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SURFACE CHEMISTRY

A tiny cone of reactivity
Colliding molecules react only when their orientations and point of impact fall within a narrow range Jonas Björk

N ot every collision causes a reaction. Only a small fraction of 
molecular collisions brings the reactive sites into a favor-
able arrangement for bond formation. The reactivity of two 
colliding molecules therefore depends on both the point of 
impact (impact parameter) and the relative orientation of 

the reactants. The effect of molecular orientation on reactivity has been 
probed by manipulating molecules with a stream of atoms or molecules 
in a vacuum (1, 2). However, examining how the impact parameter in-
fluences individual molecular collisions is difficult. On page 417 of this 
issue, Timm et al. (3) report an approach to simultaneously manipulate 
and probe impact parameter and orientation by using scanning tunnel-
ing microscopy (STM), offering new opportunities for understanding 
and controlling chemical reactions at the atomic scale.

The 1981 invention of STM (4) not only earned Gerd Binnig and 
Henrich Rohrer the Nobel Prize in Physics but also transformed how 
surface science is conducted. By exploiting quantum tunneling of 
electrons—a quantum-mechanical phenomenon in which particles 
pass through energy barriers they cannot overcome classically—STM 
enables real-space imaging with atomic resolution (5). When elec-
trons tunnel between a probe tip and surface across the vacuum gap, 
the resulting tunneling current provides a sensitive measure of the 
local electronic structure, enabling direct imaging of individual at-
oms and molecules adsorbed on surfaces. This capability has enabled 
identification of reactants and products at the single-molecule level, 
providing insights into important on-surface chemical transforma-
tions such as dehalogenative coupling of porphyrins (6), which is a 
prototypical on-surface reaction; synthesis of graphene nanoribbons 
(7) that have tunable electronic properties suitable for organic semi-
conductor applications; and the formation of biphenylene networks,
which establish a new two-dimensional carbon allotrope with un-
usual electronic properties (8). Beyond imaging, STM can manipu-
late individual atoms and molecules on surfaces through controlled
tip–surface interactions. The atomically sharp probe locally injects
electrons or applies precise forces, causing atoms or molecules hop or
slide across the surface. This has enabled, for example, atom-by-atom
assembly of iron atoms into a quantum corral that confines electrons
(9), the selective breaking of individual chemical bonds (10, 11), and
the generation of molecular fragments that travel across surfaces as
nanoscale projectiles (12).

Timm et al. exploited the advanced capabilities of STM to launch 
a projectile difluorocarbene (CF2) toward a target radical (BTFyl) 
to identify chemical reactions between the molecules upon a colli-
sion. This design allowed the control of two key parameters govern-
ing reactivity (see the figure). The impact parameter was varied by 
launching projectiles along different atomic rows of a copper surface 
while the molecular orientation was controlled through rotation of 
the target molecule around its anchoring site. Of the 79 collisions 
performed, only six resulted in a chemical reaction, highlighting the 
strong sensitivity of reactivity to collision geometry. Notably, success-
ful reactions were observed only for a narrow range of impact param-
eters, corresponding to a spatial tolerance of only a few angstroms. 
The relative orientation was even more restrictive. Reactions were 
absent when the molecular alignment deviated by more than about 
10° from the optimal geometry. Conversely, when both the impact pa-
rameter and molecular orientation were favorable, the probability of 
reaction was substantially high. Theoretical calculations supported 
the geometric picture and underscored that reducing the system to 
simplified reaction coordinates is nontrivial.

Timm et al.’s approach provides an experimental route toward 
mapping multidimensional reaction landscapes one collision at a 
time. Such measurements could reveal how molecular structure, 
reactive sites, and environment shape reaction pathways, enabling 
more predictive control of surface chemical transformations. They 
could also enable single-molecule studies of how chirality influences 
chemical reactivity by directly controlling the handedness and orien-
tation of reactants. Key open questions include how molecular struc-
ture, steric constraints of both target and projectile, and projectile 
energy influence the width and shape of the cone of reactivity, and 
how these effects depend on surfaces. Addressing these aspects will 
be essential for assessing the generality of the observed behavior and 
for extending collision-based concepts toward predictive control of sur-
face chemical reactions. �
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Colliding molecules react in a narrow range
A difluorocarbene (CF2) projectile is aligned along di�erent atomic rows of a 

copper substrate, then launched toward a target radical (BTFyl). The projectile’s 

trajectory is precisely determined by the position and orientation of the target. 

Two molecules react and form a bond only when the point of impact and their 

relative orientation fall within a narrow range. 
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