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ABSTRACT: The control of reaction selectivity is of great
interest in chemistry and depends crucially on the revelation of
key influencing factors. Based on well-defined molecule−
substrate model systems, various influencing factors have been
elucidated, focusing primarily on the molecular precursors and
the underlying substrates themselves, while interfacial proper-
ties have recently been shown to be essential as well. However,
the influence of molecular chemisorption direction on reaction
selectivity, as a subtle interplay between molecules and
underlying substrates, remains elusive. In this work, by a
combination of scanning tunneling microscopy imaging and
density functional theory calculations, we report the influence of
molecular chemisorption direction on the reaction selectivity of
two types of dehalogenative coupling on Au(111), i.e., polymerization and cyclization, at the atomic level. The diffusion step of
a reactive dehalogenated intermediate in two different chemisorption directions was theoretically revealed to be the key to
determining the corresponding reaction selectivity. Our results highlight the important role of molecular chemisorption
directions in regulating the on-surface dehalogenative coupling reaction pathways and products, which provides fundamental
insights into the control of reaction selectivity by exploiting some subtle interfacial parameters in on-surface reactions for the
fabrication of target low-dimensional carbon nanostructures.
KEYWORDS: reaction selectivity, chemisorption direction, dehalogenative coupling reaction, scanning tunneling microscopy,
density functional theory

Controlling the selectivity of parallel reactions to generate
desired reaction products has long been the goal of pursuit in
chemistry.1,2 To achieve this, it is essential to tailor small
differences involved in the molecular systems to direct a
specific reaction channel that is energetically more favorable,
which requires molecular- or even atomic-level insights into
the reaction mechanisms and key influencing factors for such a
preference.2 In this regard, molecule−substrate systems under
ultrahigh-vacuum (UHV) conditions provide an ideal play-
ground, along with a delicate combination with the advanced
scanning probe microscopy,3,4 which allows atomic-scale
visualization of reaction intermediate states and products5−12

as well as identification of intermolecular interactions13−16 in
an interference-free experimental environment. Based on these
well-defined molecule−substrate model systems, influencing
factors concerning molecular precursors, underlying substrates,
and their interfacial properties that govern multipath reaction

schemes have been elucidated.17−19 Generally, these factors
correlate with the height of the energy barriers of reactions and
can be fine-tuned to achieve the selection of the target on-
surface reaction pathways, including activation of target
functional groups, diffusion, and intermolecular coupling or
intramolecular reaction as fundamental processes.5,20 Regard-
ing the molecular factors, the design and functionaliza-
tion,21−24 preassembly of molecular precursors,25,26 and
control of their kinetics and thermodynamics27−29,31 have
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been extensively verified to be crucial for reaction selectivity. In
addition, variation of the types and lattices of the underlying
substrates32−34 and the introduction of extrinsic components
to provide template effects or additional intermolecular
interactions35−38 have also been widely shown to be effective.
More recently, interfacial properties, such as the molecular
adsorption configuration39 and chemisorption40 on surfaces,
have presented their potential to regulate reaction selectivity in
molecule−substrate systems. However, the influence of
molecular chemisorption direction (i.e., different registries
between target molecules and the underlying substrate lattice41

that can be judged from the direction of specific molecular
axes) on reaction selectivity remains elusive, and such a subtle
interplay between molecules and the underlying substrates is,
to the best of our knowledge, less discussed. It is therefore of
general interest to reveal the role that molecular chemisorption
direction plays in the selection of different reaction pathways as
it is directly related to the step of molecular diffusion,41,42

which should provide submolecular mechanistic understand-
ings of reaction selectivity and its dependence on the tailoring
parameters.
Herein, the influence of molecular chemisorption direction

on the reaction selectivity of polymerization and cyclization
has been elucidated at the atomic level based on a
dehalogenative coupling reaction on Au(111). The
α,α,α′,α′,4,5-hexabromo-o-xylene molecule, abbreviated as
HBX (cf. Scheme 1), was selected as the molecular precursor,
consisting of ortho-substituted gem-dibromomethyl groups
and ortho-bromo substituents as the target reactive functional
groups (to produce C−C double-bonded structures via a sp3-
to-sp2-hybridized state conversion43) and marker groups on
Au(111), respectively. The combination of high-resolution
scanning tunneling microscopy (STM) imaging and density
functional theory (DFT) calculations shows that the polymer-
ization and cyclization reactions occurred selectively on
Au(111) by applying different deposition and annealing
strategies, leading to the controllable construction of
polymerized oligomers and cyclized dimers containing sp2-
hybridized carbons, respectively (cf. Scheme 1). Such reaction
selectivity was found to be correlated with the different
adsorption directions of HBX-based molecular states in the

reaction pathways, which were at 0 and 30° with respect to the
close-packed directions of Au(111). Furthermore, the key
molecular species of both pathways was theoretically revealed
to be the reactive dehalogenated intermediate (radical 2),
which determined the diffusion steps at 0 and 30°, respectively,
and thus the corresponding reaction selectivity. Consequently,
the cyclization prevails at a high deposition temperature (∼400
K) after overcoming a higher diffusion barrier at 30° to form
the thermodynamically more favorable cyclized products, while
the polymerization at 0° is favored in a stepwise annealing
process with a lower energy barrier. Our results reveal the
crucial role of molecular chemisorption directions in regulating
on-surface reaction pathways and products, which further
enriches the atomic-level understandings of the interfacial
tailoring parameters in the on-surface reactions and lays a
foundation for the controllable preparation of target low-
dimensional carbon nanostructures.

RESULTS AND DISCUSSION
Initially, the HBX molecule was deposited onto the Au(111)
substrate held at ∼100 K, leading to the formation of ordered
ribbon-like self-assembled structures (Figure 1a). From the
close-up STM image (Figure 1b), the trapezoidal morphology
of an individual molecule with four bright protrusions at the
vertices is identified, as depicted by the blue dotted contours.
The adjacent molecules are closely packed in an antiparallel
head-to-tail arrangement, forming a single molecular chain
separated by interchain dark dots. Based on the DFT
calculations, the debromination process of an intact HBX
molecule (with the ortho-substituted gem-dibromomethyl
groups) on Au(111) is calculated to be highly exothermic
with no energy barrier (see Figure S1 and more details in the
Supporting Information), which accords well with our previous
report that the first-step debromination of the gem-
dibromomethyl group has a negligible energy barrier of
∼0.16 eV on Au(111).43 This suggests that such a process
can take place when the HBX molecules are adsorbed on
Au(111) at lower than room temperature (RT, ∼300 K).
Thus, the trapezoidal morphology and the interchain dots are
tentatively attributed to the radical 1 formed by the first-step
debromination on both gem-dibromomethyl groups and the

Scheme 1. Reaction Selection between Polymerization and Cyclization on Au(111) at 0 and 30°, Respectively, Based on the
HBX Precursor, Which Was Theoretically Found to be Related to the Chemisorption Direction of the Dehalogenated Radical
2; the Chemisorption Directions of 0 and 30° Are Defined as the Angles between the Line along the Ortho-Bromo
Substituents (Indicated by the Gray Dashed Arrow above the Two Circled Br Substituents) and the Close-Packed Directions
of the Au(111) Substrate (Indicated by the Gray Arrows at the Upper Left)
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dissociated Br atoms, respectively. Moreover, the adsorption
direction of each molecule can also be identified, with the line
along the ortho-bromo substituents parallel to the close-packed
directions of the underlying Au(111) surface (i.e., defined as
0°). Accordingly, DFT calculations on the adsorption
configuration of radical 1 have been performed, and the
energetically most favorable structural model on Au(111) and
the corresponding STM simulation are displayed in Figure
1c,d, respectively. After the first-step Br dissociation, the two
remaining bromomethyl moieties directly bond to the
underlying substrate, forming the surface-stabilized radical 1,
while the remaining Br atoms of the bromomethyl moieties are
pointed outward, resulting in the trapezoidal STM morphol-
ogy. The simulated STM image nicely reproduces the
experimental one, where the four bright protrusions are
attributed to the Br substituents and the phenyl ring connects

them with a dark ring at the center, confirming the formation
of radical 1. Notably, careful analysis of molecular domains of
radical 1 on the sample confirms that radical 1 always adopts
the 0° chemisorption direction (Figure S2a).

Subsequently, the above sample was gently annealed in an
attempt to trigger the second-step debromination of the
remaining bromomethyl moieties. After annealing at ∼240 K
for 30 min, a distinct self-assembled structure formed (Figure
1e). From the defects in the islands (Figure S3) and the close-
up STM image (Figure 1f), the morphology of an individual
molecule is distinguished, consisting of two interconnected
heart-shapes with two bright and two dim protrusions on the
opposite sides. By comparison with the morphology of radical
1 and similar features reported in previous reports,34,44,45 such
a molecular species is attributed to the organometallic
intermediate embedded with a Au adatom, i.e., a gold−organic

Figure 1. Polymerization process at 0° obtained by depositing the HBX molecule onto a Au(111) substrate held at ∼100 K followed by
stepwise annealing. (a) Large-scale and (b) close-up STM images showing the formation of radical 1 (with the coexistence of dissociated Br
atoms) after the deposition of HBX onto Au(111) at 100 K. The morphologies of radical 1 are depicted by the blue dotted contours and
overlaid with the DFT-optimized models. (c) Top and side views of the DFT-optimized structural model of radical 1 and (d) corresponding
STM simulation. (e) Large-scale and (f) close-up STM images of the organometallic intermediates after annealing the above sample at ∼240
K, which are typically depicted by the blue contours and overlaid with the DFT-optimized models. (g) Corresponding DFT-optimized
structural model in top and side views and (h) STM simulation. (i) Large-scale STM image showing the construction of polymerized
products in the dominant after annealing at ∼300 K. (j) Magnified STM image of a polymerized chain partially superimposed with the DFT-
optimized model and the STM simulation (the gray part). (k) DFT-optimized structural model of a polymerized chain in top and side views.
C: black; H: white; Br: brown; Au surface atoms: yellow; Au adatom: orange. The close-packed directions of Au(111) are indicated by white
arrows. Scanning conditions: V = −1.2 V and I = 0.6−0.9 nA.
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hybrid with AuBr2. The DFT-optimized structural model
(Figure 1g) further shows that the ortho-bromo substituents
are adsorbed apparently higher than the two Br atoms attached
to the Au adatom, resulting in the much brighter feature in the
simulated STM image (Figure 1h), which is in good
accordance with the experimental observation. Moreover,
similar to the situation of radical 1, the organometallic
intermediates were also found to be adsorbed at 0° in
molecular domains on the sample (Figures 1e,f and S2b).
Then, the sample was further annealed at ∼300 K for 10 h,

leading to the formation of less-ordered covalent structures on
Au(111) via intermolecular coupling reactions (Figure 1i).
Among them, polymerized oligomers, mainly composed of four
to six molecular units (Figure S4), can be recognized based on
their characteristic alternating morphology, as shown in the
submolecularly resolved STM image (Figure 1j), where the
heart-shaped moieties with two bright Br protrusions are
aligned in a zigzag way along the backbone. Such a feature thus
suggests the construction of C−C double bonds at the
connection,23,43 and the molecular moieties are in a trans-
configuration. The corresponding DFT-optimized structural
model (Figure 1k) and STM simulation (the gray part in
Figure 1j) show good agreement with the experimental one in
both periodicity and molecular morphology, confirming such
an assignment. To have an overview of the reaction products

after annealing at ∼300 K, extensive statistics on their
distribution and adsorption directions were carried out based
on more than 7000 molecular units distributed in different
regions of the sample. It turned out that the polymerized
oligomers or chains account for approximately 70% of the total
molecular units, which mainly adopted the 0° adsorption
direction on the surface, with the coexistence of some
unidentified motifs. Accordingly, based on the stepwise
annealing strategy to ∼300 K, the dominance of the
polymerized products adsorbed at 0° was achieved by the
evolution from radical 1 to the organometallic intermediate
adsorbed at 0°. Note that direct deposition of HBX molecules
onto a Au(111) substrate held at ∼300 K also resulted in the
dominance of the polymerized products (Figure S5), indicating
that it is the temperature, rather than the molecular
preassembly, that influences the reaction selectivity of
polymerization in this case.

In contrast, after deposition of the HBX molecule onto the
Au(111) substrate held at ∼400 K, dimer structures were
found to be selectively formed instead of polymerized products
(Figure 2a). In a special tip state, four typical molecular
morphologies of dimers can be clearly distinguished as
depicted by the colored rectangles in Figure 2b, coexisting
with intermolecular dissociated Br atoms. These dimers share
similar features at both ends while having distinct connections

Figure 2. Cyclization products at 30° obtained by directly depositing the HBX molecule onto a Au(111) substrate held at ∼400 K. (a) Large-
scale and (b) close-up STM images showing the formation of cyclized dimers after deposition of HBX onto Au(111) held at ∼400 K. (c−f)
High-resolution STM images of four typical cyclized dimers, (g−j) top and side views of DFT-optimized structural models, and (k−m)
corresponding STM simulations. The image sizes are 1.6 nm × 1.1 nm for (c−f). The close-packed directions of Au(111) are indicated by
white arrows. Scanning conditions: (a) V = 1.2 V and I = 0.6 nA and (b−f) V = −1.2 V and I = 0.6 nA.
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between two molecular components. It is also noteworthy that
all the dimers adopt the 30° adsorption direction, which is
contrary to the case shown in Figure 1. According to the
previous reports,23,43 the ortho-substituted gem-dibromometh-
yl groups can form four kinds of typical cyclized dimers at high
temperatures of 420 K, with five-, four-, six-, or eight-
membered rings embedded, respectively, which were charac-
terized and confirmed by both STM and noncontact atomic
force microscopy. Therefore, it is reasonable to suppose the
formation of similar dimer structures in our case. Based on the
distinct features of four dimers in the submolecularly resolved
STM images (Figure 2c−f) and the above indications, DFT
calculations were performed on the structural models on
Au(111) (Figure 2g−j) and the corresponding STM
simulations (Figure 2k−n), which are in line with the
experimental ones. For instance, both the double five-
membered ring connection (Figure 2c,g,k) and the double
four-membered ring connection linked by a C−C double bond
(Figure 2d,h,l) produce symmetric morphologies, with differ-
ent offsets between two molecular components, and a
prominent bright lobe is visible at the connection in the latter
case. In addition, as for the connections of four- and six-
membered rings (Figure 2e,i,m) and an eight-membered ring
(Figure 2f,j,n), two molecular components are in a line, with
two bright lobes appearing at the center in the latter case.
Therefore, cyclization occurred in the 30° adsorption direction
with high selectivity by the hot deposition way.
By applying different deposition and annealing strategies,

polymerized oligomers and cyclized dimers have been obtained
with high selectivity in a specific adsorption direction of 0 and
30°, respectively, suggesting that the adsorption directions may

be a key factor influencing the reaction selectivity. To figure
out their correlations and unravel the atomic-level reaction
processes, extensive DFT calculations were performed on the
reaction pathways and energy barriers, as well as the stabilities
of all the molecular species in different adsorption directions.

For the polymerization pathway, deposition of HBX onto
Au(111) held at ∼100 K led to the formation of radical 1 via
the first-step debromination of the gem-dibromomethyl groups
(Figure S1). As for the chemisorption direction of radical 1, it
adsorbs exclusively at 0° as determined from STM images,
which is calculated to be energetically much more favorable
than the situation at 30° by ∼0.56 eV (see more details in
Table S1). As the next step, the transformation from radical 1
at 0° to the organometallic intermediate at 0° was
experimentally captured at ∼240 K. Three dominant processes
were further calculated, i.e., insertion of a Au adatom, further
debromination of the remaining gem-bromomethyl groups,
and recombination of Br atoms and Au to form the AuBr2
moiety (Figure S6). During this process, the rate-limiting step
is the debromination after the Au insertion, with an energy
barrier of ∼0.64 eV (Figures 3a and S6). Note that the
organometallic intermediate adsorbed at 0° is also energetically
more favorable than that adsorbed at 30° by ∼0.38 eV (Table
S1), in agreement with the experimental result. Besides, the
diffusion of the organometallic intermediate was observed
during scanning at ∼150 K (Figure S7), which is supported by
the energy barrier calculation (Figure S8). Then, debromina-
tion from the AuBr2 moiety of the organometallic intermediate
took place, followed by removal of the Au adatom, with a total
energy barrier of ∼0.69 eV, forming the reactive radical 2 at 0°
for further coupling (Figures 3a and S9). As such a

Figure 3. DFT-calculated reaction pathways of (a) debromination from radical 1 through the organometallic intermediate to radical 2 at 0°,
(b) diffusion of radical 2 adsorbed at 0 and 30°, and (c) polymerization and cyclization of radical 2 adsorbed at 0°. The structural models of
the initial states (IS), transition states (TS), and final states (FS) are displayed along the reaction pathways. The energies in (b) are provided
with respect to that of IS_diff_30, and those in (c) are provided with respect to those of the corresponding IS. The energy barriers of the
rate-limiting steps in each process are marked with arrows.
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transformation process is highly endothermic, it is difficult to
capture radical 2 in experiments (the reverse process to the
organometallic intermediate would be preferred). Interestingly,
radical 2 chemisorbed at 0° on Au(111) is calculated to be less
stable than that at 30° by ∼0.30 eV (Table S1), in contrast to
the cases of radical 1 and the organometallic intermediate. It is
also worth noting that the energy barriers for the
interconversion between these two chemisorbed states are
calculated to be ∼0.28 and ∼0.58 eV for rotation from 0 to 30°
and from 30 to 0° (Figure S10), respectively, lower than that of
the formation of radical 2 (∼0.69 eV). Thus, once radical 2 is
formed at 0°, it tends to rotate by 30° to reach the
energetically more stable state.
Subsequently, the diffusion of the radical 2 is a prerequisite

for the intermolecular coupling reactions, which require two
radicals to approach close enough to each other. Significantly,
the more stable radical 2 at 30° suffers from a high diffusion
barrier of ∼1.34 eV (red lines in Figure 3b), which severely
hinders further intermolecular coupling at mild reaction
temperatures. On the contrary, the diffusion of the less stable
radical 2 at 0° requires an energy barrier of only ∼0.84 eV,
which is much more rational with respect to the experimental
observation of coupled products at ∼300 K. Thereafter, based
on radical 2 at 0°, the reaction selectivity between polymer-
ization and cyclization was theoretically explored, and the
reaction pathways to form the polymerized dimer and the
cyclized dimer embedded with an eight-membered ring were
calculated to simplify the system, respectively. Note that the
other cyclized dimer structures may be transformed from the
one with an eight-membered ring connection by on-surface
rearrangement reactions and dehydrogenation,46,47 which is
applied as the typical cyclized dimer for transition-state
calculations. Consequently, the energy barrier for two radicals

2 at 0° (in a shoulder-to-shoulder manner) to form the
polymerized dimer is only ∼0.82 eV (Figure 3c), which is
almost identical to that of its diffusion and is reasonable for the
successful polymerization at ∼300 K. In contrast, the energy
barrier for two radicals 2 at 0° (in a face-to-face manner) to
cyclize is calculated to be much higher, i.e., ∼2.26 eV (Figure
S11a), which can be slightly reduced to ∼2.17 and ∼1.93 eV
with the help of one (Figure S11b) and two Au adatoms
(Figure S11c), respectively. Thus, the differences in reaction
barriers between the two reaction pathways rationalize the
preference for polymerization at ∼300 K from the viewpoint of
kinetics.

For the cyclization pathway, deposition of HBX onto
Au(111) held at ∼400 K resulted in the direct construction
of cyclized dimers, suggesting the formation of radical 2 by the
complete debromination of gem-dibromomethyl groups upon
deposition. Moreover, the high diffusion barrier of ∼1.34 eV
for the more stable radical 2 at 30° can also be overcome at
such a high temperature. Consequently, radical 2 at 30° should
be responsible for the further coupling processes. Based on two
radicals 2 at 30°, the energy barrier for them to form the
polymerized dimer is ∼1.04 eV (gray lines in Figure 4), while
the energy barrier of cyclization is determined to be ∼1.47 eV
(red lines in Figure 4) and can be slightly reduced to ∼1.40 eV
with the assistance of two Au adatoms (Figure S12). As the
barrier of cyclization is comparable to that of diffusion and
higher than that of polymerization, radicals 2 should be able to
undergo both cyclization and polymerization after overcoming
the diffusion barrier from a kinetic point of view. Moreover,
thermodynamics also plays an important role in influencing the
overall reaction selectivity. The comparison between the total
energies of the polymerized and cyclized dimers shows that the
latter one is energetically much more stable by ∼2.61 eV

Figure 4. DFT-calculated reaction pathways of cyclization and polymerization of radical 2 adsorbed at 30°. The structural models of the IS,
TS, IntS, and FS are displayed, and their energies are provided with respect to that of the corresponding IS. The energy barriers of the rate-
limiting steps in each step are marked with arrows.
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(Table S2), indicating strong preference for cyclization after
hot deposition. As a result, the cyclization was found to prevail
at ∼400 K in the experiments, indicating a thermodynamically
driven process.
Based on the above experimental and theoretical results, it

has been shown that the polymerization and cyclization
reactions take place with high selectivity on Au(111) by
applying different deposition and annealing strategies, with the
controllable construction of polymerized oligomers and
cyclized dimers, respectively. The reaction pathways calculated
above have been further summarized in Scheme S1, where the
chemisorption direction of the reactive dehalogenated radical 2
plays a crucial role in determining the corresponding reaction
selectivity.
There are two types of situations described below. If

intermolecular coupling reactions start with the reactants in the
energetically most stable state, i.e., the radical 2 adsorbed at
30° (Table S1), the reactions can hardly occur at mild
temperatures (for example, ∼300 K in our experiments) due to
its high diffusion barrier (∼1.34 eV). Also note that the
difference in the diffusion energy barrier of ∼0.5 eV can
significantly influence the reaction process based on the
Arrhenius equation as reported,31,48 and its impact on the
corresponding reaction rates would be greatly reduced with the
increase of temperature. Only when the temperature is high
enough (e.g., ∼400 K) for the radical 2_30° to overcome such
a diffusion barrier can the polymerization and cyclization
further take place. After the diffusion step, the much higher
stability of the cyclized dimer than that of the polymerized one
(Table S2) strongly favors the selection of cyclization over
polymerization (although polymerization has a lower energy
barrier), leading to the dominance of cyclized dimers upon hot
deposition at ∼400 K. This could be rationalized by the almost
comparable energy barriers of diffusion (∼1.34 eV) and
cyclization (∼1.47 and ∼1.40 eV in the absence and presence
of Au adatoms, respectively), which also indicates the crucial
role of thermodynamics in influencing the reaction selectivity
at high temperatures.
In contrast, at lower temperatures (e.g., ∼300 K), where the

diffusion (or further cyclization) barrier of the radical 2_30°
cannot be easily overcome, the less stable radical 2_0° should
be selected as the reactant. In this way, after such a diffusion
step (∼0.84 eV), the polymerization is strongly favored over
the cyclization owing to its much lower energy barrier (∼0.82
eV), in good agreement with the preference for polymerized
products at ∼300 K in STM experiments. In addition, since the
deposition rate and coverage are kept constant for both
strategies, the selectivity in the reaction products is not related
to the different sublimation parameters. Besides, the influence
of Br adatoms on the reaction selectivity of polymerization and
cyclization has also been investigated, which was found to be
negligible in this study (see more details in Figure S13). In
short, the reaction selectivity between polymerization and
cyclization is significantly influenced by both the diffusion and
coupling barriers of radical 2 at two chemisorption directions
(i.e., 0 and 30°) and the total energies of the step-by-step
products. It is also noteworthy that the energy barriers (e.g.,
diffusion and coupling in this case) vary widely according to
different chemisorption directions, which may also induce the
reversion of reaction preference in some other on-surface
molecular systems and further bring huge influences on the
reaction selectivity.

For on-surface reactions, several previous reports have
revealed that the reaction selectivity depends critically on the
substrate temperatures during deposition,27−31 which are
generally attributed to the reaction kinetics, leaving the
atomic-level processes elusive. Herein, our experimental and
theoretical results highlight the significant role of molecular
chemisorption directions played in the on-surface reactions
and syntheses, especially reevaluating the influence of an
unfavorable chemisorption direction and state in reaction
pathways and products. More importantly, it provides
fundamental insights into the regulation of reaction selectivity
by exploiting some subtle interfacial parameters in the on-
surface reactions.

CONCLUSIONS
In summary, by a combination of STM imaging and DFT
calculations, we reveal the influence of molecular chemisorp-
tion direction on the reaction selectivity of polymerization and
cyclization at the atomic level, which is based on a
dehalogenative coupling reaction on Au(111). The poly-
merized and cyclized products were selectively formed at
specific adsorption directions (i.e., 0 and 30°, respectively) by
applying different deposition and annealing strategies. More-
over, the chemisorption direction of the reactive dehalo-
genated radical 2 and the corresponding diffusion step in the
two different directions were theoretically revealed to be the
key to determining the reaction selectivity. Our results enrich
the submolecular mechanistic understandings of the influenc-
ing factors involved in on-surface reactions and should
facilitate the control of reaction selectivity to synthesize the
desired nanostructures.

METHODS
All the STM experiments were performed in a UHV chamber (with a
base pressure of ∼1.0 × 10−10 mbar), equipped with a variable-
temperature, fast-scanning “Aarhus-type” STM using electrochemi-
cally etched W tips.49,50 The Au(111) substrate was cleaned by Ar+-
ion sputtering and annealing at ∼800 K for repeated cycles. After
thorough degassing, the α,α,α′,α′,4,5-hexabromo-o-xylene molecule
(abbreviated as HBX, purchased from Macklin, with a purity of
>98%) was sublimated by a homemade Knudsen cell at ∼390 K with
the duration time within 2 min in the preparation chamber.
Thereafter, the sample was transferred within the UHV chamber to
the STM head for scanning. All the STM images were recorded at
100−150 K and were further smoothed to eliminate noises.

The calculations were performed in the framework of DFT by
using the Vienna Ab initio Simulation Package (VASP).51,52 The
projector-augmented wave method was used to describe the
interaction between ions and electrons.53,54 The Perdew−Burke−
Ernzerhof generalized gradient approximation exchange−correlation
functional was employed,55 and van der Waals interactions were
included using the dispersion-corrected DFT-D3 method of
Grimme.56 The atomic structures were relaxed using the conjugate
gradient algorithm scheme, as implemented in the VASP code until
the forces on all unconstrained atoms were ≤0.03 eV/Å. Plane waves
were used as a basis set with an energy cutoff of 400 eV. For the
structural models involved in the cyclization processes, the Au(111)
substrate was modeled by a four-layered slab separated by a vacuum
region of ∼15 Å, with the bottom two layers fixed. For all the other
structural models, the Au(111) substrate was modeled by three-
layered slabs, where the bottom one layer was fixed. Simulated STM
images were obtained based on the Tersoff−Hamann method.57,58

Reaction pathways were calculated by a combination of the climbing
image-nudged elastic band (CI-NEB)59 and dimer methods.60 The
CI-NEB method was used to find an initial guess of a transition state,
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which was then refined by the dimer method until the forces acting on
the path typically converged to ≤0.03 eV/Å.
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