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Abstract Its excellent spatial resolution makes scanning probe microscopy a
capable method to investigate chemical reactions at the single-molecule level and
obtain fascinating and unprecedented insights into the mechanisms of chemical
transformations. Particularly exciting are recent advances in atomic force micro-
scopy that allow bond-resolved imaging and thus make the chemical identification
of organic molecular reaction intermediates and products possible. In this chapter
we will give an overview about recent fundamental research on reaction mecha-
nisms and kinetics of surface-supported reactions by scanning probe microscopy.
Particular emphasis will be placed on the stabilization and statistical analysis of
intermediates, which provides fundamental understanding of the microscopic
driving forces of complex chemical transformations of organic molecules.

1 Introduction

One of the greatest challenges in fundamental as well as technological research in
chemistry is the determination of mechanistic aspects of reactions of organic
molecules. Design of novel synthesis protocols and thus controlled fabrication of
new materials critically rely on the understanding of reaction mechanisms.
Information about the reaction mechanisms can be obtained from measurements of
the time-dependence of the concentration of reactants and products of a chemical
reaction. But such analysis of chemical kinetics cannot uniquely determine the
precise sequence of transformation steps, because certain details of the mechanisms,
such as the occurrence of intermediate steps, might be overlooked [1, 2].

Therefore—particularly for complex organic reactions—it is crucial to identify
reaction intermediates and their respective structures. In chemistry, structure
identification is commonly based on spectroscopic techniques, such as nuclear
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magnetic resonance, infrared spectroscopy, and mass spectrometry. These tech-
niques provide a plethora of information about the chemical (and electronic)
structure and in most cases yield unique fingerprints for different species. However,
chemical reactions of organic molecules commonly yield reaction mixtures con-
taining different chemical species, which hampers the use of such
ensemble-averaging techniques. The respective reaction intermediates are difficult
to separate from the reaction mixture and often are not available in sufficiently high
concentrations. Also, for unknown intermediate species (which in many cases are
highly reactive), reference spectra are not available and thus structure determination
can be difficult.

Recently, progress has been made in the visualization of intermolecular reactions
by aberration corrected transmission electron microscopy in real space [3, 5–9].
Reactions can be induced via the electron beam and followed in situ. The rather high
energy of the electron beam imposes requirements on the stability of the chemical
species to be investigated, as well as on the support. In a recent study, hetero-atoms
(such as Cl and S) have been introduced for enhanced contrast for single-molecule
imaging and higher stability under the electron beam [3] (Fig. 1a, b).

Scanning probe techniques, scanning tunneling microcopy (STM) and atomic
force microscopy (AFM), provide superior spatial resolution for single-molecule
investigations of chemical transformations [10–16] (Fig. 1c–e). Recent advances in
AFM with functionalized tips allow to image the chemical structure of organic
molecules [17–20] making this technique particularly suitable for investigations of
on-surface chemistry. One of the main drawbacks of this technique, however, is the
relatively long acquisition time that is needed to record images with
chemical-structure resolution. In principle it is possible to control the reaction rate
of a chemical transformation by variation of the reaction temperature, which opens
up the possibility to investigate reactions in situ. In practice, however, it is sub-
stantially more difficult to overcome experimental difficulties associated with tip
functionalization and sample drift when scanning at non-cryogenic temperatures.
Another possibility to follow reactions in situ and even observe intermediates is to
trigger reactions with light [21–25], by a change of the chemical potential of the
surface by gating [26, 27], or via the scanning probe tip [11, 28–33] (different
mechanisms have been reported, such as the creation of electronically and/or
vibrationally excited states in the molecules, as well as force-induced chemical
changes [28, 33]). However, so far this has only been demonstrated for relatively
simple chemical transformations. Thus, a major research focus is put on thermally
induced chemical transformations that allow exploration of a wide variety of
chemical synthesis routes.

To investigate reaction mechanisms of thermally induced chemical transforma-
tions, it is necessary to stabilize potential reaction intermediates. As will be dis-
cussed below, whether and which intermediates are stabilized depends on a variety
of parameters: the potential-energy landscape, energy flow at the microscopic scale,
as well as entropic effects. One of the main parameters that can be controlled is the
reaction temperature, the adjustment of which can be used to slow down reaction

2 A. Riss



rates and in certain cases lead to “freezing” of the reaction at different steps (see for
example [34–45]). Furthermore, it is possible to chemically quench a reaction at a
certain step, for instance by use of additional reactants that are dosed to passivate
(reversibly or irreversibly) specific reactive centers of intermediates along the
reaction pathway.

In the following, a few examples will be shown demonstrating what level of
understanding can be achieved based on scanning probe investigation of
surface-supported reactions. In most of these examples, the experimental studies are
corroborated by theoretical calculations [46]. Based on data gained through

Fig. 1 Real-space imaging of chemical reactions at the single-molecule level by TEM, STM, and
AFM. a Aberration-corrected high-resolution transmission electron microscopy (AC-HRTEM)
images showing the transition of perchlorocoronene from a face-on orientation to an edge-on
orientation on graphene. This reaction is triggered by the 80 keV electron beam and has been
recorded in situ [3]. b Reaction scheme derived from the experimental data and additional DFT
calculations shows cleavage of C–Cl bonds by the electron beam and subsequent Diels-Alder
cycloaddition of the formed aryne to the graphene substrate [3]. c STM and d AFM images along
with e the derived chemical structure models show the thermally induced cyclization of 1,2-bis
(2-ethynylphenyl)ethyne on Au(111) towards an (E)-1,1′-bi(indenylidene) diradical, which then
reacts towards poly-(E)-1,1′-bi-(indenylidene) chains via radical step growth [4]. a, b were
included with permission from Ref. [3]. Copyright 2017 American Chemical Society; original
figure is available under the terms of the ACS AuthorChoice license
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experiments, calculations can unveil chemical and physical details of molecular
behavior at length and time scales that are not accessible experimentally. In the
context of the investigation of reaction mechanisms and intermediate species it is
particularly important to provide compelling evidence that the theoretical simula-
tions are indeed resulting in (or based on) a relevant reaction path, i.e. a reaction
path that is observed in experiment. Such crucial connections between theory and
experiment can be established indirectly (for instance by comparing simulated and
experimentally observed reaction kinetics) and/or, preferably, directly by identi-
fying reaction intermediates.

2 Imaging and Counting Intermediates

In a recent study the reaction pathway of Ullmann-type coupling between bro-
motriphenylene molecules on a Cu(111) surface was elucidated using AFM mea-
surements supported by theoretical calculations [37]. The exact reaction mechanism
of the Ullmann reaction, i.e. coupling of aryl halides, is still under debate [10, 47–
51]. Of particular interest is the occurrence and nature of radicals and
organometallic intermediates (the molecules can form carbon-metal-carbon moi-
eties with surface atoms), which can shed light on the catalytic role of substrate.

Intermediates of the transformation and coupling of bromotriphenylene mole-
cules can be observed when subjecting the sample to a series of annealing steps to
temperatures between 100 and 660 K (Fig. 2). After each annealing step, the
sample was cooled down to cryogenic temperatures for AFM experiments
(high-resolution AFM measurements are commonly performed at 4–6 K with CO
modified tips [17, 18, 37, 52]). When the sample temperature is kept below 100 K,
the precursor molecule bromotriphenylene can be detected (labeled “Br–TP” in
Fig. 2). Increase of the sample temperature triggers cleavage of the bromine atom to
form triphenylene molecules (labeled “TP” in Fig. 2) that—as the asymmetric
distortions and local reduction of the brightness in the AFM images suggest—
exhibit radical character. In the next step, at temperatures closer to room temper-
ature, where TP molecules can more freely diffuse across the surface, intermolec-
ular coupling leads to organometallic intermediates (labeled “TP–Cu–TP” in
Fig. 2). These exist in two configurations: cis and trans. In both cases, the exper-
imental data in conjunction with theoretical calculations shows that the molecular
units are connected by Cu adatoms (as opposed to surface atoms). Finally, when the
sample is heated above 500 K, bistriphenylene (“TP–TP”) are formed via trans-
formation of the C–Cu–C bond into a covalent C–C bond.

Statistical analysis of the observed chemical species as a function of annealing
temperature is shown in Fig. 2c. The precursor molecule “Br–TP” can only be
observed when the sample temperature is kept below 300 K. The intermediates
“TP” and “TP–Cu–TP” start to form at sample temperatures of 100 and 200 K,
respectively. The reaction product “TP–TP” starts to form at 500 K. At 600 K the
majority of the molecules have been transformed into “TP–TP”.
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A recent scanning tunneling microscopy study investigated the kinetics of the
transformation of 2,3,7,8,12,13,17,18-octaethylporphyrin Fe(III) chloride
(FeOEP-Cl) towards iron-II-tetra-benzo-porphyrin (FeTBP) on a Cu(111) surface
[40, 53]. The reaction proceeds via a dechlorination step and dehydrogenation of
the molecule’s eight terminal ethyl groups. Dehydrogenation of an ethyl group
leads to the formation of a vinyl group. When neighboring ethyl group are dehy-
drogenated, benzene rings are formed. Even though only these few types of reaction
steps occur, 22 intermediate states are found depending on the sequence of these
steps (Fig. 3). These transformations give rise to characteristic changes of molec-
ular features, based on which the different species can be identified by STM
measurements (with support of theoretical simulations).

Fig. 2 Ullmann-type coupling reaction of Br–TP via TP and TP–Cu–TP towards TP–
TP. a Chemical structure models and b corresponding AFM images show the stepwise
transformation that includes an intermediate with radical character (“TP”) and an organometallic
intermediate (“TP–Cu–TP”). The trans configurations of TP–TP and TP–Cu–TP are shown, cis
configurations were observed as well. c The relative counts of the respective chemical species were
determined as a function of annealing temperature. Adapted with permission from Ref. [37].
Copyright 2017 American Chemical Society
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Using STM, the authors were able to identify and count more than 10,000
molecular species that were present after one annealing step. This gives a snapshot
of the reaction kinetics, which is fitted to a model that is based on a few reasonable
assumptions about the reaction sequence and its energetics (these assumptions are
needed to reduce the number of free fitting parameters). Based on this fit, differ-
ences in activation energies of the respective types of reaction steps (vinyl group
formation of chlorinated molecules, benzene ring formation of chlorinated mole-
cules, dechlorination, vinyl group formation of dechlorinated molecules, benzene
ring formation of dechlorinated molecules) can be estimated.

The prowess of single molecule bond-resolved AFM measurements is shown in
recent studies on enediyne cyclization reactions [4, 29, 35, 36, 54]. These reactions
are more complex than the reactions presented above, as multiple chemical bonds
are affected in such transformations. Furthermore, different reaction pathways can
occur leading to a complex reaction mixture that needs to be analyzed molecule by
molecule [4, 36, 54, 55].

On a Ag(100) surface, 1,2-bis(2-ethynyl phenyl)ethyne (1) can undergo inter-
molecular coupling and different types of intramolecular cyclization reactions upon
thermal annealing. These transformations yield a plethora of different chemical
species that were analyzed using bond-resolved AFM using CO-functionalized tips
[36]. The major focus of this study was put on the dimeric species, which are
formed through monomer coupling by formation of covalent bonds between the
terminal alkyne groups of two precursor molecules (1). Different chemical coupling

Fig. 3 Transformation of FeOEP-Cl towards FeTBP. a STM images after heating FeOEP-Cl on
Cu(111) to 430 K for 60 min. (T = 80 K, VS = 0.2 V, I = 50 pA). b STM image of FeOEP-Cl,
c corresponding simulated STM image based on the DFT calculations. d STM image of FeTBP,
e corresponding simulated STM image. Structural models of f FeOEP-Cl and g FeTBP. The graph
shows the relative population of the reactant, intermediate species and the product after the heating
step. Adapted from Ref. [40] with permission of The Royal Society of Chemistry
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of the precursors (1) and different types of cyclization reactions can occur giving
rise to a complex reaction mixture consisting of a wide variety of chemically dis-
tinct dimers. However, the dimers can be grouped based on their cyclization grade:
uncyclized dimers (dimers that consist of two uncyclized subunits), half-cyclized
dimers (dimers that consist of one cyclized subunit and one uncyclized monomer
subunit) and fully cyclized dimers (dimers that consist of two cyclized monomer
subunits). With each annealing step the relative ratio of these different forms of
dimers gradually shifts towards increasing cyclization grades.

Figure 4 shows molecular species representing one of many competitive reaction
pathways, identified by high-resolution AFM. An intermolecular C–C bond is
formed between two precursor molecules (1) leading to the eneyne intermediate 2b.
Via C1–C6 and C1–C5 cyclizations and hydrogen transfers within 2b, the benzo[a]
fluoren intermediate 3c is formed. Another cyclization and hydrogen transfer

Fig. 4 Thermally induced intermolecular coupling and intramolecular cyclization of enediyne
molecules. a–d AFM images show the reaction pathway from the precursor molecules 1 via the
intermediate species 2b and 3c towards the product 4c. e The relative abundance of the
experimentally observed species after each annealing step was determined by single-molecule
counting. f Sample temperature measured for each annealing cycle. Adapted by permission from
Macmillan Publishers Ltd: Nat. Chem. 8, 678 (2016), copyright 2016
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sequence leads to formation of the cumulene 4c, the final product of this reaction
sequence.

The relative abundance of the species associated with this reaction pathway was
determined by identification of individual species in the complex reaction mixture
via AFM and single-molecule counting. As can be seen in Fig. 4e, sequential
annealing of the sample initially causes an increase of the relative abundance of the
intermediate species (2b and 3c) and eventually leads to the prevalence of the
reaction product 4c (Fig. 4e, f).

Theoretical calculations reveal the reaction barriers associated with every
transformation step in the reaction pathway from 1 to 4c (Fig. 5). Surprisingly, the
experimentally observed intermediates 2b and 3c exhibit the lowest transformation
enthalpy barriers: DH‡ = 0.7 eV for 2b and DH‡ = 0.5 eV for 3c. This can at first
seem like a contradiction to the experiment. However, the next section will give an
in-depth look at why intermediates are stabilized and which other factors need to be
considered to assess reaction kinetics of surface-supported reactions.

Fig. 5 Calculated energy landscape of the transformation from 1 to 4c. Strikingly, the two
experimentally observed intermediates exhibit comparably low activation enthalpy barriers
(DH‡ = 0.7 eV for 2b and DH‡ = 0.5 eV for 3c). Reprinted by permission from Macmillan
Publishers Ltd: Nat. Chem. 8, 678 (2016), copyright 2016
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3 Why Are Intermediates Stabilized?

The concentration cI of a particular reaction intermediate I is increased by reaction
steps leading towards intermediate I, and at the same time decreased by any pos-
sible reaction steps, in which the intermediate I is transformed into other inter-
mediates or a reaction product. For simplicity we will restrict our considerations to
reactions consisting of a sequence of unimolecular transformations of first order
without side-reactions (the main insights obtained for this simple case are also
relevant for more complex reaction types). In this case the change of the concen-
tration of the reaction intermediate I with time (t) can be written as:

dcI
dt

¼ kI�1 � cI�1 � kI � cI ð1Þ

where cI and cI�1 are the concentrations of the intermediate I, as well as the
preceding intermediate I � 1, while kI and kI�1 are the respective rate constants [2].
The temperature-dependence of the rate constants can be expressed by the
Arrhenius equation [56–59]:

k ¼ A � exp �DEA

kBT

� �
ð2Þ

Here, A is the so-called preexponantial factor, DEA is the activation energy for
the respective transformation step, kB is the Boltzmann constant and T is the
temperature. Using the Eqs. (1) and (2), one can establish a system of coupled
differential equations that—even for the simple case of a sequence of unimolecular
transformations of first order without side-reactions—can give rise to complex
reaction kinetics, where stabilization of potential intermediates is strongly influ-
enced by the applied reaction temperature.

However, this apparently simple description of reaction kinetics hides certain
intricacies. In particular, the local temperature T can deviate from the “macro-
scopic” sample temperature due to energy release associated with chemical trans-
formations in previous reactions steps. Particularly for surface-supported reactions,
this can lead to complex dynamics demanding further refinements of the kinetic
modelling. Energy dissipation to the surface can occur at the same timescale as
subsequent chemical transformations. The efficiency of the energy exchange
between substrate and adsorbed molecular species can strongly vary dependent on
the chemical structure and adsorption configuration of the respective intermediates
[36].

Furthermore, entropy changes along the reaction pathway need to be taken into
consideration. These can stem from vibrational entropy changes of the respective
species, as well as from changes in rotational and or/translational entropy of the
adsorbates. Similarly, desorption of atomic or molecular species can be associated
with a substantial entropy change. Transition state theory provides a way to include
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the effect of entropy changes on the reaction kinetics [59–62]. According to the
Eyring equation, the rate constant k can be expressed as [61]:

k ¼ kBT=h � exp DSz
kB

 !
� exp �DHz

kBT

 !
ð3Þ

where h is Planck’s constant, DSz is the activation entropy and DHz is the acti-
vation enthalpy for the respective reaction step.

4 Bringing It All Together

The influence of microscopic energy dissipation and entropy changes along the
reaction pathway was investigated in detail for the case of the enediyne coupling
and cyclization cascade from 1 to 4c [36]. According to the reaction pathway shown
in Fig. 5, a system of temperature-dependent kinetic rate equations can be estab-
lished [see Eqs. (1) and (3)]. The temperature-dependent concentrations of the
reactants, intermediates and product species are obtained by numerically solving
this system of differential equations (Fig. 6). Different models can be considered:

• In an adiabatic approximation (Fig. 6a) it is assumed that the chemical energy
released in previous reaction steps is not dissipated to the substrate, but instead
remains within the molecule. That means that extra energy is available to trigger
the subsequent reactions steps. The simulations for this case show that no
intermediates are stabilized (contradicting experimental observations). This can
directly be rationalized based on the energy landscape shown in Fig. 5: once the
first transition state is reached, sufficient energy is available within the molecule
to overcome all subsequent transformation barriers. The reaction kinetics are
determined by the first reaction barrier.

• Instant thermalization (Fig. 6b): This approximation, which is often used in
heterogeneous catalysis [63–66], assumes that the chemical energy released in
previous reaction steps is dissipated to the surface before the next reaction step
takes place. In this case the intermediates with the highest reaction barriers are
stabilized, i.e. 2a and 3a—again contradictory to experimental observations.

• Selective dissipation (Fig. 6c): In this approximation the dissipation of the
released chemical energy is determined for each reaction step by theoretical
simulations. Energy dissipation is strongly dependent on the phonon coupling
between vibrational modes of the respective adsorbate and the substrate. Thus
the energy dissipation can strongly vary for different intermediates. However,
this model predicts stabilization of the intermediate 3b and thus also contradicts
the experimental observations.

• Selective dissipation and entropy (Fig. 6d): In addition to selective dissipation,
entropy changes along the reaction pathway are taken into account [see Eq. (3)].
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Fig. 6 Simulation of reaction kinetics for the reaction pathway from 1 to 4c. a In the adiabatic
model only the reactant 1 and the product 4c are stabilized. b Instant thermalization stabilizes
intermediates with the highest transformation barriers (2a and 3a). c Taking into account selective
dissipation lowers the formation temperature of 4c and leads to the stabilization of intermediate 3b.
d A model taking into account selective dissipation and entropy predicts stabilization of the
intermediates 2b and 3c in agreement with experimental observations. Solid (dashed) lines
represent the relative concentrations of species that are (are not) experimentally observed. Adapted
by permission from Macmillan Publishers Ltd: Nat. Chem. 8, 678 (2016), copyright 2016
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In this case entropy differences are to a large extent determined by the roto-
translational mobility of the adsorbates (vibrational contributions play a smaller
role). This model correctly predicts the stabilization of the intermediates 2b and
3c—in agreement with experimental observations (Fig. 4e).

Remarkably, the match between experiment and theory was achieved without
the need of any free fitting parameters in the kinetic simulations. The simulations
are based only on the theoretical calculations of the energy landscape, energy
dissipation, and entropy. Thus, the imaging and identification of the chemical
structure of intermediate species together with the agreement between simulated
and experimentally observed reactions kinetics provides conclusive evidence for the
reaction pathway presented in Fig. 5. Importantly, the reaction kinetics are deter-
mined not only by the potential-energy landscape, but energy dissipation to the
substrate and entropy changes also need to be taken into account.

5 Outlook

The use of scanning probe microscopy to visualize bond formation and bond
rearrangements in individual molecules along a reaction pathway from reactants via
intermediates to the reaction products provides a tantalizing opportunity to explore
mechanisms and driving forces of complex chemical reactions at the nanoscale.

It is even possible to extract three-dimensional information by atomic force
microscopy [67–70], as well as information about the chemical nature of atoms
[71–74]. Tip-functionalization [18, 52, 75–77] with organic molecules can be
envisioned, which can serve as sensors that are sensitive to specific functional
groups (such as radicals or other reactive centers) thereby allowing to directly
assess the local chemical reactivity of organic species or certain surface
terminations.

Furthermore, recent studies show how scanning probe setups can be combined
with optical pump-probe techniques facilitating time-resolved measurements down
to the femtosecond regime [78, 79]. Such new developments bring the realm of
real-time observation of molecular movement and chemical transformations at the
single-molecule level within reach.

There are exciting times ahead.
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