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CONSPECTUS
The past two decades have witnessed a rapid emergence of
interest  in  mechanochemistry  –  chemical  and  materials
reactivity achieved or sustained by the action of mechanical
force –which has led to a rapid growth of application of
mechanochemistry to almost all areas of modern chemical
and  materials  synthesis:  from  organic,  inorganic  and
organometallic chemistry to enzymatic reactions, formation
of  metal-organic  frameworks,  hybrid  perovskites  and
nanoparticle-based  materials.  The  recent  success  of
mechanochemistry by ball milling has also raised questions
on the underlying mechanisms, and has led to the realization that the rational development and
effective  harnessing  of  mechanochemical  reactivity  for  cleaner  and  more  efficient  chemical
manufacturing  will  critically  depend  on  establishing  a  mechanistic  understanding  of  these
reactions.  Despite  their  long  history,  the  development  of  such  a  knowledge  framework  for
mechanochemical  reactions  is  still  incomplete.  This  is  in  part  due  to  the,  until  recently,
unsurmountable  challenge  of  directly  observing  transformations  taking  place  in  a  rapidly
oscillating  or rotating  milling  vessel,  with the sample being under  the continuous impact  of
milling media. A transformative change in mechanistic studies of milling reactions was recently
introduced  through  the  first  two  methodologies  for  real-time  in  situ monitoring  based  on
synchrotron powder X-ray diffraction and Raman spectroscopy. Introduced in 2013 and 2014,
the two new techniques have inspired a period of tremendous method development, resulting
also in new techniques for mechanistic mechanochemical studies that are based on temperature
and/or pressure monitoring, extended X-ray fine structure (EXAFS) and latest, nuclear magnetic
resonance (NMR) spectroscopy. The new technologies available for real-time monitoring have
now inspired the development of experimental strategies and advanced data analysis approaches
for the identification and quantification of short-lived reaction intermediates, the development of
new mechanistic models, as well as the emergence of more complex monitoring methodologies
based on two or three simultaneous monitoring approaches. The use of these new opportunities
has, in less than a decade, enabled the first real-time observations of mechanochemical reaction
kinetics, and the first studies of how the presence of additives, or other means of modifying the
mechanochemical reaction, influence reaction rates and pathways. These studies have revealed
multi-step reaction mechanisms, enabled the identification of autocatalytis, as well as identified
molecules and materials that have previously not been known or have even been considered not
possible  to  synthesize  through conventional  approaches.  Mechanistic  studies  through  in  situ
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powder X-ray diffraction (PXRD) and Raman spectroscopy have highlighted the formation of
supramolecular  complexes  (for  example,  cocrystals)  as  critical  intermediates  in  organic  and
metal-organic  synthesis,  and  have  also  been  combined  with  isotope  labelling  strategies  to
provide a deeper insight into mechanochemical reaction mechanisms and atomic and molecular
dynamics under milling conditions. This Account provides an overview of this exciting, rapidly
evolving field by presenting the development and concepts behind the new methodologies for
real-time  in  situ monitoring  of  mechanochemical  reactions,  outlining  key  advances  in
mechanistic understanding of mechanochemistry, and presenting selected studies important for
pushing  forward  the  boundaries  of  measurement  techniques,  data  analysis  and  mapping  of
reaction mechanisms.
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INTRODUCTION

A major  contribution to  the recent  acceptance  of mechanochemistry  by the broader  research
community  is  the  introduction  of  the  very  first  methodologies  for  direct,  in  situ real-time
observation  of  the  underlying  structural  and  chemical  changes.  Our  team  facilitated  the
development  of  such techniques  in  20131 and 20142 by demonstrating  the possibility  to  use
synchrotron  X-ray  diffraction  and  Raman  spectroscopy,  respectively,  to  follow  ball  milling
transformations in real time, and in that way obtain previously inaccessible details of the profiles
and kinetics of ball milling mechanochemical reactions, with consequences for understanding the
underlying thermodynamics.3,4 

Over the past two decades, ball milling has become a versatile solventless synthesis technique
with applications in a wide range of areas, from organic, inorganic and coordination chemistry,
to the synthesis of functional materials, nanoparticle-based systems, as well as pharmaceutical
cocrystals and polymorphs.5,6 Milling, traditionally seen as a solids processing tool, is also the
foundation of a wide range of mechanochemical processes, including organocatalytic, metal-, as
well  as  enzyme-catalyzed  reactions,  in  which  chemical  and  materials  transformations  are
facilitated through diverse additives. Simplicity of mechanosynthesis and its compliance with
principles of “Green chemistry”7 highlights potential for sustainable manufacturing, as evident
by its inclusion among the top ten technologies that can change the world by the International
Union for Pure and Applied Chemistry (IUPAC).8 

Following the course of mechanochemical transformations has previously relied on temperature
and pressure monitoring, or a step-by-step approach which, although highly informative, is more
laborious and is affected by changes in temperature and exposure to atmosphere.9 The outcomes
of step-by-step monitoring can thus be misleading,10,11 and fine details of ball milling chemistry
at reaction times under a minute often cannot be addressed reliably.12 In situ monitoring provides
a reliable and immediate overview of reactivity in a milling process without interrupting it.13,14

The importance of  in  situ monitoring is  evident  from the rapid development  and transfer of
methodology to new laboratories and synchrotron beamlines. For example, following the initial
development at the ESRF – The European synchrotron (Grenoble, France),1,15 methods for in situ
monitoring  of  mechanochemical  reactions  by  powder  X-ray  diffraction  (PXRD)  are  now
implemented at five synchrotron centers. Both DESY (Hamburg, Germany) and ESRF provide
dedicated beamline setups for real-time monitoring of mechanochemistry in shaker mills. An
innovative  and  unconventional  setup  developed  at  PSI  (Villigen,  Switzerland)  provides
unmatched  signal-to-noise  ratio  and  clear  peak  profiles.16 The  BESSY  II  facility  (Berlin,
Germany) provides an optimized setup for  in situ monitoring using a vertically vibrating ball
mill,17 while  in  situ monitoring  is  also  since  recently  available  at  the  Diamond  synchrotron
(Chilton, UK). 

Here, we provide an overview of recent contributions to the development of methods for real-
time  and  in  situ monitoring  of  mechanochemical  reaction  kinetics,  mechanisms  and
thermodynamics,  focusing  mostly  on  our  work,  but  also  providing  a  broader  context  of
understanding and designing mechanochemical reactivity. 
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METHODOLOGY

The most popular devices for mechanochemical synthesis by ball milling appear to be shaker
(mixer) mills, with reactions performed in closed, rapidly oscillating jars that can be made from a
variety of materials – from stainless steel or other metals, to various ceramics and plastics. All
these materials  are, in principle,  compatible with real-time reaction monitoring.  For real-time
Raman spectroscopy monitoring the choice of the milling jar  material  is  limited to optically
transparent  solids,  such  as  different  types  of  plastics  or  inorganic  materials  (e.g.,  quartz,18

sapphire19). Although recent work has highlighted routes to follow mechanochemical reactions
using  chemoluminescence20 and  magnetic  resonance  techniques,21 the  only  currently  well-
established techniques are based on Raman spectroscopy and synchrotron PXRD.

Powder X-Ray Diffraction monitoring
Unless a specialized mill16 or thin-walled jars are used,17 in situ X-ray diffraction on a sample in
a rapidly oscillating reaction vessel requires a synchrotron X-ray beam of intensity and photon
energy sufficiently high to penetrate the vessel walls.22 In the most basic setup, the X-ray beam is
passed through the bottom part of the inner chamber of the reaction vessel, which is oscillating
perpendicular  to  the  beam  (Figure  1).  The  vessel  is  most  commonly  made  from  X-ray-
amorphous and low-absorbing plastic, such as poly (methyl metacrylate) (PMMA), but also other
materials, including crystalline ones such as steel and aluminum, can also be used. Using a 2-
dimensional  (2D)  detector,  the  entire  diffraction  pattern  is  collected  at  once,  enabling  data
collection with time resolution in seconds. 

Raman spectroscopy monitoring
Another technique capable of probing the reaction mixture composition  in situ and with time
resolution  in  seconds  is  Raman  spectroscopy.2,23 Here,  the  optical  transparency  of  PMMA,
sapphire,19 or  other  types of vessels  allows penetration  of the laser beam inside the reaction
vessel to interact with the sample (Figure 1b). The laser beam is guided by a fiber optics probe to
enter the reaction vessel from below and also collect the Raman scattering signal. While the use
of  PXRD  is  limited  to  a  synchrotron  X-ray  source,  in  situ Raman  spectroscopy  is  readily
implemented in a laboratory using a wide range of portable and affordable Raman spectroscopy
setups. 

Tandem monitoring 
The two in situ monitoring approaches are complementary, with PXRD primarily suited to detect
bulk crystalline species, and Raman spectroscopy providing a signal from the entire sample. The
two types of measurements are mutually independent, allowing the combination into a single
experimental setup.24,25 Such tandem approach, also in combination with temperature or pressure
measurement,  was successfully  applied  on  a  variety  of  chemical  systems in  the  last  several
years.26–28 Recently,  tandem  monitoring  by  combining  synchrotron  X-ray  diffraction  with
extended X-ray fine structure spectroscopy (EXAFS) was also demonstrated.29 
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Figure 1. The first setups for in situ monitoring using (a) powder X-ray diffraction, (b) Raman 
spectroscopy. (c) A setup with a remotely controlled mill for tandem monitoring. The holding 
hands of the mill are at an angle of 45 to allow simultaneous approach of the X-ray beam and 
the laser light to the jar. (d) Close-up on the reaction jar with the collimator and the Raman probe
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positioned at the same portion of the sample. (e) Side view of the mill and the detector. For 
conventional PXRD monitoring, the detector is moved further away.

Temperature monitoring
Monitoring the temperature of the reaction mixture is probably among the oldest approaches for
indirect  monitoring  of  milling  mechanochemistry,  typically  achieved  through  thermocouples
placed onto,  or embedded within,  the milling jar  walls.30 In general,  this  is  a low-sensitivity
technique,  mostly  applicable  to  highly  exothermic  processes  and  mechanically-induced  self-
sustained reactions (MSRs),31 and was recently simplified through the use of infrared thermal
monitoring.26 Superior precision and almost direct detection of sample temperature were recently
demonstrated by placing a sensor in the immediate vicinity of the internal surface of the milling
vessel, which revealed that heat generation in the course of mechanochemical reactions such as
metal-organic  framework (MOF) formation  comes  mostly  from friction,  rather  than  reaction
enthalpy (Figure 2).28 

Pressure monitoring
Another  long-known  approach  for  monitoring  mechanochemical  reaction  progress  is  by
measuring pressure changes within the sealed milling vessel,32,33 which provides information on
the absorption, release or, in case of an exothermic process,34 thermal expansion of a gas. The
use of pressure as a handle for monitoring reaction progress provided early examples of multi-
step  mechanochemical  processes  in  the  context  of  inorganic  chemistry,35 but  stipulates  the
participation of gaseous reactants or products.36 Our team recently demonstrated how using a
carbonate reactant permits direct monitoring of the mechanochemical synthesis of MOFs through
pressure increase resulting from CO2 release (Figure 2).37

Figure 2. Temperature and pressure in situ monitoring.  (a) Numerical modeling of heat flow
demonstrating  the  dominant  contribution  from friction  and (b)  pressure-yield  correlates  with
thermogravimetry-determined yield.  Reproduced with permission from references  28 and  37.
Copyright 

Data processing
The  in situ collected X-ray diffraction data are usually of sufficient quality for quantitative or
qualitative  analysis.  Simple  visual  analysis  of  two-dimensional  background-corrected
diffractograms  (Figure  3a)  can  reveal  a  plethora  of  information,  such  as  the  number  of
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transformations  occurring  during  milling  and even preliminary  identification  of  participating
phases.  If  crystal  structures  of  all  participating  phases  are  known,  quantitative  analysis  of
reaction profiles is accessible through a Rietveld refinement.38 Otherwise, qualitative reaction
profiles can be extracted by a Pawley refinement39 or single-peak fitting.1 The inclusion of an X-
ray  scattering  standard,  such  as  crystalline  silicon,  permits  estimating  homogeneity  of  the
reaction  mixture,  quantification  of  the  amorphous  content,  as  well  as  determination  of  the
instrument contribution to peak width and shape and thus to information such as average particle
strain and size (Figure 3).40,41 
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Figure 3. The use of crystalline silicon as an internal scattering standard enables quantitative 
analysis of the milled reaction mixture and an assessment of amorphous content in situ: (a) 
mechanochemical formation of Zn(Im)2 framework by liquid-assisted grinding and (b) Rietveld-
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extracted weight fractions. Silicon reflection marked with ‘*’. (c) variations of the scale factor 
mark redistribution of the milled material in the jar and are scaled by the silicon internal standard
giving rise to (d) smooth curves that can be used for kinetic modeling. (e) Diffraction from two 
parts of the sample residing on opposite sides of the jar causing double diffraction that (f) can be 
modeled with a shift in diffraction maxima proportional to tan(2θ).  Adapted with permission 
from ref. 1 (copyright 2012 Nature Publishing Group) and ref. 40 (copyright 2014 Royal Society 
of Chemistry). Data from ref. 40 in e). 

For monitoring by Raman spectroscopy, a time-resolved 2D plot can again serve to obtain a
qualitative description of the reaction, while several possible approaches to deduce the reaction
profiles.  While  a  qualitative  reaction  profile  is  accessible  by  extracting  intensities  of
characteristic Raman bands,42 a quantitative assessment is also possible employing a multivariate
analysis such as least-squares regression if corresponding reference Raman spectra for each of
the  participating  species  are  collected.  Such a  quantitative  approach remains  applicable  also
when a Rietveld refinement is not possible,25 while a qualitative profile could also be obtained
without reference spectra using factor analysis such as multivariate curve resolution.43 In general,
temperature  and  pressure  monitoring  will  require  a  combination  with  at  least  one  of  the
spectroscopic or diffraction in situ methods to allow a correlation with changes in physical and
chemical properties.27

SCOPE

Techniques for  in situ monitoring of mechanochemical reactions have now been applied to a
wide range of compounds and materials.  In many cases, such monitoring revealed multi-step
sequences,  including  short-lived  intermediates  not  observed  in  corresponding  solvent-based
environments.  In  situ monitoring  provides  also  the  long-lacking  foundation  for  quantitative
studies  of  catalytic  and  autocatalytic  effects  of  milling  additives.  However,  we  note  that
additives, as well as any metastable or short-lived intermediates, will usually be present in small
amounts,  which  brings  into  focus  limits  of  detectability.  These  limits  are  still  poor  for
temperature  and  pressure  monitoring,  and are  difficult  to  generalize  for  reaction  monitoring
using PXRD and Raman techniques.  In the case of PXRD-based monitoring, the detection limits
will  depend  on  the  crystallinity,  as  well  as  the  scattering  power  of  the  individual  mixture
components,  which  may  be  accounted  for  by  choosing  a  different  X-ray  wavelength.  In
spectroscopic monitoring by Raman spectroscopy, the strength of the signal will depend on the
Raman  cross-section,  which  may  differ  significantly  across  diverse  molecular  species  and
materials, and will also be dependent on the wavelength of the incident laser beam. A general
overview of advantages and limitations of different in situ monitoring techniques is provided in
Table 1. 

Table 1. Overview of advantages and limitations of the most common techniques for in situ 
monitoring of mechanochemical ball milling reactions.

Advantages Limitations Type of 
material
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General o allows uninterrupted 
monitoring 

o time-resolved information
with time resolution in 
seconds or less

o fast and reliable

o may suffer from poor 
mixing or if the milled 
material gets cluttered 

o may be challenging to 
detect phases that appear 
in small amounts 

o lower data quality in 
comparison to dedicated 
ex situ analysis 
approaches

o  any

PXRD o direct identification of 
crystalline species

o qualitative and 
quantitative information

o reaction profiles for 
crystalline species

o contactless, i.e. sample is 
not disturbed

o direct access to changes 
in crystal structures

o allows particle size 
monitoring

o provides data relevant to 
the body of the sample

o requires a synchrotron X-
ray source 

o less informative for 
amorphous phases 

o  crystalline 

Raman o identification of chemical
species and selected 
functionalities

o sensitive to changes in 
molecular structure and 
inter- and intra-molecular
interactions

o provides qualitative and 
quantitative information

o enables extraction of 
reaction profiles 

o can be performed using a 
laboratory benchtop 
instrument

o contactless, i.e. sample is 
not disturbed

o may allow excellent time 
resolution 

o sensitive to isotopes (e.g. 
H/D exchange)

o strong luminescence may 
saturate the Raman signal

o requires translucent 
milling jars

o sensitivity depends on the
Raman signal of 
individual components

o incident laser beam may 
induce degradation due to
local heating

o signal is obtained mostly 
from the surface of milled
sample

o  crystalline 
o  amorphous
o  liquid 

Temperature o provides bulk temperature o provides bulk temperature o  any
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monitoring o allows modeling of heat 
transfer 

o no direct information on 
the chemical composition

o requires a thermal sensor 
in or within the milling 
vessel

Pressure 
monitoring

o enables kinetic modeling 
if gaseous reactants or 
products are involved

o relevant for gaseous 
reactants or products

o requires a pressure 
transducer within the 
milling vessel

o  gas

Atomic and molecular dynamics of milled solids

Milling is often seen as a methodology for particle comminution and material amorphisation.44

However, the average particle size in a milled sample will often reach a steady state balancing
crystal crushing and growth.45 To gain insight into such dynamics on the molecular level, we
have used isotope-labelled solids to confirm atomic and molecular migrations across the entire
milled sample and have effectively shown that the entire sample becomes exposed to the surface
during milling.3 The tandem application of in situ Raman spectroscopy and synchrotron PXRD
enabled the observation of hydrogen isotope exchange (HIE) between molecules of benzoic acid
and 2-pyridone in the course of cocrystal formation. (Figure 4a). 

Figure 4. Dynamics of milled particles. (a) HIE between benzoic acid and 2-pyridone during
cocrystal formation. (b) HIE between milled particles that do not form a new product phase. (c)
Molecular exchange between  13C-labelled benzoic acid and natural benzoic acid leading to the
formation of heterodimers. 

Since the HIE process was difficult to separate from the formation of the new crystalline product,
2-pyridone was subsequently replaced with paracetamol, which does not form a new crystalline
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phase with benzoic acid (Figure 4b).46 Neat grinding of this mixture, in which one of the two
components was deuterated, proved that HIE occurs also between non-reacting solids. Finally,
neat grinding of  13C-labeled benzoic acid and natural benzoic acid resulted in whole-molecule
exchange  between  crystallites  and  the  formation  of  heterodimers  of  labelled  and  natural
molecules of benzoic acid (Figure 4c). Considering that the exchange of molecules across the
surface  of  two compressed  particles  was  also  demonstrated  theoretically,47 milling  of  solids
seems to  share  significant  resemblance40,48,49 with solution  in  terms  of  atomic  and molecular
mobility.

Stepwise reaction mechanisms and intermediates

Assigning  a  mechanism  to  a  milling  reaction  typically  involves  detecting  a  sequence  of
crystalline or amorphous phases leading from the reactant(s) to the product(s). If the reaction
conditions change, the reaction course may become different, thus offering an insight into the
energy  profile  of  such  a  reaction  sequence.50 The  use  of  in  situ monitoring  is  particularly
valuable  for the detection,  and even isolation,  of reaction intermediates  in mechanochemical
reactions, notably for organic and metal-organic systems where such transient phases can readily
transform within minutes.

We  illustrated  the  potential  of  in  situ monitoring  for  new  phase  discovery  in  the
mechanochemical formation of the MOF material ZIF-8, by milling ZnO and 2-methylimidazole
(HMeIm)  in  the  presence  of  aqueous  acetic  acid  (Figure  5a-c).  While  the  reaction  rapidly
produces the target ZIF-8, further milling led to amorphization which was, surprisingly, followed
by the appearance of a new crystalline phase. The new phase could be isolated and structurally
characterized from PXRD data as a new polymorph of ZIF-8, exhibiting a hitherto unknown
katsenite (kat) framework topology.51 Under mechanochemical conditions, this new polymorph
of  ZIF-8  would  transform after  10-15 minutes  to  the  thermodynamically  stable,  non-porous
framework  with  the  diamondoid  (dia)  topology.  Loss  of  the  diffraction  signal  upon
amorphization renders the use of an internal  scattering standard,  such as crystalline silicon,40

essential  to  extract  quantitative  reaction  profiles   ̶    including  the  weight  fraction  of  the
amorphous phase. 
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Figure 5. (a) Reaction sequence for amorphization of nascent ZIF-8 and recrystallization of the
milled mixture into the dense dia-topology phase, mediated by a zeolitic imidazolate framework
intermediate with a novel katsenite (kat) topology. The reflection of silicon used as an internal
standard is marked with ‘*’. Time-resolved diffractograms that demonstrate the stochastic nature
of the reaction sequence, with nominally identical experiments showing: (b) the appearance of
the kat-phase and (c) the absence of the kat-phase. 

Real-time PXRD monitoring of the liquid-assisted grinding (LAG) reaction of ZnO and 2,5-
dihydroxyterephtalic acid (H4dhta) in the presence of H2O to form the popular open-structure
framework Zn-MOF-74 of the composition Zn2(dhta) revealed a step-wise mechanism with a
close-packed coordination polymer of the composition Zn(H2dhta) as a distinct intermediate and
two more  earlier  transient  intermediates  (Figure  6).52 In  case  of  ZIFs,  their  LAG synthesis
involves  the  formation  of  intermediates  that  are  polymorphs  of  the  final  product,  while  the
intermediate in the case of Zn-MOF-74 exhibits a framework composition different from the
final product. Recently,  ex situ PXRD analysis identified a total of four intermediates in LAG
mechanosynthesis of MOF-74 from ZnO when using DMF as the liquid additive.53   
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Figure 6. (a) The in situ observed sequence of phases for mechanosynthesis of Zn-MOF-74 (top)
along  with  selected  images  of  the  reaction  mixture  (bottom)  and (b)  a  time-resolved  X-ray
diffractogram.
 
Another  example  of  transient  phases  detected  by  real-time  in  situ studies  are  aryl  N-
thiocarbamoylbenzotriazoles,  elusive  intermediates  in  the  well-known Katritzky  synthesis  of
thioureas by thiocarbamoylation of amines with bis(benzotriazolyl)methanethione. Specifically,
whereas aryl N-thiocarbamoylbenzotriazoles have been proposed as generally occurring reaction
intermediates, they have been impossible to isolate due to a high propensity to dissociate into
corresponding  isothiocyanates.54 Raman  spectroscopy  monitoring  of  the  mechanochemical
reaction  between selected  aniline  derivatives  and bis(benzotriazolyl)methanethione  in the 2:1
respective stoichiometric ratio revealed that thiourea formation takes place through a transient
intermediate phase. Switching to the 1:1 stoichiometric ratio of reagents enabled the identical
intermediates to be isolated as pure phases, and structurally characterization from PXRD data
confirmed their identity as elusive aryl N-thiocarbamoylbenzotriazoles (Figure 7a,b).55 
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Figure 7. (a) Comparison of thiourea synthesis in solution and by milling. b) Fragment of the
crystal structure of the aryl N-thiocarbamoylbenzotriazole reaction intermediate determined from
PXRD data.55

A unique intermediate was observed in the Knoevenagel reaction between vanillin and barbituric
acid where the two reactants formed a 1:1 cocrystal prior to the condensation reaction (Figure
8).42 Through  the  use  of  non-protic  liquid  additives  such  as  nitrometane  or  acetonitrile,  the
lifespan of the intermediate cocrystal  could be prolonged, while protic liquids led to a faster
condensation reaction (Figure 8c). Moreover, the molecules of barbituric acid and vanillin in the
intermediate cocrystal were favorably positioned for the nucleophilic attack of barbituric acid at
the aldehyde carbon atom of vanillin (Figure 8d). 
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Figure 8. (a) Schematic of the Knoevenagel condensation along with the corresponding (b) time-
resolved Raman diffraction data revealing an intermediate (cocrystal) evident from the band at
1735 cm-1.  (c)  Reaction  profiles  showing  the  life-span of  the  intermediate  cocrystal  in  neat
grinding and LAG reactions. (d) A fragment of the cocrystal structure highlighting proximity of
reacting centers. 

In  our  experience,  intermediates  in  mechanochemical  reaction  are  found frequently.  Indeed,
intermediates and step-wise mechanisms were observed in some of the first  ex situ step-wise
monitoring  attempts.12 The  richness  of  reaction  paths  involving  intermediates  can  fully  be
appreciated  only  through  in  situ monitoring  where  even  short-lived  intermediates  can  be
observed.56 For  example,  among  four  polymorphs  found  in  mechanochemical  cocrystal
formation between nicotinamide and benzoic acid,25 three could be isolated as pure phases, but
the  fourth  polymorph  was  observed  only  as  fleeting  intermediate  persisting  for  a  couple  of
minutes in the very beginning of milling. The plethora of intermediates has inspired exploiting
the  availability  of  different  solid  forms,  (e.g.  desmotropes,  cocrystals,  salts,  polymorphs)  as
starting reactants to manipulate mechanochemical reaction rates and mechanisms.57

Observation of catalysis and autocatalysis

In  mechanochemical  reactions,  catalysis  by  milling  additives  or  autocatalysis  by  a  reaction
product should be differentiated from similar effects arising from a change in milling conditions
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such as milling frequency,58,59 number and type of milling media,60,61 and the material  of the
milling assembly.4 The latter parameter can be used to adjust the input of mechanical energy at
impact,62,63 affect  mixing efficiency,  or  catalyze  coupling  reactions.64 Importantly,  the  use of
milling  media  with  higher  density  or  weight  is  anticipated  to  produce  a  higher  steady-state
temperature, which can enhance the reaction kinetics.28 Sometimes, however, an external catalyst
is  essential  to  enable  a  transformation.  For  example,  the  milling  reaction  of  AgNO3 with
sulphadiazine to form the known active pharmaceutical  ingredient  (API) silver sulphadiazine
could not proceed without the presence of aqueous ammonia.65 However, increasing the amount
of  ammonia  also led to a  slower reaction,  most likely  due to  the competing  formation  of a
stabilized silver(I) species. 

Liquid additives can have a profound, yet still poorly understood, impact on mechanochemical
reactions.66 A special case of reaction acceleration by a liquid additive arises upon using solvated
reactants, where the release of the structural solvent upon a mechanochemical reaction may lead
to autocatalysis. Such autocatalytic behavior, so far studied in the mechanochemical formation of
cocrystals67,68 and coordination compounds, offers an explanation for the general observation that
solvated starting materials are more reactive than the corresponding non-solvated systems.69 Our
team  has  reported  the  in  situ observation  of  such  autocatalytic  behavior  as  a  serendipitous
discovery  during  real-time  monitoring  of  the  formation  of  coordination  polymers  involving
CdCl2 and cyanoguanidine (cnge) (Figure 9).70 Preparation of the reaction mixture in air led to
inadvertent  partial  transformation  of  the  reactant  CdCl2 to  the  corresponding  monohydrate
CdCl2·H2O.  The  reaction  profile,  obtained  by  quantitative  Rietveld  analysis,  revealed  an
unexpected difference in the reactivity of metal precursors: while CdCl2 was being depleted, the
content of CdCl2·H2O remained largely constant. Once CdCl2 was, according to PXRD analysis,
fully consumed, the transformation of the CdCl2·H2O was almost instantaneous. These unusual
observations were explained by a reaction loop in which CdCl2·H2O reacts with cnge, and the
released water is immediately captured by anhydrous CdCl2 to regenerate the monohydrate. Once
CdCl2 was fully depleted the released water remained in the mixture leading to autocatalytic
reaction acceleration.70 

Figure 9. (a) The reaction of CdCl2 with cyanoguanidine (cnge) revealed a feedback mechanism
for replenishing CdCl2·H2O. Time-resolved diffractograms for reactions conducted (b) at room
temperature and (c) at 70 C. 
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Autocatalytic effect in a mechanochemical reaction was also observed in the formation of the
fertilizer  ionic  cocrystal  calcium urea phosphate from urea phosphate and a suitable  calcium
source,  such as Ca(OH)2 or CaCO3 (calcite)  (Figure 10).71 Reaction monitoring using  in situ
synchrotron PXRD and Raman scattering revealed a slow reaction if starting from neat CaCO3,
but which is accelerated by switching to LAG with water. In contrast,  the neat reaction with
Ca(OH)2 as the source of calcium was much faster, which was explained by the release of water
during the reaction. This enabled engineering of the reaction rate by using judiciously prepared
mixtures of CaCO3 and Ca(OH)2 as the starting calcium source. While effectively demonstrating
how small amounts of Ca(OH)2 can be used to facilitate the transformation of CaCO3, this has
revealed autocatalysis at water amounts at least three orders of magnitude below those used in
typical LAG reaction designs. 

Figure 10.  Real-time observation  of  the  mechanochemical  formation  of  the  ionic  cocrystal
fertilizer  calcium  urea  phosphate  reveals  autocatalysis  by  the  water  reaction  byproduct:  (a)
reaction scheme; (b) comparison of reaction rates, in the form of time required to reach 50%
conversion, for the mechanochemical reactions using neat CaCO3, neat Ca(OH)2, neat mixtures
of CaCO3 and Ca(OH)2, as well as by LAG of CaCO3 in presence of water; (c) and (d) example
time-resolved diffractograms (top) and reaction profiles (bottom) for the reactions starting from
CaCO3 and Ca(OH)2, respectively.

There  have been only a  handful  of  examples  in  which the mechanism of action  of  a  liquid
additive was interpreted on a molecular basis. One such example is amide formation by reaction
of acyl azides and amines in which the reaction rate was found to increase with basicity of the
liquid  additive,  consistent  with  deprotonation  in  the  rate-determining  step  (Figure  11).72

Mechanosynthesis  of  the  archetypal  metal-organic  framework  HKUST-173 from  copper(II)
acetate and trimesic acid demonstrated that the role of the liquid was not only to fill the pores of
the nascent HKUST-1, but actively participated in the reaction.39 In the mechanosynthesis  of
hydrogen-bonding frameworks,74 as  well  as  covalent-organic  frameworks  (COFs),  the  liquid
additive templated the formation of the final product network.75 Catalysis in mechanochemical
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reactions is not limited to additives. The material of the milling assembly or the milling media
can act as catalysts, as shown for copper-catalyzed azide/alkyne cycloaddition76 and palladium-
catalyzed Suzuki coupling.77

Figure 11. A base catalyzes amide bond formation in LAG. (a) New amide bond formation and 
(b) correlation of the reaction time with basicity of the liquid additive, expressed as the Gutmann
donor number.78 

Mechanochemical reaction paths, thermodynamics, and selectivity

Mechanochemical reaction paths and the sequence of transformations between cocrystals can be
predicted from calculated cocrystal stabilities, as demonstrated so far for hydrogen-bonded79 and
halogen-bonded cocrystals (Figure 12).80 In the former case, cocrystals of nicotinamide (na) with
either salicylic acid (sal) and anthranilic acid (ana) were subjected to milling with the competing
coformer. By using periodic density-functional theory (DFT) calculations, nasal was determined
to be the most stable cocrystal and, upon milling with  ana, the mixture composition did not
change. However, upon milling with sal,  naana no longer represents the most stable cocrystal
and reacts to form nasal and solid ana. While sal displaces ana from naana, it also reacts with
the nascent  ana to produce the  salana cocrystal.  As  sal is depleted,  the  salana intermediate
becomes the source of sal and reacts with remaining naana.

With the assumption that mechanochemical cocrystallization leads to the formation of the
thermodynamically  most  stable  product,  periodic  DFT  calculations  of  cocrystal  formation
energies have been used to correctly predict the direction of mechanochemical transformations of
stoichiometric  variations  of  halogen-bonded  binary  cocrystals  consisting  of  1,4-
diazabicyclo[2.2.2]octane  (dabco)  and 1,2-diiodotetrafluorobenzene (12tfib).  Specifically,  the
calculations  were  used  to  evaluate  changes  in  crystal  energy  associated  with  all  possible
interconversions  of  the  known  cocrystals  (dabco)(12tfib),  (dabco)2(12tfib)  and  (dabco)
(12tfib)2. Mechanochemical experiments, conducted after the calculations have been performed,
have confirmed the ability of periodic DFT modelling not only to explain, but also to predict the
course of mechanochemical cocrystal interconversions. 
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Figure 12. Coupling theoretical calculations with mechanochemical cocrystal formation: (a) the 
theoretically calculated hull diagram indicating the transformations between solid 12tfib, dabco 
and corresponding cocrystals, along with (b) the corresponding experimentally-observed 
mechanochemical transformations. c) Cocrystallisation of nicotinamide with anthranilic and 
salicylic acids and (d) fragments of cocrystal structures. e) Reaction profile for neat grinding of 
sal and naana follows (f) the energy ranking of various reaction mixtures.   

In the case of cocrystals of na, sal, and ana, the sequence of cocrystal transformations appears to
follow  the  Ostwald’s  rule  of  stages,  i.e. exhibiting  the  formation  of  increasingly  stable
intermediates and, ultimately, the thermodynamically most stable phase. Whereas such behavior
is in general agreement with other studies of mechanochemical reactivity conducted in situ and
ex situ,81 we have also shown that variation of mechanochemical reaction conditions can lead to
the  formation  of  products  not  expected  based  on  the  Ostwald’s  rule.  In  particular,  whereas
milling of adipic acid and  na in PMMA jars typically leads to the thermodynamically stable
cocrystal  with  1:1  stoichiometry  (polymorph  I),  harsher  milling  conditions  resulted  in  a
metastable polymorph II (Figure 13).4 The formation of different phases through application of
harsher  milling  conditions  was also observed by real-time monitoring  of  the  formation  of  a
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halogen-bonded  ionic  cocrystal  exhibiting  either  an  open  network  or  an  interpenetrated
Borromean-topology extended structure.82

Figure 13. Time-resolved diffractograms and the corresponding reaction profiles for milling of
nicotinamide and adipic acid under (from left to right) increasingly harsher milling conditions
(illustrated by the number and size of milling balls) eventually leading to a crystallization of the
less stable polymorph.

The very first  application  of synchrotron PXRD for  in  situ reaction  monitoring  targeted the
course  of  mechanochemical  formation  of  ZIFs  from  ZnO  and  substituted  imidazoles.1

Monitoring of the reaction with 2-ethylimidazole in the presence of different amounts of N,N-
dimethylformamide (DMF) revealed the initial formation of a low-density framework with the
RHO topology, followed by the appearance of increasingly dense frameworks with ANA and qtz
topologies. While all reactions ultimately yield the qtz-topology ZIF, the lifetime of the open-
structure RHO- and ANA-topology intermediates was longer if more liquid was added,  i.e. for
larger  η-values83 (Figure  14).  The  combined  use  of  periodic  DFT  and  experimental
thermodynamics  revealed  that  this,  and  other  observed  reaction  sequences  in  ZIF
mechanosynthesis, follow Ostwald’s rule of stages.84
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Figure 14. (a) The simulated PXRD patterns and scheme for the reaction of ZnO and HEtIm to
form the ZIF material Zn(EtIm)2. The time-resolved diffractograms (left) and variation of select
characteristic  Bragg  reflections  (right)  for  the  mechanochemical  transformation  of  ZnO and
HetIm into RHO- (red), ANA- (blue), and qtz-topology (green) polymorphs of Zn(EtIm)2 by
LAG with different amounts of DMF: b) 150 μL; c) 100 μL; d) 50 μL and e) 25 μL. The large
variation in the intensity of the qtz(011) reflection is an artifact of the sample adhering to the jar
wall,  caused  by  the  release  of  the  grinding  liquid  previously  included  in  the  pores  of
intermediates.  
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Precise temperature monitoring coupled with modeling of heat flow during milling revealed that,
in most cases, energy changes related to a chemical reaction will be much smaller compared to
thermal  effects  of  friction.28 The  appearance  of  different  materials  in  the  reaction  vessel
throughout  the  mechanochemical  reaction  will  lead  to  different  frictional  properties  of  the
reaction mixture and, therefore, to a different steady-state temperature resulting from a balance
between  the  absorption  of  mechanical  energy  and  energy  dissipation.  Consequently,  phase
changes  taking  place  during  milling,  such  as  polymorphic  transformations,  can  be  detected
through changes in the steady-state temperature. 

Different milling media will not only provide impacts of different energy,60 but also result in
different temperature profiles, which may readily affect the course and rate of mechanochemical
reactions. For example, even a mild increase from room temperature to 50 oC can result both in
reaction rate acceleration,70 as well as in a change in reaction path. Such strong influence of
temperature suggests that the hot-spot or magma-plasma models85 of mechanochemical reactivity
may not be of relevance for softer organic or metal-organic systems.  

OUTLOOK

We  have  provided  a  succinct  overview  of  approaches  for  real-time  monitoring  of
mechanochemical reactions by ball milling, focusing on contributions from our team. Although
significant  advances  have  been achieved  in  methodologies  for  real-time  observation  of  such
reactivity,  we believe  these have so far  only begun to scratch  the surface of understanding,
predicting and controlling the course of chemical and materials transformations in a ball mill.
Further  advances and insights will  be enabled through expanding the toolbox on monitoring
techniques to approaches different from conventional diffraction and spectroscopy, for example
based on nuclear magnetic resonance21,86 and magnetic relaxation, as well as by closer integration
of advanced theoretical approaches with outcomes of real-time measurements. 
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