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ABSTRACT: We report on a stepwise on-surface polymerization  molecules oligomers nanowires graphene

reaction leading to oriented graphene nanoribbons on Au(111) as the jatorbbons
final product. Starting from the precursor 4,4”-dibromo-p-terphenyl
and using the Ullmann coupling reaction followed by dehydrogenation
and C—C coupling, we have developed a fine-tuned, annealing-
triggered on-surface polymerization that allows us to obtain an
oriented nanomesh of graphene nanoribbons via two well-defined
intermediate products, namely, p-phenylene oligomers with reduced
length dispersion and ordered submicrometric molecular wires of
poly(p-phenylene). A fine balance involving gold catalytic activity in
the Ullmann coupling, appropriate on-surface molecular mobility, and
favorable topochemical conditions provided by the used precursor
leads to a high degree of long-range order that characterizes each step
of the synthesis and is rarely observed for surface organic frameworks obtained via Ullmann coupling.
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B INTRODUCTION precursor.”® For this reason, the degree of order in a
bidimensional covalent layer can be improved only by careful
control of the reaction kinetics.*>~*’

To date, one of the most successful meeting points between
the two mentioned research areas has been the precise
production of graphene nanoribbons (GNRs) and hetero-
junctions starting from the precursor 10,10’-dibromo-9,9'-
bianthryl (DBBA) or similar molecules.”**° In addition,
several other molecular building blocks have been tested to
obtain “defective” graphene-like materials, but with less
impressive results due to the difficulty of obtaining large
regular domains.*' ~**

In the last years, the research interests in the field of surface-
supported organic monolayers have been focused on two main
topics: the growth of epitaxial graphene and the production of
surface covalent organic frameworks (SCOFs)."'~®

Since graphene layers on metal surfaces represent the global
thermodynamic minimum of all conjugated carbon allotropes,
simple on-surface thermal decomposition of hydrocarbons” or
surface segregation of carbon-containing alloys'® are becoming
the methods of choice to prepare large-area graphene films on
various transition-metal surfaces. At the same time, the absence

of a band gap in graphene, which is required in order to | 6 )
implement it as a component in field-effect transistor (FET) Herein we propose a novel finely tuned annealing protocol to

devices, "% has stimulated the development of “defective” perfo'rm a stepwise on-surface polymerization. reaction leading
graphene-like materials by means of chemical modification,'>"* to oriented GNRS as t}?e fmal product. In particular, GNRs can
defects engineering,">'® and confinement of charge carriers be grown using 44’-dibromo-p -terp henyl (D BT_‘P) asthe
within quasi-one-dimensional (1D) ribbons'""” or quantum precursor according to the. mechanism shown in Flgure 1. On
nanodots.® Au(111), the first step is thg Ullmann coupling between
The versatility of organic functionalization has directed brominated precursor units>*>~* in order to form ordered and
research toward the bottom-up synthesis of graphene-like extended poly(p-phenylene) (PPP) wires, which subsequently
structures, with the aim of inserting functional groups in the act as precursors for the synthesis of GNRs after C—H bond
starting building units to tailor the properties at one’s own activation.
choice.” ™! However, well-ordered SCOFs are rarely obtained
under ultrahigh-vacuum conditions®*™>* because several local Received: October 7, 2014
thermodynamic minima can be reached starting from a selected Published: January 13, 2015
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Figure 1. Schematic representation of the bottom-up synthesis of
GNRs from the precursor DBTP.

This new approach allowed us to fine-tune the degree of
polymerization by controlling the annealing temperature and, if
required, to stop the synthesis at a particular intermediate prior
to the formation of GNRs, namely, p-phenylene oligomers with
reduced length dispersion or submicrometric molecular wires of
PPP. Moreover, a higher annealing temperature promoted the
formation of an oriented nanomesh of GNRs. As a result of the
close match between the self-assembled structure of the as-
deposited DBTP molecules and the motif of PPP wires, short-
range molecular displacements lead from the starting structure
to the final structure with no need for long-range on-surface
diffusion. Basically for this reason every intermediate product of
the synthesis is characterized by extended 2D order, which
leads to oriented growth of GNRs with their main axes mostly
parallel to the substrate main directions.

B RESULTS AND DISCUSSION

The models and experimental scanning tunneling microscopy
(STM) images in Figure 2 summarize the main steps in the
synthesis of GNRs starting from DBTP, along with the
structural features of every intermediate ordered nanostructure.
Larger STM images are reported in Figure 3 for the same
structures in order to show the extended bidimensional order
and the behavior of the herringbone (HB) Au(111) surface
reconstruction underneath the reacting molecular layer.

The deposition of a submonolayer of DBTP at room
temperature (RT) on Au(111) results in an ordered, close-
packed array of unreacted monomers, as shown in Figures 2a
and 3a, where molecules can be clearly resolved as linear
features oriented with their main axes parallel to the [121]
substrate direction. RT X-ray photoelectron spectroscopy
(XPS) outcomes ultimately indicate that the molecules are
intact when they adsorb on the surface. Indeed, the C 1s peak
(Figure 4d) is characterized by a major component at a binding
energy (BE) of 284.2 €V, associated with the phenyl ring, and a
smaller feature at BE = 285.1 eV due to bromine-bonded
carbon atoms.*” Consistent with nondissociative adsorption of
DBTP, as observed for similar halogenated molecules on
Au(111),*¥75! the stoichiometric ratio (SR) of the two
components is 1:8. This is further supported by the Br 3d
spectra, which reveal the presence of carbon-bonded bromine
only (Br 3d;,, at BE = 69.9 eV; Figure 4a), with no detectable
trace of chemisorbed atomic bromine.*** This close-packed
self-assembled structure, described by the [3 1, 2.5 5.5] matrix
(see the low-energy electron diffraction (LEED) pattern in
Figure Sla in the Supporting Information), is stabilized by
lateral Br---H—C hydrogen bonds and Br--Br X bonds, as
sketched in the inset of Figure 2a and in line with other recently
described brominated molecules.>"**
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Figure 2. Diagrammatic representation of the different structures
obtained during the synthesis of GNRs. For each reaction step, the
annealing temperature and the main structural and chemical effects on
the system are indicated. All of the images are aligned as reported in
(a). The bottom left insets in panels (d) and (e) report DFT-based
STM simulations (V = —0.4 V) of the PPP wire and a GNR with N =
6, respectively, for comparison with the experimental images.

After postdeposition annealing of the structure reported in
Figure 2a to 320 K, the network is converted into the less dense
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Figure 3. STM images of the Au(111) surface after each thermal treatment step, evidencing the range of the bidimensional order and the behavior of
the Au(111) HB surface reconstruction. (a) Molecules deposited at RT. The HB is clearly visible underneath the molecules. (b) After annealing at
320 K, the HB disappears beneath the [4 2, 2 6] structure and is visible only on the uncovered areas. (c) After annealing at 400 K, long PPP wires are
formed, and the HB is still visible only on the uncovered areas. (d) After annealing at 520 K, PPP wires have a more wavy geometry, and the HB
reappears under the molecules. (e) After annealing at 650 K, parallel GNRs (black arrows) are formed from the PPP wires (red arrows). (f) The blue
circle highlights two PPP wires extending from the head of a GNR. The bottom inset reports a comparison between a DFT-based simulation (V =
—0.7 V) with a partially superimposed molecular model (left) and an experimental high-resolution STM image (V = —0.7 V, I = 1 nA) (right) of a
GNR with N = 6.
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Figure 4. (3, b) Br 3d and (c, d) C 1s X-ray photoelectron spectra as functions of temperature for DBTP/Au(111). The three dash-dotted lines
correspond to the onset temperatures for herringbone (HB) reconstruction lifting, bromine desorption, and HB reappearance. Selected spectra
acquired at different temperatures are shown in (a) for Br 3d and in (d) for C Is.

[4 2, 2 6] structure (see the LEED pattern in Figure S1b), S2), and we concluded that only the first choice matches the
where the molecules lie parallel to the [110] direction, as experimental images.
shown in Figure 2b. Moreover, direct comparison of panels () In a recent spectroscopic study of the Ullmann coupling
and (b) in Figure 3 shows that at RT the Au(111) HB reaction of DBBA on Au(111),*® a similar C 1s shift was
reconstruction is visible under the molecules, while it associated with dehalogenation of the molecules as a result of
disappears underneath the new phase after the annealing. the concurrent shift of Br-related peaks at BE values compatible
Figure 4 shows that the C 1s XPS peak is the only one affected with the presence of chemisorbed bromine atoms on the
by this phase transition, with a 0.3 eV shift toward lower BE, surface. In our case, the C 1s shift cannot be associated with any
while the Br 3d doublet retains its initial position and area. change in the Br 3d XPS peak. For this reason, we propose that
Since at this temperature the chemical identity of DBTP the new superstructure is not related to a chemical reaction but
molecules is preserved, we associate the bright protrusions rather to a different vertical interaction between the DBTP
clearly visible at the head and tail of each molecule (Figure 2b) molecules and the substrate. Indeed, the RT nanostructure is
to Br atoms. To confirm this conclusion, we simulated the STM very compact, and the nearest-neighbor intermolecular H-H
images of the [4 2, 2 6] structure by assuming both the distance is compatible only with partially tilted molecules; in
brominated molecule and the debrominated biradical (Figure the lower-density phase, however, molecules can lie flat on the
1804 DOL: 10.1021/ja510292b
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Figure S. STM images of the self-assembled structures formed by (a) monomers and (b, c) oligomers after annealing at different temperatures, as
indicated for each image. Same-length oligomers form rows parallel to the [112] direction, as highlighted by the red and green segments in (b) for

dimers and trimers, respectively.

surface, and the local lifting of the HB reconstruction appears
to be due to adsorbate-induced stress, similar to what is
observed for polycyclic aromatic hydrocarbons adsorbed on the
same surface.”>>*

Further annealing at temperatures ranging between 360 and
390 K promotes the formation of longer oligomolecular units,
as shown in Figures 2¢ and 5. Since these molecules are slightly
shorter than an integer multiple of the individual monomers
and appear with a uniform height profile, we conclude that they
are oligomers of p-phenylene such as dimers, trimers, tetramers,
and so on (see Figure S3). As sketched by the arrow in Figure
2¢, the DBTP molecules in the [4 2, 2 6] structure are properly
aligned to form oligomers by a little sliding motion along the
[112] direction, associated with the elimination of a bromine
molecule and the concurrent formation of a C—C bond.
Indeed, during this step the area of the Br 3d doublet decreases
monotonically as a function of temperature without the
formation of chemisorbed bromine atoms (Figure 4ab), and
at the same time the C 1s peak becomes more symmetric. In
particular, the decrease in the higher-BE side is associated with
the increase in the lower-BE side, in accordance with the
formation of new C—C bonds at the expense of the C—Br ones
(see the superposition of the red and yellow spectra in Figure
4d).

As shown in Figure Sb, oligomers of the same length form
rows along the [112] direction (isolated oligomers are rarely
observed). This observation implies that a shift of a DBTP
molecule along the [112] direction leads to coupling between
units along the molecular main axis, and this movement in turn
favors a cooperative shift of all of the subsequent molecules in
the same [112]-aligned row as a consequence of the increased
steric hindrance between nearest neighbors due to Pauli
repulsion, according to the typical Sergeant—Soldier mecha-
nism. Moreover, careful control of the surface temperature
between 360 and 390 K promotes the formation of longer
oligomers such as heptamers, octamers, and so on (see the
statistical analysis reported in Figure S4).

Increasing the temperature over 400 K results in a network of
PPP wires characterized by unprecedented long-range order, as
confirmed by the presence of the well-defined LEED pattern
shown in Figure Slc, which was previously unreported for on-
surface Ullmann-produced polymers and is compatible with a
commensurate [4 2, 0 3] structure. The dimensions of the PPP
wires are limited only by the grain boundaries of the islands, as
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shown in Figure 3¢, and can reach 200 nm, even if typical values
are around 70 nm. The PPP wires are stable up to 650 K, but
an important change shows up after the annealing at 520 K:
above this temperature the overlayer LEED pattern disappears,
and STM imaging revealed that the molecular wires acquire a
more wavy geometry, with the contextual restoration of the HB
reconstruction underneath the molecular layer (Figure 3d). At
the same annealing temperature, we observed a 0.2 eV shift in
the C 1s XPS peak toward higher BE, as visible in Figure 4c,d.
Again, there is an evident correlation between the C 1s shift
and the restoration of the HB reconstruction, at variance with
recent spectroscopic studies of similar systems*® that revealed a
correlation between this second C 1s shift and the complete
desorption of bromine, which in our case is completed at
distinctly lower temperatures, as reported in Figure 4b.

We next explored the carbon—carbon coupling reaction
through direct C—H activation in order to achieve the side
coupling between adjacent PPP wires. After the treatment at
650 K, we observed the formation of wider molecular stripes,
mainly oriented parallel to the PPP wires (see Figures 2e and
3e) and having the same apparent height. A closer inspection of
the STM images reveals the presence of some branches arising
from the stripe structures. In particular, it appears that some
ribbons split into two distinct branches, both having the same
shape and dimensions of a single PPP wire, as highlighted in
Figure 3f. We conclude that the wider nanostructures formed
after thermal annealing at 650 K are GNRs. Our conclusion is
further supported by a comparison of the high-resolution STM
images reported in Figures 2e and 3f with density functional
theory (DFT) simulations obtained by assuming the formation
of an armchair GNR with N = 6, as expected for the
condensation of two PPP wires (see Figure 1) but a novel
geometry with respect to GNRs obtained previously by means
of on-surface synthesis.”®*® In detail, the simulated images
show that the edge is characterized by an antiphase zigzag
domain boundary, a feature revealed by STM imaging.
Moreover, Raman spectra (see Figure SS) conclusively
demonstrate the formation of GNRs, since the G, D + D/,
and 2G bands, which are very sensitive fingerprints of the
presence of graphenic materials,>* show up after annealing at
650 K. Although the dispersion of the lengths is large, ranging
from 10 to 70 nm, this reaction protocol affords mostly aligned
GNRyg, as is evident in Figure 3e. Almost all of the nanoribbons
terminate in one or two wires as a result of nonperfect zipping
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of two PPP molecules. This leads to nanoribbons serially
connected by PPP wires.

Annealing at temperatures near the threshold for C—H bond
activation (650 K) mainly promotes the coupling of two PPP
wires, while treatments at higher temperatures (up to 800 K)
activate the condensation of unreacted wires, leading to wider
GNRs, as shown by the STM image reported in Figure 6a.

Figure 6. (a) STM image of wider GNRs due to the coupling of more
than two PPP wires prepared after annealing PPP wires at 800 K. (b)
Large-scale image showing the preferential azimuthal orientation of the
defective GNR mesh.

However, this reaction step is not driven by self-assembly any
more, but rather by long-range, random diffusional events
activated by the high temperature. For this reason, the coupling
between aryl groups occurs randomly, leading to the formation
of branches that interconnect the nanoribbons; the resulting
structure is a sort of highly defective GNR mesh in which a
clear preferential azimuthal orientation deriving from the
hierarchical procedure is still evident (see Figure 6b).

Bl CONCLUSIONS

We have reported a bottom-up synthesis of submicron-length,
long-range-ordered PPP as an intermediate product and large,
oriented graphene nanoribbons as the final product using 4,4"-
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dibromo-p-terphenyl as the molecular precursor on Au(111).
Moreover, fine-tuning of the reaction conditions allows the
degree of polymerization in the Ullmann coupling reaction to
be controlled with almost monomolecular precision.

The comparison of results reported here with those obtained
by Lin and co-workers®” on Cu(111) is particularly interesting.
On Cu(111), the DBTP self-assembled structure is converted
into an organometallic network prior to the formation of PPP
wires, and a limited 2D order is obtained. This intermediate is
not observed on gold, in agreement with what has been
observed previously for other halogenated molecules on the
same surface.”***>® In this respect, as inferred by Lackinger and
co-workers,”® the gold surface might still be the best
compromise between sufficient catalytic activity, high molecular
mobility, and weak adsorption energy for the halogen leaving
group. In the present case, gold acts as the catalyst for the
Ullmann reaction, but it does not form an organometallic
network with the selected debrominated precursor. A direct
consequence is that the molecules can self-organize freely, and
only when they are properly aligned does the reaction occur, as
reported previouslsy in the case of GNRs obtained from the
precursor DBBA.”

An interesting difference between the cases of GNRs formed
from DBBA and from DBTP is the behavior of bromine, as
revealed by XPS analysis: in the former case, Br atoms detach
from the monomer and adsorb on the Au(111) substrate by
annealing between 400 and 500 K and then desorb as Br,
molecules after annealing at 550 K, whereas when DBTP is
used on the same substrate, bromine desorbs in the much lower
temperature range of 360—400 K and no adsorbed atomic
bromine is detected by XPS.** This difference can be easily
explained when the different structures formed by the
deposited molecules before the debromination step are
analyzed. In the case of DBBA, the brominated molecules
form ordered rows with the Br atoms relatively far from each
other.>” As a consequence, annealing induces the adsorption of
isolated Br atoms on the surface, too far from each other to
form Br, molecules unless thermal diffusion sets in. Conversely,
DBTP molecules arrange in the [4 2, 2 6] structure, where the
apical Br atoms residing on nearest-neighbor molecules are
close to each other, and therefore, thermally triggered C—Br
bond cleavage puts two nearby Br atoms at a mutual bonding
distance, thereby promoting the formation and contextual
desorption of a Br, molecule. Concurrently, with a little sliding
motion along the [112] direction, the two remaining radicals
can react to form a C—C bond. In summary, in the DBBA case
the rate-limiting step for bromine desorption is most likely set
by the rate of Br, formation as a result of random diffusion of
adsorbed atomic Br, whereas in the present case the rate-
limiting step appears to be C—Br bond cleavage, with the
spatial confinement of Br couples due to the starting geometry
favoring almost immediate subsequent formation and desorp-
tion of molecular bromine.

As a final remark, this work confirms once more® that one of
the most efficient ways to obtain large domains of long-range
ordered SCOFs using nonreversible covalent coupling, as in the
case of Ullmann-type reactions, is to start from a supra-
molecular arrangement of precursors that is able to rearrange
into the final covalent nanostructure with small local position-
al/orientational adjustments, thus avoiding long-range on-
surface diffusion, which typically leads to highly defective final
structures. In this way it has been possible to obtain large
ordered domains of PPP and GNRs with their main axes mostly
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parallel to the substrate main directions. In perspective, the
reported synthesis seems to be the most favorable candidate for
the growth of unidirectional and size-controlled ribbons by
exploiting a surface templating effect.%>" By confining the
rodlike molecules onto the reduced-width terrace of a vicinal
surface, we expect to achieve both a highly anisotropic material
on the macroscopic length scale and fine control of the
dimensional dispersion. Moreover, this method is not limited to
the synthesis of carbon-rich materials but should be applicable
to the introduction of dopant atomic species or functional
groups in specific positions if a proper rodlike precursor is
employed.

B EXPERIMENTAL SECTION

STM Imaging. Experiments were performed under ultrahigh-
vacuum conditions at a base pressure of 2 X 107 mbar with an
Omicron scanning tunneling microscope (VT-STM). All of the STM
measurements were carried out at RT in constant-current mode using
an electrochemically etched Pt—Ir tip. Typical parameters were a
sample bias voltage (V4;,,) of 1 V and a tunneling current (I) of 2—$
nA. The STM data were processed with the WSxM software.®”
Moderate filtering was applied for noise reduction.

Sample Preparation. The Au(111) crystal was cleaned by
repeated cycles of 1 keV Ar" sputtering and annealing at 820 K
until a clean surface with sufficiently large terraces was confirmed by
STM imaging. Commercially available DBTP molecules were
deposited from a pyrolytic boron nitride crucible held at ~390 K.
The coverage was 0.7 monolayer (ML) in all of the experiments, as
calibrated on the C 1s XPS signal, where 1 ML is defined as a surface
fully covered by the [3 1, 2.5 5.5] structure. The molecular source was
outgassed until the pressure did not increase during the sublimation.
During deposition the surface was always held at RT, and the
polymerization was activated by subsequent thermal annealing. The
final temperature was kept for at least 3 h to allow the system to evolve
until it reached a stationary state under the given conditions; the
samples were then cooled to RT and analyzed. STM images were
statistically analyzed by molecular counting. Molecules were only
considered when they were completely resolved, and the analysis
encompassed at least 3000 molecules for each temperature.

X-ray Photoelectron Spectroscopy. Measurements were
performed in situ at RT using a VG Scienta XM 650 X-ray source.
The X-rays produced were monochromatized using a VG Scienta XM
780 monochromator optimized for Al Ka radiation (1486.7 eV).
Photoelectrons were collected and analyzed with a Scienta SES 100
electron analyzer fitted to the STM preparation chamber.

Simulations. Simulations of DBTP networks adsorbed on the
Au(111) surface were performed using DFT in the mixed Gaussian
plane waves framework as implemented in the CP2K code.®> We used
the Perdew—Burke—Ernzerhof (PBE) parametrization of the ex-
change—correlation functional. DFT-D3 dispersion corrections were
included.**

The Au(111) substrate was modeled within the repeated slab
geometry® using orthorhombic simulation cells containing four layers
of gold and one layer of hydrogen atoms to suppress the surface state
of Au(111) on one side of the slab. The lateral size of the unit cell
corresponded to 200 unit cells (10 X 10 rectangular units), and more
than 20 A of vacuum was included. The geometries of the topmost two
Au(111) layers and the adsorbed molecular species were fully
optimized until forces on atoms were lower that 10™* au. STM
simulations were performed in the Tersoff—Hamann approxima.tion66
in constant-current mode. To overcome limitations of localized basis
sets for nonperiodic systems, the electronic states were extrapolated
into the vacuum region.67 Since the tip shape and the tip—sample
distance were not accessible experimentally, a quantitative simulation
of the experimental tunneling current was not attempted here. We
chose the charge-density isovalue to provide a realistic tip—sample
distance on the order of 5 A.
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Raman Spectroscopy. Raman spectra were acquired with a
ThermoFisher DXR Raman microscope using a 532 nm laser (3.0
mW) focused on the sample with a SOX objective (Olympus) to
obtain a spot size of about 1 ym. A single acquisition lasted no more
than 20 min to avoid laser-induced damage of the sample.

B ASSOCIATED CONTENT

© Supporting Information

Detailed descriptions of experimental procedures, LEED
results, simulation of DBTP STM images, STM statistical
analysis, and Raman measurements. This material is available
free of charge via the Internet at http://pubs.acs.org.
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