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Abstract  
 

Synthesis of Doped Graphene Nanoribbons from Molecular and Polymeric Precursors 
 

by  
 

Ryan Randal Cloke 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley  
 

Professor Felix Fischer, Chair  
 

 
 

As electronic devices continue to shrink and energy problems continue to grow, nanoscale 
materials are becoming increasingly important.  Graphene is a material with exceptional promise 
to complement silicon in next-generation electronics because of its extraordinary charge carrier 
mobility, while also finding a role in cutting-edge energy solutions due to its high surface area 
and conductivity.  Improving on this material even further by reducing the width of graphene to 
nanoscale dimensions with atomically-precise dopant patterns is the subject of this thesis.  
Nanometer-wide strips of graphene, known as graphene nanoribbons (GNRs), offer the 
advantages of semiconducting behavior, combined with more accessible surface area compared 
to bulk graphene (Chapter 1).  Additionally, it is demonstrated that GNRs can be doped with 
atomic precision, allowing for intricate modulation of the electronic properties of this material, 
which was studied by STM, STS, and nc-AFM (Chapter 2).  Controlled growth of GNRs on 
surfaces is still an outstanding challenge within the field, and to this end, a variety of porphyrin-
GNR template materials were synthesized (Chapter 3).  The GNRs obtained in this work were 
also synthesized in solution, and it was shown that these materials possess excellent properties 
for applications in hydrogen storage, carbon dioxide reduction, and Li-ion batteries (Chapter 4).  
A prerequisite for solution-synthesized GNRs, conjugated aromatic polymers are an important 
class of materials in their own right.  Therefore, Ring-Opening Alkyne Metathesis 
Polymerization was developed using conjugated, strained diynes (Chapter 5).  The resulting 
conjugated polymers were explored both for their own materials properties due to a remarkable 
self-assembly process that was discovered, and also used as precursors to GNRs (Chapter 6).  
This work advances the fundamental understanding of carbon-based nanostructures, as well as 
the large-scale production of GNRs for next-generation energy and electronics applications.
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Chapter 1 
Introduction 
 
 
 
 
 
 
 
 
 
 
 
In the first chapter of this thesis, an overview of the discovery of graphene and motivation for 
graphene nanoribbons is provided.  A summary of current methods to isolate graphene and 
synthesize graphene nanoribbons is presented.  The electronic properties and many emerging 
applications of graphene are discussed, with special attention to the notion of utilizing graphene 
in next-generation electronic devices.  Particular emphasis is placed on the distinction between 
top-down and bottom-up approaches to graphene nanoribbons.  While various approaches to 
graphene nanoribbon synthesis are presented in detail, it is the highly promising bottom-up 
approach through chemical synthesis that will be the focus of this thesis.  
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1.1.1 Introduction  
First isolated in pristine form in 2004, graphene is a material with tremendous scientific and 
technological interest.1 Consisting of a single sheet of sp2-hybridized carbon atoms arranged in a 
hexagonal lattice, the structure of graphene has been confirmed by transmission electron 
microscopy (TEM)2 and scanning tunneling microscopy (STM)3 (Figure 1.1.1).  
 

   
Figure 1.1.1 (a) TEM image (scale bar 0.2 nm) and (b) STM image of graphene  [reproduced 
from refs. 2 and 3, respectively]. 
 
Although this seminal work, known colloquially as “the Scotch-tape method,” has received over 
25,000 citations and a Nobel Prize, the history and chemistry of graphene are, in reality, much 
more nuanced.  As early as the 1840’s, the German scientist Schafhaeutl described a procedure 
to obtain exfoliated graphite oxide by treating graphite with nitric and sulfuric acid.4 This 
important discovery served as the basis of the report, over 100 years later, by Boehm et al. that 
exfoliated graphite oxide could be reduced with hydrazine to obtain carbon sheets with reduced 
oxygen content.5 It is quite likely that Boehm and coworkers observed a single graphene sheet 
with this approach, but the lack of modern scanning probe and electron microscopy tools 
obscured the actual result.  Theoretical interest in graphene also predated its isolation by almost 
60 years.  Predictions as early as 1946 claimed that graphene should have a conductivity 100 
times greater within a sheet compared with between sheets.6  As scientific interest in isolated 
carbon sheets intensified, Boehm realized that the nomenclature surrounding intercalated 
graphite compounds was misleading, and so he coined the term, “graphene,” in 1986.7  While it 
remains possible that Novoselov and Geim were not the first to observe graphene, their work 
simplified the ability of any group in the world to produce high-quality single-layer graphene and 
therefore opened the door to a generation of dedicated researchers in this area.  Their discovery 
not only enabled the modern era of graphene research, but moreover, popularized the notion of 
graphene in the public imagination. Since 2004, the field has expanded rapidly, and it is worth 
considering the many other approaches to graphene synthesis developed besides 
micromechanical exfoliation.  
 
 

white-atom defocus parameter. Although the sample holder
was maintained at room temperature, the observed region
might have been heated by the electron beam. Figure 3 shows
examples starting with the unperturbed lattice, the defect
structure, and then again the ideal lattice after the defect has
disappeared. An isolated Stone-Wales (SW) defect was
found during one exposure (1 s) of the sequence and relaxed
to the unperturbed lattice in the next exposure (4 s later)
(Figure 3a-d). Defects consisting of multiple five- and
seven-membered rings of carbon atoms spontaneously ap-
peared and remained stable for up to 20 s. Remarkably, all
defect configurations relax to the unperturbed graphene lattice
and contain the same number of pentagons and heptagons
in an arrangement that does not involve a dislocation or
disclination. In addition, Figure 3e and f shows a recon-
structed vacancy configuration involving a pentagon, which
also returned to the unperturbed lattice after a few seconds.
In this case, the missing carbon atom must have been

replaced, from a mobile adsorbate, via surface diffusion on
the graphene sheet.

Pentagon-heptagon (5-7) defects, in particular the
Stone-Wales defect,24 are proposed to play a key role in
the formation and transformation of sp-2 bonded carbon
nanostructures.25 It is customarily assumed that, after forma-
tion of SW defects, pentagon-heptagon pairs separate,
thereby inducing dislocations and curvature. These defects
are involved in the coalescence of fullerenes and nano-
tubes,25,26 and their mobility is relevant for the plastic
response of carbon nanotubes under strain.27 In our case of
the (almost22) planar graphene membrane, however, the
separation of pentagon-heptagon pairs is clearly not the
favored pathway: In all cases we have observed, the multiple
5-7 defects relax to the original unperturbed lattice. This
contrasts findings from highly curved graphene structures
where the introduction of dislocations in the electron beam9

and the motion of pentagons and heptagons10 has been

Figure 2. (a) Direct image of a single-layer graphene membrane (atoms appear white). (b) Contrast profile along the dotted line in panel
a (solid) along with a simulated profile (dashed). The experimental contrast is a factor of 2 smaller: Panel c shows the same experimental
profile with the simulated contrast scaled down by a factor of 2. (d and e) Step from a monolayer (upper part) to a bilayer (lower part of
the image), showing the unique appearance of the monolayer. Panel e shows the same image with an overlay of the graphene lattice (red)
and the second layer (blue), offset in the Bernal (AB) stacking of graphite. In the bilayer region, white dots appear where two carbon atoms
align in the projection. (f) Numerical diffractogram, calculated from an image of the bilayer region. The outermost peaks, one of them
indicated by the arrow, correspond to a resolution of 1.06 Å. The scale bars are 2 Å.
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Quantum Interference Channeling at
Graphene Edges
Heejun Yang,†,‡ Andrew J. Mayne,*,† Mohamed Boucherit,† Geneviève Comtet,†
Gérald Dujardin,† and Young Kuk‡

†Laboratoire de Photophysique Moléculaire, CNRS, Bât. 210, Univ Paris Sud, 91405 Orsay, France, and
‡Department of Physics and Astronomy, Seoul National University, 151-747 Seoul, Korea

ABSTRACT Electron scattering at graphene edges is expected to make a crucial contribution to the electron transport in graphene
nanodevices by producing quantum interferences. Atomic-scale scanning tunneling microscopy (STM) topographies of different edge
structures of monolayer graphene show that the localization of the electronic density of states along the C-C bonds, a property unique
to monolayer graphene, results in quantum interference patterns along the graphene carbon bond network, whose shapes depend
only on the edge structure and not on the electron energy.

KEYWORDS Graphene edges, quantum interferences, electron scattering, STM

Graphene nanoribbons have attracted much attention
recently for their quasi-one-dimensional electronic
properties1 such as the opening of an energy gap,2,3

with applications in spintronics4 and as field-effect tran-
sistors.5,6 Resistivity measurements have highlighted the
influence of edges in the electron transport properties for
narrow graphene nanoribbons (width <40 nm).5 However,
the exact contributions of edges are still unknown, despite
theoretical and experimental studies of edge states.7,8 These
indicate a high electronic density near the Fermi level
localized at edges, which could possibly affect the electrical
properties of graphene nanoribbons. Electron scattering at
graphene edges is also expected to contribute crucially to
the electron transport by producing quantum interferences.
This has not been investigated so far as it requires a real
atomic-scale resolution control of the edge structure.

In this Letter, we investigate quantum interferences at
edges of monolayer graphene from atomic-scale scanning
tunneling microscopy (STM) topographies of different edge
structures: irregular armchair, mixed armchair and zigzag,
and regular armchair. We observe that quantum interfer-
ences form high electronic density of states (DOS) patterns
along the C-C bonds, whose shapes depend only on the
edge structure and not on the electron energy. This observed
channeling of quantum interferences along the carbon bond
network in monolayer graphene is explained by electron
backscattering at edges and the localization of the electronic
DOS along the C-C bonds. This also explains the absence
of the 2kF component in the Fourier transform (FT) analysis
and beating effects of the interferences. Previous models,9-13

introducing intervalley (other than backscattering) and in-
travalley scattering, while adequately describing point de-

fects, fail to explain the observed quantum interferences at
edges, because they neglect the localization of the electronic
DOS along the C-C bonds.

In Figure 1A, an atomically resolved room-temperature
STM image shows the hexagonal lattice of the graphene
monolayer. The constant-current STM images were obtained
at 300 K in ultrahigh-vacuum (UHV) with an Omicron GmbH
instrument. The graphene layers were grown epitaxially on
a highly n-doped 6H-SiC(0001) sample by thermal desorp-
tion of silicon at high temperature.14,15 A systematic prepa-
ration of the stable 3 × 3 Si-rich phase before graphitization
and a low pressure (∼1 × 10-10 Torr) during graphitization,
produced surfaces with a very low defect density. The bond
width measured from the DOS profile across the bonds
(Figure 1B) has a full width half-maximum (fwhm) value of
1.4 Å and does not vary with the applied voltage (Figure 1C).
The electronic density of states (DOS) is clearly localized
along the C-C bonds and appears unique to monolayer
graphene compared to other carbon-based systems such as

* Corresponding author, andrew.mayne@u-psud.fr.
Received for review: 11/19/2009
Published on Web: 02/12/2010

FIGURE 1. (A) 2 × 2 nm STM topography showing hexagonal
structure of monolayer graphene and the localization of the elec-
tronic density of states (DOS) on the carbon lattice (black hexagons).
Tunnel conditions: VS ) -0.05 V, I ) 1.0 nA. (B) Line profile (red
line in panel A) showing the width of the DOS. (C) The bond width,
measured from different STM images, is constant between sample
biases of -0.6 and +0.6 V with an average value of 1.4 Å.

pubs.acs.org/NanoLett

© 2010 American Chemical Society 943 DOI: 10.1021/nl9038778 | Nano Lett. 2010, 10, 943–947

a 

b 
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1.1.2 Graphene Synthesis via Graphite Oxide 
In 2014, the worldwide production of graphite was over 1,165,000 metric tons.8 At the low price 
of $700 per metric ton of graphite, any synthesis of graphene beginning from this inexpensive 
feedstock is incredibly attractive from an economic point of view.9  For this reason, combined 
with the more than 170 years of established graphite oxide chemistry, the synthesis of graphene 
by oxidation and reduction of graphite is a popular option. 
 
The most common method for producing graphite oxide (GO) is known as Hummers’ method, 
which produces 28% oxygen by mass,10 with an uncontrollable mixture of mostly epoxide and 
hydroxyl groups in the center of the sheet, as well as carboxyl and carbonyl groups at the edges 
(Scheme 1.1.1).11 The polar oxygen containing groups encourage the intercalation of water 
within the GO sheets, increasing dispersability at the cost of destroying conjugation.   

 
Scheme 1.1.1 Chemical representation of a portion of GO in the Lerf-Klinowski model 
[reproduced from ref. 11]. 
 
Once exfoliated and dispersed, the GO sheets can be reduced by hydrazine.  The exact 
mechanism of reduction is unclear, but it is known through XPS that the overall oxygen content 
is decreased while the nitrogen content is only slightly increased (Figure 1.1.2b).12  From this 
study, it is clear that drastic oxygen removal is effected by reduction with hydrazine.  The C-O, 
C=O, and C(O)(O) peaks are almost completely removed according to XPS, while the C-C peak 
intensifies and sharpens after reduction.  Solid-state 13C NMR reveals that the hydroxyl and 
epoxide carbons near 50 ppm, along with carbonyl peaks near 200 ppm, are removed, while the 
aromatic peak near 120 ppm remains after reduction (Figure 1.1.2d).  The conditions are too mild 
for Wolff-Kishner reduction to be operant, but the proposed mechanism of using hydrazine to 
remove epoxides is shown (Figure 1.1.2c).  It seems likely that the nucleophilic hydrazine could 
ring-open an epoxide, which could form an aminoaziridine that is thermally eliminated to give a 
new double bond.  

3920
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 The polar oxygen functional groups of GO 
render it hydrophilic; GO can be exfoliated 
in many solvents, and disperses particularly 
well in water. [  251  ]  Dispersions of graphene 
oxide platelets can be obtained by stirring 
and more typically by sonication of GO in 
solvents; chemical reduction of the colloidal 
dispersions obtained has been performed with 
several reducing agents, such as them hydra-
zine, [  252  ]  hydroquinone, [  253  ]  sodium borohy-
dride (NaBH 4 ), [  254  ,  255  ]  and ascorbic acid. [  256  ]  
Reduction via thermal treatment [  225  ,  257  ]  has 
been reported to be an effi cient and low cost 
method, producing ‘TEGO’ material with a 
BET surface area of 600–900 m 2 /g. Electro-
chemical reduction has been presented as 
an effective way to remove oxygen functional 
groups from GO. [  258  ]  Chemical reduction 
using NaBH 4  followed by a H 2 SO 4  treatment 
prior to thermal annealing yielded CMG plate-
lets with high C purity. [  259  ]  The detailed chem-

istry of oxidation and also reduction, and the chemical tuning of 
graphene platelets is an active area of research that should con-
tinue to rapidly grow. [  260  ]     

 5. Conclusions and Perspective 
 In this article, the preparation, properties, and applications of 
graphene-based materials have been reviewed. 

 Preparation of high quality graphene materials in a cost-
effective manner and on the desired scale is essential for many 
applications. CVD growth on metal foils has exceptional potential 
for, ultimately, the production of endless lengths of graphene/n-
layer graphene of desired widths (‘graphene foil’) that could then 
be picked up by roll-to-roll processing. Further improvement of 
the quality along with development of a clean transfer process 
for such foils will help to realize many applications including 
graphene-based electronic devices, for thermal management, 
for transparent conductive electrodes, and others. Fine control 
of the number of graphene layers for n-layer graphene (with the 
exception of monolayer graphene) is an important challenge 

arbitrary substrates, is desirable. But another question perhaps 
never asked in the literature, and thus posed here, is: What 
number of fl akes of monolayer graphene made by microme-
chanical exfoliation have been interrogated to obtain parameters 
such as gate voltage of the Dirac point, impurity concentration 
at the Dirac point, and mobility? Private remarks by researchers 
in the fi eld suggest that only the “very best” fl akes are studied, 
and that there may be a relatively large fraction that are “not 
reported”, and this might come as no surprise. One goal of 
physics is to fi nd high quality specimens and “milk them for all 
they are worth”, such as for transport measurements.    

 4.2. Graphite Oxide 

 Comprehensive reviews on the preparation of dispersions of 
graphene oxide platelets and reduced graphene oxide plate-
lets, made from GO, have recently appeared. [  30  ,  152  ]  In general, 
GO is synthesized by either the Brodie, [  25  ]  Staudenmaier, [  247  ]  
or Hummers method, [  248  ]  or some variation of these methods. 
All three methods involve oxidation of graphite to various 
levels. Brodie and Staudenmaier used a 
combination of potassium chlorate (KClO 3 ) 
with nitric acid (HNO 3 ) to oxidize graphite, 
and the Hummers method involves treat-
ment of graphite with potassium perman-
ganate (KMnO 4 ) and sulfuric acid (H 2 SO 4 ). 
Graphite salts made by intercalating graphite 
with strong acids such as H 2 SO 4 , HNO 3  or 
HClO 4  have also been used as precursors for 
the subsequent oxidation to GO. [  249  ]   Figure  
  15   shows a proposed structure of graphene 
oxide that is supported by solid-state nuclear 
magnetic resonance (SSNMR) experiments 
on  13 C-labeled GO; [  250  ]  and see references 
therein for discussion of prior studies and 
various models proposed for the structure of 
graphene oxide.  

      Figure  14 .     (a) SEM image showing a Cu grain boundary and steps in the Cu substrate surface, 
2- and 3-layer thick graphene fl akes, and wrinkles in the graphene fi lm. Inset shows TEM images 
of edges of folded graphene; (b) Optical microscope image of graphene fi lm transferred onto a 
SiO 2  (285 nm)-on-Si substrate showing wrinkles, and 2- and 3-layer regions. Reproduced with 
permission from. [  17  ]  Copyright: 2009 American Association for the Advancement of Science.  

      Figure  15 .     A proposed schematic (Lerf-Klinowski model) of graphene oxide structure. Repro-
duced with permission from [H. He, J. Klinowski, M. Forster and A. Lerf, Chem. Phys. Lett., 
1998, 287, 53–56]. Copyright: 1998 Elsevier Science Ltd.  
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Figure 1.1.2 Chemical nature of GO and reduced GO.  XPS analysis of C1s region of (a) GO 
and (b) reduced GO. (c) Proposed mechanism of epoxide removal.  (d) Solid-state 13C NMR of 
GO and reduced GO.   [reproduced from ref. 12]. 
 
 
This same study also demonstrated the dispersability and conductivity loss of GO (Figure 1.1.3). 

  
Figure 1.1.3 (a) AFM topography of GO on mica with (b) associated height profiles. (c) 
Conductivity measurements of graphite, GO, and reduced GO [reproduced from ref. 12]. 
 
AFM measurements show a consistent height of ~1 nm.  This is much taller than the expected 
0.34 nm of a single graphene sheet, but can be attributed to dangling epoxide and hydroxyl 
groups, as well as the association of water molecules to the sheet.  As expected, the parent 
graphite has a high conductivity near 103 S/m.  Upon oxidation, the measured conductivity of 
GO is lowered by six orders of magnitude.  Then, as evidence of the success of reduction by 
hydrazine, conductivity is restored to quite nearly that of bulk graphite.   
 

of GO can be accompanied by a vigorous release of gas,
resulting in a rapid thermal expansion of the material. This
is evident by both a large volume expansion and a larger
mass loss (from flying GO debris in the TGA instrument)
during a more rapid heating regime (Fig. 4). On the other
hand, the removal of the thermally labile oxygen functional
groups by chemical reduction results in much increased
thermal stability for the reduced GO. Apart from a slight
mass loss below 100 !C, which can be attributed to the loss
of adsorbed water, no significant mass loss is detected when
this material is heated up to 800 !C.

The 13C MAS NMR spectra of GO and the reduced GO
indicate significant structural change induced by the reduc-
tion. In the spectrum of GO (Fig. 5), the peaks at 57 and
68 ppm represent the 13C nuclei in the epoxide and hydro-
xyl groups, respectively [24–27]. The resonance at 130 ppm
belongs to the un-oxidized sp2 carbons of the graphene net-
work and that at 188 ppm presumably arises from the car-
bonyl groups. In the 13C spectrum of the reduced GO, the
peaks from the oxygenated and the carbonyl carbons are
absent. The remaining prominent feature is the resonance
at 117 ppm that is broadened by chemical shift distribu-
tion and corresponds to variations of carbon atom
environments.

Previously, we have employed XPS to analyze GO and
the reduced exfoliated GO [18]. In brief, the C1s XPS spec-
trum of GO (Fig. 6a) clearly indicates a considerable
degree of oxidation with four components that correspond
to carbon atoms in different functional groups: the non-
oxygenated ring C, the C in C–O bonds, the carbonyl C,
and the carboxylate carbon (O–C@O) [45,46]. Although
the C1s XPS spectrum of the reduced exfoliated GO
(Fig. 6b) also exhibits these same oxygen functionalities,
their peak intensities are much smaller than those in GO.
In addition, there is an additional component at 285.9 eV
corresponding to C bound to nitrogen [46]. These observa-
tions are consistent with the elemental analysis data (see
above) and again indicate both considerable de-oxy-
genation by the reduction process as well as nitrogen
incorporation.

The significant structural changes occurring during the
chemical processing from pristine graphite to GO, and then
to the reduced GO, are also reflected in their Raman spec-
tra (Fig. 7). The Raman spectrum of the pristine graphite,
as expected, displays a prominent G peak as the only fea-
ture at 1581 cm!1, corresponding to the first-order scatter-
ing of the E2g mode [47]. In the Raman spectrum of GO,
the G band is broadened and shifted to 1594 cm!1. In addi-
tion, the D band at 1363 cm!1 becomes prominent, indicat-
ing the reduction in size of the in-plane sp2 domains,
possibly due to the extensive oxidation. The Raman spec-
trum of the reduced GO also contains both G and D bands
(at 1584 and 1352 cm!1, respectively); however, with an
increased D/G intensity ratio compared to that in GO. This
change suggests a decrease in the average size of the sp2

domains upon reduction of the exfoliated GO [47], and
can be explained if new graphitic domains were created
that are smaller in size to the ones present in GO before
reduction, but more numerous in number.
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Fig. 4. Normalized TGA plots for GO and the reduced GO. The
downward slopes are due to normal instrument drift.
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Fig. 5. Solid-state 13C MAS NMR spectra of GO (top) and reduced
exfoliated GO (bottom).
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Fig. 6. The C1s XPS spectra of: (a) GO, (b) reduced GO. Adapted from
reference [18].

1562 S. Stankovich et al. / Carbon 45 (2007) 1558–1565

degrees) by a method similar to that described in the literature [37]. Briefly,
a given quantity of powder was poured into a glass tube (ID = 5 mm) and
manually compressed between two copper plungers that fit closely to the
tube ID. A DC power supply (Agilent 6613C, Agilent Technologies, Santa
Clara, CA), picoampere meter (Keithley 6485, Keithley Instruments,
Cleveland, OH), and multimeter (HP 34401A, Hewlett–Packard, CA)
were connected to measure DC conductivity by a two-probe method.
A digital micrometer (Mitutoyo Corporation, Kanagawa, Japan) was used
to measure the height of the powder column at each compression step.

In the present work, values for electrical conductivity for pristine
graphite, GO, and reduced GO, were determined by fitting the experimen-
tal data to the equation: rc = rh [(/ ! /c)/(1 ! /c)]

k, derived from the
general effective media (GEM) equation [38,39] with an assumption that
the conductivity of the low-conductive phase (air) is zero. In this expres-
sion rc is the conductivity of the composite medium, rh and / are the con-
ductivity of the highly-conductive phase and their volume fraction,
respectively, /c is the percolation threshold, and k is a critical exponent
related to the percolation threshold and to the shape of the particles. This
formula has identical form as in the geometrical percolation model (GPM)
[40], with the exception of the critical exponent, k, which may have values
different from the universal value of 2 as determined for the 3-dimensional
GPM.

The two fitting parameters in the GEM equation are rh and k. The per-
colation threshold, /c, is determined as a ratio of the apparent powder
density before compression, dp, and the apparent density of the particles,
dg. The bulk density of graphite (2200 kg/m3) has been used in all cases as
a value for dg. This assumption has been proven to be correct within an
accuracy of 5% by measuring the apparent density of powder samples that
were compressed at a pressure of 300 MPa.

3. Results and discussion

3.1. Exfoliation of GO in water

An important property of GO, brought about by the
hydrophilic nature of the oxygenated graphene layers, is
its easy exfoliation in aqueous media. As a result, GO read-
ily forms stable colloidal suspensions of thin sheets in water
[41,42]. After a suitable ultrasonic treatment, such exfolia-
tion can produce stable dispersions of very thin graphene
oxide sheets in water [18,19] These sheets are, however, dif-
ferent from graphitic nanoplatelets or pristine graphene
sheets due to their low electrical conductivity.

In our work, sufficiently dilute colloidal suspensions of
GO prepared with the aid of ultrasound are clear, homog-
enous, and stable indefinitely [18]. AFM images of GO

exfoliated by the ultrasonic treatment at concentrations
of 1 mg/mL in water always revealed the presence of sheets
with uniform thickness ("1 nm; an example is shown in
Fig. 1). These well-exfoliated samples of GO contained
no sheets either thicker or thinner than 1 nm, leading to
a conclusion that complete exfoliation of GO down to indi-
vidual graphene oxide sheets was indeed achieved under
these conditions. While a pristine graphene sheet is atomi-
cally flat with a well-known van der Waals thickness of
"0.34 nm, graphene oxide sheets are expected to be
‘thicker’ due to the presence of covalently bound oxygen
and the displacement of the sp3-hybridized carbon atoms
slightly above and below the original graphene plane.
From XRD experiments, the intersheet distance for GO
varies with the amount of absorbed water, with values such
as 0.63 nm and 0.61 nm reported for ‘‘dry’’ GO samples
(complete drying of GO is probably impossible [28]) to
1.2 nm for hydrated GO [43]. If these values could be
regarded as the ‘‘thickness’’ of a hydrated individual GO
layer, given the uniformity of the observed thicknesses in
our GO materials and that sheets one-half (or any other
inverse integer value, such as one third, etc.) of the mini-
mum thickness obtained by AFM are never observed, the
GO sheets observed by AFM represent fully exfoliated
graphene oxide sheets. (We note that heights significantly
smaller than 1 nm are observable in our AFM experiment;
an example of which is the observation of C12 amine
adsorbed onto freshly cleaved mica from the vapor phase.
This makes the mica hydrophobic in just a few minutes and
when a new clean AFM tip is brought into contact with the
monolayer, some of the C12 amine wicks up the tip and
depletes the monolayer. The resulting voids left in the film
are around 0.2 nm deep. Thus, if platelets with thicknesses
that are less than those observed for the GO sheet samples
discussed herein were present, they would be readily
detected.)

3.2. Reduction of exfoliated GO

During the hydrazine reduction of graphene oxide sheets
dispersed in water, the brown-colored dispersion turns

Fig. 1. A non-contact mode AFM image of exfoliated GO sheets with three height profiles acquired in different locations.
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To determine the extent to which the chemical reduction
of exfoliated GO restores the electrical properties of the
graphitic network, we measured the room-temperature
electrical conductivities of compressed-powder samples of
the pristine graphite, GO, and the reduced GO at 30% rel-
ative humidity (Fig. 8). The results of the fits to the exper-
imental data are summarised in Table 1. The extrapolated
intrinsic conductivity, rh, of the reduced GO is probably

over-estimated due to the limited data range available as
a result of the low compressibility and possible spatial vari-
ations in the density of the material. More reliable are the
conductivity data for the reduced GO, which can be mea-
sured at higher powder compression. This conductivity
(!2 · 102 S/m) is about 5 orders of magnitude better than
the conductivity of GO, and closely approaches that of
pristine graphite (approximately 10 times lower than the
conductivity of pristine graphite powder at only about
10% of the bulk graphite density). Such high intrinsic con-
ductivity of the reduced GO in spite of the presence of oxy-
gen (potential acceptor sites) might be an indication of: (i)
quite conductive particle-to-particle interfaces, which often
determines the overall percolation conductivity; (ii) a very
dense conductive network with many cross-linked connec-
tions; and (iii) possible ionic channels of charge transfer
across the sample. This last mechanism is definitely a dom-
inant one in the electrical conduction of GO powder and a
reason for its high sensitivity to temperature and environ-
mental humidity. In contrast, the conductivity of the
reduced GO is based primarily on inter-particle contacts
and is much less sensitive to environmental conditions.

We stress here that the aforementioned experimentally
determined conductivities greatly depend on the measure-
ment parameters, from the height and cross-sectional area
of the sampled column and the applied pressure to the par-
ticle surface area and aspect ratio, environmental tempera-
ture, and humidity. The last two are especially important in
measurements of GO conductivity due to its hydrophilic
nature. It is therefore not straightforward to obtain an
‘absolute value’ of powder conductivity so that our results
could be compared with others reported in the literature.

3.4. Possible mechanisms for the chemical reduction
of GO by hydrazine

While results from both elemental analysis and XPS
clearly show that reduction of the exfoliated GO results
in considerable removal of oxygen (see above), our 13C
MAS NMR data additionally suggest that the reduction/
de-oxygenation of GO also results in significant restoration
of the sp2 carbon sites. The same conclusion can be reached
through the electrical conductivity measurements since the
observed increase in conductivity upon reduction of GO
requires that conductive pathways of conjugated carbon
atoms be re-established. However, it is not chemically
obvious how treatment of GO with hydrazine can lead to
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Fig. 7. The Raman spectra of SP-1 graphite (top), GO (middle), and the
reduced GO (bottom).

0.0 0.1 0.4 0.5 0. 6 0.7 0.8
10-5

10-4

10-3

101

102

103

104

Parent graphite

Reduced GO

GOC
on

du
ct

iv
ity

 σ
c, 

(S
/m

)

Volume fraction φ

Fig. 8. Conductivity as a function of the volume fraction of three different
graphitic powders: pristine graphite (SP-1), GO, and reduced GO.

Table 1
Fitting parameters describing percolation transport for the three graphitic
powders shown in Fig. 8

Pristine graphite (SP-1) GO Reduced GO

/c = dp/dg 0.46 0.38 0.055
rh [S/m] 2500 ± 15 0.0206 ± 0.002 2420 ± 200
k 0.56 ± 0.03 1.6 ± 0.05 0.96 ± 0.02
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of GO can be accompanied by a vigorous release of gas,
resulting in a rapid thermal expansion of the material. This
is evident by both a large volume expansion and a larger
mass loss (from flying GO debris in the TGA instrument)
during a more rapid heating regime (Fig. 4). On the other
hand, the removal of the thermally labile oxygen functional
groups by chemical reduction results in much increased
thermal stability for the reduced GO. Apart from a slight
mass loss below 100 !C, which can be attributed to the loss
of adsorbed water, no significant mass loss is detected when
this material is heated up to 800 !C.

The 13C MAS NMR spectra of GO and the reduced GO
indicate significant structural change induced by the reduc-
tion. In the spectrum of GO (Fig. 5), the peaks at 57 and
68 ppm represent the 13C nuclei in the epoxide and hydro-
xyl groups, respectively [24–27]. The resonance at 130 ppm
belongs to the un-oxidized sp2 carbons of the graphene net-
work and that at 188 ppm presumably arises from the car-
bonyl groups. In the 13C spectrum of the reduced GO, the
peaks from the oxygenated and the carbonyl carbons are
absent. The remaining prominent feature is the resonance
at 117 ppm that is broadened by chemical shift distribu-
tion and corresponds to variations of carbon atom
environments.

Previously, we have employed XPS to analyze GO and
the reduced exfoliated GO [18]. In brief, the C1s XPS spec-
trum of GO (Fig. 6a) clearly indicates a considerable
degree of oxidation with four components that correspond
to carbon atoms in different functional groups: the non-
oxygenated ring C, the C in C–O bonds, the carbonyl C,
and the carboxylate carbon (O–C@O) [45,46]. Although
the C1s XPS spectrum of the reduced exfoliated GO
(Fig. 6b) also exhibits these same oxygen functionalities,
their peak intensities are much smaller than those in GO.
In addition, there is an additional component at 285.9 eV
corresponding to C bound to nitrogen [46]. These observa-
tions are consistent with the elemental analysis data (see
above) and again indicate both considerable de-oxy-
genation by the reduction process as well as nitrogen
incorporation.

The significant structural changes occurring during the
chemical processing from pristine graphite to GO, and then
to the reduced GO, are also reflected in their Raman spec-
tra (Fig. 7). The Raman spectrum of the pristine graphite,
as expected, displays a prominent G peak as the only fea-
ture at 1581 cm!1, corresponding to the first-order scatter-
ing of the E2g mode [47]. In the Raman spectrum of GO,
the G band is broadened and shifted to 1594 cm!1. In addi-
tion, the D band at 1363 cm!1 becomes prominent, indicat-
ing the reduction in size of the in-plane sp2 domains,
possibly due to the extensive oxidation. The Raman spec-
trum of the reduced GO also contains both G and D bands
(at 1584 and 1352 cm!1, respectively); however, with an
increased D/G intensity ratio compared to that in GO. This
change suggests a decrease in the average size of the sp2

domains upon reduction of the exfoliated GO [47], and
can be explained if new graphitic domains were created
that are smaller in size to the ones present in GO before
reduction, but more numerous in number.

0 100 200 300 400 500 600 700 800 900

0.0

0.2

0.4

0.6

0.8

1.0

GO 1 oC/min

GO 5 oC/min

Reduced GO

N
or

m
al

iz
ed

 M
as

s 
R

em
ai

ni
ng

Temperature (oC)

Fig. 4. Normalized TGA plots for GO and the reduced GO. The
downward slopes are due to normal instrument drift.

-50050100150200250

Chemical shift (ppm, TMS scale)

GO 

Reduced GO 
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deoxygenation and the increase in unsaturation that
accompanies re-graphitization (see below).

If the Lerf–Klinowski model (see above) is assumed to
be correct, most of the oxygen functionalities in GO should
be present in the form of either hydroxyl or epoxide groups
[24–27]. Additionally, GO is believed to also contain a
number of carbonyl-containing oxygen functionalities such
as lactones, anhydrides, and quinones. The presence of
these latter moieties can be used to explain the incorpora-
tion of nitrogen into the reduced GO, since hydrazine
can react with anhydrides and lactones to form hydrazides
and with quinones to form hydrazones [48]. However, only
hydrazone formation results in the removal of oxygen. Fur-
ther reduction of the hydrazone to yield a deoxygenated
sp2-carbon can also occur if it is situated adjacent to an
epoxide (Wharton reaction) [49]. The possibility of a
Wolff–Kishner-type reduction of the carbonyl groups
seems unlikely given the low temperature and low basicity
of the reaction media. Nevertheless, these three processes
cannot account for all the removed oxygen during hydra-
zine reduction as carbonyl groups are not believed to be
the dominant oxygen functionalities in GO. The key ques-
tion, therefore, is how oxygen is removed from the epox-
ides and hydroxyls.

Hydrazine is known to readily ring-open epoxides and
form hydrazino alcohols [50]. Though such a reaction path-
way is possible in GO upon hydrazine treatment, it cannot
be the dominant one since ring-opening of the epoxides
with hydrazine in itself would not result in any oxygen
removal. Further, the epoxides in GO are presumably qua-
ternary and thus are not susceptible to a direct nucleophilic
attack due to steric reasons. Finally, the modest extent of
observed nitrogen incorporation also renders this pathway
unlikely to be the only mode of epoxide reaction in GO. It
is possible, however, that the initial derivative produced by
the epoxide opening with hydrazine reacts further via the
formation of an aminoaziridine moiety which would then
undergo thermal elimination of diimide to form a double
bond (Fig. 9) [51,52]. Such a reaction might be further dri-
ven in GO by re-establishment of the conjugated graphene
network.

Ultimately, our analysis still leaves open the question of
how, or even if, the hydroxyl oxygen is removed. The answer
to this intriguing query constitutes a fertile research area
that awaits further investigations by both experimenters
and theorists. A theory that confirms the Lerf–Klinowski
model of GO and lends support to the NMR-evaluated
proportions of tetra-substituted epoxide moieties vs other
oxygen-functionalities, before and after reduction, would
be a significant advancement. In addition, thorough iso-
tope-labeling studies, coupled to sophisticated in-situ spec-

troscopic experiments during the reduction, are necessary
to deconvolute the chemical pathways of GO reduction.

4. Conclusion

In conclusion, reduction of exfoliated graphene oxide
sheets in water with hydrazine results in a material with
graphitic characteristics that are comparable to those of
pristine graphite. On the nanoscale, this carbon-based
material consists of thin graphene-based sheets and pos-
sesses a high specific surface area. The characterization of
the reduced GO indicates that the hydrazine treatment
results in the formation of unsaturated and conjugated car-
bon atoms, which in turn imparts electrical conductivity.
As such, reduced graphene oxide sheets may find use in a
variety of applications such as hydrogen storage and as
an electrically conductive filler material in composites.
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Recently, the group of Richard Kaner at UCLA has developed a scalable approach to producing 
single-layer graphene from commercially-available graphite oxide (Figure 1.1.4).13  By stirring 
graphite oxide in neat hydrazine for one week, reduced GO sheets were easily dispersed and 
spin-coated onto silicon oxide.  An annealing step removed hydrazine to obtain pure graphene 
(Figure 1.1.5).  

 
Figure 1.1.4 Chemical reduction of graphene oxide using hydrazine [reproduced from ref. 13]. 
 
Although the AFM height profile of 0.6 nm is closer to the expected 0.34 nm of pristine 
graphene, it suggests that some residual oxygen containing functional groups are still present. 
 
 
 
 

reducing agent, but are quite independent due to the different
solvent systems—water and pure hydrazine. Note that HG may be
dried and resuspended in the organic solvents dimethyl sulphoxide
(DMSO) or N,N-dimethyl formamide (DMF) for deposition, as has
been reported for other hydrazinium complexes20. This approach
has the advantage of avoiding the requirement for spin-coating
from a solvent of such toxicity as hydrazine.

Purification of HG solutions can be carried out with various
combinations of ultrasonication, dilution and centrifugation.
Briefly, dispersions of large (20 ! 20 mm) single sheets are created
by precipitating out higher density multilayers by means of centrifu-
gation. Such dispersions may be very useful for electronic appli-
cations due to the ease of making contact with the length scales of
these relatively large single sheets. Alternatively, large sheets and
aggregates may be fractured into uniform dispersions of smaller
single sheets ( for example, 1 ! 1 mm) by repeated ultrasonication.
These small sheets readily make continuous films upon deposition
and may prove to be useful as ‘transparent’ conductors21. Note
that even these smaller sheets are large when compared to those pre-
pared by either the peeling method or by chemical reduction of SiC,
which typically have dimensions areas of no more than 0.2 mm2.

The initial characterization of HG is carried out by spin-coating onto
a silicon/SiO2 substrate and by examination through an optical micro-
scope. Optical microscopy was originally used to identify single–layer,
chemically converted graphene1. Here, however, we use optical images
primarily to observe the surface coverage of the depositions. For more
detailed structural information, scanning electron microscopy (SEM)
images were collected, with a representative image of a large single
sheet ("20 ! 40 mm) shown in Fig. 2. Under optimized operating con-
ditions (see Methods), single, double and multilayer chemically con-
verted graphene may be differentiated by opacity in SEM.

Although SEM images can be used to find single sheets of chemi-
cally converted graphene, the images are representative of electronic
structure, not topography. Hence, AFM is needed to establish the
thickness and surface roughness of single sheets. For comparison, a
representative SEM and its corresponding AFM height images are
shown in Fig. 3a,b, respectively. Height profiles show steps from

the SiO2 to a chemically converted graphene sheet of "0.6 nm for
a given cross-section (Fig. 3d). Figure 3d shows the bimodal fre-
quency distribution of all points recorded during an entire AFM
scan, which also shows a peak separation of "0.6 nm. Exfoliated
samples prepared by the annealing method in ultrahigh vacuum
(UHV) also show typical step heights for single-layer exfoliated
sheets of 0.6 nm (ref. 29). The apparent 0.3 nm discrepancy in thick-
ness compared to theoretical values for graphene suggests the pre-
sence of some residual oxygen functionalities on the sheets22.
Nevertheless, the agreement between peeled samples and those
measured here provides significant evidence that the planar structure
of graphene has been largely re-established upon reduction.
Although reduced GO samples have been studied by AFM before,

N2H4

N2H4

Figure 1 | Chemically converted graphene suspensions. a,b, Photographs of 15 mg of graphite oxide (GO) paper in a glass vial (a) and the resultant
hydrazinium graphene (HG) dispersion after addition of hydrazine (b). Below each vial is a three-dimensional computer-generated molecular model of GO
(carbon in grey, oxygen in red and hydrogen in white) and chemically converted graphene, respectively, suggesting that removal of –OH and –COOH
functionalities upon reduction restores a planar structure.

Figure 2 | SEM image of a large, single, chemically converted graphene
sheet. Such sheets are readily identified in SEM on silicon/SiO2 substrates
after spin-coating from hydrazine dispersions.

LETTERS NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2008.329
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Figure 1.1.5 (a) SEM image and (b) AFM topography of the same single-layer of graphene.  
(c) Closer inspection by AFM and (d) subsequent height profile analysis proves the presence of a 
single sheet [reproduced from ref. 13]. 
 
Having developed a method to disperse and obtain single graphene sheets, the Kaner Group 
fabricated field-effect transistors (FETs) from solution-processed reduced graphene oxide 
(Figure 1.1.6). 
 

the size limitations of single sheets have not previously permitted
such quantitative comparisons.

In an investigation of chemically converted graphene, the
characterization of electrical properties and fabrication of elec-
tronic devices are of great importance. Owing to the size limit-
ations of most graphene samples, electron-beam lithography has
been the only reliable method for producing the patterns necess-
ary for electrical testing. In a typical electron-beam process, single
sheet candidates are located by SEM, markers provided, and a
polymethyl methacrylate photoresist selectively exposed. After
removing the photoresist, gold source and drain electrodes are
then evaporated onto the surface to provide a top contact con-
figuration for the graphene device. This method is laborious

and requires a sophisticated lithographic setup, making it difficult
to scale up. Moreover, this lithographic process can degrade
device performance by introducing contaminants if the photore-
sist is not entirely removed23,24. The size of the chemically con-
verted graphene sheets reported here, however, provides far
fewer constraints for the effective fabrication of devices. The
large sheets can instead be processed by means of conventional
photolithography on SiO2 substrates to provide gold source–
drain top contacts. Figure 4 provides a schematic of our FET
design (Fig. 4a) and a photograph, optical image, and SEM of a
working device (Fig. 4b). Electrode separation channel lengths
of 7 mm can be used and no alignment is necessary in order to
reliably produce single-sheet devices. This is due to the nearly
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Figure 3 | Images of an individual chemically converted graphene sheet. a–c, Markers are used to obtain SEM (a) and AFM (b,c) images of the same
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Figure 1.1.6 Fabrication of FETs from solution-processed reduced GO.  (a)  Representation of 
graphene field-effect transistor. (b) Photograph, optical image, and SEM image, respectively, of 
a working FET [reproduced from ref. 13].  
 
Electrical measurements of these transistors show that the devices are metallic at all biases 
(Figure 1.1.7a).  Remarkably, the current collected in the device is improved by eight orders of 
magnitude after reduction of graphene oxide with hydrazine (Figure 1.1.7b). 

 
Figure 1.1.7 Electrical data for graphene transistors from solution-processed reduced GO.  (a) 
I-V curves for graphene FETs at different gate biases and (b) I-V curves of reduced GO and GO 
[reproduced from ref. 13]. 
 
While the production of graphene from graphite oxide via oxidation and reduction provides a 
scalable route to single-layer graphene, it leaves an undesirable amount of unknown defects in 

uniform and tuneable distribution of single sheets over a large
area of the wafer (!1.5 " 1.5 cm).

More than 50 devices were tested to confirm the electrical output
performance, with all measurements carried out under ambient con-
ditions. p-Type behaviour is readily and reproducibly achieved at
gate voltages ranging from 0 to –60 V. Figure 5a shows the output
and transfer characteristics of a typical field-effect device. Output
VSD/ISD curves show more than 5 mA at source–drain voltages of
only –1 V. This represents a considerable advantage over previously
reported values for reduced GO (25 mA at VSD ¼ 25 V)6 at

considerably larger channel lengths (7 mm versus 500 nm as
previously reported). The results show current responses nearly
comparable to those of graphene produced by the peeling method
(up to 100 mA at VSD ¼ 10 mV and channel lengths of 0.5 mm)1.
Figure 5b shows output curves for parent GO and our chemically
converted graphene, indicating a 108-fold decrease in resistance. We
attribute the increase in conductivity to more complete reduction of
GO by anhydrous hydrazine. Graphene samples produced using the
drawing method should be understood to represent the ultimate
reduction limit of our devices. We are, as of yet, unable to confirm
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Figure 4 | Arrays of working, chemically converted graphene transistors. Field-effect transistors are produced by spin-coating a well-dispersed chemically
converted graphene solution onto SiO2 substrates, followed by registering gold source–drain electrodes on top of the single sheets. a, Schematic view of a
chemically converted graphene field-effect device. b, Photograph (left), optical image (middle) and SEM image (right) of a working device with a channel
length of 7 mm.
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uniform and tuneable distribution of single sheets over a large
area of the wafer (!1.5 " 1.5 cm).

More than 50 devices were tested to confirm the electrical output
performance, with all measurements carried out under ambient con-
ditions. p-Type behaviour is readily and reproducibly achieved at
gate voltages ranging from 0 to –60 V. Figure 5a shows the output
and transfer characteristics of a typical field-effect device. Output
VSD/ISD curves show more than 5 mA at source–drain voltages of
only –1 V. This represents a considerable advantage over previously
reported values for reduced GO (25 mA at VSD ¼ 25 V)6 at

considerably larger channel lengths (7 mm versus 500 nm as
previously reported). The results show current responses nearly
comparable to those of graphene produced by the peeling method
(up to 100 mA at VSD ¼ 10 mV and channel lengths of 0.5 mm)1.
Figure 5b shows output curves for parent GO and our chemically
converted graphene, indicating a 108-fold decrease in resistance. We
attribute the increase in conductivity to more complete reduction of
GO by anhydrous hydrazine. Graphene samples produced using the
drawing method should be understood to represent the ultimate
reduction limit of our devices. We are, as of yet, unable to confirm

1 μm
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Silicon dioxide

Silicon

Graphene

Figure 4 | Arrays of working, chemically converted graphene transistors. Field-effect transistors are produced by spin-coating a well-dispersed chemically
converted graphene solution onto SiO2 substrates, followed by registering gold source–drain electrodes on top of the single sheets. a, Schematic view of a
chemically converted graphene field-effect device. b, Photograph (left), optical image (middle) and SEM image (right) of a working device with a channel
length of 7 mm.
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the residual graphene.  As such, it remains useful for many applications as well as academic 
research.  
 
1.1.3 Graphene Synthesis via Reduction of SiC  
While the solution-based approaches (liquid-exfoliation and GO reduction) have clear 
advantages in terms of ease and scale in graphene production, the preparation of pristine 
graphene under UHV conditions on surfaces is unrivaled in terms of purity and lack of defects.  
Just two years after the announcement of graphene isolation by Novoselov and Geim, the group 
of De Heer at the Georgia Institute of Technology developed an epitaxial route to graphene 
islands in UHV by simply heating silicon carbide.14  This process works by desorbing silicon 
atoms at 1000 °C, leaving behind patches of graphitized carbon.15  Using this method, excellent 
images of graphene have been produced by STM (Figure 1.1.8).16 

 
Figure 1.1.8 STM image of graphene produced from reduction of SiC [reproduced from ref. 
16]. 
 
1.1.4 Graphene Synthesis via Chemical Vapor Deposition  
Although the reduction of SiC to graphene is attractive in terms of its simplicity and quality, it is 
difficult to imagine wafer-scale production of graphene with this method.  In contrast, chemical 
vapor deposition (CVD) of methane on various metal surfaces has demonstrated the ability to 
grow single-crystal domains of graphene over several milimeters.17,18  The initial example of 
large-area CVD of high-quality graphene was reported in 2008 using methane as a carbon 
precursor on copper foil.19 Since then, a number of reports have emerged and the CVD approach 
routinely produces electronics-grade graphene with charge carrier mobilities of 13,000 cm2 V−1 
S−1 under ambient conditions (Figure 1.1.9).20  In this report, a single-crystal of graphene as large 
as 3 mm was achieved.  This makes the CVD route of graphene production extremely attractive 
for next-generation electronics applications.  

ARTICLES

NATURE PHYSICS DOI: 10.1038/NPHYS1736

a b(pm)
1000

(pm)
0 170

25 nm 1 nm

Figure 1 | Topographic STM images of the multilayer epitaxial graphene sample grown on SiC. a, A 100 nm⇥ 100 nm real-space image of the surface
studied, taken at a sample bias of Vs = 0.35 V and a tunnel current of Is = 400 pA. This image was acquired simultaneously with the 8 T dI/dV maps
shown in Fig. 2. Periodic height variations are a moiré pattern of ⇡4 nm period. A defect at the bottom-centre distorts the topograph because of electronic
perturbation. The arrows label the line corresponding to the spectral profiles of Fig. 4. b, A 5 nm⇥5 nm image (Vs = 0.10 V, Is = 100 pA, x,y sampling
increment 25 pm) showing the atomic lattice.

distinguish averaged spectra from single-point spectra). The central
LLav0 peak grows in intensity and shifts to slightly higher energy with
increasing magnetic field because of field-dependent screening of
electric fields from the buried SiC/graphene interface and to some
extent from the STM tip19. LL0 is the first LL observed above the
Fermi energy EF (which lies at zero sample bias), indicating a filling
factor ⌫ = �2 for all three magnetic fields. Small satellite peaks
observed in the LL0 spectra are discussed in the Supplementary
Information (see Supplementary Fig. S5). The circles on the spectra
label the energies of the dI/dV maps shown in parts b–d (4 T), f–h
(6 T) and i–l (8 T) of Fig. 2.

All of the dI/dV maps show prominent rings around the
defect imaged in the topograph of Fig. 1a. These are related to
the defect potential and charge state24, but a complete analysis
is deferred to a later publication. Here we focus on general
features of the LL0 spatial distribution. The 4 T dI/dV maps in
Fig. 2b–d show spatial patterns similar to LLs in a conventional
2DES (refs 25–28). Localized drift states in the tails of the LLav
follow closed paths around potential energy minima (low-energy
tail, Fig. 2b) or maxima (high-energy tail, Fig. 2d). The bright
triangular ring of large LDOS seen in the upper-left in Fig. 2b is
a good example. The width of the closed path is approximately
the magnetic length (`

B

= p
h/(2⇡eB)), which is the size of the

LL0 wavefunction (see `
B

bars in right column). The bright and
dark regions in Fig. 2d,b are complementary, consistent with the
localization picture presented. At the central energy, Fig. 2c shows
that the extent of the drift state expands markedly. In the integer
quantum Hall effect, coupling of edge states through this extended
state destroys the zero longitudinalmagnetoresistance.

The wavefunction size `
B

determines how accurately drift states
can follow the local potential landscape, as shown schematically
in Fig. 2e. The same features found at 4 T are seen more clearly
resolved in the dI/dV maps at 6 T (Fig. 2f–h) and 8 T (Fig. 2i–l)
(see the ring at the upper-left in b,f,i,j). New features also appear:
the extended state in Fig. 2g,k develops a pattern with a high density
of states confined to narrow channels separating lower-density
patches of diameter >`

B

. These patches form a distorted hexagonal
array and show large pixel-to-pixel fluctuations of intensity
(the fluctuations are most apparent in Fig. 2f,j; see also the data
animation file in the Supplementary Information). Magnetically

induced LDOS variation on a length scale ⌧`
B

is unexpected
and qualitatively different from any previous measurements on
a conventional 2DES.

In Fig. 3a we track the energy of the LL0 dI/dV peak as a
function of position (E0(x,y); see Supplementary Information) for
the 8 T map data. A region of high peak-energy is apparent near the
topographic defect (see Fig. 1a). A second broad maximum can be
seen in the upper-right quadrant of Fig. 3a, whereas a dip in E0(x,y)
occurs near the top-centre. Within the drift-state picture, LL0 fol-
lows equipotential lines for length scales greater than `

B

; therefore,
we associate these broad E0(x,y) features with hills and valleys in
the electron potential energy landscape. The increase in E0 over the
topographic defect (bottom-centre) is consistent with a negatively
charged configuration. The sources of the second potential energy
maximum (upper-right) and the potential energy minimum (top-
centre) are not resolved in the topograph, but a natural explanation
would be the presence of other isolated defects or intercalant atoms.

Inside each of the patches identified above, the peak-tracking
map shows a speckled pattern, indicating large pixel-to-pixel
variation of E0. An expanded view of the speckle within region I of
Fig. 3a is shown in Fig. 3b. From this patch and from a region that
shows no speckle (region II), we produce histograms of E0 values, as
shown in Fig. 3c. In region II, all LL0 peaks are found to lie close to
the mean energy. Within patch I, however, E0 values cluster around
two distinct energies separated bymore than 6meV.

These observations firmly establish that the LDOS energy
distribution varies on the atomic scale within each speckled
patch. Clearly, this behaviour falls outside the drift-state picture
and—unlike the broad maxima and minima in E0(x,y)—does
not seem to be associated with isolated defects. At 0.4 nm pixel
spacing, the atomic lattice (0.246 nm lattice constant, 0.142 nm
C–C bond length) is under-sampled in these LDOS maps because
of time constraints in data acquisition, but the resolution is
⌧0.4 nm (see Fig. 1b, acquired with the same STM tip); that is,
a large sampling increment does not broaden underlying features.
Therefore, the exact atomic LDOS is not determined directly in
the present data, but the bimodal distribution of LL0 peak energies
clearly suggests different LDOS on the A and B carbon sublattices.
Given the association of valley and sublattice in LL0, the histogram
energy gap is ‘valley splitting’.

812 NATURE PHYSICS | VOL 6 | OCTOBER 2010 | www.nature.com/naturephysics
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Figure 1.1.9 (a) Abberation-corrected, monochromated TEM image of CVD-grown single-
crystal graphene with (b) optical image of the same sample [reproduced from ref. 20]. 
 
1.1.5 Applications of graphene 
As the production of high-quality single-layer graphene becomes routine, its use in flexible 
display21, conductive ink22, energy23,24, anti-corrosion25,  genomic sequencing26, biomedical27, 
spintronic28, and even aeronautic29 applications has rapidly expanded.  Perhaps the most exotic 
property of graphene, however, is its ballistic electron transport, with charge carrier mobilities 
exceeding 105 cm2 V−1 s−1.30-32 By comparison, polycrystalline silicon exhibits a mobility of 101 
– 103 cm2 V-1 s-1 for electrons, depending on dopant concentration.33 For this reason, combined 
with its atomic-scale dimensions, graphene holds extraordinary promise for next-generation 
electronics. 
 
Unfortunately, graphene is a zero band gap semimetal, which limits its utility in electronic 
applications requiring semiconductor logic.34 This is because the conduction and valence bands 
meet at a single point, known as Dirac cones, in the Brillouin zone (Figure 1.1.10).35,36   

   
Figure 1.1.10  3D band structure of graphene [reproduced from ref. 35]. 
 
However, confinement of graphene to nanometer-wide stripes in one-dimension opens a 
significant band gap, which makes the synthesis of this material an exigent challenge.  
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region; therefore, the small graphene additional layers
formed in the CVD growth process are preferentially
etched away during the following etching process.
Note that the additional layers are usually formed at
the defect sites in graphene domains such as the
nucleation sites.20!22,24,27,28 Therefore, we suggest
that the lack of additional layers in the single-crystal
graphene domains by G!rE!RG is attributed to their
defect-free nature, as discussed below.
Another very important feature of the G!rE!RG

method is the efficient healing of the structural defects
that are generated during the initial CVD growth. A
core!shell structured C21, which is composed of three
isolated pentagons and four hexagons, has been pre-
dicted as an initial stable cluster on a metal surface for
the nucleation of graphene.33 In addition to these
nucleation defects, it has been observed experimen-
tally that there aremany kinds of defects in CVD-grown
or even mechanically exfoliated graphene such as
topological defects, single vacancies, multiple vacan-
cies, carbon adatoms, and dislocations.12,34!38 Theore-
tically, the energy barriers to the formation of all these
defects are significantly reduced in the presence of a

metal surface compared to those in suspended
graphene.39 More importantly, CVD is a nonequilib-
rium process during which the attachment of carbon
atoms to the edges of graphene can be easily dis-
turbed by experimental conditions such as small fluc-
tuations in reaction temperature and gas atmosphere,
as well as defects and impurities in the substrates and
the substrate roughness. Therefore, the formation of
defects is inevitable in CVD-grown graphene. Actually,
many hexagonal holes appeared in single-crystal gra-
phene domains grown by conventional CVD after
etching (Figure S3). Taking into account the preferen-
tial etching of defects due to their high formation
energy, this fact confirms the presence of defects
in the single-crystal graphene fabricated by conven-
tional CVD.
However, it is important to note that no visible holes

appeared in the single-crystal graphene domains
grown by this G!rE!RG (Figure 2g), consistent with
our previous observations on the regrown graphene
from an etched domain,31 indicating that the defects
have been effectively healed. Theoretically, the healing
of defects by high-temperature CVD is reasonable.

Figure 3. Structural characterization of a single-crystal graphene domain produced by G!rE!RG. (a) SEM image of a∼1mm
sized hexagonal domain transferred to a TEM grid by the electrochemical bubbling method.20 (b) Low-magnification TEM
image of the edge region of the domain in (a). The red lines indicate graphene edges. (c, d) Aberration-corrected and
monochromated TEM images of the domain, showing a perfect carbon lattice with 6-fold symmetry without any structural
defects or disorder. (e!j) SAED patterns taken from the six areas in (a) labeled 1!6. Red and blue dotted lines respectively
indicate the zigzag and armchair directions determined by SAED.
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First, the transformation of defects to a perfect hex-
agonal carbon lattice is energetically favorable be-
cause of the higher formation energy of defects.40,41

Second, the perfect hexagonal shape of the holes
formed from defects during etching indicates that
these holes can be filled up by only hexagonal carbon
clusters (Figure 2b, Figure S3 and ref 31). Experimen-
tally, the use of a very lowmethane flow rate in the later
growth cycles is essential since it facilitates the relaxa-
tion of a carbon!metal system toward the thermal
equilibrium state to heal defects. This assertion is
proved by the fact that, after etching, more holes
appeared in domains grown at a high methane flow
rate than in those grown at a low flow rate (Figure S3).
In order to heal defects in carbon materials such as

graphite,42 carbon nanotubes,43 and reduced gra-
phene oxide,44 long-time high-temperature anneal-
ing at more than 2000 !C in an inert atmosphere
(graphitization) is required.42!44 In contrast, our
G!rE!RG method can heal the defects very rapidly
(∼7 μm/min) at a much lower temperature (∼1000 !C).
During graphitization, carbon atoms need to overcome
a series of high-energy barriers of usually more than
5 eV for rotation, rupture, and re-forming of car-
bon!carbon bonds to remove defects and form a
perfect hexagonal carbon lattice.41 However, healing
defects by the E!RG process requires only the rupture
and re-forming of carbon!carbon bonds, which re-
quires an energy barrier of only ∼2!3 eV to be
overcome.45 Moreover, the presence of the metal
substrate can greatly reduce these energy barriers.45

Therefore, healing defects by our G!rE!RG method

requires less energy and can be realized much easier
than high-temperature graphitization, which is impos-
sible to realize for conventional CVD.
We used transmission electron microscopy (TEM) to

characterize the detailed structure of graphene do-
mains produced by G!rE!RG (Figure 3). With an
aberration-corrected and monochromated TEM, we
are able to image the atomic structure of a suspended
single-crystal graphene domain. A low electron beam
voltage of 60 kV minimized electron beam irradiation
damage to the graphene.46 As shown in Figure 3c and d,
the 6-fold symmetry of the graphene lattice was well
observed without any vacancies, topological defects,
and carbon adatoms and dislocations. Importantly,
extensive measurements on this graphene domain
and many other domains gave a similar result. We
performed selected-area electron diffraction (SAED)
measurements on 30 areas in a graphene domain. All
areas showed the same electron diffraction patterns as
those shown in Figure 3e!j, unambiguously confirming
the single-crystalline nature of the graphene domain
across its entire area. Moreover, the angles between
the zigzag direction determined by SAED and the edge
direction in real space is 0 degree, suggesting the edges
of the single-crystal graphene have a zigzag orientation.7

which is consistent with the results previously reported
for single-crystal graphene domains grown by conven-
tional CVD (Table S1 and refs 17, 20, 22, 24).
Raman spectroscopy is a powerful tool to character-

ize the number of layers, defects, strain, and the effects
of perturbations of graphene over a much larger
area than aberration-corrected and monochromated

Figure 4. Optical and Raman characterization of single-crystal graphene domains grown by (a,b,c) G!rE!RG and (d,e,f)
conventional CVD (a, d) Optical images; (b, e) ID/IG Ramanmappings of the regions indicated by the squares in (a, d) and (c, f)
histograms of ID/IG values over the whole area of the domains in (a,d).
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Figure 6. Graphene band structure. (a) Adapted with permission from [5]. (b) Zoom in to low-energy dispersion at one of the K points
shows the e–h symmetric Dirac cone structure.

The combination of many desirable properties in
graphene: transparency, large conductivity, flexibility, and
high chemical and thermal stability, make it [77, 78] a natural
candidate for solar cells and other optoelectronic devices.

1.5. Electronic properties

Three ingredients go into producing the unusual electronic
properties of graphene: its 2D structure, the honeycomb lattice
and the fact that all the sites on its honeycomb lattice are
occupied by the same atoms, which introduces inversion
symmetry. We note that the honeycomb lattice is not a Bravais
lattice. Instead, it can be viewed as a bipartite lattice composed
of two interpenetrating triangular sublattices, A and B with
each atom in the A sublattice having only B sublattice nearest
neighbors and vice versa. In the case of graphene the atoms
occupying the two sublattices are identical and as we shall see
this has important implications to its electronic band structure.
As shown in figure 5(a), the carbon atoms in sublattice A
are located at positions R⃗ = ma⃗1 + na⃗2, where m, n are
integers and a⃗1 = a

2 (3,
√

3), a⃗2 = a
2 (3, −

√
3) are the lattice

translation vectors for sublattice A. Atoms in sublattice B are
at R⃗ + τ⃗ , where τ⃗ = (a⃗2 + a⃗1)/3. The reciprocal lattice vectors,
G⃗1 = 2π

3a
(1,

√
3), G⃗2 = 2π

3a
(1, −

√
3) and the first Brillouin

zone, a hexagon with corners at the so-called K points, are
shown in figure 5(b). Only two of theK points are inequivalent,
the others being connected by reciprocal lattice vectors. The
electronic properties of graphene are controlled by the low-
energy conical dispersion around these K points.

Tight binding Hamiltonian and band structure. The low-
energy electronic states, which are determined by electrons
occupying the pz orbitals, can be derived from the tight binding
Hamiltonian [11] in the Hückel model for nearest neighbor
interactions:

H = −t
∑

|R⃗⟩

(|R⃗⟩⟨R⃗ + τ⃗ | + |R⃗⟩⟨R⃗ − a⃗1 + τ⃗ |

+ |R⃗⟩⟨R⃗ − a⃗2 + τ⃗ | + h.c.). (1)

Here ⟨r⃗|R⃗⟩ = #pz
(R⃗ − r⃗) is a wave function of the pz orbital

on an atom in sublattice A, ⟨r⃗|R⃗ + τ⃗ ⟩ is a similar state on
a B sublattice atom and t is the hopping integral from a
state on an A atom to a state on an adjacent B atom. The
hopping matrix element couples states on the A sublattice
to states on the B sublattice and vice versa. It is chosen
as t ∼ 2.7 eV so as to match the band structure near the
K points obtained from first principle computations. Since
there are two Bravais sublattices two sets of Bloch orbitals are
needed, one for each sublattice, to construct Bloch eigenstates
of the Hamiltonian: |k⃗A⟩ = (1/

√
N)

∑
R⃗ eik⃗·R⃗|R⃗⟩and |k⃗B⟩ =

(1/
√

N)
∑

R⃗ eik⃗·R⃗|R⃗ + τ⃗ ⟩. These functions block-diagonalize
the one-electron Hamiltonian into 2 × 2 sub-blocks, with
vanishing diagonal elements and with off-diagonal elements
given by: ⟨k⃗A|H |k⃗B⟩ = −teik⃗·τ⃗ (1 + e−ik⃗·a⃗1 + e−ik⃗·a⃗2) ≡ e(k⃗).
The single particle Bloch energies ε(k⃗) = ±|e(k⃗)| give the
band structure plotted in figure 6(a), with ε(k⃗) = |e(k⃗)|
corresponding to the conduction band π∗ and ε(k⃗) = −|e(k⃗)|
to the valence band π . It is easy to see that ε(k⃗) vanishes when
k⃗ lies at a K point. For example, at K⃗1 = (G⃗1 + 2G⃗2)/3,
e(K⃗) = −teik⃗·τ⃗ (1 + e−iG⃗1·a⃗1/3 + e−i2G⃗2·a⃗2/3) = 0 where we used
G⃗i · a⃗j = 2πδij . For reasons that will become clear, these
points are called ‘Dirac points’ (DP). Everywhere else in k-
space, the energy is finite and the splitting between the two
bands is 2|e(k⃗)|.

Linear dispersion and spinor wavefunction. We now discuss
the energy spectrum and eigenfunctions for k close to a DP.
Since only two of the K points—also known as ‘valleys’—are
inequivalent we need to focus only on those two. Following
convention we label them K and K ′. For the K valley,
it is convenient to define the (2D) vector q⃗ = K⃗ − k⃗.
Expanding around q⃗ = 0, and substituting q⃗ → −ih̄(∂x, ∂y)
the eigenvalue equation becomes [3–5]

HK#K = −ih̄vF

(
0 ∂x − i∂y

∂x + i∂y 0

) (
ψKA

ψKB

)
= ε

(
ψKA

ψKB

)
,

(2)

where vF =
√

3
2 (at/h̄) ≈ 106 m s−1 is the Fermi velocity of the

quasiparticles. The two components #KA and #KB give the

7

a b 
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1.2.1 Graphene Nanoribbons: Introduction 
If a graphene sheet is cut in a straight line, it can be cut in many different ways.  However, only 
two configurations have well-defined edges, and are described as armchair or zigzag GNRs 
(Figure 1.2.1a).  The properties of zigzag and armchair GNRs differ markedly.  The former are 
considered metallic, while the latter display an inverse dependence of band gap with width.  This 
trend was described by the Louie Group in 2008 (Figure 1.2.1b).37  

 
Figure 1.2.1 (a) Overview of armchair and zigzag edge nomenclature in GNRs.  (b) Band gap 
dependence on the width of armchair GNRs calculated at the DFT-LDA and GW-corrected 
theory levels [reproduced from ref. 37]. 
 
Zigzag GNRs are particularly interesting because they are predicted to possess an 
antiferromagnetic ground state, leading to half-metallic states in electric fields that could 
potentially transport spin-polarized currents.38,39 Unfortunately, the localization of spin-polarized 
electrons to the zigzag edges makes them especially reactive with singlet oxygen, and even 
small-molecule analogs react deleteriously under mild conditions (Figure 1.2.2).40 

 
Figure 1.2.2 (a) Reactivity of a model zigzag compound with oxygen.  X-ray crystal structure 
of oligomeric product (tert-butyl groups and hydrogens omitted for clarity) [reproduced from ref. 
40]. 
 

Background on graphene and graphene nanoribbons (GNRs) !

Early theoretical predictions of GNR band gap dependence on width

Yang, L.; Park, C. H.; Son, Y. W.; Cohen, M. L.; Louie, S. G. Phys. Rev. Lett. 2007, 99, 6–9.

8 was determined by X-ray crystallographic analysis (Figure
8b). The oxygen molecule attacks a less-protected carbon atom
with a large spin density around the zigzag edge, presumably via
a radical mechanism, and forms a peroxide bond connecting the
neighboring molecules. The HOMA analysis of 8 (Figure 9)

clarified that the zigzag edges disappear after the oxygen attack,
and, instead, a more stable PAH skeleton that is completely
surrounded by armchair edges is generated. The zigzag edges in
nanographene are well known to be thermodynamically
unstable46,47 and can be easily transformed into the more
stable armchair edges by attacks by oxygen and various small
molecules. The degradation process of the zigzag edges in 3b
may be a key element for clarifying the degradation
mechanisms of ZGNRs.

■ DISCUSSION AND CONCLUSION
Based on the valence bond model shown in Figure 1c, anthenes
are expected to behave as singlet biradical (spin-polarized)
species, since the biradical canonical structures are reasonably
stabilized by the formation of aromatic sextets when the Kekule ́
structures are transformed to the biradical structures. The
contribution weight of the biradical structure in the ground
state increases with the molecular size as a result of the
cumulative increase in the number of aromatic sextets. Previous
studies on bisanthene (1) and teranthene (2) revealed that
bisanthene can be categorized as a nonmagnetic species, while
teranthene lies at the onset of the edge state. In this article, we
demonstrated that quarteranthene (3) possesses unpaired
electrons localized at the zigzag edges by examining the
molecular structure, magnetic and optical properties, and
chemical behavior. Because the physical and chemical proper-
ties of quarteranthene are well explained by the edge
localization of the unpaired electrons and because room-
temperature ferromagnetic correlation was observed in the
SQUID measurements, quarteranthene can be considered the
minimal structural element of ZGNRs that still shows peculiar
magnetic properties. The multispin correlation in ZGNRs,
which is antiferromagnetic across the ribbon and ferromagnetic
along the ribbon, could be simulated by aligning anthenes side
by side.
The detection of the magnetic moment around the edges in

ZGNRs has been a long-standing goal since it was first
predicted by Fujita based on the Hubbard model calculation.5

Although the spin polarization itself, which appears in broken-
symmetry single-determinant calculations, is not experimentally
observable in singlet systems, the concept of spin polarization is
useful for analyzing the spatial spin correlation and thus can be
used for predicting a real spin state realized under external
perturbations. We found that the unpaired electrons in
quarteranthene respond sharply to external perturbations such
as heating, photoirradiation and chemical reaction, which
means that quarteranthene has a prominent spin correlation in
the ground state approximately described by the spin-polarized
state and that the edge state indeed exists as an experimentally
observable state.
By using quarteranthene, we are able to observe peculiar

magnetic and optical properties relevant to the correlation of
two unpaired electrons localized at the zigzag edges. For this
reason quarteranthene is an ideal system for essentially
understanding various behaviors of ZGNRs arising from the
multispin correlation. Our findings may not only unveil the still
unknown properties of ZGNRs but also pave the way to a
bottom-up approach for producing spintronic, electronic,
optical and magnetic devices based on molecular-sized
nanographene materials.

■ EXPERIMENTAL SECTION
General. All experiments with moisture- or air-sensitive com-

pounds were performed in anhydrous solvents under an argon
atmosphere in well-dried glassware. Dried solvents were prepared by
distillation under argon. Anhydrous ethanol was dried and distilled
over Mg/I2. THF was dried and distilled over sodium/benzophenone.
Dichloromethane, toluene, and benzene were dried and distilled over
calcium hydride. Column chromatography was performed with silica
gel (Silica gel 60, Merck). Infrared spectra were recorded on a JASCO
FT/IR-660M spectrometer. Electronic absorption spectrum was
measured with a JASCO V-570 spectrometer. 1H NMR spectra were
obtained on JEOL EX-270, Bruker Mercury300, and JEOL GSX400
spectrometers. Positive EI, MALDI-TOF, and ESI mass spectra were

Figure 8. (a) Reaction of 3b with oxygen. The most dominant Clar
structure is drawn for 11 on the basis of the HOMA analysis. (b) X-ray
structure of 8. Ar, tBu groups, and H atoms are omitted for clarity.

Figure 9. (Left) HOMA values and (right) the corresponding Clar
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localization of the unpaired electrons and because room-
temperature ferromagnetic correlation was observed in the
SQUID measurements, quarteranthene can be considered the
minimal structural element of ZGNRs that still shows peculiar
magnetic properties. The multispin correlation in ZGNRs,
which is antiferromagnetic across the ribbon and ferromagnetic
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understanding various behaviors of ZGNRs arising from the
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atmosphere in well-dried glassware. Dried solvents were prepared by
distillation under argon. Anhydrous ethanol was dried and distilled
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calcium hydride. Column chromatography was performed with silica
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Instead, armchair GNRs are quite stable, and given their semiconducting nature and tunable band 
gap, considered as highly attractive targets for energy and electronics applications. 
 
1.2.2 Top-Down Approaches to GNRs: Lithography 
The most straightforward, and chemically oblivious, approach to GNRs is to simply cut a sheet 
of graphene into very narrow strips.  One such approach is the use of helium ion beam 
lithography inside of a helium ion microscope to cut and image a GNR device (Figure 1.2.3).41 

 
Figure 1.2.3 (a) Schematic of GNR transistor fabrication.  Helium ion microscope image of (b) 
5nm, (c) 6 nm, and (d) 7.5 nm half-pitch arrays.  (e) Large area image of aligned GNRs (5 x 
1200 nm long).  (f) Helium ion microscope image of the graphene - GNR interface [reproduced 
from ref. 41]. 
 

ABBAS ET AL. VOL. 8 ’ NO. 2 ’ 1538–1546 ’ 2014

www.acsnano.org

1540

Consequently, the IG/ID will increase as GNRs get
smaller which further confirms Ryu et al.'s54 observa-
tion on Raman relaxation length of D-mode phonons.
The measured IG/ID data points in Figure 2b can be
fitted into a linewith equation: IG/ID≈ 8.39/W, whereW
is the width of GNRs in nanometers. This equation does
not apply to wider GNR (i.e., W g 15 nm) because
the mechanisms that govern ID are different.54,60,62

Furthermore, comparing IG/ID for the same width can
give an indication about the quality of the patterned
GNRs. In Figure 2c we compare our IG/ID to other recent
publications in order to highlight the relative quality
of HIBL GNR patterning. Since IG originates from the
doubly degenerate zone center mode which corre-
sponds to the carbon atoms (sp2 bond) phonons in
graphene62 and ID corresponds to various defects in

graphene (e.g., vacancies, stone-wales, foreign ada-
toms and edge defects),60,63,64 the ratio of IG/ID for
the same GNR width can be a measure for material
quality. For example, our 15 nmwideGNRs have IG/ID of
0.52 compared to 0.2 for electron beam lithography
(EBL) patterned GNR.54 This highlights the quality of
GNRs patterned with HIBL compared to other lithogra-
phy based techniques.
Electrical measurements were carried out for the

GNR array devices using P2þ Si as a back gate. We
performed the measurements on a 6 nm half-pitch
GNR array devicewith a long channel length (i.e., 2 μm).
Figure 3a shows the graphene device before pattern-
ing the GNR with a Dirac point close to zero gate
voltage. Figure 3b,c shows the device performance
after patterning the GNR array devices at 300 and 77 K,

Figure 1. (a) Scheme of GNR arrays fabricated by HIBL. (b"d) Helium ion microscope images of (b) 5 nm, (c) 6 nm, and (d)
7.5 nm half-pitch arrays . (e) Helium ion microscope image of high aspect ratio GNRs (width# length is 5 nm# 1200 nm). (f)
Helium ion microscope image shows smooth interface between graphene and patterned GNRs. For all images, bright lines
represent graphene.
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Despite the ability to pattern GNRs on the 5-nm scale, the on / off ratio in FETs measured in this 
work had a maximum of 4.75 at low temperature (77 K).  This is over five orders of magnitude 
lower than standard carbon nanotube FETs, and not useful for modern semiconductor 
applications.42  The low performance of this device is likely due to the destructive nature of the 
helium ions on the sensitive edges of the GNR.  Since it is unlikely that e-beam or extreme UV 
lithography can achieve significantly better resolution than 5 nm, or can be less damaging to the 
GNR edges, other approaches to GNR synthesis are being pursued as well.     
 
1.2.3 Top-Down Approaches to GNRs: Unzipping of CNTs 
Another approach to GNR synthesis involves unzipping carbon nanotubes using either chemical 
or plasma etching means.  The concept of unzipping CNTs was reported concomitantly by the 
Tour Group and the Dai Group. Tour and coworkers used potassium permanganate to oxidize 
carbon-carbon double bonds within the CNT to make new ketones (Figure 1.2.4).43  The release 
of strain at one point in the CNT weakens the adjacent bonds, which oxidize successively to 
unzip the nanotube.44  

 

 
Figure 1.2.4 Unzipping of CNTs reported by the Tour Group using oxidative chemistry.  (a) 
Schematic representation of unzipping. (b) Chemical representation of the oxidation process.  (c) 
TEM images of MWCNTs being converted to GNRs [reproduced from ref. 43]. 
 
This report represented a creative new approach, but produced GNRs that were hundreds of 
nanometers wide and metallic in nature, which is hardly an improvement over graphene itself.  
Meanwhile, the Dai approach produced very narrow GNRs (Figure 1.2.5 and Figure 1.2.6).45 

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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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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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

Tube unzipping
a

O O

MnO2
–

O

O

O

O

O
O

O
O

O

O

O

O

O

O

O

O

O

O

1 2 3

4 5

KMnO4

H2SO4

2 KMnO4

H2SO4

b

KMnO4
H2SO4

22–70 °C
2 h

50 nm 50 nm

c

2 �m 

d 2.0 nm

(μm)0.5 1.5

1.0 nm

500 nm

500 nmSonication cut

500 nm

e

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.

20

30

40

50

60

70

80

A
ve

ra
ge

 M
W

C
N

T
di

am
et

er
 (n

m
)

Sample

100 nm 100 nm

100 nm 100 nm

100 nm

a b

c d

e f

Increasing oxidation

I II III IV V

I II

III IV

V

4,000 3,000 2,000 1,000
0.0

0.5

A
bs

or
ba

nc
e

Wavenumber (cm–1)

V Most oxidized
0.0

0.5 IV
0.0

0.5 III
0.0

0.5 II
0.0

0.5 I Least oxidizedg

10 20 30
0

1

In
te

ns
ity

 (a
.u

.)

2θ (°)

V Most oxidized
0

1 IV
0

1 III
0

1 II
0

1 I Least oxidizedh

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.

NATURE | Vol 458 | 16 April 2009 LETTERS

873
 Macmillan Publishers Limited. All rights reserved©2009



Introduction 
 

	  

13 

 
Figure 1.2.5 Schematic representation of GNR synthesis from (a) MWCNTs.  (b) MWCNT 
was deposited on Si and coated with PMMA.  (c) The film was peeled, flipped over, and exposed 
to Ar plasma.  (d–g) Single to multi-layer GNRs were obtained depending on etching time. (h) 
PMMA was removed to obtain the GNR [reproduced from ref. 45]. 

LETTERS

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 1.2.6 AFM images of GNRs derived from MWCNTs showing (a) MWCNTs, (b) 
coexistence of MWCNTs and GNRs after Ar plasma, and (c–j) single- or few-layer GNRs.  
Height scale for all images is 10 nm and scale bar is 100 nm [reproduced from ref. 45]. 
 
The Dai group used these GNRs on SiO2 to fabricate FETs.  The best device was derived from a 
GNR of approximately 6 nm in width and had an on / off ratio of over 100.  This ratio is more 
than 20 times the value obtained by current lithographic techniques, even though the widths are 
equal (or at least within the experimental error of width estimation).  This indicates that the 
electronic transport properties of GNRs are intimately related to the chemical structure and 
integrity of the GNR edges.  While an improvement over lithography, the on / off ratio is still at 
least four orders of magnitude below the minimum in current electronic devices. 
 
 
 
 
 
 
 
 

the resolution of atomic force microscopy (AFM), the edges of the
obtained GNRs were very smooth. Unlike for previous GNRs, the
ribbons were uniform in width along their lengths, none being wedge
shaped1, owing to the quasi-one-dimensional CNT templates with
uniform diameter along their lengths. According to histogram data
on GNRs (Supplementary Fig. 1b, c), the widths of our GNRs mostly
fell into the range 10–20 nm, which is narrower than that of GNRs
made by the sonochemical method1. The width of 10–20 nm corre-
sponds to half of the circumference of the starting MWCNTs with the

mean diameter of ,8 nm. The heights of our GNRs were ,0.8, 1.3 and
1.8 nm, which we assign to single-, bi- and trilayer GNRs, respect-
ively22. The folding observed in single-layer GNRs (Fig. 2e, f, i) sug-
gests that the flexibility of the GNRs is excellent in comparison with
that of MWCNTs. The folds resulted from bending of the PMMA
film23 and/or the perturbation of liquid during the removal of the
PMMA in acetone.

Raman spectroscopy is a powerful approach to investigating the
structural and electronic properties of carbon-based materials. The
shape of the second-order Raman band (2D) is a characteristic that
can be used to distinguish the number of layers of AB-stacked gra-
phene24–26. We carried out confocal Raman mapping on single-, bi-
and trilayer GNRs (Methods). We obtained an AFM image (Fig. 3a)
and a G-band image (Fig. 3b) of a 0.9-nm-thick GNR on the same
length scale. The 2D peak was well fitted by a sharp and symmetric
Lorentzian peak (inset, Fig. 3c), suggesting the single-layer nature of
the GNR. For another 1.3-nm-thick GNR (Fig. 3d–f), the 2D peak
was fitted by four Lorentzians (inset, Fig. 3f), characteristic of bilayer,
AB-stacked graphene. Some bilayer GNRs showed 2D peaks with
different line shapes from AB-stacked graphene, reflecting the vary-
ing stacking structures between layers in the starting MWCNTs
(Supplementary Fig. 2). For a trilayer GNR (height, ,1.9 nm; see
Supplementary Fig. 3), similar to trilayer, ABA-stacked graphene
sheets, the 2D band was broader and up shifted as the thickness
increased (Supplementary Table 1). We note that the 2D band of
the MWCNTs was broader than that of our GNRs (Supplementary
Fig. 6), as expected.

The intensity ratio of the D and G bands (ID/IG) is commonly used
to evaluate the quality of carbon materials. No obvious D band was
observed for any of the MWCNTs dispersed on substrates
(Supplementary Fig. 6), suggesting the high quality of the starting
materials. The average ID/IG values were respectively 0.38, 0.30 and
0.28 for our single-, bi- and trilayer GNRs with 10–20-nm widths.
Because defect density on the pristine MWCNTs was low, the D-band
Raman signal of our GNRs should be mainly due to their open
edges24,25. The ID/IG values were lower than those for GNRs obtained

a b
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Figure 2 | Images of GNRs converted from MWCNTs. a, An AFM image of
raw MWCNTs dispersed on a Si substrate. b, An image of the substrate after
the GNR conversion process, showing coexistence of MWCNTs and GNRs.
Scale bars, 1mm. c–j, Single- or few-layer GNRs of different widths and
heights: respectively 7 and 1.8 nm (c), 8 and 1.8 nm (left, d), 13 and 2.0 nm
(right, d), 15 and 0.9 nm (e), 17 and 1.0 nm (f), 25 and 1.1 nm (g), 33 and
1.4 nm (h), 45 and 0.8 nm (i) and 51 and 1.9 nm (j). Scale bars, 100 nm. The
height scale for all the AFM images is 10 nm. In e, an arrow points to a
leftover MWCNT.
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G-band Raman image (b) and the Raman spectrum (c) of a single-layer GNR.
Inset of c, a 2D-band spectrum (blue) of the GNR and a single-Lorentzian fit
(red). a.u., arbitrary units. d–f, An AFM image (d), a G-band Raman image
(e) and the Raman spectrum (f) of a bilayer GNR. Inset of f, 2D band
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1.2.4 Top-Down Approaches to GNRs: Exfoliation of Graphite 
After exfoliation of graphite at 1000 °C in forming gas, Dai and coworkers were able to produce 
narrow strips of graphene and visualize them with Atomic Force Microscopy (AFM) (Figure 
1.2.7). 46   

 
Figure 1.2.7 Graphene nanoribbons produced by exfoliation of graphite (A) and visualized by 
AFM (B–F).  All scale bars indicate 100 nm [reproduced from ref. 46]. 
 
Using the GNRs derived from this method, the Dai group was able to demonstrate the 
dependence of GNR band gap on width (Figure 1.2.8).  At 10 nm, the observed band gap is 
approximately 0.1 eV with a very low on / off current ratio.  Below 10 nm, the on / off ratio and 
band gap increase exponentially. By constructing field-effect transistor (FET) devices from 
GNRs, the Dai group was able to obtain a maximum on / off ratio near 107.  This value is at or 
near the value required for advanced displays and resistive memories,47 as well as the value 
obtained by the best carbon nanotube (CNT) transistors.48 While CNT-FETs are promising for 
next-generation electronics, they are invariably contaminated with a certain amount of metallic 
tubes, which is prohibitive for very large scale integration (VLSI).49  Instead, it is hoped that 
graphene can overcome this problem through the development of a method to produce only 
semiconducting GNRs. 
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Figure 1.2.8 Dependence of GNR electrical properties on width of GNR.  (A)  On / off current 
ratio in GNR FETs with 0.5 eV bias and (B) band gap dependence on width of GNR as 
determined by AFM.  Black dashed line is the experimental fit while colored lines indicate 
theoretical predictions  [reproduced from ref. 46]. 
 
While this seminal work demonstrated the exceptional promise of GNRs, the mixture of widths 
obtained by this route meant that an inseparable batch of both semiconducting and metallic 
GNRs were produced, precluding their use in VLSI.  In a separate study, the Dai group also 
found that the charge carrier mobility in GNRs depended inversely on the apparent width (Figure 
1.2.9).50 The transport properties of GNRs depend crucially on their edge structure.  Increased 
scattering results from most lithographic methods, while quantum wire behavior results for near-
perfect edges.51 	  

 
Figure 1.2.9 Inverse dependence of charge carrier mobility on the width of GNRs  [reproduced 
from ref. 50]. 
 
Despite the many top-down routes available to produce GNRs, intractable mixtures of GNRs 
with different widths, and therefore band gaps, are always the result.  This makes their 
incorporation into logic-based semiconductor applications impractical.52 
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1.3 Bottom-Up Approaches to GNRs: the Era of Chemical Synthesis 
In 2009, a breakthrough in GNR synthesis occurred in the groups of Klaus Müllen and Roman 
Fasel.  Utilizing a molecular precursor, 10,10'-dibromo-9,9'-bianthracene, the team demonstrated 
the first example of atomically precise GNRs, where the width of the nanoribbon was completely 
preordained by the width of the molecular precursor used (Figure 1.3.1).53  By subliming the 
molecular precursor onto a Au(111) surface in ultra high vacuum (UHV) within a scanning 
tunneling microscope (STM), the molecule first polymerizes at 200 °C and subsequently 
undergoes cyclodehydrogenation at 400 °C to yield the target graphene nanoribbon (Figure 
1.3.2). 	  

	  
Figure 1.3.1 Overview of surface-assisted GNR synthesis showing the evolution from small-
molecule to GNR [reproduced from ref. 53]. 
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Figure 1.3.2 STM images of the first example of atomically precise GNRs.  (a) Schematic 
overview, (b) STM image of the polymer stage, (c) large-area STM image of GNRs (d) Raman 
spectrum of n =7 AGNR along with predicted spectrum, and (e) high-resolution STM image are 
shown [reproduced from ref. 53].  
 
This revolutionary methodology opens the door for the synthesis of GNRs with a single, 
deterministic width, allowing for unambiguous determination of their physical properties and 
incorporation into next-generation electronic devices.  The discovery of the Au(111) catalyzed 
polymerization and cyclodehydrogenation heralded the start of a new phase in GNR research, 
one in which chemical synthesis will play a defining role.  The GNRs that can be made by this 
approach, and consequently the exotic physics that can be studied, are only limited by the 
creativity and capacity of organic chemists to design and synthesize the right molecules.    
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Chapter 2 
Site-Specific Substitutional Doping of Armchair Graphene 
Nanoribbons 
 
 
 
 
 
 
 
 
 
 
 
A fundamental requirement for next-generation electronic devices based on graphene nanoribbon 
(GNR) technology is the ability to control the band structure and charge carrier concentration by 
substituting specific carbon atoms in the hexagonal graphene lattice with p- or n-type dopant 
heteroatoms. Here we report the atomically precise introduction of boron dopant atoms into 
bottom-up fabricated semiconducting armchair GNRs (AGNRs). Trigonal-planar B-atoms along 
the backbone of the GNR share an empty p-orbital with the extended π-band, which causes 
substantial changes in its electronic structure. Scanning tunneling microscopy (STM) topography 
reveals a characteristic modulation of the local density of states along the backbone of the GNR 
that is consistent with the expected position and concentration of dopant B-atoms. First-
principles calculations support the experimental findings and provide additional insight into the 
electronic structure of B-doped 7-AGNRs.  Non-Contact AFM supports that hypothesis that the 
boron atoms exhibit a complex interaction with the Au(111) substrate. 
 
Parts of this chapter have been published in:  
Cloke, R.R.; Marangoni, T.; Nguyen, G.; Joshi, T.; Rizzo, D.J.; Bronner, C.; Cao, T.; Louie, 
S.G.; Crommie, M.F.; Fischer, F.R.  J. Am. Chem. Soc. 2015, 137, 8871–8875.
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2.1 Introduction 
Atomically defined graphene nanoribbons (GNRs), two-dimensional configurations of single-
layer graphene featuring high aspect ratios, have attracted increased interest for their exotic 
electronic and magnetic properties emerging from quantum interference effects at the nanometer 
scale.53-58 Atomically precise control over the boundary conditions imposed by the width, the 
crystallographic symmetry, and the edge structure of GNRs is paramount for the rational design 
of device-critical parameters such as the band gap, the Fermi level, and the position and 
concentration of dopant atoms.59-66 Recent advances in the bottom-up fabrication of atomically 
precise GNRs from molecular precursors have demonstrated the rational modulation of the 
width, the symmetry, the edge structure (armchair, chevron, cove) and the incorporation of 
nitrogen atom dopants in the form of pyridine and pyrimidine rings into the edges of chevron-
GNRs.45-49 Since the lone-pair of the N-heteroatom in these structures is not in conjugation with 
the extended π-system of the GNR, edge doping only shifts the position of both the conductance 
and valence band edges of the ribbon without introducing dopant states into the gap.62 Controlled 
n-/p-doping, i.e. the controlled introduction of filled/empty donor or acceptor states into the gap 
of atomically defined GNRs, instead requires the incorporation of dopant heteroatoms at precise 
positions along the backbone of the ribbon where the filled/empty p-orbitals are in conjugation 
with the extended π-system. 
 
Here we report the bottom-up synthesis and characterization of atomically-defined hydrogen 
terminated n = 7 armchair GNRs featuring a regioregular pattern of B-atoms along the central 
backbone of the ribbon.  
 
We performed the thermally-induced radical step-growth polymerization/cyclization of the 
molecular precursor, 5,10-bis(10-bromoanthracene-9-yl)-5,10-dihydroboranthrene, on Au(111) 
in ultra high vacuum (UHV). Low-temperature scanning tunneling microscopy (STM) imaging 
of fully cyclized B-doped 7-AGNRs (B-7AGNRs) reveals a unique, characteristic stripe pattern 
along the length of the ribbon with a period corresponding to the distance between the expected 
position of dopant atoms in the molecular repeat unit. This is consistent with the empty p-orbitals 
of boron conjugating to the extended π-system of the 7-AGNR and acting as substitutional 
dopants. Density functional theory (DFT) calculations reveal that B-7AGNRs have a deep 
acceptor band at energies within the gap of undoped 7-AGNRs, which is localized along the 
backbone of a B-7AGNR and verified experimentally through dI/dV imaging. Dr. Tomas 
Marangoni of the Fischer Group grew X-ray quality crystals and assisted with the scale-up of 1. 
Giang Nguyen, Daniel Rizzo, Trinity Joshi, and Chris Bronner of the Crommie Group performed 
STM, STS, and nc-AFM of B-7AGNRs.  Ting Cao of the Louie Group provided first-principle 
DFT calculations. 
 
2.2 Synthesis of Boron-Doped GNR Monomers 
Strategically, we envisioned a new paradigm of doping for graphene nanoribbons by placing the 
dopants in the interior of the GNR (Figure 2.1).  This serves the dual purpose of placing the 
dopant atoms in full conjugation with the GNR as well as sterically shielding the more reactive 
dopant atoms from the harsh conditions of polymerization and cyclodehydrogenation.  This 
necessitates the redesign of the bisanthracene building block to a trisanthracene type structure. 	  
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Figure 2.1 (a) Concept of core-doping in graphene nanoribbons and (b) extension of 
bisanthracene type monomers to core-doped GNR monomers. 
 
The requisite monomer 1 was synthesized in three steps from o-dichlorobenzene (Scheme 2.1).  
First, Mg-halogen exchange and quenching with TMSCl afforded bis-silane 3.  Subsequent 
insertion of BBr3 into the C-Si bonds and cyclization yielded the extremely air sensitive 
boranthracene 4.     

 
Scheme 2.1  Synthesis of boron-doped monomer 1. 
 
The boron-doped 7-AGNR precursor 1 was obtained through selective mono-lithiation of 
dibromoanthracene to obtain 5, followed by borylation with 5,10-dibromo-5,10-
dihydroboranthrene 4 in 67% yield.  The structure of 1 was unambiguously confirmed by X-ray 
diffraction (Figure 2.2).  Orange crystals suitable for X-ray diffraction were obtained by slow 
evaporation of a C2H2Cl4 solution. 1 adopts a Ci symmetry in the crystal lattice. The geometry 
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around the boron atom is trigonal-planar with bond angles and bond distances ranging between 
119.7–120.9° and 1.56–1.78 Å, respectively. While the two 9-bromoanthracene units are 
coplanar, the central boranthrene is twisted out of planarity (dihedral angle C(2)-C(1)-B(1)-C(15) 
= 97.6°). This non-planar conformation is crucial as it sterically shields the Lewis acidic B-atoms 
from nucleophilic attack and imparts a favorable non-planar geometry to the molecule, a 
prerequisite for an efficient radical step-growth polymerization on the Au(111) substrate.75-78  
 
Despite the reported instability of this class of substituted boranthrenes, crystals of 1 are stable in 
air at 24 °C, showing no signs of degradation over several months, as indicated by 1H NMR 
spectroscopy (Figure 2.3a).73,74,79 DSC and TGA analysis revealed a melting point above 350 °C 
and a gradual mass loss associated with partial dehalogenation above this temperature (Figure 
2.3b), indicating that this molecule was thermally stable enough to be sublimed in ultra-high 
vacuum (UHV) without degradation.         
   

 

Figure 2.2 ORTEP representation of the (a) X-ray crystal structure and (b) unit-cell packing of 
1.  Thermal ellipsoids are drawn at the 50% probability level. Color coding: C (gray), Br (red), B 
(orange). Relevant structural parameters: C(1)-B(1), 1.578(5) Å;  C(15)-B(1), 1.561(5) Å; C(18)-
B(1), 1.562(5) Å; C(2)-C(1)-B(1)-C(15), 97.6°; C46H30B2Br2Cl12; 1189.54 g mol-1; triclinic; P-1; 
orange; a = 8.6046(3) Å; b = 9.8632(4) Å; c = 14.5013(6) Å;  α = 82.148(2)°, β = 82.067(2)°; γ = 
74.011(2)°; 100 (2) K; Z = 1; R1 = 0.0387; GOF on F2 = 1.036. 
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Figure 2.3 Stability of boron-doped monomer 1 as demonstrated by (a) 1H NMR after one 
month of air exposure in the solid state and (b) Thermogravimetric (TGA) analysis (red line) 
under Ar and differential scanning calorimetry (DSC) (black dashed line) under N2. 
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2.3 Synthesis and Characterization of Boron-Doped GNRs  
Fully cyclized B-doped 7-AGNRs were fabricated by sublimation of molecular building block 1 
at 250–270 °C in UHV onto pristine Au(111) held at 24 °C  (Figure 2.4).  STM imaging at 13 K 
prior to polymerization revealed that the molecules assemble into irregular islands with an 
apparent height of 0.4 nm (Figure 2.4b), clustered around the Au(111) herringbone 
reconstruction.  Gradual annealing of sub-monolayer samples of 1 on Au(111) to 220 °C (20 
min) induces homolytic cleavage of the labile C-Br bond, followed by step-growth 
polymerization of the carbon-centered diradical intermediates to form poly-1 (Figure 2.4c).  
 
STM images (T = 13 K) of polymer chains display a characteristic pattern of alternating 
protrusions (average distance between white marker 0.85 ± 0.04 nm, Figure 2.4c) along the 
polymer backbone. The repulsive interaction between peri-hydrogen atoms in adjacent 
anthracene units prevents a coplanar arrangement of monomer units in the polymer backbone 
(this observation is consistent with images of poly-anthracene, the precursor to undoped 7-
AGNRs).53  
 
Unique to the B-doped GNR precursors is a distinctive secondary structure along the polymer 
that correlates with the length of a monomer unit in poly-1 (average distance between black 
marker 1.40 ± 0.04 nm, Figure 2.4c). While the anthracene fragments appear as brighter spots in 
topographic STM images, the more electron deficient boranthrenes correlate with a weaker 
signal that alternates along the edges of the ribbon. The observation of this characteristic 
secondary pattern in images of poly-1 indicates that the exocyclic B-C bonds are stable under the 
polymerization conditions and no undesired fragmentation of monomer building blocks is 
observed during the step-growth process.   
 
Further annealing of the Au(111) substrate at 300 °C (20 min) induces a thermal 
cyclization/dehydrogenation sequence that converts poly-1 into fully conjugated B-doped 7-
AGNRs (Figure 2.4d). The apparent width and average height of the resulting GNRs are 1.6 nm 
and 0.16 ± 0.04 nm, respectively.   STM images at negative bias reveal a characteristic stripe 
pattern corresponding to a height modulation (0.14 ± 0.02 Å) along the length of the B-doped 7-
AGNRs (Figure 2.4e). The periodicity of this topographic feature, 1.30 ± 0.05 nm, correlates 
well with the expected spacing between B-atoms along the backbone of a 7-AGNR (Figure 2.4a).   
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Figure 2.4 (a) Schematic representation of the bottom-up synthesis of B-doped 7-AGNRs. (b) 
STM topographic image of molecular building block 1 as deposited onto a pristine Au(111) 
surface held at 24 °C (sample voltage Vs = 1.5 V, tunneling current It = 40 pA, imaging 
temperature T = 13 K). Subsequent annealing steps induce the homolytic cleavage of the labile 
C-Br bonds, followed by radical step-growth polymerization (220 °C) and thermal 
cyclization/dehydrogenation (300 °C) to yield B-doped 7-AGNRs. (c, d) STM topographic 
image of poly-1 (Vs = 1.0 V, It = 20 pA, T = 13 K) and (e) fully cyclized B-doped 7-AGNRs (Vs 
= −0.3 V, It = 30 pA, T = 13 K). (f) Representative z-axis profile showing the characteristic 
height modulation along the long axis of a B-doped 7-AGNR. 
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At relatively low cyclization temperatures (~300 °C), partially cyclized GNRs were observed 
(Figure 2.5).  This observation supports the suggested mechanism of cooperativity in GNR 
synthesis.80 That is, cyclization is not observed in patches or isolated regions in the GNR.  
Rather, cyclization starts at one point of the GNR and proceeds by “zipping-up” to the end of the 
GNR.  At longer reaction times at 300 °C, fully cyclized structures were exclusively observed 
(Figure 2.4e).  This is apparent from the height of all structures being less than 2 angstroms. 

 
Figure 2.5  (a) STM images of partially cyclized B-7AGNRs and (b) topographic analysis of 
height profiles showing polymer (0.4 nm) and GNR (0.2 nm) coexistence. 

a 

b 
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The length and quality of the GNRs obtained by this method depended strongly on obtaining an 
optimized surface coverage of monomeric precursors.  Under ideal conditions, atomically-
precise GNRs with lengths exceeding 18 nm could be produced (Figure 2.6).  A statistical 
analysis of a large number of GNR samples revealed that most of the GNRs lengths fall into the 
sub-10 nm category, making them an attractive candidate for next-generation FETs. 

 
Figure 2.6  a) Large area STM image of B-7AGNR on a Au(111) surface (sample voltage Vs = 
1.5 V, tunneling current It = 5 pA, imaging temperature T = 4 K). b) Statistical analysis of the 
length distribution of B-7AGNRs on Au(111) from many experiments.  
 
 
 
 

 S 18 

 

Figure S5. a) Large area STM image of B-doped 7-AGNRs on a Au(111) surface. (sample voltage Vs = 1.5 V, 

tunneling current It = 5 pA, imaging temperature T = 4 K). b) Statistical analysis of the length distribution of B-

doped 7-AGNRs on Au(111) from many runs. 
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2.4 DFT Calculations of Boron-Doped GNRs 
In order to better understand the electronic effects of substitutive B-doping in B-7AGNRs, we 
performed first-principles calculations based on the GW approximation and included the 
screening effects from the underlying Au(111) substrate.  The total density of states (DOS) at the 
GW level for a B-7AGNR is depicted in Figure 2.7a. The DOS of both the valence (VB) and the 
conduction (CB) bands show significant contributions (∼10%) from B atoms. Comparing to the 
electronic structure of a pristine 7-AGNR (Figure 2.7a), substitutive B-doping along the 
backbone of a 7-AGNR introduces a deep acceptor band (CB) 0.8 eV above the VB maximum. 
The theoretically predicted quasiparticle band gap of B-7AGNRs, 0.8 eV (Figure 2.7b), is 
significantly smaller than that of the undoped 7-AGNRs (∼2.1 eV) calculated with the same 
method (the undoped 7-AGNR DOS is shown in Figure 2.7a).  

 
Figure 2.7 (a) Calculated total DOS for B-7AGNRs (gray) and contribution from B atoms to 
the DOS (red) using the GW approximation and including screening effects from Au(111) 
substrate.  The total DOS for undoped 7-AGNRs is plotted as a dotted line.  A Gaussian 
broadening of 0.1 eV is applied.  The valence band maximum is set to 0 eV. (b) Caluculated 
quasiparticle band structure of B-7AGNRs (using GW approximation). (c) dI/dV spatial map of 
B-7AGNR recorded at 1.0 V (It = 30 pA, modulation voltage Vrms = 15 mV, modulation 
frequency 634 Hz, T = 13 K).  (d) Calculated LDOS map of states at the conduction bandedge 
(CB) at a height of 4 Å above a B-7AGNR plane.  (e) dI/dV spatial map of same B-7AGNR as in 
(c) recorded at 1.6 V (It = 30 pA, modulation voltage Vrms = 15 mV, modulation frequency 634 
Hz, T = 13 K).  (f) Calculated LDOS maps of CB+1 bandedge states at a height of 4 Å above a 
B-7AGNR plane.  Calculated images average states over an energy range of 0.1 eV, scale bar 
1nm.  
 
The spatial distribution of the states associated with both the conductance band (CB) and the 
CB+1 band was investigated by dI/dV mapping. Figure 2.7c shows a B-7AGNR dI/dV map at Vs 
= 1.0 V, corresponding to states in the CB. The dI/dV map shows a predominance of local 
density of states (LDOS) along the backbone of the ribbon. This can be compared to the CB 
LDOS map calculated for a given energy range at a distance of 4 Å above a B-7AGNR plane 
(Figure 2.7d). In strong contrast to undoped 7-AGNRs, both the experimental and theoretical 

monomer building blocks is observed during the step-growth
process.
Further annealing of the Au(111) substrate at 300 °C (20

min) induces a thermal cyclization/dehydrogenation sequence
that converts poly-1 into fully conjugated B-7AGNRs (Figure
1e). The apparent width and average height of the resulting
GNRs are 1.6 nm and 0.16 ± 0.04 nm, respectively. Statistical
analysis of large area STM images of densely packed ribbons
shows that the majority of B-7AGNRs ranges in length between
4−12 nm with a few examples exceeding 16 nm (SI, Figure S5).
STM topography at negative bias reveals a characteristic stripe
pattern corresponding to a height modulation (amplitude 0.14
± 0.02 Å) along the length of the B-7AGNRs (Figure 1f). The
periodicity of this topographic feature, 1.30 ± 0.05 nm,
correlates with the expected spacing between boranthene units
along the backbone of a B-7AGNR (Figure 1a).
In order to better understand the electronic effects of

substitutive B-doping in B-7AGNRs, we performed first-
principles calculations based on the GW approximation and
included the screening effects from the underlying Au(111)
substrate (see SI for computational details).16 The total density
of states (DOS) at the GW level for a B-7AGNR is depicted in
Figure 3a. The DOS of both the valence (VB) and the
conduction (CB) bands show significant contributions (∼10%)
from B atoms. Comparing to the electronic structure of a
pristine 7-AGNR (Figure 3a), substitutive B-doping along the
backbone of a 7-AGNR introduces a deep acceptor band (CB)
0.8 eV above the VB maximum. The theoretically predicted
quasiparticle band gap of B-7AGNRs, 0.8 eV (Figure 3b), is
significantly smaller than that of the undoped 7-AGNRs (∼2.1
eV) calculated with the same method (the undoped 7-AGNR
DOS is shown in Figure 3a).
The spatial distribution of the states associated with both the

conductance band (CB) and the CB+1 band was investigated
by dI/dV mapping. Figure 3c shows a B-7AGNR dI/dV map at
Vs = 1.0 V, corresponding to states in the CB. The dI/dV map
shows a predominance of local density of states (LDOS) along
the backbone of the ribbon. This can be compared to the CB
LDOS map calculated for a given energy range at a distance of
4 Å above a B-7AGNR plane (Figure 3d). In strong contrast to
undoped 7-AGNRs,27 both the experimental and theoretical
LDOS maps at this energy show significant higher state density
along the backbone of the B-7AGNR. Atomic scale features are
not well-resolved experimentally, likely due to tip-induced
broadening and substrate interactions that are not accounted
for in the calculation. The dI/dV map recorded at a higher bias
of Vs = 1.6 V (corresponding to an energy closer to CB+1)
shows strong localization of the LDOS along the edges of the
B-7AGNR (Figure 3e). This agrees with the calculated LDOS
map of B-7AGNR CB+1 states (Figure 3f) and is reminiscent
of bandedge LDOS observed in undoped 7-AGNRs.27 These
spectroscopic maps provide additional evidence that the
substitution of C atoms with trigonal planar B atoms in
GNRs induces a change in their electronic structure.
In conclusion, we demonstrate atomically precise bottom-up

synthesis of 7-AGNRs with dopant atoms inserted directly into
the GNR backbone. The trigonal planar B atoms incorporated
at defined positions along the GNR share an empty p-orbital
with the extended π-system, potentially providing hole dopant
concentrations in excess of 1014 cm−2. The highly regular
placement of p-dopants along the 7-AGNR is reflected in a
characteristic modulation of the LDOS along the backbone of
the ribbon visualized by STM topographic imaging. Such site-

specific substitutional doping of GNRs with group III
heteroatoms will help pave the way toward the development
of advanced functional device architectures based on GNR
semiconductor technology.
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Figure 3. (a) Calculated total DOS for B-7AGNRs (gray) and
contribution from B atoms to the DOS (red) using the GW
approximation and including screening effects from Au(111) substrate.
The total DOS for undoped 7-AGNRs is plotted as a dotted line. A
Gaussian broadening of 0.1 eV is applied. The valence band maximum
is set to 0 eV. (b) Calculated quasiparticle band structure of B-
7AGNRs (using GW approximation). (c) dI/dV spatial map of B-
7AGNR recorded at 1.0 V (It = 30 pA, modulation voltage Vrms = 15
mV, modulation frequency 634 Hz, T = 13 K). (d) Calculated LDOS
map of states at the conduction bandedge (CB) at a height of 4 Å
above a B-7AGNR plane. (e) dI/dV spatial map of same B-7AGNR as
in (c) recorded at 1.6 V (It = 30 pA, modulation voltage Vrms = 15 mV,
modulation frequency 634 Hz, T = 13 K). (f) Calculated LDOS maps
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bar 1 nm.
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Figure 3. (a) Calculated total DOS for B-7AGNRs (gray) and
contribution from B atoms to the DOS (red) using the GW
approximation and including screening effects from Au(111) substrate.
The total DOS for undoped 7-AGNRs is plotted as a dotted line. A
Gaussian broadening of 0.1 eV is applied. The valence band maximum
is set to 0 eV. (b) Calculated quasiparticle band structure of B-
7AGNRs (using GW approximation). (c) dI/dV spatial map of B-
7AGNR recorded at 1.0 V (It = 30 pA, modulation voltage Vrms = 15
mV, modulation frequency 634 Hz, T = 13 K). (d) Calculated LDOS
map of states at the conduction bandedge (CB) at a height of 4 Å
above a B-7AGNR plane. (e) dI/dV spatial map of same B-7AGNR as
in (c) recorded at 1.6 V (It = 30 pA, modulation voltage Vrms = 15 mV,
modulation frequency 634 Hz, T = 13 K). (f) Calculated LDOS maps
of CB+1 bandedge states at a height of 4 Å above a B-7AGNR plane.
Calculated images average states over an energy range of 0.1 eV, scale
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LDOS maps at this energy show significant higher state density along the backbone of the B-
7AGNR. Atomic scale features are not well-resolved experimentally, likely due to tip-induced 
broadening and substrate interactions that are not accounted for in the calculation. The dI/dV 
map recorded at a higher bias of Vs = 1.6 V (corresponding to an energy closer to CB+1) shows 
strong localization of the LDOS along the edges of the B-7AGNR (Figure 2.7e). This agrees 
with the calculated LDOS map of B-7AGNR CB+1 states (Figure 2.7f) and is reminiscent of 
bandedge LDOS observed in undoped 7-AGNRs. These spectroscopic maps provide additional 
evidence that the substitution of C atoms with trigonal planar B atoms in GNRs induces a change 
in their electronic structure.  
 
The electronic structure was investigated by probing the GNR with STM at different potentials 
(Figure 2.8).  

 
Figure 2.8  STM investigation of B-7AGNRs at (a) Vs = −0.1 V and (c) Vs = 0.4 V.  (b) DFT 
charge density simulation of the valence band. 
 
At negative potential, the STM images matched the valence band simulation quite well, which 
implies the electron density is localized on the boron atoms, while the small “dots” of electron 
density correspond to the 9, 10-positions in bisanthracene.  At positive bias, the GNR was 
completely devoid of electron density in-between the regions of concentrated charge density.  
While the origin of these differences is electronic in nature, the absolute determination of the 
positions of the boron atoms could not be unambiguously determined by STM.  For this reason, 
non-contact AFM was employed to further study this interesting GNR. 
 
 
 

Site–Specific Boron Doping of Semiconducting GNRs !

STM images of boron–doped 7AGNR at different bias

–0.1 V Valence band simulation +0.4 V
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2.5 Non-Contact Atomic Force Microscopy of Boron-Doped GNRs 
Although Scanning Tunneling Microscopy is a value technique for visualizing the electronics of 
molecules with atomic resolution, it is difficult to discern topographic information about the 
target molecule.  This distinction becomes of paramount importance in studying boron-doped 
graphene nanoribbons.  Specifically, from the STM images of B-7AGNR, it is difficult to discern 
if the periodic protrusions are due to a feature that is actually higher than other features, or if this 
difference is due purely to electronic differences within different segments of the graphene 
nanoribbons. 
 
For this reason, non-contact Atomic Force Microscopy (nc-AFM) was employed to 
unambiguously assign the protrusions visualized in STM to particular regions of the graphene 
nanoribbon. 
 
nc-AFM revealed that the B-7AGNR exhibited “holes” within the middle of the nanoribbon 
(Figure 2.9).  A plausible explanation for this observation is that the Au(111) surface strongly 
binds the boron atoms in the center of the nanoribbon, creating an apparent absence of 
topographic features. 	  

 
Figure 2.9  (a) nc-AFM image of B-7AGNRs and (b) possible correlation with chemical 
structure. 
 
The comparison between nc-AFM and STM of the same B-7AGNR (Figure 2.10) is especially 
striking.  The STM image appears highly periodic with some segments that appear as higher 
protrusions.  In contrast, nc-AFM reveals the highly strained and complex structure resulting 
from boron atoms bonding to the gold surface.	  

a b 
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Figure 2.10 Comparison of (a) nc-AFM and (b) STM images of a single B-7AGNR.  
 
The “holes” within the center of the nanoribbon were evident even over many periodic units, 
indicating the correlation between chemical structure and topography (Figure 2.11).  
Interestingly, the “holes” do not appear to be identical in every periodic unit.  This could imply 
that the strain accumulated within the graphene nanoribbon bound to the gold surface is 
cumulative, forcing the structure to adopt kinks that can complicate the very sensitive nc-AFM 
measurement.  	  
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Figure 2.11  Comparison of (a) nc-AFM and (b) STM images of a single B-7AGNR over 
multiple periodic units. 
 
2.6  Scanning Tunneling Spectroscopy and Future Directions 
Because of the importance in achieving a technologically relevant band gap near 1 eV in 
graphene nanoribbons, experimental verification of this property is critical.  While theoretical 
predictions provide useful insight into the initial investigation of the structures of interest, the 
actual band gap determination can be complicated and obscured by factors such as the interaction 
between GNRs and the metal surface inside of the STM.  Preliminary scanning tunneling 
spectroscopy (STS) investigations of B-7AGNRs on Au(111) have proven ambiguous.  This is 
not surprising when considering the hypothesis that the boron atoms are bonded to the 
underlying gold substrate as determined by nc-AFM.  Therefore the strong coupling between the 
GNR and gold substrate obscures the determination of the valence and conduction bands by STS.  
A representative experiment is shown in Figure 2.12.   

a b 
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Figure 2.12 (a) Representative STS data for (b) B-7AGNR at particular locations. 
 
The gold background exhibits the typical spectrum of a single peak at −250 mV.  As expected 
given the heterogeneity in this structure, the dI/dV signal is strongly dependent on the measured 
location within the GNR.  On a “bright” spot within a GNR, the edge displays a peak at +1.62 V 
but very little signal at +1 V.  Within this same “bright spot” but closer to the center of the GNR, 
the situation is reversed and an extremely broad peak is observed at +1 V bias.  When examining 
the “dark spot” within the GNR attributed to boron-gold binding, a gradual increase in the dI/dV 
signal is seen for all positive biases.  This observation is difficult to explain, but it can be 
considered strong evidence for the presence of atoms other than gold within the “dark spots” 
observed in STM and NC-AFM, since it is likely that any true holes within the GNR would 
display a spectrum similar to that of gold.  The unambiguous assignment of the band gap and 
electronic structure of this boron-doped graphene nanoribbon will take time to be completed and 
is the topic of a forthcoming paper. 
 
In the meantime, ongoing synthetic efforts aim to further the concept of core-doped graphene 
nanoribbons by incorporating other dopant atoms.  First-principle LDA-DFT calculations of a 
nitrogen core-doped GNR (N7AGNR) postulate the existence of a mid-gap dopant state (as in 
the case of the boron-doped GNR) having a band gap of 0.55 eV (Figure 2.13).  The main 
difference between N7AGNR and B-7AGNR is a shifting of valence and conduction bands to 
higher energies.  Specifically, the Fermi level changes from −4.00 eV to −2.96 eV in the case of 
boron and nitrogen-doping, respectively.  The overall electronic structure of these two GNRs is 
quite similar, but the N7AGNR, having the extra electrons from the nitrogen lone pairs, has the 
“midgap” state occupied, effectively shifting the VB and CB to higher energy. 

a b 
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Figure 2.13 (a) Comparison of the density of states (DOS) for B-7AGNR and N7AGNR and 
(b) analysis of Fermi level shifting in core doped GNRs with respect to vacuum. 
 
This level of control in GNR doping should allow for the selection of the carrier type for either 
electrons or holes.  Relative to the undoped 7AGNR, nitrogen doping is predicted to have a much 
larger impact on the energy levels of the GNR compared with B-7AGNR (Figure 2.13b).   
 
The synthesis of the requisite nitrogen core-doped monomer is shown in Scheme 2.2.  While the 
boron-doped monomer presented extreme synthetic challenges in the form of atmospheric 
stability and isolation, the nitrogen-doped monomer is formally anti-aromatic, making its 
synthesis and purification especially challenging.  Additionally, the geometry around the 
nitrogens within the central six-membered rings could be deleterious for the on-surface synthesis 
of GNRs, which is presumed to require planar, cruciform shaped molecules. 

 
Scheme 2.2 Synthesis of nitrogen-core doped GNR precursor. 
 
Starting from commercially available phenazine 6, reduction with sodium dithionite under 
rigorously airfree conditions in the dark yields dihydrophenazine 7.  Subsequent Buchwald-
Hartwig amination produces the desired heterocycle 8 along with a large amount of 
homocoupled bisanthracene.  Subsequent bromination under electrophilic conditions furnished 
the expected product  9 due to the directing nature of the amino substituents (Figure 2.14). 
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Figure 2.14 (a) MALDI-HRMS of nitrogen core-doped GNR precursor with (b) theoretical 
and (c) experimental isotope patterns. 
 
 
In conclusion, we demonstrate the first atomically precise bottom-up synthesis of 7-AGNRs with 
dopant atoms inserted directly into the GNR backbone. The trigonal planar B-atoms incorporated 
at defined positions along the GNR thus share an empty p-orbital with the extended π-system, 
potentially providing electron-hole dopant concentrations in excess of 1014 cm−2 . The highly 
regular placement of p-dopants along the 7-AGNR is reflected in a characteristic modulation of 
the local density of states along the backbone of the ribbon visualized by high-resolution STM 
topographic imaging. The observation of partially cyclized GNRs upon gradual annealing of the 
Au(111) substrates supports the proposed mechanism for GNR formation on metal substrates 
that involves a cooperative cyclization/dehydrogenation cascade along the polymer.  STS and nc-
AFM studies provided valuable insight into the interaction between boron atoms and the 
underlying gold substrate.  Further investigations of this topic, as well as the use of a nitrogen-
doped GNR precursor, are ongoing.  In summary, site-specific substitutional doping of GNRs 
will help pave the way toward the development of advanced functional device architectures 
based on GNR semiconductor technology. 
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Chapter 3 
Hybrid Porphyrin-Graphene Nanoribbons 
 
 
 
 
 
 
 
 
 
 
In this chapter, the notion of graphene nanoribbon junction formation is introduced.  In addition 
to atomically-precise synthesis, a stringent requirement for advanced logic devices is the 
meticulous arrangement of GNRs into ordered arrays. Toward this end, the synthesis of a highly 
symmetric porphyrin containing four anthracene motifs, which will be used as a template for the 
on-surface synthesis of GNRs, is described. STM images prove that this porphyrin can be 
sublimed in UHV onto Au(111) surfaces, despite its high molecular weight.  Therefore it is 
anticipated that this porphyrin will template GNRs into highly ordered junctions during the on-
surface synthesis process.  Additionally, the synthesis of a model porphyrin-anthracene dimer is 
reported.  UHV-STM of this model compound shows that it readily undergoes surface-assisted 
cyclodehydrogenation.  This model compound will be studied by non-contact atomic force 
microscopy in order to prove the complementarity of porphyrins and anthracenes for hybrid 
graphene nanoribbon systems.  
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3.1 Introduction 
As a class of materials with interesting and tunable coordination and optoelectronic properties, 
porphyrins are ubiquitous both in the laboratory and in nature.  The most prolific examples of 
porphyrinic materials are found in chloroplasts used in photosynthesis,81 Heme proteins used to 
bind oxygen in red blood cells,82 and cyanocobalamin (Vitamin B12) for essential metabolic 
functions.83  Increasingly, this important group of molecules is finding a role in nanostructured 
materials84-86 and metal-organic frameworks,87-90 due to their high degree of symmetry and 
rigidity.   
 
The groups of Grill and Hecht produced a 2D network of porphyrins based on aryl halide 
coupling on metal surfaces in STM.91 This groundbreaking work laid the foundation in many 
ways for bottom-up graphene nanoribbon methodology, but additionally, demonstrated the 
ability to incorporate porphyrins into highly ordered networks (Figure 3.1). 	  

 
Figure 3.1 Porphyrin coupling on metal surfaces in STM.  (a) Schematic representation of 
on-surface porphyrin coupling and (b–e) STM images of 2D networks [reproduced from ref. 91]. 
 
In recent years, on-surface porphyrinic architectures have become increasingly sophisticated.  
The Anderson Group synthesized a 12-porphyrin nano-ring using a hexapyridyl template by 
Glaser coupling tetramers of zinc porphyrin.92 Interestingly, this 12-porphyrin nano-ring could 
be sublimed in UHV-STM and visualized despite its considerable size (Figure 3.2).	  
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Figure 3.2 Synthesis (top) and STM images (below) of 12-porphyrin nano-ring [reproduced 
from ref. 92]. 
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Recent synthetic advances in porphyrin chemistry have provided the foundation for hybrid 
porphyrin-GNR systems to be synthesized.  In 2010, the group of Mathias Senge reported Suzuki 
conditions for extremely sterically congested porphyrins, even coupling two porphyrins onto a 
single anthracene.93  The same year, the first fully fused porphyrin-anthracene compound was 
made in solution by the Anderson Group at Oxford (Figure 3.3).94 

 
Figure 3.3 Synthesis and UV/vis absorption of the first example of a fused anthracene-
porphyrin compound [reproduced and modified from ref. 94]. 
 
Cyclized Ni-1 could only be obtained by using the directing oxy-groups on the anthracene rings 
para to the new bond formation sites.  Once fully cyclized, the absorbance maximum was red-
shifted by 1000 nm, indicating that these molecules could be useful for near-IR applications.  
However, this type of cyclization has only been shown in solution, and the synthesis of fused 
porphyrin-anthracene molecules by surface catalysis has yet to be demonstrated.  
 
As electronic devices continue to decrease in size, the synthesis of ordered, quasi one-
dimensional materials has become increasingly urgent.95 Capitalizing on experience in porphyrin 
chemistry as well as expertise in graphene nanoribbon synthesis, a hybrid porphyrin-GNR 
material was envisioned (Figure 3.4).  There are both electronic and geometric advantages to this 
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spectrum of Ni-1 shows a maximum at 1417 nm (optical
HOMO-LUMO gap: 0.87 eV). This peak is extremely sharp (ε )
1.2 × 105 M-1 cm-1; fwhm ) 284 cm-1), reflecting the high
symmetry and rigid geometry of the chromophore. The Q band of
Ni-1 occurs at a longer wavelength than those reported for all other
porphyrin monomers,5b and it is more red-shifted than those of most
conjugated porphyrin oligomers. As expected, Ni-1 has a small
electrochemical HOMO-LUMO gap and is easily oxidized. Square-
wave and cyclic voltammetry were carried out on Ni-5 and Ni-1
in THF with 0.1 M NBu4PF6. Ni-1 shows a first oxidation wave at

-0.44 V and a first reduction at -1.05 V (Eox
1 - Ered

1 ) 0.61 eV;
all potentials relative to internal ferrocene, Fc/Fc+), whereas Ni-5
has the typical electrochemistry of a porphyrin monomer (Eox

1 )
0.61 V; Ered

1 ) -1.81 eV; Eox
1 - Ered

1 ) 2.42 eV).
In conclusion, we have synthesized a fused tetraanthracenylpor-

phyrin, Ni-1, by the oxidation of a meso-anthracenyl porphyrin,
Ni-5, through a reaction first proposed by Yen in 1975.11 The key
to this successful synthesis was the use of bulky aryloxy substituents
to facilitate oxidative ring closure and to hinder formation of
extended aggregates, although these substituents do not prevent the
formation of dimeric aggregates in the solid state. This porphyrin
has an exceptionally small HOMO-LUMO gap (λmax ) 1417 nm;
Eox

1 - Ered
1 ) 0.61 eV). These results suggest that fused tetraan-

thracenylporphyrins may by useful materials for light harvesting
and charge transport in photovoltaic devices.
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G.; Judele, R.; Kapatsina, E.; Sauer, S.; Schrievogel, A.; Tonsoni, M. Angew.
Chem., Int. Ed. 2007, 46, 4832–4887.
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Figure 1. Two orthogonal views of the dimeric arrangement of Ni-1 in
the crystal (hydrogens have been omitted for clarity).

Figure 2. UV-vis-NIR spectra of unfused tetraanthracenylporphyrin Ni-5
(gray) and fused tetraanthracenylporphyrin Ni-1 (black) in toluene.
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approach.  By inserting a porphyrin into a graphene nanoribbon, the electronic structure of the 
GNR can be modified.  Additionally, porphyrins can accommodate many transition metals into 
their central cavity, opening the possibility for metal-doped graphene nanoribbons with 
applications in magnetics, spintronics, and memory.  The geometry of the porphyrin system is 
perfectly complementary to anthracene, allowing for controlled templating of GNRs reminiscent 
of logic-based junctions (Scheme 3.1).   
	  

	  
Figure 3.4 Hybrid GNR-porphyrin design. 
 
A4-porphyrin 10 could be sublimed on Au(111) in UHV-STM with excess DBBA 11 to achieve 
submonolayer coverage (Scheme 3.1).  By heating the surface first to the polymerization 
temperature (~200 °C) and then subsequently to the cyclodehydrogenation temperature (~400 
°C), GNR-porphyrin junctions such as 12 will be studied by STM and STS. 
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Scheme 3.1 Evolution of on-surface synthesized GNRs to templated GNR junctions.  M = Zn, 
Cu, Ni, Co, Fe, Mn, Al.   
 
The work reported in this chapter was conducted in collaboration with Dr. Tomas Marangoni and 
Dr. Danny Haberer of the Fischer Group, and Giang Nguyen, Daniel Rizzo, and Chris Bronner 
of the Crommie Group. 
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3.2 Synthesis of A4-Porphyrins for GNR Junctions 
A4-porphyrin 16 was synthesized in a one-pot approach using 9,10-dibromoanthracene 13 and 2-
formylpyrrole 14 (Scheme 3.2).  After lithiation of 9,10-dibromoanthracene 13, the electrophile 
14 was added to form a bright-yellow intermediate lithium alkoxide 15.  Attempts to isolate this 
species after protonation with ice water or isopropanol proved unsuccessful.  Instead, this 
intermediate was dropped cautiously into boiling propionic acid and refluxed in air.  After 
purification, A4-porphyrin 16 was isolated in 3% yield (Figure 3.5). 

	  
Scheme 3.2 Synthesis of A4-porphyrin 16. 

	  
Figure 3.5 1H NMR of A4-porphyrin 16. 
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The target porphyrin displayed a high-degree of symmetry in 1H NMR, as expected for the 
intended structure.  The characteristic protons for pyrrole were observed as singlets at −1.75 and 
8.1 ppm due to the ring current throughout the porphyrin macrocycle.  
 
The structure of A4-porphyrin 16 was further confirmed by MALDI-HR-MS (Figure 3.6a).  
Importantly, debromination, which would severely inhibit the on-surface junction formation, was 
not observed.  Additionally, the highly complex isotopic pattern of four bromines (Figure 3.6c) 
agreed well with the simulated pattern (Figure 3.6b).	  	  
 

	  
Figure 3.6 (a) MALDI-HR-MS of A4-porphyrin 16 with (b) theoretical and (c) experimental 
isotope patterns. 
 
The UV/vis absorption of A4-porphyrin 16 was recorded at room temperature (Figure 3.7).  The 
spectrum displayed the four peaks of the Q-band (661, 600, 557, 525 nm) and Soret peak (434 
nm) expected for metal-free porphyrins as well as an additional absorption maxima 
corresponding to the bromoanthracene moieties (253 nm).    

a b 

c 
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Figure 3.7 UV/vis of A4-porphyrin 16. 
 
3.3 STM imaging of A4-Porphyrins on Au(111) and Cu(110) 
Before attempting the on-surface formation of porphyrin-GNR junctions, A4-porphyrin 16 was 
metallated with zinc and imaged on Au(111) and Cu(110) (Figure 3.8 and Figure 3.9, 
respectively).  In both cases the surface was annealed to 200 °C before imaging at 13 K.  

 
Figure 3.8 STM images of A4-porphyrin Zn-16 on Au(111) at 13 K. 
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GNR Junctions Using Porphyrin Templates !

STM images of A4–porphyrin on Au(111) at 13 K
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Figure 3.9 STM images of A4-porphyrin Zn-16 on Cu(110) at 13 K. 
 
On Au(111), a mixture of cyclized and uncyclized porphyrins was observed, while on Cu(110), 
only flat, cyclized molecules were seen.  Very few cases of homocoupled porphyrins were 
detected, indicating that the porphyrins have a lower on-surface mobility than their DBBA 
counterparts.  This is a promising result for on-surface porphyrin-GNR junctions, since 
porphyrin-porphyrin coupling would lead to undesired defects in the junction formation.  Current 
experimental efforts include lowering the surface coverage of A4-porphyrin Zn-16 on Au(111) 
in order to obtain the requisite excess of DBBA on the surface.  Once the coverage conditions 
have been optimized, the highly ordered porphyrin-GNR junctions will facilitate the study of the 
rich physics underlying these interesting structures. 
 
3.4 Synthesis of a Model Porphyrin-Anthracene Dimer 
Because of the complexities associated with forming ordered graphene nanoribbon junctions 
from an A4-porphyrin template, a model system was also synthesized (Scheme 3.3).  Since the 
propensity of the on-surface cyclodehydrogenation between porphyrins and anthracene has not 
yet been demonstrated, this approach represents a cogent strategy to ensure the electronic and 
geometric complementarity of these two motifs. 

GNR Junctions Using Porphyrin Templates !

STM images of 14–porphyrin on Cu(110) at 13 K
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Scheme 3.3 Structure and retrosynthetic analysis of the target model compound 17. 
 
The synthetic strategy chosen permitted the disconnection around the bisanthracene unit.  This 
required the synthesis of A3 porphyrin 18 (Scheme 3.4).  First, A2 porphyrin 23 was synthesized 
by Macdonald-type condensation between benzaldehyde 21 and dipyrromethane 22.  This 
approach could be scaled to yield 0.5 g of pure A2 porphyrin 23.  Subsequent SNAr2 reaction 
using phenyl lithium produced an anionic intermediate which, upon quenching with water and 
oxidation with DDQ, furnished A3 porphyrin 25.  

	  
Scheme 3.4 Synthesis of A3 porphyrin 25. 
 
Removal of zinc by treatment with TFA yielded A3 porphyrin 26 and remetallation with nickel 
furnished A3 porphyrin 19 (Scheme 3.5).  Bromination of 19 with NBS and pyridine in the 
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absence of oxygen and water provided A3 porphyrin 18 in 15 min.  This asymmetric porphyrin 
was coupled with boronic ester 27 (Scheme 3.6).  The use of triphenyl arsine was required to 
effect this sterically congested cross-coupling.  After chromatography and recrystallization, 
model system 17 was isolated in pure form (Figure 3.10).    

 
Scheme 3.5 Synthesis of A3 porphyrin 18. 
 

 
Scheme 3.6 Synthesis of model DBBA-porphyrin 17. 
 
The absence of a signal near −1.7 ppm in this 1H NMR spectrum indicated the retention of the 
metal centers.  Also, the structure was confirmed by MALDI-HR-MS (Figure 3.11a) with a 
complex isotope pattern (Figure 3.11c) that agreed well with theory (Figure 3.11b). 
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Figure 3.10 1H NMR of model compound 17. 
 

 
Figure 3.11 (a) MALDI-HR-MS of model compound 17 with (b) theoretical and (c) 
experimental isotope patterns. 
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3.5 STM Imaging of Porphyrin-Anthracene Dimer on Au(111)  
In order to determine the ability of porphyrin-anthracene compounds to undergo surface-assisted 
cyclodehydrogenation, model system 17 was deposited on Au(111) and studied by STM (Figure 
3.12 and Figure 3.13).  Even without annealing, 17 appears to undergo complete 
cyclodehydrogenation.  The height profiles both across (Figure 3.12b) and along (Figure 3.12d) 
the model system show that the compound is less than 2 angstroms tall.  This is consistent with 
the observations made previously for completely cyclized graphene nanoribbons.53  Therefore it 
is the first report of surface-assisted cyclodehydrogenation for hybrid porphyrin-GNR systems. 
 

 
 

 
Figure 3.12 (a,c) STM images and (b,d) associated height profiles of model system 17 on 
Au(111) at 4 K.  
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Figure 3.13 3D-representation of STM image of model system 17 on Au(111) at 4 K. 
 
In conclusion, two new types of anthracene-based porphyrins were synthesized.  In the first case, 
a tetrameric porphyrin containing bromoanthracene was studied in UHV-STM on Au(111) and 
Cu(110).  A low-temperature cyclodehydrogenation was observed on both surfaces, indicating 
that additional optimization of reaction conditions and surface choice are required before 
attempting to form porphyrin-templated GNR junctions.  In the second case, a large model 
system containing bis-anthracene between two A3 porphyrins was synthesized and fully 
characterized.  UHV-STM of this model compound showed that it readily undergoes surface-
assisted cyclodehydrogenation.  The determination of the structure of this cyclized product with 
atomic resolution by non-contact AFM is currently the topic of intense investigation.  
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Chapter 4 
Applications of Graphene Nanoribbons for Energy and 
Electronics  
 
 
 
 
 
 
 
 
 
In this chapter, the concept of solution-based synthesis of graphene nanoribbons is discussed.  
Through the versatility of organic synthesis, a library of doped Chevron-type graphene 
nanoribbons was created.  These differently functionalized GNRs were used to stabilize 
magnesium, gold, and tin oxide nanoparticles in applications of hydrogen storage, carbon 
dioxide reduction, and lithium-ion batteries, respectively.  Using this strategy, structure-function 
relationships were derived that could be related back to the extent of doping in the nanoribbons.  
The results presented in this chapter are highly encouraging for renewable energy applications.  
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4.1 Introduction 
In principle, GNR synthesis can take place on metal surfaces, entirely in solution, or as a 
combination of both approaches (Figure 4.1).  Because of the limitations in scale of the surface-
mediated approach to GNR synthesis, there is an urgent need for solution-based routes to GNRs.  
However, for application purposes, these different synthetic methods should be considered 
complementary rather than competitive.  The solution-based route is especially attractive for 
energy applications given its scalability and the low cost of ferric chloride used in the 
cyclodehydrogenation reaction.     
 

 
Figure 4.1 Overview of bottom-up routes to graphene nanoribbons. 
 
Most prominently in the field of solution-based GNR synthesis, the Sinitskii Group pioneered the 
synthesis of chevron GNRs,72 based on established chemistry from the Müllen Group.96 In this 
approach, a hexabenzocoronene (HBC) type monomer was synthesized and subjected to 
Yamamoto polymerization and cyclodehydrogenation with ferric chloride (Figure 4.2).  This 
family of GNRs was predicted to have a band gap of 1.57 eV based on DFT-LDA calculations.  
Therefore it is highly similar in terms of semiconducting behavior to the n = 7 armchair GNRs 
discussed previously, but has the advantages of facile doping through chemical synthesis in 
tandem with gram-scale synthesis in solution.  
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Figure 4.2 (a) Unit cell used to calculate the (b) band structure of this Chevron GNR.  (c) 
Synthesis of Chevron GNRs [reproduced from ref. 72]. 
 
This established a new chemical methodology of GNR synthesis in solution, but still leaves 
much to be desired in terms of doping and solution processability.  Additionally, these materials 
have not been utilized in any application that demonstrates their utility and justifies their 
synthesis.  To this end, a library of Chevron GNRs was synthesized and utilized in transistor, Li-
ion battery, hydrogen storage, and carbon dioxide reduction applications.  The work reported in 
this chapter was conducted in collaboration with Dr. Tomas Marangoni and Cameron Rogers of 
the Fischer Group, Dr. Eun-Seon Cho of the Urban Group, Juan Pablo Llinás of the Bokor 
Group, Dr. Zhi Cao of the Chang Group, and Dr. Abhinav Gaikwad of the Arias Group.  
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4.2 Synthesis and Characterization of Doped Chevron GNRs 
Following the general synthetic scheme outlined below (Scheme 4.1 and Scheme 4.2), three 
different Chevron GNRs were synthesized with varying amounts of nitrogen dopants.	  

 
Scheme 4.1 Synthesis of nitrogen-doped Chevron GNR monomers. 
 
Commercially available phenanthrenequinone 28 was subjected to electrophilic bromination with 
NBS in sulfuric acid.  Importantly, 29 can be recrystallized from DMSO eliminating traces of the 
monobromo side product which would limit molecular weights of the desired polymer.  Double 
Knoevenagel condensation of 31 with diphenyl acetone 30 yielded 31, which can be reacted with 
symmetrical tolanes 32a–c to give monomers 33a–c.  The structures of monomers 33a and 33b 
were proven unambiguously by X-ray diffraction of single crystals (Figure 4.3).  	  

 
Scheme 4.2 Synthesis of nitrogen-doped Chevron GNRs. 
 
Monomers 33a–c were subjected to Yamamoto polymerization using Ni catalysis to yield 
polymers 34a–c, which were isolated by precipitation and filtration.  Scholl oxidation with ferric 
chloride yielded GNRs 35a–c. 
 
To complete the library of materials (Scheme 4.4) for applications in transistors, Li-ion batteries, 
hydrogen storage, and carbon dioxide reduction, ketone-doped GNR 44 was also synthesized 
(Scheme 4.3).  Cyclization of commercially available diphenic acid 36 gave fluorenone 37 with 
the appropriate substitution pattern.  Conversion into ester 38 and subsequent reduction with 
RED-Al yielded benzyl alcohol 39 without concomitant reduction of the ketone.   Oxidation with 
PCC produced aldehyde 40 and Seyferth-Gilbert homologation furnished target alkyne 41 in 
excellent yield.  Cycloaddition with cyclopentadieneone 31 and fluorenone 41 yielded monomer 
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42.  Ni-mediated polymerization of 42 produced polymer 43, which could be cyclized with ferric 
chloride to provide CO-GNR 44. 
 

 
 

 
Figure 4.3 X-ray crystal structures of monomers (a) 33a and (b) 33c. 

a 

b 
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Scheme 4.3. Synthesis of ketone-doped Chevron GNR. 
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Scheme 4.4 Library of Chevron GNRs synthesized with band gaps calculated using the 
Quantum Espresso software package at the DFT-LDA level. 
 
This library of GNRs was characterized by Raman spectroscopy, solid-state 13C NMR, TGA, 
ICP, XPS, and AFM. Characterization of representative GNR samples is provided to 
demonstrate the effectiveness of this bottom-up synthetic approach (Figures 4.4–4.8).   
 
The high quality Raman spectrum typical of these GNRs (Figure 4.3) is indicative of the 
structural integrity of graphene nanoribbons after Scholl oxidation.72 This spectrum exhibits the 
characteristic D and G-peaks associated with GNRs.  The D, or “defect” peak near 1300 cm-1, 
which is not present in single layer graphene, is attributed to the edge C-H vibrations of the 
GNRs.  The G, or “graphene” peak near 1600 cm-1, is characterized by the sharpness of the peak 
as well as the ratio of D to G peaks.  Additionally, the presence of 2D, D + G, and 2G overtones 
from ~2700 – 3200 cm-1 is a good indication of the sample quality.  The presence of a radial 
breathing-like mode at 250 cm-1 suggests that, similar to carbon nanotubes, bottom-up GNRs are 
long enough to display longitudinal breathing along the ribbon axis.	  
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Figure 4.4 Raman spectrum of 4N-GNR 35c 
 
While the all-carbon and nitrogen containing GNRs exhibited essentially identical Raman 
spectra, CO-GNR 44 presented a much greater D / G peak ratio (Figure 4.5).  Since the D-peak is 
associated with the edge structure, this could be explained by the presence of the ketone 
functional group along the edge of the graphene nanoribbon. 

	  
Figure 4.5 Comparison of Raman spectra for nitrogen-doped and ketone-doped GNRs. 
 
GNRs are insoluble in all organic solvents, so 4N-GNR 35c was studied by 13C solid-state NMR 
(Figure 4.6).  Consistent with the proposed structure of 4N-GNR 35c, only one carbon peak was 
observed.  This broad peak at 130 ppm suggests the presence of aromatic carbon, proving that all 
of the carbons in the material are sp2 hybridized.  The peaks observed at 210 and 30 ppm are 
equidistant from the broad aromatic signal, and are assigned as side spinning bands commonly 
detected in solid-state NMR.  
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Figure 4.6 Solid-State 13C NMR of 4N-GNR 35c.  
 
In order to quantify trace amounts of iron and nickel remaining in the GNR after Scholl 
oxidation and Yamamoto polymerization, 4N-GNR 35c was subjected to Thermogravimetric 
Analysis (Figure 4.7).  This GNR was stable up to 475 °C in air and rapidly decomposes after 
this temperature.  The residual mass of 2.07% was assigned to trace metals trapped within GNR 
aggregates that could not be removed by repeated cycles of sonication and filtration in 1M HCl 
(aq.), water, THF, and acetone.  This value agreed well with Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES), which provided 2.21% + 0.04% (g/g) Fe and 0.17% + 0.01% 
(g/g) Ni content, for an overall GNR purity of 97.6% (g/g). 	  

 
Figure 4.7 TGA in air of 4N-GNR 35c.  
 
X-ray Photoelectron Spectroscopy (XPS) on SiO2 was used to quantify the overall nitrogen 
content within the GNR (Figure 4.8).  As expected, C 1s, C 2p, N 1s, and N 2p electrons were 

Doped Chevron GNRs!

Figure 2.  TGA in air of N-doped GNR.  2.07% weight remaining corresponds to residual metals

Figure 3.  ICP-OES analysis of N-doped GNR shows agreement with TGA 

ICP-OES analysis of trace metals
Fe: 2.21 % + 0.04% (g/g)
Ni:  0.17% + 0.01% (g/g)

Overall GNR purity: 97.62% (g/g)

With Tomas
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detected by this method.  Additionally, a small amount of Cl 2p was observed, indicating that 
undesired chlorination of the GNR occurred during the reaction with ferric chloride.  By 
integrating the carbon and nitrogen 1s peaks, a C:N ratio of 89.7 : 9.7 was obtained.  This value 
was in excellent agreement with the expected C:N ratio of 90.48 : 9.52 based on the monomer 
structure.  The iron content detected by this technique relative to carbon was 6 ppm.  This 
demonstrated that the design of the molecular precursor can indeed determine the final GNR 
structure, and that this GNR can be obtained in high purity.  	  
 

 
Figure 4.8 XPS survey of 4N-GNR 35c.  Inset shows detailed analyses of C, N, and Fe. 
 
4.3. Scanning Probe Microscopy Investigation of Solution-Processed GNRs 
Having verified the high degree of structural integrity and purity, Atomic Force Microscopy was 
employed to visualize the length distribution and morphology of bottom-up GNRs (Figure 4.9 – 
4.11).  After sonication of a 15µg per mL solution of GNRs in THF, the samples were dropcast 
on freshly cleaved mica and visualized by AFM.  At the 5 micron scale, very large aggregates of 
GNRs were seen in both topography and amplitude (Figure 4.9a–c).  Much smaller bundles were 
observed in the amplitude image at this length scale.  Upon closer inspection, this bundle, which 
has a height of 3 nm and length of ~500 nm, consists of several GNRs.  Higher resolution of this 
bundle reveals a single GNR extending from the end of the bundle (Figure 4.9g).  The height of 
this GNR is 3.4 angstroms, which is consistent with the Van der Waals diameter of a single 
carbon atom.  In an attempt to remove aggregates of GNRs, the dispersion was centrifuged prior 
to dropcasting and subsequently studied by AFM (Figure 4.10).  This approach removed GNR 
bundles and single GNRs were easily visualized.    
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Figure 4.9 AFM of 4N-GNR 35c.  Topography images reveal micron-sized aggregates of 
GNRs (a,b).  Very small bundles of several GNRs are visible in the amplitude of the same image 
(c).  Rescanning the region shown with a blue box in (c) provides a clear view of the GNR 
bundles both in topography (d) and amplitude (e).  Height profiles (f) measured along a GNR 
bundle in (d) demonstrates the majority of the structure is 3.5 nm tall.  Rescanning the area 
indicated by the yellow box in (d) shows the topography of an isolated GNR (g) extending from 
the end of the bundle.  3D-representation (h) and a height profile measurement (i) across this 
structure in (g) prove that the height is consistent with a single, isolated GNR. 
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Figure 4.10 AFM at two different locations (a–c, d–f) of 4N-GNR 35c after centrifugation and 
dropcasting on mica.  Topography (a, d) and corresponding height profiles (c, f), along with 
phase (b, e) images, confirm the presence of single, isolated GNRs.  
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Because of the high degree of hydrophobicity and flexibility of graphene nanoribbons, they tend 
to interact more strongly with each other, rather than with polar surfaces.  For this reason, GNRs 
on exfoliated boron nitride on silicon were studied by AFM (Figure 4.11).  On BN, the GNRs 
form highly interconnected networks with bundles containing 1 – 10 nanoribbons.  This 
demonstrates the importance of developing appropriate processing conditions in view of the goal 
to use GNRs for energy and electronics applications.  

 
Figure 4.11 AFM topography images (a, b) of C-GNR 35a on boron-nitride.  The inset in (b) 
contains the height profile showing that the GNR bundles are 7 nm tall.  
 
GNRs were also visualized by SEM on SiO2 with pre-patterned contact pads (Figure 4.12).   

 
Figure 4.12 Scanning Electron Microscope (SEM) image of C-GNR 35a with contact pads. 

a b 
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At this length scale, nanoscale bundles of C-GNR 35a self-assemble to form “wires” of 
nanoribbons that can be visualized by SEM.  The “wires” of graphene nanoribbons are in the 
range of 200 nm wide by 30 microns long.  Since an individual GNR is expected to have 
dimensions of 1 nm by 200 nm, this means that several hundred nanoribbons assemble together 
to form wires.  
 
With the goal of measuring the electrical behavior of single GNR wires, FETs devices were 
created from this sample (Figure 4.13).  Transistors with a 2-micron pitch were fabricated by e-
beam lithography and SEM clearly showed GNR wires spanning the source-drain gap.  
Unfortunately, no devices to date have demonstrated a measureable turn-on current.  One 
hypothesis for this observation is that the work function of Pt (5.64 eV) is not well aligned to the 
valence or conduction band of C-GNR 35a.97    

 
Figure 4.13 Attempted FET device fabrication of C-GNR 35a.	  
 
4.4 Hydrogen Storage Using GNR-Mg0 Nanoparticle Hybrid Materials 
The use of hydrogen as a fuel has tremendous potential in a clean energy future.  However, the 
inability to store this high energy fuel (142 MJ kg-1) using mild temperatures and pressures has 
so far limited its utility in energy applications.98  Nanostructured magnesium hydride is one of 
the most promising candidates for reversible H2 storage (7.6 % H2 by mass), but Mg0 tends to 
immediately oxidize in air.99  In order to overcome this problem, in a collaborative effort with 
the group of Dr. Jeff Urban at Lawrence Berkeley National Laboratory (LBNL), a novel class of 
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Mg0 nanoparticle / GNR hybrid materials was synthesized.  Stabilization of Mg0 nanoparticles 
with GNRs was achieved and this material showed a remarkably high tolerance to atmospheric 
oxygen and an improved H2 capacity (up to 7.2 % H2 by mass) compared to isolated 
Mg0 nanoparticles. This result is very near the DOE ultimate goal for H2 storage and 
consequently warrants further investigation (Figure 4.14).100 

 

	  

 
 
Figure 4.14 Summary of hydrogen storage technologies [modified from ref. 100].  The oval 
marked, “Fischer / Urban”, gives the range of the hybrid materials synthesized in this 
collaboration and described in this chapter. 
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The composite material was synthesized in situ by reduction of Mg(cp)2 with Li naphthalenide in 
the presence of GNRs 35a–c and 44 (Scheme 4.5).   After isolation by centrifugation, the air-
stable composite materials were subjected to characterization by XPS (Figures 4.15 and 4.16), 
TEM (Figure 4.17), XRD (Figure 4.18), Raman spectroscopy (Figure 4.19), SEM (Figures 4.20), 
and hydrogen absorption / desorption cycling (Figures 4.21 – 4.25).	  

 
Scheme 4.5 Synthesis of hybrid GNR-Mg0 materials. 
 
The XPS survey shows the presence of Mg 1s, 2s, and 2p electrons in the material after synthesis 
(Figure 4.15).  Closer inspection of the carbon edge of 4N-GNR 35c before synthesis of the 
hybrid material reveals the presence of C-C, C-N, and a small amount of C-O bonds (Figure 
4.16).  After hybrid material synthesis, a new π-π* bond is observed.  It is hypothesized that this 
new interaction between 4N-GNR 35c and Mg0 nanoparticles is responsible for the oxygen 
stability imparted to these hybrid materials. 
	  

 
Figure 4.15 XPS survey of (a) 4N-GNR 35c and (b) 4N-GNR / Mg0 45c. 
 

C-GNR
(35a)

+ Mg(Cp)2
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Figure 4.16  XPS analysis of C 1s region (a) before and (b) after hybrid material synthesis. 

a 

b 
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Figure 4.17 TEM of CO-GNR 44 / Mg0 hybrid.  The magnification is increased from (a) to (b) 
to (c).  Scale bars are 30, 10, and 5 nm, respectively.    
 
TEM analysis of CO-GNR 44 / Mg0 hybrid material showed nanostructuration over multiple 
length scales (Figure 4.17).  Over hundreds of nanometers, the material appeared as a sheet 
containing dark spots that were attributed to magnesium nanoparticles (Figure 4.17a).  Upon 
closer inspection, the sheets contained arrays of oriented stripes, which were thought to consist 
of oriented GNRs (Figure 4.17b).  At high magnification, dark spots attributed to Mg0 
nanoparticles are observed that can be as small as 4 nm (Figure 4.17c).  The hierarchical 
structure of this hybrid material over multiple lengths scales is considered a great advantage in 
terms of stability and surface area enhancements and is a contributing factor to the success of this 
material in reversible hydrogen storage. 
 
 

Figure 1. a. GNR structure and Cartoon of composite, b. TEM and XRD.  

TEM will be added.

Figure 1. a. GNR structure and Cartoon of composite, b. TEM and XRD.  

TEM will be added.

Figure 1. a. GNR structure and Cartoon of composite, b. TEM and XRD.  

TEM will be added.
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Figure 4.18 Powder XRD of 4N-GNR 35c / Mg0 hybrid material showing the (a) long-term air 
stability and (b) reversibility of hydrogen absorption and desorption for this material. 	  

Figure 1. a. GNR structure and Cartoon of composite, b. TEM and XRD.  

* Same as other samples, keep tracking.

After synthesis

After 6 months
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Figure 2. a. Hydrogen abs & des, b. cycling test, c. XRD after hydride and cycled  
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After H2
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After H2 cycle
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Figure 4.19 Raman spectroscopy of 4N-GNR 35c and 4N-GNR 35c / Mg0 hybrid material. 
 
Because of the intended application of hydrogen storage in fuel-cell vehicles, reversibility of 
absorption / desorption cycles in tandem with extreme air stability are paramount requirements 
for any useful technology in this field.  Therefore, a series of XRD experiments was performed 
on hybrid GNR-Mg NPs.  After synthesis of composite material 4N-GNR 35c / Mg0, there are no 
traces of MgO or Mg(OH)2 species.  Even after 6 months of exposure to ambient conditions, 
there are no traces of magnesium oxides (Figure 4.18a).  After exposure to hydrogen at 15 bar 
and 250 °C for 3 hours, Mg0 peaks had nearly vanished and been replaced by peaks matching the 
simulated pattern of MgH2.  After heating this material at 300 °C for 3 hours without an 
overpressure of hydrogen, the XRD patterns shows the nearly quantitative return to Mg0 species 
(Figure 4.18b).  Likewise, Raman spectroscopy shows that the GNRs remain undamaged 
throughout this process (Figure 4.19).  This is a strong indication that hybrid GNR- Mg0 NPs can 
be considered a promising platform for reversible hydrogen storage. 
 
SEM images of hybrid GNR-Mg0 NPs show a highly porous, somewhat amorphous structure 
(Figure 4.20).  2N-GNR 35b / Mg0 is the most amorphous and least porous of the series, which 
could explain its lower performance. 	  

GNR

GNR-Mg

GNR-Mg 
after H2 cycle

Figure S6. Raman for all GNR-Mg
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Figure 4.20 SEM images of (a) CO-GNR 44 / Mg0 hybrid, (b) C-GNR 35a / Mg0 hybrid, (c) 
2N-GNR 35b / Mg0 hybrid, and (d) 4N-GNR 35c / Mg0 hybrid materials.	  
 
Hydrogen absorption experiments with hybrid materials at 15 bar H2 and various temperatures 
over 3 hours demonstrate a remarkable propensity for hydrogen uptake, exceeding 7 wt % in 
many cases (Figure 4.21).  At 200 °C (Figure 4.21a), there is a very clear difference in the 
kinetics of hydrogen absorption for differently functionalized hybrid materials.  Hybrid materials 
containing 4N-GNR 35c or CO-GNR 44 absorb hydrogen faster than their C-GNR 35a or 2N-
GNR 35b counterparts.  There is also a difference in the magnitude of hydrogen absorption 
between the hybrid materials at this temperature.  At 225 °C (Figure 4.21b), hybrid material 
containing C-GNR 35a has the slowest absorption kinetics, while the other three hybrid materials 
perform similarly in terms of kinetics and absorption magnitude. At 250 °C (Figure 4.21c), all 

a b 

c d 
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hybrid materials display nearly identical kinetics and capacity, with the materials almost fully 
loaded within 30 minutes.  

   	  

	  

 
Figure 4.21 Hydrogen absorption experiments of GNR / Mg0 hybrid materials at 15 bar H2 
and 200 °C (a), 225 °C (b), and 250 °C (c).	  
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Figure 4.22 Hydrogen absorption experiments of GNR / Mg0 hybrid materials at 15 bar H2 
and 250 °C over 15 minutes. 
 
To examine the differences between these hybrid materials, hydrogen absorption was measured 
at 15 bar H2 and 250 °C over just 15 minutes (Figure 4.22).  Within this short period of time, 
hybrid material composed of 4N-GNR 35c demonstrated the best kinetics and a capacity of over 
6.5 wt% H2.  This makes it a potential candidate for commercial applications in hydrogen fuel 
cell vehicles.  CO-GNR 44 hybrid material displayed the second best kinetics and capacity, while 
C-GNR 35a and 2N-GNR 35b hybrid materials were practically identical under these conditions. 
 
The trends for hydrogen desorption are shown in Figure 4.23.  As before, CO-GNR 44 and 4N-
GNR 35c hybrid materials possess the fastest kinetics for hydrogen release. However, C-GNR 
35a unloads hydrogen faster than 2N-GNR 35b.  At high temperatures (350 °C), all hybrid 
materials are essentially identical and completely unloaded in 15 minutes. 
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Figure 4.23 Hydrogen desorption experiments of GNR / Mg0 hybrid materials at 0 bar H2 and 
300 °C (a), 325 °C (b), and 350 °C (c). 
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The performance of each GNR-Mg hybrid material is summarized in Table 4.1.  CO-GNR 44 / 
Mg0, which absorbs the most hydrogen on a weight basis, has the lowest absorption activation 
energy.  In terms of lowering the activation energy required to desorb hydrogen, 4N-GNR 35c /  
Mg0 and 2N-GNR 35b / Mg0 have the lowest activation energies, respectively.  At almost 40 kJ / 
mol lower in energy than their non-doped counterparts, it would seem that doping with nitrogen 
substantially lowers the activation barrier to hydrogen release, while ketone doping lowers the 
activation barrier to hydrogen uptake.  These kinds of structure-function relationships will help 
drive the rational design of novel hybrid organic-inorganic future systems for hydrogen storage. 
  

Hybrid material H2 
Absorption 

(wt.%) 

H2 
Desorption 

(wt.%) 

Absorption 
Activation 

Energy 
(kJ/mol) 

Desorption 
Activation 

Energy 
(kJ/mol) 

CO-GNR 44 / Mg0 7.2894 −7.0084 85.3 197.5 
4N-GNR 35c /  Mg0 7.2777 −6.7985 90.4 181.4 
2N-GNR 35b / Mg0 7.1546 −6.9135 91.5 186.8 
C-GNR 35a / Mg0 7.1022 −6.7252 91.8 220.2 

Table 4.1 Summary of hydrogen storage results in hybrid GNR-Mg0 materials. 
 
An important consideration in these experiments is whether or not the GNRs themselves can 
store and release appreciable quantities of hydrogen.  Given the high surface area of these 
materials, it is not unreasonable to assume hydrogen store in the GNR itself to take place through 
a physical adsorption mechanism.  However, under identical conditions to the previous 
experiments (15 bar H2, 200 °C), the GNRs adsorb less than 0.1 wt.% H2 (Figure 4.24).   

 
Figure 4.24 Hydrogen absorption (red) and desorption (black) for 4N-GNR 35c. 
 
 
 

Figure S2. Hydrogen absorption for only GNR
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Another important control experiment consists of comparing bottom-up GNRs with other forms 
of graphene (Figure 4.25).  Under identical conditions, bottom-up GNRs outperform reduced 
graphene oxide-Mg0 hybrid materials in terms of capacity and reversibility.  Reduced graphene 
oxide does have an advantage in terms of increased kinetics for both absorption and desorption.  
This is presumably due to the fact that reduced graphene oxide contains considerably more 
defects through which hydrogen can easily escape compared with atomically-precise GNRs.   

	  

 
Figure 4.25  Comparison of hybrid 4N-GNR 35c / Mg0 to hybrid reduced graphene oxide / Mg0 
absorption (a) at 15 bar H2 and 200 °C and desorption (b) at 0 bar H2 and 300 °C. 
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4.5 CO2 Reduction Using GNR-Au(111) Nanoparticle Hybrid Materials 
The rapid increase in atmospheric greenhouse gases, in particular carbon dioxide, over the last 
century represents one of the most existential threats to society.  As such, there is substantial 
scientific interest in reducing carbon dioxide into useful chemical intermediates that can be used 
either as feedstock chemicals or as fuel.  The reduction of carbon dioxide requires either an 
excessive energy input (which likely negates the benefits of CO2 reduction) or an exceptional 
catalyst.101  Homogeneous catalysts for CO2 reduction based on iridium102,103 and manganese104 
have gained increased attention in recent years, but these systems suffer from relatively high 
overpotentials.  Nanostructured catalysts, on the other hand, tend to lower overpotentials but 
suffer from low stability and lack of selectivity for CO2 reduction over water splitting.  Recent 
reports of nanostructured Au,105-110 Cu,111-113 Sn,114 Bi,115 and Pd89 herald very encouraging 
progress in this area.  Since graphene nanoribbons have an exceptionally high surface area and 
exhibit excellent charge carrier mobility, hybrid systems based on GNR-Au nanoparticles were 
synthesized.     
 
TEM images of Au nanoparticles (Figure 4.26) and hybrid GNR-Au NP materials (Figure 4.27) 
show a high degree of monodispersity.  The outline of a GNR in the hybrid material appears to 
show the nanoparticles being enveloped in a kind of protective shell. 

 
Figure 4.26 Transmission Electron Micrograph of Au nanoparticles used in this study.	  
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Figure 4.27 Transmission Electron Micrograph of 2N-GNR 35b / Au nanoparticles. 
 
By stripping away the ligand sphere of gold nanoparticles through an annealing process in air, 
and replacing them with GNRs, a new type of hybrid material was created.  The hybrid material 
was dropcast onto conductive carbon paper and used as an electrode for the electrochemical 
reduction of CO2.  In addition to added stability, this has the dual advantage of increasing the 
catalytic surface area of the gold nanoparticles while simultaneously delivering more current via 
the conductive GNR matrix.  While many combinations of doped GNR-Au nanoparticles were 
tested, most had either a low current output or a significant amount of undesired water splitting 
behavior.  The most promising material tested consists of the 2N-GNR 35b / Au nanoparticle 
hybrid.  The Faraday efficiency and current output of this material in the electrochemical 
reduction of carbon dioxide to carbon monoxide, compared with a carbon black / Au NP hybrid 
control electrode are shown (Figure 4.28).  The GNR hybrid material (Au-2NGNR) had double 
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the Faraday efficiency compared with the carbon black control (Au-C).  At low overpotentials  
(−0.35 V), the current output is approximately the same for both materials.  However, at modest 
overpotentials (−0.7 V), the bottom-up GNR hybrid material exhibits roughly three times the 
current output of the carbon black hybrid control electrode. 
 

  
Figure 4.28 Electrochemical reduction of carbon dioxide using 2N-GNR 35b / Au 
nanoparticle (Au-2NGNR) and a carbon black / Au nanoparticle (Au-C) control.  Both Faraday 
efficiency with respect to CO production (a) and current (b) favor the GNR hybrid material. 
 
This is a highly promising result that warrants further investigation, given the importance of 
carbon dioxide reduction in the coming decades. 
 
4.6   Li-Ion Batteries Using GNR-SnO2 Nanoparticle Hybrid Materials 
Along with the rise of many new clean energy technologies comes an increasing dependence on 
storing that energy in the form of batteries.  Li-ion batteries have emerged as the dominant type 
of commercial battery, but the most common anode material, graphite, has a theoretical specific 
capacity of only 372 mAh / g.116 While silicon anodes have the highest known theoretical 
specific capacity of 4,200 mAh / g, serious problems remain in terms of reversible battery 
operation and scalable materials synthesis.117 Therefore there is an intensive search for high 
capacity, low-cost anode materials for Li-ion batteries, with much room for improvement.  Metal 
oxide nanoparticles, such as tin, manganese and iron, have high theoretical specific capacities, 
but the large volume expansion these particles experience upon lithium intercalation results in 
degradation of the nanoparticles and subsequently poor reversibility of battery operation.118  In 
recent years, great progress has been made using top-down approaches to graphene nanoribbon 
synthesis in order to stabilize metal oxide nanoparticles.119-121  However, because of the nascent 
arrival of solution-based graphene nanoribbon synthesis, there are currently no examples of 
bottom-up GNRs stabilizing metal oxide nanoparticles for Li-ion batteries.  Because the surface 
area of bottom-up GNRs is much more accessible than bulk graphene, by virtue of their 1–2 nm 
width, it was theorized that these GNRs could impart even greater stability to metal oxide 
nanoparticles while increasing Li-ion diffusion to the anode.  To test this hypothesis, hybrid 
materials based on C-GNR 35a / SnO2 nanoparticles were synthesized (Scheme 4.6) and 
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subjected to characterization by Raman (Figure 4.29), XRD (Figure 4.30), and cyclic 
voltammetry (Figure 4.31).   

 
Scheme 4.6 Synthesis of hybrid C-GNR 35a / SnO2 nanoparticles. 
 
 

 
Figure 4.29 Raman spectrum of hybrid C-GNR 35a / SnO2 nanoparticles after annealing in air 
at 350 °C. 
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Figure 4.30 Powder XRD of hybrid C-GNR 35a / SnO2 nanoparticles after annealing in air at 
350 °C. 
 
After being synthesized and isolated by centrifugation, hybrid C-GNR 35a / SnO2 nanoparticles  
were annealed in air at 350 °C for 2 h.  After annealing, Raman spectroscopy proved that the 
resulting GNR was still high quality and defect free.  Powder XRD showed that the SnO2 
nanoparticles adopted a body-centered tetragonal unit cell.  Using the Scherrer equation, the 
average particle sizes were estimated to be 7 nm.  A small-angle peak that was not predicted for 
SnO2 was attributed to short-range order due to π- π stacking in GNRs. 
 
In order to better understand the electrochemistry of this hybrid material, cyclic voltammetry 
experiments were conducted using electrodes created on copper foil (Figure 4.31).  The first peak 
of the first scan (0.7 V) is attributed to the formation of the solid electrolyte interphase.  In 
subsequent scans, this peak is shifted to 0.9 V and represents the decomposition from SnO2 to 
Sn.122  The next peak at 0.1 V corresponds to the alloying process of metallic Sn to create various  
SnLix species.123  This peak decreases markedly in subsequent scans, indicating the lack of 
reversibility in this device due to the large volume change associated with the alloying process.  
During the reverse anodic sweep, the dealloying reaction increases in subsequent cycles.  The 
last peak at 1.3 V corresponds to the reformation of SnO2.  
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Figure 4.31 Cyclic voltammetry of hybrid C-GNR 35a / SnO2 nanoparticles anode in LiPF6 
(1M in 1:1:1 ethylene carbonate: dimethyl carbonate: diethyl carbonate) showing scans 1 (black), 
2 (green), and 3 (red) at 0.2 mV / sec. 
 
The batteries were sealed in flexible pouch-type cells and tested using galvanostatic cycling 
(Figure 4.32).  Below 1.9 V, the cells are highly reversible.  Beyond this voltage, there are 
detrimental side reactions that decrease the reversibility in subsequent cycles.  Although 
optimization of this architecture is ongoing, the demonstrated capacity of 740 mAh / g (Figure 
4.32) is a significant improvement over commercial Li-ion batteries.  
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Figure 4.32 Galvanostatic cycling of C-GNR 35a / SnO2 nanoparticles battery in LiPF6 (1M in 
1:1:1 ethylene carbonate: dimethyl carbonate: diethyl carbonate). 
 
 
In conclusion, the powerful methodology developed in this chapter for synthesizing doped 
graphene nanoribbons with precisely controlled dopant concentrations and locations enabled the 
production of grams of GNRs from solution-based synthesis.  These GNRs were used to stabilize 
Mg, Au, and SnO2 nanoparticles for hydrogen storage, carbon dioxide reduction, and Li-ion 
battery applications, respectively.  The highly promising results from this section for renewable 
energy applications can be attributed to the excellent conductivity in GNRs, as well as the highly 
accessible surface area of ~1 nm strips of graphene.  Further investigation of these hybrid 
systems is warranted in order to maximize the potential of GNRs for energy applications.
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Chapter 5 
GNR Polymer Precursors from Ring-Opening Alkyne 
Metathesis Polymerization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conjugated polymers are an increasingly important class of materials, both for organic 
electronics applications, but also as precursors for GNRs. In this chapter, the controlled 
polymerization of strained diynes is reported using homogeneous molybdenum catalysts.  The 
resulting conjugated polymers were isolated in either cyclic or linear form with complete 
selectivity depending on the catalyst employed.  Carbon-13 labeling of diyne monomers enabled 
the observation of a rare metallocyclobutadiene intermediate and provided mechanistic insight 
into the polymerization process. This new strategy provides a controlled route to promising new 
materials for applications in light-emitting diodes, photovoltaics, field-effect transistors, and as 
precursors to graphene nanoribbons. 
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5.1 Introduction	  
The controlled synthesis of conjugated polymers has attracted significant scientific interest 
because of their applications in flexible electronic devices such as organic photovoltaics 
(OPVs),124-125 organic light-emitting diodes (OLEDs),126-127 and field-effect transistors   
(FETs).128-130  Among this class of materials, poly(phenylene ethynylene) has achieved 
exceptional success in organic electronics applications (Scheme 5.1).131-133  

 
Scheme 5.1 Overview of the three possible substitutions in poly(phenylene ethynylene). 
 
Poly(o-phenylene ethynylene) has been synthesized by alkyne cross-metathesis134 and 
Sonogashira cross-coupling.135 Alkyne cross-metathesis is based on a step-growth 
polymerization mechanism that relies on random cross-metathesis events. This results in 
polymers with a large polydispersity in molecular weight.  Sonogashira cross-coupling 
polymerizations are inevitably contaminated with Glaser-coupling side products.  Furthermore, 
oxidative addition of Pd0 species into ortho-substituted aryl bromides is not efficient due to steric 
crowding, which limits the molecular weights achievable by this method.136 The lack of robust 
synthetic methods for poly(o-phenylene ethynylene), despite its many interesting properties, 
implies that there is a pressing need for a better synthesis of this polymer.137-141 
 
An improved synthesis of poly(o-phenylene ethynylene) would also facilitate its use as a 
precursor to graphene nanoribbons.  Retrosynthetic analysis of this proposal is provided in 
Scheme 5.2.  The cyclodehydrogenation of poly(o-phenylene naphthalene) can be effected either 
by Scholl oxidation in solution or by on-surface catalysis.  Poly(o-phenylene naphthalene) can 
not be synthesized directly,  so the polymer was obtained by benzannulation of the alkynes in the 
precursor poly(o-phenylene ethynylene).   

    
Scheme 5.2 Retrosynthetic analysis of n=8 armchair GNRs from poly(o-phenylene 
ethynylene).   
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In recent years, Ring-Opening Alkyne Metathesis Polymerization (ROAMP) has emerged as a 
promising methodology to create alkyne containing polymers (Scheme 5.3).142,143 This 
polymerization is advantageous because the catalyst remains bound to the end of the growing 
polymer chain, allowing for low polydispersity in molecular weight and synthesis of block 
copolymers.144 To date, only non-conjugated polymers have been prepared by ROAMP.  Fully-
conjugated diynes such as 51 would result in poly(o-phenylene ethynylene) after ROAMP. 

 
Scheme 5.3 Seminal example of ROAMP using non-conjugated strained alkynes. Reaction 
conditions: a) [(tBuO)3WCtBu], toluene, 24 °C, or [(N(tBu)Ar)3MoCCH2CH3] (Ar = 3,5-
dimethylbenzene), alcohol/phenol, toluene, 24 °C  [reproduced from ref. 142]. 
 
Therefore ROAMP using conjugated monomers was developed as a route to precisely controlled 
polymer architectures that could serve as precursors to GNRs.  The work reported in this chapter 
was conducted in collaboration with Donatela Bellone and Stephen von Kugelgen of the Fischer 
Group. 
 
5.2.  Synthesis of Strained Alkyne Monomers 
Following the general strategy outlined by the Otera Group, a library of strained alkyne 
monomers was synthesized.145 Wittig-Horner dimerization of 48 initially formed a mixture of 
alkenes 49-E and 49-Z (Scheme 5.4).  

 
Scheme 5.4 Synthesis of strained diyne monomer 51. 
 

reflected in a characteristic downfield shift (Dd! 20 ppm) of
the alkyne carbon resonances in the 13C NMR spectrum with
respect to unstrained diphenylacetylene.

Figure 1 depicts the DFT (B3LYP 6-311G**) calculated
frontier orbitals of 1a.[6] The HOMO on the strained alkyne is
localized in the p system conjugated to the adjacent phenyl
rings. The p orbital distorted by the ring strain (HOMO"1)
lies in the plane of the aromatic rings and is efficiently
shielded by two neighboring protons. We conclude that an
electron-deficient metathesis catalyst is likely to approach the
strained alkyne perpendicular to the extended aromatic p
system, thus activating the electronically as well as sterically
most favorable p bond of the alkyne (HOMO).

We initially studied the alkyne ROMP of 1a–c using the
commercially available tungsten-based Schrock!s metathesis
catalyst. Adding [(tBuO)3W#CtBu] to a solution of 1 a–c in
toluene at 24 8C leads to an instantaneous polymerization to
give 6a–c (Scheme 2) in essentially quantitative yields. The

monomeric alkyne precursor is consumed within less than 10 s
as judged by TLC and GC analysis of aliquots taken from the
reaction mixture. Diagnostic for the ROMP reaction is the
upfield shift of the NMR resonances of the acetylene 13C
atoms from ca. 110 ppm in 1a–c to ca. 90 ppm in the polymers
(Figures 2SI to 7SI). The polymerization is accompanied by a
ca. 8 nm red-shift of the highest absorption peak in the UV/
Vis spectrum (Figure 8SI).

Table 1 summarizes the GPC results obtained for the
polymerization reactions of 1a–c at various monomer/catalyst

loadings. Since the polymers 6a–c contain uncommon repeat
units, only the relative Mn and PDI could be determined and
are calibrated to polystyrene standards.[7] Polymer 6a is
insoluble in the reaction mixture, thus its molecular weight
rarely exceeds 5.0 " 104, and a PDI greater than 2.0. The
ROMP of the halogenated dibenzo[8]annulenes 1b and 1c
shows a linear relationship between the monomer/catalyst
(M/C) loading and the attained molecular weights. The
polydispersity of 6b and 6c is also high, between 1.4 and
2.7. At equimolar amounts of monomer to catalyst, we
observe by 1H NMR spectroscopy that the monomer is
consumed before all of the catalyst has initiated. Time-
resolved GPC analysis reveals a fast initial linear phase (t<
15 s) for the polymerization of the strained cyclooctyne
leading to a polymer with low PDI (extrapolated to ca. 1.1)
and high molecular weight (Figure 2). Our efforts to isolate

this primary polymerization product have failed due to
unpredictable variations in the initiation rates of individual
catalyst batches. Once all starting material is consumed (t>
15 s), residual uninitiated catalyst or terminal groups on the
growing polymer are active enough to undergo competing
cross-metathesis reactions with internal alkynes in the
polymer backbone leading to a progressive broadening of
the molecular weight distribution and an increased PDI. The
low selectivity of Schrock!s alkyne metathesis catalyst—ring-
strained monomer over internal alkyne—led us to explore the
ROMP activity of molybdenum-based catalyst systems.

Recent advances in alkyne metathesis catalyst design
based on the formation of a trialkoxymolybdenum(VI)
alkylidyne complex from readily available [(N-
(tBu)Ar)3Mo#CCH2CH3] (Ar = 3,5-dimethylbenzene) and
an activating alcohol/phenol give access to a variety of
molecularly well-defined metathesis catalysts.[8] These sys-
tems have been extensively applied to acyclic diyne meta-
thesis (ADIMET) and ring-closing-metathesis (RCM) reac-
tions both in the synthesis of natural products and functional
material systems.[9] The great majority of these reactions are
run under dynamic equilibrium conditions, and are relatively
unselective. The key requirement to prevent chain transfer
and the resulting increase in the polydispersity is for the
polymerization catalyst to discriminate between strained
alkynes and unactivated triple bonds.

Scheme 2. Reaction conditions: a) [(tBuO)3W#CtBu], toluene, 24 8C, or
[(N(tBu)Ar)3Mo#CCH2CH3] (Ar = 3,5-dimethylbenzene), alcohol/
phenol, toluene, 24 8C.

Table 1: Number-average molecular weight (Mn) and polydispersity
index (PDI) for 6a–c at different monomer/catalyst (M/C) loadings.

Entry Polymer[a] M/C Mn PDI[b]

1 6a 10 54000 2.0
2 6b 10 65100 2.6
3 6b 5 19600 1.6
4 6b 2 13300 1.4
5 6c 10 32000 1.8
6 6c 5 19000 1.9
7 6c 2 15400 1.5

[a] Prepared by adding Schrock’s tungsten catalyst [(tBuO)3W#CtBu] to a
solution of 1a–c in toluene at 24 8C. The polymer was precipitated with
MeOH after 30 min. [b] PDI= Mn/Mw.

Figure 2. Time-resolved GPC data for the polymerization of 1c with
[(tBuO)3W#CtBu]. Samples were quenched at 15, 45, 75, and 600 s.
Mn: *; PDI: ^.

Communications

7258 www.angewandte.org ! 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 7257 –7260
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The (Z)-isomers formed oligomers while the (E)-isomer formed the desired diene 50. The 
sulfone groups of 50 were doubly eliminated with LDA to give 51.  
 
In order to adjust the monomer electronics and increase the solubility of the resulting polymers 
from ROAMP, strained diynes 60a and 60b were synthesized (Scheme 5.5).  Catechol 52 was 
alkylated with 1-bromooctane and 2-ethylhexyl bromide to give 53a and 53b, respectively.  
Bromination of 53 with NBS afforded 54.  Benzylic bromination of 54 using NBS and AIBN 
yielded 55a and 55b, which were used directly in a substitution reaction with benzenesulfinic 
acid to provide sulfones 56a and 56b.  Conversion of 56a and 56b to nitriles 57a and 57b was 
achieved using copper cyanide at 200 °C.  Reduction of 57a and 57b using DIBAL gave 
aldehydes 58a and 58b.  Dienes 59a and 59b were synthesized by a Wittig-Horner dimerization. 
Double elimination of the sulfone leaving groups yielded diynes 60a and 60b. The branched 
alkyl chain provided much greater solubility than its linear counterpart to both the monomer and 
the resulting polymer. Both 60a and 60b rapidly decomposed under ambient conditions.  Even 
storage overnight under vacuum at 24 °C resulted in decomposition.  Therefore 60a and 60b 
were stored in an argon glovebox in the dark at −30 °C after purification. 	  

 
Scheme 5.5 Synthesis of electron-rich monomers for ROAMP. 
 
The identity of strained monomer 60b was verified by 1H (Figure 5.1a) and 13C{1H} NMR 
(Figure 5.1b).  Consistent with the assignment of this compound, only one aromatic resonance, a 
singlet at 6.2 ppm, is observed in the 1H NMR spectrum of 60b.  
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Figure 5.1 (a) 1H NMR and (b) 13C{1H} NMR spectra for strained alkyne 60b.  
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The alkyne resonance for 60b is deshielded, due to the strain of the alkyne bonds incorporated 
within the 8-membered ring, and is observed at 109 ppm.   
 
In the interest of expanding the scope and utility of ROAMP, the synthesis of larger annulene 
frameworks was explored.  [12]annulene 66 was synthesized according to the route published by 
the Swager Group (Scheme 5.6).146 

	  
Scheme 5.6 Synthesis of dehydro[12]annulene 66 for ROAMP. 
 
Alkylation of catechol 61 with 1-bromodecane yielded 62, and iodination gave 63. Sonogashira 
cross-coupling with TMS-acetylene provided diethynyl derivative 64. Deprotection with 
tetrabutylammonium fluoride furnished 65. Glaser-Hay homocoupling using CuCl under basic 
conditions afforded [12]annulene 66.  
 
Regardless of the catalyst employed, tetrayne 66 did not undergo Ring-Opening Alkyne 
Metathesis (ROAMP) polymerization. The butadiynes present in 66 differ in terms of electronics 
and strain from the alkynes in diyne 51 and cannot be directly compared.147 The inability of 
larger annulenes to undergo ROAMP illustrates the importance of 8-membered alkyne-
containing rings such as 51 for this polymerization.  
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5.3 Selective Synthesis of Linear or Cyclic Polymers from ROAMP 
In order to synthesize conjugated polymers using ROAMP, diyne 51 and catalysts 67a and 67b 
were stirred in a toluene solution at 24 °C in a N2-filled glovebox (Scheme 5.7).  An immediate 
color change was observed upon adding the catalyst solution, and brown polymers precipitated 
from the reaction mixture in toluene after 1 h.  The polymerization was terminated by the 
addition of MeOH, and the polymers were isolated by filtration. 

 
Scheme 5.7   Synthesis of linear or cyclic poly(o-phenylene ethynylene)s from ROAMP. 
 
Polymer 68a, obtained by the polymerization of 51 with catalyst 67b, was characterized by NMR 
(Figure 5.2) and MALDI-MS (Figure 5.3).  The two unique aromatic protons in 1H NMR in 
Figure 5.2A confirmed the structure of polymer 68a.  The aromatic proton resonances are shifted 
from 6.7 and 6.9 ppm in monomer 51 to 7.5 and 7.1 ppm in polymer 68a.  This large downfield 
shift indicates the release of ring-strain.  Likewise, 13C{1H} NMR of polymer 68a in Figure 5.2b 
shows an upfield shift of the alkyne carbon from 110 ppm in monomer 51 to 90 ppm in polymer 
68a.  The proton and carbon NMR signals were consistent with a previously reported 
polymerization of strained mono-alkynes.142  
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Figure 5.2 (a) 1H NMR and (b) 13C{1H} NMR of monomer 51 (red) and polymer 68a (blue). 
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Figure 5.3 MALDI-MS of linear polymer 68a. 
 
The expected polymer structure of 68a was also confirmed by MALDI-MS (Figure 5.3).  
Because catalyst 67a was used, one endgroup was mesitylene.  The other endgroup was 
determined to be CH2OH, which results from deliberate termination of the polymerization with 
MeOH on workup.  The repeating mass unit of polymer 68a is 200 amu, while mesitylene and 
CH2OH are 119 and 31 amu, respectively.  The observed spectrum in Figure 5.3 matched the 
predicted pattern for this polymer.   
 
When ROAMP was conducted with catalyst 67b, a mixture of cyclic polymer 68b and linear 
polymer 68a was obtained as determined by 1H NMR (Figure 5.4a).  The broad peaks in the 
aromatic region were attributed to linear polymer 68a while the pair of complex multiplets in this 
range was assigned to cyclic polymer 68b.  The mixture was purified by Soxlet extraction with 
hexanes.  After extraction, 1H NMR spectrum of cyclic polymer 68b displayed only two complex 
multiplets in the aromatic region and no methylene resonances were detected (Figure 5.4b).  
Size-exclusion chromatography (SEC) was also used to monitor the purification process (Figure 
5.5).           
 
 

n

n
OH

68a

CH2

OH

m/z = 119m/z = 200 m/z = 31 m/z = n(200) + 150 + 1

+ + =



GNR Polymer Precursors from Ring-Opening Alkyne Metathesis Polymerization 
                    

	  

93 

 

 
Figure 5.4 1H NMR of cyclic polymer mixture from catalyst 67b (a) before and (b) after 
soxlet extraction.  Inset depicts the methylene region of the ethyl endgroup in linear polymers. 
	  

 
Figure 5.5 Normalized SEC of (dashed, black line) cyclic and linear polymer mixture 
resulting from catalyst 67b and (solid, blue line) cyclic polymers 68b after Soxlet extraction. 
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Prior to Soxlet extraction, the mixture consisted of cyclic and linear polymers in a 60:40 ratio.  
After extraction, the broad peaks in Figure 5.5 corresponding to larger hydrodynamic radii 
(linear structures) were not observed in SEC while the discrete peaks corresponding to smaller 
hydrodynamic radii remained (cyclic structures).  
 
MALDI-MS unambiguously proved that polymer 68b is cyclic (Figure 5.6). The observed peaks 
in Figure 5.6 were exact multiples of the monomer mass (200 amu). Peaks separated by 100 amu 
were not detected (e.g. 1500, 1600, 1700).  This observation was critical, since it confirmed that 
random backbiting of the catalyst into the polymer chain was not observed.  
 

 
Figure 5.6 MALDI-MS of cyclic polymer 68b. 
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Size-exclusion chromatography (SEC) of linear polymer 68a and purified cyclic polymer 68b 
demonstrated a large difference in retention times.  This is because linear polymer 68a has a 
much larger hydrodynamic radius than its cyclic counterpart 68b.  This means that the linear 
polymer 68a interacted less with the porous column during chromatography, leading to faster 
elution and shorter retention times.  Cyclic polymer 68b, however, had a much smaller 
hydrodynamic radius, leading to greater interaction with the column, slower elution, and longer 
retention times.  Although this effect makes it difficult to ascertain the exact molecular weights 
for 68b by SEC, it does demonstrate the difference in topology of these two polymer species. 

 
Figure 5.7  Size-Exclusion Chromatography of linear polymer 68a (red) and purified cyclic 
polymer 68b (blue).  
 
In an attempt to understand the origin of the selectivity for cyclic or linear polymers in ROAMP, 
in situ NMR polymerization experiments were conducted with catalysts 67a and 67b (Figures 
5.8, 5.10).  The most significant distinction between these two catalysts is that 67a contained a 
sterically bulky carbyne, while 67b displayed a flexible propylidyne.  The proposed catalytic 
cycle for ring-opening alkyne metathesis polymerization with catalyst 67a, which produced 
linear polymers, is shown in Figure 5.8.  
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Figure 5.8 Proposed catalytic cycle for ROAMP of 51 with catalyst 67a. Inset shows the 
relative mole fractions of diyne 51 (red curve), metallocyclobutadiene 69c (blue curve), and 
active catalyst species 69a (green curve) based on in situ 1H NMR monitoring.  R represents the 
endgroup or the growing polymer chain. 
 
In the case of catalyst 67a (Figure 5.8), cycloaddition with strained monomer 51 initiates the 
polymerization.  During this step, the strained alkyne in 51 and the molybdenum carbyne in 67a 
react to form metallocyclobutadiene 69c.  This structure can tautomerize and undergo ring-
opening to give the active catalyst species 69a.  This cycle continues as long as monomer 51 is 
present, thereby propagating the polymerization indefinitely.  The carbyne substituent on the 
molybdenum catalyst is important because it determines the endgroup of the polymer.  In the 
case of catalyst 67a, the endgroup of the growing polymer chain is mesitylene.     
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The inset of Figure 5.8 shows the progress of the in situ polymerization over time. While strained 
monomer 51 (red curve) is being consumed, both metallocyclobutadiene 69c (blue curve) and 
active catalyst 69a (green curve) are present.  As the concentration of monomer 51 (red curve) 
decreases, the concentration of metallocyclobutadiene 69c (blue curve) also decreases, but the 
concentration of 69a (green curve) increases.  As soon as monomer 51 is consumed (red curve), 
metallocyclobutadiene 69c (blue curve) is no longer observed.   
 
To confirm the presence of metallocyclobutadiene 69c during ROAMP, carbon-13 labeled diyne 
monomer *51 was synthesized (Scheme 5.8) and used in in situ 13C{1H} NMR polymerization 
experiments (Figure 5.10).  Sulfone 70 was treated with 13C enriched copper(I) cyanide at 210 °C 
to give labeled nitrile 71. Reduction furnished labeled aldehyde 72 while Wittig-Horner 
dimerization afforded labeled diyne *51.  The successful enrichment of carbon-13 in the alkyne 
carbons of monomer *51 can be seen from the 13C{1H} NMR, in which the alkyne resonance 
intensity at 109 ppm is greatly increased (Figure 5.9).  
 

 
Scheme 5.8 Synthesis of carbon-13 labeled diyne monomer *51. 
 
 

 

 
Figure 5.9 13C{1H} NMR of carbon-13 enriched monomer *51.  
 
By monitoring the polymerization of *51 with catalyst 67a by 13C{1H} NMR, the appearance of 
resonances associated with the expected metallocyclobutadiene 69c was observed.  Four min 
after mixing the catalyst with 13C labeled monomer *51, four new groups of resonances appear at 
104, 134, 175, and 190 ppm in the 13C{1H} NMR (Figure 5.10a).  The carbons located alpha to 
molybdenum are assigned to the two most downfield groups of peaks at 190 and 175 ppm.  The 
carbon situated beta to molybdenum is assigned to the resonances at 135 ppm.  The most upfield 
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of the family of signals is attributed to the labeled alkyne in 69c that is not involved in the 
metallocyclobutadiene formation.  It is likely that the signals within each family of peaks are 
numerous because of the different possible substituents labeled as R (e.g. mesitylene, oligomer, 
polymer).  
 
 

 

 
Figure 5.10. 13C{1H} NMR of labeled monomer *51 during polymerization with catalyst 67a 
in C6D6.  (a) 4 min, (b) 19 min, and (c) 94 min after the initiation of polymerization.  The peak 
marked with *51 refers to the alkyne resonances in labeled monomer *51.  The asterisks symbol 
is used to signify unknown carbon-13 labeled products. 
 
After 19 min (Figure 5.10b), the resonances of the four labeled carbons attributed to 
metallocyclobutadiene 69c are decreased. After 94 min (Figure 5.10c), these signals are not 
observed.  The disappearance of these four resonances occurs concomitantly with the 
consumption of monomer *51 and an increase in the Mo=R signal.  This finding supports the 
hypothesis that ROAMP proceeds through metallocyclobutadiene 69c.  
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Figure 5.11 Proposed catalytic cycle for ROAMP of 51 with catalyst 67b. Inset shows the 
relative mole fractions of diyne 51 (red curve), metallocyclobutadiene 69d (blue curve), and 
active catalyst species 69b (green curve), and regeneration of catalyst 67b (black curve) based on 
in situ 1H NMR monitoring.  R represents the growing polymer chain. 
 
In the case of catalyst 67b (Figure 5.11), cycloaddition with strained monomer 51 initiates the 
polymerization.  During this step, the strained alkyne in 51 and the molybdenum carbyne in 67b 
react to form metallocyclobutadiene 69d.  This structure can tautomerize and undergo ring-
opening to give the active catalyst species 69b.  This catalytic cycle is very similar to the one 
proposed in Figure 5.8, with the essential difference being that the endgroup of the growing 
polymer chain is ethyl rather than a sterically-bulky mesitylene.  Therefore the active catalyst 
69b can do cross-metathesis on its endgroup, regenerating the initial catalyst 67b and creating 
cyclic polymers in the process.      
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The inset of Figure 5.11 shows the progress of the in-situ polymerization over time. While 
strained monomer 51 (red curve) is being consumed, both metallocyclobutadiene 69d (blue 
curve) and active catalyst 69b (green curve) are present.  As the concentration of monomer 51 
(red curve) decreases, the concentration of metallocyclobutadiene 69d (blue curve) also 
decreases, but the concentration of active catalyst species 69b (green curve) increases. After the 
depletion of strained monomer 51, the active catalyst 69b performs cross-metathesis on its 
endgoup (ethyl), which simultaneously produces cyclic polymers and regenerates the initial 
catalyst 67b (black curve).  
 
Catalyst 67b preferentially performs cross-metathesis on the ethyl endgroup, and not randomly 
throughout the polymer chain.  This is supported by MALDI-MS that shows differences of 200 
amu between the observed masses (Figure 5.6).  
 
The propensity for backbiting of the catalyst into the polymer chain was related to the reaction 
temperature (Figure 5.12).  By monitoring the polymerization at various temperatures by 1H 
NMR, the emergence of cyclic and linear polymers, as well as other complex species, was 
evident after 5 minutes at 25 °C (Figure 5.12a).  After 4 h at 25 °C (Figure 5.12b), the mixture 
was predominantly cyclic polymer 68b and linear polymer 68a.  Even at 50 °C for 1 h (Figure 
5.12c), the preference for backbiting into the endgroup rather than the polymer chain was 
maintained.  Upon increasing the temperature to 80 °C (Figure 5.12d), the polymer aromatic 
signals were replaced by two doublets of doublets at 6.7 and 7.2 ppm.  After 40 h at this 
temperature (Figure 5.12e), the remaining product was identified by NMR and mass 
spectrometry as trimer 68f.  This metathesis product can be considered the thermodynamic sink 
for ROAMP of 51. 
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Figure 5.12 Dependence of backbiting on polymerization temperature in C6D6 using catalyst 
67b.  1H NMR of polymerization after (a) 5 min at 25 °C, (b) 4 h at 25 °C, (c) 60 min at 50 °C, 
(d) 60 min at 80 °C, and (d) 40 h at 80 °C. 
 
5.4 Polymerization of Electron-Rich Diynes 
Diynes 51, 60a, and 60b readily undergo ring-opening alkyne metathesis polymerization 
(Scheme 5.9).  The reaction of diyne 51 with catalyst 67c in toluene was sampled at various time 
points (Figure 5.13). During the first 5 h of ROAMP, the number average molecular weight 
increases linearly with time, which is expected for a living polymerization (Figure 5.13b).  Size-
exclusion chromatography shows a bimodal distribution of polymer populations that converge to 
a single monomodal peak after 8 h to give a final polydispersity index (PDI) of 1.6 (Figure 
5.13a).  This PDI is exceptionally low for conjugated polymer systems and can be considered as 
evidence for the high-degree of control during the polymerization process.  In contrast, 
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monomers 60a and 60b are electron rich, and their polymerization with catalyst 67c is complete 
within 30 sec.  SEC shows these polymers have a number average molecular weight of 15,000 
and PDI of 1.5 (Figure 5.14).  
 

	  
Figure 5.13 Dependence of ROAMP on time.  (a) SEC profile of the polymerization of 
strained diyne 51 with catalyst 67c  at various time points. (b) Number average molecular weight 
(Mn) plotted with PDI for the same time points. 
 
 

 
Figure 5.14 Size-exclusion chromatography of polymer 68e. 

4 Ring-opening alkyne metathesis polymerization results

4.1 [8]annulenes

Diynes 1, 9, and 10 readily undergo ring-opening metathesis polymerization as shown in Figures 14 and
15. Out of the many catalysts screened for this reaction, the only catalyst so far to perform the desired
polymerization was a variant of the one developed by Tamm and coworkers.10 The polymerization
was conducted at room temperature in an argon glovebox. The reaction of diyne 1 with catalyst 1
in toluene was sampled at various time points. After precipitation with methanol and filtration, the
time points were subjected to gel permeation chromatography (GPC), and the results are shown in
Figure 14. This gave poly(o-phenylene ethynylene) A, or POPE A, as expected, with number average
molecular weights as high as 12,000 amu and polydisperity indices (PDIs) as low as 1.4 (determined by
a poly(styrene) standard). Diynes 9 and 10 reacted so quickly with catalyst 1 that the polymerization
could not be sampled. In fact, the polymerization had completed before the first 30 second timepoint
was taken, as evidenced by the lack of increase in number average molecular weight in subsequent time
points. This is likely because of the electron rich nature of diynes 9 and 10, which rapidly attacked the
molybdinum electrophile. This produced POPE B and POPE C, which typically had number average
molecular weights of 15,000 amu and PDIs of 1.5.

Figure 14: GPC of POPE A. Left: GPC trace. Right: plot of number average molecular weight and PDI vs.
time
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Scheme 5.9 Successful polymerization of diynes 51, 60a, and 60b. 
 
Despite the fast kinetics of this polymerization, the resulting polymers 68d and 68e are 
exceptionally pure and stable as evidenced by their 1H and 13C{1H}NMR spectra (Figure 5.15).  

n

n

n

O

O
O

O

O

O
O

O

OC8H17

OC8H17

C8H17O

C8H17O

O

O

O

O

Mo
OO

O
O

O

CF3

CF3
F3C

F3C
F3C

F3C

Mo
OO

O
O

O

CF3

CF3
F3C

F3C
F3C

F3C

Mo
OO

O
O

O

CF3

CF3
F3C

F3C
F3C

F3C

51

60a

60b

68c

68d

68e

10 mol%

10 mol%

10 mol%

67c

67c

67c



GNR Polymer Precursors from Ring-Opening Alkyne Metathesis Polymerization 
                    

	  

104 

 

 
Figure 5.15 (a) 1H NMR and (b) 13C{1H} NMR of polymer 68e. 
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5.5 AFM and SEM Investigation of Poly(o-Phenylene Ethynylene) 
In order to gain an understanding of the self-assembly properties of this polymer, Atomic Force 
Microscopy (AFM) was used to study these materials. The polymers had a pronounced tendency 
to form fibers as demonstrated by the topography images (Figure 5.16).   

 
Figure 5.16 AFM topography of o-PPE 68c. 
 
Two types of polymer conformations could lead to this behavior.  Foldameric structures could 
lead to helical assemblies analogous to the behavior observed by Tew for oligomeric o-
phenylene ethynylene (Scheme 5.10).138  

 
Scheme 5.10 Solvent driven folding of o-phenylene ethynylene [reproduced from ref. 138]. 

1 Abstract

For the last five decades, ring-opening metathesis polymerization (ROMP) of strained alkenes has
revolutionized the polymer industry. For their contributions to olefin metathesis, Bob Grubbs, Yves
Chauvin, and Richard Schrock received the 2005 Nobel prize in chemistry. Despite the success of
ROMP, the development of an analogous polymerization for strained alkynes is underdeveloped, due in
part to the challenges associated with strained alkyne synthesis and catalyst selectivity.1 Additionally,
ring-opening alkyne metathesis polymerization (ROAMP) can provide fully conjugated polymers with
alternating phenyl and ethynyl linkages. This makes the resulting polymers useful for optoelectronic
and materials science applications. Curiously, the ortho substituted backbone results in foldamer like
behavior, leading to remarkable helical structures. Herein, the synthesis of several novel monomers for
ROAMP and the corresponding polymers are reported, as well as preliminary work on the self-assembly
behavior of poly(ortho-phenylene ethynylene) (POPE) by SEM and AFM, and other materials properties.

2 Introduction

In 2010, the first example of living ring-opening alkyne metathesis polymerization was reported (Figure
1).2

ORRO

[(tBuO)3W=CtBu]

RO
OR

n

Figure 1: First example of living ring-opening alkyne metathesis polymerization

This result was an extraordinary step forward for the ROAMP field, but the catalyst stability and limited
substrate scope remained major obstacles. In particular, no group had shown the ROAMP of strained
diynes, such as 1. This substrate was of interest for ROAMP since the predicted polymers could
be viewed as precursors to graphitic nanostructures, contain fully conjugated backbones for organic
electronic applications, and have been predicted to form higher-ordered foldamer structures (Figure 2).3

Figure 2: Theoretical model by Gregory Tew of solvent driven folding
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The linear, open-chain conformation of the polymer could lead to nanostructuration via π-π 
stacking of the planar, aromatic units.  The fact that these fibers were only observed after slow 
evaporation of o-dichlorobenzene implies that the latter mechanism is more likely to be the 
operant one.  
 
In contrast, cyclic polymer 68b was found to form spherical structures on the order of 300 nm – 
3 microns (Figure 5.17).  This is reasonable, since it is difficult to for the cyclic polymers to 
exhibit the same kind of folding or π-π stacking as its linear counterpart.  

 
Figure 5.17 AFM topography of cyclic polymer 68b. 
 
While AFM is useful for the study of nanoscale phenomenon, SEM is an important tool for the 
determination of self-assembly over much larger length scales.  Dropcasting 68e from CHCl3 
onto SiO2 revealed helical structures that were on the order of 10 x 100 microns (Figure 5.18). 
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Figure 5.18 SEM image of 68e on SiO2.  Scale bar 100 microns.  
 
In this chapter, poly(o-phenylene ethynylene) and alkoxylated analogs were synthesized by 
Ring-Opening Alkyne Metathesis Polymerization (ROAMP).  The resulting polymers were 
either cyclic or linear, which could be selected for based on the catalyst employed.  A carbon-13 
labeled diyne monomer was synthesized, and in situ NMR experiments revealed the origin of 
selectivity for cyclic or linear structures.  In short, polymers with the least sterically hindered 
endgroups produced the greatest amount of cyclic polymers.  In addition, it was determined that 
this mixture of cylic and linear polymers could be purified by Soxlet extraction with hexanes. In 
order to prevent the catalyst from biting into the middle of the polymer chain, solvent and 
temperature conditions were carefully optimized.  The novel electron-rich strained alkynes 
reported in this chapter rapidly polymerize with molybdenum carbynes, a fact that will be useful 
in future applications.  It was also discovered that these polymers have remarkable self-assembly 
properties, as determined by AFM and SEM.  The ability to form micron-sized, conjugated fibers 
will likely find applications in future organic electronic devices.  Further studies will yield 
mechanistic insight into the nature of this self-assembly, which will ultimately lead to control 
over the supramolecular assembly process over multiple length scales.  Additionally, the precise 
control of conjugated polymer precursors will advance the synthesis of graphene nanoribbons by 
increasing the library of materials available for Scholl oxidation. 
 

The self-assembled behaviour of POPE C on silicon was also studied by SEM (Figure 21). Instead of
disrupting the supramolecular formation, the addition of branching alkyl chains to the polymer allowed
for dropcasting from chloroform, which resulted in the formation of helical fibers of roughly the same
dimensions. Careful inspection of the helical structure reveals the presence of smaller fibers that are
woven together to produce the overall helix. Molecular modeling to explain these results is ongoing.

Figure 21: Self-assembly of POPE C after dropcasting. Scale bar: 100 microns
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Chapter 6 
From ROAMP to Graphene Nanoribbons 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the sixth chapter of this thesis, the rationale and progress for utilizing ROAMP in the 
fabrication of bottom-up graphene nanoribbons is described.  Particular emphasis is placed on 
the role of a newly developed copper-catalyzed benzannulation of polymeric alkynes.  The use of 
this reaction to convert alkynes into fluorinated naphthalenes is discussed.   The resulting 
aromatic materials were subjected to cyclodehydrogenation conditions and the products were 
analyzed by UHV-STM and Raman spectroscopy.  
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6.1 Introduction 
The pursuit of poly(o-phenylene) has been an outstanding challenge in organic synthesis for over 
60 years.148–153  Because of the unique access to ortho-substituted conjugated polymers from 
ROAMP in the Fischer Group, an excellent opportunity to synthesize poly(o-phenylene) as a 
precursor to GNRs is presented. Additionally, since cyclic poly(o-phenylene ethynylene) is 
obtained by ROAMP, benzannulation and cyclodehydrogenation could provide access to short 
segments of atomically-precise carbon nanotubes (Scheme 6.1).  
    

 
Scheme 6.1 Retrosynthetic analysis of n=8 armchair GNRs from linear poly(o-phenylene 
ethynylene) and carbon nanotubes from cyclic poly(o-phenylene ethynylene).   
 
Recent progress in the benzannulation chemistry of alkynes has made phenylene ethynylene an 
attractive candidate for poly(o-phenylene) synthesis.  The group of Yamamoto demonstrated a 
copper catalyzed benzannulation with excellent scope (Scheme 6.2).154  The mechanism 
proceeds by coordination of the copper catalyst to the alkyne in reagent a.  This activates the 
alkyne and predisposes it to intramolecular attack from the oxygen in the aldehyde, forming a 
highly reactive pyrylium c.  This species readily undergoes cycloaddition with an alkyne starting 
material to give f.  Under appropriate reaction conditions, the metal can be protonated off of f to 
give k which quickly collapses to yield the intended naphthalene ring l.  Compound f could also 
collapse in a different fashion to yield benzylic ketone h.  
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Scheme 6.2 Proposed mechanism of Yamamoto benzannulation [modified from ref. 154]. 
 
More recently, the Dichtel Group demonstrated that Yamamoto benzannulation could be used to 
quantitatively convert all of the triple bonds in poly(p-phenylene ethynylene) to new naphthalene 
rings (Scheme 6.3).155  If this polymer were to undergo Scholl oxidation, however, it would not 
possess uniform armchair edges.  Moreover, there is a rotational degree of freedom between each 
naphthalene and adjacent triphenyl that would lead to non-regioregular structures.   
 

 
Scheme 6.3 Benzannulation of phenylene ethynylene [reproduced from ref. 155]. 
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Highly Efficient Benzannulation of Poly(phenylene ethynylene)s**
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Macromolecules linked by single bonds between aromatic
substituents, that is, polyphenylenes, have attracted great
interest for use in organic light-emitting diodes (OLEDs)[1]

and other optoelectronic devices,[2] as structurally rigid
dendrimers,[3] for isolating[4] or organizing chromophores,[5]

and as soluble precursors of nanostructured forms of gra-
phene.[6] Para- and meta-linked polyphenylenes with high
molecular weight are synthesized through transition-metal-
catalyzed cross-coupling approaches, some of which proceed
through chain-growth mechanisms.[7] Only a few oligomeric
ortho-linked phenylenes have been reported[8] as a result of
poor cross-coupling efficiency during the polymerization.
Longer o-polyphenylenes are interesting because they can
adopt specific helical conformations induced by steric inter-
actions along the polymer backbone[8, 9] and can be oxidized to
soluble, structurally precise graphene nanoribbons.[10] New
strategies for accessing o-polyphenylenes, particularly those
that tolerate additional aromatic substituents, are therefore of
great utility.

Here we report a versatile and efficient approach to
prepare polymers of high molecular weight containing o-
substituted arylene linkages through a cycloaddition reaction
at each alkyne function of a poly(phenylene ethynylene)
(PPE). PPEs are attractive precursors because of their
structural versatility, functional-group tolerance, and effi-
ciency of polymerizations. However, their alkyne moieties are
notably unreactive and have only been reduced to methyl-
ene[11] or cis-vinylene groups prior to this study.[12] This
benzannulation strategy (Scheme 1) is the first reported
efficient cycloaddition performed along a conjugated polymer
backbone,[13] and it tolerates bulky aromatic substituents
adjacent to the alkyne moieties, thus suggesting that it will be
applicable to a broad range of crowded aromatic architec-
tures.

Yamamoto and co-workers reported a Cu(OTf)2-cata-
lyzed benzannulation of diphenylacetylene with o-(phenyl-
ethynyl)benzaldehyde 2 to produce 2,3-diphenylnaphtha-
lene,[14] but this transformation has not previously been
employed for polymer modification. We first evaluated its
feasibility for PPE benzannulation using dialkyne 4
(Figure 1), a model compound similar in structure to PPE 1.
Compound 4 reacts rapidly (in as little as 30 min) and
efficiently with 2 in the presence of catalytic amounts of
Cu(OTf)2 and excess trifluoroacetic acid (CF3CO2H) at
100 8C to provide the doubly benzannulated product 5 in
98% yield of isolated product. Yamamoto and co-workers
found that some alkyne-containing substrates form more than
10% of a naphthyl ketone side product (Figure 1b, inset)

Scheme 1. Benzannulation of each alkyne of a substituted poly(pheny-
lene ethynylene) 1 provides polyphenylene 3.

Figure 1. Model study of the benzannulation strategy. a) Subjection of
terphenyl-containing dialkyne 4, a molecular compound similar in
structure to PPE 1, to the Cu(OTf)2-catalyzed benzannulation.
b) MALDI-TOF mass spectra of dialkyne 4 and benzannulated product
5. Inset: structure of a possible naphthyl ketone side product based on
previous reports of the benzannulation reaction,[14] observed only as
a trace impurity in the mass spectrum.
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The bottom-up pursuit of carbon nanotubes (CNTs) has also intensified in recent years.  In 2013, 
the group of Itami utilized a carbon nanoring template to grow CNTs with narrow polydispersity 
in width (Figure 6.1).156   

	  
Figure 6.1 Synthesis of CNTs from molecular templates. (a) Schematic representation of the 
growth process from a molecular precursor. (b) TEM image of CNTs produced by this method 
with (f) distribution of widths [modified from ref. 156]. 
 
While this approach represents a step towards a rational bottom-up synthesis of carbon 
nanotubes, the diameters of the nanotubes were still far from uniform.  The group of Klaus 
Müllen has attempted a bottom-up synthesis of carbon nanotubes, unsuccessfully, in 2014.157   
The incompleteness of the Scholl reaction in that case was attributed to strain created in partially 
cyclodehydrogenating a CNT molecular precursor.   
 
Since then, the Müllen Group has studied simpler cyclic analogs of CNTs (Scheme 6.4).158  In 
this case, a 1,2-phenyl shift is observed to take place during Scholl oxidation in order to alleviate 
the cumulative strain from successive cyclizations (Scheme 6.4a).   
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Even with strategically placed methyl groups, 1,2-phenyl shifts were still observed (Scheme 
6.4b).  However, when this macrocycle was increased in size by 6 phenyl rings, oxidative 
cyclodehydrogenation with ferric chloride proceeded to completion.  This proves that the 
ineffectiveness of the Scholl oxidation in small, cyclic structures is due to the greater strain in 
smaller CNTs compared with larger CNTs.          
  

	  

	  
Scheme 6.4 Attempted cyclodehydrogenation of bottom-up CNT analogs by the Müllen 
Group.  The Scholl oxidation produces 1,2-phenyl shifts in the case of (a) but not (b), provided 
the macrocycle is large enough  [modified from ref. 158]. 
 
Therefore the bottom-up synthesis of both GNRs and CNTs from poly(phenylenes) remains an 
elusive goal in the fields of chemistry, materials science, and physics.  The work reported in this 
chapter was conducted in collaboration with Giang Nguyen of the Crommie group. 
 
 
 
 
 
 
 

1.74 ppm assigned to the methyl and tert-butyl substituents
verified the highly symmetric character of the structure of 7b.
2D-NMR techniques were used to elucidate the whole
structure (see Supporting Information).

The electronic absorption and emission spectra also
reflect the strain and distortion in the [3]CHPB macrocycles.
In the UV/Vis spectra, significant differences could be
observed for the absorption maxima of 5a, 5b, and 6
(Figure 4). The absorption maxima of CPPs appear at
around 340 nm, independent of size, except for ring sizes
below [8]CPP.[46] For the phenyl- and alkyl-substituted
[3]CHPBs, an absorption maximum at 280 nm was found for
5a, whereas for 5b the maximum was bathochromically
shifted to approximately 300 nm, indicating a decrease in ring
strain and the associated distortion.[47] An even larger red-
shift was observed for 6 with an absorption maximum at

350 nm because the rigid tetrahydropyrene units decrease the
distortion of the CPP base, which enhances the p conjugation
in comparison to 5a.[48]

The emission maxima of 5a, 5 b, and 6 were found at
420 nm, 403 nm, and 420 nm, respectively. Compared with the
Stokes shift of 5b (8190 cmˇ1), and 6 (4760 cmˇ1), 5a showed
a quite large Stokes shift of 11 900 cmˇ1. Since 5a has a highly
distorted CPP base in the ground state, the strain and
distortion are released in the excited state, resulting in
a large Stokes shift.[38, 46,49] After cyclodeydrogenation, the
electronic absorption and emission spectra of 7b showed
distinctive patterns, which are observed in substituted HBCs,
with weak a- and p-band absorptions at 421, 400, and 350 nm,
respectively, and a strong b-band at 367 nm, as well as the
emission maxima at 479, 508, and 545 nm.[50, 51]

Scheme 2. Cyclodehydrogenation reactions.
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6.2. Benzannulation of Cyclic and Linear Poly(o-Phenylene Ethynylene) 
Following the strategy outlined by Dichtel, linear poly(o-phenylene ethynylene)s 68a was 
benzannulated to obtain the corresponding poly(o-phenylene naphthalene)s 75 and 76 (Scheme 
6.5).  Likewise, the analogous cyclic poly(o-phenylene naphthalene)s 79 and 80 were obtained 
by benzannulation of cyclic poly(o-phenylene ethynylene) 68b (Scheme 6.6).  The products were 
characterized by size-exclusion chromatography (Figure 6.2).  Cyclodehydrogenation of 77 and 
78 was attempted and the products were subjected to characterization by UHV-STM (Figures 6.3 
and 6.4) and Raman spectroscopy (Figure 6.5). 

	  
Scheme 6.5 Benzannulation of polymer 68a from ROAMP and subsequent Scholl oxidation. 
 

 
Scheme 6.6 Benzannulation of polymer 68b from ROAMP and subsequent Scholl oxidation. 
 
The benzannulation of poly(phenylene ethynylene) produces alternating benzene and 
naphthalene rings.  For ortho-substituted phenylene ethynylene, the benzene and naphthalene 
rings are forced to adopt positions on opposites sides of the polymer backbone. This creates an 
opportunity to differentially substitute graphene nanoribbons with doping substituents on only 
one side of the GNR.  In the case of fluorine substitution, this would lead to an interesting GNR 
with a very large dipole moment.  Accordingly, a fluorinated benzannulation reagent was 
synthesized (Scheme 6.7) and tested on model compounds (Schemes 6.8 and 6.10).   
 
To synthesize novel benzannulation reagent 74, carboxylic acid 83 was nitrated and reduced to 
give aniline 84 (Scheme 6.7).  Sandmeyer reaction yielded 85, which could be reduced with 
borane in THF and oxidized with Dess-Martin periodinane to give the desired aldehyde 86.  
Sonogashira coupling provided the desired fluorinated benzannulation reagent 74. 
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Scheme 6.7 Synthesis of fluorinated benzannulation reagent 74. 
 
Benzannulation of diphenylacetylene with electron-deficient benzannulation reagent 74 
proceeded in excellent yield, while the corresponding electron-rich benzannulation reagent 88, 
which was synthesized by a reported procedure, furnished an unexpected product (Scheme 6.8).  
 

 
Scheme 6.8 Test reactions of electron-rich and electron-deficient benzannulation reagents. 
 
A mechanistic view of this reaction suggests that the unexpected major product forms due to the 
fact that alkyne 88 is itself a better dieneophile than diphenylacetylene (Scheme 6.9).  After 
formation of the desired pyrilium ion 91, if a preferential reaction occurs with alkyne 88 over 
alkyne 87, bridged intermediate 92 will be formed.  If the copper catalyst is protonated off of this 
intermediate as expected, 93 will be formed.  This compound will immediately collapse to 
produce 94.  However, if the copper catalyst in 92 is not protonated, this compound can fall apart 
to produce 89, which was the major product observed by 1H NMR, 13C NMR, and EI-HR-MS.  
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Scheme 6.9 Proposed mechanism of electron-rich benzannulation reactions. 
 
While the electron-rich benzannulation reagent failed to produce the desired product, the 
electron-deficient benzannulation reagent worked in near-quantitative yield.  This was true even 
for model systems containing two alkynes (Scheme 6.10). 

 
Scheme 6.10 Benzannulation reactions of model phenylene ethynylene systems. 
 
With the success of the benzannulation established on these model o-phenylene ethynylene 
compounds, the reaction was attempted on poly(o-phenylene ethynylene)s 68a and 68b to yield 
linear polymers 75–76 and cyclic polymers 79–80, respectively.  These benzannulation products 
were studied by size-exclusion chromatography (Figure 6.2). 
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Figure 6.2  SEC of polymers 68a,b and benzannulation products (a) 75,76 and (b) 79,80. Color 
scheme: (a) linear poly(o-phenylene ethynylene) 68a (red), linear poly(o-phenylene naphthalene) 
75 (purple), linear poly(o-phenylene 6,7-difluoronapthalene) 76 (green). (b) cyclic poly(o-
phenylene ethynylene) 68b (blue), cyclic poly(o-phenylene naphthalene) 79 (purple), and cyclic 
poly(o-phenylene 6,7-difluoronapthalene) 80 (green). 
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Size-exclusion chromatography (SEC) analysis of the benzannulation of linear poly(o-phenylene 
ethynylene) 68a (red curve) shows benzannulation product 75 (purple curve) is shifted to longer 
retention time (Figure 6.2a).  This is consistent with the previous observation made by Dichtel 
for poly(p-phenylene ethynylene).155  This is also true for the fluorinated benzannulation product 
76 (green curve).  Even though an increase in molecular weight is expected after benzannulation, 
the products are retained longer in SEC because the hydrodynamic radii of these polymers are 
smaller compared to polymer 68a.  
 
The benzannulation products of cyclic polymer 68b (blue curve) exhibit very different SEC 
behavior (Figure 6.2b) than their linear counterparts.  For benzannulation product 79 (purple 
curve), the SEC retention time is unchanged and the peak is merely broadened.  This is 
reasonable, since the hydrodynamic radius of a cyclic polymer should be unaffected by new 
naphthalene rings. For the fluorinated benzannulation product 80 (green curve), the SEC 
retention time is markedly reduced.  Comparing linear, fluorinated benzannulated polymer 76 
with cyclic fluorinated benzannulated polymer 80 reveals that the SEC retention times are almost 
identical.  This implies that during the benzannulation process, polymer 80 actually changes 
from cyclic to linear form, and is identical to linear polymer 76.     
 
The structures of 75, 76, 79, and 80 could not be assigned unambiguously by 1H or 13C{1H} 
NMR, due to very broad resonances observed for these polymers.  Instead, the benzannulated 
polymers were subjected to cyclodehydrogenation conditions, either by Scholl oxidation in 
solution or by annealing on Au(111), and studied by UHV-STM and Raman spectroscopy. 
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8.3 UHV-STM and Raman Spectroscopy of GNRs from ROAMP 
The benzannulated polymers were subjected to Scholl oxidation with ferric chloride and surface-
assisted cyclodehydrogenation on Au(111).  The resulting GNRs were characterized by STM 
(Figures 6.3 and 6.4) and Raman spectroscopy (Figure 6.5). 

 

 
Figure 6.3 STM image of GNR 77 after annealing polymer 75 to (a,b) 300 °C and (c,d) 440 
°C on Au(111). 
 
Figure 6.3a,b shows the presence of high-aspect ratio structures after annealing polymer 75 at 
300 °C on Au(111).  While these structures have lengths, widths, and heights consistent with the 
expected GNR, they are considerably less regioregular than expected.  After annealing to 440 °C, 
the cyclodehydrogenation reaction loses selectivity, and aromatic rings fuse intermolecularly to 
create islands of graphene (Figure 6.3c,d). 
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Figure 6.4 STM images of 78 after annealing polymer 76 at 400 °C on Au(111). 
 
A similar observation was made after annealing fluorinated polymer 76 to 400 °C on Au(111) 
(Figure 6.4).  Very flat structures with high-aspect ratios were observed by STM.  As before, the 
dimensions of this structure are consistent with GNRs, but the structure is lacking the precision 
expected for atomically-precise GNRs.  A proposed hypothesis for this observation is shown in 
Scheme 6.10.  GNRs 77 and 78 obtained in solution from the reaction of polymers 75 and 76 
with ferric chloride were also studied by STM, but the aggregation of the pre-formed GNRs 
made their visualization in STM extremely difficult.      
 
The rearrangement of o-phenylenes during Scholl oxidation has been studied in detail by the 
King Group.159 They determined by X-ray crystallography that under the arenium cation 
mechanism during Scholl oxidation, a 1,2-phenyl shift is possible.  In the case of polymers 75 
and 76, a 1,2-phenyl shift with concurrent Scholl oxidation would lead to kinks in the GNR 
(Scheme 6.11).  The resulting polymer would have a highly irregular structure with completely 
graphitized portions along the backbone.  The kinked structure will also have free rotation 
around the migrated single bonds, causing additional degrees of freedom and structural 
complexity.  However, the structure will not be fully graphitized, and would more closely 
resemble a graphene quantum dot than a GNR.  This proposed structure is consistent with the 
STM observations in Figures 6.3 and 6.4.  Furthermore, it helps to explain the fluorescence 
background observed in the Raman spectra (Figure 6.5).  
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Scheme 6.11 Mechanistic hypothesis explaining the lack of structural regularity resulting from 
the Scholl reaction of o-phenylenes.  
 
 
 
The raman spectra obtained for GNRs 77 and 78 also confirm the lack of structural regularity.  
The Raman measurement in these cases is extremely hampered by the background fluorescence 
signal (Figure 6.5a).  As graphene nanoribbons are expected to quench their own fluorescence in 
the solid-state, these highly luminescent structures more closely resemble quantum dots of 
nanographenes than GNRs.  This behavior likely results from the kinks present in the structure as 
proposed in Scheme 6.9.  After correcting for the background fluorescence and multiplying the 
remaining signal, the experimental spectra closely resembled their predicted spectra (Figure 
6.7b,c). 
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Figure 6.5  (a) Typical Raman spectrum of GNR 77 produced by the Scholl oxidation of 
polymer 75.  Comparison between predicted and experimental Raman spectra for (b) GNR 77 
and (c) fluorinated GNR 78 after the fluorescence background is subtracted and the signal is 
multiplied. 
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In conclusion, the benzannulation and graphitization of cyclic and linear poly(o-phenylene 
ethynylene) was demonstrated by STM and Raman spectroscopy.  Benzannulation of model 
compounds demonstrated that this reaction is highly effective for electron-deficient 
benzannulation reagents.  However, complex products were observed in the case of electron-rich 
benzannulation reagents.  This benzannulation reaction was applied to the linear and cyclic 
polymers obtained from ROAMP in the previous chapter and the resulting products were studied 
by size-exclusion chromatography.  For the linear polymers, the benzannulation is consistent 
with the previous report of Dichtel provided for the analogous para-substituted system.  The 
fluorinated cyclic polymers, however, displayed unexpected SEC behavior and further 
investigation of these structures is warranted.  The linear, benzannulated polymers obtained by 
this method were cyclodehydrogenated both by the Scholl oxidation and surface-catalysis on 
Au(111).  The direct visualization of these structures by UHV-STM provides evidence for the 
presence of highly planar, sp2 hybridized structures.  The lack of regularity and atomic-precision, 
however, indicates that a 1,2-phenyl shift, as proposed by King and coworkers, is possible.  
However, further improvement of the cyclodehydrogenation process could lead to a new class of 
conjugated polymers that serve as precursors for doped graphene nanoribbons. 
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7.1 Summary 
In this work, the bottom-up synthesis of doped graphene nanoribbons from molecular and 
polymeric precursors was reported.  In Chapter 2, the first example of substitutional boron 
doping of graphene nanoribbons was reported.  Doping of this armchair nanoribbon introduced a 
mid-gap state that lowered the band gap to 0.8 eV.  This nanoribbon was studied extensively by 
UHV-STM and nc-AFM to show the complex interaction of the precisely located boron atoms 
with the underlying gold substrate.  In Chapter 3, a porphyrin containing four bromoanthracene 
motifs was synthesized.  It was demonstrated that this porphyrin could be sublimed and imaged 
in UHV-STM.  Additionally, a model porphyrin-anthracene dimer was synthesized and studied 
by UHV-STM.  In Chapter 4, gram-scale syntheses of four doped graphene nanoribbons were 
completed.  These materials were characterized completely and used successfully in hydrogen 
storage, carbon dioxide reduction, and Li-ion battery applications.  In Chapter 5, the 
development of Ring-Opening Alkyne Metathesis Polymerization for conjugated materials was 
presented.  A library of highly strained and reactive diyne monomers was synthesized and 
polymerized by ROAMP to give linear or cyclic polymers.  In Chapter 6, the resulting polymers 
from ROAMP are subjected to benzannulation and Scholl oxidation.  The analysis of the 
complex mixture resulting from this reaction is ongoing.  In the remaining chapters, complete 
experimental procedures and characterization for all new compounds are provided, as well as 
additional information that could be useful to the reader. 
 
7.2 Outlook 
The synthesis of novel nanomaterials with tailored properties for energy and electronics 
applications remains a pressing goal in chemistry and materials science.  The work reported in 
this thesis advances this objective through the development of many types of doped graphene 
nanoribbons, either by surface-catalysis or from solution synthesis.  As demonstrated in this 
work, bottom-up GNRs are certainly going to have an enormous impact on renewable energy.  In 
particular, it was shown in this work that doped graphene nanoribbons could stabilize a wide 
variety of ligand-free nanoparticles through π-π* interactions, as determined by XPS.  Depending 
on the choice of metal nanoparticle, these hybrid GNR-nanoparticle systems were remarkably 
effective at hydrogen storage, carbon dioxide reduction, and Li-ion battery applications.  The 
development of ROAMP as a tool to create conjugated polymers is a definite advancement for 
polymer chemistry.  The ability to utilize these polymers as precursors to graphene nanoribbons 
remains an ongoing effort, but would greatly add to the flexibility of bottom-up GNR chemistry.  
As the synthesis of carbon-based nanomaterials continues to improve, there is a great deal to be 
optimistic about as these materials find many new and exciting applications in energy and 
electronics. 
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8.1   Materials and General Methods  
Unless otherwise stated, all manipulations of air and/or moisture sensitive compounds were 
carried out in oven-dried glassware, under an atmosphere of Nitrogen. All solvents and reagents 
were purchased from Alfa Aesar, Spectrum Chemicals, Acros Organics, TCI America, and 
Sigma-Aldrich and were used as received unless otherwise noted. Organic solvents were dried by 
passing through a column of alumina and were degassed by vigorous bubbling of N2 or Ar 
through the solvent for 20 min. Flash column chromatography was performed on SiliCycle silica 
gel (particle size 40–63 µm). Thin layer chromatography was carried out using SiliCycle silica 
gel 60 Å F-254 precoated plates (0.25 mm thick) and visualized by UV absorption. All 1H and 
13C NMR spectra were recorded on Bruker AV-600, DRX-500, and AV-500, AV-400, AVB-
400, and AV-300 MHz spectrometers, and are referenced to residual solvent peaks (CDCl3 1H 
NMR δ = 7.26 ppm, 13C NMR δ = 77.16 ppm; CD2Cl2 1H NMR δ = 5.32 ppm, 13C NMR δ = 
54.00 ppm; [D8]THF 1H NMR δ = 1.78 ppm, 13C NMR δ = 67.21 ppm; C2D2Cl4 1H NMR δ = 6.0 
ppm, 13C NMR δ = 73.78 ppm).  ESI mass spectrometry was performed on a Finnigan LTQFT 
(Thermo) spectrometer in positive ionization mode. MALDI mass spectrometry was performed 
on a Voyager-DE PRO (Applied Biosystems Voyager System 6322) in positive mode using a 
matrix of dithranol. Gel permeation chromatography (GPC) was carried out on a LC/MS Agilent 
1260 Infinity set up with a guard and two Agilent Polypore 300 X 7.5 mm columns at 35 °C. All 
GPC analyses were performed on a 0.2 mg/mL solution of polymer in CHCl3. An injection 
volume of 25 µL and a flow rate of 1 mL/min were used. Calibration was based on narrow 
polydispersity polystyrene standards ranging from Mw = 100 to 4,068,981. X-ray crystallography 
was performed on Bruker-AXS APEX II Quazar Single Crystal X-ray Diffractometer, using a 
Microfocus Sealed Source (Incoatec IµS; Mo-Kα radiation), Kappa Geometry with DX (Bruker-
AXS build) goniostat, a Bruker APEX II detector, QUAZAR multilayer mirrors as the radiation 
monochromator, and Oxford Cryostream 700. All crystallographic data was refined with 
SHELXL-97, solved with SIR-2007, visualized with ORTEP-32, and finalized with WinGX. 
AFM was performed on Asylum MFP-3D microscope in AC mode.  SEM was performed on FEI 
Quanta 3D FEG FIB at the Biomolecular Nanotechnology Center at UC Berkeley.  STM 
imaging was performed using a home-built UHV low-temperature STM at 13 K, an Omicron 
LT-STM at 4.5 K, and an Omicron VT-STM operating at 298 K.  A tungsten tip was used for 
topographic STM measurements.  Raman spectroscopy was recorded using a LabRam ARAMIS 
automated scanning confocal microscope.  TGA was measured using a TA Instruments Q5000IR 
TGA-MS instrument.  ICP-OES was performed on a Varian 720 Series instrument.  XPS was 
performed on a PHI 5400 X-ray system.  TEM was performed using a JEOL 2100-F 200 kV 
Field-Emission Analytical Transmission Electron Microscope.  Compounds 2–7, 10–15, 18–33c, 
35a, 35c, 36–40, 45–52, 61–66, 67a–c, and 73 were synthesized according to literature 
procedures.   
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8.2 Synthetic Procedures 

 
1 

5,10-bis(10-bromoanthracen-9-yl)-5,10-dihydroboranthrene (1) A 100 mL Schlenk tube was 
charged with 9,10-dibromoanthracene (2) (0.21 g, 0.60 mmol) in dry Et2O (20 mL) and cooled to 
−78 °C.  nBuLi (2.5 M, 0.25 mL, 0.63 mmol) was added and the reaction mixture was stirred at 
−78 °C for 15 min before warming to 24 °C over 1 h. The reaction mixture was cooled to −78 °C 
and a solution of 3 (0.10 g, 0.30 mmol) in dry toluene (12.5 mL) was added dropwise at  −78 °C 
and slowly warmed to 24 °C over 18 h. The resulting orange precipitate was filtered and washed 
with cold Et2O (10 mL) and MeOH (10 mL). Recrystallization from dry C2H2Cl4 yielded 1 (0.14 
g, 0.2 mmol, 67%) as an orange solid. M.p.: >350 °C (decomp.); 1H NMR (400 MHz, C2D2Cl4, 
25 °C) δ = 8.68 (d, J = 8.0 Hz, 4H), 7.72 (d, J = 8.0 Hz, 4H), 7.70–7.64 (m, 4H), 7.45–7.38 (m, 
8H), 7.35–7.30 (m, 4H) ppm; 13C{1H} NMR (125 MHz, C2D2Cl4, 25 °C) δ = 145.4, 142.5, 
140.1, 134.2, 134.1, 130.1, 129.8, 128.1, 127.1, 124.9, 122.7 ppm; 11B NMR (192 MHz, CDCl3, 
25 °C) δ = 72.97 ppm; EI-HR-MS (m/z): [C40H24B2Br2]+, calcd for [12C40H24

11B2
79Br81Br] 

686.0410; found 686.0422. 
 
 

 
8 

5,10-di(anthracen-9-yl)-5,10-dihydrophenazine (8)  A 100 mL Schlenk flask was charged with 9-
bromoanthracene (1.10 g, 4.4 mmol), 5,10-dihydrophenazine (7) (0.40 g, 2.2 mmol), and 
NaOtBu (0.63 g, 6.6 mmol) in dry toluene (10 mL) at 24 °C in a Nitrogen-filled glovebox.   
Pd(dba)2 (0.20 g, 0.4 mmol) and P(tBu)3 (0.05 g, 0.3 mmol) were mixed in toluene (10 mL) and 
added to the reaction mixture.  After dilution with toluene (10 mL), stirring was continued for 24 
h.  The mixture was filtered through celite, washed with EtOAc, and concentrated.  
Recrystallization from EtOAc yielded 8 (0.10 g, 0.2 mmol, 8%) as a brown solid.  EI-HR-MS 
(m/z): [C40H26N2]+, calcd for [12C40H26N2] 534.2096; found 534.2086. 
  
 

B

B
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9 

5,10-bis(10-bromoanthracen-9-yl)-5,10-dihydrophenazine (9)  A 100 mL round bottom flask was 
charged under open atmosphere with 8 (0.01 g, 9.0 µmol) in CH2Cl2 (50 mL).  A solution of Br2 
(0.3 mL, 5 µl / mL in CH2Cl2) was added and stirred for 3 h at 24 °C. The reaction was quenched 
with H2O (10 mL), extracted with CH2Cl2 (50 mL), dried over MgSO4, and concentrated.  
Recrystallization from EtOAc yielded 9 (0.01 g, 9.0 µmol, 99%) as a yellow solid.  MALDI-HR-
MS (m/z):  [C40H24N2Br2]+, calcd for [12C40H24N2

79Br2] 690.0301; found 690.0096. 
 
 

 
16 

5,10,15,20-tetrakis(10-bromoanthracen-9-yl)porphyrin (16)  A 100 mL Schlenk flask was 
charged under N2 with 9,10-dibromoanthracene (13) (0.82 g, 2.4 mmol) in Et2O (12 mL) and 
cooled to −78 °C.  nBuLi (2.5 M, 2.4 mmol, 1.0 mL) was added and the reaction mixture was 
stirred for 30 min before warming to 24 °C.  2-formylpyrrole (14) was added and stirred for 1 h.  
The reaction mixture was carefully transferred under N2 to a solution of toluene / propionic acid 
(5:3 mL) at 100 °C and stirring was continued for 3 h.  After cooling to 24 °C, the reaction was 
quenched with TEA (6 mL) and concentrated.  Column chromatography (SiO2; 8:2 CH2Cl2 : 
hexanes) and recrystallization from CH2Cl2 / MeOH yielded 16 (0.01 g, 6.0 µmol, 2%) as a 
purple crystalline solid.  1H NMR (400 MHz, CDCl3, 25 °C) δ = 8.78 (d, J = 9.0 Hz, 8H), 8.10 (s, 
8H), 7.55 (dd, J = 7.0, 2.0 Hz, 8H), 7.18 (d, J = 8.0 Hz, 8H), 7.06 (dd, J = 6.0, 2.0 Hz, 8H), −1.75 
(s, 2H) ppm; 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C) δ = 139.0, 136.3, 131.9, 130.3, 129.6, 
128.4, 128.2, 127.6, 127.5, 126.9, 126.6 ppm; MALDI-HR-MS (m/z):  [C76H42Br4N4]+, calcd for 
[12C76H42

79Br4N4] 1326.0143; found 1325.4969. 
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17 

Nickel 5-(5-([9,9’-bianthracen]-10-yl)-10,15,20-triphenylporphyrin),10,15,20-tetrakis porphyrin 
(17)  A 100 mL sealable Schlenk flask was charged under N2 with Cs2CO3 (0.10 g, 0.3 mmol) in 
THF (20 mL).  Porphyrin 18 (0.08 g, 120 µmol), boronic ester 27 (0.04 g, 60 µmol), 
PdCl2(PPh3)2 (0.01 g, 12 µmol), and Ph3As (0.01 g, 18 µmol) were added and the tube was 
sealed.  The mixture was stirred for 48 h at 67 °C in the dark.  After cooling to 24 °C, the 
mixture was quenched with H2O (50 mL), extracted with CH2Cl2 (50 mL), dried over MgSO4, 
and concentrated.  Column chromatography (SiO2; 9:1 CH2Cl2/ hexanes) and recrystallization 
from CH2Cl2 / MeOH yielded 17 (0.01 g, 5 µmol, 9%) as a purple crystalline solid. 1H NMR 
(300 MHz, CDCl3, 25 °C) δ = 8.79 (s, 8H), 8.77 (d, J = 5.0 Hz, 4H), 8.55 (d, J = 5.0 Hz, 4H), 
8.09–8.06 (m, 12H), 7.74–7.68 (m, 22H), 7.34–7.28 (m, 8H), 7.13–7.08 (m, 4H) ppm; 13C{1H} 
NMR (126 MHz, CDCl3, 25 °C) δ = 162.8, 158.2, 150.2, 148.8, 148.5, 148.2, 144.3, 144.2, 
144.1, 143.1, 140.9, 139.7, 136.6, 134.7, 133.9, 133.2, 132.7, 132.4, 131.2, 129.3, 128.0, 127.9, 
127.1, 127.0, 126.0, 126.0, 119.4 ppm; MALDI-HR-MS (m/z): [C104H62N8Ni2]+, calcd for 
[12C104H62N8

58Ni2] 1538.3804; found 1538.2407. 
 
 

 
34b 

poly(6,11-(4,4'-(1,4-diphenyltriphenylene-2,3-diyl)dipyridine)) (34b)  A 100 mL sealable 
Schlenk flask was charged in a nitrogen-filled glovebox with Ni(COD)2 (1.22 g, 3.6 mmol),       
2,2’-bipyridine (0.56 g, 3.6 mmol), COD (0.56 g, 3.6 mmol), and DMF (10 mL).  The flask was 
sealed, removed from the glovebox, and the reaction mixture was stirred for 30 min at 60 °C.  
Monomer 33b (0.60 g, 0.9 mmol) in toluene (30 mL) was degassed for 30 min and added to the 
catalyst solution.  The reaction mixture was stirred for 72 h at 80 °C.  After cooling to 24 °C, the 
reaction mixture was poured into MeOH / H2O (150 : 30 mL), and filtered.  Washing with HCl 
(1M aq., 250 mL), H2O (250 mL), MeOH (100 mL), NaOH (1M aq., 250 mL), H2O (250 mL),  
MeOH (100 mL), and hexanes (100 mL) yielded 34b (0.40 g, 83%) as a yellow solid.  1H NMR 
(300 MHz, CDCl3, 25 °C) δ = 8.18 (br, 4H), 7.13 (br, 10H), 6.65 (s, 4H) ppm. 
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35b 

2N-GNR (35b)  A 1000 mL three-neck round-bottom flask was charged under N2 with polymer 
34b (0.50 g) in dry CH2Cl2 (500 mL).  FeCl3 (35.0 g, 216.0 mmol) in CH3NO2 (35 mL) was 
added dropwise while a stream of N2 was passed through the solution.  The reaction mixure was 
stirred for 72 h at 24 °C, then poured into MeOH (300 mL) and filtered.  Washing with MeOH 
(200 mL), HCl (1M aq., 200 mL), KOH (1M aq., 500 mL), MeOH (100 mL), H2O (200 mL), 
MeOH (100 mL), and THF (200 mL) yielded 35b (0.450 g, 91%) as a black solid. 
 
 

 
41 

4-ethynyl-9H-fluoren-9-one (41)  A 100 mL Schlenk flask was charged under N2 with aldehyde 
40 (0.47 g, 2.2 mmol) in THF (50 mL).  Dimethyl (1-diazo-2-oxopropyl)phosphonate (10% in 
CH3CN, 4.2 mL, 0.42 g, 2.2 mmol), K2CO3 (0.41 g, 3.0 mmol), and MeOH (10 mL) were added 
and stirred for 14 h at 24 °C.  The reaction mixture was quenched with H2O (50 mL) and 
extracted with EtOAc (50 mL, 3x). The combined organic phases were dried over MgSO4 and 
concentrated on a rotary evaporator.  Recrystallization from EtOAc yielded 41 (0.46 g, 2.2 
mmol, 99%) as a yellow solid. 1H NMR (400 MHz, CDCl3, 25 °C) δ = 8.31 (d, J = 7.6 Hz, 1H), 
7.70–7.65 (m, 2H), 7.58–7.53 (m, 2H), 7.34 (t, J = 12.0 Hz, 1H), 7.27 (d, J = 16 Hz, 1H), 3.50 (s, 
1H) ppm; 13C{1H} NMR (151 MHz, CDCl3, 25 °C) δ = 192.9, 144.7, 143.9, 139.1, 134.9, 134.4, 
134.0, 129.5, 128.7, 124.5, 124.2, 123.1, 116.2, 83.0, 81.2 ppm;  EI-HR-MS (m/z):  [C15H8O]+, 
calcd for [12C15H8O] 204.0575; found 204.0576. 
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42 

4-(6,11-dibromo-1,4-diphenyltriphenylen-2-yl)-9H-fluoren-9-one (42)  A 25 mL sealable 
Schlenk flask was charged under N2 with alkyne 41 (0.11 g, 0.5 mmol) and 31 (0.30 g, 0.5 
mmol) in o-xylene (1.5 mL).  The flask was sealed and the reaction mixture stirred for 16 h at 
160 °C.  After cooling to 24 °C, the mixture was dissolved in a minimal amount of CH2Cl2 and 
precipitated with MeOH.  The product was further purified by trituration with cold CH2Cl2 to 
yield 42 (0.31 g, 0.4 mmol, 76%) as a yellow solid.  1H NMR (400 MHz, CD2Cl2, 25 °C) δ = 
8.31 (d, J = 2.0 Hz, 1H), 8.30 (d, J = 2.0 Hz, 1H), 7.87 (d, J = 2.0 Hz, 1H), 7.70 (d, J = 2.0 Hz, 
1H), 7.69 (s, 1H), 7.62–7.45 (m, 8H), 7.24–7.10 (m, 7H), 7.06–7.04 (m, 2H), 6.69 (d, J = 7.4 Hz, 
1H) ppm; 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C) δ = 193.9, 144.9, 143.7, 142.3, 141.1, 
139.9, 139.0, 138.0, 137.8, 137.7, 137.3, 135.1, 134.8, 134.8, 133.2, 133.2, 132.7, 132.6, 132.0, 
131.9, 131.5, 130.9, 130.6, 130.6, 130.4, 130.3, 130.2, 130.0, 123.0, 129.8, 129.2, 129.2, 129.1, 
129.1, 128.7, 128.3, 127.9, 125.3, 125.3, 124.3, 123.5, 123.2, 120.5 ppm;  EI-HR-MS (m/z):  
[C43H24OBr2], calcd for [12C43H24O79Br2] 714.0194; found 714.0186. 
 
 

 
43 

poly(6,11-(1,4-diphenyltriphenylen-2-yl)-9H-fluoren-9-one) (43)  A 100 mL sealable Schlenk 
flask was charged in a Nitrogen-filled glovebox with Ni(COD)2 (0.32 g, 1.2 mmol), 2,2’-
bipyridine (0.20 g, 1.2 mmol), COD (0.13 g, 1.2 mmol), and DMF (6 mL).  The flask was sealed, 
removed from the glovebox, and the reaction mixture stirred for 30 min at 60 °C.  Monomer 42 
(0.20 g, 0.3 mmol) in toluene (20 mL) was degassed for 30 min and added to the catalyst 
solution.  The reaction mixture was heated for 72 h at 80 °C.  After cooling to 24 °C, the mixture 
was poured into MeOH / H2O (50 : 10 mL), and filtered.  Washing with HCl (1M aq., 250 mL), 
H2O (250 mL), MeOH (100 mL), NaOH (1M aq., 250 mL), H2O (250 mL),  MeOH (100 mL), 
and hexanes (100 mL) yielded 43 (0.14 g, 87%) as a yellow solid.  1H NMR (600 MHz, CDCl3, 
25 °C) δ = 8.15 (br, 4H), 7.49 (br, 6H), 7.19 (br, 4H), 7.05 (br, 6H), 6.63 (br, 4H) ppm. 
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44 

CO-GNR (44)  A 500 mL three-neck round-bottom flask was charged under N2 with polymer 43 
(0.12 g) in dry CH2Cl2 (250 mL).  FeCl3 (9.0 g, 55.2 mmol) in CH3NO2 (9 mL) was added 
dropwise while a stream of N2 was passed through the solution.  The reaction mixure was stirred 
for 48 h at 24 °C, then poured into MeOH (300 mL) and filtered.  Washing with MeOH (200 
mL), HCl (1M aq., 200 mL), KOH (1M aq., 500 mL), MeOH (100 mL), H2O (200 mL), MeOH 
(100 mL), and THF (200 mL) yielded 44 (0.12 g, 99%) as a dark red solid. 
 
 

 
53a 

4-methyl-1,2-bis(octyloxy)benzene (53a) A 500 mL Schlenk flask was charged under N2 with 4-
methylbenzene-1,2-diol (10.0 g, 80.6 mmol) in dry DMF (50 mL). 1-Bromooctane (40.0 g, 207.0 
mmol) and K2CO3 (38.0 g, 275.0 mmol) were added and the reaction mixture stirred for 48 h at 
100 °C. The solution was cooled to 24 °C, basified to pH 12 with NaOH, extracted with CH2Cl2 

(100 mL) and the organic layer was washed with H2O (50 mL) and NaCl (sat. aq., 50 mL), dried 
over MgSO4 and concentrated under reduced pressure.  Column chromatography (SiO2; hexanes) 
yielded 53a  (20.2 g, 58.0 mmol, 72%) as a colorless oil. 1H NMR (500 MHz, CDCl3, 25 °C) δ = 
6.80 (d, J = 8.0 Hz, 1H), 6.73 (s, 1H), 6.69 (d, J = 8.0 Hz 1H), 4.00–3.96 (m, 4H), 2.30 (s, 3H), 
1.86–1.78 (m, 4H), 1.52–1.45 (m, 4H), 1.41–1.26 (m, 16H), 0.92–0.90 (m, 6H) ppm; 13C{1H} 
NMR (126 MHz, CDCl3, 25 °C) δ =149.2, 147.1, 130.8, 121.2, 115.2, 114.5, 77.4, 77.2, 76.9, 
69.8, 69.3, 32.0, 31.9, 29.6, 29.5, 29.5, 29.4, 26.2, 22.8, 21.1, 14.2 ppm; ESI-HR-MS (m/z): 
[C23H40O2Na]+, calcd for [12C23H40O2

23Na] 371.2921; found 371.2919. 
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54a 

1-bromo-2-methyl-4,5-bis(octyloxy)benzene (54a) A 250 mL round bottom flask was charged 
with 53a (10.35 g, 32.5 mmol) in DMF (35 mL). NBS (5.75 g, 32.5 mmol) in DMF (25 mL) was 
added dropwise at 24 °C open to the air and stirred for 1 h after addition. The organic layer was 
extracted with EtOAc (100 mL), washed with H2O (100 mL) and NaCl (sat. aq., 50 mL), dried 
over MgSO4, and concentrated on a rotary evaporator.  Column chromatography (SiO2; hexanes) 
yielded 54a (12.0 g, 28.1 mmol, 95%) as a white solid. 1H NMR (600 MHz, CDCl3, 25 °C) δ =  
7.01 (s, 1H), 6.74 (s, 1H), 3.94–3.93 (m, 4H), 2.30 (s, 3H), 1.83–1.75 (m, 4H), 1.49–1.42 (m, 
4H), 1.39–1.25 (m, 16H), 0.93–0.88 (m, 6H) ppm; 13C{1H} NMR (151 MHz, CDCl3, 25 °C) δ = 
148.5, 148.1, 129.9, 118.1, 116.5, 114.8, 69.8, 69.7, 65.9, 31.9, 29.5, 29.4, 29.4, 26.1, 22.8, 22.4, 
15.4, 14.2 ppm; EI-HR-MS (m/z): [C23H39O2Br]+, calcd for [12C23H39O2

79Br] 426.2133; found 
426.2141.  
 
 

 
56a 

1-bromo-4,5-bis(octyloxy)-2-((phenylsulfonyl)methyl)benzene (56a) A 250 mL round bottom 
flask was charged under N2 with 54a (8.52 g, 20.0 mmol) in CCl4 (40 mL). NBS (3.92 g, 22.0 
mmol) and AIBN (0.48 g, 2.9 mmol) were added and the reaction mixture stirred for 3 h at 78 
°C. The solution was cooled to 24 °C, filtered, washed with CCl4 (10 mL), and the filtrate was 
concentrated under reduced pressure. The solid obtained was recrystallized with hexanes and 
used without further purification. An oven dried 250 mL round bottom flask was charged under 
N2 with the solid obtained previously in DMF (30 mL). Benzenesulfinic acid sodium salt (3.94 g, 
24.0 mmol) was added and the reaction mixture was stirred for 3 h at 80 °C. After cooling to 24 
°C, H2O (100 mL) and EtOAc (100 mL) were added and the organic layer was washed with H2O 
(50 mL) and NaCl (sat. aq., 50 mL), dried over MgSO4, and concentrated on a rotary evaporator.  
Recrystallization from EtOAc / hexanes yielded 56a (5.9 g, 10.4 mmol, 52%) as a white solid. 
1H NMR (500 MHz, CDCl3, 25 °C) δ = 7.65–7.59 (m, 3H), 7.44 (t, J = 8.5 Hz, 2H), 6.93 (s, 1H), 
6.85 (s, 1H), 4.47 (s, 2H), 3.94–3.91 (m, 4H), 1.83–1.77 (m, 5H), 1.47–1.42 (m, 5H), 1.39–1.28 
(m, 22H), 0.90–0.87 (m, 8H) ppm; 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ = 150.2, 148.5, 
138.2, 133.8, 129.0, 128.9, 119.9, 117.0, 116.7, 116.4, 69.5, 61.6, 31.9, 31.9, 31.7, 29.5, 29.4, 
29.3, 29.3, 29.2, 29.2, 29.1, 26.1, 26.0, 22.8, 22.8, 14.2 ppm; ESI-HR-MS (m/z): 
[C29H43O4BrNaS]+, calcd for [12C29H43O4

79Br23Na32S] 589.1958; found 589.1967.  
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57a 

4,5-bis(octyloxy)-2-((phenylsulfonyl)methyl)benzonitrile (57a) A 250 mL Schlenk flask was 
charged under N2 with 56a (3.51 g, 6.2 mmol) in NMP (50 mL).  CuCN (2.8 g, 31.0 mmol) was 
added and the reaction mixture stirred for 16 h at 200 °C. After cooling to 24 °C, NH4OH (120 
mL, 30% aq.) was added and stirred for 3 h, filtered, and the filtered solid was washed with H2O 
(100 mL).  Column Chromatography (SiO2; DCM) yielded 57a (0.94 g, 1.8 mmol, 30%) as a 
white solid. 1H NMR (500 MHz, CDCl3, 25 °C) δ = 7.70 (d, J = 7.5 Hz, 2H), 7.64 (t, J = 7.5 Hz, 
1H), 7.49 (t, J = 8.0 Hz, 2H), 7.00 (s, 1H), 6.87 (s, 1H), 4.47 (s, 2H), 4.03 (d, J = 6.5 Hz, 2H), 
3.94 (d, J = 6.5 Hz 2H), 1.87–1.78 (m, 4H), 1.50–1.41 (m, 4H), 1.39–1.28 (m, 16H), 0.89–0.87 
(m, 6H) ppm; 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ = 152.8, 149.4, 137.5, 134.3, 129.3, 
128.8, 125.4, 117.2, 115.4, 115.2, 105.4, 77.4, 77.4, 77.2, 76.9, 69.5, 69.4, 60.4, 31.9, 29.4, 29.4, 
29.3, 29.0, 28.9, 26.0, 22.8, 14.2 ppm; ESI-HR-MS (m/z): [C30H43O4NNaS]+, calcd for 
[12C30H43O4N23Na32S] 536.2805; found 536.2814.  
 
 

 
58a 

4,5-bis(octyloxy)-2-((phenylsulfonyl)methyl)benzaldehyde (58a) A 100 mL Schlenk flask was 
charged under N2 with 57a (0.86 g, 1.7 mmol,) in THF (20 mL) and cooled to 0 °C. DIBAL (1.0 
M in heptanes, 4.5 mL, 4.5 mmol) was added dropwise. The ice bath was removed and the 
reaction stirred for 2 h at 24 °C. After cautiously quenching with HCl (1% aq., 50 mL), the 
solution was stirred for 30 min, extracted with EtOAc (100 mL), dried over MgSO4, and 
concentrated on a rotary evaporator.   Column chromatography (SiO2; CH2Cl2) yielded 58a (0.42 
g, 0.8 mmol, 48%) as a yellow solid. 1H NMR (500 MHz, CDCl3, 25 °C) δ = 9.66 (s, 1H), 7.67 
(d, J = 7.0 Hz, 2H), 7.59 (t, J = 7.5 Hz, 1H), 7.45 (t, J = 7.5 Hz, 2H), 7.19 (s, 1H), 6.80 (s, 1H), 
4.90 (s, 2H), 4.05–3.99 (m, 4H), 1.86–1.81 (m, 4H), 1.50–1.44 (m, 4H), 1.38–1.26 (m, 16H), 
0.91–0.87 (m, 6H) ppm; 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ = 189.9, 153.4, 149.4, 
138.1, 134.0, 129.0, 128.9, 127.8, 123.5, 116.9, 116.5, 69.5, 57.5, 32.0, 29.5, 29.5, 29.4, 29.2, 
29.1, 26.1, 26.1, 22.9, 14.3 ppm; ESI-HR-MS (m/z): [C30H45O5S]+, calcd for [12C30H45O5

32S] 
517.2982; found 517.2994.  
 
 

 
60a 

2,3,14,15-tetra(octyloxy)-5,6,11,12-tetradehydrodibenzo[a,e]cyclooctene (60a)  A 250 mL round 
bottom flask was charged under N2 with 58a (0.42 g, 0.8 mmol) in dry THF (24 mL) and cooled 
to −78 °C.  Diethyl chlorophosphate (0.14 mL, 1.0 mmol) and LiHMDS (1.0 M in THF, 1.6  mL, 
1.6 mmol) were added and the solution stirred for 30 min at −78 °C, then for 1.5 h at 24 °C.  
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After cooling to −78 °C, LDA (2.0M in THF, 4.0 mmol, 2.0 mL) was added and stirred for 2 h.  
The reaction mixture was quenched with NH4Cl (aq., 50 mL), extracted with EtOAc (100 mL), 
dried over MgSO4, and concentrated on a rotary evaporator.  Column chromatography (SiO2; 2:3 
CH2Cl2 : hexanes) yielded 60a (0.10 g, 0.1 mmol, 32%) as a yellow solid.  1H NMR (500 MHz, 
CDCl3, 25 °C) δ = 6.24 (s, 4H), 3.85 (t, J = 7.0 Hz, 8H), 1.76–1.70 (m, 8H), 1.43–1.37 (m, 8H), 
1.33–1.27 (m, 32H), 0.89–0.86 (m, 12H) ppm;  13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ = 
149.0, 126.0, 113.6, 108.7, 77.4, 77.2, 76.9, 69.5, 31.9, 29.5, 29.4, 29.3, 26.1, 22.8, 14.2 ppm;  
ESI-HR-MS (m/z): [C48H72O4]+, calcd for [12C48H72O4] 712.5425; found 712.5436.  
 
 
 

 
53b 

1,2-bis((2-ethyloctyl)oxy)-4-methylbenzene (53b) Synthesized according in a similar manner as 
compound 53a.  4-methylbenzene-1,2-diol (10.0 g, 80.6 mmol) yielded 6.34 g of 53b (6.34g, 
18.2 mmol, 35%) as a colorless oil. 1H NMR (600 MHz, CDCl3, 25 °C) δ = 6.80 (d, J = 7.8 Hz, 
1H), 6.73 (s, 1H), 6.69 (d, J = 8.4 Hz, 1H), 3.87–3.84 (m, 4H), 2.31 (s, 3H), 1.80–1.77 (m, 2H), 
1.59–1.30 (m, 16H), 0.98–0.91 (m, 12H) ppm; 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ = 
149.6, 147.4, 130.6, 121.0, 114.9, 114.9, 114.3, 114.3, 77.4, 77.2, 76.9, 72.1, 71.6, 39.8, 39.7, 
31.7, 30.7, 29.3, 24.0, 24.0, 24.0, 23.2, 22.8, 21.1, 14.3, 11.3 ppm; EI-HR-MS (m/z): 
[C23H40O2]+, calcd for [12C23H40O2] 348.3028; found 348.3032.  
 
 

 
54b 

1-bromo-4,5-bis((2-ethyloctyl)oxy)-2-methylbenzene (54b) Synthesized in a similar manner as 
compound 54a. 53b (6.28 g, 18.0 mmol) yielded 54b (7.32 g, 17.2 mmol, 95%) as a brown oil. 
1H NMR (600 MHz, CDCl3, 25 °C) δ = 7.01 (s, 1H), 6.74 (s, 1H), 3.85–3.81 (m, 4H), 2.30 (s, 
3H), 1.76–1.72 (m, 2H), 1.54–1.28 (m, 16H), 0.94–0.90 (m, 12H) ppm; 13C{1H} NMR (151 
MHz, CDCl3, 25 °C) δ = 148.9, 129.7, 117.7, 116.1, 114.6, 77.4, 77.2, 76.9, 72.1, 72.0, 60.5, 
39.7, 39.7, 30.7, 29.2, 29.2, 24.0, 24.0, 23.2, 22.4, 14.3, 14.2, 11.3 ppm; EI-HR-MS (m/z): 
[C23H39O2Br]+, calcd for [12C23H39O2

79Br] 426.2133; found 426.2134.  
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56b 

1-bromo-4,5-bis((2-ethyloctyl)oxy)-2-((phenylsulfonyl)methyl)benzene (56b) Synthesized in a 
similar manner as compound 56a. 54b (7.32 g, 17.2 mmol) yielded 56b (3.59 g, 6.4 mmol, 37%) 
as a yellow oil. 1H NMR (500 MHz, CDCl3, 25 °C) δ = 7.66 (dd, J = 7.5, 1.0 Hz, 2H), 7.60 (t, J = 
8.0 Hz, 1H), 7.45 (t, J = 8.0 Hz, 2H), 6.87 (s, 1H), 6.85 (s, 1H), 4.47 (s, 2H), 3.80–3.76 (m, 4H), 
1.76–1.71 (m, 2H), 1.52–1.26 (m, 16H), 0.96–0.85 (m, 12H) ppm; 13C{1H} NMR (126 MHz, 
CDCl3, 25 °C) δ = 150.5, 148.8, 138.2, 133.9, 129.0, 129.0, 119.6, 116.7, 116.3, 116.2, 77.4, 
77.2, 76.9, 71.8, 71.7, 61.6, 39.6, 39.5, 31.7, 31.7, 30.7, 30.7, 30.6, 30.6, 29.2, 29.2, 24.0, 24.0, 
24.0, 23.2, 23.1, 22.8, 14.2, 14.2, 14.2, 11.3, 11.3 ppm; ESI-HR-MS (m/z): [C29H42O4BrS]-, 
calcd for [12C29H42O4

79Br32S] 565.1993; found 565.1994.  
 
 
 

 
57b 

4,5-bis((2-ethyloctyl)oxy)-2-((phenylsulfonyl)methyl)benzonitrile (57b) Synthesized in a similar 
manner as compound 57a. 56b (3.59 g, 6.3 mmol) yielded 57b (1.91 g, 3.7 mmol, 59%) as a 
white solid. 1H NMR (500 MHz, CDCl3, 25 °C) δ = 7.72 (dd, J = 7.0,1.5 Hz, 2H), 7.64 (t, J = 7.5 
Hz, 1H), 7.50 (t, J = 7.5 Hz, 2H), 6.96 (s, 1H), 6.88 (s, 1H), 4.47 (s, 2H), 3.90–3.85 (m, 2H), 
3.84–3.78 (m, 2H), 1.80–1.72 (m, 2H), 1.54–1.29 (m, 16H), 0.95–0.88 (m, 12H) ppm; 13C{1H} 
NMR (126 MHz, CDCl3, 25 °C) δ = 153.1, 149.7, 137.6, 134.2, 129.3, 128.9, 125.2, 117.3, 
115.1, 115.0, 105.3, 77.4, 77.2, 76.9, 71.8, 71.7, 60.4, 39.4, 39.4, 30.6, 30.6, 29.2, 29.1, 24.0, 
23.9, 23.9, 23.1, 23.1, 14.8, 11.3, 11.3 ppm; ESI-HR-MS (m/z): [C30H42O4NS]-, calcd for 
[12C30H42O4N32S] 512.2840; found 512.2839. 
 
 

 
58b 

4,5-bis((2-ethyloctyl)oxy)-2-((phenylsulfonyl)methyl)benzaldehyde (58b) Synthesized in a 
similar manner as compound 58a. 57b (0.96 g, 1.9 mmol) yielded 58b (0.62 g, 1.2 mmol, 63%) 
as a colorless solid. 1H NMR (400 MHz, CDCl3, 25 °C) δ = 9.69 (s, 1H), 7.69 (d, J = 7.6 Hz, 
2H), 7.60 (t, J = 7.6 Hz, 1H), 7.46 (t, J = 7.6 Hz, 2H), 7.19 (s, 1H), 6.75 (s, 1H), 4.89 (s, 2H), 
3.94–3.88 (m, 2H), 3.87–3.81 (m, 2H), 1.80–1.74 (m, 2H), 1.54–1.30 (m, 16H), 0.96–0.91 (m, 
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12H) ppm; 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ = 189.9, 153.6, 149.7, 138.1, 133.9, 
129.0, 128.9, 127.7, 123.3, 116.6, 115.9, 77.4, 77.2, 76.9, 71.7, 71.7, 71.6, 71.6, 57.5, 39.5, 39.4, 
30.7, 30.6, 30.6, 30.6, 29.2, 29.2, 24.0, 24.0, 24.0, 23.1, 14.2, 11.3 ppm; ESI-HR-MS (m/z): 
[C30H44O5NaS]+, calcd for [12C30H44O5

23Na32S] 539.2802; found 539.2804.  
 
 

 
60b 

2,3,14,15-tetra((2-ethylhexyl)oxy)-5,6,11,12-tetradehydrodibenzo[a,e]cyclooctene (60b)                            
Synthesized in a similar manner as compound 60a. 58b (0.52 g, 1.0 mmol) yielded 60b (0.14 g, 
0.15 mmol, 38%) as a yellow oil. 1H NMR (600 MHz, CDCl3, 25 °C) δ = 6.24 (s, 4H), 3.72 (t, J 
= 15.0 Hz, 8H), 1.68–1.66 (m, 4H), 1.46–1.29 (m, 32H), 0.90–0.88 (m, 24H) ppm; 13C{1H} 
NMR (151 MHz, CDCl3, 25 °C) δ = 149.4, 125.9, 113.5, 108.7, 77.4, 77.2, 76.9, 71.8, 39.6, 
30.6, 30.6, 29.2, 24.0, 24.0, 23.2, 14.2, 11.3 ppm; EI-HR-MS (m/z): [C64H43N8]+, calcd for 
[12C64H43N8] 923.3611; found 923.3635.  
 
 

 
71 

2-((phenylsulfonyl)methyl)benzonitrile (71) A 50 mL Schlenk flask was charged under N2 with 
70 (1.00 g, 3.20 mmol), and Cu13CN (0.29 g, 3.20 mmol) in NMP (6 mL). The reaction mixture 
was stirred for 11 h at 210 °C.  The reaction mixture was cooled and diluted with H2O (50 mL) 
and EtOAc (50 mL), and filtered.  The solid was washed with additional H2O (50 mL) and 
EtOAc (50 mL). The filtrate was extracted with EtOAc (3x, 50 mL) and the combined organic 
phases were washed with saturated aqueous NaCl (3x, 100 mL), dried over MgSO4, and 
concentrated on a rotary evaporator.  Column chromatography (SiO2; CH2Cl2 (100 mL) then 1:1 
hexane/ EtOAc) yielded 71 (0.68 g, 2.64 mmol, 83%) as a colorless solid.  1H NMR (400 MHz, 
CDCl3, 25 °C) δ = 7.72–7.63 (m, 5H), 7.57–7.44 (m, 4H), 4.57 (s, 2H) ppm; 13C{1H} NMR (151 
MHz, CDCl3, 25 °C) δ = 137.7, 134.4, 133.1, 132.9, 132.4, 132.3, 131.8, 129.6, 129.4, 128.9, 
116.7, 60.6 ppm; ESI-HR-MS (m/z): [12C13

13C1H11NO2NaS]+ calcd for 
[12C13

13C1H11NO2
23Na32S] 281.0436; found 281.0438. 
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72 

2-((phenylsulfonyl)methyl)benzaldehyde (72) A 100 mL Schlenk flask was charged under N2 
with 71 (0.60 g, 2.30 mmol) in THF (20 mL). The reaction mixture cooled to −78 °C and DIBAL 
(5.80 mL in hexanes, 5.80 mmol) was added dropwise.  The cold bath was removed and the 
reaction mixture was stirred for 2.5 h at 24 °C.  The reaction mixture was cooled to 0 °C and 
quenched with 6:1 NH4Cl (sat. aq.) and HCl (6M, aq.) (50 mL).  The quenched mixture was 
stirred for 1 h at 24 °C then diluted with H2O (50 mL) and extracted with EtOAc (3x, 50 mL). 
The combined organic phases were washed with saturated aqueous NaCl (200 mL), dried over 
MgSO4, and concentrated on a rotary evaporator. Column chromatography (SiO2; CH2Cl2) and 
recrystallization with EtOAc yielded 3 (0.25 g, 0.96 mmol, 42%) as a white solid.  1H NMR (300 
MHz, CDCl3, 25 °C) δ = 9.82 (d, J = 177 Hz, 1H), 7.76–7.67 (m, 3H), 7.63–7.58 (m, 3H), 7.48–
7.43 (m, 3H), 5.04 (s, 2H) ppm; 13C{1H} NMR (151 MHz, CDCl3, 25 °C) δ = 192.1, 138.3, 
134.8, 134.5, 134.4, 134.4, 133.9, 133.6, 129.5, 128.9, 128.7, 57.7 ppm; ESI-HR-MS (m/z): 
[12C13

13C1H12O3NaS]+, calcd for [12C13
13C1H12O3

23Na32S] 284.0433; found 284.0436. 
 
 
 

 
*51 

5,6,11,12-tetradehydrodibenzo[a,e]cyclooctene (*51) An oven dried 250 mL round bottom flask 
was charged under N2 with 72 (0.26 g, 1.0 mmol) in dry THF (30 mL) and cooled to −78 °C. 
Diethyl chlorophosphate (0.17 mL, 1.2 mmol) and LiHMDS (1.0 M in THF, 2.0 mL, 2.0 mmol) 
were added and the solution was stirred for 30 min, then for 1.5 h at 24 °C. After cooling to −78 
°C, LDA (2.0M in THF, 2.5 mL, 5.0 mmol) was added and stirred for 2 h. The reaction was 
quenched with NH4Cl (aq., 50 mL), extracted with EtOAc (3x, 50 mL), dried over MgSO4, 
concentrated under reduced pressure.  Column chromatography (SiO2, 2:3 CH2Cl2 : hexanes) 
yielded *51 (55 mg, 0.3 mmol, 56%) as a yellow solid.  1H NMR (400 MHz, CDCl3, 25 °C) δ = 
6.95–6.91 (m, 4H), 6.75–6.72 (m, 4H) ppm; 13C{1H} NMR (101 MHz, CDCl3, 25 °C) δ = 133.1, 
129.2, 127.5, 109.5 ppm;  EI-HR-MS (m/z): [12C14

13C2H8]+, calcd for [12C14
13C2H8] 202.0693; 

found 202.0698. 
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74 

4,5-difluoro-2-(phenylethynyl)benzaldehyde (74) A 250 mL Schlenk flask was charged under N2 
with 86 ([3.66 g, 16.80 mmol]), PdCl2(PPh3)2 (0.23 g, 0.40 mmol, 2 mol%), CuI (0.04 g, 0.20 
mmol), and TEA (100 mL). The reaction mixture was degassed with N2 for 10 min, then 
phenylacetylene (2.70 mL, 24.80 mmol) was added dropwise and the reaction mixture was 
stirred for 12 h at 50 °C.  The cooled reaction mixture was diluted with H2O (100 mL) and 
extracted with CH2Cl2 (3x, 50 mL). The combined organic phases were washed with saturated 
aqueous NaCl (200 mL), dried over MgSO4, and concentrated on a rotary evaporator. Column 
chromatography (SiO2; 9:1 hexane: EtOAc) yielded 6 (3.37 g, 14.0 mmol, 84%) as a beige solid.  
1H NMR (300 MHz, CDCl3, 25 °C) δ = 10.52 (d, J = 3.2 Hz ,1H) 7.76 (dd, J = 10.1, 8.2 Hz, 1H), 
7.57–7.54 (m, 2H), 7.48–7.38 (m, 4H) ppm; 13C{1H} NMR (126 MHz, CDCl3, 25 °C) δ = 189.2, 
164.6, 153.6 (d, J = 261 Hz), 150.80 (d, J = 245.2 Hz), 133.5, 132.0, 129.7, 128.8, 124.3, 121.9 
(d, J = 24.0 Hz), 116.3 (d, J = 18.3 Hz), 97.1, 82.8 ppm; 19F NMR (400 MHz, CDCl3, 25 °C) δ = 
−126.0 – −126.3 (m, 1F), −132.2 – −132.5 (m, 1F) ppm;  EI-HR-MS (m/z): [C15H8OF2]+, calcd 
for [12C15H8OF2] 242.0543; found 242.0544. 
 
	  

 
96 

1,2-bis(3-phenylnaphthalen-2-yl)benzene (96) A 25 mL sealable Schlenk tube was charged 
under N2 with 95 ([0.06 g, 0.20 mmol]), dry C2H2Cl2 (3 mL), 73 (0.20 mg, 1.0 mmol), Cu(OTf)2 
(0.04 g, 0.12 mmol), and TFA (0.19 mL, 2.5 mmol). The tube was sealed and the reaction 
mixture stirred for 3 h at 100 °C.  The cooled reaction mixture was neutralized with NaHCO3 
(sat. aq., 50 mL) and extracted with CH2Cl2 (3x, 50 mL). The combined organic phases were 
washed with NaHCO3 (sat. aq., 100 mL), NaCl (sat. aq., 100 mL), dried over MgSO4, and 
concentrated on a rotary evaporator. Column chromatography (SiO2; 9:1 hexane: EtOAc) yielded 
96 (0.11 g, 0.20 mmol, 99%) as a colorless solid.  1H NMR (400 MHz, CDCl3, 22 °C) δ = 7.69–
7.67 (m, 2H), 7.49–7.36 (m, 12H), 7.15 (t, J = 7.4 Hz, 2H), 6.91 (t, J = 7.5 Hz, 4H), 6.48–6.46 
(m, 6H) ppm; 13C{1H } NMR (151 MHz, CDCl3, 22 °C) δ = 141.4, 141.2, 139.0, 138.3, 132.6, 
132.5, 131.9, 131.0, 129.3, 128.5, 128.0, 127.7, 127.6, 127.5, 126.1, 125.8, 125.4 ppm;  EI-HR-
MS (m/z): [C38H26]+, calcd for [12C38H26] 482.2035; found 482.2043. 
 
 

F

F
O



Experimental Section 
 

	  

140 

 
97 

1,2-bis(6,7-difluoro-3-phenylnaphthalen-2-yl)benzene (97) Similarly, 95 ([0.06 g, 0.20 mmol]), 
dry C2H2Cl2 (3 mL), 74 (0.24 mg, 1.0 mmol), Cu(OTf)2 (0.04 g, 0.12 mmol), and TFA (0.19 mL, 
2.5 mmol) yielded 97 (0.10 g, 0.18 mmol, 92%) as a yellow solid.  1H NMR (400 MHz, CDCl3, 
25 °C) δ = 7.50 (dd, J = 5.6, 3.4 Hz, 2H), 7.40 (dd, J = 10.9, 7.9 Hz, 2H), 7.33 (dd, J = 5.6, 3.4 
Hz, 2H), 7.28 (s, 2H), 7.19–7.11 (m, 4H), 6.92 (t, J = 7.6 Hz, 4H), 6.43 (d, J = 7.6 Hz, 4H), 6.35 
(s, 2H) ppm; 13C{1H } NMR (151 MHz, CDCl3, 25 °C) δ = 150.9, 149.2, 140.7, 140.5, 139.2, 
138.6, 131.9, 130.3, 129.3, 129.2, 129.1, 128.1, 127.7, 127.2, 126.5, 113.9, 113.1 ppm; 19F NMR 
(400 MHz, CDCl3, 25 °C) δ = −136.3 – −136.4 (m, 2F), −136.8 – −136.9 (m, 2F) ppm;  ESI-HR-
MS (m/z): [C38H22F4]+, calcd for [C38H22F4] 554.1658; found 554.1664.     
    
	  

 
68a 

poly(o-phenylene ethynylene) (68a)  A 5 mL vial was charged in a Nitrogen-glovebox with 51 
(0.02 g, 0.10 mmol) in toluene (1.5 mL).  Catalyst 67a (3.8 mg, 5 µmol, 5 mol%) in toluene (0.6 
mL) was added rapidly and the reaction mixture stirred for 3 h at 24 °C.  The reaction mixture 
was removed from the glovebox and quenched with MeOH (10 mL).  Filtration and washing 
with MeOH (30 mL) yielded 10 (0.02 g, 82%) as a brown solid.  1H NMR (500 MHz, THF-d8, 
25 °C) δ = 7.56 (br, 70H), 7.22 (br, 70H), 2.22 (s, 2H) ppm; 13C NMR (126 MHz, THF-d8, 25 
°C) δ = 133.2, 129.3, 96.9, 93.4 ppm. 
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75 

poly(o-phenylene naphthalene) (75)  A 25 mL sealable Schlenk flask was charged under N2 with 
polymer 68a (0.01 g, 0.08 mmol) and 1,2-dichloroethane (5 mL, anhydrous) and heated for 1 h at 
100 °C until the polymer was dissolved.  After cooling to 25 °C, 73 (0.10 g, 0.5 mmol), 
Cu(OTf)2 (0.02 g, 0.05 mmol), and TFA (0.08 mL, 1.0 mmol) were added and the flask was 
sealed and the reaction mixture heated for 24 h at 100 °C.  After cooling, the reaction was 
quenched with sat. aq. NaHCO3 (50 mL) and extracted with CH2Cl2 (50 mL).  The organic layer 
was with sat. aq. NaHCO3 (3x, 50 mL) and NaCl (sat. aq., 50 mL), dried over MgSO4, and 
concentrated on a rotary evaporator.  The solid obtained was dissolved in a minimal amount of 
acetone and precipitation with MeOH yielded a solid that was subjected once more to the above 
benzannulation procedure to obtain 75 as a brown solid (0.01 g, 56%).  1H NMR (500 MHz, 
THF-d8, 25 °C) δ = 8.42–6.35 (m, 20 H) ppm;  13C NMR (126 MHz, THF-d8, 25 °C); δ = 139.9, 
128.3 ppm. 
 
 
 

 
76 

poly(o-phenylene 6,7-difluoronaphthalene) (76)  A 25 mL sealable Schlenk flask was charged 
under N2 with polymer 68a (0.01 g, 0.08 mmol) and 1,2-dichloroethane (5 mL, anhydrous) and 
heated for 1 h at 100 °C until the polymer was dissolved.  After cooling to 25 °C, 74 (0.12 g, 0.5 
mmol), Cu(OTf)2 (0.02 g, 0.05 mmol), and TFA (0.08 mL, 1.0 mmol) were added and the flask 
was sealed and the reaction mixture stirred for 24 h at 100 °C.  After cooling, the reaction was 
quenched with sat. aq. NaHCO3 (50 mL) and extracted with CH2Cl2 (50 mL).  The organic layer 
was washed with sat. aq. NaHCO3 (3x, 50 mL) and NaCl (sat. aq., 50 mL), dried over MgSO4, 
and concentrated on a rotary evaporator.  The solid obtained was dissolved in a minimal amount 
of acetone and precipitation with MeOH yielded a solid that was subjected once more to the 
above benzannulation procedure to obtain 76 as a brown solid (0.01 g, 65%).  1H NMR (500 
MHz, THF-d8, 25 °C) δ = 7.57 (m, 16 H) ppm; 13C NMR (151 MHz, THF-d8, 25 °C) δ = 139.9, 
129.6 ppm. 
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68b 

cyclo(o-phenylene ethynylene) (68b)  A 20 mL vial was charged in a Nitrogen-glovebox with 51 
(0.06 g, 0.03 mmol) in toluene (5.5 mL).  Catalyst 67a (43 mg, 55 µmol, 20 mol%) in toluene 
(0.5 mL) was added rapidly and the mixture was stirred for 20 h at 24 °C.  The reaction mixture 
was removed from the glovebox and quenched with MeOH (10 mL), filtered, and washed with 
MeOH (50 mL).  The solid obtained was subjected to Soxlet extraction with hexanes and the 
soluble extract yielded 68b (0.01 g, 13%) upon concentration with a rotary evaporator as a 
brown solid.  1H NMR (300 MHz, CDCl3, 25 °C) δ = 7.45 (m, 2H), 7.12 (m, 2H) ppm; 13C NMR 
(151 MHz, CDCl3, 25 °C) δ = 132.2, 128.1, 125.7, 92.6 ppm. 
 

 
77 

n = 8 AGNR (77)  A 100 mL three-neck round-bottom flask was charged under N2 with polymer 
75 (0.005 g) and CH2Cl2 (75 mL, anhydrous).  FeCl3 (0.75 g, 4.6 mmol) in CH3NO2 (2 mL) was 
added dropwise while a stream of N2 was passed through the solution.  The reaction mixure was 
stirred for 48 h at 24 °C, then poured into MeOH (100 mL) and filtration yielded 77 (0.004 g, 
80%) as a dark purple solid after washing with additional MeOH (100 mL).  

 
78 

n=8 fluorinated AGNR (78)  A 100 mL three-neck round-bottom flask was charged under N2 
with polymer 76 (0.003 g) and CH2Cl2 (75 mL, anhydrous).  FeCl3 (0.50 g, 4.6 mmol) in 
CH3NO2 (2 mL) was added dropwise while a stream of N2 was passed through the solution.  The 
reaction mixure was stirred for 48 h at 24 °C, then poured into MeOH (100 mL) and filtration 
yielded 78 (0.002 g, 66%) as a dark purple solid after washing with additional MeOH (100 mL). 

n–1

n–1

OH

F F F F
n–1

F F F F

OH
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9.1 Crystal Structure Data for Boron-Doped GNR Monomer 1 
 
Table 9.1.1  Crystal data and structure refinement for boron-doped GNR monomer 1. 
Empirical formula  C46 H30 B2 Br2 Cl12 
Formula weight  1189.54 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 8.6046(3) Å a= 82.148(2)°. 
 b = 9.8632(4) Å b= 82.067(2)°. 
 c = 14.5013(6) Å g = 74.011(2)°. 
Volume 1165.48(8) Å3 
Z 1 
Density (calculated) 1.695 Mg/m3 
Absorption coefficient 2.462 mm-1 
F(000) 590 
Crystal size 0.040 x 0.030 x 0.020 mm3 
Theta range for data collection 1.425 to 25.395°. 
Index ranges -10<=h<=10, -11<=k<=11, -17<=l<=17 
Reflections collected 42257 
Independent reflections 4281 [R(int) = 0.0543] 
Completeness to theta = 25.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.862 and 0.779 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4281 / 0 / 280 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0387, wR2 = 0.0810 
R indices (all data) R1 = 0.0556, wR2 = 0.0887 
Extinction coefficient n/a 
Largest diff. peak and hole 1.270 and -0.666 e.Å-3 
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Table 9.1.2  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 
103).  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 1531(4) -3136(3) 8468(2) 10(1) 
C(2) 810(4) -2647(4) 7631(2) 10(1) 
C(3) -581(4) -3063(4) 7466(2) 14(1) 
C(4) -1290(5) -2624(4) 6655(3) 19(1) 
C(5) -636(5) -1734(4) 5949(3) 20(1) 
C(6) 667(5) -1282(4) 6071(3) 18(1) 
C(7) 1438(4) -1709(4) 6920(2) 12(1) 
C(8) 2781(4) -1280(4) 7095(2) 13(1) 
C(9) 3582(4) -1782(3) 7899(2) 11(1) 
C(10) 4991(4) -1409(4) 8078(3) 16(1) 
C(11) 5696(4) -1919(4) 8883(3) 19(1) 
C(12) 5043(5) -2835(4) 9571(3) 20(1) 
C(13) 3713(4) -3225(4) 9429(2) 15(1) 
C(14) 2921(4) -2730(4) 8595(2) 11(1) 
C(15) -368(4) -3424(4) 10101(2) 10(1) 
C(16) -722(4) -1966(4) 10173(2) 14(1) 
C(17) -1805(4) -1341(4) 10891(3) 17(1) 
C(18) 1119(4) -5731(4) 9202(2) 10(1) 
C(19) 2195(4) -6387(4) 8483(2) 15(1) 
C(20) 2551(4) -7837(4) 8439(3) 16(1) 
C(21) 1486(5) 6919(5) 2531(3) 36(1) 
C(22) 1781(6) 8317(5) 2582(3) 38(1) 
C(23) 5779(4) 5164(4) 5070(2) 15(1) 
B(1) 772(5) -4103(4) 9258(3) 10(1) 
Cl(1) 526(1) 6416(1) 3656(1) 34(1) 
Cl(2) 3284(1) 5622(1) 2194(1) 32(1) 
Cl(3) 3186(1) 8257(1) 3373(1) 32(1) 
Cl(4) 2458(2) 8960(1) 1406(1) 36(1) 
Cl(5) 5356(1) 6930(1) 5362(1) 22(1) 
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Cl(6) 7134(1) 4987(1) 4033(1) 29(1) 
Br(1) 3531(1) 83(1) 6202(1) 22(1) 
Table 9.1.3   Bond lengths [Å] and angles [°] for 1. 
_____________________________________________________ 
C(1)-C(14)  1.404(5) 
C(1)-C(2)  1.404(5) 
C(1)-B(1)  1.578(5) 
C(2)-C(3)  1.426(5) 
C(2)-C(7)  1.440(5) 
C(3)-C(4)  1.363(5) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.415(5) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.356(5) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.436(5) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.399(5) 
C(8)-C(9)  1.399(5) 
C(8)-Br(1)  1.916(3) 
C(9)-C(10)  1.425(5) 
C(9)-C(14)  1.447(5) 
C(10)-C(11)  1.360(5) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.417(5) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.352(5) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.430(5) 
C(13)-H(13)  0.9500 

C(15)-C(16)  1.401(5) 
C(15)-C(18)#1  1.421(5) 
C(15)-B(1)  1.561(5) 
C(16)-C(17)  1.387(5) 
C(16)-H(16)  0.9500 
C(17)-C(20)#1  1.384(5) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.396(5) 
C(18)-C(15)#1  1.421(5) 
C(18)-B(1)  1.562(5) 
C(19)-C(20)  1.386(5) 
C(19)-H(19)  0.9500 
C(20)-C(17)#1  1.384(5) 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.483(6) 
C(21)-Cl(2)  1.772(4) 
C(21)-Cl(1)  1.795(5) 
C(21)-H(21)  1.0000 
C(22)-Cl(3)  1.762(4) 
C(22)-Cl(4)  1.812(5) 
C(22)-H(22)  1.0000 
C(23)-C(23)#2  1.509(7) 
C(23)-Cl(6)  1.768(4) 
C(23)-Cl(5)  1.776(4) 
C(23)-H(23)  1.0000 

 
C(14)-C(1)-C(2) 119.0(3) 
C(14)-C(1)-B(1) 120.6(3) 
C(2)-C(1)-B(1) 120.5(3) 

C(1)-C(2)-C(3) 120.6(3) 
C(1)-C(2)-C(7) 121.3(3) 
C(3)-C(2)-C(7) 118.0(3) 



                                                                 Appendix               147 
 

	  

C(4)-C(3)-C(2) 121.9(3) 
C(4)-C(3)-H(3) 119.1 
C(2)-C(3)-H(3) 119.1 
C(3)-C(4)-C(5) 119.6(3) 
C(3)-C(4)-H(4) 120.2 
C(5)-C(4)-H(4) 120.2 
C(6)-C(5)-C(4) 121.2(3) 
C(6)-C(5)-H(5) 119.4 
C(4)-C(5)-H(5) 119.4 
C(5)-C(6)-C(7) 120.8(3) 
C(5)-C(6)-H(6) 119.6 
C(7)-C(6)-H(6) 119.6 
C(8)-C(7)-C(6) 123.9(3) 
C(8)-C(7)-C(2) 117.8(3) 
C(6)-C(7)-C(2) 118.3(3) 
C(9)-C(8)-C(7) 123.0(3) 
C(9)-C(8)-Br(1) 118.5(3) 
C(7)-C(8)-Br(1) 118.4(3) 
C(8)-C(9)-C(10) 124.3(3) 
C(8)-C(9)-C(14) 117.6(3) 
C(10)-C(9)-C(14) 118.2(3) 
C(11)-C(10)-C(9) 121.2(3) 
C(11)-C(10)-H(10) 119.4 
C(9)-C(10)-H(10) 119.4 
C(10)-C(11)-C(12) 120.8(3) 
C(10)-C(11)-H(11) 119.6 
C(12)-C(11)-H(11) 119.6 
C(13)-C(12)-C(11) 120.1(3) 
C(13)-C(12)-H(12) 120.0 
C(11)-C(12)-H(12) 120.0 
C(12)-C(13)-C(14) 121.8(3) 
C(12)-C(13)-H(13) 119.1 
C(14)-C(13)-H(13) 119.1 
C(1)-C(14)-C(13) 120.8(3) 

C(1)-C(14)-C(9) 121.3(3) 
C(13)-C(14)-C(9) 117.9(3) 
C(16)-C(15)-C(18)#1 118.4(3) 
C(16)-C(15)-B(1) 121.1(3) 
C(18)#1-C(15)-B(1) 120.5(3) 
C(17)-C(16)-C(15) 121.5(3) 
C(17)-C(16)-H(16) 119.3 
C(15)-C(16)-H(16) 119.3 
C(20)#1-C(17)-C(16) 120.0(3) 
C(20)#1-C(17)-H(17) 120.0 
C(16)-C(17)-H(17) 120.0 
C(19)-C(18)-C(15)#1 118.9(3) 
C(19)-C(18)-B(1) 120.9(3) 
C(15)#1-C(18)-B(1) 120.2(3) 
C(20)-C(19)-C(18) 121.6(3) 
C(20)-C(19)-H(19) 119.2 
C(18)-C(19)-H(19) 119.2 
C(17)#1-C(20)-C(19) 119.6(3) 
C(17)#1-C(20)-H(20) 120.2 
C(19)-C(20)-H(20) 120.2 
C(22)-C(21)-Cl(2) 112.7(3) 
C(22)-C(21)-Cl(1) 106.8(3) 
Cl(2)-C(21)-Cl(1) 112.4(3) 
C(22)-C(21)-H(21) 108.3 
Cl(2)-C(21)-H(21) 108.3 
Cl(1)-C(21)-H(21) 108.3 
C(21)-C(22)-Cl(3) 113.3(3) 
C(21)-C(22)-Cl(4) 107.1(3) 
Cl(3)-C(22)-Cl(4) 111.4(3) 
C(21)-C(22)-H(22) 108.3 
Cl(3)-C(22)-H(22) 108.3 
Cl(4)-C(22)-H(22) 108.3 
C(23)#2-C(23)-Cl(6) 110.3(3) 
C(23)#2-C(23)-Cl(5) 109.7(3) 
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Cl(6)-C(23)-Cl(5) 108.8(2) 
C(23)#2-C(23)-H(23) 109.3 
Cl(6)-C(23)-H(23) 109.3 
Cl(5)-C(23)-H(23) 109.3 
C(15)-B(1)-C(18) 119.3(3) 
C(15)-B(1)-C(1) 119.7(3) 
C(18)-B(1)-C(1) 120.9(3) 
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_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y-1,-z+2    #2 -x+1,-y+1,-z+1 
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Table 9.1.4   Anisotropic displacement parameters (Å2x 103) for 1.  The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 11(2)  8(2) 9(2)  -3(1) 2(1)  0(1) 
C(2) 8(2)  10(2) 10(2)  -2(1) 0(1)  1(1) 
C(3) 15(2)  15(2) 13(2)  1(2) -2(2)  -6(2) 
C(4) 17(2)  20(2) 21(2)  0(2) -8(2)  -6(2) 
C(5) 27(2)  20(2) 13(2)  2(2) -10(2)  -4(2) 
C(6) 25(2)  14(2) 13(2)  2(2) -2(2)  -4(2) 
C(7) 14(2)  8(2) 10(2)  -3(1) 1(1)  0(1) 
C(8) 17(2)  9(2) 11(2)  -1(1) 4(2)  -4(2) 
C(9) 11(2)  7(2) 15(2)  -3(1) 2(1)  -1(1) 
C(10) 14(2)  10(2) 25(2)  -3(2) 0(2)  -3(2) 
C(11) 12(2)  17(2) 29(2)  -3(2) -7(2)  -4(2) 
C(12) 22(2)  18(2) 22(2)  0(2) -11(2)  -4(2) 
C(13) 16(2)  13(2) 15(2)  2(2) -5(2)  -4(2) 
C(14) 12(2)  8(2) 11(2)  -4(1) 1(1)  1(1) 
C(15) 10(2)  12(2) 9(2)  1(1) -5(1)  -3(1) 
C(16) 15(2)  10(2) 15(2)  2(2) -2(2)  -3(2) 
C(17) 21(2)  9(2) 20(2)  -4(2) -3(2)  -2(2) 
C(18) 7(2)  14(2) 8(2)  -1(1) -4(1)  -2(1) 
C(19) 16(2)  16(2) 12(2)  0(2) 0(2)  -6(2) 
C(20) 13(2)  18(2) 15(2)  -7(2) 2(2)  1(2) 
C(21) 25(2)  35(3) 49(3)  -12(2) -14(2)  -1(2) 
C(22) 34(3)  29(3) 51(3)  -10(2) -22(2)  2(2) 
C(23) 14(2)  16(2) 14(2)  -2(2) 1(2)  -2(2) 
B(1) 9(2)  14(2) 8(2)  3(2) -7(2)  -3(2) 
Cl(1) 26(1)  40(1) 38(1)  3(1) 4(1)  -17(1) 
Cl(2) 27(1)  25(1) 44(1)  -14(1) -1(1)  -2(1) 
Cl(3) 40(1)  23(1) 39(1)  -3(1) -23(1)  -11(1) 
Cl(4) 50(1)  29(1) 29(1)  13(1) -11(1)  -18(1) 
Cl(5) 24(1)  19(1) 25(1)  -6(1) -4(1)  -8(1) 
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Cl(6) 25(1)  30(1) 31(1)  -9(1) 15(1)  -11(1) 
Br(1) 31(1)  20(1) 19(1)  2(1) -1(1)  -14(1) 
 
Table 9.1.5   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 1. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(3) -1026 -3663 7935 17 
H(4) -2219 -2913 6563 23 
H(5) -1119 -1448 5379 23 
H(6) 1075 -676 5589 21 
H(10) 5445 -792 7627 20 
H(11) 6637 -1657 8985 22 
H(12) 5540 -3177 10133 24 
H(13) 3293 -3844 9895 17 
H(16) -208 -1393 9720 16 
H(17) -2034 -348 10922 20 
H(19) 2695 -5826 8014 18 
H(20) 3304 -8263 7950 19 
H(21) 706 7038 2056 43 
H(22) 724 8985 2790 46 
H(23) 6298 4492 5590 18 

 
9.2 Crystal Structure Data for C-GNR Monomer 33a 
Table 9.2.1  Crystal data and structure refinement for C-GNR Monomer 33a 
Empirical formula  C42 H26 Br2 
Formula weight  690.45 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 6.7761(2) Å a= 89.7330(10)°. 



Appendix             152 
                      

	  

 b = 14.0538(4) Å b= 83.8380(10)°. 
 c = 16.6056(5) Å g = 76.8270(10)°. 
Volume 1530.52(8) Å3 
Z 2 
Density (calculated) 1.498 Mg/m3 
Absorption coefficient 2.679 mm-1 
F(000) 696 
Crystal size 0.200 x 0.200 x 0.050 mm3 
Theta range for data collection 1.488 to 25.364°. 
Index ranges -8<=h<=8, -16<=k<=16, -19<=l<=20 
Reflections collected 42733 
Independent reflections 5597 [R(int) = 0.0278] 
Completeness to theta = 25.000° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7452 and 0.6122 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5597 / 0 / 397 
Goodness-of-fit on F2 1.056 
Final R indices [I>2sigma(I)] R1 = 0.0246, wR2 = 0.0640 
R indices (all data) R1 = 0.0274, wR2 = 0.0660 
Extinction coefficient n/a 
Largest diff. peak and hole 0.668 and -0.218 e.Å-3 
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Table 9.2.2  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 
103) for 33a.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 5764(3) 3827(1) 7673(1) 15(1) 
C(2) 6457(3) 2918(1) 8018(1) 15(1) 
C(3) 8112(3) 2224(1) 7619(1) 16(1) 
C(4) 9010(3) 2421(1) 6862(1) 16(1) 
C(5) 8153(3) 3298(1) 6463(1) 14(1) 
C(6) 8566(3) 3413(1) 5580(1) 14(1) 
C(7) 9393(3) 2600(1) 5055(1) 16(1) 
C(8) 9645(3) 2707(1) 4233(1) 16(1) 
C(9) 9078(3) 3615(1) 3879(1) 17(1) 
C(10) 8205(3) 4407(1) 4380(1) 17(1) 
C(11) 7907(2) 4333(1) 5227(1) 14(1) 
C(12) 6903(2) 5177(1) 5745(1) 14(1) 
C(13) 6533(3) 6134(1) 5441(1) 15(1) 
C(14) 5664(3) 6940(1) 5928(1) 16(1) 
C(15) 5186(3) 6799(1) 6749(1) 15(1) 
C(16) 5484(3) 5877(1) 7069(1) 15(1) 
C(17) 6298(3) 5042(1) 6571(1) 14(1) 
C(18) 6694(3) 4048(1) 6908(1) 14(1) 
C(19) 3880(3) 4481(1) 8102(1) 16(1) 
C(20) 2059(3) 4618(1) 7757(1) 19(1) 
C(21) 245(3) 5141(2) 8162(1) 24(1) 
C(22) 237(3) 5540(2) 8926(1) 27(1) 
C(23) 2044(3) 5424(1) 9269(1) 24(1) 
C(24) 3861(3) 4897(1) 8865(1) 19(1) 
C(25) 5552(3) 2700(1) 8840(1) 17(1) 
C(26) 3570(3) 2572(1) 8982(1) 21(1) 
C(27) 2785(3) 2369(2) 9754(1) 25(1) 
C(28) 3952(3) 2315(2) 10398(1) 26(1) 
C(29) 5920(3) 2449(1) 10262(1) 24(1) 
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C(30) 6717(3) 2630(1) 9488(1) 20(1) 
C(31) 8719(3) 1245(1) 8001(1) 18(1) 
C(32) 7357(3) 632(1) 8032(1) 24(1) 
C(33) 7808(3) -273(2) 8390(1) 33(1) 
C(34) 9620(4) -574(2) 8730(1) 36(1) 
C(35) 10989(3) 20(2) 8699(1) 32(1) 
C(36) 10550(3) 924(1) 8328(1) 24(1) 
C(37) 10982(3) 1758(1) 6525(1) 16(1) 
C(38) 11191(3) 763(1) 6367(1) 23(1) 
C(39) 13069(3) 182(2) 6082(1) 29(1) 
C(40) 14771(3) 577(2) 5953(1) 29(1) 
C(41) 14588(3) 1563(2) 6108(1) 27(1) 
C(42) 12701(3) 2147(1) 6393(1) 19(1) 
Br(1) 10821(1) 1595(1) 3556(1) 21(1) 
Br(2) 4067(1) 7896(1) 7451(1) 21(1) 
_____________________________________________________________________________
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Table 9.2.3   Bond lengths [Å] and angles [°] for 33a. 
_____________________________________________________ 
C(1)-C(2)  1.399(2) 
C(1)-C(18)  1.422(2) 
C(1)-C(19)  1.503(2) 
C(2)-C(3)  1.413(2) 
C(2)-C(25)  1.495(2) 
C(3)-C(4)  1.391(3) 
C(3)-C(31)  1.501(2) 
C(4)-C(5)  1.430(2) 
C(4)-C(37)  1.498(2) 
C(5)-C(18)  1.418(2) 
C(5)-C(6)  1.478(2) 
C(6)-C(7)  1.411(3) 
C(6)-C(11)  1.414(2) 
C(7)-C(8)  1.369(3) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.393(3) 
C(8)-Br(1)  1.8973(18) 
C(9)-C(10)  1.373(3) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.405(3) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.458(3) 
C(12)-C(13)  1.413(2) 
C(12)-C(17)  1.413(2) 
C(13)-C(14)  1.373(3) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.391(3) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.377(3) 
C(15)-Br(2)  1.8986(18) 
C(16)-C(17)  1.408(3) 
C(16)-H(16)  0.9500 
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C(17)-C(18)  1.480(2) 
C(19)-C(20)  1.390(3) 
C(19)-C(24)  1.395(3) 
C(20)-C(21)  1.386(3) 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.387(3) 
C(21)-H(21)  0.9500 
C(22)-C(23)  1.382(3) 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.388(3) 
C(23)-H(23)  0.9500 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.390(3) 
C(25)-C(30)  1.392(3) 
C(26)-C(27)  1.389(3) 
C(26)-H(26)  0.9500 
C(27)-C(28)  1.387(3) 
C(27)-H(27)  0.9500 
C(28)-C(29)  1.384(3) 
C(28)-H(28)  0.9500 
C(29)-C(30)  1.386(3) 
C(29)-H(29)  0.9500 
C(30)-H(30)  0.9500 
C(31)-C(36)  1.387(3) 
C(31)-C(32)  1.397(3) 
C(32)-C(33)  1.385(3) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.384(3) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.380(3) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.394(3) 
C(35)-H(35)  0.9500 
C(36)-H(36)  0.9500 
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C(37)-C(42)  1.392(3) 
C(37)-C(38)  1.397(3) 
C(38)-C(39)  1.382(3) 
C(38)-H(38)  0.9500 
C(39)-C(40)  1.386(3) 
C(39)-H(39)  0.9500 
C(40)-C(41)  1.385(3) 
C(40)-H(40)  0.9500 
C(41)-C(42)  1.389(3) 
C(41)-H(41)  0.9500 
C(42)-H(42)  0.9500 
 
C(2)-C(1)-C(18) 120.04(16) 
C(2)-C(1)-C(19) 116.49(15) 
C(18)-C(1)-C(19) 123.09(15) 
C(1)-C(2)-C(3) 120.37(16) 
C(1)-C(2)-C(25) 120.25(15) 
C(3)-C(2)-C(25) 119.24(15) 
C(4)-C(3)-C(2) 120.23(16) 
C(4)-C(3)-C(31) 121.71(16) 
C(2)-C(3)-C(31) 117.80(15) 
C(3)-C(4)-C(5) 119.60(16) 
C(3)-C(4)-C(37) 118.76(15) 
C(5)-C(4)-C(37) 121.32(15) 
C(18)-C(5)-C(4) 119.29(16) 
C(18)-C(5)-C(6) 118.09(15) 
C(4)-C(5)-C(6) 122.29(15) 
C(7)-C(6)-C(11) 117.79(16) 
C(7)-C(6)-C(5) 121.50(16) 
C(11)-C(6)-C(5) 120.26(16) 
C(8)-C(7)-C(6) 121.08(17) 
C(8)-C(7)-H(7) 119.5 
C(6)-C(7)-H(7) 119.5 
C(7)-C(8)-C(9) 121.68(17) 
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C(7)-C(8)-Br(1) 119.42(14) 
C(9)-C(8)-Br(1) 118.89(13) 
C(10)-C(9)-C(8) 117.86(17) 
C(10)-C(9)-H(9) 121.1 
C(8)-C(9)-H(9) 121.1 
C(9)-C(10)-C(11) 122.47(17) 
C(9)-C(10)-H(10) 118.8 
C(11)-C(10)-H(10) 118.8 
C(10)-C(11)-C(6) 119.00(16) 
C(10)-C(11)-C(12) 121.49(16) 
C(6)-C(11)-C(12) 119.49(16) 
C(13)-C(12)-C(17) 118.88(16) 
C(13)-C(12)-C(11) 121.40(16) 
C(17)-C(12)-C(11) 119.72(16) 
C(14)-C(13)-C(12) 122.11(16) 
C(14)-C(13)-H(13) 118.9 
C(12)-C(13)-H(13) 118.9 
C(13)-C(14)-C(15) 118.24(16) 
C(13)-C(14)-H(14) 120.9 
C(15)-C(14)-H(14) 120.9 
C(16)-C(15)-C(14) 121.63(16) 
C(16)-C(15)-Br(2) 118.76(14) 
C(14)-C(15)-Br(2) 119.61(13) 
C(15)-C(16)-C(17) 120.71(16) 
C(15)-C(16)-H(16) 119.6 
C(17)-C(16)-H(16) 119.6 
C(16)-C(17)-C(12) 118.25(16) 
C(16)-C(17)-C(18) 121.50(16) 
C(12)-C(17)-C(18) 120.02(16) 
C(5)-C(18)-C(1) 118.88(16) 
C(5)-C(18)-C(17) 118.01(15) 
C(1)-C(18)-C(17) 123.01(15) 
C(20)-C(19)-C(24) 118.69(16) 
C(20)-C(19)-C(1) 118.94(16) 
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C(24)-C(19)-C(1) 122.20(16) 
C(21)-C(20)-C(19) 121.13(18) 
C(21)-C(20)-H(20) 119.4 
C(19)-C(20)-H(20) 119.4 
C(20)-C(21)-C(22) 119.73(18) 
C(20)-C(21)-H(21) 120.1 
C(22)-C(21)-H(21) 120.1 
C(23)-C(22)-C(21) 119.66(18) 
C(23)-C(22)-H(22) 120.2 
C(21)-C(22)-H(22) 120.2 
C(22)-C(23)-C(24) 120.69(18) 
C(22)-C(23)-H(23) 119.7 
C(24)-C(23)-H(23) 119.7 
C(23)-C(24)-C(19) 120.08(18) 
C(23)-C(24)-H(24) 120.0 
C(19)-C(24)-H(24) 120.0 
C(26)-C(25)-C(30) 118.68(17) 
C(26)-C(25)-C(2) 122.10(16) 
C(30)-C(25)-C(2) 119.22(16) 
C(27)-C(26)-C(25) 120.37(18) 
C(27)-C(26)-H(26) 119.8 
C(25)-C(26)-H(26) 119.8 
C(28)-C(27)-C(26) 120.41(18) 
C(28)-C(27)-H(27) 119.8 
C(26)-C(27)-H(27) 119.8 
C(29)-C(28)-C(27) 119.51(18) 
C(29)-C(28)-H(28) 120.2 
C(27)-C(28)-H(28) 120.2 
C(28)-C(29)-C(30) 120.03(18) 
C(28)-C(29)-H(29) 120.0 
C(30)-C(29)-H(29) 120.0 
C(29)-C(30)-C(25) 120.97(18) 
C(29)-C(30)-H(30) 119.5 
C(25)-C(30)-H(30) 119.5 
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C(36)-C(31)-C(32) 118.60(18) 
C(36)-C(31)-C(3) 123.45(17) 
C(32)-C(31)-C(3) 117.95(17) 
C(33)-C(32)-C(31) 120.81(19) 
C(33)-C(32)-H(32) 119.6 
C(31)-C(32)-H(32) 119.6 
C(34)-C(33)-C(32) 120.0(2) 
C(34)-C(33)-H(33) 120.0 
C(32)-C(33)-H(33) 120.0 
C(35)-C(34)-C(33) 119.88(19) 
C(35)-C(34)-H(34) 120.1 
C(33)-C(34)-H(34) 120.1 
C(34)-C(35)-C(36) 120.2(2) 
C(34)-C(35)-H(35) 119.9 
C(36)-C(35)-H(35) 119.9 
C(31)-C(36)-C(35) 120.5(2) 
C(31)-C(36)-H(36) 119.7 
C(35)-C(36)-H(36) 119.7 
C(42)-C(37)-C(38) 118.63(17) 
C(42)-C(37)-C(4) 118.27(16) 
C(38)-C(37)-C(4) 123.05(17) 
C(39)-C(38)-C(37) 120.32(19) 
C(39)-C(38)-H(38) 119.8 
C(37)-C(38)-H(38) 119.8 
C(38)-C(39)-C(40) 120.59(19) 
C(38)-C(39)-H(39) 119.7 
C(40)-C(39)-H(39) 119.7 
C(41)-C(40)-C(39) 119.74(18) 
C(41)-C(40)-H(40) 120.1 
C(39)-C(40)-H(40) 120.1 
C(40)-C(41)-C(42) 119.7(2) 
C(40)-C(41)-H(41) 120.1 
C(42)-C(41)-H(41) 120.1 
C(41)-C(42)-C(37) 120.98(18) 
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C(41)-C(42)-H(42) 119.5 
C(37)-C(42)-H(42) 119.5 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 9.2.4   Anisotropic displacement parameters (Å2x 103) for 33a.  The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 14(1)  15(1) 16(1)  0(1) -3(1)  -5(1) 
C(2) 14(1)  14(1) 17(1)  2(1) -3(1)  -5(1) 
C(3) 17(1)  15(1) 18(1)  2(1) -4(1)  -4(1) 
C(4) 18(1)  13(1) 16(1)  -1(1) -2(1)  -5(1) 
C(5) 13(1)  15(1) 16(1)  1(1) -2(1)  -5(1) 
C(6) 11(1)  17(1) 16(1)  2(1) -2(1)  -5(1) 
C(7) 13(1)  16(1) 18(1)  2(1) -2(1)  -5(1) 
C(8) 13(1)  19(1) 16(1)  -2(1) -1(1)  -5(1) 
C(9) 15(1)  24(1) 14(1)  2(1) -2(1)  -8(1) 
C(10) 15(1)  18(1) 19(1)  5(1) -3(1)  -7(1) 
C(11) 10(1)  17(1) 17(1)  2(1) -2(1)  -5(1) 
C(12) 11(1)  15(1) 16(1)  2(1) -3(1)  -4(1) 
C(13) 14(1)  18(1) 15(1)  5(1) -2(1)  -6(1) 
C(14) 14(1)  13(1) 21(1)  5(1) -4(1)  -4(1) 
C(15) 12(1)  14(1) 19(1)  -1(1) -2(1)  -3(1) 
C(16) 13(1)  16(1) 16(1)  3(1) -2(1)  -4(1) 
C(17) 11(1)  16(1) 17(1)  2(1) -2(1)  -3(1) 
C(18) 13(1)  16(1) 15(1)  2(1) -4(1)  -4(1) 
C(19) 19(1)  12(1) 15(1)  4(1) 1(1)  -4(1) 
C(20) 22(1)  17(1) 17(1)  3(1) -1(1)  -5(1) 
C(21) 16(1)  25(1) 29(1)  6(1) -2(1)  -2(1) 
C(22) 24(1)  24(1) 28(1)  1(1) 8(1)  1(1) 
C(23) 35(1)  18(1) 18(1)  0(1) 4(1)  -5(1) 
C(24) 23(1)  17(1) 16(1)  2(1) -2(1)  -6(1) 
C(25) 21(1)  12(1) 17(1)  2(1) 0(1)  -3(1) 
C(26) 23(1)  20(1) 21(1)  4(1) -4(1)  -7(1) 
C(27) 21(1)  26(1) 28(1)  7(1) 1(1)  -7(1) 
C(28) 32(1)  23(1) 20(1)  7(1) 3(1)  -3(1) 
C(29) 29(1)  24(1) 17(1)  3(1) -5(1)  -2(1) 
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C(30) 18(1)  20(1) 21(1)  1(1) -1(1)  -2(1) 
C(31) 24(1)  15(1) 13(1)  2(1) 2(1)  -1(1) 
C(32) 24(1)  20(1) 27(1)  3(1) 2(1)  -5(1) 
C(33) 35(1)  20(1) 43(1)  8(1) 6(1)  -8(1) 
C(34) 41(1)  21(1) 37(1)  13(1) 8(1)  3(1) 
C(35) 35(1)  29(1) 26(1)  7(1) -4(1)  6(1) 
C(36) 26(1)  21(1) 22(1)  2(1) -3(1)  -2(1) 
C(37) 18(1)  16(1) 13(1)  3(1) -2(1)  -1(1) 
C(38) 31(1)  17(1) 19(1)  4(1) 1(1)  -4(1) 
C(39) 42(1)  16(1) 21(1)  1(1) 2(1)  5(1) 
C(40) 24(1)  33(1) 21(1)  1(1) 0(1)  12(1) 
C(41) 18(1)  39(1) 22(1)  -2(1) -3(1)  -3(1) 
C(42) 20(1)  20(1) 18(1)  0(1) -4(1)  -3(1) 
Br(1) 25(1)  20(1) 18(1)  -4(1) 0(1)  -5(1) 
Br(2) 25(1)  14(1) 20(1)  1(1) 0(1)  -1(1) 
______________________________________________________________________________
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Table 9.2.5   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 33a. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
H(7) 9782 1969 5276 19 
H(9) 9288 3684 3309 20 
H(10) 7787 5029 4146 20 
H(13) 6897 6224 4882 18 
H(14) 5397 7577 5710 19 
H(16) 5137 5804 7632 18 
H(20) 2058 4348 7233 22 
H(21) -988 5227 7919 29 
H(22) -1004 5892 9211 33 
H(23) 2042 5707 9788 29 
H(24) 5094 4820 9108 22 
H(26) 2748 2624 8547 25 
H(27) 1442 2266 9843 30 
H(28) 3403 2187 10927 31 
H(29) 6725 2418 10700 29 
H(30) 8080 2707 9398 24 
H(32) 6106 837 7803 29 
H(33) 6874 -686 8403 40 
H(34) 9921 -1190 8985 43 
H(35) 12235 -187 8932 38 
H(36) 11512 1324 8298 28 
H(38) 10036 484 6455 27 
H(39) 13195 -493 5975 34 
H(40) 16058 173 5758 35 
H(41) 15748 1837 6020 32 
H(42) 12582 2822 6500 23 
______________________________________________________________________________ 
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9.3 Crystal Structure Data for 4N-GNR Monomer 33c 
Table 9.3.1  Crystal data and structure refinement for 4N-GNR Monomer 33c. 
Empirical formula  C38 H22 Br2 N4 
Formula weight  694.41 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/n 
Unit cell dimensions a = 13.0402(4) Å a= 90°. 
 b = 11.4737(3) Å b= 95.2780(10)°. 
 c = 20.3125(6) Å g = 90°. 
Volume 3026.26(15) Å3 
Z 4 
Density (calculated) 1.524 Mg/m3 
Absorption coefficient 2.713 mm-1 
F(000) 1392 
Crystal size 0.160 x 0.080 x 0.040 mm3 
Theta range for data collection 1.784 to 25.380°. 
Index ranges -15<=h<=15, -13<=k<=13, -24<=l<=24 
Reflections collected 73179 
Independent reflections 5550 [R(int) = 0.0548] 
Completeness to theta = 25.000° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7452 and 0.6419 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5550 / 0 / 397 
Goodness-of-fit on F2 1.080 
Final R indices [I>2sigma(I)] R1 = 0.0350, wR2 = 0.0819 
R indices (all data) R1 = 0.0452, wR2 = 0.0882 
Extinction coefficient n/a 
Largest diff. peak and hole 0.754 and -0.438 e.Å-3 
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Table 9.3.2  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 
103) for 33c.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
______________________________________________________________________________ 
 x y z U(eq) 
______________________________________________________________________________ 
C(1) 5133(2) 3520(2) 3103(1) 14(1) 
C(2) 6149(2) 3420(2) 3385(1) 16(1) 
C(3) 6372(2) 3315(2) 4074(1) 14(1) 
C(4) 5577(2) 3102(2) 4474(1) 15(1) 
C(5) 4554(2) 2998(2) 4169(1) 15(1) 
C(6) 3740(2) 2420(2) 4506(1) 15(1) 
C(7) 3993(2) 1565(2) 4989(1) 16(1) 
C(8) 3228(2) 984(3) 5278(1) 20(1) 
C(9) 2193(2) 1216(3) 5098(1) 23(1) 
C(10) 1936(2) 2000(3) 4600(1) 23(1) 
C(11) 2700(2) 2608(3) 4284(1) 18(1) 
C(12) 2448(2) 3359(3) 3714(1) 19(1) 
C(13) 1426(2) 3741(3) 3546(1) 23(1) 
C(14) 1161(2) 4392(3) 2994(2) 22(1) 
C(15) 1932(2) 4700(3) 2599(1) 18(1) 
C(16) 2936(2) 4368(2) 2750(1) 17(1) 
C(17) 3225(2) 3681(2) 3308(1) 16(1) 
C(18) 4313(2) 3385(2) 3512(1) 15(1) 
C(19) 4979(2) 3694(3) 2369(1) 17(1) 
C(20) 4532(2) 2818(3) 1968(1) 23(1) 
C(21) 4389(2) 2973(3) 1289(2) 29(1) 
C(22) 4677(2) 4001(3) 1003(1) 31(1) 
C(23) 5130(2) 4875(3) 1396(1) 27(1) 
C(24) 5292(2) 4721(3) 2077(1) 21(1) 
C(25) 8652(2) 3290(3) 2259(2) 28(1) 
C(26) 7222(2) 2436(3) 2588(1) 22(1) 
C(27) 7022(2) 3414(3) 2955(1) 17(1) 
C(28) 7704(2) 4334(3) 2930(1) 21(1) 
C(29) 9422(2) 3637(3) 4856(2) 26(1) 
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C(30) 8215(2) 2622(3) 4229(1) 19(1) 
C(31) 7459(2) 3421(3) 4363(1) 18(1) 
C(32) 7794(2) 4342(3) 4773(1) 22(1) 
C(33) 5781(2) 3055(2) 5210(1) 17(1) 
C(34) 6546(2) 2351(3) 5529(1) 19(1) 
C(35) 6696(2) 2329(3) 6217(1) 24(1) 
C(36) 6079(2) 2990(3) 6592(1) 27(1) 
C(37) 5317(2) 3686(3) 6280(1) 25(1) 
C(38) 5174(2) 3725(3) 5595(1) 20(1) 
N(1) 8531(2) 4286(2) 2582(1) 25(1) 
N(2) 8046(2) 2356(2) 2236(1) 27(1) 
N(3) 8775(2) 4463(2) 5023(1) 26(1) 
N(4) 9202(2) 2709(2) 4474(1) 22(1) 
Br(1) 1589(1) 5595(1) 1825(1) 25(1) 
Br(2) 3619(1) -177(1) 5916(1) 24(1) 
______________________________________________________________________________
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Table 9.3.3   Bond lengths [Å] and angles [°] for 33c. 
_____________________________________________________ 
C(1)-C(2)  1.399(4) 
C(1)-C(18)  1.422(4) 
C(1)-C(19)  1.498(4) 
C(2)-C(3)  1.408(4) 
C(2)-C(27)  1.497(4) 
C(3)-C(4)  1.396(4) 
C(3)-C(31)  1.488(3) 
C(4)-C(5)  1.423(4) 
C(4)-C(33)  1.496(4) 
C(5)-C(18)  1.415(4) 
C(5)-C(6)  1.472(4) 
C(6)-C(7)  1.405(4) 
C(6)-C(11)  1.406(4) 
C(7)-C(8)  1.375(4) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.392(4) 
C(8)-Br(2)  1.895(3) 
C(9)-C(10)  1.371(4) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.418(4) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.456(4) 
C(12)-C(17)  1.413(4) 
C(12)-C(13)  1.414(4) 
C(13)-C(14)  1.365(4) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.389(4) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.371(4) 
C(15)-Br(1)  1.896(3) 
C(16)-C(17)  1.404(4) 
C(16)-H(16)  0.9500 
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C(17)-C(18)  1.480(3) 
C(19)-C(20)  1.388(4) 
C(19)-C(24)  1.396(4) 
C(20)-C(21)  1.386(4) 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.381(5) 
C(21)-H(21)  0.9500 
C(22)-C(23)  1.379(5) 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.393(4) 
C(23)-H(23)  0.9500 
C(24)-H(24)  0.9500 
C(25)-N(2)  1.330(4) 
C(25)-N(1)  1.335(4) 
C(25)-H(25)  0.9500 
C(26)-N(2)  1.348(4) 
C(26)-C(27)  1.384(4) 
C(26)-H(26)  0.9500 
C(27)-C(28)  1.385(4) 
C(28)-N(1)  1.345(4) 
C(28)-H(28)  0.9500 
C(29)-N(4)  1.333(4) 
C(29)-N(3)  1.334(4) 
C(29)-H(29)  0.9500 
C(30)-N(4)  1.340(3) 
C(30)-C(31)  1.392(4) 
C(30)-H(30)  0.9500 
C(31)-C(32)  1.391(4) 
C(32)-N(3)  1.339(4) 
C(32)-H(32)  0.9500 
C(33)-C(38)  1.394(4) 
C(33)-C(34)  1.395(4) 
C(34)-C(35)  1.394(4) 
C(34)-H(34)  0.9500 
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C(35)-C(36)  1.383(4) 
C(35)-H(35)  0.9500 
C(36)-C(37)  1.382(4) 
C(36)-H(36)  0.9500 
C(37)-C(38)  1.388(4) 
C(37)-H(37)  0.9500 
C(38)-H(38)  0.9500 
 
C(2)-C(1)-C(18) 119.1(2) 
C(2)-C(1)-C(19) 117.0(2) 
C(18)-C(1)-C(19) 123.8(2) 
C(1)-C(2)-C(3) 121.0(2) 
C(1)-C(2)-C(27) 120.2(2) 
C(3)-C(2)-C(27) 118.8(2) 
C(4)-C(3)-C(2) 119.8(2) 
C(4)-C(3)-C(31) 121.1(2) 
C(2)-C(3)-C(31) 119.1(2) 
C(3)-C(4)-C(5) 118.5(2) 
C(3)-C(4)-C(33) 121.0(2) 
C(5)-C(4)-C(33) 120.4(2) 
C(18)-C(5)-C(4) 120.2(2) 
C(18)-C(5)-C(6) 118.2(2) 
C(4)-C(5)-C(6) 121.5(2) 
C(7)-C(6)-C(11) 119.2(2) 
C(7)-C(6)-C(5) 120.4(2) 
C(11)-C(6)-C(5) 119.8(2) 
C(8)-C(7)-C(6) 120.2(2) 
C(8)-C(7)-H(7) 119.9 
C(6)-C(7)-H(7) 119.9 
C(7)-C(8)-C(9) 121.3(3) 
C(7)-C(8)-Br(2) 118.2(2) 
C(9)-C(8)-Br(2) 120.5(2) 
C(10)-C(9)-C(8) 119.0(3) 
C(10)-C(9)-H(9) 120.5 
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C(8)-C(9)-H(9) 120.5 
C(9)-C(10)-C(11) 121.5(3) 
C(9)-C(10)-H(10) 119.3 
C(11)-C(10)-H(10) 119.3 
C(6)-C(11)-C(10) 118.5(3) 
C(6)-C(11)-C(12) 119.1(2) 
C(10)-C(11)-C(12) 122.3(2) 
C(17)-C(12)-C(13) 119.2(3) 
C(17)-C(12)-C(11) 119.8(2) 
C(13)-C(12)-C(11) 121.0(3) 
C(14)-C(13)-C(12) 122.0(3) 
C(14)-C(13)-H(13) 119.0 
C(12)-C(13)-H(13) 119.0 
C(13)-C(14)-C(15) 118.1(3) 
C(13)-C(14)-H(14) 120.9 
C(15)-C(14)-H(14) 120.9 
C(16)-C(15)-C(14) 121.8(3) 
C(16)-C(15)-Br(1) 118.9(2) 
C(14)-C(15)-Br(1) 119.3(2) 
C(15)-C(16)-C(17) 121.0(3) 
C(15)-C(16)-H(16) 119.5 
C(17)-C(16)-H(16) 119.5 
C(16)-C(17)-C(12) 117.7(2) 
C(16)-C(17)-C(18) 122.2(2) 
C(12)-C(17)-C(18) 119.8(2) 
C(5)-C(18)-C(1) 118.1(2) 
C(5)-C(18)-C(17) 117.4(2) 
C(1)-C(18)-C(17) 124.4(2) 
C(20)-C(19)-C(24) 119.0(3) 
C(20)-C(19)-C(1) 119.9(3) 
C(24)-C(19)-C(1) 121.1(3) 
C(21)-C(20)-C(19) 120.1(3) 
C(21)-C(20)-H(20) 119.9 
C(19)-C(20)-H(20) 119.9 
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C(22)-C(21)-C(20) 120.7(3) 
C(22)-C(21)-H(21) 119.6 
C(20)-C(21)-H(21) 119.6 
C(23)-C(22)-C(21) 119.7(3) 
C(23)-C(22)-H(22) 120.1 
C(21)-C(22)-H(22) 120.1 
C(22)-C(23)-C(24) 120.0(3) 
C(22)-C(23)-H(23) 120.0 
C(24)-C(23)-H(23) 120.0 
C(23)-C(24)-C(19) 120.4(3) 
C(23)-C(24)-H(24) 119.8 
C(19)-C(24)-H(24) 119.8 
N(2)-C(25)-N(1) 127.6(3) 
N(2)-C(25)-H(25) 116.2 
N(1)-C(25)-H(25) 116.2 
N(2)-C(26)-C(27) 122.7(3) 
N(2)-C(26)-H(26) 118.7 
C(27)-C(26)-H(26) 118.7 
C(26)-C(27)-C(28) 116.4(3) 
C(26)-C(27)-C(2) 120.6(3) 
C(28)-C(27)-C(2) 122.9(3) 
N(1)-C(28)-C(27) 122.5(3) 
N(1)-C(28)-H(28) 118.8 
C(27)-C(28)-H(28) 118.8 
N(4)-C(29)-N(3) 127.4(3) 
N(4)-C(29)-H(29) 116.3 
N(3)-C(29)-H(29) 116.3 
N(4)-C(30)-C(31) 123.5(3) 
N(4)-C(30)-H(30) 118.2 
C(31)-C(30)-H(30) 118.2 
C(32)-C(31)-C(30) 115.3(2) 
C(32)-C(31)-C(3) 122.3(3) 
C(30)-C(31)-C(3) 122.4(3) 
N(3)-C(32)-C(31) 122.9(3) 



Appendix             173 
                      

	  

N(3)-C(32)-H(32) 118.5 
C(31)-C(32)-H(32) 118.5 
C(38)-C(33)-C(34) 118.5(3) 
C(38)-C(33)-C(4) 118.9(2) 
C(34)-C(33)-C(4) 122.6(2) 
C(35)-C(34)-C(33) 120.3(3) 
C(35)-C(34)-H(34) 119.9 
C(33)-C(34)-H(34) 119.9 
C(36)-C(35)-C(34) 120.4(3) 
C(36)-C(35)-H(35) 119.8 
C(34)-C(35)-H(35) 119.8 
C(37)-C(36)-C(35) 119.7(3) 
C(37)-C(36)-H(36) 120.2 
C(35)-C(36)-H(36) 120.2 
C(36)-C(37)-C(38) 120.2(3) 
C(36)-C(37)-H(37) 119.9 
C(38)-C(37)-H(37) 119.9 
C(37)-C(38)-C(33) 120.9(3) 
C(37)-C(38)-H(38) 119.5 
C(33)-C(38)-H(38) 119.5 
C(25)-N(1)-C(28) 115.5(3) 
C(25)-N(2)-C(26) 115.3(3) 
C(29)-N(3)-C(32) 115.7(3) 
C(29)-N(4)-C(30) 115.1(3) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 9.3.4   Anisotropic displacement parameters (Å2x 103) for 33c.  The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 15(1)  11(1) 18(1)  -1(1) 3(1)  0(1) 
C(2) 16(1)  12(1) 20(1)  -1(1) 5(1)  -1(1) 
C(3) 15(1)  9(1) 20(1)  -1(1) 3(1)  1(1) 
C(4) 16(1)  10(1) 18(1)  -1(1) 2(1)  1(1) 
C(5) 16(1)  12(1) 17(1)  -1(1) 4(1)  1(1) 
C(6) 16(1)  14(2) 16(1)  -3(1) 4(1)  -2(1) 
C(7) 15(1)  17(2) 18(1)  -4(1) 2(1)  0(1) 
C(8) 24(1)  18(2) 16(1)  2(1) 3(1)  -1(1) 
C(9) 18(1)  28(2) 24(2)  2(1) 8(1)  -5(1) 
C(10) 14(1)  29(2) 26(2)  1(1) 5(1)  -1(1) 
C(11) 16(1)  19(2) 20(1)  -1(1) 2(1)  -1(1) 
C(12) 17(1)  19(2) 19(1)  -4(1) 2(1)  0(1) 
C(13) 14(1)  27(2) 27(2)  -1(1) 6(1)  0(1) 
C(14) 16(1)  24(2) 27(2)  -1(1) 0(1)  4(1) 
C(15) 20(1)  15(2) 19(1)  2(1) -2(1)  1(1) 
C(16) 19(1)  16(2) 17(1)  -2(1) 4(1)  0(1) 
C(17) 15(1)  14(2) 20(1)  -5(1) 2(1)  0(1) 
C(18) 16(1)  10(1) 19(1)  -2(1) 2(1)  -2(1) 
C(19) 11(1)  24(2) 18(1)  -1(1) 5(1)  2(1) 
C(20) 21(1)  24(2) 25(2)  -1(1) 4(1)  -2(1) 
C(21) 26(2)  39(2) 22(2)  -8(1) 3(1)  -3(1) 
C(22) 24(2)  54(2) 15(1)  3(2) 3(1)  0(2) 
C(23) 19(2)  39(2) 23(2)  10(1) 6(1)  1(1) 
C(24) 16(1)  26(2) 22(2)  1(1) 4(1)  0(1) 
C(25) 21(2)  36(2) 27(2)  8(1) 11(1)  7(1) 
C(26) 20(1)  24(2) 24(2)  0(1) 7(1)  2(1) 
C(27) 12(1)  22(2) 15(1)  4(1) 2(1)  2(1) 
C(28) 20(1)  24(2) 18(1)  2(1) 5(1)  0(1) 
C(29) 16(1)  34(2) 27(2)  3(1) 3(1)  -5(1) 
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C(30) 16(1)  19(2) 21(1)  1(1) 2(1)  -2(1) 
C(31) 15(1)  20(2) 18(1)  4(1) 6(1)  -3(1) 
C(32) 17(1)  25(2) 25(2)  -2(1) 6(1)  -2(1) 
C(33) 15(1)  18(2) 18(1)  -1(1) 3(1)  -6(1) 
C(34) 17(1)  22(2) 19(1)  2(1) 3(1)  -4(1) 
C(35) 20(1)  27(2) 24(2)  9(1) -3(1)  -8(1) 
C(36) 39(2)  28(2) 15(1)  -1(1) 3(1)  -11(2) 
C(37) 37(2)  18(2) 20(2)  -5(1) 11(1)  -7(1) 
C(38) 22(1)  15(2) 23(1)  0(1) 5(1)  -2(1) 
N(1) 16(1)  33(2) 27(1)  6(1) 7(1)  -1(1) 
N(2) 26(1)  30(2) 28(1)  0(1) 12(1)  5(1) 
N(3) 19(1)  32(2) 28(1)  -5(1) 2(1)  -6(1) 
N(4) 14(1)  26(2) 26(1)  4(1) 3(1)  -1(1) 
Br(1) 26(1)  23(1) 26(1)  6(1) 0(1)  6(1) 
Br(2) 27(1)  22(1) 23(1)  5(1) 4(1)  -4(1) 
______________________________________________________________________________



Appendix             176 
                      

	  

Table 9.3.5   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for 33c. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
H(7) 4694 1387 5116 20 
H(9) 1672 838 5317 28 
H(10) 1230 2138 4464 28 
H(13) 909 3538 3826 27 
H(14) 468 4627 2883 27 
H(16) 3445 4607 2472 21 
H(20) 4324 2111 2159 28 
H(21) 4091 2366 1017 34 
H(22) 4562 4106 539 37 
H(23) 5332 5581 1201 32 
H(24) 5617 5318 2345 25 
H(25) 9240 3242 2016 33 
H(26) 6759 1796 2585 27 
H(28) 7583 5026 3169 25 
H(29) 10120 3720 5029 31 
H(30) 8022 1980 3949 23 
H(32) 7307 4910 4880 26 
H(34) 6966 1885 5276 23 
H(35) 7225 1858 6431 29 
H(36) 6178 2966 7061 33 
H(37) 4890 4139 6535 30 
H(38) 4655 4215 5385 24 
______________________________________________________________________________ 
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9.4.1 N=7 AGNR Quantum Espresso Code 
 
RELAX CALCULATION INPUT 
&CONTROL 
                 calculation = 'relax' , 
                 pseudo_dir = '/usr/software/espresso-5.1.1/pseudo' , 
                 prefix = '7AGNR' , 
                 forc_conv_thr = 1.0D-3 , 
 / 
 &SYSTEM 
                       ibrav = 8, 
                       a = 4.25, 
                       b = 40, 
                       c = 40, 
                       nat = 18, 
                       ntyp = 2, 
                       ecutwfc = 90.0 , 
                       ecutrho = 270.0 , 
 / 
 &ELECTRONS 
                       conv_thr = 0.0001, 
 / 
&IONS 
/ 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_gipaw.UPF 
    H   1.007940  H.pbe-mt_fhi.UPF 
ATOMIC_POSITIONS angstrom  
C        2.481081972   1.737801521   0.104651858 
C        1.770673111   0.500322584   0.104718157 
C        0.349147737   0.500450253   0.104736154 
C       -0.360463651   1.738017967   0.104657682 
C        0.349980802   2.975242580   0.104652033 
C        1.771511825   2.975111191   0.104661314 
C        2.470988354  -0.729854271   0.104798653 
C        1.741052417  -1.939215059   0.104891805 
C        0.377643646  -1.938957814   0.104875125 
C       -0.351862047  -0.729545350   0.104797843 
C       -0.350351501   4.205391540   0.104706321 
C        0.379616882   5.415186295   0.104791734 
C        1.743071636   5.414923253   0.104807911 
C        2.472509920   4.205066718   0.104713692 
H        2.259233812  -2.893211880   0.105045935 
H       -0.141480205  -2.892436936   0.104984124 
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H       -0.138623393   6.369184901   0.104943612 
H        2.262268682   6.368422506   0.104966049     
K_POINTS automatic 
  32 1 1   0 0 0  
 
NON SELF-CONSISTENT INPUT 
&CONTROL 
                  calculation = 'nscf' , 
                  pseudo_dir = '/usr/software/espresso-5.1.1/pseudo' , 
                  outdir = '/home/cloke/quantum_espresso/7AGNR_norm_con/238512', 
                  prefix = '7AGNR' , 
                  forc_conv_thr = 1.0D-3 , 
 / 
 &SYSTEM 
                       ibrav = 8, 
                       a = 4.25, 
                       b = 40, 
                       c = 40, 
                       nat = 18, 
                       ntyp = 2, 
                       ecutwfc = 90.0 , 
                       ecutrho = 270.0 , 
                       nbnd = 35, 
 / 
 &ELECTRONS 
                    conv_thr = 0.0001, 
 / 
&IONS 
/ 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_gipaw.UPF 
    H   1.007940  H.pbe-mt_fhi.UPF 
ATOMIC_POSITIONS angstrom  
C        2.481081972   1.737801521   0.104651858 
C        1.770673111   0.500322584   0.104718157 
C        0.349147737   0.500450253   0.104736154 
C       -0.360463651   1.738017967   0.104657682 
C        0.349980802   2.975242580   0.104652033 
C        1.771511825   2.975111191   0.104661314 
C        2.470988354  -0.729854271   0.104798653 
C        1.741052417  -1.939215059   0.104891805 
C        0.377643646  -1.938957814   0.104875125 
C       -0.351862047  -0.729545350   0.104797843 
C       -0.350351501   4.205391540   0.104706321 
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C        0.379616882   5.415186295   0.104791734 
C        1.743071636   5.414923253   0.104807911 
C        2.472509920   4.205066718   0.104713692 
H        2.259233812  -2.893211880   0.105045935 
H       -0.141480205  -2.892436936   0.104984124 
H       -0.138623393   6.369184901   0.104943612 
H        2.262268682   6.368422506   0.104966049     
K_POINTS automatic 
  32 1 1   0 0 0  
 
DENSITY OF STATES INPUT 
&DOS 
                      prefix = '7AGNR', 
                      outdir = '/home/cloke/quantum_espresso/7AGNR_norm_con/238512/' , 
                      fildos = '7AGNR_fildos' , 
                      ngauss = 0, 
                      degauss = 0.000073499, 
                      DeltaE = 0.01, 
 / 
 
BAND STRUCTURE INPUT 
&BANDS 
                      prefix = '7AGNR' , 
                      outdir = '/home/cloke/quantum_espresso/7AGNR_norm_con/238512', 
                      filband = '7AGNR_bands_filband' , 
 / 
 
VISUALIZATION OF VALENCE BAND INPUT 
&INPUTPP 
                      prefix = '7AGNR', 
                      outdir = '/home/cloke/quantum_espresso/7AGNR_norm_con/238512', 
                     filplot = '7AGNR_VB_filplot', 
                     plot_num = 7, 
                     kpoint = 1, 
                     kband = 30, 
 / 
 &PLOT 
                       nfile = 1, 
                       weight(1) = 1.0, 
                       fileout = '7AGNR_VB_fileout', 
                       iflag = 3, 
                       output_format = 6, 
                       interpolation = 'fourier', 
 / 
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VISUALIZATION OF CONDUCTION BAND INPUT  
&INPUTPP 
                      prefix = '7AGNR' , 
                      outdir = '/home/cloke/quantum_espresso/7AGNR_norm_con/238512' , 
                      filplot = '7AGNR_CB_2_filplot_xcrysden' , 
                      plot_num = 7, 
                      kpoint = 1, 
                      kband = 32, 
 / 
 &PLOT 
                       nfile = 1 , 
                       weight(1) = 1.0, 
                       fileout = '7AGNR_CB_2_fileout_xcrysden' , 
                       iflag = 3 , 
                       output_format = 5, 
                       interpolation = 'fourier' , 
 / 
 
 
9.4.2 Boron-Doped n=7 AGNR Quantum Espresso Code 
 
RELAX CALCULATION INPUT 
&CONTROL 
                 calculation = 'relax', 
                 !verbosity = 'high', 
                 prefix = 'Bdoped', 
                 pseudo_dir = "/usr/software/espresso-5.1.1/pseudo", 
                 forc_conv_thr = 1.0D-3, 
 / 
 &SYSTEM 
                       ibrav = 8, 
                       a = 13.075 
                       b = 30 
                       c = 30 
                       nat = 54, 
                       ntyp = 3, 
                       ecutwfc = 90.0 , 
                       ecutrho = 360.0 , 
 / 
 &ELECTRONS 
                    conv_thr = 0.0001, 
 / 
&IONS 
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/ 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_fhi.UPF 
    B   10.81100  B.pbe-mt_fhi.UPF 
    H   1.007940  H.pbe-mt_fhi.UPF 
ATOMIC_POSITIONS angstroms  
C        5.810774031  -2.473686403   0.000000000 
C        5.810774031   2.473686403   0.000000000 
C        5.096606885  -1.237106152   0.000000000 
C        3.656352771  -1.236098557   0.000000000 
C        2.921579696  -2.484411566   0.000000000 
C        3.674948545  -3.657850953   0.000000000 
C        5.066132112  -3.656144553   0.000000000 
C        5.066132112   3.656144553   0.000000000 
C        3.674948545   3.657850953   0.000000000 
C        2.921579696   2.484411566   0.000000000 
C        3.656352771   1.236098557   0.000000000 
C        5.096606885   1.237106152   0.000000000 
C        1.446812130  -2.536643515   0.000000000 
C        1.446812130   2.536643515   0.000000000 
C        0.707341280  -1.337551318   0.000000000 
C       -0.707341280  -1.337551318   0.000000000 
C       -1.446812130  -2.536643515   0.000000000 
C       -0.695236870  -3.738218282   0.000000000 
C        0.695236870  -3.738218282   0.000000000 
C        0.695236870   3.738218282   0.000000000 
C       -0.695236870   3.738218282   0.000000000 
C       -1.446812130   2.536643515   0.000000000 
C       -0.707341280   1.337551318   0.000000000 
C        0.707341280   1.337551318   0.000000000 
C       -2.921579696  -2.484411566   0.000000000 
C       -2.921579696   2.484411566   0.000000000 
C       -5.810874031  -2.473486403   0.000000000 
C       -5.066132112  -3.656044553   0.000000000 
C       -3.674948545  -3.657750953   0.000000000 
C       -3.674948545   3.657750953   0.000000000 
C       -5.066132112   3.656044553   0.000000000 
C       -5.810874031   2.473486403   0.000000000 
C       -5.096606885   1.237006152   0.000000000 
C       -3.656352771   1.235998557   0.000000000 
H        3.173790934  -4.624055449   0.000000000 
H        5.570473821  -4.620039689   0.000000000 
H        5.570473821   4.620039689   0.000000000 
H        3.173790934   4.624055449   0.000000000 
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H       -1.192843781  -4.708124336   0.000000000 
H        1.192843781  -4.708124336   0.000000000 
H        1.192843781   4.708124336   0.000000000 
H       -1.192843781   4.708124336   0.000000000 
H       -5.570573821  -4.619939689   0.000000000 
H       -3.173890934  -4.624055449   0.000000000 
H       -3.173890934   4.624055449   0.000000000 
H       -5.570573821   4.619939689   0.000000000 
C        2.966080402   0.000000000   0.000000000 
C       -5.809979962   0.000000000   0.000000000 
C       -2.966080402   0.000000000   0.000000000 
C       -3.656352771  -1.235998557   0.000000000 
C       -5.096606885  -1.237006152   0.000000000 
B        1.445667566   0.000000000   0.000000000 
B       -1.445667566   0.000000000   0.000000000 
C        5.810079962   0.000000000   0.000000000 
K_POINTS automatic  
32 1 1 0 0 0  
 
NON SELF-CONSISTENT INPUT 
&CONTROL 
                 calculation = 'nscf', 
                 !verbosity = 'high', 
                 prefix = 'Bdoped', 
                 pseudo_dir = "/usr/software/espresso-5.1.1/pseudo", 
                 outdir='/home/cloke/quantum_espresso/Bdoped_norm_conserving/238567', 
                 forc_conv_thr = 1.0D-3, 
 / 
 &SYSTEM 
                       ibrav = 8, 
                       a = 13.075 
                       b = 30 
                       c = 30 
                       nat = 54, 
                       ntyp = 3, 
                       ecutwfc = 90.0 , 
                       ecutrho = 360.0 , 
                       nbnd=100, 
 / 
 &ELECTRONS 
                    conv_thr = 0.0001, 
 / 
&IONS 
/ 
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ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_fhi.UPF 
    B   10.81100  B.pbe-mt_fhi.UPF 
    H   1.007940  H.pbe-mt_fhi.UPF 
ATOMIC_POSITIONS angstroms  
C        5.810774031  -2.473686403   0.000000000 
C        5.810774031   2.473686403   0.000000000 
C        5.096606885  -1.237106152   0.000000000 
C        3.656352771  -1.236098557   0.000000000 
C        2.921579696  -2.484411566   0.000000000 
C        3.674948545  -3.657850953   0.000000000 
C        5.066132112  -3.656144553   0.000000000 
C        5.066132112   3.656144553   0.000000000 
C        3.674948545   3.657850953   0.000000000 
C        2.921579696   2.484411566   0.000000000 
C        3.656352771   1.236098557   0.000000000 
C        5.096606885   1.237106152   0.000000000 
C        1.446812130  -2.536643515   0.000000000 
C        1.446812130   2.536643515   0.000000000 
C        0.707341280  -1.337551318   0.000000000 
C       -0.707341280  -1.337551318   0.000000000 
C       -1.446812130  -2.536643515   0.000000000 
C       -0.695236870  -3.738218282   0.000000000 
C        0.695236870  -3.738218282   0.000000000 
C        0.695236870   3.738218282   0.000000000 
C       -0.695236870   3.738218282   0.000000000 
C       -1.446812130   2.536643515   0.000000000 
C       -0.707341280   1.337551318   0.000000000 
C        0.707341280   1.337551318   0.000000000 
C       -2.921579696  -2.484411566   0.000000000 
C       -2.921579696   2.484411566   0.000000000 
C       -5.810874031  -2.473486403   0.000000000 
C       -5.066132112  -3.656044553   0.000000000 
C       -3.674948545  -3.657750953   0.000000000 
C       -3.674948545   3.657750953   0.000000000 
C       -5.066132112   3.656044553   0.000000000 
C       -5.810874031   2.473486403   0.000000000 
C       -5.096606885   1.237006152   0.000000000 
C       -3.656352771   1.235998557   0.000000000 
H        3.173790934  -4.624055449   0.000000000 
H        5.570473821  -4.620039689   0.000000000 
H        5.570473821   4.620039689   0.000000000 
H        3.173790934   4.624055449   0.000000000 
H       -1.192843781  -4.708124336   0.000000000 
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H        1.192843781  -4.708124336   0.000000000 
H        1.192843781   4.708124336   0.000000000 
H       -1.192843781   4.708124336   0.000000000 
H       -5.570573821  -4.619939689   0.000000000 
H       -3.173890934  -4.624055449   0.000000000 
H       -3.173890934   4.624055449   0.000000000 
H       -5.570573821   4.619939689   0.000000000 
C        2.966080402   0.000000000   0.000000000 
C       -5.809979962   0.000000000   0.000000000 
C       -2.966080402   0.000000000   0.000000000 
C       -3.656352771  -1.235998557   0.000000000 
C       -5.096606885  -1.237006152   0.000000000 
B        1.445667566   0.000000000   0.000000000 
B       -1.445667566   0.000000000   0.000000000 
C        5.810079962   0.000000000   0.000000000 
K_POINTS automatic  
32 1 1 0 0 0  
 
DENSITY OF STATES INPUT  
&DOS 
                      prefix = 'Bdoped', 
                      outdir = '/home/cloke/quantum_espresso/Bdoped_norm_conserving/238567' , 
                      fildos = 'Bdoped_fildos', 
                      ngauss = 0 , 
                      degauss = 0.00293996, 
                      DeltaE = 0.01 , 
 / 
 
 
BAND STRUCTURE CALCULATION INPUT  
&BANDS 
                      prefix = 'Bdoped' , 
                      outdir = '/home/cloke/quantum_espresso/Bdoped_norm_conserving/238567' , 
                      filband = 'filband' , 
 / 
 
VISUALIZATION OF VALENCE BAND INPUT 
&INPUTPP 
                      prefix = '3_Bdoped' , 
                      outdir = '/home/cloke/quantum_espresso/3_Bdoped/223569' , 
                      filplot = '3_Bdoped_VB_filplot' , 
                      plot_num = 7, 
                    kpoint = 1, 
                    kband = 89, 
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 / 
 &PLOT 
                       nfile = 1 , 
                       weight(1) = 1.0, 
                       fileout = '3_Bdoped_VB_fileout' , 
                       iflag = 3 , 
                       output_format = 5 , 
                       interpolation = 'fourier' , 
 / 
VISUALIZATION OF CONDUCTION BAND INPUT 
&INPUTPP 
                      prefix = '3_Bdoped' , 
                      outdir = '/home/cloke/quantum_espresso/3_Bdoped/223569' , 
                      filplot = '3_Bdoped_CB_filplot' , 
                      plot_num = 7, 
                      kpoint = 1, 
                      kband = 90, 
 / 
 &PLOT 
                       nfile = 1 , 
                       weight(1) = 1.0, 
                       fileout = '3_Bdoped_CB_fileout' , 
                       iflag = 3 , 
                       output_format = 5 , 
                       interpolation = 'fourier' , 
 / 
 
9.4.3 Chevron-type GNR Quantum Espresso Code 
 

C-GNR 35a 
SELF-CONSISTENT CALCULATION INPUT 
&CONTROL 
                 calculation = 'scf' , 
                 pseudo_dir = '/usr/software/espresso-5.1.1/pseudo/' , 
                 prefix = 'C_chevron' , 
                 verbosity = 'high' , 
                 forc_conv_thr = 1.0D-3 , 
 / 
 &SYSTEM 
                 ibrav = 8, 
                   celldm(1) = 32.31, 
                   celldm(2) = 5, 
                   celldm(3) = 20, 
                   nat = 108, 
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                   ntyp = 2, 
                   ecutwfc = 5, 
                   ecutrho = 20, 
 / 
 &ELECTRONS 
                  conv_thr = 0.000001 , 
                  diagonalization = 'cg' , 
                  mixing_beta = 0.3, 
                  mixing_ndim = 4, 
 / 
 &IONS 
 / 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_fhi.UPF  
    H    1.00794  H.pbe-mt_fhi.UPF  
ATOMIC_POSITIONS angstrom  
C         -2.58830       28.97900       -0.86330 
C         -1.89040       30.21470       -0.86330 
C         -2.66050       31.40380       -0.86330 
C         -4.05220       31.39170       -0.86330 
C         -4.71360       30.16780       -0.86330 
C         -4.01040       28.93700       -0.86330 
C         -1.85790       27.75990       -0.86330 
C         -2.51760       26.50500       -0.86330 
C         -1.80040       25.28660       -0.86320 
C         -0.30460       25.31880       -0.86330 
C          0.35970       26.56700       -0.86330 
C         -0.35340       27.79230       -0.86330 
C          0.32400       29.04180       -0.86330 
C         -3.94330       26.46310       -0.86320 
C         -2.50240       24.05970       -0.86320 
C          0.44970       24.12340       -0.86330 
C          1.78590       26.58660       -0.86330 
C          1.74660       29.06100       -0.86330 
C          2.39620       30.32100       -0.86340 
C          1.68270       31.51530       -0.86340 
C          0.29180       31.46740       -0.86330 
C         -0.42650       30.24620       -0.86330 
C         -4.67650       27.68510       -0.86330 
C         -6.08200       27.60490       -0.86320 
C         -6.75280       26.39100       -0.86320 
C         -6.06700       25.16440       -0.86320 
C         -4.64320       25.20850       -0.86320 
C         -3.92270       23.98790       -0.86320 



Appendix             187 
                      

	  

C         -4.62040       22.74320       -0.86320 
C         -3.87950       21.54130       -0.86320 
C         -2.41950       21.63590       -0.86320 
C         -1.73200       22.79700       -0.86320 
C         -0.26570       22.82870       -0.86320 
C          0.47110       21.69830       -0.86320 
C          1.93380       21.66680       -0.86320 
C          2.62240       22.89950       -0.86330 
C          1.87180       24.11290       -0.86330 
C          2.53910       25.36330       -0.86330 
C          3.96350       25.38050       -0.86330 
C          4.59580       26.63550       -0.86330 
C          3.87340       27.81940       -0.86330 
C          2.46580       27.83900       -0.86330 
C         -6.03300       22.70850       -0.86320 
C          4.03520       22.92540       -0.86330 
C          4.71090       24.17390       -0.86330 
C          4.76640       21.70350       -0.86330 
C          6.18310       21.72720       -0.86330 
C          6.84650       22.95770       -0.86330 
C          6.12600       24.15130       -0.86330 
C          6.89610       20.52370       -0.86330 
C          6.25740       19.27920       -0.86320 
C          7.00270       18.08870       -0.86320 
C          4.83830       19.23130       -0.86320 
C          6.37370       16.83950       -0.86320 
C          4.09040       20.45530       -0.86320 
C          2.66890       20.44170       -0.86320 
C          2.05020       19.16960       -0.86320 
C          2.77670       17.97660       -0.86320 
C          4.18360       17.96240       -0.86320 
C          4.96090       16.76640       -0.86320 
C          4.36590       15.47740       -0.86310 
C          5.15480       14.31040       -0.86310 
C          6.55660       14.40560       -0.86320 
C          7.16530       15.67190       -0.86320 
C         -6.76180       23.92670       -0.86320 
C         -8.17470       23.84320       -0.86320 
C         -8.84310       22.61990       -0.86320 
C         -8.12740       21.41920       -0.86320 
C         -6.71100       21.45620       -0.86320 
C         -8.78820       20.18630       -0.86320 
C         -8.79090       17.74950       -0.86320 
C         -8.09680       18.97060       -0.86320 
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C         -8.10930       16.52840       -0.86320 
C         -6.67710       18.98330       -0.86320 
C         -8.85070       15.32830       -0.86320 
C         -8.18890       14.08900       -0.86320 
C         -6.78430       14.05340       -0.86320 
C         -6.04550       15.25290       -0.86320 
C         -6.69460       16.51540       -0.86320 
C         -5.96880       17.74360       -0.86320 
C         -4.56370       17.81800       -0.86320 
C         -3.88880       19.04110       -0.86320 
C         -4.56140       20.28560       -0.86320 
C         -5.98210       20.23820       -0.86320 
H         -4.60930       32.31760       -0.86330 
H          2.19940       32.46430       -0.86340 
H         -6.71270       28.47590       -0.86320 
H         -7.82680       26.45330       -0.86320 
H         -1.90940       20.70280       -0.86320 
H          0.00160       20.74420       -0.86320 
H          5.66610       26.74410       -0.86340 
H          4.46630       28.71670       -0.86340 
H          6.71740       25.05010       -0.86340 
H          0.98220       19.04690       -0.86310 
H          2.20470       17.06440       -0.86310 
H          4.68110       13.33910       -0.86310 
H         -8.80450       24.71540       -0.86320 
H         -3.95350       16.93090       -0.86320 
H         -2.81650       18.96430       -0.86320 
H         -4.97220       15.16350       -0.86320 
H          3.29740       15.34230       -0.86310 
H         -6.26980       13.10320       -0.86320 
H         -5.78770       30.22560       -0.86330 
H          3.46690       30.42490       -0.86340 
H          7.16360       13.51170       -0.86320 
H         -8.75740       13.17020       -0.86320 
H         -2.20470       32.37840       -0.86330 
H         -0.20570       32.42140       -0.86340      
K_POINTS automatic  
  8 1 1   0 0 0  
 
 
NON- SELF-CONSISTENT CALCULATION INPUT 
&CONTROL 
                 calculation = 'nscf' , 
                 pseudo_dir = '/usr/software/espresso-5.1.1/pseudo/' , 
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outdir='/home/cloke/quantum_espresso/Chevron_type/scf/updated_C_coords/248882', 
                      prefix = 'C_chevron' , 
                      verbosity = 'high' , 
                      forc_conv_thr = 1.0D-3 , 
 / 
 &SYSTEM 
                       ibrav = 8, 
                       celldm(1) = 32.31, 
                       celldm(2) = 5, 
                       celldm(3) = 20, 
                       nat = 108, 
                       ntyp = 2, 
                       ecutwfc = 5, 
                       ecutrho = 20, 
                       nbnd=184, 
 / 
 &ELECTRONS 
                    conv_thr = 0.000001 , 
                    diagonalization = 'cg' , 
                    mixing_beta = 0.3, 
                    mixing_ndim = 4, 
 / 
 &IONS 
 / 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_fhi.UPF  
    H    1.00794  H.pbe-mt_fhi.UPF  
ATOMIC_POSITIONS angstrom  
C         -2.58830       28.97900       -0.86330 
C         -1.89040       30.21470       -0.86330 
C         -2.66050       31.40380       -0.86330 
C         -4.05220       31.39170       -0.86330 
C         -4.71360       30.16780       -0.86330 
C         -4.01040       28.93700       -0.86330 
C         -1.85790       27.75990       -0.86330 
C         -2.51760       26.50500       -0.86330 
C         -1.80040       25.28660       -0.86320 
C         -0.30460       25.31880       -0.86330 
C          0.35970       26.56700       -0.86330 
C         -0.35340       27.79230       -0.86330 
C          0.32400       29.04180       -0.86330 
C         -3.94330       26.46310       -0.86320 
C         -2.50240       24.05970       -0.86320 
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C          0.44970       24.12340       -0.86330 
C          1.78590       26.58660       -0.86330 
C          1.74660       29.06100       -0.86330 
C          2.39620       30.32100       -0.86340 
C          1.68270       31.51530       -0.86340 
C          0.29180       31.46740       -0.86330 
C         -0.42650       30.24620       -0.86330 
C         -4.67650       27.68510       -0.86330 
C         -6.08200       27.60490       -0.86320 
C         -6.75280       26.39100       -0.86320 
C         -6.06700       25.16440       -0.86320 
C         -4.64320       25.20850       -0.86320 
C         -3.92270       23.98790       -0.86320 
C         -4.62040       22.74320       -0.86320 
C         -3.87950       21.54130       -0.86320 
C         -2.41950       21.63590       -0.86320 
C         -1.73200       22.79700       -0.86320 
C         -0.26570       22.82870       -0.86320 
C          0.47110       21.69830       -0.86320 
C          1.93380       21.66680       -0.86320 
C          2.62240       22.89950       -0.86330 
C          1.87180       24.11290       -0.86330 
C          2.53910       25.36330       -0.86330 
C          3.96350       25.38050       -0.86330 
C          4.59580       26.63550       -0.86330 
C          3.87340       27.81940       -0.86330 
C          2.46580       27.83900       -0.86330 
C         -6.03300       22.70850       -0.86320 
C          4.03520       22.92540       -0.86330 
C          4.71090       24.17390       -0.86330 
C          4.76640       21.70350       -0.86330 
C          6.18310       21.72720       -0.86330 
C          6.84650       22.95770       -0.86330 
C          6.12600       24.15130       -0.86330 
C          6.89610       20.52370       -0.86330 
C          6.25740       19.27920       -0.86320 
C          7.00270       18.08870       -0.86320 
C          4.83830       19.23130       -0.86320 
C          6.37370       16.83950       -0.86320 
C          4.09040       20.45530       -0.86320 
C          2.66890       20.44170       -0.86320 
C          2.05020       19.16960       -0.86320 
C          2.77670       17.97660       -0.86320 
C          4.18360       17.96240       -0.86320 
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C          4.96090       16.76640       -0.86320 
C          4.36590       15.47740       -0.86310 
C          5.15480       14.31040       -0.86310 
C          6.55660       14.40560       -0.86320 
C          7.16530       15.67190       -0.86320 
C         -6.76180       23.92670       -0.86320 
C         -8.17470       23.84320       -0.86320 
C         -8.84310       22.61990       -0.86320 
C         -8.12740       21.41920       -0.86320 
C         -6.71100       21.45620       -0.86320 
C         -8.78820       20.18630       -0.86320 
C         -8.79090       17.74950       -0.86320 
C         -8.09680       18.97060       -0.86320 
C         -8.10930       16.52840       -0.86320 
C         -6.67710       18.98330       -0.86320 
C         -8.85070       15.32830       -0.86320 
C         -8.18890       14.08900       -0.86320 
C         -6.78430       14.05340       -0.86320 
C         -6.04550       15.25290       -0.86320 
C         -6.69460       16.51540       -0.86320 
C         -5.96880       17.74360       -0.86320 
C         -4.56370       17.81800       -0.86320 
C         -3.88880       19.04110       -0.86320 
C         -4.56140       20.28560       -0.86320 
C         -5.98210       20.23820       -0.86320 
H         -4.60930       32.31760       -0.86330 
H          2.19940       32.46430       -0.86340 
H         -6.71270       28.47590       -0.86320 
H         -7.82680       26.45330       -0.86320 
H         -1.90940       20.70280       -0.86320 
H          0.00160       20.74420       -0.86320 
H          5.66610       26.74410       -0.86340 
H          4.46630       28.71670       -0.86340 
H          6.71740       25.05010       -0.86340 
H          0.98220       19.04690       -0.86310 
H          2.20470       17.06440       -0.86310 
H          4.68110       13.33910       -0.86310 
H         -8.80450       24.71540       -0.86320 
H         -3.95350       16.93090       -0.86320 
H         -2.81650       18.96430       -0.86320 
H         -4.97220       15.16350       -0.86320 
H          3.29740       15.34230       -0.86310 
H         -6.26980       13.10320       -0.86320 
H         -5.78770       30.22560       -0.86330 
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H          3.46690       30.42490       -0.86340 
H          7.16360       13.51170       -0.86320 
H         -8.75740       13.17020       -0.86320 
H         -2.20470       32.37840       -0.86330 
H         -0.20570       32.42140       -0.86340      
K_POINTS automatic  
  8 1 1   0 0 0  
 

2N-GNR 35b 
SELF-CONSISTENT CALCULATION INPUT 
&CONTROL 
                 calculation = 'scf' , 
                 pseudo_dir = '/usr/software/espresso-5.1.1/pseudo/' , 
                 prefix = '2N_chevron' , 
                 verbosity = 'high' , 
                 forc_conv_thr = 1.0D-3 , 
 / 
 &SYSTEM 
                       ibrav = 8, 
                       celldm(1) = 32.31, 
                       celldm(2) = 5, 
                       celldm(3) = 20, 
                       nat = 104, 
                       ntyp = 3, 
                       ecutwfc = 5, 
                       ecutrho = 20, 
 / 
 &ELECTRONS 
                    conv_thr = 0.000001 , 
                    diagonalization = 'cg' , 
                    mixing_beta = 0.3, 
                    mixing_ndim = 4, 
 / 
 &IONS 
 / 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_fhi.UPF  
    N   14.00670  N.pbe-mt_fhi.UPF  
    H    1.00794  H.pbe-mt_fhi.UPF  
ATOMIC_POSITIONS angstrom  
C          1.58280       23.73490       -0.86330 
C          0.87780       24.95120       -0.86330 
C          1.55260       26.11890       -0.86330 
N          2.86630       26.07460       -0.86330 
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C          3.60010       24.97510       -0.86330 
C          2.98980       23.77170       -0.86330 
C          0.89300       22.50460       -0.86330 
C          1.58320       21.27810       -0.86330 
C          0.89490       20.04830       -0.86330 
C         -0.59980       20.04830       -0.86330 
C         -1.28840       21.27780       -0.86330 
C         -0.59840       22.50450       -0.86330 
C         -1.28840       23.73470       -0.86320 
C          3.00460       21.29020       -0.86330 
C          1.62790       18.84630       -0.86330 
C         -1.33280       18.84620       -0.86330 
C         -2.70980       21.28990       -0.86320 
C         -2.69540       23.77140       -0.86320 
C         -3.30600       24.97460       -0.86320 
N         -2.57250       26.07420       -0.86320 
C         -1.25870       26.11870       -0.86320 
C         -0.58370       24.95120       -0.86320 
C          3.68930       22.53990       -0.86330 
C          5.09230       22.52350       -0.86330 
C          5.80830       21.32780       -0.86330 
C          5.16450       20.07130       -0.86330 
C          3.74060       20.06190       -0.86330 
C          3.05050       18.82150       -0.86330 
C          3.77890       17.59930       -0.86330 
C          3.06490       16.37940       -0.86330 
C          1.60010       16.42920       -0.86330 
C          0.88250       17.57000       -0.86330 
C         -0.58730       17.56990       -0.86330 
C         -1.30470       16.42910       -0.86330 
C         -2.76960       16.37940       -0.86330 
C         -3.48380       17.59910       -0.86330 
C         -2.75530       18.82140       -0.86330 
C         -3.44560       20.06160       -0.86320 
C         -4.86950       20.07090       -0.86320 
C         -5.51330       21.32730       -0.86320 
C         -4.79750       22.52310       -0.86320 
C         -3.39460       22.53950       -0.86320 
C          5.19240       17.61010       -0.86330 
C         -4.89730       17.60980       -0.86320 
C         -5.59440       18.84930       -0.86320 
C         -5.60680       16.37630       -0.86330 
C         -7.02420       16.37460       -0.86320 
C         -7.70780       17.59520       -0.86320 
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C         -7.00830       18.80250       -0.86320 
C         -7.71610       15.15670       -0.86320 
C         -7.05410       13.92420       -0.86330 
C         -7.76690       12.71180       -0.86330 
C         -5.63440       13.90940       -0.86330 
C         -7.08730       11.48840       -0.86330 
C         -4.90630       15.14170       -0.86330 
C         -3.48340       15.14470       -0.86330 
C         -2.84000       13.88290       -0.86330 
C         -3.55030       12.68070       -0.86330 
C         -4.95290       12.65910       -0.86330 
C         -5.68240       11.44330       -0.86330 
C         -5.06050       10.24600       -0.86330 
N         -5.80150        9.14590       -0.86330 
C         -7.12430        9.08780       -0.86330 
C         -7.76980       10.26250       -0.86330 
C          5.88960       18.84980       -0.86330 
C          7.30350       18.80270       -0.86330 
C          8.00300       17.59550       -0.86330 
C          7.31940       16.37500       -0.86330 
C          5.90190       16.37670       -0.86330 
C          8.01140       15.15740       -0.86330 
C          8.06290       12.71290       -0.86330 
C          7.34960       13.92490       -0.86330 
C          7.38370       11.48930       -0.86320 
C          5.92990       13.90980       -0.86330 
C          8.06680       10.26380       -0.86320 
C          7.42180        9.08880       -0.86320 
N          6.09900        9.14640       -0.86320 
C          5.35740       10.24620       -0.86320 
C          5.97870       11.44370       -0.86320 
C          5.24870       12.65940       -0.86320 
C          3.84610       12.68080       -0.86320 
C          3.13550       13.88300       -0.86320 
C          3.77890       15.14480       -0.86330 
C          5.20170       15.14200       -0.86330 
H          5.63720       23.45720       -0.86330 
H          6.88070       21.42350       -0.86330 
H          1.10960       15.48450       -0.86330 
H         -0.81420       15.48440       -0.86330 
H         -6.58560       21.42310       -0.86320 
H         -5.34270       23.45660       -0.86320 
H         -7.61120       19.69420       -0.86320 
H         -1.77020       13.77370       -0.86330 
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H         -3.00380       11.74830       -0.86330 
H          7.90680       19.69420       -0.86330 
H          3.29990       11.74810       -0.86320 
H          2.06570       13.77360       -0.86320 
H         -0.75070       27.07180       -0.86320 
H         -4.38440       25.03300       -0.86320 
H          1.01290       27.05440       -0.86320 
H          4.67780       25.04510       -0.86330 
H          4.28000       10.17110       -0.86320 
H          7.98170        8.16530       -0.86320 
H         -3.98160       10.19790       -0.86330 
H         -7.62280        8.12970       -0.86330    
K_POINTS automatic  
  8 1 1   0 0 0  
 
NON- SELF-CONSISTENT CALCULATION INPUT 
&CONTROL 
                  calculation = 'nscf' , 
                  pseudo_dir = '/usr/software/espresso-5.1.1/pseudo/' , 
                  outdir='/home/cloke/quantum_espresso/Chevron_type/scf/2N/4th_try/248728', 
                  prefix = '2N_chevron' , 
                  verbosity = 'high' , 
                  forc_conv_thr = 1.0D-3 , 
 / 
 &SYSTEM 
                   ibrav = 8, 
                   celldm(1) = 32.31, 
                   celldm(2) = 5, 
                   celldm(3) = 20, 
                   nat = 104, 
                   ntyp = 3, 
                   ecutwfc = 5, 
                   ecutrho = 20, 
                   nbnd=184, 
 / 
 &ELECTRONS 
                    conv_thr = 0.000001 , 
             diagonalization = 'cg' , 
             mixing_beta = 0.3, 
             mixing_ndim = 4, 
 / 
 &IONS 
 / 
ATOMIC_SPECIES 
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    C   12.01070  C.pbe-mt_fhi.UPF  
    N   14.00670  N.pbe-mt_fhi.UPF  
    H    1.00794  H.pbe-mt_fhi.UPF  
ATOMIC_POSITIONS angstrom  
    C     -1.930500000   12.218400000   -0.863100000     
    C     -1.234100000   13.461800000   -0.863100000     
    C     -1.946000000   14.613100000   -0.863200000     
    N     -3.265900000   14.552000000   -0.863200000     
    C     -3.983800000   13.441600000   -0.863200000     
    C     -3.351600000   12.244100000   -0.863100000     
    C     -1.233900000   10.988800000   -0.863100000     
    C     -1.945500000    9.765600000   -0.863100000     
    C     -1.238600000    8.539700000   -0.863100000     
    C      0.182000000    8.539700000   -0.863100000     
    C      0.888900000    9.765600000   -0.863100000     
    C      0.177300000   10.988700000   -0.863100000     
    C      0.874000000   12.218400000   -0.863100000     
    C     -3.361300000    9.773100000   -0.863100000     
    C     -1.956100000    7.318100000   -0.863100000     
    C      0.899500000    7.318200000   -0.863100000     
    C      2.304700000    9.773100000   -0.863100000     
    C      2.294900000   12.244100000   -0.863100000     
    C      2.927200000   13.441600000   -0.863100000     
    N      2.209300000   14.552100000   -0.863100000     
    C      0.889300000   14.613100000   -0.863100000     
    C      0.177500000   13.461900000   -0.863100000     
    C     -4.049600000   11.015900000   -0.863100000     
    C     -5.453100000   10.994200000   -0.863100000     
    C     -6.160200000    9.796200000   -0.863100000     
    C     -5.508200000    8.544800000   -0.863100000     
    C     -4.085000000    8.543600000   -0.863100000     
    C     -3.381800000    7.312900000   -0.863100000     
    C     -4.107700000    6.085500000   -0.863100000     
    C     -3.414200000    4.851800000   -0.863100000     
    C     -2.007600000    4.913200000   -0.863100000     
    C     -1.241500000    6.097500000   -0.863100000     
    C      0.184800000    6.097400000   -0.863100000     
    C      0.951000000    4.913200000   -0.863100000     
    C      2.357600000    4.851800000   -0.863100000     
    C      3.051000000    6.085500000   -0.863100000     
    C      2.325300000    7.312900000   -0.863100000     
    C      3.028500000    8.543600000   -0.863100000     
    C      4.451600000    8.544800000   -0.863100000     
    C      5.103700000    9.796200000   -0.863100000     
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    C      4.396500000   10.994200000   -0.863100000     
    C      2.993000000   11.016000000   -0.863100000     
    C     -5.524100000    6.084800000   -0.863100000     
    C      4.467500000    6.084800000   -0.863100000     
    C      5.169900000    7.321600000   -0.863100000     
    C      5.179600000    4.847600000   -0.863100000     
    C      6.597100000    4.851200000   -0.863200000     
    C      7.281300000    6.069800000   -0.863100000     
    C      6.583300000    7.275200000   -0.863200000     
    C      7.294500000    3.639600000   -0.863200000     
    C      6.639000000    2.406600000   -0.863200000     
    C      7.426200000    1.092500000   -0.863200000     
    C      5.213500000    2.363500000   -0.863100000     
    C      6.647500000   -0.196100000   -0.863100000     
    C      4.488100000    3.604600000   -0.863100000     
    C      3.067700000    3.615300000   -0.863100000     
    C      2.424400000    2.357400000   -0.863100000     
    C      3.133300000    1.157200000   -0.863100000     
    C      4.538100000    1.110200000   -0.863100000     
    C      5.249900000   -0.177700000   -0.863100000     
    C      4.542200000   -1.332900000   -0.863100000     
    N      5.234000000   -2.474700000   -0.863100000     
    C      6.562500000   -2.601100000   -0.863100000     
    C      7.277200000   -1.456800000   -0.863100000     
    C     -6.226500000    7.321600000   -0.863100000     
    C     -7.639900000    7.275200000   -0.863100000     
    C     -8.337800000    6.069800000   -0.863100000     
    C     -7.653700000    4.851200000   -0.863100000     
    C     -6.236200000    4.847600000   -0.863100000     
    C     -8.351100000    3.639600000   -0.863200000     
    C     -8.482900000    1.092500000   -0.863200000     
    C     -7.695500000    2.406600000   -0.863100000     
    C     -7.704100000   -0.196000000   -0.863100000     
    C     -6.270000000    2.363600000   -0.863100000     
    C     -8.333800000   -1.456800000   -0.863300000     
    C     -7.619100000   -2.601000000   -0.863300000     
    N     -6.290700000   -2.474700000   -0.863200000     
    C     -5.598800000   -1.332900000   -0.863200000     
    C     -6.306500000   -0.177700000   -0.863200000     
    C     -5.594600000    1.110200000   -0.863100000     
    C     -4.189900000    1.157200000   -0.863200000     
    C     -3.481100000    2.357400000   -0.863100000     
    C     -4.124300000    3.615300000   -0.863100000     
    C     -5.544700000    3.604500000   -0.863100000     



Appendix             198 
                      

	  

    H     -6.017300000   11.915500000   -0.863100000     
    H     -7.232800000    9.888600000   -0.863100000     
    H     -1.489300000    3.981200000   -0.863100000     
    H      0.432700000    3.981200000   -0.863100000     
    H      6.176300000    9.888600000   -0.863100000     
    H      4.960700000   11.915500000   -0.863100000     
    H      7.189900000    8.164600000   -0.863100000     
    H      1.353700000    2.250200000   -0.863100000     
    H      2.560900000    0.241200000   -0.863100000     
    H     -8.246600000    8.164600000   -0.863100000     
    H     -3.617600000    0.241300000   -0.863200000     
    H     -2.410300000    2.250200000   -0.863200000     
    H     -1.434400000   15.564300000   -0.863300000     
    H      0.393100000   15.572400000   -0.863100000     
    H     -8.126300000   -3.554500000   -0.863300000     
    H      7.011500000   -3.583300000   -0.863100000     
    H     -4.519000000   -1.355800000   -0.863200000     
    H      3.462600000   -1.304800000   -0.863100000     
    H     -5.062400000   13.495900000   -0.863300000     
    H      4.006400000   13.482500000   -0.863100000     
K_POINTS automatic  
  8 1 1   0 0 0  
 

4N-GNR 35c 
SELF-CONSISTENT CALCULATION INPUT 
&CONTROL 
                  calculation = 'scf' , 
                  pseudo_dir = '/usr/software/espresso-5.1.1/pseudo/' , 
                  prefix = '4N_chevron', 
                  verbosity = 'high' , 
                  forc_conv_thr = 1.0D-3 , 
 / 
 &SYSTEM 
                       ibrav = 8, 
                       celldm(1) = 32.31, 
                       celldm(2) = 5, 
                       celldm(3) = 20, 
                       nat = 100, 
                       ntyp = 3, 
                       ecutwfc = 5, 
                       ecutrho = 20, 
 / 
 &ELECTRONS 
                      conv_thr = 0.000001, 
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                      diagonalization = 'cg' , 
                      mixing_beta = 0.3, 
                      mixing_ndim = 4, 
 / 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_fhi.UPF  
    N   14.00670  N.pbe-mt_fhi.UPF  
    H    1.00794  H.pbe-mt_fhi.UPF   
ATOMIC_POSITIONS angstrom  
C          1.58280       23.73490       -0.86330 
C          0.87780       24.95120       -0.86330 
N          1.55260       26.11890       -0.86330 
C          2.86630       26.07460       -0.86330 
N          3.60010       24.97510       -0.86330 
C          2.98980       23.77170       -0.86330 
C          0.89300       22.50460       -0.86330 
C          1.58320       21.27810       -0.86330 
C          0.89490       20.04830       -0.86330 
C         -0.59980       20.04830       -0.86330 
C         -1.28840       21.27780       -0.86330 
C         -0.59840       22.50450       -0.86330 
C         -1.28840       23.73470       -0.86320 
C          3.00460       21.29020       -0.86330 
C          1.62790       18.84630       -0.86330 
C         -1.33280       18.84620       -0.86330 
C         -2.70980       21.28990       -0.86320 
C         -2.69540       23.77140       -0.86320 
N         -3.30600       24.97460       -0.86320 
C         -2.57250       26.07420       -0.86320 
N         -1.25870       26.11870       -0.86320 
C         -0.58370       24.95120       -0.86320 
C          3.68930       22.53990       -0.86330 
C          5.09230       22.52350       -0.86330 
C          5.80830       21.32780       -0.86330 
C          5.16450       20.07130       -0.86330 
C          3.74060       20.06190       -0.86330 
C          3.05050       18.82150       -0.86330 
C          3.77890       17.59930       -0.86330 
C          3.06490       16.37940       -0.86330 
C          1.60010       16.42920       -0.86330 
C          0.88250       17.57000       -0.86330 
C         -0.58730       17.56990       -0.86330 
C         -1.30470       16.42910       -0.86330 
C         -2.76960       16.37940       -0.86330 
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C         -3.48380       17.59910       -0.86330 
C         -2.75530       18.82140       -0.86330 
C         -3.44560       20.06160       -0.86320 
C         -4.86950       20.07090       -0.86320 
C         -5.51330       21.32730       -0.86320 
C         -4.79750       22.52310       -0.86320 
C         -3.39460       22.53950       -0.86320 
C          5.19240       17.61010       -0.86330 
C         -4.89730       17.60980       -0.86320 
C         -5.59440       18.84930       -0.86320 
C         -5.60680       16.37630       -0.86330 
C         -7.02420       16.37460       -0.86320 
C         -7.70780       17.59520       -0.86320 
C         -7.00830       18.80250       -0.86320 
C         -7.71610       15.15670       -0.86320 
C         -7.05410       13.92420       -0.86330 
C         -7.76690       12.71180       -0.86330 
C         -5.63440       13.90940       -0.86330 
C         -7.08730       11.48840       -0.86330 
C         -4.90630       15.14170       -0.86330 
C         -3.48340       15.14470       -0.86330 
C         -2.84000       13.88290       -0.86330 
C         -3.55030       12.68070       -0.86330 
C         -4.95290       12.65910       -0.86330 
C         -5.68240       11.44330       -0.86330 
N         -5.06050       10.24600       -0.86330 
C         -5.80150        9.14590       -0.86330 
N         -7.12430        9.08780       -0.86330 
C         -7.76980       10.26250       -0.86330 
C          5.88960       18.84980       -0.86330 
C          7.30350       18.80270       -0.86330 
C          8.00300       17.59550       -0.86330 
C          7.31940       16.37500       -0.86330 
C          5.90190       16.37670       -0.86330 
C          8.01140       15.15740       -0.86330 
C          8.06290       12.71290       -0.86330 
C          7.34960       13.92490       -0.86330 
C          7.38370       11.48930       -0.86320 
C          5.92990       13.90980       -0.86330 
C          8.06680       10.26380       -0.86320 
N          7.42180        9.08880       -0.86320 
C          6.09900        9.14640       -0.86320 
N          5.35740       10.24620       -0.86320 
C          5.97870       11.44370       -0.86320 
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C          5.24870       12.65940       -0.86320 
C          3.84610       12.68080       -0.86320 
C          3.13550       13.88300       -0.86320 
C          3.77890       15.14480       -0.86330 
C          5.20170       15.14200       -0.86330 
H          3.39190       27.01740       -0.86330 
H         -3.09820       27.01690       -0.86320 
H          5.63720       23.45720       -0.86330 
H          6.88070       21.42350       -0.86330 
H          1.10960       15.48450       -0.86330 
H         -0.81420       15.48440       -0.86330 
H         -6.58560       21.42310       -0.86320 
H         -5.34270       23.45660       -0.86320 
H         -7.61120       19.69420       -0.86320 
H         -1.77020       13.77370       -0.86330 
H         -3.00380       11.74830       -0.86330 
H         -5.27510        8.20350       -0.86330 
H          7.90680       19.69420       -0.86330 
H          3.29990       11.74810       -0.86320 
H          2.06570       13.77360       -0.86320 
H          5.57290        8.20400       -0.86320    
K_POINTS automatic  
  32 1 1   0 0 0  
 
 
NON- SELF-CONSISTENT CALCULATION INPUT 
&CONTROL 
               calculation = 'nscf' , 
               pseudo_dir = '/usr/software/espresso-5.1.1/pseudo/' , 
               prefix = '4N_chevron', 
               outdir='/home/cloke/quantum_espresso/Chevron_type/scf/updated_4N_coords/249222', 
               verbosity = 'high' , 
               forc_conv_thr = 1.0D-3 , 
 / 
 &SYSTEM 
               ibrav = 8, 
                   celldm(1) = 32.31, 
                   celldm(2) = 5, 
                   celldm(3) = 20, 
                   nat = 100, 
                   ntyp = 3, 
                   ecutwfc = 5, 
                   ecutrho = 20, 
                   nbnd=184, 
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 / 
 &ELECTRONS 
                   conv_thr = 0.000001, 
                   diagonalization = 'cg' , 
                   mixing_beta = 0.3, 
                   mixing_ndim = 4, 
 / 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_fhi.UPF  
    N   14.00670  N.pbe-mt_fhi.UPF  
    H    1.00794  H.pbe-mt_fhi.UPF   
ATOMIC_POSITIONS angstrom  
C          1.58280       23.73490       -0.86330 
C          0.87780       24.95120       -0.86330 
N          1.55260       26.11890       -0.86330 
C          2.86630       26.07460       -0.86330 
N          3.60010       24.97510       -0.86330 
C          2.98980       23.77170       -0.86330 
C          0.89300       22.50460       -0.86330 
C          1.58320       21.27810       -0.86330 
C          0.89490       20.04830       -0.86330 
C         -0.59980       20.04830       -0.86330 
C         -1.28840       21.27780       -0.86330 
C         -0.59840       22.50450       -0.86330 
C         -1.28840       23.73470       -0.86320 
C          3.00460       21.29020       -0.86330 
C          1.62790       18.84630       -0.86330 
C         -1.33280       18.84620       -0.86330 
C         -2.70980       21.28990       -0.86320 
C         -2.69540       23.77140       -0.86320 
N         -3.30600       24.97460       -0.86320 
C         -2.57250       26.07420       -0.86320 
N         -1.25870       26.11870       -0.86320 
C         -0.58370       24.95120       -0.86320 
C          3.68930       22.53990       -0.86330 
C          5.09230       22.52350       -0.86330 
C          5.80830       21.32780       -0.86330 
C          5.16450       20.07130       -0.86330 
C          3.74060       20.06190       -0.86330 
C          3.05050       18.82150       -0.86330 
C          3.77890       17.59930       -0.86330 
C          3.06490       16.37940       -0.86330 
C          1.60010       16.42920       -0.86330 
C          0.88250       17.57000       -0.86330 
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C         -0.58730       17.56990       -0.86330 
C         -1.30470       16.42910       -0.86330 
C         -2.76960       16.37940       -0.86330 
C         -3.48380       17.59910       -0.86330 
C         -2.75530       18.82140       -0.86330 
C         -3.44560       20.06160       -0.86320 
C         -4.86950       20.07090       -0.86320 
C         -5.51330       21.32730       -0.86320 
C         -4.79750       22.52310       -0.86320 
C         -3.39460       22.53950       -0.86320 
C          5.19240       17.61010       -0.86330 
C         -4.89730       17.60980       -0.86320 
C         -5.59440       18.84930       -0.86320 
C         -5.60680       16.37630       -0.86330 
C         -7.02420       16.37460       -0.86320 
C         -7.70780       17.59520       -0.86320 
C         -7.00830       18.80250       -0.86320 
C         -7.71610       15.15670       -0.86320 
C         -7.05410       13.92420       -0.86330 
C         -7.76690       12.71180       -0.86330 
C         -5.63440       13.90940       -0.86330 
C         -7.08730       11.48840       -0.86330 
C         -4.90630       15.14170       -0.86330 
C         -3.48340       15.14470       -0.86330 
C         -2.84000       13.88290       -0.86330 
C         -3.55030       12.68070       -0.86330 
C         -4.95290       12.65910       -0.86330 
C         -5.68240       11.44330       -0.86330 
N         -5.06050       10.24600       -0.86330 
C         -5.80150        9.14590       -0.86330 
N         -7.12430        9.08780       -0.86330 
C         -7.76980       10.26250       -0.86330 
C          5.88960       18.84980       -0.86330 
C          7.30350       18.80270       -0.86330 
C          8.00300       17.59550       -0.86330 
C          7.31940       16.37500       -0.86330 
C          5.90190       16.37670       -0.86330 
C          8.01140       15.15740       -0.86330 
C          8.06290       12.71290       -0.86330 
C          7.34960       13.92490       -0.86330 
C          7.38370       11.48930       -0.86320 
C          5.92990       13.90980       -0.86330 
C          8.06680       10.26380       -0.86320 
N          7.42180        9.08880       -0.86320 
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C          6.09900        9.14640       -0.86320 
N          5.35740       10.24620       -0.86320 
C          5.97870       11.44370       -0.86320 
C          5.24870       12.65940       -0.86320 
C          3.84610       12.68080       -0.86320 
C          3.13550       13.88300       -0.86320 
C          3.77890       15.14480       -0.86330 
C          5.20170       15.14200       -0.86330 
H          3.39190       27.01740       -0.86330 
H         -3.09820       27.01690       -0.86320 
H          5.63720       23.45720       -0.86330 
H          6.88070       21.42350       -0.86330 
H          1.10960       15.48450       -0.86330 
H         -0.81420       15.48440       -0.86330 
H         -6.58560       21.42310       -0.86320 
H         -5.34270       23.45660       -0.86320 
H         -7.61120       19.69420       -0.86320 
H         -1.77020       13.77370       -0.86330 
H         -3.00380       11.74830       -0.86330 
H         -5.27510        8.20350       -0.86330 
H          7.90680       19.69420       -0.86330 
H          3.29990       11.74810       -0.86320 
H          2.06570       13.77360       -0.86320 
H          5.57290        8.20400       -0.86320    
K_POINTS automatic  
  32 1 1   0 0 0  
 

CO-GNR 44 
SELF-CONSISTENT CALCULATION INPUT 
&CONTROL 
                  calculation = 'scf' , 
                  pseudo_dir = '/usr/software/espresso-5.1.1/pseudo/' , 
                  prefix = 'ketone', 
                  verbosity = 'high', 
                  forc_conv_thr = 1.0D-3, 
 / 
 &SYSTEM 
                   ibrav = 8, 
                   celldm(1) = 32.31, 
                   celldm(2) = 5, 
                   celldm(3) = 20, 
                   nat = 108, 
                   ntyp = 3, 
                   ecutwfc = 4, 
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                   ecutrho = 16 , 
 / 
 &ELECTRONS 
                    conv_thr = 0.000001, 
                    mixing_beta = 0.3, 
                    mixing_ndim = 4, 
                    diagonalization = 'cg', 
 / 
 &IONS 
 / 
 &CELL 
 / 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_fhi.UPF  
    O   15.99900  O.pbe-mt_fhi.UPF  
    H    1.00794  H.pbe-mt_fhi.UPF   
ATOMIC_POSITIONS angstrom  
C         -2.22860       18.04690       -0.86320 
C         -1.50940       19.22770       -0.86320 
C         -1.96570       20.52960       -0.86320 
C         -3.37250       20.64710       -0.86320 
C         -4.18000       19.46690       -0.86320 
C         -3.63140       18.13890       -0.86320 
C         -1.54170       16.82310       -0.86320 
C         -2.24120       15.61290       -0.86320 
C         -1.54300       14.38970       -0.86320 
C         -0.04210       14.39140       -0.86320 
C          0.65440       15.61600       -0.86320 
C         -0.04710       16.82500       -0.86320 
C          0.63780       18.05030       -0.86320 
C         -3.66560       15.64710       -0.86320 
C         -2.27730       13.19210       -0.86320 
C          0.69320       13.19460       -0.86320 
C          2.07880       15.65310       -0.86320 
C          2.04030       18.14620       -0.86320 
C          2.58580       19.47620       -0.86320 
C          1.77520       20.65500       -0.86320 
C          0.36880       20.53280       -0.86320 
C         -0.08350       19.22960       -0.86320 
C         -4.35240       16.90890       -0.86320 
C         -5.75610       16.87760       -0.86320 
C         -6.46260       15.67410       -0.86320 
C         -5.81750       14.41760       -0.86320 
C         -4.39460       14.41340       -0.86320 
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C         -3.70090       13.17160       -0.86320 
C         -4.42630        11.94700       -0.86320 
C         -3.70960        10.72860       -0.86320 
C         -2.24460        10.77940       -0.86320 
C         -1.52740        11.91920       -0.86320 
C         -0.05580        11.92070       -0.86320 
C          0.66210        10.78160       -0.86320 
C          2.12690        10.73290       -0.86320 
C          2.84260        11.95200       -0.86320 
C          2.11680       13.17630       -0.86320 
C          2.80890       14.41940       -0.86320 
C          4.23150       14.42540       -0.86320 
C          4.87470       15.68320       -0.86320 
C          4.16730       16.88670       -0.86320 
C          2.76330       16.91660       -0.86320 
C         -5.83930        11.95260       -0.86320 
C          4.25520        11.95940       -0.86320 
C          4.95370       13.19950       -0.86320 
C          4.96050        10.72160       -0.86320 
C          6.37690        10.71720       -0.86320 
C          7.06290        11.93710       -0.86320 
C          6.36720       13.14750       -0.86320 
C          7.06370        9.49650       -0.86320 
C          6.39950        8.26390       -0.86320 
C          7.11690        7.05510       -0.86320 
C          4.98020        8.24560       -0.86320 
C          6.45980        5.81950       -0.86320 
C          4.25940        9.48550       -0.86320 
C          2.83830        9.49680       -0.86320 
C          2.19220        8.23900       -0.86320 
C          2.89220        7.03240       -0.86320 
C          4.29780        6.99080       -0.86320 
C          5.04630        5.77770       -0.86320 
C          4.42010        4.50320       -0.86320 
C          5.18030        3.31780       -0.86320 
C          6.58390        3.38060       -0.86320 
C          7.22260        4.63260       -0.86320 
C         -6.53910       13.19190       -0.86320 
C         -7.95300       13.13870       -0.86320 
C         -8.64760        11.92770       -0.86320 
C         -7.96000        10.70890       -0.86320 
C         -6.54360        10.71450       -0.86320 
C         -8.64560        9.48790       -0.86320 
C         -8.69670        7.04710       -0.86320 
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C         -7.98020        8.25620       -0.86320 
C         -8.03860        5.81210       -0.86320 
C         -6.56090        8.23920       -0.86320 
C         -8.80040        4.62480       -0.86320 
C         -8.16060        3.37340       -0.86320 
C         -6.75710        3.31170       -0.86320 
C         -5.99770        4.49770       -0.86320 
C         -6.62500        5.77150       -0.86320 
C         -5.87730        6.98520       -0.86320 
C         -4.47170        7.02820       -0.86320 
C         -3.77270        8.23510       -0.86320 
C         -4.42010        9.49210       -0.86320 
C         -5.84120        9.47940       -0.86320 
H         -3.83190       21.62490       -0.86320 
H          2.22880       21.63570       -0.86320 
H         -6.32950       17.79020       -0.86320 
H         -7.53530       15.76240       -0.86320 
H         -1.75160        9.83730       -0.86320 
H          0.17000        9.83880       -0.86320 
H          5.94730       15.77180       -0.86320 
H          4.73920       17.80050       -0.86320 
H          6.97150       14.03810       -0.86320 
H          1.12240        8.13460       -0.86320 
H          2.29930        6.13370       -0.86320 
H          4.68290        2.35840       -0.86320 
H         -8.55870       14.02840       -0.86320 
H         -3.87800        6.12990       -0.86320 
H         -2.70270        8.13210       -0.86320 
H         -4.92630        4.38770       -0.86320 
H          3.34880        4.39200       -0.86320 
C         -0.80010       21.45980       -0.86320 
O         -0.80290       22.68930       -0.86320 
H         -6.25860        2.35360       -0.86320 
C          7.67580        2.45050       -0.86320 
O          7.67580        1.37230       -0.86320 
H         -5.25680       19.54940       -0.86320 
H          3.65600       19.62100       -0.86320    
K_POINTS automatic  
  8 1 1   0 0 0  
 
 
NON- SELF-CONSISTENT CALCULATION INPUT 
 
&CONTROL 



Appendix             208 
                      

	  

                  calculation = 'nscf' , 
                  pseudo_dir = '/usr/software/espresso-5.1.1/pseudo/' , 
                  outdir='/home/cloke/quantum_espresso/Chevron_type/scf/ketone/248727',    
                  prefix = 'ketone', 
                  verbosity = 'high', 
                  forc_conv_thr = 1.0D-3, 
 / 
 &SYSTEM 
                   ibrav = 8, 
                   celldm(1) = 32.31, 
                   celldm(2) = 5, 
                   celldm(3) = 20, 
                   nat = 108, 
                   ntyp = 3, 
                   ecutwfc = 4, 
                   ecutrho = 16 , 
                   nbnd = 192, 
 / 
 &ELECTRONS 
                    conv_thr = 0.000001, 
                    mixing_beta = 0.3, 
                    mixing_ndim = 4, 
                    diagonalization = 'cg', 
 / 
 &IONS 
 / 
 &CELL 
 / 
ATOMIC_SPECIES 
    C   12.01070  C.pbe-mt_fhi.UPF  
    O   15.99900  O.pbe-mt_fhi.UPF  
    H    1.00794  H.pbe-mt_fhi.UPF   
ATOMIC_POSITIONS angstrom  
C         -2.22860       18.04690       -0.86320 
C         -1.50940       19.22770       -0.86320 
C         -1.96570       20.52960       -0.86320 
C         -3.37250       20.64710       -0.86320 
C         -4.18000       19.46690       -0.86320 
C         -3.63140       18.13890       -0.86320 
C         -1.54170       16.82310       -0.86320 
C         -2.24120       15.61290       -0.86320 
C         -1.54300       14.38970       -0.86320 
C         -0.04210       14.39140       -0.86320 
C          0.65440       15.61600       -0.86320 
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C         -0.04710       16.82500       -0.86320 
C          0.63780       18.05030       -0.86320 
C         -3.66560       15.64710       -0.86320 
C         -2.27730       13.19210       -0.86320 
C          0.69320       13.19460       -0.86320 
C          2.07880       15.65310       -0.86320 
C          2.04030       18.14620       -0.86320 
C          2.58580       19.47620       -0.86320 
C          1.77520       20.65500       -0.86320 
C          0.36880       20.53280       -0.86320 
C         -0.08350       19.22960       -0.86320 
C         -4.35240       16.90890       -0.86320 
C         -5.75610       16.87760       -0.86320 
C         -6.46260       15.67410       -0.86320 
C         -5.81750       14.41760       -0.86320 
C         -4.39460       14.41340       -0.86320 
C         -3.70090       13.17160       -0.86320 
C         -4.42630        11.94700       -0.86320 
C         -3.70960        10.72860       -0.86320 
C         -2.24460        10.77940       -0.86320 
C         -1.52740        11.91920       -0.86320 
C         -0.05580        11.92070       -0.86320 
C          0.66210        10.78160       -0.86320 
C          2.12690        10.73290       -0.86320 
C          2.84260        11.95200       -0.86320 
C          2.11680       13.17630       -0.86320 
C          2.80890       14.41940       -0.86320 
C          4.23150       14.42540       -0.86320 
C          4.87470       15.68320       -0.86320 
C          4.16730       16.88670       -0.86320 
C          2.76330       16.91660       -0.86320 
C         -5.83930        11.95260       -0.86320 
C          4.25520        11.95940       -0.86320 
C          4.95370       13.19950       -0.86320 
C          4.96050        10.72160       -0.86320 
C          6.37690        10.71720       -0.86320 
C          7.06290        11.93710       -0.86320 
C          6.36720       13.14750       -0.86320 
C          7.06370        9.49650       -0.86320 
C          6.39950        8.26390       -0.86320 
C          7.11690        7.05510       -0.86320 
C          4.98020        8.24560       -0.86320 
C          6.45980        5.81950       -0.86320 
C          4.25940        9.48550       -0.86320 
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C          2.83830        9.49680       -0.86320 
C          2.19220        8.23900       -0.86320 
C          2.89220        7.03240       -0.86320 
C          4.29780        6.99080       -0.86320 
C          5.04630        5.77770       -0.86320 
C          4.42010        4.50320       -0.86320 
C          5.18030        3.31780       -0.86320 
C          6.58390        3.38060       -0.86320 
C          7.22260        4.63260       -0.86320 
C         -6.53910       13.19190       -0.86320 
C         -7.95300       13.13870       -0.86320 
C         -8.64760        11.92770       -0.86320 
C         -7.96000        10.70890       -0.86320 
C         -6.54360        10.71450       -0.86320 
C         -8.64560        9.48790       -0.86320 
C         -8.69670        7.04710       -0.86320 
C         -7.98020        8.25620       -0.86320 
C         -8.03860        5.81210       -0.86320 
C         -6.56090        8.23920       -0.86320 
C         -8.80040        4.62480       -0.86320 
C         -8.16060        3.37340       -0.86320 
C         -6.75710        3.31170       -0.86320 
C         -5.99770        4.49770       -0.86320 
C         -6.62500        5.77150       -0.86320 
C         -5.87730        6.98520       -0.86320 
C         -4.47170        7.02820       -0.86320 
C         -3.77270        8.23510       -0.86320 
C         -4.42010        9.49210       -0.86320 
C         -5.84120        9.47940       -0.86320 
H         -3.83190       21.62490       -0.86320 
H          2.22880       21.63570       -0.86320 
H         -6.32950       17.79020       -0.86320 
H         -7.53530       15.76240       -0.86320 
H         -1.75160        9.83730       -0.86320 
H          0.17000        9.83880       -0.86320 
H          5.94730       15.77180       -0.86320 
H          4.73920       17.80050       -0.86320 
H          6.97150       14.03810       -0.86320 
H          1.12240        8.13460       -0.86320 
H          2.29930        6.13370       -0.86320 
H          4.68290        2.35840       -0.86320 
H         -8.55870       14.02840       -0.86320 
H         -3.87800        6.12990       -0.86320 
H         -2.70270        8.13210       -0.86320 
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H         -4.92630        4.38770       -0.86320 
H          3.34880        4.39200       -0.86320 
C         -0.80010       21.45980       -0.86320 
O         -0.80290       22.68930       -0.86320 
H         -6.25860        2.35360       -0.86320 
C          7.67580        2.45050       -0.86320 
O          7.67580        1.37230       -0.86320 
H         -5.25680       19.54940       -0.86320 
H          3.65600       19.62100       -0.86320    
K_POINTS automatic  
  8 1 1   0 0 0  
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9.5 List of Abbreviations used 
 
GNRs  - graphene nanoribbons 
AGNRs - armchair graphene nanoribbons 
B-7AGNRs - boron doped n = 7 armchair graphene nanoribbon 
N7AGNRs - nitrogen doped n = 7 armchair graphene nanoribbon 
CNTs  - carbon nanotubes 
MWCNTs - multi-wall carbon nanotubes 
ROAMP - ring-opening alkyne metathesis polymerization 
SEC  - size-exclusion chromatography 
TEM  - transmission electron microscopy 
SEM  - scanning electron microscopy 
AFM  - atomic force microscopy 
TGA  - thermogravimetric analysis 
DSC  - differential scanning calorimetry 
XPS  - x-ray photoelectron spectroscopy 
XRD  - x-ray diffraction 
GPC  - gel permeation chromatography 
SEC  - size-exclusion chromatography 
NC-AFM - non-contact atomic force microscopy 
STM  - scanning tunneling microscopy 
STS  - scanning tunneling spectroscopy 
CVD  - chemical vapor deposition 
FET  - field-effect transistor 
CNT  - carbon nanotube 
VLSI  - very large scale integration 
UHV  - ultra-high vacuum 
ORTEP - Oak Ridge thermal ellipsoid plot 
DFT  - density functional theory 
LDA  - local density approximation 
DOS  - density of states 
VB  - valence band 
CB  - conduction band 
MALDI - matrix assisted laser desorption ionization 
NMR  - nuclear magnetic resonance 
BN  - boron-nitride 
DOE  - Department of Energy 
CV  - cyclic voltammetry 
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