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Hybrid sp-sp2 structures can be efficiently obtained on metal substrates via on-surface synthesis.
The choice of both the precursor and the substrate impacts on the effectiveness of the process and
the stability of the formed structures. Here we demonstrate that using anthracene-based precursor
molecules on Au(111) the formation of polymers hosting sp carbon chains is affected by the steric
hindrance between aromatic groups. In particular, by scanning tunneling microscopy experiments and
density functional theory simulations we show that the de-metalation of organometallic structures
induces a lateral separation of adjacent polymers that prevents the formation of ordered domains.
This study contributes to the understanding of the mechanisms driving the on-surface synthesis
processes, a fundamental step toward the realization of novel carbon-based nanostructures with
perspective applications in nanocatalysis, photoconversion, and nano-electronics.

1 Introduction
Carbon exhibits the unique capability of forming a tremendous
variety of nanostructures of different size, dimensionality, and
other properties.1 After the advent of graphene, research was de-
voted to the production of graphene nanoribbons, with the tar-
get of opening up a bandgap by exploiting lateral confinement
effects.2 Bottom-up fabrication3,4 turned out to be a viable al-
ternative to etching graphene edges,5 unzipping of carbon nan-
otubes,6 or exploiting lithographic methods.7

The bottom-up synthesis process requires an extremely fine
control of the structures down to the atomic scale. The on-surface
synthesis approach allows the fabrication of carbon nanostruc-
tures by promoting chemical reactions directly on a metal sur-
face, and enables the use of in-situ surface-science characteriza-
tion techniques.8–11 In particular, scanning tunneling microscopy
(STM) and atomic force microscopy gives access to the atomic-
scale and molecular imaging of the structure and arrangement
of the sample with unprecedented capability, thus opening a way
to the controlled fabrication of atomically-precise, well-defined
nanostructures.12

By playing with π-conjugated molecular precursors used as the
building units in the on-surface synthesis process, a number of dif-
ferent systems has been realized so far, including one-dimensional
(1D) and two-dimensional (2D) polymeric structures supported
on metal surfaces.13–15 More recently this approach has been ex-
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tended to peculiar carbon structures involving combined sp-sp2

hybridization by exploiting the dehalogenative homocoupling re-
action of precursor molecules with ethynyl groups.16–19 1D linear
structures (i.e. sp-sp2 carbon polymers) and 2D sp-sp2 carbon net-
works (i.e. graphdiynes) have been synthesized on metal surfaces
and investigated20.

The on-surface synthesis process has been unveiled in detail
as well as the structural, electronic and vibrational properties of
these systems. Such properties have been shown to be affected by
the metal substrate mainly through charge-transfer processes and
structural distortions imposed to adapt the carbon network to the
periodicity of the underlying metal surface.18,19,21

Nonetheless, the choice of the precursor was demonstrated to
be the primary aspect in the control of the on-surface synthe-
sis process.22,23 The rational design of the precursor molecules
allows one –for example– to exploit their side functionality to
control the order and symmetry of the polymers, and the steric
hindrance of chemical groups to steer the molecular assem-
bly.24–26 Topologically non-trivial properties have been unveiled
on π-conjugated polymers made by laterally assembling acene
monomers, as a function of the number of the aromatic rings.
In particular moving from anthracene- to pentacene-based poly-
mers, a change from insulating to metallic behavior is expected,
due to a topological phase transition.27 Most of these investiga-
tions focus mainly on the single wire or polymer or on the single
molecular bond,27,28 while paying less attention to the polymer-
polymer interaction and to the overall self-assembly on the metal
surface. Due to the complex on-surface synthesis process involv-
ing different steps from dehalogenation to homocoupling, the
self-assembling behavior is non trivial, and it can be affected by
different aspects which are still unexplored.

In the present paper, we report a combined theoretical and
experimental investigation of anthracene-based polymers synthe-
sized on Au(111) and characterized by in-situ STM.
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Through the deposition of 9,10-di(bromoethynyl)anthracene
on Au(111) followed by thermal annealing we obtain densely-
packed organometallic polymers (i.e. with Au adatoms bridging
the ethynyl groups) as first stage and homocoupled diethynyl-
linked anthracene polymers ([−C2−ANT−C2−]n) at high temper-
ature. Upon the release of the Au bridging atoms we assist to a
sideward distancing and bending of adjacent polymers resulting
in a more disordered structure.

By means of density-functional-theory (DFT) calculations we
demonstrate that this transition – from close-packed domains to
disordered polymers – is due to the polymer-polymer interaction
and in particular to the steric hindrance of lateral aromatic rings
of adjacent molecules. This effect, caused by the shortening of the
homocoupled diethynyl chain due to the removal of the Au atom,
is also responsible of a different registry of anthracene units of
neighboring chains. Moreover, electronic-structure results show
that the interaction with the substrate determines the metallic
character of both the organometallic and homocoupled polymers.

As a result we show that the overall behavior of the on-surface
synthesized system emerges from a nontrivial interplay between
intermolecular effects and polymer-substrate interaction. A deep
understanding of such mechanisms is mandatory to engineer
novel systems with ad hoc structure and electronic properties.

2 Results and discussion

2.1 STM experiments

We have achieved the on-surface synthesis of 1D ethynyl-linked
anthracene polymers on Au(111) through the deposition of the
precursor molecule shown in Fig. 1a. The molecular assem-
bly into longer chains occurs on Au(111) at room temperature
(RT) via a three-fold process19: (i) adsorption and diffusion
on the surface (ii) debromination reaction (cleavage of C-Br
bonds), and (iii) coupling of ethynyl chains to gold adatoms.
The resulting structures are 1D organometallic polymers, con-
sisting in gold-mediated ethynyl chains linked to anthracene
([−Au−C2−ANT−C2−]n). We imaged these structures after a
mild annealing of the sample at 370 K, which favors the des-
orption of possible impurities coming from the evaporation and
allows us to acquire more stable STM images. Fig. 1b shows the
organometallic polymers at a relatively large scale. They tend to
arrange themselves in compact domains with many chains run-
ning almost parallel to each other. The packing of adjacent chains
in ordered domains is interposed by voids (Fig. 1c) which may oc-
cur periodically, suggesting the possibility that the packing of the
linear structures could be hindered by internal forces.

By increasing the annealing temperature to 420 K (Fig. 1d),
the compact domains coexist with more isolated linear structures
(Fig. 1e). As we will discuss below, these chains have a differ-
ent structure compared to those forming the ordered domains.
Also, the fuzzier imaging suggests that these chains have a higher
mobility on the Au surface. After annealing at 470 K (Fig. 1f),
we observe only disordered chains, suggesting that a thermally
activated mechanism induces the closely-packed organometallic
polymers to gradually convert into linear structures randomly ar-
ranged on the Au surface.

By means of high-resolution STM measurements, here we fo-
cus on the structure of the polymeric chains packed in compact
domains and the isolated ones observed in the sample annealed
at 470 K.

The STM image in Fig. 2a shows a portion of a well-
ordered domain, observed in the sample annealed at 420 K. The
organometallic chains are oriented along the [112̄] direction of the
substrate. The bright spots alternating with the anthracene units
along a single chain are produced by the gold atoms which medi-
ate the coupling (see the model structure in Fig. 2b). Evidently,
the well-oriented domains of organometallic chains are packed
in such a way that the anthracene units come close to the gold
adatoms of the adjacent linear molecules. The periodicity along
the chain is (12± 0.3) Å (Fig. 2c); the average distance between
adjacent chains along the [11̄0] direction is 8.4±0.3 Å.

Fig. 2d shows disordered chains observed after annealing at
470 K. There is no evidence of the gold spot between successive
[−C2−ANT−C2−] monomers (Fig. 2e), a sign that gold adatoms
have been released and the coupling between ethynyl terminal
groups has occurred. This transformation is accompanied by a
shortening of the periodicity along the chains, which reduces to
(9.5±0.3) Å (Fig. 2f). Also, the anthracene units of nearby chains
are no longer in the alternating configuration of organometal-
lic chains, but rather they tend to arrange themselves in a side-
by-side configuration (see framed region in Fig. 2d) and -more
importantly- they are spaced farther apart than in the ordered
structure. A minimum distance of about 17 Å can be estimated
when two or more chains are close together, such as in the framed
region of Fig. 2d).

The tighter in-chain packing of the anthracene units produces
a looser lateral packing of the polymeric chains, due to steric hin-
drance.

2.2 Theoretical structural models

In order to obtain an insight into the formation mechanism of
homocoupled [−C2−ANT−C2−]n structures we perform DFT cal-
culations aimed to characterize the different stages of the on-
surface-synthesis process.

As a preliminary step we investigate, via structural relaxation,
the optimal periodicity and stacking of the linear organometal-
lic compounds in an ideal freestanding 2D array configuration,
before and after the release of the gold linking atom. The result-
ing equilibrium structural models are reported in Fig. 3a-c. This
figure additionally reports the unit cell adapted to the closest-
matching periodicity of Au(111) (red dashed) compared to the
relaxed unit cell of the freestanding model system (gray solid).

The relaxed freestanding [−Au−C2−ANT−C2−]n forms
organometallic chains with a spacing of 12.09 Å between
successive anthracene units and a spacing of 9.19 Å between
parallel linear structures (horizontal and vertical size of the gray
cell of Fig. 3a, respectively).

The agreement between the calculated periodicity along the
horizontal direction and the measured one has to be taken with
care because it refers to a freestanding system compared to the
adsorbed one. Actually, considering the usual over-estimate of
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Fig. 1 (a) Schematic representation of the synthesis process: precursor molecules are evaporated onto the Au(111) surface (top half of the image),
which catalyzes the debromination and the coupling of monomers into an organometallic polymer. (b) 50×50 nm2 STM image acquired after annealing
at 370 K, showing the formation of ordered domains of packed organometallic chains (0.5 V, 0.2 nA). (c) Higher resolution image of the region inside
the box in (b). (d) STM image acquired after annealing at 420 K, showing the coexistence of compact domains and isolated linear structures (1 V,
0.2 nA). The latter are shown at higher resolution in (e). (f) STM image acquired after annealing at 470 K, showing the disordered arrangement of
isolated chains (1.7 V, 0.3 nA).

the lattice constant by DFT-GGA this result suggests that the
[−Au−C2−ANT−C2−]nstructures are strained upon adsorption
on gold to adapt themselves to the underlying substrate.

The periodicity extracted from the STM (12±0.3 Å) is compat-
ible with the formation of a molecular superstructure commensu-
rate with Au. Considering the experimental uncertainty the com-
mensurability can be assumed with a mismatch relative to an Au
supercell ranging between 0.5% and 5%, being these values re-
ferred to the two extremes of the experimental uncertainty for the
measured periodicity.

The matching with the gold substrate (aexp
Au =4.078 Å) can

hence be achieved by considering a supercell formed by 7 Au
unit cell vectors along the [112̄] direction. (aexp

112̄ = aexp
Au ×

√
3/2 =

4.995 Å) and 6 unit cell vectors along the [11̄0] direction (aexp
11̄0 =

aexp
Au /

√
2 = 2.884 Å) (green rectangle in Fig. 3f) that accommo-

dates two adjacent chains with three [−Au−C2−ANT−C2−]n

monomer units each.

In the theoretical description of the molecular overlayer ad-
sorbed on Au we exploit the same supercell re-scaled to the
theoretical lattice constant of Au (ath

Au = 4.21 Å). Reporting this
choice to the hexagonal unit-cell of the freestanding polymer (red
dashed in Fig. 3a), the unit-cell lattice vectors (modulus 7/3a112̄
and 2

√
3a11̄0, respectively) are slightly compressed with respect to

the freestanding equilibrium model and the angle between them
is reduced from 125◦ to 120◦. Consequently, the separation be-
tween successive anthracene units and between parallel polymers
is reduced (-0.47% along the [112̄] direction and -1.6% along the
[11̄0], respectively). The energy cost for matching amounts to 3

meV/monomer for the freestanding system, neglecting the struc-
tural relaxation due to the interaction with the substrate.

Fig. 3f reports the top view and side view of the relaxed ge-
ometries of [−Au−C2−ANT−C2−]n on Au(111) and the simu-
lated STM images for filled states (integration in the 0.5 eV-wide
interval immediately below the Fermi energy) at a constant dis-
tance of 2 Å above the average height of the molecular layer. The
structural relaxation performed for [−Au−C2−ANT−C2−]n leads
to a partial in-plane bending of the linear chains which is driven
by the preference of the Au atoms in the chain to sit at a hollow
position (see ball and stick model in Fig. 3f). Such bending can-
not be detected in the high-resolution STM images reported in
Fig. 2a-b.

This feature might in fact be partially due to the forced match-
ing to the underlying Au substrate periodicity imposed in the cal-
culation, which is also affected by the 3% discrepancy between
the experimental and the DFT-simulated lattice spacing of gold.
It is quite possible that a longer supercell in the [112̄] direction
compatible with a smaller strain of the polymer might produce
smaller or even no bending.

The side view of the two linear fragments of parallel chains
belonging to the unit cell (top and bottom of Fig. 3f) shows an
overall modulation of the linear structures, with anthracene units
lying farther from the surface (distances ranging from 2.84 Å to
2.92 Å) than the diethynyl chains that are pulled down toward the
surface due to the small distance (∆z=2.42 Å) between the gold
adatom and the gold surface underneath. The STM simulation
displays bright spots in correspondence of gold adatoms in the
chain, in agreement with the experiments, and bright regions in
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Fig. 2 (a) Molecular-scale STM image showing the linear organometallic
chains packed in a well-oriented domain (0.5 V, 0.2 nA). (b) Close-
up on adjacent organometallic chains, whose structure is highlighted by
the superimposed ball and stick model. (c) Height profile along the
chain axis, specifically along the dashed line in (a). (d) STM image
showing disordered chains after annealing at 470 K (0.7 V, 0.2 nA). The
black frame highlights adjacent chains whose anthracene units are nearly
aligned in a side-by-side arrangement. (e) Molecular-scale STM image
of a single homocoupled chain (1.7 V, 0.3 nA). (f) Height profile along
the dashed line in (e), over the homocoupled chain.

correspondence of the external rings of anthracene.
For [−C2−ANT−C2−]n we consider two possible configura-

tions: the staggered one (Fig. 3b) which is the ground state for
the 2D freestanding crystal of this polymer, and the aligned one
(Fig. 3c) which has been chosen as representative of the arrange-
ment observed in the STM images. In the first one the relaxed
unit-cell vectors (black in Fig. 3b) form an angle of 116.7◦ and
measure 9.52 Å in the horizontal direction and 10.59 Å in the
rotated one. In the aligned configuration, the equilibrium unit
cell is a rectangle with vector lengths 9.53 Å and 11.52 Å in the
horizontal and vertical direction, respectively (black in Fig. 3c).
It is worth noting that the most relevant aspect of the this con-
figuration is that the separation between the linear chains, and
consequently between adjacent anthracene units, is larger than
in the staggered one. Small deviations from the orthogonality of
the cell vectors, as observed in the experiment, would not change
the considerations reported below. The freestanding staggered
stacking turns out to be more stable than the aligned one by
35 meV/monomer.

The actual commensurability of [−C2−ANT−C2−]n with
Au(111) is weakly supported by the experimental measurements.
Indeed the mismatch between the periodicity extracted from STM
along the [112̄] direction and the closest length of an Au supercell
vector (2 ×aexp

112̄ = 9.9894 Å) is in the range 2− 7%, considering
the experimental error bar. We also notice that the overall disor-
dered arrangement of the molecules plays against the formation
of a large-scale commensurate superstructure. Nevertheless, by

restricting our attention to the local order we assume a match-
ing with two Au(111) unit cells along the [112̄] direction and 6
unit cells along the [11̄0] (6 ×aexp

11̄0 = 17.3 Å), in close agreement
with the lengths extracted from STM. Such an assumption allows
us to perform theoretical calculations, in order to understand the
driving force governing the arrangement of the molecular chains
upon demetalation.

In fact, this choice allows us to perform the DFT simulations
of [−C2−ANT−C2−]n adsorbed on Au(111) surface in both the
staggered and the aligned configuration using the same supercell
(green in Fig. 3d and e).

This superstructure includes 1 monomer in the aligned config-
uration, as in the experiments, and 2 monomers in the staggered
one -which is taken as comparison being the most stable structure
in the freestanding case-.

The matching with the underlying Au substrate introduces in
both cases a significant strain along the [112̄] direction (8.4% and
8.3% tensile strain in the staggered and aligned cases, respec-
tively) which is necessary to fit the structure with 2 Au(111) cell
vectors. The energy cost associated to such expansion of the poly-
mer amounts to ∼ 1.9 eV/monomer. To obtain a mismatch lower
than 1% also in this case, a unit cell including 6 monomer units
fitting 11 Au(111) cell vectors would be required, which lies out-
side the limits of our computational setup.

Along the [11̄0] direction the staggered configuration matches
3× the Au lattice spacing with a 5.5% compression. This com-
pression is associated to a small energy of 8 meV/monomer, since
no covalent bond is compressed and adjacent chains can inter-
penetrate to some extent. The adapted unit cells is reported in
Fig. 3 b.

Differently, for the aligned configuration the periodicity ob-
served in the STM images is larger than in the equilibrium free-
standing system that would closely match 4 Au lattice spacing
along the [11̄0] direction (3.3% strain, 1 meV/monomer energy
cost - red dashed line in Fig. 3c).

We verified that a further expansion of the cell vector along
[11̄0] to match the experimental periodicity and fit 6 Au(111)
unit-cell vectors along the [11̄0] direction (see the frame in
Fig. 2d) has a reasonably small cost, of the order of 30
meV/monomer in the freestanding system. By comparing the to-
tal DFT energy per [−C2−ANT−C2−]n unit on Au(111) in the
similarly strained configurations of Fig. 3d and e, we obtain an
energy gain of 0.47 eV/monomer for the aligned configuration
relative to the staggered one.

On the basis of these results and of the information ex-
tracted from the STM images, we can infer that the formation
of [−C2−ANT−C2−]n polymer on the Au(111) surface is made
difficult by the steric hindrance of the anthracene units depend-
ing on the reduction of their distance induced by the release of
the gold adatom.

This steric effect prevents the [−C2−ANT−C2−]n polymers
from packing in ordered domains after their formation. Indeed
a certain degree of lateral order takes place only in less densely
packed regions of the surface (Fig. 2d) where the separation of
the linear chains is possible, leading to partly ordered structures
resembling the aligned arrangement of Fig. 3c.
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As a further test we perform an additional calculation for a
2D network of freestanding anthracene-based monomers (not
linked by the terminal ethynyl groups), arranged analogously as
in Fig. 3b, where the spacing between molecular rows in the verti-
cal direction (referring to the figure) is fixed to the value observed
in the experiments for [−Au−C2−ANT−C2−]n (8.4 Å along [11̄0]
direction) and varying the side-by-side separation of anthracene
units.

We find an increase of energy for approaching anthracene
units, with an energy cost of 0.5 eV when the periodicity along
[112̄] is 9.50 Å, as in the experiment. The agreement with the
calculation performed for the adsorbed system confirms that the
driving mechanism governing the rearrangement of the molecu-
lar chains is the molecule-molecule repulsion while the substrate
acts as a template.

The calculated adsorption energy, obtained as:

Eads = (Etot −Emon −Esub)/nmon,

where Etot , Emon and Esub) are the (per monomer) energy of
the adsorbed system, of the freestanding relaxed polymer, and
of the substrate 2 × 6 gold substrate, respectively, amounts to
−8.32 eV for the [−Au−C2−ANT−C2−]n on Au(111). For the
[−C2−ANT−C2−]n polymer on Au(111) it is −4.32 eV/monomer
for the staggered configuration and −4.79 eV/monomer for the
aligned one, confirming that the [−C2−ANT−C2−]n polymers are
more weakly bound to the surface and the inter-molecular dis-
tance is larger compared to the equilibrium freestanding case.

The two models considered for [−C2−ANT−C2−]n on Au(111)
show relevant differences in the relaxed geometry of the an-
thracene units: in the staggered configuration (Fig. 3d) the steric
hindrance induces a bending of the external aromatic rings of one
anthracene unit in the cell (side view in Fig. 3d).

In contrast, in the aligned configuration the molecules preserve
the planar geometries (see the side view in Fig. 3e), thus confirm-
ing the absence of steric hindrance. Moreover, the average height
of the the polymers above the substrate top layer is larger in the
staggered configuration (2.77 Å) than in the aligned one (2.71 Å).

We have performed the STM simulation for the model with
aligned molecules, with the same setup as in Fig. 3f. In agree-
ment with experiment, the bright spot at the center of the di-
ethynyl chain disappears, due to the absence of the gold adatom.
Both the chain and the anthracene units are imaged with similar
brightness.

2.3 Electronic properties

The calculated projected density of states (PDOS) of
[−C2−ANT−C2−]n/Au(111) is reported in Fig. 4. Below
the Fermi level the PDOS exhibits similar contributions coming
from the lateral aromatic rings, ethynyl chain and sp2 carbon
atoms at the edge of anthracene, as color-coded in the sketched
molecule.

The insets report the projected states on the ethynyl chain re-
solved by component: features at the Fermi level have a mainly
pz character; px states are mostly out of the energy range con-
sidered; py states, orthogonal to the chain direction, exhibit two

peaked features at −2.5 and 1.2 eV that originate from the π-
bonds formed between sp carbon atoms, and are relatively weakly
affected by the hybridization with the substrate.29 A comparison
with the PDOS of the freestanding polymer evidences that the
states at the Fermi level of [−C2−ANT−C2−]n/Au(111) originate
from a shift of the unoccupied DOS of the freestanding molecule
to lower energy: this shift is associated to a mild charge transfer
to the polymer, which we evaluate in 0.12 electrons/monomer.

In particular, the largest amount of charge (0.10 e/monomer)
is transferred to the anthracene unit while sp chain acquires only
0.02 electrons.

Accordingly, we find a similar depletion of charge in Au surface
layer (−0.005 e/Au, −0.11 e per surface layer).

The most relevant effect of the interaction between the polymer
and the substrate is that the polymer acquires a metallic character,
despite a hint of the energy gap is still visible just below the Fermi
level, although reduced to 0.2 eV compared to the 0.4 eV of the
freestanding polymer.

Hybridization with the d states of the substrate takes place via
the pz and py states of the sp chain below −1.5 eV and via the
states of the aromatic ring in the same energy range which have
pz character.

The interaction between the organometallic
[−Au−C2−ANT−C2−]n and the substrate is stronger, due
to the linking Au atom. The charge transfer to the molecule
amounts to 0.25 electrons/monomer, mainly directed to the an-
thracene and the diethynyl chain. On the contrary, the Au adatom
in the chain transfers 0.13 electrons to the surface layer. The
PDOS’s of [−Au−C2−ANT−C2−]n, reported in Fig. 5, show the
metallic character of the freestanding [−Au−C2−ANT−C2−]n

system which is mainly due to a charge transfer from sp carbon
atoms to the bridging Au resulting into a shift of the HOMO
states at at the Fermi level. A shrink of the pristine HOMO-LUMO
bands is also observed resulting in a larger gap just above the
Fermi level. When the system is adsorbed on Au(111) the strong
hybridization with the substrate produces a deformation of
the features and the disappearence of any reminiscence of the
original gap of [−C2−ANT−C2−]n. Indeed, the PDOS of the Au
adatom in the chain strongly overlaps with the substrate, giving
rise to peaked structures in correspondence to the d bands of the
Au surface and a broad continuum of states in the energy range
of the s band of the substrate.

3 Experimental

3.1 Synthesis of 9,10-di(bromoethynyl)anthracene

All reagents and solvents were purchased from Merck and used
without additional purification. 9,10−diethynylanthracene was
synthesized as previously reported in the literature.30 1H and 13C
nuclear magnetic resonance (NMR) spectra were recorded by us-
ing a Bruker Avance DRX−400 or a Bruker Avance DRX−300 spec-
trometer in CDCl3 (Cambridge Isotope Laboratories, Inc.) as sol-
vent. Mass spectra (MS) were obtained by means of an Advion
expression CMS L01 instrument with an atmospheric-pressure
chemical ionization source (APCI).

65.5 mg of 9,10-diethynylanthracene (0.289 µ mol) were dis-
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Fig. 3 Relaxed unit cells (solid gray) for the freestanding [−Au−C2−ANT−C2−]n (a) and [−C2−ANT−C2−]n in the staggered (b) and aligned
configuration (c). The best fitting to Au-substrate-compatible periodic cell is reported by red dashed lines. (d) and (e): the two possible configurations
for [−C2−ANT−C2−]n on Au(111) and the related structural relaxation of the anthracene units. (f) and (g): the simulated STM images and the
relaxed structures of [−Au−C2−ANT−C2−]n and [−C2−ANT−C2−]n on Au(111).

solved in 6 mL of acetone. Under stirring 123.8 mg of N-
bromosuccinimide (1.2 equiv.) and 12.0 mg of AgNO3 (0.06
equiv.) were added, then the stirring was maintained for 4 hours
in the dark. The solvent was removed in vacuum and the crude
product was purified by flash column chromatography (SiO2, elu-
ent: n-hexane gradient to n-hexane/CH2Cl2 9:1). 46.4 mg of pure
product were obtained (41.8% yield). 1H NMR (400 MHz, CDCl3,
20 °C): δ = 8.63 (m, 4H), 7.66 (m, 4H); 13C NMR (300 MHz,
CDCl3, 20 °C): δ = 132.61, 127.23, 126.77, 118.10, 77.06, 62.07.
MS (APCI+): m/z (%): 384.6 (100) [M+H]+.

3.2 On-surface synthesis and STM

All experiments were conducted in an UHV system (base pressure
10−11 mbar) composed of two interconnected chambers for sam-
ple preparation and STM characterization. Au(111)/mica sub-
strates (Mateck) were cleaned by cycles of Ar+ sputtering (1 keV)
and annealing at 700 K.

The precursor in powder form was deposited on Au(111) at RT
from an effusion cell (Dr. Eberl–MBE Komponenten) heated at
370 K. STM measurements were acquired at RT with an Omicron
microscope, using homemade electrochemically etched W tips.

Typical measurement parameters were in the range 0.5–2 V
for bias voltage and 0.1–0.3 nA for set-point current (the specific
values for the reported STM images are stated in the captions).

3.3 Theory

We perform DFT calculations with the generalized gradient ap-
proximation (GGA) in the PBE form31, and including van der
Waals interactions between the organic overlayer and the sub-

strate via a DFT-D2 Grimme potential32. We use the approach im-
plemented in the SIESTA code33 that relies on norm-conserving
pseudopotentials and an atomic-orbitals basis set. The simulated
STM images are obtained in the Tersoff-Hamann approach34.

We adopt a double-zeta basis set with polarization orbitals and
a mesh-cutoff of 400 Ry for the kinetic-energy value that sets the
real-space grid.

We relax the organic layers and the first substrate layer un-
til the forces reach the tolerance value of 0.04 eV Å−1. We
use a 4 × 4 sampling of the Brillouin zone for the freestand-
ing polymers; for the calculations on Au we use a 2 × 6 sam-
pling for [−Au−C2−ANT−C2−]n and a 7 × 6 sampling for
[−C2−ANT−C2−]n.

Along the z direction the slab includes three layers of Au sub-
strate, the molecular overlayer and ∼ 85 Å of vacuum.

4 Conclusions

We demonstrate here the possibility to obtain hybrid sp-sp2 car-
bon structures via on-surface synthesis reaction on Au(111) sub-
strate by starting from a 9,10-di(bromoethynyl)anthracene. The
final product of the process are polymeric chains where the an-
thracene units are alternating with the ethynyl chains. The STM
images indicate that the on-surface polymerization reaction pro-
ceeds through an organometallic polymer intermediate state ar-
ranged in compact and well-aligned rows. However, the elimi-
nation of the gold adatoms leads to poorly-ordered assemblies of
the purely organic [−C2−ANT−C2−]n polymer.

DFT simulations performed for different structural models, for
both freestanding and Au-adsorbed polymers allow us to identify
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Fig. 4 Projected density of states of (a) freestanding [−C2−ANT−C2−]n, and (b) [−C2−ANT−C2−]n/Au(111) in the aligned configuration. The
contributions of different groups of atoms in the polymer, namely sp carbon atoms in the chain (red), sp2 carbon atoms linking the chain to the
anthracene unit (green) and external phenyl rings (blue) are resolved (see also the color code in the inset). Grey shadow: density of states projected
on the Au substrate. Insets: The same density of states projected over the individual components of the p orbitals of the sp carbon atoms in the
ethynyl chain. x indicates the [11̄0] direction, y is the [112̄] direction, and z is the direction perpendicular to the surface. Each individual PDOS is
normalized to the number of atoms of the relevant kind.

the steric hindrance between anthracene units as the main reason
for the separation between the chains leading to their disordered
arrangement. The repulsion between the electronic clouds of ad-
jacent molecules arises due to the shrinking of the polymer upon
the release of the gold adatoms, combined with the periodicity
constraints induced by the interaction with the substrate. These
results demonstrate the influence of the choice of the precursor
on the properties of the final structures, confirming an interplay
of both the molecule-molecule and molecule-substrate interaction
in the on-surface synthesis process. Understanding this aspect
would pave the way to the design and synthesis of new sp-sp2 hy-
brid carbon nanostructures with potential application in various
fields. The possibility to control both their structural and the elec-
tronic properties would be indeed a fundamental achievement to
develop the potential of such systems as new materials for nano-
electronics, photovoltaics, thermoelectrics, energy storage, and
catalysis.20.
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