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Introduction

Structure and vibrational properties of 1D
molecular wires: from graphene to graphdiyne+

Francesco De Boni,? Roberto Pilot, 2 &P Alberto Milani, Viktoria V. lvanovskaya,®
Raichel J. Abraham,? Stefano Casalini, 2 @ Danilo Pedron,® Carlo S. Casari, (2 ©
Mauro Sambi {2 @° and Francesco Sedona () *2

Graphyne- and graphdiyne-like model systems have attracted much attention from many structural,
theoretical, and synthetic scientists because of their promising electronic, optical, and mechanical pro-
perties, which are crucially affected by the presence, abundance and distribution of triple bonds within
the nanostructures. In this work, we performed the two-step bottom-up on-surface synthesis of gra-
phyne- and graphdiyne-based molecular wires on the Au(11l). We characterized their structural and
chemical properties both in situ (UHV conditions) through STM and XPS and ex situ (in air) through Raman
spectroscopy. By comparing the results with the well-known growth of poly(p-phenylene) wires (namely
the narrowest armchair graphene nanoribbon), we were able to show how to discriminate different
numbers of triple bonds within a molecule or a nanowire also containing phenyl rings. Even if the number
of triple bonds can be effectively determined from the main features of STM images and confirmed by
fitting the Cls peak in XPS spectra, we obtained the most relevant results from ex situ Raman spec-
troscopy, despite the sub-monolayer amount of molecular wires. The detailed analysis of Raman spectra,
combined with density functional theory (DFT) simulations, allowed us to identify the main features
related to the presence of isolated (graphyne-like systems) or at least two conjugated triple bonds (graph-
diyne-like systems). Moreover, other spectral features can be exploited to understand if the chemical
structure of graphyne- and graphdiyne-based nanostructures suffered unwanted reactions. As in the case
of sub-monolayer graphene nanoribbons obtained by on-surface synthesis, we demonstrate that Raman
spectroscopy can be used for a fast, highly sensitive and non-destructive determination of the properties,
the quality and the stability of the graphyine- and graphdiyne-based nanostructures obtained by this
highly promising approach.

first predicted that graphynes (GYs) would be a series of stable
2D crystalline carbon allotropes featuring a high degree of sp

Fullerenes,' nanotubes,” graphene,>* and its derivatives, such
as graphene nanoribbons,>® demonstrate that carbon can
form a wide variety of structures whose properties are strongly
related to structural issues such as dimensionality, hybridiz-
ation, chirality and topology. Besides carbon nanostructures
formed by sp*- or sp>-hybridized carbon atoms, there is a great
interest in developing carbon nanostructures with a high
degree of sp hybridization, because the presence of ethynyl
units can considerably affect the conjugation and the pro-
perties of carbon-based materials.””® In 1987, Baughman et al.
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hybridization."® Since in their structural motif ethynyl units
(sp-hybridized carbon) bridge aromatic rings (sp>-sp>-hybri-
dised carbon), GYs were named to reflect such arrangements,
i.e. by recalling graphite and ethyne. Based on the number of
triple bonds between two neighbouring aromatic rings, such
structures can be distinguished as graphyne (GY, one triple
bond), graphdiyne (GDY, two conjugated triple bonds), graph-
triyne (GTY, three conjugated triple bonds), and so on. Many
efforts, including theoretical predictions and practical experi-
ments, have been made to study GYs during the last few
decades, exploring their potential mechanical, optical, and
electronic properties. Like in graphene, the existence of Dirac
cones was also found in GYs."' Moreover, GYs were predicted
to have a natural band gap compared with graphene."” They
also exhibit superior electrical properties: for example, high
carrier mobility and small carrier effective masses.'®'*
Thereafter, theoretical studies'® have predicted interesting
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electronic,"®'” optical'® and mechanical properties’®' of GY
and GDY for applications in hole-transporting materials,?>
transistors,”® field emission devices,>® batteries>>>’ gas
separation,®®* desalination,*® catalysis,>'*> sensors,** and
electrochemistry.®® As a general statement, the number and
different arrangements of acetylenic moieties play a crucial
role in the features of GYs, such as mechanical,** > electronic,
and vibrational properties,®®?° because of long-range changes
in conjugation effects.*>*" A theoretical screening of all the
possible GDY structures formed as graphene derivatives has
determined 32 different 2D structures, each with specific elec-
tronic and vibrational properties.***?

From a synthetic point of view, an appealing approach
towards 1D- and 2D-carbon networks containing acetylenic
moieties is associated with the so-called on-surface synthesis,
namely an ultra-high vacuum (UHV) bottom-up approach that
gives access to the synthesis of macrocyclic n-electron systems
with atomic accuracy by using designed molecular precursors
in combination with modern advances in molecular resolution
imaging and represents a unique tool for the realization of
novel functional GYs nano-architectures and networks.**™*
Some of the most promising results have been obtained with
the atomically-precise synthesis of graphyne and graphdiyne
molecular wires (GY MWs and GDY MWs, respectively), one-
dimensional polymers characterized by the presence of phenyl
rings and acetylenic moieties within the same wire. Here, we
classify these systems according to the following nomencla-
ture: m,n MWs where m is the number of phenyl rings and » is
the number of alkyne linkages in the repeating monomer (i.e.
2,1 and 2,2 MWs are the narrowest GY and GDY nanoribbons,
respectively).*® Up to date, most of the papers reported in the
literature exploit linear precursors characterized by terminal
alkynes. Unfortunately, this approach leads to defective
branched final polymers due to the high reactivity of the term-
inal alkynes, as well as to the presence, as an intermediate
step, of a metallorganic system.’*® With reference to the
MWs reported in this paper, 2,2 MW were obtained by Rabia,
A. et al.® starting from a precursor featuring the presence of
two bromine-terminated triple bonds in para-positions of a
biphenyl unit. Recently, our group adopted another promising
approach based on precursors deposited on silver surfaces
wherein the acetylenic moieties are internal rather than term-
inal, being linked to two phenyl groups, each connecting a
bromine atom in para position. This choice ensures higher
protection of the reactive alkyne chains and allows for direct
formation of GY and GDY MW.** 2,2 MW were also obtained
with this type of precursor by Shan, H. et al. starting from and
1,4-di(4-bromophenyl)-1,3-butadiyne (DBPB).*’

In the field of 2D monolayer materials, and in particular
among those obtained by the on-surface synthesis approach,
Raman spectroscopy showed high potentiality and low applica-
bility at the same time. Indeed, the technique has limited sen-
sitivity for small quantities of material and enhancement tech-
niques like Surface- or Tip- enhanced Raman scattering are
usually required to measure a spectrum.’®” A notable excep-
tion is constituted by graphene materials, which have a high
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Raman cross-section and therefore have been widely character-
ized with this technique. In the field of on-surface synthesis
many works on graphene nanoribbons (GNRs) showed that
Raman spectroscopy can be used as a fast, non-destructive
technique able to determine the width,”® the edge orien-
tation,> the length® and the level of alighment®" of the GNRs.
it is also the only technique that can determine the level of
defectivity induced by the GNRs transfer procedures.®*

Only a few works reported the use of Raman spectroscopy
on a monolayer of sp-carbon wires produced in ultra-high
vacuum (UHV) conditions, which appears challenging due to
the scarcity of the analyzed material, to the presence of
organometallic species, and to the stability problems affecting
the systems when exposed to air conditions.**%

On the other hand, on more bulky materials, Raman spec-
troscopy is particularly effective in identifying sp/sp> hybridiz-
ation and in investigating the structure, since the principal
Raman features of sp-carbon are unique and well-separated
from the Raman bands of sp> and sp® carbon structures.®*™¢”
Nonetheless, bulky materials tend to be more defective, and
the interpretation of the secondary features that are related to
the number of the consecutive alkynyl moieties and therefore
to the distinction between GY and GDY structures is still
challenging.®®%°

In this work we adopt the afore-mentioned strategy of mole-
cular precursors with phenyl-protected acetylenic moieties. By
Ullmann coupling on Au(111), we obtain low defective 2,1 and
2,2 MWs that can be considered as models of the narrowest
GY and GDY MWs, respectively. We then compare their struc-
tural and vibrational properties with those of the poly(p-pheny-
lene) (PPP) MWs (i.e. 1,0 MW), which can be considered as the
narrowest graphene nanoribbons.”®”>

The quality of the obtained MWs, confirmed by in situ scan-
ning tunneling microscopy (STM) and X-ray photoelectron spec-
troscopy (XPS), allow us to perform a detailed ex situ Raman ana-
lysis supported by DFT simulations of the properties of three
different sp-sp” nanostructures, with particular attention to the
main and secondary features that are needed to discriminate
the number of triple bonds in the repetitive unit of graphyne-
and graphdiyne-based nanostructures.

Despite the scarcity of the material, Raman turns out to be
extremely effective in characterizing molecular wires with
different sp/sp” ratios and provides evidence for their stability
in ambient conditions. In this sense, the present work pro-
vides a further example, besides those of the graphenic
materials, of the great potentiality of Raman spectroscopy in
studying carbon nanostructures at the atomic scale, comple-
menting high-resolution STM imaging.

Experimental

All synthesis, STM characterization and XPS spectroscopy were
performed in UHV conditions (6 x 107*° mbar). The single
crystal Au(111) surface, provided by MatecK GmbH, was
cleaned with several cycles of sputtering with Ar' ions at an

This journal is © The Royal Society of Chemistry 2024
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energy of 1-1.5 keV for 1 hour at 450 °C, followed by annealing
at 550 °C for about 15 minutes. The quality of the surface was
monitored by means of STM, XPS, and Low Energy Electron
Diffraction (LEED) until an ordered and clean surface was
obtained. The organic precursors (purchased from Sigma
Aldrich, purity 99%) were sublimated from a pyrolytic boron
nitride crucible and deposited on the metallic surface in situ.
The crucible was held at 120 °C for 4,4"-dibromo-p-terphenyl
(DBTP) and DBPB, whereas at 60 °C for DBPE precursors. The
molecular source was outgassed until the pressure did not
increase during the sublimation. During the deposition, the
pressure was in the 10° mbar range, and the substrate was
held a few centimeters from the crucible. Then, each sample
underwent several steps of annealing for a variable time. The
final temperature was kept constant between 2 and 4 hours to
allow the system to evolve until it reached a stationary state
under the given conditions; the samples were then cooled to
RT and characterized in situ through STM and XPS, and ex situ
through Raman spectroscopy.

All STM measurements were performed with an Omicron
scanning tunneling microscope (VI-STM) at RT in constant-
current mode using electrochemically etched Pt-Ir or W tips.
Typical parameters were a tunneling current (I) of 0.5-5 nA
and a sample bias voltage (V) of +1 V referred to the sample
(the exact values of current and voltage are reported in the
caption of each STM image). The STM images were processed
with the WSxM software.”® Moderate filtering was applied for
noise reduction.

DFT calculations have been performed using the OpenMX
code.”*”> The exchange-correlation potential was expressed
in the generalized gradient approximation using the Perdew—
Burke-Ernzerhof (PBE)’® schema and dispersion interactions
have been included using the Grimme-D2 method.”” We used
norm-conserving fully relativistic pseudopotentials including
a partial core correction and a basis set of optimized numeri-
cal pseudoatomic orbitals. Charge densities and potentials
were determined on a real-space grid with a mesh cutoff
energy of 210 Ry. Simulated constant current scanning tun-
neling microscopy (STM) images have been obtained within
the Tersoff~-Hamann approximation’® where the tunneling
current is proportional to the local density of surface states at
the tip position integrated from the applied voltage bias to
the Fermi level.

XPS measurements were performed in situ at RT using a VG
Scienta XM 650 X-ray source. The X-rays produced were mono-
chromatized using a VG Scienta XM 780 monochromator opti-
mized for Al Ka radiation (1486.7 eV). Photoelectrons were col-
lected at grazing angle emission and analyzed with a Scienta
SES 100 electron analyzer fitted to the STM preparation
chamber. XPS spectra were fitted with the XPSpeak 4.1 soft-
ware. Both C 1s and Br 3d peaks are reported with background
subtraction in line with our previous analysis”" this is particu-
larly helpful for Br 3d peaks because is positioned on the
shoulder of the Au 5p,,, peak.

The Raman measurements of the nanowires were performed
in air by using an Ar'/Kr" laser (Coherent, Innova 70) with a

This journal is © The Royal Society of Chemistry 2024
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beam wavelength of 514.5 nm. The spot size of the laser on the
sample was about 5 mm x 80 pm, obtained through a cylindri-
cal lens. The Raman scattering was collected with a camera
objective (Canon 50 mm, f/1.2) and it was separated from the
elastic scattering by a triple spectrograph (Jobin Yvon S3000).
The detector was a charged couple device (CCD), cooled with
liquid nitrogen (Jobin Yvon, Symphony). This configuration
(macro Raman with line focus) is particularly suitable for deli-
cate and/or low-signal samples.”® The spectra in the main text
were acquired with a laser power of 50 mW, an integration time
of 20 seconds and were averaged out of 10 acquisition.

Raman measurements of molecular precursors (in
powders) were performed in air in a standard Micro Raman
configuration exploiting the same laser source, spectrograph
and CCD as before. The laser was coupled into a microscope
(Olympus BX 40, Tokyo, Japan) by a non-polarizing beam split-
ter and focused by a 20x objective (Olympus, LMPlan FLN20x
NA = 0.40). The spectra in the main text were acquired with a
laser power of 2 mW, an integration time of 10 seconds and
were averaged out of 10 acquisition.

The spectra of both polymers and precursors were also col-
lected at different laser powers, to ensure that no sample
degradation occurred during measurements (see ESIt).

The simulation of the Raman spectra was carried out on
molecular models mimicking the different precursors and on
small oligomers obtained by the repetition of 3-4 monomers
as models of the polymeric wires. The Au surface is not con-
sidered in the Raman simulations. For each molecular wire,
two different simulations were performed: the first one
assumed a fully planar conformation of the polymers on the
surfaces, while the second one added a tilt of about 30°
among adjacent repetitive units within the polymers to take
into account the steric hindrance between adjacent phenyl
rings (ESI Fig. S19-S21f). The DFT simulations of Raman
spectra have been carried out by using the Gaussian09
package® at the PBEO/cc-pVTZ level of theory: indeed, this
combination already proved to provide reliable and accurate
predictions of the spectroscopic results for a large variety of
sp-based molecular systems.’®®! When comparing theoretical
and experimental Raman spectra, a frequency scaling factor of
0.93 and a shift of +48 cm™" has been applied to the computed
ones. This correction has been determined separately by the
comparison of the experimental and DFT-computed Raman
spectra of the three different molecular precursors and are the
scaling factors required to bring the band predicted by the
simulations for the vibration modes localized on the phenyl
ring and on the triple bond, respectively, near to the experi-
mental 1585 cm™" and 2220 cm ™" bands.

Results and discussion

STM and XPS characterization: structural and chemical
properties

We performed the synthesis of 2,1 2,2 and 1,0 MW supported
on Au(111) starting from different precursors: 1,2-di(4-bromo-
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phenyl)-ethyne (DBPE); 1,4-di(4-bromophenyl)-1,3-butadiyne
(DBPB) and 4,4"-dibromo-p-terphenyl (DBTP), respectively,
according to the synthetic route summarized in Scheme 1.
After the room temperature (RT) deposition on the gold

[a]

1. Deposition on Au(111)
2. Annealing @ 200°C

—
n (+2nBr)

ne— )= Y oeee

1. Deposition on Au(111)
2. Annealing @ 170C

2,1GY MWs

n_(+2nBn)

[<]
n B(Bv DBPB

1. Deposition on Au(111)
2. Annealing @ 170C

2,2 GDY MWs|
n_(+2nBr)

Scheme 1 Representation of the bottom-up growth of different mole-
cular wires on the Au(111) surface: (a) poly-p-phenylene (PPP) wires
starting from the 4,4”-dibromo-p-terphenyl (DBTP) precursor; (b)
2,1 graphyne molecular wires (2,1 MWs) from the 1,2-di(4-bromophe-
nyl)-ethyne (DBPE) precursor; (c) 2,2 graphdiyne molecular wires (2,2
MWs) from the 1,4-di(4-bromophenyl)-1,3-butadiyne (DBPB) precursor.
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surface and the subsequent annealing at 170 °C, we obtained
long polymeric nanowires, ie. the annealing triggers the
release of bromine atoms and the formation of new C-C
bonds between adjacent phenyl moieties to produce the final
structure of molecular wires, according to the scheme of the
well-known on-surface Ullmann-like coupling reaction.

Fig. 1b, c, f and g report STM images of the molecular wires
obtained after the annealing at 170 °C. The small-scale images
(b) and (f) show a contrast modulation that is in line with the
alternation between phenyl rings (light) and acetylenic groups
(dark) within each wire. Indeed, the dark part in the 2,1 MWs
repeating monomer is shorter than the same one in 2,2 MWs,
in agreement with the presence of a single alkynyl moiety
group in the first case and a butadiynyl in the second one.

Complemental DFT simulations can provide a more precise
description at the atomic level of the supramolecular organiz-
ation when compared to STM images. Fig. 1a and e show struc-
tural models for both the molecular wires adsorbed at the
metal surface. In accordance with experimental images, the
polymeric chains have been aligned with the Au[1 — 10] direc-
tion. The lattice mismatch is minimized by accommodating a
2,1 MWs monomer over 4 gold surface periods, while for the
2,2 MWs this condition is satisfied for 5 gold surface periods.
Both models predict a distance between adjacent chains equal
to 7.7 A, which is in line with the experimental value that is on
average 7.5 + 0.5 A, whereas the calculated distance from the

1,2 GY MWs

2,2 GDY MWs

Fig. 1

(a) DFT simulated model and (b) and (c) experimental STM images of 2,1 MWs after annealing the surface at 170 °C; in (b) the DFT-simulated

STM image is superimposed to the experimental data. (d) The surface with 2,1 MWs after the thermal treatment at 250 °C, high resolution as inset. (e)
DFT simulated model and (f) and (g) STM images of 2,2 MWs after annealing the surface at 170 °C; in (f) the DFT-simulated STM image is superim-
posed. (h) The surface with 2,2 MWs after thermal treatment at 250 °C, high resolution as inset. (b) 1.9 nA, 0.7 V; (c) 0.8 nA, 1.6 V; (d) 0.9 nA, 1.0 V (f)
1.0nA 0.9V (g) 0.8 nA -1.6 V (h) 1.4 nA 1.3 V The ball-and-stick models follow this legend: C atoms — dark grey; H atoms — white; Br atoms — red.
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metal surface is 3.6 A. Adjacent polymers are shifted in the
direction parallel to the chains to minimize the repulsion
between the phenyl rings. Altogether, the 2,1 MWs supramole-
cular organization can be fairly described by using a [3 0 0 4]
commensurate supercell and the 2,2 MWs superstructure
requires a [3 0 0 5] commensurate supercell. Simulated STM
images are reported in Fig. 1b and f: the good agreement
obtained with the experimental images validates this struc-
tural model.

Fig. 1(c) and (g) show larger-scale STM images, which
confirm that the surface is fully covered by a monolayer of
molecular wires. The degree of order and length of the 2,1
and 2,2 MWs is not comparable with those obtained for PPP
wires from DBTP molecules on the same surface, where iso-
oriented MWs longer than 100 nm are easily found (see ESI.
Fig. $11).>* This is in line with the high reactivity of the triple
bond, which can start reacting even after the mild annealing
necessary to the debromination, thereby causing branch
coupling reactions. Yet, we find that the MWs length is in
line with or better than that reported in literature for similar
systems.?” Comparing the average lengths of the two types of
molecular wires reported in this paper, we find that the
longer ones have been obtained for the 2,2 MWs where
50 nm long wires are easily visualized, whereas the 2,1 MWs
are generally shorter, showing, on average, a length of
approximately 10 nm and forming many small domains
wherein they are oriented along different directions, as
evident in Fig. 1c. The same stability trend has been found
after a second annealing performed at 250° C for 2 hours, as
reported in Fig. 1c and f. While in the case of 2,2 MWs, the
polymers are still intact and organized in wavy bundles
(Fig. 1h), in the case of 2,1 MWs the surface has completely
changed: only a few short bright original polymers are still
intact, while most of them have been substituted by darker
wires that don not show a clear repetition motif, as evident in
Fig. 1d and its inset. We can anticipate that from the Raman
spectra analysis, we found that the darker wires come from
the degradation of 2,1 MWs caused by the annealing at
250 °C. In the ESI , we report STM images of the MWs
obtained by annealing at 170 °C and exposed to air condition
for 24 hours, (ESI Fig. S2271) both the STM images and the
Raman measurements confirm the stability of MWs within
this time frame.

Further information on the reaction sequence as a function
of temperature is provided by XPS measurements, reported in
Fig. 2 and 3 for the synthesis of 2,1 and 2,2 MWs, respectively.

At RT, the C 1s peak related to DBPE molecules can be
fitted with three components: the main peak at 284.0 eV is
attributed to sp> C-H and sp alkynes carbon atoms (red), the
sp> C atoms directly linked to other three C atoms (blue) are
responsible for the binding energy (BE) component at 284.4
eV, whereas the C atoms directly linked to bromine (green) are
responsible for the high BE component at 284.8 eV (Fig. 2a).
The attribution of these convoluted peaks is consistent with
the results reported previously in the literature.®>"®* The rela-
tive areas of these three peaks are in good agreement (within

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) C 1s and (b) Br 3d XPS spectra for the two-step synthesis of
2,1 MWs from the DBPE precursor on Au(11l). In the central panel, C
atoms in the different nanostructures are coloured according to the fol-
lowing colour legend: C bonded to Br — light green; C bonded to H —
red; C bonded exclusively to C — blue. Instead, Br atoms are represented
with the following colour legend: Br bonded to C — dark green; Br che-
misorbed on Au - violet.

Br3d

S 250°C 2,2 MW
BRI SN APV SR S Lo

'™ C-Brbond|

170°C 2,2 MW

° W B-Cbond
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Fig. 3 (a) C 1s and (b) Br 3d XPS spectra for the two-step synthesis of
2,2 MWs from the DBPB precursor on Au(111). In the central panel, C
atoms in the different nanostructures are coloured according to the fol-
lowing colour legend: C bonded to Br — light green; C bonded to H —
red; C bonded exclusively to C — blue. Instead, Br atoms are represented
with the following colour legend: Br bonded to C — dark green; Br che-
misorbed on Au - violet.

4%) with the amount of the three carbon species present in
the intact molecule (C-H:C-C:C-Br = 10:2:2), as also
reported in Table S2 of ESL.f Moreover, the position of the Br
3d peak (Fig. 2b) is consistent with the non-dissociative
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adsorption of DBPE molecules (Br 3ds, at BE = 69.9 €V), as
already observed for similar halogenated precursors; i.e.,
bromine is still bonded to the rest of the molecule rather than
being chemisorbed onto gold atoms of the surface.®**>

Similar considerations can be pointed out for the fitting of
the C 1s peak of the DBPB molecule (Fig. 3a), except for two
main differences. First, a slight increase of BE (about 0.2 eV,
see Table S37) of all three components in the DBPB molecule
compared to the corresponding ones in DBPE is detected.
Second, there is a different percentage of the abundance of the
three carbon species. In fact, the red component increases by
about 20% compared to the other two components, reflecting
the presence of two more sp-carbon atoms in the structure of
the DBPB molecule, so that the relative amount of the three
species is now C-H:C-C: C-Br =12:2:2.

The formation of the 2,1 MWs modifies the C atoms bonded
to bromine into C atoms linked to three C atoms (Fig. 2a): the
resulting XPS region can now be fitted with just two com-
ponents, the red one (BE = 283.7 eV), and the blue one (284.1
eV), with a percentage area compatible with the presence of the
graphyne-like molecular wires (C-H:C-C = 10:4). These two
components show a shift (0.3 eV) toward lower BE with respect
to the previous growth step, as extensively confirmed after this
stage on many surfaces as a consequence of the bromine
adsorption on the metal surface,”” and the related change in
the surface work function.®® The absence of a component due
to C-Br bonds and the total conversion of DBPE into 2,1 MWs
is further confirmed by the Br 3d spectrum (Fig. 2b), which
shows an important shift toward lower BE (Br 3ds,, at 67.9 eV;
Fig. 2b), typical of bromine chemisorbed on both gold and
other metal surfaces. Moreover, a significant quantity of
bromine desorbed, in fact, the area of the Br 3d peak decreased
by about one-third compared to the same area at RT. This view
holds also for the fitting of the C1s feature of 2,2 MWs, except
for the two main differences previously observed. First, the BE
of the two C1s components in 2,2 MWs is still about 0.2 eV
higher compared to the corresponding ones in 2,1 MWs: such a
small increase can probably be attributed to a different inter-
action with the substrate of the two analyzed MWs. Second, the
relative amount of red and blue components reflects, within
3%, the abundance of the two carbon species in the 2,2 MW
monomer, i.e. C-H:C-C =12:4.

Similar considerations can be pointed out for the two-step
growth of PPP wires starting from the DBTP precursor,
because this synthesis is already well-known in the literature,
hence we report STM images and XPS spectra in the ESI
(Fig. S1, S2 and Table S47).

Regarding the XPS spectra registered after the annealing at
250° C (upper part of Fig. 2 and 3 and corresponding to STM
images reported in Fig. 1(d) and (h)), it is important to note
that in both cases the Br signal is not detected, in line with
its total desorption from the metal surface, within the sensi-
tivity of the technique. Regarding the C1s signal of the 2,2
MW, the shape and intensity remain unchanged with respect
to the previous annealing step, whereas in the case of the 2,1
MW, we found a peak with similar intensity but with the
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FWHM increased by about 20% with respect to the previous
annealing step (see Table S1 in ESIf for the parameters).
Therefore, the C1s peak confirms what was already reported
when analyzing the STM images: the 2,1 MWs degraded after
the annealing at 250 °C.

Raman spectroscopy: vibrational properties

As described in the introduction, we exploited the potentialities
of Raman spectroscopy in studying the atomic-scale structure of
carbon molecular wires based on sp-sp> hybridization, comple-
menting high-resolution STM imaging. Indeed, by exploiting
the high stability of the studied systems, we performed an ex
situ Raman characterization of the precursor molecules and
both 2,1, and 2,2 PPP MWs. To provide a reliable interpretation
of the experimental trends, several simulations on the precursor
molecules and molecular models were performed for describing
the final molecular wires grown on the substrate (see
Experimental section for more information).

Fig. 4 reports experimental Raman spectra of DBTP, DBPE
and DBPB molecular precursors in powder form before subli-
mation and their corresponding simulated spectra. The com-
parison between the experimental and simulated data shows a
good agreement of both positions and intensities of the peaks,
demonstrating the accuracy of the adopted level of theory. The
Raman spectra of the three precursors show important simi-
larities of the peaks related to the phenyl groups (evidenced by
yellow lines in Fig. 6), the most important being the signal
around 1580 cm™', attributed to C-C stretching modes loca-
lized on the phenyl groups, and other three less intense peaks
around 1010 cm™", 1070 cm™" and 1480 cm™', with normal
modes mainly localized on the two external parts of the mole-
cules (phenyl rings an C-Br bond), and therefore not substan-
tially affected by the presence of triple bonds.

DBPB

P

VN m (

Intensity (a.u.)

If
DBPE |

DBTP

exp.
v\ L

1000 1200 1400 1600 1800 2000 2200

Raman shift (cm™1)

Fig. 4 Experimental (exp.) and simulated (sim.) Raman spectra of the
three precursor molecules. A model of each molecule is sketched on
the right side of the image, the coloured bars are used to outline differ-
ences and similarities between the spectra (see main text).
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More interesting is to analyze the differences between the
spectra due to the normal modes that involve the central part
of the molecules. The most relevant feature is the intense peak
around 2220 em™", which is associated with the C-C stretching
mode of the triple bonds, as reported in Fig. 5a and b. This is
the most intense peak in the DBPE and DBPB spectra (blue
line in Fig. 4), and it is absent in the DBTP spectrum.
Moreover, the Raman spectrum of DBPB molecules shows two
minor peaks at 980 cm™" and 1340 cm ™" (red lines in Fig. 4)
that arise from the stretching of single C-C bonds between the
two triple bonds, as visible from the representation of the
normal modes shown in Fig. 5¢ and d and that are not present
in the spectrum of DBPE molecules. These peaks can be there-
fore considered as a fingerprint of the butadiyne group in sp-
sp® carbon nanostructures.®®” All the details about the most
significant Raman features of each spectrum are reported in
the ESL{ namely experimental and computed wavenumbers,
computed Raman intensities, and sketches of the normal
modes of vibration.

Fig. 6 reports the ex situ Raman spectra of the UHV-syn-
thesized molecular wires after thermal treatment at 170 °C
and the comparison with the simulated data. First of all, it is
important to stress that the samples prepared for the Raman
analysis consist of only one single layer of polymer, as reported

2]
2212 cmt
b]
2222 cmt
) 1346 cm? ’
OEVENEY
/. 98scml /N

Fig. 5 Sketches of the simulated normal modes of vibration and corres-
ponding wavelength values discussed in the main text for the DBPE (a)
and DBPB (b), (c) and (d) molecules. Movements of the atoms are rep-
resented according to the following legend: red arrows represent bond
bending, while coloured segments show bond stretching with different
vibrational phases depending on the colour. The length of the arrows
and the width of the segments are proportional to the contribution of
each vibration to the whole normal mode.
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Fig. 6 Experimental (exp.) and simulated (sim.) Raman spectra of the
three molecular wires are considered in this work. A model of each
monomer is sketched on the right side of the image, the coloured bars
are used to outline differences and similarities between the spectra (see
main text).

in the STM image of Fig. 1. The quality of the Raman spectra
is excellent, even though there is a tiny amount of the material
of interest. To the best of our knowledge, Raman related to
one monolayer thick materials without the help of surface or
tip enhancement is reported only for graphenic materials and
for the GDY system in the works by Rabia et al.>®%

The spectra reported in Fig. 6 highlight the peculiar charac-
teristics already described for the precursor molecules, but
some further important aspects must be consider.

The MWs spectra have fewer Raman features compared to
the corresponding precursors due to the greater simplicity of
the repetitive motif unit and the consequent decrease of the
number of normal modes, but the main features are main-
tained and therefore in Fig. 6 we keep the same colour code
employed for the precursors.

Thanks to the agreement between experimental spectra and
simulations, we are able to outline the main peaks related to
the phenyl rings common to the three MWs with yellow lines,
whereas blue lines indicate the peaks related to the triple
bonds and red lines those that can be considered the finger-
print of butadiyne groups (Fig. 6). The simulated spectra
reported in Fig. 6 are calculated for the fully planar confor-
mations because they fit better with the corresponding experi-
mental spectrum than the tilted models (Fig. S19-5S21%).

It is interesting to analyze the main difference between the
experimental Raman spectrum of 2,1 MWs and the corres-
ponding simulation in more detail: the peak related to the

Nanoscale, 2024, 16, 211-11222 | 11217
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triple bond (2205 em™") is rather small with respect to the
simulated reference and, above all there is a peak at
1185 cm ™', which is not predicted by the simulation (arrow in
Fig. 6). An analysis of the Raman literature on similar poly-
mers shows that this peak is characteristic of poly(p-phenylene
vinylene) (PPV), a polymer characterized by the presence of
alternating phenyl rings and double bonds.®® It is also interest-
ing to analyze the Raman spectrum of the 2,1 MWs after
annealing at 250 °C, as reported in Fig. 7. In this case, the
peak related to the triple bond at 2205 cm™" completely dis-
appears, whereas the peak at 1185 cm™" increases its intensity.
The result is a spectrum perfectly superimposable to that
reported for PPV.®® This is a clear indication that 2,1 MWs
tend to react through triple bond breaking (decrease of
2205 cm™' peak) switching from sp to sp> hybridization
(increase of 1185 cm™" peak).

The elucidation of the mechanism of this reaction is
beyond the scope of this paper, but it is quite surprising that
2,2 MWs, which have two consecutive triple bonds, i.e. they
should be more exposed to side reactions compared to 2,1
MWs, do not produce the peak around 1185 cm™" even after
the annealing at 250 °C. Concerning this behaviour, the paper
by Shan, H. et al.>®, by using AFM atomically resolved images
and DFT simulations, evidenced the presence of gold adatoms
that act as effective protecting groups for butadiyne units by
forming Au-rn ligand bonds, preventing unwanted branched
coupling reactions.

Raman spectra of 2,2 MWs on Au(111) have been also pub-
lished by Rabia et al.>® In this case the peak related to the buta-

Intensity (a.u.)

2,1 GY MW
Annealed at 250°C

1T 1T 71 T T T 1T T/
1000 1200 1400 1600 1800 2000 2200

Raman shift (cm)

Fig. 7 Experimental Raman spectrum of the 2,1 MWs after annealing at
250 °C.
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diyne group is not visible and the peak of the triple bond at a
high Raman shift shows a second component related to the
interaction with the substrate, not so evident in our spectra. The
reason for the difference is probably related to the different syn-
thetic strategies to obtain the same MWs. The precursor used by
Rabia et al. features the presence of the two bromine-terminated
triple bonds in para-positions of a biphenyl unit. This precursor
gives rise to the formation of an organometallic intermediate
that probably increases the interaction with the substrate,
whereas with our precursor this intermediate is not detected.

Conclusions

In this work, we performed the two-step bottom-up growth of
long-range ordered graphyne- and graphdiyne-based molecular
wires on Au(111) starting from DBPE and DBPB as molecular
precursors, respectively. Furthermore, we fully characterized
their structural and chemical properties both in situ (UHV con-
ditions) through STM and XPS complemented by DFT simu-
lations and ex situ (in the air) through Raman spectroscopy. In
particular, by also comparing each synthetic step with the well-
known growth of PPP wires from the DBTP precursor, we were
able to discriminate different numbers of triple bonds in the
structure of a molecule or of a repetitive monomeric unit within
a nanowire containing phenyl rings. Even if the number of
triple bonds can be effectively determined from the main fea-
tures of STM images and the fitting of C1s peak in XPS spectra,
we obtained the most relevant results from Raman spec-
troscopy. First, this technique provides an important ex situ
characterization tool, that can be exploited also closer to con-
ditions of the possible applications of this kind of nano-
structures. Second, the detailed analysis of Raman spectra, com-
bined with DFT simulations, allowed us to identify the main
features related to the presence of two conjugated triple bonds
in a row (graphdiyne-like systems), as distinct from those
arising from one triple bond (graphyne-like systems).

Moreover, the Raman analysis, in addition to confirming
the different high-temperature stability of the MWs, provides
clear indications of which functional groups are involved in
their thermal degradation and on their reactions, which are
difficult to obtain from the standard UHV analysis.

To conclude, this work provides both several powerful strat-
egies to identify the number of triple bonds in graphyne- and
graphdiyne-based nanostructures and a full in situ and ex situ
characterization of three different types of such nanostructures.
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