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The Intersection of Chemistry and Mechanics

In chemistry, traditional research is focused on the transformation
of substances through reactions facilitated by chemical catalysts,
temperature changes, or alterations in environmental conditions.
However, the field of mechanochemistry introduces a different
perspective, emphasising the role of mechanical forces in driving
chemical reactions.

Mechanochemistry explores the intersection where chemistry
and mechanics converge, providing insights into how
mechanical energy can initiate or alter chemical reactions. This
discipline impacts various fields, including materials science,
pharmaceutical development, and nanotechnology. For instance,
by understanding how mechanical stress can influence the
stability of a compound, scientists can design more durable
materials or even develop drugs that become active only when
reaching specific physical conditions in the body, such as high
pressure in arterial plaques or mechanical stress in the digestive
tract.

Between Newton and Lavoisier:
Mechanochemistry

The concept of the potential energy surface (PES) is crucial to
the field of mechanochemistry, mapping the energy changes
that occur with the rearrangement of the atomic positions in

a molecule. Normally visualised as a landscape of hills and
valleys, each point on this surface represents a possible state
of the system with a specific energy level. Chemical reactions
are traditionally understood as pathways that molecules travel
over this landscape, driven by energy changes, seeking the
path of least resistance from reactants to products. With the
introduction of an external force, this landscape can be deformed
by it, lowering hills (energy barriers) or raising valleys (stable
states), effectively altering the course of chemical pathways

and potentially leading to new chemical reactions that are
unattainable through conventional means.

Consider this example — the synthesis of co-crystals requires
mixing compounds that wouldn’t readily mix under standard
conditions. The traditional method involves supplying a lot of
energy by providing extreme temperatures or dissolving the
compounds in a common solvent. However, a mechanochemistry-
based approach proposes to grind together the two compounds
in a mill, creating local high-energy conditions where the bonds
are created, saving enormous amounts of energy.

Bringing New Theoretical Depth

This theoretical approach is relatively new, and the research by Dr
Wolfgang Quapp of the University of Leipzig and Professor Dr Josep
Maria Bofill of Universitat de Barcelona brings theoretical depth to
this field. New models are introduced to study how these external
forces deform the PES and attempt to predict the new paths that
molecules might follow under different stress conditions.

The primary focus of their collaboration is to investigate how
external mechanical forces can manipulate the potential energy
surfaces of molecular systems. Dr Quapp, equipped with an
extensive knowledge of mathematical methods in theoretical
chemistry, brings a rigorous quantitative approach to the
partnership, while Professor Bofill contributes his significant
experience in computational chemistry, especially in developing
new algorithms for electronic structure calculations.

Newton Trajectories and Beyond

In their paper Toward a theory of mechanochemistry: simple
models from the very beginnings’, Dr Quapp and Professor Bofill
explore the application of Newton trajectories.



These are paths, where everywhere on the curve we find a fixed
direction of the gradient of the PES. The Newton trajectories allow
investigation of the minimum energy levels required for chemical
reactions to occur. Typically, chemical reactions occur when the
energy within a system reaches a point that allows molecules to
overcome natural barriers — think of it as a ball needing enough
energy to roll over a hill. The researchers have shown that applying
mechanical forces can effectively lower these hills, making it
easier for reactions to occur that would otherwise require higher
temperatures or pressures.

However, their findings go beyond the theory of Newton
trajectories — indeed, their studies have revealed that mechanical
forces can actually create entirely new pathways for chemical
reactions. For instance, in their experiments with molecules made
of a small number of atoms, they demonstrated that applying
pulling forces could change the arrangement of these atoms.
Intriguingly, this alteration opens up new reaction channels that
were not accessible before the force was applied.

Another significant contribution is their exploration of force-
displaced stationary points. In the landscape of potential energy
surfaces that chemists use to visualise molecular energy states,
these points mark where molecules normally rest without external
interference - like a ball sitting at the bottom of a valley. Dr Quapp
and Professor Bofill found that mechanical stress will move these
resting points, akin to shifting the bottom of the valley. This shift
can make molecules more or less stable and can significantly
affect how they react to further changes in their environment.

Understanding these shifts is crucial for designing materials that
can endure mechanical stress without breaking down since these
are going to be subject to external forces that may change their
robustness. Another potential application would be using the

shift as a trigger, for instance, by creating drugs that activate
under specific mechanical conditions, such as when they reach a
particular part of the gastrointestinal tract.
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Real-world Relevance

The work by Dr Quapp and Professor Bofill is not just rich in
theoretical foundation but grounded in reality with many
practical examples of fruitful applications of their framework. For
instance, they explored the mechanochemical unfolding of a
model hairpin structure, focusing on how external forces applied
to the hairpin could initiate a shift from a folded to an unfolded
state. By applying controlled mechanical forces, the researchers
were able to observe the step-by-step unfolding of the hairpin,
marking each transition from a stable state to a less stable one
as the external force increased. The humble hairpin, a simple
representation of larger biological structures found in proteins and
nucleic acids, serves as an ideal model for studying fundamentail
mechanochemical processes.

Another example is their work on the manipulation of catch
bonds of molecules. Dr Quapp and Professor Bofill were able to
demonstrate that it's possible to construct a potential energy
surface to understand catch bonds which are strengthening
under force. This capability opens up new pathways for

chemical reactions that could not be achieved under standard
conditions. For example, by altering the angle between atoms

in a molecule, new reactive sites could be exposed, or old ones
closed off, leading to the formation of new products or preventing
undesirable reactions.

Mechanochemistry is not just about pushing molecules around:

it could rewrite the rulebook on how force can sculpt molecular
landscapes, ushering in a new era of material and pharmaceutical
innovations and, quite literally, shaping the future!

A\ Potential energy surface with two minima and a saddle
point. Blue curves are the Newton trajectories to the
given directions (red arrows). Green shows the important
barrier breakdown points.
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/\ Potential energy surface section of a small hairpin with
two minima and many saddle points. The black curve
is the Newton trajectory to the given direction, the red
arrow.



MEET THE RESEARCHERS

Dr Wolfgang Quapp, Leipzig University, Leipzig, Germany. Professor Dr Josep Maria Bofill, Universitat de Barcelona, Barcelona, Spain.

Dr Wolfgang Quapp, a researcher in theoretical chemistry,
specialises in mathematical methods applied to quantum
chemistry and molecular physics. His work predominantly focuses
on the study of potential energy surfaces and the mathematical
challenges inherent in their high-dimensional nature. Dr Quapp’s
career at Leipzig University spanned from 1973 to 2012, during which
he made important contributions to the understanding of Newton
trajectories in chemical processes.
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quapp@uni-leipzig.de
https://www.mathematik.uni-leipzig.de/Ml/quapp/

Professor Josep Maria Bofill, a researcher in theoretical chemistry,
specialises in algorithms and models applied to computational
chemistry and molecular physics. His work predominantly focuses
on the study of potential energy surfaces, quantum chemistry
and molecular electronic structure. Professor Bofill's career at
Universitat de Barcelona spanned from 1984 until the present,
during which he made important contributions to the location

of transition states, reaction path models, quantum chemistry,
molecular electronic structure, and mechanochemistry.
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https://www.igtc.ub.edu/staff/bofill-villa-josep-maria/
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