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Abstract 

This thesis illustrates a systematic study of accelerated aging, a mild solid-state 

synthetic approach inspired by biomineralization (also known as mineral 

neogenesis or mineral weathering). Similar to mechanochemical milling, 

accelerated aging is a solvent-free and low energy method for metal organic 

materials synthesis. It is even more sustainable by avoiding the expensive 

mechanical mills and the dusty working environment. In this thesis, both main 

group and transitional metal oxides have been selected as reactants for accelerated 

aging reactions. Due to their different reactivity towards certain organic acids, 

solvent-free separation of these minerals has been proposed and demonstrated. By 

transferring the synthetic strategies developed in solvothermal synthesis, two 

dimensional and three dimensional metal organic frameworks have been obtained 

through accelerated aging. The influence of critical aging parameters such as 

temperature, time and humidity has been systematically demonstrated by a series 

of kinetic studies. Mechanochemical milling, as the other solid-state synthetic 

method, has also been introduced in thesis for comparison. The ideas in 

mechanochemistry such as ion- and liquid- assisted grinding and mechanical 

activation have thrown light to the improvement of accelerated aging. The scale-

up of both mechanosynthesis and accelerated aging are easily achievable, which 

enables industrial application for more sustainable extractive metallurgical 

processes and chemical production lines. In this thesis, most of the described 

aging reactions have been scaled up to 10 grams, and by using their products as 

precursors, further advanced materials like supramolecular decorated nanoclusters 

have been successfully obtained.           

Keywords: metal organic materials, mechanochemistry, accelerated aging, bio-

inspired synthesis, solid-state chemistry, green chemistry, metal oxides, mineral 

separation, bismuth chemistry, metallodrugs, bismuth salicylate oxo-clusters, 

supramolecular decoration, nanopharmaceuticals. 
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Abrégé 
Cette thèse montre une étude systématique de vieillissement accéléré, une 

approche synthétique de l'état solide légère inspirée par biominéralisation 

(également connu sous le nom néogenèse minérale ou de l'altération des 

minéraux). Similaire au fraisage mécano, le vieillissement accéléré est une 

méthode de l'énergie sans solvant et à faible pour le métal la synthèse des 

matériaux organiques. Il est encore plus durable en évitant les moulins 

mécaniques coûteux et l'environnement de travail poussiéreux. Dans cette thèse, 

tant le groupe principal et des oxydes de métaux de transition ont été sélectionnés 

en tant que réactifs pour les réactions de vieillissement accéléré. En raison de leur 

réactivité différente à l'égard de certains acides organiques, la séparation sans 

solvant de ces minéraux a été proposée et démontrée. En transférant les stratégies 

de synthèse développés dans la synthèse solvothermale, deux cadres organiques 

métalliques dimensions dimensions et trois ont été obtenus grâce à un 

vieillissement accéléré. L'influence des paramètres de vieillissement critiques tels 

que la température, le temps et l'humidité a été systématiquement démontré par 

une série d'études cinétiques. Broyage mécano, que l'autre méthode de synthèse à 

l'état solide, a également été introduite dans la thèse de comparaison. Les idées 

dans mechanochemistry tels que des ions et de broyage liquide assistée par 

activation mécanique et ont mis en lumière l'amélioration de vieillissement 

accéléré. La mise à l'échelle à la fois de mécano et un vieillissement accéléré sont 

facilement réalisables, qui permet l'application industrielle de procédés 

métallurgiques d'extraction plus durables et des lignes de production de produits 

chimiques. Dans cette thèse, la plupart des réactions de vieillissement décrites ont 

été réduits jusqu'à 10 grammes, et en utilisant leurs produits en tant que 

précurseurs, d'autres matériaux avancés comme les nanoparticules décorées 

supramoléculaires ont été obtenues avec succès. 
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Chapter 1: General Introduction 

 
Our knowledge of inorganic chemistry has been extremely extended since Alfred 

Werner proposed his structural model of octahedral transition metal complexes in 

1893.1 Although Werner could not explain the detailed mechanism of how 

coordination bonds were generated, the modern coordination chemistry which he 

pioneered enables the modern chemists to rationally design structures by 

deliberately combining specific ligands and metal ions. Modern coordination and 

organometallic chemistry have evolved to the point that desired molecular 

architectures are readily constructed, offering the study of structure-property 

relationships as the next challenge of materials science. Synthesis of materials 

with designed properties provides solutions to our technological challenges like 

global warming, energy depletion and industrial pollution. Metal organic 

materials (MOMs), a broad family of materials constructed by metal nodes and 

organic ligands (Figure 1.1),2 includes simple metal-organic complexes, 

coordination polymers, organometallic catalysts, metal organic frameworks 

(MOFs), and supramolecular coordination complexes. Although the term MOMs 

is the preferred one for the purpose of this thesis, it should be noted that 

alternative and complementary names also exist, such as hybrid inorganic-organic 

materials introduced by Rao and Cheetham,3 coordination polymers as discussed 

by Kitagawa’s group,4 or even soft supramolecular materials (SSMs) initially 

developed by Soldatov and Ripmeester.5 Despite minor differences, all these 

terms refer to an up-and-coming family of materials whose unique properties 

(electrical, magnetic, optical, catalytic, self-assembly and porosity) are obtained 

by combining properties of metal ions and organic molecules in a modular way.2-9  
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Figure 1.1. Construction of metal-organic-materials from metal nodes and 

organic linkers. Reproduced from reference [2]. 

 

After establishing the principles of designing MOMs using metals and ligands of 

specific geometry, the next and fundamentally important step is the choice of 

synthetic method. In general, the chosen synthetic method should help the desired 

phase to grow in a crystallization process as well as limit the formation of 

byproducts and prevent the decomposition of the organic linkers which could be 

sensitive to acidic ions, temperature or light. From the same reactants mixture, 

different synthetic methods may selectively provide specific structures, or lead to 

different reaction times, particle sizes, crystal morphology, yield, and potential for 

scaling up. The history of development of MOMs synthesis is an excellent 

example of interdisciplinary inspiration and scientific collaboration. Chemists 

with different synthetic backgrounds introduced a variety of synthetic methods 

over the past 20 years. As shown in Figure 1.2, high-throughput screening 

methods (HTS) initially developed in the area of pharmaceutical research have 

been applied to accelerate conventional MOMs synthetic methods like slow 

evaporation, diffusion, elevated temperature synthesis, and synthesis under 

solvothermal conditions.10-11 New means of introducing energy into a chemical 

reaction such as electricity,12 microwave,13-15 ultrasound16-17 and mechanical 

grinding18-19 have been established as alternatives of simple heating. Bottom-up 

techniques including thin films and membrane synthesis20-21 have also been used 

to control the morphology of particles and investigate nanoscale MOM crystals.    
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Besides providing potential benefits for the control of the structure and particular 

morphology of the final product, non-conventional synthetic methods are also 

expected to decrease reaction temperature, lower solvent usage, provide high 

space-time yields (STY), i.e. “the mass of a product formed per volume of the 

reactor and time”,22 and reduce risks associated with nitrate, perchlorate and 

chloride anions which often raise challenges to reactor layout or process control. 

Indeed, the underlying ideas of green chemistry and sustainable manufacturing 

processes expect that the conventional high energy and solvent consuming 

synthetic processes will be eventually phased out by solventless technologies with 

mild reactants and low energy input.23 

 

Figure 1.2. Overview of synthetic methods of MOM synthesis. Reproduced from 

reference [24] 

 

1.1. Mechanochemistry: history and applications 
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In the classification of a textbook written by Wilhelm Ostwald, a highly 

influential German chemist who received the Nobel Prize in 1909, the term 

“mechanochemistry” initially appeared as a branch of physical chemistry like 

thermochemistry, photochemistry and electrochemistry. Ostwald defined this type 

of chemistry based on the source of energy: “Mechanochemistry is a branch of 

chemistry which is concerned with chemical and physico-chemical changes of 

substances of all states of aggregation due to the influence of mechanical 

energy.”25 However, the chemical application of mechanical activation can be 

traced back to prehistoric times. Specifically, mechanochemistry conducted by 

friction and grinding has been used since the Stone Age for ignition and food 

preparation.26-27 In 4th century BC, elemental mercury has been made by grinding 

cinnabar (HgS) with acetic acid in a copper vessel. It is the first documented 

mechanochemical reaction and may be the first time in human history to extract a 

metal in the elemental form from a compound.28 Unfortunately, despite these 

early findings, the development of mechanochemistry has followed a much slower 

path than the connected disciplines like mineralogy, inorganic synthesis, organic 

synthesis and tribology. Thus, the high-speed development of mechanochemistry 

did not really begin until 1960s.  

 

In the history of mechanochemistry, the case of mechanical alloying suitably 

illustrates the interdisciplinary nature of mechanochemistry research and 

problems in communication of scientists from various backgrounds. The 

mechanical alloying technique has been developed in 1966 by metallurgists from 

Western Europe.29 Meanwhile, in Soviet Union and Eastern Europe, several 

mechanochemistry groups have been established in the area of triboemission 

research and mineral processing applications.30-31 For almost 20 years, the 

researchers from East and West conducted parallel work using very similar ball 

milling equipment without mutual communication. In early 1990s, the 

development of internet finally connected two groups of scientists. However, due 

to the tradition and history, mechanical alloying is still a unique branch within 
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mechanochemistry even though the ideas from both sides are being continuously 

exchanged.32  

 

Although many early scholars like Theophrastus and Faraday discovered 

mechanochemical reactions and recorded them in their work,26 the first extensive 

investigations of mechanochemistry were separately carried out by W. Spring in 

1880s in Belgium and by the American scientist M. Carey Lea in 1890s. Spring’s 

metathesis reaction (Figure 1.3) induced by repeated compression and 

pulverization was the first large scale mechanochemical synthesis.33 Lea’s 

systematical investigation revealed that mechanochemical grinding can bring 

different outcome than heating of the same system. His significant experiment 

addressed the behavior of mercuric chloride which sublimes under heating, but 

decomposes during grinding.34-35 (Figure 1.3) 

 

BaSO4 (s) + Na2CO3 (s) BaCO3 (s) Na2SO4 (s)W. Spring:

Hg2Cl2 (s) 2Hg (g) Cl2 (g)M. Carey Lea:
 

Figure 1.3. Equations of mechanochemical reactions discovered by W. Spring 

and M. Carey Lea. 

 

Obviously, during impact and friction much mechanical work must be converted 

to thermal effect. It has been reported that when using a Retsch MM200 mill, a 

stainless steel jar and two 7mm diameter stainless steel balls, a typical 30min 

grinding experiment at a frequency of 30 Hz will increase the temperature of the 

milling vessel (jar) by ca. 4oC.36 However, as proved by Lea’s experiments, it 

would be one-sided to attribute all chemical changes during milling or grinding to 

local heating. The first model of mechanochemical reactivity, the “Magma-

Plasma Model”, was introduced by Thiessen in 1967.37 According to this model, 

the mechanical impact upon grinding releases a large quantity of energy which 

helps the formation of a special plasmatic state during grinding. (Figure 1.4) 

Other models like “spherical model”, “dislocation and phonon theory”, “short-

live-active center theory” “kinetic and impulse model” were proposed in the 
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following 30 years,26 but due to the complex and multivariable processes of 

mechanochemistry, the fundamental nature of mechanochemical reactions is still 

a challenging issue to both experimental and theoretical chemists.   

 

Figure 1.4. Magma-plasma model: E – exo-electrons, N – undeformed solid, D – 

highly deformed surface layer, P – plasma. Reproduced from reference [26]. 

 

During the investigation in numerous research fields, further advances like 

“liquid-assisted grinding” (LAG) (also known as solvent drop grinding or 

kneading), and “ion- and liquid-assisted grinding” (ILAG) have been developed. 

It was recently discovered that mechanochemical reactions can be dramatically 

accelerated and efficiently controlled by digressing from the general view of 

mechanochemistry as a purely solid-state method and introducing a small, sub-

stoichiometric amount of a liquid into the reaction mixture.38-40 Compared to neat 

grinding, such LAG could increase molecular mobility and give more crystalline 

product. In a way, the liquid in LAG resembles the function of solvent in solution-

based chemistry. But in contrast to using bulk solvents, the amount of liquid in 

LAG is too small to impose any solubility-related limitations on chemical 

reactions.41,42 The parameter η (unit: µL/mg), corresponding to the ratio of the 

liquid phase to the amount of solid reactants, was introduced to distinguish 

different synthetic methods.42 (Table 1.1) In the case of cocrystal synthesis, 

analysis of the three-component phase diagrams has shown that it is difficult to 

obtain a cocrystal from solution-based methods, especially when two components 
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are incongruently soluble. In Figure 1.5, the red area in the bottom, corresponding 

to the conditions of LAG, indicates that the function of liquid in LAG is 

apparently different from that of bulk solvents.38 ILAG has been initially 

introduced in the field of porous MOFs synthesis,43 and then extended to other 

metal organic materials like bismuth salicylate complexes.36 In ILAG, the use of 

catalytic amounts of simple ions such as NO3
-, SO4

2- and NH4
+ from inorganic 

salts demonstrated previously unknown templating effects in mechanosynthesis 

and accelerated the formation of topologically specific structures.  

 

As a non-conventional solventless time-efficient synthetic approach, 

mechanochemistry is turning into a mainstream technique aimed at resolving 

challenges of sustainable chemical manufacturing and the depletion of fossil 

energy resources. The number of patents related to mechanochemistry has 

dramatically increased since late 1990s.44 Recently, the solvent usage in several 

pharmaceutical processes, for example the manufacture of Viagra (sildenafil), has 

been successfully reduced by introducing mechanochemical techniques.45-46 

Mechanochemical research in various fields such as inorganic materials, 

pharmaceutical cocrystals, organic synthesis, porous MOFs, discrete metal 

complexes, and supramolecular synthesis has strongly supported the growing 

applications of mechanochemistry and at the same time contributed new solvent-

less perspectives to the improvements of these research fields.   

 

Table 1.1. Differentiation of mechanochemical and solution-based methods by η 

(unit: µL/mg). Reproduced from reference [42]. 

 

As mentioned previously, synthesis of inorganic materials is the first established 

area in mechanochemistry. Mechanical alloying, the process of combining alloys 

and elements to produce a homogenous alloy, is dominant in this field.47-48 With 

reactants like oxides, sulfides and other minerals, high-energy milling can also be 

Synthetic methods Neat grinding LAG Slurring Solution synthesis 

Η 0 0-2 2-12 >12 
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treated as a top-down route to nano-materials. Nanoparticles and amorphous 

phases can be produced by the significant reduction of particle size and crystallite 

during milling.49 Mechanical activation of inorganic materials can also be applied 

in mineral processing, extractive metallurgy, material engineering, or even solid 

waste treatment.26  

 

 

Figure 1.5. Three-component phase diagrams for cocrystal components that are (a) 

congruently and (b) incongruently soluble in a solvent. The regions of 

composition corresponding to typical solution-phase and grinding experiments are 

marked blue and red, respectively. Reproduced from reference [38]. 

 

Cocrystals, defined as “multi-component molecular crystals”, are another 

influential area of mechanosynthesis application.50 Held by intermolecular 

interactions like hydrogen bonds, ionic forces, halogen bonds, π- π stacking, Van 

der Waals force and charge transfer interactions, different molecules can assemble 

into well-defined crystal structures with new physicochemical properties. In 

solution-based chemistry, the synthesis of cocrystals is usually hindered by 

preferential crystallization of the least soluble cocrystal component. (Figure 1.5) 

By avoiding this limitation, mechanosynthesis becomes a better choice for 

cocrystal synthesis and screening, especially for ternary (i.e. three-component) 

cocrystals. The modular design of pharmaceutical cocrystals, which rests on 

combining active pharmaceutical ingredients (APIs) with suitable ancillary 

molecules known as cocrystal formers (or “coformers”), has provided a huge 

opportunity for the development and application of mechanochemical methods.51 
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Derivatization of the crystal lattice of API by cocrystallization can improve 

pharmaceutical properties like solubility, thermal stability, dissolution rate and 

compressibility.52 The first pharmaceutically relevant cocrystals made by neat 

grinding were reported independently by Caira and by Etter in 1993.53-54 As 

shown in Figure 1.6, hydrogen bonds between donors and accepters have been 

stoichiometrically established during grinding. The later work of Rodríguez-

Hornedo on cocrystals of the API carbamazepine, conducted by low-temperature 

grinding (cryogrinding) reveals an intermediate amorphous phase below glass 

transition temperature (Tg), followed by polymorphic transformations after 

heating.55-56  Compared to neat grinding, LAG is a more preferred synthetic and 

screening method for its universality, high efficiency and ability to provide highly 

crystalline products.57 In terms of the assembly of pharmaceutical ternary 

inclusion compounds shown in Figure 1.7, LAG is more efficient in the 

incorporation of guest molecules (liquid, solid or gas) at mild conditions than 

alternative methods.58     

 

Besides hydrogen bonding and other weak interactions, mechanosynthesis is also 

potent in constructing metal-ligand coordination bonds,59 which makes it an 

efficient tool for MOMs synthesis. Many discrete metal complexes can be readily 

formed by grinding simple metal precursors (chlorides, oxides, etc.) with organic 

ligands.60-61 Ligand addition reactions in mechanochemistry can be used to 

convert inert polymeric species to more tractable molecules. For example, anionic 

bidentate ligands LL (dithiocarbamates, xanthates and oxalates) have been used to 

convert inert [Nb2(E2)2Cl4]∞ (E=S, Se) to [Nb2(E2)2(LL)4] with the elimination of 

chloride.62 Air-sensitive or moisture-sensitive metal complexes and 

organometallics are perfect targets for inert atmosphere milling techniques. 

Complexes of main group metals such as magnesium and bismuth with 

pharmaceutical ligands have also been achieved by LAG and ILAG,36,63 

illustrating a new perspective to metallodrug research.  
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Figure 1.6. (a) Molecules used in mechanochemical synthesis of pharmaceutical 

cocrystals by Caira et al.; (b) Mechanochemical reaction of 9-methyladenine and 

1-methylthymine to form a cocrystal reported by Etter; (c) Mechanochemical 

cocrystallization by neat grinding of carbamazepine and saccharin involving an 

amorphous intermediate. Reproduced from reference [44]. 
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Figure 1.7. Three-component assembly of caffeine, succinic acid and a guest 

molecule into a ternary inclusion compound based on a two-component hydrogen-

bonded host. Reproduced from reference [19]. 

 

One of the most intensely researched areas in mechanochemistry over the past 

decade is the construction of coordination polymers and porous MOFs. In 2001, 

Bourne et al. generated  the first mechanochemically synthesized coordination 

polymer ZnBr2(pyrazine)2 by grinding 1D zig-zag polymer ZnBr2(pyrazine) with 

a further equivalent of neutral pyrazine.64 Five years later, with the same strategy 

of adding extra organic ligand to known metal-containing building blocks,  

Pichon et al. ground copper(II) acetate paddlewheel complex with isonicotinic 

acid and constructed the first mechanochemically synthesized MOF.65 (Figure 

1.8a) In neat grinding experiments, different grinding conditions lead to different 

coordination modes66 (Figure 1.8b) and the important role of water in 

mechanochemical reactions has been noticed67 (Figure 1.8c). In LAG experiments, 

different liquid additives result in different structures68 (Figure 1.9a) and 

mechanochemical interconversions of one-, two- and three-dimensional (1D, 2D 

and 3D, respectively) MOFs have been observed.69 (Figure 1.9b) In ILAG 

experiments, different inorganic salts can specifically lead the same mixture of 

reactants to different topological products and time-dependent structure 

transformations has also been reported.70 (Figure 1.10) In terms of green 
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chemistry and up-scale production, mechanochemistry nowadays can 

stoichiometrically convert  inexpensive and inert metal oxides to functional 

porous MOFs without using bulk solvents and high temperatures.68,70 Such 

synthetic possibilities simplify the screening of functional MOFs and greatly 

reduce the manufacture cost of MOMs. 

 

Figure 1.8. (a) The first reported mechanochemical assembly of a porous MOF 

by neat grinding; (b) The ligand cyanoguanidine (CNGE) with different metal 

binding sites indicated by arrows and its reactions with CdCl2 upon neat grinding 

under various reaction conditions; (c) Difference in mechanochemical reactivity 

of bipy towards anhydrous CoCl2 and CoCl2·6H2O. Reproduced from references 

[44] and [19]. 

 

Figure 1.9. (a) The construction of coordination polymers and frameworks from 

zinc oxide by LAG; (b) Mechanochemical interconversions of 1-D, 2-D and 3-D 

MOFs by LAG. Reproduced from references [44] and [19]. 
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Figure 1.10. (a) Topologically specific mechanosynthesis of zeolitic imidazolate 

frameworks (ZIFs) directly from ZnO and 2-ethylimidazole using ILAG. Pathway 

A represents ILAG with (NH4)2SO4; B is ILAG with NH4NO3 or NH4CH3SO3 in 

the presence of EtOH and C is ILAG with NH4CH3SO3 and DMF or DEF as the 

liquid phase; (b) time-dependent ZIF transformations under ILAG conditions, T/V 

is the number of tetrahedral sites (T) per nm3. Reproduced from reference [44]. 

 

Last but not least, organic synthesis, which is heavily dominated by solution-

based methods, has recently become enriched by a number of solvent-free 

mechanochemical procedures. A major benefit brought about by 

mechanosynthesis is the stoichiometric conversion of organic reactants. In 

examples such as the Knoevenagel condensation and Wittig reactions,71-72 only 

stoichiometric amounts of reactants were used to achieve 99% (quantitative) 

yields. In traditional organic synthesis with slightly soluble biological molecules, 

such as nucleosides and nucleobases, toxic polar aprotic solvents like 

dimethylformamide or pyridine must be used. However, in mechanosynthesis, 

these solvents can be entirely avoided and a high yield (95%) of the final product 

obtained.73 In terms of metal-catalyzed organic reactions, the solvent-free ball 

milling technique with inert atmosphere inside the vial can easily protect air- and 
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moisture-sensitive catalysts and simplify all procedures of the experiment. 

Interestingly, the metallic vial can sometimes catalyze the reaction in the absence 

of catalyst.74 (Figure 1.11a) Even the organocatalytic asymmetric reactions and 

large organic cage syntheses can be conducted mechanochemically.75-76 (Figure 

1.11b) Compared to traditional solution synthesis, organic mechanochemistry 

minimizes the use of hazardous and unpleasant solvents. The energy requirements 

of mechanosynthesis are even lower than for other non-conventional methods like 

microwave heating.71 Solid-state synthetic conditions with new mechanisms also 

encourage organic chemists to explore reactions thought to be not possible under 

conventional conditions.77  

 

 

Figure 1.11. (a) Sonogashira reaction using a copper vial as the source of the Cu-

cocatalyst; (b) Solventless ball milling synthesis of a large organic cage. 

Reproduced from reference [44] 
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1.2. Transformations of inert inorganic substances: mineral neogenesis and 

accelerated aging 

Although the speedy development of mechanochemistry in the past 20 years 

enables stoichiometric synthesis of MOMs without bulk solvents and high 

temperature conditions, mechanochemistry still has three “unsustainable” aspects: 

the cost of high-frequency mills, electricity consumption as well as dusty and 

noisy working environment.  Apparently, compared to traditional synthetic 

methods these “unsustainable” aspects are not unacceptable, and seem inevitable 

to a material synthetic approach. However, as Ralph Waldo Emerson said: 

“Science does not know its debt to imagination”78. In the case of searching for a 

more sustainable synthetic approach than mechanochemistry, our imagination 

stems from the interface of biology and geology. 

 

In “geological biomineralization” processes, known as mineral neogenesis or 

mineral weathering, small molecules such as oxalic acid generated by lichens or 

found as ammonium oxalate in guano, slowly transform inert metal-containing 

minerals like oxides and sulfides into MOMs.79-81 The process may take several 

years and the resulting MOMs (known as secondary organic minerals) such as 

Moolooite, Humboldtine and Lindbergite are more tractable for industry use and 

processing than original oxides or sulfides.82-83 Notably, this inconspicuous 

natural process takes place everyday in a mild and low energy environment. 

Indeed, the reactants in this process are inexpensive and rarely used in synthetic 

chemistry due to their low solubilities and high stabilization. For example, the 

lattice energy of ZnO is 4142 kJ/mol while the lattice energy of Zn(NO3)2 (one of 

the most commonly used sources of zinc in inorganic synthesis) is 2376 kJ/mol.84  

 

If this “mineral weathering“ process could be accelerated and applied to syntheses 

of other MOMs, it will have high transformative potential to the current solvent- 

and energy-intensive metallurgical industry and chemical production. In fact, the 

principles of “mineral weathering“ have been applied in traditional techniques 

such as the “Dutch process“ for production of the pigment (basic lead carbonate) 
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established since ancient times.85 (Figure 1.12) The importance of high humidity 

and large surface area have been damonstrated, but the process is time-cosuming 

and requires 12 weeks.  

 

Figure 1.12. (a) Lead plates before processing by the “Dutch method”. (b) The 

same plates upon conversion to lead white pigment (basic lead carbonate). Source 

of photos: http://www.geoffreylaurence.com/leadwhite.html  

 

In the context of  laboratory synthesis, Nakamatsu et al. in 2005 reported that 

certain organic reactions can be efficiently and selectively performed in the solid 

state in the presence of a small amount of methanol or acetonitrile vapour.86 Two 

years later, a similar phonomenon in cocrystal formation has been described by 

Braga et al. Specifically, exposing a manual mixture of Fe(η5-C5H4-C5H4N)2 and 

HOOC(CH2)5COOH to vapors of different organic liquids led to the formation of 

different molecular solids. Strongly hydrogen bonding liquids such as methanol, 

ethanol and water led to the formation of Fe(η5-C5H4-C5H4N)2 : 

HOOC(CH2)5COOH = 1:2 cocrystal (supramolecular macrocycle). In contrast, 

less polar liquids yielded the Fe(η5-C5H4-C5H4N)2 : HOOC(CH2)5COOH = 1:1 

cocrystal (zig-zag chain). (Figure 1.13) This process was named “vapor digestion” 

by the authors, who recognized it as an interesting “solvent effect” in a solvent-

free reaction.87  
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Figure 1.13. Details of solvents used and products obtained in the vapor digestion 

processes (exposure time = 1 day). Reproduced from reference [87] 

 

In the pharmaceutical field, Byrn et al. have conducted systematic research on 

moisture-induced solid-state conversion of MgO and carboxylic acid-containing 

pharmaceuticals to magnesium complexes.88-89. In 2012, this moisture-induced 

solid-state reaction has been named “accelerated aging” and used to synthesize 3D 

zeolitic imidazolate frameworks (ZIFs) from ZnO and various imidazoles.90 

Inspired by ILAG, substoichiometric amount of ammonium salt has been added 

into the static solid mixture as catalyst. However, such process led only to the 

formation of non-porous ZIFs. In the following work published in 2013, the 

porous sodalite-topology ZIF-8, its cobalt analogue ZIF-67, and a related zeolite 

RHO framework have been obtained in up to 5g scale by replacing ammonium 

catalysts with organic salts.91 (Figure 1.14) Besides MOMs, similar investigations 

have also been reported on the amine–aldehyde condensation reactions which 
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yield imines as products.92 As shown in Figure 1.15, the high humidity 

environment (98% relative humidity) significantly accelerates the reaction and 

enables a complete conversion has been obtained after 2 days of standing. 

 

Figure 1.14. Accelerated aging reactions toward to ZIF-8 and ZIF-67 in 5g scale. 

Reproduced from reference [91]. 

 

 

Figure 1.15. a) Reaction scheme of preparation of 1; b) Relevant calculated and 

experimental powder X-ray diffraction (PXRD) patterns for reaction at 0% 

relative humidity (RH); c) and 98% RH. Characteristic reflections for napht are 

indicated by”*”. NG is the abbreviation for neat grinding. Reproduced from 

reference [92]. 
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By mimicking and accelerating the neogenesis of minerals, accelerated aging can 

enable stoichiometric solid-state synthesis of MOMs and organic molecules at 

very mild conditions like room temperature or 45oC (a reasonably achievable 

temperature in summer). The energy input is even lower than steam cooking 

which is conducted under 100% relative humidity and boiling point of water. By 

simply extending the exposing surface, accelerated aging reactions can be easily 

scaled up for industry use. Besides the energy- and solvent- saving benefits, 

accelerated aging as a solid state approach can save more operation space than 

solution based methods and minimize both the risk and the cost of chemical 

productions.  

 

1.3. Thesis perspective and outline 

Although the reactivity and benefits are obvious, accelerated aging as a new 

synthetic technique has only been demonstrated in isolated cases and a systematic 

study including kinetic and mechanistic investigations is still rare in the field. This 

thesis reports the first systematic research of accelerated aging reactions towards 

MOMs. The reactants were selected across the periodic table including main 

group metals (Bi, Pb, Mg) and transitional metals (Zn, Cu, Ni, Co, Mn,). In 

Chapter 2, accelerated aging reactions of different metal oxides with 

stoichiometric oxalic acid dihydrate have been monitored by solid state 

techniques at both room temperature and 45oC. The kinetic study shows that 

besides increasing humidity and temperature, the reactions can also be accelerated 

by applying a 5min pre-milling of the metal oxides. In some cases, different aging 

temperatures and mechanical activation can also lead to different polymorphs of 

the product. Further kinetic research of these aging parameters such as humidity, 

temperature, time and mechanical activation will be beneficial for extending the 

aging reactions to more inert mineral feedstocks. In terms of MOF synthesis, 

synthetic strategies like ionic templating agents in solvothermal synthesis are 

proved to be transferrable to solid-state aging reactions. In Chapter 2, similar 
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metal oxides like ZnO and CuO have shown big difference in reactivity towards 

oxalic acid in the same aging conditions, which enables the solvent-free 

separation of these minerals and opens an influential possibility for using 

accelerated aging to simplify our metallurgical process.    

 

In Chapter 3, both mechanochemistry and accelerated aging have been used as 

solid-state synthetic tools to study water-insoluble bismuth salicylate complexes. 

The up to 10 grams solid-state synthesis and interconversions of three kinds of 

bismuth salicylate complexes including bismuth subsalicylate (the API of Pepto-

Bismol) have been demonstrated. It is the first time that accelerated aging 

reactions have been conducted at 95oC and a solid-state equilibrium under aging 

conditions has been described. Indeed, a series of decorated bismuth oxo-

nanoclusters have been obtained by dissolving solid-state synthesized bismuth 

disalicylate in a variety of organic solvents. These nanosized oxo-clusters may 

help the investigation of the structure of bismuth subsalicylate and could be 

considered as potential nano-pharmaceuticals in gastrointestinal and related fields.           
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Chapter 2: Mimicking mineral neogenesis for 

the clean synthesis of metal-organic materials 

from mineral feedstocks: coordination 

polymers, MOFs and metal oxide separation* 

 
* This paper (Green Chem, 2013, Advanced Article, DOI: 10.1039/C3GC41370E, 
http://pubs.rsc.org/en/content/articlepdf/2013/gc/c3gc41370e) was reproduced by 
permission of The Royal Society of Chemistry.  It is coauthored by Robin S. 
Stein and Tomislav Friščić. The acknowledgement forms from co-authors are 
separately provided. The text below is the verbatim copy of the published paper. 
 

2.1 Abstract 

We present a systematic study of a mild approach for the activation of metal 

oxides, involving reactivity and self-assembly in the solid state, which enables 

their solvent-free chemical separation and direct solvent-free and low-energy 

conversion into coordination polymers and open metal-organic frameworks 

(MOFs). The approach is inspired by geological biomineralization processes 

known as mineral weathering, in which long-term exposure of oxide or sulfide 

minerals to molecules of biological origin leads to their conversion into simple 

coordination polymers. This proof-of-principle study shows how mineral 

neogenesis can be mimicked in the laboratory to provide coordination polymers 

directly from metal oxides without a significant input of either thermal or 

mechanical energy, or solvents. We show that such "aging" is accelerated by 

increased humidity, mild temperature increase and/or brief mechanical activation, 

enabling the transformation of a variety of high-melting (800oC-2800oC) 

transition (MnII, CoII, NiII, CuII, Zn) and main group (Mg, PbII) oxides at or near 

room temperature. Accelerated aging reactions are readily scaled to at least 10 

grams and can be templated for the synthesis of two-dimensional and three-

dimensional anionic frameworks of Zn, Ni(II) and Co(II). Finally, we demonstrate 

how this biomineralization-inspired approach allows an unprecedented 
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opportunity for solvent-free chemical segregation of base metals, such as Cu, Zn 

and Pb, in their oxide form under mild conditions. 

 

2.2 Introduction 

The development of environmentally-friendly and sustainable synthesis is one of 

the central tasks of modern science and technology.1 As the number of potential 

applications for coordination polymers and metal-organic frameworks (MOFs) 

grows to include hydrogen or methane storage, carbon sequestration, catalysis and 

even light-harvesting,2 it becomes of critical importance to address how such 

materials can be manufactured in a clean, sustainable and scalable manner from 

slightly soluble natural feedstocks (e.g. mineral concentrates consisting of metal 

oxides or sulfides), rather than from conventionally used derivatives that are also 

toxic or corrosive3 (metal nitrates, chlorides, acetates).3 While the clean synthesis 

of coordination polymers and MOFs4 from soluble salts has been explored using 

sonochemistry,5 microwave synthesis,6 electrochemistry,7 mechanochemical 

synthesis8 and near-critical water conditions,9 we are interested in developing 

mild processes for directly transforming metal minerals or mineral concentrates 

into metal-organic materials. Metal oxides are recognized by researchers10 and 

industry3 as the ideal feedstock for inexpensive and clean synthesis. Also, the 

development of mild methods for metal oxide and sulfide transformation and 

separation offers benefits in mineral processing and refining industries by 

improving energy- and solvent-intensive pyro- and hydrometallurgical 

protocols.11  

 

However, metal oxides are rarely used as starting materials due to their low 

solubility, high melting points and a generally inert nature resulting from high 

lattice energies (typically 4-6 MJ mol-1). Transformations of metal oxides into 

metal-organic materials are energy-intensive, e.g. conversion of ZnO or CoO into 

porous frameworks via melt reactions can last several days at 120oC-160oC.12 

Consequently, activation of metal oxides near room temperature and without bulk 

solvents is a challenge that must be met by non-conventional approaches. 
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Although mechanochemistry8 has recently enabled the conversion of main group 

or d10-oxides (ZnO, MgO, CdO, Bi2O3)
13-18 into MOFs and pharmaceuticals, it has 

been less efficient with transition metal oxides. Instead, mechanosyntheses of 

coordination compounds of Co, Ni or Cu use acetates, carbonates or halides.19,20 

We are exploring a novel and potentially general methodology for converting 

transition metal oxides into metal-organic derivatives, which minimizes energy 

use and completely avoids organic solvents. Microorganisms, such as lichens, can 

transform inert minerals into metal-organic derivatives by excreting small 

molecules known as lichen acids.21 Such geological biomineralization, known as 

mineral weathering (neogenesis), is essential to the formation of secondary metal-

organic minerals (also called "organic" minerals).22 For example, oxalic acid 

(H2ox) generated by lichens or found as ammonium oxalate in guano can slowly 

convert copper ores into the copper(II) oxalate mineral Moolooite.23,24 Other 

examples of mineral weathering by microorganisms include readily extractable 

deposits of metal oxalate biominerals Humboldtine, Lindbergite 5 and 

Glushinskite, based on iron(II), manganese(II) and magnesium respectively.25 In 

vitro experiments have also demonstrated the biomineralization of lead oxalate by 

Aspergillus niger or the lichen Diploschistes muscorum. Most oxalate biominerals 

are one-dimensional (1-D) coordination polymers (Figure 2.1a). We are exploring 

whether such weathering of metal oxides can be reproduced in the synthetic 

chemical laboratory and adapted into an environmentally-friendly path to metal-

organic materials. In this study we establish: (1) conditions that enable the 

conversion of laboratory-scale samples of metal oxides into metal-organic 

materials; (2) the applicability of this methodology to a variety of metals and 

scale-up to multi-gram amounts; and (3) the use of templating to drive such 

biomineralization-inspired reactivity for the synthesis of open MOFs. 

 

Our work is influenced by that of Byrn and co-workers, who noted the 

complexation of MgO upon aging with pharmaceuticals.26 Our first report of 

"accelerated aging" demonstrated conversion of ZnO into zeolitic MOFs by aging 

with imidazole ligands at high humidity with an acid catalyst.27 For this 
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systematic study we selected metal oxalates as models for three principal reasons. 

Firstly, oxalates are of obvious geological and biomimetic significance as the 

dominant type of "organic" secondary minerals and are of continuous interest as 

functional (magnetic, proton conducting) materials.28 Secondly, oxalic acid is 

more acidic than previously explored imidazoles and, consequently, might not 

require acid catalysts. Finally, there is a large variety of framework topologies 

accessible through oxalate ligands, providing an opportunity to explore how 

reactions of geological weathering can be adapted for the synthesis of open 

MOFs.29 Most significant metal oxalate topologies are the neutral 1-D polymer 

Mox·2H2O in monoclinic α-dihydrates of divalent metal oxalates (Figure 2.1a),30 

and the open two-dimensional (2-D) honeycomb and three-dimensional (3-D) 

topologies31 of the anion M2(ox)3
2- (M=divalent metal ion) (Figure 2.1b). 

Formation of 2-D or 3-D M2(ox)3
2- MOFs is controlled by templates and depends 

on the configuration of the octahedral M(ox)3 subunits.32 Formation of oxalate 

MOFs in solution was extensively studied28,29 and particularly important for this 

study is the work by Cheetham33 and Rao34 on template solvothermal synthesis 

using organoammonium cations. 

 

Figure 2.1. Metal oxalate topologies: a) 1-D; b) 2-D and 3-D 

 

2.3 Experimental Section 

All chemicals were reagent grade and obtained from commercial sources. MgO, 

MnO, CoO, NiO, ZnO and PbO were of 99%+ purity, obtained from Sigma-
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Aldrich, CuO was 96% purity from Riedel-de Haën and H2ox⋅2H2O was 99%+ 

purity from American Chemicals Ltd. ZnO and MgO have been calcined (400oC) 

to remove potential hydroxide and carbonate impurities, and were kept in a dry 

desiccator over P4O10. Aging reactions were conducted either in a walk-in 

incubator held at 45oC, or at room temperature without particular means of 

temperature control. The samples aged at high humidity were kept at 98% RH 

atmosphere established in a Secador○R cabinet equilibrated with saturated aqueous 

K2SO4. In a typical experiment, 1 mmol of a metal oxide was mixed with 1 mmol 

of H2ox⋅2H2O and gently ground in an agate mortar and pestle for 30 seconds. 

The solid mixture was placed in a 20 mL open vial and stored under controlled 

conditions. All reactions were investigated by powder X-ray diffraction (PXRD), 

thermogravimetric analysis (TGA), Fouriertransform infrared attenuated total 

reflection (FTIR-ATR) spectroscopy and, in some cases, UV-Vis reflectance, 

solid-state NMR (SSNMR) and differential scanning calorimetry (DSC). 

Thermogravimetric analysis was conducted on TA Instruments Q500 

Thermogravimetric System with a Pt pan under dynamic atmosphere of N2 or air 

with 40ml/min balance flow and 60ml/min purge flow. The upper temperature 

limit ranged from 500°C to 800°C with a heating rate of 10°C/min. DSC was 

performed on a TA Instruments Q2000 Differential Scanning Calorimeter using a 

standard aluminum pan of 40 μL. Nitrogen flow was set at 50 mL/min and the 

upper temperature limit ranged from 105°C to 150°C with a constant heating rate 

of 10°C/min. UV-Vis reflectance was measured on Ocean Optics Jaz-Combo 

spectrometer using LS-1 Tungsten Halogen Light Source 80 (360-2000 nm), 0.4 

mm fiber optic reflection R400-Angle-UV probe with RPH-1 reflection probe 

holder and WS-1 PTFE diffuse reflection standard, from 400 nm to 800 nm. 

SSNMR spectra of [pa]2[Zn2(ox)3]·3H2O were recorded on a standard-bore 

Bruker Avance III spectrometer operating at 500.13 MHz using a Bruker 4 mm 

double-resonance probe spinning at 5 kHz. Spectra were referenced using the 

chemical shift of the carbonyl carbon of glycine at 174.1 ppm with respect to 

TMS. SSNMR spectra of [pn][Zn2(ox)3]·3H2O were recorded on a 400 MHz 

Varian VNMRS spectrometer operating at 100.52MHz using a T3HX probe, 
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7.5mm zirconia rotor spinning at 4.5 kHz. Spectrum was acquired in 1000 scans 

using crosspolarization for 1 ms and 2 s recycle delay. PXRD patterns were 

collected in 2θ-range 3o-60o on Bruker D2 Phaser diffractometer using a CuKα 

(λ=1.54 Å) source. Data were analyzed using Panalytical X’pert HighScore Plus. 

 

2.4 Results and Discussion 

As an initial foray into investigating the aging reactivity of oxalic acid and metal 

oxides, we prepared a stoichiometric 1:1 mixture of oxalic acid dihydrate 

(H2ox·2H2O) with ZnO. The mixture was prepared by gently grinding the 

reactants in a mortar and pestle for 30 seconds. Care was taken to avoid harsh 

grinding that could cause uncontrolled mechanical activation and, therefore, 

difficulties in reproducibility. Powder X-ray diffraction (PXRD) after 24 hours 

aging at room temperature (18oC-22oC) and high (98%) relative humidity (RH) 

revealed the formation of a new product (Figure 2.2). 

 

Comparison with PXRD patterns simulated for known zinc oxalate structures 

revealed the product was the 1-D coordination polymer zinc oxalate dihydrate 

(Znox·2H2O, CSD QQQBOD04) in the α-type structure.35 In one week, the 

conversion to the 1-D coordination polymer was complete. The composition 

Znox·2H2O was confirmed by thermogravimetric analysis (TGA) in air, which 

provided the assessment of weight fractions for included water (measured: 18.5%, 

calculated: 19.0%) and ZnO residue (measured: 42.9%, calculated: 43.0%). Aging 

reactivity was further improved by storing the sample in 98% RH conditions at 

the mild temperature of 45oC. Under such conditions, complete formation of α-

Znox·2H2O, as established by PXRD (Supplementary Fig. S1), was achieved in 5 

days. When scaled to 10 grams, the reaction completed in seven days (Figure 

2.12). Transformation was also detected by Fouriertransform infrared attenuated 

total reflection (FTIR-ATR) spectroscopy (Figure 2.3), specifically by the 

disappearance of O-H stretching bands of H2ox·2H2O at 3380 cm-1 and 3470 cm-1 

and the appearance of the O-H stretching bands of Znox·2H2O at 3350 cm-1, as 
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well as the appearance of characteristic Znox·2H2O bands at 1604 cm-1, 1356 cm-1 

and 1311 cm-1. 

 

Figure 2.2. (a) Two coordination polymer chains connected by hydrogen bonds in 

Znox·2H2O (CSD QQQBOD04). PXRD patterns for aging reactions of ZnO and 

H2ox·2H2O at 98% RH: (b) H2ox·2H2O; (c) simulated for Znox·2H2O; (d) ZnO; 

(e) 1 day at room temperature; (f) 5 days at room temperature; (g) 1 day at 45 oC; 

(h) 5 days at 45 oC; (i) 1 day at room temperature with pre-milling; (j) 5 days at 

room temperature with pre-milling and (k) 10 days at room temperature with pre-

milling. (l) Completed 10 gram aging syntheses of Znox·2H2O and Niox·2H2O. 
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Figure 2.3. FTIR-ATR spectra of final products of aging reactions for: (a) ZnO, 5 

days at 45 oC; (b) CoO, 7 days at 45 oC; (c) NiO, 7 days at 45 oC; (d) CuO, 16 

days at 45 oC; (e) MgO, 9 days at 45 oC; (f) MnO, 16 days at room temperature; 

(g) MnO, 16 days at 45 oC; (h) PbO, 14 days at 45 oC and (i) MnO, aging of a pre-

milled sample for 1 day at 45 oC. Spectrum of H2ox⋅2H2O is given under (j).  

 

2.4.1 Structure templating 

After establishing that oxalic acid reacts with ZnO to form the close packed 

Znox·2H2O, a templated synthesis of open structures was attempted. Rao and 

Cheetham have established that solvothermal syntheses of metal oxalates can be 

directed towards the formation of open MOFs by organoammonium templates.36-

38 The design to introduce structure templating into aging reactivity involved 

mixtures of ZnO, H2ox·2H2O and either 1,3-propanediammonium oxalate [pn][ox] 

or propylammonium oxalate [pa]2[ox] in the respective stoichiometric ratio 2:2:1. 
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Such templated aging reactions were expected to yield known materials 

[pn][Zn2(ox)3]·3H2O
37 and [pa]2[Zn2(ox)3]·3H2O,36 based on the 2-D and 3-D 

forms of the [Zn2(ox)3]
2- anionic framework, respectively (Figure 2.4a). 

 

Figure 2.4. (a) Planned synthesis of open anionic 2-D and 3-D zinc oxalate 

frameworks; (b) templates pn2+ and pa+ and (c) a hydrogen-bonded layer in the 

crystal of (pa)2·(ox), with propyl chains omitted for clarity. 

 

The synthesis of [pn][ox] and [pa]2[ox] provided a minor challenge. Presence of 

water readily induced the formation of hydrogen oxalate hydrate salts 

[pa][Hox]·H2O (CSD QIGCOY, QIGCOY01)36 and [pn][Hox]2·2H2O (CSD 

PEPQEG, PEPQEG01).38 Hydrogenoxalates are not suitable for planned 

templating experiments, due to the inadequate ratio of cationic organoammonium 

templates and oxalate building blocks. The synthesis of [pn][ox] and [pa]2[ox] 

was devised by reacting anhydrous oxalic acid (obtained by drying H2ox·2H2O 

overnight at 125 oC) with the amine in methanol. In ethanol, the product contained 

a significant fraction of the hydrated hydrogenoxalate. The anhydrous nature of 

the material from methanol was confirmed by TGA. The structure and 

composition of [pn]2[ox] were also confirmed by single crystal X-ray diffraction 

(crystallographic data given in Supplementary Material, Section 1). The structure 

consists of sheets of pa+ and ox2- held by N+- H···O- hydrogen bonds (Figure 

2.4c). 
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After 5 days at room temperature and 98% RH, PXRD analysis (Figure 2.5a,b) of 

the mixture of ZnO, H2ox·2H2O and [pn][ox] in 2:2:1 ratio revealed the presence 

of Znox·2H2O, but also X-ray reflections consistent with the expected honeycomb 

topology [pn][Zn2(ox)3]·3H2O (Figure 2.6a). Aging for a total of 16 days led to 

the complete disappearance of reflections of ZnO reactant and the Znox·2H2O 

intermediate, and the diffraction pattern displayed an excellent fit to that expected 

for the pn2+ salt of the Zn2(ox)3
2- framework. Since Znox·2H2O was an 

intermediate in the assembly of [pn][Zn2(ox)3]·3H2O, a room-temperature aging 

reaction of [pn][ox] with Znox·2H2O was attempted. After five days, the reaction 

mixture fully converted into [pn][Zn2(ox)3]·3H2O. Quantitative conversion was 

evident from PXRD (Figure 2.5c,d) and TGA. 

 

Aging of a mixture of (pa)2(ox), H2ox and ZnO at room temperature and 98% RH 

was explored next. After five days PXRD (Figure 2.5e,f) and TGA indicated 

complete conversion to the expected 3-D framework [pa]2[Zn2(ox)3]·3H2O (CSD 

SEYQIW, Figure 2.6a).36 

 

Cross-polarization magic angle spinning 13C solid-state NMR (SSNMR, see 

Supplementary Material, Section 5) was consistent with the product being 

[pa]2[Zn2(ox)3]·3H2O, displaying the signals of ox2- and pa+. The 1H-13C 

HETCOR and 1H-1H INADEQUATE experiments enabled tentative assignment 

of the 1H SSNMR spectra of [pa]2[Zn2(ox)3]·3H2O, but with multiple signals 

expected from partially disordered water molecules unresolved. The HETCOR 

spectrum was consistent with the reported structure in which the framework 

interacts mostly with the methyl and ammonium moieties of the pa+. The 13C 

SSNMR spectrum of [pn][Zn2(ox)3]·3H2O was also consistent with the published 

structure. Difference between Znox·2H2O, [pn][Zn2(ox)3]·3H2O and 

[pa]2[Zn2(ox)3]·3H2O was also evident using FTIR-ATR (Supplementary Fig. 

S13). 
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Figure 2.5. PXRD patterns for templated aging syntheses of zinc oxalate MOFs: 

(a) Znox·2H2O; (b) ZnO, H2ox·2H2O and [pn][ox] in ratio 2:2:1 after 5 days; (c) 

Znox·2H2O and [pn][ox] in ratio 2:1 after 5 days; (d) simulated for 2-D MOF 

[pn][Zn2(ox)3]·3H2O (SEYQAO); (e) ZnO, H2ox·2H2O and [pa]2[ox] in ratio 

2:2:1 after 5 days and (f) simulated for 3-D MOF [pa]2[Zn2(ox)3]·3H2O 

(SEYQIW). Reactions were done at room temperature, 98% RH. Characteristic 

reflection of Znox·2H2O is marked with '*'. 

 

2.4.2 Reactivity of other metal oxides, product hydration state 

The reactivity of other metal oxides with oxalic acid was also explored in 98% 

RH, at room temperature and at 45oC. PXRD analysis revealed the complete 

conversion of the metal oxide into a metal oxalate structure for all investigated 

oxides, specifically MgO (Figure 2.7a,b), MnO (Figure 2.7c-g), NiO and CoO 

(Figure 2.7h-j), CuO (Figure 2.7k,l) and PbO (Figure 2.7n-p). Table 2.1 lists the 

times required for the reflections of the metal oxide to disappear from the PXRD 

pattern of the reaction mixture (Figure 2.7, Supplementary Figs. S2-S7), 

demonstrating that aging reactions are applicable to a variety of metal oxides. 
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Figure 2.6. Aging reactivity of ZnO, CoO and NiO towards H2ox·2H2O with and 

without organoammonium templates. 

 

The reactions could also be observed by FTIR-5 ATR spectroscopy 

(Supplementary Figs. S8-S12). The results in Table 2.1 demonstrate the ability to 

transform metal oxides at mild conditions of temperature, despite their very high 

melting points. This is relevant in comparison to mechanochemistry, as analogous 

milling transformations of CoO, NiO, MnO or PbO into metal-organic derivatives 

have not yet been reported.8 The composition of the products was elucidated by 

the similarity of the PXRD patterns to those simulated for published structures 

(Figure 2.7, Supplementary Figs. S2-S7). 

 

Table 2.1. Time (in days) for the disappearance of X-ray reflections of the metal 

oxide (with given melting points) in PXRD patterns of mixturesa with H2ox·2H2O 

exposed to 98% RH under different conditions. 
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a) Reactions were conducted using 2 mmol of the oxide and 2 mmol of 

H2ox·2H2O; b) room temperature; c) milling was conducted for 5 minutes in a 10 

mL stainless steel jar; d) PXRD pattern displayed no reflections of H2ox·2H2O or 

the metal oxide; e) very weak reflections of H2ox·2H2O were observable in the 

PXRD pattern; f) identical result was obtained at 45oC and 98% RH after 1 day. 

 

Product composition, indicating complete conversion, was corroborated by TGA 

(Supplementary Figs. S15-S28). Notably, NiO demonstrated similar level of 

reactivity as ZnO, with complete transformation to Niox·2H2O
39 (isostructural to 

monoclinic Znox·2H2O) taking place within three days at 98% RH and 45oC. The 

structural resemblance of Niox·2H2O to the zinc-based polymer was also evident 

from the similarity of the FTIR-ATR spectra (Figure 2.3). Similar to ZnO, the 

synthesis of Niox·2H2O was also readily scaled to 10 grams (Figure 2.12). The 

slowest reaction was with CuO, for which the oxide was no longer observable by 

PXRD after 16 days aging at 98% RH and 45oC. The product was partially 

hydrated copper(II) oxalate23 with traces of H2ox·2H2O evident in the PXRD 

pattern, explained by the technical (96%) purity of CuO. Product was analyzed as 

Cuox·0.5H2O, consistent with previous investigations.40 Like the oxides listed in 

Table 2.1, CoO also readily (in six days) converted to a pink material isostructural 

to Niox·2H2O and Znox·2H2O. 
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Figure 2.7. PXRD patterns for selected reactions at 98% RH: (a) MgO; (b) 

Mgox·2H2O (5 days, 45oC); (c) MnO; (d) Mnox·2H2O (pre-milled MnO, 45 1 day, 

room temperature); (e) Mnox·2H2O (9 days, 45oC); (f) simulated α-Mnox·2H2O 

(FOZHUX11); (g) simulated γ-Mnox·2H2O (FOZHUX10); (h) NiO; (i) 

Niox·2H2O (3 days, 45oC); (j) Coox·2H2O (6 days, room temperature, data 

collected using CuKα radiation and energydiscriminating LynxEye detector); (k) 

CuO; (l) Cuox·0.5H2O (16 days, 45oC; (m) Cuox·0.5H2O (pre-milled CuO, 10 

days, room temperature); (n) PbO; (o) Pbox (pre-milled PbO, 9 days, 45oC); (p) 

simulated Pbox (JAHVUJ). (q) Visual comparison of samples of oxide reactants 

with corresponding oxalate products obtained by aging (98%RH, 45oC). 

 

Diffraction pattern of the product exhibited X-ray fluorescence which impaired 

the detection of trace CoO or H2ox·2H2O using CuKα radiation. TGA was 

consistent with the formula Coox·2H2O,41 and the FTIR-ATR spectrum was 

almost identical to those of isostructural Ni(II) and Zn oxalates (Figure 2.3). 

Subsequent PXRD studies using CoKα and CuKα radiation after energy 
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discrimination by the LynxEye detector (Figure 2.7j) confirmed the absence of 

reactants and formation of Coox·2H2O. Although all transformations in Table 2.1 

are conducted under 98% relative humidity, the obtained products are not the 

highest known hydrates of corresponding metal oxalates. MnO yielded 

Mnox·2H2O although a higher hydrate42 is also known. Similarly, PbO yields the 

anhydrous Pbox (CSD JAHVUJ, JAHVUJ01, Figure 2.7n-p)43 although a 

dihydrate is also known.44 Copper produced the well-known partially hydrated 

structure, despite the existence of a trihydrate.45 For Pb(II) and Cu(II) the low 

content of water in products was also evidenced by FTIR-ATR spectra lacking the 

broad water absorption band at 3400 cm-1 (Figure 2.3, also Supplementary Figs. 

S10,S12). These observations differentiate the herein reported reactions from 

previously studied cases of solid-gas reactivity46 where the reacting vapor 

becomes a structural component of the metal-organic product. 

 

2.4.3 Formation of open structures based on Co and Ni 

Structure templating by organoammonium cations to form MOFs was also 

applicable to aging reactions of CoO and NiO. Aging of either NiO or CoO 

(Figure 2.8a-j) with oxalic acid dihydrate and [pn][ox] and [pa]2[ox] yielded 

materials that were, as established by PXRD, iso-structural to the hydrated 2-D 

and 3-D MOFs [pn][Zn2(ox)3] and [pa]2[Zn2(ox)3], respectively. Framework 

formation was also corroborated by FTIR-ATR spectroscopy which demonstrated 

a high degree of mutual similarity in the set of three (Zn-, Co- and Ni-based) 

materials obtained in the presence of [pn][ox] (Supplementary Fig. S13), and also 

in the set of analogous three materials obtained with [pa]2[ox] template. TGA was 

consistent with compositions [pn][Co2(ox)3]·3H2O, [pn][Ni2(ox)3]·3H2O and 

[pn][Zn2(ox)3]·3H2O. For pa+ -templated systems, the analyses indicated 

formulas [pa]2[Co2(ox)3]·4H2O, [pa]2[Ni2(ox)3]·4H2O and [pa]2[Zn2(ox)3]·3H2O. 

It is not clear if additional water in these systems is a result of impurity, or a real 

difference in stoichiometric composition with respect to zinc MOFs. Formation of 

MOFs was also investigated by solid-state UV/Vis reflectance spectroscopy 

(Figure 2.9). Reflectance measurements showed a notable difference between the 
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absorption spectra of either Coox·2H2O or Niox·2H2O and products of templated 

reactions. In contrast, the reflectance spectra of pa+- and pn2+-templated materials 

were similar to each other. Such observations are consistent with the difference in 

the coordination environment of the metal in the 1-D hydrated metal oxalate 

polymer, where the cation is octahedrally coordinated by two oxalate and two 

water ligands, and MOFs in which the metal is octahedrally surrounded by three 

oxalates. 

 

Figure 2.8. Selected PXRD patterns for templated aging synthesis of Ni(II) (green) 

and Co(II) (red) oxalate MOFs: (a) Niox·2H2O; (b) Coox·2H2O; (c) NiO, 

H2ox·2H2O and[pn][ox] in ratio 2:2:1 after 5 days; (d) Niox·2H2O and [pn][ox] 

in ratio 2:1 after 5 days; (e) CoO, H2ox·2H2O and [pn][ox] in ratio 2:2:1 after 5 

days; (f) simulated 2-D MOF [pn][Zn2(ox)3]·3H2O (SEYQAO); (g) NiO, 

H2ox·2H2O and[pa]2[ox] in ratio 2:2:1 after 5 days; (h) Niox·2H2O and [pa]2[ox] 

in ratio 2:1 after 5 days; (i) CoO, H2ox·2H2O and[pa]2[ox] in ratio 2:2:1 after 5 

days; (j) simulated 3-D MOF [pa]2[Zn2(ox)3]·3H2O (SEYQIW). Reactions were 

done at room temperature, 98% RH. Patterns of cobalt samples were recorded 

using CuKα radiation and an energy-discriminating detector. Characteristic 

reflections of Niox·2H2O, Coox·2H2O are marked with '*' 
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Figure 2.9. Solid-state reflectance UV-Vis spectra of cobalt(II) (top) and nickel(II) 

(bottom) oxalate dihydrates obtained by aging reactions. 

 

2.4.4 Effect of temperature 

For all oxides, except MnO, switching from room temperature to 45oC only 

increased the reaction rate without changing the product. However, PXRD 

measurements using CuKα radiation (Supplementary Fig. S6) showed that MnO 

produced the α-polymorph of Mnox·2H2O by aging at room temperature and only 

the reportedly more stable γ-form at 45oC. The α-form is structurally similar the 

other metal oxalate dihydrates (CSD FOZHUX11). In the γ-form inorganic 

connectivity between octahedrally coordinated Mn2+ ions is established by μ3- 

bridging oxalate oxygen atoms (Figure 2.10a). The difference in polymorphic 

composition was also observable using FTIR-ATR (Figure 2.10). For example, 

the O-H stretching bands in the α-form are located in a narrow region between 

3300 cm-1 and 3360 cm-1, while the γ–form exhibits two broad maxima at 3090 

cm-1 and 3320 cm-1. The earlier solution-based study47 indicated the α-polymorph 

is metastable with respect to the γ-form. Therefore, the temperature-dependent 

change in polymorphic composition of the aging product suggests the formation 

of a kinetic product at lower temperatures. The formation of the 

thermodynamically stable form at 45oC can be explained by higher mobility of 
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molecules at a higher temperature. Subsequent PXRD study of the aged samples 

using a CoKα X-ray source (Figure 2.10b-g), to avoid the X-ray fluorescence of 

manganese-based samples, indicated the presence of the γ-form also in the room 

temperature product. As the CuKα-based PXRD and FTIR-ATR measurements 

were all performed without delay and are mutually consistent, we explain the γ-

form detected in the PXRD patterns obtained using CoKα radiation as a result of a 

spontaneous room-temperature transformation during sample transport and 

storage. 

 

Indeed, the transformation of the α-polymorph to the γ-form in moist air was 

noted by Huizing et al.47 and traces of the γ-polymorph are visible in the samples 

of the α-form after 16 days at room temperature and 98% RH. The α→γ 

transformation is not thermally reversible, since heating of the α-form did not 

result in a structural transformation, shown by DSC. 

 

 

 

 

 



44 
 

 

Figure 2.10. (a) Crystal structures of α- (top) and γ-Mnox·2H2O (bottom). PXRD 

patterns collected using CoKα radiation: (b) MnO; (c) MnO after 5min milling; (d) 

reaction of MnO and H2ox.2H2O, room temperature, 98% RH; (e) reaction of 

MnO and H2ox.2H2O, 45oC, 98% RH; (f) reaction of pre-milled MnO and 

H2ox.2H2O, room temperature. 98% RH; (g) reaction of pre-milled MnO and 

H2ox.2H2O, 45oC, 98% RH. Full set of PXRD patterns is given in the 

Supplementary Material. 
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2.4.5 Activation by milling: enabling room temperature reactivity 

Although the ability to conduct aging reactions in the absence of solvent and at 

mildly elevated temperature represents a considerable improvement over solution-

based processes, the energy benefit can be reduced for long reaction times. 

Consequently, we explored means to further accelerate the reactions by 

mechanically activating the reaction mixture by brief ball milling. Initial milling 

(Retsch MM400 mill operating at 30Hz) of the reaction mixture for 5 minutes 

enabled most aging reactions to be completed at room temperature, eliminating 

the need for thermal treatment.48 The exception was the reaction of CuO that 

displayed traces of H2ox·2H2O even after 10 days. Most notable was the effect of 

milling on reactions of MnO, which completely converted to Mnox·2H2O in one 

day (Figure 2.10f,g; Figure 2.11). The product was the metastable α-Mnox·2H2O 

with minor amount of the γ-form. Reaction acceleration was also achieved by pre-

milling only MnO, and we speculate the success of pre-milling is due to 

introducing defects in the oxide structure.49 If the milled mixture of MnO and 

H2ox·2H2O was left to age at 45oC and 98% RH the product was a mixture of the 

α- and γ-forms, indicating that pre-milling of reactants facilitates the kinetic 

formation of the metastable form, whereas increased temperature favors the 

thermodynamically stable one. 
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Figure 2.11. Selected FTIR-ATR spectra for the reaction of MnO and H2ox·2H2O. 

Characteristic bands are labeled for α- (red line) and γ-forms (blue line) of 

Mnox·2H2O. 

 

2.4.6 Selective transformation of metal oxides in a mixture 

That different metal oxides underwent aging reactions with oxalic acid at different 

rates implies the possibility of solvent-free segregation of metal oxide mixtures. A 

potential benefit of such selectivity in aging reactions would be the transformation 

of one of the metal oxides into a low density metal oxalate, allowing for its 

separation from the mixture using gravity, rather than aggressive dissolution 

reagents. A competitive aging experiment was conducted with a 1:1 

stoichiometric mixture of CuO, the slowest reacting metal oxide in our study, with 

ZnO, one of the most reactive oxides in the study. The mixture contained only one 

equivalent of H2ox·2H2O. After five days aging at 45oC and 98% RH the initially 

black reaction mixture (5 grams) turned to gray. PXRD analysis indicated that the 

mixture underwent spontaneous and solvent-free chemical separation of zinc from 

copper by selective conversion of ZnO into Znox·2H2O (Equation 1): 

 

CuO(s)+ZnO(s)+H2ox·2H2O(s)→Znox·2H2O(s)+CuO(s)+H2O(g) (Eq. 1) 
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PXRD revealed the formation of a crystalline material isostructural to Znox·2H2O 

and the complete disappearance of X-ray reflections of ZnO (Figure 2.12a-g). In 

contrast, the X-ray reflections of CuO were clearly observable and reflections of 

Cu(II) oxalate did not appear in the pattern, consistent with oxalic acid selectively 

reacting with ZnO. TGA (Supplementary Fig. S29) indicated the complete 

conversion of ZnO, while the less reliable analysis of water loss upon heating 

indicated the selective conversion of ZnO over CuO in the stoichiometric ratio 9:1. 

The FTIR-ATR spectrum of the reaction mixture was consistent with the 

formation of Znox·2H2O, but could not confirm the absence of copper(II) oxalate 

(Supplementary Fig. S14). The near absence of copper(II) oxalate in the reaction 

mixture was confirmed by UV/Vis reflectance spectroscopy (Figure 2.12h). The 

spectrum of the aged mixture was almost identical to that of pure Znox·2H2O and 

different from the spectrum expected for a 1:1 mixture of Cu(II) and Zn oxalates. 

Thus, UV/Vis spectra are consistent with the absence of any significant amounts 

of copper(II) oxalate in the aged mixture. Presumably, the large difference in 

densities of Znox·2H2O (density=2.2 g/cm3) and CuO (density=6.3 g/cm3) could 

allow for mechanical separation of copper from zinc by gravity,50 which is not 

possible for a mixture of raw oxides. Indeed, gravity separation with a "heavy 

liquid" CH2I2 (density=3.3 g/cm3)50,51 separated the reaction mixture into top and 

bottom layers that were identified by PXRD as Znox·2H2O and CuO, respectively 

(Figure 2.12c,d). Thus, combining the solvent-free chemical separation of zinc 

and copper oxides with gravity separation allows the separation of copper and 

zinc oxides without the need for dissolution50 in aggressive solvents, such as 

sulfuric acid, or high temperatures. Preliminary results on accelerated aging 

mixtures of PbO and ZnO indicate similar selectivity (Supplementary Fig. S30). 
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Figure 2.12. PXRD patterns for the aging of a 1:1:1 mixture of ZnO, CuO and 

H2ox.2H2O: (a) after 5 days at 45oC, 98% RH; (b) bottom layer from gravity 

separation using CH2I2; (c) top layer obtained by gravity separation using CH2I2; 

(d) Znox.2H2O; (e) Cuox; (f) ZnO and (g) CuO. (h) Reflectance UV-Vis spectra 

(top to bottom): average of Cuox and Znox·2H2O; reaction mixture after 5 days at 

45oC, 98% RH; pure Znox⋅2H2O and pure Cuox. PXRD and UV-Vis spectra 

indicate selective transformation of ZnO into Znox·2H2O, leaving behind CuO. 

To highlight the selective conversion, selected X-ray reflections of CuO and 

Znox⋅2H2O are designated with * and •, respectively. 
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2.5 Conclusions 

This proof-of-principle study demonstrated how mimicking the conditions 

responsible for mineral weathering can lead to solvent-free, low-energy 

approaches to making coordination polymers and open frameworks from mineral-

like feedstocks, as well as to novel mild methodologies applicable in mineral 

industry. The transformation of a variety of metal (Mg, Mn, Co, Ni, Cu, Zn, Pb) 

oxides was accessible at room temperature in mixtures prepared by gentle mixing 

of powders, despite high lattice stabilization energies52 and melting points of the 

oxides (800oC-2500oC). Mechanical activation or mild temperature increase 

accelerated the reactions, enabled the complete transformation of all explored 

metal oxides, and provided control over the polymorphic composition of the 

product (exemplified by reactions of MnO). The difference in aging reactivity of 

metal oxides enabled the solvent-free separation of metals in their oxide form 

without strong acids or high temperatures. As transition metal oxides are often 

slightly soluble and highly inert, the ability to conduct their chemical segregation 

in a solvent-free manner and under mild conditions is particularly surprising.53 

After chemical separation, the metals were also mechanically separated by gravity. 

We believe solvent-free separation by aging has considerable potential for 

reducing energy and solvent use in mineral industry.50 

 

It was demonstrated how the reactions can be directed for the formation of 2D or 

3D open MOFs. In our hands, this yielded two known open frameworks based on 

zinc, and four previously not described frameworks based on Co(II) or Ni(II). 

Whereas a potential criticism can be directed towards reactivity requiring several 

days, we note that accelerated aging reactions can take place over times that are 

comparable to those for conventional solvothermal syntheses, whilst being 

conducted quantitatively from a metal oxide54 and near room temperature. As 

demonstrated here for nickel and zinc oxalates, and recently reported synthesis of 

porous zeolitic imidazolate frameworks, accelerated aging can be conducted at a 

multi-gram scale. 
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It is worth noting that aging transformations are not unknown in large-scale 

applications, as illustrated by the Dutch process for manufacturing lead white 

paint. Mechanistic details of herein presented aging reactivity are not known. We 

believe that the mobility of the organic phase plays a significant role, consistent 

with reports55 of vapor or gas-induced transformations of organic and 

organometallic solids, such as those by Atwood56 and Braga groups.57 We are 

currently pursuing the reactivity of three- and four-valent metals, such as Sc, Ti, 

Cr. 
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Notes and references 

Electronic Supplementary Information (ESI) available: Crystallographic 

information for (pa)2(ox) in CIF format. This data has also been deposited with 

the CCDC, deposition number 933546. Additional PXRD, FTIR-ATR, SSNMR 

and thermogravimetric data. See  

http://www.rsc.org/suppdata/gc/c3/c3gc41370e/c3gc41370e.pdf 

 

TGA of [pn][Zn2(ox)3]·3H2O prepared by templated aging gave an excellent fit 

for the expected loss of three equivalents of water before 200oC (measured weight 
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loss=10.1%, expected weight loss=10.3%), followed by the decomposition of the 

metal-organic residue into ZnO (measured residue weight=31.3%, calculated ZnO 

residue for [pn][Zn2(ox)3]·3H2O=31.0 %). Such thermal behavior is consistent 

with that previously reported for solvothermally grown [pn][Zn2(ox)3]·3H2O.36 

An excellent fit was also observed for TGA of [pa]2[Zn2(ox)3]・3H2O (measured 

water content=9.1%, calculated=9.5%; measured ZnO residue=29.4%, 

calculated=28.6%). Also see Supplementary Material. 

 

Potential metallurgical and mineral processing applications of concepts and 

results of the work described in this manuscript are covered by the provisional 

patent application US 61/826,172. 
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Connecting text for Chapter 3 
 

Chapter 2 introduced the inspiration, development and applications of accelerated 

aging which has been proven as an effective, solvent-free and green synthetic 

approach for MOMs synthesis and mineral separation. In Chapter 3, the synthesis 

of bismuth salicylate complexes, including bismuth subsalicylate (API of the drug 

“Pepto-Bismol®”) and bismuth salicylate oxo-nanoclusters have been targeted. 

Solid-state synthetic tools including both mechanochemical milling and 

accelerated aging have been used in the investigation. Accelerated aging at 95oC 

and solid-state equilibrium are described in this Chapter. By using bismuth 

disalicylate monohydrate as a central precursor, a series of decorated bismuth 

salicylate oxo-nanoclusters have been synthesized and structurally characterized. 

Some of them may find use as nano-pharmaceuticals and alternatives to bismuth 

subsalicylate.     
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Chapter 3. Bismuth disalicylate monohydrate: 

a central compound of bismuth salicylate 

chemistry  
* This paper is being prepared for publication. It is coauthored by Kale 
Laviolette and Tomislav Friščić.  
 

3.1 Abstract 

We propose bismuth disalicylate monohydrate as a versatile, well-defined, readily 

prepared precursor for a variety of bismuth salicylate materials, ranging from the 

metallodrug bismuth subsalicylate to surface-decorated bismuth salicylate oxo-

nanoclusters; the attractive aspect of bismuth disalicylate monohydrate is its facile 

preparation through low-energy and low-solvent methods of mechanochemical 

and accelerated aging synthesis. 

 

3.2 Introduction 

Inspired by the anti-inflammatory and bactericidal action of bismuth subsalicylate 

(BSS, commercially known as Pepto-Bismol®), the investigation of bismuth 

complexes with salicylic acid and its anions remains a highly active area of 

metallodrug research.1 Due to the low solubility of bismuth salicylate complexes, 

structures of these pharmaceutically important compounds have remained largely 

unknown and most structural information has been gathered on systems involving 

auxiliary organic ligands.2 In 2006 the Andrews group recognised the formation 

of bismuth salicylate oxo-clusters based on Bi38O44 and Bi9O7 units externally 

coordinated with salicylate anions and acetone solvent, representing exciting new 

models for BSS structure and reactivity.3 Our group has recently reported4 the 

facile, clean and selective synthesis of BSS (Bi-1) and two previously poorly 

characterised bismuth salicylate materials, bismuth disalicylate monohydrate (Bi-

2) and bismuth trisalicylate (Bi-3), using mechanochemical ion- and liquid-

assisted grinding (ILAG).5 Importantly, the use of mechanochemistry has enabled 

the quantitative formation of bismuth salicylates directly from the simplest metal 
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oxide precursor, with water as the only byproduct, and without the need for 

corrosive metal nitrate reagents and acid byproducts. The purity of Bi-2 obtained 

in that way enabled its structural characterization from powder X-ray diffraction 

(PXRD) data, which was a long-standing challenge of the Structure Determination 

by Powder Diffractometry Round Robin competition.6 Currently, Bi-2 is the only 

bismuth salicylate material without auxiliary organic ligands whose crystal 

structure has been determined.4  

 

Compared to mechanochemical milling, accelerated aging inspired by mineral 

neogenesis is an even milder synthetic approach for metal organic materials 

(MOMs) synthesis. It has been successfully applied for the synthesis of zeolitic 

imidazolate frameworks (ZIFs), metal oxalate coordination polymers, templated 

metal organic frameworks (MOFs) and solvent-free mineral separations.7 In 

accelerated aging reactions, only moisture and mild heating (all previous studies 

were conducted under room temperature or 45oC) were used to help the 

completion of solid-state reactions. With a high lattice energy resulting from 

interactions of trivalent bismuth cations and oxygen anions, bismuth oxide is a 

challenging feedstock for accelerated aging synthesis. However, at the same time, 

it is a good starting case for investigation, activation and separation of high-valent 

metal oxides/sulfides. 

     

3.3 Experimental Section 

Mechanochemical experiments: 1 gram of a solid reactant mixture in appropriate 

stoichiometric ratio was placed in a stainless steel grinding jar, along with 1 

stainless steel ball of 10 mm diameter. The mixture was ground 90 min, in a 

Retsch MM200 mill at a frequency of 30 Hz. For LAG reactions, 250 μL (η=0.25 

μL/mg) H2O was added to the reaction mixture.8 For ILAG reactions, 50 mg salt 

was also added.  The samples were washed with distilled water to remove the salt 

additive and dried in air. 

Accelerated aging experiments: 0.5 g of a solid reactant mixture containing the 

starting materials in appropriate stoichiometric ratio was gently ground manually 
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with a mortar and pestle. The ground mixtures were then placed in an open vial 

and aged at 95 oC and 100% RH in a glass desiccator in which a constant 

humidity level was maintained by equilibrating the atmosphere with water. The 

desiccator was placed in a large volume incubator set at 95 oC. For large scale 

reactions, 10 g of a solid reactant mixture was ground and aged in large Petri 

dishes which enabled holding the reaction mixture in the form of a thin layer 

(usually not thicker than 3 mm).  

Nanocluster synthesis: 1 g of bismuth disalicylate (Bi-2) was dissolved in 100 mL 

warm acetone (around 50 oC). The filtrate was slowly evaporated overnight to 

form crystals. The yield of crystallization is 71%. Dissolution of the Bi-2 in other 

organic solvents such as DMF, 2-butanone and cyclohexanone gave clusters 

decorated with other solvent shells. The water-decorated cluster was formed by 

participation from acetone solution upon adding water (5 mL of water in 10 mL of 

the acetone solution).    

Powder X-ray diffraction (PXRD): Room temperature PXRD patterns were 

collected in the 2θ range 3o to 40o on a Bruker D2 PHASER X-ray diffractometer 

using a CuKα (λ=1.54 Å) source, equipped with a Linear detector LYNXEYE and 

a Kβ filter. The X-ray tube was operating at the power setting of 30 kV and 10 mA. 

Data analysis was carried out using the Panalytical X’pert Highscore Plus 

program. 

Infrared spectroscopy: Fourier transform infrared spectra were collected using a 

Perkin Elmer Fourier Transform Infrared Attenuated Total Reflectance 

spectrometer in the range 400 cm-1 to 4000 cm-1. 

Thermogravimetric analysis (TGA): TGA measurements were conducted on a TA 

Instruments Q500 Thermogravimetric System with a Pt pan under dynamic 

atmosphere of air with 40 ml/min balance flow and 60 ml/min purge flow. The 

upper temperature was around 600 °C depending on the sample, with a heating 

rate of 5 °C/min. 
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Solid-state NMR (C13): Spectra were collected on a 400 MHz Varian VNMR 

equipped with a 4 mm CPMAS probe at a spin rate of 14 KHz. Cross-polarization 

(CP) spectra were collected with a contact time of 2 ms and recycle delay of 2 s 

while direct-polarization (DP) spectra were collected with a recycle delay of 10 s. 

Dynamic light scattering (DLS): 0.2 mmol/L bismuth nanocluster solutions were 

made at room temperature by dissolving solid samples of the clusters decorated 

with different solvent molecules in their respective solvents. Measurements were 

performed on a Brookhaven Instruments Corporation system equipped with a   

BI-200SM goniometer, a BI-9000AT digital correlator and a Compass 315-150 

CW laser light source from Coherent Inc. operating at 532 nm (150 mW). 

Atomic force microscopy (AFM): Droplets of an aqueous suspension of bismuth 

nanoclusters decorated with water (Bi-NP-H2O) were dried out on silica plates. 

Experiments performed with a MultiModeTM SPM connected to a NanoscopeTM 

IIIa controller, from the Digital Instruments Veeco Metrology Group. 

Single Crystal Diffraction: The 2-butanone structure has been collected at 150 K 

on a Bruker diffractometer with an Incoatec Microsource at 100 K. The 

cyclohexanone material was collected on a Bruker Microstar diffractometer 

equipped with a rotating anode. Both structures have been collected using 

CuKalpha radiation. 

 

3.4 Results and Discussions 

Our initial efforts resulted in successful gram-scale synthesis of bismuth 

subsalicylate (Bi-1), bismuth disalicylate monohydrate (Bi-2) and bismuth 

trisalicylate (Bi-3) by modification of the reported ILAG method4, such as using 

large steel balls to increase the mechanical impact and extending the grinding 

time. After that, we focused on individual properties of these bulk products. 

Notably, we found that Bi-2, which is stable and insoluble in room temperature 

water, is completely hydrolyzed to Bi-1 after 3 hours refluxing as slurry in boiling 

water. Conversely, when we milled a 1:1 stoichiometric solid mixture of Bi-1 and 

salicylic acid (H2Sal) with a catalytic amount of water for 90 min at room 



64 
 

temperature, Bi-2 was readily obtained again. This synthetic cycle, we believe, is 

caused by a difference in solubility of salicylic acid in water at room temperature 

and at 100oC.9 Bulk material Bi-3, however, is very sensitive to moisture and is 

readily hydrolyzed to Bi-2 and H2Sal if left overnight in open air. (Figure 3.1) 

Bi-2

COOH

OH

H2Sal
Bi-1 +

boiling water reflux 3 hours

10 mm steel ball, LAG
Retsch MM200 30Hz, 90 min

1 gram scale

(a)

 

 

Figure 3.1. (a) The interconversion of Bi-1 and Bi-2; (b) PXRD patterns for 

interconversion of Bi-1, Bi-2 and Bi-3. From top to bottom: commercial H2Sal; 

commercial Bi-1; synthesized Bi-2 (washed by room temperature water and dried 

in the open air); synthesized Bi-3 (kept in dry desiccator); Bi-2 after reflux in 

boiling water for 3 hours; 1:1 mixture of Bi-1 and H2Sal after LAG with water 

(η=0.25μL/mg); Bi-3 after 1 day in air; Bi-3 washed with room temperature water. 
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Starting from a 1:4 solid mixture of bismuth oxide and salicylic acid expected to 

yield Bi-2, accelerated aging at 80oC and 100% RH proceeded very slowly. The 

inorganic salts typically used in mechanochemical ILAG synthesis4 do not 

provide a notable acceleration to the aging reactions. However, a slight increase in 

the temperature to 95oC results in complete and stoichiometric conversion to Bi-2 

in 3 days without adding any catalytic salts. The reaction towards Bi-1 involves 

multiple steps. Starting from a 1:2 stoichiometric mixture of bismuth oxide and 

salicylic acid, the reaction initially follows the route of Bi-2 synthesis, apparently 

consuming all salicylic acid and only part of bismuth oxide. The intermediate Bi-2 

then slowly reacts with remaining bismuth oxide and completely converts to Bi-1 

after 9 days (Figure 3.2). All aging reactions have been scaled up to 10 grams in 

large Petri dishes. Volume expansion is easily observed (Figure 3.2a), probably 

caused by the density difference between the initial mixture and the final product. 

Thin layer and large exposure area keep the rate of the large scale reaction similar 

to that of milligram scale reactions, indicating potential for larger (industrial) 

applications. 
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0 day 1 day 3 day

(a)

Bi2O3+4H2sal Bi-2
95oC   100% RH  3 days  

 

Figure 3.2. (a) Images of 10 gram scale accelerated aging reaction to form Bi-2; 

(b) PXRD patterns for accelerated aging reactions forming Bi-2 and Bi-1. From 

top to bottom: bismuth oxide (Bi2O3); salicylic acid (H2Sal); Bi-1; Bi-2; 1:4 

mixture of Bi2O3 and H2Sal after 4 days aging at 80oC 100% RH; 10 g scale 1:4 

mixture of Bi2O3 and H2Sal after 3 days aging at 95oC 100% RH; 1:2 mixture of 

Bi2O3 and H2Sal after 1 day aging at 95oC 100% RH; 1:2 mixture of Bi2O3 and 

H2Sal after 3 days aging at 95oC 100% RH; 1:2 mixture of Bi2O3 and H2Sal after 

5 days aging at 95oC 100% RH; 1:2 mixture of Bi2O3 and H2Sal after 7 days 

aging at 95oC 100% RH;  

 

The aging synthesis of Bi-1 involves a 2:1 solid-state reaction of Bi-2 and bismuth 

oxide, which are both stable and insoluble compounds at room temperature. In the 
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investigation of this intriguing solid-state reaction, the solid-state equilibrium-like 

behavior of Bi-1 and Bi-2 has been observed and systematically studied. (Figure 

3.3) Under the same aging condition (95oC and 100% RH, reactions are too slow 

for monitoring at lower temperatures), reaction from both sides of the equilibrium 

achieves a similar solid-state composition after up to 11 days. Simple PXRD 

analysis using manually-made standard mixtures show that Bi-1 content in final 

mixture lies between 10% and 20% by stoichiometric composition.  

Bi(Sal)(HSal)·H2O (Bi-2)
95oC 100% RH

Bi(Sal)(OH) (Bi-1)+H2Sal  

 

Figure 3.3. PXRD patterns for equilibrium study of Bi-2 and Bi-1+H2Sal at 95oC 

100% RH aging condition. From top to bottom: 1:1 mixture of Bi-1 and H2Sal 

after 4 days aging at 80oC 100% RH (no reaction); 1:1 mixture of Bi-1 and H2Sal 

after 3 days aging at 95oC 100% RH; 1:1 mixture of Bi-1 and H2Sal after 7 days 

aging at 95oC 100% RH; 1:1 mixture of Bi-1 and H2Sal after 11 days aging at 

95oC 100% RH; Bi-2 after 8 months aging at room temperature 100%RH (no 

reaction); Bi-2 after 3 days aging at 95oC 100%RH; Bi-2 after 7 days aging at 

95oC 100%RH; Bi-2 after 11 days aging at 95oC 100%RH; 10% Bi-1+90% Bi-2 

manually mixture; 20% Bi-1+80% Bi-2 manually mixture. 
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We believe that the observed equilibration behavior can be explained by the 

release of salicylic acid upon aging of Bi-2 at 95oC and 100% RH. In the second 

step of Bi-1 synthesis, the released salicylic acid subsequently reacts with 

remaining bismuth oxide which pushes the equilibrium towards the formation of 

Bi-1. As shown in Figure 3.4, four equivalents of Bi-1 are produced within each 

cycle, while two equivalents of consumed Bi-2 can be regenerated by the reaction 

of released salicylic acid with bismuth oxide. Finally, as shown by PXRD analysis, 

only Bi-1 is left at the end of the reaction. 

 

 

Figure 3.4. (a) Proposed mechanism of the Bi-2 and Bi2O3 aging reactions; (b) 

PXRD patterns for Bi-2 and Bi2O3 aging reactions, from top to bottom: bismuth 

oxide (Bi2O3); salicylic acid (H2Sal); Bi-1; Bi-2; 2:1 stoichiometric mixture of Bi-

2 and Bi2O3 after 10 days aging at room temperature and 100% RH (no reaction); 

2:1 mixture of Bi-2 and Bi2O3 after 1 day aging at 95oC and 100% RH; 2:1 

mixture of Bi-2 and Bi2O3 after 3 days aging at 95oC and 100% RH; 2:1 mixture 

of Bi-2 and Bi2O3 after 7 days aging at 95oC 100% RH; 2:1 mixture of Bi-2 and 

Bi2O3 after 9 days aging at 95oC 100% RH.  
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The previous investigation of Bi-2 revealed4 that upon recrystallization from 

acetone it readily forms nanosized clusters of bismuth oxide, decorated with 

salicylate ligands and acetone molecules with composition of 

Bi38O44(HSal)26(Me2CO)16(H2O)2,
3 which led us to explore the ability to use Bi-2 

as a versatile precursor for a more general synthesis of such bismuth oxo-clusters 

(detailed procedure has been illustrated in Experimental Section). The first target 

in such a study was to establish the ability to scale-up the previously reported 

work.4 This led to a reliable recrystallization-based procedure which provided the 

acetone-decorated bismuth oxo-clusters in 71% isolated yield from 1 gram of Bi-2 

after overnight evaporation of 300 mL of an acetone solution. According to single 

crystal diffraction data, the resulting product crystals only contained the expected 

oxo-clusters based on the Bi38O44(HSal)26 core, decorated by acetone and water 

molecules. As the next step in our study, we explored recrystallization of Bi-2 

from other ketones, in expectation to obtain oxo-clusters based on the 

Bi38O44(HSal)26 core but decorated with a diversity of organic molecules. Indeed, 

recrystallization of Bi-2 from 2-butanone and cyclohexanone gave well-developed 

crystals whose preliminary structural characterization revealed the expected 2-

butanone- and cyclohexanone-decorated oxo-nanoclusters (Figure 3.5a). While 

the 2-butanone-decorated clusters adopted a crystal packing structure that was 

identical to that seen with acetone and DMF4, using cyclohexanone as the cluster 

decorating agent led to a change in space group and molecular packing. This 

observation indicates that changes in decorating molecule lead to different 

recognition properties of the decorated clusters. In addition to X-ray single crystal 

diffraction, the decorated clusters were also investigated in solution using 

dynamic light scattering (DLS), which indicated cluster sizes resembling those 

seen in the solid state (Figure 3.5b). The decoration of oxo-clusters with different 

solvent molecules in the solid state was also apparent from the comparison of 

their FTIR-ATR spectra (Figure 3.5c).   
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Figure 3.5. (a) A series single crystals of surface-decorated bismuth salicylate 

oxo-nanoclusters; (b) DLS measurements of the size of nanoclusters in their 

respective solvents of decoration; (c) FTIR-ATR spectra of different decorated 

nanoclusters. The characteristic absorption bands are located in the 1500-1700 

cm-1 region.  

 

We have also explored the ability to decorate the oxo-nanoclusters with water 

molecules only, by precipitating the acetone solutions of Bi-2 with water. This led 

to an insoluble white powder that could not be readily recrystallized. 
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Consequently, we addressed its structure through SSNMR (C13) and TGA. The 

solid-state NMR spectrum in the 100 ppm - 180 ppm region was found to be 

identical to those of DMF- and acetone-decorated oxo-nanoclusters. Also, the 

results of TGA were consistent with the formula Bi38O44(HSal)26(H2O)5. We 

believe that these clusters, decorated with water molecules only, might have 

considerable potential for the development of nanopharmaceuticals. We also used 

AFM to explore the aqueous suspensions of these water-decorated nanoclusters 

and found the formation of aggregates with nanoscale heights and diameters 

(Figure 3.6). 

 

Figure 3.6. AFM image and analysis of aqueous suspension of proposed water-

decorated bismuth salicylate oxo-nanoclusters. 

 

3.5 Conclusions 

We have demonstrated the interconversions of different bismuth salicylates and 

the versatile role of bismuth disalicylate in the synthesis of bismuth subsalicylate 
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and decorated bismuth oxo-nanoclusters. Conditions and mechanisms of 

accelerated aging reactions towards bismuth subsalicylate and bismuth 

disalicylate have been discussed in detail. In the future are planned further 

investigations of supramolecular assembly of bismuth salicylic oxo-nanoclusters 

and their potential pharmaceutical applications. 
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Chapter 4. Conclusions, Contributions to 

Original Knowledge and Ideas for Future 

Work 
 

This thesis introduced mechanochemical milling and accelerated aging, two 

remarkable solvent-free, low-energy synthetic approaches for MOMs synthesis 

and mineral processing. The accelerated aging method has been focused on and a 

comprehensive biography of this newborn method has been illustrated, including 

the inspiration from geological biomineralization, its relationship and comparison 

with mechanochemical milling, its standard and alternative reaction conditions, its 

kinetics and thermodynamics, its applications for different MOMs synthesis 

(coordinated polymers, MOFs, metallodrugs) and its metallurgical use for non-

ferrous mineral separations.  

 

Contributions to original knowledge include: 

1. The first systematic study of the synthesis of MOFs and coordination 

polymers directly from metal oxides by accelerated aging technique. 

2. Cheap and inert mineral feedstocks (metal oxides and sulfides) across 

periodic table have been successfully activated and stoichiometrically 

converted to MOMs with controlled topology (coordinated polymers, 

MOFs, metallodrugs) by accelerated aging for the first time. 

3. It was proven that ammonium oxalates have templating effect on solid-

state synthetic pathways, such as accelerated aging. 

4. It was systematically studied how accelerated aging is influenced by 

different environmental factors, including temperature, humidity, particle 

size and defects (the last two are modified by pre-milling). 

5. Kinetics and thermodynamics of accelerated aging reactions have been 

studied case by case, including polymorphic transformations of manganese 

oxalate dihydrate, solid state equilibrium of bismuth disalicylate and 
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bismuth subsalicylate, and the mechanism of bismuth subsalicylate 

accelerated aging synthesis.   

6. For most of the chosen compounds, up to 10 gram scale accelerated aging 

reactions have been successfully conducted. Thin layer and large exposure 

area keep the rate of the large scale reaction similar to that of milligram 

scale reactions, indicating potential for industrial applications. 

7. Based on kinetics of accelerated aging, a new solid-state separation 

method has been developed for industrial mineral processing. A 

provisional patent (US 61/826,172) has been obtained, aiming to lower the 

cost, risks and pollution of current metallurgical techniques. 

8. ILAG syntheses of bismuth salicylates have been scaled up to 1 gram.  

9. Transformations between different bismuth salicylates have been reported 

for the first time. Bismuth disalicylate has been proved to be a highly 

versatile precursor for the synthesis of bismuth subsalicylate and bismuth 

oxo-nanoclusters 

10. A series of decorated bismuth oxo-nanoclusters have been synthesized and 

structurally determined. Some of them, especially the water-decorated 

bismuth oxo-nanocluster have great potential for the application of nano-

pharmaceuticals. 

 

At this point, it is not possible to clearly evaluate the cost of scaling up 

demonstrated transformations to the industrial level. However, as a part of 

future development, we are currently looking for industrial partners that would 

support scaling up of these processes to a pilot plant level, which could open a 

door to cleaner mining processing. In order to extend the applications of 

accelerated aging, more types of minerals such as carbonates, phosphates and 

high-valent metal oxides/sulfides need to be explored for activation and used 

as feedstocks in the future. More complicated and useful MOFs can be 

targeted and synthesized from inexpensive minerals in order to lower the cost 

and pollution associated with their production and makes them more readily 

available for potential application. Organic and biochemical reactions can be 
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investigated in the solid state under accelerated aging conditions, especially 

those conducted in water. Gas compositions of accelerated aging can also 

been changed: pure nitrogen for air-sensitive reactions, pure oxygen for redox 

reactions, or even pure hydrogen, e.g. for making hydrogen storage materials 

directly from hydrogen gas. Microscopic and synchrotron studies of 

accelerated aging reactions are necessary to understand the underlying 

mechanisms and self-assembly. Systematic studies of the relationships of pre-

milling time, particle size and reaction rates are important for building the 

fundamentals of the solid-state mineral separation. In the field of bismuth 

chemistry, decorated bismuth oxo-nanoclusters can be used as building blocks 

for supramolecular chemistry. More modifications on the surface of such 

nanoclusters, for example, the attachment of hydrophilic or charged groups, 

may improve the water solubility of these bismuth salicylate oxo-nanoclusters 

and extend their applications towards the fields of materials and 

pharmaceutical science.             


