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Surface dependent organometallic to covalent
transition in graphdiyne molecular wires
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Graphdiynes are atomically thin carbon allotropes with mixed sp—sp? hybridization, able to self-assemble
into diverse 2D and 1D nanostructures, from atomic layers to nanoribbons and molecular wires, with
tunable optoelectronic properties beyond those of graphene. Here, we investigate novel graphdiyne
molecular wires obtained via Ullmann coupling of 1,4-bis(bromoethynyl)benzene molecules on Au(100)
and Au(111) surfaces. Using scanning tunneling microscopy (STM) and low-energy electron diffraction
(LEED), we track the structural evolution of these systems under increasing annealing temperatures.
Exploiting Raman spectroscopy, we perform the first-ever in situ monitoring of the thermally activated
transition from organometallic to covalent organic wires (OMW-to-COW), resulting in the assignment of
specific Raman features to both phases supported, by density functional theory calculations. We demon-
strate that surface orientation affects the Ullmann coupling efficiency, resulting in a lower OMW-to-COW
transition temperature on Au(100) than on Au(111). These findings provide new insights into the tempera-
ture-dependent structural dynamics of graphdiyne molecular wires, enabling the development of more
efficient on-surface synthesis processes and the design of novel functional carbon nanostructures for
new-generation optoelectronic devices.

16-21

electronics and energy applications. The interest in inves-

tigating 1D graphdiyne molecular wires (GDY MWs) arises

The recent discovery of atomically-thin carbon allotropes
beyond graphene, ie., graphynes (GYs) and graphdiynes
(GDYs), aroused huge interest within the scientific commu-
nity.! These systems are characterized by a mixed sp-sp’
carbon hybridization, and can rearrange into different 2D and
1D nanostructures with tunable sp/sp> ratio and porosity.”™
Thanks to the presence of diacetylenic linkages connecting
benzene rings, GDYs overcome the zero-gap limitation of gra-
phene, paving the way for new-generation semiconductor
devices.'*"> Moreover, the tunability of GDYs bandgap by
means of doping, strain engineering or morphology modifi-
cation, makes them highly appealing materials for opto-
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from the outstanding predicted electronic, thermal and
mechanical properties of carbyne, the ideal 1D carbon allo-
trope, consisting of an infinite chain of sp-hybridised carbon
atoms. Its experimental realization has been considered
elusive for a long time, due to the limited achievable extension
of pure sp-carbon atomic wires.”>** To overcome this limit-
ation, a possibility is to employ short carbon atomic wires as
building blocks to form long sp-sp” carbon wires in which sp-
carbon links bridge benzene rings.>* Theoretical calculations
predict intriguing properties for such sp-sp” atomic polymers,
such as tunable band gap, very high electron mobility and
size- and termination-dependent electronic transport.>>>®
Among recently developed bottom-up approaches for the syn-
thesis of low-dimensional carbon nanostructures, on-surface
synthesis (OSS) enables the formation of GDYs starting from
(Br-functionalized) alkynyl precursors evaporated onto a noble
metal surface acting as the reaction catalyst.>*>® Evaporation
of the precursor is followed by halogen cleavage from its
alkynyl terminals, and the resulting carbon dangling bonds
can undergo either a direct homocoupling reaction, generating
CC covalent bonds, or coupling through metal adatoms from
the underlying surface. In the latter case, the obtained inter-
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mediate organometallic framework, under proper annealing
conditions, can release the metal adatoms, allowing for the
homocoupling to occur, resulting in the so-called organo-
metallic-to-covalent transition.>® The formation of ordered
GDYs is very challenging, mainly due to the strong molecule—
(metal)adatoms interaction and the reactivity of the sp-carbon
phase, which tends to easily undergo crosslinking reactions
and oxidation.>'*132739746 Moreover, strict control of the
annealing temperature is needed to limit side reactions and
desorption of the molecules from the substrate. The develop-
ment of OSS processes under ultra-high vacuum (UHV) con-
ditions allowed the formation of these novel carbon allotropes,
and paved the way for their in situ scanning-probe microscopy/
spectroscopy (STM/STS) investigations at the molecular level,
unveiling GDYs structural, electronic and vibrational
properties.>”*?

Herein, we report on the surface- and temperature-depen-
dent evolution of the atomic-scale structure and vibrational
properties of graphdiyne molecular wires, monitored via STM
and Raman spectroscopy, respectively. Recently, also X-ray
photoelectron spectroscopy (XPS) proved to be a useful tech-
nique to monitor the Ullmann coupling process.?” Despite the
high sensitivity of XPS to oxidation states and elemental com-
position, Raman spectroscopy is extremely sensitive to carbon
hybridization states,*® making it particularly suited for study-
ing GDY-like systems with a more accessible setup.

GDY MWs were obtained via on-surface synthesis under
UHV conditions, starting from the evaporation of 1,4-bis(bro-
moethynyl)benzene molecules on Au(100) and Au(111). High-
resolution STM imaging showed the transition from densely
packed and highly oriented organometallic wires (OMWs) at
room temperature, to progressively more disordered covalent
organic wires (COWs) at higher temperatures, demonstrating
that the activation temperature for the transition is lower on
Au(100) than on Au(111). The higher efficiency of the OMW-to-
COW transition on Au(100) than on Au(111) was also con-
firmed by Raman spectroscopy, which, supported by density
functional theory (DFT) calculations, allowed us to assign for
the first time peculiar vibrational features to the organo-
metallic and covalent phases of the deposited systems. The
combination of STM imaging and in situ Raman spectroscopy
under UHV conditions allowed us to efficiently perform comp-
lementary analysis of the morphological and vibrational pro-
perties of these systems at the atomic scale, providing useful
insights into the complex OSS process of sp-sp> carbon nano-
structures, from molecular wires to extended frameworks.

Methods

Experiment

In situ experiments were carried out under UHV conditions,
with a base pressure below 107'° mbar. The employed system
consists of two interconnected chambers, one for the prepa-
ration of samples and one for their characterization. Au(100)
and Au(111) single crystal surfaces and Au(111) surface epitaxi-
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ally grown on mica (MaTeck GmbH), were used as substrates
for the OSS process. They were prepared through several clean-
ing cycles consisting of Ar" sputtering and annealing at
720-750 K, until STM inspection revealed wide terraces and
negligible traces of organic contaminants. The molecular
carbon precursor, ie., 1,4-bis(bromoethynyl)benzene (1,4-
bBEB)* was loaded in powder form in a quartz crucible,
which was then placed inside an organic molecular evaporator
(OME) (MBE-Komponenten and Kentax). Being the precursor
sublimation temperature in vacuum below room temperature
(RT), the crucible was kept at 293 K through a water cooling
system. However, due to its extremely high volatility even at
such temperatures, to avoid the chaotic deposition of large
amounts of disorganized molecules onto the metallic sub-
strate, this one was kept far from the aperture of the OME, at
an angle that hindered them from facing each other, and a
very short deposition time was chosen as the optimal one.
Specifically, the OME shutter was opened for 1 second, reach-
ing a chamber pressure of 4 x 10~° mbar. The substrate cover-
age was estimated by measuring the projected area occupied
by the deposited molecules and is expressed in fractions of
monolayer (ML), where 1 ML corresponds to 100% projected
area. The as-deposited OMWs were characterized via in situ
STM, LEED and Raman spectroscopy, then they were annealed
for 15 minutes at progressively higher temperatures to follow
the evolution of their morphological and vibrational properties
during the OMW-to-COW transition. On Au(111), the explored
range of temperatures was from RT up to 573 K, with intervals
of 100 K. On Au(100), the explored annealing temperatures
were from RT up to 353 K, with intervals of 20 K, then from
353 K to 383 K with intervals of 10 K and finally 473 K. Upon
each annealing step, the sample cooled down to RT, and then
STM and in situ Raman were exploited for a punctual monitor-
ing of their atomic-scale structure and vibrational features.

STM measurements were carried out with two Omicron
microscopes, one operating at room temperature (RT) and the
other at 4.8 K (LT), using a home-made electrochemically
etched tungsten tip and a Pt/Ir tip, respectively,®® and the
images were analyzed using the software Gwyddion.”!
Simulations of LEED patterns were obtained using the
LEEDPat software (version 4.2), developed by K. Hermann and
M. A. Van Hove. Raman spectroscopy was performed in situ
with a portable InVia Renishaw spectrometer, having a spectral
resolution of about 7 cm™". A 20x objective focused a green
laser with 532 nm excitation wavelength on the sample
through a non-absorbing viewport. The laser power delivered
to the sample in UHV was approximately 36.5 mW, and several
hundred spectral acquisitions were added up to obtain a satis-
factory signal-to-noise ratio. Raman peaks were fitted through
the software Fityk®® using Voigt functions, after a careful back-
ground subtraction performed using Windows®-based Raman
Environment (WiRE) software.

Theory

The ab initio calculations were carried out in the framework of
density functional theory (DFT), exploiting GGA-functional®?

This journal is © The Royal Society of Chemistry 2025
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and a pseudopotential description of core electrons. A DFT
approach with localized atomic orbital basis set, as
implemented in the SIESTA code,* was adopted to study the
structural and electronic properties of the system. For the cal-
culation of phonons we adopted the density functional pertur-
bation theory (DFPT),”> based on plane wave description, as
implemented in the QUANTUM ESPRESSO package.’®®’
Structural relaxations were performed by considering three
layers of substrate, keeping fixed the two deeper layers and
leaving free to relax the external surface layer and the adsorbed
carbon network. We included van der Waals interactions
between the organic overlayer and the substrate via a DFT-D2
Grimme potential.’® The tolerance on forces was set to 0.04 eV
A™', the mesh cutoff for the real space grid was chosen equal
to 400 Ry, and the supercell Brillouin zone was sampled with
120 k-points in all the considered adsorbed systems. In the
case of isolated wires, 12 k-points were used to sample the
Brillouin zone in the direction of the molecule. For the calcu-
lation of the electronic properties, the number of layers of the
substrate was increased to six, and a five times denser k-grid
was used to calculate the DOS. STM simulations were per-
formed using the Tersoff-Hamann approach.’® Phonon calcu-
lations at the I'-point were performed after a refinement of the
structural relaxation using plane-waves, ultrasoft pseudopoten-
tials from PSlibrary,*® 50 Ry and 400 Ry as cutoff for the wave-
function and charge density, and the same k-points as in
SIESTA calculation.

Results and discussion

On-surface synthesis via Ullmann coupling under UHV con-
ditions was exploited to obtain graphdiyne molecular wires,
starting from the evaporation of 1,4-bBEB molecules
(Fig. 1a) onto different gold surfaces, namely Au(100) and
Au(111), kept at room temperature (RT). The process con-
sists of three basic steps, depicted in Fig. 1b: diffusion of
the molecules along the metal surface, cleavage of the C-Br
bond with subsequent chemisorption of the molecules on
the metal surface through metal adatoms, resulting in
stable OMWs, and, finally, thermally-activated removal of
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(a) Ball-and-stick atomic model of the 1,4-bi(bromoethynyl)benzene (1,4-bBEB) molecular precursor. (b) On-surface synthesis of 1,4-bBEB-

Fig. 1
based GDY MWs on gold surfaces.
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the metal adatoms followed by C-C homocoupling, leading
to the formation of COWs.

Atomic-scale structure of GDY organometallic wires

Fig. 2 shows large-scale and atomically resolved STM images of
as-deposited OMWs on Au(111) and Au(100) surfaces, obtained
after 1-second exposure of the metallic substrate to the evapor-
ated precursor. On both surfaces, OMWs form densely packed
and highly oriented domains organized over the surface
according to its symmetry.

On Au(111) (Fig. 2a), characterized by a hexagonal lattice of
period 0.289 nm, the organometallic domains are aligned
along six directions, grouped in three-by-three equivalent
directions rotated by 60° from each other and labeled for
clarity: a, b, c, a*, b*, c*, respectively. From the analysis of reci-
procal space images (2D fast Fourier transform, or 2D FFT), it
is possible to extract the domains’ rotation angle with respect
to the surface directions, as detailed in Fig. S1. Fig. 2a shows
an example of sub-monolayer coverage: indeed, the packed
OMW domains leave exposed a few regions of the gold surface,
on which Br atoms accumulate forming a (v/3 x v/3)R30°
overlayer,®>®> as well as at the edges of the domains, upon
molecules’ dehalogenation. The Br reconstruction induces a
partial distortion of the Au(111) herringbone reconstruction
that, at this coverage, acts as a constraint for the OMWs, result-
ing in anisotropic domains, as can be observed in more detail
in Fig. S2. The presence of Br atoms also underneath the
organometallic network cannot be excluded, as previously
observed on different carbon nanostructures.®®> However, the
investigation of the role of Br atoms in the synthesis of these
networks is out of the scope of the present work.

On Au(100) (Fig. 2b), characterized by a square lattice of
period 0.289 nm, the domains are organized along four direc-
tions (cyan and green arrows), arranged in two perpendicular
pairs, with each pair forming an angle of %30° and =60° with
the [011] and [011] directions of the Au(100) surface, as shown
in the inset and in Fig. $3.5%%

OMWs are arranged over both Au(111) and Au(100) surfaces
according to two configurations, a close-packed and a non-
compact one. In the most common configuration, the organo-
metallic wires are arranged over Au(111) and Au(100) in highly
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Fig. 2 Large-scale LT-STM (a) and RT-STM (b) images of the as-deposited OMWSs on Au(111) and Au(100), respectively, after 1 s of exposure to the
molecular beam. The cyan and green arrows in (a) and (b) indicate the orientation of the OMW domains. The black arrows in (a) and (b) indicate the
high symmetry directions of Au(111) and Au(100), respectively. Br atoms are the fainter dots labeled in white colour in (a), forming a porous network.
Bottom panels show atomically resolved LT-STM (c) and RT-STM (d) images of a densely packed domain of OMWs on Au(111) and Au(100), respect-
ively. Left bottom insets in (c and d): height profiles measured along the chain direction (blue) and perpendicularly to it (cyan), with the corres-
ponding averaged intra- and inter-chain periodicity values. Brighter spots correspond to Au adatomes, fainter spots to benzene rings — see superim-
posed ball-and-stick atomic model. Right bottom insets in (c and d): 2D-FFT showing the reciprocal cell of the close-packed OMWSs domains on Au
(111) and Au(100), respectively. STM set-points: (a) 1V, 10 pA, (b) 0.70 V, 0.40 nA, (c) 3 mV, 0.12 nA, (d) 0.70 V, 0.20 nA.

compact domains, showing a perfect alternation of gold
adatoms and benzene rings in both the wires’ direction and
perpendicularly to it (see Fig. 2¢ and d). The high compactness
of these domains does not allow for the hosting of Br atoms in
between the wires. In the less common configuration, the
organometallic wires are arranged over the gold surface in less
compact domains, where the alternation of gold and benzene
rings in the direction perpendicular to the chains is lost,
leading to a larger spacing between the chains (see Fig. S4)
that allows for the hosting of Br atoms, as it was already
observed in previous works.*” Fig. 2c and d shows atomically-
resolved images of as-deposited OMWs on Au(111) (c) and Au
(100) (d), exhibiting the characteristic alternation of bright and
faint spots, corresponding respectively to the bridging Au
adatoms and benzene rings.>*” This is also confirmed by the

Nanoscale

height modulation observable in the topographic profile
(bottom inset of Fig. 2c and d).

The lattice periodicity of the OMW domains, along both the
wires direction (intra-chain periodicity) and perpendicularly to
it (inter-chain periodicity) was extracted from topographic pro-
filometry measurements performed on several close-packed
OMW domains found in different regions of the Au(111) and
Au(100) surfaces. In particular, topographic profiles were
acquired over several high-resolution STM images at different
bias, and the periodicity values were extracted by averaging
over different lines along the intra-chain and the inter-chain
directions, respectively. On Au(111), the high-resolution
LT-STM images of the (/3 x v/3)R30° overlayer formed by Br
atoms were used to extract a calibration factor that allowed for
determining the accurate periodicity values for the OMWs (see

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr01968k

Open Access Article. Published on 25 November 2025. Downloaded on 12/19/2025 3:08:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Fig. S5). These values were further averaged over several
different images. The close-packed OMW domains deposited
on Au(111) show an intra-chain periodicity of 1.21 + 0.02 nm
and an inter-chain periodicity of 1.03 + 0.02 nm. On Au(100),
the averaged intra-chain periodicity for the close-packed OMW
domains is 1.29 + 0.03 nm, while the inter-chain one is 1.05 +
0.05 nm. By comparing Fig. 2d with Fig. S4, it is possible to
observe the abovementioned increase in the interchain period-
icity, from 1.05 nm to 1.28 nm, going from the close-packed to
the non-compact OMWSs configuration, which allows for the
hosting of Br atoms in between the chains. 2D FFT of the STM
images of the two systems (Fig. 2¢c and d) gives an oblique reci-
procal cell for both the OMW domains obtained on Au(111)
and Au(100), with lattice vectors forming an angle of 97° + 1°
and 94° + 2°, respectively.

To confirm the obtained intra-chain periodicity value for
the close-packed OMW domains, LEED experiments were con-
ducted on Au(100) single crystal surface, before and after their
deposition. In Fig. S6a, both the first-order LEED pattern of Au
(100) lattice and the surface reconstruction along [011] and
[011] are shown, being the latter recognizable through the
typical split diffraction spots.®® The LEED pattern of the OMW
domains deposited on Au(100) surface is shown in Fig. 3. The
sub-monolayer coverage makes it possible to observe the first-
order spots of both Au(100) surface reconstruction and the
OMW domains, with spots describing 2 pairs of perpendicular

Fig. 3 First order LEED diffraction pattern at 20 eV of the OMW
domains deposited on Au(100). The black lines indicate the crystallo-
graphic directions of the Au(100) surface. Circled spots: white indicates
the first order spots of the Au(100) surface reconstruction, pink and
violet indicate the first order spots of the OMW domains, paired two by
two in perpendicular directions. Inset: simulated LEED pattern through
+3.88 4224
—-2.24 +3.88
Au(100) surface reconstruction have been added manually to the simu-
lated pattern.

the superlattice matrix ( ) The first order spots of the

This journal is © The Royal Society of Chemistry 2025
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directions, each rotated by 30° and 60° with respect to Au [011]
and [011] directions.

From the LEED analysis, it is possible to extract an intra-
chain periodicity of 1.28 + 0.03 nm, which matches the experi-
mental one obtained by STM images analysis. This interpret-
ation is further corroborated by the correspondence between
the experimental LEED pattern (Fig. 3) and the simulated one
for the analyzed system (inset of Fig. 3), obtained by consider-
ing an incommensurate square superlattice having an intra-
chain periodicity equal to 1.29 nm and an angle of 30° (60°)
with respect to gold [011] ([011]) direction, as extracted from
STM measurements.

Theoretical structural model of GDY OMWSs on Au surfaces

Based on the information extracted from STM and LEED
measurements, we built a suitable model for the structure of
packed OMWs on Au(100) and Au(111), reported in Fig. 4a and
b. The theoretical intra-chain periodicity of the freestanding
organometallic and covalent organic wires is 1.21 nm and
0.95 nm, respectively, while the equilibrium inter-chain dis-
tance amounts to 0.95 nm. These values are compatible with
the periodicity of Au(100) and Au(111) surfaces along specific
directions, allowing the formation of superstructures with a
reasonable percentage of strain.

Although the matching is forced by the computational
requirement of in-plane periodic boundary conditions, the
commensurability introduced in the calculation is expected
not to alter the properties of the system in virtue of the quite
small strain applied to the molecules. Moreover, the simu-
lation cells include more than one molecular unit in the wire,
displaying a different stacking with respect to the underlying
substrate, so that the local interaction with the metal is not
forced to be the same for all the wires but different types of
local arrangements are included in the model.

For the OMW domains grown on Au(111), we adopt a super-

. o .12 5 .
cell with epitaxial matrix { 1 1] with respect to the Au(111)

lattice vectors in the [110] and [101] directions. The OMWs
form an angle of 6.6° with the [112] direction, in good agree-
ment with the experiments. The intra-chain periodicity in the
model is 1.29 nm, while the inter-chain distance is 1.07 nm.
The angle formed by the two vectors of the unit cell is 97°, in
agreement with the experimental estimate. The strain imposed
on the OMWs to fit the crystal supercell amounts to 6.6% with
respect to the theoretical freestanding polymer. We obtain a
calculated binding energy equal to 4.31 eV per molecule. For
the same system, we also considered other possible structural
models to disentangle, in the binding energy, the effect of the
strain and the contribution given by the interaction with the
substrate. They are reported in Fig. S7.

The constant height (d = 0.2 nm) STM simulation (Fig. 4c)
obtained by integrating the empty states in the energy range
[Er 0.5 eV], shows the alternation of brighter spots, corres-
ponding to Au adatoms, and fainter spots, due to the benzene
rings, confirming the experimental assignment.
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Fig. 4 Structural model adopted in the calculations for OMW domains on Au(111) (a) and Au(100) (b) and associated STM simulation: OMW on Au
(111) (c), and OMW on Au(100) (d), at a bias of +0.5 eV. Red arrows in (a) and (b) mark the [112] and [011] directions, respectively, and the angle

described by OMW reported accordingly.

On the basis of experimental findings, for the OMW
domains grown on Au(100) we adopted a supercell with epitax-

. . 7 4 . . .
ial matrix { 5 _ 3} with respect to the lattice vectors in the

[011] and [011] directions. This supercell, containing four
molecular units (Fig. 4b), enables the matching with the
substrate with an intra-chain periodicity of 1.20 nm and a
negligible compressive strain of 0.8%. In the direction
perpendicular to the OMWs, the separation between parallel
wires is 1.07 nm, slightly larger than in the experiment but in
agreement with the periodicity adopted for Au(111),
which turns to be more stable than other possible choices.
The angle between the two vectors defining the supercell is
equal to 94°, fully overlapping with the one extracted from the
experimental 2D-FFT, while the one between the OMWs and
the [011] direction is 30°, reproducing the experimental
observation.

The adsorption energy of the OMW domains on Au(100) is
equal to 5.30 eV per molecule, slightly larger than the one cal-
culated for Au(111) in the model reported above. This is
related to the smaller strain introduced in the molecular wire
on Au(100) (for a discussion of this effect, see also Fig. S8).

Also on Au(100), the constant-height simulated STM image
confirms the assignment of bright spots to gold atoms and
fainter features to benzene rings.

Nanoscale

Upon relaxation, on both the surfaces, molecules are mildly
distorted in plane and slightly buckled out of plane. As a con-
sequence of Au-Au interaction, the adsorption distance of Au
adatoms is smaller than the one of benzene rings, leading to a
tiny bending of the structure. The average equilibrium adsorp-
tion distance is 0.27 nm on Au(111) and 0.26 nm on Au(100),
while the buckling of the overlayer is lower than 0.1 nm.

The calculated electronic properties of the OMWs on Au
(100) and Au(111) are quite similar. Both surfaces show an
electronic charge transfer from the gold to the OMWs (0.27 e
per molecule for Au(100) and 0.20 e per molecule for Au(111)).
This is due to an increase in the electronic charge on carbon
and hydrogen atoms and a depletion of Au adatoms, being
such depletion slightly more pronounced on Au(111) than on
Au(100) (0.15 e per molecule versus 0.13 e per molecule).

Surface-dependent thermal efficiency of the organometallic-to-
covalent transition

To study the evolution of the wires with temperature, we pro-
gressively increased the annealing temperature to the as-de-
posited organometallic system (see Methods section for the
detailed steps) and performed STM imaging upon each anneal-
ing treatment.

In Fig. 5, the thermally-dependent evolution of the atomic
structure of the MWs domains on Au(111) and Au(100) is

This journal is © The Royal Society of Chemistry 2025
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shown. On Au(111) (Fig. 5a—e), upon mild annealing at 373 K,
the system is still highly ordered and completely organo-
metallic, with an averaged intra-chain periodicity of 1.21 nm +
0.03 nm, corresponding to the one obtained just after the
evaporation, already observed in Fig. 2c. An increase in the
annealing temperature to 473 K leads to the partial release of
gold adatoms from the domains, together with their partial
homocoupling. In fact, by looking at the height profiles
reported in Fig. 5d and e, it can be deduced that, at 473 K,
both the organometallic and covalent phases are present, with
an intra-chain periodicity of 1.21 nm and 0.95 nm, respect-
ively, being the latter in agreement with the value predicted by
our DFT calculations. It is worth mentioning that if, on one
side, the release of the gold adatoms results in the CC homo-
coupling between adjacent de-metalated wires, on the other
side, it also causes the distortion and consequent relaxation of
the wires into a partially disordered system. Moreover, cross-
linking side reactions within the OMWs can lead to the for-
mation of amorphous regions, exemplified by the white-circled
region of Fig. 5b. At 573 K, gold adatoms are mostly removed,
and the system undergoes the complete loss of long-range
order, showing an averaged intra-chain periodicity of 0.95 nm,
corresponding to the one of the covalent organic phase. Br
atoms are expected to desorb from gold at a temperature of
approximately 520 K;*” therefore, we can assume that, upon
annealing at 573 K, most of them have been removed from the

This journal is © The Royal Society of Chemistry 2025

surface, favouring the de-metalation of the residual organo-
metallic wires and the obtainment of a mostly covalent system.
On the other side, a role of Br atoms desorption in the pro-
gressive increase of the disorder of the system cannot be
excluded. Despite the highly local nature of STM, the averaged
periodicity extracted from a series of different high-resolution
images of different regions of the sample, combined with the
macroscopic information extracted from the Raman investi-
gation of the system (see next subsection), allowed us to extend
its local behaviour to the whole sample.

The same general behaviour was found for the systems de-
posited on Au(100) (Fig. 5f-j). Upon mild annealing at 363 K,
the system is highly ordered, with an average intra-chain
periodicity matching the one of the as-deposited OMW
domains, ie., 1.29 nm. Remarkably, the removal of gold
adatoms starts at about 373 K, a lower temperature than the
one needed by the system grown on Au(111), which was about
473 K. In fact, by looking at the height profiles reported in
Fig. 5i-j, it can be deduced that both the organometallic and
covalent phases are already present at 373 K, with an intra-
chain periodicity of 1.29 nm and 1.05 nm, respectively. In par-
ticular, the still well-ordered islands correspond to the organo-
metallic phase, as can be better appreciated by the line profile
in Fig. S9, while the disordered regions correspond to the
covalent phase. At 473 K, the disordered covalent phase is the
dominant one, even though the ordered organometallic phase
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is still present, but with a lower extent with respect to Au(111).
This surface-dependent behaviour can be understood based
on a different interaction between the Au adatoms and the
surface, possibly mediated also by the presence of Br adatoms
on the surface that help maintain the linear ordering of the
wires.

To investigate the strength of the interaction between the
Au adatoms and the two surfaces, we performed electronic cal-
culations mimicking the de-metalation process. We considered
a very large supercell, with two adsorbed 1,4-bBEB molecules
connected via a gold adatom and terminated by Br, to be repre-
sentative of the smallest possible unit occurring in the de-
metalation process (Fig. $10). The choice of a finite molecule
instead of the polymeric counterpart allows for reducing the
number of atoms in the simulation and avoiding polymeriz-
ation-related effects. In this sense, the termination with Br
atoms seems to be the most natural choice, since the adopted
system is representative of a single de-metalation process in
two joined molecules that preserve their pristine ending Br
atoms. The COW unit is instead represented by the system in
which the Au adatom has been removed.

We calculated the energy required to remove the Au atom
from the molecule, considering, as final state, a configuration
in which the Au is an adatom on the surface, far from the
molecule, and the dimer has been recomposed by shifting one
half of the molecule to attach to the remaining part. The same
procedure was performed on Au(100) and Au(111), by taking
supercells of similar size to treat the interaction between peri-
odic replicas of the molecule on the same footing. Although
the energy difference between the initial and final configur-
ations is not the energy barrier necessary to remove the
adatom, it provides a useful estimate of the energy cost of the
process. Such energy cost was calculated to be equal to 0.28 eV
on Au(111) considering the Au atom in the dimer lying in
hollow position with respect to the surface. This barrier
reduces to 0.15 eV and 0.20 eV on Au(100), for the adatom in
hollow position and on top of an atom in the second layer of
the surface, respectively. In both cases, the energy cost to
extract the adatom is lower on Au(100) than on Au(111), ie.,
0.13 eV and 0.08 eV, respectively. Although an adatom on the
bare surface would indeed be more strongly bound on Au(100)
than on Au(111), in virtue of a larger local coordination, here
the larger energy required to remove the adatom from the
molecule on Au(111) is due to the additional contribution of
the intramolecular interaction between Au and nearby carbon
atoms. Moreover, the lower binding energy on Au(100) can also
be due to the different stability of the covalent organic mole-
cule on the two surfaces in virtue of their different stacking
with respect to the surface.

Insight on temperature-dependent vibrational properties

We performed in situ Raman spectroscopy under UHV con-
ditions to follow the OMW-to-COW transition, since this tech-
nique provides insight into the local bond information,
especially related to sp- and sp’>-carbon hybridization. Through
this technique, we could assign specific Raman features to the
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organometallic and covalent phases of the deposited wires for
the first time. Moreover, we confirmed the STM-based evi-
dence of the structural changes occurring within the MWs
domains during the thermally-activated OMW-to-COW tran-
sition, together with its surface-dependent efficiency. Fig. 6a
shows, in green, the experimental Raman spectrum of the 1,4-
bBEB powdered precursor. Based on the phonon calculation
reported below, B’ (1182 cm™") and B” (1236 cm ™) correspond
to in-plane and out-of-plane bending of the C-H bonds, sp>
(1604 ¢cm™) corresponds to C=C breathing of benzene, Y
(2194 em™") and Y’ (2217 em™") are respectively the in-phase
and out-of-phase stretching of the -C=C- bonds, being
indeed in the spectral region characteristic of the Effective
Conjugation Coordinate (ECC) mode, ie., the collective sp-
carbon stretching mode (expected between 1800 and
2300 cm ™). According to the theoretical calculation of phonon
modes for the isolated 1,4-bBEB molecule, the C-Br stretching
modes fall in the 500 cm™" region. This can be appreciated in
Fig. S11, where the ex situ Raman spectrum of the 1,4-bBEB
molecules in powder form and the in situ Raman spectrum of
the as-deposited OMW on gold are compared. In particular,
the two peaks at 463 cm™" and 523 cm™" observable in the ex
situ Raman spectrum of the powder precursor and associated
to the C-Br stretching modes, disappear upon molecules evap-
oration on gold, confirming the successful dehalogenation
process. The incorporation of the Au adatom in the polymeriz-
ation process induces non-negligible effects on the vibrational
properties of the precursor,*® as can be observed by comparing
its Raman spectrum with the one of the as-deposited OMWs
on Au(100), in black (Fig. 6a). The most prominent variation is
the broadening and downshift to 2023 cm™" of the ECC mode
due to C-Au coupling through the metal adatoms, which
determines the weakening of the stretching force constants of
the -C=C- bond. To distinguish the sp-carbon stretching
mode in the precursor from the one in the OMW, the latter
will be denoted as spomw from now on. Other differences
between the precursor and the OMW spectra are the quench-
ing of B” mode, likely due to the surface-induced planarity of
the deposited OMW domains, and the broadening and struc-
turing of the sp® peak. Fig. 6b and c show the experimental
Raman spectra acquired for the deposited wires on Au(100) at
RT and upon annealing at progressively higher temperatures,
ranging from 313 K to 473 K. We focused on the sp- and sp*-
carbon spectral regions, being the ones that allow us to
monitor punctually the OMW-to-COW transition. The spomw
peak shows a progressive intensity decrease as a function of
increasing temperature (Fig. 6b) from RT to 473 K. On the
other side, starting from 313 K, a new peak appears at
2178 cm™', whose intensity increases with temperature, until
it becomes the dominant one at 473 K. The opposite trend of
these two peaks, combined with the information extracted
from the STM analysis as a function of the temperature,
reported in previous sections, suggests that the two peaks can
be considered as the fingerprint of the OMW-to-COW tran-
sition. According to this interpretation, the decrease in spomw
peak intensity corresponds to the progressive removal of gold

This journal is © The Royal Society of Chemistry 2025
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(a) Normalized Raman spectra of 1,4-bBEB precursor (ex situ, green) and corresponding as-deposited OMWs on Au(100) (in situ, black). Laser

parameters: 532 nm excitation wavelength, 0.7 mW (ex situ), 36.5 mW (in situ) power delivered to the sample. (b) Normalized Raman spectra of the
MWs grown on Au(100) (sp-carbon region) as a function of the applied annealing temperature. The ball-and-stick atomic models of the organo-
metallic wire (bottom) and covalent organic wire (top) are reported for clarity. (c) Normalized Raman spectra of the MWs grown on Au(100) (sp?-
carbon region) as a function of the applied annealing temperature. The dark blue line indicates the blueshift of the main sp? peak component. (d)
spcow/spomw (blue) and sp2.,,/sp3uy (red) intensity ratio for the MWs grown on Au(100) as a function of the applied annealing temperature.

adatoms from the OMWs, and the simultaneous specular
increase in the newly appeared sp-carbon peak intensity
corresponds to the progressive homocoupling of the system.
For this reason, the peak at 2178 cm™" will be from now on
labelled as spcow- Despite the transition from organometallic
to covalent phase is not complete over the whole sample, the
progressive increase in the intensity of the spcow peak with
respect to the spomw peak as a function of the applied anneal-
ing temperature can be well appreciated in Fig. 6d (blue
curve). It is also possible to observe a slight broadening in the
Spcow peak from 383 K to 473 K, that could be due to the pro-
gressive thermally-activated increase in the degree of disorder
of the COWSs, which could bring to their partial cross-linking.

To support the assignment of the Raman peaks in the sp-
carbon spectral region and to confirm the relationship
between their evolution and the OMW-to-COW transition, we
performed ab initio calculations of the phonon modes of both
the freestanding OMW and COW domains at zone center (g =
0), and we compared them with those of the isolated 1,4-bBEB
molecule (Fig. 7).

The calculated frequencies for the -C=C- stretching mode
in the isolated 1,4-bBEB molecule are 2219 cm™' and
2226 cm™' for the in-phase and out-of-phase vibrations

This journal is © The Royal Society of Chemistry 2025

(Fig. 7a and Fig. S15), respectively, in reasonably good agree-
ment with experiments.

The corresponding modes, in the OMW, are redshifted to
2084 cm™" and 2040 cm™, respectively, while, in the COW, they
blueshift again to 2192 cm™ and 2155 cm™, respectively
(Fig. S15). These findings are in agreement with what was
observed in the experiments, ie., the lowering of the phonon fre-
quencies in the OMW domains and their upshift upon adatom
removal (see Fig. 7a). Interestingly, this agreement is achieved by
considering isolated carbon systems, ie., by neglecting the effect
of the substrate. This suggests that the softening of the phonon
modes in the OMW domains and their blueshift in the COW
ones are essentially due to the intra-chain interaction between C
and Au adatoms and, to a smaller extent, to the interaction
between the MWs and the substrate.

To clarify the origin of the phonon modes softening, we per-
formed calculations in which the mass of the terminal Br atoms
was artificially increased in 1,4-Br-bBEB, resulting in the same fre-
quencies for the calculated sp vibrational modes, meaning that
the softening was not due to a “mass effect”. Differently, by sub-
stituting Br atoms with Au atoms, we obtained a partial softening
of the ECC mode (stretching modes at 2166 and 2178 cm™"), as
reported in Fig. S15c and d, confirming that the observed effect is
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due to a change of the force constant. The trend observed for the
frequencies, both in the calculated phonons and in the Raman
experiments, follows the same trend of the calculated bond
length alternation (BLA) (Fig. 7b), which is smaller for the OMW
and larger for the 1,4-bBEB molecule and the COW. Thus, we can
conclude that the observed changes in the frequencies are a fin-
gerprint of the variation of conjugation in the system. On the
other hand, the frequency change could be related to the
different number of sp-carbon units in the wire (one in OMWs,
two in COWs). Although the wires are too short to allow a com-
parison with the trend observed for longer polymers®® (that would
be opposite, that is, softening observed for longer molecules),
their behaviour agrees with the data available for short C,H,
chains.®

The same approach can be applied also to follow the evol-
ution of the sp” peak as a function of the annealing tempera-
ture (Fig. 6¢c and Fig. S12). From RT up to 333 K, the sp> peak
can be deconvoluted in two components, located at 1590 cm™"
and 1569 cm™', respectively (Fig. S12a-c). From 353 K up to
383 K, it is possible to observe a monotonic blueshift of the

main peak, namely from 1569 cm™" to 1579 cm™"; moreover,

Nanoscale

the deconvolution results in the appearance of a third, new,
component, located at 1561 cm ™" (Fig. S12d-f), whose inten-
sity increases with the temperature. Finally, at 473 K, the main
peak is further blueshifted to 1582 ecm™', and the component
at 1590 cm ™" disappears (Fig. S12g). The temperature depen-
dence of the main sp® peak resembles the one presented above
for the sp peak. Indeed, also in this case, it is subjected to a
progressive blueshift (from 1569 cm™ to 1582 cm™") as a func-
tion of the applied annealing conditions, following the OMW-
to-COW transition. The other two sp” components at
1590 cm™" and 1561 cm™" coexist only in a limited annealing
temperature range, from 353 K to 383 K (Fig. S12d-f), while
they mutually exclude when the system is completely organo-
metallic (i.e., from RT up to mild annealing conditions) and
mostly covalent (i.e., at 473 K), as shown in Fig. S12a-c and
S12g, respectively. This evidence suggests that the component
located at 1590 cm™" could be assigned to the organometallic
phase (spjyyw in Fig. 6c), while the component located at
1561 cm™' to the covalent phase (sp3uy in Fig. 6c). This
hypothesis is further corroborated by looking at the intensity
ratio between the sp?.,, and the sp,,, components, plotted

This journal is © The Royal Society of Chemistry 2025
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as a function of the annealing temperature (Fig. 6d, red curve).
Its monotonic increase suggests that at 353 K the removal of
gold adatoms from the OMWs begins, together with the homo-
coupling, but the majority of the system is still organometallic,
while by increasing the temperature the amount of the
covalent organic phase progressively overcomes the organo-
metallic one, until becoming the dominant one at 373 K.

The same general trends in the temperature-dependent
Raman responses of the MWs were observed on Au(111)
(Fig. S13), therefore, their detailed discussion has been
omitted. Also on Au(111), the range of explored annealing
temperatures did not allow for the transformation of the entire
sample from organometallic to covalent, even though, from
Raman spectroscopy, it is evident that at 573 K the covalent
phase is the dominant one.

From the reported Raman analysis, it is clear that the temp-
erature at which the covalent phase becomes dominant is
573 K on Au(111) and 473 K on Au(100). The higher tempera-
ture required for the transition from OMW to COW on Au(111)
leads, as a secondary effect, to a remarkable distortion of the
network, compared to what is observed on Au(100). Indeed, by
looking at the STM images in Fig. S14b, it is evident that, on
Au(100), the covalent phase, coexisting at that temperature
with the well-ordered organometallic phase, is less distorted
than on Au(111) (Fig. S14a), on which the higher temperature
required to generate the COW turns the system into a highly
distorted and cross-linked covalent phase.

A remarkable difference in the set-point temperature for
the OMW-to-COW transition on Au(111) with respect to Au
(100) is demonstrated, as detailed in the following.

In Fig. 7c, we report the comparison between the experi-
mental and calculated phonon frequencies for the breathing
modes of benzene ring modes around 1600 cm™'. The
phonons have been calculated in a supercell containing two
molecular units, to have access to both the symmetric mode,

a Au(100)

1.2

1.0

0.8

0.6

Intensity ratio

0.4 —)
0.2 m— SDcow/SP?

m— 5D oM/SP>
0.0 L

| 1 1 1
3175 400 425 475

Temperature (K)

1 1 1
300 325 350 450

View Article Online

Paper

with benzene rings vibrating in phase, and the antisymmetric
modes, with benzene rings vibrating out of phase. In the tran-
sition from organometallic wires to covalent organic wires, the
symmetric mode and the antisymmetric mode (Fig. 7e and
Fig. S15) behave differently. The “out-of-phase” mode displays
an initial softening, passing from the 1,4-bBEB molecule to
the isolated OMW, followed by an increase in frequencies
upon transition from OMW to COW. This theoretically pre-
dicted behavior, similar to the one observed for the sp-carbon
stretching mode, matches the evolution of the main experi-
mental sp® peak, discussed above. Differently, the “in phase”
vibration exhibits a continuous progressive softening, from the
1,4-bBEB molecule to the isolated OMW, and then to the COW.
The same effect can be observed in the experimental data, con-
sidering the two shoulders on the right and left of the princi-
pal peak (Fig. 6¢), resulting from the peak deconvolution dis-
cussed above and represented by the two orange dots in
Fig. 7c. Based on the calculations (red line), they can be inter-
preted as the same peak, indeed ascribed to the “in phase”
vibration mode, which becomes softer during the transition
from organometallic to covalent organic wires (dashed line
connecting the two dots).

Notably, the “out-of-phase” mode follows the same trend of
the sp-carbon peak during the evolution of the system,
meaning that it is affected by the strength of the carbon-
carbon bonds in the chain, and, in particular, by the variation
of the bond between the sp” terminal atom in the benzene
moiety and the first sp-carbon atom in the chain. On the other
hand, the “in phase” vibration can be hampered by the short-
ening of the chain upon the release of the adatoms, which
leads to the reduction of the distance between benzene rings.
Moreover, we found an involvement of the carbon atoms of the
chain in the “in phase” vibration mode, which is instead negli-
gible in the “out-of-phase” mode, and that could act as a
counter-motion hindering the benzene breathing modes.
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Fig. 8 Intensity ratio between the spcow peak, in red (the spomw peak, in blue) and the sp? peak for the MWs domains as a function of the applied
annealing temperature, on Au(100) (a) and Au(111) (b). Normalization by sp? peak was adopted due to its constant intensity throughout the whole
temperature-dependent experiment. The coloured vertical bands indicate the temperature at which the inversion between the spcow/sp® and the
spomw/sp? contributions takes place, i.e., about 373 K on Au(100) and about 473 K on Au(111).
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Based on the analysis of the Raman results, we were able to
compare the OMW-to-COW transition efficiency on Au(100)
and Au(111) as a function of the annealing temperature.
Fig. 8a and b shows the trend of the intensity ratio between
the spcow peak, in red (the spoyw peak, in blue) and the sp*
peak for the MWs domains as a function of the applied
annealing temperature, on Au(100) and Au(111), respectively.
It can be observed that upon mild annealing conditions, the
main contribution is the spowmw/sp’, in agreement with the
prominent presence of the organometallic phase. By increas-
ing the annealing temperature, the spomw/sp” value decreases,
simultaneously to the increase of the spcow/sp> one, according
to the progressive removal of the gold adatoms and the simul-
taneously occurring homocoupling. After the inversion point,
indicated by the coloured band in Fig. 8a and b, spcow/sp”
overcomes Spomw/Sp>, in agreement with the prominent pres-
ence of the homocoupled phase. The inversion between
Spcow/sp> and spomw/sp” is reached at about 373 K on Au(100)
and 473 K on Au(111), demonstrating that the OMW-to-COW
transition is more efficient on Au(100).

It is worth noting that the transition temperatures identi-
fied in Fig. 8 are the same that we extracted from the evolution
of STM images (Fig. 5), further confirming the different
efficiency of the process on the two surfaces.

Conclusions

We demonstrated the successful on-surface synthesis of 1,4-bBEB-
based GDY MWs on Au(111) and Au(100). STM imaging, LEED
experiments, and DFT calculations allowed for a comprehensive
understanding of the atomic-scale structure and morphological
evolution of the deposited wires on Au(100) and Au(111) upon the
application of progressively higher annealing temperatures. In situ
monitoring of their vibrational properties by Raman spectroscopy
measurements, performed upon each annealing step, allowed us
to confirm the STM-based assignment of the organometallic and
covalent phases, whose spectral fingerprint was assessed for the
first time, as well as the role of substrate orientation in affecting
the OMW-to-COW transition efficiency.

These findings highlight the great potential of combining
in situ Raman spectroscopy, STM imaging, and LEED to obtain
an in-depth characterization of the morphological and
vibrational properties of low dimensional carbon nanostructures.
Moreover, it demonstrates the possibility to improve the controll-
ability and efficiency of the Ullmann coupling by tuning the
metal surface orientation. The knowledge gained from this study
paves the way for further exploration of low dimensional carbon
allotropes, as well as the potential development of novel func-
tional materials based on graphdiyne structures.
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