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ABSTRACT: Mechanochemical milling reactions gained a lot of attention lately as a green and highly efficient path towards various 

relevant materials. The control over the fundamental reaction parameters in milling procedure, such as temperature and pressure of 

the reactor, is still in infancy and the vast majority of milling reactions is done with controlling just the basic parameters such as 

frequency and milling media weight. We demonstrate here how the milling under controlled, prolonged and variable heating programs 

accomplished in a new milling reactor introduces a new level of mechanochemical reactivity beyond what can be achieved by con-

ventional mechanochemical or solution procedures, and also reduces the time and energy costs of the milling process. The method-

ology is demonstrated on four varied systems: C–C bond forming Knoevenagel condensation, selective C–N bond formation for 

amide/urea synthesis, selective double-imine condensation, and solid-state formation of an archetypal open metal-organic framework, 

MOF-74. The potential of this methodology is best demonstrated on the one-pot selective synthesis of four complex products con-

taining combinations of amide, amine or urea functionalities from the same and simple acyl azide and diamine reactants. Principal 

control over this enhanced reactivity and selectivity stemmed from the application of specific heating regimes to mechanochemical 

processing accomplished by a new, in-house developed mechanochemical reactor. As even the moderate increase in temperature 

strongly affects the selectivity and the rate of mechanochemical reactions, the results presented are in line with recent challenges of 

the accepted theories of mechanochemical reactivity. 

Introduction 

Mechanochemical reactivity, i.e., chemical reactivity in-

duced by application of mechanical force, developed into a vi-

able, efficient, and potent alternative to the majority of conven-

tional synthetic procedures.1,2,3  At this point, it has been applied 

for the preparation or transformation of a broad range of mate-

rials, from supramolecular materials4,5 and pharmaceutical co-

crystals,6 diverse organic7,8,9,10,11 and organometallic com-

pounds,12,13 discrete or porous coordination compounds, all the 

way to hard inorganic materials,14,15 nanoparticles,16,17 and in-

termetallic compounds.18 Mechanochemistry is dubbed Chem-

istry 2.0,19 as it opened a pathway towards numerous com-

pounds not attainable by any other synthetic procedures.20 De-

spite recent advances21,22,23,24,25 in understanding the impact of 

milling media on bulk reaction mixture26,27 and the energetics 

derived from kinetic and thermal energy in milling pro-

cesses,28,29,30,31,32 fundamental knowledge about these basic re-

action parameters is still largely lacking.9 The need for temper-

ature control in the milling process has been emphasized as a 

central issue for mechanochemistry in several recent re-

views,12,33 expecting it to overcome the activation energy barrier 

for some reactions and thus open a way towards a new level of 

chemical reactivity.34 Milling at liquid-nitrogen temperature, 

i.e., cryomilling, is now well established method for preparation 

of nanoparticles of metals or pharmaceutical materials, disrup-

tion of cell membranes, pulverization of thermally-sensitive 

materials, and also for preparation of amorphous drug 

forms.35,36,37,38 Only a few reports existing to date, however, 

show how milling at a sub-ambient or stable increased temper-

ature of the milling vessel affects rates26,39 and selectivity40 of 

mechanochemical milling reactions. 

Here we show how the application of controlled and stable 

temperature regimes to mechanochemical milling leads towards 

chemical reactions not attainable by common mechanochemical 

or solution procedures. Thermal programming enabled selectiv-

ity in one-pot milling reaction between the 4-nitrobenzoyl azide 

(PNBA) and benzene-1,4-diamine (PDA) reactants, affording 

four different derivatives containing amido or urea groups, am-

ide-amine,N-(4-aminophenyl)-4-nitrobenzamide (MA), dia-

mide, N,N'-(1,4-phenylene)bis(4-nitrobenzamide) (DA), diu-

rea, 1,1'-(1,4-phenylene)bis(3-(4-nitrophenyl)urea) (DU), and 

symmetrical or non-symmetrical amide-urea, 4-nitro-N-(4-(3-

(4-nitrophenyl)ureido)phenyl)benzamide (AU) or N-(4-(3-(4-

methoxyphenyl)ureido)phenyl)-4-nitrobenzamide (AUM), Fig-

ure 1. These products have found application in more than 100 

patents including but not limited to potential antibacterial drugs, 
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ink composites, thermal recording materials, and optical prop-

erties modulators.41,42,43,44 In the herein studied thermally-as-

sisted mechanochemical C-C bond-forming Knoevenagel con-

densation between vanillin and barbituric acid, the same meth-

odology resulted not only in significant acceleration of the co-

valent bond formation but also in a change of mechanism on 

elevated temperatures and the product not available by conven-

tional milling. Mechanochemical Schiff condensation between 

vanillin and PDA at elevated temperatures afforded doubly-

condensed aldimines not readily accessible in conventional 

milling. Central to observed reactivity is a new modular mech-

anochemical reactor which enables multi-hour milling under 

changeable and precise temperature regimes (Figure 2 and ESI). 

Also, this methodology is not limited only to organic reactions; 

when applied to the mechanochemical formation of open coor-

dination network, Zn-MOF-74,45 highly crystalline MOF-74 

was available after a several minutes milling, showing almost 

10-fold acceleration despite using much milder milling condi-

tions. 

 

 

Figure 1. a) and b) Schematic representation of mechanochem-

ical selective C–N bond formation reactions between p-nitro-

benzoyl azide (PNBA) and p-phenylenediamine (PDA) under 

controlled heating regimes; c) reactants and obtained products. 

 

Experimental section 

 

General mechanochemical synthetic procedures. Mecha-

nochemical syntheses were performed in IST-636 (InSolido 

Technologies, Croatia, Zagreb) mixer mill operating at 30 Hz 

with two stainless steel balls (7 mm diameter, 1.4 g each), but 

the setup for thermal control is also suitable for other mixer 

mills. If not stated otherwise, the inner milling vessel (14 mL) 

was made of stainless steel. We have also used aluminum, pol-

ytetrafluoroethylene (PTFE) and poly(methyl methacrylate), 

PMMA, for specific purposes, such as in situ monitoring of 

thermally-controlled milling. The general milling procedure is 

universal. For example, for the amide/urea system, PDA (28 

mg, 0.25 mmol) and PNBA (100 mg, 0.5 mmol, melting point 

was not determined since the PNBA rearrange into isocyanate 

at elevated temperatures) were each positioned in the separate 

parts of the milling vessel to prevent their contact before the 

milling commenced. The additive (toluene, 30-35 µL) was 

added to the PNBA side. CAUTION: Care should be taken 

when working with acyl azides, as they may be explosive. In 

the scope of our work, we have not experienced any explosive 

decomposition when using the conditions stated above. How-

ever, acyl azide reagents should not be heated without toluene 

or similar low vapor-pressure liquid before milling.  

The reactor vessel was filled with argon gas, mounted on the 

insulated hands of the mill, and thermally-controlled milling 

was started. The temperature for each respective experiment 

was logged and controlled by LogOS software (InSolido Tech-

nologies, Croatia, Zagreb). After the milling was finished, the 

reactor vessel was allowed to cool down, and the product was 

carefully collected from the reactor vessel and analyzed. For 

more details on the yields and analysis results, please check SI. 

 

Results and discussion 

 

For the proposed study we developed thermally-controlled 

mechanochemical reactor inspired by the water-heated milling 

reactor devised by Kaupp,46,47,48 whose modification was de-

scribed in more details in recent work of Mack group, where the 

similar setup was used to study enantioselectivity in 4-tert-bu-

tylcyclohexanone under sub-ambient temperatures.40,49 To 

avoid circulation of liquid during the mill operation, broaden 

the temperature range, and ensure fast and responsive heating 

system, we developed here an insulated reactor vessel equipped 

with a 75 W band heater, in which the temperature may be ele-

vated, varied during the milling or held stable for hours of mill-

ing (Figure 2a). For a detailed description on the construction 

of thermal reactor vessel and the temperature controller, please 

check SI, Section 4).  The temperature of the milling reactor in 

motion was controlled using a proportional–integral–derivative 

(PID) controller and a solid-state relay, enabling long periods 

of uninterrupted milling under precise, stable and variable tem-

perature programs of up to 250 °C (Figures 2b and S6), with a 

deviation of ±0.2-±5 °C, depending on the milling reactor ma-

terial (Figure S2). In general, when the reactor vessel is made 

of a material with good thermal conductivity, such as alumin-

ium or steel, the deviations are lower since the feedback to PID 

controller is much faster (SI, Section 4). Importantly, the mill-

ing system in operando is a challenging object for precise heat-

ing, as the milling at 30 Hz involves G-force shocks of ca. 30 G 

on the equipment (Figure S7) and the internal heating may vary 



3 

 

throughout time considerably when the composition of reaction 

mixture changes.28 These changes usually occur due to the for-

mation of new material with different elastic properties, but also 

due to the changes in the rheology of the sample and possible 

sticking of the material to one side of the jar, resulting in the 

direct impact of milling media with reactor walls and a change 

in heating regime.28 PID controller system used herein (SI, Sec-

tion 4) ensured rapid adaptation and corrections in the heating 

regime during the milling, continuously lowering the deviation 

from the target temperature as milling continued. 

We aimed to test several different synthetic systems to deter-

mine the generality of the new reactor and also the suitability of 

temperature-assisted milling for the synthesis of different types 

of organic or coordination materials. 

 

Figure 2. a) Feedback PID adaptive control mechanism ena-

bling stable multi-hour mechanochemical reactions at con-

trolled temperatures; and b) thermal data during milling reac-

tions (30 Hz; stainless steel reactor of 14 mL volume, weighing 

140 g, with two 7 mm steel balls inside) at various temperature 

programs. Green liner represents a complex multi-stage pro-

gram involving cooling and heating of reaction jars without 

stopping the milling procedure. 

Selective formation of amide and urea derivatives by 

thermally-controlled mechanochemical reactions 

As an initial system, we chose the mechanochemical reaction 

between the PNBA and PDA. Our recent study on mechano-

chemical behaviour of PNBA discovered that no matter on the 

duration of milling or milling media used, the only product of 

1:1 (PNBA:PDA) mechanochemical reaction performed at 

room temperature was monoamide MA, formed through a nu-

cleophilic substitution of azide group by the amino group and 

formation of the monoamide.50  

The mechanochemical preparation of ureas using cyanates, 

isocyanates, or isocyanate equivalents was previously re-

ported.51,52,53,54,55 Although it could be expected based on esti-

mated energetics of milling,32 the Curtius rearrangement of acyl 

azide into isocyanate and consequent formation of urea prod-

ucts did not occur in standard mixer mill, suggesting that the 

activation barrier for Curtius rearrangement is too high for con-

ventional milling procedures. Such rearrangements are rarely 

studied in milling processes, but very recently Porcheddu and 

coworkers demonstrated mechanochemical Lossen transposi-

tion for preparation of hydantoins and unsymmetrical ureas.56 

We aimed to explore here whether the milling under elevated 

temperatures can overcome the energy barrier for Curtius rear-

rangement and result in the formation of thus far inaccessible 

urea functionality from the acyl azide. 

All amide-urea selective syntheses were performed from the 

same starting mixture containing PNBA (melting point not pos-

sible to determine, it transforms to isocyanate at temperatures 

above 70 °C) and PDA (melting point 145 °C) in 2:1 molar ra-

tio. Reactants were placed at different sides of the milling vessel 

to avoid their contact before the milling starts. A small portion 

of toluene additive (η=0.25 µL/mg) was added to PNBA side, 

which was chosen for its low vapour pressure and stability at 

elevated temperatures.  Acyl azides are potentially explosive so 

special caution must be taken while heating these compounds 

(see Experimental section, General mechanochemical synthetic 

procedures). In LAG of PDA and PNBA without external heat-

ing, the temperature of the reaction mixture raised from 21.1 °C 

to 25.2 °C, but gradually fell to 23.6 °C and remained stable for 

following 25 minutes (Figure S8), meaning that the composi-

tion of the reaction mixture has stabilized, and the reaction is 

finished. As we discussed above, this behaviour complies to a 

recent report on energetics in milling assessed by high-precision 

RTD device, where the temperature profiles of milling reactions 

proved highly dependent on the composition of reaction mix-

ture and interaction between the milling balls and the milled 

material. 28 The NMR analysis of the isolated bright orange 

solid revealed it to be a 1:1 mixture of MA together with the 

remaining PNBA (Figure S23, Section 6, SI), indicating that the 

formation of MA passivized the remaining amino group, most 

likely due to the lowered nucleophilicity of this amine group 

after the first amidation. Activation of remaining amino group 

and formation of diamide DA did not occur even after 24 hours 

of uninterrupted milling no matter on milling media size, and 

NMR analyses showed that the reaction mixture, containing 

MA and PNBA remains stable upon prolonged milling (Figure 

S23). 

However, keeping the temperature of the milling reactor ves-

sel at 40 °C (Figure S8b) resulted in full conversion to symmet-

rical DA after 4 hours of thermally-assisted milling (Figure 3 

and ESI, Section 6). No traces of urea or isocyanate were ob-

served in the milling product, showing that this additional en-

ergy input does not trigger Curtius rearrangement. However, 

raising temperature to 80 °C while milling resulted in the first 

evidence of the urea product. Encouraged by this result, we pre-

heated the reactor vessel containing both reactants to 70-90 °C 

for 1 hour before starting milling at the same temperature. This 

procedure yielded almost pure symmetrical diurea (DU) prod-

uct in excellent yield (Figures 3 and S8, SI).   
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Figure 3. 1H NMR spectra of the five formed products. The 

black asterisk denotes proton signals of the amide groups, and 

purple hash sign denotes protons corresponding to urea N–H. 

 

Such simplicity in controlling the type of covalent bond to be 

formed in the milling process, and the type of the compound to 

be synthesised, is particularly emphasised when comparing the 

solution procedures for the preparation of the same compounds. 

They all involved several synthetic steps, and were not success-

ful for some compounds, such as DA, despite testing several 

different multi-day procedures (please see below, section Solu-

tion syntheses of amide and urea derivatives, and SI, Section 3). 

     After we concluded that the conventional milling resulted 

in a mixture of MA and PNBA, we become interested in devel-

oping the one-pot controllable synthesis of a compound with 

amide and urea functionalities on the sides of the central amine. 

Reported solution syntheses for these amide-urea compounds 

are scarce and include several steps.57,58 Here, we milled the re-

action mixture for 30 minutes, rapidly raised its temperature to 

80 °C in 4 minutes, and continued milling at that temperature 

for an additional 60 minutes. In situ monitoring by Raman spec-

troscopy59,60 confirmed the crucial role of heating on this two-

step reaction (Figure 4). The formation of MA is finished after 

the initial 6 minutes milling, and the temperature of the vessel 

(ca. 23 °C) and the reaction mixture composition remains stable 

until the temperature is raised at 30-minute mark. Immediately 

upon the temperature of the vessel reaching 80 °C (light blue 

spectrum denoted with an asterisk), Raman spectra reveal the 

formation of AU, characterized by bands at 1326 cm–1 and 1601 

cm–1, which concludes after additional 60 minutes milling (Fig-

ure 4). NMR confirmed the light-brown product to be the tar-

geted AU (Figures 1c and 3). Raising the temperature leads to 

Curtius rearrangement of the remaining PNBA forming more 

reactive isocyanate, which in reaction with MA formed the final 

AU product in excellent yield. 

 

Figure 4. Tandem in situ Raman and temperature monitoring 

of mechanochemical LAG synthesis of amide-urea compound 

AU with DMF additive in PMMA reactor vessel. DMF was 

used instead of toluene as an additive for monitoring purposes 

since the toluene reacts with PMMA vessel at elevated temper-

atures. The low thermal conductivity of PMMA caused higher 

deviation from target temperature (±5 °C), as the outer layers 

nearer aluminium sleeve overheat before the PID system re-

ceives feedback from the thermocouple and interrupts the heat-

ing cycle.   

This approach was further exploited for selective one-pot 

preparation of non-symmetric amide-urea derivatives (Figure 

1b). To this end, an equimolar mixture of PDA, PNBA and p-

methoxybenzoyl azide (PMBA) was initially milled at room 

temperature for 20 minutes, then the temperature was raised to 

70 °C, and the milling was continued for further 120 minutes 

(Figure S8d). The same result was also observed when the tem-

perature of the reactor was increased to 80 °C and 90 °C, re-

spectively. NMR revealed that before the heating step, the mix-

ture contains pure MA and PMBA (Figure S24). This finding 

indicates that the p-substituent on the acyl azide governs the re-

activity of acyl azides towards the initial nucleophilic substitu-

tion with an amine. This reaction mixture, containing MA and 

PMBA, reacts to pure AUM upon heating, when the PMBA re-

arranges to isocyanate (Figures 1b and S24).  

In general, all five amide/urea compounds prepared by ther-

mally-controlled milling were isolated in excellent yields and 

high-purity (ESI, NMR spectra of crude products) demonstrat-

ing a considerable level of selectivity for developed mechano-

chemical procedures. 

Solution syntheses of amide and urea derivatives 

For comparison, we also developed optimized solution pro-

cedures (for exact details, please see ESI, Section 3). Pure MA 

was formed in 44 % yield from ethanol after stirring the mixture 

of PNBA and PDA at RT for 4 hours. DA was not accessible 

after five days stirring in dried tetrahydrofuran (THF) or DMSO 

and even when the temperature was raised to 50 °C. In other 

solvents, MA would precipitate from the reaction mixture, thus 

preventing further reaction. To prepare AU, isolated MA was 
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refluxed in THF with separately prepared p-nitrophenyl isocy-

anate yielding AU in 80 % yield over two steps, and also AUM 

in 73 % yield from separately prepared p-methoxyphenyl iso-

cyanate. Attempts to prepare the isocyanate in situ resulted in 

the incomplete reaction due to the precipitation of reaction mix-

ture. DU was formed in the reaction of PDA and separately pre-

pared p-nitrophenyl isocyanate in THF in 87 % yield over two 

steps. All reactions yielding urea derivatives were stirred under 

reflux for several hours to ensure the completion of the reaction. 

In general, aside from higher solvent consumption and longer 

reaction time, solution synthesis of these compounds could not 

be conducted as a one-pot process or by using only one solvent, 

and generally had lower yields. The probable reason for this be-

haviour is low solubility of intermediate compounds such as 

MA, requiring additional synthetic steps and solvents for reac-

tion to come to completion, whereas the solubility issues did not 

limit the mechanochemical reactions. 

 

Mechanistic study of high-temperature mechanochemical 

Knoevenagel condensation  

We tested the effect of different temperatures on mechanism 

and rates of model C–C bond-forming organic reaction, mech-

anochemical Knoevenagel condensation between vanillin (van, 

melting point 83 °C) and barbituric acid (barb, melting point 

245 °C).61,62,25 This reaction was considered as a model reaction 

for organic mechanochemistry; it was used for estimating the 

energetics of milling,63 and for scaling the mechanochemical re-

actions to flow processing.64,65 Knoevenagel condensation be-

tween van and barb was recently milled at higher temperatures 

where it was shown by solution NMR spectroscopy how this 

reaction could be significantly accelerated by increasing the 

temperature to 75 °C.48 In this paper, and other contributions 

dealing with the mechanochemical reaction between van and 

barb, the focus was on the efficiency of the condensation reac-

tion, usually demonstrated by solution NMR of the final prod-

uct. However, application of solid-state analytical methods re-

sulted in interesting discoveries for this system; for example, it 

was discovered only very recently how rheological changes oc-

cur during milling of barb and van.65 Further, advanced in situ 

monitoring techniques revealed this condensation reaction to 

having a unique and complex mechanism in mechanochemical 

organic chemistry,66 where barb and van self-assemble after 2 

hours dry milling into a cocrystal with reacting groups in a ben-

eficial arrangement for C-C bond to form.66 Prolonged milling 

of the in situ formed cocrystal (for further 11-13 hours) results 

in the reaction between the aldehyde and –CH2 group of barb, 

yielding an amorphous form of the Knoevenagel product (form 

I) which remains stable for further 40 hours of milling. During 

monitoring, we identified three different solid forms of 

Knoevenagel product in total, a form without Bragg reflections 

which we called “amorphous”, form I, and two crystalline 

forms, II and III, respectively, each with a unique Raman spec-

trum. II and III formed exclusively in the presence of liquid 

additives.  

Here, we aimed to study how raising the temperature of the 

reaction mixture influences the mechanism and the rate of the 

Knoevenagel condensation (Figures 5 and 6). We modified our 

thermally-controlled reactor vessel by introducing a sapphire 

window into the wall (Figure S29) to monitor the milling reac-

tion under increased temperatures directly and compare it with 

the in situ data collected for milling of barb and van at room 

temperature (Figures 5 and Figure 6). It was shown here that 

milling at stable 50 °C resulted in the rapid formation of 

(barb)(van) cocrystal after 25 minutes milling (Figure 5a). After 

40 minutes, weak signals of I start to show, but cocrystal re-

mains the dominant component of the mixture after an hour 

milling. PXRD and NMR analyses confirmed these observa-

tions (Figure S27). The formation of cocrystal intermediate at 

50 °C is accelerated when compared to milling at room temper-

ature, where it starts to form upon an hour milling, and finishes 

after almost two hours of uninterrupted milling.66  

Raising the temperature to 75 °C results in a change of reac-

tion mechanism (Figure 6a), where III, a phase not attainable 

after more than 50 hours of conventional milling,66 forms rap-

idly and directly from the reactants. The formation of III is vis-

ible after 7 minutes milling, and the reaction finishes in the fol-

lowing 15 minutes (Figure 5b). No evidence of cocrystal inter-

mediate or any other solid phase of the product is evident from 

the in situ Raman data, but the lack of Raman signals in the 

initial stages of milling, before the III forms, indicate that the 

reaction mixture got stuck on the vessel walls, i.e. it changed its 

rheological properties. 

We have chosen 50 °C and 75 °C to match previous studies 

on the kinetics of Knoevenagel condensation,48,65 taking care for 

reaction to be conducted below the melting point of vanillin. 

Hutschings et al. assessed different reaction parameters in reac-

tion, such as temperature, the volume of water additive, and fre-

quency, and they concluded that the unusual sigmoidal kinetics 

observed is a combination of chemical and mechanical fac-

tors.65 Authors used mixer mill with a large stainless steel ball 

(13.6 g weight) and have observed the rheological changes of 

the reaction mixture during milling, which transformed into a 

cohesive rubber-like film around the milling ball. Most im-

portantly, this cohesive state was directly connected to an in-

crease in reaction rate. Authors reported here that the tempera-

ture of the interior of the milling vessel during milling increased 

to 60-70 °C and the temperature of the ball to 80 °C. The prop-

erties and exact composition of the rubbery phase were not pos-

sible to determine, as it would transform into powder almost 

immediately upon the opening of the vessel for sampling. The 

discovery of this cohesive phase and also of the cocrystal inter-

mediate66 in such a well-established system emphasize the need 

for a deep and interdisciplinary study of mechanochemical mill-

ing reactions if we want to understand them better. A similar 

change in rheology could be a reason for sticking the reaction 

mixture and loss of the signal observed in the initial phase of 

our experiments conducted at 75 °C (Figure 5b). Also, solid-

state transformations and syntheses of organic systems involve 

eutectic or molten phases,67 so the sticking of the sample that 

occurs in the initial ten minutes milling at 75 °C could also in-

dicate the conducting condensation reaction. 
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Figure 5. In situ Raman monitoring of dry milling of van and 

barb (1:1 molar ratio) at a) 50 °C; and b) 75 °C. The ex situ 

spectra of reactants and products are given on top. In reaction 

at 75 °C, the reaction mixture gets sticky before the product 

(III) with C-C bond forms. 

 

 

Figure 6. a) Dry milling of the barb and van in mixer mill pro-

ceeds through a cocrystal intermediate to gain form I at room 

temperature and 50 °C, respectively, whereas the milling at 75 

°C affords form III rapidly and directly from reactants; b) prod-

ucts of thermally-controlled milling. KNO label denotes the 

product of neat grinding experiments at variable temperatures. 

The product with a C=C double bond has an orange color.  

 

Thermally-controlled mechanochemical synthesis of al-

dimine compounds 

Milling the amines with aldehydes afford another type of co-

valent bond C=N (imine), through nucleophilic attack of amine 

on the carbonyl of an aldehyde with the elimination of one wa-

ter molecule. This condensation reaction is extensively used for 

the preparation of aldimines, sometimes also known as Schiff 

bases, modular compounds widely used as ligands, receptors, 

and sensors. Mechanochemical synthesis proved highly suitable 

for preparation of these compounds,68,69 and even complex and 

highly-crystalline covalent-organic frameworks70 based on 

C=N bonds were successfully prepared by grinding.71,72 

We were interested here in studying how the milling at ele-

vated temperatures reflects on rates and efficiency in double-

imine condensation of the van with PDA (Figure 7). Milling the 

PDA and van (1:2 ratio) at ambient temperature resulted in a 

bright orange-red product without Bragg reflections after 60 

minutes milling (Figures 7b and 7c). NMR analysis showed the 

red solid to be a mixture of van, monosubstituted van(PDA) 

Schiff base, and disubstituted (van)2(PDA) Schiff base (Fig 

S28). Performing the milling for 60 minutes at 75 °C resulted 

in a pale yellow crystalline powder. NMR analysis showed the 

yellow product to be the pure disubstituted (van)2(PDA) Schiff 

base (Figure S28). High luminescence prevented the monitoring 

of the thermally-controlled reaction by in situ Raman spectros-

copy, but the yellow colour of the product is visible in transpar-

ent PMMA jars after 5 minutes milling. The formation of disub-

stituted (van)2(PDA) Schiff base is also confirmed by PXRD 

(Figure S29). 
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Figure 7.  a) Mechanochemical synthesis of disubstituted 

Schiff base of vanillin and PDA; b) PXRD patterns for products 

collected after 60 minutes milling at 75 °C (yellow pattern) and 

RT (red pattern); and c) products isolated after 60 minutes of 

milling the van and PDA (2:1) at RT (left) and 75 °C (right). 

 

Thermally-controlled milling in the synthesis of MOF-74 

metal-organic framework 

The proposed strategy is not limited to organic C–N, C=N, 

and C–C covalent reactions. We explored here thermally-con-

trolled mechanosynthesis of an archetypal metal-organic frame-

work (MOF) MOF-74, widely investigated due to modularity, 

catalytic activity, and open-metal sites.73,74,75 Zn-MOF-74 was 

prepared by 70-90 minutes milling of zinc oxide (ZnO, melting 

point 1975 °C)  and 2,5-dihydroxyterephthalic acid (H4dhta, 

melting point 300 °C),45 using 3.5 or 4 g ball at 30 Hz oscillation 

rate. Such harsh milling can strain the product crystallites and 

may affect the overall stability of the product. For example, 

mechanochemistry is now widely used for the amorphization of 

crystalline MOFs,76,77,78 and the preparation of rare phases of 

MOFs, such as kat-phase of another popular MOF, ZIF-8, avail-

able exclusively from the amorphization of ZIF-8 and recrystal-

lization of the amorphous matrix by continued ball milling.79 In 

thermally-controlled LAG(H2O) at 75 °C, the reaction con-

cludes after 8 minutes milling, yielding pure and highly-crys-

talline Zn-MOF-74 despite using smaller milling media (2 x 1.4 

g stainless steel balls) which was inefficient for conventional 

preparation of MOF-74 even after 24 hours milling.45 The reac-

tion mechanism at 75 °C remains the same as in milling without 

external heating (Figure 8), involving a formation of 

Zn(H2O)2(H2dhta) intermediate, clearly visible in PXRD after 5 

minutes milling. This intermediate, formed by reaction of zinc 

oxide with carboxylic groups on H4dhta ligand, reacts with re-

maining ZnO into MOF-74 after additional milling. Herein, 

both reactants have high melting points but reactivity of ZnO is 

significantly increased when the temperature is raised by 50 °C 

from conventional milling conditions.  

 

 

Figure 8. Mechanochemical synthesis of Zn-MOF-74 is a two-

step process, involving closed [Zn(H2O)(H2dhta)]n intermedi-

ate. 

A moderate increase in reaction mixture temperature (15-50 

°C) having such a substantial effect on the selectivity and reac-

tivity of the milling synthesis of organic or coordination com-

pounds further challenge27,39 the existence of localized hot-spots 

or similar phenomena in mechanochemical reactions involving 

soft materials, which is still sometimes considered as a primary 

driving force behind the unique reactivity of mechanochemical 

process.3,80 The application of heating to the milling process 

also results in significant overall energy saving. Twenty 

minutes milling at 75 °C spends in total 0.026 kW/h, while the 

conventional Knoevenagel process, which requires at least 13 

hours milling at RT, consumes a minimum of 0.598 kW/h (for 

more details, please check ESI). 

 

Table 1. Comparison of different synthetic procedures for the 

preparation of compounds targeted in this study.a 

 

 

Solution 
Conventional 

Milling 

High Temp. 

Milling 
θ 

(oC) 
t (h) 

η 

(%) 

θ 

(oC) 
t (h) 

η 

(%) 

θ 

(oC) 
t (h) 

η 

(%) 

MA RT 4  44 25 

20-

30 

min 

100 - - - 

DA - - - 25 - - 40 4  96 

DU 110 5 87 25 - - 
90+9

0 
1+1  98 

AU 110 5 80 25 - - 
RT+

80 
1.5  95 

AUM 110 5 73 25 - - 
RT+

70 
1+3 95 

KNO 80 281 78 25 1366 100 75 
15 

min 
100 

MOF 105  20  51 25 2445 - 75 
5-8 

min 
100 
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a-We have taken in account only the milling reactions performed 

in similar manner to this study (30 Hz, mixer mill, 2 stainless steel 

balls of 1.4 g each). The yields correspond to the isolated yields. 

Conclusion 

In summary, thermally-controlled milling significantly accel-

erates the mechanochemical reactions, reduces the energy costs 

and need for extreme milling conditions, and has a strong and 

profound influence on mechanisms and the outcome of milling 

reaction. Most notably, it expands the mechanochemical reac-

tivity and selectivity to a level not achievable by conventional 

milling or solution procedures. The proposed methodology is 

advantageous for the mechanochemical formation of C–C, 

C=N, and C–N bonds affording various imines, amides and 

ureas, some of which are not available by milling at ambient 

conditions. The vast potential of milling under controlled heat-

ing regimes was demonstrated here on the one-pot selective and 

controllable synthesis of four different compounds containing 

amide and urea functionalities from the same acyl azide and di-

amine, without the need for protecting the amine group or any 

additional synthetic steps other than modulating the tempera-

ture of the milling reactor. The procedure is not limited to or-

ganic chemistry; thermally-controlled milling proved beneficial 

for the rapid and efficient formation of highly crystalline MOF-

74. While the mechanism for the high-temperature formation of 

MOF-74 remains the same as in the room temperature milling, 

the mechanism of Knoevenagel condensation changes on ele-

vated temperatures, avoiding the self-assembly of the cocrystal 

intermediate and affording a solid form of product not available 

from conventional dry milling. The results presented accentuate 

the need for better control and understanding of mechanochem-

ical procedures for their broader applicability and show how the 

application of external stimuli through specific heating pro-

grams can elevate mechanochemistry to a new level of chemical 

reactivity. 

ASSOCIATED CONTENT  

Supporting Information is available free of charge via the Internet 

at http://pubs.acs.org.” and includes additional PXRD, FTIR-ATR, 

Raman and particle size distribution data. 

 

KEYWORDS:  

Thermally-controlled mechanochemistry, advanced mechano-

chemical reactivity, sustainable organic synthesis, amide, urea, 

MOF-74 

AUTHOR INFORMATION 

Corresponding Author 

* E-mail: krunoslav.uzarevic@irb.hr 

Funding Sources 

This work was supported by Croatian Science Foundation through 

Grant No. 4744 and the European Social Fund through Grant 

Met4Pharm R.C.2.2.08-0024 

Notes 
Krunoslav Užarević is a share-holder in InSolido Technologies 

(Croatia). 

¥ Martina Tireli did all the work while employed at Ruđer 

Bošković Institute. 

ACKNOWLEDGMENT  

We are grateful to Ivan Halasz for critically reading the paper, Stipe 

Lukin for help with graphical material, Vitomir Stanišić for 

constructing the reactor vessel and Ivan Kulcsár for help with 

energy-consumption measurements and photograph.  

 

REFERENCES 

(1)  Fernández-Bertran, J. F. Mechanochemistry: An Overview. 

Pure Appl. Chem. 1999, 71 (4), 581–586. 

https://doi.org/10.1351/pac199971040581. 

(2)  Do, J.-L.; Friščić, T. Mechanochemistry: A Force of 

Synthesis. ACS Cent. Sci. 2017, 3 (1), 13–19. 

https://doi.org/10.1021/acscentsci.6b00277. 

(3)  James, S. L.; Adams, C. J.; Bolm, C.; Braga, D.; Collier, P.; 

Friščić, T.; Grepioni, F.; Harris, K. D. M.; Hyett, G.; Jones, W.; et al. 

Mechanochemistry: Opportunities for New and Cleaner Synthesis. 

Chem. Soc. Rev. 2012, 41 (1), 413–447. 

https://doi.org/10.1039/C1CS15171A. 

(4)  Friščić, T. Supramolecular Concepts and New Techniques in 

Mechanochemistry: Cocrystals, Cages, Rotaxanes, Open Metal–
Organic Frameworks. Chem. Soc. Rev. 2012, 41 (9), 3493. 

https://doi.org/10.1039/c2cs15332g. 

(5)  Bose, A.; Mal, P. Mechanochemistry of Supramolecules. 

Beilstein J. Org. Chem. 2019, 15, 881–900. 

https://doi.org/10.3762/bjoc.15.86. 

(6)  Braga, D.; Maini, L.; Grepioni, F. Mechanochemical 

Preparation of Co-Crystals. Chem. Soc. Rev. 2013, 42 (18), 7638. 

https://doi.org/10.1039/c3cs60014a. 

(7)  Wang, G.-W. Mechanochemical Organic Synthesis. Chem. 

Soc. Rev. 2013, 42, 7668–7700. https://doi.org/10.1039/C3CS35526H. 

(8)  Tan, D.; Loots, L.; Friščić, T. Towards Medicinal 

Mechanochemistry: Evolution of Milling from Pharmaceutical Solid 

Form Screening to the Synthesis of Active Pharmaceutical Ingredients 

(APIs). Chem. Commun. 2016, 52 (50), 7760–7781. 

https://doi.org/10.1039/C6CC02015A. 

(9)  Andersen, J.; Mack, J. Mechanochemistry and Organic 

Synthesis: From Mystical to Practical. Green Chem. 2018, 20 (7), 

1435–1443. https://doi.org/10.1039/C7GC03797J. 

(10)  Colacino, E.; Dayaker, G.; Morère, A.; Friščić, T. 

Introducing Students to Mechanochemistry via Environmentally 

Friendly Organic Synthesis Using a Solvent-Free Mechanochemical 

Preparation of the Antidiabetic Drug Tolbutamide. J. Chem. Educ. 

2019, 96 (4), 766–771. https://doi.org/10.1021/acs.jchemed.8b00459. 

(11)  Willis-Fox, N.; Rognin, E.; Aljohani, T. A.; Daly, R. 

Polymer Mechanochemistry: Manufacturing Is Now a Force to Be 

Reckoned With. Chem 2018, 4 (11), 2499–2537. 

https://doi.org/10.1016/j.chempr.2018.08.001. 

(12)  Hernández, J. G. C−H Bond Functionalization by 

Mechanochemistry. Chem. – A Eur. J. 2017, 23, 17157–17165. 

https://doi.org/10.1002/chem.201703605. 

(13)  Juribašić, M.; Užarević, K.; Gracin, D.; Ćurić, M. 

Mechanochemical C–H Bond Activation: Rapid and Regioselective 

Double Cyclopalladation Monitored by in Situ Raman Spectroscopy. 

Chem. Commun. 2014, 50 (71), 10287–10290. 

https://doi.org/10.1039/C4CC04423A. 

(14)  Lin, I. J.; Nadiv, S. Review of the Phase Transformation and 

Synthesis of Inorganic Solids Obtained by Mechanical Treatment 

(Mechanochemical Reactions). Mater. Sci. Eng. 1979, 39, 193–209. 

https://doi.org/https://doi.org/10.1016/0025-5416(79)90059-4. 



9 

 

(15)  Boldyreva, E. Mechanochemistry of Inorganic and Organic 

Systems: What Is Similar, What Is Different? Chem. Soc. Rev. 2013, 

42 (18), 7719. https://doi.org/10.1039/c3cs60052a. 

(16)  Tsuzuki, T.; McCormick, P. G. Mechanochemical Synthesis 

of Nanoparticles. J. Mater. Sci. 2004, 39, 5143–5146. 

https://doi.org/10.1023/B:JMSC.0000039199.56155.f9. 

(17)  Rak, M. J.; Friščić, T.; Moores, A. Mechanochemical 

Synthesis of Au, Pd, Ru and Re Nanoparticles with Lignin as a Bio-

Based Reducing Agent and Stabilizing Matrix. Faraday Discuss. 2014, 

170, 155–167. https://doi.org/10.1039/C4FD00053F. 

(18)  Suryanarayana, C. Mechanical Alloying and Milling. Prog. 

Mater. Sci. 2001, 46 (1–2), 1–184. https://doi.org/10.1016/S0079-

6425(99)00010-9. 

(19)  Do, J.-L.; Friščić, T. Chemistry 2.0: Developing a New, 

Solvent-Free System of Chemical Synthesis Based on 

Mechanochemistry. Synlett 2017, 28 (16), 2066–2092. 

https://doi.org/10.1055/s-0036-1590854. 

(20)  Howard, J. L.; Cao, Q.; Browne, D. L. Mechanochemistry as 

an Emerging Tool for Molecular Synthesis: What Can It Offer? Chem. 

Sci. 2018, 9 (12), 3080–3094. https://doi.org/10.1039/C7SC05371A. 

(21)  Delogu, Francesco; Takacs, L. Information on the 

Mechanism of Mechanochemical Reaction from Detailed Studies of 

the Reaction Kinetics. J. Mater. Sci. 2018, 53, 13331–13342. 

(22)  Ma, X.; Yuan, W.; Bell, S. E. J.; James, S. L. Better 

Understanding of Mechanochemical Reactions: Raman Monitoring 

Reveals Surprisingly Simple ‘Pseudo-Fluid’ Model for a Ball Milling 

Reaction. Chem. Commun. 2014, 50, 1585–1587. 

https://doi.org/10.1039/C3CC47898J. 

(23)  Užarević, K.; Halasz, I.; Friščić, T. Real-Time and In Situ 

Monitoring of Mechanochemical Reactions: A New Playground for All 

Chemists. J. Phys. Chem. Lett. 2015, 6 (20), 4129–4140. 

https://doi.org/10.1021/acs.jpclett.5b01837. 

(24)  Takacs, L. What Is Unique About Mechanochemical 

Reactions? Acta Phys. Pol. A 2014, 126 (4), 1040–1043. 

https://doi.org/10.12693/APhysPolA.126.1040. 

(25)  Colacino, E.; Carta, M.; Pia, G.; Porcheddu, A.; Ricci, P. C.; 

Delogu, F. Processing and Investigation Methods in Mechanochemical 

Kinetics. ACS Omega 2018, 3 (8), 9196–9209. 

https://doi.org/10.1021/acsomega.8b01431. 

(26)  Lukin, S.; Tireli, M.; Stolar, T.; Barišić, D.; Blanco, M. V.; 

di Michiel, M.; Užarević, K.; Halasz, I. Isotope Labeling Reveals Fast 

Atomic and Molecular Exchange in Mechanochemical Milling 

Reactions. J. Am. Chem. Soc. 2019, 141, 1212–1216. 

https://doi.org/10.1021/jacs.8b12149. 

(27)  Ferguson, M.; Moyano, M. S.; Tribello, G. A.; Crawford, D. 

E.; Bringa, E. M.; James, S. L.; Kohanoff, J.; Del Pópolo, M. G. 

Insights into Mechanochemical Reactions at the Molecular Level: 

Simulated Indentations of Aspirin and Meloxicam Crystals. Chem. Sci. 

2019, 10 (10), 2924–2929. https://doi.org/10.1039/C8SC04971H. 

(28)  Užarević, K.; Ferdelji, N.; Mrla, T.; Julien, P. A.; Halasz, B.; 

Friščić, T.; Halasz, I. Enthalpy vs. Friction: Heat Flow Modelling of 

Unexpected Temperature Profiles in Mechanochemistry of Metal–

Organic Frameworks. Chem. Sci. 2018, 9 (9), 2525–2532. 

https://doi.org/10.1039/C7SC05312F. 

(29)  Fischer, F.; Wenzel, K.-J.; Rademann, K.; Emmerling, F. 

Quantitative Determination of Activation Energies in 

Mechanochemical Reactions. Phys. Chem. Chem. Phys. 2016, 18 (33), 

23320–23325. https://doi.org/10.1039/C6CP04280E. 

(30)  Andersen, J. M.; Mack, J. Decoupling the Arrhenius 

Equation via Mechanochemistry. Chem. Sci. 2017, 8 (8), 5447–5453. 

https://doi.org/10.1039/C7SC00538E. 

(31)  Kulla, H.; Haferkamp, S.; Akhmetova, I.; Röllig, M.; 

Maierhofer, C.; Rademann, K.; Emmerling, F. In Situ Investigations of 

Mechanochemical One-Pot Syntheses. Angew. Chemie Int. Ed. 2018, 

57, 5930–5933. https://doi.org/10.1002/anie.201800147. 

(32)  McKissic, K. S.; Caruso, J. T.; Blair, R. G.; Mack, J. 

Comparison of Shaking versus Baking: Further Understanding the 

Energetics of a Mechanochemical Reaction. Green Chem. 2014, 16, 

1628–1632. https://doi.org/10.1039/C3GC41496E. 

(33)  Achar, T. K.; Bose, A.; Mal, P. Mechanochemical Synthesis 

of Small Organic Molecules. Beilstein J. Org. Chem. 2017, 13, 1907–

1931. 

(34)  Bowmaker, G. A. Solvent-Assisted Mechanochemistry. 

Chem. Commun. 2013, 49, 334–348. 

https://doi.org/10.1039/C2CC35694E. 

(35)  Kumar, N.; Biswas, K. Cryomilling: An Environment 

Friendly Approach of Preparation Large Quantity Ultra Refined Pure 

Aluminium Nanoparticles. J. Mater. Res. Technol. 2019, 8 (1), 63–74. 

https://doi.org/10.1016/j.jmrt.2017.05.017. 

(36)  Macfhionnghaile, P.; Hu, Y.; Gniado, K.; Curran, S.; 

Mcardle, P.; Erxleben, A. Effects of Ball-Milling and Cryomilling on 

Sulfamerazine Polymorphs: A Quantitative Study. J. Pharm. Sci. 2014, 

103 (6), 1766–1778. https://doi.org/10.1002/jps.23978. 

(37)  Lee, S. Y.; Chew, K. W.; Show, P. L. Cell Separation and 

Disruption, Product Recovery, and Purification; 2019; pp 237–271. 

https://doi.org/10.1007/978-3-030-16230-6_8. 

(38)  Trasi, N. S.; Byrn, S. R. Mechanically Induced 

Amorphization of Drugs: A Study of the Thermal Behavior of 

Cryomilled Compounds. AAPS PharmSciTech 2012, 13 (3), 772–784. 

https://doi.org/10.1208/s12249-012-9801-8. 

(39)  Užarević, K.; Štrukil, V.; Mottillo, C.; Julien, P. A.; 

Puškarić, A.; Friščić, T.; Halasz, I. Exploring the Effect of Temperature 

on a Mechanochemical Reaction by in Situ Synchrotron Powder X-Ray 

Diffraction. Cryst. Growth Des. 2016, 16 (4), 2342–2347. 

https://doi.org/10.1021/acs.cgd.6b00137. 

(40)  Andersen, J.; Mack, J. Insights into Mechanochemical 

Reactions at Targetable and Stable, Sub-Ambient Temperatures. 

Angew. Chemie Int. Ed. 2018, 57 (40), 13062–13065. 

https://doi.org/10.1002/anie.201805263. 

(41)  Hill, M.; Bensason, S.; Schmidt, H.-W.; Smith, P. A. S. 

Polyethylene Compositions with Improved Optical Properties. WO 

2016105610, 2014. 

(42)  Matsumoto, S. Thermal Recording Material. EP 3031611, 

2016. 

(43)  Kleiner, P. Preparation of Asymmetric (Hetero)Aryl-

Substituted Urea Compounds and Derivatives Thereof as Antibacterial 

Drugs. WO 2017207556, 2017. 

(44)  Miyake Y. Ink-Jet Ink Set. US 20140345494, 2018. 

(45)  Julien, P. A.; Užarević, K.; Katsenis, A. D.; Kimber, S. A. 

J.; Wang, T.; Farha, O. K.; Zhang, Y.; Casaban, J.; Germann, L. S.; 

Etter, M.; et al. In Situ Monitoring and Mechanism of the 

Mechanochemical Formation of a Microporous MOF-74 Framework. 

J. Am. Chem. Soc. 2016, 138 (9), 2929–2932. 

https://doi.org/10.1021/jacs.5b13038. 

(46)  Kaupp, G.; Boy, J.; Schmeyers, J. Iminiumsalze in 

Quantitativen Gas/Festköper- Und Festkörper/Festkörper-Reaktionen. 

J. für Prakt. Chemie/Chemiker-Zeitung 1998, 340 (4), 346–355. 

https://doi.org/10.1002/prac.19983400409. 

(47)  Kaupp, G.; Naimi-Jamal, M. R.; Stepanenko, V. Waste-Free 

and Facile Solid-State Protection of Diamines, Anthranilic Acid, Diols, 

and Polyols with Phenylboronic Acid. Chem. - A Eur. J. 2003, 9 (17), 

4156–4161. https://doi.org/10.1002/chem.200304793. 

(48)  Schmidt, R.; Burmeister, C. F.; Baláž, M.; Kwade, A.; 

Stolle, A. Effect of Reaction Parameters on the Synthesis of 5-

Arylidene Barbituric Acid Derivatives in Ball Mills. Org. Process Res. 

Dev. 2015, 19 (3), 427–436. https://doi.org/10.1021/op5003787. 



10 

 

(49)  Andersen, J.; Brunemann, J.; Mack, J. Exploring Stable, 

Sub-Ambient Temperatures in Mechanochemistry via a Diverse Set of 

Enantioselective Reactions. React. Chem. Eng. 2019, 4 (7), 1229–1236. 

https://doi.org/10.1039/C9RE00027E. 

(50)  Tireli, M.; Juribašić Kulcsár, M.; Cindro, N.; Gracin, D.; 

Biliškov, N.; Borovina, M.; Ćurić, M.; Halasz, I.; Užarević, K. 

Mechanochemical Reactions Studied by in Situ Raman Spectroscopy: 

Base Catalysis in Liquid-Assisted Grinding. Chem. Commun. 2015, 51 

(38), 8058–8061. https://doi.org/10.1039/C5CC01915J. 

(51)  Štrukil, V.; Margetić, D.; Igrc, M. D.; Eckert-Maksić, M.; 

Friščić, T. Desymmetrisation of Aromatic Diamines and Synthesis of 

Non-Symmetrical Thiourea Derivatives by Click-Mechanochemistry. 

Chem. Commun. 2012, 48 (78), 9705. 

https://doi.org/10.1039/c2cc34013e. 

(52)  Štrukil, V.; Igrc, M. D.; Fábián, L.; Eckert-Maksić, M.; 

Childs, S. L.; Reid, D. G.; Duer, M. J.; Halasz, I.; Mottillo, C.; Friščić, 
T. A Model for a Solvent-Free Synthetic Organic Research Laboratory: 

Click-Mechanosynthesis and Structural Characterization of Thioureas 

without Bulk Solvents. Green Chem. 2012, 14 (9), 2462. 

https://doi.org/10.1039/c2gc35799b. 

(53)  Tan, D.; Štrukil, V.; Mottillo, C.; Friščić, T. 

Mechanosynthesis of Pharmaceutically Relevant Sulfonyl-

(Thio)Ureas. Chem. Commun. 2014, 50 (40), 5248–5250. 

https://doi.org/10.1039/C3CC47905F. 

(54)  Konnert, L.; Reneaud, B.; de Figueiredo, R. M.; Campagne, 

J.-M.; Lamaty, F.; Martinez, J.; Colacino, E. Mechanochemical 

Preparation of Hydantoins from Amino Esters: Application to the 

Synthesis of the Antiepileptic Drug Phenytoin. J. Org. Chem. 2014, 79 

(21), 10132–10142. https://doi.org/10.1021/jo5017629. 

(55)  Konnert, L.; Dimassi, M.; Gonnet, L.; Lamaty, F.; Martinez, 

J.; Colacino, E. Poly(Ethylene) Glycols and Mechanochemistry for the 

Preparation of Bioactive 3,5-Disubstituted Hydantoins. RSC Adv. 2016, 

6 (43), 36978–36986. https://doi.org/10.1039/C6RA03222B. 

(56)  Porcheddu, A.; Delogu, F.; De Luca, L.; Colacino, E. From 

Lossen Transposition to Solventless “Medicinal Mechanochemistry.” 

ACS Sustain. Chem. Eng. 2019, 12044–12051. 

https://doi.org/10.1021/acssuschemeng.9b00709. 

(57)  Dos Santos, C. M. G.; McCabe, T.; Watson, G. W.; Kruger, 

P. E.; Gunnlaugsson, T. The Recognition and Sensing of Anions 

through “Positive Allosteric Effects” Using Simple Urea−Amide 

Receptors. J. Org. Chem. 2008, 73 (23), 9235–9244. 

https://doi.org/10.1021/jo8014424. 

(58)  Pandurangan, K.; Kitchen, J. A.; Blasco, S.; Boyle, E. M.; 

Fitzpatrick, B.; Feeney, M.; Kruger, P. E.; Gunnlaugsson, T. 

Unexpected Self-Sorting Self-Assembly Formation of a [4:4] 

Sulfate:Ligand Cage from a Preorganized Tripodal Urea Ligand. 

Angew. Chemie Int. Ed. 2015, 54 (15), 4566–4570. 

https://doi.org/10.1002/anie.201411857. 

(59)  Gracin, D.; Štrukil, V.; Friščić, T.; Halasz, I.; Užarević, K. 

Laboratory Real‐Time and In Situ Monitoring of Mechanochemical 

Milling Reactions by Raman Spectroscopy. Angew. Chemie Int. Ed. 

2014, 53, 6193–6197. https://doi.org/10.1002/anie.201402334. 

(60)  Lukin, S.; Stolar, T.; Tireli, M.; Blanco, M. V.; Babić, D.; 

Friščić, T.; Užarević, K.; Halasz, I. Tandem In Situ Monitoring for 

Quantitative Assessment of Mechanochemical Reactions Involving 

Structurally Unknown Phases. Chem. - A Eur. J. 2017, 23 (56), 13941–

13949. https://doi.org/10.1002/chem.201702489. 

(61)  Kaupp, G.; Reza Naimi-Jamal, M.; Schmeyers, J. Solvent-

Free Knoevenagel Condensations and Michael Additions in the Solid 

State and in the Melt with Quantitative Yield. Tetrahedron 2003, 59, 

3753–3760. https://doi.org/https://doi.org/10.1016/S0040-

4020(03)00554-4. 

(62)  Wada, S.; Suzuki, H. Calcite and Fluorite as Catalyst for the 

Knoevenagel Condensation of Malononitrile and Methyl Cyanoacetate 

under Solvent-Free Conditions. ChemInform 2003, 34 (14). 

https://doi.org/10.1002/chin.200314094. 

(63)  Stolle, A.; Schmidt, R.; Jacob, K. Scale-up of Organic 

Reactions in Ball Mills: Process Intensification with Regard to Energy 

Efficiency and Economy of Scale. Faraday Discuss. 2014, 170, 267–

286. https://doi.org/10.1039/C3FD00144J. 

(64)  Crawford, D. E.; Miskimmin, C. K. G.; Albadarin, A. B.; 

Walker, G.; James, S. L. Organic Synthesis by Twin Screw Extrusion 

(TSE): Continuous, Scalable and Solvent-Free. Green Chem. 2017, 19 

(6), 1507–1518. https://doi.org/10.1039/C6GC03413F. 

(65)  Hutchings, B. P.; Crawford, D. E.; Gao, L.; Hu, P.; James, 

S. L. Feedback Kinetics in Mechanochemistry: The Importance of 

Cohesive States. Angew. Chemie Int. Ed. 2017, 56, 15252–15256. 

https://doi.org/10.1002/anie.201706723. 

(66)  Lukin, S.; Tireli, M.; Lončarić, I.; Barišić, D.; Šket, P.; 

Vrsaljko, D.; di Michiel, M.; Plavec, J.; Užarević, K.; Halasz, I. 

Mechanochemical Carbon–Carbon Bond Formation That Proceeds via 

a Cocrystal Intermediate. Chem. Commun. 2018, 54 (94), 13216–

13219. https://doi.org/10.1039/C8CC07853J. 

(67)  Rothenberg, G.; Downie, A. P.; Raston, C. L.; Scott, J. L. 

Understanding Solid/Solid Organic Reactions. J. Am. Chem. Soc. 2001, 

123 (36), 8701–8708. https://doi.org/10.1021/ja0034388. 

(68)  Schmeyers, J.; Toda, F.; Boy, J.; Kaupp, G. Quantitative 

Solid–Solid Synthesis of Azomethines. J. Chem. Soc. Perkin Trans. 2 

1998, No. 4, 989–994. https://doi.org/10.1039/a704633b. 

(69)  Cinčić, D.; Brekalo, I.; Kaitner, B. Effect of Atmosphere on 

Solid-State Amine–Aldehyde Condensations: Gas-Phase Catalysts for 

Solid-State Transformations. Chem. Commun. 2012, 48 (95), 11683. 

https://doi.org/10.1039/c2cc36357g. 

(70)  Segura, J. L.; Mancheño, M. J.; Zamora, F. Covalent 

Organic Frameworks Based on Schiff-Base Chemistry: Synthesis, 

Properties and Potential Applications. Chem. Soc. Rev. 2016, 45 (20), 

5635–5671. https://doi.org/10.1039/C5CS00878F. 

(71)  Biswal, B. P.; Chandra, S.; Kandambeth, S.; Lukose, B.; 

Heine, T.; Banerjee, R. Mechanochemical Synthesis of Chemically 

Stable Isoreticular Covalent Organic Frameworks. J. Am. Chem. Soc. 

2013, 135, 5328–5331. https://doi.org/10.1021/ja4017842. 

(72)  Zhang, P.; Dai, S. Mechanochemical Synthesis of Porous 

Organic Materials. J. Mater. Chem. A 2017, 5 (31), 16118–16127. 

https://doi.org/10.1039/C7TA04829G. 

(73)  Tranchemontagne, D. J.; Hunt, J. R.; Yaghi, O. M. Room 

Temperature Synthesis of Metal-Organic Frameworks: MOF-5, MOF-

74, MOF-177, MOF-199, and IRMOF-0. Tetrahedron 2008, 64 (36), 

8553–8557. https://doi.org/10.1016/j.tet.2008.06.036. 

(74)  Gygi, D.; Bloch, E. D.; Mason, J. A.; Hudson, M. R.; 

Gonzalez, M. I.; Siegelman, R. L.; Darwish, T. A.; Queen, W. L.; 

Brown, C. M.; Long, J. R. Hydrogen Storage in the Expanded Pore 

Metal–Organic Frameworks M 2 (Dobpdc) (M = Mg, Mn, Fe, Co, Ni, 

Zn). Chem. Mater. 2016, 28 (4), 1128–1138. 

https://doi.org/10.1021/acs.chemmater.5b04538. 

(75)  Jiao, Y.; Morelock, C. R.; Burtch, N. C.; Mounfield, W. P.; 

Hungerford, J. T.; Walton, K. S. Tuning the Kinetic Water Stability and 

Adsorption Interactions of Mg-MOF-74 by Partial Substitution with Co 

or Ni. Ind. Eng. Chem. Res. 2015, 54 (49), 12408–12414. 

https://doi.org/10.1021/acs.iecr.5b03843. 

(76)  Miao, Y.-R.; Suslick, K. S. Mechanochemical Reactions of 

Metal-Organic Frameworks; 2018; pp 403–434. 

https://doi.org/10.1016/bs.adioch.2017.11.001. 

(77)  Bennett, T. D.; Saines, P. J.; Keen, D. A.; Tan, J.-C.; 

Cheetham, A. K. Ball-Milling-Induced Amorphization of Zeolitic 

Imidazolate Frameworks (ZIFs) for the Irreversible Trapping of Iodine. 

Chem. - A Eur. J. 2013, 19 (22), 7049–7055. 

https://doi.org/10.1002/chem.201300216. 



11 

 

(78)  Panda, T.; Horike, S.; Hagi, K.; Ogiwara, N.; Kadota, K.; 

Itakura, T.; Tsujimoto, M.; Kitagawa, S. Mechanical Alloying of 

Metal-Organic Frameworks. Angew. Chemie Int. Ed. 2017, 56 (9), 

2413–2417. https://doi.org/10.1002/anie.201612587. 

(79)  Katsenis, A. D.; Puškarić, A.; Štrukil, V.; Mottillo, C.; 

Julien, P. A.; Užarević, K.; Pham, M.-H.; Do, T.-O.; Kimber, S. A. J.; 

Lazić, P.; et al. In Situ X-Ray Diffraction Monitoring of a 

Mechanochemical Reaction Reveals a Unique Topology Metal-

Organic Framework. Nat. Commun. 2015, 6 (1), 6662. 

https://doi.org/10.1038/ncomms7662. 

(80)  Ma, B.; Zhao, F.; Cheng, X.; Miao, F.; Zhang, J. The 

Mechanical and Thermal Responses of Colliding Oxide-Coated 

Aluminum Nanoparticles. J. Appl. Phys. 2017, 121 (14), 145108. 

https://doi.org/10.1063/1.4980118. 

(81)  Chen, Z.; Cai, D.; Mou, D.; Yan, Q.; Sun, Y.; Pan, W.; Wan, 

Y.; Song, H.; Yi, W. Design, Synthesis and Biological Evaluation of 

Hydroxy- or Methoxy-Substituted 5-Benzylidene(Thio) Barbiturates 

as Novel Tyrosinase Inhibitors. Bioorg. Med. Chem. 2014, 22 (13), 

3279–3284. https://doi.org/10.1016/j.bmc.2014.04.060. 

 

 

 

 

 

 

 

 

 

 

For Table of Contents Only 

Mechanochemical milling under controllable heating regimes enables chemical reactions not attainable 

by conventional mechanochemical or solution procedures, and also reduces the time and energy costs of 

the production process. 

 


