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Graphene

Holds great promise for applications in electronics 
• No heat loss when electrons move 
• Lower resistivity than any metal at rt 
• Extremely high electron mobility 
• Interesting optical properties

But… 
Graphene has no band gap



Band gap?



Electronic band structure



How do we open up a band gap in graphene?

Confinement in 2D (graphene nanoribbons)



Graphene nanoribbons

• Narrow strips of graphene 
• Band gap generally increases as width decreases 
• The electronic properties are strongly dependent on  
    the edge structure 

Armchair Zig-zag

Phys. Rev. Lett. 2006, 97, 216803 

Nano Lett. 2006, 6, 2748–2754  
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first iteration (sample I), 200 wt% in the second iteration (sample II),
and so on until the final iteration, when we used 500 wt% (sample V).
This resulted in consecutive unencapsulation of the different layers
by unzipping of the successive MWCNTs (see Methods for details). It
is evident from TEM images (Fig. 2a–e) that the walls of the
MWCNTs open to a higher degree as the level of oxidation increases,
with less MWCNT inner tube remaining in successive iterations. This
is highlighted in a statistical plot (Fig. 2f) showing the decrease of the

average diameter of remaining MWCNTs from ,65 nm to ,20 nm
as the amount of KMnO4 exposure is increased. The smaller-
diameter tubes that remained after treatment with 500 wt%
KMnO4 were exposed to the reaction conditions for less time than
the larger-diameter tubes and, thus, may not have had the chance to
fully react; no difference in the rate of unzipping between smaller-
and larger-diameter nanotubes can be inferred from this data.

The degree of oxidation of the product formed (partly and/or
completely unravelled MWCNTs) from each of the five iterative
KMnO4 treatment steps was monitored using attenuated-total-
reflection infrared (ATR–IR) spectroscopy and thermogravimetric
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Figure 1 | Nanoribbon formation and imaging. a, Representation of the
gradual unzipping of one wall of a carbon nanotube to form a nanoribbon.
Oxygenated sites are not shown. b, The proposed chemical mechanism of
nanotube unzipping. The manganate ester in 2 could also be protonated.
c, TEM images depicting the transformation of MWCNTs (left) into oxidized
nanoribbons (right). The right-hand side of the ribbon is partly folded onto
itself. The dark structures are part of the carbon imaging grid. d, AFM images
of partly stacked multiple short fragments of nanoribbons that were
horizontally cut by tip-ultrasonic treatment of the original oxidation product
to facilitate spin-casting onto the mica surface. The height data (inset)
indicates that the ribbons are generally single layered. The two small images
on the right show some other characteristic nanoribbons. e, SEM image of a
folded, 4-mm-long single-layer nanoribbon on a silicon surface.
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Figure 2 | Stepwise opening of MWCNTs to form nanoribbons. a–e, TEM
images of the stepwise opening of MWCNTs representing the incremental
exposure of the system to KMnO4: the least oxidized sample (sample I) is in
a and the most oxidized sample (sample V) is in e. f, Scatter plot showing how
the average MWCNT diameter (determined from studying 15–20 TEM
images per sample, each with ,5 MWCNTs per image) changes with
increasing exposure to KMnO4. Error bars indicate the standard deviation of
the average MWCNT diameter across the sample. g, ATR–IR spectroscopy of
stepwise opening/oxidation of MWCNTs. h, X-ray diffraction analysis of the
stepwise opening of the nanotube. h, diffraction angle; a.u., arbitrary units.
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first iteration (sample I), 200 wt% in the second iteration (sample II),
and so on until the final iteration, when we used 500 wt% (sample V).
This resulted in consecutive unencapsulation of the different layers
by unzipping of the successive MWCNTs (see Methods for details). It
is evident from TEM images (Fig. 2a–e) that the walls of the
MWCNTs open to a higher degree as the level of oxidation increases,
with less MWCNT inner tube remaining in successive iterations. This
is highlighted in a statistical plot (Fig. 2f) showing the decrease of the

average diameter of remaining MWCNTs from ,65 nm to ,20 nm
as the amount of KMnO4 exposure is increased. The smaller-
diameter tubes that remained after treatment with 500 wt%
KMnO4 were exposed to the reaction conditions for less time than
the larger-diameter tubes and, thus, may not have had the chance to
fully react; no difference in the rate of unzipping between smaller-
and larger-diameter nanotubes can be inferred from this data.

The degree of oxidation of the product formed (partly and/or
completely unravelled MWCNTs) from each of the five iterative
KMnO4 treatment steps was monitored using attenuated-total-
reflection infrared (ATR–IR) spectroscopy and thermogravimetric
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Figure 1 | Nanoribbon formation and imaging. a, Representation of the
gradual unzipping of one wall of a carbon nanotube to form a nanoribbon.
Oxygenated sites are not shown. b, The proposed chemical mechanism of
nanotube unzipping. The manganate ester in 2 could also be protonated.
c, TEM images depicting the transformation of MWCNTs (left) into oxidized
nanoribbons (right). The right-hand side of the ribbon is partly folded onto
itself. The dark structures are part of the carbon imaging grid. d, AFM images
of partly stacked multiple short fragments of nanoribbons that were
horizontally cut by tip-ultrasonic treatment of the original oxidation product
to facilitate spin-casting onto the mica surface. The height data (inset)
indicates that the ribbons are generally single layered. The two small images
on the right show some other characteristic nanoribbons. e, SEM image of a
folded, 4-mm-long single-layer nanoribbon on a silicon surface.
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Figure 2 | Stepwise opening of MWCNTs to form nanoribbons. a–e, TEM
images of the stepwise opening of MWCNTs representing the incremental
exposure of the system to KMnO4: the least oxidized sample (sample I) is in
a and the most oxidized sample (sample V) is in e. f, Scatter plot showing how
the average MWCNT diameter (determined from studying 15–20 TEM
images per sample, each with ,5 MWCNTs per image) changes with
increasing exposure to KMnO4. Error bars indicate the standard deviation of
the average MWCNT diameter across the sample. g, ATR–IR spectroscopy of
stepwise opening/oxidation of MWCNTs. h, X-ray diffraction analysis of the
stepwise opening of the nanotube. h, diffraction angle; a.u., arbitrary units.
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Narrow graphene nanoribbons from carbon
nanotubes
Liying Jiao1*, Li Zhang1*, Xinran Wang1, Georgi Diankov1 & Hongjie Dai1

Graphene nanoribbons (GNRs) are materials with properties dis-
tinct from those of other carbon allotropes1–5. The all-semicon-
ducting nature of sub-10-nm GNRs could bypass the problem of
the extreme chirality dependence of the metal or semiconductor
nature of carbon nanotubes (CNTs) in future electronics1,2.
Currently, making GNRs using lithographic3,4,6, chemical7–9 or
sonochemical1 methods is challenging. It is difficult to obtain
GNRs with smooth edges and controllable widths at high yields.
Here we show an approach to making GNRs by unzipping multi-
walled carbon nanotubes by plasma etching of nanotubes partly
embedded in a polymer film. The GNRs have smooth edges and a
narrow width distribution (10–20 nm). Raman spectroscopy and
electrical transport measurements reveal the high quality of the
GNRs. Unzipping CNTs with well-defined structures in an array
will allow the production of GNRs with controlled widths, edge
structures, placement and alignment in a scalable fashion for
device integration.

The high carrier mobility of graphene10–14 offers the possibility of
building high-performance graphene-based electronics. Recently, both
theoretical15–18 and experimental1–4 works have shown that quantum
confinement and edge effects introduce a band gap in narrow graphene
ribbons independent of chirality, and the resulting GNR semi-
conductors can be used to make field-effect transistors. Several
approaches have been developed to obtain GNRs. Lithographic
patterning has been used to produce wide ribbons (.20 nm) from
graphene sheets3,4, but the width and smoothness of the GNRs were
limited by the resolution of the lithography and etching techniques.
Bulk amounts of wide (20–300 nm) and few-layered (2–40) GNRs were
synthesized by a chemical vapour deposition method9. A chemical
sonication route developed by our group produced sub-10-nm GNR
semiconductors from intercalated and exfoliated graphite1. However,
the yield of GNRs was low and their width distribution was broad;
widths ranged from less than 10 nm to ,100 nm.

Because CNTs are considered to be GNRs rolled up into seamless
tubes and the synthesis, size control, placement and alignment control
of nanotubes have been widely investigated and established19,20, we ask
the question of whether CNTs can be unzipped to form GNRs with
structural control. The greatest challenge in converting CNTs to GNRs
is to develop ways of cleaving CNTs in the longitudinal direction
without rapid etching along the circumference.

Here we develop controlled unzipping of CNTs to produce GNRs
by an Ar plasma etching method. To remove a longitudinal strip of
carbon atoms from the side walls of CNTs, we first embedded multi-
walled carbon nanotubes (MWCNTs) in a poly(methyl methacry-
late) (PMMA) layer as an etching mask (Fig. 1). Briefly, pristine
MWCNTs (diameter, ,4–18 nm; see Supplementary Fig. 1a) synthe-
sized by arc discharge (Bucky tube, Aldrich) were dispersed in 1%
surfactant solution by brief sonication and deposited onto a Si

substrate. A 300-nm-thick film of PMMA was spin-coated on top
of the MWCNTs. After baking, the PMMA–MWCNT film was
peeled off in a KOH solution21 (Fig. 1b). MWCNTs embedded in
the resulting PMMA film had a narrow strip of side wall not covered
by PMMA, owing to conformal PMMA coating on the substrate. The
PMMA–MWCNT film was then exposed to a 10-W Ar plasma for
various times (Fig. 1c). Owing to protection by the PMMA, the top
side walls of MWCNTs were etched faster and removed by the
plasma. Single-, bi- and multilayer GNRs and GNRs with inner
CNT cores (Fig. 1d–g) were produced depending on the diameter
and number of layers of the starting MWCNT and the etching time.
After etching, the PMMA film was contact-printed and attached to a
Si substrate with a 500-nm-thick layer of SiO2. Finally, the PMMA
film was removed using acetone vapour21, and this was followed by
calcination at 300 uC for 10 min to remove polymer residue on the
target substrate, leaving GNRs on the substrate (Fig. 1h).

The mean diameter of our starting MWCNTs was ,8 nm (Fig. 2a
and Supplementary Fig. 1a). For 10 s of Ar plasma etching, our
method converted ,20% of the MWCNTs into single- or few-layer
GNRs of 10–20-nm width (height, ,2 nm; see Fig. 2). Other products
were multilayer GNRs or GNRs with CNT cores (Fig. 1d). The yield of
GNRs was limited by the relatively wide diameter distribution of the
starting MWCNTs used (Supplementary Information). All of the
width data were obtained after correcting the tip-size effect1. Within

*These authors contributed equally to this work.

1Department of Chemistry and Laboratory for Advanced Materials, Stanford University, Stanford, California 94305, USA.
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Figure 1 | Making GNRs from CNTs. a, A pristine MWCNT was used as the
starting raw material. b, The MWCNT was deposited on a Si substrate and
then coated with a PMMA film. c, The PMMA–MWCNT film was peeled
from the Si substrate, turned over and then exposed to an Ar plasma.
d–g, Several possible products were generated after etching for different
times: GNRs with CNT cores were obtained after etching for a short time t1

(d); tri-, bi- and single-layer GNRs were produced after etching for times t2, t3

and t4, respectively (t4 . t3 . t2 . t1; e–g). h, The PMMA was removed to
release the GNR.
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Top down synthesis of GNRs

Facile synthesis of high-quality graphene
nanoribbons
Liying Jiao, Xinran Wang, Georgi Diankov, Hailiang Wang and Hongjie Dai*

Graphene nanoribbons have attracted attention because of
their novel electronic and spin transport properties1–6, and
also because nanoribbons less than 10 nm wide have a
bandgap that can be used to make field-effect transistors1–3.
However, producing nanoribbons of very high quality, or in
high volumes, remains a challenge1,4–18. Here, we show that
pristine few-layer nanoribbons can be produced by unzipping
mildly gas-phase oxidized multiwalled carbon nanotubes
using mechanical sonication in an organic solvent. The nano-
ribbons are of very high quality, with smooth edges (as seen
by high-resolution transmission electron microscopy), low
ratios of disorder to graphitic Raman bands, and the highest
electrical conductance and mobility reported so far (up to
5e2/h and 1,500 cm2 V21 s21 for ribbons 10–20 nm in width).
Furthermore, at low temperatures, the nanoribbons show
phase-coherent transport and Fabry–Perot interference,
suggesting minimal defects and edge roughness. The yield of
nanoribbons is ∼2% of the starting raw nanotube soot
material, significantly higher than previous methods capable
of producing high-quality narrow nanoribbons1. The relatively
high-yield synthesis of pristine graphene nanoribbons will
make these materials easily accessible for a wide range of
fundamental and practical applications.

Lithographic4,5,7, chemical8–11 and sonochemical1,12 methods
have been developed to make graphene nanoribbons and, recently,
nanoribbon formation has been achieved by unzipping carbon
nanotubes13–18. Two groups have successfully unzipped multiwalled
carbon nanotubes (MWNTs; grown by chemical vapour deposition,
CVD) in the solution phase by using potassium permanganate
oxidation14 and lithium and ammonia reactions16, respectively.
However, only heavily oxidized and defective nanoribbons were
obtained owing to the extensive oxidation involved in the unzipping
process. We have previously developed an approach to fabricate
high-quality, narrow nanoribbons by unzipping nanotubes using a
masked gas-phase plasma etching approach13. However, that
method was limited to the formation of nanoribbons on substrates.
More recently, unzipping methods such as catalytic cutting17 and
high-current pulse burning18 have been reported, but the resultant
quality and yield of nanoribbons are unknown. Thus far, a
method capable of producing large amounts of high-quality nano-
ribbons is still lacking.

Here, we present a new method to unzip nanotubes using a
simple two-step process (Fig. 1a). Raw soot materials containing
pristine MWNTs synthesized by arc discharge (Bucky tube,
Aldrich) were first calcined in air at 500 8C. This is a mild con-
dition known to remove impurities and etch/oxidize MWNTs
at defect sites and ends without oxidizing the pristine sidewalls
of the nanotubes19. The nanotubes were then dispersed in a
1,2-dichloroethane (DCE) organic solution of poly(m-phenylenevi-
nylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV) by sonication,
during which the calcined nanotubes were found to unzip into

nanoribbons with high efficiency. An ultracentrifuge step was
then applied to remove the remaining nanotubes and graphitic
carbon nanoparticles, resulting in high percentage (.60%) of
nanoribbons in the supernatant (Supplementary Fig. S1). The
yield of nanoribbons was estimated to be !2% of the starting raw
nanotube soot material using this two-step process, which could
be further improved by repeating the unzipping procedure for the
nanotubes remaining in the centrifuged aggregate, increasing
the calcination temperature, and prolonging the sonication time.
The yield and quantity of high-quality nanoribbons (width 10–
30 nm) far exceeds those of previous methods capable of producing
high-quality narrow ribbons1,13.

We used atomic force microscopy (AFM) to characterize the
MWNTs and the unzipped products deposited on SiO2/silicon sub-
strates. Nanoribbons were easily distinguished from the MWNTs
because of their obviously smaller apparent heights (heights of
1–2.5 nm for nanoribbons, Fig. 1b–d; see also Supplementary
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Figure 1 | Unzipping of nanotubes using a new two-step method in gas
and liquid phases. a, Schematic of the unzipping processes. In the mild
gas-phase oxidation step, oxygen reacts with pre-existing defects on
nanotubes to form etch pits on the sidewalls. In the solution-phase
sonication step, sonochemistry and hot gas bubbles enlarge the pits and
unzip the tubes. b–d, AFM images of pristine, partially and fully unzipped
nanotubes, respectively. The heights of the nanoribbons in c and d are 1.4
and 1.6 nm, respectively, much lower than the pristine nanotube shown in b
(height !9 nm).
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Why do we need bottom up synthesis of GNRs?
• Top down methods often produce mixtures of GNRs with different properties 
• The yield of GNRs with well-defined edge structure is very low 
• Uniform samples of high quality GNRs are needed for practical applications
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Some basic principles for polymers

Synthetic polymers are generally an ensemble of different molecules 
 - The molar mass is described as a distribution
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If PDI = 1, then all the polymers in the sample have 
the same length (in practice only for proteins, DNA etc)
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Heteroaromatic GNRs

Chapter 1. Introduction 

 12 

 

1.2.2.2 Heteroaromatic ladder-type polymers 
 

Hetorearomatic ladder-type polymers, which can be considered as selectively 

doped GNRs, have also been reported since 1970’s, although most of the early works 

are devoid of conclusive characterizations.123,127 Representatively, in 1972, Marvel et al. 

reported a synthesis of N-containing graphitic polymer 1-10 by polycondensation of 

1,4,5,8-tetraaminoanthraquinon (1-8) and 1,3,6,8-tetraketo-1,2,3,6,7,8-hexahydropyrene 

(1-9), but polymer 1-10 was totally insoluble and could not be sufficiently 

characterized.128,129 In 1993, Tour and Lamba reported heteroaromatic ladder-type 

polymer 1-12, which is an aza-analogue of angular polyacenes 1-6.130,131 Polymer 1-12 

was synthesized from functionalized PPP 1-11, where the acidic removal of 

tert-butyloxycarbonyl (BOC) protecting group was immediately followed by 

intramolecular cyclization between the amine and the ketone groups to form the imine 

bridges. Although polymer 1-12 was insoluble in common organic solvents, a mixture 

of dichloromethane and trifluoroacetic acid (TFA) allowed solubilization of polymer 

1-12, revealing the absorption maximum at around 400 nm.131 However, the use of TFA 

lead to the protonation of the nitrogens, hindering comprehensive characterizations of 

polymer 1-12.123 

 

 

Figure 1-7. N-containing ladder-type polymers that can be regarded as selectively N-doped 

GNRs. 
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Extension of the π-backbone
- The Scholl reaction 
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mobilities, making it a promising material for future nano-
electronics. However, the lack of a bandgap hinders the straight-
forward application of graphene in field-effect transistor (FET)
devices.5 In contrast to infinite graphene with a zero bandgap,
structurally confined nanoscale graphene segments, which are
called nanographenes or graphene quantum dots (GQDs), show
non-zero bandgaps that are mainly governed by their size and
edge configurations.6–8 Whereas ‘‘top-down’’ methods, such
as hydrothermal or lithographic ‘‘cutting’’ of graphene, cannot
control the resulting structure or size distribution of the nano-
graphenes, ‘‘bottom-up’’ chemical synthesis provides access to
monodisperse nanographenes with perfectly defined structures
and properties.7,9,10

Chemical syntheses of polycyclic aromatic hydrocarbons
(PAHs) were pioneered by Scholl11–13 and Clar14–16 and further
developed throughout the 20th century, as summarized in our
previous review article.9 In particular, after highly efficient
synthesis of hexa-peri-hexabenzocoronene (p-HBC, 2) was estab-
lished through the oxidative intramolecular cyclodehydrogenation
of hexaphenylbenzene (1) (Fig. 1), a wide variety of p-extended PAHs
were obtained by employing tailor-made oligophenylenes as precur-
sors.9 Such PAHs, consisting of sp2 carbon frameworks extending
over 1 nm, can be regarded as the smallest possible nanogra-
phenes, or graphene molecules.10,17 In the last decade, the
extended PAHs have thus attracted renewed synthetic interest
and more interdisciplinary attention as structurally well-defined
graphene molecules with great potential in future applications,
such as in nanoelectronics, optoelectronics and spintronics.18–23

One-dimensional extension of graphene molecules leads to
ribbon-shaped nanographenes with high aspect ratios, which
are called graphene nanoribbons (GNRs).24,25 In this article, we
defined GNRs as nanographenes with the aspect ratios of larger

than 10, in order to clearly distinguish them from oblong-
shaped graphene molecules.17 GNRs are categorized by their
edge structures, as typically represented by armchair and zigzag
configurations (Fig. 2). The width of the armchair and zigzag
GNRs is generally defined by the number ‘‘N’’ as shown in
Fig. 2. The width and the edge structure of the GNRs critically
define their physical properties.26 GNRs with zigzag edge struc-
tures are predicted to show localized edge states that can be
spin-polarized, which might allow their application to spintronic
devices such as spin valve.27–30 On the other hand, armchair-
edge GNRs have non-magnetic semiconducting properties
with relatively larger bandgaps, which increase as their

Fig. 1 Synthesis of hexa-peri-hexabenzocoronene (p-HBC 2) through
intramolecular oxidative cyclodehydrogenation.

Fig. 2 Structures of N = 9 armchair and N = 6 zigzag GNRs with the
instruction for the counting of number ‘‘N’’.
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Figure 1-9. Synthesis of HBC (1-18) and structures of extended PAHs. 
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Figure 1-10. “Bottom-up” synthesis of GNRs with armchair edge structures. 
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405 nm) and 7 (λmax ) 435 nm) (Figure 1)10 even being probably
more nonplanar because of the sterical hindrance of two side chains
in the same bay region. These spectroscopic results further
confirmed that the FeCl3 mediated intramolecular oxidative cyclo-
dehydrogenation of polymer 4 indeed gave rise to the extended
aromatic system 5.
Drop-casting of the THF solution of 5 onto a silica substrate

produced one-dimensional nanoscale objects with a diameter of
about 100 nm and a length of up to 5 µm in SEM measurement,
suggesting a high tendency of the nanographenes to crystallize in
the solid state (Figure 2a).11 TEM characterization of these objects
further disclosed a well-ordered stacking of the graphene layers
(Figure 2b). The d-spacing of the lattice was calculated as 3.4 Å,
in agreement with the typical distance of π-π stacking of the
nanographenes.12
A powerful method to investigate the two-dimensional organiza-

tion of organic molecules by physisorption on surfaces is STM at
the solid-liquid interface, which provides information on structure
and dynamics on the single-molecular level.13 As a result of the
good solubility of 5, it was possible for the first time to prepare
highly ordered monolayers (2D crystal) of such larger graphene
ribbons. Figure 3 shows the corresponding STM images obtained
in situ at the interface between a solution of 5 in n-dodecane and
the basal plane of highly oriented pyrolytic graphite (HOPG). Figure
3a visualizes an isolated small aggregate with an ensemble of five
molecules having lengths from 8 to 12 nm. The objects are oriented
parallel to each other and show an equal spacing of 2.9 nm. A
similar arrangement is also found in extended layers as shown in
Figure 3b where again the nanoribbons are aligned parallel to each
other. They build up extended rows on the µm scale with molecules

titled by around 60° with respect to the row axis. The layer appears
as an overall regular lamellar pattern despite the size distribution
of the individual molecules. The length distribution of the objects
as well as their uniform width and spacing fit very well to the
molecular dimension of polymer 5 as obtained from molecular
modeling (ca. 2.7 nm width and ca. 9.2 nm length at 10 000 g/mol)
and suggest a face-on arrangement of the molecules at the surface
of HOPG as commonly observed for similar molecules.14
In conclusion, a new synthetic protocol yielding novel two-

dimensional graphene nanoribbons has been developed. Both UV/
vis absorption spectroscopy and MALDI-TOF mass spectrometry
studies revealed the formation of graphene nanoribbons. Various
microscopic studies of these novel structures showed a high
tendency to self-assemble. Further optoelectronic applications of
our nanographenes in FETs and photovoltaic devices are currently
in progress in our laboratory.
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Figure 1. Maximum absorption of graphene 5, compounds 6 and 7.

Figure 2. The SEM and TEM images of polymer 5.

Figure 3. The STM images of 5 at the solid/liquid interface on HOPG.
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polymerization with naphthalene diboronic ester 104.231 By
changing the mixing ratio between the dibromopyrazine and
dibromobenzene 100, GNR precursors with different degrees of
N-doping could be obtained. Upon cyclodehydrogenation, 100%
conversion into N-doped GNRs 110 and 111 (Fig. 20) was
indicated by the NMR analysis. Notably, a higher degree of
N-doping reduced the hole mobilities of the GNRs while increas-
ing the electron mobilities. This result demonstrated that the
charge-transfer behaviour of the GNRs could be tuned from
ambipolar to n-type by N-doping. GNR 111 with the highest
degree of N-doping exhibited the highest electron mobility of
1.02 ! 10"1 cm2 V"1 s"1, which was two orders of magnitude
higher than that of non-doped GNR 106. Moreover, the threshold
voltages of the GNRs varied from +20 V for non-doped GNR 106
to "6 V for N-doped GNR 111.

We have also synthesized GNR 114 featuring a unique ‘‘necklace-
like’’ structure through the A2B2-type Suzuki polymerization of

4,40-dibromobiphenyl-based precursor 112 and benzene-1,4-
diboronic ester 101 (Fig. 21).232 Polyphenylene precursor 113
was obtained with a weight-average molecular weight (Mw) of
6900 g mol"1 and a PDI of 1.7 according to SEC analysis against
a PS standard. MALDI-TOF MS analysis of precursor 113 dis-
played mass peaks up to m/z = 17 000, corresponding to 113
with ten repeating units, which converted to GNR 114 with the
length of approximately 13 nm. The UV-Vis absorption spec-
trum of GNR 114 revealed its relatively smaller optical bandgap
of B1.4 eV, which was in line with the DFT calculation.

Through AA-type Yamamoto polymerization. Although the
use of the A2B2-type Suzuki polymerization enabled the pre-
paration of various structurally defined GNRs, the longitudinal
extensions of these GNRs, i.e., molecular weights of the poly-
phenylene precursors, were limited. This restriction was possibly
a result of the inefficiency of the A2B2-type Suzuki polymerization
and/or the necessity of two different monomers causing
stoichiometry problems.233,234 The heterogeneous biphasic
conditions of the Suzuki polymerization might also have a
detrimental effect. Therefore, AA-type Yamamoto polymerization
was considered to be more advantageous because this method
requires only one dihalogenated monomer and is thus free of
the stoichiometry problem. Moreover, the Yamamoto coupling
is also known to be highly efficient in sterically hindered
systems,235,236 which is important for the preparation of steri-
cally congested GNR precursors.

In 2012, we synthesized laterally extended GNR 117 through
the AA-type Yamamoto polymerization of dichlorinated mono-
mer 115 (Fig. 21).237 Notably, the Yamamoto polymerization of

Fig. 19 Synthesis of GNRs 103, 106 and 109 with various widths based on A2B2-type Suzuki polymerizations. BPin: (pinacolato)boron.

Fig. 20 Structures of N-doped GNRs 110 and 111 prepared through
A2B2-type Suzuki polymerizations.
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degree of N-doping exhibited the highest electron mobility of
1.02 ! 10"1 cm2 V"1 s"1, which was two orders of magnitude
higher than that of non-doped GNR 106. Moreover, the threshold
voltages of the GNRs varied from +20 V for non-doped GNR 106
to "6 V for N-doped GNR 111.

We have also synthesized GNR 114 featuring a unique ‘‘necklace-
like’’ structure through the A2B2-type Suzuki polymerization of

4,40-dibromobiphenyl-based precursor 112 and benzene-1,4-
diboronic ester 101 (Fig. 21).232 Polyphenylene precursor 113
was obtained with a weight-average molecular weight (Mw) of
6900 g mol"1 and a PDI of 1.7 according to SEC analysis against
a PS standard. MALDI-TOF MS analysis of precursor 113 dis-
played mass peaks up to m/z = 17 000, corresponding to 113
with ten repeating units, which converted to GNR 114 with the
length of approximately 13 nm. The UV-Vis absorption spec-
trum of GNR 114 revealed its relatively smaller optical bandgap
of B1.4 eV, which was in line with the DFT calculation.

Through AA-type Yamamoto polymerization. Although the
use of the A2B2-type Suzuki polymerization enabled the pre-
paration of various structurally defined GNRs, the longitudinal
extensions of these GNRs, i.e., molecular weights of the poly-
phenylene precursors, were limited. This restriction was possibly
a result of the inefficiency of the A2B2-type Suzuki polymerization
and/or the necessity of two different monomers causing
stoichiometry problems.233,234 The heterogeneous biphasic
conditions of the Suzuki polymerization might also have a
detrimental effect. Therefore, AA-type Yamamoto polymerization
was considered to be more advantageous because this method
requires only one dihalogenated monomer and is thus free of
the stoichiometry problem. Moreover, the Yamamoto coupling
is also known to be highly efficient in sterically hindered
systems,235,236 which is important for the preparation of steri-
cally congested GNR precursors.

In 2012, we synthesized laterally extended GNR 117 through
the AA-type Yamamoto polymerization of dichlorinated mono-
mer 115 (Fig. 21).237 Notably, the Yamamoto polymerization of

Fig. 19 Synthesis of GNRs 103, 106 and 109 with various widths based on A2B2-type Suzuki polymerizations. BPin: (pinacolato)boron.

Fig. 20 Structures of N-doped GNRs 110 and 111 prepared through
A2B2-type Suzuki polymerizations.
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polymerization with naphthalene diboronic ester 104.231 By
changing the mixing ratio between the dibromopyrazine and
dibromobenzene 100, GNR precursors with different degrees of
N-doping could be obtained. Upon cyclodehydrogenation, 100%
conversion into N-doped GNRs 110 and 111 (Fig. 20) was
indicated by the NMR analysis. Notably, a higher degree of
N-doping reduced the hole mobilities of the GNRs while increas-
ing the electron mobilities. This result demonstrated that the
charge-transfer behaviour of the GNRs could be tuned from
ambipolar to n-type by N-doping. GNR 111 with the highest
degree of N-doping exhibited the highest electron mobility of
1.02 ! 10"1 cm2 V"1 s"1, which was two orders of magnitude
higher than that of non-doped GNR 106. Moreover, the threshold
voltages of the GNRs varied from +20 V for non-doped GNR 106
to "6 V for N-doped GNR 111.

We have also synthesized GNR 114 featuring a unique ‘‘necklace-
like’’ structure through the A2B2-type Suzuki polymerization of

4,40-dibromobiphenyl-based precursor 112 and benzene-1,4-
diboronic ester 101 (Fig. 21).232 Polyphenylene precursor 113
was obtained with a weight-average molecular weight (Mw) of
6900 g mol"1 and a PDI of 1.7 according to SEC analysis against
a PS standard. MALDI-TOF MS analysis of precursor 113 dis-
played mass peaks up to m/z = 17 000, corresponding to 113
with ten repeating units, which converted to GNR 114 with the
length of approximately 13 nm. The UV-Vis absorption spec-
trum of GNR 114 revealed its relatively smaller optical bandgap
of B1.4 eV, which was in line with the DFT calculation.

Through AA-type Yamamoto polymerization. Although the
use of the A2B2-type Suzuki polymerization enabled the pre-
paration of various structurally defined GNRs, the longitudinal
extensions of these GNRs, i.e., molecular weights of the poly-
phenylene precursors, were limited. This restriction was possibly
a result of the inefficiency of the A2B2-type Suzuki polymerization
and/or the necessity of two different monomers causing
stoichiometry problems.233,234 The heterogeneous biphasic
conditions of the Suzuki polymerization might also have a
detrimental effect. Therefore, AA-type Yamamoto polymerization
was considered to be more advantageous because this method
requires only one dihalogenated monomer and is thus free of
the stoichiometry problem. Moreover, the Yamamoto coupling
is also known to be highly efficient in sterically hindered
systems,235,236 which is important for the preparation of steri-
cally congested GNR precursors.

In 2012, we synthesized laterally extended GNR 117 through
the AA-type Yamamoto polymerization of dichlorinated mono-
mer 115 (Fig. 21).237 Notably, the Yamamoto polymerization of

Fig. 19 Synthesis of GNRs 103, 106 and 109 with various widths based on A2B2-type Suzuki polymerizations. BPin: (pinacolato)boron.

Fig. 20 Structures of N-doped GNRs 110 and 111 prepared through
A2B2-type Suzuki polymerizations.
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Further explorations of the Suzuki polymerisation
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115 proceeded very efficiently, yielding polyphenylene precur-
sor 116 with an Mw of 52 000 g mol!1, an Mn of 44 000 g mol!1

and a PDI of 1.2 according to SEC analysis against a PS
standard, which were clearly higher than the molecular weights
achieved using the A2B2-type Suzuki polymerization. The later-
ally extended GNR 117 with an estimated width of 1.54–1.98 nm
featured a significantly lowered optical bandgap of approxi-
mately 1.1 eV with broad absorption into the near-infrared
region of the optical spectrum.

We have next attempted a synthesis of even wider GNR 120
with an estimated width of B2.1 nm, corresponding to N = 18
armchair GNR, by employing monomer 118 (Fig. 21).238 While
monomer 115 with a dichlorinated p-terphenyl backbone struc-
ture yielded GNR 117 with the same width as 115, monomer
118 with a dichlorinated o-terphenyl backbone led to GNR 120,
which was twice as wide as the monomer. However, the AA-type
Yamamoto polymerization of monomer 118 afforded polyphe-
nylene precursor 119 with a relatively low Mw of 10 000 g mol!1,
an Mn of 7200 g mol!1 and a PDI of 1.4 based on SEC analysis
against a PS standard, presumably because of high steric hin-
drance during the polymerization. The observed optical bandgap
of GNR 120 was approximately 1.6 eV. These results indicated
that the obtained GNR 120 was rather short, and mixed with
oblong-shaped graphene molecules, based on the definition given
in the introduction. Additionally, such relatively large graphene

molecules could be successfully sublimed and integrated
into FET devices through vapour-phase transport deposition,
showing better on–off ratio compared to those processed from
a liquid phase.239

In 2014, Sinitskii et al. reported the gram-scale synthesis and
comprehensive characterizations of chevron-type GNR 123
through the AA-type Yamamoto polymerization of 6,11-dibromo-
1,2,3,4-tetraphenyltriphenylene (121)240 and subsequent cyclo-
dehydrogenation (Fig. 22).241 GNR 123 had previously been
prepared in our group using the solution synthesis242 as well
as the surface-assisted method37 as will be discussed in the next
section. Nevertheless, they have demonstrated the well defined
structure of the solution synthesized GNR 123 for the first
time using STM under UHV conditions, clearly observing the
planarization of three-dimensional precursor 122 into planar
GNR 123.241 UV-Vis absorption measurements of GNR 123
in a dispersion revealed its optical bandgap of approximately
1.6 eV.243

Moreover, using the same synthetic strategy, Sinitskii et al.
conducted a solution synthesis of N-doped, chevron-type GNR
126, starting from 5-(6,11-dibromo-1,3,4-triphenyltriphenylen-
2-yl)pyrimidine (124) (Fig. 22).244 STM analysis revealed a defined
structure of GNR 126 similar to that of GNR 123, and energy-
dispersive X-ray (EDX) and X-ray photoelectron spectroscopy (XPS)
measurements corroborated the successful N-doping. The optical

Fig. 21 Synthesis of ‘‘necklace-like’’ GNR 114 through A2B2-type Suzuki polymerization of naphthalene-based monomer 112 and laterally extended
GNRs 117 and 120 through AA-type Yamamoto polymerizations of p-terphenyl-based monomer 115 and o-terphenyl-based monomer 118, respectively.
Obtained GNR 120 was rather short and mixed with shorter graphene molecules.
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The Yamamoto polymerisation
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ABSTRACT: Oxidative cyclodehydrogenation of laterally
extended polyphenylene precursor allowed bottom-up
synthesis of structurally defined graphene nanoribbons
(GNRs) with unprecedented width. The efficiency of the
cyclodehydrogenation was validated by means of MALDI-
TOF MS, FT-IR, Raman, and UV−vis absorption
spectroscopies as well as investigation of a representative
model system. The produced GNRs demonstrated broad
absorption extended to near-infrared region with the
optical band gap of as low as 1.12 eV.

Graphene nanoribbons (GNRs), characterized by a large
aspect ratio with lateral quantum confinement, are

predicted to possess a band gap1−5 in contrast to graphene
which itself is a zero band gap semimetal.6 It has been
theoretically and experimentally demonstrated that both width
and edge structure of GNRs strongly govern the electronic
characteristics of graphene materials.1,7,8 Their appealing
electronic properties can only be accessed, however, if new
methods for reliable and reproducible build-up of well-defined
GNRs with precise lateral and longitudinal dimensions are
developed. Top-down approaches such as lithographic “cutting”
of graphene,1,2 longitudinal “unzipping”3 or “etching”4 of
carbon nanotubes, and the surfactant-assisted extraction from
graphite dispersions5 cannot reach the required chemical
precision. In our search for synthetic pathways toward GNRs,
we have worked out a bottom-up strategy that relies on the
intramolecular oxidative cyclodehydrogenation9,10 of tailored
polyphenylene precursors.11−15 Hence, a number of different
GNR geometries have been realized, ranging from fully
linear11,14,15 to kinked.12,13,15 The versatility of this method
was successfully demonstrated both for solution-11−14 and
surface-based15 protocols, resulting in GNRs of atomic
accuracy. This stands in sharp contrast to the aforementioned
top-down methods.1−5

GNRs so far fabricated by bottom-up approaches are limited
to those with lateral dimensions smaller than 1 nm, which show
absorption only up to 670 nm and calculated band gap larger
than 1.6 eV.11−15 For future applications in electronic devices, it
is essential to synthesize GNRs with tailored band gaps. In this
work, we present a solution synthesis and characterization of
unprecedentedly broad, low band gap, and structurally defined
GNRs, which can be derived from laterally extended

polyphenylene precursors. For comparison, a representative
model polycyclic aromatic hydrocarbon (PAH, C78,16,17 with
78 carbon atoms in the aromatic core) of GNRs is also
reported, for which a new efficient synthesis is validated by
means of matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry (MS), 1H NMR
spectroscopy, and scanning tunneling microscope (STM).
First, para-terphenyl-based oligophenylene precursor 4a,

which corresponds to target PAH C78,16,17 was designed as a
model compound to examine its suitability for efficient
cyclodehydrogenation (Scheme 1). Synthesis of 4a was initiated
with Sonogashira-Hagihara cross-coupling of 2,2″-diiodoter-
phenyl 1a with trimethylsilyl acetylene followed by depro-
tection to yield 2,2″-diethynylterphenyl 2a. Two-fold Diels−
Alder cycloaddition between 2a and functionalized tetraphe-
nylcyclopentadienone 318 under microwave conditions effi-

Received: August 3, 2012
Published: October 19, 2012

Scheme 1. Synthetic Route to PAH C78 and GNR 6a

aGeometric dimensions of GNR 6 were derived from Merck
Molecular Force Field 94 (MMFF94) calculations. Reagents and
conditions: (a) trimethylsilyl acetylene, Pd(PPh3)2Cl2/CuI, NEt3, rt;
(b) K2CO3, THF/MeOH, rt, 2a: 51% (two steps), 2b: 58% (two
steps); (c) xylene, 160 °C, μW, 300 W, 4a: 81%, 4b: 85%; (d) FeCl3,
CH2Cl2/CH3NO2, rt, 93%; (e) MoCl5, CH2Cl2, rt, 85%; (f) PIFA/
BF3, CH2Cl2, −60 °C, then −10 °C, 81%; (g) bis(cycloocta-(1,5)-
diene)nickel(0) cycloocta-(1,5)-diene, 2,2′-bipyridine, toluene/DMF,
80 °C, 81%; (h) FeCl3, CH2Cl2/CH3NO2, rt, 92%.
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bandgap of GNR 126 was derived from its UV-Vis absorption
spectrum to be approximately 1.6 eV, which was the same as that
in its non-doped analogue, GNR 123.

Through AB-type Diels–Alder polymerization. The use of the
AA-type Yamamoto and A2B2-type Suzuki polymerization
methods has enabled bottom-up synthesis of structurally
defined GNRs with different widths and edge structures,
reaching a length of 4100 nm with chevron-type GNR 123.241

However, such metal-catalysed coupling reactions are
generally limited by the use of expensive catalysts and relatively
low molecular weights, in most cases leading to GNRs shorter
than 50 nm. Turning back to the traditional polyphenylene
synthesis, the Diels–Alder reaction is still appealing because it

reproducibly offers Mw values higher than 100 000 g mol!1

based on SEC analyses in many systems.221,245,246 Moreover,
no catalyst or additive is necessary for the Diels–Alder reaction,
which is highly advantageous for larger-scale syntheses.

In 2014, we have for the first time reported an AB-type Diels–
Alder polymerization to prepare GNR 129 with a ‘‘cove-type’’
edge structure, which simultaneously enabled unprecedentedly
high longitudinal extension over 600 nm (Fig. 23).229 King et al.
has coined a term ‘‘gulf’’ for such edge configuration in 2008,199

but we use the term ‘‘cove-type’’ for these GNRs in this review,
following older literature.9,40,81 In this approach, tetraphenyl-
cyclopentadienone-based monomer 127 was rationally designed
such that all the structural isomers of the resulting precursor 128

Fig. 22 Synthesis of pristine and N-doped chevron-type GNRs 123 and 126, respectively, based on AA-type Yamamoto polymerizations. N-doped
precursor 125 and GNR 126 are obtained as mixtures of structural isomers.

Fig. 23 Synthesis of GNRs 129 and 133 through AB-type Diels–Alder polymerization of monomers 127 and 131, respectively.
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bandgap of GNR 126 was derived from its UV-Vis absorption
spectrum to be approximately 1.6 eV, which was the same as that
in its non-doped analogue, GNR 123.

Through AB-type Diels–Alder polymerization. The use of the
AA-type Yamamoto and A2B2-type Suzuki polymerization
methods has enabled bottom-up synthesis of structurally
defined GNRs with different widths and edge structures,
reaching a length of 4100 nm with chevron-type GNR 123.241

However, such metal-catalysed coupling reactions are
generally limited by the use of expensive catalysts and relatively
low molecular weights, in most cases leading to GNRs shorter
than 50 nm. Turning back to the traditional polyphenylene
synthesis, the Diels–Alder reaction is still appealing because it

reproducibly offers Mw values higher than 100 000 g mol!1

based on SEC analyses in many systems.221,245,246 Moreover,
no catalyst or additive is necessary for the Diels–Alder reaction,
which is highly advantageous for larger-scale syntheses.

In 2014, we have for the first time reported an AB-type Diels–
Alder polymerization to prepare GNR 129 with a ‘‘cove-type’’
edge structure, which simultaneously enabled unprecedentedly
high longitudinal extension over 600 nm (Fig. 23).229 King et al.
has coined a term ‘‘gulf’’ for such edge configuration in 2008,199

but we use the term ‘‘cove-type’’ for these GNRs in this review,
following older literature.9,40,81 In this approach, tetraphenyl-
cyclopentadienone-based monomer 127 was rationally designed
such that all the structural isomers of the resulting precursor 128

Fig. 22 Synthesis of pristine and N-doped chevron-type GNRs 123 and 126, respectively, based on AA-type Yamamoto polymerizations. N-doped
precursor 125 and GNR 126 are obtained as mixtures of structural isomers.

Fig. 23 Synthesis of GNRs 129 and 133 through AB-type Diels–Alder polymerization of monomers 127 and 131, respectively.
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Over 100 nm, but only measured with STM

not determine the molecular mass of these structures by MS.
These structures could be mistaken for individual GNRs, but we
demonstrate below that these structures are actually ‘nanobelts’
of GNRs attached in a side-by-side fashion. The structure of
these nanobelts was determined by a combination of microscopy
techniques such as AFM, scanning electron microscopy (SEM)
and STM.

Using AFM we can precisely determine the heights of
such GNR nanobelts. The bottom panel in Fig. 3b shows a
representative height profile across two of these nanobelts, one of
which is folded. Both nanobelts have a height of B3 Å, which is
very close to the interlayer spacing in graphite (3.35 Å)47. We
have measured height profiles in different AFM images for 480
such nanobelts (several additional height profiles are shown in the
Supplementary Fig. 7), and in all cases we have observed heights
o5 Å. This means that these nanobelts are not stacks of GNRs,
because their thickness corresponds to the thickness of a single
graphene ribbon.

The inset in Fig. 3c shows two GNR nanobelts that have a
similar height of B4 Å but visibly different widths. While AFM
cannot be used for a precise measurement of widths of these GNR
nanobelts because of the tip curvature effect, such information
could be obtained by SEM. A representative SEM image (Fig. 3d)
confirms that GNR nanobelts have different widths that range
from only a few nm to B60 nm. The narrowest GNR nanobelt

visible in Fig. 3d is B10 nm wide, which corresponds to 5–6
GNRs arranged side by side.

To gain further insights into the structure of these GNR
nanobelts, we used a toluene dispersion of GNRs that was only
mildly agitated and refluxed to prepare a sample for the STM
analysis. The sample was annealed at 40 !C for 20 min in vacuum
inside the STM chamber prior to imaging to remove some of the
residual solvent molecules and atmospheric adsorbates; a typical
STM image is shown in Fig. 3e. In this series of experiments we
could not resolve fine structural features of GNRs like in Fig. 2d,
but numerous sub-2-nm strands that we attribute to individual
ribbons are clearly visible; one of these ribbons is indicated by the
white arrow. Such images confirm that GNRs indeed tend to form
side-by-side assemblies that comprise 3–7 individual ribbons.

Using Fig. 3 and similar STM images it was also possible to
size individual GNRs that were not heavily sonicated in a
solution. We found ca. 50 GNRs for which we could observe both
ends and measured their lengths; the resulting size distribution is
shown in Fig. 3f. Some GNRs were 450 nm long (for example,
the GNR highlighted in green in Fig. 3e is B80 nm long)
and several were 4100 nm long (see one example in the
Supplementary Fig. 8); such GNRs are long enough to bridge
electrodes fabricated by standard EBL technique41 (nanogaps as
small as 10 nm with high aspect ratios could be fabricated by
some modified EBL-based techniques42).
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Figure 3 | Microscopy characterization of GNRs. (a,b) AFM images of GNRs deposited on mica. Bottom panel in (b) shows the height profile along the
blue line. Scale bars, 500 nm. (c) AFM image of GNRs deposited on a Si/SiO2 substrate. Scale bar, 1mm. (d) SEM image of GNRs deposited on a Si/SiO2

substrate. Scale bar, 200 nm. (e) STM image of GNRs deposited on an Au (111) single crystal and annealed under vacuum at 40 !C for 20 min inside the
STM chamber prior to imaging. The GNR highlighted in green is B80 nm long. Scale bar, 10 nm. (f) Size distribution of the lengths of individual GNR
observed in multiple STM images. (g) STM image showing arrangement of GNRs. Scale bar, 3 nm. In the magnified part one GNR is highlighted in green for
the sake of clarity. (h) The proposed structure of a GNR nanobelt. Note that this schematic does not represent the actual lengths of individual GNRs.
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not determine the molecular mass of these structures by MS.
These structures could be mistaken for individual GNRs, but we
demonstrate below that these structures are actually ‘nanobelts’
of GNRs attached in a side-by-side fashion. The structure of
these nanobelts was determined by a combination of microscopy
techniques such as AFM, scanning electron microscopy (SEM)
and STM.

Using AFM we can precisely determine the heights of
such GNR nanobelts. The bottom panel in Fig. 3b shows a
representative height profile across two of these nanobelts, one of
which is folded. Both nanobelts have a height of B3 Å, which is
very close to the interlayer spacing in graphite (3.35 Å)47. We
have measured height profiles in different AFM images for 480
such nanobelts (several additional height profiles are shown in the
Supplementary Fig. 7), and in all cases we have observed heights
o5 Å. This means that these nanobelts are not stacks of GNRs,
because their thickness corresponds to the thickness of a single
graphene ribbon.

The inset in Fig. 3c shows two GNR nanobelts that have a
similar height of B4 Å but visibly different widths. While AFM
cannot be used for a precise measurement of widths of these GNR
nanobelts because of the tip curvature effect, such information
could be obtained by SEM. A representative SEM image (Fig. 3d)
confirms that GNR nanobelts have different widths that range
from only a few nm to B60 nm. The narrowest GNR nanobelt

visible in Fig. 3d is B10 nm wide, which corresponds to 5–6
GNRs arranged side by side.

To gain further insights into the structure of these GNR
nanobelts, we used a toluene dispersion of GNRs that was only
mildly agitated and refluxed to prepare a sample for the STM
analysis. The sample was annealed at 40 !C for 20 min in vacuum
inside the STM chamber prior to imaging to remove some of the
residual solvent molecules and atmospheric adsorbates; a typical
STM image is shown in Fig. 3e. In this series of experiments we
could not resolve fine structural features of GNRs like in Fig. 2d,
but numerous sub-2-nm strands that we attribute to individual
ribbons are clearly visible; one of these ribbons is indicated by the
white arrow. Such images confirm that GNRs indeed tend to form
side-by-side assemblies that comprise 3–7 individual ribbons.

Using Fig. 3 and similar STM images it was also possible to
size individual GNRs that were not heavily sonicated in a
solution. We found ca. 50 GNRs for which we could observe both
ends and measured their lengths; the resulting size distribution is
shown in Fig. 3f. Some GNRs were 450 nm long (for example,
the GNR highlighted in green in Fig. 3e is B80 nm long)
and several were 4100 nm long (see one example in the
Supplementary Fig. 8); such GNRs are long enough to bridge
electrodes fabricated by standard EBL technique41 (nanogaps as
small as 10 nm with high aspect ratios could be fabricated by
some modified EBL-based techniques42).
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blue line. Scale bars, 500 nm. (c) AFM image of GNRs deposited on a Si/SiO2 substrate. Scale bar, 1mm. (d) SEM image of GNRs deposited on a Si/SiO2

substrate. Scale bar, 200 nm. (e) STM image of GNRs deposited on an Au (111) single crystal and annealed under vacuum at 40 !C for 20 min inside the
STM chamber prior to imaging. The GNR highlighted in green is B80 nm long. Scale bar, 10 nm. (f) Size distribution of the lengths of individual GNR
observed in multiple STM images. (g) STM image showing arrangement of GNRs. Scale bar, 3 nm. In the magnified part one GNR is highlighted in green for
the sake of clarity. (h) The proposed structure of a GNR nanobelt. Note that this schematic does not represent the actual lengths of individual GNRs.
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Revisiting the Diels-Alder polymerisation

the dispersibility of the resulting GNRs as well as sterically hinder
undesired conformations, which ensures the formation of targeted
GNRs on the graphitization (Supplementary Fig. 1).

The polymerization of monomer 1 was performed simply by
heating 1 to 260–270 8C, without any additional reagent or catalyst,
either in a diphenyl ether solution or in a melt. Polyphenylene precur-
sor 2 was most probably obtained as a mixture of regioisomers
because of two possible orientations of unsymmetrical monomer 1
on each Diels–Alder cycloaddition step. However, all the regioisomers
led to one GNR structure, as depicted in Supplementary Fig. 1. Based
on size-exclusion chromatography (SEC) analysis against polystyrene
(PS) standards, the resulting weight-average molecular weight (Mw)
of precursor 2 ranged from 24+2 to 620+60 kg mol21, one order
of magnitude larger than the Mw obtained by Ni-catalysed AA-type
Yamamoto polymerization12, and surpassed the Mw of any reported
linear polyphenylene polymers (Supplementary Table 1)9,17,18. Mw
greater than 100 kg mol21 was obtained when the concentration of
monomer 1 was more than 200 mM in the polymerization. The poly-
dispersity index (PDI) of precursor 2 ranged from 3.0 to 14 based on
the PS standard, which can be explained by the possible formation of
cyclic oligomers in addition to polymers (Supplementary Figs 2–5)19.
Such small oligomers could be removed by fractionation with recy-
cling preparative SEC or reprecipitation (Supplementary Fig. 5),
which often results in polymer precursors 2 with PDI of 1.9 or
smaller (Supplementary Table 1).

Although the SEC analysis of such polyphenylene polymers with
kinked and non-rigid backbone structures has been performed

conventionally with PS standard9,12,13,17,18, it is reasonable to
employ the poly( p-phenylene) (PPP) standard in parallel to obtain
a second estimate of the actual molecular weight. For example,
Mw of precursor 2-I was estimated based on PPP and PS standards
to be Mw,PPP¼ 150+20 kg mol21 and Mw,PS¼ 380+40 kg mol21,
respectively (Supplementary Table 1, entry 4′). Furthermore, static
light-scattering analysis was performed for the unambiguous
determination of absolute Mw (ref. 20). Dynamic light-scattering
experiments assured the presence of a single population of
precursor 2 (Supplementary Fig. 6) and revealed its chain
conformation (Fig. 1b)20. The absolute Mw of precursor 2-I was
thus determined to be 470+30 kg mol21, which was well approxi-
mated by Mw,PS (Fig. 1b). However, the absolute Mw of precursor
2-II of smaller molecular weight (Mw,PPP¼ 100+10 kg mol21,
Mw,PS¼ 220+20 kg mol21; see Supplementary Table 1, entry 2′)
amounted to 108+8 kg mol21, which was closer to Mw,PPP.
These results can be rationalized by the surprisingly large Kuhn
length of precursor 2 (lK ≈ 18 nm), that is precursor 2 assumes a
semirigid conformation similar to that of PPP when it is short
(2-II, Lw ≈ 110 nm, where Lw is contour length), but it behaves
as semiflexible, being closer to PS, when it becomes longer (2-I,
Lw ≈ 480 nm; vertical lines in Fig. 1b). Therefore, it can be
concluded that the combination of PS and PPP standard calibration
allows valid estimations of the Mw of precursor 2. In the following
text SEC data are given with ranges corresponding to those
determined by PS and PPP standard calibrations, for example
from Mw,PPP to Mw,PS.
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Figure 1 | Structures of compounds and light-scattering characterization of precursor 2. a, Schematic synthetic route to longitudinally extended GNR 3 via
AB-type Diels–Alder polymerization of monomer 1. Precursor 2 was graphitized into GNR 3 by intramolecular oxidative cyclodehydrogenation. b, Translation
diffusion, D0, of precursor 2 as a function of the flexibility ratio L/lK for two different contour lengths L (green line, 480 nm; blue line, 110 nm) and Kuhn
segment length, lK. The vertical lines correspond to the values of L/lK obtained from Supplementary equation (13). Inset: normalized static light-scattering
intensity (Rvv(cm21) is the absolute Rayleigh ratio, K(mol g22 cm2) is the optical constant and c(g cm23) is the solute concentration, and the size of the
symbols captures the experimental error) at different wave vectors represented by Supplementary equation (11) yields the molecular weight Mw and the
radius of gyration Rg of precursor 2. In addition, access to the translation diffusion D0 (main plot) reveals an unexpectedly large lK of 18 nm (about 25 repeat
units) for precursor 2. c, Structure of dimer 4. d, Structure of trimer 5. Structures of GNR 3, dimer 4 and trimer 5 were optimized by Merck Molecular Force
Field 94 (MMFF94) calculations. Grey, carbon; white, hydrogen, r.t., room temperature.
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the dispersibility of the resulting GNRs as well as sterically hinder
undesired conformations, which ensures the formation of targeted
GNRs on the graphitization (Supplementary Fig. 1).

The polymerization of monomer 1 was performed simply by
heating 1 to 260–270 8C, without any additional reagent or catalyst,
either in a diphenyl ether solution or in a melt. Polyphenylene precur-
sor 2 was most probably obtained as a mixture of regioisomers
because of two possible orientations of unsymmetrical monomer 1
on each Diels–Alder cycloaddition step. However, all the regioisomers
led to one GNR structure, as depicted in Supplementary Fig. 1. Based
on size-exclusion chromatography (SEC) analysis against polystyrene
(PS) standards, the resulting weight-average molecular weight (Mw)
of precursor 2 ranged from 24+2 to 620+60 kg mol21, one order
of magnitude larger than the Mw obtained by Ni-catalysed AA-type
Yamamoto polymerization12, and surpassed the Mw of any reported
linear polyphenylene polymers (Supplementary Table 1)9,17,18. Mw
greater than 100 kg mol21 was obtained when the concentration of
monomer 1 was more than 200 mM in the polymerization. The poly-
dispersity index (PDI) of precursor 2 ranged from 3.0 to 14 based on
the PS standard, which can be explained by the possible formation of
cyclic oligomers in addition to polymers (Supplementary Figs 2–5)19.
Such small oligomers could be removed by fractionation with recy-
cling preparative SEC or reprecipitation (Supplementary Fig. 5),
which often results in polymer precursors 2 with PDI of 1.9 or
smaller (Supplementary Table 1).

Although the SEC analysis of such polyphenylene polymers with
kinked and non-rigid backbone structures has been performed

conventionally with PS standard9,12,13,17,18, it is reasonable to
employ the poly( p-phenylene) (PPP) standard in parallel to obtain
a second estimate of the actual molecular weight. For example,
Mw of precursor 2-I was estimated based on PPP and PS standards
to be Mw,PPP¼ 150+20 kg mol21 and Mw,PS¼ 380+40 kg mol21,
respectively (Supplementary Table 1, entry 4′). Furthermore, static
light-scattering analysis was performed for the unambiguous
determination of absolute Mw (ref. 20). Dynamic light-scattering
experiments assured the presence of a single population of
precursor 2 (Supplementary Fig. 6) and revealed its chain
conformation (Fig. 1b)20. The absolute Mw of precursor 2-I was
thus determined to be 470+30 kg mol21, which was well approxi-
mated by Mw,PS (Fig. 1b). However, the absolute Mw of precursor
2-II of smaller molecular weight (Mw,PPP¼ 100+10 kg mol21,
Mw,PS¼ 220+20 kg mol21; see Supplementary Table 1, entry 2′)
amounted to 108+8 kg mol21, which was closer to Mw,PPP.
These results can be rationalized by the surprisingly large Kuhn
length of precursor 2 (lK ≈ 18 nm), that is precursor 2 assumes a
semirigid conformation similar to that of PPP when it is short
(2-II, Lw ≈ 110 nm, where Lw is contour length), but it behaves
as semiflexible, being closer to PS, when it becomes longer (2-I,
Lw ≈ 480 nm; vertical lines in Fig. 1b). Therefore, it can be
concluded that the combination of PS and PPP standard calibration
allows valid estimations of the Mw of precursor 2. In the following
text SEC data are given with ranges corresponding to those
determined by PS and PPP standard calibrations, for example
from Mw,PPP to Mw,PS.
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Figure 1 | Structures of compounds and light-scattering characterization of precursor 2. a, Schematic synthetic route to longitudinally extended GNR 3 via
AB-type Diels–Alder polymerization of monomer 1. Precursor 2 was graphitized into GNR 3 by intramolecular oxidative cyclodehydrogenation. b, Translation
diffusion, D0, of precursor 2 as a function of the flexibility ratio L/lK for two different contour lengths L (green line, 480 nm; blue line, 110 nm) and Kuhn
segment length, lK. The vertical lines correspond to the values of L/lK obtained from Supplementary equation (13). Inset: normalized static light-scattering
intensity (Rvv(cm21) is the absolute Rayleigh ratio, K(mol g22 cm2) is the optical constant and c(g cm23) is the solute concentration, and the size of the
symbols captures the experimental error) at different wave vectors represented by Supplementary equation (11) yields the molecular weight Mw and the
radius of gyration Rg of precursor 2. In addition, access to the translation diffusion D0 (main plot) reveals an unexpectedly large lK of 18 nm (about 25 repeat
units) for precursor 2. c, Structure of dimer 4. d, Structure of trimer 5. Structures of GNR 3, dimer 4 and trimer 5 were optimized by Merck Molecular Force
Field 94 (MMFF94) calculations. Grey, carbon; white, hydrogen, r.t., room temperature.
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G
raphene nanoribbons (GNRs), nano-
strips of graphene, are emerging
materials of great promise, which

possess nonzero band gaps, in stark contrast
to semimetallic graphene.1,2 The electronic
properties such as the band gaps of the GNRs
critically depend on their width and edge
structures,3!6 which makes it crucial to pre-
cisely control the GNR structures for funda-
mental studies as well as for future nano-
electronic applications. GNRs are typically
prepared through “top-down” approaches
such as lithographic patterning of graphene
sheets7!9 and unzipping of carbon nano-
tubes,10!12 revealing promising electronic
properties of the GNRs. However, thesemeth-
ods cannot avoid high structural disorder,
especially at the edges of the resulting GNRs,
and often lack uniformity in the width. On the
other hand, “bottom-up” chemical synthesis
can provide a variety of structurally well-
definedGNRsbasedonsolution-mediated13!19

or surface-assisted20!23 cyclodehydrogena-
tion of tailor-made polyphenylene precursors.

Whereas the GNRs previously prepared
through the bottom-up methods were
limited by the short length (<50 nm)13!15

and/or the necessity of metal surfaces,20!22

we have very recently reported a solution
synthesis of structurally well-defined GNR 1
with high longitudinal extension over 200 nm
(Figure 1).16 We have employed an efficient
AB-type Diels!Alder polymerization for the
preparation of corresponding polyphenylene
precursors with exceptionally largemolecular
weights, followed by intramolecular oxida-
tive cyclodehydrogenation. Notably, GNR 1
shows a defined band gap, in stark contrast
to carbon nanotubes (CNTs), which are un-
avoidably obtained as a mixture of different
diameters and chiralities with a correspond-
ing wide distribution of band gaps.24,25

Nevertheless, the width of GNR 1 is limited
to ∼1 nm, corresponding to a band gap of
∼1.9 eV, with an optical absorption only up
to ∼650 nm.16

For the future development of GNR-
based electronics and optoelectronics, it is
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ABSTRACT Structurally defined, long (>100 nm), and low-band-gap

(∼1.2 eV) graphene nanoribbons (GNRs) were synthesized through a bottom-up

approach, enabling GNRs with a broad absorption spanning into the near-infrared

(NIR) region. The chemical identity of GNRs was validated by IR, Raman, solid-state

NMR, and UV!vis!NIR absorption spectroscopy. Atomic force microscopy

revealed well-ordered self-assembled monolayers of uniform GNRs on a graphite

surface upon deposition from the liquid phase. The broad absorption of the low-band-gap GNRs enables their detailed characterization by Raman and time-

resolved terahertz photoconductivity spectroscopy with excitation at multiple wavelengths, including the NIR region, which provides further insights into

the fundamental physical properties of such graphene nanostructures.

KEYWORDS: graphene nanoribbon . cyclodehydrogenation . Diels!Alder reaction . band-gap engineering .
near-infrared absorption
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Liljeroth and Swart et al. obtained atomically resolved
AFM images of GNR 136 and demonstrated creation of a single
GNR-Au bond by removing one hydrogen atom with a local high
voltage pulse.264 Moreover, Huang and Wee et al. showed that
N = 7 GNR 136 could be fused in parallel with neighbouring
nanoribbons on Ag(111) surfaces, leading to the formation of
N = 14 and 21 armchair GNRs.265

Spatially aligned GNRs can be grown by using stepped
Au(788) surfaces, in contrast to the formation of randomly
oriented GNRs on Au(111) surfaces. This spatial alignment
allowed the detailed investigation of the occupied electronic
states of the GNRs through angle-resolved UV photoemission
spectroscopy (ARUPS).260,261 Such spatially well-aligned GNRs
also enabled studies of their optical properties on the metal
surfaces using reflectance difference spectroscopy (RDS), reveal-
ing the strong anisotropy of GNR 136 and its optical bandgap of
2.1 eV.262 The difference between this optical bandgap and the
DFT-calculated electronic bandgap of 3.7 eV could be explained
by the exciton binding energy. On the other hand, the electronic

bandgap observed by the STS analyses was revealed to be
reduced by the polarization of the metallic substrates.262

In 2014, Han and Asao et al. demonstrated that the same
monomer 134 undergoes intermolecular cyclodehydrogenation
at different configurations on a Cu(111) surface, leading to
an unprecedented formation of chiral-edge (3,1)-GNR 137
with atomic precision (Fig. 25a and c).266 In contrast to the
GNR synthesis on a Au(111) surface, where the biradical inter-
mediates can freely diffuse, the monomers on a Cu(111) surface
are demobilized even at elevated temperatures and the cyclo-
dehydrogenation occurs only inside preassembled domains.
Thus the resulting GNRs are distributed along distinct direc-
tions relative to the Cu(111) atomic rows, which is predeter-
mined by the self-assembly of the monomers.

By extending dibromobianthryl monomer 134 to 2,20-di[(1,10-
biphenyl)-2-yl]-10,100-dibromo-9,90-bianthracene (138) with two
extra biphenyl units at the peripheries, Fischer, Crommie, and
co-workers achieved a selective synthesis of laterally extended
N = 13 armchair GNR 140 on a Au(111) surface and visualized

Fig. 25 (a) Surface-assisted synthesis of N = 7 armchair GNR 136, chiral (3,1)-GNR 137, and N = 13 armchair GNR 140. (b)–(d) STM images of (b) GNR
136 on an Au(111) surface, (c) GNR 137 on a Cu(111) surface, and (d) GNR 140 on an Au(111) surface with (b and d) partly or (c) completely overlaid
molecular models (light blue). Panel b also shows partially overlaid DFT-based STM simulation (gray scale). The circular features in panel c are bromine
atoms trapped between GNRs. (b) Reprinted by permission from Macmillan Publishers Ltd: Nature (ref. 37), Copyright (2010). (c) and (d) Reprinted with
permission from (c) ref. 266; Copyright 2014 and (d) ref. 267; Copyright 2013, American Chemical Society.
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Liljeroth and Swart et al. obtained atomically resolved
AFM images of GNR 136 and demonstrated creation of a single
GNR-Au bond by removing one hydrogen atom with a local high
voltage pulse.264 Moreover, Huang and Wee et al. showed that
N = 7 GNR 136 could be fused in parallel with neighbouring
nanoribbons on Ag(111) surfaces, leading to the formation of
N = 14 and 21 armchair GNRs.265

Spatially aligned GNRs can be grown by using stepped
Au(788) surfaces, in contrast to the formation of randomly
oriented GNRs on Au(111) surfaces. This spatial alignment
allowed the detailed investigation of the occupied electronic
states of the GNRs through angle-resolved UV photoemission
spectroscopy (ARUPS).260,261 Such spatially well-aligned GNRs
also enabled studies of their optical properties on the metal
surfaces using reflectance difference spectroscopy (RDS), reveal-
ing the strong anisotropy of GNR 136 and its optical bandgap of
2.1 eV.262 The difference between this optical bandgap and the
DFT-calculated electronic bandgap of 3.7 eV could be explained
by the exciton binding energy. On the other hand, the electronic

bandgap observed by the STS analyses was revealed to be
reduced by the polarization of the metallic substrates.262

In 2014, Han and Asao et al. demonstrated that the same
monomer 134 undergoes intermolecular cyclodehydrogenation
at different configurations on a Cu(111) surface, leading to
an unprecedented formation of chiral-edge (3,1)-GNR 137
with atomic precision (Fig. 25a and c).266 In contrast to the
GNR synthesis on a Au(111) surface, where the biradical inter-
mediates can freely diffuse, the monomers on a Cu(111) surface
are demobilized even at elevated temperatures and the cyclo-
dehydrogenation occurs only inside preassembled domains.
Thus the resulting GNRs are distributed along distinct direc-
tions relative to the Cu(111) atomic rows, which is predeter-
mined by the self-assembly of the monomers.

By extending dibromobianthryl monomer 134 to 2,20-di[(1,10-
biphenyl)-2-yl]-10,100-dibromo-9,90-bianthracene (138) with two
extra biphenyl units at the peripheries, Fischer, Crommie, and
co-workers achieved a selective synthesis of laterally extended
N = 13 armchair GNR 140 on a Au(111) surface and visualized

Fig. 25 (a) Surface-assisted synthesis of N = 7 armchair GNR 136, chiral (3,1)-GNR 137, and N = 13 armchair GNR 140. (b)–(d) STM images of (b) GNR
136 on an Au(111) surface, (c) GNR 137 on a Cu(111) surface, and (d) GNR 140 on an Au(111) surface with (b and d) partly or (c) completely overlaid
molecular models (light blue). Panel b also shows partially overlaid DFT-based STM simulation (gray scale). The circular features in panel c are bromine
atoms trapped between GNRs. (b) Reprinted by permission from Macmillan Publishers Ltd: Nature (ref. 37), Copyright (2010). (c) and (d) Reprinted with
permission from (c) ref. 266; Copyright 2014 and (d) ref. 267; Copyright 2013, American Chemical Society.
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Liljeroth and Swart et al. obtained atomically resolved
AFM images of GNR 136 and demonstrated creation of a single
GNR-Au bond by removing one hydrogen atom with a local high
voltage pulse.264 Moreover, Huang and Wee et al. showed that
N = 7 GNR 136 could be fused in parallel with neighbouring
nanoribbons on Ag(111) surfaces, leading to the formation of
N = 14 and 21 armchair GNRs.265

Spatially aligned GNRs can be grown by using stepped
Au(788) surfaces, in contrast to the formation of randomly
oriented GNRs on Au(111) surfaces. This spatial alignment
allowed the detailed investigation of the occupied electronic
states of the GNRs through angle-resolved UV photoemission
spectroscopy (ARUPS).260,261 Such spatially well-aligned GNRs
also enabled studies of their optical properties on the metal
surfaces using reflectance difference spectroscopy (RDS), reveal-
ing the strong anisotropy of GNR 136 and its optical bandgap of
2.1 eV.262 The difference between this optical bandgap and the
DFT-calculated electronic bandgap of 3.7 eV could be explained
by the exciton binding energy. On the other hand, the electronic

bandgap observed by the STS analyses was revealed to be
reduced by the polarization of the metallic substrates.262

In 2014, Han and Asao et al. demonstrated that the same
monomer 134 undergoes intermolecular cyclodehydrogenation
at different configurations on a Cu(111) surface, leading to
an unprecedented formation of chiral-edge (3,1)-GNR 137
with atomic precision (Fig. 25a and c).266 In contrast to the
GNR synthesis on a Au(111) surface, where the biradical inter-
mediates can freely diffuse, the monomers on a Cu(111) surface
are demobilized even at elevated temperatures and the cyclo-
dehydrogenation occurs only inside preassembled domains.
Thus the resulting GNRs are distributed along distinct direc-
tions relative to the Cu(111) atomic rows, which is predeter-
mined by the self-assembly of the monomers.

By extending dibromobianthryl monomer 134 to 2,20-di[(1,10-
biphenyl)-2-yl]-10,100-dibromo-9,90-bianthracene (138) with two
extra biphenyl units at the peripheries, Fischer, Crommie, and
co-workers achieved a selective synthesis of laterally extended
N = 13 armchair GNR 140 on a Au(111) surface and visualized

Fig. 25 (a) Surface-assisted synthesis of N = 7 armchair GNR 136, chiral (3,1)-GNR 137, and N = 13 armchair GNR 140. (b)–(d) STM images of (b) GNR
136 on an Au(111) surface, (c) GNR 137 on a Cu(111) surface, and (d) GNR 140 on an Au(111) surface with (b and d) partly or (c) completely overlaid
molecular models (light blue). Panel b also shows partially overlaid DFT-based STM simulation (gray scale). The circular features in panel c are bromine
atoms trapped between GNRs. (b) Reprinted by permission from Macmillan Publishers Ltd: Nature (ref. 37), Copyright (2010). (c) and (d) Reprinted with
permission from (c) ref. 266; Copyright 2014 and (d) ref. 267; Copyright 2013, American Chemical Society.
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Atomically precise bottom-up fabrication of graphene
nanoribbons
Jinming Cai1*, Pascal Ruffieux1*, Rached Jaafar1, Marco Bieri1, Thomas Braun1, Stephan Blankenburg1,
Matthias Muoth2, Ari P. Seitsonen3,4, Moussa Saleh5, Xinliang Feng5, Klaus Müllen5 & Roman Fasel1,6

Graphene nanoribbons—narrow and straight-edged stripes of
graphene, or single-layer graphite—are predicted to exhibit elec-
tronic properties that make them attractive for the fabrication of
nanoscale electronic devices1–3. In particular, although the two-
dimensional parent material graphene4,5 exhibits semimetallic
behaviour, quantum confinement and edge effects2,6 should render
all graphene nanoribbons with widths smaller than 10 nm semi-
conducting. But exploring the potential of graphene nanoribbons
is hampered by their limited availability: although they have
been made using chemical7–9, sonochemical10 and lithographic11,12

methods as well as through the unzipping of carbon nanotubes13–16,
the reliable production of graphene nanoribbons smaller than
10 nm with chemical precision remains a significant challenge.
Here we report a simple method for the production of atomically
precise graphene nanoribbons of different topologies and widths,
which uses surface-assisted coupling17,18 of molecular precursors
into linear polyphenylenes and their subsequent cyclodehydro-
genation19,20. The topology, width and edge periphery of the gra-
phene nanoribbon products are defined by the structure of the
precursor monomers, which can be designed to give access to a
wide range of different graphene nanoribbons. We expect that
our bottom-up approach to the atomically precise fabrication of
graphene nanoribbons will finally enable detailed experimental
investigations of the properties of this exciting class of materials.
It should even provide a route to graphene nanoribbon structures
with engineered chemical and electronic properties, including the
theoretically predicted intraribbon quantum dots21, superlattice
structures22 and magnetic devices based on specific graphene
nanoribbon edge states3.

Figure 1 sketches the basic graphene nanoribbon (GNR) fabrica-
tion steps for the prototypical armchair ribbon6 of width N 5 7
obtained from 10,109-dibromo-9,99-bianthryl precursor monomers.
Thermal sublimation of the monomers onto a solid surface removes
their halogen substituents, yielding the molecular building blocks of
the targeted graphene ribbon in the form of surface-stabilized bira-
dical species. During a first thermal activation step, the biradical
species diffuse across the surface and undergo radical addition reac-
tions17 to form linear polymer chains as imprinted by the specific
chemical functionality pattern of the monomers. In a second thermal
activation step a surface-assisted cyclodehydrogenation establishes
an extended fully aromatic system.

Figure 2 shows GNRs obtained according to the scheme in Fig. 1,
using precursor monomers 1 and a Au(111) surface. The first step
to GNR fabrication—intermolecular colligation through radical
addition—is thermally activated by annealing at 200 uC, at which

temperature the dehalogenated intermediates have enough thermal
energy to diffuse along the surface and form single covalent C–C
bonds between each monomer to give polymer chains. Scanning
tunnelling microscopy (STM) images of the colligated monomers
show protrusions that appear alternately on both sides of the chain
axis and with a periodicity of 0.86 nm (Fig. 2b), in excellent agree-
ment with the periodicity of the bianthryl core of 0.85 nm. Steric
hindrance between the hydrogen atoms of adjacent anthracene units
rotates the latter around the s-bonds connecting them, resulting in
opposite tilts of successive anthracene units with respect to the metal
surface. This deviation from planarity explains the large apparent
height of the polyanthrylenes of about 0.4 nm (Fig. 2b), with the
finite size of the scanning probe tip moreover imaging the polymer
with a width much larger (1.5 nm) than expected from the structural
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Switzerland. 4IMPMC, CNRS and Université Pierre et Marie Curie, 4 place Jussieu, case 115, F-75252 Paris, France. 5Max Planck Institute for Polymer Research, Ackermannweg 10,
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*These authors contributed equally to this work.
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Cyclodehydrogenation
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Br Br
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Graphene nanoribbon

Linear polymer

Figure 1 | Bottom-up fabrication of atomically precise GNRs. Basic steps for
surface-supported GNR synthesis, illustrated with a ball-and-stick model of
the example of 10,109-dibromo-9,99-bianthryl monomers (1). Grey, carbon;
white, hydrogen; red, halogens; underlying surface atoms shown by large
spheres. Top, dehalogenation during adsorption of the di-halogen
functionalized precursor monomers. Middle, formation of linear polymers
by covalent interlinking of the dehalogenated intermediates. Bottom,
formation of fully aromatic GNRs by cyclodehydrogenation.
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account for the finite tip radius perfectly reproduce the apparent
height and width of the polyanthrylenes. The fully aromatic system
is obtained by annealing the sample in a second step at 400 uC, which
induces intramolecular cyclodehydrogenation of the polymer chain
and hence the formation of an N 5 7 armchair ribbon (Fig. 2c) with
half the periodicity of the polymeric chain (0.42 nm) and a markedly
reduced apparent height of 0.18 nm (Supplementary Fig. 3). STM
simulations are in perfect agreement with experimental images
(Fig. 2e), confirming that the reaction products are atomically precise
N 5 7 GNRs with fully hydrogen-terminated armchair edges.

The Raman spectrum in Fig. 2d of a densely packed layer of N 5 7
armchair GNRs grown on a 200-nm Au(111) film on a mica substrate
further attests to the uniform width of the ribbons: besides the D and G
peaks23 and several other peaks appearing due to the finite width and
low symmetry of the ribbons, the spectrum exhibits the width-specific
radial-breathing-like mode24 as a sharp peak at 396 cm21 (in excellent
agreement with our calculated value of 394 cm21). This implies that
the radial-breathing-like mode is indeed a sensitive probe of GNR
width (N 5 6 and N 5 8 GNRs have radial-breathing-like mode fre-
quencies about 50 cm21 higher and lower, respectively24).

In our method the topology of the GNRs produced is determined
by the functionality pattern of the precursor monomers, allowing the
fabrication of ribbons with complex shapes. As an example, Fig. 3a
illustrates the strategy for fabricating chevron-type GNRs with
alternating widths of N 5 6 and N 5 9 using 6,11-dibromo-1,2,3,4-
tetraphenyltriphenylene precursor monomers 2. Initial colligation of
the dehalogenated intermediates on Au(111) at 250 uC yields chains,
in which adjacent monomers have opposite orientation with respect

to the polymer main axis (Supplementary Fig. 2). The fully aromatic
GNR is then produced during a second annealing step at 440 uC,
which causes intramolecular cyclodehydrogenation of the polymer
chain as is shown by a reduction of the apparent height from 0.25 nm
to 0.18 nm (Supplementary Fig. 3). The resultant chevron-type GNRs
have a periodicity of 1.70 nm and a pure armchair edge structure
(Fig. 3b, c). Comparisons with the model structure and with density
function theory (DFT) -based STM simulations (Fig. 3b) confirm
that the structure of the chevron-type ribbon has been imposed by
the colligated and cyclodehydrogenated monomer 2.

Figure 3c shows a monolayer thin film of N 5 6/N 5 9 chevron-
type armchair GNRs, with the degree of alignment between neigh-
bouring GNRs improved over that seen in low-coverage samples. The
preferred growth direction of the GNRs is given by the herringbone
reconstruction of the Au(111) substrate. The substrate-controlled
growth direction also limits the ribbon length: The length histogram
(inset in Fig. 3c) drops significantly above ,30 nm, which corre-
sponds to the typical length of the straight segments of the herring-
bone reconstruction of the Au(111) sample used. A significant
increase in ribbon length can thus be expected for template surfaces
favouring unidirectional ribbon growth25,26.

An X-ray photoelectron spectroscopy (XPS) analysis of a mono-
layer thin film of N 5 6/N 5 9 chevron-type armchair GNRs grown
on a Au(111)/mica surface was performed after sample transfer
through air and subsequent annealing to 450 uC under ultrahigh-
vacuum conditions to desorb volatile contaminants accumulated
during air exposure. The overview XPS spectrum shown in Fig. 3d
exhibits only core level peaks owing to the gold substrate and the
GNRs. The enlarged view of the C1s core level region in the inset
shows that the C 1s peak consists of a single sharp component at
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Figure 2 | Straight GNRs from bianthryl monomers. a, Reaction scheme
from precursor 1 to straight N 5 7 GNRs. b, STM image taken after surface-
assisted C–C coupling at 200 uC but before the final cyclodehydrogenation
step, showing a polyanthrylene chain (left, temperature T 5 5 K, voltage
U 5 1.9 V, current I 5 0.08 nA), and DFT-based simulation of the STM
image (right) with partially overlaid model of the polymer (blue, carbon;
white, hydrogen). c, Overview STM image after cyclodehydrogenation at
400 uC, showing straight N 5 7 GNRs (T 5 300 K, U 5 23 V, I 5 0.03 nA).
The inset shows a higher-resolution STM image taken at 35 K (U 5 21.5 V,
I 5 0.5 nA). d, Raman spectrum (532 nm) of straight N 5 7 GNRs. The peak
at 396 cm21 is characteristic for the 0.74 nm width of the N 5 7 ribbons. The
inset shows the atomic displacements characteristic for the radial-breathing-
like mode at 396 cm21. e, High-resolution STM image with partly overlaid
molecular model (blue) of the ribbon (T 5 5 K, U 5 20.1 V, I 5 0.2 nA). At
the bottom left is a DFT-based STM simulation of the N 5 7 ribbon shown as
a greyscale image.
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Figure 3 | Chevron-type GNRs from tetraphenyl-triphenylene monomers.
a, Reaction scheme from 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene
monomer 2 to chevron-type GNRs. b, Overview STM image of chevron-type
GNRs fabricated on a Au(111) surface (T 5 35 K, U 5 22 V, I 5 0.02 nA).
The inset shows a high-resolution STM image (T 5 77 K, U 5 22 V,
I 5 0.5 nA) and a DFT-based simulation of the STM image (greyscale) with
partly overlaid molecular model of the ribbon (blue, carbon; white,
hydrogen). c, Monolayer sample of chevron GNRs on Au(111): STM image
and corresponding ribbon length distribution. d, XPS survey of a monolayer
sample of chevron-type GNRs with core levels and valence band (VB)
labelled. The C1s core level spectrum (inset) consists of a single component
located at 284.5 eV binding energy (full-width at half-maximum, FWHM
0.87 eV). The absence of oxygen-related spectral features proves the
chemical inertness of the GNRs with respect to ambient conditions: blue bars
indicate the energy position for C–O, C 5 O and COOH (with increasing
chemical shift); see text.
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angle-resolved photoelectron spectroscopy (ARPES) and scanning tunneling 

spectroscopy (STS) analyses.170 Furthermore, the cyclodehydrogenation step could be 

well controlled to allow the fabrication of N = 7 GNRs containing partially reacted N = 

5+ polyanthrylene segments, which could be regarded as intraribbon heterojunction.171 

Covalent colligations of GNRs in parallel was also observed, leading to the formation of 

N = 14 and 21 armchair GNRs.172,173 More recently, the conductivity of a single 

nanoribbon was measured by Grill et al. for N = 7 GNR 1-51 by using an STM pulling 

technique.174 Liljeroth and Swart et al. demonstrated atomically resolved atomic force 

microscopy (AFM) images of GNR 1-51 and successfully created a single GNR-Au 

bond by removing one hydrogen atom with a local high voltage pulse.175 

 

 
Figure 1-13. (a), (c) Surface-assisted syntheses of GNRs (a) 1-51 and (c) 1-54. (b), (d) STM 

images of GNRs (b) 1-51 and (d) 1-54 on Au(111) surfaces with partly overlaid molecular 

model (blue) and DFT-based STM simulation (gray scale). Reprinted with permission from Ref. 

[140]; Copyright 2010, Nature publishing group.  

 

Furthermore, this surface-assisted method could be applied to other monomers 

to provide GNRs with different architectures. By employing 

6,11-dibromo-1,2,3,4-tetraphenyltriphenylene (1-52) as a monomer, chevron-type GNR 

model (1.0 nm). STM simulations (Fig. 2b, right side, greyscale) that
account for the finite tip radius perfectly reproduce the apparent
height and width of the polyanthrylenes. The fully aromatic system
is obtained by annealing the sample in a second step at 400 uC, which
induces intramolecular cyclodehydrogenation of the polymer chain
and hence the formation of an N 5 7 armchair ribbon (Fig. 2c) with
half the periodicity of the polymeric chain (0.42 nm) and a markedly
reduced apparent height of 0.18 nm (Supplementary Fig. 3). STM
simulations are in perfect agreement with experimental images
(Fig. 2e), confirming that the reaction products are atomically precise
N 5 7 GNRs with fully hydrogen-terminated armchair edges.

The Raman spectrum in Fig. 2d of a densely packed layer of N 5 7
armchair GNRs grown on a 200-nm Au(111) film on a mica substrate
further attests to the uniform width of the ribbons: besides the D and G
peaks23 and several other peaks appearing due to the finite width and
low symmetry of the ribbons, the spectrum exhibits the width-specific
radial-breathing-like mode24 as a sharp peak at 396 cm21 (in excellent
agreement with our calculated value of 394 cm21). This implies that
the radial-breathing-like mode is indeed a sensitive probe of GNR
width (N 5 6 and N 5 8 GNRs have radial-breathing-like mode fre-
quencies about 50 cm21 higher and lower, respectively24).

In our method the topology of the GNRs produced is determined
by the functionality pattern of the precursor monomers, allowing the
fabrication of ribbons with complex shapes. As an example, Fig. 3a
illustrates the strategy for fabricating chevron-type GNRs with
alternating widths of N 5 6 and N 5 9 using 6,11-dibromo-1,2,3,4-
tetraphenyltriphenylene precursor monomers 2. Initial colligation of
the dehalogenated intermediates on Au(111) at 250 uC yields chains,
in which adjacent monomers have opposite orientation with respect

to the polymer main axis (Supplementary Fig. 2). The fully aromatic
GNR is then produced during a second annealing step at 440 uC,
which causes intramolecular cyclodehydrogenation of the polymer
chain as is shown by a reduction of the apparent height from 0.25 nm
to 0.18 nm (Supplementary Fig. 3). The resultant chevron-type GNRs
have a periodicity of 1.70 nm and a pure armchair edge structure
(Fig. 3b, c). Comparisons with the model structure and with density
function theory (DFT) -based STM simulations (Fig. 3b) confirm
that the structure of the chevron-type ribbon has been imposed by
the colligated and cyclodehydrogenated monomer 2.

Figure 3c shows a monolayer thin film of N 5 6/N 5 9 chevron-
type armchair GNRs, with the degree of alignment between neigh-
bouring GNRs improved over that seen in low-coverage samples. The
preferred growth direction of the GNRs is given by the herringbone
reconstruction of the Au(111) substrate. The substrate-controlled
growth direction also limits the ribbon length: The length histogram
(inset in Fig. 3c) drops significantly above ,30 nm, which corre-
sponds to the typical length of the straight segments of the herring-
bone reconstruction of the Au(111) sample used. A significant
increase in ribbon length can thus be expected for template surfaces
favouring unidirectional ribbon growth25,26.

An X-ray photoelectron spectroscopy (XPS) analysis of a mono-
layer thin film of N 5 6/N 5 9 chevron-type armchair GNRs grown
on a Au(111)/mica surface was performed after sample transfer
through air and subsequent annealing to 450 uC under ultrahigh-
vacuum conditions to desorb volatile contaminants accumulated
during air exposure. The overview XPS spectrum shown in Fig. 3d
exhibits only core level peaks owing to the gold substrate and the
GNRs. The enlarged view of the C1s core level region in the inset
shows that the C 1s peak consists of a single sharp component at
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Figure 2 | Straight GNRs from bianthryl monomers. a, Reaction scheme
from precursor 1 to straight N 5 7 GNRs. b, STM image taken after surface-
assisted C–C coupling at 200 uC but before the final cyclodehydrogenation
step, showing a polyanthrylene chain (left, temperature T 5 5 K, voltage
U 5 1.9 V, current I 5 0.08 nA), and DFT-based simulation of the STM
image (right) with partially overlaid model of the polymer (blue, carbon;
white, hydrogen). c, Overview STM image after cyclodehydrogenation at
400 uC, showing straight N 5 7 GNRs (T 5 300 K, U 5 23 V, I 5 0.03 nA).
The inset shows a higher-resolution STM image taken at 35 K (U 5 21.5 V,
I 5 0.5 nA). d, Raman spectrum (532 nm) of straight N 5 7 GNRs. The peak
at 396 cm21 is characteristic for the 0.74 nm width of the N 5 7 ribbons. The
inset shows the atomic displacements characteristic for the radial-breathing-
like mode at 396 cm21. e, High-resolution STM image with partly overlaid
molecular model (blue) of the ribbon (T 5 5 K, U 5 20.1 V, I 5 0.2 nA). At
the bottom left is a DFT-based STM simulation of the N 5 7 ribbon shown as
a greyscale image.
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Figure 3 | Chevron-type GNRs from tetraphenyl-triphenylene monomers.
a, Reaction scheme from 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene
monomer 2 to chevron-type GNRs. b, Overview STM image of chevron-type
GNRs fabricated on a Au(111) surface (T 5 35 K, U 5 22 V, I 5 0.02 nA).
The inset shows a high-resolution STM image (T 5 77 K, U 5 22 V,
I 5 0.5 nA) and a DFT-based simulation of the STM image (greyscale) with
partly overlaid molecular model of the ribbon (blue, carbon; white,
hydrogen). c, Monolayer sample of chevron GNRs on Au(111): STM image
and corresponding ribbon length distribution. d, XPS survey of a monolayer
sample of chevron-type GNRs with core levels and valence band (VB)
labelled. The C1s core level spectrum (inset) consists of a single component
located at 284.5 eV binding energy (full-width at half-maximum, FWHM
0.87 eV). The absence of oxygen-related spectral features proves the
chemical inertness of the GNRs with respect to ambient conditions: blue bars
indicate the energy position for C–O, C 5 O and COOH (with increasing
chemical shift); see text.
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model (1.0 nm). STM simulations (Fig. 2b, right side, greyscale) that
account for the finite tip radius perfectly reproduce the apparent
height and width of the polyanthrylenes. The fully aromatic system
is obtained by annealing the sample in a second step at 400 uC, which
induces intramolecular cyclodehydrogenation of the polymer chain
and hence the formation of an N 5 7 armchair ribbon (Fig. 2c) with
half the periodicity of the polymeric chain (0.42 nm) and a markedly
reduced apparent height of 0.18 nm (Supplementary Fig. 3). STM
simulations are in perfect agreement with experimental images
(Fig. 2e), confirming that the reaction products are atomically precise
N 5 7 GNRs with fully hydrogen-terminated armchair edges.

The Raman spectrum in Fig. 2d of a densely packed layer of N 5 7
armchair GNRs grown on a 200-nm Au(111) film on a mica substrate
further attests to the uniform width of the ribbons: besides the D and G
peaks23 and several other peaks appearing due to the finite width and
low symmetry of the ribbons, the spectrum exhibits the width-specific
radial-breathing-like mode24 as a sharp peak at 396 cm21 (in excellent
agreement with our calculated value of 394 cm21). This implies that
the radial-breathing-like mode is indeed a sensitive probe of GNR
width (N 5 6 and N 5 8 GNRs have radial-breathing-like mode fre-
quencies about 50 cm21 higher and lower, respectively24).

In our method the topology of the GNRs produced is determined
by the functionality pattern of the precursor monomers, allowing the
fabrication of ribbons with complex shapes. As an example, Fig. 3a
illustrates the strategy for fabricating chevron-type GNRs with
alternating widths of N 5 6 and N 5 9 using 6,11-dibromo-1,2,3,4-
tetraphenyltriphenylene precursor monomers 2. Initial colligation of
the dehalogenated intermediates on Au(111) at 250 uC yields chains,
in which adjacent monomers have opposite orientation with respect

to the polymer main axis (Supplementary Fig. 2). The fully aromatic
GNR is then produced during a second annealing step at 440 uC,
which causes intramolecular cyclodehydrogenation of the polymer
chain as is shown by a reduction of the apparent height from 0.25 nm
to 0.18 nm (Supplementary Fig. 3). The resultant chevron-type GNRs
have a periodicity of 1.70 nm and a pure armchair edge structure
(Fig. 3b, c). Comparisons with the model structure and with density
function theory (DFT) -based STM simulations (Fig. 3b) confirm
that the structure of the chevron-type ribbon has been imposed by
the colligated and cyclodehydrogenated monomer 2.

Figure 3c shows a monolayer thin film of N 5 6/N 5 9 chevron-
type armchair GNRs, with the degree of alignment between neigh-
bouring GNRs improved over that seen in low-coverage samples. The
preferred growth direction of the GNRs is given by the herringbone
reconstruction of the Au(111) substrate. The substrate-controlled
growth direction also limits the ribbon length: The length histogram
(inset in Fig. 3c) drops significantly above ,30 nm, which corre-
sponds to the typical length of the straight segments of the herring-
bone reconstruction of the Au(111) sample used. A significant
increase in ribbon length can thus be expected for template surfaces
favouring unidirectional ribbon growth25,26.

An X-ray photoelectron spectroscopy (XPS) analysis of a mono-
layer thin film of N 5 6/N 5 9 chevron-type armchair GNRs grown
on a Au(111)/mica surface was performed after sample transfer
through air and subsequent annealing to 450 uC under ultrahigh-
vacuum conditions to desorb volatile contaminants accumulated
during air exposure. The overview XPS spectrum shown in Fig. 3d
exhibits only core level peaks owing to the gold substrate and the
GNRs. The enlarged view of the C1s core level region in the inset
shows that the C 1s peak consists of a single sharp component at
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Figure 2 | Straight GNRs from bianthryl monomers. a, Reaction scheme
from precursor 1 to straight N 5 7 GNRs. b, STM image taken after surface-
assisted C–C coupling at 200 uC but before the final cyclodehydrogenation
step, showing a polyanthrylene chain (left, temperature T 5 5 K, voltage
U 5 1.9 V, current I 5 0.08 nA), and DFT-based simulation of the STM
image (right) with partially overlaid model of the polymer (blue, carbon;
white, hydrogen). c, Overview STM image after cyclodehydrogenation at
400 uC, showing straight N 5 7 GNRs (T 5 300 K, U 5 23 V, I 5 0.03 nA).
The inset shows a higher-resolution STM image taken at 35 K (U 5 21.5 V,
I 5 0.5 nA). d, Raman spectrum (532 nm) of straight N 5 7 GNRs. The peak
at 396 cm21 is characteristic for the 0.74 nm width of the N 5 7 ribbons. The
inset shows the atomic displacements characteristic for the radial-breathing-
like mode at 396 cm21. e, High-resolution STM image with partly overlaid
molecular model (blue) of the ribbon (T 5 5 K, U 5 20.1 V, I 5 0.2 nA). At
the bottom left is a DFT-based STM simulation of the N 5 7 ribbon shown as
a greyscale image.
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Figure 3 | Chevron-type GNRs from tetraphenyl-triphenylene monomers.
a, Reaction scheme from 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene
monomer 2 to chevron-type GNRs. b, Overview STM image of chevron-type
GNRs fabricated on a Au(111) surface (T 5 35 K, U 5 22 V, I 5 0.02 nA).
The inset shows a high-resolution STM image (T 5 77 K, U 5 22 V,
I 5 0.5 nA) and a DFT-based simulation of the STM image (greyscale) with
partly overlaid molecular model of the ribbon (blue, carbon; white,
hydrogen). c, Monolayer sample of chevron GNRs on Au(111): STM image
and corresponding ribbon length distribution. d, XPS survey of a monolayer
sample of chevron-type GNRs with core levels and valence band (VB)
labelled. The C1s core level spectrum (inset) consists of a single component
located at 284.5 eV binding energy (full-width at half-maximum, FWHM
0.87 eV). The absence of oxygen-related spectral features proves the
chemical inertness of the GNRs with respect to ambient conditions: blue bars
indicate the energy position for C–O, C 5 O and COOH (with increasing
chemical shift); see text.
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Liljeroth and Swart et al. obtained atomically resolved
AFM images of GNR 136 and demonstrated creation of a single
GNR-Au bond by removing one hydrogen atom with a local high
voltage pulse.264 Moreover, Huang and Wee et al. showed that
N = 7 GNR 136 could be fused in parallel with neighbouring
nanoribbons on Ag(111) surfaces, leading to the formation of
N = 14 and 21 armchair GNRs.265

Spatially aligned GNRs can be grown by using stepped
Au(788) surfaces, in contrast to the formation of randomly
oriented GNRs on Au(111) surfaces. This spatial alignment
allowed the detailed investigation of the occupied electronic
states of the GNRs through angle-resolved UV photoemission
spectroscopy (ARUPS).260,261 Such spatially well-aligned GNRs
also enabled studies of their optical properties on the metal
surfaces using reflectance difference spectroscopy (RDS), reveal-
ing the strong anisotropy of GNR 136 and its optical bandgap of
2.1 eV.262 The difference between this optical bandgap and the
DFT-calculated electronic bandgap of 3.7 eV could be explained
by the exciton binding energy. On the other hand, the electronic

bandgap observed by the STS analyses was revealed to be
reduced by the polarization of the metallic substrates.262

In 2014, Han and Asao et al. demonstrated that the same
monomer 134 undergoes intermolecular cyclodehydrogenation
at different configurations on a Cu(111) surface, leading to
an unprecedented formation of chiral-edge (3,1)-GNR 137
with atomic precision (Fig. 25a and c).266 In contrast to the
GNR synthesis on a Au(111) surface, where the biradical inter-
mediates can freely diffuse, the monomers on a Cu(111) surface
are demobilized even at elevated temperatures and the cyclo-
dehydrogenation occurs only inside preassembled domains.
Thus the resulting GNRs are distributed along distinct direc-
tions relative to the Cu(111) atomic rows, which is predeter-
mined by the self-assembly of the monomers.

By extending dibromobianthryl monomer 134 to 2,20-di[(1,10-
biphenyl)-2-yl]-10,100-dibromo-9,90-bianthracene (138) with two
extra biphenyl units at the peripheries, Fischer, Crommie, and
co-workers achieved a selective synthesis of laterally extended
N = 13 armchair GNR 140 on a Au(111) surface and visualized

Fig. 25 (a) Surface-assisted synthesis of N = 7 armchair GNR 136, chiral (3,1)-GNR 137, and N = 13 armchair GNR 140. (b)–(d) STM images of (b) GNR
136 on an Au(111) surface, (c) GNR 137 on a Cu(111) surface, and (d) GNR 140 on an Au(111) surface with (b and d) partly or (c) completely overlaid
molecular models (light blue). Panel b also shows partially overlaid DFT-based STM simulation (gray scale). The circular features in panel c are bromine
atoms trapped between GNRs. (b) Reprinted by permission from Macmillan Publishers Ltd: Nature (ref. 37), Copyright (2010). (c) and (d) Reprinted with
permission from (c) ref. 266; Copyright 2014 and (d) ref. 267; Copyright 2013, American Chemical Society.
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Liljeroth and Swart et al. obtained atomically resolved
AFM images of GNR 136 and demonstrated creation of a single
GNR-Au bond by removing one hydrogen atom with a local high
voltage pulse.264 Moreover, Huang and Wee et al. showed that
N = 7 GNR 136 could be fused in parallel with neighbouring
nanoribbons on Ag(111) surfaces, leading to the formation of
N = 14 and 21 armchair GNRs.265

Spatially aligned GNRs can be grown by using stepped
Au(788) surfaces, in contrast to the formation of randomly
oriented GNRs on Au(111) surfaces. This spatial alignment
allowed the detailed investigation of the occupied electronic
states of the GNRs through angle-resolved UV photoemission
spectroscopy (ARUPS).260,261 Such spatially well-aligned GNRs
also enabled studies of their optical properties on the metal
surfaces using reflectance difference spectroscopy (RDS), reveal-
ing the strong anisotropy of GNR 136 and its optical bandgap of
2.1 eV.262 The difference between this optical bandgap and the
DFT-calculated electronic bandgap of 3.7 eV could be explained
by the exciton binding energy. On the other hand, the electronic

bandgap observed by the STS analyses was revealed to be
reduced by the polarization of the metallic substrates.262

In 2014, Han and Asao et al. demonstrated that the same
monomer 134 undergoes intermolecular cyclodehydrogenation
at different configurations on a Cu(111) surface, leading to
an unprecedented formation of chiral-edge (3,1)-GNR 137
with atomic precision (Fig. 25a and c).266 In contrast to the
GNR synthesis on a Au(111) surface, where the biradical inter-
mediates can freely diffuse, the monomers on a Cu(111) surface
are demobilized even at elevated temperatures and the cyclo-
dehydrogenation occurs only inside preassembled domains.
Thus the resulting GNRs are distributed along distinct direc-
tions relative to the Cu(111) atomic rows, which is predeter-
mined by the self-assembly of the monomers.

By extending dibromobianthryl monomer 134 to 2,20-di[(1,10-
biphenyl)-2-yl]-10,100-dibromo-9,90-bianthracene (138) with two
extra biphenyl units at the peripheries, Fischer, Crommie, and
co-workers achieved a selective synthesis of laterally extended
N = 13 armchair GNR 140 on a Au(111) surface and visualized

Fig. 25 (a) Surface-assisted synthesis of N = 7 armchair GNR 136, chiral (3,1)-GNR 137, and N = 13 armchair GNR 140. (b)–(d) STM images of (b) GNR
136 on an Au(111) surface, (c) GNR 137 on a Cu(111) surface, and (d) GNR 140 on an Au(111) surface with (b and d) partly or (c) completely overlaid
molecular models (light blue). Panel b also shows partially overlaid DFT-based STM simulation (gray scale). The circular features in panel c are bromine
atoms trapped between GNRs. (b) Reprinted by permission from Macmillan Publishers Ltd: Nature (ref. 37), Copyright (2010). (c) and (d) Reprinted with
permission from (c) ref. 266; Copyright 2014 and (d) ref. 267; Copyright 2013, American Chemical Society.
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GNR-Au bond by removing one hydrogen atom with a local high
voltage pulse.264 Moreover, Huang and Wee et al. showed that
N = 7 GNR 136 could be fused in parallel with neighbouring
nanoribbons on Ag(111) surfaces, leading to the formation of
N = 14 and 21 armchair GNRs.265

Spatially aligned GNRs can be grown by using stepped
Au(788) surfaces, in contrast to the formation of randomly
oriented GNRs on Au(111) surfaces. This spatial alignment
allowed the detailed investigation of the occupied electronic
states of the GNRs through angle-resolved UV photoemission
spectroscopy (ARUPS).260,261 Such spatially well-aligned GNRs
also enabled studies of their optical properties on the metal
surfaces using reflectance difference spectroscopy (RDS), reveal-
ing the strong anisotropy of GNR 136 and its optical bandgap of
2.1 eV.262 The difference between this optical bandgap and the
DFT-calculated electronic bandgap of 3.7 eV could be explained
by the exciton binding energy. On the other hand, the electronic

bandgap observed by the STS analyses was revealed to be
reduced by the polarization of the metallic substrates.262

In 2014, Han and Asao et al. demonstrated that the same
monomer 134 undergoes intermolecular cyclodehydrogenation
at different configurations on a Cu(111) surface, leading to
an unprecedented formation of chiral-edge (3,1)-GNR 137
with atomic precision (Fig. 25a and c).266 In contrast to the
GNR synthesis on a Au(111) surface, where the biradical inter-
mediates can freely diffuse, the monomers on a Cu(111) surface
are demobilized even at elevated temperatures and the cyclo-
dehydrogenation occurs only inside preassembled domains.
Thus the resulting GNRs are distributed along distinct direc-
tions relative to the Cu(111) atomic rows, which is predeter-
mined by the self-assembly of the monomers.

By extending dibromobianthryl monomer 134 to 2,20-di[(1,10-
biphenyl)-2-yl]-10,100-dibromo-9,90-bianthracene (138) with two
extra biphenyl units at the peripheries, Fischer, Crommie, and
co-workers achieved a selective synthesis of laterally extended
N = 13 armchair GNR 140 on a Au(111) surface and visualized

Fig. 25 (a) Surface-assisted synthesis of N = 7 armchair GNR 136, chiral (3,1)-GNR 137, and N = 13 armchair GNR 140. (b)–(d) STM images of (b) GNR
136 on an Au(111) surface, (c) GNR 137 on a Cu(111) surface, and (d) GNR 140 on an Au(111) surface with (b and d) partly or (c) completely overlaid
molecular models (light blue). Panel b also shows partially overlaid DFT-based STM simulation (gray scale). The circular features in panel c are bromine
atoms trapped between GNRs. (b) Reprinted by permission from Macmillan Publishers Ltd: Nature (ref. 37), Copyright (2010). (c) and (d) Reprinted with
permission from (c) ref. 266; Copyright 2014 and (d) ref. 267; Copyright 2013, American Chemical Society.
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Figure S4 for direct apparent-height comparison). As
their internal structures suggests (Figure 3a inset), these
islands are composed of many small 2D single-crystal
DBPM domains (e.g., blue arrow in Figure 1b). Because
we image at T = 5.6 K, we cannot determine whether
the observed islands are stable structures or are the
quenched condensed phase of an equilibrium state
with a 2D gas phase.25

Annealing the sample to 500 !C induces polymeriza-
tion, yielding clusters of linear structures (experiment
(iii), Figure 3b). High-resolution images reveal the
characteristic chiral edge configuration of (3,1)-GNRs
(Figure 3c). Both the size and the edge conformation
of the overlaid space-filling model are consistent with
the neighboring ribbons imaged by STM. The apparent
height of the product is significantly lower compared
to that of the unreacted molecules, indicating mol-
ecular flattening upon polymerization (Supporting In-
formation Figure S4). The circular features in Figure 3c
weredetermined tobe free Br atomsby scanning tunnel-
ing spectroscopy (Supporting Information Figure S1c).26

The locations of the circular features in Figure 3c
(i.e., in between GNRs) indicate that these Br atoms
were trapped immediately following debromination.
This observation implies that debromination of DBPM
occurs at TdeBr > 200 !C. This result is surprising, since
Cu{111} is known to promote debromination of
organic molecules even at RT.26!31 We calculated the
activation barrier for breaking a single DBPM C!Br
bond on Cu{111} to be EdeBr = 0.81 eV (Figure S5). This
suggests that at T e 200 !C, the time scale for thermal
debromination of DBPM on Cu{111} is much longer
compared to that of our sample manipulations (time
between RT DBPM deposition on Cu{111} and sample
introduction into 5.6 K environment is t e 10 min for
experiment (i) and t e 30 min for experiment (ii)).
The trapped Br atoms also provide evidence that

the GNR fabrication mechanism is not a diffusion-
controlled process (i.e., where molecular diffusion is
the rate-limiting step of the assembly). Within the GNR
cluster in Figure 3c, free Br atoms occupy all avail-
able space between ribbons, leaving edges without

neighboring GNRs devoid of Br atoms. This indicates
that, for the observed cluster, polymerization occurred
where DBPMs were already prepositioned for reac-
tion at the polymerization onset. As GNRs are formed,
Br atoms produced at the center of the cluster are
trapped between ribbons, while Br atoms produced at
the cluster edge are free to diffuse away.
The hypothesis that the current SAMA is not diffu-

sion controlled is further supported by the GNR length
distribution. The main panel in Figure 4 shows the
length-distribution histogram compiled from the mea-
surement of 352 ribbons from our STM images. This
histogram indicates that the number of GNRs of the
same length decays exponentially with GNR length
(compare with f(x) = (1/2)x, displayed as red curves in
the same figure). This type of distribution is unusual
compared to previous diffusion-controlled bottom-up
GNR assemblies, which typically exhibit Γ-distribution
in GNR lengths.21,23 The fact that 198 out of 352 GNRs
are 1 nm long (i.e., one-DBPM long) is evidence that
once polymerization starts, isolated and misaligned
DBPMs canonly undergodebrominationandmolecular
flattening, without the possibility of subsequent diffu-
sion or polymerization.

Figure 3. Thermally induced polymerization. (a) Scanning tunneling microscope image of a Cu{111} surface after DBPM
depositionatRT, followedby10min thermal annealingof the surface at 200 !C. The inset showsahigh-resolutionSTM imageof a
DBPM island. (b) Scanning tunnelingmicroscope image of a Cu{111} surface after DBPM deposition at RT, followed by a 10min
thermal annealing of the surface at 500 !C. (c) Scanning tunnelingmicroscope image of a chiral-edgeGNR cluster. A space-filling
model is superimposed over a 10-monomer-long GNR. The circular features in (c) were determined to be Br atoms.

Figure 4. Length distribution of (3,1)-GNRs. The bar chart in
the main panel shows the length distribution of 352 GNRs
measured fromFigure 5c. TheGNR lengths are binned at 1 nm
bin size. The red curve in the main panel shows the exponen-
tial decay f (x) = (1/2)x. The inset displays the data from the
main panel in the log scale. The count deviation for longer
GNRs reflects the statistical limitations of single STM images.
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Liljeroth and Swart et al. obtained atomically resolved
AFM images of GNR 136 and demonstrated creation of a single
GNR-Au bond by removing one hydrogen atom with a local high
voltage pulse.264 Moreover, Huang and Wee et al. showed that
N = 7 GNR 136 could be fused in parallel with neighbouring
nanoribbons on Ag(111) surfaces, leading to the formation of
N = 14 and 21 armchair GNRs.265

Spatially aligned GNRs can be grown by using stepped
Au(788) surfaces, in contrast to the formation of randomly
oriented GNRs on Au(111) surfaces. This spatial alignment
allowed the detailed investigation of the occupied electronic
states of the GNRs through angle-resolved UV photoemission
spectroscopy (ARUPS).260,261 Such spatially well-aligned GNRs
also enabled studies of their optical properties on the metal
surfaces using reflectance difference spectroscopy (RDS), reveal-
ing the strong anisotropy of GNR 136 and its optical bandgap of
2.1 eV.262 The difference between this optical bandgap and the
DFT-calculated electronic bandgap of 3.7 eV could be explained
by the exciton binding energy. On the other hand, the electronic

bandgap observed by the STS analyses was revealed to be
reduced by the polarization of the metallic substrates.262

In 2014, Han and Asao et al. demonstrated that the same
monomer 134 undergoes intermolecular cyclodehydrogenation
at different configurations on a Cu(111) surface, leading to
an unprecedented formation of chiral-edge (3,1)-GNR 137
with atomic precision (Fig. 25a and c).266 In contrast to the
GNR synthesis on a Au(111) surface, where the biradical inter-
mediates can freely diffuse, the monomers on a Cu(111) surface
are demobilized even at elevated temperatures and the cyclo-
dehydrogenation occurs only inside preassembled domains.
Thus the resulting GNRs are distributed along distinct direc-
tions relative to the Cu(111) atomic rows, which is predeter-
mined by the self-assembly of the monomers.

By extending dibromobianthryl monomer 134 to 2,20-di[(1,10-
biphenyl)-2-yl]-10,100-dibromo-9,90-bianthracene (138) with two
extra biphenyl units at the peripheries, Fischer, Crommie, and
co-workers achieved a selective synthesis of laterally extended
N = 13 armchair GNR 140 on a Au(111) surface and visualized

Fig. 25 (a) Surface-assisted synthesis of N = 7 armchair GNR 136, chiral (3,1)-GNR 137, and N = 13 armchair GNR 140. (b)–(d) STM images of (b) GNR
136 on an Au(111) surface, (c) GNR 137 on a Cu(111) surface, and (d) GNR 140 on an Au(111) surface with (b and d) partly or (c) completely overlaid
molecular models (light blue). Panel b also shows partially overlaid DFT-based STM simulation (gray scale). The circular features in panel c are bromine
atoms trapped between GNRs. (b) Reprinted by permission from Macmillan Publishers Ltd: Nature (ref. 37), Copyright (2010). (c) and (d) Reprinted with
permission from (c) ref. 266; Copyright 2014 and (d) ref. 267; Copyright 2013, American Chemical Society.
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Liljeroth and Swart et al. obtained atomically resolved
AFM images of GNR 136 and demonstrated creation of a single
GNR-Au bond by removing one hydrogen atom with a local high
voltage pulse.264 Moreover, Huang and Wee et al. showed that
N = 7 GNR 136 could be fused in parallel with neighbouring
nanoribbons on Ag(111) surfaces, leading to the formation of
N = 14 and 21 armchair GNRs.265

Spatially aligned GNRs can be grown by using stepped
Au(788) surfaces, in contrast to the formation of randomly
oriented GNRs on Au(111) surfaces. This spatial alignment
allowed the detailed investigation of the occupied electronic
states of the GNRs through angle-resolved UV photoemission
spectroscopy (ARUPS).260,261 Such spatially well-aligned GNRs
also enabled studies of their optical properties on the metal
surfaces using reflectance difference spectroscopy (RDS), reveal-
ing the strong anisotropy of GNR 136 and its optical bandgap of
2.1 eV.262 The difference between this optical bandgap and the
DFT-calculated electronic bandgap of 3.7 eV could be explained
by the exciton binding energy. On the other hand, the electronic

bandgap observed by the STS analyses was revealed to be
reduced by the polarization of the metallic substrates.262

In 2014, Han and Asao et al. demonstrated that the same
monomer 134 undergoes intermolecular cyclodehydrogenation
at different configurations on a Cu(111) surface, leading to
an unprecedented formation of chiral-edge (3,1)-GNR 137
with atomic precision (Fig. 25a and c).266 In contrast to the
GNR synthesis on a Au(111) surface, where the biradical inter-
mediates can freely diffuse, the monomers on a Cu(111) surface
are demobilized even at elevated temperatures and the cyclo-
dehydrogenation occurs only inside preassembled domains.
Thus the resulting GNRs are distributed along distinct direc-
tions relative to the Cu(111) atomic rows, which is predeter-
mined by the self-assembly of the monomers.

By extending dibromobianthryl monomer 134 to 2,20-di[(1,10-
biphenyl)-2-yl]-10,100-dibromo-9,90-bianthracene (138) with two
extra biphenyl units at the peripheries, Fischer, Crommie, and
co-workers achieved a selective synthesis of laterally extended
N = 13 armchair GNR 140 on a Au(111) surface and visualized

Fig. 25 (a) Surface-assisted synthesis of N = 7 armchair GNR 136, chiral (3,1)-GNR 137, and N = 13 armchair GNR 140. (b)–(d) STM images of (b) GNR
136 on an Au(111) surface, (c) GNR 137 on a Cu(111) surface, and (d) GNR 140 on an Au(111) surface with (b and d) partly or (c) completely overlaid
molecular models (light blue). Panel b also shows partially overlaid DFT-based STM simulation (gray scale). The circular features in panel c are bromine
atoms trapped between GNRs. (b) Reprinted by permission from Macmillan Publishers Ltd: Nature (ref. 37), Copyright (2010). (c) and (d) Reprinted with
permission from (c) ref. 266; Copyright 2014 and (d) ref. 267; Copyright 2013, American Chemical Society.

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 1
7 

Ju
ly

 2
01

5.
 D

ow
nl

oa
de

d 
by

 A
ar

hu
s U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

24
/1

1/
20

15
 1

0:
20

:1
2.

 

View Article Online



Heteroatom doping

Max.c

a b

A
pp

ar
en

t h
ei

gh
t (

a.
u.

)
Min.

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N
N

N

N

N
N

N

N

N

Br

1

2

Br

N

N

N

N

Br

Br

400 °C
200 °C

Figure 1 | Bottom-up fabrication of N-GNRs. a, A slight variation of monomer 1 (6,11-dibromo-1,2,3,4-tetraphenyltriphenylene) previously used for the
fabrication of pristine chevron-type armchair GNRs11 yields the nitrogen-substituted monomer 2 (5,5′-(6,11-dibromo-1,4-diphenyltriphenylene-2,3-diyl)
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(T= 35 K, U = 1.0 V, I = 0.1 nA; scale bar, 10 nm). c, Small-scale STM image with partly overlaid structural model of the ribbons to reveal their specific
alignment caused by N–H interactions (T = 35 K, U = –1.3 V, I =0.3 nA; scale bar, 2 nm). a.u., arbitrary units.
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different widths, edge structures, heteroatom doping and
heterojunctions, such GNRs are all bound to the metal surfaces
and thus cannot be directly integrated into electronic devices.
This makes it imperative to develop a reliable method for
cleanly transferring the GNRs from the metal surfaces onto
Si/SiO2 or other dielectric substrates. One way to achieve this is
to grow the GNRs on epitaxial Au(111) films on mica substrates.
Both the mica substrates and the thin gold films can be easily
removed from the GNRs, allowing their transfer onto an
arbitrary substrate, such as SiO2, CaF2, and Al2O3.38 This transfer
method allowed the fabrication of working FET devices based on
surface-synthesized GNRs.274 Nevertheless, further improve-
ments in the transfer and device fabrication processes are
needed to obtain GNR-based FET devices with the high perfor-
mance predicted by theoretical studies. On the other hand, the
direct growth of GNRs on insulating substrates is more desirable
because it will allow for the fabrication of electronic devices
without the complicated transfer process. One possible way to
achieve this goal is to use photo-induced coupling of dibromi-
nated monomers followed by graphitization under e-bean irra-
diation.275 Using this method, monomer 134 could indeed be

converted to GNR-like structures on a mica substrate, although
obtaining precise structural control is still in progress.

Synthesis under CVD conditions. The surface-assisted GNR
synthesis can reliably produce atomically precise structures,
but this method under UHV conditions requires complex and
expensive setups and is highly time-consuming, which hinders
the preparation of large amounts of GNRs and thus their
practical application. Therefore, it is straightforward to attempt
to synthesize GNRs under low-vacuum conditions with simpler
setups. In 2014, Sakaguchi and Nakae et al. reported the fabrica-
tion of GNR films under CVD conditions at a pressure of 1 Torr
with a flow of argon gas.276 The synthesis was performed
by annealing dihalogenated monomers on Au(111) surfaces,
similar to the UHV method. Monomer 134, a mixture of
3,9-dibromoperylene and 3,10-dibromoperylene, and 1,4-bis(4-
bromophenyl)-2,3,6,11-tetraphenyltriphenylene were employed
as monomers to obtain bulk films of multilayer GNRs with
three different widths, corresponding to N = 7, 5 and 9 armchair
GNRs, respectively.

The GNR films CVD-grown on Au(111) surfaces could be
transferred onto any substrate using a wet process, which

Fig. 29 (a) Surface-assisted synthesis of N-doped chevron-type GNR 155 and GNR heterojunction 157. (b) High-resolution STM image of N-doped GNR
155, showing an antiparallel alignment to maximize the attractive N! ! !H interactions. DFT-based STM simulation model and a formula chemical structure
are partially overlaid. Reprinted with permission from ref. 273; Copyright 2014, AIP Publishing LLC. (c and d) STM images of GNR heterojunction 157. In
panel d, the N-doped and non-doped GNR segments are highlighted in blue and light grey, respectively, as determined from the panels e and f. (e and f)
Differential conductance dI/dV maps observed at bias voltages of (e)"0.35 V and (f)"1.65 V. The heterostructure profiles seen in the panel c are drawn as
blue or white dashed lines in panels d–f as a guide to the eye. Scale bars in panels (c)–(f) indicates 2 nm. Adapted by permission from Macmillan
Publishers Ltd: Nature Nanotechnology (ref. 38), Copyright (2014).
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bandgap of GNR 126 was derived from its UV-Vis absorption
spectrum to be approximately 1.6 eV, which was the same as that
in its non-doped analogue, GNR 123.

Through AB-type Diels–Alder polymerization. The use of the
AA-type Yamamoto and A2B2-type Suzuki polymerization
methods has enabled bottom-up synthesis of structurally
defined GNRs with different widths and edge structures,
reaching a length of 4100 nm with chevron-type GNR 123.241

However, such metal-catalysed coupling reactions are
generally limited by the use of expensive catalysts and relatively
low molecular weights, in most cases leading to GNRs shorter
than 50 nm. Turning back to the traditional polyphenylene
synthesis, the Diels–Alder reaction is still appealing because it

reproducibly offers Mw values higher than 100 000 g mol!1

based on SEC analyses in many systems.221,245,246 Moreover,
no catalyst or additive is necessary for the Diels–Alder reaction,
which is highly advantageous for larger-scale syntheses.

In 2014, we have for the first time reported an AB-type Diels–
Alder polymerization to prepare GNR 129 with a ‘‘cove-type’’
edge structure, which simultaneously enabled unprecedentedly
high longitudinal extension over 600 nm (Fig. 23).229 King et al.
has coined a term ‘‘gulf’’ for such edge configuration in 2008,199

but we use the term ‘‘cove-type’’ for these GNRs in this review,
following older literature.9,40,81 In this approach, tetraphenyl-
cyclopentadienone-based monomer 127 was rationally designed
such that all the structural isomers of the resulting precursor 128

Fig. 22 Synthesis of pristine and N-doped chevron-type GNRs 123 and 126, respectively, based on AA-type Yamamoto polymerizations. N-doped
precursor 125 and GNR 126 are obtained as mixtures of structural isomers.

Fig. 23 Synthesis of GNRs 129 and 133 through AB-type Diels–Alder polymerization of monomers 127 and 131, respectively.
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Figure 1 | Bottom-up fabrication of N-GNRs. a, A slight variation of monomer 1 (6,11-dibromo-1,2,3,4-tetraphenyltriphenylene) previously used for the
fabrication of pristine chevron-type armchair GNRs11 yields the nitrogen-substituted monomer 2 (5,5′-(6,11-dibromo-1,4-diphenyltriphenylene-2,3-diyl)
dipyrimidine), which allows for the fabrication of N-GNRs in two steps: the formation of linear polymers by covalent interlinking of the dehalogenated
intermediates at 200 °C, and the formation of fully aromatic N-GNRs by cyclodehydrogenation at 400 °C. b, Overview STM image of N-GNRs on Au(111)
(T= 35 K, U = 1.0 V, I = 0.1 nA; scale bar, 10 nm). c, Small-scale STM image with partly overlaid structural model of the ribbons to reveal their specific
alignment caused by N–H interactions (T = 35 K, U = –1.3 V, I =0.3 nA; scale bar, 2 nm). a.u., arbitrary units.
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Figure 2 | Fabrication and identification of p-N-GNR heterojunctions. a, Chemical structure of a nanoribbon that combines segments of p-GNRs (grey) and
N-GNRs (blue). b, Overview STM image of p-N-GNR heterostructures on Au(111) (T= 35 K, U = 2.0 V, I = 0.03 nA; scale bar, 15 nm). c, Small-scale STM
image of p-N-GNR heterostructures (T = 5 K, U = –0.35 V, I =0.15 nA). d,e, The corresponding differential conductance dI/dV maps (T= 5 K, I =0.15 nA,
modulation amplitude Umod = 20 mV, modulation frequency ν = 860 Hz) taken at bias voltages of U = –0.35 V (d) and –1.65 V (e), respectively. As a guide to
the eye, the heterostructure profiles as determined from c are outlined by white (blue) dashed lines in d and e (f). f, The contrast inversion (violet/green)
between d and e allows a clear distinction of the two chemically different ribbon segments. The identified p-GNR and N-GNR segments are highlighted in
translucent grey and blue, respectively. c–f, Scale bars, 2 nm.
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Co.) by applying soft pressure (!0.2 MPa) between two rollers.
After etching the copper foil in a plastic bath filled with copper
etchant, the transferred graphene film on the tape is rinsed with
deionized water to remove residual etchant, and is then ready to
be transferred to any kind of flat or curved surface on demand.
The graphene film on the thermal release tape is inserted between
the rollers together with a target substrate and exposed to
mild heat (!90–120 8C), achieving a transfer rate of !150–
200 mm min21 and resulting in the transfer of the graphene films

from the tape to the target substrate (Fig. 2b). By repeating
these steps on the same substrate, multilayered graphene films
can be prepared that exhibit enhanced electrical and optical
properties, as demonstrated by Li and colleagues using wet-
transfer methods at the centimetre scale19. Figure 2c shows the
30-inch multilayer graphene film transferred to a roll of 188-mm-
thick polyethylene terephthalate (PET) substrate. Figure 2d shows
a screen-printing process used to fabricate four-wire touch-screen
panels18 based on graphene/PET transparent conducting films
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Figure 2 | Photographs of the roll-based production of graphene films. a, Copper foil wrapping around a 7.5-inch quartz tube to be inserted into an 8-inch
quartz reactor. The lower image shows the stage in which the copper foil reacts with CH4 and H2 gases at high temperatures. b, Roll-to-roll transfer of
graphene films from a thermal release tape to a PET film at 120 8C. c, A transparent ultralarge-area graphene film transferred on a 35-inch PET sheet.
d, Screen printing process of silver paste electrodes on graphene/PET film. The inset shows 3.1-inch graphene/PET panels patterned with silver electrodes
before assembly. e, An assembled graphene/PET touch panel showing outstanding flexibility. f, A graphene-based touch-screen panel connected to a
computer with control software. For a movie of its operation see Supplementary Information.

Graphene on Cu foil

Polymer support

Cu etchant 

Graphene on
polymer support

Target substrate
Graphene on target

Released
polymer support

Figure 1 | Schematic of the roll-based production of graphene films grown on a copper foil. The process includes adhesion of polymer supports, copper
etching (rinsing) and dry transfer-printing on a target substrate. A wet-chemical doping can be carried out using a set-up similar to that used for etching.
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