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ABSTRACT: Since the discovery of graphene, there is an increasing amount of research devoted to graphene materials, namely,
graphene nanoribbons (GNRs). The “top-down” production of narrow (<10 nm wide), unoxidized, and easily processable GNRs
with atomically precise edges is challenging, and therefore, new methods need to be developed. We have designed a “bottom-up”
approach for the synthesis of very narrow (ca. 0.5 nm) and soluble GNRs using a nonoxidative alkyne benzannulation strategy
promoted by Brønsted acid. Suzuki polymerization was used to produce the GNR precursor, a poly(2,6-dialkynyl-p-phenylene)
(PDAPP), with a weight-average molecular weight of 37.6 kg mol−1. Cyclization of the ethynylaryl side chains on PDAPP was
efficiently achieved using Brønsted acids to ultimately produce the GNRs. Infrared and Raman spectroscopic characterization of
the GNRs matches very well with calculated results. The formation of the GNRs was also supported by transmission electron
microscopy (TEM) and scanning tunneling microscopy (STM).

■ INTRODUCTION

Graphene, an organic material comprised of a two-dimensional
monolayer of sp2-hybridized carbon atoms, has been shown to
have interesting electronic, thermal, mechanical, and optical
properties.1−3 Its use in some important applications, like field
effect transistors (FETs), is not possible because it is a zero
bandgap semiconductor. Opening the bandgap can be achieved
by producing narrow strips of graphene, known as graphene
nanoribbons (GNRs).4−7 A number of “top-down” approaches,
such as the scission of graphene sheets using lithography,8−10

plasma etching,11 or the “unzipping” of carbon nanotubes,12−15

can provide GNRs. These methods commonly produce impure
GNRs as a mixture of different sizes and shapes with poor
solubility, which complicates processing of the materials for
device applications. In addition, the harsh conditions used in
these top-down methods can result in poor-quality GNRs,
which affects their properties and limits their use in device
applications. A more rational way to produce pure GNRs is
through a total synthesis from simple starting materials (i.e., a
“bottom-up” approach). This would allow for better control of
the size, shape, and functionalization of the GNRs, leading to
improved solubility and material properties.
GNRs are predicted to have metallic to semiconducting

properties, and those with widths <10 nm should possess ideal

semiconducting properties for FET applications.6,16,17 Some
excellent bottom-up approaches toward GNRs have been
reported. Müllen and co-workers recently reported the
solution-phase synthesis of soluble GNRs > 200 nm’s long
using a Diels−Alder polymerization reaction.18 Chevron-type
GNRs that are all carbon19,20 and also nitrogen-doped21 have
also been made by solution-phase synthesis. These approaches
rely upon oxidative aryl−aryl bond formation (the Scholl
reaction) for key C−C bond forming reactions,18−29 but the
harsh conditions that are required can significantly limit the
functionality that can be incorporated into the GNRs. This, in
turn, limits the ability to tune the properties of the resulting
GNR through the incorporation of various substituents.
Undesired rearrangements are also possible under Scholl
reaction conditions.30 The bottom-up synthesis of very narrow
and atomically precise GNRs has also been accomplished
oxidatively on a Au(111) surface17,31−35 and also a Cu(111)
surface.36,37 A drawback of surface-assisted synthesis of GNRs is
that this methodology is currently not practical for producing
bulk quantities of soluble and processable GNRs. New
methodologies are therefore needed for the efficient and
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rational bottom-up synthesis of narrow and soluble GNRs in
appreciable quantities so that further studies on this material is
possible.
The bottom-up synthesis of soluble and narrow GNRs in

appreciable quantities is still an unmet challenge. Therefore, the
development of synthetic methods to provide bulk quantities of
GNRs less than 10 nm wide would be highly beneficial since
these narrow GNRs would contain a bandgap, which is
necessary in FET applications. In theory, this bandgap could be
tuned by adjusting the width of the GNR or though substituent
effects. Herein, we report a new bottom-up synthesis narrow
GNRs based on a Brønsted acid promoted alkyne benzannu-
lation of a linear poly(2,6-dialkynyl-p-phenylene) (PDAPP)
precursor (Figure 1). The GNR products are highly soluble in a
number of common organic solvents. The structure of the
GNRs were supported by gel permeation chromatography
(GPC), nuclear magnetic resonance (NMR), infrared, Raman,
and ultraviolet−visible−near infrared (UV−vis−NIR) spectros-
copies as well as transmission electron microscopy (TEM) and
scanning tunneling microscopy (STM).

■ RESULTS AND DISCUSSION
Model Study. The cyclization of alkyne substituents onto

aryl moieties (benzannulation) has been shown to be an
efficient and mild method to generate a new aryl rings. This can
be achieved by using a variety of π-Lewis acids,38−40 using
iodine monochloride41 and even some Brønsted acids.42−44 In
order to evaluate the feasibility for PDAPP benzannulation, a
model compound (MC) was synthesized that represents a
monomeric unit of PDAPP (Scheme 1). The cyclization of 2,6-

dialkynebiphenyl derivative MC1 was tested using a number of
conditions to generate pyrene MC2.45 In our hands, the use of
π-Lewis acids or ICl46 resulted in incomplete cyclization or
poor yields of pyrene products via a double benzannulation of
2,6-dialkynylbiphenyl derivatives. We then turned our attention
to Brønsted acids to promote the cyclization reaction.
Compound MC1 gives the monobenzannulated product
MC3 almost quantitatively in the presence of excess trifluoro-

acetic acid (TFA) at room temperature. Doubly benzannulated
pyrene product MC2 can be obtained in low yield after long
reaction times at reflux in the presence of excess TFA. It
appeared that the second cyclization step was much more
difficult, and it appeared that a stronger Brønsted acid would be
required. Conducting the cyclization reaction using methane-
sulfonic acid (MSA) provided compound MC2 in 85% yield
(see the Supporting Information). We found that the use of
excess strong acid, such as MSA or triflic acid, significantly
accelerated the double benzannulation reaction but also led to
the formation of an uncharacterized byproduct. The best
conditions consisted of effecting a clean monocylization at
room temperature first using excess TFA, followed by
transferring this reaction mixture via syringe pump into a
solution of triflic acid (1 equiv) at low temperature to give
MC2 in excellent yield. We have also demonstrated that this
method works well for the synthesis of larger polycyclic
aromatic hydrocarbons (PAHs), such as pero- and teropyrenes,
via a 2- and 4-fold alkyne benzannulation, respectively.45

Synthesis of GNRs. Our synthesis of GNRs started with
the conversion of aniline 1 to the triazene compound 2
followed by selective double Sonogashira crosscoupling with
alkyne 3 to afford dialkynyltriazene 4 (Scheme 2). Conversion
of the triazene 4 to the bromoiododialkynylbenzene 5 was
achieved in good yield using known conditions.47 Compound 5
underwent selective lithium−halogen exchange using butyl-
lithium and was carried on to boronic acid 6 in good yield. We
converted 6 to the pinacol boronate 7 as it was easier to purify
and also provided higher molecular weight polymers in the
polymerization step (vide infra). With monomer 7 in hand, we
prepared a linear PDAPP 8 using a Suzuki cross-coupling
polymerization reaction. Branched alkyl chains were incorpo-
rated into monomer 7 to enhance the solubility of the PDAPP
8 and GNR 9 products. The crude PDAPP product 8 was taken
up in minimal hexane, precipitated with methanol, and then
analyzed by GPC against polystyrene (PS) standards. It should
be noted that the calculated molecular weights obtained from
GPC analysis are only an estimate to get an approximate idea of
the GNR lengths after cyclization and the values reported here
may deviate from values obtained from light scattering
experiments. The results indicated that PDAPP 8a (produced
in toluene) had a weight-average molecular weight (Mw) of 8.9
kg mol−1. The choice of reaction solvent (toluene vs THF)
makes a tremendous difference on the molecular weights
obtained after polymerization where PDAPP 8b (produced in
THF) had a significantly higher Mw of 37.6 kg mol−1 (see
Supporting Information, Table S1). The polydispersity index
(PDI) was 1.6 for 8a and 1.4 for 8b. To our surprise, nearly
complete benzannulation of PDAPP 8 was observed after 24 h
using excess TFA at room temperature (see the Supporting
Information). Although significant cyclization of PDAPP 8 was
observed according to the 1H NMR, complete cyclization
cannot be achieved using TFA, even if excess acid is used. We

Figure 1. Bottom-up synthesis of GNRs via an alkyne benzannulation strategy.

Scheme 1. Model Study for the Brønsted Acid Catalyzed
Double Benzannulation of MC1 to MC2
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Scheme 2. Synthesis of PDAPP 8 and Its Benzannulation to Form GNR 9

Figure 2. Experimental (blue and purple) IR spectra of PDAPP 8b, GNR 9b, and simulated spectra (yellow and green). The right panel shows an
expansion of the CC triple bond stretching region where the intensity of the GNR 9b has been increased to improve clarity.
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were successful in driving the cyclization reaction to completion
by using triflic acid at −40 °C, resulting in 79% and 87% yield

of 9a and 9b, respectively. The average lengths of 9a and 9b are
estimated to be about 8 and 35 nm, respectively, and are

Figure 3. (a) Experimental and simulated Raman spectrum of GNR 9b; (b,c) direct comparison of the first and the second-order experimental
Raman spectrum, which allows a straightforward identification of overtones and combinations. In panel d, the relevant Raman lines have been
labeled, and selected nuclear displacements are reported. To help the reader in recognizing the characteristic D and G nuclear displacement patterns,
the corresponding modes of graphene are displayed (orange rectangle, adapted from ref 51). In the sketch of the normal modes, red arrows represent
displacement vectors; CC bonds are represented as green (blue) lines of different thickness according to their relative stretching (shrinking). For
modes 1 and 2 (right-hand side of panel d), the sizes of blue/red circles of the molecular sketch are proportional to nuclear displacements in the out-
of-plane direction.
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calculated based on the Mw of the PDAPP precursors 8a and
8b. There was very little change in the molecular weight
distribution when going from PDAPP 8 to GNR 9, which
suggests that there were minimal to no intermolecular reactions
that occurred during the benzannulation reaction.
Infrared (IR) Spectroscopic Characterization. The IR

spectra of PDAPP 8b and GNR 9b were analyzed and
compared with the results from DFT calculations (Figure 2).
The overall spectral pattern of PDAPP 8b and GNR 9b are
quite similar, with the notable exception of the CC stretching of
the triple bonds, which is observed around 2200 cm−1. In fact,
the conversion from PDAPP 8b to GNR 9b requires that the
triple bonds be converted into conjugated double bonds
making up the GNR backbone. Interestingly, one can notice a
very weak signal (2196 cm−1) in the IR spectrum of GNR 9b
that is attributed to CC stretching of unreacted triple bonds,
but this signal is red-shifted compared to that of PDAPP 8b
(2206 cm−1). This red-shift can be rationalized by a DFT
model of a partially reacted GNR that still contains a triple
bond and now is connected to a highly conjugated system (see
Supporting Information, Figure S11). The fact that the strength
of this signal compares with that of overtones/combinations of
aromatic systems in the 1700−2000 cm−1 region48,49 is an
indication of the intrinsic weakness of this signal in the GNR 9b
sample. This means that the number of unreacted CC triple
bonds is small.
The remaining part of the fingerprint region is remarkably

similar in PDAPP 8b and GNR 9b, both in the experimental
results and the DFT simulations. In fact, the chemical structure
of both systems overlaps to a good extent. Notably, the side
groups are the same in PDAPP 8b and GNR 9b and carry polar
CO bonds which are known to promote strong IR bands.48

Consistently, DFT calculations reveal that the strong signal
observed at 1246 cm−1 is due to CO stretching coupled with
CH wagging of the aryl side groups. Similarly, DFT calculations
allow us to assign the IR band at 1606 cm−1 to ring stretching
of the aryl side groups. The IR band at 1510 cm−1 is attributed
to in-plane CH bending at the aryl side groups and −CH2−
scissoring. The band at 831 cm−1 is due to the collective out-of-
plane CH bending of the aryl side groups.
Raman Spectroscopic Characterization. The Raman

spectroscopic data for GNR 9b was obtained with 514.5 nm
excitation (Figure 3a−c). The expected G (1592 cm−1) and D
(1332 cm−1) signatures of GNR50 are clearly observed after
baseline correction (see Supporting Information, Figure S12).
The related overtones and combinations (2D, 2690 cm−1; G +
D, 2906 cm−1; 2G, 3179 cm−1) are also observed, similar to
other reported GNRs.27 DFT calculations of the first-order
Raman spectrum of a model molecule composed by three
translational units of GNR (Figure 3d) favorably compare with
the experimental data (see Figure 3a) and support the
assignment of the G and D signals to the expected nuclear
displacement patterns, as compared with graphene (orange
rectangle, Figure 3d).51 Furthermore, the low wavenumber
region of the Raman spectrum (<1000 cm−1) displays three
interesting lines which DFT calculations assign to (1) CH out-
of-plane bending at the GNR edge (897 cm−1); (2) coupled
out-of-plane bending of the GNR backbone and CH bonds
(590 cm−1); (3) collective deformation of the GNR backbone
with complex pattern (417 cm−1, see Supporting Information,
Figure S13). A comparison to the FT-Raman spectrum of the
precursor molecule PDAPP 8b shows the disappearance of the
line at about 2200 cm−1 (attributed to the CC stretching of the

triple bonds) and indicates that the cyclization reaction
occurred at these sites. The observed IR and Raman spectra
and their very good match against DFT calculations on a
suitable molecular model support the successful synthesis of
GNR 9b.

NMR and UV−Visible−NIR Spectroscopic Character-
ization. The conversion of PDAPP 8 to GNR 9 was confirmed
also by nuclear magnetic resonance (NMR) and UV−vis−NIR
spectroscopies (Figure 4). The 1H NMR spectrum showed
broad signals and was less informative than the 13C NMR
spectrum. Analysis by 13C NMR spectroscopy showed clean
conversion of PDAPP 8 to GNR 9 by the disappearance of the
PDAPP alkyne signals (88.1 and 94.1 ppm, blue circles, Figure
4a; MC1 and MC2 included for comparison). The diagnostic

Figure 4. (a) Comparison of 13C NMR spectra for MC1, MC2,
PDAPP 8b, and GNR 9b showing the disappearance of alkyne signals
(blue dots) supporting the conversion of PDAPP 8b to GNR 9b. (b)
UV−vis−NIR spectra of PDAPP 8b and (c) GNR 9b.
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signal around 10.5 ppm (from the hydrogen in the 5-position of
MC3) in the 1H NMR spectrum that arises from partial
cyclization was nearly absent, confirming nearly complete
cyclization, as was also seen by IR spectroscopic analysis (see
Figure 2 and the Supporting Information for details).
The PDAPP and GNRs were also characterized by UV−vis−

NIR spectroscopic analysis (Figures 4b and c). The absorbance
spectrum of PDAPP 8b (Figure 4b) in CH2Cl2 solution shows
a relatively high energy and sharp absorbance (λmax = 309 nm).
After benzannulation, we observed that GNR 9b broadly
absorbs from the UV region beyond the visible region and into
the near-IR (Figure 4c). The low-energy absorbance band is
broad due to the superposition of GNRs with various MWs.
The spectrum has a similar appearance to known GNRs and
appears to have a maximum absorbance roughly around 700
nm, which is slightly red-shifted when compared to wider
GNRs.18,28,29 GNR 9b begins to significantly absorb starting at
∼1200 nm, corresponding to an optical bandgap of
approximately 1.03 eV.
Microscopy. Transmission electron microscopy (TEM)

was conducted on GNR 9b. The sample was dispersed in
methanol (no sonication was used), deposited on lacey carbon
grids, and then stained with RuO4 to improve the contrast of
the images (Figure 5). At low magnification, the GNRs
consisted of one large thin film that likely arises from
agglomeration during solvent evaporation (Figure 5a); The
HRTEM images showed areas with layers of GNRs with a
distance between layers of 3.4 Å (Figure 5b−d). This is

consistent with the interlayer distances observed for other
GNRs52,53 and similar to that of few-layered graphene54 and
pristine graphite.55 The area with curving layers demonstrates
just how flexible the GNRs are (Figure 5c and d).
We also obtained molecular resolution scanning tunneling

microscopy (STM) images of GNR 9b at the solid−liquid
interface of highly oriented pyrolytic graphite (HOPG) (see
Supporting Information, Figures S16 and S17). The STM
images of GNR 9b show the expected one-dimensionality of
the ribbons and regularity along the chain axis with a measured
width of ∼3.4 nm, which is in agreement with the calculated
width. The STM images also show that there are some GNRs
that contain defects in which branching of the GNR has
occurred.

■ CONCLUSIONS

In summary, we have demonstrated that alkyne benzannulation
promoted by Brønsted acid is a viable method for the bottom-
up synthesis of narrow and soluble GNRs. The polymerization
of the monomer results in polymers of ca. 70 repeat units in
length, on average. This poly(p-phenylene) intermediate
(PDAPP) can be subjected to a number of different acids
(TFA, methanesulfonic acid, or triflic acid) to promote the
cyclization reaction resulting in GNRs. The GNRs show
remarkable flexibility, as seen by STM and TEM analysis.

Figure 5. Characterization of GNRs by TEM using RuO4 staining for higher contrast. (a) Low-magnification TEM image showing a thin sheet of
aggregated GNRs (black regions are high concentrations of RuO4). (b) High-resolution (HR) TEM image of the GNRs showing long linear strands
aggregated together with the distance between layers being 3.4 Å. (c) HRTEM image showing curved regions of GNRs, demonstrating their
flexibility. (d) Expanded region (white square) of curved GNRs.
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Gonzaĺez, D.; Cullen, D. A.; Smith, D. J.; Terrones, M.; Vega-Cantu,́ Y.
I. Nano Lett. 2009, 9, 1527.
(14) Jiao, L.; Wang, X.; Diankov, G.; Wang, H.; Dai, H. Nat.
Nanotechnol. 2010, 5, 321.
(15) Kosynkin, D. V.; Lu, W.; Sinitskii, A.; Pera, G.; Sun, Z.; Tour, J.
M. ACS Nano 2011, 5, 968.

(16) Nakada, K.; Fujita, M.; Dresselhaus, G.; Dresselhaus, M. S. Phys.
Rev. B: Condens. Matter Mater. Phys. 1996, 54, 17954.
(17) Bennett, P. B.; Pedramrazi, Z.; Madani, A.; Chen, Y.-C.; de
Oteyza, D. G.; Chen, C.; Fischer, F. R.; Crommie, M. F.; Bokor, J.
Appl. Phys. Lett. 2013, 103, 253114.
(18) Narita, A.; Feng, X.; Hernandez, Y.; Jensen, S. A.; Bonn, M.;
Yang, H.; Verzhbitskiy, I. A.; Casiraghi, C.; Hansen, M. R.; Koch, A. H.
R.; Fytas, G.; Ivasenko, O.; Li, B.; Mali, K. S.; Balandina, T.; Mahesh,
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