.3.2 Thermodynamic Cycles 

Table C-1. Thermodynamic cycle used to calculate the formation enthalpy of ZIFs with respect to 

ZnO and HRIm.  

Reactions Enthalpy (ΔH, kJ·mol-1) 

Zn(RIm)2(s) → Zn2+
(aq) + 2 RIm-

(aq) ΔH1 = ΔHs(Zn(RIm)2) 

ZnO(s) + 2H+
(aq) → Zn2+

(aq) + H2O(aq) ΔH2 = ΔHs(ZnO) 

HRIm (s) → RIm-
(aq) + H+

(aq) ΔH3 = ΔHs(HRIm) 

H2O(l) → H2O(aq) ΔH4 = ΔHdil(H2O) 

ZnO(s) + 2HRIm (s) → Zn(RIm)2(s) + H2O(l) 
ΔH5 = ΔHf, = -ΔH1 + ΔH2 + 2ΔH3 - 

ΔH4 
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Table C-2. Thermodynamic cycle used to calculate the formation enthalpy of ZIF-90 with respect 

to ZnO and (HCHOIm)2 dimer ligand and consequent correction with dimer dissociation enthalpy. 

Reactions Enthalpy (ΔH, kJ·mol-1) 

Zn(CHOIm)2(s) → Zn2+
(aq) + 2 CHOIm-

(aq) ΔH1 = ΔHs(Zn(CHOIm)2) 

ZnO(s) + 2H+
(aq) → Zn2+

(aq) + H2O(aq) ΔH2 = ΔHs(ZnO) 

(HCHOIm)2 (s) → 2CHOIm-
(aq) + 2H+

(aq) ΔH3 = ΔHs((HCHOIm)2) 

H2O(l) → H2O(aq) ΔH4 = ΔHdil(H2O) 

ZnO(s) + (HCHOIm)2 (s) → Zn(CHOIm)2(s) + 

H2O(l) 
ΔH5 = ΔHf = -ΔH1 + ΔH2 + 2ΔH3 - ΔH4 

(HCHOIm)2 (s) → 2HCHOIm(s) ΔH6 = ΔHdis ((HCHOIm)2) 

ZnO(s) + 2HCHOIm(s) → Zn(CHOIm)2(s) + H2O(l) ΔH7 = ΔHf,cor = ΔH5 – ΔH6 

 

C.4 Inductively coupled plasma mass spectrometry (ICP-MS) 

analysis 
The metal content of selected ZIF samples Zn(BrIm)2, Zn(IIm)2 and Zn(AIm)2 was investigated 

also using inductive coupled plasma mass spectrometry (ICP-MS). The ZIFs were weighed on a 

microbalance and dissolved in 1% trace-metals grade nitric acid in MilliQ high-purity water. Serial 

dilutions were performed to bring the zinc concentration to between 100 and 300 ppb in the 1% 

acid solution. The ICP-MS analysis was performed on these samples using a Thermo Finnigan 

iCap-Q ICP-MS instrument, monitoring for all isotopes of zinc. 

Table C-3. Measured and theoretically calculated Zn content of selected ZIFs 

Compound Mass (mg) Theoretical Zn (w) Experimental Zn (w) 

Zn(BrIm)2 6.35 18.3% 18.1% 

Zn(IIm)2 18.84 14.5% 14.2% 

Zn(AIm)2 12.33 26.4% 25.8% 
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C.5 Solid-state nuclear magnetic resonance spectroscopy 
To confirm the structure and composition of Zn(CHOIm)2, a sample was investigated using 13C 

cross-polarization magic angle spinning (CP-MAS) solid-state nuclear magnetic resonance 

spectroscopy (ssNMR) Spectra were collected using a VNMRS 400 widebore spectrometer 

operating at 399.9 MHz for 1H and 100.5 MHz for 13C. The spectrometer was equipped with a 

4mm Varian Chemagnetics double-resonance probe, and a 5 s recycle delay and 13 kHz spin rate 

were used. 2048 scans were collected with a cross polarization time of 2 ms. 

 

Figure C-1. 13C CP/MAS NMR spectrum for Zn(CHOIm)2 
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C.6 Thermogravimetric analysis (TGA) of the prepared ZIFs  
Thermogravimetric analysis (TGA) was performed on a Netzsch 449 thermal balance. In each 

experiment, the sample (5-10 mg) was placed in a platinum crucible, and heated from 25 to 800oC 

with a heating rate of 10oC·min-1, under a mixture of O2 and Ar (40 ml·min-1
 flow rate) 

 

Figure C-2. TGA curve of Zn(MeIm)2. Expected ZnO residue 35.76%, observed 35.34% 

 

Figure C-3. TGA curve of Zn(VIm)2. Expected ZnO residue 32.3%, observed 32.79% 
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Figure C-4. TGA curve of Zn(AIm)2. Expected ZnO residue 32.87%, observed 34.68% 

 

Figure C-5. TGA curve of Zn(CHOIm)2. Expected ZnO residue 31.85%, observed 31.60% 

 

Figure C-6. TGA curve of Zn(CF3Im)2. Expected ZnO residue 24.25%, observed 24.78% 
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Figure C-7. TGA curve of Zn(ClIm)2. Expected ZnO residue 30.32%, observed 29.15% 

 

Figure C-8. TGA curve of Zn(BrIm)2. Expected ZnO residue 22.78%, observed 13.89% 

 

Figure C-9. TGA curve of Zn(IIm)2. Expected ZnO residue 18%, observed 15.45% 
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C.7 Powder X-ray diffraction patterns  
Powder x-ray diffractograms were collected using a Bruker D2 PHASER benchtop diffractometer 

fitted with a LynxEye 1-D detector (Bruker AXS, Madison, WI, USA), using Ni-filtered CuKα x-

ray radiation.  

 

Figure C-10. PXRD patterns of the investigated ZIFs with their corresponding imidazole ligands. 

The simulated pattern for SOD-Zn(MeIm)2 was based on the structure reported in the CSD (CCDC 

code VELVOY). 
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C.7.1 Crystal structure determination of Zn(IIm)2 from powder X-ray 

diffraction data 

Crystal structure of SOD-Zn(IIm)2 was determined from PXRD data using the program TOPAS 

Academic v. 6.8 The powder pattern of SOD-Zn(IIm)2 was demonstrably similar to the patterns of 

other sodalite ZIFs, therefore it was not necessary to index the pattern, as we could assume a cubic 

cell with approx. 17 Å lattice parameter and I-43m space group symmetry. Pawley refinement9 of 

this trial cell resulted in a lattice parameter of 17.19 Å. The Pawley procedure utilized pseudo-

Voigt functions for peak shape fitting, as well as a 6th degree Chebyshev polynomial for 

background fitting. In addition, the instrumental offset was corrected by refining the zero-error 

parameter. 

The Pawley refinement was followed by Rietveld refinement,10 where the Zn atom was placed on 

a special position at (¾, 0, ½), while the 2-iodoimidazole linker was described with a half-molecule 

rigid body, constrained to lie on a mirror plane. In this refinement step, position and orientation of 

the imidazole rigid body was refined along with all the other parameters from the Pawley 

procedure. The resulting ordered structural model of SOD-Zn(IIm)2 was isomorphous with SOD-

Zn(MeIm)2. The previously reported crystal structures of halogenated ZIFs SOD-Zn(ClIm)2 and 

SOD-Zn(BrIm)2 show rotational disorder of the imidazolate linker with respect to Zn-Zn axis.11 

In order to investigate the possibility of such a disorder in SOD-Zn(IIm)2, a second imidazole rigid 

body was introduced, and the coordinates of the two imidazolate fragments were refined 

independently, subject to the total occupancy constraint. Indeed, the  modified structural model 

revealed rotational disorder of the imidazolate linker, similar to that found in the  structures of 

SOD-Zn(ClIm)2 and SOD-Zn(BrIm)2 The interplanar angle between the two disordered 

imidazolates was found to be 10(3)°, with the corresponding occupancies of 0.59(7):0.41(7). 

Introduction of the disordered model resulted in the improved goodness of fit (2.04 vs 2.38) and 

lower weighted profile R-factor (11.2% vs 13.1%).  

 

Figure C-11. The final Rietveld fit for the SOD-Zn(IIm)2 structure. Experimental pattern is shown 

in blue, calculated pattern in red, and difference curve in grey. 
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Table C-4. Crystallographic data for the crystal structure of SOD-Zn(IIm)2 determined from 

powder X-ray diffraction data. 

 SOD–Zn(IIm)2 

Formula Zn(C3H2IN2)2 

Mr (g mol-1) 451.31 

Crystal system cubic 

a, b, c  / Å 17.1902(5) 

α, β, γ (°) 90 

V / Å3 5079.8(4) 

Space group I 4̅3m 

ρc (g cm-3) 1.7705(2) 

Radiation type CuKα 

F(000) 2448 

Rwp 0.112 

Rp 0.091 

RBragg 0.061 

χ2 2.036 

 

C.7.2 Crystal structure determination of HVIm, HClIm, and HIIm from single 

crystal X-ray diffraction  

Single crystal X-ray diffraction  data for HVIm, HClIm, and HIIm were measured on a Bruker 

D8 Venture diffractometer equipped with a Photon 200 area detector, and IμS microfocus X-ray 

source (Bruker AXS, CuKα source). All measurements were carried out at room temperature but 

for HVIm which was measured at 150(2) K. Structure solutions were carried out using the 

SHELXT package from Bruker.12 The parameters were refined for all data by full-matrix-least-

squares or F2 using SHELXL.13 All of the nonhydrogen atoms were refined with anisotropic 

thermal parameters. Hydrogen atoms were placed in calculated positions and allowed to ride on 

the carrier atoms. All hydrogen atom thermal parameters were constrained to ride on the carrier 

atom. The HIIm materials showed a strong diffuse scattering in the form of diffuse Bragg peaks 

and scattering between them, twinning, and the imidazole rings were found to be heavily disorder. 

In addition, a major disorder was found in HVIm structure. Both structures were split and modeled. 
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Table C-5. Crystallographic data for the crystal structures of HVIm, HClIm, and HIIm linker 

precursors, determined from single crystal X-ray diffraction data. 

 HVIm HClIm HIIm 

Empirical formula C5H6N2 C3H3ClN2 C3H3IN2 

Formula weight 94.12 102.52 193.97 

Temperature/K 150(2) 298(2) 298(2) 

Crystal system monoclinic monoclinic orthorhombic 

Space group Pc P21/n Pca21 

a/Å 8.3826(17) 9.6720(4) 17.3434(7) 

b/Å 6.6386(14) 8.7035(4) 9.7088(5) 

c/Å 9.7570(16) 11.2583(5) 12.3473(5) 

α/° 90 90 90 

β/° 90.153(7) 104.350(2) 90 

γ/° 90 90 90 

Volume/Å3 542.96(18) 918.16(7) 2079.08(16) 

Z 4 8 16 

ρcalc g·cm-3 1.151 1.483 2.479 

μ/mm-1 0.074 5.975 47.188 

F(000) 200.0 416.0 1408.0 

Radiation MoKα  CuKα  CuKα  

2q range for data collection/° 4.86 to 57.662 10.816 to 144.848 9.108 to 145.302 

Reflections collected 16193 13045 28365 

Independent reflections 
2523 [Rint = 0.1095, 

Rsigma = 0.0658] 

1792 [Rint = 0.0806, 

Rsigma = 0.0524] 

4085 [Rint = 0.0974, 

Rsigma = 0.0609] 

Data/restraints/parameters 2523/252/256 1792/0/110 4085/985/271 

Goodness-of-fit on F2 1.002 1.083 1.062 

Final R indexes [I>=2σ (I)] 
R1 = 0.0629, 

wR2 = 0.1589 

R1 = 0.0938, 

wR2 = 0.2748 

R1 = 0.0738, 

wR2 = 0.1914 

Final R indexes [all data] 
R1 = 0.1668, 

wR2 = 0.2103 

R1 = 0.1028, 

wR2 = 0.2922 

R1 = 0.0827, 

wR2 = 0.2088 

Largest diff. peak/hole / e Å-3 0.15/-0.13 0.49/-0.47 2.62/-3.27 
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C.8 Fourier transform infrared – attenuated total reflectance 

(FTIR-ATR) spectroscopy 
A Bruker Vertex 70 FTIR spectrometer outfitted with a Bruker Platinum ATR unit was used to 

collect FTIR-ATR spectra.  

 

Figure C-12. Comparison of FTIR-ATR spectra for the investigated ZIFs, corresponding 

imidazoles and relevant liquid additives used in LAG (liquid-assisted grinding) synthesis. 
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C.9 Surface area measurements 
The nitrogen adsorption and desorption isotherm measurements for SOD-Zn(VIm)2, SOD-

Zn(AIm)2, and SOD-Zn(CHOIm)2 were performed on a Quantachrome instrument at a 

temperature of 77 K, while measurements on SOD-Zn(ClIm)2, SOD-Zn(IIm)2, SOD-Zn(BrIm)2 

and SOD-Zn(MeIm)2 were performed on a Micromeritics TriStar II Plus instrument. Samples 

were activated at 120°C for 4 hours prior to each measurement. The uncertainties given in the 

result represents 95% confidence interval. 

 

Figure C-13. The N2 adsorption isotherm of SOD-Zn(MeIm)2. 

 

 

Figure C-14. The N2 adsorption isotherm of SOD-Zn(VIm)2. 
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Figure C-15. The N2 adsorption isotherm of SOD-Zn(AIm)2. 

 

Figure C-16. The N2 adsorption isotherm of SOD-Zn(CHOIm)2. 

 

Figure C-17. The N2 adsorption isotherm of SOD-Zn(ClIm)2. 
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Figure C-18. The N2 adsorption isotherm of SOD-Zn(BrIm)2. 

 

 

Figure C-19. The N2 adsorption isotherm of SOD-Zn(IIm)2. 

 

C.10 References 
(1)  Marrett, J. M.; Mottillo, C.; Girard, S.; Nickels, C. W.; Do, J. L.; Dayaker, G.; Germann, L. S.; Dinnebier, R. E.; 

Howarth, A. J.; Farha, O. K.; Friščić, T.; Li, C. J. Supercritical Carbon Dioxide Enables Rapid, Clean, and 

Scalable Conversion of a Metal Oxide into Zeolitic Metal-Organic Frameworks. Cryst. Growth Des. 2018, 18, 

3222–3228. 

(2)  Titi, H. M.; Marrett, J. M.; Dayaker, G.; Arhangelskis, M.; Mottillo, C.; Morris, A. J.; Rachiero, G. P.; Friščić, 

T.; Rogers, R. D. Hypergolic Zeolitic Imidazolate Frameworks (ZIFs) as next-Generation Solid Fuels: Unlocking 

the Latent Energetic Behavior of ZIFs. Sci. Adv. 2019, 5, eaav9044. 

(3)  Arhangelskis, M.; Katsenis, A. D.; Novendra, N.; Akimbekov, Z.; Gandrath, D.; Marrett, J. M.; Ayoub, G.; 

Morris, A. J.; Farha, O. K.; Friščić, T.; Navrotsky, A. Theoretical Prediction and Experimental Evaluation of 

Topological Landscape and Thermodynamic Stability of a Fluorinated Zeolitic Imidazolate Framework. Chem. 

Mater. 2019, 31, 3777–3783. 



166 

 

(4)  Akimbekov, Z.; Katsenis, A. D.; Nagabhushana, G. P.; Ayoub, G.; Arhangelskis, M.; Morris, A. J.; Friščić, T.; 

Navrotsky, A. Experimental and Theoretical Evaluation of the Stability of True MOF Polymorphs Explains 

Their Mechanochemical Interconversions. J. Am. Chem. Soc. 2017, 139, 7952–7957. 

(5)  Beldon, P. J.; Fábián, L.; Stein, R. S.; Thirumurugan, A.; Cheetham, A. K.; Friščić, T. Rapid Room-Temperature 

Synthesis of Zeolitic Imidazolate Frameworks by Using Mechanochemistry. Angew. Chemie., Int. Ed. 2010, 49, 

9640–9643. 

(6)  Hughes, J. T.; Bennett, T. D.; Cheetham, A. K.; Navrotsky, A. Thermochemistry of Zeolitic Imidazolate 

Frameworks of Varying Porosity. J. Am. Chem. Soc. 2013, 135, 598–601. 

(7)  Akimbekov, Z.; Katsenis, A. D.; Nagabhushana, G. P.; Ayoub, G.; Arhangelskis, M.; Morris, A. J.; Friščić, T.; 

Navrotsky, A. Experimental and Theoretical Evaluation of the Stability of True MOF Polymorphs Explains 

Their Mechanochemical Interconversions. J. Am. Chem. Soc. 2017, 139, 7952–7957. 

(8)  Coelho, A. TOPAS Academic Version 6 Technical Reference. Coelho Software: Brisbane, Australia 2017. 

(9)  Pawley, G. S. Unit-Cell Refinement From Powder Diffraction Scans. J. Appl. Crystallogr. 1981, 14, 357–361. 

(10)  Rietveld, H. M. A Profile Refinement Method for Nuclear and Magnetic Structures. J. Appl. Crystallogr. 1969, 

2, 65–71. 

(11)  Chaplais, G.; Fraux, G.; Paillaud, J.-L.; Marichal, C.; Nouali, H.; Fuchs, A. H.; Coudert, F.-X.; Patarin, J. Impacts 

of the Imidazolate Linker Substitution (CH3, Cl, or Br) on the Structural and Adsorptive Properties of ZIF-8. J. 

Phys. Chem. C 2018, 122, 26945–26955. 

(12)  Sheldrick, G. M. SHELXT - Integrated Space-Group and Crystal-Structure Determination. Acta Crystallogr., 

Sect. A: Found. Adv. 2015, 71, 3–8. 

(13)  Sheldrick, G. M. Crystal Structure Refinement with SHELXL. Acta Crystallogr., Sect. C: Struct. Chem. 2015, 

71, 3–8. 

 

 

 

 

 

 




