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1 MOTIVATION  

ṽIn anything at all, perfection is finally attained not when there is no longer 

anything to add, but when there is no longer anything to take away, when a 

body has been stripped down to nakedness.Ṿ 

Antoine de Saint-Exupéry: Terre des hommes (1939) 

What sounds like an invitation to simple living or minimalism is rather the main goal of any invention 

proclaimed by the French pioneering aviator and author. Writing initially on  Ỹmodernỹ airplanes (in 

1939), he finds perfection in a machine, designed so simple that humans forget about its presence 

while using it.[1] Thus, the machine engineering culminates in a Ỹspontaneous whole, its parts 

mysteriously fused togetherỹ that seems to be simply discovered from nature instead of gradually 

invented. Nonetheless, it still remains a man-made tool.[1] But does this mechanisation distract men 

from nature? In contrast, de Saint-Exupéry argues that it joins people to each other. Furthermore, it 

aids people to rediscover, explore, and analyse nature. This motivates technical development to 

strengthen the progress of our civilization. The ultimate principle within this development is to reach 

inconspicuousness in a positive meaning. Technology has to fulfil its functionalities effortless without 

forcing itself into perception or distraction of the user. Even more important, it must not impair 

neither nature nor humans in social or economic status, now and in the future. Perfection is reached 

through accomplishment of this tenet.[1] To de Saint-Exupéry, an early, vague idea of sustainability 

can be ascribed, that is today more urgent than ever and advancing in the common consciousness. A 

peak was reached in 2015 as the United Nations (UN) general assembly announced 17 sustainable 

development goals.[2] Globally accomplished, these shall guide future evolutions. 

What does this mean from a chemistỵs viewpoint? Contrary to the customary practice of the last 

centuries, chemicals and chemical processes must be designed safe and environmentally friendly, 

while at the same time conserving resources. Also, long term consequences must be eliminated to 

allow for the well-being for future generations. A main part within this is to reduce the production of 

toxic waste, often originated from solvents.[3,4] Therefore, new pathways have to be discovered instead 

of refining conventional routes little by little. In fact, these are the key points of green and sustainable 

chemistry.[5ữ7] Driven by environmental and societal problems, these were increasingly accepted and 

established during the last years. Albeit, much more effort must be made to realise a completely 

sustainable civilization. 

One possible implementation and subject of the present thesis is mechanochemistry. The term 

describes a subdiscipline of chemistry where chemical reactions are initiated by mechanical force.[8] 

This technique is characterised by economic efficiency, scalability, and the mainly solvent free 

conditions.[9,10] Although known in ancient times,[11] mechanochemistry played a minor role during 

the last century, but re-emerged as a green alternative in the past few decades, predominantly adapting 

procedures from earlier solution-based chemistry.[12] In mechanochemical catalytic reactions for 
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instance, catalyst complexes are used with ligands that originally ensured solubility in the former 

reaction media.[13] Since no solubility is necessary in the solvent free reaction environment, the 

complexes can be simplified to ligand free salts and the salts even to pure metal powder catalysts. 

However, the catalyst recycling from the reaction mixture remains difficult for complexes, salts, and 

metal powders alike. They are mostly depleted after use, thwarting simplicity, and sustainability 

ambitions.[14] 

To overcome these drawbacks, the ideal integration would reduce components and fuse parts together. 

Therefore, the reactor itself is the simplest catalyst. In a machine like a ball mill, that means the use 

of catalytic milling material - milling balls and vessels ữ subsumed in the concept of Ỹdirect 

mechanocatalysisỹ, which is the essential topic of the thesis on hand. This concept reduces the catalyst 

to the active metal without any additional components. Likewise, the catalyst accounts for the 

reactionỵs energy input. Separation is strongly simplified, and process steps are reduced. In detail, the 

palladium catalysed Suzuki coupling as well as the copper catalysed Ullmann reaction/coupling, and 

Glaser coupling will be investigated. 

All in all, mechanochemistry might enable to strip a catalyst Ỹdown to its nakednessỹ and fuse it with 

the Ỹmachineỹ, meaning the use of the catalytic metal itself in the form of the milling material. This 

attempt towards waste reduced, sustainable catalysis is investigated in this thesis. Thus, direct 

mechanocatalysis may help to bring our civilization back to the nature in accordance with the idea of 

de Saint-Exupéry and in the spirit of sustainable living. 
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2 STATE OF THE ART 

2.1 Sustainability, Green Chemistry and Green Metrics 

Sustainability was defined by the UN World Commission on Environment and Development as 

Ỹmeeting the needs of the present without compromising the ability of future generations to meet 

their own needsỹ.[2] As such it is an uncompromising prerequisite to ensure the prolonged existence 

of our civilization. Accordingly, from a chemistỵs viewpoint it means to follow these ambitions 

(denoted as the UN 17 Sustainable Development Goals)[2] in his field to take part in this evolution and 

conduct sustainable chemistry.[7,15,16] Affiliated thereto is the term of Ỹgreen chemistryỹ, that, however 

often used tantamount especially in media, has a narrower focus on minimizing personal and 

environmental hazards.[7,17,18] In turn, the green (in the meaning of ecological) chemistry needs to 

merge the economic and the societal aspects owing to their systematic interconnections to truly 

accomplish sustainability.[19] This areaỵs guiding light was ignited in 1998 by Anastas and Warner, 

introducing the 12 principles of green chemistry (see Figure 2.1) as design fundamentals for chemical 

substances and processes.[5,6] Concerning the whole life cycle of a chemical, they overall advertise 

efficiency and safety to reduce waste production, environmental pollution, resource and energy 

consumption as well as hazards that caused ample calamities in the past. Powered by new legal 

regulations and growing social consciousness, the last decades saw green chemistry broadly 

established from chemical science and industry to politics, education and society.[6,14,20] Naturally, 

when unsustainable chemicals and processes are replaced by sustainable alternatives, just evaluation 

of their impact is necessary. 

Figure 2.1 The 12 principles of green chemistry.[5,6] 
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For this purpose, numerous green metrics as tools for quantification of the ecological impact were 

developed. Among the first was the atom economy (AE, Equation 1) that characterizes the efficiency 

of a chemical conversion towards the incorporation of reagent atoms in the products like in green 

chemistry principle 2.[21] However, this is mostly of theoretical value in comparison of reaction types 

and not suitable as standalone parameter. The E factor (Equation 2), first conceptualized in 1992 by 

Sheldon, represents the actually produced amount of waste per mass of product in a whole process 

(principle 1).[3,22] Values of this metric vary from <0.1 for efficient processes in oil refining industry to 

>100 in fine chemicals and pharmaceuticals synthesis, meaning the production of more than hundred 

times the product mass as waste.[3] Various metrics followed these with or without including water, 

focusing on solvents, carbon atoms etc.[19,23ữ26] Here the mass intensity (MI, total process mass per 

mass of product, Equation 3)[27] and its reciprocal, the mass productivity (MP, Equation 4),[23] should 

be mentioned. Both are easily accessible on the laboratory scale via the mass of all starting material. 

Other metrics do not aim at the waste production directly but include the energy consumption of a 

process, e.g. in absolute electric energy consumption (EEC, Equation 5)[28,29] or equivalents of CO2 

emission.[19,24,26] 

  (1) 

  (2) 

  (3) 

  (4) 

  (5) 

Nonetheless, all these mass-based metrics reflect on how much waste is produced and do not consider 

the type of waste, despite the lower environmental impact of sodium chloride is clearly understandable 

compared to organic solvents or persistent organic pollutants. Consequently, other metrics with 

respect to this came up. The environmental quotient (EQ) multiplies the E factor by an 

environmentally hazardous quotient Q (e.g. Q = 1 for NaCl, Q = 100-1000 for heavy metals, depending 

on their toxicity).[3,30] Deeper analysis towards sustainability is provided for example by the EcoScale 

that adds economic factors.[31] This particular metric assigns an ideal process with 100 points 

subtracted by penalty points regarding six parameters (yield, price of reaction components, safety 

hazards, technical setup, reaction conditions, workup and purification; see Chapter 5.1.4 for details). 

The final score (from 0 to 100) is ranked excellent with scores >75, acceptable >50 or inadequate <50.[31] 

Undisputedly useful on laboratory scale, the EcoScale still lacks an overall view on a processỵs 

sustainability in industrial applications.[19] 
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This holistic analysis is allocated by life cycle assessment that was developed in order to evaluate the 

environmental impact of a substance during its whole Ỹlifeỹ. This so called Ỹcradle-to-graveỹ concept 

includes raw material extraction, production, transportation, use and disposal or recycling. A plethora 

of methods is used in general dimensioning or confined to specific questions.[17,19,24,26,32,33] However, 

these studies are data and time demanding and therefore suitable only for industrial plants and pilot 

projects.[17,19,32] On the other hand, a holistic approach might include assessment of greenness and 

sustainability on all scales to solve the urgent environmental problems and achieve a sustainable 

living. Efficient use of scientific resources is supported by judgement in the early stages of chemical 

product and process design. Self-evidently, critical evaluation of the herein presented studies towards 

greenness and sustainability on the basis of the above outlined metrics is included. 

2.2 Mechanochemistry 

A promising pathway towards sustainable processes is mechanochemistry,[34] an area of chemistry 

dealing with chemical syntheses initiated by mechanical forces.[8] This principle was first delineated 

300 B.C. by Theophrastus of Eresus who described the grinding of cinnabar in a copper mortar to yield 

mercury.[11] Although mortar and pestle remained important tools in everyday life in both alchemy 

and early chemistry, no profound reports are known on mechanochemistry for the following 2000 

years but only parenthetical mentions.[35] In 1820, Michael Faraday mentioned a grinding induced 

reduction of silver chloride with zinc as the Ỹdry wayỹ,[36] incidentally hinting at a main advantage 

seen today. It came to Walthère Spring and particularly Matthew Carey Lea later in the 19th century 

to conduct the first systematic investigations in this field.[35,37] From this small community, 

mechanochemistry was lifted to a serious area of science in 1919 by Wilhelm Ostwald.[38] His inclusion 

of the term in the classes of chemistry alongside thermochemistry, photochemistry and 

electrochemistry opened up the fieldỵs progression until today.[35,38] 

In the 150 years since Spring and Lea, introducing mechanical energy to perform mechanochemical 

reactions surpassed the grinding with mortar and pestle. Modern chemistry utilizes machine 

equipment like ball mills[35] or extruders.[39] A common alternative is the application of ultrasound.[40] 

However, mechanochemistry in the literature often means syntheses in ball mills as it is considered 

to be in this work.[35] Broad distribution of ball mills from gram to ton scale ensures the possibility for 

applications from lab to industry.[12] Following the definition by Ostwald, it should not be perceived 

as specialty but as alternative reaction pathway that offers plentiful opportunities.[9,12,41,42] In 

particular, most ball milling reactions are performed solvent free or with negligible amounts of 

solvents.[12] Therefore, the main problem of chemical and pharmaceutical industry is tackled ữ the 

huge amounts of chemical waste that mainly originate from solvents.[3,4] Coincidently, safety hazards 

arising from these are reduced. Low energy consumption and short reaction times compared to classic 

solution-based reactions enhance energetic and economic efficiency.[9,10,33] Synthetic difficulties 

arising from solubility problems in conventional syntheses turn insignificant when performed in the 
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solvent free ball milling environment. Mechanochemistry allows new pathways and substances. All 

in all, its sustainability was showcased by numerous examples.[9,41,43ữ50] 

2.2.1 From Mechanochemical Reactions Towards Direct Mechanocatalysis* 

Following the general definition of mechanical energy input, or even more condensed the ball milling 

environment, no restrictions are set for possible reactions. An early discovered field is the synthesis 

of materials such as metal alloys.[35,51ữ53] Grinding stoichiometric amounts of the raw elements or 

precursors provides continuous fracturing and welding of the initial particles. Co-crystals[54ữ56] 

formation is possible and often required in the production of pharmaceuticals.[57,58] Metal organic 

complexes can be readily synthesized from precursors, simple metal salts or even waste,[44,59ữ62] 

neglecting solution specific problems, like low conversions or necessary purification steps.[59] Beyond 

that, polymer materials are accessible such as poly(aniline),[63] poly(thiophene)[64,65] poly(para-

phenylene),[64,66] poly(phenylene vinylene)[67] or the biodegradable thermoplastic poly(lactic acid).[68] 

Even porous covalent organic frameworks[69ữ73] and coordination bonded metal organic 

frameworks[56,72,74ữ78] were achieved using the Ỹdestructiveỹ technique mechanochemistry. Heading 

towards organic chemistry, a multitude of reactions usually performed in solution were already 

performed mechanochemically.[10,79ữ82] Interestingly, even unexpected reactivity occurs, like a 

2-2-cycloaddition of fullerene whereas from solution a hydrocyanation would be expected 

(Equation 6).[83] 

 

 

(6) 

As catalysis is an integral part of the 12 principles of green chemistry (principle 9), catalytic reactions 

are also commonly conducted in ball mills. Possible reactions range from organocatalysis[84,85] over a 

heterogeneously catalysed CO oxidation[86] to metal catalysed reactions.[87,88] Numerous important 

coupling reactions utilizing metal catalysts such as Mizoroki-Heck,[89,90] Sonogashira,[91] Suzuki-

Miyaura,[92] Negishi,[93] Glaser,[94,95] Buchwald-Hartwig[96,97] coupling and more[82,88,98] were adapted 

in mechanochemical processes. In the latter, mostly catalyst complexes originated from solution-based 

syntheses are applied. These complexes are in need of meticulously designed ligands that ensure 

solubility in the reaction medium[13] but suffer from low stability and high expenses.[3] As no solubility 

is needed in the solvent free environment of the ball mill, in many of the aforementioned reactions 

simple, cheap and air-stable metal salts were shown to be suitable catalysts in cross-coupling 

reactions,[66,88,89,99ữ101] homocoupling reactions[99,102] or a click reaction.[103] However, recycling of all 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Parts of this chapter were literally adopted from my publications.[125,280] 
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these catalysts is difficult and costly.[104] They are mostly disposed after a reaction, thwarting green 

synthetic pathways.[14] 

A technique to overcome this issue is the direct mechanocatalysis.* It uses the metallic milling material 

itself, i.e. the milling ball or vessel as catalyst.[105] This allows for simple, easy to handle and cost 

efficient catalyst materials. Thereby, the catalyst separation is strongly simplified, facilitating a 

straightforward reuse while process steps as well as waste amounts are reduced.[3,14,106] The direct 

energy input to the catalyst surface instead of dispersion in the whole catalyst containing reaction 

mixture provides efficient conversion. On the other hand, many catalytically active metals have low 

hardness and robustness, causing wear that might contaminate the product. Alternatively, more 

resistive alloys may initiate side reactions from the alloying metal. Pioneer work on this concept was 

done by the Mack group, who replaced the copperI iodide co-catalyst in a Sonogashira coupling by a 

copper vessel and copper balls (Equation 7).[91] With the same milling material, they developed a rapid 

and efficient azide-alkyne type click reaction.[107] Expanding to other metals, they used nickel pellets 

as milling balls in a cycloaddition of alkenes towards cyclooctatetraenes.[108]ἂ Also cyclopropanation 

and cyclopropenation with silver or copper foil catalyst lined milling vessels were reported.[109,110] 

Other groups picked up the methodology and showed that even stainless steel milling equipment 

could serve as a catalyst for hydrogen generation[111,112] and for the reduction of organic 

compounds.[113,114] Further examples include a cross-dehydrogenative coupling using copper balls[115] 

and C-N couplings with a brass milling ball.[116,117] 

 

 

(7) 

Though the aforementioned works include some notable examples, direct mechanocatalysis still 

comprises a huge untapped potential. Establishing such reactions in chemical processes is believed to 

contribute to greener chemistry and solving environmental problems.[105] Therefore, the aim of this 

thesis is to expand on the concept, discovering further direct mechanocatalytic reactions while gaining 

insights beyond the sole phenomenology. 

2.2.2 Influencing Parameters in Mechanochemical Reactions 

Mechanochemical reactions in ball mills underlie various parameters that differ from reactions in 

solution. These parameters are classified by Stolle into technological, process and chemical 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* The term mechanocatalysis was recently used for the activation of precatalysts via mechanical bond 
cleavage.[61] Expanding this to Ỹdirect mechanocatalysisỹ aims to show that no activation step is necessary since 
the milling materials (e.g. milling ball and vessel or extruder screw and barrel) directly are the active catalyst 
plus confine the energy input to the surface of the catalyst material in the mechanochemical process. The milling 
material just needs to be chosen accordingly to the underlying reaction.[105] 

ἂ This particular reaction predominantly yielded cyclooctatetraenes whereas in solution the trimerization to 
benzene derivatives is favoured.[108] 
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parameters.[12] Hereunder, an excerpt of the parameters most important and relevant for this thesis 

shall be discussed. 

Technological parameters include all influencing factors of the milling material and the ball mill 

itself.[12] Two types of ball mills are used herein. The planetary ball mill (PBM) has the milling vessel 

eccentrically mounted on a sun disk, both rotating in opposite directions; in a mixer ball mill (MBM) 

the vessel oscillates on a circular arc (Figure 2.2).[12] Despite the different operational modes, both 

proved to give comparable results and even a transfer of reactions is possible.[94,118] 

Furthermore, the milling material has huge influence. The density and size (typically 5 to 30 mm in 

mechanochemical syntheses) of the milling balls determine the achievable kinetic energy 

(Equation 8).[12] Together with the materialỵs hardness, the energy transfer to the substrate is affected. 

This also leads on to chemical and wear resistance, regarding side reactions by leached catalytic 

elements, product contamination and long term usability of the milling material.[12] Various materials 

are established (see Table 2.1) and need to be chosen according to the requested application. On 

laboratory scale, especially hard and resistive ceramics like zirconium dioxide, silicon nitride or 

Table 2.1 Overview of common milling materials and their properties.[12,119,120] 

Milling material  Composition  Vickers 
hardness 

Density π /  
g cm-3 

Abrasion resistance 

PTFE C, F elastic 2.1 Very good 

Glass SiO2, Na2O, CaO, MgO 500 2.5 Low 

Stainless steel Fe, Cr 550 7.7 Moderate 

Hardened steel Fe, Cr, C 750 7.8 Good 

Agate SiO2 1000 2.7 Good 

Tungsten carbide WC, Co 1200 14.8 Very good 

Zirconia  ZrO2, Y2O3 1250 6.0 Very good 

Corundum  Al2O3 1750 3.9 Good 

Silicon nitride  Si3N4 1750 3.2 Excellent 

Figure 2.2 A: PBM Fritsch Pulverisette 7 premium line and B: MBM Retsch MM400. 
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tungsten carbide are often used whereas the industry prefers more cost efficient steel milling materials 

(Figure 2.3).[119] Since the concept of direct mechanocatalysis implies catalytically active milling 

material, this parameter is of particular interest in this work. More precisely, catalytic metals are 

ductile materials of lower hardness compared to the above-mentioned ceramics. Thus, balancing 

between wear resistance and catalytic activity is necessary. Alloys with higher hardness than the pure 

metal like steel and bronze (Figure 2.3 A) may facilitate this. 

Finally, the number of milling balls is significant and depends on the mill type and milling vessel size 

plus the filling degree (one third of volume each the milling balls, reactants and free moving capacity 

proved ideal).[12,121] Moreover, a higher number of milling balls offers higher active surface and more 

possibly reactive collisions, therefore speeding up the conversion. 

 ẗ ẗ  (8) 

Process parameters comprise the reaction time and temperature by analogy to classical syntheses. In 

addition, the frequency of the rotation or vibration of the ball mill correlates with the energy input 

(Equation 8) and hence the conversion.[12,122] The implemented energy is furthermore dissipated, 

elevating the temperature dependent on the milling material.[12,123] This frictional warming results in 

nearly ambient temperatures, e.g. for poly(tetrafluoroethylene) (PTFE) or zirconium dioxide at low 

frequencies, and up to 120 °C with tungsten carbide at high frequencies.[12,123] To broaden this range, 

techniques and new ball mills were invented to cool[52] or heat[122] the milling vessels and therefore 

control the thermal energy contribution. 

Chemical parameters encompass a huge variation and are subordinate to the chemical transformation. 

The energy input is of fundamental importance that is obliged to be sufficient for the specific reaction 

and results in no conversion if it is too poor.[122] In contrast, excessive energy input might degrade 

sensitive components.[124ữ126] Approaches to further bias a mechanochemical reaction include the 

introduction of an inert bulking material to increase the reaction mass. This facilitates the energy 

transfer, homogenises the heat distribution with regard to sensitive reagents, or allows smaller batch 

sizes with maintained filling degree.[12,127] Also, bulking materials can adsorb products to avoid 

agglomeration or slurrying.[123,127] In the case of liquid assisted grinding (LAG), small amounts of 

solvents (<0.2 λLSolvent mg-1
Powder) are added[56,128] that putatively elevate the molecular mobility,[9] and 

Figure 2.3 Milling balls of typical materials (A) and different sizes (B). From left to right A: steel, WC, ZrO2, Si3N4 and bronze 
(CuSn8). B: ZrO2 5, 10 and 15 mm. 
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besides may alter the product selectivity.[129ữ131] Like bulking materials, the LAG solvent can adsorb 

products, for instance to diminish the pressure if a gaseous product is released.[123] Reactions with 

gaseous reactants need to consider the confined space of the sealed milling vessel or use special setups 

with gas flow.[86] Mechanochemical syntheses offer the usage of catalytic reactions that ữ as already 

depicted in Chapter 2.2.1 ữ do not need complexing ligands to ensure solubility. Stepping further 

towards direct mechanocatalysis demonstrates the interconnection of all the above discussed 

parameters. Lastly, a careful adjustment of all parameters is required and fundamental research in this 

field should continue. 

2.3 C-C Coupling Reactions 

The formation of C-C bonds plays an important role in organic,[132ữ134] pharmaceutical[135,136] and 

polymer chemistry.[137ữ139] Numerous coupling reactions were developed to tackle this problem[140] of 

whom the majority is catalysed by palladium or nickel species.[132,137,141,142] Although less common, 

alternative catalysts include copper,[143,144] iron,[145] cobalt[146] and more.[147] In most cases, these 

catalyst species are applied as homogeneous complexes whose ligands ensure solubility in the reaction 

medium and may control selectivity.[13] Besides, heterogeneous alternatives are discussed in the 

literature, utilizing supported catalysts, nanoparticles or even metallic applications.[148ữ152] The 

following chapters outline the herein relevant coupling reactions. 

2.3.1 Suzuki Coupling 

One of the outstanding reactions in C-C cross couplings is the Suzuki (also Suzuki-Miyaura) 

coupling.[132] Akira Suzuki discovered this pathway in 1979[153] and due to his great effort in cross-

coupling chemistry alongside Ei-ichi Negishi and Richard Heck was honoured with the 2010 Nobel 

Prize in chemistry.[132] In this particular reaction, aryl or vinyl halides are coupled with boronic acid 

compounds using a palladium0 catalyst complex under basic conditions (Equation 9).[153,154] 

 

 

(9) 

The mechanism of the Suzuki coupling follows a similar catalytic cycle than other Pd catalysed 

reactions (Figure 2.4).[155] Initially, the aryl halide adds oxidatively to the Pd0 catalyst, forming PdII. In 

the subsequent metathesis, the halide is replaced by the anion of the base, followed by the 

transmetallation between PdII and the base activated borate compound. Finally, the C-C bond is formed 

and the catalyst is reductively eliminated to regain the initial Pd0 complex.[154,155] 
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In general, the Suzuki coupling requires mild reaction conditions and offers high selectivity while a 

plethora of functional groups of the substrates is tolerated. The formed inorganic by-products are 

facile separable. However, side reactions like homocoupling of the boronic acid or isomerization occur. 

Especially the organoboron compounds are usually air- and moisture stable, commercially available, 

and less hazardous than the organostannanes in the related Stille coupling. All in all, the reaction has 

extensive applications in organic syntheses, from research lab to industry scale.[132,135,154ữ156] 

As numerous as the applications are the modifications of the Suzuki coupling. Various catalysts were 

developed that expanded the substrate scope towards unreactive aryl and alkyl halides, boronic esters 

and borate salts.[154,157] Advances were further made in reactions towards polymer materials[139] or 

even replacement of the Pd catalyst by Ni.[158] Furthermore, heterogeneous versions with recyclable 

catalysts like immobilized complexes, nanoparticles or Pd on support as far as solid Pd materials and 

others were deployed.[152,159,160] With the aim of greener syntheses, reaction protocols in ionic liquids 

or simply water were established.[161,162] 

 

 

(10) 

Consequently, the next steps transferred the Suzuki coupling to the solvent free environment of the 

ball mill.[12,161] This was first done 2000 by Nielsen et al. who used the Pd(PPh3)4 catalyst renown from 

the initial solution-based concept (Equation 10).[92] Later, Klingensmith and Leadbeater simplified the 

protocol by the application of ligand free palladiumII acetate salt since no solubility providing ligands 

are required in the solvent free mechanochemical reaction.[99] Further investigations expanded on the 

scope with respect to bases and substrates or a recyclable immobilized catalyst.[12,163] Finally, the 

Suzuki polycondensation established in solution was conducted mechanochemically by Grätz et al., 

Figure 2.4 Schematic mechanism of the Suzuki coupling. 
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reaching one of the highest degrees of polymerization (up to 164) for linear poly(para-phenylenes) 

reported so far (Equation 11).[66] 

 

 

(11) 

2.3.2 Ullmann Associated Reactions* 

A whole number of reactions is associated with the name of Fritz Ullmann (1875-1939)[164] that are 

overall mediated by copper. The classical Ullmann reaction denotes the reductive homocoupling of 

aryl halides which uses quantitative amounts of Cu, giving copper halide as by-product 

(Equation 12).[164] Discovered in 1901, it was among the first possibilities to form aryl-aryl bonds.[165] 

This lead to early success and widespread applications, regardless of the harsh reaction 

conditions.[155,166] However, the Ullmann reaction dwindled as Pd catalysed cross couplings emerged 

that overcame the restriction to symmetric biaryls.[166] 

 

 

(12) 

The initial reaction was performed using copper bronze and the substrate molten or dissolved in 

nitrobenzene.[165] The reactivity increases from chlorine to bromine and iodine, and is enhanced by 

electron withdrawing substituents, whereas e.g. amino, hydroxyl or carboxyl groups are prone to side 

reactions (see Ullmann condensation in the following).[166ữ168] Up to now, the reaction mechanism is 

not fully resolved. The most widely accepted one is based on oxidative addition and reductive 

elimination with aryl copper intermediates.[155,169,170] Under the classic conditions, the Cu surface was 

passivated by an oxide layer whereas later alternative solvents (particularly dimethylformamide, 

DMF) allowed the use of activated Cu species and lowered the reaction temperature. Attempts 

therefore include washing, ultrasonication, fresh reduction or use of finely distributed Cu on 

support.[166,168,170] Furthermore, homogeneous protocols were developed for the initially 

heterogeneous reaction with CuI salts or CuI carboxylates that allow room temperature (RT) 

synthesis.[143,155,166] Substitution of Cu is possible with Ni in stoichiometric amounts as pure metal or 

complex.[166] Catalytic amounts of Ni or Pd also proved applicable but require an additional reducing 

agent, usually zinc, sodium hydride, sodium formiate or others.[166,170] Derived from the catalytic 

pathway, green protocols were developed using water, ionic liquids or supercritical CO2 as solvents, 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* In this work, I want to distinguish between Ullmann reaction (aryl halide homocoupling, Cu stoichiometric) 
and Ullmann condensation (nucleophilic aromatic substitution of aryl halide, Cu catalytic). The latter includes 
all variants like Jourdan-Ullmann reaction, Goldberg condensation, Hurtley reaction etc without offense and 
simply shortened for practicability. Instead, the term ỸUllmann-typeỹ reactions is not clearly defined but often 
referred to Ullmann reaction and condensation alike and beyond. Thus, it is not used herein. 
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heterogeneous catalyst systems or microwave/ultrasound assisted synthesis.[171] Extensive 

modifications and advancements have been published and reviewed, wherefore this will not be 

contemplated herein.[166ữ168,170ữ172]  

Noteworthy within this thesis is a ball milling protocol, realized by the Mandouma group.[173,174] Nitro 

aryl halides were milled using Cu balls in a custom-made Cu milling vessel for 12 h to afford biphenyl 

products up to 97% yield. The milling not only provides the activation energy but fractures the Cu 

particles, giving fresh surfaces and thus activating them for the reaction. Although the milling 

materials were reusable after cleaning, they must have been consumed stoichiometrically.[173,174] 

Consequently, this approach differentiates from the concept of direct mechanocatalysis outlined in 

Chapter 2.2.1 but, however, showcases the potential of specifically designed milling materials. 

After reporting the biphenyl synthesis (Ullmann reaction) and using the same protocol, Ullmann 

discovered the formation of diaryl amine from aniline with 2-chlorobenzoic acid (1903)[175] and 

extended this to diphenyl ether (1905).[176,177] In 1906, Irma Goldberg reported the first arylations of 

amides and amines with catalytic amounts of Cu and added base in nitrobenzene (Equation 13).[178]* 

The C-C coupling of aryl halides with α-dicarbonyl compounds by William Hurtley followed 1929.[179] 

Overall, nucleophilic aromatic substitution reactions of aryl halides utilizing Cu catalysts can be 

paraphrased as Ullmann condensations.[164] 

 

 

(13) 

In the following decades, the Ullmann condensation was thoroughly investigated, and the scope was 

broadened. Bond formation is feasible for N, O, C, S, P and Se-nucleophiles (these do not necessarily 

have to be aromatic) and the aryl halide can be activated by electron withdrawing groups in ortho or 

para position.[143,155,169,180] This opens up a variety of possible target molecules. Inorganic bases, 

especially K2CO3, Cs2CO3 and K3PO4, provide the best results whereas most organic bases are not 

applicable.[169] The harsh temperatures require high boiling solvents that benefit from free electron 

sites due to coordination of the Cu species.[169,181] Implementation of complex ligands proved most 

successful for bidentate ones (N,N; N,O; O,O) but phosphines or others work as well.[143,155,180,182] 

Finally, the Ullmann condensation tolerates Cu sources in the form of metal, alloys, oxides, salts or 

complexes. The ligands can also be added separately.[169,182] This represents an advantage towards Pd 

catalysed reactions. Among these the Buchwald-Hartwig reaction can be seen rather as supplement 

than alternative, expanding the substrate scope in C-N bond formations.[155] 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Retrospectively, these were the primal steps in cross coupling chemistry although nowadays the first thought 
of it aims at Pd catalysis. Interestingly, the chosen substrates already provided ortho chelating substituents that 
still are important today.[143,180] 
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The mechanism of the Ullmann condensation is not clearly elucidated. Widely accepted is a proposal 

including an oxidative addition and reductive elimination cycle similar to Pd cross 

coupling.[143,144,155,164,169,181] However, it depends on the specific reaction system.[143,164] Radical 

mechanisms were also discussed but have been deemed unlikely.[155,164] 

The growing interest in green and sustainable chemistry returned the focus to Cu as catalyst material 

due to its lower toxicity and cost compared to nickel and palladium.[181] Modifications arose primarily 

for the halide functionality that was exchanged by organoboron, silicon, stannane, lead, bismuth or 

iodonium compounds, giving a number of independent name reactions, which will not be outlined 

here.[164,180] Remaining with the halide substrate, green protocols were developed using water as 

solvent, recyclable heterogeneous catalysts or energy efficient microwave irradiation for 

heating.[169,181]  

Finally, the group of Cravotto reported a mechanochemical protocol for N-arylation in a ball mill using 

Cu powder catalyst (Equation 14).[183] In as little as 30 min milling time they achieved up to 

quantitative yields, outperforming ultrasound and conventional synthesis.[183] Although this study 

focused on aliphatic amino alcohols (with high selectivity for N-arylation) and diamines, it is a 

promising approach for future sustainable Cu catalysis in ball mills. 

 

 

(14) 

Despite the focus set on C-C couplings in this thesis, the Ullmann reaction and Ullmann condensation 

were studied altogether. In principle, C-C couplings are, however, within the scope of the Ullmann 

condensation. 

2.3.3 Glaser Coupling 

The homocoupling of phenylacetylene with CuCl as catalyst in aqueous ammonia solution was first 

described in 1869 by Carl Glaser. He discovered this reaction to proceed via intermediary CuI 

phenylacetylide that readily reacts to 1,4-diphenylbuta-1,3-diyne with atmospheric oxygen 

(Equation 15).[184] Later this was expanded towards the oxidative homocoupling of terminal alkynes 

in general and named after him as Glaser coupling. 

 

 

(15) 

The formed diyne motif is highly unsaturated, plus offers high thermal and moisture stability. Thus, 

the Glaser coupling has widespread use, for example in the early syntheses of heterocycles.[185,186] Also 

natural products and replicas are accessible like antimicrobial, antitumor or pesticidal 

compounds.[187,188] Furthermore, macrocycles or even polymer materials are possible.[187ữ189] 
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The mechanism of the Glaser coupling is not yet resolved and seems to depend on the reaction 

conditions.[187] The best accepted proposal by Bohlmann et al. (Equation 16)[190] is based on the 

discovery of the reagentỵs acidity influence. Alkynes with higher acidity of the terminal proton like 

aromatic alkynes show higher reactivity than less acidic, for example aliphatic ones. The terminal 

alkyne is deprotonated and forms a ο-complex with the CuI species. This complex dimerises, 

undergoing oxidation to CuII by O2 or another oxidant. Finally, the 1,3-diyne product is formed due to 

reductive elimination, regaining the CuI catalyst.[155,187,190] 

 

 

(16) 

Variations of this coupling were developed and in some references are summarized as Glaser-Eglinton-

Hay coupling.[186] The Eglinton coupling uses pyridine-methanol as base and solvent to allow a faster 

and especially homogeneous reaction without the need of an additional oxidant.[191] However, this 

requires stoichiometric amounts of copperII acetate.[155,191] The Hay variant returns to catalytic 

application of CuI salts with O2 as oxidant and further uses tertiary amines, e.g. pyridine or 

N,N,Nẻ,Nẻ-tetramethylethylenediamine as base and ligand.[192,193] With these, the solubility of the CuI 

catalyst is improved and the scope broadened towards the use of organic solvents.[155] In the recent 

years, the range of catalyst ligands, bases and oxidants was extended.[186ữ188] Here, exemplarily the 

addition of N-bromosuccinimide by Li et al.[194] should be mentioned. In combination with CuI as 

catalyst, this is charged to in situ form 1-iodoalkyne that couples with terminal alkyne to give the 

desired product.[194] This approach intermingles with the nearly related Cadiot-Chodkiewicz coupling 

towards asymmetric diynes.[195] While the latter again utilizes CuI salts as catalyst and amine bases, 

one reagent is added as 1-haloalkyne.[155,186] In contrast, the Glaser coupling with different reagents 

would merely yield statistic mixtures of products (Equation 17).[94,186] 

 

 

(17) 

Modern approaches of the Glaser coupling are performed on surfaces of Cu or noble metals.[196,197] 

This gave advance especially in the formation of polymer materials.[198,199] Further efforts were made 

to establish protocols with supercritical carbon dioxide or ionic liquids as less toxic and environmental 

friendly solvents. Totally solvent free protocols were also conducted.[189] A noteworthy microwave 

assisted synthesis utilized a CuCl2 catalyst and potassium fluoride/alumina as base.[200] The group of 

Stolle adapted this in a mechanochemical Glaser coupling.[94] They used the KF/Al2O3 base system 

together with CuI and 1,4-diazabicyclo(2.2.2)octane (DABCO, Equation 18). Quantitative yields could 

be achieved in as little as 10 min reaction time. In this study, also cobalt and nickel salts showed 

activity, but reduced, while CuO as well as PdCl2 lead only to trace amounts of product.[94] The group 
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of Mack picked up the methodology and used Pd(PPh3)4 or Pd(OAc)2 catalysts with simple potassium 

carbonate as base, superseding an additional oxidant.[95] They needed six hours of milling to reach 

comparable yields. Moreover, they used the Pd catalyst in a Cu milling vessel, giving 80% yield. 

Interestingly, from a blind experiment up to 16 h milling time without Pd species and solely Cu milling 

material no product was isolated despite the primordial Cu catalysed nature of the Glaser coupling.[95] 

 

 

(18) 

2.3.4 C-C Coupling in Polymerization 

Synthetic polymers are ubiquitous and the importance of C-C coupling reactions in polymer chemistry 

was already outlined. Unfortunately, polymer materials are mainly petroleum-based and their 

persistence causes a main share of environmental pollution.[201,202] Biodegradable polymers from 

renewable feedstock may overcome this deficit (green chemistry principle 10). Beyond rubber and 

plastics, specifically tailored polymers are widely needed in optics, electronics, catalysis, green energy 

generation, gas storage, medicine and so on.[137,138,201] Thus, highly functional polymers can take part 

in development towards sustainability.[14,201] Accessing these and implementing the intended 

properties requires meticulous design and precise synthesis including the formation of C-C bonds.[138] 

Coupling reactions offer a versatile tool on a molecular scale and this holds true for polymer 

syntheses.[137ữ139] 

Classic syntheses of polymers are often restricted by solubility problems resulting in low degrees of 

polymerization. Therefore, large amounts of solvents, solubilizing groups or energy demanding 

synthetic routes are introduced.[137,139,202,203] Contrarily, recent studies on sustainable polymers 

predominantly focused on renewable feedstock and biodegradable products instead of synthesis.[204ữ

206] Mechanochemical reactions have proved a sustainable pathway[9,12,41,42] and may contribute to the 

filling of this void. Since they inherently overcome solubility problems,[9,41] polymerization reactions 

especially benefit and modifications turn obsolete. This preserves the functionality and improves to a 

greener synthesis. Meanwhile a plethora of established and even hitherto inaccessible polymer 

materials was synthesized in this fashion and depicted in Chapter 2.2.1.[9,12,39,207] The coupling 

reactions tackled in this work were already used in polymer syntheses but mechanochemical 

polymerization is only known for the Suzuki coupling.[66] This showcases the untapped potential of 

mechanochemistry in polymer chemistry which is attempted to be challenged herein. 
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3 RESULTS AND DISCUSSION 

3.1 Suzuki Polycondensation* 

The Suzuki coupling is an important representative of C-C cross coupling reactions that is also applied 

in polymer chemistry (see Chapter 2.3.1). A material accessible via this pathway is poly(para-

phenylene) (PPP) that is promising as conducting polymer in opto- and microelectronics.[208,209] This 

polymer is insoluble but chemically and thermally stable. However, the established solution-based or 

electrochemical syntheses suffer from low yields and molecular weights.[66] A technique to overcome 

these issues is the mechanosynthesis in ball mills. Besides, this offers green potential through waste 

reduction and higher efficiency.[9,41] Utilizing this pathway, it was recently demonstrated that a 

mechanochemical Suzuki polycondensation is possible even with simple palladiumII acetate 

catalyst.[66] This yielded PPP way faster than solution or electrochemical syntheses. In addition, the 

reached degree of polymerization (DP) was greatly elevated.[66] 

In this work, the system of a mechanochemical Suzuki polymerization shall be advanced considerably 

by using the milling equipment itself as the catalyst. This represents substantial advance since 

processing steps are reduced and the separation is greatly simplified. With this goal in mind, a stepwise 

strategy was chosen by first adapting a well-known Suzuki polymerization of 4-bromophenylboronic 

acid to PPP with Pd(OAc)2 salt as catalyst, then transferring it to Pd0 black metal powder and finally 

to solid Pd milling balls and therefore a direct mechanocatalytic approach (see Figure 3.1). In detail, 

the influences of milling material, milling time, catalyst concentration, halide function of the 

monomer, and mill type on the reaction yield and DP were targeted. 

3.1.1 Suzuki Polycondensation with Pd Powder Catalyst 

Firstly, a reference reaction was conducted using Pd(OAc)2 with milling balls and vessel made from 

ZrO2 in a PBM. PPPPBM-Ref (Table 3.1) was obtained with a yield of 47% and a DP of 69 after 30 min 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Parts of this chapter were literally adopted from my publication.[125] An overview of all conducted experiments 
is provided in Chapter 5.2.3. 

Figure 3.1 Mechanochemical Suzuki polycondensation reaction of 4-bromophenylboronic acid to give PPP. The Pd catalyst 
was subsequently advanced and simplified from a Pd salt to Pd black and finally to simply Pd milling balls. 
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milling time at 800 revolutions per minute (rpm).[66] After that the catalyst was switched to Pd0 black 

metal powder. In a usual synthesis, 1.454 g (7.2 mmol) 4-bromophenylboronic acid, 8.510 g (61 mmol) 

K2CO3 as a base and 4.7mol% (0.34 mmol) catalyst were used in a PBM with 22 milling balls (10 mm 

size) placed in a 45 mL milling vessel. After milling, the resulting reaction mixture was washed and 

dried overnight (see Chapter 5.2.1). The samples PPPPBM-1, -2, -3, -6 were milled with ZrO2, steel, WC, 

and Si3N4 milling balls/vessels, respectively. The higher density of the milling equipment resulted in 

a higher yield, but a lower DP after 4 h milling. Higher density and thus higher mass of the milling 

balls corresponded to an elevated kinetic energy during ball impacts (see Chapter 2.2.2), which 

favoured the conversion efficiency of the polymerization. In turn, a higher ball impact led to a 

fracturing (see Chapter 3.1.5) of growing polymer chains resulting in a lower DP.[67,210] 

The highest DP was achieved using the milling equipment made of Si3N4, which is the hardest material 

used herein (1750 HV)[211,212], but in turn the lightest. This was used to continue investigating the 

influence of the milling time (PPPPBM-4 to -8) on yield and DP. Going from 2 to 5 h of milling did not 

change the yield drastically, while after 6 h the yield was increased to 34%. On the other hand, the DP 

reached a maximum of 56 after 4 h (PPPPBM-6), with further milling leading to fracturing and lowering 

of DP. 

Subsequently, the Pd black catalyst amount was reduced. With 2.3mol% (PPPPBM-9) the yield was 

nearly the same, but with 0.5mol%, it was drastically reduced to 5% (PPPPBM-10). The amount of 

Table 3.1 PPP obtained by mechanochemical Suzuki polycondensation in PBM. 

Sample Vessel/ball 
material  

Reaction 
time / h  

Amount of 
catalyst 

DP Yield / %[a]  Halide function 
of monomer  

PPPPBM-Ref[66] ZrO2 0.5 9.3mol% Pd(OAc)2 69 47 Br 

PPPPBM-1 ZrO2 4 4.7mol% Pd black 18 59 Br 

PPPPBM-2 Steel 4 4.7mol% Pd black 13 56 Br 

PPPPBM-3 WC 4 4.7mol% Pd black 10 81[b] Br 

PPPPBM-4 Si3N4 2 4.7mol% Pd black 34 19 Br 

PPPPBM-5 Si3N4 3 4.7mol% Pd black 45 14 Br 

PPPPBM-6 Si3N4 4 4.7mol% Pd black 56 22 Br 

PPPPBM-7 Si3N4 5 4.7mol% Pd black 40 19 Br 

PPPPBM-8 Si3N4 6 4.7mol% Pd black 32 34 Br 

PPPPBM-9 Si3N4 4 2.3mol% Pd black 55 20 Br 

PPPPBM-10 Si3N4 4 0.5mol% Pd black 48 5 Br 

PPPPBM-11 Si3N4 4 4.7mol% Pd black 0 0 Cl 

PPPPBM-12 Si3N4 4 4.7mol% Pd black 79 66 I 

DP and yield measured five times with a standard deviation of ± 5%. [a] Yield calculated from mass of insoluble polymer 
after washing with water, 10wt% HCl, ethanol and acetone. [b] Overestimated due to impurities from WC abrasion. 
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catalyst did not affect the DP, meaning that the equilibrium of polymer chain growth and fracturing 

was mainly dependent on the density of the milling balls as mentioned in Chapter 3.1.5. 

Thereafter, the halide function of the monomer was exchanged due to its known influence in Suzuki 

couplings. PPP was not obtained with 4-chlorophenylboronic acid (PPPPBM-11), whereas 

4-iodophenylboronic acid gave the highest yield (66%) and DP (79). The literature supports the 

observed trend of increasing reactivity from chloride to bromide and iodide.[66,213] Thus, further 

experiments were continued with 4-iodophenylboronic acid as the monomer. 

To verify the catalytic nature of the reaction, it  was also performed without Pd catalyst (PPPPBM-16) 

or with the base substituted by NaCl as inert bulking material (PPPPBM-17). In both cases, no product 

was formed, confirming the need for a catalyst and a base in this reaction. 

3.1.2 Characterization of PPP 

The resulting PPP materials (in the following exemplarily shown for PPPPBM-12) were crystalline, 

according to the powder X-ray diffraction (PXRD) patterns (Figure 3.2 A).[214] The Pd black catalyst 

remained as impurity within the sample but could be removed by washing with 37wt% HCl, water and 

ethanol. The Pd could be entirely dissolved without modification of PPP (see Appendix  

Figure 7.4). No abrasions of milling material were found according to PXRD (Appendix Figure 7.1, see 

Appendix Table 7.1 for calculated Pd particle size) and energy-dispersive X-ray spectroscopy (EDS, 

Appendix Figure 7.3). Only the WC milling equipment showed high abrasion and therefore remained 

as an impurity (PPPPBM-3). 

The PPP materials had a C/H ratio obtained by elemental analysis close to theoretical value (Appendix 

Table 7.2), and showed the characteristic Fourier-transform infrared (FT-IR) spectrum (Figure 3.2 B 

and Appendix Figure 7.2 A). This method was used to determine the DP by measuring the ratio of 

bands at 690 cm-1 (attributed to terminal phenyl rings) to that at 805 cm-1 (principal band of para-

substituted benzene rings)[215,216] (Chapter 5.2.1). The materials were also investigated via Raman 

spectroscopy (Figure 3.2 C and Appendix Figure 7.2 B) where characteristic bands could be observed 

at 1220 cm-1 (μintra-ring(C-C)), 1280 cm-1 (μinter-ring(C-C)) and 1600 cm-1 (γin-plane(C-H)).[217] These can also 

be used to determine the chain length of PPP by fitting the spectral peaks by a Lorentzian function[218] 

and comparing the intensities of the peaks at 1220 cm-1 and 1280 cm-1.[219] The intensity ratio I1280 : I1220 

decreases with increasing number of phenyl rings (Figure 3.2 D) from ~22 (biphenyl) to ~1 

(para-sexiphenyl). All measured samples show lower values about 0.5, qualitatively validating the high 

DP calculated from FT-IR spectra (Figure 3.2 D). In contrast, quantification of the polymerization 

length via Raman is not possible with the herein obtained data.[216] 
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3.1.3 Direct Mechanocatalytic Suzuki Polycondensation 

In the next step, Pd milling balls were tested as the catalyst. The milling setup had to be changed since 

using 22 Pd milling balls, as in all other PBM experiments, was too expensive. As an alternative 

approach, a MBM was used. Recently, several publications have shown how to transfer a Suzuki 

coupling reaction from PBM to MBM without affecting the reaction outcome.[92,99,220] As additional 

evidence, first was shown that yield and DP of two reference materials synthesized by MBM with 

Pd(OAc)2 (PPPMBM-Ref-1) and Pd black (PPPMBM-Ref-2) as catalysts were comparable to the results 

obtained in a PBM with 4-bromophenylboronic acid (PPPPBM-Ref and PPPPBM-1) as well as with Pd 

black catalyst and 4-iodophenylboronic acid (PPPPBM-12). However, in the case of MBM longer milling 

time was necessary due to the lower energy input and a different mixing regime compared to PBM 

(for characterization of samples obtained in MBM see Chapter 7.1.2). 

Figure 3.2 Spectra of sample PPPPBM-12 (1) and the respective monomer (2). A: PXRD pattern of polymer, calculated 
from.[212] B: FT-IR spectra of monomer and polymer. C: Raman spectra of monomer and polymer. D: Intensity ratio of Raman 
bands correlated to DP by [217] and FT-IR. 
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Using one Pd milling ball (º3.6 g) resulted in a small yield (6%), but a high DP (115) (PPPMBM-1). The 

high energy impact with one milling ball had a high conversion efficiency but only a few possibly 

reactive collisions occurred. Also, inefficient mixing of the reaction mixture with one ball may have 

caused the poor yield. Adding a second milling ball (PPPMBM-2) improved the mixing and increased 

the number of possibly reactive collisions but decreased the average velocity and therefore the impact 

energy of the milling balls because of a reduced free path. As a result, the yield increased (31%, abrasion 

290 mg) to a level nearer to that of PPPPBM-1 while the DP of 99 was comparable to that obtained with 

one Pd milling ball.* Interestingly, the abrasion (290 mg) was lower than with one Pd ball (PPPMBM-1: 

590 mg). This difference might be explainable since one ball has higher impact energy and thus the 

material is probably more prone to abrasion. Nevertheless, both values diminish the reusability of the 

milling balls. Thus, milling vessels of softer materials were tested in order to reduce the Pd abrasion. 

Using a poly(methyl methacrylate) (PMMA, ~70 HV)[221] vessel the abrasion (120 mg) was nearly a 

third while the DP rose to 118 (PPPMBM-3). Remarkably, the yield was also increased to 50%. The even 

softer PTFE (~40 HV)[222] vessel yielded PPP in 43% while an outstanding DP of 200 was reached 

(PPPMBM-4). Contrarily, the abrasion was slightly higher (165 mg). The reaction mixture was observed 

to stick to the walls of the non-polar PTFE milling vessel whereas the more polar PMMA and ZrO2 did 

not show this behaviour. Therefore, friction between the two milling balls might be enforced, causing 

the determined abrasion. 

3.1.4 Exploration of Heterogeneity 

In order to establish the heterogeneous nature of the reaction protocol, an experiment was performed 

while periodically sampling 100 mg of the reaction mixture every two hours (PPPMBM-5). After 4 h the 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* The approach PPPMBM-2 was repeated two times, giving a deviation in DP of ± 5% and in yield of ± 2%. This 
addresses a good reproducibility of the direct mechanocatalytic Suzuki polycondensation. 

Table 3.2 PPP obtained by mechanochemical Suzuki polycondensation in MBM. 

Sample Vessel/ball 
material  

Reaction 
time / h  

Amount of catalyst  Abrasion 
/ mg / %[a]  

DP Yield / %[b]  

PPPMBM-Ref-1 ZrO2 8 4.7mol% Pd(OAc)2 - 50 50 

PPPMBM-Ref-2 ZrO2 8 4.7mol% Pd black - 52 6 

PPPMBM-1 ZrO2/Pd 8 1 Pd ball 590 / 16 115 6 

PPPMBM-2 ZrO2/Pd 8 2 Pd balls 290 / 8 99 31 

PPPMBM-3 PMMA/Pd 8 2 Pd balls 120 / 3 118 50 

PPPMBM-4 PTFE/Pd 8 2 Pd balls 165 / 4 200 43 

PPPMBM-5 ZrO2/Pd 4 + 4 2 Pd balls 35 / 1 199 18 / 23 

PPPMBM-6 PMMA/ZrO2 8 4.7mol% Pd black - 123 100 

DP and yield measured five times with a standard deviation of ± 5%. [a] Relative abrasion was calculated from actual ball 
weight. [b] Yield calculated from mass of insoluble polymer after washing with water, 10wt% HCl, ethanol and acetone. 
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milling was briefly stopped and the Pd milling balls were replaced with ZrO2 balls of the same size. 

The reaction and milling were then continued. While monitoring the reaction, it was found that it had 

significantly slowed down (18% yield in the first 4 h; 5% additional yield within the next 4 h of milling 

without Pd balls compared to additional 13% yield if milled with Pd balls). The increase of product in 

the absence of Pd milling balls can be explained by the minor abrasion of Pd from the balls in the first 

phase of the reaction (for characterization see Chapter 7.1.3). Interestingly, due to the lower density 

of the ZrO2 compared to the Pd milling balls, the polymer fracturing was reduced, resulting in a higher 

DP (199 compared to 104 for PPPMBM-2, for detailed results see Chapter 7.1.3). Moreover, no soluble 

Pd species could be identified, thus supporting a heterogeneous reaction pathway. 

In additional experiments, common complexation ligands such as triphenylphosphine (PPPMBM-8) or 

1,5-cyclooctadiene (PPPMBM-9) were added to the reaction with the aim of Pd stabilization.[223] 

Unexpectedly, this did not lead to PPP material. It is assumed that the ligands were coordinated to the 

Pd surface of the milling balls and therefore blocked the catalyst sites making them inaccessible for 

the monomer. This further strengthens a heterogeneous reaction at the surface of the Pd. 

3.1.5 Considerations about the Mechanism 

The preceding fracturing tests showed the influence of polymer degradation on the DP during milling 

as a drastic degradation was observed when milling an isolated polymer. The initial DP of 120 was 

reduced to 39 after 6 h milling in PPPPBM-Frc (Si3N4 material, analogue to PPPPBM-8) and to 36 after 8 h 

milling in PPPMBM-Frc (ZrO2 material, analogue to PPPMBM-2). Furthermore, gas chromatography-mass 

spectroscopy (GC-MS) analyses revealed numerous soluble aromatic fragments. This clearly proves 

the degradation effects and substantiates the aforementioned equilibrium of polymer chain growth 

and fracturing to cause the observed DPs. 

In samples PPPPBM-9 and PPPPBM-10 the amount of Pd black catalyst was reduced to 2.3 and 0.5mol% 

respectively. As a result, the DP (PPPPBM-9: 55, PPPPBM-10: 48) was not affected significantly compared 

to PPPPBM-6 (56). This observation might indicate a step-growth mechanism for the polymerization 

reaction. In the case of a chain-growth polymerization the DP should have increased with reduced 

catalyst amount. In contrast, the results from MBM contradict the hypotheses of a step-growth 

mechanism. Therefore, the reduced DP with increased yield is out of trend and with high DP no 

unreacted monomer should be found. However, considering the observations of the degrading DP by 

milling of the polymer a determination of the mechanism by DP alone is prone to error. In general, 

the polymerization mechanism was not determined at this point. Mechanochemical reactions are often 

supposed to follow radical mechanisms, and radical mechanisms in polymerization are mostly found 

in chain-growth reactions. In the case of this mechanocatalytic Suzuki polymerization one could also 

speculate about a radical mechanism, but no proof for this hypothesis was found and further 

investigations are necessary. 
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3.1.6 In situ Monitoring 

Subsequently, the reaction course was monitored by in situ Raman spectroscopy[224,225] and by in situ 

synchrotron PXRD[225ữ227] at the DESY / PETRA III beamline P02.1. Hence, the reaction was conducted 

in a transparent PMMA milling vessel and compared Pd black with Pd milling balls as catalysts. 

As seen in Figure 3.3 A the conversion of the monomer could be followed by the decreasing Raman 

band of the monomer at 1580 cm-1 (a). The intensity of the main PPP band at 1600 cm-1 was too low 

for following reaction kinetics. K2CO3 showed a band at 1060 cm-1 (b) that was decreased with ongoing 

reaction. At 810 cm-1, the intensity of the main band from PMMA milling vessel was nearly constant 

during the whole milling time and therefore suitable as an internal reference. Additional temperature 

measurement showed the typical course of mechanochemical reactions[123,228] with a reached 

equilibrium of 44 °C. The short time negative amplitudes are caused by stop and restart of the mill due 

to a deviceỵs maximum milling time of 99 min. 

The in situ Raman data for PPPMBM-6 (Figure 3.3 A) showed a fast reaction where all monomer was 

depleted after a few minutes. The in situ PXRD pattern (Figure 3.3 B) coincided with the Raman 

monitoring and therefore provided a qualitative proof of the monomer conversion, whereas the Pd 

black catalyst reflex intensity at 5.28 ° 2 η remains constant. Resulting polymers from PPPMBM-6 were 

much longer (DP 123) than those obtained in ZrO2 milling vessel with Pd black catalyst (PPPMBM-Ref-2, 

6%, DP 52) with significantly higher yield (100% compared to 6%) due to reduced fracturing in the 

softer vessel. 

According to in situ Raman data, the reaction proceeded slower with Pd milling balls (PPPMBM-3, 

Figure 3.3 C). After 2 h of milling the monomer was almost fully converted whereas the yield of 

insoluble polymer was much lower, indicating the formation of smaller oligomers that were soluble 

in ethanol or acetone. This was supported by GC-MS analyses of the organic washout solution in 

which traces of iodobenzene, iodobiphenyl and iodoterphenyl were identified (see Chapter 7.1.4). 

Additional thin layer chromatography (TLC) revealed a broad variety of soluble organic compounds 

including monomer, boronic acids and oligophenyls (see Chapter 7.1.4). 

3.1.7 Green Metrics and Sustainability of the Suzuki Polycondensation 

In a last step, the optimization and mechanistic studies of the Suzuki coupling were contemplated by 

sustainability analysis. The AE reveals a low value of 38 (on the basis of bromide as halide 

functionality) for this particular conversion towards the biphenyl motif within the polyphenylenes. 

Numerous solution-based synthetic alternatives, for instance Ullmann coupling, Wurtz-Fittig reaction, 

Grignard reaction or oxidative coupling with CuCl2/AlCl3,[229,230] however, have even lower AE of 29 

to 22. Thereby, these require stoichiometric amounts of hazardous metals (Cu, Na, Mg) or metal salts 

(CuCl2), whereas the Suzuki coupling proceeds catalytically. In contrast, electrochemical coupling of  
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Figure 3.3 A: In situ Raman with intensity profile in arbitrary units (a.u.) and temperature monitoring of PPPMBM-6. B: In 
situ PXRD pattern of PPPMBM-6. a: commercial monomer containing 4-iodophenylboronic acid and anhydride. b: K2CO3 
(PDF-2 [16-820]). c: Pd (PDF-2 [5-681]. C: In situ Raman and temperature monitoring of PPPMBM-3. At 3 h 10 min the laser 
had to be switched off briefly such that one acquisition was missed. The temperature measurement was cut between 35 and 
50 min due to device failure. 
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benzene[215,216,231] features high AE of 97, while electrochemical syntheses are charged energy 

efficient[28,232] and hydrogen supposedly formed as by-product is a valuable biofuel.[14] Hazards therein 

arise from electrolytes needed in excess.[215,216,229] Unfortunately, no data regarding yield and energy 

consumption were found for this method, wherefore merely a solution-based method by Sprick et 

al.[233] was contrasted to mechanochemical protocols with Pd(OAc)2, Pd black and Pd milling ball 

catalysts. 

Initially, the energy consumption was assessed with workup procedures excluded due to difficulty in 

getting exact data on a lab scale. The EEC of the mechanochemical and direct mechanocatalytic 

reactions are one to two orders lower compared to the conventional synthesis (32653 kWh kg-1), both 

due to lower power requirements and shorter reaction times (see Table 3.3). Among the ball milling 

protocols, the direct mechanocatalysis consumes the most energy (PPPMBM-4: 4896 kWh kg-1) on 

account of the longest milling time. Consequently, PPPPBM-Ref with Pd(OAc)2 catalyst and only 30 min 

reaction time reaches the highest energy efficiency (EEC = 150 kWh kg-1) with the reviewed Pd black 

catalyst samples in between, further influenced by the varying yield. Similar behaviour was observed 

regarding the MP (vice versa the reciprocal MI). The poorest result was calculated for the conventional 

synthesis (0.64) because of the required solvent. All mechanochemical protocols reached higher MP 

(1.2 - 5.0) in the same order as their yield (see Table 3.3). 

Finally considering the workup procedures (inaccurate estimation of the required amounts of 

chemicals has lower impact compared to the solely mass-based green metrics MI / MP), the EcoScale 

Table 3.3 Green metrics of the Suzuki polymerization calculated for conventional, mechanochemical and direct 
mechanocatalytic syntheses. 

Type Conven-
tional [233] 

Mechanochemical  Direct 
mechano-
catalytic  

Sample code P1S[a] PPPPBM-Ref[66] PPPPBM-6 PPPPBM-12 PPPMBM-6 PPPMBM-4 

Catalyst  Pd(PPh3)4 Pd(OAc)2 Pd black Pd black Pd black Pd balls 

Halide function 
of monomer  

Br Br Br I I I 

Yield / % 77 47 22 66 100 43 

Reaction time / h  48 0.5 4 4 8 8 

AE 38 38 38 31 31 31 

Power input / W  400 155 155 155 80 80 

EEC / kWh  kg-1 32653 150 2564 855 2105 4896 

MI  156 38.7 82.7 27.6 19.8 48.4 

MP 0.64 2.6 1.2 3.6 5.0 2.1 

EcoScale[b]  61.5 47.5 28 56 76 41.5 
[a] This reaction used an approach with 1,4-dibromobenzene and 1,4-benzenediboronic acid as monomers instead of the 
bifunctional monomer in the mechanochemical and direct mechanocatalytic reaction. The solution-based approach 
additionally was performed under inert conditions and led to a DP of about 40. [b] Due to different DPs and thus molar 
masses, the EcoScale was calculated per 10 mmol of phenyl rings incorporated in the polymer product. 
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was determined. The results showed strong variation from 28 up to 76 (see Table 3.3). While cost, 

safety and process parameters sum up to similar penalty points (for details see Chapter 7.1.6), the main 

influence originates from the different yields, pre-setting the order in the EcoScale. Hence, the highest 

result of 76 (excellent) is achieved by sample PPPMBM-6 with quantitative yield followed by a clear 

margin by the solution-based synthesis (P1S, 61.5, acceptable). 

In general, the mechanochemical Suzuki coupling towards PPP surpasses any other method in terms 

of DP. Furthermore, it has higher energy efficiency combined with lower environmental impact than 

the conventional synthesis. Although the direct mechanocatalysis does not reach the best results in 

this context, its facile catalyst separation and reusability provide advantage. Consequently, it is 

desirable to increase the yield and reduce the abrasion in order to strengthen the direct 

mechanocatalytic protocol. 

On the other hand, as Pd black powder is a suitable catalyst and the leaching test (PPPMBM-5) showed 

but reduced conversion after Pd ball substitution, the abraded Pd might be reused as catalyst material. 

To proof this, the reaction in PBM was conducted with powdery Pd waste instead of Pd black (for 

characterization see Chapter 7.1.1). The obtained PPP material with bromide monomer (PPPPBM-13, 

yield 14%, DP 51) was comparable to Pd black catalyst (PPPPBM-6). In contrast PPPPBM-14 with iodide 

monomer showed lower yield (11%) than PPPPBM-12 (66%, DP 79), whereas the DP increased up to 99 

maybe due to the slower reaction. In general, it is not necessary to use commercial Pd black since this 

is a possible way to reuse Pd waste e.g. abraded and isolated from the catalytic milling balls. 

3.1.8 Conclusion 

In summary, the solvent-free environment of a ball mill allows to use Pd black or directly Pd milling 

equipment catalyst, instead of conventional PdII salts or Pd complexes, as shown here for Suzuki 

polymerization of para-substituted phenylboronic acids to PPP. With Pd black catalyst and 

4-iodophenylboronic acid as the monomer, a good yield and high DP were achieved in PBM using 

Si3N4 milling material, while full conversion to long chain polymers was obtained in MBM using softer 

PMMA vessel. Besides, the mechanochemical Suzuki coupling could also be conducted for the 

synthesis of 1,3,5-triphenylbenzene from phenylboronic acid and 1,3,5-tribromobenzene (for details 

see Chapter 7.1.5). 

The overall results showed a decreased reaction velocity from Pd(OAc)2 to Pd black and Pd milling 

ball catalyst. Longer reaction times have led to the fracturing of the formed polymer chains using hard 

milling equipment, such as ZrO2 and Pd, whereas in soft PMMA and PTFE milling vessel high yields 

and DPs could be achieved. These surpassed the DPs obtained by solution or electrochemical 

processes, which is beneficial for PPP application in opto- and microelectronics. Especially the PTFE 

milling vessel gave one of the highest DPs (200) reported so far. 
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In situ Raman and PXRD investigations were used to monitor the conversion of monomer. Increased 

yield observed with diminished abrasion refuses the need of a certain amount of abraded Pd. Adding 

established ligands from solution-based homogeneous procedures did not improve the catalytic 

activity. The results from this study indicated a most likely heterogeneous reaction at the surface of 

the milling ball. This time and energy efficient method opens up a sustainable pathway for many 

important Pd catalysed C-C coupling reactions. 
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3.2 Copper Mediated Coupling of Iodobenzene and Ethylenediamine* 

Copper is a versatile and highly potent catalyst due to its easily accessible oxidation states from Cu0 

to CuIII.[143,144,180,234] Namely the Ullmann condensation and related reactions offer a huge platform to 

synthesize various structural motifs and applications are further growing.[143,166,169,180] However, Cu in 

catalysis was eclipsed for a long time by the later discovered Pd.[166,180,234] Growing demand for green 

and sustainable synthesis lifted the non-toxic, more abundant and thus cheap Cu back in the spotlight 

during the last decades.[144,169,180,234] In the context of this work, the required gram scale is much easier 

and cost efficient available for Cu than for Pd, especially when expanding from milling balls to milling 

vessels. 

Initially, the focus was set on the Ullmann reaction making use of the milling ball abrasion for coupling 

and providing an alternative pathway towards PPP. The previous work of Mandouma et al.[173,174] was 

adapted to the PBM setup with Cu powder or milling balls. Neither milling of 1,4-dibromobenzene or 

1,4-diiodobenzene nor 4,4ỵ-diiodobiphenyl (1.0 g each) with excess (3.0 g) of Cu powder using ZrO2 

milling material in PBM (800 rpm) for up to 12 h gave any PPP. The same was observed with the 10 mL 

ZrO2 milling balls replaced by heavier 15 mm Cu balls, whose abrasion behaviour continuously 

generates fresh surface. Even reproduction of the published nitroaryl halide coupling towards dinitro 

biphenyls failed.[173,174] Therefore, 4-iodonitrobenzene, 4-chloronitrobenzene, and 

2-chloronitrobenzene with Cu powder or Cu balls were used. The latter were also tested using steel 

and WC milling material. Consequently, the focus had to be reset, now aiming at the Ullmann 

condensation that beneficially uses Cu in catalytic amounts and might be transformed to direct 

mechanocatalysis. This particular reaction was already realized as N-arylation mechanochemically by 

Martina et al. using a simple Cu powder catalyst.[183] Again, as starting point the literature results 

were reproduced. This was successfully conducted towards N-phenylethylenediamine (NPE) using 

the PBM setup. However, unintended side-products occurred, precisely the biphenyl (BP) expected 

from the Ullmann reaction. The following chapters concentrate on the reaction system consisting of 

iodobenzene (IB), ethylenediamine (EN), base and Cu that revealed itself to be far more complex than 

anticipated. Milling parameters, materials and components were studied to resolve the underlying 

processes (Figure 3.4). 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* An overview of all conducted experiments is provided in Chapter 5.3.2. 

Figure 3.4 Mechanochemical Cu mediated coupling of IB and EN to give NPE or BP dependent on the investigated 
parameters. 
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3.2.1 Adaption of Literature Synthesis and Role of Grinding Auxiliary 

In a first step, the protocol from Martina et al. was adapted. Therefore, 448 λL (4.0 mmol, 1 eq.) IB, 

802 λL (12.0 mmol, 3.0 eq.) EN, 256 mg (4.0 mmol, 1.0 eq.) Cu powder, 2.0 g KOH and 2.0 g basic Al2O3 

were placed together with 22 steel milling balls (10 mm diameter) in a 45 mL steel milling vessel. The 

mixture was milled for 30 min at 800 rpm in the PBM followed by extraction with dichloromethane 

(DCM) for GC-MS analysis. This yielded the desired NPE in 85% yield (GC-MS, for mass spectra see 

Chapter 7.2) while the conversion of IB was 99% (IBPBM-1). Further analysis revealed the formation of 

5% diphenylated ethylenediamine, 6% aniline and 3% BP as side-products that were not reported by 

Martina et al. Nonetheless, a direct mechanocatalytic attempt was conducted, replacing the steel 

milling balls by seven Cu milling balls (15 mm diameter) without additional Cu powder (IBPBM-2). NPE 

was obtained in a lower yield of 77% (conversion 90%). The outcome of diphenylated ethylenediamine 

was also reduced to 1% whereas 6% BP and 6% aniline were found. The formation of side-products 

might originate from higher energy input from rotational speed (800 rpm vs. 650 rpm) and milling ball 

size (10 or 15 mm vs. 2 and 5 mm) that facilitates diphenylation and subsequent degradation to aniline. 

Particularly, with hard steel milling balls (700 HV,[211] 4.02 g each) the system is more prone to 

diphenylation. The softer but heavier Cu balls (70-110 HV,[235,236] 15.8 g each ball) showed high 

abrasion (526.8 mg / 0.48%), exceeding Cu powder application by a factor of 4 and giving more BP, 

supposedly formed via the Ullmann reaction. 

Despite showing the general transferability, these results require closer investigation. Hence, blind 

experiments using Cu powder as catalyst were conducted. Replacing the grinding auxiliary by 

additional KOH resulted NPE in >99% yield without detectable side-products (IBPBM-3, conversion 

100%). Consequently, Al2O3 is not necessary as auxiliary in the present setup and instead facilitates 

side reactions by alternative reaction sites or impurities (Fe2O3, Na2O). Further experiments were 

therefore conducted without Al2O3 to simplify the reaction system. Replacing KOH by non-basic KCl 

Figure 3.5 Yield of NPE, BP, and side-products of samples synthesized in PBM. 



30 Results and Discussion 

 
still lead to NPE in 99% yield (IBPBM-4, conversion 100%, diphenylated ethylenediamine 1%) due to the 

basicity and excess of the reagent EN itself. Omitting the Cu catalyst instead gave BP in 96% yield 

(IBPBM-5, conversion 100%, terphenyl 4%). With this, the BP formation is clearly not Cu mediated and 

thus follows not the Ullmann reaction pathway. A catalytic variant is unlikely as well, since no 

reducing agent is present. Instead, the reaction is performed in ambient air, providing an oxidative 

atmosphere. Transferring the approach to solution environment gave no conversion after 24 h at 

reflux in iso-propanol (IBSol-1). Eliding the EN ruled out the Ullmann condensation but also did not 

give BP or another product (IBPBM-6) after 30 min milling time. Overall, the necessity of Cu catalyst 

for C-N coupling is proven. The C-C coupling is not a classical Ullmann reaction but requires EN in a 

role to be determined. 

The unclear function of EN was first thought to accelerate the BP formation via LAG. Thus, the 

milling time of the reaction without EN was prolonged. Going to 2 h of milling, trace amounts (<1%) 

of BP and iodobiphenyl were found (IBPBM-6-2h, conversion <1%), increasing to 19% BP and 23% 

iodobiphenyl (conversion 42%) after 5 h (IBPBM-6-5h). Finally raising the time to 12 h gave >99% BP 

(IBPBM-6-12h, conversion 100%). However, low intensity was observed and longer phenylenes might 

have been missed in GC-MS analyses. Thus, EN is not essential to the BP formation but strongly 

facilitating it . 

Table 3.4 Samples obtained by coupling of IB and EN in PBM and in solution. 

Sample Reagent Cu source Base Milling 
material  

Conversion 
/ % 

Yield 
NPE / % 

Yield 
BP / % 

IBPBM-1 EN Powder KOH + Al2O3 Steel 99 85 3 

IBPBM-2 EN 7x15 mm 
balls[a] 

KOH + Al2O3 Steel 90 77 6 

IBPBM-3 EN Powder KOH Steel 100 >99 - 

IBPBM-4 EN Powder KCl Steel 100 >99 - 

IBPBM-5 EN - KOH Steel 100 - 96 

IBPBM-6 - Powder KOH Steel 0 - - 

IBPBM-6-2h - Powder KOH Steel <1 - <1 

IBPBM-6-5h - Powder KOH Steel 42 - 19 

IBPBM-6-12h - Powder KOH Steel 100 - 99 

IBPBM-7 EN Powder KOH WC 100 >99 - 

IBPBM-8 EN Powder KOH ZrO2 100 92 8 

IBPBM-9 EN Powder KOH Si3N4 100 - 54 

IBPBM-10 EN 7x15 mm 
balls[b] 

KOH Steel 100 - 71 

IBSol-1[ c] EN - KOH - 0 - - 
[a] Abrasion 526.8 mg / 0.48%. [b] Abrasion 446.5 mg / 0.40%. [c] Reaction was performed in iso-propanol at reflux for 24 h. 
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3.2.2 Role of Milling Material 

The former used grinding auxiliary Al2O3 has a high hardness (Vickers hardness 1750 HV, 

3.95 g cm-3)[12,237] compared to the steel milling equipment (700 HV, 7.7 g cm-3)[211] what might 

influence the reaction course. To substantiate this hypothesis, milling materials of different hardness 

and density were tested. Milling balls and vessel of WC (~1700 HV, 14.3 g cm-3)[211] yielded >99% 

(IBPBM-7, conversion 100%) and lighter ZrO2 (1200 HV, 5.7 g cm-3)[120,238] 92% of NPE (IBPBM-8, 

conversion 100%, BP 8%). Switching to Si3N4 (1750 HV, 3.25 g cm-3)[120,211] resulted in 54% BP (IBPBM-9, 

conversion 100%) plus the yet unobserved azobenzene (46%), supposedly as homocoupling product of 

intermediary formed aniline. However, the intensities were lower compared to equally prepared 

GC-MS analyses, indicating lower yields for both and additional products that could not be detected. 

Utilizing soft but heavy 15 mm Cu milling balls (70-110 HV, 8.93 g cm-3)[235,236] in a steel vessel again 

favoured BP in 71% yield (IBPBM-10, conversion 100%). The higher energy input due to the bigger 

milling balls facilitated side reactions that formed azobenzene (11%) and terphenyl (18%). 

In sum, the heavy milling materials steel and WC selectively facilitate the C-N coupling with 

quantitative yields. Using lighter ZrO2 gives both C-N and C-C bond formation with strong favour of 

the amination, which is similar to Al2O3. The lightest but hardest material Si3N4 solely resulted in C-C 

coupling and significant amounts of azobenzene whose formation pathway remains unclear. This 

underlines the influence of the energy input and transfer, which is strongly connected to the milling 

materials characteristics. 

3.2.3 Role of Ball Mill and Cu Catalyst Application 

The energy input was already outlined to play a crucial role that can also be altered by the type of ball 

mill used for the reaction. Thus, the reaction was transferred to the MBM, using 224 λL (2.0 mmol, 

1 eq.) IB, 401 λL (6.0 mmol, 3.0 eq.) EN, 128 mg (2.0 mmol, 1.0 eq.) Cu powder and 2.5 g KOH together 

with two milling balls (10 mm diameter) in a 25 mL milling vessel. Milling the reaction mixture for 

30 min at 30 Hz resulted NPE in >99% yield for both steel and ZrO2 milling material (IBMBM-1 and 2, 

conversion each 100%, no side-products were found). The changed energy input in MBM compared to 

PBM seems to shift the selectivity entirely towards C-N coupling. 

This encouraged a new attempt towards direct mechanocatalysis, replacing the inert steel milling balls 

by Cu balls (10 mm diameter) without additional powder catalyst. This yielded 33% of NPE (IBMBM-3, 

conversion 33%). The low hardness and weight (4.08 g) of these balls caused a strongly reduced yield 

combined with high abrasion of 69.3 mg (1.70%). Switching to one Cu milling ball of 15 mm diameter 

(15.8 g, abrasion 62.5 mg / 0.40%) altered the outcome to no C-N coupling but BP in 94% yield (IBMBM-4, 

conversion 100%) plus 5% terphenyl. Subsequently, milling balls with the smaller diameter of 10 mm 

but made of the harder Cu alloys brass (CuZn36, 120-155 HV)[239] and bronze (CuSn8, 120-175 HV)[240] 

were tested. This resulted in the formation of solely BP with yields of 91% (IBMBM-5, conversion 91%, 
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abrasion 5.8 mg / 0.13%) with brass and >99% (IBMBM-6, conversion 100%, abrasion 1.2 mg / 0.03%) with 

bronze balls. Again, the influence of energy input is demonstrated, switching the selectivity simply by 

using a heavier milling ball of the same material (Cu) or harder milling balls of comparable mass (brass, 

bronze). Thus, the C-C coupling is facilitated while simultaneously the C-N coupling is slowed down 

because of less available Cu from abrasion than from added powder catalyst. 

At this point, increasing corrosion of the steel milling vessels was observed due to the strong bases 

KOH and EN. To prevent the leaching of metal ions into the mixture and affecting the reaction ữ 

although not observed so far ữ further experiments were conducted using ZrO2 milling material that 

has evinced identical performance in MBM. 

3.2.4 Role of Base 

The non-basic KCl instead of KOH gave NPE quantitatively in PBM (see IBPBM-4) and the same result 

was observed in MBM (IBMBM-7). However, different bases were evaluated. K2CO3 yielded 99% of NPE 

(IBMBM-8, conversion 100%). Instead, potassium tert-butoxide (KOtBu) lead to 92% of BP (IBMBM-9, 

conversion 100%, 8% terphenyl). Using NaOH (IBMBM-10, 3% BP, conversion 4%) or CsOH (IBMBM-11, 

2% BP, conversion 2%) generally showed low conversions preferably to BP, although both contained 

traces of NPE (<1%), iodobiphenyl and terphenyl. This implies acceleration of the C-C coupling with 

increasing basicity. Competitively, the basicity is not pivotal for C-N coupling but the cation to form 

a matching ion pair with iodine. Although from hard and soft acids and bases (HSAB) principle 

recently discussed in mechanochemistry caesium should be preferred,[43,241] this particular reaction 

system favours potassium as cation. 

Without Cu catalyst, KOH interestingly gave quantitative yield of BP (IBMBM-12.1) which does not fit 

to the basicity course. To rule out catalysing impurities, different batches of KOH were tested, all with 

Figure 3.6 Yield of NPE, BP, and side-products of samples synthesized in MBM. 
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the same outcome (IBMBM-12.2 to 12.4, NPE yield >99%, conversion 100%). No reaction occurred when 

Cu was omitted plus KOH replaced by KCl (IBMBM-13). Therefore, an additional base is necessary for 

C-C coupling and the HSAB principle might also have an influence. 

3.2.5 Role of Ethylenediamine and Iodobenzene 

The preliminary role of EN in the Ullmann condensation is the nucleophilic coupling partner for IB. 

Dodecylamine, cyclohexylamine, aniline and phenol as alternative nucleophiles (IBMBM-Rea-1 to 4) 

gave no result. Thus, EN might also activate the Cu catalyst by acting as ligand in the C-N coupling. 

Since no C-C coupling occurred either, it has additional functionality likewise in this pathway. 

Consequently, alternative complex ligands were tested without Cu catalyst. Reactivity, however poor, 

was only observed when using 1,2-propanediamine (9% BP, conversion 9%, IBMBM-Rea-5). Various 

amines (1,6-hexanediamine, 1,8-octanediamine, triethylamine, cyclohexylamine, aniline) tetrabutyl-

ammonium chloride as phase transfer catalyst or typical complexing agents (N,N,Nẻ,Nẻ-tetramethyl-

ethylenediamine, phenanthroline, ethylene glycol, glycerol) did not mediate the BP formation 

(IBMBM-Rea-6 to 15). 

Subsequently, the halide scope in the C-C coupling was evaluated, again without success for 

4-iodoanisole, 4-iodonitrobenzene, 4-iodopyridine, 4-bromoiodobenzene and bromobenzene 

(HAMBM-1 to 5). Altogether, both Ullmann condensation and C-C coupling remain confined to the 

system containing IB, EN, and distinct potassium bases plus towards C-N coupling Cu powder or 

milling balls. 

Table 3.5 Samples obtained by coupling of IB and EN in MBM. 

Sample Cu source Base Milling 
material  

Conversion 
/ % 

Yield 
NPE / % 

Yield 
BP / % 

IBMBM-1 Powder KOH Steel 100 >99 - 

IBMBM-2 Powder KOH ZrO2 100 >99 - 

IBMBM-3 2x10 mm Cu balls[a] KOH Steel 33 33 - 

IBMBM-4 1x15 mm Cu ball[b] KOH Steel 100 94 - 

IBMBM-5 2x10 mm brass balls[c] KOH Steel 91 - 91 

IBMBM-6 2x10 mm bronze balls[d] KOH Steel 100 - >99 

IBMBM-7 Powder KCl ZrO2 100 >99 - 

IBMBM-8 Powder K2CO3 ZrO2 100 99 - 

IBMBM-9 Powder KOtBu ZrO2 100 - 92 

IBMBM-10 Powder NaOH ZrO2 4 - 3 

IBMBM-11 Powder CsOH ZrO2 2 - 2 
[a] Weight per milling ball 4.08 g (density 8.93 g cm-3), abrasion 69.3 mg / 1.70%. [b] Weight per milling ball 15.8 g (density 
8.93 g cm-3), abrasion 62.5 mg / 0.40%. [c] Weight per milling ball 4.42 g (density 8.45 g cm-3), abrasion 5.8 mg / 0.13%.  
[d] Weight per milling ball 4.04 g (density 8.79 g cm-3), abrasion 1.2 mg / 0.03%. 
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3.2.6 Discussion 

In total, the reaction system of milling IB and EN together with a base and a Cu source evokes different 

conversions and hence products. These comprise BP, NPE, and azobenzene and thus formation of 

C-C, C-N or N=N bonds. The following statements aggregate the results of the study so far. 

(I) The C-C coupling towards BP (Equation 19) proceeds Cu free and therefore does not follow the 

Ullmann reaction pathway. A possibly catalytic variant with an active impurity is unlikely due to 

reproducible results using different batches or purity grades and lacks a reducing agent in the ambient 

atmosphere. Alternative ligands to EN should have promoted this pathway as well. It seems more 

likely that there is a radical pathway due to facile C-I bond dissociation. Furthermore, radical 

mechanisms were often reported for mechanochemical reactions.[12,207,242ữ246] Formation of benzene, 

iodobiphenyl and terphenyl traces while no conversion occurred with added ascorbic acid as 

scavenger (IBMBM-14) or in solution (IBSol-1) supports this hypothesis. Light but hard milling materials 

favour this conversion due to better energy transfer to the reaction mixture. However, the Cu alloys 

brass and bronze give BP although their hardness is lower than of all other milling materials except 

Cu itself. This might originate from low abrasion and consequently less available Cu that slows down 

the C-N coupling. Other substrates than IB do not undergo the homolytic bond cleavage and no 

homocoupling product is formed. The tested disubstituted aryl halides have more polar C-I bonds 

owing to mesomeric and inductive effects of the secondary substituent. For dissociation of the more 

stable C-Br bond in bromobenzene the energy input is not sufficient.[247] 

Still unclear is the role of EN and KOH in the C-C coupling. Complexation would be only provided by 

EN whereas other ligands were not suitable. During the course of the study different batches were 

used, contradicting catalytic impurities. (II)  Due to the ambient conditions, oxidation of EN might 

give reactive intermediates although in GC-MS analyses no such species could be identified. The 

functionality of the base is assumed to mainly provide the potassium cation and harsh conditions in 

combination with the basic EN. Otherwise NaOH and CsOH would have given higher yields. All in 

all, the nature of the BP formation requires further extensive investigation. 

(III)  The C-N coupling towards NPE (Equation 20) most likely follows the Cu catalysed Ullmann 

condensation pathway. Whereas high amounts of Cu seem beneficial, additional base is not required 

with excess of basic EN as reagent. (IV)  Primal evidence towards a direct mechanocatalytic protocol 

was revealed by using Cu milling balls of 10 mm diameter. The harder alloys brass and bronze 

apparently require longer milling time for C-N coupling as mentioned before. This is supported by 

findings from the Suzuki coupling (see Chapter 3.1), showing activity of the milling balls themselves 

 

 

(19) 
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but on cost of increased reaction time compared to metal powder catalyst. (V) However, the faster BP 

formation must be efficiently suppressed to continue this route. In general, the reagent system herein 

was confined to IB and EN in favour of the C-C coupling investigation. Further studies should tackle 

this limitation, (VI)  supposedly giving broad scope for the direct mechanocatalytic Ullmann 

condensation. 

 

 

(20) 

The azobenzene formation (Equation 21) occurred merely with very hard or heavy milling material ữ 

namely Si3N4 or 15 mm Cu balls in a steel vessel ữ and was not pursued. Consequently, explanation 

thereto is scarcely possible. (VII)  Imaginable is a pathway via C-N coupling and subsequent 

degradation to aniline as intermediate followed by Cu catalysed oxidative homocoupling to give 

azobenzene.[248,249] However, this is still a hypothesis and remains an open field of study. 

 

 

(21) 

3.2.7 Open Questions and Outlook 

The most important unanswered question from this investigation is: What is the reaction course of 

the C-C coupling (I)? To tackle the radical pathway hypothesis, the energy input has to be reviewed 

since an energy input threshold would be required for homolytic C-I bond cleavage. This can be 

realized on one hand via reduced milling frequency or milling ball size that influence the energy input 

(see Chapter 2.2.2). On the other hand, the temperature influence can be evaluated through cooling of 

the milling vessel. Below a critical energy input, the BP formation should be suppressed and allow for 

selective C-N coupling. The temperature path would be favoured in order to potentially sustain the 

Ullmann condensation. However, in classical environments this needs harsh conditions and might 

likewise dwindle. Subsequently to clearing the C-C coupling pathway, further mechanistic studies 

could reveal the specific roles of EN and KOH (II) . Finally, if one can control the reaction course and 

outcome: Is polymerization towards PPP or related materials accomplishable? 

With regard to the Ullmann condensation the main question is: May the BP formation be effectively 

suppressed (V)? If this is possible by the milling parameters, adverse effects might impair the C-N 

coupling as well. More facile could be the substitution of IB by bromobenzene that gave no BP. 

However, the latter substrate is usually less reactive in the Ullmann condensation. Achieving selective 

C-N coupling unveils the question: Is complete arylation of EN possible? Therefore, the stoichiometry 

has to be changed to excess of aryl halide whereas hitherto 3-fold excess of EN was used. An additional 
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base would be mandatory. Expanding on this, what is the substrate and reaction scope (III  and VI)? 

This includes overall aryl halides, alternative amines and could be generalized to N, O, C, S, P, Se 

nucleophiles. The plethora of Ullmann condensations shown for classical conditions (see 

Chapter 2.3.2) is equally thinkable in the solvent free environment of ball mills. The Cu catalyst should 

be reviewed with regards to reducing the amount of Cu powder. But more important: May direct 

mechanocatalysis of the Ullmann condensation be performed with less abrading alloy milling 

materials and what is the reaction mechanism (III  and IV)? With this, a pathway towards green and 

sustainable Ullmann condensation would open up and further strengthen the status of Cu among 

catalytic coupling reactions. 

The last question refers to the azobenzene observed with very hard or heavy milling material: What 

is its origin and synthetic pathway (VII) ? Therefore, focus on this product is required that 

overextended the scope of this work. Blind experiments focusing on Si3N4 milling balls and vessel 

should be conducted. In situ monitoring may provide insights but is difficult to implement. 

Transparent polymer vessels (PMMA, PFA) seem unsuitable due to their low hardness. Alternatively, 

an Si3N4 vessel equipped with an optical window might enable the gaining of insights. 

Amalgamated, the study on the present iodobenzene-ethylenediamine-copper-base reaction system 

showcases the impact of milling parameters and demonstrates the huge margin offered by these. The 

complex linkage of concurring reactions was withal scarcely scratched superficially. Digging deeper 

into these is claimed to offer broad synthetic applications of mechanochemical and direct 

mechanocatalytic reactions. Furthermore, elucidating the depicted system can help to understand the 

processes and mechanisms occurring in a ball mill. 

Figure 3.7 Open questions and current status of C-C, C-N, and N=N coupling. 
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3.3 Glaser Coupling* 

The Glaser coupling is an efficient tool towards symmetric 1,3-diynes whose benefits have been 

recently outlined (see Chapter 2.3.3). However, the green potential of the Glaser coupling is 

depreciated either by solvents in classical pathways or by toxic and environmentally hazardous 

additives in mechanochemical syntheses while many known protocols lack catalyst recyclability in 

general. A direct mechanocatalytic approach may overcome these issues and its development 

(Figure 3.8) will be outlined in the following chapters. Moreover, the above discussed Suzuki coupling, 

and Ullmann reaction proved able to use simple powder or bulk metal catalysts, whereas the Cu 

powder applied in the mechanochemical protocol by Schmidt et al. was not suitable.[94] This challenges 

the capability of direct mechanocatalysis with regard to the Glaser coupling and beyond to further 

potential applications. 

3.3.1 Direct Mechanocatalytic Glaser Coupling 

As a starting point, the experiments of Schmidt et al.[94] and Oltermann[250] were reproduced using the 

Retsch MM400 MBM. In a typical synthesis, two milling balls (diameter ~10 mm) were placed together 

with 55 λL (0.5 mmol, PA) phenylacetylene and 3.0 g (21.7 mmol) K2CO3 as base and bulking material 

in a 25 mL ZrO2 milling vessel and milled for 90 min at 30 Hz (for detailed procedure see Chapter 5.4, 

characterization is provided in Chapters 7.3.1 and 7.3.4). In case of powder catalysts 10mol% were 

added and two ZrO2 milling balls were used, giving 43% of 1,4-diphenylbuta-1,3-diyne (DPB) with CuI 

catalyst (DPB-1).ἂ Most importantly was confirmed that Cu powder is not capable of replacing the CuI 

salts in this reaction, although the milling time was extended to 90 min (DPB-2). This was expected 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Parts of this chapter were literally adopted from my publication.[280] This work was further based on the master 
thesis of Maike Oltermann from 08/2019 to 03/2020,[250] which I supervised. Some of this thesisỵ experiments 
were herein repeated to eliminate the influence of oxygen deficiency in the reaction mixture (see Chapter 5.4.1). 
Furthermore, the work up procedure was changed to achieve higher reliability, causing different results. An 
overview of all conducted experiments with indication of the repeated experiments is provided in Chapter 5.4.3. 

ἂ In spite of the changed setup, this yield coincides with the one reported by Schmidt et al.[94] although their 
milling time was merely 10 min. Moreover, they determined the yield via GC-MS whereas in this work a fast 
evaporation of remaining reagent was observed that might tamper the outcome. Therefore, herein a gravimetric 
method was chosen (see Chapter 5.4.1). 

Figure 3.8 Evolution of Cu catalyst in the Glaser coupling of phenylacetylenes towards direct mechanocatalysis using Cu 
and Cu alloy milling balls and vessels. 
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but disheartening nonetheless, since the studies of the Suzuki[125] and Ullmann[183] reactions showed 

that metal powders could indeed act as catalysts (also see Chapters 3.1 and 3.2). 

Nevertheless, in an attempt to transfer this reaction into direct mechanocatalysis the ZrO2 milling 

balls were replaced by two 10 mm Cu balls (see Figure 5.3). With this, DPB in a 47% yield was observed 

(DPB-3). Thereby, a direct mechanocatalytic Glaser coupling with Cu0 applied as milling ball catalyst 

was enabled, although typically CuI and CuII salts are used. Plus, the yield slightly exceeded the one 

obtained with CuI catalyst, proving the direct mechanocatalytic approach beneficial. However, Cu 

balls, expectedly, produced enormous abrasion (302.7 mg) over the course of the 90-minute reaction 

and consequently proved too soft to be considered suitable catalysts. To mitigate this drawback while 

keeping the direct mechanocatalytic approach, the milling balls were turned to ones of harder and 

readily available Cu alloys.[250] The screening was started with milling balls made of bronze (CuSn8). 

This approach led to a higher yield of 52% while reducing the abrasion by a factor of 100 (DPB-4). In 

order to verify the reproducibility, this experiment was repeated five times with comparable results 

(52 ± 1.3%). Oltermann already conducted a cycling study with the same milling balls and reduced 

milling time of 20 min (33 ± 1.9%). Both show only slight variations and showcase the reproducibility 

of the protocol. 

Satisfied with the performance of bronze, other alloys were studied. Brass (CuZn36) balls with a Cu 

content of only 64wt.% showed little abrasion (8.0 mg) as well as a comparable yield of 53% (DPB-5). 

In order to further reduce the Cu content Monel K 500 (NiCu30Al, 30wt.% Cu) balls were employed 

but the yield decreased to 17% and the abrasion was also slightly higher (16.6 mg, DPB-6). Since the 

effect of the alloying metals cannot be ruled out at this point and Ni is known to catalyse these 

reactions in solution[94,251,252] also Ni balls were tested. These balls merely yielded 3% (DPB-7) and also 

Table 3.6 Direct mechanocatalytic Glaser coupling using catalytic milling balls. 

Sample Ball material  
(Cu content / wt%) 

Vickers 
hardness of 
milling balls  

Weight per 
ball / g 

Total abrasion of 
balls / mg / % 

Yield / % 

DPB-1[a]  ZrO2 (0) ~1200 3.19 0.3 / <0.01 43 

DPB-2[b]  ZrO2 (0) ~1200 3.19 0.2 / <0.01 0 

DPB-3[c]  Cu (100) 70-110 4.08 302.7 / 3.70 47 

DPB-4[d]  Bronze (92) 120-175 4.04 2.3 ± 0.3 / 
0.03 ± 0.003 

52 ± 1.3 

DPB-5 Brass (64) 120-155 4.42 8.0 / 0.09 53 

DPB-6 Monel (30) 210-336 3.83 16.6 / 0.21 17 

DPB-7 Ni (0) 90-130 4.67 41.6 / 0.49 3 
[a] 9.5 mg (10mol%) CuI added as catalyst. [b] 3.2 mg (10mol%) Cu powder added as catalyst. [c] Adapted from [250] with 
0.5 mmol PA instead of 2.0 mmol. [d] Repeated from [250] with different results due to changed work up procedure. 
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caused high abrasion (41.6 mg). Therefore, Ni catalysts turned out inappropriate in this direct 

mechanocatalytic protocol* and the Cu appears to be the active component. 

3.3.2 Screening of Reaction Parameters 

After establishing the feasibility, several reaction parameters were screened for the bronze system. In 

a first step the milling time was varied and after 20 min milling DPB was isolated in 32% yield 

(DPB-t-1, repeated from [250]) and with 180 min of milling 61% could be isolated (DPB-t-3). However, 

no quantitative yield could be reached only by extending the reaction time. Instead, with prolonged 

milling time of 300 min the yield decreased to 40% (DPB-t-4) and further on to 29% with 480 min 

(DPB-t-5), meaning the degradation of product DPB. The longer milling time inadvertently also 

caused higher abrasions. 

The investigation of different bases was already done by Oltermann.[250] However, it was repeated due 

to the changes in the reaction procedure with sufficient oxygen in the milling vessel (see 

Chapter 5.4.1), giving comparable results (Table 5.15, DPB-b). Reactivity was shown besides K2CO3 

solely for Rb2CO3 (52%, DPB-b-7), Cs2CO3 (52%, DPB-b-8), and KOtBu (46%, DPB-b-11). Carbonates 

with smaller cations (Li2CO3, Na2CO3) as well as KHCO3 did not facilitate a conversion. Even with 

more basic salts like K3PO4 and KOH no product was obtained. Also, the mechanochemically 

established KF, and potassium acetate (KOAc) as second inorganic salt were not suitable. 

Another key parameter in mechanochemistry is the filling amount of the milling vessel since with 

lower reaction mass the free path length of the milling balls and therefore the kinetic energy is 

increased, likely pushing the conversion further (see Chapter 2.2.2).[12] Anyhow, with reduced 

amounts of 2.0 g K2CO3 (52%, DPB-b-12) the yield remained unaffected whereas with 1.0 g K2CO3 the 

output is diminished to 37% (DPB-b-13). For the base is still provided in excess, this should not 

influence the reaction. Instead, the evaporation of reagent (see Chapter 5.4.1) might explain this 

behaviour. The higher energy input with lower base amounts also caused increased abrasion, 

revealing these approaches infeasible. 

The variation of the standard protocol by other para-substituted phenylacetylene reagents 

(4-bromoethynylbenzene, BEB and 4-ethynylbiphenyl, EBP) yielded 29% of 

1,4-bis(4-bromophenyl)buta-1,3-diyne (BPB) and 42% of 1,4-di([1,1'-biphenyl]-4-yl)buta-1,3-diyne 

(BBB). This alteration between the reagents is in line with the reactivity reported in the literature,[253] 

although the overall yields are lower on the basis of the method. Also, these yields are lower than 

from Oltermann,[250] but claimed more accurate due to the gravimetric yield determination instead of 

calculation from 1H-nuclear magnetic resonance (NMR) spectra. Moreover, an attempt towards 

polymerization of 1,3,5-triethynylbenzene (TEB) was carried out but with no result. Only traces of 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Interestingly, for both Monel and pure Ni balls no side reactions known from Ni catalysis occurred, such as 
cyclotetramerization[108,281] or hydrogenation.[111,113] 
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bright yellow insoluble solid, potentially poly(1,3,5-triethynylbenzene) (PTEB), were found whose 

mass was too small for isolation and characterization, indicating the necessity of specific optimization 

for polymerization. 

Altogether, the screening experiments proved the robustness of the direct mechanocatalytic Glaser 

coupling towards the examined influencing parameters. The established system can now be 

investigated further in order to answer several key questions relating to direct mechanochemical 

reactions with alloys as catalysts and in general. 

3.3.3 Catalytically Active Milling Materials Ṛ What needs to be made out of them, the 

vessel, the ball or both?* 

To tackle this question, bronze milling balls were combined with a bronze milling vessel according to 

Oltermann[250] (see Figure 5.4; only one milling ball was used, due to the smaller vessel size) and DPB 

was obtained in 61% yield (DPB-v-1, Table 3.7). The equal hardness of milling ball and vessel 

(120-175 HV)[240] resulted in a low abrasion of 3.8 mg (combined vessel + balls). If only the vessel is 

made out of the active material and the balls out of the inert ZrO2 (~1200 HV),[120,238] the yield reached 

71% (DPB-v-2). The total abrasion was also rather low at 5.0 mg (despite the harder ZrO2 balls, the 

vessels were well reusable, see Appendix Figure 7.22). Consequently, milling vessels made of a harder 

aluminium bronze alloy (CuAl10Ni5Fe4, Al-bronze, 170-220 HV,[254] see Figure 5.4) were tested. The 

yield and abrasion of the Al-bronze vessel with a bronze ball of 63% (DPB-v-3; 3.5 mg abrasion) is 

comparable to the bronze-bronze system while, finally, milling with a ZrO2 ball in the Al-bronze vessel 

resulted in the second-best yield of 67% (DPB-v-4) with strongly reduced abrasion (0.9 mg combined 

vessel and ball). These results prove that an increase in catalytic surface is beneficial for the reaction 

while a harder material leads to a higher energy transfer and is desirable especially for the ball. If 

feasible, a catalytically active milling vessel with inert balls seems to be preferable. Furthermore, the 

strong influence of milling material known from mechanochemistry holds true for direct 

mechanocatalysis in the Glaser coupling system.[12] 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* These experiments were also part of the master thesis of Oltermann.[250] However, herein the protocol was 
optimized by sealing of the self-made vessels and thorough washout of the reaction mixture. This altered the 
results with improved reliability. Thus, the outcome was rediscussed. 

Table 3.7 Catalytic activity of milling balls vs. vessels. 

Sample Vessel material  Ball material  Total abrasion vessel and balls / 
mg / % 

Yield / % 

DPB-v-1 Bronze Bronze 3.5 / 0.001 61 

DPB-v-2 Bronze ZrO2 5.0 / 0.002 71 

DPB-v-3 Al-bronze Bronze 4.8 / 0.002 63 

DPB-v-4 Al-bronze ZrO2 0.9 / <0.001 67 

Repeated from [250] with different results due to changed work up procedure. Cu content of the alloy milling materials: 
Al-bronze 81wt%, Bronze 92wt%. 
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3.3.4 Exploration of the Reactive Site 

To verify the catalytic nature, experiments were repeated with the bronze milling material replaced 

by ZrO2, base substituted by KCl or under an inert argon atmosphere (DPB-m-1 to -m-3).[250] In all 

cases with 0.5 mmol PA no product was formed, confirming the need of a Cu containing catalyst, a 

base and oxygen in this reaction. Oltermann already substantiated the oxygen consumption with in 

situ pressure and temperature measurements, despite a different milling setup.[250] 

Since in classical reactions the catalytic cycle runs between CuI and CuII, control experiments were 

performed to determine the involved Cu species in the direct mechanocatalytic approach. Therefore, 

complex ligands were added to mask CuI species (185 mg 2,2ỵ-biquinoline-4,4ỵ-dicarboxylic acid; BCA) 

or CuII species (100 mg ethylenediaminetetraacetic acid disodium salt dihydrate, EDTA), respectively. 

The used amounts of complexing agent represent a 5-fold excess (with respect to the stoichiometry of 

the complexation) of highest bronze ball abrasion when product was obtained. Whereas with BCA the 

yield dramatically dropped to 3% and the characteristic purple [Cu(BCA)2]+ complex was formed 

(DPB-m-4; see Appendix Figure 7.25),[255] EDTA did not affect the reaction outcome significantly 

(DPB-m-5; 46% yield vs. 52% for standard).[250] Consequently, CuII oxidation state seems to be not 

reached in contrast to the classic reaction mechanism. 

During the study, darkening/reddening and loss of shine of the bronze milling balls were observed if 

they were not used for some weeks, meaning the formation of cuprous oxide on the surface whereas 

after a reaction the balls were bright shining (see Figure 3.9). Due to handling in ambient atmosphere, 

a non-visible oxide layer might be also present after short time periods. In order to exclude Cu2O as 

initial  catalyst (Schmidt et al. eliminated CuO as possible catalyst in their work[94]), Oltermann 

performed the aforementioned ball cycling by intermediate reuse without negative effects.[250] 

While it was already established that Cu powder is not catalytically active, the abrasion from the 

bronze milling balls was also checked. Therefore, the base with incorporated abrasion (700 nm bronze 

particles according to scanning transmission electron microscopy, STEM and EDS; see Appendix 

Figure 7.24) was recycled from the reference experiment (DPB-4). To this, 55 λL (0.5 mmol) of PA were 

added and the mixture was milled for 90 min with two 10 mm ZrO2 balls. In this second cycle the yield 

Figure 3.9 A: Bronze milling ball dark and matte before the reaction, afterwards, it was bright and shiny. B: Bronze (DPB-4) 
and ZrO2 (DPB-m-1) milling ball taken directly from the reaction mixture without cleaning. The bronze ball was blank due 
to adsorbed hydrophobic intermediate whereas on ZrO2 the reaction mixture adhered. 
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of DPB was only 3% (DPB-m-6), which might be caused by insufficient washing of the base. This 

excludes the abrasion as cause of the reaction. The only possible catalytically active site is thus the 

ball/vessel surface. To further verify this, a bronze ball of the standard approach was taken directly 

after the reaction and Raman spectra were measured at various spots. On several occasions a shifted 

acetylene signal at 1930 cm-1 was observed which is in line with the literature reference of CuI 

phenylacetylide (PA-Cu).[256] The formation of PA-Cu on the surface of the bronze ball as 

intermediate species in the direct mechanocatalytic reaction protocol was thereby confirmed (see 

Figure 3.10 D).* It was also proven that PA-Cu indeed couples to DPB when used as reagent instead 

of PA with 45% yield (DPB-m-7). Even without bronze ball catalyst DPB was formed, however, with 

lower yield of 31% (DPB-m-8). 

3.3.5 Reaction Mechanism of the Glaser Coupling 

To elucidate the mechanism, the reaction was monitored in situ via Raman spectroscopy. Therefore, 

the transfer of the reaction into a transparent 20 mL perfluoroalkoxy polymer (PFA) milling vessel 

with one bronze milling ball (DPB-m-9-i) was required. The reaction could be followed by monitoring 

the μ(C―C) vibrations. In PA they appear at 2110 cm-1 and in DPB at 2215 cm-1 (Figure 3.11 A). While 

PA was consumed constantly but not completely, DPB was formed after an incubation time of 10 min 

(yield 39%). This could be reduced to 6 min by utilizing two bronze balls (DPB-m-10-i; Figure 3.11 B; 

yield 42%). Interestingly, no vibrations of PA-Cu at 1930 cm-1 were detected in the in situ experiment. 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* PA-Cu was also formed spontaneously when Cu powder was impregnated with PA for 24 h in air (see 
Appendix Figure 7.26). 

Figure 3.10 Setup of in situ Raman experiments. A: Overview of the measurement setup using an IST-500 MBM placed in a 
safety box with horizontal position of the Raman probe. B: Close up view of the Raman probe adjusted orthogonal to the 
facet of the PFA milling vessel. The laser beam is focused to the inner wall of the milling vessel with the aim of maximum 
reagent band intensity. C: Close up view after finished milling, the reaction mixture turned yellow (DPB-m-9-i). D: Raman 
spectra of reference compounds and the bronze ball surface immediately after finished reaction. Intermediate PA-Cu is 
formed on the surface of the milling ball (also see Figure 3.9). Due to surface enhanced Raman scattering effects, the 
intensities are modulated. The band at 1060 cm-1 depicts remaining K2CO3 from cautious cleaning. 
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Figure 3.11 In situ Raman monitoring and intensity profile of A: DPB-m-9-i synthesized with one bronze milling ball.  
B: DPB-m-10-i synthesized with two bronze milling balls. C: DPB-m-11-i synthesized with PA replaced by PA-Cu as reagent 
and one bronze milling ball. 
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Together with the incubation time these two findings point towards a heterogeneous formation of the 

intermediate on the ball surface which is then converted to DPB in a second step.* 

To confirm this theory, again PA was replaced by PA-Cu. For this experiment no incubation time 

was detected (DPB-m-11-i; Figure 3.11 C; yield 41%). Since catalyst, intermediate and energy impact 

coincide on the surface of the catalyst milling ball, the direct mechanocatalytic approach provides a 

high effectivity of possibly reactive ball-wall hits and thus enables the Glaser coupling which is 

impossible with Cu powder as catalyst. Thus, the catalytic cycle is proposed to start from Cu0, that 

forms PA-Cu under oxidation by air. Further on, this couples with PA or a second equivalent of 

PA-Cu to form the desired product DPB under oxidation of the terminal acetylenic carbon while CuI 

is reduced back to Cu0 (Equation 22). Therefore, the observed incubation time from in situ Raman is 

inevitable to saturate the milling ball surface with PA-Cu. Finally, the formation of water as by-

product from oxygen and acetylenic hydrogen was analysed by Karl Fischer titration of a reaction 

mixture with KOtBu as base (see Chapter 5.4.2). These measurements proved challenging and showed 

a substantial water content (6.9 ± 1.1 mg H2O) even in the blind experiment owing to the base handling 

in ambient conditions. The water content in the reaction mixture is significantly elevated to 

13.1 ± 1.1 mg whereas with a yield of 46% only 2.1 mg water should have been formed. However, the 

higher difference may result in water formation from deprotonated intermediate and water adsorbed 

on the bronze milling ball surface. All in all, this result gives a farther hint to substantiate the proposed 

reaction mechanism (Equation 22). 

 

 

(22) 

3.3.6 Alternative Oxidant Supply 

The oxidant plays a main role in the Glaser coupling. For this reason, further investigation targeted 

the alternative supply of oxidant. It is known from literature, that the introduction of iodine proved 

beneficial as additive[257] or catalyst instead of a Cu species.[258] Therefore, 6.4 mg (5mol%) I2 were 

added in the standard reaction protocol (DPB-o-1). It is charged to form intermediary 1-iodoalkyne 

that couples following the Cadiot-Chodkiewicz pathway (see Chapter 2.3.3). However, this did not 

affect the outcome and yielded DPB in 50%. 

Oxygen as usual oxidant is available only in certain amounts inside the closed milling vessel and 

therefore is a limiting factor. Accordingly, the reagent amount in the standard procedure was chosen 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Exchanging the catalytic bronze milling balls by inert ZrO2 and adding CuI powder catalyst still had an 
incubation time of ca. 2 min, which supports the reaction mechanism discussed in Chapter 2.3.3 (DPB-m-12-i, 
37% yield, Appendix Figure 7.27). However, this does not contradict the heterogeneous pathway with bronze 
milling balls as discussed above. 
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to provide an excess of O2 (see Chapter 5.4.1). In order to reach higher output in one batch, the addition 

of potassium peroxomonosulfate (KHSO5) as solid oxidant was tested, that is well established in 

mechanochemical reactions.[44,259,260] For this purpose, an excess amount of 220 λL (2.0 mmol) PA was 

used while the other reaction parameters were kept unmodified. Interestingly, the yields were similar 

using solely KHSO5 under inert atmosphere (19%; 320 mg, 1.1 eq. KHSO5; DPB-o-2) or the combination 

of KHSO5 and oxygen (21%; 152 mg, 0.5 eq. KHSO5 under ambient atmosphere; DPB-o-3), to the result 

from Oltermann without KHSO5 under ambient atmosphere (19%).[250] This means no significant 

advantage from the extra oxidant, despite its higher standard reduction potential (+1.85 V KHSO5
[261] 

vs. +0.40 V O2
[262]). A reaction with ambient atmosphere and 320 mg (1.1 eq.) KHSO5 added was 

furthermore monitored via in situ Raman (DPB-o-4-i; 18% yield). This showed the same course as the 

standard reaction except an initial increase of the PA intensity due to poor mixing of the pasty 

reaction mixture in the soft milling vessel (see Appendix Figure 7.28). 

In a second attempt, more oxygen was provided by a pause of milling every 30 min (total 90 min 

milling) in which the vessel was opened to exchange the atmosphere (19%; DPB-o-5). However, this 

again did not improve the reactionỵs output, presumably due to evaporation of PA (see Chapter 5.4.1). 

With further increased amount of PA (440 λL; 4.0 mmol; DPB-o-6-i) the yield dropped to merely 5% 

while the reaction mixture got pasty and caused poor mixing and milling. Anyway, the solid and 

therefore better processible BEB gave the same yield (5%; BPB-o-1-i).* 

Finally, the bronze flow vessel approach of Oltermann was confirmed.[250] Therefore, the in house 

made bronze milling vessel with two screw connected tubes was reused, flushing synthetic air through 

a reaction approach with 50.7 mg (0.28 mmol) BEB reagent during milling. BPB could be isolated in 

75% yield (BPB-o-2) whereas without flushing in a bronze vessel (BPB-o-3) only 44%ἂ yield was 

obtained. In sum, O2 proved as oxidant of choice in the direct mechanocatalytic Glaser coupling. While 

an interrupted and opened reaction will not start off again, it is applicable for a solid reagent to provide 

oxygen and pressure compensation during milling and thus, the output can be greatly enhanced. 

3.3.7 Green Metrics and Sustainability of the Glaser Coupling 

In the end of this chapter, the direct mechanocatalytic Glaser coupling is to be evaluated towards 

green chemistry and sustainability aspects. Generally, it provides high AE of 92 and simply water is 

formed as by-product. This surpasses the Cadiot-Chodkiewicz coupling (AE = 71, Equation 17) as most 

common alternative route that besides yields quantitative amounts of toxic and gaseous hydrogen 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Reactions DPB-o-6-i and BPB-o-1-i were also monitored via in situ Raman (see Appendix Figure 7.29 and 
Appendix Figure 7.30). 

ἂ As likewise shown for DPB the yield of BPB in a bronze vessel (44%, BPB-o-3) is elevated compared to the use 
of two bronze balls in a ZrO2 milling vessel (30%, BPB). 
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halides.* Confined to the Glaser coupling, the direct mechanocatalysis is compared to solution-based 

and mechanochemical protocols. 

First of all, the energetic requirements were assessed (see Table 3.8). Washing and isolating procedures 

are claimed to have similar energy requirements and therefore are not included. Conventional 

syntheses showed low EEC of 350 kWh kg-1 (Singh et al.[263]) and 213 kWh kg-1 (Li et al.[194]) that is 

even undercut by the mechanochemical reactions (77 and 33 kWh kg-1). In contrast, the direct 

mechanocatalytic approaches exceeded this by far, respectively 2282 kWh kg-1 (DPB-4) and 

2903 kWh kg-1 (DPB-v-4). While the conventional paths mainly benefit from the RT reaction 

conditions without energy intensive heating, the advantage of mechanochemical synthesis is the short 

reaction time. Both criteria were not matched by direct mechanocatalysis. Moreover, the small batch 

size further deteriorates the balance and turns it unfavourable from the energetic viewpoint on this 

scale. 

Evaluation of the process mass shows wide variation, solely regarding the chemical conversion. The 

conventional synthesis of Singh et al. has the significantly highest MPc of 8.9 due to the small amounts 

of utilized solvent. Less mass productive are the mechanochemical conversions subordinate to their 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* However, the Cadiot-Chodkiewicz coupling enables asymmetric diynes that cannot be selectively accessed via 
Glaser coupling (see Chapter 2.3.3). 

Table 3.8 Green metrics of the Glaser coupling calculated for conventional, mechanochemical and direct mechanocatalytic 
syntheses. 

Type Conventional  Mechanochemical [94] Direct Mechanocatalytic  

Sample code Entry 13[263] 2a[194] K2CO3 Entry 4 DPB-4 DPB-v-4 

Catalyst  CuI CuI CuI CuI Bronze balls Al-bronze 
vessel 

Yield / % 99 93 43 99 52 67 

Reaction 
time / min  

180-240 120 10 10 90 90 

AE 92 92 92 92 92 92 

Power input 
/ W 

10 10 80 80 80 80 

EEC / 
kWh  kg-1 

350 213 77 33 2282 2903 

MI c 11.3 88.6 52.5 22.5 116.1 90.1 

MPc 8.9 1.1 1.9 4.4 0.86 1.1 

MI t 196[a] 286[a] 567 246 526 385 

MPt 1.4[a] 0.64[a] 0.18 0.41 0.19 0.26 

EcoScale 45.5 37.5 46.5 69.5 70 77.5 
[a] No masses of chemicals used during workup and purification were available. Therefore, the amounts were estimated 
(for details see Chapter 5.4.2). 
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yield (K2CO3, 1.9; Entry 4, 4.4) and the lowest MPc was calculated for direct mechanocatalysis and the 

conventional route by Li et al. (MPc = 0.86 ữ 1.1, see Table 3.8). All ball milling protocols instead 

contain excess base/grinding auxiliary with high density. Furthermore, the closed milling vessel limits 

the batch size in contrast to an open flask that allows supply of sufficient O2 through air exchange. 

Involving the workup procedures to determine the total process MPt (for details see Chapter 5.4.2) 

gives values in a similar range for all protocols (see Table 3.8). These results (although merely 

estimated for conventional syntheses) show the strong impact of workup and purification, adding up 

to approximately 70 to 90% of the whole process mass and ostensibly diminishing the advantage of 

the conventional reactions. 

The EcoScale is less dependent on the absolute amounts of all process chemicals and thus allows more 

just evaluation. Even though the direct mechanocatalysis was among the lowest MPts, in the EcoScale 

assessment it achieved the highest rating of 77.5 (DBP-v-4, excellent; DPB-4, 70, acceptable) thanks to 

the entire avoidance of hazardous chemicals except the reagent PA itself. The mechanochemical 

synthesis with DABCO has a slightly lower but acceptable EcoScale (69.5). All other protocols merely 

attain inadequate (37.5 - 46.5, see Table 3.8) due to the poor yield (mechanochemical K2CO3) or the 

various hazardous solvents used in the workup and purification throughout the conventional 

syntheses (for details see Chapter 7.3.3). In combination with MPt, this means direct mechanocatalytic 

approaches produce similar amounts of waste to conventional and mechanochemical reactions, but 

the toxicity of the waste is drastically reduced at least towards the syntheses compared herein that 

were chosen according to their mild reaction conditions. 

A major advantage of the direct mechanocatalysis is the easily reusable and long-time stable catalyst 

system provided especially by alloy milling balls and vessels. During the optimization study one set 

of bronze balls was used for more than 35 h of milling with less than 1% of total weight loss and no 

decrease of catalytic performance after 30 reactions. In conventional and mechanochemical syntheses 

the catalyst is disposed instead. Although not quantified herein, improved sustainability of the direct 

mechanocatalysis is therefore stated. However, to quantify this benefit, a whole life cycle assessment 

would be required as even the EcoScale does not consider recyclability of reagents. On the other hand, 

van Aken et al. encouraged modification of their initial parameters and penalty points.[31] However, 

even the common EcoScale showed the advantages of direct mechanocatalysis and designing new 

parameters would surpass the scope of this thesis. 

3.3.8 Conclusion 

In a nutshell, a direct mechanocatalytic Glaser coupling of phenylacetylenes was developed, using 

elemental Cu and Cu alloy as milling balls and vessels in as little as 90 min with a yield of up to 75% 

and no side-products. The use of common alloys like bronze increased the yield and reduced the 

abrasion by a factor of 100 compared to the pure Cu. The best results were attained by a milling vessel 

made out of the catalytically active metal in combination with inert milling balls. 
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The reaction was successfully conducted for different phenylacetylenes whereas polymerization of 

TEB was not fruit ful. Supposedly, higher conversion rates are therefore necessary. This might be 

implemented via the flow cell vessel setup. 

Furthermore, the intermediate was found directly on the milling balls and thus the milling tools as the 

active site were established. Hence, the bronze milling balls outperform conventional CuI catalyst due 

to the focusing of energy input and catalytic site. This also explained the observed induction period 

and the lack of intermediate in the in situ Raman measurements. Oxygen was confirmed as most 

suitable oxidant, whose crucial role was demonstrated. Finally, these experiments were used to 

propose a mechanism for the direct mechanocatalytic Glaser coupling. The use of alloys significantly 

broadens the scope of direct mechanocatalysis and opens up a concept of utilizing specifically tailored 

catalytic alloys in cascade reactions. 
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4 SUMMARY AND OUTLOOK  

In this thesis the concept of direct mechanocatalysis was established for metal catalysed coupling 

reactions in ball mills. Therefore, Pd, and Cu milling materials were successfully utilized as catalysts. 

Especially the implementations with the Suzuki and Glaser coupling reactions gave excellent results. 

By means of the Cu mediated coupling of IB, the limited effort towards direct mechanocatalysis was 

superseded by a side-reaction. However, insights were gained into the strong dependency on milling 

parameters with the ability to switch between different products by small changes in the setup. 

The first part of this thesis focused on the Pd catalysed Suzuki polycondensation, whose outstanding 

importance in organic chemistry consequently led to numerous mechanochemical protocols using 

catalyst complexes and salts, as well on molecular, and polymer scale. Based on previous work, this 

was explored on the polycondensation of 4-halophenylboronic acids towards PPP. This polymer 

material is insoluble and thus difficult to access via conventional pathways. In a first step, Pd metal 

powder was introduced as catalyst in a PBM protocol. A screening of parameters revealed the best 

result with a DP up to 79 using hard but light Si3N4 milling material, 4-iodophenylboronic acid 

monomer and 4 h milling time. Longer milling times and heavier milling material led to increased 

yield on cost of the DP through fracturing of polymer. The versatility of this approach was proven by 

coupling of 1,3,5-tribromobenzene with phenylboronic acid to 1,3,5-triphenylbenzene. Upcycling of 

isolated Pd waste is possible in replacement of the Pd black powder catalyst. Transfer to MBM is also 

feasible. Subsequently, the catalyst was advanced to Pd milling balls in the MBM setup, giving 

auspicious results. Again, substantial influence of the milling material was discovered. Soft polymer 

milling vessels reduced the abrasion of the Pd milling balls. One of the highest DPs (200) reported so 

far was obtained in PTFE milling vessels. Further insights were gained via in situ Raman and PXRD 

monitoring. Mechanistic studies could reveal the heterogeneous nature of the reaction. Interestingly, 

the addition of common complex ligands inhibited the reaction. The green metrics for reactions using 

Pd powder or milling balls reach better values than a compared solution-based process. Main benefits 

are the low energy consumption and reaction time as well as facile catalyst separation and reusability 

in case of direct mechanocatalysis. Future experiments should target the current limitations. The yield 

might get enhanced through further optimized reaction conditions. LAG also already proved versatile 

in mechanochemical Suzuki couplings. Lowering the milling ball abrasion would further strengthen 

the reusability and ease the product purification. Wear resistant Pd alloys might provide this. 

In the second part, the Cu mediated reactions associated with Fritz Ullmann were tackled, that are 

immensely versatile in their accessible products. The classical Ullmann reaction was not realizable in 

the ball mill. A mechanochemical Ullmann condensation of EN with IB was successfully adapted and 

developed towards direct mechanocatalysis with Cu milling balls. However, BP formation occurred 

as side reaction that was hitherto not known in the ball mill. Most likely, it follows a radical pathway, 

but further investigation is necessary to provide evidence. Strong influence of parameters like milling 
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material hardness, base (favourably potassium bases), or additive impeded structured analyses. 

Especially direct mechanocatalysis using harder Cu alloys directed towards C-C instead of C-N 

coupling. In return, alteration of the parameters allowed for swift and facile shift between the 

products, reaching quantitative yields for both. Altogether, the observations were restricted to IB and 

EN reagents for yet unexplored reasons. Further investigation needs to resolve the reaction 

mechanism of the BP formation. When this is cleared, following studies are able to focus on either of 

the reactions ữ Ullmann condensation and BP formation. A huge variety of Cu catalysed coupling 

reactions would then open up, apart from the herein used EN, towards plentiful nucleophiles. Finally, 

when C-C coupling is subdued, direct mechanocatalytic Ullmann coupling is most likely possible using 

wear resistive Cu alloys and thus increase sustainability. 

The third part treated with the Cu catalysed Glaser coupling that has importance in the synthesis of 

natural products and porous materials for gas storage or photocatalysis.[187,189] Although Cu powder 

was no suitable catalyst, a direct mechanocatalytic approach with Cu milling balls was readily 

successful. Furthermore, Cu alloy milling balls increased the yield while the abrasion was reduced by 

a factor of 100. The feasibility of the protocol was greatly enhanced and was at optimum (52% yield, 

2.3 mg / 0.03% abrasion) with bronze milling balls. In a next step, the type of catalytic milling material 

was evaluated, whether milling balls or vessels made of the active alloy give better results. An inert, 

hard ZrO2 milling ball in a catalytic milling vessel proved ideal with yields up to 71% plus lowest 

abrasion. Optimized reaction conditions were determined using carbonate bases of potassium or larger 

alkali metal cations during 90 min of milling. Longer reaction times did not lead to quantitative 

conversion, instead they facilitated degradation of product. The Glaser coupling was also 

demonstrated on other substrates. Alternative oxidants to atmospheric oxygen were ineffectual. In 

situ monitoring showed an incubation time during which intermediary PA-Cu was formed. 

Mechanistic studies verified the formation of the intermediate directly on the surface of the catalytic 

milling ball, thus a reaction mechanism similar to accepted pathways in solution was proposed. By 

means of the Glaser coupling, the potential of direct mechanocatalysis was demonstrated, arising from 

the combination of catalyst and energy input at the surface of the active milling material. Green 

metrics calculation gave results in between compared conventional syntheses. However, the use of 

hazardous chemicals was significantly reduced and cumulated to higher EcoScale ratings. Following 

research should tackle the small batch size for higher throughput and energy efficiency. Furthermore, 

the yield might be pushed further by an optimized flow vessel setup or LAG. 2D and 3D materials 

appear obtainable and small amounts of added solvents might also act as porogens in the latter. 

In all three surveyed reactions strong influences of the milling materials, in particular their density 

and hardness were illustrated. These characteristics modulate the energy input to the reaction 

mixture. They are even more important within direct mechanocatalysis since the milling material 

catalyst has to be robust, wear resistant and thus reusable but without impeding the catalytic activity. 

Furthermore, the destructive potential of this technique disclosed throughout the Suzuki and Glaser 
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coupling studies. Particular caution is required in the synthesis of insoluble substances or materials, 

which is the strength of mechanochemistry in general. Other parameters are also not yet fully 

elucidated. Fundamental research in this area could provide better understanding in order to direct 

and control sensitive reactions like the Cu mediated coupling of IB and EN in this work. In general, 

enormous potential slumbers in mechanochemistry that is even less awakened in direct 

mechanocatalysis. The unification of affordable, reusable, and easy to handle catalysts with the milling 

material may provide splendidly green and sustainable pathways. The general concept unveils a huge 

field of possible applications beyond the examples showcased herein. A plethora of cross coupling 

reactions catalysed by Pd, Cu, Ni, Pt, Fe, and other metals could be developed. In general, any metal 

catalysed reaction in a direct mechanocatalytic fashion is conceivable. Moreover, alloys proved as 

versatile catalysts in the Glaser coupling and outperformed pure Cu milling balls. Using an alloy of 

two or more catalytic metals would open up one-pot multistep syntheses, utilizing the same milling 

material and simply changing the milling parameters or adding another reagent. Further on, cascade 

reactions in one batch are imaginable. All in all, direct mechanocatalysis will accompany us on our 

way towards a sustainable civilization. 

 

ṽAs for the future, your task is not to foresee it, but to enable it.Ṿ 

Antoine de Saint-Exupéry: The Wisdom of the Sands (Citadelle, 1948) 



52 Experimental Section 

 

5 EXPERIMENTAL SECTION 

5.1 Materials and Methods 

5.1.1 Chemicals 

Table 5.1 Chemicals used in this thesis. 

Chemical  CAS Number  Supplier  Purity  

1,10-Phenanthroline 66-71-7 Merck for synthesis 

1,2-Propanediamine 78-90-0 Sigma Aldrich 99% 

1,3,5-Tribromobenzene 626-39-1 Alfa Aesar >99% 

1,3,5-Triethynylbenzene 7567-63-7 Sigma Aldrich 97% 

1,4-Cyclooctadiene 111-78-4 Sigma Aldrich >99% 

1,4-Dioxane 123-91-1 Sigma Aldrich 99.8% 

1,6-Hexanediamine 124-09-4 Sigma Aldrich 98% 

1,8-Octanediamine 373-44-4 Sigma Aldrich 98% 

1-Bromo-4-ethinylbenzene 766-96-1 TCI Chemicals 98% 

1-Bromo-4-iodobenzene 589-87-7 Fluorochem 98% 

2,2ỵ-Biquinoline-4,4ỵ-dicarboxylic acid 1245-13-2 Fluka Ὧ90% 

4-Bromophenylboronic acid 5467-74-3 abcr 95% 

4-Chlorophenylboronic acid 1679-18-1 TCI Chemicals >97% 

4-Ethynylbiphenyl 29079-00-3 Sigma Aldrich 97% 

4-Iodoanisole 696-62-8 Sigma Aldrich 98% 

4-Iodonitrobenzene 636-98-6 Alfa Aesar >98% 

4-Iodophenylboronic acid 5122-99-6 TCI Chemicals >97% 

4-Iodopyridine 15854-87-2 TCI Chemicals 98% 

Acetone 67-64-1 BCD Chemie 98% 

Alizarin red S 130-22-3 Sigma Aldrich n.a. 

Aluminium oxide basic 1344-28-1 Sigma Aldrich n.a. 

Ammonia 1336-21-6 Merck 25wt% in H2O 

Aniline 62-53-3 Alfa Aesar >99% 

Bromobenzene 108-86-1 Merck >98% 

Caesium carbonate 534-17-8 Sigma Aldrich 99% 

Caesium hydroxide hydrate 12260-45-6 Sigma Aldrich >90% 

Copper powder 7440-50-8 Merck pure 

CopperI iodide 7681-65-4 Sigma Aldrich 99.999% 

Cyclohexylamine 108-91-8 Sigma Aldrich 99% 

Deuterated chloroform 865-49-6 Deutero 99.8% 
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Chemical  CAS Number  Supplier  Purity  

Dichloromethane 75-09-2 Fisher Scientific 99.9% 

Diethyl ether 60-29-7 Honeywell puriss. 

Dodecylamine 124-22-1 Sigma Aldrich 98% 

Ethanol 64-17-5 VWR Chemicals technical 

Ethyl acetate 141-78-6 Merck Ὧ99.5% 

Ethylene glycol 107-21-1 Honeywell Ὧ99.5% 

Ethylenediamine 107-15-3 Acros 99% 

Ethylenediaminetetraacetic acid 
disodium salt dihydrate 

6381-92-6 Grüssing 99% 

Hydranal Coulomat AG 67-56-1; 111-42-2; 
7446-09-5; 288-32-4; 
68007-08-9 

Fluka n.a. 

Hydrochloric acid 7647-01-0 VWR Chemicals 37wt% in H2O 

Iodobenzene 591-50-4 Alfa Aesar 98% 

Iso-Propanol 67-63-0 Sigma Aldrich Ὧ99.5% 

L(+)-Ascorbic acid 50-81-7 AppliChem 99% 

Lithium carbonate 554-13-2 Merck 99% 

N,N,Nẻ,Nẻ-Tetramethylethylenediamine 110-18-9 Sigma Aldrich Ὧ99% 

n-Pentane 109-66-0 Geyer Chemsolute for analysis 

Potassium peroxomonosulfate 37222-66-5 Sigma Aldrich n.a. 

Palladium black 7440-05-3 abcr 99.9% 

PalladiumII acetate 3375-31-3 TCI Chemicals >98% 

Phenol 108-95-2 Baker 99% 

Phenylacetylene 536-74-3 Sigma Aldrich 98% 

Phenylboronic acid 98-80-6 abcr 98% 

Potassium acetate 127-08-2 Grüssing 99% 

Potassium carbonate 584-08-7 Grüssing 99% 

Potassium chloride 7447-40-7 Grüssing 99.5% 

Potassium fluoride 7789-23-3 Sigma Aldrich Ὧ99% 

Potassium hydrogen carbonate 298-14-6 Grüssing 99% 

Potassium hydroxide 1310-58-3 Fisher Scientific 85.5%% 

Potassium hydroxide 1310-58-3 Sigma Aldrich 99.9% 

Potassium hydroxide 1310-58-3 Sigma Aldrich semiconductor 
grade 

Potassium phosphate 7778-53-2 Sigma Aldrich 97% 

Potassium tert-butoxide 865-47-4 Sigma Aldrich Ὧ98% 

Rubidium carbonate 584-09-8 abcr 99% 

Sodium carbonate 497-19-8 Grüssing 99.5% 
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Chemical  CAS Number  Supplier  Purity  

Sodium chloride 7647-14-5 VWR Chemicals 99% 

Sodium hydroxide 1310-73-2 VWR Chemicals technical 

Tetrahydrofuran 109-99-9 Acros dry 

Tetra-n-butylammonium chloride 1112-67-0 abcr 95% 

Triethylamine 121-44-8 Carl Roth Ὧ99.5% 

Triphenylphosphine 603-35-0 Alfa Aesar >99% 

Uisge beatha 64-17-5 n.a. 40-52% 

5.1.2 Milling Balls 

Brass (CuZn36, UNS C27000) milling balls with a diameter of 10 mm were purchased from Dr. Ihme 

GmbH. The average weight of one milling ball is 4.42 ± 0.01 g (density 8.45 g cm-3). 

Bronze (CuSn8, UNS C52100) milling balls with a diameter of 9.525 mm were purchased from KGM 

Kugelfabrik GmbH & Co. KG. The average weight of one milling ball is 4.04 ± 0.01 g (density 

8.79 g cm-3). 

Copper (UNS 11000) milling balls with a diameter of 15 mm were purchased from Dr. Ihme GmbH. 

The average weight of one milling ball is 15.8 ± 1.4 g (density 8.93 g cm-3). A share of these Cu balls 

was ground with sand until a diameter of 10 mm was reached. The average weight of one 10 mm 

milling ball is 4.08 ± 0.36 g. 

Monel K -500 (UNS N05500, Monel) milling balls with a diameter of 9.525 mm were purchased from 

Red Hill Precision Balls Inc. The average weight of one milling ball is 3.83 ± 0.01 g (density 8.46 g cm-3). 

Nickel  (UNS N02200) milling balls with a diameter of 10 mm were purchased from Dr. Ihme GmbH. 

The average weight of one milling ball is 4.67 ± 0.01 g (density 8.91 g cm-3). 

Palladium  milling balls with a diameter of about 9 mm were purchased from SMT Metalle Wimmer. 

They were prepared by arc melting and therefore not of perfectly spherical shape. The weight of the 

milling balls was about 3.6 g (density 12.0 g cm-3) and reduced over the experiments due to abrasion. 

Silicon nitride  (Type SNCB5) milling balls with a diameter of 10 mm were purchased from Fritsch 

GmbH. The average weight of one milling ball is 1.94 ± 0.03 g (density 3.25 g cm-3). 

Tempered steel (1.4125, AISI 440C) milling balls with a diameter of 10 mm were purchased from TIS 

Wälzkörpertechnologie GmbH. The average weight of one milling ball is 4.02 ± 0.02 g (density 

7.7 g cm-3). 

Tungsten carbide  (YG6X, G10 surface) milling balls with a diameter of 10 mm were purchased from 

Zhuzhou Good Cemented Carbide Co., Ltd. The average weight of one milling ball is 7.20 ± 0.26 g 

(density 14.3 g cm-3). The WC balls measured had already been used to a different degree, this explains 

the high standard deviation in the mass per ball. 
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Zirconium dioxide  (Type ZY-S) milling balls with a diameter of 10 mm were purchased from 

Sigmund Lindner GmbH. The average weight of one milling ball is 3.19 ± 0.05 g (density 6.0 g cm-3). 

5.1.3 Milling Vessels 

Aluminium  bronze (CuAl10Ni5Fe4, UNS C63000, ỸAl-Bronzeỹ, density 7.58 g cm-3) milling vessels 

with a volume of 14 mL for use in the MBM were made in-house. 

Bronze (CuSn8, UNS C52100, density 8.79 g cm-3) milling vessels with a volume of 14 mL for use in 

the MBM were made in-house. 

Hardened steel (1.4125, density 7.7 g cm-3) milling vessels with a volume of 20 mL and 45 mL for use 

in the PBM were purchased from Fritsch GmbH. 

Hardened steel (1.2379, density 7.7 g cm-3) milling vessels with a volume of 10 mL and 25 mL for use 

in the MBM were purchased from Retsch GmbH. 

PFA (density 2.15 g cm-3) milling vessels with a volume of 20 mL for use in the MBM were made in-

house. 

PMMA  (density 1.18 g cm-3) milling vessels with a volume of 25 mL for use in the MBM were made 

in-house. 

PMMA ThermoJar  (density 1.18 g cm-3) milling vessel with temperature sensor and a volume of 

25 mL for use in the MBM was purchased from InSolido Technologies. 

Table 5.2 Vickers hardness and Youngỵs modulus of elasticity of milling materials. 

Material  Vickers hardness / HV YoungỔs modulus / GPa Reference 

Al -Bronze 170-220 115 [254] 

Brass 120-155 99-115 [239] 

Bronze 120-175 109-115 [240] 

Cu 70-110 130 [235,236] 

Monel  210-336 180 [236] 

Ni 90-130 207 [236,264] 

Pd 40-100 121 [265] 

PFA ~40[a] 0.5 [266] 

PMMA  ~70[b] 3.2 [221] 

PTFE ~40[a] 0.4 [222] 

Si3N4 1750 300 [120,211,212] 

Steel 700 ~215 [211,267] 

WC ~1700 630 [211,268] 

ZrO2 ~1200 210 [120,238] 
[a] Estimated from Shore D hardness (=55). [b] Estimated from Shore D hardness (=90). Due to the low values, exact 
comparison is not feasible. 
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PTFE (density 2.2 g cm-3) milling vessels with a volume of 25 mL for use in the MBM were purchased 

from Retsch GmbH. 

Silicon nitride  (SNCB5, density 3.25 g cm-3) milling vessels with a volume of 20 mL and 45 mL for 

use in the PBM were purchased from Fritsch GmbH. 

Tungsten carbide  (cobalt stabilized, density 14.3 g cm-3) milling vessels with a volume of 20 mL and 

45 mL for use in the PBM were purchased from Fritsch GmbH. 

Zirconium dioxide  (yttrium partially stabilized, density 5.7 g cm-3) milling vessels with a volume of 

20 mL and 45 mL for use in the PBM were purchased from Fritsch GmbH. 

Zirconium dioxide  (yttrium partially stabilized, density 6.05 g cm-3) milling vessels with a volume 

of 10 mL and 25 mL for use in the MBM were purchased from Retsch GmbH. 

 

Figure 5.1 Construction scheme of custom-made milling vessels (bronze, Al-bronze, PFA). 
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5.1.4 Methods* 

Ball m illi ng was performed in two different setups, either through rotation in the PBM or shaking 

in the MBM. As PBM a Fritsch Pulverisette 7 premium line was used. The 20 mL milling vessels were 

equipped with ten milling balls of 10 mm diameter. In the 45 mL milling vessels, 22 milling balls of 

10 mm diameter or seven milling balls of 15 mm diameter were used. 

MBM experiments were by default performed in a Retsch MM400 with two milling balls of 10 mm 

diameter placed in a 25 mL milling vessel. Variations are given individually for each experiment. In 

situ Raman monitoring was carried out with an InSolido Technologies IST-500 MBM in remote 

operation. 

Elemental analyses were carried out on a vario MICRO cube Elemental Analyzer by Elementar 

Analysatorsysteme GmbH in CHNS mode. 

FT-IR was carried out on a BRUKER Vertex 70 with a Specac Golden Gate ATR unit. A resolution of 

2 cm-1 was utilized and the resulting spectra were treated with ATR correction by the OPUS 6.5 

software. In the case of the liquid analytes the pressure device was not closed tight. 

GC-MS analyses were carried out with a Shimadzu GCMS-QP5000 using electron ionization at 200 °C 

injection temperature. The used column was a Trajan BPX5 (length 30 m, inner diameter 0.25 mm and 

film thickness 0.25 µm). The interface temperature was 300 °C. The standard temperature program for 

the column was conducted from 50 °C (1 min hold) to 200 °C (30 K min-1) and further on to 360 °C 

(15 K min-1, held for 1 min). For high boiling analytes an extended temperature program from 50 °C 

(1 min hold) to 200 °C (15 K min-1) and further on to 360 °C (10 K min-1, held for 10 min) was used. 

Green metrics  were calculated following Equations 1 to 5 (Chapter 2.1). Necessary data, were taken 

from reference reactions or acquired in own experiments, unless otherwise stated. The abrasion of 

milling materials in ball milling reactions was included according to the particularly determined 

weight loss. The EcoScale was assessed in accordance to van Akenỵs protocol (see Table 5.3).[31] More 

details are given under the particular reactionỵs section. 

In situ  temperature measurements were carried out using an InSolido Technologies TermoJar 

System. The measuring interval was one second. 

Karl Fischer t itra tion  was performed using a SI Analytics TitroLine KF trace titrator. The analyte 

solution was Hydranal Coulomat AG from Fluka. 

NMR spectra were recorded in deuterated chloroform (CDCl3) solution at RT on a Bruker AC 300 P 

operating at 300 MHz for 1H and 75 MHz for 13C. Chemical shifts are given in ppm relative to 

tetramethylsilane. For 13C additionally to broadband decoupled spectra, 135° distortionless 

enhancement by polarization transfer spectra were recorded. 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Parts of the following chapters were literally adopted from my publications.[125,280] 
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Table 5.3 Penalty points for calculation of the EcoScale.[31] 

Parameter Penalty points  

1. Yield (100 - %yield)/2 

2. Price of reaction components (to obtain 10  mmol of end product)  
Inexpensive (<$10) 
Expensive (>$10 and <$50) 
Very expensive (>$50) 

 
0 
3 
5 

3. Safety 
N (dangerous for environment) 
T (toxic) 
F (highly flammable) 
E (explosive) 
F+ (extremely flammable) 
T+ (extremely toxic) 

 
5 
5 
5 
10 
10 
10 

4. Technical setup  
Common setup 
Funnel, syringe pump, gas pressure regulator 
Unconventional activation technique 
Pressure equipment, >1 atm 
Any additional special glassware 
(Inert) gas atmosphere 
Glove box 

 
0 
1 
2 
3 
1 
1 
3 

5. Temperature/time  
RT, <1 h 
RT, <24 h 
Heating, <1 h 
Heating, >1 h 
Cooling to 0 °C 
Cooling <0 °C 

 
0 
1 
2 
3 
4 
5 

6. Workup and purification  
None 
Cooling to RT 
Adding solvent 
Simple filtration 
Removal of solvent with boiling point <150 °C 
Crystallization and filtration 
Removal of solvent with boiling point >150 °C 
Solid phase extraction 
Distillation 
Sublimation 
Liquid-liquid extraction 
Classical chromatography 

 
0 
0 
0 
0 
0 
1 
2 
2 
3 
3 
3 
10 
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PXRD patterns were collected in reflection geometry with a PANalytical XỵPert Pro diffractometer 

(Dectris Mythen 1K detector) or a MALVERN PANalytical Empyrean 3 diffractometer (PIXcel1D 

Medipix3 detector). Both were operated at 40 kV and 40 mA with a Ge monochromator using Cu-Kΰ1 

radiation. The obtained diffractograms were compared with diffraction data from ICSD data base. 

In situ synchrotron PXRD two-dimensional images were collected at the DESY/PETRA III beamline 

P02.1 using a Perkin Elmer XRD 1621 flat panel detector consisting of an amorphous Si sensor 

equipped with a CsI scintillator (pixel number 2045 x 2048, pixel size 200 x 200 µm²). Diffraction 

images were subsequently integrated in one-dimensional PXRD patterns with the DAWN Science 

package[269] using a wavelength κ = 0.020718 nm. For creating a 2D figure, integrated diffraction 

patterns were baseline corrected with the Sonneveld-Visser algorithm.[270] 

Power consumption  was obtained using a Voltcraft SEM-3600BT energy meter. 

Raman spectra were obtained using a RENISHAW inVia Qontor Raman microscope with 50x 

objective (numerical aperture NA = 0.50, 8.2 mm free working distance). The wavelength for the 

measurement was 532 nm or 785 nm. Dependent on the sample properties, laser power, exposure time, 

and accumulations were adjusted to give clear spectra. Slightly fluorescing samples were bleached for 

30 s prior to acquisition. All obtained spectra were treated with cosmic ray removal and baseline 

correction using WiRe 5.1 software. 

For in situ monitoring both wavelengths were used with fibre optics and a 5x (NA = 0.12, 14 mm free 

working distance) or 4x objective (NA = 0.13, 40 mm free working distance). The objective was 

adjusted to the milling vessel to ensure measurement of the reaction mixture. The spectra were 

collected from one to six accumulations with 3-10 s exposure time (100% laser power) each without 

an interval between the acquisitions. Data processing included cosmic ray removal using WiRe 5.1 

software followed by processing with MATLAB 9.9. The data were smoothed using the Savitzky-Golay 

filter in the spectral dimension with a span of four and a polynomial order of two followed by the time 

dimension with a span of ten and a polynomial order of two. Baseline correction with asymmetric 

least squares algorithm was run with smoothing factor 102, asymmetry factor 0.0001 and maximum 

iteration number of 20. 

Scanning electron m icroscopy (SEM) and EDS images were obtained using a Hitachi SU8020 SEM 

equipped with a secondary electron detector. Prior to the measurement the samples were prepared on 

an adhesive carbon pad and sputtered with gold to obtain the necessary electron conductivity. 

STEM analyses were carried out in a Cs-corrected Titan Themis 60-300 X-FEG microscope with a 

high-angle annular dark-field detector (73 - 352 mrad) using a camera length of 48 mm in combination 

with EDS chemical mapping. The microscope was optimized with a convergence semi-angle of 

~23.8 mrad, a beam size of ~0.1 nm and a ~150 pA current. Identical location microscopy measurements 

were performed employing a JEOL JEM-2800 microscope with a Schottky-type emission source 

working at 200 kV, equipped with a Gatan OneViewIS camera (4000 by 4000 pixel, 25 fps). The lattice 
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resolution of the STEM images was 0.09 nm. The point-to-point resolution is 0.20 nm, and 0.14 nm for 

STEM. The spherical aberration and the chromatic aberration were 0.7 mm and 1.3 mm, respectively. 

EDS mapping was performed with the equipped double Silicon drift detectors, with a solid angle of 

0.98 sr with a detection area of 100 mm2, and with 133 eV spectral resolution. For sample preparation 

a lacey carbon supported Cu grid, size 400 mesh was used. 

Solid-State ultraviolet -visible (UV-VIS) spectra were measured in reflection geometry using a 

VARIAN Cary 4000 with a HARRICK Praying Mantis unit. The measured range was chosen from 200 

to 800 nm with 1 nm step width. The sources were switched at 350 nm. The crude samples were mixed 

with an excess of BaSO4 prior to measurement. 

5.2 Suzuki Polycondensation* 

5.2.1 General Synthetic Procedures 

Mechanosyntheses of PPP in the PBM 

For the experiments in PBM 4-halophenylboronic acid (7.23 mmol), Pd black (36 mg, 4.7mol%) and 

K2CO3 (8.510 g, 61.58 mmol) were placed together with 22 10 mm-diameter milling balls in a 45 mL 

milling vessel. The mixture was milled for 2 to 6 h at 800 rpm in a Fritsch Pulverisette 7 premium line 

PBM. The samples were washed with water, 10wt% HCl, ethanol and acetone and afterwards dried 

overnight at 80 °C. 

Mechanosyntheses of PPP in MBM 

The experiments in MBM were conducted with 4-iodophenylboronic acid (496 mg, 2.00 mmol) and 

K2CO3 (2.504 g, 18.12 mmol) placed in a 25 mL ZrO2 milling vessel together with two Pd milling balls 

(Figure 5.2) of about 10 mm diameter. The mixture was milled for 8 h in a Retsch MM400 MBM at 

30 Hz. For reference experiments 4.7mol% catalyst (Pd(OAc)2 or Pd black) were added and the Pd balls 

were replaced by ZrO2 balls. The samples were washed with water, 10wt% HCl, ethanol and acetone 

and afterwards dried overnight at 80 °C. 

Yield Calculation and C onversion  

The yield of insoluble polymer was calculated from the weight of the sample after washing and drying. 

The mass of Pd in the sample (Pd black deployed or Pd ball abrasion) was subtracted from the sample 

weight. End groups were not considered. 

The organic washing solutions were examined by drying under vacuum and weighing this fraction. 

The total mass of substance soluble in ethanol and acetone approximately corresponds to the amount 

of non-reacted monomer calculated from the yield of long chain polymer. Besides remaining 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Parts of this chapter were literally adopted from my publication.[125] 



Experimental Section 61 

 

 

monomer, traces of small oligomers (iodobiphenyl, iodoterphenyl) and even deboronated iodobenzene 

were validated via GC-MS. That showed a higher monomer conversion than the yield denoted. It was 

not possible to fully determine the structure and quantity of the oligomers as well as oligomers with 

boronic acid functional groups via high performance liquid chromatography-MS. In addition, the 

widely varying solubility impedes the analysis by this technique. 

Determination of DP  

Each sample was measured five times and the average of the integrals was taken in order to reduce 

effects caused by inhomogeneities. The DP was calculated from FT-IR spectra with the principal 

absorption band at 805 cm-1 from para-substituted phenyl rings and the smaller band at 690 cm-1 

attributed to the vibration of terminal phenyl rings. Using the intensities of these bands in 

(Equation 23) gives the DP.[215,216] 

  (23) 

Calculation of Pd Particle Size from PXRD Patterns  

For estimating particle sizes D of Pd the Scherrer Equation 24 was used with Scherrer constant 

K = 0.89 and κ = 0.15406 nm. Full width at half maximum (FWHM) was determined by peak 

integration of the (111) reflex with highest intensity (40° 2η) using Origin 2018G software. 

 
 

 (24) 

Figure 5.2 Photos and microscope images (20x magnification) of Pd milling balls new (A and C) and used (B and D) after 
more than 140 h of milling. The used Pd balls show a surface roughening from impacts during milling. 
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5.2.2 Supplementary Methods 

Fracturing Tests 

To prove the fracturing of the polymer during the milling, experiments were performed milling the 

synthesized polymers after purification. The first experiment was conducted corresponding to 

PPPPBM-8, using the standard approach with Si3N4 milling material but replacing the monomer 

4-bromophenylboronic acid by the insoluble PPP and milling for 6 h in PBM. The second experiment 

was conducted corresponding to PPPMBM-Ref-2 and thus was milled for 8 h with ZrO2 milling vessel 

and two 10 mm ZrO2 milling balls in the MBM. The samples were afterwards washed with water, 

10wt% HCl, ethanol and acetone and dried overnight at 80 °C. 

Leaching Tests 

To study the heterogeneity of the reaction in sample PPPMBM-3 a standard reaction protocol was 

conducted in which the Pd balls were replaced by two ZrO2 balls after 4 h reaction time. Every two 

hours, the reaction was briefly stopped, and 100 mg reaction mixture was taken from the milling vessel 

to determine yield and DP. 

Mechanosyntheses of 1,3,5-Triphenylbenzene  

For the synthesis of 1,3,5-triphenylbenzene in a PBM (PPPPBM-15) phenylboronic acid (1.258 g, 

10.32 mmol, 3 eq.), 1,3,5-tribromobenzene (1.083 g, 3.44 mmol, 1 eq.), Pd black (26 mg, 7.1mol% of 

1,3,5-tribromobenzene) and K2CO3 (8.510 g, 61.6 mmol) were placed together with 22 10 mm-diameter 

Si3N4 mill ing balls in a 45 mL Si3N4 milling vessel. The mixture was milled for 4 h at 800 rpm in a PBM. 

The same reaction was carried out in MBM (PPPMBM-7) using phenylboronic acid (732 mg, 6.00 mmol, 

3 eq.), 1,3,5-tribromobenzene (630 mg, 2.00 mmol, 1 eq.), K2CO3 (2.504 g, 18.1 mmol) and two Pd 

milling balls in a PMMA milling vessel. The mixture was milled for 8 h at 30 Hz, washed and analysed 

via GC-MS. The results are shown in Chapter 7.1.5. Both reactions PPPPBM-15 and PPPMBM-7 are shown 

as proof of principle. No further product separation or optimization of reaction parameters was 

performed. 

Green Metrics Calculation  

The power consumption of the ball mills was measured during the respective reactions (PBM 800 rpm: 

155 W; MBM 30 Hz: 80 W). In all ball milling reactions two vessels can be run parallel. For hot plate 

stirring at 150 °C in the reference reaction the power consumption was estimated by 400 W, including 

condenser cooling water supply. Although maintaining the temperature of 150 °C is energy 

demanding, the maximum power consumption of a typical device (800 W) would be necessary only in 

the beginning of the reaction. Workup and purification were not considered in MI, MP, and EEC. 

These were included for EcoScale assessment, estimating the tetrahydrofuran (THF) amount for 

Soxhlet extraction of the product by 300 mL. The washing solutions in the mechanochemical protocols 
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were considered with each 150 mL (PBM; MBM: 50 mL). However, the absolute amounts have weak 

impact confined to classification of the reaction componentsỵ pricing (see Chapter 5.1.4). 

5.2.3 Overview of Conducted Experiments 

Table 5.4 PPP samples obtained in PBM.  

Sample Vessel/ball 
material  

Reaction 
time / h  

Amount of 
catalyst 

DP Yield / %[a]  Halide function 
of monomer  

PPPPBM-Ref[66] ZrO2 0.5 9.3mol% Pd(OAc)2 69 47 Br 

PPPPBM-1 ZrO2 4 4.7mol% Pd black 18 59 Br 

PPPPBM-2 Steel 4 4.7mol% Pd black 13 56 Br 

PPPPBM-3 WC 4 4.7mol% Pd black 10 81[b] Br 

PPPPBM-4 Si3N4 2 4.7mol% Pd black 34 19 Br 

PPPPBM-5 Si3N4 3 4.7mol% Pd black 45 14 Br 

PPPPBM-6 Si3N4 4 4.7mol% Pd black 56 22 Br 

PPPPBM-7 Si3N4 5 4.7mol% Pd black 40 19 Br 

PPPPBM-8 Si3N4 6 4.7mol% Pd black 32 34 Br 

PPPPBM-9 Si3N4 4 2.3mol% Pd black 55 20 Br 

PPPPBM-10 Si3N4 4 0.5mol% Pd black 48 5 Br 

PPPPBM-11 Si3N4 4 4.7mol% Pd black 0 0 Cl 

PPPPBM-12 Si3N4 4 4.7mol% Pd black 79 66 I 

PPPPBM-13 Si3N4 4 4.7mol% Pd waste 51 14 Br 

PPPPBM-14 Si3N4 4 4.7mol% Pd waste 99 11 I 

PPPPBM-15[c]  Si3N4 4 4.7mol% Pd black n.a. 36 Br 

PPPPBM-16[d]  Si3N4 4 - - 0 Br 

PPPPBM-17[e]  Si3N4 4 4.7mol% Pd black - 0 Br 

PPPPBM-Frc[f]  Si3N4 6 4.7mol% Pd black 39 n.a. - 

All samples unless otherwise stated were prepared using 7.23 mmol reagent, 8.510 g K2CO3 and 22 milling balls of 10 mm 
diameter in a 45 mL vessel. The milling was conducted for the denoted time at 800 rpm in a PBM.  [a] Yield calculated from 
mass of insoluble polymer after washing with water, 10wt% HCl, ethanol and acetone. [b] Overestimated due to impurities 
from WC abrasion. [c] 1.083 g (3.44 mmol, 1 eq.) 1,3,5-tribromobenzene and 1.258 g (10.32 mmol, 3 eq.) phenylboronic acid 
used as reagents. Yields were calculated from GC-MS analyses [d] Blind experiment without Pd catalyst. [e] Blind experiment 
with K2CO3 replaced by KCl. [f]  Fracturing test of isolated monomer (initial DP 120). 
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Table 5.5 PPP samples obtained in MBM. 

Sample Vessel/ball 
material  

Reaction 
time / h  

Amount of 
catalyst 

Abrasion / 
mg / %[a]  

DP Yield / %[b]  

PPPMBM-Ref-1 ZrO2 8 4.7mol% Pd(OAc)2 - 50 50 

PPPMBM-Ref-2 ZrO2 8 4.7mol% Pd black - 52 6 

PPPMBM-1 ZrO2/Pd 8 1 Pd ball 590 / 16 115 6 

PPPMBM-2 ZrO2/Pd 8 2 Pd balls 290 / 8 99 31 

PPPMBM-3 PMMA/Pd 8 2 Pd balls 120 / 3 118 50 

PPPMBM-4 PTFE/Pd 8 2 Pd balls 165 / 4 200 43 

PPPMBM-5 ZrO2/Pd 4 + 4 2 Pd balls 35 / 1 199 18 / 23 

PPPMBM-6 PMMA/ZrO2 8 4.7mol% Pd black - 123 100 

PPPMBM-7[c]  ZrO2/Pd 8 2 Pd balls 12 / <1 n.a. 14 

PPPMBM-8[d]  ZrO2/Pd 8 2 Pd balls 99 / 3 - 0 

PPPMBM-9[e]  ZrO2/Pd 8 2 Pd balls 196 / 6 - 0 

PPPMBM-Frc[f]  ZrO2 8 4.7mol% Pd black - 36 n.a. 

All samples unless otherwise stated were prepared using 496 mg (2.00 mmol) 4-iodophenylboronic acid, 2.504 g K2CO3 and 
two milling balls of 10 mm diameter in a 25 mL vessel. The milling was conducted for the denoted time at 30 Hz in a MBM. 
[a] Relative abrasion was calculated from actual ball weight. [b] Yield calculated from mass of insoluble polymer after 
washing with water, 10wt% HCl, ethanol and acetone. [c] 630 mg (2.00 mmol, 1 eq.) 1,3,5-tribromobenzene and 732 mg 
(6.00 mmol, 3 eq.) phenylboronic acid used as reagents. [d] 107 mg (0.4 mmol, 4 eq. to Pd black catalyst) triphenylphosphine 
were added. [e] 50 λL (0.4 mmol, 4 eq. to Pd black catalyst) 1,4-cyclooctadiene were added. [f]  Fracturing test of isolated 
monomer (initial DP 120). 

5.3 Copper Mediated Coupling of Iodobenzene and Ethylenediamine 

5.3.1 General Synthetic Procedures 

Mechanochemical Coupling of IB and EN  in PBM 

For the standard experiments in PBM IB (448 λL, 4.0 mmol, 1.0 eq.), EN (802 λL, 12.0 mmol, 3.0 eq.), 

base (4.0 g in total, each 2.0 g in case of KOH plus Al2O3) and Cu powder (256 mg, 4.0 mmol, 1.0 eq.) 

were placed together with 22 steel milling balls of 10 mm diameter in a 45 mL steel vessel. The mixture 

was milled for 30 min at 800 rpm in a PBM. The crude product was extracted with DCM and analysed 

via GC-MS. 

Mechanochemical Coupling of I B and EN in MBM 

The experiments in MBM were conducted using IB (224 λL, 2.0 mmol, 1.0 eq.), EN (401 λL, 6.0 mmol, 

3.0 eq.), base (2.5 g) and Cu powder (128 mg, 2.0 mmol, 1.0 eq.) together with two steel milling balls of 

10 mm diameter in a 25 mL steel vessel. The mixture was milled for 30 min at 30 Hz in a MBM. The 

crude product was extracted with DCM and analysed via GC-MS. 
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Screening of Nucleophiles , Phase Transfer Catalyst, Complex  Ligands and Aryl Halides in 

MBM 

The screening experiments followed the general procedure but used ZrO2 milling balls and vessels. 

EN was replaced by 6.0 mmol (3.0 eq.) of various reagents or IB was substituted by 2.0 mmol (1.0 eq.) 

of aryl halides. The specific amounts are shown in Table 5.6. 

Solution -Based Coupling of IB and EN 

For the reference reaction in solution, a round bottom flask was charged with 50 mL iso-propanol. 

After dissolving 4.0 g KOH, 448 λL (4.0 mmol, 1.0 eq.) IB, and 802 λL (12.0 mmol, 3.0 eq.) EN were 

added. The mixture was stirred at reflux for 24 h while taking samples after 1, 2, 5, 12 and 24 h for 

GC-MS analyses. No conversion was observed. 

Table 5.6 Amounts of nucleophiles, phase transfer catalyst, complex ligands and aryl halides used in the screening 
experiments. 

Reagent n Reagent / mmol  m Reagent/ mg V Reagent / λL 

Dodecylamine  6.0 1112 - 

Cyclohexylamine  6.0 595 691 

Aniline  6.0 559 548 

Phenol 6.0 565 - 

1,2-Propanediamine  6.0 445 511 

1,6-Hexanediamine  6.0 697 - 

1,8-Octanediamine  6.0 866 - 

Triethylamine  6.0 607 832 

Tetra-n-butylammonium chloride  6.0 1668 - 

N,N,NҔ,NҔ-Tetramethyl -
ethylenediamine  

6.0 697 905 

Phenanthroline  6.0 1081 - 

Ethylene glycol  6.0 372 336 

Glycerol  6.0 553 439 

4-Iodoanisole 2.0 468 - 

4-Iodonitrobenzene  2.0 498 - 

4-Iodopyridine  2.0 410 - 

1-Bromo -4-iodobenzene 2.0 566 - 

Bromobenzene 2.0 314 209 
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5.3.2 Overview of Conducted Experiments 

Table 5.7 Samples obtained in PBM (IBPBM-) and in solution (IBSol-). 

Sample Reagent Cu source Base Milling 
material  

Conversion / 
% 

Yield 
NPE / % 

Yield 
BP / % 

IBPBM-1 EN Powder KOH + Al2O3 Steel 99 85 3 

IBPBM-2[a]  EN 7 x 15 mm 
balls 

KOH + Al2O3 Steel 90 77 6 

IBPBM-3 EN Powder KOH Steel 100 >99 - 

IBPBM-4 EN Powder KCl Steel 100 >99 - 

IBPBM-5 EN - KOH Steel 100 - 96 

IBPBM-6 - Powder KOH Steel 0 - - 

IBPBM-6-2h - Powder KOH Steel <1 - <1 

IBPBM-6-5h - Powder KOH Steel 42 - 19 

IBPBM-6-12h - Powder KOH Steel 100 - 99 

IBPBM-7 EN Powder KOH WC 100 >99 - 

IBPBM-8 EN Powder KOH ZrO2 100 92 8 

IBPBM-9 EN Powder KOH Si3N4 100 - 54 

IBPBM-10 EN 7 x 15 mm 
balls 

KOH Steel 100 - 71 

IBSol-1[b] EN - KOH - 0 - - 

All samples unless otherwise stated were prepared using 448 λL (4.0 mmol) IB, 802 λL (12.0 mmol) EN, 4.0 g base and 22 
milling balls of 10 mm diameter in a 45 mL vessel. In case of powder catalyst 256 mg (4.0 mmol) Cu powder were added. 
The milling was conducted for 30 min at 800 rpm in a PBM. [a] Weight per milling ball 15.8 g (density 8.93 g cm-3), abrasion 
526.8 mg / 0.48%. [b] Reaction was performed in iso-propanol at reflux for 24 h. 

Table 5.8 Samples obtained in MBM (IBMBM-). 

Sample Cu source Base Milling 
material  

Conversion / 
% 

Yield 
NPE / % 

Yield 
BP / % 

IBMBM-1 Powder KOH Steel 100 >99 - 

IBMBM-2 Powder KOH ZrO2 100 >99 - 

IBMBM-3 2 x 10 mm Cu balls[a] KOH Steel 33 33 - 

IBMBM-4 1 x 15 mm Cu ball[b] KOH Steel 100 94 - 

IBMBM-5 2 x 10 mm brass balls[c] KOH Steel 91 - 91 

IBMBM-6 2 x 10 mm bronze balls[d] KOH Steel 100 - >99 

IBMBM-7 Powder KCl ZrO2 100 >99 - 

IBMBM-8 Powder K2CO3 ZrO2 100 99 - 

IBMBM-9 Powder KOtBu ZrO2 100 - 92 

IBMBM-10 Powder NaOH ZrO2 4 - 3 

IBMBM-11 Powder CsOH ZrO2 2 - 2 
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Sample Cu source Base Milling 
material  

Conversion / 
% 

Yield 
NPE / % 

Yield 
BP / % 

IBMBM-12.1 - KOH ZrO2 100 - >99 

IBMBM-12.2 - KOH 2nd 
batch 

ZrO2 100 - >99 

IBMBM-12.3 - KOH 99.9% ZrO2 100 - >99 

IBMBM-12.4 - KOH semic. 
grade 

ZrO2 100 - >99 

IBMBM-13 - KCl ZrO2 0 - - 

IBMBM-14[e] Powder KOH ZrO2 0 - - 

All samples unless otherwise stated were prepared using 224 λL (2.0 mmol) IB, 401 λL (6.0 mmol) EN, 2.5 g base and two 
milling balls of 10 mm diameter in a 25 mL vessel. In case of powder catalyst, 128 mg (2.0 mmol) Cu powder were added. 
The milling was conducted for 30 min at 30 Hz in a MBM. [a] Weight per milling ball 4.08 g (density 8.93 g cm-3), abrasion 
69.3 mg / 1.70%. [b] Weight per milling ball 15.8 g (density 8.93 g cm-3), abrasion 62.5 mg / 0.40%. [c] Weight per milling ball 
4.42 g (density 8.45 g cm-3), abrasion 5.8 mg / 0.13%. [d] Weight per milling ball 4.04 g (density 8.79 g cm-3), abrasion 1.2 mg 
/ 0.03%. [e] 352 mg (2.0 mmol, 1.0 eq.) ascorbic acid as anti-oxidant / radical scavenger were added. 

Table 5.9 Reagent screening (IBMBM-Rea-) in exchange of EN. 

Sample Reagent Cu source Conversion / % Yield BP / % 

IBMBM-Rea-1 Dodecylamine Powder 0 - 

IBMBM-Rea-2 Cyclohexylamine Powder 0 - 

IBMBM-Rea-3 Aniline Powder 0 - 

IBMBM-Rea-4 Phenol Powder 0 - 

IBMBM-Rea-5 1,2-propanediamine - 9 9 

IBMBM-Rea-6 1,6-hexanediamine - 0 - 

IBMBM-Rea-7 1,8-octanediamine - 0 - 

IBMBM-Rea-8 Trimethylamine - 0 - 

IBMBM-Rea-9 Cyclohexylamine - 0 - 

IBMBM-Rea-10 Aniline - 0 - 

IBMBM-Rea-11 Tetra-n-butylammonium chloride - 0 - 

IBMBM-Rea-12 N,N,Nẻ,Nẻ-tetramethyl-
ethylenediamine 

- 0 - 

IBMBM-Rea-13 Phenanthroline - 0 - 

IBMBM-Rea-14 Ethylene glycol - 0 - 

IBMBM-Rea-15 Glycerol - 0 - 

All samples were prepared using 224 λL (2.0 mmol) IB, 6.0 mmol reagent, 2.5 g KOH and two ZrO2 milling balls of 10 mm 
diameter in a 25 mL ZrO2 vessel. In case of powder catalyst 128 mg (2.0 mmol) Cu powder were added. The milling was 
conducted for 30 min at 30 Hz in a MBM. 
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Table 5.10 Screening of aryl halide (HAMBM-).  

Sample Aryl halide  Conversion / % Yield C-N / % Yield BP / % 

HA MBM-1 4-iodoanisole 0 - - 

HA MBM-2 4-iodonitrobenzene 0 - - 

HA MBM-3 4-iodopyridine 0 - - 

HA MBM-4 4-bromoiodobenzene 0 - - 

HA MBM-5 Bromobenzene 0 - - 

All samples were prepared using 2.0 mmol aryl halide, 401 λL (6.0 mmol) EN, 2.5 g KOH and two ZrO2 milling balls of 
10 mm diameter in a 25 mL ZrO2 vessel. The milling was conducted for 30 min at 30 Hz in a MBM. 

5.4 Glaser Coupling* 

5.4.1 General Synthetic Procedures 

For the standard experiments PA (55 λL, 0.5 mmol) and K2CO3 (3.0 g, 21.7 mmol) were placed together 

with two milling balls (about 10 mm diameter) in a 25 mL milling vessel. The mixture was milled for 

90 min at 30 Hz in a MBM. A small sample amount was dispersed in DCM to verify product formation 

via GC-MS. Using this analytic technique, all the first experiments supposedly showed complete 

conversion. It was found that PA evaporates quickly within some hours of air exposure. Because of 

this, GC-MS was not suitable for yield determination. Instead, the observed behaviour was utilized for 

purification through exposing the reaction mixture to air for 24 h after milling in order to remove 

remaining PA. Afterwards the product was washed out of the reaction mixture with DCM (the solvent 

was recovered from the evaporator and re-used consistently during the project), the solution was dried 

under vacuum and the yield was calculated from the dry sample weight. Product purity was confirmed 

by NMR spectroscopy, showing that exposure to air and therefore evaporation of PA was sufficient 

for purification of the product DPB. Especially, regarding the sustainability of the direct 

mechanocatalytic protocol, no chromatography was needed for purification. The milling balls were 

cleaned, dried, and weighed to determine the abrasion from weight loss after every single reaction. 

For purification of the products BPB and BBB after removal of DCM the dried crude products were 

washed carefully with ethanol to remove BEB and EBP and dried overnight at 80 °C. 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Parts of this chapter were literally adopted from my publication.[280] 

Figure 5.3 Used milling balls made of A: ZrO2; B: Cu; C: bronze; D: brass; E: Ni; F: Monel. 
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To conduct experiments in milling vessels of other sizes the amounts of all compounds were adapted 

proportionally (see Table 5.11). In the 14 mL bronze and Al-bronze vessels only one milling ball was 

used because two balls got stuck and the reaction mixture was not further milled. 

Calculation of Oxygen Content in the Milling Vessel 

In the Glaser coupling stoichiometric amount of oxidizing agent is needed. Under classic conditions, 

likewise in this work, oxygen from air is utilized.[184,187,189] The amount of oxygen available in the 

25 mL milling vessel was calculated to ensure sufficient availability. 

  (25) 

  (26) 

  (27) 

  (28) 

  (29) 

Due to the stoichiometry of the reaction 0.80 mmol of reagent can couple. Therefore, the approaches 

were set to a 0.5 mmol scale for 25 mL milling vessels and the amount was proportionally reduced for 

experiments in the 14 mL vessels towards 0.28 mmol, respectively. Early non-optimized experiments 

with higher amounts of reagent show lower yields compared to the above noted procedure. 

Table 5.11 Amounts of reagent, base and milling balls used in the differently sized milling vessels. 

Reagent n reagent / 
mmol  

m reagent/ 
mg 

m base / g V vessel / mL No. of milling balls  

PA 0.5 51.1 – 55 λL 3 25 2 

 0.4 40.9 – 44 λL 2.4 20 1-2 

 0.28 28.6 – 31 λL 1.68 14 1 

PA-Cu 0.5 82.3 3 25 2 

 0.4 65.9 2.4 20 1 

BEB 0.5 90.5 3 25 2 

 0.28 50.7 1.68 14 1 

EBP 0.5 89.1 3 25 2 

TEB 0.3 45.1 3 25 2 

Figure 5.4 Used milling vessels made of A: ZrO2; B: bronze; C: Al-bronze; D: PFA. 
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Nevertheless, some experiments with a dearth of oxygen exceeded the theoretical maximum yield. 

This is caused by the not entirely gas tight sealing of the milling vessels. 

Synthesis of PA-Cu 

PA-Cu was prepared adapting a route from.[271] A solution of 0.54 mL PA (5.1 mmol) in 10 g 

1,4-dioxane was added dropwise to 1.0 g CuI (5.0 mmol) dissolved in 50 mL aqueous ammonia solution 

(25wt%) while stirring. The mixture was left to precipitate for 15 min at RT. After dilution with water 

the product was filtered off, washed with water, ethanol, and diethyl ether, and dried at 60 °C 

overnight. PA-Cu was obtained as yellow solid in 72% yield. FT-IR and Raman spectra were in good 

accordance with the literature (see Appendix Figure 7.23).[256,271] 

5.4.2 Supplementary Methods 

Water Determination  

The determination of water formed in the Glaser coupling was conducted with Karl Fischer titration. 

Therefore, the reaction using 3.000 g KOtBu as base was repeated and supplemented with a blind 

experiment in which the bronze balls were replaced by ZrO2. After finished milling the closed and 

sealed vessels were transferred into a glove box and opened. Three samples of each reaction mixture 

were added to each 10 mL (V) of dry THF, which dissolved the KOtBu and incorporated water. The 

water content was determined for each sample via Karl Fischer titration and recalculated to the 

reaction mixture. 

Fixed parameters for the calculation of the water content (Equation 30) were the volume (V = 10 mL) 

and density (π = 0.89 g cm-3) of THF. The total mass of the reaction mixture (mtot) for the blind 

experiment was the amount of base (3.000 g) whereas for the reaction additionally the abrasion of the 

milling ball (8.5 mg) and the amount of product for estimated 46% yield (23.5 mg; yield was not 

determined since parts of the product were spend in the Karl Fischer titration) were taken into 

calculation. Measured data were the water concentration (c) in THF and the mass of sample (ms) (see 

Table 5.12). From these, the averages and standard deviations were calculated, giving 6.9 ± 1.1 mg in 

Table 5.12 Water determination in the reaction mixture. 

Sample Water concentration (c) 
in THF per sample / ppm 

Mass of sample (ms) of 
reaction mixture / mg 

Mass (m) of water in 
reaction mixture / mg 

Blind.1  126.20 621.0 5.4 

Blind.2  143.28 559.6 6.8 

Blind.3  139.49 441.1 8.4 

Reaction.1 242.77 465.4 14.1 

Reaction.2 435.88 989.0 11.9 

Reaction.3 376.38 771.8 13.2 

The samples were prepared milling 55 λL PA together with 3.000 g KOtBu and two milling balls (blind: ZrO2; reaction: 
bronze) in a 25 mL ZrO2 vessel for 90 min at 30 Hz in a MBM. 
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the blind sample and 13.1 ± 1.1 mg in the reaction sample. Following the proposed reaction mechanism 

with a yield of 46%, the amount of water formed is 2.1 mg. 

 ẗ ẗ  (30) 

Cu Powder Impregnation with PA  

The impregnation was performed adding 220 λL (2.0 mmol; 1 eq.) PA to 128 mg (2.0 mmol; 1 eq.) Cu 

powder in an open glass vial. The mixture was placed in a fume hood overnight (the main portion of 

PA already evaporated) and afterwards dried for 1 h under reduced pressure. Bright yellow covering 

of the dark red Cu powder showed the spontaneous formation of PA-Cu that was confirmed by FT-

IR spectra (PA-Cu-air; see Figure 7.26). 

Green Metrics Calculation  

The power consumption of the MBM was measured by 80 W, running two vessels parallel. For stirring 

in the reference reaction, the power consumption was estimated by 10 W, following the user manualỵs 

data of a typical device. Workup and purification were not considered in EEC. MI and MP were 

calculated solely for the conversion (MIc and MPc) and including workup (MIt and MPt). The workup 

procedure described by Singh et al.[263] was also applied to the approach of Li et al. (only Ỹconventional 

workupỹ mentioned).[194] Solvent amounts were adapted from Schmidt et al. (3x10 mL per 2.0 mmol 

batch) proportional to the batch size (see Table 5.13). For drying of the organic layer, 1.0 g of Na2SO4 

was assumed. The process mass of column chromatographic purification was estimated following the 

method described by Pessel et al. (Equation 31, A = 59.8, C = 0.64, N = 35)[272] under ideal conditions 

with Rf = 0.7.[263] The EcoScale[31] assessment gave more valuable results including the workup and 

purification since the absolute amounts have lower impact and all used substances are inexpensive 

bulk chemicals. However, the safety hazards significantly impair the EcoScale. 

  (31) 

Table 5.13 Masses of chemicals used for calculation of MIt and MPt. 

Type Conventional  Mechanochemical [94] Direct mechanocatalytic  

Sample code Entry 13[263] 2a[194] K2CO3 Entry 4 DPB-4 DPB-v-4 

Solvent added / mL 5 5 3x10 3x10 3x5 3x1.4 

Brine (washing) / mL 5 5 - - - - 

Na2SO4 (drying) / mg  1000 1000 - - - - 

mworkup  / mg 12251 12251 44700 44700 10773 5586 

mchromatography  / mg 6266 6294 -  - - 

mconversion  / mg 1130 8329 4569 4504 3053 1709 

m total  / mg 19647 26874 49269 49204 13826 7295 
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5.4.3 Overview of Conducted Experiments 

Table 5.14 Investigation of reference catalysts, catalytic milling balls, and alternative reagents. 

Sample Ball m aterial  Cu content of milling 
balls / wt% 

Total abrasion of balls / 
mg / % 

Yield / % 

DPB-1[a]  ZrO2 0 0.3 / <0.01 43 

DPB-2[b]  ZrO2 0 0.2 / <0.01 0 

DPB-3[c]  Cu 100 302.7 / 3.70 47 

DPB-4[d]  Bronze 92 2.3 ± 0.3 / 0.03 ± 0.003 52 ± 1.3 

DPB-4.1[d]  Bronze 92 2.6 / 0.032 51.9 

DPB-4.2[d]  Bronze 92 2.0 / 0.025 54.7 

DPB-4.3[d]  Bronze 92 2.2 / 0.027 52.4 

DPB-4.4[d]  Bronze 92 2.0 / 0.025 50.9 

DPB-4.5[d]  Bronze 92 2.5 / 0.031 51.6 

DPB-5[c]  Brass 64 8.0 / 0.09 53 

DPB-6 Monel 30 16.6 / 0.21 17 

DPB-7 Ni 0 41.6 / 0.49 3 

BPB[d]  Bronze 92 2.6 / 0.03 29 

BBB[d]  Bronze 92 6.0 / 0.07 42 

PTEB[e] Bronze 92 1.9 / 0.02 <1 

All samples unless otherwise stated were prepared using 0.5 mmol reagent, 3.0 g base and two milling balls of 10 mm 
diameter in a 25 mL ZrO2 vessel. The milling was conducted for 90 min at 30 Hz in a MBM. [a] 9.5 mg (10mol%) CuI added 
as catalyst. [b] 3.2 mg (10mol%) Cu powder added as catalyst. [c] Adapted from [250] with 0.5 mmol reagent instead of 
2.0 mmol. [d] Repeated from [250] with different results due to changed work up procedure. [e] Due to the three acetylene 
groups per molecule the amount was reduced to 0.3 mmol. 

Table 5.15 Investigation of milling time (DPB-t) and applied base (DPB-b). 

Sample Milling time / min  Base Total abrasion of balls / mg / % Yield / % 

DPB-t-1[a]  20 K2CO3 0.7 / 0.01 32 

DPB-t-2[a]  90 K2CO3 2.3 / 0.03 52 

DPB-t-3 180 K2CO3 8.9 / 0.08 61 

DPB-t-4 300 K2CO3 20.4 / 0.25 40 

DPB-t-5 480 K2CO3 47.4 / 0.59 29 

DPB-b-1[b]  90 KF 5.0 / 0.06 0 

DPB-b-2[b]  90 KOAc 2.1 / 0.03 0 

DPB-b-3[b]  90 KHCO3 1.3 / 0.02 0 

DPB-b-4[b]  90 Li2CO3 5.0 / 0.06 0 

DPB-b-5[b]  90 Na2CO3 10.0 / 0.12 0 

DPB-b-6[b]  90 K2CO3 2.3 / 0.03 52 

DPB-b-7[b]  90 Rb2CO3 3.2 / 0.04 52 

DPB-b-8[b]  90 Cs2CO3 2.1 / 0.03 52 
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Sample Milling time / min  Base Total abrasion of balls / mg / % Yield / % 

DPB-b-9[b]  90 K3PO3 12.0 / 0.15 0 

DPB-b-10[b]  90 KOH 1.0 / 0.01 0 

DPB-b-11[b]  90 KOtBu 8.5 / 0.11 46 

DPB-b-12[b]  90 2 g K2CO3 8.1 / 0.10 52 

DPB-b-13[b]  90 1 g K2CO3 8.8 / 0.11 37 

All samples unless otherwise stated were prepared using 55 λL (0.5 mmol) PA, 3.0 g base and two milling balls of 10 mm 
diameter in a 25 mL ZrO2 vessel. The milling was conducted for the denoted time at 30 Hz in a MBM. [a] Repeated from [250] 
with different results due to changed work up procedure. [b] Adapted from [250] with 0.5 mmol PA instead of 2.0 mmol. 

Table 5.16 Investigation of catalytic milling vessels (DPB-v). 

Sample Milling vessel 
material  

Vessel abrasion / 
mg / % 

Milling ball  
material  

Milling ball 
abrasion / mg / % 

Yield / % 

DPB-v-1[a]  Bronze 3.0 / 0.001 Bronze 0.5 / 0.012 61 

DPB-v-2[a]  Bronze 5.0 / 0.002 ZrO2 0.0 / - 71 

DPB-v-3[a]  Al-bronze 3.6 / 0.001 Bronze 1.2 / 0.030 63 

DPB-v-4[a]  Al-bronze 0.8 / <0.001 ZrO2 0.1 / 0.003 67 

All samples were prepared using 44 λL (0.4 mmol) PA, 1.68 g K2CO3 with one milling ball of 10 mm diameter in a 14 mL 
vessel. The milling was conducted for 90 min at 30 Hz in a MBM. The Cu contents of the milling vessels are 92wt% for 
bronze and 81wt% for Al-bronze. [a] Repeated from [250] with different results due to changed work up procedure. 

Table 5.17 Mechanistic investigations (DPB-m). 

Sample Ball 
material  

Comment  Total abrasion of 
balls / mg / % 

Yield % 

DPB-m-1[a]  ZrO2 Without Cu source 0.2 / <0.01 0 

DPB-m-2[a]  Bronze K2CO3 replaced by KCl 0.5 / 0.01 0 

DPB-m-3[a]  Bronze Inert Ar atmosphere 1.6 / 0.02 0 

DPB-m-4[a]  Bronze 185 mg BCA added 0.6 / 0.01 3 

DPB-m-5[a]  Bronze 100 mg EDTA added 4.6 / 0.06 46 

DPB-m-6 ZrO2 Leaching, base from DPB-4 reused 0.2 / <0.01 3 

DPB-m-7 Bronze Reagent replaced by PA-Cu 0.8 / 0.01 45 

DPB-m-8 ZrO2 Reagent replaced by PA-Cu 0.1 / <0.01 31 

DPB-m-9-i  Bronze 60 min milling time 0.6 / 0.01 39 

DPB-m-10-i  Bronze Two milling balls were used 4.7 / 0.06 42 

DPB-m-11-i  Bronze Reagent replaced by PA-Cu 0.7 / 0.02 41 

DPB-m-12-i  ZrO2 7.6 mg (10mol%) CuI catalyst added 0.1 / <0.01 37 

DPB-m-13 ZrO2 3.0 g KOtBu for H2O determination n.a. n.a. 

DPB-m-14 Bronze 3.0 g KOtBu for H2O determination n.a. n.a. 

All samples unless otherwise stated were prepared using 55 λL (0.5 mmol) PA, 3.0 g K2CO3 and two milling balls of 10 mm 
diameter in a 25 mL ZrO2 vessel. The milling was conducted for 90 min at 30 Hz in a MBM. Sample code -i indicates in situ 
Raman monitoring, prepared using 44 λL (0.4 mmol) PA, 2.4 g K2CO3 and one milling ball in a 20 mL PFA vessel and milled 
in an IST-500 MBM for 90 min at 30 Hz. [a] Repeated from [250] with different results due to changed work up procedure. 
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Table 5.18 Investigation of alternative oxidant supply (DPB-o, BEB-o). 

Sample Reagent amount 
/ mmol  

Comment  Total abrasion of 
balls / mg / % 

Yield / % 

DPB-o-1 0.5 6.4 mg (5mol%) I2 added 2.6 / 0.03 50 

DPB-o-2[a]  2.0 320 mg (1.1 eq.) KHSO5 added 1.6 / 0.02 19 

DPB-o-3 2.0 152 mg (0.5 eq.) KHSO5 added 2.1 / 0.03 21 

DPB-o-4-i  2.0 320 mg (1.1 eq.) KHSO5 added 0.5 / 0.01 18 

DPB-o-5[b]  2.0 Vessel opened 2.5 / 0.03 19 

DPB-o-8-i [b]  4.0 Vessel opened 0.7 / 0.02 5 

BPB-o-1-i [b]  4.0 Vessel opened 0.6 / 0.01 5 

BPB-o-2[c]  0.28 Bronze flow vessel 0.1 / <0.01 75 

BPB-o-3[d]  0.28 Bronze vessel 0.4 / 0.01 44 

All samples unless otherwise stated were prepared using 3.0 g K2CO3 and two bronze milling balls of 10 mm diameter in a 
25 mL ZrO2 vessel. The milling was conducted for 90 min at 30 Hz in a MBM. Sample code -i indicates in situ Raman 
monitoring. These reactions were conducted using 2.4 g K2CO3 and one milling ball in a 20 mL PFA vessel and milled in an 
IST-500 MBM for 90 min at 30 Hz. [a] Reaction was conducted under inert Ar atmosphere. [b] Milling was stopped, and vessel 
opened every 30 min to exchange atmosphere and provide fresh oxygen. [c] Repeated from.[250] Sample was milled using 
50.7 mg (0.28 mmol) BEB and 1.68 g K2CO3 with one bronze milling ball in a 14 mL bronze vessel with two screw connected 
tubes. Synthetic air was flushed through the vessel during milling. [d] Sample was milled using 50.7 mg (0.28 mmol) BEB 
and 1.68 g K2CO3 with one bronze milling ball in a 14 mL bronze vessel. 
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7 APPENDIX 

7.1 Supplementary Data for Suzuki Polycondensation* 

7.1.1 Characterization of PPP Samples from PBM 

 

Figure 7.1 PXRD patterns of the PPP samples synthesized in PBM. Reference for PPP was calculated from,[214] Pd: PDF-2 
[5-6819], WC: PDF-2 [25-1047]. 

Table 7.1 Peak centre Η, FWHM and calculated particle size D of Pd from PXRD patterns for samples synthesized in PBM. 

Sample Η / ° FWHM  D / nm Sample Η / ° FWHM  D / nm 

PPPPBM-1 20.03 0.6079 14 PPPPBM-8 20.03 0.6557 13 

PPPPBM-2 20.00 0.8006 10 PPPPBM-9 20.03 0.5696 15 

PPPPBM-3 20.00 0.6164 14 PPPPBM-10 20.03 0.6252 13 

PPPPBM-4 20.03 0.5761 15 PPPPBM-11 20.06 0.6901 12 

PPPPBM-5 20.03 0.5382 16 PPPPBM-12 20.06 0.5240 16 

PPPPBM-6 20.06 0.5891 14 PPPPBM-13 20.02 0.5279 16 

PPPPBM-7 20.06 0.6134 14 PPPPBM-14 20.05 0.1481 56 

Pd black 20.01 0.3831 22 Pd waste 20.04 0.1487 56 

Table 7.2 Elemental analyses results of selected PPP samples synthesized in PBM. 

Sample C / wt% H / wt% C/H measured C/H calc. 

PPPPBM-1 61.90 3.435 1.512 1.5 

PPPPBM-2 70.97 4.030 1.477 1.5 

PPPPBM-3 70.02 3.944 1.490 1.5 

PPPPBM-6 57.81 3.224 1.505 1.5 

 

½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½½ 
* Parts of this chapter were literally adopted from my publication.[125] 
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Figure 7.2 A: FT-IR and B: Raman spectra of the PPP samples synthesized in PBM. 

 

Figure 7.3 SEM image and EDS mapping exemplarily of sample PPPPBM-6. Pd is homogeneously distributed in the polymer. 
Br depicts the end groups in the polymer. Si originates from abrasion from scratching the frit used for product filtration. 

 

Figure 7.4 A: PXRD patterns and B: FT-IR spectra of sample PPPPBM-12 crude and after removal of Pd with 37wt% HCl 
(PPPPBM-12-HCl). The identical reflexes from PXRD and bands from FT-IR prove that this is possible without modification 
of PPP. 
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7.1.2 Characterization of PPP Samples from MBM 

 

Figure 7.5 PXRD patterns of the PPP samples synthesized in MBM. Reference for PPP was calculated from,[214] Pd: PDF-2 
[5-6819]. 

Table 7.3 Peak centre η, FWHM and calculated particle size D of Pd from PXRD patterns for samples synthesized in MBM. 

Sample η / ° FWHM  D / nm 

PPPMBM-Ref-2 20.03 0.2014 42 

PPPMBM-1 20.05 0.1234 68 

PPPMBM-2 20.07 0.1458 57 

PPPMBM-3 20.09 0.1525 55 

PPPMBM-4 20.06 0.1360 61 

PPPMBM-5 20.05 0.1536 54 

PPPMBM-6 20.05 0.1441 58 

 

Figure 7.6 A: FT-IR and B: Raman spectra of the PPP samples synthesized in MBM. 
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Figure 7.7 SEM image and EDS mapping exemplarily shown of sample PPPMBM-2. Pd is incorporated in bigger particles 
compared to PPPPBM-6 above. I represents the end groups in the polymer. 

7.1.3 Results of Leaching Test PPPMBM-5 

Table 7.4 PPP samples from the leaching test PPPMBM-5 after different milling times. The reaction was performed in the 
MBM with a 25 mL ZrO2 vessel and two milling balls. 992 mg 4-iodophenylboronic acid were used together with 1.658 g 
K2CO3. 

Reaction time / h  Ball material  DP[a]  Yield / %[a]  Η / ° FWHM  D / nm 

2 Pd 149 8 20.03 0.1260 66 

4 Pd 156 18 20.05 0.1296 65 

6 ZrO2 198 30[b] 20.04 0.1235 68 

8 ZrO2 199 23 20.05 0.1184 71 
[a] DP and yield were only thrice measured and could not be determined exactly due to the small sample amounts of less 
than 5 mg. Sample PPPMBM-5 was obtained by washing the remaining reaction mixture, therefore these results are more 
valid. [b] Overestimated due to abrasion from the filter.  

 

Figure 7.8 PXRD patterns of samples from the leaching test PPPMBM-5 after different milling times. Reference PPP was 
calculated from,[214] Pd: PDF-2 [5-681]. 
































































