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Graphene nanoribbons (GNRs) have received a great deal of attention due to their promise
for electronic and optoelectronic applications. Several recent studies have focused on the
synthesis of GNRs by the bottom-up approaches that could yield very narrow GNRs with
atomically precise edges. One type of GNRs that has received a considerable attention is
the chevron-like GNR with a very distinct periodic structure. Surface-assisted and
solution-based synthetic approaches for the chevron-like GNRs have been developed,
but their electronic properties have not been reported yet. In this work, we synthesized
chevron-like GNRs in bulk by a solution-based method, characterized them by a
number of spectroscopic techniques and measured their bulk conductivity. We
demonstrate that solution-synthesized chevron-like GNRs are electrically conductive in
bulk, which makes them a potentially promising material for applications in organic
electronics and photovoltaics.

1 Introduction

Graphene nanoribbons (GNRs), few-nm-wide strips of graphene, possess inter-
esting electronic and optical properties.’® While GNRs have long been considered
theoretically,"* the active experimental research in this area started less than a
decade ago. Several recent studies have focused on the synthesis of GNRs by the
bottom-up approaches that rely on building GNRs from smaller molecular
species.”?® The resulting GNRs are very narrow (typically with widths, w < 2 nm)
and have atomically precise edges, which is very important for potential appli-
cations.****?*> One type of synthetic GNRs that has received considerable theo-
retical®?* and experimental attention®'***>*?¢ is the chevron-like GNR that has a
very distinct periodic structure (Fig. 1a). Chevron-like GNRs were first synthesized
by Cai et al. by the surface-assisted approach that involved coupling molecular
precursors into linear polyphenylenes on Au(111) single crystals followed by
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Fig.1 Synthesis of chevron-like GNRs. (a) Schematic of a chevron-like GNR. (b) Scheme
of the GNR synthesis; see text for details.

cyclodehydrogenation.® Later the solution-based synthetic approach for bulk
quantities of chevron-like GNRs that relies on Yamamoto coupling of molecular
precursors followed by cyclodehydrogenation via a Scholl reaction has also been
demonstrated.***

Considering the potential use of GNRs in electronics*~* it is very important to
understand their electronic properties. Despite some recent attempts to measure
the electronic properties of GNRs synthesized by the bottom-up approaches
the electrical characterization of GNRs remains challenging in general and no
conductivity measurements have been performed on chevron-like GNRs in
particular. In this work, we synthesized chevron-like GNRs in bulk by a solution-
based method,” confirmed their quality by scanning tunnelling microscopy
(STM) and a number of spectroscopic techniques, and measured their bulk
conductivity.

30,31

2 Experimental

All starting materials and solvents were purchased and used as received without
any purification. Sodium hydroxide (97%), nitromethane (98%), iron(ur) chloride
(anhydrous, 98%), carbon disulphide and gold foil (0.025 mm, 99.985%) were
purchased from Alfa Aesar. Methanol and mesitylene were purchased from
Sigma-Aldrich. Acetone and dichloromethane were purchased from Fisher
Scientific, and concentrated hydrochloric acid was purchased from Macron. Four-
inch heavily p-doped silicon wafers with a 300 nm-thick layer of SiO, were
purchased from Silicon Quest International.

Fig. 1b shows the scheme of the solution synthesis of chevron-like GNRs. We
used the synthetic procedure that we disclosed in our previous work," although
with some modifications. We first synthesized the precursor monomer 1 and then
converted it to the polymer 2 using bis(1,5-cyclooctadiene)nickel(0) (Ni(COD),) as
described in our previous work.” We previously performed the cyclo-
dehydrogenation of the polymer 2 with FeCl; to form GNRs using dichloro-
methane (DCM) as a solvent." In the present work we preformed this reaction in a
DCM-CS, mixture (1 : 1), since this mixture was shown to be an effective solvent
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for cyclodehydrogenation of other polyphenylenes via the Scholl reaction.** More
specifically, 50 mg of polymer 2 was added to 80 ml of DCM-CS, mixture (1 : 1)
and sonicated until well-dispersed. The reaction mixture was degassed with
nitrogen gas. Iron(m) chloride (1.666 g) was dissolved in nitromethane (5 ml) and
added to the reaction mixture. The nitrogen gas was bubbled through the reaction
mixture for 24 h. After that another portion of DCM-CS, (1 : 1) (60 ml) was added
to the reaction mixture and the reaction was continued for another 7 h. The
reaction mixture was then filtered and washed with concentrated hydrochloric
acid, acetone, water, methanol, a methanol-sodium hydroxide mixture, meth-
anol, water, and finally acetone. The resulting black solid was dried at 65 °C,
yielding 49 mg of a black powder.

A Raman spectrum of GNRs deposited on Si/SiO, substrate was recorded using
a Thermo Scientific DXR Raman microscope with a 532 nm laser.

UV-vis-NIR measurements of GNRs were performed using a Jasco V-670
spectrophotometer. GNR powder (2 mg) was added to 7 ml of mesitylene and
sonicated at 80-90 °C for 90 s. The mixture was then refluxed for 10 min and
sonicated at 80-90 °C for 30 s. The reflux and sonication steps were repeated one
more time. Finally, the GNR dispersion in mesitylene was heated to reflux and
transferred to a cuvette for UV-vis-NIR measurements while still hot.

X-ray photoelectron spectroscopy (XPS) was performed using a PHI Quantera
SXM scanning X-ray microprobe. To prepare XPS samples several droplets of a
GNR suspension in DCM were deposited on a gold foil and dried in air.

GNRs were deposited on a Au(111) substrate and imaged by scanning
tunnelling microscopy (STM). To prepare a sample for STM measurements ~2 mg
of GNRs powder was mixed with ~5 ml of mesitylene in a 100 ml round-bottom
flask. The mixture was sonicated for 1 min and then heated to reflux while
agitated for 5 min and then sonicated for another 30 s. The reflux-sonication
procedure was repeated several times to the total of ~2.5 min of sonication time.
Using a glass pipette, two drops of the GNR suspension in mesitylene were
deposited while still hot (T > 100 °C) on the Au(111) substrate. The STM imaging
was performed using a commercial Pt-Ir tip and a home-built ultrahigh vacuum
(UHV) variable temperature STM system at the Center for Nanophase Materials
Science (CNMS) at Oak Ridge National Laboratory (ORNL); the base pressure was
lower than 1 x 10~ '° mbar. The GNR samples were degassed in UHV for several
hours before performing the STM measurements.

Fourier transform infrared (FTIR) spectroscopy of GNRs was preformed using
a Nicolet Avatar 360 FTIR instrument. The measurements were performed on a
small amount of a GNR powder that was placed directly on the spectrometer
sample stage.

The electrical measurements of GNRs were performed using an Agilent 4155C
Semiconductor Parameter Analyzer that was connected to a computer through
82357B USB/GPIB Interface and controlled using National Instruments LabView
software. GNRs were measured in the form of pressed pellets (diameter, d = 7
mm, thickness, ¢ ~ 0.1 mm) that were prepared using a hand press (International
Crystal Laboratories). Prior to some of the electrical measurements the GNR
pellets were annealed at 200 °C in a tube furnace (Lindberg/Blue M) in H,/Ar (5
sccm of H,, 5 scem of Ar, total pressure ~500 mTorr) for 2 h.

Theoretical calculations were performed using a plane-wave density
functional theory code Quantum ESPRESSO,** with the combination of the
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exchange-correlation functional of Perdew, Burke, and Ernzerhof (PBE)** together
with norm-conserving pseudopotentials developed by the Rappe Group.** The
smallest repetition unit of the studied nanoribbon was placed in an orthorhombic
cell, propagating along the X-direction and maintaining separation of at least 20
bohr (approx. 10.6 A) on the vacuum sides (Y and Z). A large cutoff of 100 Ry for
the electronic wavefunction and a tight convergence threshold of 1 x 10~** for
self-consistency were used throughout the calculations. The phonon frequencies
and Raman activities were computed at the I" point of the Brillouin zone using
density-functional perturbation-theory for phonons®® and second-order response
for Raman activities,*” for a structure previously relaxed to the level of reasonably
small forces (<6.0 x 10~* Ry per bohr).

3 Results and discussion

In order to confirm the high quality of GNRs that were prepared using the
modified synthetic procedure, they were characterized by a number of analyt-
ical techniques. First of all, we used Raman spectroscopy, a technique known
to be very sensitive to the disorder in carbon materials. Fig. 2a shows a
comparison of theoretical and experimental Raman spectra of chevron-like
GNRs. According to the results of the theoretical simulations, the Raman
spectrum of chevron-like GNRs should exhibit not only the D and G bands (the
most intense peaks in the spectrum around 1300 cm ' and 1600 cm ',
respectively) that are standard for graphene-based materials,*® but also a series
of smaller bands that are characteristic for this particular nanoribbon; these
smaller bands are shown by arrows in the inset in Fig. 2a. These smaller bands
include the fine structure of three peaks at the low-energy side of the G band, as
well as the series of peaks around the D band. These features could be observed
in the experimental spectrum of the chevron-like GNRs, which indicates their
high structural quality.

We also used FTIR spectroscopy to confirm the efficiency of the oxidative
cyclodehydrogenation of the polymer 2 to form GNRs 3 (see the last step in the
reaction scheme shown in Fig. 1b) and the structural quality of the chevron-like
GNRs. Fig. 2b demonstrates representative spectral regions for the material
before and after cyclodehydrogenation, as well as the theoretical spectrum of the
GNRs 3. The left panel in Fig. 2b shows the spectral range from 3100 to 2850 cm ™
where the FTIR spectrum of the polymer 2 contains three characteristic peaks at
3077, 3053 and 3024 cm™ ' that originate from the aromatic C-H stretching.*
These peaks are not observed in the FTIR spectrum of GNRs 3, which is in
agreement with the theoretical spectrum, according to which the chevron-like
GNRs should exhibit no peaks in this spectral range. Similar conclusions could be
drawn from the analysis of the FTIR spectra of the polymer 2 and GNRs 3 in the
spectral range from 900 to 650 cm ™, see the right panel in Fig. 2b. The theoretical
spectrum of the chevron-like GNRs is very different from the experimental FTIR
spectrum of the polymer 2, but, as expected, is in a good agreement with the
experimental FTIR spectrum of GNRs 3. In the polymer 2 spectrum the most
intense peak at 697 cm ', which is typical for monosubstituted benzene rings,'**
nearly disappears after the oxidative cyclodehydrogenation of the polymer 2 to
form GNRs 3 (Fig. 2b), and the remaining small peak actually matches well the
similarly small peak in the theoretical spectrum of the chevron-like GNRs.
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Fig. 2 Spectroscopic and microscopic characterization of GNRs. (a) Raman spectrum of
GNRs. The black arrows in the inset show small peaks around D and G bands. (b)
Comparison of the experimental FTIR spectra of the polymer 2, GNRs 3, and theoretical
FTIR spectrum of GNRs 3. (c and d) XPS spectra of GNRs deposited on a gold substrate: (c)
survey spectrum, (d) C 1s spectrum. The inset in (c) shows 2.8 x 4.3 nm? STM image of a
GNR deposited on Au(111) substrate; the left panel shows the original image, and the right
panel shows the same image where the GNR is highlighted for the sake of clarity. (e) UV-
vis-NIR absorbance spectrum of GNRs suspended in mesitylene. The inset shows the
analysis of the energy-dependent absorbance of GNRs suspended in mesitylene,
demonstrating an optical bandgap of ~1.6 eV.

Overall, the FTIR spectroscopy results confirm the efficient transformation of the
polymer 2 to GNRs 3 (Fig. 1b), and the structural quality of the resulting
nanoribbons.
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To further demonstrate the high quality of these GNRs we visualized them by
STM. The inset in Fig. 2c shows STM image of a GNR that was deposited on
Au(111) substrate; the left panel shows the original image, while in the right panel
the GNR is highlighted in green for the sake of clarity. The structure of the GNR
observed in this STM image is in perfect agreement with the atomic structure
shown in Fig. 1a.

The chemical purity of the GNRs was confirmed using XPS spectroscopy.
Fig. 2c shows the XPS survey spectrum of GNRs deposited on a gold substrate. No
peaks other than the C 1s peak and the peaks associated with the gold substrate
could be observed in this spectrum, suggesting that possible impurities could be
present in the sample only in amounts below the XPS detection limit. Fig. 2d
shows the XPS C 1s spectrum of GNRs, demonstrating only a single sharp
component at 284.5 eV corresponding to the sp® carbon atoms, as expected for a
graphene-based material.

Fig. 2e shows a UV-vis-NIR spectrum of the chevron-like GNRs dispersed in
mesitylene. The GNRs have strong absorption in UV and visible regions, which
then decreases toward the NIR region and becomes negligible at A ~ 950 nm (E ~
1.3 eV), The linearization of the energy-dependent absorbance of the GNRs (see
the inset in Fig. 2e) gives an optical band gap of ~1.6 €V, which is very close to the
theoretical band gap value of 1.57 eV that was previously calculated using the
density functional theory (DFT) method.**

The electrical measurements were performed on pressed GNR pellets using the
home-built setup shown in Fig. 3a. A GNR pellet was placed between two
aluminium electrodes surrounded by a dielectric cylinder (“inner shell”). The
dielectric outer shell was gently pressed to the bottom electrode using two screws
to ensure good contact between the electrodes and GNR pellet. The electrodes
were connected to a parameter analyzer for electrical measurements. Fig. 3b
shows a typical GNR pellet that is 7 mm in diameter and has a thickness of ~0.1
mm. Interestingly, although the GNR pellet has a black colour (Fig. 3b, left panel),
it also has a characteristic metallic luster (Fig. 3b, right panel), thus somewhat
resembling a graphite flake.

Two-terminal voltage-current (I-V) curves were measured in the voltage range
from —5 to +5 V. Fig. 3¢ shows that the as-prepared GNR pellet is fairly conductive,
showing a current of the order of a few microamperes in the given voltage range.
The conductivity could be improved if the GNR pellet is annealed at 200 °C in H,/
Ar, as shown in Fig. 3c. The fact that the chevron-like GNRs are electrically
conductive is an important result, considering the promise of bottom-up
synthesized GNRs for organic electronics.*>*!

It should also be noted that Fig. 3c illustrates the bulk conductivity of ribbons
rather than represents the intrinsic electronic properties of an individual
chevron-like GNR. An appropriate analogy can be made with carbon nanotubes
(CNTs) that, similarly to GNRs, are also one-dimensional graphene-based mate-
rials. It is well-known that while CNTs have remarkable electronic properties, the
electrical conductivities of CNTs fibers and composites are much lower than those
of individual CNTs by at least one order of magnitude even for the rigorously
optimized samples.** The electrical conductivity of a macroscopic CNT sample is
affected by various structural imperfections that include poor intertube junctions,
insufficient packing density, poor alignment of the CNTs, etc. In analogy with
CNT fibers and composites, a bulk GNR sample (Fig. 3b) should have similar
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Fig. 3 Electrical measurements of GNRs. (a) Scheme of experimental setup for electrical
measurements of GNRs. Top and bottom panels show the side view and the cross-section
view of the setup, respectively. (b) Optical photographs of the as-prepared GNR pellet at
different angles of observation. (c) Current—voltage (/-V) plots for the as-prepared and
annealed GNR pellets.

structural imperfections, such as inefficient ribbon-to-ribbon junctions, low
packing density of GNRs, and their poor alignment. Therefore, electrical
measurements of individual chevron-like GNRs, as well as additional studies of
different arrangements of GNRs, such as thin films and fibers, will be important
to reveal the potential of this material for future applications.

4 Conclusions

In summary, we synthesized chevron-like GNRs in bulk by a solution-based
method, visualized them by STM and characterized them by a number of spec-
troscopic techniques. We demonstrate that the as-synthesized chevron-like GNRs
are electrically conductive in bulk, and the bulk conductivity of GNRs could be
further improved by annealing in H,/Ar. Electrical measurements of individual
nanoribbons are still in order to better understand their electronic properties.
However, the fact that the chevron-like GNRs are electrically conductive makes
them a promising object for the future studies of the bulk applications of bottom-
up synthesized GNRs in areas, such as GNR-based electronics and photovoltaics.
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