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The Role of Metal Adatoms in a Surface-Assisted
Cyclodehydrogenation Reaction on a Gold Surface

Jonas Björk+,* Carlos Sánchez-Sánchez+,* Qiang Chen+, Carlo A. Pignedoli, Johanna Rosen,
Pascal Ruffieux, Xinliang Feng, Akimitsu Narita,* Klaus Müllen, and Roman Fasel

Abstract: Dehydrogenation reactions are key steps in many metal-catalyzed chemical processes and in the on-surface
synthesis of atomically precise nanomaterials. The principal role of the metal substrate in these reactions is undisputed,
but the role of metal adatoms remains, to a large extent, unanswered, particularly on gold substrates. Here, we discuss
their importance by studying the surface-assisted cyclodehydrogenation on Au(111) as an ideal model case. We choose a
polymer theoretically predicted to give one of two cyclization products depending on the presence or absence of gold
adatoms. Scanning probe microscopy experiments observe only the product associated with adatoms. We challenge the
prevalent understanding of surface-assisted cyclodehydrogenation, unveiling the catalytic role of adatoms and their effect
on regioselectivity. The study adds new perspectives to the understanding of metal catalysis and the design of on-surface
synthesis protocols for novel carbon nanomaterials.

Introduction

Dehydrogenation reactions—the detachment of hydrogen
atoms from a molecule—are at the core of key chemical
disciplines, such as organic synthesis or petrochemical
refining. These include relatively simple reactions, like
styrene formation from ethylbenzene[1] or aromatization of
cyclohexane,[2] but also complex biochemical processes, like
key steps of the Krebs cycle.[3] In organic synthesis, methods
of carbon-carbon (C� C) bond closure are often accompa-
nied or followed by carbon-hydrogen (C� H) bond cleavage.
Examples of the latter are light-induced stilbene-dihydro-
phenanthrene transformation,[4] which after removal of
hydrogen atoms becomes a “photodehydrocyclization”, or

the Scholl reaction.[5] There again, C� C bond formation by
an electrocyclic step is followed by loss of hydrogen atoms,
thus yielding a “cyclodehydrogenation”. Common to the
majority of such transformations is the necessity of a
stoichiometric “oxidation” reagent or a catalyst—acid,
enzymes, or metal. Despite their unarguable importance and
strong efforts devoted to the elucidation of the underlying
reaction mechanisms, there are still open questions regard-
ing, for example, the mechanisms of heterogeneous
catalysis,[6] given the difficulty of obtaining information at
the atomic level. In this regard, the advent of surface science
and, more specifically, of on-surface synthesis (OSS)—a
combination of heterogeneous catalysis and organic
synthesis[7]—has allowed the study of such processes at the
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atomic level. Thanks to the highly controlled environmental
conditions provided by ultra-high vacuum (UHV), the use
of well-defined single-crystal surfaces and the application of
powerful characterization techniques, unprecedented in-
sights can be obtained at the molecular and atomic scale.[8]

Furthermore, these well-defined conditions are ideal for the
theoretical modelling of the reaction mechanisms taking
place at interfaces.[9] Additionally, OSS has provided an
efficient and elegant route toward the bottom-up synthesis
of unprecedented nanomaterials—many of them not avail-
able by conventional wet chemistry because products are
often too reactive or not soluble—via inter- and/or intra-
molecular reactions of specifically functionalized organic
molecules on (usually metallic) surfaces.

During the last decade, OSS has revealed a plethora of
reactions in which dehydrogenation plays a vital role, such
as polymerization of alkanes,[10] homo-coupling of terminal
alkynes,[11] as well as various cyclization reactions.[12,13]

Cyclodehydrogenation (CDH) reactions have been of nota-
ble interest for synthesizing low-dimensional nanostructures
such as fullerenes,[14] nanodomes,[15,16] graphene and its
derivatives,[17–22] or hexagonal boron nitride.[23] Of particular
interest is the bottom-up synthesis of atomically precise
graphene nanoribbons (GNRs),[24] where typically two
reaction steps—Ullmann-like coupling and CDH—take
place in a sequential way. The relevance of CDH reactions
for the production of materials of (potential) technological
relevance makes it highly important to govern these
reactions with high precision. Further, given the ground-
breaking role of surface-assisted dehydrogenation, a com-
prehensive understanding of the mechanisms of surface-
assisted dehydrogenation is required, and CDH reactions
are ideal model cases.

A major question within heterogeneous catalysis in
general, and OSS in particular, is the role of metal
adatoms.[25] Reactions have mostly been considered to
proceed on atomically flat terraces[26] or at step edges.[27] At

finite temperatures, however, metal atoms may be released
from step edges, populating the terraces by a 2D gas of
metal adatoms.[28,29] Such adatoms are often responsible for
the formation of metal-coordinated networks on copper and
silver surfaces.[30–32] Furthermore, theoretical modelling has
shown that freely available adatoms have the potential of
lowering the activation energies of dehydrogenation on both
Cu(111)[33] and Au(111).[34] However, whether adatoms
actually take part in dehydrogenation reactions relies on
their availability. In other words, the chemical potential of
the adatoms determines whether they lower the free energy
of activation or not. To the best of our knowledge, there is
no experimental identification of adatoms that activate
CDH reactions on surfaces so far.

Here, we provide chemical insight into the CDH
reaction sequence by means of scanning tunnelling and non-
contact atomic force microscopies (STM & nc-AFM), and
density functional theory-based transition state theory
calculations (DFT-TST). Specifically, and different from the
prevalent understanding of the mechanism of surface-
assisted CDH, we propose that the CDH is triggered by
dehydrogenation prior to C� C bond formation, with the
former being driven by thermally generated adatoms on the
Au(111) surface, as illustrated in Figure 1. The correspond-
ing reaction pathway is characterized by a sequence of three
steps: (1) dehydrogenation, (2) C� C bond formation, and
(3) tautomerization(s) with subsequent dehydrogenation.
Steps (1) and (2) are assisted by thermally generated Au
adatoms, in contrast to the current consensus that the
reaction would be initiated by C� C bond formation on the
flat surface. These insights are obtained by utilizing a 2,9-
dibromo-7,14-diphenylbenzo[k]tetraphene as the molecular
precursor (1, see Figure 2). Upon adsorption and gentle
thermal activation, 1 transforms into polymer 2. In the
absence or presence of adatoms, our calculations predict
that the CDH of precursor 2 provides graphene nanoribbon
3 or polymer 4, respectively. Importantly, only product 4 is

Figure 1. Illustration of the mechanism of adatom-mediated cyclodehydrogenation on Au(111). Dehydrogenation is induced by a thermally
generated adatom, followed by adatom-mediated C� C bond formation. The cyclodehydrogenation is finalized by a tautomerization step and
subsequent dehydrogenation for which the adatom does not participate. In the dehydrogenation and tautomerization steps, the paths of the
involved hydrogen atoms are indicated by red arrow. The colors of the different atom types are indicated at the bottom of the figure.
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observed experimentally, which supports the adatom-acti-
vated pathway. These results open new perspectives on the
on-surface CDH reaction mechanisms and highlight the
hitherto largely overlooked role of adatoms in surface
reactions.

Results and Discussion

When deposited onto a clean Au(111) surface held at 475 K,
monomer 1 (see the Supporting Information for details on
monomer synthesis and characterization) undergoes surface-
assisted Ullmann-like coupling into polymer 2 (see Figure S1
and S2 for further details on the polymerization step).
Considering polymer 2 as the starting point of the CDH
reaction, two possibilities arise: the formation of two addi-
tional six-membered rings via two new C� C bonds at C
atoms denoted as C5 and C6 in Figure 2a (red box), or the
formation of a five-membered ring at C2 position (blue
box). The former sequence would yield the cove-edged
chiral GNR 3, while the latter would result in polymer 4.
Figure 2b shows a representative frequency-shift nc-AFM
image after the CDH reaction at 625 K, in which the non-
planar geometry of 4 is evidenced, as is expected upon the
formation of the five-membered rings. Additional informa-
tion is provided by the simultaneously recorded current
image in Figure 2c, in which the internal structure of 4 is
resolved. Effectively, 4 consists of a benzo[k]tetraphene
backbone flanked by one indeno unit on each side, forming
a dibenzo[a,m]rubicene structure, corroborating the forma-
tion of polymer 4. Further details on the STM and nc-AFM
analysis, including images at different tip-sample distances,
are provided in the Supporting Information (Figures S3 and
S4). Note that these polymers are rather long (see Fig-
ure S5), probably due to the higher flexibility of the
monomer precursor that enables efficient polymerization in

the first stage, and exclusively formed by non-benzenoid
dibenzo[a,m]rubicene molecular units (see Figure S6).

To rationalize the preferred formation of five- over six-
membered rings and to elucidate the underlying reaction
mechanism, we performed DFT-TST calculations. As dis-
cussed below, only the presence of adatoms can explain the
observed reaction pathway, which we substantiate by
comparing a range of plausible reaction paths. See Support-
ing Information for a detailed account of all calculations, for
which both calculated enthalpies and free energies (includ-
ing the corresponding entropy of the associative desorption
of a H2 after each dehydrogenation step) are indicated for
all considered pathways. When comparing different reac-
tions, we refer to the free energies.

There are two fundamental ways for the CDH reaction
to be initiated on a surface: by C� C bond formation or by
dehydrogenation. On the atomically flat surface, i.e. without
metal adatoms, our theoretical results indicate that the
reaction is more efficiently initiated by dehydrogenation,
with a difference in activation energy of about 0.1 eV
(1.85 eV for C� C coupling and 1.76 eV for dehydrogenation,
Figure S7–S9). Such a small energy difference indicates that
dehydrogenation and C� C coupling are competing processes
on the flat surface at the reaction temperature of 625 K,
with a slight preference for dehydrogenation. However, the
dehydrogenation on the flat surface is predicted to result in
mainly six-membered and only a small number of five-
numbered rings (Figure S8 and S9) as it will be discussed in
detail below, contradicting the experimental observations.

Instead, Au adatoms appear to be crucial for explaining
the observed formation of exclusively five-membered rings.
This becomes clear when comparing the formation of a six-
and a five-membered ring following the initial dehydrogen-
ation. The barriers of dehydrogenation and subsequent C� C
bond formation, computed both by including or not
including an adatom, are depicted in Figure 3. In each case,
the C� C coupling implies the release of a second hydrogen

Figure 2. a) Schematics of the polymerization of 2,9-dibromo-7,14-diphenylbenzo[k]tetraphene (1) into polymer 2. Following the formation of
polymer 2, two CDH pathways involving the phenyl substituents are possible: they may either form two six-membered rings resulting in a cove-
edged graphene nanoribbon (3, red path), or a five-membered ring yielding a new type of polymer consisting of dibenzo[a,m]rubicene repeat units
(4, blue path). The nc-AFM frequency-shift image (b) and simultaneously recorded current image (c) clearly reveal the formation of five-membered
rings, and thus identify 4 as the experimentally obtained reaction product (V= � 5 mV).
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atom through a multistep pathway (see Supporting Informa-
tion for details about the reaction pathways). Without
adatom, the barrier to form a six-membered ring (red curve)
is slightly lower than that of a five-membered ring (blue
curve). Although the difference is relatively small (0.18 eV),
this should lead to the preferential formation of six-
membered rings, and at most a slight admixture with five-
membered rings. This is in clear contradiction with experi-
ments, where five-membered rings are formed exclusively.
Consideration of the corresponding reaction pathways
assisted by an adatom convincingly rationalizes the observed
behavior (Figure 3b). Following initial dehydrogenation, the
formation of a six- and a five-membered ring has activation
energies of 1.97 eV and 1.22 eV, respectively. This corre-
sponds to a 2� 106 times larger Boltzmann factor for the
latter process at 600 K, which renders the formation of the
six-membered ring highly unlikely and, thus, leads exclu-
sively to five-membered rings. This is in accordance with
experimental observations and provides strong support for
adatoms catalyzing surface-assisted CDH. Note that the
main effect of the adatom for the C� C coupling is that it
increases the activation energy for the six-membered ring
formation (from 1.19 eV to 1.97 eV), while it slightly
decreases that of the five-membered ring formation (from
1.37 eV to 1.22 eV).

Simply comparing the activation of the initial dehydro-
genation with and without adatom is, however, not sufficient
to conclude that the CDH is driven by adatoms as the
calculated activation energy with adatom depends on the
adatom’s chemical potential. The conclusion is rather based
on the fact that only five-membered rings are formed in the
experiments, and it is only the adatom-driven pathway that
corroborates the preference of this reaction product. One
may hypothesize that other irregularities of the surface, such
as step edges, are important catalytic centers for the
reaction. The case of step edges can be disregarded based on
the experimental data. Since all polymers cannot easily

access a step edge, we would see a strong dependence on
surface coverage if they were driving the reaction. In any
case, we also considered a scenario where the initial
dehydrogenation is initiated by a group of three adatoms,
instead of a single adatom. However, in such a scenario, the
barrier is 1.72 eV (Figure S12 of the Supporting Informa-
tion), i.e., comparable to that without adatom. It is also of
interest to understand under which conditions the adatom-
assisted dehydrogenation can be anticipated to dominate
over the dehydrogenation without adatom. In the Support-
ing Information (Figure S14 and corresponding text), we
discuss this in terms of the entropy difference between a
free and bonded Au adatom, providing a rough estimate for
the conditions under which adatoms become important. We
would like to stress, however, that our conclusion that CDH
is driven by adatoms is based on the strong preference of
five-membered ring formation, which is only explained by
the participation of adatoms.

To understand the precise role of the adatom, the
complete lowest-energy reaction pathway is considered in
Figure 4. In the dehydrogenation step (S0–S1), the gold
adatom activates the C� H bond by interacting with both the
carbon and the hydrogen atoms and inserting to the C� H
bond (the abstracted hydrogen is obscured by the adatom
and molecule in S0 and TS1). The dehydrogenation includes
the release of the hydrogen from the adatom and the
associative desorption of H2 (see below). The origin of the
lower energy barrier towards five-membered ring formation
can be understood by considering the bonding configuration
of the Au adatom following the formation of this organo-
metallic species (S1). The phenyl group with the Au adatom
is naturally tilted toward the subsequent formation of the
five-membered ring, while there is an additional energy cost
to rotate the phenyl group and Au adatom over into the
configuration suitable for C� C coupling into the six-
membered ring (see Figure S10 and S11 for a comparison
between the formation of five- and six-membered rings).

Figure 3. Comparison between reactions without adatom (a) and with adatom (b) for the formation of a six- (red curves) and a five-membered ring
(blue curves). Only the presence of an adatom in the initial dehydrogenation step can explain the preference towards formation of five-membered
rings. For each reaction, the C� C bond formation is accompanied by a dehydrogenation step, but only the barrier for the former is shown, while the
final energy corresponds to the energy of the fully cyclodehydrogenated products. The entire CDH sequence of these multistep processes can be
found in the Supporting Information (Figure S8 and S9 without and Figure S10 and S11 with adatoms). Units in eV.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202212354 (4 of 7) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2022, 49, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202212354 by Paul Scherrer Institut PSI, W

iley O
nline L

ibrary on [29/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The adatom is released from the molecule simultaneously
with the C� C bond formation (S1–S2), reminiscent of
reductive elimination. The entire process is then finalized by
subsequent tautomerization (S2–S3) and dehydrogenation
(S3–S4). The rate-limiting step of the overall process is the
initial insertion of the metal adatom to the C� H bond—all
other steps occur at shorter timescales (e.g., the Boltzmann
factor of crossing TS2 from S1 is about ten times larger than
crossing TS1 from S0 at 600 K). It should be noted that the
overall reaction is endothermic (+0.21 eV) and that the gain
in free energy, making the reaction exergonic, originates
from the abstracted hydrogen desorbing associatively as H2

from the surface, with each hydrogen molecule contributing
with � 2.37 eV at the temperature of 600 K and pressure of
10� 12 bar assumed in our calculations. The desorption of
hydrogen, either associatively as H2 or as HBr when surface-
adsorbed Br is available (as byproduct of the polymerization
step), is a well-known phenomenon in on-surface

synthesis[35] and thermodynamically possible due to the
entropy gain of this process.[36]

Our calculations, thus, attribute the reason for the
exclusive formation of five-membered rings to the role of
Au adatoms. This behavior refutes any skepticism against
sufficient presence of adatoms to drive the reaction forward.
Indeed, on close-packed metal surfaces, adatoms are known
to appear and diffuse across terraces at elevated temper-
atures, where they continuously detach from step edges.[28,37]

Figure 4 also provides additional information on the
function of the Au adatom in the reaction, as reflected by
electron density difference plots for the intermediates S1
and S2 and the transition state TS2 (Figure 4e–f, respec-
tively). In the first intermediate state (S1), a chemical bond
has been established between the adatom and the dehydro-
genated C atom, which is reflected by the electron accumu-
lation between the two atoms (blue cloud). Furthermore,
there is a slight accumulation of electron density between
the Au adatom and the C atom that later contributes to the

Figure 4. a–c) Reaction mechanism for the formation of a single pentagon with a) valence bond structures of local minima (S0–S4) together with
b) top and side views of both local minima and transition states (TS1–TS4) and c) corresponding free energy profile including entropy of
associatively desorbed H2 after each dehydrogenation step. d–f) Surface plots of electron density differences with blue (red) corresponding to
electron accumulation (depletion).
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formation of the new C� C bond, closing the five-membered
ring. In other words, following the initial dehydrogenation,
the Au adatom forms a weak organo-metallic bridge
between the two C atoms participating in the coupling. In
the transition state of the C� C bond formation (TS2,
Figure 4e), the chemical role of that adatom becomes even
more obvious as manifested by the strong charge redistrib-
ution between the adatom and the C atoms taking part in
the coupling (as well as adjacent C atoms). Thus, the Au
adatom is not only important for promoting the dehydrogen-
ation, but also facilitates the C� C bond formation step.
Finally, in the intermediate state following the C� C bond
formation (S2, Figure 4f), the Au adatom disconnects from
the molecular system, while a chemical bond is established
between a neighboring C atom and the surface.

Despite the strong influence of adatoms shown by our
calculations, it remains to be seen how general this trend is,
i.e., whether one can expect adatom-assisted CDH (initiated
by dehydrogenation) to be a general phenomenon or
whether it is specific to the present system. To test the
generality of the reaction pathway, we have also calculated
different pathways of the simplest relevant CDH reaction
conceivable on Au(111), namely the conversion of ortho-
terphenyl into triphenylene (Figure 1; Supporting Informa-
tion, Figure S15–S18). Table 1 lists the activation energies
for the different mechanisms of initiating the reaction (direct
C� C coupling and dehydrogenation, without and with
adatom) and compares these values to the corresponding
activation energies relevant for our title polymer 2. What
one observes is a striking resemblance of the activation
energies for the respective processes in the two systems. In
the absence of adatoms, dehydrogenation is slightly more
likely than direct C� C bond formation. Most importantly,
the activation energy is reduced by about 0.4 eV in both
systems when being assisted by a gold adatom. This
substantiates the pivotal role that adatoms can play in CDH
reactions on Au(111), although further studies will be
needed to fully generalize this statement. It should be noted
that, of course, the subsequent steps following initial
dehydrogenation depend on the system of choice and govern
the final structure.

Conclusion

We have presented novel perspectives on the mechanism of
CDH reactions on the Au(111) surface. Unlike the prevalent
understanding, in which CDH is initiated by C� C bond
formation and followed by hydrogen transfer reactions, we

have shown that on-surface CDH can be triggered by
dehydrogenation catalyzed by thermally generated Au
adatoms. This profound insight was obtained by studying a
polymer that may form either six- or five-membered rings
through CDH, while only the latter are observed experimen-
tally. DFT-TST calculations suggested that the observed
reaction behavior was possible only by the presence of
adatoms, driving the initial dehydrogenation and subsequent
C� C bond formation of the overall reaction. To challenge
the generality of the mechanism, we calculated the CDH of
a simple model compound, which confirmed the proposed
reaction sequence. As exemplified by our study, the detailed
mechanism of CDH is decisive for the atomistic structure of
a formed material and a correct fundamental understanding
of a reaction is paramount to devise synthesis protocols for
targeted nanostructures. Our results are anticipated to
substantially contribute to the quest for novel carbon-based
nanomaterials from rationally designed molecular precur-
sors reacting in a pre-programmed way when deposited on a
surface.
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Table 1: Comparison of the activation energies for different ways of initiating the CDH for ortho-terphenyl and polymer 2, as obtained from our
calculations. In the case of polymer 2, the direct C� C coupling refers to the formation of a five-membered ring, which has lower barrier than the
simultaneous formation of two C� C bonds resulting in a six-membered ring. The details of all pathways are given in the Supporting Information.

Ortho-terphenyl Polymer 2

Direct C� C coupling (without adatom) 1.88 eV 1.85 eV
C� H activation (without adatom) 1.78 eV 1.76 eV
C� H activation (with adatom) 1.37 eV 1.33 eV
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