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ARTICLE INFO ABSTRACT

The on-surface reaction of 2,3-dibromoanthracene molecules is studied on two surfaces, Au(100) and Au(111)
that differ in their surface reconstructions and thus atomic-scale structure. After deposition intact molecules are
observed, which form highly ordered close-packed islands, with preferential adsorption along the corrugation
rows of the substrate in the case of Au(100). Heating the sample at 520 K induced Br dissociation and on-surface
oligomerization of the thus activated anthracene moieties. While dimers and trimers are formed on Au(111)
where they segregate into different molecular islands, only dimers are generated on Au(100). Hence, the reaction
mode can be controlled on Au(100) which clearly favors the [2 + 2]cycloaddition product whereas the [2+2+2]
cycloaddition reaction is suppressed. This high selectivity for forming the linear dimer seems to be caused by the
adsorption geometry on the reconstructed Au(100) surface.
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1. Introduction

Low-dimensional materials are attracting great interest nowadays,
due to their high potential in future applications [1-5]. Their precise
composition defines not only their electrical and mechanical properties,
but can also be used to tune them in a controlled way and for a specific
purpose [6-8]. A bottom-up approach for the fabrication of such ma-
terials is based on the deposition of small precursor molecules onto a
surface, where the growth process takes place. The organic molecules
self-assemble spontaneously at appropriate temperatures and form two-
dimensional networks, which are only one atomic layer thick. De-
pending on the molecule-molecule and molecule-surface interactions,
these two-dimensional networks are stabilized by weak van-der Waals
interaction or even covalent bonds [9]. Especially the formation of
strong C—C bonds, realized by connecting molecular building blocks
equipped with halogen atoms, received a lot of attention in the last
years [10-12]. This on-surface synthesis method is particularly suitable
because the final architectures can be precisely tuned via the chemical
structure of the initial building blocks. Accordingly, various nanos-
tructures such as porphyrin and fluorene wires [10,13], graphene na-
noribbons [14] with different chemical doping [15] or 2D structures
[10,16] could be grown, depending on the choice of the precursor
molecules.

High control over the chemical composition is of particular interest
in the scope of molecular electronics [17], where individual functional
units inside an organic device need to be synthesized with atomic

precision [18,19]. A step-wise polymerization process has been
achieved through specific activation temperatures of the involved mo-
lecular building blocks, equipping the precursor molecules with dif-
ferent halogen atoms [16]. Alternatively, the catalytic reactivity of the
substrate can be used to influence the activation temperature [20-22].
This additional control is vital for the polymerization of fragile pre-
cursor molecules [21]. Beside the activation temperature, also the type
of chemical bond formed between the molecular precursors is influ-
enced by the choice of the substrate as the presence of Cu adatoms can
lead to the formation of metal-ligand bonds instead of C—C connections
[21,22]. In contrast to reversible metal-ligand bonds [23] and to
polymerization via boronic acid condensation that can be reversed in
the presence of water [24], strong C—C bonds do not support self-
healing approaches [25]. Instead the sample temperature and compo-
sition as well as the type and flux of the molecular precursor(s) must be
controlled to fabricate polymers with utmost control and to suppress
unwanted irreversible side reactions [26].

Initially, we were interested in the formation of planar aromatic
nanostructures presenting zig-zag edges for superior electronic prop-
erties [27,28]. However, instead of using benzene annulation chemistry
as in the case of acenes [29] and wider zig-zag graphene nanoribbons
[30], we were targeting to connect six-membered benzene units via
four-membered cyclobutadiene units, resembling the [N]phenylene
family pioneered by the group of Peter Vollhardt [31]. In particular, the
linear [N]phenylenes are interesting as their band gap decreases rapidly
[32] and thus they have been predicted as molecular wires [33] as well
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Fig. 1. (a) Chemical sketch of the 2,3-dibromoanthracene (dBA) precursor
molecule. The indicated distances between the bromine and hydrogen atom (in
a) and the length of the molecule including the van der Waals surface (in b) as
determined by the molecular builder software Avogadro 1.2.0, using a MMFF94
force field. STM images of the reconstructed surfaces of Au(111) and Au(100)
are shown in ¢ and d, respectively.

as materials for singlet fission [34]. To investigate the feasibility of on-
surface synthesis of [N]phenylenes we have used 2,3-dibromoan-
thracene (dBA, Fig. 1a and b) as the molecular precursor. For the for-
mation of the cyclobutadiene linkage, two carbon-carbon bonds should
be formed in an on-surface [2+ 2]cycloaddition reaction, thus trans-
forming two m-bonds into two o-bonds. In surface chemistry, cycload-
dition reactions are of particular importance when organic molecules
chemisorb on (001) semiconductor surfaces [35]. In contrast, here we
are utilizing this reaction mode to annulate two anthracene moieties on
Au(111), which has been used in many on-surface synthesis studies
[10,11,14,36]. In order to obtain insight into the role of the substrate
on the chemical reaction and the final products, we have employed two
different orientations of gold surfaces, Au(111) and Au(100) (Fig. 1c
and d).

2. Methods

The high resolution of a scanning tunneling microscope (STM)
makes it a suitable tool to investigate the products of chemical reactions
on a metallic surface [37]. For imaging the precursor molecules and
reaction products on the gold surfaces, we have used a low temperature
STM (Createc), operating at 10 K. This instrument is based on the design
developed by Gerhard Meyer [38] in the research group of Karl-Heinz
Rieder who used it very successfully [39-49], being the second group —
after the pioneering work by Don Eigler and co-workers [50] — to show
that single atoms can be positioned at will on a surface (i.e. writing
letters with single atoms) [51]. The Au(111) and Au(100) surfaces were
prepared by multiple cycles of Argon sputtering and annealing at 770 K,
resulting in flat surfaces with very few defects. Then, 2,3-dibromoan-
thracene (dBA) (Fig. 1a) was deposited onto the clean gold surfaces at
an evaporation temperature of 400 K while the sample was kept at room
temperature. To trigger the polymerization and activation of the mo-
lecular precursors the sample was heated at 520 K for one minute before
the sample was transferred into the cold STM chamber.
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3. Results and discussion
3.1. Surfaces

The clean gold surfaces are both characterized by their re-
constructions. In the case of Au(111), this is the so-called herringbone
reconstruction, which exhibits a (22 X V3) unit cell as the first atomic
layer at the surface is compressed as compared to the atomic positions
in the bulk [52]. This results in a surface corrugation of about 20 pm
that is visible in STM images as bright stripes (in the upper left and
lower right of Fig. 1c) [52]. In the case of the Au(100) surface on the
other hand, the surface orientation reveals a quadratic geometry, while
the topmost layer of atoms reconstructs in a hexagonal structure. The
surface is characterized by a (5 X 20) unit cell [53] and exhibits rows of
atoms that protrude from the surface and are clearly visible in STM
images (Fig. 1d). These reconstruction rows are typically aligned par-
allel to step edges on the surface [54] and give rise to a surface cor-
rugation of up to 30 pm [52]. Hence, both samples used in this work
exhibit a reconstructed surface with a small corrugation.

3.2. Oligomerization on Au(111)

After deposition of dBA molecules onto the Au(111) surface kept at
room temperature, islands are formed (Fig. 2a—d). This observation
shows that the molecules are mobile at room temperature since
otherwise they would be randomly distributed in a “hit-and-stick”
mode. The islands are highly ordered, indicating a close-packing to
minimize the intermolecular distances and thus the total energy of the
system. The molecules appear very homogeneous apart from two pro-
trusions that are located on the same side of the molecule (Fig. 2d). The
low evaporation temperature of the molecules (400 K) makes it unlikely
that dehalogenation has already occurred [10,55]. Therefore, we assign
these protrusions to bromine atoms which are still attached to the
precursor molecules [42]. The length of the molecules is about 1.3 nm
(as determined from their width at half maximum intensity in height
profiles; see Fig. 2b), in very good agreement with their length in the
gas phase where the van der Waals surface has an extension along the
molecular symmetry axis of 1.24 nm (Fig. 1b). Accordingly, the mole-
cules seem to be intact, thus not activated yet, and a subsequent an-
nealing step is necessary to cleave the carbon-bromine bond.

At domain boundaries and at edges of these islands individual
molecules can be identified that have more degrees of freedom and do
not follow the orientation of the self-organized islands (Fig. 2a).
However, a closer inspection shows that the individual molecules on Au
(111) are all oriented in the same direction. From superimposing single
molecules over an STM image of highly ordered areas (Fig. 2c) the
molecular arrangement inside an island can be derived (the molecular
arrangement is shown enlarged below the STM image). A parallel
“head-to-tail” arrangement is found where neighboring molecules are
shifted off the molecular axis, probably to minimize their inter-
molecular distance and thus improve the packing density.

To study the role of the substrate, we deposited the same precursor
on Au(100) instead of Au(111). Similar to Au(111), the molecules are
mobile at room temperature and they are not activated yet, clearly
visible in the non-homogeneous appearance in STM imaging
(Fig. 2e-h). The appearance is very similar to the one on Au(111),
consisting of a flat rod and protrusions at the end (Fig. 2h). However, in
contrast to Au(111), the neighboring molecules self-assemble with their
Br substituents facing each other, thus “head-to-head” (Fig. 2g). This
adsorption geometry allows a slightly tighter packing of the molecules
on Au(100) (with a molecular density of 1.18 + 0.6 molecules/nm?) as
compared to Au(111) (1.09 * 0.5 molecules/nm?).

On Au(100) the molecules typically adsorb parallel to the step edges
(as visible in Fig. 2e where an intrinsic step edge of the surface takes
course from the upper left to the lower right corner). A height profile
across the molecular rows (Fig. 2f) reveals that every second dBA
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Fig. 2. 2,3-Dibromoanthracene (dBA) molecules on Au(111) (a-d) and Au(100)
(e-h). Height profiles across the molecules are plotted in (b) and (f) as indicated
in the STM images above. (c and d) and (g and h) show smaller areas of the
close-packed dBA islands with schemes of the molecular arrangement. The size
of the STM images in (c¢) and (g) is 10 x 10 nm?.
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Fig. 3. STM image (30 x 30 nm?) of 2,3-dibromoanthracene (dBA) on Au(111)
after annealing the sample at 470K, revealing two products of the dBA pre-
cursor molecules. The chemical structures of these dimers and trimers are
shown in (b and c), including the van der Waals surface (in blue) below. The
indicated lengths of a dimer in (b) were determined by the molecular builder
software Avogadro 1.2.0 (using a MMFF94 force field) and reflect the distance
between the terminal hydrogen atoms (upper panel) and the edges of the van
der Waals surface along the dimer molecule (lower panel). (d) STM image
(12 x 12 nm?) of a disordered island with dimers and trimers and (e) corre-
sponding height profile of a dimer molecule.



M. Koch et al.

molecule appears higher in STM imaging, which is even more evident in
zoom-in images (Fig. 2g and h). The distance between two higher
molecules is found to be 1.35 + 0.06 nm, which matches exactly the
distance between two corrugation rows of the Au(100) reconstruction
(1.35 = 0.04nm [56]), which run parallel to the step edges. We
therefore conclude that every second row of molecules appears
brighter, i.e. at a larger apparent height, in STM images because it is
located on top of a Au(100) corrugation row while the other molecules
are adsorbed in the troughs between, thus at lower height. The mole-
cular packing on the surface is therefore (in the direction perpendicular
to the corrugation rows) commensurate with the Au(100) reconstruc-
tion underneath, with two molecules within one period of the surface
corrugation.

Annealing the Au(111) surface at 520K leads to very different
structures on the surface. In particular, the brighter intramolecular
features assigned to the bromines are no longer observed in STM images
and the molecular compounds appear with homogeneous heights in
STM images (see Fig. 3a and d). Hence, the thermal treatment causes Br
dissociation from the molecules, i.e. activates the dBA molecules, and
triggers an on-surface reaction. Two different products are formed on
the surface: a linear and a star shaped nanostructure (Fig. 3a—c). The
linear molecules appear very similar to the intact dBA molecules, i.e.
before activation, but lack the two protrusions at the termini, according
to the Br dissociation. However, while the length of the intact dBA
molecule is approximately 1.3 nm (see above), the linear structures are
about 2.0 nm long (Fig. 3d and e), thus indicating a larger molecule. In
particular, this value is in very good agreement with gas phase calcu-
lations (using a MMFF94 force field with the Avogadro software), which
find the dimer to be 1.92 nm long (Fig. 3b). Note, that we do not find
other linear products (shorter or longer) which points to a very well-
defined reaction.

We suggest that the linear structures are dimers that exhibit the
chemical structure shown in Fig. 3b. They are very smooth and flat in
STM images with an apparent height of about 0.13 nm. This is on the
one hand similar to graphene nanoribbons where on the same, Au(111),
surface apparent heights of about 0.15 nm have been reported [57]. On
the other hand, the overall appearance of the molecules is very similar
to tetracene dimers that were formed by the on-surface covalent linking
of 2,3-dibromotetracene [58]. Since the precursor is very similar to the
molecules used in the present work, only differing by an additional
benzene ring, also the same type of covalent linking can be expected.
No other linear products (of shorter or longer dimensions) have been
found there [58], in agreement with our observations. These simila-
rities allow assignment of the molecules observed on the surface to the
dimer structure given in Fig. 3b. Note that four-membered carbon-
based rings can be thermodynamically stable, in particular if con-
jugated and fused to six-membered benzene moieties, as is the case
here. The resulting compound family of the so-called [N]phenylenes
includes many linear, bent, and branched derivatives [31,32].

The second product we observe after annealing the Au(111) surface
at 520K is a star-shaped trimer with three dBA arms rotated by 120°
(upper half of Fig. 3a and c). Both products — linear dimers and trian-
gular trimers — self-assemble when cooling the sample to low-tem-
perature in large molecular islands. However, these arrays consist
predominantly either of dimer or trimer molecules (Fig. 4). In each of
them the molecules close-pack and from their characteristic appearance
the high molecular order can be determined (Fig. 4b and d). Hence, the
molecular nanostructures produced in the thermal treatment segregate
on the surface, probably for energetic reasons since packing would be
less efficient in a heterogeneous island that require more space, as
visible in Fig. 3d. However, although rather rare, the close-packing is
not perfect on the surface and in some cases disordered islands appear
that contain a mixture of different products, for instance at the upper
right of Fig. 3d. Based on the dimensions of these two dumbbell shaped
molecules they are presumably anthracene pentamers, in which the
central anthracene unit is connected on both of its termini to a benzene
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Fig. 4. (a) After annealing the Au(111) surface to 520K two products are ob-
served. The chemical structure (without H atoms for the sake of better visibi-
lity) and STM images are shown in (b, c) for linear di-anthracene (10 x 10 nm?)
and in (c,e) for triangular tri-anthracene (5 X 5 nm?). A protrusion that we
assign to be a bromine atom is indicated by the arrow in (c).

branchpoint as observed in the more abundant trimers.

Between the trimers within their close-packed islands, lobes of
smaller apparent height appear (see green arrow in Fig. 4c). They are
very characteristic and since they are only found after activation of the
molecules, we attribute them to individual bromine atoms [59]. While
the trimers cover all areas of the Au(111) surface equivalently, the
dimers prefer to adsorb on the wider fcc regions of the Au(111) surface.
This is visible in STM images that show clean hcp regions next to dimer
islands adsorbed in a roughly linear fashion along the fcc areas (in the
center of Fig. 3a) while in the same area (upper left of Fig. 3a) the
trimer island is not influenced by the herringbone reconstruction un-
derneath. Such an effect of preferential molecular adsorption on the fcc
areas of the reconstructed Au(111) surface has been observed for 1-
nitronaphtalene molecules that adsorb at step edges [60].

From these observations we conclude that two competing reactions
occur during the oligomerization process on Au(111): A [2+2]cy-
cloaddition leading to formation of the linear dimer and a [2+2+2]
cycloaddition giving rise to formation of the triangular trimers. The
relative efficiency of the [2+ 2] and [2+ 2 + 2] cycloaddition reactions,
i.e. the so called periselectivity, on Au(111) can be evaluated by
counting 1311 dimer and trimer products on the surface. We find a
distribution of 46% dimers and 54% trimers, indicating that both
pathways have about equal probability. This is in good agreement with
calculations performed for 2,3-dibromotetracene on Ag(111) (i.e. also
an acene, but with an additional benzene ring), which find similar
energy barriers for the formation of dimer and trimer products [58].
From our observables, we can only speculate about the actual me-
chanism of the reaction, which clearly needs to be initiated by cleavage
of the carbon-bromine bond. Presumably, two-fold cleavage leads to
formation of the ortho-diradical, which resembles the mesomeric
structure of an aryne that subsequently undergoes either [2+2] or
[2+42+2]cycloaddition. While the latter mode has been extensively
explored in the synthesis of triphenylene and related annulated oligo-
benzenoid structures [61], the [2+ 2]cycloaddition mode is typically
not observed in solution as it is formally forbidden according to the
Woodward-Hoffmann rules [62], which predict a high thermal barrier
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Fig. 5. (a) 2,3-dibromoanthracene (dBA) deposited on Au(100) after annealing
the surface at 520K (30 x 30 nm?). (b,c) STM image (10 x 10 nm?) and cor-
responding height profile of an individual molecule dimer.

for this reaction.

3.3. Oligomerization on Au(100)

Next, we changed the surface — not in its material but in its or-
ientation — and investigated the same polymerization reaction, i.e. de-
positing identical precursor molecules and heating the sample after-
wards. Also on Au(100) the dBA precursor molecules are activated after
annealing the surface to 520 K (the initial surface after molecule de-
position, but before heating, is shown in Fig. 2e-h). STM imaging shows
almost exclusively polymerized dimers on the surface (Fig. 5). The di-
mers are decorated with bromine atoms between the molecules and
appear identical to those found on the Au(111) surface, based on three
properties: First their shape, second their flat appearance and third
their length of about 2.0 nm (in good agreement with the gas phase
dimensions of the dimers, see Fig. 3b).

However, there is a fundamental difference to the Au(111) surface
as we do not find any trimers on the Au(100) surface. In view of very
recent calculations predicting a comparable energy barrier for the for-
mation of dimers and trimers from the similar and only slightly elon-
gated 2,3-dibromotetracene on Ag(111) [58], the remarkable se-
lectivity observed is somewhat surprising. Additionally, both barriers
are lower than the activation (dehalogenation) barrier of the precursor
molecule [58]. Hence, as soon as activation takes place, it could be
expected that also trimer formation sets in. Nevertheless, we find that
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the cycloaddition reaction is extremely selective on Au(100) and clearly
favors the [2+2]cycloaddition product and assign this to the surface
morphology, due to the presence of trimers on Au(111).

We explain this high selectivity with the starting product for the
formation of a trimer, which requires that the first two connected an-
thracene arms are oriented non-parallel to one another (shown sche-
matically at the right of Fig. 6¢). Furthermore, parallel alignment is the
energetically most efficient reaction geometry for dimer formation of
the very similar 2,3-dibromotetracene molecules [58]. Here, it should
be noted that the adsorption geometry of monomers, i.e. precursor
molecules, inside the close-packed islands differs for the two surfaces,
Au(111) and Au(100), most likely due to the surface reconstruction as
discussed above. These patterns are shown at the bottom of Fig. 2c and
g. Similarly, the Au(100) reconstruction could explain the exclusive
formation of dimers as evident from large-scale images before the
sample heating. While dBA molecules adsorb on Au(111) roughly per-
pendicular with respect to the corrugation from the herringbone re-
construction (Fig. 6b), they follow the surface reconstruction on Au
(100) and align strictly parallel to the corrugation rows (Fig. 6a and at
the left in Fig. 6¢). Hence, they exhibit a clear pre-orientation at low
temperatures before inducing the surface reaction. This could indicate
that on Au(100) adsorption of dBA molecules perpendicular to the
corrugation rows is energetically disfavored, even at relatively high
temperatures that are used during sample heating. At elevated tem-
peratures, the high coverage might even promote a parallel alignment
of the molecules with respect to the corrugation. This could be of
particular importance for the formation of trimers because they require
linking of three molecules that are not parallel, but rotated by + 120°
with respect to each other. In other words: one dBA arm must be per-
pendicular to the corrugation rows, which are separated by 1.44 nm (as
sketched at the right of Fig. 6c). If this adsorption geometry is sup-
pressed on Au(100), trimers cannot form and only dimers are observed,
in agreement with our experimental findings.

Another possible explanation comes from the adsorption geometry
of the precursor molecules on the surface, prior to polymerization. On
both surfaces the molecules adsorb in a parallel arrangement. However,
while on Au(111) the molecules do not form rows but neighboring
molecules are slightly displaced sideways (Fig. 2c¢), on Au(100) the
molecules are forced by the surface reconstruction to form a precise
head-to-tail arrangement in lines (Fig. 2g with the reconstruction
sketched in yellow). Note that it has been shown by nudged elastic band
(NEB) calculations for the similar 2,3-dibromotetracene molecules on
the flat Ag(111) surface that such a rather small difference of the mo-
lecular arrangement can substantially modify the energy landscapes
along the reaction pathways for dimerization [58]. This pre-arrange-
ment in close-packed layers could then become important when the
reaction sets in since neighboring molecules within one reconstruction
row (i.e. the molecules between two parallel yellow stripes in Fig. 2g)
are exactly in place for dimerization. Hence, it might be argued that
dimerization is more efficient on the Au(100) surface than the forma-
tion of trimers that are consequently absent after the heating procedure.

It is important to note that the molecular coverage probably plays
an important role in this process since we have used rather high cov-
erages of almost one monolayer where the molecules have limited de-
grees of freedom and are kept in close-packed structures, perhaps even
at higher temperatures. On the other hand, more isolated molecules
could diffuse over the surface at small coverages where the close-
packing constraint is absent. Thus, molecular rotations could be more
likely on the Au(100) surface and consequently trimers might be pre-
sent.

4. Conclusions
We have shown that dBA oligomerizes after activation at 520 K on

Au(111) and Au(100), with different results. On Au(111) both [2+2]
cycloaddition and [2+ 2+ 2]cycloaddition reactions occur and the
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Fig. 6. (a,b) STM images of dBA on Au(100) and Au(111) (37 x 37 nm?), respectively. STM images of smaller areas are presented in Fig. 2. (c) Sketch of the possible
polymerization process on Au(100) with the reconstruction rows of the substrate shown as grey horizontal stripes. (d) Overview of the chemical reactions occurring

on Au(111) and Au(100).

formation of about equal amounts of linear dimers as well as star-
shaped trimers is observed. In contrast, on Au(100) only linear dimers
are formed during the oligomerization step. Our results show that the
cycloaddition reaction mode (periselectivity) can be controlled by the
choice of the substrate, which clearly has a strong influence on the final
reaction product (as sketched in Fig. 6d). We tentatively assign this
effect to the corrugation of the Au(100) surface which supports the
parallel alignment of the precursor molecules in an ideal arrangement
for dimerization, thereby effectively enhancing this process in com-
parison to trimer formation.
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