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Types of Chemistry

Thermochemistry Heating/Cooling

Photochemistry Light

Electrochemistry Electric Field

Sonochemistry Sound

Mechanochemistry Mechanical Force

Magnetochemistry Magnetic Field
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The Most Ancient Chemistry

Mechanochemistry
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313 BC

Theophrastus

372-287 BC

Mechanochemistry
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Theophrastus

Mechanochemistry
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The “Dutch Method”: Synthesis of lead white pigment 

https://www.youtube.com/watch?v=rZQQAsphqBc&list=PLdesNkcRuf70shzcrbWS8dwixJdnSVYWD&index=3

Mechanochemistry
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https://www.youtube.com/watch?v=rZQQAsphqBc&list=PLdesNkcRuf70shzcrbWS8dwixJdnSVYWD&index=3

Mechanochemistry
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Mechanochemistry: Historical Perspective

Stolar, T.; Emmerling, F. et al. Mechanochemistry: Looking Back and Ahead, Chem 2026, 12, 102880
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IUPAC Top Ten Emerging 

Technologies in Chemistry 2019 

Mechanochemistry
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Food Industry Tablet Formulations

Bulk Chemical/Materials Synthesis ?????

Mechanochemistry
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Slide: Prof. Kappe
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Mechanochemistry
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Mechanochemistry
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Mechanochemistry
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Mechanochemistry

Nicolas Fantozzi et al. Chem. Soc. Rev., 2023, 52, 6680 
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https://www.youtube.com/@cmcc-mechanochemistry/playlists

Mechanochemistry
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Mechanochemistry

Dong, L. et al. Mechanochemistry: Fundamental Principles and Applications, Adv. Sci. 2024, 12, 2403949

Stolar, T.; Emmerling, F. et al. Mechanochemistry: Looking Back and Ahead, Chem 2026, 12, 102880

Stauch, T. et al. Advances in Quantum Mechanochemistry: Electronic Structure Methods and Force Analysis, Chem. Rev. 2016, 116, 14137

Pressure Friction Shock Impact Shear Torsion

A mechanochemical reaction is defined as “a chemical reaction that is induced by the direct 

absorption of mechanical energy” (IUPAC Compendium of Chemical Terminology 2009)

https://www.wab-group.com/flow-chemistry/
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Mechanochemistry
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https://www.youtube.com/watch?v=WPyzykk79K0&list=PLdesNkcRuf70shzcrbWS8dwixJdnSVYWD

Mechanochemistry
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https://www.youtube.com/watch?v=WPyzykk79K0&list=PLdesNkcRuf70shzcrbWS8dwixJdnSVYWD

Mechanochemistry



21

Mechanochemistry

Types of Mechanochemical Reactions
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Mechanochemistry

Stolar, T.; Emmerling, F. et al. Mechanochemistry: Looking Back and Ahead, Chem 2026, 12, 102880

Electro, Photo, Acoustic, Thermal, Magentic…

coupled with mechano
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Mechanochemistry

Slide: Prof. Kappe
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Mechanochemistry

Mechanochemical Notations

Nicolas Fantozzi et al. Chem. Soc. Rev., 2023, 52, 6680 



27Tomislav Friščić and co workers, Angew Chem, Int Ed Eng, 2018, 57, 2667

Traditional Method Aqua Regia: Extremely Polluting

Metal Recycling and Processing:

Mechanochemistry



28

Tomislav Friščić and co workers, Angew Chem, Int Ed Eng, 2018, 57, 2667

Metal Recycling and Processing:

Mechanochemistry
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Angew. Chem. Int. Ed. 2018, 57, 16104

KineticThermodynamic

Mechanochemistry
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Angew. Chem. Int. Ed. 2016, 55, 12736-40

Mechanochemistry



31Nature Nanotechnology| VOL 16 | MARCH 2021 | 325–330 www.nature.com/naturenanotechnology

Haber–Bosch process at 400–500 °C and above 100 bar. 

Mechanochemical method at 45 °C and 1 bar using Iron-based catalyst

Haber–Bosch process : 25 vol%, 450 °C, 200 bar

Mechanochemical method: 82.5 vol%, 

Mechanochemistry



32Nature Nanotechnology| VOL 16 | MARCH 2021 | 325–330 www.nature.com/naturenanotechnology

High defect density and violent impact at the iron catalyst

Mechanochemistry
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Green Chem., 2017, 19, 2798 

Mechanochemistry

Reactivity Control via LAG
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Chem Commun 2005, 7, 880

Solvent-Assisted Polymorph Transformation Anthranilic Acid

Mechanochemistry
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Angew. Chem. Int. Ed. 2020, 59, 4478 – 4483 

Mechanochemistry

Greener Dye Production via TSE
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Kubota et al., Science 2019, 366, 1500–1504)

Mechanochemistry
Mechanoredox Catalysis
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Mechanochemistry

Kubota et al., Science 2019, 366, 1500–1504)

Mechanoredox Catalysis
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Mechanochemistry

Kubota et al., Science 2019, 366, 1500–1504)

Mechanoredox Catalysis
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Kubota et al., Science 2019, 366, 1500–1504)

Mechanochemistry

Mechanoredox Catalysis
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Angew Chem, Int Ed, 2023, e202311531

Mechanochemistry
Mechanoredox Catalysis
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Chem. Commun. 2023, 59, 1010–1013.

Mechanochemistry

Mechanoredox Catalysis
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Chem. Commun. 2023, 59, 1010–1013.

Mechanochemistry

Mechanoredox Catalysis
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Mechanochemistry

Asymmetric Organocatalysis

Is Solvent Critical: Solvation-Desolvation?
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Mechanochemistry
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Mechanochemistry

Asymmetric Organocatalysis

Anti-aldol products with up to >99 % enantiomeric excess (ee)
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Mechanochemistry

C-H Bond formation
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Mechanochemistry

C-H Bond formation
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Mechanochemistry

Grignard formation and reaction with Gaseous CO2
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Mechanochemistry

Grignard formation and reaction with Gaseous CO2



Kappe and coworkers, Green Chen. 2026, DOI https://doi.org/10.1039/D5GC04764A

Amide Synthesis
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Mechanochemistry
Peptide Chemistry

Green Chem., 2018,20, 1262-1269
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Mechanochemistry
Peptide Chemistry

ACS Sustainable Chem. Eng. 2018, 6, 12, 16001–16004



N-Alkylation



Kappe and coworkers, Green Chen. 2026, DOI https://doi.org/10.1039/D5GC04764A

Amide Synthesis
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Mechanochemistry
Mechanochemistry API Synthesis via TSE

ACS Sustainable Chem. Eng. 2020, 8, 32, 12230–12238
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Mechanochemistry
Hydrazone-Based API Synthesis via TSE

ACS Sustainable Chem. Eng. 2020, 8, 32, 12230–12238

Conventional Industrial Production
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Mechanochemistry
Hydrazone-Based API Synthesis via TSE

ACS Sustainable Chem. Eng. 2020, 8, 32, 12230–12238

Model Reactions
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Mechanochemistry
Hydrazone-Based API Synthesis via TSE

ACS Sustainable Chem. Eng. 2020, 8, 32, 12230–12238
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Mechanochemistry
Hydrazone-Based API Synthesis via TSE

ACS Sustainable Chem. Eng. 2020, 8, 32, 12230–12238
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Mechanochemistry

ACS Sustainable Chem. Eng. 2020, 8, 40, 15243–15249

Cytotoxicity of Mechanochemically Prepared Cu(II) Complexes
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Mechanochemistry

ACS Sustainable Chem. Eng. 2020, 8, 40, 15243–15249

Cytotoxicity of Mechanochemically Prepared Cu(II) Complexes

Square Planar Octahdral
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Mechanochemistry
API via TSE

Crawford, D. E.; James, S. L. A Reflection on Synthesis by Extrusion Ten Years on: Achievements, Challenges and Opportunities for Solvent-free,

Sustainable, Continuous Chemical Manufacturing (Commentary), Chem. Sci. 2026, 17 (18), 8823 [DOI: 10.1039/D6SC90085B]
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Mechanochemistry



PCP/MOF in the world

Nature Materials | Volume 24 | 

February 2025 | 178–187
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Mechanochemistry

ACS Sustainable Chem. Eng. 2018, 6, 11, 15841–15849

MOF: Water Assisted
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Mechanochemistry
MOF Production via TSE

Chem. Sci., 2015,6, 1645-1649
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Mechanochemistry

ACS Sustainable Chem. Eng. 2018, 6, 11, 15841–15849
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Mechanochemistry
MOF Production via TSE

Chem. Sci., 2015,6, 1645-1649

Model Reaction
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Mechanochemistry

Chem. Sci., 2020,11, 6582-6589

Porous Organic Cage via TSE



Nature Materials | Volume 24 | February 2025 | 178–187

PCP/MOF in the world



NuMat Technologies Logo

USA (2012～)
Northwestern University

Logo

Norway (2013～)
University of Oslo, Norway
CNRS Lyon, France

SmartStart

UK (2012～)
Queen’s University Belfast

USA (2011～)
Texas A&M University

USA (2014～)
University of California, 
Berkeley

Japan (2015～)
Kyoto University

Venture Companies for PCP/MOF in the world

73

UK (2015～)
Cambridge University

USA (2013～)
Georgia Institute of Technology

UK (2013～)
University of St Andrews 

Australia (2014～)
the Commonwealth Scientific 
and Industrial Research 
Organisation (CSIRO)

Canada (2016～)
McGill University

Swiss (2017～)
Swiss Federal Institute of 
Technology in Zurich (ETH Zurich)
Paul Scherrer Institute(PSI)

École Polytechnique Fédérale de 
Lausanne (EPFL)

Norway (2013～)
University of Oslo

UK (2016～)
Cambridge University

USA (2016～)
Stanford and UCLA.

Swiss (2018～)
Swiss Federal Institute of 
Technology in Zurich (ETH Zurich)

France (2018～)
University of Lyon

⚫ 17 start-ups (US:5、UK:4、JPN:1、AUS:1, CAN:1, FRA:1)

⚫ Commercialization by NuMat TECH. and MOF Tech.

NuMat TECHNOLOGIES: Safty cylinder for specific gases in Semicondutor(ION-X)

MOF Technologies: Materials for keeping fruits and vegetables fresh (TrPickTM)
Prof. Nagarkar

http://numat-tech.com/
http://mofapps.com/index.html
http://www.moftechnologies.com/index.html
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MOF Technologies, based in Belfast, Northern Ireland

15kg/hr MOF

Mechanochemistry
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Mechanochemistry
Transition metal-catalysed reactions

Hastings et al. Org. Process Res. Dev., 2023, 27, 1667–1676
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Mechanochemistry
Transition metal-catalysed reactions

Hastings et al. Org. Process Res. Dev., 2023, 27, 1667–1676
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Mechanochemistry
Bromination

Ardila-Fierro et al. Chem.:Methods, 2022, 2, e202200035
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Mechanochemistry
Multicomponent reaction (MCRs)

Crawford, D. E.; James, S. L. A Reflection on Synthesis by Extrusion Ten Years on: Achievements, Challenges and Opportunities for Solvent-free,

Sustainable, Continuous Chemical Manufacturing (Commentary), Chem. Sci. 2026, 17 (18), 8823 [DOI: 10.1039/D6SC90085B]
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Mechanochemistry
Multicomponent reaction (MCRs)

Crawford, D. E.; James, S. L. A Reflection on Synthesis by Extrusion Ten Years on: Achievements, Challenges and Opportunities for Solvent-free,

Sustainable, Continuous Chemical Manufacturing (Commentary), Chem. Sci. 2026, 17 (18), 8823 [DOI: 10.1039/D6SC90085B]
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Mechanochemistry
Condensation reaction

Crawford, D. E.; James, S. L. A Reflection on Synthesis by Extrusion Ten Years on: Achievements, Challenges and Opportunities for Solvent-free,

Sustainable, Continuous Chemical Manufacturing (Commentary), Chem. Sci. 2026, 17 (18), 8823 [DOI: 10.1039/D6SC90085B]
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Mechanochemistry
Condensation reaction: Perylene Based Dyes

Crawford, D. E.; James, S. L. A Reflection on Synthesis by Extrusion Ten Years on: Achievements, Challenges and Opportunities for Solvent-free,

Sustainable, Continuous Chemical Manufacturing (Commentary), Chem. Sci. 2026, 17 (18), 8823 [DOI: 10.1039/D6SC90085B]
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