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Long linear carbon nanostructures based on sp-hybridization can be synthesized by exploiting on-surface
synthesis of halogenated precursors evaporated on Au(11l), thus opening a way to investigations by
surface-science techniques. By means of an experimental approach combining scanning tunneling
microscopy and spectroscopy (STM and STS) with ex situ Raman spectroscopy we investigate the struc-
tural, electronic and vibrational properties of polymeric sp—sp® carbon atomic wires composed by sp-
carbon chains connected through phenyl groups. Density-functional-theory (DFT) calculations of the
structure and the electronic density of states allow us to simulate STM images and to compute Raman
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spectra. The comparison of experimental data with DFT simulations unveil the properties and the for-
mation stages as a function of the annealing temperature. Atomic-scale structural information from STM
complement the Raman sensitivity to the single molecular bond to open the way to detailed understand-
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1 Introduction

Carbon atomic wires are linear carbon nanostructures based
on sp-hybridization, representing the ultimate 1-D carbon
system.™” For increasing length of the sp-carbon wire these
systems approach the ideal carbyne whose predicted outstand-
ing mechanical, electronic and thermal properties make the
infinite linear wire an appealing model of 1-D crystal with
extended 7-electron conjugation.>® However, the length of
carbon atomic wires has experimentally reached some tens of
carbon atoms (up to 42 corresponding to about 5 nm) with sp>
or sp® carbon terminating molecular groups and up to a few
thousands (i.e. exceeding 600 nm) only when encapsulated in
a carbon nanotube.>® Short carbon atomic wires attract
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ing of these novel carbon nanostructures.

researchers’ attention as well since they exhibit peculiar opto-
electronic properties strongly dependent on their length and
type of termination, as recently shown in the case of size-
selected phenyl-terminated polyynic wires for advanced optical
and biosensing applications.”

The use of short carbon atomic wires as building units (i.e.
oligomers) to form polymeric carbon wires appears as a viable
strategy to obtain long linear wires without suffering stability
issues. This is particularly true when the polymer is built by
using sp-carbon links bridging phenyl groups due to the stabi-
lity already proven for isolated phenyl-terminated polyynes.®
Such sp-sp® carbon atomic polymers have been addressed by
theoretical calculations showing intriguing properties such as
tunable band gap, very high electron mobility and electronic
and spin transport sensitive to the wire length and termination
capping atoms.” ' In addition, they represent the smallest
nanoribbon or equivalently the 1D building unit of 2D carbon
crystals beyond graphene such as graphyne or graphdiyne."?

To this aim, a possible strategy is based on promoting
covalent linking (i.e. through polymerization) of suitable mole-
cular precursors on metal surfaces. This on-surface synthesis
has been proven for the bottom-up approach of graphene
nanoribbons and sp*-carbon systems employing for instance
the Ullmann reaction."*™"” The extension of this approach to
sp-carbon systems is very recent and rapidly growing.'®>> On-
surface synthesis of sp-carbon systems opens a way to scan-
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ning-probe microscopy investigations at the molecular level
which are otherwise hindered by the difficulties in sample
preparation. An early attempt only has shown buckled sp-sp?
chains formed by sublimation of SiC(100)*®. On-surface syn-
thesis in combination with scanning-tunneling or atomic-force
microscopy (STM/AFM) has been adopted as a playground to
direct image and study some sp-carbon based systems ranging
from the single acetylenic bond in short molecules to long 1D
atomic structures and even 2D networks consisting of sp and
sp> carbon atoms.”’° However, few attempts have been
reported to investigate the electronic properties by means of
scanning tunneling spectroscopy (STS).>!

STM and STS provide invaluable structural and electronic
information at the atomic scale, but they are not especially
sensitive to the type of molecular bonding and hybridization
state. For carbon atomic wires, the identification of sp-hybrid-
ization and the investigation of structure, length, and charge-
transfer behavior can be addressed effectively by Raman
spectroscopy.®>** Indeed, the Raman signature of sp-carbon is
unique and well separated from the Raman bands of sp” and
sp® carbon structures. In addition the Raman peak of
sp-carbon shifts in frequency depending on the specific wire
structure.®® The applicability of Raman to different types of
samples from powder, to film and moieties, and even in
liquids makes this technique extremely valuable to access a
number of different sp-carbon systems.>*?® On the other
hand, Raman has limited sensitivity when the amount of
material is scarce and, except for special cases like graphene,
enhancement techniques like Surface Enhanced Raman
Scattering (SERS) are often required to record a spectrum.’”
Thus, the use of Raman on atomically thin layers of sp-carbon
wires produced in vacuum appears to be particularly challen-
ging for the scarcity of probed material and for the stability
issues of the system when exposed to the atmosphere.

Here, we report on the STM/STS and ex situ Raman investi-
gation of a sp-sp® carbon atomic polymer consisting of diphe-
nyl-polyyne oligomers. We unveil its electronic and vibrational
properties at the nanoscale level which are at present unex-
plored. The carbon atomic polymers have been synthesized on-
surface on Au(111), under ultra-high vacuum (UHV) con-
ditions, starting from brominated sp-carbon-based molecular
precursors, following the procedure developed by some of us
and reported in a previous work.>® High-resolution STM
imaging and density-functional-theory (DFT) simulations
allowed us to follow the stages of formation at the sub-nano-
meter scale. The electronic properties measured by STS and
computed by DFT calculations of the projected density of
states (PDOS) reveal characteristic features in the valence
band. Raman spectroscopy and DFT calculations of the Raman
response allowed us to elucidate the vibrational features of the
different stages of formation of the wires. The Raman signal
detected from a monoatomic layer of carbon atomic wires on
Au(111) allowed us to demonstrate the possibility to comp-
lement the use of the STM unique imaging capabilities with
the wealth of information obtainable from Raman spec-
troscopy. Such approach opens up new perspectives in the
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detailed atomic-scale study of many different sp-carbon based
systems, from linear 1D carbon wires to 2D graphyne and
graphdiyne to push further the knowledge and understanding
of these peculiar and appealing systems.

Section 2 details the adopted techniques. The investigation
of morphological, structural and electronic properties is dis-
cussed in section 1 with the support of both experimental and
simulated STM images. The surface electronic properties,
characterized by STS, are discussed with the analysis of the
computed density of states (DOS). Section 2 is devoted to the
study of vibrational properties by Raman spectroscopy, dis-
cussed with the support of first-principles calculations of
Raman spectra. We discuss our findings in section 4.

2 Experimental and computational
details

The STM experiments were performed under UHV condition
(base pressure 2 x 10~"" mbar) in a chamber equipped with an
Omicron variable-temperature scanning tunneling microscope
and standard tools for sample preparation. The Au(111)
surface was cleaned by several cycles of Ar" ion bombardment
at 1 keV and annealing at 720 K. The 22 x /3 reconstruction
of the Au(111) surface was confirmed by STM measurements
prior to the molecular precursor deposition. We sublimated
4,4'-di(bromoethynyl)-1,1"-biphenyl (bBEBP) molecules using a
radiatively-heated Ta crucible at ~330 K. During depositions
the substrate was kept at room temperature (RT), at a few mm
from the crucible. Constant-current STM images were taken at
RT typically using sample-tip bias voltage in the range —1.5V,
+1.5 V (referred to the sample) and tunneling current in the
range 0.2-1 nA. We acquired differential conductivity dz/dV
curves at RT by means of a lock-in amplifier applying a
40 mV,,s modulation at 8 kHz. Several STS curves (at least 10,
discarding those exhibiting high noise or electronic-instability
artifacts) were collected and then averaged to a single spec-
trum containing global (i.e. spatially averaged) information on
the electronic properties of the structure under investigation.
We performed ex situ Raman measurements using a Renishaw
In Via spectrometer equipped with an Ar laser (514.5 nm). The
laser power was set below 1 mW to prevent possible sample
damage.

Theoretical calculations of structural and electronic pro-
perties were performed at DFT level. For the calculation of the
electronic properties and the simulated STM/STS images, we
exploited the SIESTA method®® adopting standard norm-con-
serving pseudopotentials and an atomic-orbitals basis set
which includes double-zeta and polarization orbitals. The
exchange and correlation potential was treated with the gener-
alized gradient approximation (GGA-PBE).*”

We set the mesh cutoff to 450 Ry and adopted a 3 x 7 and
3 x 5 k-mesh sampling of the Brillouin zone for the adsorbed
organometallic and demetalated adsorbed wires, respectively.
Both the polymers were fully relaxed until the forces reached
the tolerance value of 0.06 eV A™'. The substrate atoms were

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 STM images of on-surface synthesized sp—sp® C polymers. 100 x 100 nm? images are reported in the upper row, and smaller-scale ones in
the lower row. (a) STM image of the sample observed after deposition of bBEBP molecules on Au(111) at room temperature. Inset: Ball-and-stick
structure of a bBEBP molecule, where red dots represent Br atoms, grey dots C atoms and white dots H atoms. (b) Close-up of a surface region
showing linear wires aligned along the [112] Au(111) direction. (c) and (d) STM images taken after annealing at 370 K. Black circles in (c) indicate
locally disordered regions, as that shown in (d) at higher resolution. (e) and (f) STM images taken after annealing at 400 K. (g) and (h) STM images

taken after annealing at 430 K.

kept fixed to the coordinates of the unrelaxed ideal clean
Au(111) surface, neglecting the 22 x \/ 3 reconstruction. Along
the z direction we consider six gold layers, with an interposed
vacuum of 28 A.

The molecule-surface van der Waals interaction was intro-
duced via a DFT-D2 Grimme potential.*®

STM simulations were performed in a Tersoff-Hamann
approach,*! assuming a constant density of states for the tip.
We integrated the electronic density of the empty states in an
energy interval 0.5 eV just above the Fermi level. We simulated
a constant-distance STM image and applied a 2 A-wide
Gaussian spatial broadening to the electronic density to mimic
finite experimental resolution.

The simulation of the Raman spectra has been carried out
for finite-dimension molecular models mimicking the bBEBP
precursor and different gold complexes. As models of the poly-
meric wires interacting with the gold surface, only one oligo-
mer has been considered. Indeed, simulations on oligomeric
sp-carbon chains of increasing length demonstrated that the
Raman spectrum is not affected significantly by the chain
length, due to the presence of the two coupled phenyl groups
which prevent an extension of zn-electron delocalization across
the different di-acetylenic links. The comparison between DFT
computed Raman spectra of oligomers of increasing length
is reported in the ESL{ The DFT simulations of Raman
spectra have been carried out by using the Gaussian09
package®” at PBEO/cc-pVTZ level of theory: indeed, this combi-

This journal is © The Royal Society of Chemistry 2019

nation already proved to provide reliable and accurate predic-
tions of the spectroscopic results for a large variety of sp-based
molecular systems.***® For gold atoms, the ECP60MDF
effective core potentials have been employed together with a
VTZ basis set.** When comparing theoretical and experimental
Raman spectra, a frequency scaling factor of 0.96 has been
applied to the computed ones. This factor has been deter-
mined by the comparison of the experimental and DFT-com-
puted Raman spectra of the pure bBEBP precursor. In particu-
lar this is the scaling factor required to bring the associated
band predicted by the simulation (unscaled frequency value =
1669 cm™') to coincide with the reference experimental
1602 cm ™" band accounting for the vibrational mode localized
on phenyl group in the precursor molecule.

3 Results

The on-surface synthesis of sp-sp” linear carbon atomic poly-
mers has been achieved by depositing bBEBP molecules (inset
of Fig. 1a) on a pristine Au(111) surface at room temperature.
The on-surface reaction consists in the release of the bromine
atoms induced by the gold surface and the formation of a
metalated system in which the precursor molecules are linked
together through gold adatoms. The release of these gold
adatoms and the homocoupling reaction is promoted by heat,
as shown in previous work.?®

Nanoscale, 2019, 11, 18191-18200 | 18193
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3.1 Structural and electronic properties

To study thermal effects on the morphology and structure of
carbon atomic wires, we performed in situ STM measurements
right after deposition of the molecular precursor on Au(111)
and then, successively, after annealing the samples at different
temperatures in UHV. We acquired all the STM images at RT,
for direct comparison of the morphology and structure with
vibrational Raman spectra. Fig. 1 reports several STM images.
Images acquired on the as-deposited sample (i.e. at 300 K,
Fig. 1a and b); images acquired on samples annealed at 370 K
(Fig. 1c and d), 400 K (Fig. 1e and f), and 430 K (Fig. 1g and h).
100 x 100 nm” and smaller-scale images are reported, respect-
ively, in the upper and lower row of Fig. 1. After deposition, we
observe the formation of linear wires, several tens of nm long,
which assemble in compact domains having well-defined
orientation (Fig. 1a). As shown in Fig. 1b, the molecular wires
are oriented along the [112] crystallographic directions of the
Au(111) surface. Ordered domains of linear wires are observed
also after annealing at 370 K, Fig. 1c. However, a locally-dis-
ordered arrangement is observed at some small regions (e.g.
those circled in black in Fig. 1c), especially occurring at
domain borders (Fig. 1d). The tendency to acquire a dis-
ordered arrangement becomes evident after annealing at
higher temperatures: at 400 K and 430 K (Fig. 1le and g,
respectively) we observe few ordered regions, surrounded by an
amorphous network of randomly oriented wires which appar-
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ently cross-link with each other (Fig. 1f-h). The formation of
this disordered network is probably triggered by the thermal
activation of highly reactive wire terminations, which may
possibly cross-link with neighboring wires starting the propa-
gation of a disordered phase.

High-resolution STM images allow us to observe the sp-sp”
wires structure at the molecular scale. Fig. 2a and b shows
well-ordered polymers formed right after deposition. The on-
surface synthesis is known to be catalyzed by surface gold
atoms which substitute the terminal bromines of bBEBP mole-
cules, leading to the formation of organometallic (i.e. meta-
lated) wires.”® This interpretation is supported by the simu-
lated STM image shown in Fig. 2(e), obtained from the
theoretical model depicted in Fig. 2(c)-(d) and described here-
after. Taking into account the experimentally-determined
direction for the organometallic wire (Fig. 1(b)), the simu-
lations are performed for a model with the wires aligned along
the [112] surface direction, as seen in experiment. Note that
this geometry differs from previous calculations,”®** where the
polymer was aligned along, or at a small angle from the [110]
close-packed direction. The unambiguous identification of the
wire orientation has been possible through the large scale
images in which the herringbone Au(111) reconstruction can
be easily identified.

Since the unit length of the polymer is intermediate
between 3 and 4 Au-Au distances along the [112] direction, we
have chosen to consider in the calculations an average length

300 K

Height (a. u.)

o
-

2 3

Displacement (nm)

4 5 6 7 8

Fig. 2 (a) STM image resolving the structure of linear sp*—sp? wires (0.4 V, 0.6 nA). (b) Magnification of image (a). (c) and (d) Top and side view of
the ball-and-stick model for the organometallic chain, as adopted in the simulations. (e) DFT-simulated STM image (empty states, 2 A tip—surface
distance) of the organometallic chain. (f) STM image taken after annealing at 370 K (0.4 V, 0.6 nA). (g) Magnification of image (f). (h) Line-profile on
the wire indicated in image (g). () STM image taken after post-annealing at 400 K (0.4 V, 0.6 nA). (j) Magnification of image (i). (k) and (1) Top and
side view of the ball-and-stick model of the demetalated molecules, as adopted in the simulations. (m) Simulation of STM images by DFT calcu-
lations (empty states, 2 A tip—surface distance) for the demetalated molecule.
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of 3.5 Au-Au distances with a unit cell containing two mono-
mers threading 7 Au surface unit cells. This constraints
applies an overall 6.7% strain to the polymer compared to its
unit length relaxed in vacuum, similar to the previous
studies.”® The distance between adjacent chains in the orthog-
onal in-plane direction ([110]) is taken equal to 8.65 A. The
adopted periodicity is slightly smaller than that determined
from the experiments but, due to the negligible inter-molecule
interaction, it gives reliable results by avoiding the compu-
tational effort to include further substrate atoms in the simu-
lation. The bond lengths of the adsorbed polymer are 150 pm,
127 pm, and 221 pm for the triple and single C-C bond, and
the C-Au bond, respectively, to be compared with the 140 pm,
125 pm, and 195 pm of the free-standing polymer at its equili-
brium geometry. The increase of the bond lengths is not only
due to strain but also to the overall outward bending of the
polymer that displays a minimum distance from the substrate
(253 pm) in correspondence of the Au metal atom, due to the
stronger Au-Au interaction, while the phenyl groups sit 34 pm
farther out. The phenyl groups appear flattened down to the
surface, compared to the gas phase, where they are free to
rotate around the polymer axis, and end up forming 60°
mutual angles in the equilibrium geometry. The same struc-
ture and corrugation is found in both the molecular units con-
tained in the periodically repeated unit cell.

The STM simulations allow us to identify the double protru-
sion observed in the experiments as due to biphenyl groups.
The bright spot of circular shape located midway between two
successive biphenyl groups can be associated to the Au atom
in the organometallic chain. The structural relaxation
(Fig. 2(d)) reveals that the phenyl-related signal is morphologi-
cally enhanced by the bending of the organometallic chain.
The sp-carbon atomic chain contribution is hardly resolved in
the STM signal, due to the experimental resolution, while it
can be identified in the simulations as a weakly bright region
between the Au-related feature and the biphenyl one. The
less bright spots observed in the experiments between two
adjacent chains, Fig. 2(b), can be identified as due to Br
atoms detached from the molecular structure during the reac-
tion at the surface, in agreement with what is observed in
dimer formation.”® The absence of such spots in the
simulations is fully consistent with the model, not including
bromine atoms.

As the temperature increases, gold adatoms in the chain get
released and the CC homocoupling takes place, resulting in
the formation of a polymeric sp-sp> carbon wire.”® This
mechanism can be observed after annealing at 370 K, as
shown in Fig. 2f and g. The two white arrows in Fig. 2¢g mark
two sites where the Au bright spots are missing, indicating the
local absence of Au atoms in the chain, as also highlighted by
the line profile in Fig. 2h. Increasing the temperature to 400 K
pushes the CC homocoupling process forward, so that a larger
fraction of demetalated chains can be observed (Fig. 2i). The
high-resolution STM image of Fig. 2j displays 7 A-wide spots,
corresponding to the biphenyl group, connected by a weaker
straight signal related to the sp-carbon-based chains, and no

This journal is © The Royal Society of Chemistry 2019
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fingerprint of Au atoms within the chain. The simulated STM
image reported in Fig. 2m agrees with this assignment.

Given the absence of a preferential orientation in the
experiments, to describe the demetalated wire we choose a
model oriented along the [110] direction, which allows us to
consider a smaller periodic cell containing a single unit. The
polymer and the surface are indeed matched with a periodicity
of 5 Au(111) surface unit cells along [110], leading to a 4.5% of
strain of the molecule. The simulation cells displays repeated
wires at a distance of 7.49 A along the orthogonal direction.

Notably, we have verified that the theoretical STM image is
not sensitive to the orientation of the molecule on the surface:
the simulation of the metalated polymer oriented along the
close packed direction, as in ref. 45, is indeed qualitatively very
similar to that reported in Fig. 2(e).

Fig. 2(k) and (1) report the equilibrium geometry of the
demetalated polymer. In this case the molecule is flat, at a
larger distance from the surface (~280 pm) compared to the
RT case, as expected due to the weaker interaction with the
surface upon removal of the Au atom from the chain.

We should notice, however, that even after annealing at
higher temperatures, e.g. 430 K, we still observe occasional
small areas occupied by metalated chains, i.e. with gold atoms
still appearing in between successive diphenyl groups.

Surface local electronic properties have been characterized
by STS at RT. We performed open-loop point-spectroscopy
measurements on the organometallic wires (i.e. metalated
chains) observed after deposition (region B in the inset of
Fig. 3) and on the Au substrate regions not occupied by mole-
cular wires (region A). Fig. 3 shows the average dI/dV spectra
of the two investigated regions. The red curve, taken over the A
region, shows a pronounced peak around —0.5 eV relative to
the Fermi energy (0 eV), compatible with the Au(111) Shockley
state. The black curve, taken over a region rich in carbon
atomic wires, shows a peak around —0.75 eV, which may origin

20
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15 -10 -05 00 05 1 1.5
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Fig. 3 Average d//dV curves taken on the as-deposited sample over the
A (bare gold, red dots) and B (carbon wires, black dots) regions shown in
the inset.
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from a shift of the Shockley state energy due to the interaction
with wire electronic states. The rapid increase of the black
spectrum for energies lower than —1 eV represents a signature
of the polymer-associated surface electronic properties.
Such characteristic behavior can be interpreted as the onset of
the band of occupied electronic states. Conversely, no
substantial differences can be seen in the conduction band.
We were not able to record reproducible STS data on the
homocoupled carbon wires probably due to the disordered
morphology.

For a precise interpretation of the experimental electronic
spectra, we report the computed PDOS on the metalated wires
and on the Au surface layer, Fig. 4.

The PDOS on the C atoms (Fig. 4a) shows a relevant contri-
bution from molecular states below the Fermi level, at energies
lower than —1 eV. These states are mainly localized on the sp
chain, with p, and p, character. The p, states are found lower
in energy. The lowest empty molecular states exhibit a peak at
1.5 eV. Further high-intensity features arise at higher energies,

a) 0.7 T . : -
BP E%[T-PDOS  bBEPBA
SP Los| " U —
0.6 | © Clean Aut11===] -
- 305
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0
b) Au surface
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€ i
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@
»
o
[a} ]
o

E-Ef (eV)

Fig. 4 Projected density of states (PDOS) on (a) the C atoms in the
metalated molecule; (b) the surface-layer Au atoms and within the wire,
according to the model in Fig. 2c and d. Red curve: Averaged PDOS of
the biphenyl groups (BP). Green line: Averaged PDOS of the sp!-carbon
chain (SP). Orange line: Averaged PDOS of the Au surface atoms. Blue
line: Averaged PDOS of the Au atoms in the chain. Inset of panel (a):
PDOS at the I point. Solid line: PDOS of the Au surface layer upon the
deposition of the organometallic chain. Dashed line: PDOS of the
surface layer of the clean Au(111) surface.
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outside the range reported here. The PDOS on Au atoms in the
chain shows a partial hybridization with the in-plane
molecular orbitals and with the underlying substrate (peak at
—1.3 eV in the blue curve).

The mild feature at —1.3 eV in the PDOS on the outermost
substrate layer (orange curve) can be indeed related to the
surface-molecule interaction, while the rise observed below
—1.5 eV corresponds to the onset of the d-band of Au(111).

Additional insight is gained by examining the density of
states at the I” point of the surface Brillouin zone, being those
characterized by the slowest decay in vacuum, Ze. the larger
overlap with the tip states resulting in a larger detection prob-
ability. Moreover, the PDOS at the I point allows us to evi-
dence the contribution of the Shockley state.

The inset of Fig. 4 compares the PDOS at the I" of the
surface Au atoms in the presence of the metalated polymer
(solid line) and the PDOS on the outermost layer of the clean
Au(111) surface (dashed line).

Calculations show a partial quenching of the Shockley state
at the interface with the molecule and an increase of spectral
weight of the states ~—1 eV below the Fermi level, that can be
related to the interaction with p, states of the molecule. These
results are consistent with the shift and the reduced intensity
of the peak observed in STS spectra. Moreover, the contri-
bution of the electronic states on the molecule, starting at
—1.5 €V, is in agreement with the rise observed in the STS spec-
trum at the same energy.

3.2 Raman spectroscopy and vibrational properties

We investigated the vibrational properties by ex situ Raman
spectroscopy and by DFT calculation of the Raman response,
see Fig. 5. We were able to record spectra at room temperature
from less than one monolayer of sp-sp® carbon wires de-
posited on Au(111) and to follow their evolution as a function
of the annealing temperature from 370 K to 430 K, see Fig. 1.
Important differences are observed when comparing the
spectra of the sample annealed at different temperatures to
that of the precursor prior to sublimation, measured in
powder form. The spectrum of the precursor molecule is
characterized by features in three main spectral regions. The
main 2190 ecm™' peak in the high-wavenumber region
(2000-2200 cm™") is the fingerprint of the acetylenic sp-
carbon; the intermediate region has a peak at 1602 cm™" due
to sp® carbon in the phenyl rings and a few weak features are
present in the low-wavenumber region (1100-1300 cm™"). DFT
calculations agree well with the experimental spectrum of the
precursor and allow us to assign these peaks in details. The
peak at 2220 cm™' (computed at an unscaled 2314 cm™') is
due to CC stretching vibrations localized on the triple bonds
of the acetylenic chains. The peak at 1602 cm™" (computed at
an unscaled 1669 cm ™) is attributed to CC stretching modes
localized on the biphenyl groups. The triplet of peaks observed
at 1190, 1250 and 1285 cm™" are predicted at 1160, 1230 and
1272 em™" (1208 em™, 1282 cm™" and 1325 cm™' unscaled
values). The first peak is due to CH wagging vibrations; the
second is associated to CC stretching modes localized on the

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Vibrational spectra obtained by Raman measurements and DFT
calculations. (left) Experimental Raman spectra of the molecular precur-
sor and linear chains on Au(111) surface after annealing the sample at
different temperatures. (right) DFT calculations of the molecular precur-
sor (black) and of the homocoupled polymer on Au(111) (red). The DFT
spectra have been rescaled to match the CC stretching mode of the
phenyl ring at 1602 cm™.

single CC bond between phenyls and triple CC bonds coupled
to CH wagging vibrations; the 1272 em™" peak involves a sig-
nificant contribution of the CC stretching of the bond connect-
ing the two phenyls coupled again to CH waggings (sketches
of these normal modes are reported in the ESIY).

After evaporation of the precursor on Au(111) and anneal-
ing in UHV, ex situ spectra show a new feature in the sp-carbon
region at ~2150 cm™"' which increases in intensity relative to
the peak at 2190 cm™" (their intensity ratio 1(2150)/1(2190)
increases from 0.5 to more than 2) and becomes narrower with
increasing the annealing temperature (see Fig. 6(a)-(c)). In
addition, a weak peak emerges at about 2020 cm™' whose
width decreases with the annealing temperature. In the other
spectral regions the peak at approximately 1600 cm™" shifts to
lower frequencies (from 1602 to 1583 cm™') while small
changes only characterize the low-frequency region. The
observed modifications can be interpreted in light of DFT cal-
culations and on the basis of the results obtained by STM.

To compute the vibrations of the carbon chain deposited
on the surface, the full DFT model as sketched in Fig. 2(c) and
(d) is not a viable possibility. The reason resides in the large
computational cost of the hybrid functionals and large
Gaussian basis sets needed to describe the vibrational
response of the carbon chains accurately, which becomes too
expensive to fully describe the Au(111) surface in periodic
boundary conditions. Hence, we adopt a simplified model as a
compromise between accuracy and computational cost: a
system consisting of a homocoupled precursor dimer interact-

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Close-up of the experimental Raman in the region

1800-2400 cm™ relevant to sp carbon. The peak of atmospheric mole-
cular nitrogen is labeled with *. (b) Annealing-temperature dependence
of the intensity ratio of the peaks at 2150 and 2190 cm™. (c) Full width
at half maximum (FWHM) of the main peaks as a function of the anneal-
ing temperature. (d) Close-up of simulated Raman spectra for the pre-
cursor molecule and the polymeric sp—sp? wires.

ing with a gold cluster of 8 atoms. Calculations of the Raman
response predict two marker bands of the sp-carbon chains in
the high-frequency region. One peak is found at 2200 cm™"
(2292 ecm™ unscaled value) and corresponds to a normal
mode of vibrations still localized on the sp-carbon segments
but described now as the CC stretching of the triple bond
coupled to the surrounding single CC bonds. In particular, the
bonds involved here are those less influenced by the gold
cluster. This band is thus very similar to the one typically
found in the Raman spectrum of polyynes (ie. due to the
setting on of the so-called effective conjugation coordinate
ECC collective mode***®). Here this mode is perturbed by the
non-bonded interaction with the Au cluster. As a result, this
peak falls at a lower wavenumber than the band of the precur-
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sors, in good agreement with the experimental spectra where a
new feature is also observed at slightly lower wavenumber than
the precursor and gradually increases in intensity with the
annealing temperature, following the formation of the poly-
meric chains observed in the STM images. The comparison
with DFT calculations allows us to confirm the attribution to
carbon wires formed on the Au surface. In addition to this
band, a second one is predicted at 1992 ecm™' (2075 ecm™*
unscaled value), possibly corresponding to the weak feature
observed at 2020 cm ™" for increasing temperature. The normal
mode associated to this peak can be described as a CC stretch-
ing vibration mainly localized on the triple CC bond closer to
the gold cluster. Analyzing the CC bond distances and their
valence force constants (fgc) a picture of the effects involved
can be found. The triple CC bonds in the carbon wire model
have lengths of 121 pm and 125 pm, with foc values of 1584
and 414 N m™ " respectively. By comparing these bonds with
those of the precursor (i.e. 121 pm, for the triple CC bonds
and foc = 1662 N m_1), we observe how the non-covalent inter-
action with the gold cluster modulates significantly the
strength and hence the geometry of the bonds in the sp-
carbon sections, modulating also their Raman response and
generating peculiar marker bands in the spectra.

These results allow us to identify the Raman spectrum of
sp-sp” polymeric carbon atomic wires on Au(111). The peak at
2150 cm™" with its increasing intensity with the annealing
temperature is a clear signature of the formation of homo-
coupled bonding to produce sp-sp> polymeric carbon atomic
wires. The weak peak at 2020 cm™' is in agreement with
theoretical predictions. STM analysis shows that the homocou-
pling reaction happens in a wide temperature window leaving
mixed regions in which homocoupled chains coexist with
metalated chains. The presence of the peak at 2190 cm™*
seems to indicate the possible presence of unreacted precur-
sors on the surface even though it cannot be clearly confirmed
by our STM analysis. We were not able to record a spectrum
from the as deposited sample fully corresponding to the meta-
lated carbon wire where the coupling is mediated by gold
adatoms. The reason is a very low signal-to-noise ratio which
hindered the possibility to acquire reliable spectra. Indeed, we
experimentally observe an increase in the signal-to-noise ratio
for increasing the annealing temperature. Accordingly, the
time needed to acquire the spectra is different and this is
evident by looking at the peak of the atmospheric molecular
nitrogen (labeled with * in Fig. 6(a)), whose intensity is pro-
portional to the collection time and decreases significantly
with the increase of the annealing temperature. The broad
band at about 1580 cm™" appearing at high annealing temp-
eratures as a weak shoulder of the peak at 1602 cm™" (see
Fig. 5) can be attributed to sp®> carbon amorphous phase
resulting from the crosslinking of carbon atomic wires in the
disordered regions observe in STM (see Fig. 1).

As for simulations, as also evidenced by Kroto et al. for
similar sp-carbon systems*” the results of DFT calculations are
affected by the choice of a finite-size molecular model. Ours is
certainly not large enough to describe the real gold surface.
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Different models have been chosen to describe the interaction
with the gold substrates and the related Raman spectra are
affected significantly by this choice (see the ESI}). Also for the
sp-sp> polymeric wire, we adopted the dimer as a reduced
version of the longer wires, after checking computationally
that Raman signal is not affected by increasing the length of
the model (i.e. number of oligomers) since the phenyl groups
interrupt the conjugation (see ESIt). The small frequency mis-
match of sp-carbon Raman peaks between DFT calculations
and experiments can be also due to the distortion of the sp-
sp®> when interacting with the gold cluster. This distortion is
the effect of the adopted model and it is not present in calcu-
lations of the structure and STM images which adopt a peri-
odic Au(111) surface. Based on these considerations and on
the similar trends observed in all the models we investigated,
DFT calculations may describe the qualitative trends observed
in the experimental spectra, allowing for an interpretation of
the experiments.

As a final issue, since our sp-sp® polymeric wires represent
an example of long linear 1D carbon with quite good stability,
it is interesting to compare them with other relevant sp-carbon
structures. In this context, one example is the ideal case of the
infinite carbyne, which is nicely approached by extremely long
chains inside a carbon nanotube.® This system is different con-
cerning both the synthesis methods and the Raman spectrum
observed. In particular, the Raman spectrum of long linear
chain in the nanotube shows an sp-carbon peak at about
1800 cm™'. The wavenumber value is much lower than the
case of short polyynes (showing a frequency at about
2200 em™') and it is consistent with the well-known redshift
expected for increasing wire length. Conversely, in our system,
phenyl groups interrupt the conjugation path, which cannot
extend following the overall length of the wire (i.e. the number
of oligomeric units). In this sense, from the vibrational point
of view, our polymeric wires with a Raman peak at about
2200 cm™' are more similar to a phenyl-terminated polyyne
with 4 sp-carbon atoms rather than a long linear carbon
chain.*® As observed above, a Raman peak at about 2000 cm™*
is also observed, due to the interaction of the wire with the
gold surface.

On the other hand, our system appears to be more closely
related to a graphdiyne nanoribbon and in particular it would
correspond ideally to the narrowest armchair nanoribbon of
y-graphdiyne. Since no data are present in the literature on
Raman spectra of these nanoribbons, a comparison can be
done with the calculated Raman spectrum of an extended 2D
graphdiyne crystal, as reported in ref. 49. As expected, some
similarities are observed, such as the frequency of the sp-
carbon peak at about 2200 cm ™" and the Raman modes related
to vibrations of the phenyl ring at about 1500-1600 cm™". In
extended graphdiyne, however, some of these peaks appear to
be split, due the 2D extension of this system and the presence
of some other Raman active modes which cannot be found in
our one-dimensional system. Again, the additional peak at
about 2000 cm™" is a peculiarity of the present system, result-
ing from the presence of the gold surface.

This journal is © The Royal Society of Chemistry 2019
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4 Conclusions

We report the atomic-scale structure, electronic and vibrational
properties of long linear sp-sp® polymeric carbon nano-
structures on Au(111) investigated by STM/STS and Raman
spectroscopy. We characterize the surface electronic density of
states as resulting from the hybridization between the mole-
cular levels residing on the polymer and the metallic bands of
the substrate. The occupied states, residing on the sp chain
sections of the polymer determine a characteristic peaks below
the Fermi energy. Concerning the structural properties, Raman
spectroscopy provide complementary information to the high-
resolution STM imaging, allowing us to follow the formation
of sp-sp> polymeric carbon atomic wires after the deposition
of sp-carbon-based oligomer on Au(111). Raman spectra show
a new peak shifted at lower frequency with respect to the pris-
tine acetylenic band of the precursor molecule indicating the
increased length of the wire as a consequence of the homocou-
pling reaction. Such new feature in the sp-carbon spectral
region increases in intensity by increasing the temperature in
agreement with the formation of sp-sp> carbon atomic wires
by homocoupling, as observed by STM. An additional Raman
peak at significantly lower frequency appears due to the bond
softening promoted by the interaction with gold. Although
overall the polymeric wires investigated here are quite long
compared to the sp-carbon atomic wires usually available from
organic synthesis, they cannot be considered as a model
approaching the infinite wire carbyne, since the sp conju-
gation is here limited to the relatively short C, sections. The
phenyl groups which seem to support the stability are also
responsible for the interruption of the n-electron conjugation.
As a result neither in experiment nor in DFT simulations do
we observe any length-dependent effects. In this respect, the
decoupling between the overall length of the polymer and the
extension of the conjugation could be exploited for novel struc-
tures. Indeed, the control of the oligomeric unit through the
choice of the precursor would pave the way to the tuning of
the properties of long polymeric carbon atomic wires on metal
surfaces. In the light of the obtained experimental results,
UHV-STM/STS and ex situ Raman spectroscopy techniques rep-
resent a powerful and non destructive strategy to investigate
novel sp-carbon based nanostructures with a great potential
for the characterization of other novel 1D and 2D structures,
such as graphyne and graphdiyne.
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