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Abstract

The Rational Design and Synthesis of Graphene Nanoribbons and Graphene Nanoribbon
Functional Nanoarchitectures

by

Rebecca Ann Durr

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Felix R. Fischer, Chair

Graphene nanoribbons (GNRs) are narrow strips of graphene that have exceptional phys-
ical and electronic properties. GNR band-gap engineering by fine-tuning the width, edge
geometry, and doping pattern of GNRs is required for integration into post-silicon electronic
devices. To this end, we have developed several techniques to create armchair and chevron
GNRs of varying widths (Chapter 2). In order to further tune the electronic properties of
GNRs, we explore the synthesis and applications of a series of doped GNRs (Chapter 3).
Namely, incorporating N-, O-, and S-dopant atoms along the edges of chevron GNRs induces
a characteristic shift in the energy of conduction and valence band edge states. Furthermore,
the controlled synthesis of atomically-precise bottom-up GNR heterojunctions represents a
critical step toward the goal of integrating GNRs into device applications where their ex-
ceptional electronic properties can be exploited. To this end, we developed two methods of
creating atomically precise GNR heterojunctions (Chapter 4), first via post-synthetic mod-
ification of the GNR edges, and second by employing a hierarchical growth process. Our
work demonstrates tunable methods for band-gap engineering of graphene nanostructures
for advanced electronic applications.
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Chapter 1

Introduction

In the first chapter, an overview of graphene is presented. A summary of the synthesis,
electronic properties, and applications of graphene is provided, with an emphasis on the in-
corporation of graphene into post-silicon electronic devices. Graphene nanoribbons (GNRs)
are then introduced, and existing synthetic strategies and methods of characterization are
investigated. Top-down and bottom-up GNR synthetic methods will be compared, and
the favorable bottom-up approach will be highlighted as the foundation for the synthesis
discussed in Chapters 2–4.
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1.1 Graphene

Graphene is a 2-D hexagonal lattice of sp2-hybridized carbon (Figure 1.1). It was first
isolated in 2004,1 and Novoselov and Geim were awarded the 2010 Nobel Prize in physics
for utilizing the “Scotch-tape method” to isolate a single sheet of graphene from graphite,
despite earlier predictions that it would be too unstable for isolation.2–5

Figure 1.1: A) 2×2 nm scanning tunneling microscopy (STM) topography showing hexagonal
structure of monolayer graphene and the localization of the electronic density of states (DOS)
on the carbon lattice (black hexagons); reproduced from Yang et al.6 B) POV-RAY molecular
model of a graphene sheet.

Graphene boasts a number of extraordinary properties that have attracted much atten-
tion, including its high thermal conductivity (∼5,000 W m-1 K-1),7 Young’s modulus (∼1.0
TPa),8 and surface area (2630 m2 g-1),9 and extraordinary charge carrier mobility (250,000
cm2 v-1 s-1).10–12 These properties make graphene an exceptional candidate for integration
into high-performance flexible electronics.

Because graphite is inexpensive and well understood,13 it has become a popular feedstock
for creating graphene. In addition to the Scotch-tape exfoliation of graphene from graphite,
a number of ways to prepare graphene have been established.14 Graphite can be exfoliated
using chemical processes to create graphene films,2,3,15 or can be mechanically cleaved to
form flakes of high quality graphene.1,16,17

Graphite oxide can be prepared from graphite by uncontrolled oxidation of the conjugated
π-system to form hydroxyl, epoxide, carboxyl, and carbonyl groups across the graphite
sheet, using variations of mixtures containing potassium chlorate, nitric acid, and/or sulfuric
acid.14,18 Once oxidized, graphite oxide can then be exfoliated to produce stable aqueous
dispersions of graphene oxide (GO).19,20 Sheets of GO can then be reduced to reduced
graphene oxide (RGO) either thermally or chemically with hydrazine, producing graphene
sheets of varying quality based on the reduction recipe (Figure 1.2).19,21,22
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Figure 1.2: Scanning Electron Microscope (SEM) image of large (∼20×40 µm) single sheets
of reduced graphene oxide (RGO) on silicon/SiO2 substrate after spin-coating from hydrazine
dispersions; reproduced from Tung et al.21

Graphene has also been grown on metallic substrates such as nickel23,24 and copper25

using chemical vapor deposition (CVD).26–28 Among the various ways to synthesize graphene,
CVD has become the most widely used method of producing large-area pristine graphene.26,29

Challenges Hindering the Integration of Graphene into Electronic
Devices

As the synthesis of bulk quantities of pristine graphene becomes routine, a wide range
of graphene applications emerged including sports equipment,30 printing,31 electronic dis-
plays,32 lifestyle and household improvements,33,34 CO2 reduction catalysts,35 and biomed-
ical36 and aeronautical applications.37 However, in order to integrate graphene into high-
performance post-silicon electronic devices, two major hurdles need to be overcome: obtain-
ing graphene on an insulating surface, and opening an electronic band-gap in graphene.

Several strategies currently exist to transfer graphene that has been grown on the com-
monly used metallic surfaces to an insulating dielectric surface.38 Most commonly, wet
polymer-assisted transfer methods typically using polymethyl methacrylate (PMMA) or
polydimethylsiloxane (PDMS) as the polymer stamp39,40 are used to transfer graphene (Fig-
ure 1.3).38 Dry transfer methods using a polymer support also exist,41,42 often resulting in
cleaner product substrates because minimal solutions or etchants are required. However,
both methods are limited by scalability, substrate scope, and the quality of the resulting
materials.38 Attempts have been made to grow graphene directly on an insulating substrate
such as boron nitride (h-BN),43–46 but these attempts are limited by extreme and sensitive
fabrication conditions, as well as general lack of quality control over the growth mechanism
and resulting materials.47 In Chapter 5 we will discuss the progress we are making towards
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Figure 1.3: Illustration of the process of PMMA-mediated nanotransfer printing technique
to transfer graphene from a metallic surface to an insulating surface. Figure modified from
Jiao et al.39

successfully growing graphene-based electronic materials on an insulating substrate.
An additional limitation towards incorporating graphene into electronic devices is that

graphene itself is a zero band gap semimetal.48,49 Therefore, graphene doesn’t have band gap
necessary for direct applications as a semiconductor.50,51 Alternatively, graphene nanorib-
bons (GNRs) are quasi-1D strips of graphene that, due to lateral quantum confinement,
feature a bandgap. Thus, GNRs offer the most promising route to creating graphene-based
electronic materials, and will be the focus of this thesis.

1.2 Graphene Nanoribbons

Lateral quantum confinement of graphene has exposed a wealth of exotic physical and elec-
tronic properties in carbon based nanomaterials. Graphene nanoribbons (GNRs) in par-
ticular have emerged as a privileged motif for applications in advanced electronics as they
combine of the desirable intrinsic properties of graphene with a highly tunable band gap.
The intrinsic band gap in GNRs is highly sensitive to the width52–56 and edge structure54,57

and is therefore highly tuneable. Although there are many types of GNRs, the focus of this
thesis will be on armchair GNRs (AGNRs), chevron-type GNRs (cGNRs), cove-type GNRs,
and zig-zag GNRs (Figure 1.4).

Top-Down Synthetic Approach

There are three main methods of synthesizing GNRs through a top-town synthetic ap-
proach: lithography of graphene, unzipping of carbon nanotubes (CNTs), and exfoliation
of graphite.58 While numerous top-down methods have been established, each of them faces
two major obstacles to semiconductor device applications: controlling defects and achieving
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Figure 1.4: Schematic representation of different types of GNRs; chevron-type GNRs shown
in purple, cove-type GNRs shown in orange, armchair GNRs shown in blue, zig-zag GNRs
shown in green; zig-zag edge and armchair edges highlighted in red to emphasize character-
istic edge structure.

sufficiently narrow widths. First, these techniques create disordered and irregular GNRs,
thus lacking the level of control required for precise band gap engineering.59–61 In these
quasi-1D GNR systems, any edge defects are predicted to scatter and localize electrons.61–63

Second, top-down methods cannot yet reproducibly synthesize GNRs smaller than 10 nm
in width, and ab initio calculations predict GNRs must be < 10 nm (∼100 carbon atoms)
wide in order to possess a significant band gap,64 which is not attainable with top-down
synthetic methods.65–67 Deterministic manipulation of the GNR band gap, as well as full
realization of graphene’s exceptional charge transport properties, requires atomically-precise
control over the structural parameters which is not achievable through top-down synthetic
methods. However, we will explore these methods in detail to give the background necessary
to introduce alternative synthetic approaches.

Lithography of Graphene

Starting with a sheet of graphene, GNRs can be formed by simply cutting the sheet with
a helium ion beam.68 However, due to the destructive nature of the ions, most methods of
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etching graphene to form GNRs consist of electron beam (e-beam) lithography. Typically, a
graphene surface is patterned with a metal etch mask using e-beam lithography, followed by
exposure to an etchant such as O2 plasma69,70 or H2 plasma71 to etch away the surrounding
graphene (Figure 1.5).65,70 Advantageously, GNRs synthesized through EBL can be direc-
tionally oriented or pre-patterned to make electrical contacts.65 However, the harsh etchant
conditions needed for this technique often result in defects along the GNR backbone giving
rise to ineffective transport through the GNR.71 Additionally, these techniques suffer from
an ability to reproducibly produce GNRs of a narrow (< 20 nm) width, and these litho-
graphic techniques can’t achieve resolution better than ∼5 nm, leading to highly irregular
GNR edges.72

Figure 1.5: (a-f) Schematic fabrication process to obtain GNRs by oxygen plasma etch with
nanowire etch mask; (g,h) Atomic force microscopy (AFM) images of a nanowire etch mask
lying on top of a graphene flake before (g) and after (h) oxygen plasma etch; arrows highlight
the edge of the graphene sheet. Figure modified from Bai et al.70

Unzipping of Carbon Nanotubes

Carbon Nanotubes (CNTs) can be unzipped to form GNRs using chemical solutions73,74

or plasma etching.52 The chemical unzipping utilized by the Tour group74 uses potassium
permanganate in concentrated sulfuric acid to oxidize bonds within multiwalled CNTs with
diameters 40–80 nm, successively weakening adjacent bonds and thus unzipping the CNTs.75
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Figure 1.6: A) Representation of the gradual unzipping of one wall of a carbon nanotube to
form a nanoribbon; oxygenated sites are not shown. B) SEM image of a folded, 4 µm-long
single-layer nanoribbon on a silicon surface. Reproduced from Kosynkin et al.74

Figure 1.7: a) A pristine multiwalled CNT (MWCNT) was used as the starting raw material.
b) The MWCNT was deposited on a Si substrate and then coated with a PMMA film. c)
The PMMA-MWCNT film was peeled from the Si substrate, turned over and then exposed
to an Ar plasma. d-g) Several possible products were generated after etching for different
times: GNRs with CNT cores were obtained after etching for a short time t1 d) tri-, bi-, and
single-layer GNRs were produced after etching times for t2, t3, and t4, respectively. h) The
PMMA was removed to release the GNR. Reproduced from Jiao et al.52

The resulting GNRs are uniform, straight, 100–500 nm wide, and can range from single-
layer GNRs to multi-layer GNRs (Figure 1.6). However, the fact that the nanoribbons
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are also soluble in polar solvents indicates oxidative defects throughout the ribbon.75 The
method utilized by the Dai group52 unzips multiwalled CNTs ∼8 nm in width by Ar plasma
etching nanotubes partly embedded in a PMMA layer, followed by an annealing and washing
step to remove the PMMA block (Figure 1.7). The resulting GNRs are 10–20 nm in width
(much narrower than the chemical unzipping method) with about 20% conversion to single
layer GNRs depending on the etching time. However, the height profile of the resulting
GNRs is greater than would be expected indicating some degree of damage to the ribbons
and ribbon edges. Additionally, the FETs fabricated from these ribbons were orders of
magnitude below our modern day electronic devices, again highlighting the importance of
maintaining atomically precise GNR edges and backbone for exceptional charge transport.52

Exfoliation of Graphite

GNRs can be chemically or sonochemically cut from graphene sheets, producing GNRs
varying in width, length, and quality, and can be synthesized on a multigram scale.76–79

Li et al. dispersed exfoliated graphite in a 1,2-dichloroethane (DCE) solution of poly(m-
phenylenevinylene-co-2,5-dioctoxy-p-phenylenevineylene) (PmPV) and then sonicated the
mixture for 30 min, followed by centrifugation to remove large aggregates from the super-
natant. This process afforded GNRs with widths below 10 nm, with a height profile (1–1.8
nm) corresponding to single layer GNRs, as characterized by AFM (Figure 1.8 A,B). Unlike
those GNRs resulting from the unzipping of CNTs, the resulting GNRs afforded FETs with
I on/I off of ∼107 at room temperature (Figure 1.8 C,D).76
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Figure 1.8: A) Photograph of a polymer PmPV/DCE solution with GNRs stably suspended
in the solution. (Right) Schematic drawing of a graphene nanoribbon with two units of a
PmPV polymer chain adsorbed on top of the graphene via π-stacking B) AFM of selected
GNRs with widths in the sub-10-nm region. A substrate (300 nm-thick SiO2/p+++Si) was
soaked in a GNR suspension for 20 min for deposition, rinsed, blow-dried, and annealed at
400 °C to remove PmPV before AFM. Some of the GNRs narrow down to a sharp point
near the ends. The heights of these ribbons are ∼1.5, 1.4, and 1.5 nm, respectively. All scale
bars indicate 100 nm. C) Transfer characteristics for a w ≈ 5 nm (thickness ∼1.5 nm, ∼two
layers) and channel length L ∼210 nm GNR with Pd contacts. (Inset) The AFM image of
this device; scale bar is 100 nm. D) I ds/V ds characteristics recorded under various V gs for
the device in C). Reproduced from Li et al.76

Bottom-Up Synthetic Approach

A deterministic bottom-up synthesis of GNRs from molecular building blocks has overcome
the limitations associated with many of the top-down approaches mentioned above.80–92

GNRs can be synthesized in a bottom-up fashion on a nobel metal surface in ultra-high vac-
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Figure 1.9: On-surface synthesis of N = 7 armchair graphene nanoribbons (7-AGNRs).
a) Synthetic steps including surface-assisted dehalogenation of DBBA monomers, polymer
growth by radical addition at temperature T 1, and surface-assisted cyclodehydrogenation at
temperature T 2 > T 1. b) Constant-current scanning tunneling microscopy (STM) image of
7-AGNRs on Au(111) with superimposed model (blue) and STM simulation (grey). c,d) Non-
contact atomic force microscopy (ncAFM) images showing body and terminus of atomically
precise 7-AGNR, recorded at constant height with CO-terminated tip. Reproduced from
Talirz et al.101

uum (UHV) or in solution using traditional means of chemical polymerization. Although the
solution-based synthesis methods are advantageous for producing bulk quantities of GNRs
without having to use sensitive fabrication techniques, solution based methods suffer from
the ability to characterize and process the resulting GNRs.68,84,87,93–96 The surface assisted
growth of GNRs relies on a thermally-driven two-step reaction involving step-growth poly-
merization of dehalogenated molecular precursors97,98 followed by a thermal cyclodehydro-
genation step99,100 to create fully cyclized GNRs (Figure 1.9). This strategy was pioneered
by the Müllen group in 2010 to synthesize N = 7 AGNRs80 (where N is the width of the
GNR in carbon atoms) and has since been employed to prepare a wide variety of GNRs, in-
cluding those exhibiting armchair,80,81,83,85 zigzag,86 chiral,90 cove,82,88 and chevron80,102,103

edges.
Minute variations in the width, the crystallographic symmetry, or the edge structure of

GNRs can be translated into major shifts in the electronic band structure, as we will in-
vestigate in more detail below. Deterministic bottom-up synthetic approaches based on judi-
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ciously designed molecular precursors have demonstrated atomic control over width,81,83,104,105

edge profile,57,80,86,88,90,106 and the placement of dopants.102,107–111 Manipulation of these
properties is indispensable for the rational tuning of the electronic structure of GNRs.85 The
development, fundamental exploration, and mastery of these molecular engineering tools
are critical prerequisites for the integration of functional GNRs into advanced electronic
devices.76,96,112–115

Methods of Characterization

A further advantage of a rational bottom-up synthesis of GNRs in UHV is the immediate
integration with atomically-resolved scanned probe imaging techniques capable of resolv-
ing the detailed atomic and electronic structure of individual, immobilized GNRs. STM,
AFM, and non-contact AFM (nc-AFM) are now standard techniques for imaging bottom-
up synthesized GNRs. STM simulations accounting for the finite tip diameter are able to
accurately reproduce the apparent height and width of GNRs and their precursor polymers,
lending atomically precise information regarding the periodicity, edge structure, planarity,
and even dopant placement within GNRs.80,107,110 Scanning tunneling spectroscopy (STS)
measurements on surface grown GNRs are able to probe the electronic states of a GNR, in-
cluding identifying the valence band (VB) and conduction band (CB), and dI /dV mapping
can inform us of where these states are localized within a GNR.

Raman spectroscopy of GNRs grown on metallic substrates can provide information about
the uniformity, width, edge geometry of GNRs, and functional groups present on the ribbons
grown.80,116 The two dominant signatures in the Raman spectrum of GNRs are the D and
G peaks117 resulting from the confined width and low symmetry of GNRs are typically used
to identify GNR materials, with the D peak in particular differentiating GNRs from other
graphitic materials.68,95,116 In addition, the radial-breathing-like mode118 around 400 cm−1 is
sensitive to ribbon width. In fact, peaks in the low-energy spectral region below 1000 cm−1

resulting from the relative motion of the GNR plane (e.g. shear, layer-breathing modes) are
particularly sensitive to GNR edge morphology and functionalization116 which, combined
with theoretical Raman spectroscopy, give GNRs a uniquely identifiable Raman fingerprint.

An Introduction to GNR Band Gap Engineering

Altering the Width of GNRs

An inverse relationship between the width of the GNR and the band gap of the GNR was
established theoretically in 2007, when several reports proving the existence of a finite band
gap in GNRs and the width dependency on GNR band gap were published.56,65,119 The Louie
group reported that within a GNR width range of 15–90 nm these relationships are observed,
and used first-principles Green’s function calculations within the GW approximation to
obtain the quasiparticle band gaps in GNRs ranging from roughly 1–2 nm in width (Figure
1.10).56 Yang et al. also established the three width families of GNRs, with the 3p+1 family
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Figure 1.10: The three families of AGNRs are represented by different symbols; values of the
same family of AGNRs are connected by solid lines. Open symbols are LDA band gaps, and
solid symbols are corresponding quasiparticle band gaps. Reproduced from Yang et al.56

(widths 4, 7, 10,..., carbons) having the largest band gaps, and the 3p+2 family (widths 5,
8, 11,..., carbons) having the smallest band gaps.56

Shortly after the seminal Cai at al. report of growing of N = 7 AGNRs (7-AGNRs)
in UHV,80 the first report of the controlled surface synthesis of a wider N = 13 AGNR
(13-AGNR) was published,81 using the same bisanthracene core but with extended wing
substituents to create the wider ribbon (Figure 1.11 A–E). The 13-AGNRs were measured
to have a band gap of 1.4 eV compared to 2.5 eV measured for the 7-AGNRs (Figure 1.11
F). However, the length of the 13-AGNRs was likely terminated by hydrogen abstraction,
giving lengths ∼10 nm, compared to the 7-AGNRs which grew on average to be ∼30 nm.80

Thus, the challenge in synthesizing GNRs through a bottom-up strategy is not in creating
ribbons narrow enough to possess a significant band gap, but rather in finding methods to
synthesize molecular precursors to create GNRs with a range of band gaps that are useful
(0.5–1.5 eV) for technological applications.101 As we have discussed, many of the early reports
on synthesizing GNRs of varying widths through a bottom-up approach focused on armchair
GNRs: 5-,120 7-,80 9-,85 and 13-AGNRs81 have been successfully synthesized (Figure 1.12).

Of particular interest, the N = 5 AGNR falls into the 3p+2 smallest band gap family
potentially making it very interesting for electronic applications due to the small band gap of
the material (as previously discussed119,121,122). However, the 5-AGNR experimentally was
observed to have an unexpectedly large band gap of ∼2.8 eV, likely due to a hybridization of
the surface states with the 5-AGNR molecular states.120 In Chapter 5 of this thesis we will
discuss our attempts to synthesize N = 5 AGNRs on an insulating surface in an attempt
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Figure 1.11: (A) Schematic representation of the synthesis of 13-AGNRs from molecu-
lar building block 1.The precursor molecules 1 form polymers (poly1) following the ho-
molytic cleavage of the labile C–Br bonds at 200 °C on Au(111). At 400 °C a cycliza-
tion/dehydrogenation sequence converts the polymers to 13-AGNRs. (B) STM image of the
polymer (poly1) formed after the deposition of 1 onto a Au(111) surface held at 200 °C. (C)
STM image of poly, with an apparent height of 3.5 Å (D) STM image of 13-AGNRs formed
after annealing poly1 at 400 °C (E) Close-up STM image of a 13-AGNR; A structural model
of a 13-AGNR has been overlaid onto the STM image. Reproduced from Chen et al.81
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Figure 1.12: Catalogue of molecular precursors for the on-surface synthesis of atomically pre-
cise graphene nanoribbons. Monomers outlined in green for aided visualization. Reproduced
from Talirz et al.101

to fully realize the low-band gap electronic properties of this material. In Chapter 2 we
will also discuss the synthesis and characterization of a low-band gap N = 17 AGNR for
incorporation into efficient graphene FET devices.

Doping of GNRs

A useful strategy used to fine tune to electronic structure of GNRs is the substitution of
C-atoms along the edges, or preferably along the backbone of GNRs with group 13 or 15
heteroatom dopants. Substitutional backbone-doping with B-atoms demonstrated for N = 7
armchair GNRs (AGNRs) introduces deep-lying dopant states by forcing the empty p-orbital
on B-atoms into conjugation with the with the extended π-system of the GNR (Figure
1.13).110,123 This back-bone-doping strategy, however, is limited to heteroatoms that can
adopt the trigonal planar geometry required for the incorporation along the GNR backbone.

A second approach used to alter the electronic structure of GNRs relies on replacing C–H
groups along the ribbon edge. Nitrogen dopant atoms, for example, have been incorporated
as part of pyridine or pyrimidine groups along the edges of chevron GNRs (cGNRs).102,108,109



15

Figure 1.13: A) Schematic representation of the bottom-up synthesis of boron-doped 7-
AGNRs B) 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. The valence
band maximum is set to 0 eV. C) Calculated quasiparticle band structure of B-7AGNRs
(using GW approximation). Reproduced from Cloke et al.110

In these structures the lone-pairs of the N-atoms come to rest in the plane of the ribbon,
perpendicular to the extended π-system of the GNR backbone. Substitutional edge dopants
alter the electronic structure of the GNR merely through inductive effects. This is reflected
in the observation of a rigid shift of valence and conduction band edges with respect to the
Fermi energy, without any significant changes in the size of the band gap (Figure 1.14).

Previous efforts aimed at incorporating edge-dopants in conjugation with the extended
π-system of GNRs have led to defects and uncontrolled edge-reconstruction, yielding samples
featuring heterogenous doping patterns along the length of the ribbon.107,111,124,125

In Chapter 3 we will discuss an orbitally matched edge-doping technique that merges both
the inductive and the orbital overlap effects by placing heteroatom lone-pairs in conjugation
with the extended π-system. This strategy not only provides a rational tool to control the
relative energy of the band edge states but also exerts control over the absolute size of the
band gap.
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Figure 1.14: A) Sketch of a heterojunction between a p-GNR segment (grey) and a N-GNR
segment (blue). B,D) Computed band structures of p-GNR (B) and N-GNR (D), with
respect to the vacuum level). C) PDOS of the p-GNR segment (grey) and the N-GNR
segment (blue) of the heterojunction shown in A. The p-N-GNR heterojunction exhibits a
staggered gap configuration with band offsets of 0.45 eV (VB) and 0.55 eV (CB). Reproduced
from Cai et al.108

Graphene Nanoribbon Applications

Because GNRs are semiconducting and have a band gap with discrete electronic energy levels,
incorporating GNRs into field effect transistors (FETs) and ultra-low power devices such as
tunnelling FETs is of significant interest.52,76,115,119,121,122,126–128 Llinas et al. were recently
able to fabricate short channel (∼20 nm) 9-atom wide AGNR (9AGNR) devices with high
on-current (I on < 1 and V d = -1) and high I on/I off (∼105) at room temperature (Figure
1.15).115 However, they found the performance of their devices were limited by tunnelling
through the Schottky barrier (SB) at the contacts.



17

Figure 1.15: a) STM image of synthesized 9AGNR on Au; Inset: High resolution STM Image
of 9AGNR on Au with scale bar of 1 nm b) High resolution STM image of 13 AGNR on Au
c) Schematic of the short channel GNRFET with a 9AGNR channel and Pd source-drain
electrodes d) Scanning electron micrograph of the fabricated Pd source-drain electrodes.
Reproduced from Llinas at al.115

This problem is not unusual: transport in GNR devices is typically dominated by high
contact resistance, highlighting the need for wider ribbons of longer length to extend the
contact overlap between source and drain.121,122 Other studies have also shown that the
resistivity of a ribbon increases as its width decreases, highlighting the importance of GNR
width and edge states.119

A recent study by Ma et al. attempted to make seamless contact between GNRs and
the electrode in order to minimize these contact barriers by synthesizing successively wider
segments of graphene (Figure 1.16).122 In this way, the widest ribbons made contact with
the electrodes, thus greatly reducing the high SB.
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Figure 1.16: A) Schematic representation of graphene-like wide GNRs in a staircase motif
B) STM image of a 7–14 AGNR heterojunction C) STM image of a 7–14–21 AGRN hetero-
junction D) Calculated band structures of the 7, 14, 21, and 42-AGNRs, with the bandgaps
marked; the energy levels are all aligned to the vacuum potential. Reproduced from Ma et
al.122

GNR Heterojunctions

The development of techniques that provide precise control of heterojunction segmentation
and band alignment is an unsolved challenge in the incoporation of bottom-up GNRs into
device architectures such as field-effect transistors.51,121 GNR heterojunctions comprised of
dissimilar GNR segments joined at covalently bonded interfaces have been fabricated either
by random copolymerization of two different (but structurally compatible) precursors on a
surface,108,129 or by thermally activated edge-reconstruction that yields segmented GNRs
from a single molecular precursor (Figure 1.17).107,130

A variety of available precursors has so far allowed the realization of both width-based129

and doping-based107,108,125 GNR heterojunctions exhibiting both type I129 and type II108,125

band alignment. A problem with incorporating these heterojunctions into devices, however,
is that their synthesis results in GNRs containing random numbers of heterojunctions whose
device properties therefore cannot be controlled (Figure 1.18). Current synthetic strategies
do not exert sufficient control over the monomer sequence in copolymer growth to create
reproducible segmented GNR heterostructures that exhibit only a single junction, a prereq-
uisite for developing complex nano-scale GNR based electronics.131,132

In Chapter 4 of this thesis we will explore more advanced methods of synthesizing atom-
ically precise GNR heterojunctions with an additional level of structural control.
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Figure 1.17: a) Schematic representation of the bottom-up synthesis of segmented nitrogen-
doped cGNRs through an edge-reconstruction strategy. Electron-rich carbazole (yellow)
and electron-deficient phenanthridine (orange) subunits along the edges emerge from a ther-
mal rearrangement of the 9-methyl-9H-carbazole in building block 1. b) nc-AFM image of
phenanthridine-fused GNR segment. c) ncAFM image of carbazole-fused GNR. d), e) Ball
and stick model of phenanthridine- and carbazole-fused GNRs serves as a guide for the eye.
Reproduced from Marangoni et al.107

Figure 1.18: a) Synthesis of 7–13 GNR heterojunctions from molecular building blocks. b)
High-resolution STM topograph of a 7–13 GNR heterojunction. Inset: Larger-scale STM
image of multiple GNR heterojunctions showing a variety of segment lengths. Reproduced
from Chen et al.129
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1.3 Conclusion

Graphene has a number of exceptional electronic and physical properties that make it an
outstanding candidate for incorporation into new-age electronic devices. However, graphene
is semi-metallic in character, limiting logic-gated applications. Graphene nanoribbons are
narrow strips of graphene that, due to lateral quantum confinement, possess a band-gap.
Although the top-down methods can afford large quantities of very wide GNRs, these tech-
niques lack the control necessary to produce defect free GNRs, and don’t have the levels of
precision needed to make sub-10 nm GNRs. Thus, a bottom-up synthetic approach starting
from chemically synthesized molecular precursors provides an unprecedented level of control
over GNR structure. In this method, monomers are deposited on a metal surface in UHV
and annealed to create a diradical species that can diffuse about the surface and recombine
to form GNR precursor polymers. Then, at an higher annealing temperature, the precursor
polymer is cyclodehydrogenated to form a fully cyclized GNR with an atomically defined
width, edge topography, and dopant placement. GNRs with varying dopant patterns and
heterojunction incorporations can be synthesized through a bottom-up approach, lending
atomically precise control over these GNR nanoarchitectures.
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Chapter 2

Band Gap Engineering of Graphene
Nanoribbons Through Width
Modulation

A fundamental step in realizing future GNR electronic applications is being able to fine-tune
GNR band gaps. In the second chapter, we focus on altering GNR width as one way to
engineer the band gap of GNRs. First, the synthesis of an entirely new N = 17 AGNR
precursor is described along with its applications. Next, we introduce several synthetic
routes towards an N = 9 AGNR, report the results of STM surface experiments of one of
the target monomers, and conclude with an explanation of ongoing synthetic efforts towards
a newly designed N = 9 AGNR synthetic route. We also report the synthesis of both narrow-
and wide-cGNR monomers. An additional narrow-cGNR derivative is then introduced, and
interesting surface polymerization results are discussed. Lastly, we introduce the synthesis
and motivation behind a third narrow-cGNR derivative that we have designed to elucidate
details regarding the mechanism of these types of surface-mediated polymerizations.
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2.1 N = 17 AGNR

The molecular precursor 10,10′-dibromo-9,9′-bisanthracene has already been shown to suc-
cessfully polymerize and oxidize on a Au(111) surface to form pristine 7- and 13-AGNRs.80,81

Functionalizing a bisanthracene core with various wing systems allows for the ability to alter
the width of the GNR and, as a result, the band gap of the ribbon. Herein, we report the
synthesis and characterization of a 17-AGNR molecular precursor, which would yield only
the second reported instance of a GNR in the lowest band gap 3p+2 family, and is predicted
to have one of the lowest energy band-gaps of any existing AGNR.120 This small band gap
could open applications such as thermal imaging, infrared detectors, and other small band
gap devices.133

Synthesis and Characterization
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2) HCl

1) nBuLi/THF
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Scheme 2.1: Synthesis of 17-AGNR precursor monomer 12.

This synthetic procedure (Scheme 2.1) was adapted from two procedures by Kaufmann et
al.134,135 Treatment of 2,2′-dibromo-1,1′-dinaphthyl with one equivalent of n-BuLi followed by
quenching with 1 N HCl yielded 2-bromo-1,1’-binaphthyl 13 in 92% yield. Bromobinaphthyl
13 was then converted to 14 in 57% yield via lithium-halogen exchange and quenching with i-
PrOB(pin). Pd(PPh3)4 catalyzed Suzuki-Miyaura cross-coupling of binaphthyl wing 14 with
2,2′,10,10′-tetrabromo-9,9′-bianthracene core111 15 yielded the target monomer 12 in 13%
yield (Scheme 2.1). Although the final coupling reaction was semi-selective for the desired
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anthryl wing positions, the reaction produced the mono-, di-, tri-, and tetra-substituted
anthracenes. Purification to isolate desired product 12 from the side products contributed
to the low isolated yield of this reaction.

Looking forward, we aim to deposit binaphthyl monomer 12 on Au(111) in order to first
polymerize to form poly-12 and then cyclodehydrogenate to afford 17-AGNRs (Scheme 2.2).
In addition to STM and nc-AFM imaging, we will perform STS measurements to measure
the valence and conductance band energies, find the average band-gap of these ribbons, and
map the spatial localization of these states within the ribbon.

Br

Br

400 ºC

Au(111)

200 ºC

Au(111)

17-AGNRpoly-1212

Scheme 2.2: Reaction scheme for bottom-up synthesis of 17-AGNRs from molecular precur-
sor 12 on Au(111) in UHV. Annealing at 200 °C induces polymerization to form poly-12.
Annealing at 400 °C induces cyclodehydrogenation to yield 17-AGNRs.

2.2 N = 9 AGNR

Although N = 7 AGNRs have been shown to grow upwards of 30 nm in length,80 the
measured band gap of 2.5 eV is too large to be efficiently incorporated into GNR electronics.
Conversely, N = 13 AGNRs possess a smaller band gap of 1.4 eV, but only grow on average
to be 10 nm in length, again limiting device applications.81 As a result, we began targeting
the synthesis of an N = 9 AGNR that is predicted to have a narrower band gap than
the 7-AGNRs. Additionally, we designed this N = 9 AGNR monomer to utilize a less
sterically hindered radical polymerization site compared to the crowded bisanthracene radical
polymerization center, potentially allowing the formation of longer length GNRs.

Synthesis and Characterization

The synthetic procedure from 2,5-dibromoaniline to 1,4-dibromo-2,3-diiodobenzene was mod-
ified from a procedure by Miljanic et al.136 Commercially available 2,5-dibromoaniline was
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reacted with chloral hydrate, Na2SO4, and hydroxylamine hydrochloride to yield 16 in quan-
titative yield. Next, the (hydroxyimino)acetamide moiety was cyclized in H2SO4 to afford
indoline dione 17. Compound 17 was then oxidized to 18 with aqueous H2O2 and NaOH.
Isoamyl nitrite with I2 in 1,2-dichloroethane/dioxane then converted 18 to 19 in 61% yield.
In the final and key step, Suzuki-Mayaura cross-coupling of 19 and phenyl boronic acid
yielded 1 in 66% yield (Scheme 2.3). Interestingly, after several iterations of reaction op-
timization, we found the relatively harsh reaction conditions (120 °C for 2 days) and the
phase transfer catalyst were essential to the reaction success. Although we completed this
synthesis in 2015, Talirz et al. were concurrently working on the same target which they
recently published in 2017.85 In contrast to our synthetic method, Talirz et al. ran the final
Suzuki-Mayaura coupling at lower temperature (80 °C) for 2 days, and without the phase
transfer catalyst, and isolated the final compound 1 in only 37% yield. After successful
synthesis of monomer 1, the material was recrystallized from EtOH several times in order
to obtain a level of purity suitable for STM deposition.

Br

Br

NH2

Br

Br

H
N

NOH

O

Br

Br

H
N

O

O

Br

Br

NH2

O

OH

Br

Br

I

I

chloral hydrate, 
Na2SO4,
hydroxylamine 
hydrochloride,
EtOH/H2O

105 ºC, 12 h

H2SO4 (86% aq)

100 ºC, 15 min

H2O2 (30% aq)
NaOH (5% aq)

50 ºC, 30 min

I2, isoamyl nitrite
1,2-dichloroethane
dioxane

85 ºC, 1.5 h

B(OH)2

Pd(PPh3)4, K2CO3,
tol/H2O
TBAB

120 ºC, 46 h

Br

Br

> 100%

61%
66%

26% (two steps)

16 17

18 19 1

Scheme 2.3: Synthesis of 9-AGNR precursor monomer 1.

Surface Studies

N = 9 AGNR precursor monomer 1 was deposited onto a Au(111) surface in a home-built
low temperature (T = 7 K) STM/nc-AFM. Surprisingly, no annealing was necessary in order
to sublime 1 onto the surface.

Thus, the deposition of 1 must be done carefully and ideally in a cooled crucible so
that excess compound is not sublimed onto the surface. We were successful in depositing a
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Figure 2.1: A) STM topography of 1 on Au(111) surface before annealing (V bias = 50 mV, I t
= 20 pA); Inset: Zoomed out STM Image of monomer 1 on Au(111) showing sub-monolayer
surface coverage (V bias = 50 mV, I t = 20 pA). B) STM topography of N = 9 AGNR precursor
monomer 1 on Au(111) after annealing to 250 °C to form fully cyclized 9-AGNRs (V bias =
50 mV, I t = 28 pA). C) nc-AFM frequency shift image and D) STM topographic image
of fully cyclized 9-AGNR (21.6 kHz resonance frequency; ∼80 pm oscillation amplitude);
mouse bite can be seen at the top of each image (V bias = 50 mV, I t = 20 pA).

submonolayer coverage of precursor monomer 1 (Figure 2.1 A), and the sample was annealed
directly to 250 °C to form fully cyclized 9-AGNRs (Figure 2.1 B). It is important to notice
the surface coverage after the annealing step has gone down drastically, meaning material has
sublimed off the surface. We attribute this desorption tendency to the small planar π-system
present in the monomer core, which cannot interact very strongly with the surface. Despite
the low surface coverage, we were able to form 9-AGNRs, with lengths up to 20 nm long.
We hypothesize that we are able to make longer length GNRs from the accessible phenyl
radical center during the polymerization stage, which is less sterically hindered than the 7-
and 13-AGNR precursors which polymerize through a bisanthracene radical center. Samples
of GNR synthesized from this N = 9 AGNR precursor monomer suffer from sporadic defects
(referred to as “mouse bites”) periodically along the GNR edges resulting from the random
excision of carbon atoms during the thermal annealing process (Figure 2.1 C,D).

In an attempt to make GNR-porphyrin hybrid materials, monomer 1 was co-deposited
on an Au(111) surface with porphyrin 2 (Scheme 2.4) in a home-built low temperature (T
= 7 K) STM/nc-AFM. The envisioned product material would create a single molecular
junctions connecting the porphyrin quantum-dots (QDs) to the small band gap 9-AGNR
semiconductors, with tunable electronics resulting from the substitution of different metal
centers in the porphyrin core.
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Scheme 2.4: Porphyrin-GNR Hybrid Material Synthesis.

However, after multiple deposition attempts on both Au(111) and Cu(111) surfaces, we
were not able to achieve the desired GNR-porphyrin junctions. We observed that our surface
experiments would produce 9-AGNRs and clusters of porphyrin material that would phase-
segregate on the metal surface and never form junctions (Figure 2.2). We hypothesize there
is a steric limitation preventing monomer 1 from physically joining with the porphyrin center
2 to create poly-GNR-Porph-GNR. Alternatively, either monomer 1 or porphyrin 2 could
be forming reactive radical centers before the respective coupling partner has been similarly
activated (i.e. the coupling could also be limited by a difference in monomer reactivity and
diffusion on the surface). At the end of this chapter we will investigate three new narrow-
cGNR monomers and the respective surface growth experiments that could help elucidate
the reasons preventing these 9-AGNR/porphyrin junctions from forming.
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Figure 2.2: A) STM topography of a sample prepared from sequential deposition of 1 then
2 on Au(111) followed by annealing first to 200 °C for 30 min, then 300 °C for 60 min (V bias

= 40 mV, I t = 10 pA). B) STM topography of sample prepared from co-deposition of 1 and
2 while annealing the Au(111) surface to 200 °C, followed by further annealing to 300 °C
(V bias = 50 mV, I t = 50 pA). An example of the porphyrin domains in A) and B) indicated
with an arrow.

New Directions for N = 9 AGNR Synthesis

The 9-AGNR precursor monomer 1 described above is difficult to handle in the STM both
in the deposition and anneal stages, produces GNRs with defective edges, and could poten-
tially have difficulty creating heterostructures with coupling partners. For these reasons, we
designed a novel N = 9 AGNR precursor monomer 20. Our first synthetic route to reach
the monomer is given in Scheme 2.5.

The synthesis (Scheme 2.5) started with bromination of diphenic acid with DBI in H2SO4.
The crude product material was precipitated with water and filtered, then re-submitted to
reduction with NaBH4 to yield 21 in 97% yield over two steps. We found it crucial to wash
all residual acid out of the crude intermediate and then dry completely before submitting to
hydride reduction. These first steps were limited in scale by safety regulations limiting the
amount of concentrated acid that can be used per reaction. As a result, we were restricted
to running this reaction on 5 g scales or less. Bridged ether 21 was then brominated to
afford 22 in quantitative yield. Oxidation of 22 with NMO yielded 23 in 65% yield. This
oxidation took many months to optimize, with isolated yields for 23 starting around 10%
when optimization began. We found running this reaction on more than 200 mg scale dras-
tically decreased yield, and running the reaction with all reagents completely water and air
free under an atmosphere of N2 was essential to being able to isolate pure product. With
compound 23 in hand, we performed a homologation reaction to form dialkyne biphenyl 24.
We also optimized this reaction, and found that using Bestmann’s reagent for the homolo-
gation on scales larger than 200 mg of starting material gave extremely low product yield.
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Scheme 2.5: Synthesis of 9-AGNR precursor monomer 20.

As a result, during our scale up efforts we switched to using a (trimethylsilyl)diazomethane
(which is acutely toxic) with LDA in THF as an alternative homologation method. Next,
Diels-Alder condensation of 24 with 2H-pyran-2-one afforded 25 in 14% yield. This low
yield was a result of the pyrone participating in side reactions such as self-condensation,
and also decomposition of the starting material during the reaction. Because we had two
reactive alkynes and we only wanted one to couple with the pyrone, we could not use excess
pyrone to help this reaction proceed. Next, we used PtCl2 to close the alkyne to afford 26.
This reaction was extremely low yielding and we were not able to fully purify the product
away from the unwanted dicoupled product impurity from the previous step. As a result, we
moved the material forward with oxidation in CrO3 to yield phenantrene quinone 27 in 7%
yield over two steps. Given the low solubility of this product as well as the numerous side-
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Scheme 2.6: Newly Designed Synthesis of 9-AGNR precursor monomer 20.

products and impurities within the crude mixture, purification and characterization were
difficult, but a small sample of pure material was isolated. Knovenoegel condensation of 27
with 1,3-diphenylpropan-2-one afforded 28 which, due to solubility, was not able to be fully
purified and characterized. The difficulties in optimizing synthetic yields, purifying product
compounds, and scaling reactions that were prevalent throughout this pathway resulted in
< 5 mg of crude 28, despite at one point having over 1 g of 24 to push forward. Consid-
ering the vast challenges in scaling this reaction pathway to make enough material to finish
the synthetic route, and in light of the many other synthetic challenges we encountered, we
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decided to develop an alternate synthetic pathway towards monomer 20.
The new synthetic pathway we designed and are currently working on is shown in Scheme

2.6. Starting with commercially available 9,10-phenanthrenequinone, nitration followed by
bromination affords 29 and 30 respectively. Because our attempted Suzuki and Sonogashira
coupling reactions directly onto the quinone have not yielded the desired products, we decided
to protect 30 with ethylene glycol to afford 31 in 32% yield. Reduction of the nitro groups
to amino groups with sodium sulfide gives 32 with a crude yield of 95% (based on 1H
NMR). The next steps will be Sonagashira coupling to give 33, followed by a Diels-Alder
reaction with 2H-pyran-2-one and deprotection of the quinone to yield compounds 34 and
35, respectively. Knovenoegel condensation to afford 36 and subsequent Diels-Alder with
TMSA and deprotection of the TMS-group with TBAF will afford 37. In the last step of this
route, a Sandmeyer reaction on compound 37 will install bromines to yield target monomer
20. This synthetic pathway is currently underway.

2.3 Wide and Narrow Chevron GNR Derivatives

As we established in Chapter 1, Chevron GNRs (cGNRs) are commonly synthesized by
surface and solution polymerizations. Although various doping methods of cGNRs have
been synthesized and measured to see how various dopants and doping patterns can affect
GNR electronic structure, there have been no reports of altering the width of cGNRs as
an alternative method of band gap engineering. Calculated electronic band structures of
narrow-cGNRs (n-cGNRs), normal cGNRs (cGNRs), and wide cGNRs (w -cGNRs) show
the expected trend of the n-cGNRs having the largest band gap, followed respectively by
the cGNR and w -cGNRs (Figure 2.3). Additionally, the w -cGNRs are calculated to have
fewer mid-gap states than either the cGNRs or n-cGNRs, potentially leading to more efficient
electron transport through w -cGNRs than cGNRs.

Synthesis and Characterization

Synthesis of the w -cGNR molecular precursor follows a similar synthetic pathway as depicted
in Scheme 2.5 and Scheme 2.6, diverging at the Diels-Alder coupling to the cyclopentadienone
synthetic intermediate with diphenylacetylene in Ph2O instead of previously used TMSA
(Scheme 2.7). Using a divergent synthetic pathway targeting both 9-AGNR precursor 20
and w -cGNR precursor 38 allows us to efficiently access both targets from the same synthetic
approach. Synthetic efforts towards these ends are currently underway.

We designed target precursor monomer 40 to form n-cGNRs (Scheme 2.8). We were able
to synthesize 40 in two steps. First, Knovenoegel condensation of 2,7-dibromophenanthrene-
9,10-dione137 with 1,3-diphenylacetone afforded 41 in 38% yield. Next, a Diels-Alder reaction
with TMSA followed by TBAF deprotection to remove TMS protecting group gave 40 in
55% yield. Looking forward, we aim to deposit monomer 40 on a Au(111) surface in order
to first polymerize and then cyclodehydrogenate to afford n-cGNRs. In addition to STM
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Figure 2.3: A) Band diagram and B) schematic representation of wide cGNR (w -cGNR); 
C) Band diagram and D) schematic representation of normal cGNR; E) Band diagram and 
F) schematic representation of narrow cGNR (n-cGNR). Bands shown in blue, band gap 
highlighted in purple and mid-gap states highlighted in pink as a visual aid.
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Scheme 2.8: Synthesis of Narrow Chevron GNR Precursor Monomer 40.

and nc-AFM imaging, STS measurements will be performed to measure the valence and
conductance band energies, find the average band-gap of these ribbons, and map the spatial
localization of these states within the ribbon to see how the electronic structure compares
to cGNRs.

We also designed and synthesized tetrabrominated monomer 3 which could form n-
cGNRs, or alternatively could form pearl -cGNRs or N = 6 AGNRs (Scheme 2.9). Liter-
ature precedent has established a viable pathway of forming AGNRs through an alternating
coupling scheme similar to the coupling necessary to form N = 6 AGNRs from 3.120 The syn-
thesis of 3 (Scheme 2.10) began with first making 42 from 1-bromo-4-(bromomethyl)benzene
by means of an Fe(CO)5 coupling. With 42 in hand, we synthesized monomer 3 in two steps,
starting with Knovenoegel condensation of 2,7-dibromophenanthrene-9,10-dione137 with 42
to yield 43 in 40% yield. Diels-Alder condensation of cyclopentadienone 43 with TMSA
followed by TBAF deprotection afforded target monomer 3 in 45% yield. Colorless crystals
of 3 suitable for X-ray diffraction were obtained by recrystallization from hot toluene, slowly
cooling the saturated recrystallization mixture from 90 °C to 25 °C over 16 h (Figure 2.4C).
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Scheme 2.9: Possible polymerization and cyclization pathways of 3. 6-AGNRS formed if
Brblue alternatively couples with Brred (top), n-cGNRs formed if Brblue exclusively couples
with itself (middle), and pearl -cGNR forms if Brred exclusively couples with itself (bottom).
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Surface Studies

We sublimed monomer 3 onto a 25 °C Au(111) surface by annealing at 195 °C for 10 min
in a home-built low temperature (T = 7 K) STM/nc-AFM. Molecular islands of monomer 3
were observed, and several 6-monomer self-assembled pores enclosing a 7th monomer were
also observed (Figure 2.4 A,B). Surface assemblies of individual T-shaped molecules with
bright protrusions on each side aligned nicely with the crystal structure of 3 (Figure 2.4
C). Although many of the monomers were oriented head-to-head with the phenanthrene
bromines (Brblue in Scheme 2.9) of each adjacent monomer aligned, this directionality was
not ubiquitous, and some monomers with head-to-tail alignment (that is, Brred aligned with
Brblue, Scheme 2.9) were observed as well (Figure 2.4 B, white dashed circle). The surface
was then gradually annealed (5 K min–1) to 450 °C, inducing complete cyclodehydrogenation
to form the fully aromatized GNR backbone.

Statistical analysis on large areas of the Au(111) surface after annealing revealed n-
cGNRs had formed, with no 6-AGNRs or pearl -cGNRs forming to our knowledge (Figure 2.4
D,E). The n-cGNRs formed were longer than many previous examples of surface-synthesized
GNRs, with an average length of ∼20 nm, and some n-cGNRs reaching over 60 nm in length.
Samples of n-cGNRs also suffered from sporadic defects resulting from the random excision
of C-atoms during the second anneal step.

The surprising observation that exclusively n-cGNRs form from monomer 3 has two
plausible explanations. First, the phenanthrene bromines (Brblue) could be sitting closer to
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Figure 2.4: A,B) Monomer 3 as deposited on 25 °C Au(111) (V bias = 1 V, I t = 20 pA).
Monomer oriented head-to-tail outlined in white. C) ORTEP representation of the X-ray
crystal structure of 3. Thermal ellipsoids are drawn at the 50% probability level. Color
coding: C (grey), Br (red). Hydrogen atoms are omitted for clarity. A single monomer on
the surface is shown adjacent to serve as a visual aid (V bias = 1 V, I t = 20 pA). D,E) STM
of 3 after annealing Au(111) surface to 450 °C (5 K min–1) to form exclusively n-cGNRs
(V bias = 50 mV, I t = 20 pA).
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the catalytic surface than the phenyl bromines (Brred), and therefore could become acti-
vated at a lower temperature than the phenyl radicals. As a result, polymerization could
be proceeding only through the activated phenanthrene radicals. We are currently running
calculations to measure the theoretical distance between the two different bromine (phenyl
vs. phenanthrene) centers and a gold Au(111) surface to see if there is a significant height
difference between these bromines. The second explanation assumes the phenanthrene and
phenyl radicals form at a similar temperature (and time), and thus a steric limitation is re-
sponsible for only allowing phenanthrene radicals to pair with themselves. However, without
any evidence of the phenyl radicals coupling to form even a single segment of 6-AGNR or
pearl -cGNR, we expect the limitation is the former radical activation explanation, and not
a steric limitation.

New Directions for Narrow Chevron Derivatives

In order to elucidate the reasons for exclusive n-cGNRs formation from monomer 3 on
Au(111), we are currently working to synthesize monomer 44, with bromines only on the
phenyl positions and not on the phenanthrene core (Scheme 2.11). This synthesis started
with Knovenoegel condensation of phenanthrene-9,10-dione with bis-bromophenylacetone 42
to yield 43 in 85% yield. The final step in this synthesis will be Diels-Alder condensation of
cyclopentadienone 45 with TMSA followed by TBAF deprotection to afford target monomer
44. The synthesis of monomer 44 is currently underway.
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Scheme 2.11: Synthesis of cGNR Derivative Precursor Monomer 44.

We plan to deposit precursor 44 on Au(111) and anneal to 450 °C, to reproduce the same
surface growth experiment experiment that was performed for monomer 3. If we find that
the monomer is able to polymerize to form pearl -cGNRs (the only type of polymer/GNR that
can actually form with this monomer), we can conclude that the phenyl radicals do become
activated at a certain temperature and that polymerization is physically able to proceed
through these centers, essentially excluding a steric limitation to polymerization. Looking
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back to our previous growth experiments using monomer 3, this result would indicate the
phenanthrene radicals could be forming at a lower temperature than the phenyl radicals, but
polymerization only proceeds through the radical formed at the lower temperature. However,
if we do not see the formation of pearl -cGNRs we can conclude that either the aryl–Br bonds
sit too far off the surface for radicals to form at a temperature suitable for polymerization, or
that the radicals are forming but there is a steric limitation to these radicals coupling to form
polymers on the surface. The results of this experiment could also help us understand why
we did not see heterojunction formation between 9-AGNR monomer 1 and the porphyrin
core 2, which requires coupling of similar types of radical centers as seen in these narrow
chevron derivatives.

2.4 Conclusion

One way to tune the band gap of GNRs is through width modulation. Adding to the 5-, 7, and
13- AGNRs that have been reported, we have synthesized a 17-AGNR precursor monomer
belonging to the lowest band gap 3p+2 family that is ready for surface polymerization
and STS experiments. This modular and versatile synthetic strategy broadens the scope of
accessible GNR widths, a step critical to the integration of GNRs into post-silicon electronic
devices. We have also synthesized a 9-AGNR molecular precursor that we deposited onto a
Au(111) surface and annealed to form 9-AGNRs. Although this monomer successfully formed
GNRs, it was difficult to handle in the STM, produced GNRs that often had edge defects,
and wasn’t able to form porphyrin hybrid materials as we had envisioned. As a result,
we began the synthesis of a novel 9-AGNR precursor monomer. This synthetic pathway
posed many challenges, such as low synthetic yields, problems with product purification and
isolation, and limited reaction scalability. We then re-designed the synthetic route to this
new 9-AGNR monomer, which is currently in progress.

In an attempt to modify the band structure of cGNRs using width modification, we de-
signed both wide- and narrow-cGNR molecular precursors. The synthesis of the w -cGNR
precursor follows the same synthetic route from the re-designed 9-AGNR pathway, with a
late-stage diverging step; this route is currently in progress. We have successfully completed
the synthesis of a n-cGNR precursor, which is ready for surface deposition and polymeriza-
tion, as well as STS characterization of the electronic structure of the material. We also
designed a tetrabrominated derivative of the n-cGNR precursor, which has three possible
polymerization paths, potentially resulting in three different GNRs (6-AGNRs, n-cGNRs,
or pearl -cGNRs) on the surface. However, after depositing and annealing the precursor on
a Au(111) surface, we observe exclusively n-cGNRs forming. In an effort to further ex-
plore this unique reactivity, we designed a third derivative of the n-cGNR precursor that
has varied bromination pattern. The synthesis of this molecule is underway, and we plan
to study its reactivity on the surface to reveal information regarding the polymerization of
these monomers.
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Chapter 3

Band Gap Engineering of Graphene
Nanoribbons Through Incorporation
of Edge Dopant Atoms

In the third chapter, we introduce the doping of GNRs with heteroatoms as a second way to
modulate electronic properties. First we explore the synthesis and surface studies of a sulfur-
doped N = 13 AGNR monomer. Next, the synthesis of a series of nitrogen-, oxygen-, and
sulfur-doped cGNRs, with orbitally matched edge dopants is introduced. We measure the
valence and conduction band energies for each doped cGNR, and compare the experimentally
measured band gaps with theoretically calculated values. Based on this thorough analysis
of the electronic properties, we develop a rational theory of dopant atom influence.

3.1 Sulfur-doping of N = 13 AGNRs

Functionalizing a 10,10′-dibromo-9,9′-bisanthracene core with various wing systems can not
only access GNRs of varying width (as we have shown in Chapter 2), but also opens avenues
to modify the edge structure of the GNR and include heterocyclic dopants. Here, we re-
port the bottom-up synthesis and characterization of an atomically precise N = 13 AGNR
molecular precursor, designed based on the established bisanthracene core. The molecular
precursor is designed to have periodically placed sulfur dopant atoms with lone pairs in full
conjugation with the π-system of the GNR backbone.

Synthesis and Characterization

Adapting the synthesis reported by Fananas et al.,138 an Ullman-type coupling of 1-chloro-
2-nitrobenzene with 2-fluorothiophenol and copper (I) oxide gave thioether 46 in 55% yield.
Although reduction of thioether 46 with Fe and HCl (as reported by Fananas et al.) was at-
tempted, stannous chloride dihydrate proved to be a superior reagent for the reduction of the
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nitro group, resulting in a quantitative yield of 47. Diazotation of 47 and sequential Sand-
meyer reaction with iodide yielded 48 in 77% yield. Cyclization of 48, proceeding through
an aryllithium-tethered benzyne intermediate, afforded 49 in 41% yield, after quenching
with dibromoethane.139 Borylation of 49 was accomplished by lithium halogen exchange,
and quenching with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxoborolane (iPrOB(pin)), af-
forded boronic ester 50 in 72% yield. Suzuki cross-coupling of dibenzothiophene wing 50
with tetrabromobisanthracene core 15 afforded the target monomer 4 in 24% yield.
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Scheme 3.1: Syntheis of S-13-AGNRs molecular precursor 4.

Surface Studies

Kagome Self-Assembly

The first depostion of 4 onto a Au(111) surface under UHV resulted in multi-layer monomer
coverage. Although this high coverage isn’t suitable for GNR growth, we observed a unique
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kagome lattice self-assembly of 4 on the surface (Figure 3.1 A,B). A kagome lattice is com-
posed of interlaced corner-sharing triangles whose lattice points each have four neighboring
points (Figure 3.1).140 Materials exhibiting this lattice possess interesting bulk material and
topological properties,141–152 and can also incorporate functional guests into the pores of the
lattice.153 Despite their attractiveness as a platform for engineered materials, examples of
molecular kagome lattices remain rare.146–150 Given the uncommon self-assembly of 4, we
intend to explore topological and materials properties of this material further.

Figure 3.1: A) STM topography of kagome lattice produce from self-assembly of 4 on
Au(111) at 22 °C (V bias = 0.6 V, I t = 20 pA). B)The black network frame highlights the
kagome lattice. Inset: Chemical structure of 4 (V bias = 0.6 V, I t = 20 pA) C) STM topog-
raphy of network structures of tetrapyridyl porphyrin (TPyP) self-assembled on a Au(111)
surface. Inset: Chemical structure of TPyP. Reproduced from Shi et al.147 D) High-resolution
STM image (25 nm×20 nm) of kagome lattice structures of TPyP assembled on Au(111).
The rhombic-shape frame defines the network unit cell with a constant of 4.1 ± 0.1 nm. The
white network frame highlights the kagome lattice. Reproduced from Shi et al.147

GNR Growth Experiments

We deposited a sub-monolayer of 4 onto onto Au(111) at 22 °C in a home-built low temper-
ature (T = 7 K) STM. Interestingly, we still observe the kagome lattice formation even with
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Scheme 3.2: A–C) Reaction scheme for bottom-up synthesis of S-13-AGNRs. Annealing at
200 °C induces polymerization. Annealing at 400 °C induces cyclodehydrogenation to yield
S-13-AGNRs. D) STM image of precursor 4 as deposited onto a Au(111) surface (V bias =
1.5 V, I t = 40 pA). E) STM image of poly-4 after the polymerization shows alternating
protrusions characteristic of the polymer stage (V bias = 1.0 V, I t = 30 pA). F) STM image
of a fully cyclized S-13-AGNR segments; possible length of S-13-AGNR indicated with white
arrow (V bias = 1.8 V, I t = 20 pA).

sub-monolayer coverage (Figure 3.2 D). We then annealed the Au(111) surface to 200 °C to
induce radical step-growth polymerization to form poly-4 (Figure 3.2 B,E). Characteristic
alternating protrusions were observed with STM in the polymer stage (Figure 3.2 E). How-
ever, the polymer segments were very short (< 6 nm) in length and the irregularity of the
protrusions could indicate the lack of covalent bonds between some of the assembled units.
Further annealing to 400 °C should have induced a thermal cyclodehydrogenation of the
polymers to form the GNR backbone. Instead, upon annealing we observed flat amorphous
islands, with only very short lengths of possible S-13-AGNR formed (Figure 3.2 F).



42

We hypothesize the failed GNR growth experiments of 4 are due to the very strong
interaction between sulfur and gold, which is well established in the literature.154 This strong
interaction presumably aids in templating the self-assembly into mono-layer and multi-layer
kagome lattices (Figure 3.1) upon deposition on Au(111). The very short polymer lengths
formed by 4 after annealing to 200 °C could be due to either very strong interaction between 4
and the surface, strong intramolecular interactions between 4 and itself within that lattice, or
a combination of the two, thus limiting diffusion of the monomer to form polymers. Because
poly-4 effectively has not formed, upon the second anneal to 400 °C, GNRs can not form
from the precursor polymer.

3.2 Orbitally Matched Edge Doping of Chevron

GNRs

Here, we report the synthesis of a series of atomically precise nitrogen-, oxygen-, and sulfur-
doped cGNRs, with trigonal planar heteroatom dopants placed at defined positions along the
convex protrusion at the edges of cGNRs. N-, O-, and S-dopant atoms have been selected
in this series for their varying electronegativities. Unlike many previously established GNR
doping patterns, the heteroatom lone-pairs overlap with the extended π-system in these
cGNR structures.

Synthesis and Characterization

We synthesized molecular precursors for nitrogen-, oxygen-, and sulfur-doped cGNRs (5,
6, and 7 respectively) through a Diels-Alder cycloaddition reaction between 5,10-dibromo-
1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one and the respective carbazole 51, dibenzofu-
ran 52, or dibenzothiophene 53 followed by cheletropic extrusion of carbon monoxide and
rearomatization to form the triphenylene cores (Scheme 3.3).
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Scheme 3.3: Synthesis of Orbitally Matched cGNR Monomers 5, 6, and 7.
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Figure 3.2: ORTEP representation of the molecular structures of the Sa atropisomers of
(A) 5, (B) 6 and (C) 7 found in the crystal structure. Thermal ellipsoids are drawn at the
50% probability level. Color coding: C (gray), Br (orange), N (blue), O (red), S (green).
Hydrogen atoms, and solvent molecules are omitted for clarity. The dihedral formed between
the triphenylene core and wing is indicated with a dashed line.

Pale yellow crystals of 5, 6, and 7 suitable for X-ray diffraction were grown by slow
evaporation of saturated CHCl3/MeOH (5, 6) or toluene (7) solutions (Figure 3.2). In the
crystal the fused heterocyclic rings in 5, 6, and 7 adopt dihedral angles C(1)–C(2)–C(1’)–
C(2’) ranging from 105.9°, 108.5°, to 75.5°. The barrier to rotation around the C(2)–C(1’)
bond is restricted and the unit cells of 5, 6, and 7 contain racemic mixtures of both the Ra

and Sa atropisomers.

Surface Studies

We fabricated N-, O-, and S-doped cGNRs by subliming a submonolayer of the respective
molecular building blocks 5, 6, and 7 on a Au(111) surface held at 120 °C in UHV. STM
images recorded on the intermediate polymer chains emerging from the step-growth poly-
merization of 5, 6, and 7 show characteristic protrusions along the edges commensurate with
the expected position of the fused heterocyclic wings. The irregular edge-pattern observed
in the topographical images is consistent with a random co-polymerization of both the Ra

and Sa enantiomers on the metal surface. Gradual annealing (5 K min–1) first induced the
complete cyclodehydrogenation of the triphenylene cGNR backbone until at 400–450 °C the
heterocyclic wings fused to form the extended graphitic backbone of cGNRs. Low tempera-
ture (4.5 K) STM images of N-, O-, and S-doped cGNRs showed an apparent height of 0.16
nm and the characteristic periodicity of 1.7 nm (Figure 3.3 A–C).80 Statistical analysis on
different samples of doped cGNR revealed an average length around 10–15 nm, with some
cGNRs exceeding 40 nm. While these observed parameters are consistent with the reported
structures of the parent unfunctionalized cGNRs, we observed significant differences in the
apparent width of N-, O-, and S-doped cGNRs (2.3 ± 0.1, 2.2 ± 0.1, and 2.4 ± 0.1 nm
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Figure 3.3: STM topographic image, and nc-AFM frequency shift image of (A, D) N-doped
cGNRs (V bias = 10 mV, I t = 40 pA), (B, E) O-doped cGNRs (V bias = –1.1 V, I t = 500
pA), (C, F) S-doped cGNRs (V bias = –0.75 V, I t = 300 pA).
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Figure 3.4: nc-AFM frequency shift image of S-cGNR; areas that have lost S-dopant atom
indicated with white arrow.

respectively).103,155

Since variances in the apparent width of edge-doped cGNRs could be attributed to
changes in the local electronic structure or result from the cleavage of the dopant heteroatom
itself during the thermal annealing process, we performed nc-AFM imaging with CO-modified
tips.156 Non-contact AFM images of N-, O-, and S-doped cGNRs unambiguously confirmed
the position of dopant heteroatoms at the apex of each of the convex protrusion along the
cGNR edges (Figure 3.3 D–F). An evaluation of large area nc-AFM scans of doped cGNRs
and the corresponding STM images indicated that N- and O-doped cGNRs retain >99% of
the expected dopant atoms along the edges. Samples of S-doped cGNR, instead, suffered
from sporadic defects resulting from the random excision of S-atoms during the cyclode-
hydrogenation step. Statistical analysis showed that 15–20% of S-dopants were lost during
the thermal annealing process (Figure 3.4). Literature precedent of the only other reported
sulfur-doped GNR shows highly irregular edges and vacancies in GNR edges, as well as a
minimally shifted band structure compared to the pristine all-carbon ribbon, indicating ex-
cision of S-atoms for this GNR species as well.111 Contrast in the nc-AFM images attributed
to the position of N- and S-atoms appeared brighter than the position of O-dopants in cor-
responding images of O-doped cGNRs. This superficial difference has been attributed to the
enhanced interaction between the terminal oxygen of the CO-modified tip and O-atoms in
molecular adsorbates.157 However, nc-AFM imaging revealed no significant changes to the
absolute width of N-, O-, and S-doped cGNRs. We conclude that the variations in apparent
cGNR width observed by STM originate mainly from the modifications of the local electronic
structure of the cGNRs by the dopant atoms.

We performed STS on various samples of N-, O-, and S-doped cGNRs. Representative
dI/dV point spectra acquired along the convex edge of cGNR close to the position of the
heteroatom dopant are depicted in Figure 3.5. The experimental band edge energies and
band gaps for N-, O-, and S-doped cGNR are summarized in Table 3.1, and pristine cGNR
measurements are given as a reference.125

When compared to pristine cGNRs, the introduction of O-dopant atoms leads to a sig-
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Figure 3.5: STM dI/dV Point Spectra of O-cGNR (red), N-cGNR (blue) S-cGNR (green),
and representative Au(111) background (black). Spectra are offset vertically (O-cGNR set
point: V bias = –1.1 V, I t = 50 pA; S-cGNR set point: V bias = 0.05 V, I t = 20 pA; N-cGNR
set point: V bias = 0.05 V, I t = 20 pA).

Valence Edge (eV) Conduction Edge (eV) Band Gap (eV)
cGNR, exp.125 –0.80 1.70 2.45 ± 0.05
cGNR, calc. –3.21 –1.62 1.59
N-cGNR, exp. –0.65 ± 0.02 1.55 ± 0.02 2.20 ± 0.05
N-cGNR, calc. –2.88 –1.47 1.41
O-cGNR, exp. –0.80 ± 0.02 1.50 ± 0.02 2.30 ± 0.05
O-cGNR, calc. –3.15 –1.68 1.47
S-cGNR, exp. –0.74 ± 0.02 1.46 ± 0.02 2.20 ± 0.05
S-cGNR, calc. –3.04 –1.64 1.40

Table 3.1: Experimental and Theoretical (LDA) Band Gaps of N-, O-, and S-
doped cGNRs

nificant shift of the CB edge to lower energies while the VB edge remains essentially unper-
turbed. This is reflected in a reduction (∼0.2 eV) of the band gap of O-doped cGNRs to
2.3 eV. The incorporation of S-dopant atoms in S-cGNR not only induces a significant shift
of the CB edge to lower energies when compared to unsubstituted cGNRs and O-cGNR,
but also increases the energy of the VB by 0.1 eV when compared to the O-cGNR, leading
to an overall reduction of the band gap to 2.2 eV. N-doping in N-cGNRs yields the largest
observed increase in the VB energy within our doping series. The corresponding shift of
the CB edge state is comparable to the O-doped cGNRs, leading to an overall reduction
of the band gap of 2.2 eV, ∼0.3 eV smaller than the unsubstituted cGNRs. The relative
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Figure 3.6: Experimental dI/dV spatial maps and calculated LDOS map of states at the
VB and CB edges for (A) N-cGNRs (VB, I t = 1.25 nA; CB, I t = 10 nA), (B) O-cGNRs
(VB, I t = 300 pA; CB, I t = 300 pA), and (C) S-cGNRs (VB, I t = 1.5 nA; CB, I t = 15
nA). Calculated LDOS is simulated at a height of 4 Å above the doped cGNR plane.

energy of VB edge states follows the trend cGNR ≤ O-cGNR < S-cGNR < N-cGNR. The
corresponding sequence for the CB band edge states is S-cGNR < O-cGNR < N-cGNR <
cGNR.

We used dI/dV mapping to further explore the spatial distribution of VB and CB edge
states in N-, O-, and S-doped cGNRs (Figure 3.6). A common feature of all doped cGNRs was
a confinement of the LDOS associated with the VB and the CB to the edges of the ribbons.108

In the VB dI/dV map of N- and S-doped cGNRs bright protrusions corresponding to the
position of the dopant heteroatoms were observed. The analogous maps for O-doped cGNRs
showed a node at the expected position of the O-atom. dI/dV maps of the CB edge states
for N-, O-, and S-doped cGNRs were predominantly localized along the concave edges of the
cGNRs and show a node at the position of the dopant heteroatom.



48

Figure 3.7: Calculated energy levels at Γ point of unsubstituted cGNR (black), O-cGNR
(red), S-cGNR (green), and N-cGNR (blue) near the Fermi level. The wave functions of
each cGNR at CB, VB, and VB–1 along the GNR edges are shown in figure insets. Color
coding: C (black), O (red), S (green), N (blue).

Theoretical Calculations

To gain additional insight into the electronic structure of N-, O-, and S-doped cGNRs, we
performed DFT calculations within the local density approximation (LDA).158 The intro-
duction of dopant atoms at the apex of the convex edges of cGNRs significantly changes
both the energy band gaps and positions of band edge states. The theoretical LDA band
gap of the heteroatom-doped cGNR series ranges from 1.4–1.5 eV, a decrease of ∼0.1–0.2
eV when compared the unsubstituted cGNR (Table 3.1). While calculations at the LDA
level of theory do not account for the electron correlation effect to the self-energy of electron
states or the electron screening from the Au(111) substrate, the relative positions of band
edge states and trends in the magnitude of the band gap can be faithfully reproduced.129,159

We attribute the reduction of the band gap in edge-doped cGNRs to an extension of the
π-conjugated network to include the p-orbital associated with the position of the heteroatom
dopant.111,124 While the calculated total density of states (DOS) of each ribbon is shifted
by the vacuum energy, we can still compare the relative positions of the VB and CB edges
(Figure 3.7). The theoretically predicted energy of the VB edge states in heteroatom-doped
cGNRs mirrors the experimental trend determined by STS (cGNR < O-cGNR < S-cGNR
< N-cGNR). The relative energies calculated for the CB edge states however deviate from
the experimentally observed trend (O-cGNR < S-cGNR ≤ cGNR < N-cGNR).



49

Figure 3.8: a) Dibenzothiophene (left), dibenzofuran (middle), and 9H-carbazole (right)
small molecules used for calculations on four-layer Au(111) substrate; calculated heteroatom
dopant height off Au(111) surface indicated below. b) total density of states (DOS) DFT
calculations of dibenzofuran (red), dibenzothiophene (green), 9H-carbazole (red), on Au(111)
surface (Au(111) surface shown in black).

Most striking is the apparent inversion of the order between O-cGNR and S-cGNRs. In an
effort to account for the experimental differences in the electronic structure of doped cGNRs
induced by the interaction with the underlying Au(111) substrate we calculated the inter-
action between 9H-carbazole, dibenzofuran, and dibenzothiophene (small-molecule models
for the functional groups lining the edges of N-cGNR, O-cGNR, and S-cGNR, respectively)
and a four-layer Au(111) substrate (Figure 3.8). Analysis of the relaxed atomic structures of
small-molecule model systems on the Au(111) substrate shows a strong interaction between
the dibenzothiophene group and the underlying substrate that is absent in the dibenzofu-
ran and 9H-carbazole model and is directly reflected in the shorter S–Au distance (2.59 Å)
between the substrate and the dibenzothiophene when compared to the corresponding struc-
ture of dibenzofuran or 9H-carbazole (O–Au 3.04 Å and N–Au 3.11 Å, respectively) (Figure
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Figure 3.9: DFT calculations in vacuum of O-doped cGNR (red), S-doped cGNR (green),
and N-doped cGNR (blue) energy gaps; dashed lines indicates valence and conduction band
maxima.

3.8a). Calculations show that a significant electron transfer from the Au substrate to the
dibenzothiophene lowers the LUMO leading to an inversion (6LUMO < 5LUMO < 4LUMO on
Au) of the trend observed in the gas phase (5LUMO ≤ 6LUMO < 4LUMO) gas phase (Figure
3.9). The calculated trend observed for small molecule model systems on Au(111) mirrors
the experimentally established changes in the relative alignment of the CBs in N-cGNRs,
O-cGNRs, and S-cGNRs.

Further DFT calculations show that when the sulfur-, oxygen-, or nitrogen-dopant atom
is placed in the inner cove region of the chevron GNR (Figure 3.10 B) instead of the apex
position (Figure 3.10 A), the band gap is significantly minimized, yielding band gaps of 1.15
eV, 1.09 eV, and 0.99 eV respectively. These values are summarized in Table 3.2. Thus, in
the apex position each dopant atom is calculated to narrow the band gap by 0.06–0.10 eV,
while in the cove position each dopant atom is calculated to narrow the band gap by 0.22–
0.31 eV. In the experimental and theoretical dI /dV maps, both the HOMO and LUMO are
spatially localized to these cove regions (Figure 3.6), giving an explanation as to why dopant
atom placement at these positions is seen to have a greater influence over GNR electronic
structure. These results open a new route for highly tunable doping patterns that provide
unprecedented control over GNR band gaps and band energies.

Given the doping concentration in this particular series of extended π-systems of two
dopant atoms per unit cell, we expect our observed trends to be intensified by increasing the
number of dopants incorporated along the GNR edges, thus allowing for a facile strategy to
further engineer the band gap GNRs through a bottom-up synthetic approach. DFT calcu-
lations incorporating six dopant atoms per unit cell (Figure 3.10 C) support this hypothesis,
showing a further narrowing of the band gap to 0.98 eV, 1.30 eV, and 1.14 eV for the 6S-
GNR, 6O-GNR, and 6N-GNR respectively (these values are summarized in Table 3.2). Thus,
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Figure 3.10: A) Schematic representation of oxygen-, sulfur-, and nitrogen-doped cGNRs
doped at the apex position (O-cGNR, S-cGNR, and N-cGNR, respectively) and B) cove
position (O-Cove-cGNR, S-Cove-cGNR, and N-Cove-cGNR, respectively). C) Schematic
representation showing location of additional dopant atoms in oxygen-, sulfur-, and nitrogen-
doped cGNRs (6O-cGNR, 6S-cGNR, and 6N-cGNR, respectively).

each additional dopant atom can narrow the band gap by up to ∼0.1 eV, with the sulfur
dopant having the most significant influence on band gap and the oxygen dopant having the
least significant influence. Previous literature reports of incorporating up to eight nitrogen
dopant atoms per unit cell show band gap narrowing of 0.13 eV per dopant,108 providing
further evidence towards how influential orbitally matched edge dopant atoms are on GNR
band structure. Together with the experimentally observed band energy trend derived from
the type of dopant atom incorporated into the cGNR, as well as the influence that both the
position of that dopant atom and quantity of dopant atoms can have over the band struc-
ture, these doped GNRs offer unprecedented opportunities for precise engineering of GNR
electronic properties.

Dopant Atom Effects

Accounting for the subtle changes induced by the underlying substrate we can now rationalize
the experimentally observed trends in the band shift of cGNRs upon introducing N-, O-,
and S-dopant atoms along the edges. Two distinctive effects dominate changes in the band
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Valence Edge (eV) Conduction Edge (eV) Band Gap (eV)
N-cGNR, calc. –2.88 –1.47 1.41
N-Cove-cGNR, calc. –2.79 –1.79 0.99
6N-cGNR, calc. –2.47 –1.33 1.15
O-cGNR, calc. –3.15 –1.68 1.47
O-Cove-cGNR, calc. –3.01 –1.91 1.10
6O-cGNR, calc. –3.08 –1.76 1.32
S-cGNR, calc. –3.04 –1.64 1.40
S-Cove-cGNR, calc. –2.96 –1.81 1.15
6S-cGNR, calc. –2.61 –1.63 0.98

Table 3.2: Theoretical (LDA) Band Gaps of N-, O-, and S-Doped cGNRs Com-
paring Dopant Position and Quantity.

structure of edge-doped cGNRs: electron transfer between the GNR and the dopant atom
and the expanded delocalization of the wave function to include the lone-pair p-orbitals at
the site of the heteroatom. Löwdin charge analysis158 suggests that each O- and S-dopant
atom withdraws 0.17 and 0.12 electrons from the cGNR backbone. N-atoms instead act
as donors and contribute 0.11 electrons to the cGNR. This electron transfer generates a
local potential gradient near cGNR edges, resulting in a downward shift of the overall band
energies for O-cGNRs and S-cGNRs and an upward shift for N-cGNRs when compared to the
parent unsubstituted ribbons. While our analysis does not account for many-body effects,159

the relative energy level shifts do not change significantly as the actual electron movement
is much stronger than the self-energy correction. The observed band shift is supported by
wave function analysis at the Γ point (Figure 3.7). The wave functions of doped cGNRs at
CB, VB–1, VB–2, and VB–3 (VB–4 for S-cGNR) have the same character as unsubstituted
cGNR, and their energy levels undergo a rigid shift to lower energies for O-cGNRs, a slightly
smaller shift to lower energies for S-cGNR, and a shift to higher energies for N-cGNR.
The wave functions of doped cGNRs at CB+2, CB+1, VB, and VB–4 (VB–3 for S-cGNR)
show an overlap between the p-orbital lone-pair of the dopant atom and the extended π-
system. The conjugation with the lone-pair leads to an upward shift of the respective energy
levels exceeding the potential gradient imparted by the electron transfer. The alignment
of electronic states near the Fermi level in orbitally matched edge-doped cGNRs is thus
dictated by both the partial electron transfer between the dopant atoms and the cGNR (O-
and S-dopants act as acceptors while N-dopants are donors), and the effective conjugation
of the extended π-system with the lone-pairs on the dopant atoms.

3.3 Conclusion

In this chapter we investigated doping as a method of GNR band-gap engineering. We first
explored the synthesis of a sulfur edge doped N = 13 AGNR precursor monomer. This
monomer self-assembles into a kagome lattice after deposition onto Au(111), which could
have very interesting topological and bulk properties which we intend to explore further.
Upon annealing to polymerization and cyclodehydrogenation temperatures, we observed
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very short polymer segments and flat amorphous islands, respectively. We hypothesized
that the particularly strong interaction between the sulfur-dopants and the Au(111) surface
help to template the intriguing kagome lattice growth, and also prevent GNR formation for
this monomer.

We also examined a deterministic strategy to tune the electronic band structure of
bottom-up synthesized cGNRs by introducing orbitally matched edge-dopant heteroatoms.
Trigonal planar N-, O-, and S-dopant atoms incorporated along the convex protrusion lining
the edges of cGNRs induced a characteristic shift in the energy of CB and VB edge states.
STS revealed a narrowing of the band gap by ∼0.2–0.3 eV per dopant atom per monomer
unit when compared to unsubstituted cGNRs. STS and DFT calculations revealed that the
complex shifts in the electronic structure can be attributed to an inductive effect, a partial
charge transfer between the cGNR backbone and the dopant atoms that correlates with the
electronegativity of the dopant element, and an expansion of the effective conjugation length
facilitated by the overlap of a p-orbital lone-pair on the trigonal planar dopant atoms with
the extended π-system of the cGNR. Our modular and versatile orbitally matched doping
strategy not only broadens the scope of accessible dopant atoms but also effectively blends
the respective advantages of substitutional edge-doping and backbone-doping in a single step
critical to the integration of functional GNRs into advanced electronic devices.
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Chapter 4

Synthesis of Functional Graphene
Nanoribbon Nanoarchitectures

In the fourth chapter, we first introduce the design and synthesis of a GNR with fluo-
renone moieties decorating the edges that can be manipulated in UHV to create pristine
GNR/fluorenone GNR heterojunctions from a single molecular precursor. We then use STS
to measure the band gap across the heterojunction, as well as the spatial localization of the
electronic states. Next, we examine the role of iodine versus bromine monomer functional-
ization on GNR growth, and the role diffusion plays in the growth process. Then, using the
insights gained from these experiments, a way to hierarchically grow discrete GNR hetero-
junctions is introduced, and the synthesis and electronic characterization of this material is
reported.
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4.1 Atomically Precise Graphene Nanoribbon

Heterojunctions from a Single Molecular

Precursor

A unique aspect of bottom-up GNRs is that they provide extensive opportunities for creating
atomically precise molecular heterojunctions. Predictions have been made that such hetero-
junctions will play a useful role in future nanotechnologies, including fabrication of robust
molecular diodes and transistors.131,160 While the behavior of heterojunctions in macroscopic
semiconductor crystals has been extensively studied, heterojunction behavior in molecular
nanostructures is not as well understood.161–164 Previous attempts at fabricating bottom-up
GNR heterojunctions depend on the random process of precursor self-assembly and do not
allow heterojunction fabrication or modification after a GNR has been synthesized.108,129

Here we report the fabrication and electronic characterization of atomically precise GNR
heterojunctions prepared through late-stage functionalization of cGNRs obtained from a
single precursor. Such post-growth modification of GNR electronic properties offers a more
flexible route for heterojunction fabrication, thus enabling additional bottom-up control that
could lead to more complex future molecular device architectures.

Heterojunction Design and Synthesis

Heterojunctions from a single molecular precursor were achieved through the design and
implementation of a new type of GNR precursor molecule 54 that incorporates sacrificial
carbonyl groups and results in carbonyl-decorated fluorenone GNRs. While the carbonyl
groups survive the GNR synthesis process, they can be removed later by exciting the flu-
orenone GNR thermally or with an electric field. The synthesis of monomer 54 (Scheme
4.1) starts with Sonagashira coupling of 4-bromo-9H -fluoren-9-one165 with TMSA followed
by deprotection with K2CO3 in MeOH/THF to afford 55 in 62% yield. Next, a Diels-Alder
reaction with cyclopentadienone 41 in o-xylene yielded 54 in 50% yield.

cGNRs featuring a regular pattern of 9H -fluoren-9-one substituents along their convex
edges were prepared from molecular precursor 54 through a sequential radical step-growth
polymerization/cyclodehydrogenation procedure on a Au(111) surface in UHV (Scheme 4.2
A).80 Bottom-up GNR heterojunctions between pristine cGNR segments and fluorenone
GNR segments were prepared by cleaving all carbonyl groups within localized segments of
fluorenone GNRs by thermal annealing (Figure 4.1 A,B) or STM tip-induced site-specific
decarbonylation (Figure 4.1 C). The tip-induced carbonyl removal procedure is to position
the STM tip over the carbonyl group with V s = 3 V and I t = 20 pA. Then, current is
ramped up to 500 pA over 30 sec under closed loop conditions. However, this procedure
typically induces defects in the GNRs and so spectroscopic characterization hereafter is
limited to the thermally-induced heterojunctions. Figure 4.1B shows an STM image of a
GNR heterojunction formed by annealing uniform fluorenone GNRs at 350 °C in UHV for 1
h.
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Scheme 4.1: Synthesis of Fluorenone cGNR Precursor Monomer 54.
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Scheme 4.2: A) Schematic representation of the synthesis of fluorenone GNRs from molecular
precursor 54. B) BRSTM image of the same fluorenone GNR as in (C). The covalent bond
network within the GNR is clearly resolved (V s = 40 mV, I t = 10 pA), V ac = 20 mV, f =
401 Hz). C) Representative STM topographic image of a fluorenone GNR (CO functionalized
tip, V s = –1.0 V, I t = 10 pA).
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Figure 4.1: A) Schematic representation of the fabrication of a fluorenone/pristine cGNR
heterojunction from a uniform fluorenone GNR. B) A BRSTM image of a fluorenone/pristine
chevron heterojunction (V s = 40 mV, I t = 10 pA, V ac = 20 mV, f = 401 Hz); white line
indicates the heterojunction position for visual aid. C) Tip manipulation induces removal
of carbonyl group on fluorenone GNR. BRSTM images show carbonyl group removed by
current from STM tip.

Comparison of Electronic Structure of Fluorenone cGNRs and
Pristine cGNRs

A bond-resolved STM imaging technique (BRSTM) allows determination of local chemical
structure in combination with STS to unambiguously characterize the local band alignment
profile of the heterojunction. BRSTM is an extension of techniques described in recently
published work,166 and provides bond-resolved contrast of molecular nanostructures without
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employing the additional complexity of nc-AFM156 or the need to operate at sub-Kelvin tem-
peratures.167 The contrast in BRSTM images relies on changes in the differential conductivity
of the STM tunneling junction at low bias (20–50 mV) measured with a CO-functionalized
STM tip.166

Electronic Characterization of Uniform Fluorenone cGNRs and Pristine cGNRs

The local electronic structure of fluorenone GNRs on Au(111) was characterized by STS
using a CO-functionalized tip. A characteristic dI /dV point spectrum recorded at a position
above the cyclopentadienone of a uniform fluorenone GNR is shown in Figure 4.2 (red curve).
The dI /dV spectrum of an unfunctionalized chevron GNR prepared independently from a
suitable precursor is also shown as a reference (Figure 4.2, blue curve). The dI /dV spectrum
of fluorenone GNRs shows peaks at 1.37 ± 0.03 eV and –0.96 ± 0.01 eV relative to the Fermi
energy (V = 0). The peak at –0.96 eV is identified as the fluorenone GNR VB edge while
the peak at 1.37 eV is identified as the CB edge. The resulting band gap for a fluorenone
GNR is 2.33 ± 0.03 eV. The corresponding band edge features for unfunctionalized pristine
cGNRs yield a VB edge of –0.83 ± 0.03 eV, a CB edge of 1.70 ± 0.04 eV, and a band gap of
2.53 ± 0.05 eV, yielding a much more precise measurement than previously reported cGNR
band gap measurements.102,108 The introduction of a fluorenone substituent thus leads to a
shift of the GNR band edges to lower energies and an overall reduction of the band gap by
0.20 ± 0.06 eV.

The spatial distribution of the fluorenone GNR LDOS at energies close to the CB and
VB edges was experimentally determined using constant current dI /dV mapping. At an
imaging bias of –1.0 V the LDOS associated with the VB edge is strongest along the concave
edges of the fluorenone GNR, while the intensity decreases at the convex edges coinciding
with the position of the fluorenone group. An LDOS map near the CB edge recorded at
1.35 V shows distinctly stronger intensity near the fluorenone group. A prominent difference
between the pristine cGNR dI /dV maps and the fluorenone GNR dI /dV maps is that the
presence of carbonyl groups at the convex edges of the ribbon induces a node in the LDOS
intensity that is not observed for pristine cGNRs.

Electronic Characterization of Heterojunctions

STS reveals that the local electronic structure at the interface of a bottom-up synthesized
fluorenone/pristine heterojunction yields a Type II staggered gap heterojunction (Figure
4.3),168,169 with dI /dV point spectra recorded at positions on opposite sides of the hetero-
junction interface (as indicated with respective red and blue marks in Figure 4.1B). We used
dI /dV mapping to resolve the LDOS patterns associated with VB and CB wave functions
at the heterojunction interface (Figure 4.4). The positions of carbonyl groups in the fluo-
renone GNR segments are clearly resolved (Figure 4.4a, red arrows), thus allowing precise
determination of heterojunction interface locations. Figure 4.4b shows a dI /dV map of this
GNR recorded at an imaging bias of +1.35 V that corresponds to the CB edge (Figure 4.3,
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Figure 4.2: a) STM dI /dV point spectra acquired for a fluorenone GNR (red) and an
unfunctionalized chevron GNR (blue) on a Au(111) substrate (V ac = 10 mV, f = 401
Hz, T = 4.5 K). b) Theoretical DOS calculated for isolated fluorenone GNR (red) and
isolated unfunctionalized chevron GNR (blue) (energy is calibrated to the vacuum potential
for both plots). c) Experimental dI/dV map of states at VB edge for a fluorenone GNR. d)
Theoretical LDOS map of states at VB edge for a fluorenone GNR. e) Experimental dI /dV
map of states at CB edge for a fluorenone GNR. f) Theoretical LDOS map of states at CB
edge for a fluorenone GNR. Experimental parameters for dI/dV maps: V ac = 20 mV, f =
401 Hz, T = 4.5 K.
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Figure 4.3: STM dI /dV point spectra of the fluorenone/unfunctionalized chevron GNR
heterojunction shown in Figure 4.1B taken on both sides of the interface.

peak 1). The LDOS of the CB state is clearly localized to the fluorenone segments and
shows the characteristic pattern associated with the CB edge of uniform fluorenone GNRs.
A dI /dV map of the same region obtained at an imaging bias of –0.83 V corresponding to
the VB edge (Figure 4.3, peak 2) shows very different behavior, with the LDOS having the
highest intensity in the central pristine GNR segment, while the fluorenone segments remain
dark (Figure 4.4c). The heterojunction CB edge and VB edge states are directly observed
to separately localize to the fluorenone and unfunctionalized GNR segments, respectively.

DFT Calculations

Calculations of Uniform Fluorenone cGNRs and Pristine cGNRs

We first simulated the behavior of uniform fluorenone and pristine chevron GNRs separately
using DFT at the LDA level. We found our experimental results are consistent with theo-
retical simulations based on ab initio calculations. The theoretical DOS of fluorenone and
pristine chevron GNRs are plotted in Figure 4.2b. The predicted band gap of a fluorenone
GNR is 0.21 eV smaller than the band gap of a pristine cGNR, and the fluorenone VB and
CB edges are shifted to lower energy. While the magnitude of the theoretical band gaps and
band edge shifts cannot be quantitatively compared to the experimental data, the experi-
mentally observed trends are reproduced by the calculations. The reduced band gap and
band edge shifts observed for fluorenone GNRs can be intuitively understood as the result of
an extension of the GNR π-network to include the fluorenone group and the electron with-
drawing effect of the carbonyl groups at the convex edges, respectively. A direct comparison
between experimental dI /dV maps and theoretical LDOS plots shows good agreement for
states at the GNR band edges. Figure 4.2d shows the calculated LDOS map of states at the
VB edge for a uniform fluorenone GNR. The highest intensity is seen to be localized along
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Figure 4.4: a) BRSTM image of a GNR exhibiting two fluorenone/unfunctionalized chevron
GNR heterojunctions surrounding a central unfunctionalized chevron GNR segment (V s

= 40 mV, I t= 10 pA, V ac = 20 mV, f = 401 Hz); red arrows indicate the positions of
carbonyl groups. b) Experimental STM dI /dVmap of fluorenone/pristine chevron GNR
heterojunctions recorded at CB edge energy = 1.35 V (Figure 4.3, peak 1) and c) VB
edge energy = –0.83 V (Figure 4.3, peak 2) (V ac = 20 mV, f = 401 Hz). d) Unit cell
used to simulate LDOS of heterojunction system depicted in (a); black dashed line shows
heterojunction interface. e) Calculated LDOS map 4 Å above GNR for states at CB edge of
heterojunction structure shown in (d). f) Calculated LDOS map 4 Å above GNR for states
at VB edge state of heterojunction structure shown in (d).

the concave edges of the GNR, consistent with our experimental VB dI /dV map depicted in
Figure 4.2c. Similarly, the characteristic pattern reflected in the theoretical LDOS of states
at the fluorenone CB edge (Figure 4.2f) is in good agreement with the experimental CB
dI /dV map depicted in Figure 4.2e.

Calculations of Heterojunctions

In an effort to better understand the intrinsic band alignment of a fluorenone/pristine cGNR
heterojunction we calculated the electronic structure of the bond-resolved experimental het-
erojunction system (Figure 4.4a). The unit cell used in the calculation (Figure 4.4d) com-
prises a central unfunctionalized chevron GNR segment flanked on both sides by short seg-
ments of fluorenone GNRs, precisely as seen experimentally in Figure 4.4a. At the CB edge
the theoretical LDOS of the heterojunction structure shown in Figure 4.4d is largely local-
ized to the fluorenone substituted segments (Figure 4.4e). The LDOS pattern here exhibits
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the same recurring motif calculated for the CB LDOS of uniform fluorenone GNRs (Fig-
ure 4.2f), and closely resembles the experimental CB LDOS pattern of the heterojunction
(Figure 4.4b). At energies close to the VB edge the theoretical LDOS alternatively shows
localization to the unfunctionalized chevron GNR segment (Figure 4.4f). The characteristic
VB pattern is the same as the LDOS pattern calculated for uniform unfunctionalized GNRs
and matches the spatial localization observed experimentally in the dI /dV image of Figure
4.4c.

Agreement between experimental and theoretical data for the CB and VB edges of the
heterojunction confirm wave function localization consistent with a Type II heterojunction,
and also indicate that substrate interaction effects do not play a significant role in deter-
mining the wave function symmetry or spectroscopic peak ordering for this GNR system.
However, it should be noted that DFT-LDA calculations are known to underestimate quasi-
particle band gap magnitude for low dimensional semiconductor systems56 and that substrate
screening can also lead to band gap renormalization.129,170

4.2 Bromine vs. Iodine: Role of Diffusion in GNR

Growth

Surface-assisted synthesis of GNRs relies on a two-step process. In the first stage, thermally
activated molecular precursors polymerize on the surface via a step-growth mechanism at T≈
200 °C. In the second stage the resulting polymers undergo a cyclodehydrogenation reaction
T ≈ 400 °C that leads to an extended π-system across the GNR.80,171–177 Temperature-
programmed x-ray photoelectron spectroscopy performed during the synthesis of N = 7
armchair GNRs on Au(111) has shown that the homolytic cleavage of C–Br bonds is initi-
ated at 100 °C.172,173 The dissociated halogen atoms remain bound to the surface until they
eventually desorb associatively as HBr during cyclodehydrogenation.174 Besides halogen dis-
sociation, the polymerization step involves the diffusion and subsequent recombination of
the radical intermediates. For small monomers the initial dehalogenation typically repre-
sents the rate-limiting step, while for larger precursors diffusion can become increasingly
important.176

Lowering the activation and polymerization temperature for this process is desirable
in order to reduce unwanted side-reactions that lead to defects and irreversible premature
chain termination during polymerization. One strategy to reduce the dehalogenation barrier
relies on the weakening of the carbon-halogen bond itself (Scheme 4.3). The C–I bond is
weaker than the C–Br bond, and calculations even predict a lower barrier for deiodination on
Au(111) than for debromination on Ag(111).176 Iodinated monomers have previously been
activated on a variety of catalytic metal surfaces92,178–180 as well as some insulators.181,182

Studies of aryl-halides on Au(111)172,173,178,183,184 show a reduction in the bond dissocia-
tion energy by switching from C–Br to C–I bonds, and have demonstrated dehalogena-
tion178,183,184 and even covalent C–C couplings184,185 for aryl-iodides on Au(111) at room
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Scheme 4.3: (a) Schematic representation of the reduction in bond dissociation barrier for
iodinated molecular precursors compared to brominated precursors. (b) Structure of the
iodinated (8) and brominated (9) molecular precursors. (c) GNR precursor polymer obtained
through surface-catalyzed step growth polymerization. (d) Fully cyclized cGNR.
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temperature and below,186,187 a significant reduction compared to the debromination tem-
perature on Au(111).

Here we report a comparative study of surface-supported synthesis of chevron GNRs
from iodinated and brominated molecular precursors that are otherwise identical. Molecular
precursors 8 and 9 (Scheme 4.3b) featuring iodide and bromide substituents respectively
were prepared following literature procedures.80,188

Surface Studies

The Au(111) single crystal substrate was cleaned by cycles of sputtering and annealing. Pre-
cursors 8 and 9 were deposited onto the clean Au(111) surface from a home-made Knudsen
cell evaporator held at 160 °C and 215 °C, respectively. The substrate temperature during
evaporation was held at T < –50 °C (the sample was taken directly from the cryogenic STM
sample stage for deposition). Samples were annealed at successively increasing temperatures
for 10 min per annealing cycle and then imaged after each annealing cycle in a home-built
STM kept at T = 13 K.

Figure 4.5 shows an STM image of the Au(111) surface decorated with sub-monolayer
coverage of iodinated monomer 8 that was allowed to equilibrate at room temperature be-
fore being cooled to 13 K for imaging. For comparison, Figure 4.5b shows the brominated
monomer 9 prepared under the same conditions. Both species preferentially adsorb along
the Au(111) herringbone reconstruction and aggregate into islands. A noticeable difference
between the monomers as deposited can be seen in that the brominated monomers (9) ap-
pear to be less disordered than those formed by the iodinated monomers (8). This difference
is even more striking after annealing the sample to 50 °C (Figure 4.5c,d). Here, islands
of precursor 8 have maintained their level of disorder, whereas islands of precursor 9 have
become significantly more ordered. This suggests that precursor 8 is much less mobile on
the Au(111) surface at these temperatures than precursor 9, presumably due to increased
intramolecular interaction between the precursors or reduced diffusivity across the surface.

This difference in ordering between the two precursors disappears as the temperature is
raised to T > 110 °C. In this temperature range both precursor types undergo a gradual
transition into similar highly ordered structures on the surface. Figure 4.6a,b shows both
precursors after annealing to 110 °C, but the change in order is most apparent after annealing
to 120 °C (Figure 4.6c,d). Here both species adopt virtually identical striped chevron island
configurations. Figure 4.6e shows a close-up view of such an island obtained from precursor
8 after annealing to 120 °C. The ordered phase we here observe can be assigned to a GNR
precursor polymer (Figure 4.5c) that self-assembles into densely packed islands.80 The high-
est points of this polymer phase have an apparent height of 3.3 Å, corresponding to the four
non-planar phenyl rings lining the convex edges of the polymer, while the apparent height
of the conjugated planar backbone is only 2.5 Å. A periodicity of 1.6 nm between adjacent
protrusions is consistent with the expected distance between covalently linked monomers.
The appearance of GNR precursor polymers formed from iodinated 8 and from brominated
9 is identical.80 Thus, regardless of which halide is incorporated in the monomer precur-
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Figure 4.5: (a) 8 on Au(111) after annealing at room temperature (V = 2.0 V, I = 20 pA).
(b) 9 on Au(111) after annealing at room temperature (V = 2.0 V, I = 20 pA). (c) 8 on
Au(111) after annealing at 50 °C (V = 2.0 V, I = 10 pA). (d) 9 on Au(111) after annealing
at 50 °C (V = 2.0 V, I = 20 pA).

sor and despite the substantial differences in the activation barrier for the different halide
bonds, the polymerization of the surface-stabilized radical intermediates proceed in the same
temperature range, between 50 °C and 120 °C.

The well-ordered structure of the polymer islands formed from annealing 8 remained
unchanged even when samples were heated to T > 200 °C, exceeding temperatures that are
typically used to induce polymerization during GNR synthesis for brominated precursors
(Figure 4.7). Further annealing at temperatures up to T = 300 °C leads to a decrease
in the size of islands as individual polymer chains diffuse across the surface (Figure 4.7b).
Annealing the polymers to T = 350 °C induces sequential cyclodehydrogenation and leads
to fully extended, flat chevron GNRs (Figure 4.7c,d) with an apparent height of 2.0 Å,
consistent with the planarized phenyl rings present in the aromatized GNR phase (Figure
4.3d) compared to the polymer phase (Figure 4.3c).

The full phase diagram was created to compare both the growth of the iodinated and
brominated monomers (Figure 4.8). Both materials show very similar polymerization and
cyclodehydrogenation behavior above T = 50 °C. For T > 120 °C only polymers are observed
in self-assembled islands while for T > 350 °C only GNRs are observed. It is in the lower
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Figure 4.6: (a) Iodinated monomers 8 become more well ordered after annealing at 110 °C (V
= 2.0 V, I = 20 pA). (b) Brominated monomers 9 become more well ordered after annealing
at 110 °C (V = 1.0 V, I = 20 pA). (c) Polymer islands formed from 8 after annealing at
120 °C (V = 2.0 V, I = 10 pA). (d) Polymer islands formed from 9 after annealing at 120
°C (V = 1.0 V, I = 10 pA). (e) Magnified image of polymer island obtained from 1 (V =
2.0 V, I = 40 pA) with superimposed polymer structure.
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Figure 4.7: (a) Self-assembled polymers obtained from iodinated monomer 8 on Au(111)
after annealing at 210 °C (V = 1.0 V, I = 20 pA). (b) Isolated polymer observed after
annealing 8 to 250 °C (V = 2.0 V, I = 20 pA). (c) Fully cyclized chevron GNRs on Au(111)
obtained after annealing the polymers of (b) to 350 °C (V = 1.0 V, I = 20 pA). (d) Magnified
image of chevron GNR (Figure 4.3d) obtained after annealing the GNRs of (c) to 360 °C (V
= 1.0 V, I = 20 pA).

temperature range that we see a marked difference in behavior, arising mainly from the
reduced diffusivity of the iodinated precursors compared to the brominated ones. We can
explain this observation by room temperature dehalogenation of the iodinated precursors on
Au(111), resulting in radicals that are more tightly bound to the gold surface than halogen-
passivated monomers.178,183,184 This behavior is consistent with the weaker C–I bond which
we expect to cleave at lower temperature than the C–Br bond.172,173,178,183,184 As a result, the
phase diagram shows monomer 8 as surface-stabilized radicals for T < 80 °C while monomer
9 remains intact in this temperature range. Furthermore, contrary to our expectations, a
reduction in the bond dissociation energy by switching from C–Br to C–I bonds does not
lead to a reduction in the polymerization temperature.
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Figure 4.8: Phase diagram for synthesis of chevron GNRs from iodinated 8 and brominated
9 monomers; blue circles indicate surface-stabilized radicals (Figure 4.5a,c), green circles
indicate intact monomers (Figure 4.5b,d), orange circles indicate mixed phases comprised
of monomers and polymers (Figure 4.6a,b), red circles indicate the polymer phase (Figure
4.6c,d), purple circles indicate the fully cyclized chevron GNR phase.
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4.3 Deterministic Synthesis of Functional GNR

Heterojunctions Through Hierarchical

Self-Assembly

Despite the increased level of control obtained through creating GNR heterojunctions through
post-synthetic modification, a critical challenge limiting the incorporation of these het-
erostructures into functional devices is that their synthesis still results in GNRs containing
random numbers of heterojunctions, and as a result device properties still cannot be con-
trolled. This additional level of structural control could be attained by taking advantage of a
hierarchical synthesis that exploits the differences in bond dissociation energies of C–Br and
C–I bonds in molecular precursors.172,173,178,183,186 This concept has previously been used to
create 2D molecular assemblies,179,189 but has never been applied to the problem of quasi-1D
GNR-based heterojunction control.

Here, we demonstrate the hierarchically controlled on-surface synthesis of cGNR hetero-
junctions, resulting in a predominance of GNR heterostructures that exhibit only a single
heterojunction. This unprecedented degree of control over GNR growth was accomplished
through the design, synthesis, and on-surface assembly of three structurally compatible
molecular precursors exhibiting a unique pattern of Br and I substituents.

Monomer Design and Synthesis

Three molecular precursors were designed and synthesized to achieve hierarchically con-
trolled heterojunction synthesis (Figure 4.4). Precursor 8, well-known to produce cGNRs in
its brominated form,80,102,103,108 has been substituted with iodine so as to induce polymeriza-
tion at a lower temperature compared to the brominated form, thus facilitating hierarchical
heterojunction growth. The molecular linker 11 is designed to yield the wider binaph-cGNR
that can be structurally distinguished from the narrower cGNRs formed from precursor 8.
The triphenylene core in 11 features both I and Br substituents. At the lower polymeriza-
tion temperature (T1) only the C–I bond in 11 will be activated and the linker molecule will
effectively terminate the growth of homopolymers of 8 (Figure 4.4b). At T2 the C–Br bond
in 11 can be cleaved, serving as a seed for the polymerization of 10 (Figure 4.4c). Precur-
sor 10 has been functionalized with Br on both sides to induce polymerization of a wider
binaph-cGNR segment at temperatures higher than those required for the polymerization of
the iodinated precursors 8 and 11.

The synthesis of 8 has been reported elsewhere.188 Precursor 11 was obtained through
monoiodination of 9,10-phenanthrenequinone followed by bromination to yield 2-bromo-7-
iodophenanthrene-9,10-dione in 13% yield. Knoevenagel condensation with 1,3-diphenyl
acetone followed by a Diels-Alder reaction with 2-ethynyl-1,1’-binaphthalene (57) afforded
11 in 47% yield (Scheme 4.5a). Precursor 10 was prepared from 2,7-dibromophenanthrene-
9,10-dione137 in two steps in 76% yield. 1H NMR of pure samples of 11 and 10 at 24
°C reveals a complex spectrum attributed to the slow interconversion of rotational isomers
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Scheme 4.4: Schematic representation of the hierarchical on-surface synthesis of GNR het-
erojunctions on a Au(111) surface. a) Molecular precursors 8, 11, and 10. b) Selective
activation of the C–I bonds at T1 leads to poly-8-11 terminated by the bifunctional linker
11. C–Br bonds in 11 and 10 are not activated at T1. c) Selective activation of the C–Br
bonds at T2 results in a block-copolymer consisting of poly-8 and poly-10 segments fused by
the linker 11. d) Cyclodehydrogenation at T3 yields a GNR heterojunction between fully
cyclized cGNR and binaph-cGNR segments.
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Scheme 4.5: a) Synthesis of linker 11 and binaph-cGNR precursor 10. b) ORTEP repre-
sentation of the X-ray crystal structure of 11. Thermal ellipsoids are drawn at the 50%
probability level. Color coding: C (grey), Br (orange), I (purple). There is a 50% composi-
tional disorder between the Br(1) and I(1) sites. Hydrogen atoms are omitted for clarity.

around the binaphyl group. Variable temperature NMR of both 11 and 10 in 1,1,2,2-
tetrachloroethane-d2 at 110 °C resolves the spectroscopic signals. Pale yellow crystals of
11 suitable for X-ray diffraction were grown from saturated CHCl3/MeOH solutions. In
the crystal structure 11 exhibits a 50% compositional disorder between the Br(1) and I(1)
sites (Scheme 4.5b), revealing a 1:1 mixture of constitutional isomers of 11 based on the
connectivity of the binaphthyl group to the triphenylene core at positions C(1) and C(2).

GNR Surface Growth Experiments

In the first step (Step I) of the hierarchical on-surface growth of GNR heterostructures we
sequentially deposited the molecular precursors 8, 11, and 10 and onto a clean Au(111)
substrate (8 and 10 are deposited in excess). In Step II we raised the surface temperature
to T1 in order to induce the homolytic cleavage of the C–I bonds in 8 and 11, thus leading
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Figure 4.9: a) STM topography of 8 adsorbed on Au(111) (V = 1.5 V, I = 20 pA). b) 8 and
11 co-adsorbed on Au(111) (V = 1.5 V,I = 20 pA). Taller protrusions correspond to 11.
c) 8, 11, and 10 co-adsorbed on Au(111) (V = 1.5 V, I = 20 pA). d) Island of copolymers
on Au(111) after annealing to 200 °C (V = 1.0 V, I = 20 pA). e) Zoom-in of copolymer
outlined in (d) (V = 1.0 V, I = 20 pA). f) Top-down and side-on view of a molecular model
for the copolymer depicted in (e).

to the formation of linear chains of poly-8 terminated by the linker molecule 11 (poly-8-11,
Scheme 4.4b). Next, in Step III we raise the surface temperature further to T2 in order
to activate the C–Br bonds in 11 and 10, thus extending the polymer chains from the
ends of poly-8-11. The monomer sequence in the resulting block copolymer (Scheme 4.4c)
determines the segmentation of the GNR heterostructure. In a final step (Step IV) we raised
the surface temperature to T3 to induce the cyclodehydrogenation reaction leading to fully
extended and aromatized GNRs featuring a single in-line heterojunction (Scheme 4.4d). The
selectivity of this process for the formation of a single junction during GNR growth can be
attributed to both the activation of 8 and 10 at two different temperatures (T1 and T2,
respectively) and the termination of intermediate poly-8 chains by the linker molecule 11.

STM imaging was used to follow the experimental implementation of Step I of this
hierarchical growth protocol. Figures 4.9a–c depict the sequential deposition of molecular
precursors 8, 11, and 10 onto a clean Au(111) surface. Figure 4.9a shows the Au(111)
surface after deposition of 8 while Figure 4.9b shows the surface after additional deposition
of small amounts of 11. The molecular precursors cluster along the Au(111) herringbone
reconstruction. The apparent height of 11 (4.9 Å) is significantly larger than the height of
8 (2.6 Å) due to the nonplanar arrangement of the binaphthyl group in 11. This unique
structural feature allows a clear distinction between monomers of 8 and 11 on the surface.
Figure 4.9c shows an STM image of the surface following the additional deposition of 10.

Annealing Steps II and III were performed by gradually increasing the temperature of
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the surface to 200 °C at a rate of 2 K min–1. Figure 4.9d shows an STM image of the
resulting polymers self-assembled into ordered islands, similar to the polymer stage for pure
cGNRs.80 The polymers exhibit segments with different apparent heights which allows taller
binaphthyl-containing segments to be distinguished from other chevron polymer segments
(see close-up in Figure 4.9e). A structural model in Figure 4.9f illustrates the binaphthyl
groups protruding from the molecular plane.

Further annealing to 340 °C (Step IV) induces the thermal cyclodehydrogenation of the
block-copolymers, resulting in isolated GNRs comprised of fully cyclized cGNR and binaph-
cGNR segments joined in heterojunction structures (Figure 4.10a). STM topography of
segmented GNRs shows a preferred alignment with the herringbone reconstruction and a
uniform apparent height of 2.2 Å, lower than the polymers and consistent with previous GNR
measurements.80,81 cGNR segments and binaph-cGNR segments can be clearly distinguished
based on differences in width and shape and are highlighted purple and orange colors in
Figure 4.10a. Some GNRs can be found on the surface that are comprised of homopolymers
of pure chevron or pure binaphthyl building blocks, but most contain a heterojunction.

We can compare the length distribution of the GNR heterostructures that were obtained
in the three different growth protocols (Figure 4.11), namely using precursors 8, 11, and 10
(full hierarchical protocol), 8 and 10 (partial hierarchical protocol), and 9 and 10 (random
protocol). No significant differences in the length distribution can be observed for the three
cases. The majority of GNRs possesses a length between 4 and 20 nm. In Figure 4.11b, the
histograms were integrated to show the fraction of GNRs which exceed a given length. From
this diagram, the median length can be directly obtained, and in all three cases it is found
to be 8–9 nm.

In order to assess quantitatively whether the hierarchical growth strategy we here intro-
duced provides additional control over heterojunction formation compared to random hetero-
junction synthesis reported elsewhere,108,129 we conducted two control experiments (Figure
4.10c) and compared the heterojunction statistics. The desired outcome of the growth exper-
iments is to build a heterostructure with only one heterojunction. In the first control experi-
ment (“partial hierarchical protocol”) we synthesized GNR heterostructures by co-depositing
only 8 and 10 (thus omitting the linker molecule 11) and then following the same annealing
protocol as before. The purpose here was to test the advantage of using the bifunctional
linker molecule 11 to cap poly-8 in order to promote single-heterojunction formation. In
the second control experiment (“random protocol”) we co-deposited the brominated binaph-
thyl precursor 10 with a conventional brominated cGNR precursor 9, and then followed the
same annealing protocol. This second control experiment is analogous to the technique used
previously to create random heterojunctions from two different precursors.108,129

Figure 4.10c shows a histogram depicting the relative abundance of GNRs containing
a given number of heterojunctions for all three growth protocols (“full hierarchical growth
protocol”, and both control experiments). A comparison of the three procedures confirms
that the full hierarchical growth protocol results in a significant increase in single-junction
GNRs. This effect is largest compared to the random protocol where it increases the number
of single-junction GNRs by a factor of seven (with a corresponding decrease in multi-junction



74

5 nm

a

2 nm

b

I I

40%

30%

20%

10%

0%

10+86420 1 3 5 7 9

Number of Junctions

P
e

rc
e

n
ta

g
e

 Y
ie

ld

c

+

+

+ +

III Br Br Br Br BrI

8

8

8

11

11

10

10

10

10 9

9

Figure 4.10: Hierarchically grown GNR heterojunctions. a) STM image of cGNR/binaph-
cGNR heterojunctions (V = 0.3 V, I = 20 pA). cGNR (binaph-cGNR) segments are high-
lighted in purple (orange). b) Magnified STM image of a GNR heterojunction (V = 0.3 V,
I = 20 pA). c) Relative occurrence of GNRs containing different numbers of heterojunctions
upon synthesis from precursors 8, 11, and 10 (“full hierarchical protocol”, red), 8 and 10
(“partial hierarchical protocol”, dark grey), and 9 and 10 (“random protocol”, light grey).
The black arrow emphasizes the increase in single-junction GNR heterostructures.

GNRs). The full hierarchical protocol also results in a 45% increase in single-junction GNRs
compared to the partial hierarchical protocol. Also of note, the partial hierarchical protocol
does result in a significant (5-fold) increase of single-junction GNRs compared to the random
protocol. Overall, the hierarchical growth provides a significantly better control over the
GNR heterojunction synthesis.

Electronic Characterization of GNR Heterojunctions

The electronic structure of GNR heterojunctions prepared following the hierarchical growth
technique was explored using a combination of dI /dV spectroscopy and DFT simulations.
Figure 4.12 shows the results of dI /dV spectroscopy performed on a narrow cGNR hetero-
junction segment and a wide binaph-cGNR segment within the single-junction GNR shown
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Figure 4.11: a) Length histograms for the three different heterojunction preparations on
Au(111) using the three different growth protocols. b) Integrated histogram for the three
different growth protocols showing the fraction of GNRs longer than a given length. The
median GNR length can be read as indicated.
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Figure 4.12: dI /dV spectra recorded in the cGNR (purple) and binaph-cGNR (orange)
segments of a single-junction GNR compared to the bare Au(111) surface. VB1,2 and CB1,2

denote the valence and conduction band edges of the cGNR and binaph-cGNR segments,
respectively. Inset: STM image showing spectroscopy locations (V = 0.3 V, I = 20 pA).

in the inset. Both segments exhibit peaks indicative of the energies of the respective VB
edge and CB edge of the respective segments. In the cGNR (binaph-cGNR) segment, the
VB edge lies at EVB1 = –0.78 ± 0.03 eV (EVB2 = –0.74 ± 0.04 eV) while the CB edge lies
at ECB1 = 1.67 ± 0.03 eV (ECB2 = 1.36 ± 0.02 eV) with respect to the Fermi level. The
resulting band gap of 2.45 ± 0.05 eV in the cGNR segment agrees well with previous STS
experiments and reasonably well with other reported values in the literature ranging from
2.0 eV to 3.1 eV.102,103,108 The binaph-cGNR, which has not been reported before, features
a smaller band gap of 2.10 ± 0.05 eV. The reduction of the band gap is consistent with the
extension of the conjugated π-system in the binaph-cGNR segment. The straddling band
alignment of the two GNR segments defines the heterojunction as Type I.

A characteristic of heterojunctions is that band edge wave functions tend to localize
on one side of the heterojunction interface.108 We explored this behavior in hierarchically
grown cGNR/binaph-cGNR heterojunctions using dI /dV mapping. Figure 4.13 shows the
LDOS across the heterojunction interface for states at the four band edges of the two GNR
segments. Spatial localization is clearly observed at the band edges of the binaph-cGNR
segment (CB2, VB2) where the wave function appears more intense on the binaph-cGNR
side of the interface (Figure 4.13c,d). Some localization is also seen at the cGNR conduction
band edge (CB1) where the wave function is more intense on the cGNR side of the interface
(Figure 4.13b). The wave function at the valence band edge of the cGNR (VB1), however,
does not show significant localization across the interface (Figure 4.13e).
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Figure 4.13: a) Molecular model of the GNR heterojunction investigated in b–i. b–e)
Constant-current dI /dV maps of VB and CB edge states for the two heterojunction seg-
ments. f–i) Simulated local density of states associated with VB and CB edge states for
the two heterojunction segments calculated using DFT. Black (grey) represents high (low)
intensity.
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In order to test that our experimental cGNR/binaph-cGNR heterojunction behavior is
consistent with the expected electronic properties of a GNR heterojunction, we performed
ab initio simulations of the heterojunction electronic structure using DFT. Theoretical sim-
ulations of the spatial distribution of the heterojunction LDOS (Figure 4.13f–i) confirm the
wave function localization observed experimentally. Theoretical LDOS maps obtained at the
band edge energies of the binaph-cGNR segment (CB2, VB2) show noticeable localization on
that side of the heterojunction interface, as well as a distinct nodal structure that resembles
the experimental LDOS distribution (Figure 4.13c,d). Like the experiment, the theoretical
LDOS distribution at the cGNR conduction band energy (CB1) shows some localization on
the cGNR side (Figure 4.13f) while the LDOS at the cGNR valence band energy (VB1)
shows no discernible localization (Figure 4.13i). The reduced wave function localization at
the cGNR band edges arises from the fact that they are degenerate with states in the binaph-
cGNR segment due to the type I heterojunction band alignment. The band edge states on
the binaph-cGNR side (CB2, VB2), by contrast, lie in the cGNR gap, and are thus more
strongly confined.

4.4 Further Reducing the Dehalogenation Barrier in

GNR Growth

Lowering the activation/polymerization temperature for the GNR fabrication process is de-
sirable in order to reduce unwanted side reactions that lead to defects and irreversible prema-
ture chain termination during polymerization. In addition to weakening the carbon–halogen
bond itself (as seen above), one additional strategy to reduce the dehalogenation barrier
is the use of a substrate that is more catalytically active than Au(111). For instance, on
Ag(111)183,190,191 and Cu(111)192–194 the C–Br bond dissociates at temperatures as low as
room temperature.

We have combined both of these strategies by depositing iodinated cGNR precursor 8 on
Ag(111) in UHV (Figure 4.14). The substrate temperature during evaporation was held at
T < –50 °C (the sample was taken directly from the cryogenic STM sample stage for depo-
sition). Islands of monomer 8 on Ag(111) (Figure 4.14A) were similar in form to assemblies
of the same molecule on Au(111) (Figure 4.14B). This observation indicates the monomers
on Ag(111) have similarly dehalogenated upon deposition, as we would expect. Samples
were annealed at successively increasing temperatures (Figure 4.14C–H) on Ag(111), lead-
ing to the amorphous monomer islands being completely converted to chains by 120 °C
(Figure 4.14H). Based on topographic images of cGNR precursor polymers from our exper-
iments and literature precedent,80 we believe at this stage these chains are self-assembled
monomers, and not covalently linked polymers. However, further annealing of the Ag(111)
surface past 200 °C yielded desorption of 8 from the surface, leaving a completely clean
Ag(111) upon annealing to 400 °C.

The observation that we don’t observe polymer or GNR formation after annealing 8 on
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Figure 4.14: A) STM topography of Iodinated monomers 8 after depositing on Ag(111) at
T < –50 °C (V = 1.0 V, I = 10 pA). B) STM topography of monomers 8 after depositing
on Au(111) for comparison (V = 2.0 V, I = 20 pA). C–H) step-wise annealing of 8 on
Ag(111); all molecules converted to chains by 120 °C. I) STM topography of a clean Ag(111)
surface after annealing the same sample in (H) to 400 °C; heating beyond 200 °C leads to
desporption of 8 from the surface (V = 1.0 V, I = 20 pA).
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Scheme 4.6: Schematic representation of N = 5 AGNR formation in one anneal step (T1)
from monomer 59 on BN/Cu(111).

Ag(111) leads us to believe there is a diffusion limit to polymer formation on this substrate
that is not overcome by the temperature of monomer sublimation off the surface. Strong
intramolecular interactions between assembled monomers or strong interactions between the
monomer and the Ag(111) surface could be contributing to this diffusion barrier. Although
using a surface with increased catalytic activity can be useful for lowering the dehalogenation
barrier, other reports have also shown difficulty (such as unselective C–H dissociation80,90,195

and undesired bond rearrangements196,197) in GNR growth on these substrates. We can
conclude based on these literature observations as well as our own experimental observations
that the choice of catalytic surface plays an extremely important role in GNR formation,
and exploring this parameter could allow for an additional method of tuning GNR growth.

Achieving a sufficiently low dehalogenation barrier could potentially allow for the bottom-
up synthesis of GNRs on insulators,181 an essential requirement for future electronic device
fabrication. To this end, we additionally investigated reactions of monomer 8 on single-layer
BN grown on Cu(111). We observe polymerization of the iodinated species to form poly-8
(Figure 4.15A–C) at 400 °C (for comparison, when annealing 8 on Au(111) we observe poly-
mers forming by 100 °C, Figure 4.8). Of note, the analogous brominated cGNR monomer 9
does not polymerize at all on this surface, presumably due to the higher C–Br bond strength
as compared to C–I. However, further annealing to 487 °C leads to three-dimensional cluster-
ing of the polymers instead of the cyclodehydrogenation event that typically yields cGNRs
(Figure 4.15D). From this experiment, we can conclude that on BN/Cu(111), C–I bonds
(but not C–Br bonds) are able to cleave enabling polymerization. Furthermore, tempera-
tures suitable to C–H dissociation (which would in turn enable the cyclodehydrogentation
necessary to form GNRs) cannot be reached before unwanted side reactions occur.

Based on these observations, we envisioned utilizing GNR precursor 3,4,9,10-tetraiodop-
erylene (59) to form N = 5 AGNR on BN/Cu(111) (Scheme 4.6). Because the polymerization
of 59 forms fully aromatized AGNRs, we have designed the reactivity of this monomer to
combine the step-wise polymerization and cyclodehydrogenation events into a single step. As
a result, we are able to avoid the limiting step (i.e. C–H cleavage and cyclodehydrogenation)
to GNR formation on BN/Cu(111). The synthesis of 59 is currently underway.

Looking forward, we aim to deposit tetraiodoperylene monomer 59 on BN/Cu(111) in
order to, in a single step, polymerize the monomer and form 5-AGNRs (Scheme 4.6). In
addition to STM and nc-AFM imaging, we will perform STS measurements to measure the
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Figure 4.15: A) STM topographic image of monomer 8 on BN/Cu(111) after annealing to
384 °C, resulting in cGNR precursor polymer poly-8 (V = 2.0 V, I = 20 pA). B) Zoomed
STM image of poly-8 in (A) (V = 2.0 V, I = 20 pA). C) Schematic representation of poly-8.
D) STM topographic image of the sample depicted in (A) after annealing to 487 °C (V =
2.0 V, I = 20 pA).

valence and conductance band energies, find the average band-gap of these ribbons, and
map the spatial localization of these states within the ribbon. This N = 5 AGNR falls
into the 3p+2 smallest band gap family, potentially making it very interesting for electronic
applications due to the small band gap of the material.119,121,122 As previously discussed,
5-AGNRs have been synthesized in the past, but were experimentally measured on Au(111)
to have an unexpectedly large band gap of ∼2.8 eV, likely due to a hybridization of the
Au(111) surface states with the 5-AGNR molecular states.120 Finding a method of growing
5-AGNRS directly on an insulator (as we envision with monomer 59 on BN/Cu(111)) would
allow us to not only accurately measure the electronic properties of this material, but also
to incorporate this electronically interesting material directly into FETs without elaborate
or destructive transfer techniques.

4.5 Conclusion

We first explored the rational design and fabrication of bottom-up synthesized GNR Type
II heterojunctions using only a single precursor type via post-synthesis cleaving of carbonyl
groups. We introduced a bond-resolved STM imaging technique (BRSTM) that allows us to
observe the atomically defined structure of GNR heterojunctions, enabling highly resolved
structure/function characterization without the need for nc-AFM or ultra-low temperature
measurement. Our STS measurements reveal that the CB and VB states of the hetero-
junction are strongly localized to the fluorenone and unfunctionalized segments respectively
of the GNR, consistent with Type II heterojunction behavior, and theoretical simulations
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based on ab initio DFT calculations confirm this interpretation. This work suggests a new
strategy for implementing bond-targeted post-processing GNR modifications to create more
complex molecular heterostructures via bottom-up synthesis for future molecular electronics
and memory applications.

We also report a comparative study of surface-supported synthesis of cGNRs from iodi-
nated and brominated molecular precursors that are otherwise identical. STM topographic
images of reaction intermediates for various annealing temperatures reveals that even though
C–I bonds cleave at a significantly lower temperature than C–Br bonds, both types of halo-
genated monomers polymerize at the same temperature. We thus conclude that, contrary to
our expectations based on studies of other aryl-halides on Au(111), polymerization of these
monomers is a diffusion-controlled reaction. This is explained by the reduced diffusivity
of surface-stabilized radical intermediates which makes polymerization diffusion-controlled,
even though dehalogenation occurs at lower temperatures for the iodinated monomers com-
pared to brominated monomers. These results highlight the importance of understanding
molecular diffusion in addition to the dissociation behavior of halogen substituents in order
to perform rational on-surface synthesis.

We then demonstrate a hierarchical on-surface synthesis of GNR heterojunctions from
molecular precursors engineered to yield a predetermined growth sequence. This was accom-
plished by taking advantage of the subtle differences in the bond dissociation energies of C–I
bonds compared to C–Br bonds to separate polymerization temperatures for different precur-
sors. We observe that the use of a bifunctional linker molecule (one that includes both C–I
and C–Br bonds) leads to single-heterojunction yields that are dramatically improved when
compared to the use of exclusively brominated precursors, and also significantly better than
a partial hierarchical growth protocol that forgoes the linker. STS measurements on hier-
archically grown cGNR/binaph-cGNR heterojunctions reveal a Type I band alignment with
strong wavefunction localization for the bands closest to the Fermi energy, consistent with ab
initio simulations. The unprecedented degree of structural control we demonstrate for hier-
archical growth paves the way toward integrating atomically-precise GNR heterostructures
into new nanoelectronic devices.

Lastly, we report attempts at further reducing the dehalogenation barrier in GNR forma-
tion by growing iodinated cGNRs on Ag(111). However, we are not able to achieve polymer-
ization or GNR formation before further annealing results in sublimation of monomers from
the surface. We also report attempts at growing cGNRs on BN on Cu(111) from iodinated
and brominated cGNR precursors. In these experiments, we observe polymer formation
only from the iodinated precursors, and we are not able to cyclodehydrogenate these pre-
cursor polymers to form GNRs before unwanted side reactions take place. Based on these
experiments, we designed a new tetraiodinated precursor intended to form 5-AGNRs on
BN/Cu(111) in a single step, thus avoiding the cyclodehydrogenation step altogether.
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Chapter 5

Summary and Outlook

Summary

In this work, the design, synthesis, and applications of bottom-up synthesized GNRs and
GNR nanoarchitectures was reported. In Chapter 2, the synthesis of a N = 17 AGNR
precursor monomer was reported, and the synthesis and surface studies of two different N
= 9 AGNR precursor monomers were discussed. We also report the first examples of both
narrow- and wide-cGNR monomers, and the interesting surface polymerization experiments
that were completed. In Chapter 3, the synthesis of a sulfur-doped N = 13 AGNR precursor
monomer is reported. Additionally, a series of GNRs with orbitally matched trigonal planar
N-, O-, and S-dopant atoms incorporated along the convex protrusion lining the edges is
introduced. A combination of scanning probe spectroscopy and density functional theory
calculations revealed that the direction and the magnitude of charge transfer between the
dopant atoms and the cGNR backbone are dominated by inductive effects and follow the
expected trend in electronegativity. In Chapter 4, we reported the design and synthesis
of pristine GNR/fluorenone GNR heterojunctions from a single molecular precursor. Next,
we reported a way to hierarchically grow discrete GNR heterojunctions, and the synthesis
and electronic characterization of this material was discussed. In the final chapters, addi-
tional information that may be useful to the reader as well as experimental procedures and
characterization of all significant compounds was provided.

Outlook

Looking forward, continuing to develop tools capable of precisely tuning the electronic prop-
erties of GNRs remains a critical target. As we have explored in this work, using width
modification and dopant atom incorporation to tune the band gap of GNRs certainly ad-
vances this objective. However, designing monomers that create GNRs that not only have a
band-gap suitable for incorporation into FETs but also are long enough in length for these
applications remains difficult. Furthermore, the ability to form discrete GNR heterojunctions
and nanoarchitectures with precisely defined electronic properties will remain a pressing goal
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for the realization of graphene-based electronic devices. The development of additional tools
to create self-assembled ordered arrays of GNRs will significantly advance GNR integration
into post-silicon electronics. Importantly, transferring GNRs to an insulating surface after
growth or growing GNRs directly on an insulator remains a challenge. The ability to obtain
GNRs on an insulating surface continues to be an on-going effort, and development of these
techniques will be exciting for the field of nanomaterials and electronics.
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Chapter 6

Supplementary Information

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 Amer-
ica, 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 through the solvent for 20 min.

Chromatography

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.

NMR spectroscopy

All 1H and {1H}13C NMR spectra were recorded on a Bruker AV-600, AV-500, AVB-400,
or AVQ-400 spectrometer and are referenced to residual solvent peaks (CDCl3

1H NMR =
7.26 ppm, 13C NMR = 77.16 ppm; CD2Cl2

1H NMR = 5.32 ppm, 13C NMR = 53.84 ppm;
C2D2Cl4

1H NMR = 6.0 ppm, 13C NMR = 73.8 ppm; (CD3)2SO 1H NMR =2.50, 13C NMR
= 39.5).

Mass Spectrometry

High resolution mass spectrometry (EI) was performed on an Autospec Permier (Waters)
sector spectrometer in positive ionization mode. ESI mass spectrometry was performed on
a Finnigan LTQFT (Thermo) spectrometer. High-resolution MALDI-TOF and LDI mass
spectrometry experiments were performed on a Voyager-DE PRO (Applied Biosystems Voy-
ager System 6322) in reflector mode using a matrix of dithranol.
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X-ray crystallography

X-ray crystallography was performed on a MicroSTAR-H APEX II, using a microfocus rotat-
ing anode (Cu-Kα radiation), Kappa Geometry with DX (Enraf-Nonoius build) goniostat,
a Bruker APEX II detector, Helios multilayer mirrors as the radiation monochromator,
and Oxford Cryostream 700 held at 100 K; or on an APEX II QUAZAR, using a Micro-
focus Sealed Source (Incoatec; Cu-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 held at 100 K. Crystallographic data were re-
solved with SHELXT, refined with SHELXL-2014, and visualized with ORTEP-32.

Scanning Probe Measurements

STM, STS, and nc-AFM imaging were conducted in UHV (p < 5-11 torr) using an Omicron
LT STM held at T = 4.5 K. STM images were recorded in constant current mode with a CO
functionalized W tip. STS point spectra were acquired at constant height (open feedback
loop, tip setpoints indicated in figure captions) using the lock-in technique with fmod = 455
Hz and Vmod = 10 mV. The W tip was prepared by repeated indentation into the Au(111)
substrate prior to each measurement and bare Au background spectra were recorded before
and after measuring each doped cGNR. AFM measurements were recorded with a qPlus
sensor198 hosting a CO-functionalized W tip in frequency-modulation mode (f0 ≈ 23 kHz
and A = 60 pm) at constant height and Vbias = 0 V. STM and AFM images were processed
using WSxM.199

Theoretical Calculations

Theoretical calculations were performed within local density approximation (LDA) for each
doped GNR species with slab geometries as implemented in the Quantum Espresso Pack-
age.158 Norm conserving pseudopotentials with a planewave energy cut-off of 60 Ry were
used,200 and Monkhorst k-mesh was chosen as 6x1x1. The structure was fully relaxed until
the force on each atom was smaller than 0.001 eV/Å. DFT calculations on small molecules
on Au(111) were performed with ultra-soft pseudopotentials with energy cut-off of 40 Ry.201

Previously Synthesized Compounds

1-iododibenzofuran;138,202 4-bromo-9H -carbazole;138,203 4-bromo-9H -fluoren-9-one;165 1-bro-
modibenzothiophene;138 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene;80 19;136 2,2′,10,10′-
tetrabromo-9,9′-bianthracene (15);111 4-bromo-9H -fluoren-9-one (56);165 2,2′-dibromo-9,9′-
bianthracene;81 4-ethynyl-9H -fluoren-9-one (55);125 4-(6,11-dibromo-1,4-diphenyltriphenylen-
2-yl)-9H -fluoren-9-one (54);125 5,10-dibromo-1,3-diphenyl-2H-cyclopenta[l]phenanthren-2-one
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(41);80 and 2,7-dibromophenanthrene-9,10-dione137 were synthesized according to literature
procedures.

Synthetic Procedures

N

Br

O
O

60

60

tert-butyl-4-bromo-9H-carbazole-9-carboxylate (60): A 150 mL Schlenk flask was charged
with 4-bromo-9H -carbazole (3.15 g, 12.8 mmol), di-tert-butyl dicarbonate (5.59 g, 25.6
mmol) and 4-dimethylaminopyridine (1.56 g, 12.8 mmol) in acetonitrile (51 mL), and the
reaction mixture was stirred at 25 °C for 2 h. The reaction mixture was extracted with
CH2Cl2 (100 mL). The combined organic layers were dried over MgSO4 and concentrated on
a rotary evaporator. Column chromatography (hexane/EtOAc 1:0–50:1) yielded 60 (3.49 g,
77%) as a colorless solid. 1H NMR (600 MHz, CDCl3, 22 °C) δ = 8.80–8.75 (m, 1H), 8.39
(d, J = 8.4 Hz, 1H), 8.33 (d, J = 8.4 Hz, 1H), 7.55–7.49 (m, 2H), 7.45–7.35 (m, 2H), 3.58 (s,
1H), 1.77 (s, 10H) ppm; 13C {1H} NMR (151 MHz, CDCl3, 22 °C) δ = 150.7, 139.9, 138.7,
127.6, 127.5, 127.3, 125.1, 124.2, 122.8, 122.4, 116.0, 115.8, 115.1, 84.5, 28.3 ppm; HRMS
(EI) m/z : [C17H16BrNO]+, calcd. for [C17H16BrNO] 345.0364; found 345.0368.

N

O
O

51

51

tert-butyl-4-bromo-9H-carbazole-9-carboxylate (51): A 100 mL sealable Schlenk flask was
charged with 60 (1.00 g, 2.9 mmol) in toluene (20 mL) and NEt3 (20 mL). The reaction
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mixture was degassed and Pd(PPh3)4 (0.67 g, 0.58 mmol) and CuI (55 mg, 0.29 mmol) were
added. TMSA (4 mL) was added, and the flask was sealed and stirred at 90 °C for 18 h. The
reaction mixture was cooled to 25 °C, and extracted with Et2O (100 mL). The combined
organic layers were dried over MgSO4, and concentrated on a rotary evaporator. Column
chromatography (hexane/CH2Cl2 1:0–20:1) yielded an inseparable mixture of partially de-
protected 51. A 250 mL round bottom flask was charged with the crude intermediate in
MeOH (77 mL) and THF (77 mL). K2CO3 (3 g) was added and the reaction mixture was
stirred for 2 h at 25 °C. The reaction was extracted with Et2O (100 mL), the combined
organic layers were dried over MgSO4 and concentrated on a rotary evaporator. Column
chromatography (hexane/C6H6 1:0–10:1) yielded 51 (28 mg, 20%) as a colorless oil. 1H
NMR (600 MHz, CDCl3, 22 °C) δ = 8.80–8.75 (m, 1H), 8.39 (d, J = 8.4 Hz, 1H), 8.33
(d, J = 8.4 Hz, 1H), 7.55–7.49 (m, 2H), 7.45–7.35 (m, 2H), 3.58 (s, 1H), 1.77 (s, 10H)
ppm; 13C {1H} NMR (151 MHz, CDCl3, 22 °C) δ = 150.7, 138.5, 138.4, 128.1, 127.4, 126.1,
125.6, 125.0, 122.8, 121.7, 116.7, 115.6, 114.6, 84.0, 82.3, 82.0, 28.2 ppm; HRMS (EI) m/z :
[C19H17NO2]

+, calcd. for [C19H17NO2] 291.1259; found 291.1255.

O

TMS52

52

dibenzofuran-1-ylethynyl)trimethylsilane (52): A 5 mL sealable Schlenk flask was charged
with 1-iododibenzofuran (13 mg, 0.04 mmol) in THF (1 mL) and NEt3 (1 mL). The reaction
mixture degassed, and Pd(PPh3)4 (7.6 mg, 0.01 mmol) and CuI (0.5 mg, 0.01 mmol) were
added. TMSA (0.1 mL) was added, and the flask was sealed and stirred at 80 °C for 16 h.
The reaction mixture was cooled to 25 °C, and concentrated on a rotary evaporator. The
reaction mixture was extracted with CH2Cl2 (50 mL), and the combined organic layers were
washed with H2O, dried over MgSO4, and concentrated on a rotatory evaporator. Column
chromatography (hexane) yielded 52 (8.4 mg, 79%) as a colorless oil.1H NMR (600 MHz,
CDCl3, 22 °C) δ = 8.43 (d, J = 7.7 Hz, 1H), 7.56 (dd, J = 20.8, 8.2, 2H), 7.52–7.47 (m,
1H), 7.45 (d, J = 7.3 Hz, 1H), 7.38, (t, J = 7.9 Hz, 2H), 0.38 (s, 9H) ppm; 13C {1H} NMR
(151 MHz, CDCl3, 22 °C) δ = 156.3, 155.7, 127.5, 126.9, 126.6, 124.8, 123.8, 122.7, 122.2,
166.7, 112.0, 111.3, 102.8, 99.5, –0.06 ppm; HRMS (ESI-TOF) m/z : [C17H16OSi]+, calcd.
for [C17H16OSi] 264.0975; found 264.0970.
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S

53

53

1-ethynyldibenzothiophene (53): A 10 mL sealable Schlenk flask was charged with 1-bromo-
dibenzothiophene (70.0 mg, 0.27 mmol) in toluene (2.6 mL) and NEt3 (2.6 mL). The reaction
mixture was degassed, and Pd(PPh3)4 (62.4 mg, 0.05 mmol) and CuI (5.1 mg, 0.03 mmol)
were added. TMSA (1 mL) was added, and the flask was sealed and stirred at 90 °C for 18 h.
The reaction mixture was cooled to 25 °C, and extracted with Et2O (100 mL). The combined
organic layers were dried over MgSO4, and the reaction mixture was concentrated on a rotary
evaporator. Column chromatography (hexane) yielded an inseparable mixture of partially
deprotected 53. A 25 mL round bottom flask was charged with the crude intermediate in
THF (8 mL) and MeOH (8 mL). K2CO3 (1 g) was added, and the reaction mixture was
stirred at 25 °C for 2 h. The reaction mixture was extracted with CH2Cl2, and the combined
organic layers were washed with H2O, dried over MgSO4, and concentrated on a rotatory
evaporator. Column chromatography (hexane) yielded 53 (41.8 mg, 75%) as a colorless oil.
1H NMR (600 MHz, CDCl3, 22 °C) δ = 9.21–9.15 (m, 1 H), 7.90–7.84 (m, 2H), 7.65 (dd,
J = 7.4, 0.8 Hz, 1H), 7.50(m, 2H), 7.41 (t, J = 7.7 Hz, 1H), 3.65 (s, 1H) ppm; 13C {1H}
NMR (151 MHz, CDCl3, 22 °C) δ = 140.2, 139.82, 135.4, 134.7, 131.1, 127.2, 125.8, 124.9,
124.4, 123.7, 122.6, 117.3, 83.4, 82.9 ppm; HRMS (EI) m/z : [C14H8S]+, calcd. for [C14H8S]
208.0349; found 208.0347.

Br

Br

NH

5

5

4-(6,11-dibromo-1,4-diphenyltriphenylen-2-yl)-9H-carbazole (5): A 50 mL Schlenk flask was
charged with 51 (300 mg, 1.04 mmol) and 5,10-dibromo-1,3-diphenyl-2H -cyclopenta[l]phenan-
thren-2-one (560 mg, 1.04 mmol) in o-xylene (8 mL). The reaction mixture was heated to
148 °Cand stirred for 17 h. The reaction mixture was cooled to 25 °C and concentrated
on a rotary evaporator. Column chromatography (hexanes/CH2Cl2 1:0–7:3) yielded 5 (601
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mg, 82%) as a yellow solid. 1H NMR (400 MHz, CDCl3, 22 °C) δ = 8.27 (dd, J = 8.8, 4.1 
Hz, 2H), 8.09 (s, 1H), 7.88 (d, J = 2.0 Hz, 1H), 7.80 (s, 1H), 7.68 (d, J = 2.0 Hz, 1H), 
7.57 (dd, J = 8.7, 2.0 Hz, 1H), 7.51 (dd, J = 8.7, 2.0 Hz, 3H), 7.40 (d, J = 8.0 Hz, 4H), 7.35–
7.27 (m, 3H), 7.22 (s, 1H), 7.11 (d, J = 21.7 Hz, 3H), 7.03–6.81 (m, 4H), 6.73 (dd, J = 7.3, 0.9 
Hz, 1H) ppm; 13C {1H} NMR (151 MHz, CDCl3, 22 °C) δ = 143.3, 141.0, 140.3, 139.6, 139.3, 
138.8, 137.7, 135.9, 133.0, 132.8, 132.5, 131.8, 131.3, 131.0, 130.5, 129.8, 129.6, 129.5, 129.5, 
129.3, 129.2, 128.2, 128.1, 127.6, 127.0, 125.6, 125.0, 124.6, 124.5, 123.1, 122.1, 121.9, 121.8, 
120.0 (2), 119.3, 110.3, 108.9 ppm; HRMS (EI) m/z : [C42H25Br2N]+, calcd. for [C42H25Br2N] 
703.0333; found 703.0335.

Br

Br

O

6

6

1-(6,11-dibromo-1,4-diphenyltriphenylen-2-yl)dibenzofuran (6): A 50 mL round-bottom flask
was charged with (52) (20 mg, 0.08 mmol) in THF (5 mL) and MeOH (5 mL). K2CO3 (0.5
g) was added and the reaction mixture was stirred for 2 h at 25 °C. The reaction was
extracted with Et2O (100 mL), the combined organic layers were dried over MgSO4 and
concentrated on a rotary evaporator to yield an inseparable mixture of partially deprotected
52, which was used without further purification. A 10 mL Schlenk flask was charged with
the crude intermediate (15 mg, 0.08 mmol) and 5,10-dibromo-1,3-diphenyl-2H -cyclopenta-
[l]phenanthren-2-one (42 mg, 0.08 mmol) in o-xylene (0.3 mL). The reaction mixture was
heated to 145 °C and stirred for 16 h. The reaction mixture was cooled to 25 °C and
concentrated on a rotary evaporator. Column chromatography (hexanes/CH2Cl2 3:1) yielded
6 (12 mg, 22%) as a colorless solid. 1H NMR (600 MHz, CDCl3, 22 °C) δ = 8.29–8.23 (m,
2H), 7.86 (s, 1H), 7.78 (s, 1H), 7.67 (s, 1H), 7.58 (d, J = 8.7 Hz, 1H), 7.55–7.38 (m, 7H),
7.36 (t, J = 7.7 Hz, 1H), 7.20–7.08 (m, 4H), 7.03 (t, J = 7.5 Hz, 1H), 6.97–6.89 (m, 2H),
6.87 (d, J = 7.4 Hz, 1H) ppm; 13C {1H} NMR (151 MHz, CDCl3, 22 °C) δ = 156.2, 155.9,
143.1, 140.7, 138.9, 138.9, 137.7, 136.2, 132.9, 132.7, 132.3, 132.2, 131.7, 131.3, 131.1, 130.7,
129.9, 129.8, 129.6, 129.4, 129.3, 128.4, 127.7, 127.2, 126.9, 126.3, 124.8, 124.6, 124.5, 123.9,
122.2, 122.5, 122.0, 120.1, 120.0, 111.4, 109.9 ppm; HRMS (EI) m/z : [C42H24OBr2]

+, calcd.
for [C42H24OBr2] 704.0168; found 704.0173.
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Br

Br

S

7

7

1-(6,11-dibromo-1,4-diphenyltriphenylen-2-yl)dibenzothiophene (7): A 10 mL Schlenk flask
was charged with 53 (20 mg, 0.10 mmol) and 5,10-dibromo-1,3-diphenyl-2H -cyclopenta-
[l]phenanthren-2-one (52 mg, 0.10 mmol) in o-xylene (0.7 mL), and the reaction mixture
was heated to 145 °C and stirred for 17 h. The reaction mixture was cooled to 25 °C and
concentrated on a rotary evaporator. Column chromatography (hexane/EtOAc 19:1) yielded
7 (62.9 mg, 91%) as a colorless solid. 1H NMR (600 MHz, CDCl3, 22 °C) δ = 8.28 (dd, J =
8.8, 5.4 Hz, 2H), 7.88 (d, J = 2.0 Hz, 1H), 7.80 (d, J = 7.8 Hz, 1H), 7.75–7.70 (m, 2H), 7.69
(s, 1H), 7.58 (dd, J = 8.7, 2.0 Hz, 1H), 7.52 (dd, J = 8.7, 2.0 Hz, 1H), 7.50–7.38 (m, 5H),
7.34–7.26 (m, 3H), 7.15–7.04 (m, 4H), 7.00 (dd, J = 7.3, 1.0 Hz, 1H), 6.93–6.84 (m, 2H)
ppm; 13C {1H} NMR (151 MHz, CDCl3, 22 °C) δ = 143.4, 140.9, 140.5, 139.9, 139.4, 138.0,
137.8, 135.8, 133.4, 133.2, 133.0, 132.7, 132.5, 131.9, 131.8, 131.2, 130.5, 130.2, 130.0, 129.9,
129.8, 129.6, 129.5, 128.7, 128.5, 128.0, 127.6, 127.4, 126.4, 125.6, 124.9, 124.8, 124.3, 122.8,
121.7, 120.4, 120.3 ppm; HRMS (EI) m/z : [C42H24Br2S]+, calcd. for [C42H24Br2S] 719.9940;
found 719.9945.

Br

13

13

2-Bromo-1,1’-binaphthyl (13): A 50 mL 2-neck round bottom flask was charged with 2,2′-di-
bromo-1,1′-dinaphthyl (0.98 g, 2.4 mmol) and dry THF (15 mL). The solution was cooled to
–40 °C, n-BuLi (2.5 M in hexanes, 2.4 mmol) was added dropwise and the reaction mixture
was stirred for 1 h at –40 °C. The reaction mixture was cooled to –78 °C, HCl (1 N, 11.8
mmol) added dropwise, and the reaction mixture was warmed to 25 °C. The solution was con-
centrated on a rotary evaporator. The residue was dissolved in Et2O (50 mL) and hydrolyzed
with 1 N HCl (50 mL). The reaction mixture was extracted with Et2O, the combined organic
layers were washed with saturated aqueous NaHCO3 solution, water, and saturated aqueous
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NaCl solution, and dried over MgSO4. The reaction mixture was concentrated on a rotary
evaporator to give 13 (62.9 mg, 91%) as a colorless solid. Spectroscopic data is consistent
with literature reports.134 1H NMR (400 MHz, CDCl3, 22 °C) δ = 8.09 (dd, J = 13.4, 8.3
Hz, 2H), 7.99 (d, J = 8.2 Hz, 1H), 7.96–7.87 (m, 2H), 7.74 (t, J = 8.1 Hz, 1H), 7.65–7.48
(m, 3H), 7.46–7.38 (m, 2H), 7.38–7.28 (m, 2H) ppm.

57

57

2-ethynyl-1,1’-binaphthalene (57): A 25 mL sealable Schlenk flask was charged with 13 (305
mg, 0.75 mmol) in diisopropyl amine (11 mL) and THF (3 mL). Pd(PPh3)4 (106 mg, 0.08
mmol) and CuI (10 mg, 0.04 mmol) were added, and the reaction mixture was degassed.
TMSA (2 mL) was added, and the flask was sealed and stirred at 55 °C for 20 h. The
reaction mixture was cooled to 25 °C, and extracted with Et2O. The combined organic layers
were dried over MgSO4, and concentrated on a rotary evaporator. Column chromatography
(hexanes) yielded an inseparable mixture of partially deprotected 57. The intermediate was
redissolved in THF (8 mL) and MeOH (8 mL). K2CO3 (1 g) was added, and the reaction
mixture was stirred at 25 °C for 2 h. The reaction mixture was extracted with CH2Cl2, and
the combined organic layers were washed with H2O, dried over MgSO4, and concentrated on
a rotatory evaporator. Column chromatography (hexane/CH2Cl2 1:0–10:1) yielded 57 (170
mg, 81%) as a colorless oil. Spectroscopic data is consistent with literature reports.204 1H
NMR (400 MHz, CDCl3, 22 °C) δ = 8.03–7.86 (m, 4H), 7.71 (d, J = 8.6 Hz, 1H), 7.65–7.58
(m, 1H), 7.53–7.43 (m, 3H), 7.33–7.17 (m, 4H), 2.8 (s, 1H) ppm.

Br

Br
10

10
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2-([1,1′-binaphthalen]-2-yl)-6,11-dibromo-1,4-diphenyltriphenylene (10): A 2-neck 50 mL round
bottom flask was charged with 2,7-dibromophenanthrene-9,10-dione (1.0 g, 2.7 mmol) in
MeOH (5.7 mL). Diphenyl acetone (5.1 g, 3.6 mmol) was added and the reaction mixture
was heated to 75 °C. KOH (0.16 g, 2.9 mmol) in MeOH (9.8 mL) was added dropwise, and
the reaction mixture was heated at 75 °C for 2 h. The reaction was cooled to 25 °C, and
filtered. The precipitate was washed with EtOH to yield the intermediate cyclopentadienone
as a green solid, which was used without further purification. A 10 mL Schlenk flask was
charged with the crude cyclopentadienone (19 mg, 0.036 mmol) and 57 (11 mg, 0.039 mmol)
in Ph2O (0.7 mL), and the reaction mixture was heated to 145 °C for 16 h. The reaction mix-
ture was cooled to 25 °C, and the solvent was evaporated to yield a crude residue. Column
chromatography (CH2Cl2/hexane 1:10) yielded 10 (21 mg, 76%) as a colorless solid. Vari-
able temperature NMR in 1,1,2,2-tetrachloroethane-d2 at 110 °C was performed in order to
resolve NMR spectroscopic signals (Figure 6.1). Even at high temperature, a fully resolved
NMR was not obtained due to the high barrier to rotation within the molecule. Major NMR
shifts at 22 °C reported as follows. 1H NMR (600 MHz, CDCl3, 22 °C) δ = 8.13 (d, J = 8.7
Hz, 1H), 7.93 (m, 1H), 7.91 (m, 1H), 7.70–7.64 (m, 2H), 7.47–7.38 (m, 4H), 7.26–7.09 (m,
3H), 6.73 (s, 1H) ppm; 13C {1H} NMR (151 MHz, CDCl3, 22 °C) δ = 143.5, 141.6, 138.6,
137.7, 137.2, 133.7, 133.5, 132.8, 131.7, 130.2, 129.9, 129.7, 129.6, 129.2, 128.0, 127.6, 127.6,
127.2, 127.0 (2C), 126.6, 126.2 (2C), 126.1, 125.7, 125.4, 124.7, 124.6 120.1 ppm. HRMS
(EI) m/z : [C50H30Br2]

+, calcd. for [C50H30Br2] 790.0681; found 790.0694.
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Figure 6.1: Variable temperature NMR of 10 in 1,1,2,2-tetrachloroethane-d2.

O

O

I

I61

61

2-iodophenanthrene-9,10-dione (61): A 5 mL sealable flask was charged with 9,10-phenan-
threne quinone (0.25 g, 1.2 mmol) and cooled to 0 °C. Trifluoromethanesulfonic acid (1.0 mL)
was added, and the reaction mixtures was stirred under N2 for 10 min. N -Iodosuccinimide
(0.54 g, 2.4 mmol) was added slowly to the suspension. The reaction was poured onto ice
(100 mL) and the precipitate was filtered to yield 61 (0.07 g, 18%) as an orange solid. Spec-
troscopic data is consistent with literature reports.205 1H NMR (400 MHz, CDCl3, 22 °C) δ
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= 8.36–8.20 (m, 2H), 8.10–8.03 (m, 2H), 7.78 (t, J = 7.7 Hz, 1H), 7.56 (t, J = 7.5 Hz, 1H)
ppm.

I

I
8

8

6,11-diiodo-1,2,3,4-tetraphenyltriphenylene (8): A 2-neck 100 mL round bottom flask was 
charged with 61 (150 mg, 0.33 mmol) in MeOH (2 mL). Diphenyl acetone (92 mg, 0.44 mmol) 
was added and the reaction mixture was heated to 75 °C. KOH (19 mg, 0.37 mmol) in MeOH (1 
mL) was added dropwise, and the reaction mixture was heated at 75 °C for 2 h. The reaction 
was cooled to 24 °C, and filtered to give a crude solid. The solid was washed with EtOH to yield 
a green solid, which was used without further purification. A 2 mL sealable flask equipped with 
a stir bar was charged with the green solid (47 mg, 0.074 mmol) and diphenylacetylene (13 mg, 
0.074 mmol) in diphenyl ether (2 mL), and the re-action mixture was heated to 240 °C for 16 h. 
The reaction mixture was cooled to 24 °C to yield a crude product, which was purified by 
column chromatography (CH2Cl2/hexane 5%–40%) to yield 8 (10 mg, 66%) as a colorless 
powder. Spectroscopic data is consistent with literature reports.188 1H NMR (400 MHz, CDCl3, 
22 °C) δ = 8.06 (d, J = 8.6 Hz, 1H), 7.88 (d, J = 1.9 Hz, 1H), 7.66 (dd, J = 8.6, 1.8 Hz, 1H), 
7.23–7.07 (m, 3H), 7.08–7.01 (m, 2H), 6.97–6.84 (m, 3H), 6.75–6.63 (m, 2H) ppm; 13C {1H} 
NMR (151 MHz, CDCl3, 22 °C) δ = 142.2, 141.4, 140.0, 139.5, 137.7, 135.2, 132.5, 132.0, 131.6, 
130.2, 130.1, 128.4, 127.0, 126.9, 125.6, 124.5, 91.9 ppm; HRMS (EI) m/z : [C42H26I2]

+, calcd. for 
[C42H26I2] 784.0120;
found 784.0124.
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2-bromo-7-iodophenanthrene-9,10-dione (62): A 25 mL 3-neck round bottom flask was
charged with 61 (50 mg, 0.15 mmol) in H2SO4 (1.5 mL). N -Bromosuccinimide (29 mg,
0.16 mmol) was added, and the reaction was stirred at 25 °C for 16 h. The reaction was
poured over ice (100 mL), and the precipitate was filtered to yield 62 (43 mg, 70%) as an
orange solid. 1H NMR (600 MHz, DMSO−d6, 22 °C) δ = 8.31–8.21 (m, 2H), 8.18–8.03 (m,
3H), 8.00–7.89 (m, 1H) ppm. HRMS (EI) m/z : [C14H6O2BrI]+, calcd. for [C14H6O2BrI]
411.8601; found 411.8596.

I

Br
11

11

2-([1,1’-binaphthalen]-2-yl)-6-bromo-11-iodo-1,4-diphenyltriphenylene (11): A 2-neck 25 mL
round bottom flask was charged with 62 (83 mg, 0.20 mmol) in MeOH (2 mL). 1,3-diphenyl
acetone (55 mg, 0.26 mmol) was added and the reaction mixture was heated to 75 °C. KOH
(12 mg, 0.21 mmol) in MeOH (4 mL) was added dropwise, and the reaction mixture was
heated at 75 °C for 2 h. The reaction was cooled to 25 °C, and filtered. The precipitate
was washed with EtOH to yield the intermediate cyclopentadienone as a green solid, which
was used without further purification. A 10 mL Schlenk flask was charged with the crude
cyclopentadienone (30 mg, 0.051 mmol) and 57 (16 mg, 0.056 mmol) in o-xylene (1 mL),
and the reaction mixture was heated to 145 °C for 16 h. The reaction mixture was cooled
to 25 °C and the solvent was evaporated to yield a crude residue. Column chromatography
(CH2Cl2/hexane 1:10) to yield 11 (20 mg, 47%) as a colorless solid. Variable temperature
NMR in 1,1,2,2-tetrachloroethane-d2 at 110 °C was performed in order to resolve NMR
spectroscopic signals (Figure 6.2). Even at high temperature, a fully resolved NMR was not
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obtained due to the high barrier to rotation within the molecule. Major NMR shifts at 22 °C
reported as follows. 1H NMR (600 MHz, CDCl3, 22 °C) δ = 8.13 (d, J = 8.7 Hz, 1H), 7.98
(d, J = 8.5 Hz, 1H), 7.91 (m, 2H), 7.85 (s, 1H), 7.80 (d, J = 8.4 Hz, 1H), 7.71–7.54 (m, 4H),
7.54–7.34 (m, 6H), 7.24–7.18 (m, 3H), 7.18–6.89 (m, 3H), 6.55–6.39 (m, 2H) ppm. 13C {1H}
NMR (151 MHz, 1,1,2,2-tetrachloroethane-d2, 22 °C) δ = 142.9, 141.0, 139.4, 138.8, 138.2,
137.1, 136.7, 136.0, 135.7, 134.9, 133.2, 132.9, 132.7, 132.5, 132.3, 132.3, 129.3, 129.2, 128.8,
128.2, 128.0, 127.8, 127.6, 127.2, 127.2, 126.7, 126.6, 126.4, 126.0, 125.7, 125.7, 125.3, 124.9,
124.2, 124.1, 124.0 ppm. HRMS (EI) m/z : [C50H30BrI]+, calcd. for [C50H30BrI] 838.0563;
found 838.0555.

Figure 6.2: Variable temperature NMR of 11 in 1,1,2,2-tetrachloroethane-d2.
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Br

Br1

1

3’,6’-dibromo-1,1’:2’,1”-terphenyl (1): A 50 mL oven-dried round bottom Schlenk flask was
charged with 19136 (125 mg, 0.26 mmol) in toluene (13 mL) and water (5 mL). Phenyl boronic
acid (69 mg, 0.56 mmol), sodium carbonate (330 mg, 3.1 mmol), and tetra-n-butylammonium
bromide (TBAB) (83 mg, 0.26 mmol) were added, and the reaction mixture was subjected
to two freeze-pump-thaw cycles. Pd(PPh3)4 (30 mg, 0.026 mmol) was added, the reaction
mixture was subjected to two additional freeze-pump-thaw cycles, and then stirred at 120
°C for 46 h. The reaction was cooled to 25 °C, and extracted with tol and water. The
combined organic layers were washed with a saturated aqueous solution of NaCl, dried over
MgSO4, and the reaction mixture was concentrated on a rotary evaporator to give a crude
product, which was purified by column chromatography (hexanes) to yield 1 (65.5 mg, 66%)
as a colorless solid. Spectroscopic data is consistent with literature reports.85 1H NMR (400
MHz, CDCl3, 22 °C) δ = 7.55 (s, 2H), 7.18–7.11 (m, 3H), 6.97 (d, J = 8.4 Hz, 2H) ppm. 13C
{1H} NMR (151 MHz, CDCl3, 22 °C) δ = 144.1, 140.2, 132.9, 129.9, 127.6, 127.3, 123.4 ppm.
HRMS (ESI-TOF) m/z : [C18H12Br2]

+, calcd. for [C18H12Br2] 387.9287; found 387.9285.

B
O

O

14

14

2-([1,1’-binaphthalen]-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (14): A 100 mL 3-neck
round bottom flask was charged with 13 (0.10 g, 0.03 mmol) in dry THF (15 mL), and cooled
to –40 °C. nBuLi (2.5 M in hexanes, 0.4 mmol) was added dropwise, and the reaction mixture
was stirred for 1 h at –40 °C. Then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was
added dropwise at –78 °C, and the solution was stirred for 20 min at –78 °C. The reaction
mixture was warmed to 25 °C, and quenched with H2O (5 mL), extracted with chloroform,
and the combined organic layers were dried over MgSO4. The combined organic layers were
concentrated on a rotary evaporator affording a crude product, which was loaded on celite
and purified with column chromatography (hexane/ethyl acetate 25:1) to yield 14 (0.07 g,
57%) as a pale yellow oil. Spectroscopic data is consistent with literature reports.135 1H
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NMR (400 MHz, CDCl3, 22 °C) δ = 7.94–7.80 (m, 5H), 7.53 (td, J = 6.9, 3.7 Hz, 1H),
7.47–7.36 (m, 4H), 7.31–7.18 (m, 3H), 0.87 (s, 6H), 0.74 (s, 6H) ppm; HRMS (EI) m/z :
[C26H25BO2]

+, calcd. for [C26H25BO2] 380.1948; found 380.1956.

Br

Br

Br

Br

15

15

2,2’,10,10’-tetrabromo-9,9’-bianthracene (15): A 100 mL Schlenk flask was charged with
2,2′-dibromo-9,9′-bianthracene81 (0.05 g, 0.1 mmol) in chloroform (13 mL) and cooled to
0 °C. Br2 (0.03 g, 0.2 mmol) dissolved in chloroform (5 mL) was added dropwise under a
nitrogen atmosphere over the course of 90 min. The reaction was then warmed to 25 °C,
and stirred for 16 h. The reaction mixture was concentrated on a rotatory evaporator to
give a crude product, which was loaded on celite and purified with column chromatography
(hexane) to yield 15 (0.02 g, 30%) as a pale yellow solid. Spectroscopic data is consistent
with literature reports.111 1H NMR (400 MHz, CDCl3, 22 °C) δ = 8.69 (d, J = 8.9 Hz, 2H),
8.61 (d, J = 9.4 Hz, 2H), 7.68–7.57 (m, 4H), 7.25–7.16 (m, 4H), 6.97 (d, J = 8.8 Hz, 2H)
ppm; 13C {1H} NMR (151 MHz, CDCl3, 22 °C) δ = 132.9, 132.8, 131.8, 131.0, 130.8, 130.4,
129.0, 128.5, 128.3, 127.9, 127.4, 127.0, 124.9, 121.7 ppm.

Br

Br

12

12

2,2’-di([1,1’-binaphthalen]-2-yl)-10,10’-dibromo-9,9’-bianthracene (12): THF and 1 M K2CO3

were individually degassed by bubbling nitrogen through each for 40 min. A 50 mL Schlenk
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flask was then charged with degassed THF (6 mL), 15 (19.6 mg, 0.03 mmol) and 14 (24.5 mg, 
0.06 mmol) under an atmosphere of nitrogen. Degassed 1 M K2CO3 (6 mL) was then added 
dropwise to the reaction mixture, subjected to one freeze-pump-thaw cycle, and Pd(PPh3)4 
(20 mol %, 10 mg) was added to the reaction mixture. The mixture was then subjected 
to three freeze-pump-thaw cycles, and stirred at 75 °C for 21 h. The reaction mixture was 
then cooled to 25 °C, extracted with Et2O, and the combined organic layers were washed 
with each water and a saturated aqueous NaCl solution, and then dried with MgSO4. The 
reaction mixture was concentrated on a rotary evaporator to give a crude product, which 
was loaded on celite and purified by column chromatography (25:1 hexane/ethyl acetate) to 
yield 12 (4.5 mg, 15%) as a yellow solid. Variable temperature NMR in 1,1,2,2-
tetrachloroethane-d2 at 95 °C was performed in order to resolve NMR spectroscopic signals 
(Figure 6.3). Even at high temperature, a fully resolved NMR was not obtained due to the 
high barrier to rotation within the molecule. Major NMR shifts at 22 °C reported as follows. 
1H NMR (600 MHz, CDCl3, 22 °C) δ = 8.67–8.48 (m, 2H), 8.46–8.20 (m, 2H), 7.84 (bs, 4H), 
7.69–7.30 (m, 10H), 7.21–6.70 (m, 12H), 6.79–6.42 (m, 6H) ppm; 13C {1H} NMR (151 MHz, 
CDCl3, 22 °C) δ = 133.1, 132.9, 132.6 (2), 132.5, 129.3, 129.2, 129.1, 129.0, 128.4, 128.3, 128.0 
(3), 127.9, 127.8 (2), 127.6, 127.4, 127.0 (2), 126.9, 126.3, 126.2, 125.8, 125.5, 125.4 ppm; 
HRMS (ESI) m/z :[C68H40Br2]

+, calcd. for [C68H40Br2] 1014.1491; found 1014.1496.
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Figure 6.3: Variable temperature NMR of 12 in 1,1,2,2-tetrachloroethane-d2; * residual
CHCl3 solvent peak.
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3,9-dibromo-5,7-dihydrodibenzo[c,e]oxepine (21): A 500 mL 2-neck round bottom flask which
was open to air was charged with biphenic acid (5.1 g, 21 mmol) in H2SO4 (83 mL) and
was cooled to 0 °C. 1,3-Dibromoisocyanuric acid (6.1 g, 21 mmol) in H2SO4 (167 mL) was
cooled to 0 °C and was added dropwise to the biphenyl solution over the course of 1h. The
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reaction mixture was then warmed to 25 °C, and stirred for 16 h. The reaction was poured
over ice and filtered to give a crude precipitate which was washed thoroughly with water
(300 mL) and dried under vacuum. Once dry, the precipitate was dissolved in THF (90 mL)
and NaBH4 (2.48 g, 65 mmol) was added slowly. The reaction was stirred for 1 hour, and
BF3•OEt2 (13 mL, 102 mmol) was added slowly and the reaction mixture was stirred for
an additional 16 h. HCl (2 % aqueous) was then very carefully added to the mixture until
it was acidic. The reaction mixture was extracted with Et2O (250 mL), and the combined
organic layers were washed with each water and a saturated aqueous NaCl solution, and
then dried with MgSO4. The reaction mixture was concentrated on a rotary evaporator
to give a crude product as an orange oil, which was purified with column chromatography
(1:3 benzene/hexane) to yield 21 (7.1 g, 96%) as a colorless solid. Spectroscopic data is
consistent with literature reports.206 1H NMR (600 MHz, CDCl3, 22 °C) δ = 7.68 (d, J =
1.9 Hz, 2H), 7.48 (dd, J = 8.1, 2.0, 2H), 7.00 (d, J = 2.0 Hz, 2H), 4.33 (d, J = 1.8 Hz; 4H)
ppm.

Br

Br

Br

Br

22

22

4,4’-dibromo-2,2’-bis(bromomethyl)-1,1’-biphenyl (22): A 10 mL round bottom flask was
charged with 21 (1 g, 2.8 mmol) in a hydrogen bromide solution (4 mL, 33 wt. % in acetic
acid), and the mixture was stirred at 80 °C for 16 h. The mixture was cooled to 25 °C, and
3 mL H2O was added before stirring 20 min. Sodium thiosulfate (2 mL, sat. aqueous) was
then added and the reaction mixture was stirred an additional 20 min. The precipitate was
filtered and washed with H2O (50 mL) to yield 22 (1.3 g, 90%) as a pale grey solid which was
used without further purifcation. Spectroscopic data is consistent with literature reports.207
1H NMR (400 MHz, CDCl3, 22 °C) δ = 7.69 (d, J = 2.0 Hz, 2H), 7.51 (d, J = 8.2, 2.0 Hz,
2H), 7.12 (d, J = 8.2 Hz, 2H), 4.24 (d, J = 10.3 Hz, 2H), 4.09 (d, J = 10.3 Hz, 2H) ppm;
HRMS (EI) m/z : [C14H10Br4]

+, calcd. for [C14H10Br4] 497.7475; found 497.7474.
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4,4’-dibromo-[1,1’-biphenyl]-2,2’-dicarbaldehyde (23): A 100 mL oven-dried Schlenk flask
equipped with 3 Å sieves was charged with 4-methylmorpholine N-oxide (1.13 g, 9.7 mmol)
in dry MeCN (2 mL). Dry THF (12 mL) and 22 (1.2 g, 2.4 mmol) were then added, and the
reaction mixture was stirred at 80 °C for 3 h. The reaction mixture was cooled to 25 °C and
extracted with CH2Cl2 (100 mL). The combined organic layers were dried with MgSO4 and
concentrated on a rotary evaporator to give a crude material as an orange oil surrounding
colorless crystalline domains. Ethyl acetate (5 mL) was added to the crude mixture, and
the precipitate was filtered to give 23 (0.87 g, 98%) as a colorless solid. Spectroscopic data
is consistent with literature reports.206 1H NMR (400 MHz, CDCl3, 22 °C) δ = 9.77 (s, 2H),
8.17 (d, J = 2.1 Hz, 2H), 7.80 (dd, J = 8.1, 2.1 Hz, 2H), 7.21 (d, J = 8.1 Hz, 2H) ppm;
HRMS (EI) m/z : [C14H8Br2O2]

+, calcd. for [C14H8Br2O2] 367.8871; found 367.8864.

Br

Br
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4,4’-dibromo-2,2’-diethynyl-1,1’-biphenyl (24): A 50 mL 2-neck round bottom flask was
charged with textbf23 (160 mg, 0.43 mmol) and K2CO3 (240 mg, 1.7 mmol) in MeOH (6.5
mL). Dimethyl 1-diazo-2-oxopropylphosphonate (200 mg, 1.0 mmol) was then added slowly,
and the reaction mixture was stirred at 25 °C for 16 h. The reaction mixture was extracted
with Et2O, and the combined organic layers were washed with H2O, dried over MgSO4, and
concentrated on a rotatory evaporator. Column chromatography (hexane) yielded 24 (84
mg, 54%) as a colorless solid. Spectroscopic data is consistent with literature reports.208 1H
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NMR (400 MHz, CDCl3, 22 °C) δ = 7.75 (d, J = 2.1 Hz, 2H), 7.52 (dd, J = 8.3, 2.1 Hz,
2H), 7.24 (d, J = 8.3 Hz, 2H), 3.03 (s, 2H) ppm.

Br

Br
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25

4,4’-dibromo-2-ethynyl-1,1’:2’,1”-terphenyl (25): A 4 mL seal-able tube was charged with
24 (740 mg, 2.06 mmol) and 2H -pyran-2-one (290 mg, 3.1 mmol) in 1,2-dichlorobenzene
(1.2 mL). The reaction tube was sealed, and the mixture was heated to 150 °C for 44 h. The
reaction was cooled to 25 °C, and the solvent was removed under vacuum. Column chro-
matography (hexane) yielded an inseparable mixture of the desired mono-coupled product
25 and the unwanted di-coupled quaterphenyl (4′′,5′-dibromo-1,1′:2′,1′′:2′′,1′′′-quaterphenyl)
side-product. Extensive preparative thin layer chromatography was not able to separate the
compounds, so this material (188 mg) was carried forward without further purification.

Br

Br26

26

2,7-dibromo-4-phenylphenanthrene (26): A 10 mL Schlenk flask under an atmosphere of N2

was charged with a crude mixture containing 25 and 4′′,5′-dibromo-1,1′:2′,1′′:2′′,1′′′-quater-
phenyl (188 mg, ∼0.46 mmol) and PtCl2 (6 mg, 0.02 mmol) in dry toluene (2.3 mL). The
reaction mixture was stirred at 80 °C for 48 h. The reaction was cooled to 25 °C, and
then extracted with Et2O. The combined organic layers were washed with H2O, dried over
MgSO4, and concentrated on a rotatory evaporator to yield a crude product as a brown
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oil. Column chromatography (cyclohexane) yielded and inseparable mixture of the desired
product 26 and the impurity 4′′,5′-dibromo-1,1′:2′,1′′:2′′,1′′′-quaterphenyl from the starting
material. Further chromatography was not able to separate the mixture, so this material
(147 mg, ∼45% 26 by 1H NMR) was carried forward without further purification.

Br

Br
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27

2,7-dibromo-4-phenylphenanthrene-9,10-dione (27): A 25 mL 3-neck round bottom flask was
charged with a crude mixture containing 26 and 4′′,5′-dibromo-1,1′:2′,1′′:2′′,1′′′-quaterphenyl
(147 mg, ∼45% 26 by 1H NMR) in concentrated acetic acid (7 mL), and the suspension
was heated to 80 °C. Then a solution of CrO3 (117 mg, 1.5 mmol) in 80% AcOH/H2O was
added dropwise over the course of 45 min. The red suspension was stirred 15 min, and then
the reaction mixture was cooled to 25 °C. The mixture was poured over ice (50 mL) and
filtered to yield a green precipitate that was washed with H2O to give a crude material as an
orange solid. Column chromatography (4:1 CH2Cl2/hexane) yielded a crude material which
was further purified with three iterations of preparative thin layer chromatography (1:1–1:4
cyclohexane/CH2Cl2) to yield 27 (7.2 mg, 5%) as an orange oil. 1H NMR (500 MHz, CDCl3,
22 °C) δ = 8.29 (d, J = 2.3 Hz, 1H), 8.17 (d, J = 2.3 Hz, 1H), 7.75 (d, J = 2.3 Hz, 1H),
7.48–7.43 (m, 3H), 7.34–7.27 (m, 3H), 6.84 (d, J = 8.7 Hz, 1H) ppm; 13C {1H} NMR (151
MHz, CDCl3, 22 °C) δ = 180.4, 180.3, 143.6, 142.2, 140.4, 137.5, 134.7, 132.8 (2), 132.7,
132.4, 132.0, 129.8, 128.9 (2), 123.7, 123.6 ppm; HRMS (EI) m/z : [C20H10Br2O2]

+, calcd.
for [C20H10Br2O2] 439.9048; found 439.9044.
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Br

Br

3

3

6,11-dibromo-1,4-bis(4-bromophenyl)triphenylene (3): A 2-neck 50 mL round bottom flask
was charged with 2,7-dibromophenanthrene-9,10-dione (106 mg, 0.29 mmol) in MeOH (0.6
mL). Then 42 (38 mg, 0.30 mmol) was added and the reaction mixture was heated to 75
°C. KOH (17 mg, 0.38 mmol) in MeOH (1.0 mL) was added dropwise, and the reaction
mixture was heated at 75 °C for 2 h. The reaction was cooled to 25 °C, and filtered. The
precipitate was washed with EtOH to yield the intermediate cyclopentadienone as a green
solid, which was used without further purification. A 100 mL seal-able flask was charged
with the crude cyclopentadienone (350 mg, 0.50 mmol) and TMSA (∼0.5 mL) in o-xylene
(3.5 mL), and the reaction mixture was heated to 145 °C for 48 h. The reaction mixture
was cooled to 25 °C, and the solvent was evaporated to yield a crude residue. MeOH (5 mL)
was added to the crude residue, and the mixture was cooled to 5 °C for 48 h to precipitate
a colorless solid. This precipitate was filtered, and dried under vacuum. A 10 mL 2-neck
round bottom was then charged with the colorless precipitate in THF (2.5 mL). To this
mixture, a tetrabutylammonium fluoride solution (0.55 mL, 1.0 M in THF) was added, and
the reaction mixture was stirred at 25 °C for 6 h. The precipitate was then filtered to
give a crude solid, which was recrystallized from hot toluene (slowly cooling the saturated
recrystallization mixture from 90 °C to 25 °C over 16 h) to yield 3 (156 mg, 45%) as a
colorless solid. 1H NMR (400 MHz, CDCl3, 22 °C) δ = 8.24 (d, J = 8.7, 2H), 7.76 (d, J =
2.0 Hz, 2H), 7.67–7.58 (m, 4H), 7.56 (dd, J = 8.7, 2.0 Hz, 2H), 7.52 (s, 2H), 7.38–7.29 (m,
4H) ppm; HRMS (EI) m/z : [C30H16Br4]

+, calcd. for [C30H16Br4] 695.7945; found 695.7949.
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6,11-dibromo-1,4-diphenyltriphenylene (40): A 2-neck 50 mL round bottom flask was charged
with 2,7-dibromophenanthrene-9,10-dione (1.0 g, 2.7 mmol) in MeOH (5.7 mL). Diphenyl
acetone (5.1 g, 3.6 mmol) was added and the reaction mixture was heated to 75 °C. KOH
(0.16 g, 2.9 mmol) in MeOH (9.8 mL) was added dropwise, and the reaction mixture was
heated at 75 °C for 2 h. The reaction was cooled to 25 °C, and filtered. The precipitate
was washed with EtOH to yield the intermediate cyclopentadienone as a green solid, which
was used without further purification. A 100 mL seal-able flask was charged with the crude
cyclopentadienone (500 mg, 0.93 mmol) and TMSA (∼0.5 mL) in o-xylene (5.0 mL), and
the reaction mixture was heated to 145 °C for 48 h. The reaction mixture was cooled to 25
°C, and the solvent was evaporated to yield a crude residue. MeOH (5 mL) was added to the
crude residue, and the mixture was cooled to 5 °C for 48 h to precipitate a colorless solid.
This precipitate was filtered, and dried under vacuum. A 50 mL 2-neck round bottom was
then charged with the colorless precipitate in THF (5 mL). To this mixture, a tetrabuty-
lammonium fluoride solution (1.02 mL, 1.0 M in THF) was added, and the reaction mixture
was stirred at 25 °C for 6 h. To the mixture MeOH (10 mL) was added, and the precipitate
was then filtered to give a crude solid, which was purified by column chromatography (1:3
hexane/CH2Cl2) to yield 40 (0.28 g, 55%) as a colorless solid. 1H NMR (600 MHz, CDCl3,
22 °C) δ = 8.22 (d, J = 8.7 Hz, 2H), 7.77 (d, J = 2.0 Hz, 2H), 7.58 (s, 2H), 7.56–7.36 (m,
12H) ppm; HRMS (EI) m/z : [C30H18Br2]

+, calcd. for [C30H18Br2] 537.9755; found 537.9754.

O
BrBr

42

42

1,3-bis(4-bromophenyl)propan-2-one (42): A 500 mL 2-neck round bottom flask was charged
with 1-bromo-4-(bromomethyl)benzene (17.8 g, 71 mmol), benzyltriethylammonium chloride
(0.54 g, 2.4 mmol) and NaOH (12.3 g, 300 mmol) in H2O (7 mL) and CH2Cl2 (170 mL). The
mixutre was heated to 80 °C, and iron(0) pentacarbonyl (7.3 g, 37 mmol) was added dropwise.
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The reaction mixture was stirred at 80 °C for 16 h. The reaction mixture was quenched with
2M HCl (50 mL), extracted with CH2Cl2 (100 mL), and the combined organic layers were
dried over MgSO4. The reaction mixture was concentrated on a rotary evaporator to give
a crude product, which was purified with column chromatography (3:1 hexane/CH2Cl2) to
yield 42 (7.38 g, 29%) as a colorless solid. Spectroscopic data is consistent with literature
reports.209 1H NMR (400 MHz, CDCl3, 22 °C) δ = 7.45 (d, J = 8.4 Hz, 4H), 7.01 (d, J =
8.4 Hz, 4H) 3.68 (s, 4H) ppm.

S

B
O

O

50

50

2-(dibenzo[b,d]thiophen-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (50): A 50 mL 2-neck
round bottom flask was charged with compound 1-bromodibenzothiophene138 (100 mg, 0.4
mmol) in dry THF (10 mL). nBuLi (2.5 M in hexanes, 0.6 mmol) was added dropwise at
–78 °C, and the reaction mixture was stirred for 20 min. The reaction mixture was warmed
to 0 °C, stirred for 30 min, cooled to –78 °C, and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxoborolane (0.14 g, 0.8 mmol) was added at –78 °C. The reaction was stirred for an
additional 30 min, warmed to 25 °C and stirred for 2 h. The reaction mixture was quenched
with H2O (10 mL), extracted with ethyl acetate (150 mL), and the combined organic layers
were dried over MgSO4. The reaction mixture was concentrated on a rotary evaporator
to give a crude product, which was recrystallized from pentane to afford crystals of 50.
The mother liquor was then concentrated on a rotary evaporator and purified by column
chromatography (20:1 hexane/ethyl acetate). These combined methods yielded 50 (0.07g,
57%) as a tan solid. 1H NMR (400 MHz, CDCl3, 22 °C) δ = 9.03–8.96 (m, 1H), 7.94 (dd, J
= 8.0, 1.3 Hz, 1H), 7.90–7.80 (m, 2H), 7.49–7.39 (m, 3H), 1.49 (s, 12H) ppm; 13C {1H} NMR
(101 MHz, CDCl3, 22 °C) δ = 139.8, 139.7, 138.8, 136.7, 132.7, 126.5, 125.5, 125.4, 125.1,
124.0, 122.7, 84.5, 25.1 ppm. HRMS (EI) m/z : [C18H19BO2S]+, calcd. for [C18H19BO2S]
310.1199; found 310.1200.
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1,1’-(10,10’-dibromo-[9,9’-bianthracene]-2,2’-diyl)didibenzo[b,d]thiophene (4): THF (HPLC
grade) and 1 M K2CO3 were individually pre-degassed by bubbling N2 through each for 40
min. A 50 mL screw-top Schlenk flask was charged with degassed THF (6 mL), 15 (30.9
mg, 0.04 mmol) and 50 (30.0 mg, 0.10 mmol) under an atmosphere of nitrogen. Degassed
1 M K2CO3 (6 mL) was then added dropwise to the reaction mixture, was subjected to
one freeze-pump-thaw cycle, and Pd(PPh3)4 (20 mol %, 10 mg) was added to the reaction
mixture. The solution was subjected to three more freeze-pump thaw cycles, the vessel
was sealed, and stirred at 75 °C for 4.5 h. The reaction mixture was then cooled to 25
°C, extracted with Et2O, and the combined organic layers were dried with MgSO4. The
reaction mixture was concentrated on a rotary evaporator to give a crude product, which
was loaded on celite and purified by column chromatography (0%–10% CH2Cl2/hexane) to
yield 4 (%) as a yellow solid. Variable temperature NMR in 1,1,2,2-tetrachloroethane-d2 at
125 °C was performed in order to resolve NMR spectroscopic signals(Figure 6.4). Even at
high temperature, a fully resolved NMR was not obtained due to the high barrier to rotation
within the molecule. Major NMR shifts at 22 °C reported as follows. 1H NMR (500 MHz,
1,1,2,2−tetrachloroethane−d2, 22 °C) δ = 8.82–8.63 (m, 2H), 7.88–7.77 (m, 1H), 7.77-7.72
(m, 1H), 7.67 (dd, J = 9.0, 7.2 Hz, 1H), 7.54–7.24 (m, 4H), 7.20–7.12 (m, 2H), 7.09–6.91
(m, 2H) ppm; HRMS (EI) m/z : [C52H28Br2S2]

+, calcd. for [C52H28Br2S2] 873.9994; found
873.9997.
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Figure 6.4: Variable temperature NMR of 4 in 1,1,2,2-tetrachloroethane-d2.
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Crystallographic Information

I(1a) 

Br(1a) 

Br(1) 

Figure 6.5: ORTEP representation of the X-ray crystal structure of 11. Thermal ellipsoids
are drawn at the 50% probability level. Color coding: C (grey), Br (orange), I (purple).
There is a 50% compositional disorder between the Br(1) and I(1) sites. Hydrogen atoms
are omitted for clarity.
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Table 6.1: S1: Crystal data and structure refinement for 11.

1568277 

C50H30BrI 

837.55 

100(2) K 

0.71073 Å 

Triclinic 

P–1 

a = 11.4073(4) Å 

b = 12.4337(5) Å 

c = 13.8759(5) Å 

α = 113.8930(10)° 

β = 91.728(2)° 

γ = 93.409(2)° 

1793.07(12) Å
3 

2 

1.551 Mg/m3

2.044 mm–1

836 

0.070 x 0.050 x 0.050 mm3 

1.608 to 25.457°. 

–13 ≤ h ≤ 13, –14 ≤ k ≤ 15, –16 ≤ l ≤ 16 
97222 

6581 [R(int) = 0.0414] 

99.9 %  

Semi-empirical from equivalents 

0.745 and 0.643 

Full-matrix least-squares on F2 

6581 / 0 / 476 

1.086 

R1 = 0.0254, wR2 = 0.0579 

R1 = 0.0315, wR2 = 0.0622 

n/a 

CDCC no.  

Empirical formula  

Formula weight  

Temperature   

Wavelength  

Crystal system   

Space group   

Unit cell dimensions 

Volume 

Z 

Density (calculated)  

Absorption coefficient  

F(000)  

Crystal size 

Theta range for data collection 

Index ranges  

Reflections collected  

Independent reflections 

Completeness to theta = 25.000° 

Absorption correction  

Max. and min. transmission  

Refinement method  

Data / restraints / parameters  

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]  

R indices (all data) 

Extinction coefficient  

Largest diff. peak and hole 0.514 and –0.541 e Å
–3
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Table 6.2: S2: Atomic coordinates (x104) and equivalent isotropic displacement parameters
(Å2 x 103) for 11. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

____________________________________________________________________________ 

x  y  z  U(eq) 

____________________________________________________________________________ 

C(1) 4247(2) 5366(2) 6741(2) 15(1) 

5406(2) 5749(2) 7140(2) 16(1) 

6269(2) 4980(2) 7050(2) 15(1) 

5979(2) 3751(2) 6464(2) 15(1) 

6731(2) 2827(2) 6460(2) 16(1) 

7571(2) 3042(2) 7294(2) 19(1) 

8246(2) 2166(2) 7301(2) 23(1) 

8121(2) 1037(2) 6491(2) 26(1) 

7264(2) 798(2) 5694(2) 25(1) 

6544(2) 1668(2) 5668(2) 20(1) 

5607(2) 1408(2) 4848(2) 19(1) 

5541(2) 374(2) 3907(2) 25(1) 

4705(2) 169(2) 3104(2) 27(1) 

3930(2) 1027(2) 3220(2) 22(1) 

3949(2) 2039(2) 4130(2) 19(1) 

4767(2) 2237(2) 4977(2) 17(1) 

4876(2) 3385(2) 5888(2) 16(1) 

3958(2) 4171(2) 6133(2) 15(1) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

C(9) 

C(10) 

C(11) 

C(12) 

C(13) 

C(14) 

C(15) 

C(16) 

C(17) 

C(18) 

C(19) 3399(2) 6306(2) 6976(2) 15(1) 

C(20) 3041(2) 6635(2) 6151(2) 19(1) 

C(21) 2343(2) 7537(2) 6331(2) 22(1) 

C(22) 1980(2) 8202(2) 7348(2) 20(1) 

C(23) 1253(2) 9150(2) 7558(2) 29(1) 

C(24) 934(2) 9790(2) 8558(2) 32(1) 

C(25) 1330(2) 9527(2) 9394(2) 29(1) 

C(26) 2022(2) 8612(2) 9227(2) 22(1) 

C(27) 2360(2) 7916(2) 8196(2) 17(1) 

C(28) 3061(2) 6934(2) 7990(2) 16(1) 



C(29) 3363(2) 6554(2) 8858(2) 16(1) 

C(30) 4289(2) 7162(2) 9636(2) 17(1) 

C(31) 4975(2) 8160(2) 9649(2) 21(1) 

C(32) 5896(2) 8681(2) 10381(2) 26(1) 

C(33) 6191(2) 8232(2) 11133(2) 29(1) 

C(34) 5532(2) 7295(2) 11159(2) 27(1) 

C(35) 4562(2) 6738(2) 10423(2) 21(1) 

C(36) 3877(2) 5756(2) 10438(2) 23(1) 

C(37) 2975(2) 5208(2) 9701(2) 22(1) 

C(38) 2725(2) 5604(2) 8898(2) 18(1) 

C(39) 7458(2) 5517(2) 7545(2) 17(1) 

C(40) 8478(2) 5220(2) 6992(2) 20(1) 

C(41) 9569(2) 5731(2) 7471(2) 26(1) 

C(42) 9654(2) 6551(2) 8516(2) 31(1) 

C(43) 8653(2) 6875(2) 9069(2) 26(1) 

C(44) 7558(2) 6356(2) 8585(2) 20(1) 

C(45) 2702(2) 3669(2) 5885(2) 17(1) 

C(46) 1887(2) 3934(2) 5257(2) 24(1) 

C(47) 744(2) 3408(2) 5052(2) 28(1) 

C(48) 395(2) 2619(2) 5481(2) 31(1) 

C(49) 1187(2) 2349(2) 6108(2) 29(1) 

C(50) 2329(2) 2868(2) 6307(2) 22(1) 

Br(1) 9444(8) 2520(7) 8466(5) 32(1) 

I(1) 2717(4) 855(3) 2022(3) 28(1) 

Br(1A) 2834(6) 720(5) 2047(5) 28(1) 

I(1A) 9394(5) 2617(5) 8601(3) 32(1) 

____________________________________________________________________________ 

114
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Table 6.3: S3: Bond lengths [Å] and angles [°] for 11.

____________________________________________________________________________ 

C(1)-C(18) 1.391(3) 

1.396(3) C(1)-C(2)  

C(1)-C(19) 1.501(3) 

1.386(3) 

0.9500 

C(2)-C(3)  

C(2)-H(2) 

C(3)-C(4)  1.421(3) 

1.492(3) 

1.416(3) 

1.473(3) 

1.407(3) 

1.413(3) 

1.374(3) 

C(3)-C(39) 

C(4)-C(17)  

C(4)-C(5)  

C(5)-C(6)  

C(5)-C(10)  

C(6)-C(7)  

C(6)-H(6)  0.9500 

1.395(3) 

1.974(9) 

2.058(6) 

1.379(3) 

C(7)-C(8)  

C(7)-Br(1)  

C(7)-I(1A) 

C(8)-C(9)  

C(8)-H(8) 0.9500 

1.407(3) 

0.9500 

1.459(3) 

1.409(3) 

1.411(3) 

C(9)-C(10)  

C(9)-H(9)  

C(10)-C(11)  

C(11)-C(12)  

C(11)-C(16)  

C(12)-C(13) 1.375(4) 

0.9500 

1.388(3) 

0.9500 

C(12)-H(12) 

C(13)-C(14)  

C(13)-H(13)  

C(14)-C(15)  1.373(3) 

1.918(6) C(14)-Br(1A) 

C(14)-I(1)  2.065(4) 



C(15)-C(16) 1.409(3) 

C(15)-H(15) 0.9500 

C(16)-C(17) 1.470(3) 

C(17)-C(18) 1.429(3) 

C(18)-C(45) 1.500(3) 

C(19)-C(28) 1.385(3) 

C(19)-C(20) 1.419(3) 

C(20)-C(21) 1.358(3) 

C(20)-H(20) 0.9500 

C(21)-C(22) 1.407(3) 

C(21)-H(21) 0.9500 

C(22)-C(23) 1.419(3) 

C(22)-C(27) 1.423(3) 

C(23)-C(24) 1.365(4) 

C(23)-H(23) 0.9500 

C(24)-C(25) 1.396(4) 

C(24)-H(24) 0.9500 

C(25)-C(26) 1.370(3) 

C(25)-H(25) 0.9500 

C(26)-C(27) 1.419(3) 

C(26)-H(26) 0.9500 

C(27)-C(28) 1.434(3) 

C(28)-C(29) 1.500(3) 

C(29)-C(38) 1.372(3) 

C(29)-C(30) 1.424(3) 

C(30)-C(31) 1.420(3) 

C(30)-C(35) 1.425(3) 

C(31)-C(32) 1.370(3) 

C(31)-H(31) 0.9500 

C(32)-C(33) 1.410(4) 

C(32)-H(32) 0.9500 

C(33)-C(34) 1.363(4) 

C(33)-H(33) 0.9500 

116



C(34)-C(35) 1.419(3) 

C(34)-H(34) 0.9500 

C(35)-C(36) 1.417(3) 

C(36)-C(37) 1.362(3) 

C(36)-H(36) 0.9500 

C(37)-C(38) 1.416(3) 

C(37)-H(37) 0.9500 

C(38)-H(38) 0.9500 

C(39)-C(44) 1.392(3) 

C(39)-C(40) 1.397(3) 

C(40)-C(41) 1.382(3) 

C(40)-H(40) 0.9500 

C(41)-C(42) 1.390(4) 

C(41)-H(41) 0.9500 

C(42)-C(43) 1.383(4) 

C(42)-H(42) 0.9500 

C(43)-C(44) 1.389(3) 

C(43)-H(43) 0.9500 

C(44)-H(44) 0.9500 

C(45)-C(50) 1.397(3) 

C(45)-C(46) 1.398(3) 

C(46)-C(47) 1.390(3) 

C(46)-H(46) 0.9500 

C(47)-C(48) 1.385(4) 

C(47)-H(47) 0.9500 

C(48)-C(49) 1.381(4) 

C(48)-H(48) 0.9500 

C(49)-C(50) 1.387(3) 

C(49)-H(49) 0.9500 

C(50)-H(50) 0.9500

117



C(18)-C(1)-C(2) 119.24(19) 

C(18)-C(1)-C(19) 124.44(18) 

C(2)-C(1)-C(19) 116.28(18) 

C(3)-C(2)-C(1) 122.92(19) 

C(3)-C(2)-H(2) 118.5 

C(1)-C(2)-H(2) 118.5 

C(2)-C(3)-C(4) 118.40(19) 

C(2)-C(3)-C(39) 116.84(18) 

C(4)-C(3)-C(39) 124.71(18) 

C(17)-C(4)-C(3) 118.31(18) 

C(17)-C(4)-C(5) 117.64(18) 

C(3)-C(4)-C(5) 123.97(19) 

C(6)-C(5)-C(10) 118.32(19) 

C(6)-C(5)-C(4) 121.07(19) 

C(10)-C(5)-C(4) 120.33(19) 

C(7)-C(6)-C(5) 120.8(2) 

C(7)-C(6)-H(6) 119.6 

C(5)-C(6)-H(6) 119.6 

C(6)-C(7)-C(8) 121.5(2) 

C(6)-C(7)-Br(1) 119.4(3) 

C(8)-C(7)-Br(1) 119.1(3) 

C(6)-C(7)-I(1A) 115.7(2) 

C(8)-C(7)-I(1A) 122.8(2) 

C(9)-C(8)-C(7) 118.3(2) 

C(9)-C(8)-H(8) 120.8 

C(7)-C(8)-H(8) 120.8 

C(8)-C(9)-C(10) 121.8(2) 

C(8)-C(9)-H(9) 119.1 

C(10)-C(9)-H(9) 119.1 

C(9)-C(10)-C(5) 119.1(2) 

C(9)-C(10)-C(11) 121.9(2) 

C(5)-C(10)-C(11) 118.98(19) 

C(12)-C(11)-C(16) 118.7(2) 
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C(12)-C(11)-C(10) 122.0(2) 

C(16)-C(11)-C(10) 119.22(19) 

C(13)-C(12)-C(11) 121.9(2) 

C(13)-C(12)-H(12) 119.1 

C(11)-C(12)-H(12) 119.1 

C(12)-C(13)-C(14) 118.6(2) 

C(12)-C(13)-H(13) 120.7 

C(14)-C(13)-H(13) 120.7 

C(15)-C(14)-C(13) 121.5(2) 

C(15)-C(14)-Br(1A) 122.0(2) 

C(13)-C(14)-Br(1A) 116.5(2) 

C(15)-C(14)-I(1) 116.94(19) 

C(13)-C(14)-I(1) 121.54(19) 

C(14)-C(15)-C(16) 120.5(2) 

C(14)-C(15)-H(15) 119.7 

C(16)-C(15)-H(15) 119.7 

C(15)-C(16)-C(11) 118.62(19) 

C(15)-C(16)-C(17) 119.76(19) 

C(11)-C(16)-C(17) 120.66(19) 

C(4)-C(17)-C(18) 120.02(18) 

C(4)-C(17)-C(16) 117.46(18) 

C(18)-C(17)-C(16) 122.20(19) 

C(1)-C(18)-C(17) 118.60(19) 

C(1)-C(18)-C(45) 121.54(18) 

C(17)-C(18)-C(45) 119.09(18) 

C(28)-C(19)-C(20) 119.67(19) 

C(28)-C(19)-C(1) 121.65(18) 

C(20)-C(19)-C(1) 118.35(18) 

C(21)-C(20)-C(19) 121.2(2) 

C(21)-C(20)-H(20) 119.4 

C(19)-C(20)-H(20) 119.4 

C(20)-C(21)-C(22) 121.2(2) 

C(20)-C(21)-H(21) 119.4 
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C(22)-C(21)-H(21) 119.4 

C(21)-C(22)-C(23) 122.3(2) 

C(21)-C(22)-C(27) 118.70(19) 

C(23)-C(22)-C(27) 119.0(2) 

C(24)-C(23)-C(22) 120.7(2) 

C(24)-C(23)-H(23) 119.6 

C(22)-C(23)-H(23) 119.6 

C(23)-C(24)-C(25) 120.3(2) 

C(23)-C(24)-H(24) 119.9 

C(25)-C(24)-H(24) 119.9 

C(26)-C(25)-C(24) 121.0(2) 

C(26)-C(25)-H(25) 119.5 

C(24)-C(25)-H(25) 119.5 

C(25)-C(26)-C(27) 120.4(2) 

C(25)-C(26)-H(26) 119.8 

C(27)-C(26)-H(26) 119.8 

C(26)-C(27)-C(22) 118.55(19) 

C(26)-C(27)-C(28) 121.8(2) 

C(22)-C(27)-C(28) 119.61(19) 

C(19)-C(28)-C(27) 119.57(19) 

C(19)-C(28)-C(29) 120.51(18) 

C(27)-C(28)-C(29) 119.83(18) 

C(38)-C(29)-C(30) 119.8(2) 

C(38)-C(29)-C(28) 118.79(19) 

C(30)-C(29)-C(28) 121.36(19) 

C(31)-C(30)-C(29) 122.8(2) 

C(31)-C(30)-C(35) 118.3(2) 

C(29)-C(30)-C(35) 118.9(2) 

C(32)-C(31)-C(30) 120.9(2) 

C(32)-C(31)-H(31) 119.6 

C(30)-C(31)-H(31) 119.6 

C(31)-C(32)-C(33) 120.7(2) 

C(31)-C(32)-H(32) 119.7 
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C(33)-C(32)-H(32) 119.7 

C(34)-C(33)-C(32) 119.9(2) 

C(34)-C(33)-H(33) 120.0 

C(32)-C(33)-H(33) 120.0 

C(33)-C(34)-C(35) 121.1(2) 

C(33)-C(34)-H(34) 119.4 

C(35)-C(34)-H(34) 119.4 

C(36)-C(35)-C(34) 121.6(2) 

C(36)-C(35)-C(30) 119.3(2) 

C(34)-C(35)-C(30) 119.0(2) 

C(37)-C(36)-C(35) 120.7(2) 

C(37)-C(36)-H(36) 119.7 

C(35)-C(36)-H(36) 119.7 

C(36)-C(37)-C(38) 120.1(2) 

C(36)-C(37)-H(37) 119.9 

C(38)-C(37)-H(37) 119.9 

C(29)-C(38)-C(37) 121.1(2) 

C(29)-C(38)-H(38) 119.5 

C(37)-C(38)-H(38) 119.5 

C(44)-C(39)-C(40) 118.9(2) 

C(44)-C(39)-C(3) 119.16(19) 

C(40)-C(39)-C(3) 121.98(19) 

C(41)-C(40)-C(39) 120.8(2) 

C(41)-C(40)-H(40) 119.6 

C(39)-C(40)-H(40) 119.6 

C(40)-C(41)-C(42) 119.6(2) 

C(40)-C(41)-H(41) 120.2 

C(42)-C(41)-H(41) 120.2 

C(43)-C(42)-C(41) 120.4(2) 

C(43)-C(42)-H(42) 119.8 

C(41)-C(42)-H(42) 119.8 

C(42)-C(43)-C(44) 119.8(2) 

C(42)-C(43)-H(43) 120.1 
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C(44)-C(43)-H(43) 120.1 

C(43)-C(44)-C(39) 120.6(2) 

C(43)-C(44)-H(44) 119.7 

C(39)-C(44)-H(44) 119.7 

C(50)-C(45)-C(46) 117.9(2) 

C(50)-C(45)-C(18) 117.30(19) 

C(46)-C(45)-C(18) 124.83(19) 

C(47)-C(46)-C(45) 120.9(2) 

C(47)-C(46)-H(46) 119.5 

C(45)-C(46)-H(46) 119.5 

C(48)-C(47)-C(46) 120.1(2) 

C(48)-C(47)-H(47) 120.0 

C(46)-C(47)-H(47) 120.0 

C(49)-C(48)-C(47) 119.9(2) 

C(49)-C(48)-H(48) 120.1 

C(47)-C(48)-H(48) 120.1 

C(48)-C(49)-C(50) 120.1(2) 

C(48)-C(49)-H(49) 120.0 

C(50)-C(49)-H(49) 120.0 

C(49)-C(50)-C(45) 121.2(2) 

C(49)-C(50)-H(50) 119.4 

____________________________________________________________________________ 
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Table 6.4: S4: Anisotropic displacement parameters (Å2 x 103) for 11. The anisotropic
displacement factor exponent takes the form: –2p2 [ h2ax2U11 + ... + 2 h k a* b* U12].

____________________________________________________________________________ 

U
11

U
22

U
33

U
23

U
13

U
12

____________________________________________________________________________ 

11(1) 9(1)C(1) 15(1)  21(1)    3(1) 3(1) 

C(2) 19(1) 13(1) 13(1) 4(1) -1(1) 1(1) 

C(3) 14(1) 21(1) 12(1) 7(1) 2(1) 3(1) 

C(4) 15(1) 18(1) 14(1) 8(1) 5(1) 4(1) 

C(5) 15(1) 18(1) 20(1) 11(1) 7(1) 3(1) 

C(6) 17(1) 24(1) 22(1) 14(1) 7(1) 5(1) 

C(7) 17(1) 32(1) 28(1) 20(1) 6(1) 5(1) 

C(8) 20(1) 25(1) 41(1) 21(1) 11(1) 9(1) 

C(9) 23(1) 18(1) 33(1) 10(1) 11(1) 4(1) 

C(10) 17(1) 19(1) 27(1) 12(1) 11(1) 3(1) 

C(11) 17(1) 17(1) 22(1) 7(1) 8(1) -1(1)

C(12) 22(1) 16(1) 32(1) 5(1) 10(1) 2(1) 

C(13) 28(1) 18(1) 26(1) -1(1) 9(1) 

C(14) 24(1) 22(1) 17(1) 5(1) 2(1) 

C(15) 20(1) 18(1) 17(1) 6(1) 5(1) 

-5(1)

-6(1)

-2(1)

C(16) 16(1) 18(1) 18(1) 7(1) 6(1) 0(1) 

C(17) 17(1) 17(1) 14(1) 8(1) 3(1) 1(1) 

C(18) 16(1) 20(1) 12(1) 7(1) 2(1) 3(1) 

C(19) 12(1) 16(1) 18(1) 7(1) -1(1)

C(20) 16(1) 24(1) 18(1) 10(1) 2(1) 

-1(1)

-1(1)

C(21) 16(1) 28(1) 29(1) 21(1) -3(1)  -2(1)

C(22) 12(1) 17(1) 33(1) 14(1) -2(1)  -2(1)

C(23) 22(1) 23(1) 45(2) 19(1) -4(1)  4(1)

C(24) 22(1) 20(1) 49(2) 9(1) -1(1) 7(1) 

C(25) 20(1) 20(1) 38(1) 2(1) 2(1) 5(1) 

C(26) 15(1) 18(1) 26(1) 4(1) 0(1) 1(1) 

C(27) 11(1) 15(1) 25(1) 7(1) 0(1) -1(1)



C(28) 12(1) 16(1) 19(1) 7(1) 1(1) 0(1) 

C(29) 14(1) 15(1) 17(1) 4(1) 6(1) 6(1) 

C(30) 17(1) 17(1) 16(1) 4(1) 6(1) 6(1) 

C(31) 19(1) 20(1) 23(1) 7(1) 5(1) 4(1) 

C(32) 22(1) 22(1) 27(1) 2(1) 5(1) 2(1) 

C(33) 23(1) 32(1) 20(1) -3(1) -3(1)  5(1)

C(34) 26(1) 32(1) 17(1) 4(1) 2(1) 13(1) 

C(35) 23(1) 22(1) 16(1) 7(1) 7(1) 11(1) 

C(36) 26(1) 28(1) 19(1) 12(1) 7(1) 11(1) 

C(37) 25(1) 22(1) 25(1) 13(1) 8(1) 5(1) 

C(38) 17(1) 17(1) 19(1) 7(1) 5(1) 3(1) 

C(39) 17(1) 16(1) 21(1) 11(1) -1(1) 3(1) 

C(40) 20(1) 24(1) 21(1) 14(1) 2(1) 3(1) 

C(41) 16(1) 35(1) 35(1) 22(1) 3(1) 1(1) 

C(42) 20(1) 32(1) 39(1) 15(1) -7(1)  -8(1)

C(43) 25(1) 20(1) 27(1) 6(1) -6(1)  -2(1)

C(44) 19(1) 18(1) 23(1) 8(1) 1(1) 4(1) 

C(45) 17(1) 17(1) 13(1) 3(1) 2(1) 3(1) 

C(46) 23(1) 25(1) 23(1) 12(1) -2(1)  0(1)

C(47) 20(1) 35(1) 29(1) 14(1) -5(1)  2(1)

C(48) 17(1) 41(2) 31(1) 12(1) -2(1)  -5(1)

C(49) 22(1) 35(1) 32(1) 18(1) 3(1) -6(1)

C(50) 20(1) 28(1) 20(1) 11(1) 0(1) 1(1) 

Br(1) 32(1) 44(1) 33(1) 26(1) 7(1) 19(1) 

I(1) 42(1) 25(1) 16(1) 8(1) -8(1)  -4(1)

Br(1A) 42(1) 25(1) 16(1) 8(1) -8(1)  -4(1)

I(1A) 32(1) 44(1) 33(1) 26(1) 7(1) 19(1) 

____________________________________________________________________________ 
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Table 6.5: S5: Anisotropic displacement parameters (Å2 x 103) for 11. The anisotropic
displacement factor exponent takes the form: –2p2 [ h2ax2U11 + ... + 2 h k a* b* U12].

____________________________________________________________________________ 

x  y  z  U(eq) 

____________________________________________________________________________ 

H(2) 5612 6573 7488 19 

H(6) 7673 3803 7859 23 

H(8) 8615 446 6487 31 

H(9) 7155 26 5148 30 

H(12) 6090 -198 3824 30 

H(13) 4659 -544 2485 32

H(15) 3406 2609 4189 23 

H(20) 3294 6216 5460 23 

H(21) 2096 7721 5759 26 

H(23) 986 9341 6995 35 

H(24) 440 10417 8686 38 

H(25) 1117 9990 10089 34 

H(26) 2277 8441 9804 26 

H(31) 4793 8469 9144 25 

H(32) 6341 9352 10381 31 

H(33) 6849 8582 11620 35 

H(34) 5724 7009 11680 32 

H(36) 4048 5477 10967 27 

H(37) 2513 4559 9726 27 

H(38) 2105 5205 8379 21 

H(40) 8419 4660 6278 24 

H(41) 10257 5524 7089 31 

6892 8852 37 H(42) 10404 

H(43) 8714 7450 9777 31 

H(44) 6871 6576 8966 24 

H(46) 2117 4481 4966 28 

H(47) 203 3591 4617 33 

H(48) -387 2264 5345 37 



H(49) 948 1808 6402 35 

H(50) 2866 2675 6737 27 

____________________________________________________________________________ 
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Figure 6.6: ORTEP representation of the X-ray crystal structure of 5. Thermal
ellipsoids are drawn at the 50%probability level. Color coding: C (gray), Br (orange),
N (blue). Hydrogen atoms and solvent molecules are omitted for clarity.



128

Table 6.6: S1: Crystal data and structure refinement for 5.

1567587	
C43H26Br2Cl3N	
822.82	
100(2)	K	
0.71073	Å	
Triclinic	

P-1
α	=	93.985(2)°	
β	=	92.921(3)°	
γ	=	94.285(3)°	

a	=	9.1436(6)	Å
b	=	13.3703(8)	Å
c	=	14.1905(8)	Å

1723.04(18)	Å3	
2	

1.586	Mg/	m3	

2.619	mm–1	

824	

0.050	x	0.050	x	0.030	mm3	
1.441°	to	25.422°	

CCDC	no.	
Empirical	formula		
Formula	weight		
Temperature		
Wavelength		
Crystal	system		
Space	group		
Unit	cell	dimensions	

Volume	

Z	

Density	(calculated)	

Absorption	coefficient	
F(000)	

Crystal	size	
Theta	range	for	data	collection	

Index	ranges	
Reflections	collected	

Independent	reflections	

Completeness	to	theta	=	25.000°	

Absorption	correction	
Max.	and	min.	transmission	

Refinement	method	
Data	/	restraints	/	parameters	

Goodness-of-fit	on	F2	
Final	R	indices	[I>2sigma(I)]	
R	indices	(all	data)	
Extinction	coefficient	

Largest	diff.	peak	and	hole	

–11≤h≤11,	–16≤k≤16,	–17≤l≤17 
46988
6333	[R(int)	=	0.0345]
100.0	%
Semi-empirical	from	equivalents 
0.928	and	0.850

Full-matrix	least-squares	on	F2	
6333	/	0	/	468	

1.038	
R1	=	0.0272,	wR2	=	0.0658	
R1	=	0.0329,	wR2	=	0.0683	
n/a	

0.598	and	–0.490	eÅ–3
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Table 6.7: S2: Atomic coordinates (x104) and equivalent isotropic displacement parameters
(Å2 x 103) for 5. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

	________________________________________________________________________________	

x	 y	 z	 U(eq)	

________________________________________________________________________________	

C(1)	 6041(2)	 7114(2)	 2019(1)	 16(1)	

C(2)	 5589(2)	 6125(2)	 1672(1)	 16(1)	

C(3)	 4255(2)	 5480(2)	 1728(1)	 17(1)	

C(4)	 2916(2)	 5585(2)	 2146(2)	 20(1)	

C(5)	 1839(3)	 4790(2)	 2043(2)	 24(1)	

C(6)	 2091(3)	 3888(2)	 1536(2)	 27(1)	

C(7)	 3409(3)	 3755(2)	 1136(2)	 26(1)	

C(8)	 4485(3)	 4551(2)	 1238(1)	 21(1)	

C(9)	 6574(2)	 5552(2)	 1168(1)	 21(1)	

C(10)	 7989(3)	 5938(2)	 1015(2)	 28(1)	

C(11)	 8409(2)	 6908(2)	 1368(2)	 28(1)	

C(12)	 7456(2)	 7495(2)	 1866(2)	 22(1)	

C(13)	 5023(2)	 7696(1)	 2591(1)	 14(1)	

C(14)	 3838(2)	 8141(1)	 2183(1)	 14(1)	

C(15)	 2794(2)	 8556(1)	 2775(1)	 14(1)	

C(16)	 1678(2)	 9214(2)	 2437(1)	 15(1)	

C(17)	 1894(2)	 9757(2)	 1633(1)	 16(1)	

C(18)	 907(2)	 10419(2)	 1363(1)	 17(1)	

C(19)	 -345(2) 10567(2)	 1852(2)	 22(1)	

539(2) 10070(2)	 2657(2)	 21(1)	

9406(2)	 2984(2)	 17(1)	

C(20)	 -

C(21)	

C(22)	

468(2)

314(2)	 8944(2)	 3877(2)	 17(1)	

8960(2)	 4367(2)	 21(1)	

8512(2)	 5200(2)	 24(1)	

8004(2)	 5548(2)	 21(1)	

7978(2)	 5109(2)	 19(1)	

8471(2)	 4272(1)	 16(1)	

8386(1)	 3752(1)	 15(1)	

8073(2)	 4167(1)	 16(1)	

7741(2)	 3576(1)	 16(1)	

C(23)	

C(24)	

C(25)	

C(26)	

C(27)	

C(28)	

C(29)	

C(30)	

C(31)	

-986(2)

-1143(2)

19(2)

1318(2)

1511(2)

2858(2)

4181(2)

5230(2)

3663(2) 8080(2)	 1123(1)	 15(1)	



C(32)	 4694(2)	 8565(2)	 584(2)	 18(1)	

C(33)	 4508(2)	 8505(2)	 -395(2) 21(1)	

C(34)	 3310(2)	 7944(2)	 -855(2) 23(1)	

C(35)	 2283(2)	 7450(2)	 -327(2) 21(1)	

C(36)	 2461(2)	 7516(2)	 654(2) 17(1)	

C(37)	 4588(2)	 8140(2)	 5204(1)	 18(1)	

C(38)	 4471(2)	 9029(2)	 5764(2)	 22(1)	

C(39)	 4993(3)	 9118(2)	 6706(2)	 30(1)	

C(40)	 5627(3)	 8317(2)	 7097(2)	 32(1)	

C(41)	 5719(3)	 7429(2)	 6559(2)	 27(1)	

C(42)	 5214(2)	 7342(2)	 5615(2)	 21(1)	

C(43)	 8278(5)	 4930(3)	 4091(3)	 29(1)	

C(43A)	 7747(9)	 4876(5)	 4278(5)	 29(1)	

N(1)	 5888(2)	 4610(1)	 914(1)	 24(1)	

Cl(1)	 8876(3)	 6144(2)	 3813(2)	 46(1)	

Cl(2)	 7064(2)	 4358(1)	 3179(1)	 51(1)	

Cl(3)	 7440(6)	 4957(3)	 5207(3)	 62(1)	

Cl(1A)	 9030(5)	 5897(3)	 4100(3)	 47(1)	

Cl(2A)	 6102(3)	 5007(2)	 3615(2)	 54(1)	

Cl(3A)	 7438(9)	 4799(5)	 5424(5)	 45(1)	

Br(1)	 1302(1)	 11194(1)	 316(1)	 21(1)	

Br(2)	 -246(1)	 7252(1)	 6626(1)	 31(1)	

________________________________________________________________________________
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Table 6.8: S3: Bond lengths [Å] and angles [°] for 5.

	____________________________________________________

C(1)-C(12)	 1.387(3)	

1.403(3)	C(1)-C(2)	

C(1)-C(13)	 1.493(3)	

1.415(3)	

1.449(3)	

1.399(3)	

1.416(3)	

C(2)-C(9)	

C(2)-C(3)	

C(3)-C(4)	

C(3)-C(8)	

C(4)-C(5)	 1.388(3)	

0.9500	C(4)-H(4)	

C(5)-C(6)	 1.401(3)	

0.9500	

1.376(4)	

0.9500	

1.388(3)	

0.9500	

1.383(3)	

C(5)-H(5)	

C(6)-C(7)	

C(6)-H(6)	

C(7)-C(8)	

C(7)-H(7)	

C(8)-N(1)	

C(9)-N(1)	 1.379(3)	

1.390(3)	

1.377(4)	

0.9500	

1.401(3)	

C(9)-C(10)	

C(10)-C(11)	

C(10)-H(10)	

C(11)-C(12)	

C(11)-H(11)	 0.9500	

0.9500	

1.394(3)	

1.397(3)	

1.420(3)	

1.501(3)	

1.420(3)	

1.480(3)	

1.408(3)	

1.412(3)	

1.371(3)	

0.9500	

C(12)-H(12)	

C(13)-C(14)	

C(13)-C(30)	

C(14)-C(15)	

C(14)-C(31)	

C(15)-C(28)	

C(15)-C(16)	

C(16)-C(17)	

C(16)-C(21)	

C(17)-C(18)	

C(17)-H(17)	

C(18)-C(19)	 1.388(3)	



C(18)-Br(1)	 1.904(2)	

C(19)-C(20)	 1.372(3)	

C(19)-H(19)	 0.9500	

C(20)-C(21)	 1.410(3)	

C(20)-H(20)	 0.9500	

C(21)-C(22)	 1.457(3)	

C(22)-C(23)	 1.408(3)	

C(22)-C(27)	 1.414(3)	

C(23)-C(24)	 1.372(3)	

C(23)-H(23)	 0.9500	

C(24)-C(25)	 1.391(3)	

C(24)-H(24)	 0.9500	

C(25)-C(26)	 1.371(3)	

C(25)-Br(2)	 1.904(2)	

C(26)-C(27)	 1.411(3)	

C(26)-H(26)	 0.9500	

C(27)-C(28)	 1.475(3)	

C(28)-C(29)	 1.422(3)	

C(29)-C(30)	 1.384(3)	

C(29)-C(37)	 1.495(3)	

C(30)-H(30)	 0.9500	

C(31)-C(32)	 1.394(3)	

C(31)-C(36)	 1.397(3)	

C(32)-C(33)	 1.388(3)	

C(32)-H(32)	 0.9500	

C(33)-C(34)	 1.387(3)	

C(33)-H(33)	 0.9500	

C(34)-C(35)	 1.389(3)	

C(34)-H(34)	 0.9500	

C(35)-C(36)	 1.389(3)	

C(35)-H(35)	 0.9500	

C(36)-H(36)	 0.9500	

C(37)-C(42)	 1.396(3)	

C(37)-C(38)	 1.396(3)	

C(38)-C(39)	 1.391(3)	

C(38)-H(38)	 0.9500	
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C(39)-C(40)		 1.390(4)	

C(39)-H(39)		 0.9500	

C(40)-C(41)		 1.378(4)	

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(43)-Cl(1)		 1.751(4)	

C(43)-Cl(2)	 1.756(4)	

C(43)-Cl(3)	 1.793(6)	

C(43)-H(43)		 1.0000	

C(43A)-Cl(3A)		 1.673(10)	

C(43A)-Cl(2A)		 1.760(7)	

C(43A)-Cl(1A)		 1.773(8)	

C(43A)-H(43A)		 1.0000	

N(1)-H(1)		 0.8800	

C(12)-C(1)-C(2)	 118.58(19)	

C(12)-C(1)-C(13)	 122.27(19)	

C(2)-C(1)-C(13)	 119.04(18)	

C(1)-C(2)-C(9)	 119.4(2)	

C(1)-C(2)-C(3)	 133.78(19)	

C(9)-C(2)-C(3)	 106.79(18)	

C(4)-C(3)-C(8)	 118.7(2)	

C(4)-C(3)-C(2)	 134.83(19)	

C(8)-C(3)-C(2)	 106.45(18)	

C(5)-C(4)-C(3)	 119.2(2)	

C(5)-C(4)-H(4)	 120.4	

C(3)-C(4)-H(4)	 120.4	

C(4)-C(5)-C(6)	 120.6(2)	

C(4)-C(5)-H(5)	 119.7	

C(6)-C(5)-H(5)	 119.7	

C(7)-C(6)-C(5)	 121.5(2)	

C(7)-C(6)-H(6)	 119.3	

C(5)-C(6)-H(6)	 119.3	

C(6)-C(7)-C(8)	 117.9(2)	

C(6)-C(7)-H(7)	 121.0	
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C(8)-C(7)-H(7)	 121.0	

N(1)-C(8)-C(7)	 129.4(2)	

N(1)-C(8)-C(3)	 108.52(19)	

C(7)-C(8)-C(3)	 122.1(2)	

N(1)-C(9)-C(10)	 129.8(2)	

N(1)-C(9)-C(2)	 108.47(19)	

C(10)-C(9)-C(2)	 121.7(2)	

C(11)-C(10)-C(9)	 117.8(2)	

C(11)-C(10)-H(10)	 121.1	

C(9)-C(10)-H(10)	 121.1	

C(10)-C(11)-C(12)	 121.8(2)	

C(10)-C(11)-H(11)	 119.1	

C(12)-C(11)-H(11)	 119.1	

C(1)-C(12)-C(11)	 120.8(2)	

C(1)-C(12)-H(12)	 119.6	

C(11)-C(12)-H(12)	 119.6	

C(14)-C(13)-C(30)	 119.35(19)	

C(14)-C(13)-C(1)	 122.65(18)	

C(30)-C(13)-C(1)	 117.90(18)	

C(13)-C(14)-C(15)	 119.36(18)	

C(13)-C(14)-C(31)	 117.51(17)	

C(15)-C(14)-C(31)	 122.92(18)	

C(28)-C(15)-C(14)	 119.38(18)	

C(28)-C(15)-C(16)	 117.31(18)	

C(14)-C(15)-C(16)	 123.21(18)	

C(17)-C(16)-C(21)	 118.66(19)	

C(17)-C(16)-C(15)	 120.73(18)	

C(21)-C(16)-C(15)	 120.15(19)	

C(18)-C(17)-C(16)	 120.42(19)	

C(18)-C(17)-H(17)	 119.8	

C(16)-C(17)-H(17)	 119.8	

C(17)-C(18)-C(19)	 121.8(2)	

C(17)-C(18)-Br(1)	 118.97(16)	

C(19)-C(18)-Br(1)	 119.16(16)	

C(20)-C(19)-C(18)	 118.2(2)	

C(20)-C(19)-H(19)	 120.9	
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C(18)-C(19)-H(19)	 120.9	

C(19)-C(20)-C(21)	 122.2(2)	

C(19)-C(20)-H(20)	 118.9	

C(21)-C(20)-H(20)	 118.9	

C(20)-C(21)-C(16)	 118.4(2)	

C(20)-C(21)-C(22)	 121.80(19)	

C(16)-C(21)-C(22)	 119.75(19)	

C(23)-C(22)-C(27)	 118.80(19)	

C(23)-C(22)-C(21)	 122.07(19)	

C(27)-C(22)-C(21)	 119.12(18)	

C(24)-C(23)-C(22)	 122.2(2)	

C(24)-C(23)-H(23)	 118.9	

C(22)-C(23)-H(23)	 118.9	

C(23)-C(24)-C(25)	 117.9(2)	

C(23)-C(24)-H(24)	 121.0	

C(25)-C(24)-H(24)	 121.0	

C(26)-C(25)-C(24)	 122.2(2)	

C(26)-C(25)-Br(2)	 118.79(17)	

C(24)-C(25)-Br(2)	 118.85(16)	

C(25)-C(26)-C(27)	 120.2(2)	

C(25)-C(26)-H(26)	 119.9	

C(27)-C(26)-H(26)	 119.9	

C(26)-C(27)-C(22)	 118.47(19)	

C(26)-C(27)-C(28)	 120.75(19)	

C(22)-C(27)-C(28)	 120.32(18)	

C(15)-C(28)-C(29)	 118.59(18)	

C(15)-C(28)-C(27)	 118.14(18)	

C(29)-C(28)-C(27)	 123.10(18)	

C(30)-C(29)-C(28)	 118.54(18)	

C(30)-C(29)-C(37)	 116.33(18)	

C(28)-C(29)-C(37)	 124.99(18)	

C(29)-C(30)-C(13)	 122.13(19)	

C(29)-C(30)-H(30)	 118.9	

C(13)-C(30)-H(30)	 118.9	

C(32)-C(31)-C(36)	 118.55(19)	

C(32)-C(31)-C(14)	 121.37(18)	
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C(36)-C(31)-C(14)	 120.07(18)	

C(33)-C(32)-C(31)	 120.5(2)	

C(33)-C(32)-H(32)	 119.7	

C(31)-C(32)-H(32)	 119.7	

C(34)-C(33)-C(32)	 120.5(2)	

C(34)-C(33)-H(33)	 119.8	

C(32)-C(33)-H(33)	 119.8	

C(33)-C(34)-C(35)	 119.5(2)	

C(33)-C(34)-H(34)	 120.2	

C(35)-C(34)-H(34)	 120.2	

C(34)-C(35)-C(36)	 120.1(2)	

C(34)-C(35)-H(35)	 120.0	

C(36)-C(35)-H(35)	 120.0	

C(35)-C(36)-C(31)	 120.8(2)	

C(35)-C(36)-H(36)	 119.6	

C(31)-C(36)-H(36)	 119.6	

C(42)-C(37)-C(38)	 118.7(2)	

C(42)-C(37)-C(29)	 120.25(19)	

C(38)-C(37)-C(29)	 120.80(19)	

C(39)-C(38)-C(37)	 120.3(2)	

C(39)-C(38)-H(38)	 119.8	

C(37)-C(38)-H(38)	 119.8	

C(40)-C(39)-C(38)	 120.0(2)	

C(40)-C(39)-H(39)	 120.0	

C(38)-C(39)-H(39)	 120.0	

C(41)-C(40)-C(39)	 120.2(2)	

C(41)-C(40)-H(40)	 119.9	

C(39)-C(40)-H(40)	 119.9	

C(40)-C(41)-C(42)	 119.9(2)	

C(40)-C(41)-H(41)	 120.0	

C(42)-C(41)-H(41)	 120.0	

C(41)-C(42)-C(37)	 120.8(2)	

C(41)-C(42)-H(42)	 119.6	

C(37)-C(42)-H(42)	 119.6	

Cl(1)-C(43)-Cl(2)	 109.6(2)	

Cl(1)-C(43)-Cl(3)	 111.1(3)	
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Cl(2)-C(43)-Cl(3)	 111.2(3)	

Cl(1)-C(43)-H(43)	 108.3	

Cl(2)-C(43)-H(43)	 108.3	

Cl(3)-C(43)-H(43)	 108.3	

Cl(3A)-C(43A)-Cl(2A)	 110.8(5)	

Cl(3A)-C(43A)-Cl(1A)	 111.8(5)	

Cl(2A)-C(43A)-Cl(1A)	 109.1(4)	

Cl(3A)-C(43A)-H(43A)	 108.3	

Cl(2A)-C(43A)-H(43A)	 108.3	

Cl(1A)-C(43A)-H(43A)	 108.3	

C(9)-N(1)-C(8)	 109.75(17)	

C(9)-N(1)-H(1)	 125.1	

C(8)-N(1)-H(1)	 125.1	

_____________________________________________________________	
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Table 6.9: S4: Anisotropic displacement parameters (Å2 x 103) for 5. The anisotropic
displacement factor exponent takes the form: –2p2 [ h2ax2U11 + ... + 2 h k a* b* U12].

	______________________________________________________________________________	
U11	 U22	 U33	 U23	 U13	 U12	

______________________________________________________________________________	
C(1)	 15(1)	 23(1)	 11(1)	 5(1)	 2(1)	 6(1)	

C(2)	 18(1)	 22(1)	 10(1)	 5(1)	 3(1)	 10(1)	

C(3)	 24(1)	 16(1)	 10(1)	 3(1)	 1(1)	 7(1)	

C(4)	 26(1)	 18(1)	 15(1)	 2(1)	 3(1)	 4(1)	

28(1) 24(1) 20(1) 5(1) 4(1)C(5)	 	 	 	 	 	 -1(1)

40(1) 21(1) 19(1) 4(1)C(6)	 	 	 	 	 -3(1) -6(1)

44(2) 17(1) 16(1) 0(1)C(7)	 	 	 	 	 -3(1)

31(1)	 21(1)	 13(1)	 4(1)	

25(1)	 29(1)	 12(1)	 3(1)	

24(1)	 44(2)	 20(1)	 3(1)	

14(1)	 48(2)	 25(1)	 7(1)	

C(8)	

C(9)	

C(10)	

C(11)	

C(12)	 18(1)	 30(1)	 20(1)	 5(1)	

1(1)

2(1)

8(1)

7(1)

1(1)

6(1)

10(1)

13(1)

20(1)

6(1)

3(1)

15(1)	 13(1)	 16(1)	 3(1)	

14(1)	 12(1)	 15(1)	 1(1)	

14(1)	 10(1)	 17(1)	

15(1)	 12(1)	 18(1)	

15(1)	 15(1)	 17(1)	

3(1)

3(1)

2(1)

0(1)

1(1)

20(1)	 13(1)	 17(1)	

20(1)	 21(1)	 25(1)	

16(1)	 21(1)	 26(1)	

15(1)	 15(1)	 20(1)	

16(1)	 14(1)	 19(1)	

18(1)	 20(1)	 26(1)	

20(1)	 24(1)	 26(1)	

27(1)	 18(1)	 19(1)	

20(1)	 16(1)	 19(1)	

17(1)	 13(1)	 17(1)	

18(1)	 10(1)	 17(1)	

17(1)	 14(1)	 15(1)	

15(1)	 15(1)	 18(1)	

C(13)	

C(14)	

C(15)	

C(16)	

C(17)	

C(18)	

C(19)	

C(20)	

C(21)	

C(22)	

C(23)	

C(24)	

C(25)	

C(26)	

C(27)	

C(28)	

C(29)	

C(30)	

C(31)	 15(1)	 14(1)	 16(1)	

-1(1)

-5(1)

-3(1)

-2(1)

-2(1)

-4(1)

-5(1)

-4(1)

-4(1)

-5(1)

-2(1)

-1(1)

-5(1)

-1(1)

1(1)

3(1)

1(1)

-2(1)

-3(1)

4(1)

1(1)

4(1)

5(1)

12(1)

9(1)

5(1)

4(1)

4(1)

2(1)

1(1)

2(1)

-2(1)

-3(1)

-2(1)

1(1)

1(1)

0(1)

7(1)

5(1)

1(1)

-1(1)

3(1)

-2(1)

-6(1)

-2(1)

-3(1)

-1(1)

-2(1)

1(1)

7(1)



C(32)	 17(1)	 18(1)	 19(1)	 2(1)	 3(1)	 4(1)	

C(33)	 21(1)	 25(1)	 20(1)	 5(1)	 7(1)	 7(1)	

C(34)	 28(1)	 30(1)	 12(1)	 0(1)	 2(1)	 18(1)	

C(35)	 18(1)	 24(1)	 22(1)	 -4(1) -4(1) 13(1)	

C(36)	 14(1)	 17(1)	 21(1)	 1(1) 3(1) 6(1)	

C(37)	 14(1)	 23(1)	 16(1)	 1(1) 5(1) -5(1)

C(38)	 22(1)	 22(1)	 21(1)	 0(1) 8(1) -6(1)

C(39)	 33(1)	 35(1)	 19(1)	 -10(1) 10(1) -14(1)

C(40)	 27(1)	 51(2)	 14(1)	 4(1) 3(1) -14(1)

C(41)	 23(1)	 39(1)	 19(1)	 11(1) 2(1) -5(1)

C(42)	 19(1)	 26(1)	 17(1)	 4(1) 3(1) -3(1)

N(1)	 32(1)	 24(1)	 20(1)	 -2(1) 4(1) 17(1)

Cl(1)	 49(1)	 23(1)	 64(2)	 -3(1) -4(1) -3(1)

Cl(2)	 59(1)	 42(1)	 47(1)	 17(1) -31(1) -22(1)

Cl(3)	 68(1)	 47(2)	 72(3)	 -2(2) 9(2) 13(1)

Cl(1A)	 43(2)	 56(2)	 41(2)	 15(1) -1(1) -10(2)

Cl(2A)	 61(2)	 55(1)	 43(1)	 28(1) -30(1) -23(1)

Cl(3A)	 54(2)	 32(2)	 48(2)	 10(2)	 -18(2) -6(1)

Br(1)	 24(1)		 17(1)	 22(1)	 3(1)	 -3(1) 2(1)

Br(2)	 38(1)		 28(1)	 28(1)	 5(1)	 16(1) -4(1)

______________________________________________________________________________
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Table 6.10: S5: Anisotropic displacement parameters (Å2 x 103) for 5. The anisotropic
displacement factor exponent takes the form: –2p2 [ h2ax2U11 + ... + 2 h k a* b* U12].

	________________________________________________________________________________	

x		 y		 z		 U(eq)	

________________________________________________________________________________	

H(4)	 2745	 6193	 2495	 24	

H(5)	 924	 4858	 2319	 29	

H(6)	 1336	 3356	 1467	 32	

H(7)	 3578	 3138	 801	 31	

H(10)	 8644	 5545	 680	 34	

H(11)	 9372	 7186	 1271	 34	

H(12)	 7781	 8161	 2101	 27	

H(17)	 2731	 9663	 1276	 19	

10999	 1636	 26	

10177	 3005	 25	

H(19)	 -1048	

H(20)	 -1380	

H(23)	 -1781	 9293	 4111	 25	

H(24)	 -2019 8548	 5530	 28	

7626	 5369	 22	

7536	 3848	 19	

8940	 890	 21	

8850	 -754 26	

7899	 -1526 27	

7066	 25	

7174	

-636

1011 20	

9576	 5499	 26	

9726	 7082	 36	

H(26)	

H(30)	

H(32)	

H(33)	

H(34)	

H(35)	

H(36)	

H(38)	

H(39)	

H(40)	 8383	 7738	 38	

6877	 6832	 32	

6731	 5243	 25	

H(41)	

H(42)	

H(43)	 4526	 4139	 35	

4240	 4039	 35	H(43A)	

H(1)	

2090	

6120	

5530	

5207	

3193	

1458	

1756	

4032	

4917	

5997	

6129	

5295	

9153	

8157	

6283	 4121	 595	 29	

________________________________________________________________________________	
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Figure 6.7: ORTEP representation of the X-ray crystal structure of 6. Thermal
ellipsoids are drawn at the 50%probability level. Color coding: C (gray), Br (orange), O
(red). Hydrogen atoms and solvent molecules are omitted for clarity.
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Table 6.11: S1: Crystal data and structure refinement for 6.

α	=	90°	
β	=	90°	
γ	=	90°	

1567589	
C42H24Br2O	
704.43	
100(2)	K	
0.71073	Å	
Orthorhombic	
P	b	c	a	
a	=	7.8289(5)	Å	
b	=	24.8954(18)	Å	
c	=	31.810(2)	Å	
6200.0(7)	Å3	
8	
1.509	Mg/m3	

2.649	mm–1	
2832	
0.100	x	0.010	x	0.005	mm3	
1.280°	to	25.393°	

CCDC	no.	
Empirical	formula		
Formula	weight		
Temperature		
Wavelength		
Crystal	system		
Space	group		
Unit	cell	dimensions	

Volume	
Z	
Density	(calculated)	
Absorption	coefficient	
F(000)	
Crystal	size	
Theta	range	for	data	collection	
Index	ranges	
Reflections	collected	
Independent	reflections	
Completeness	to	theta	=	25.000°	
Absorption	correction	
Max.	and	min.	transmission	
Refinement	method	
Data	/	restraints	/	parameters	
Goodness-of-fit	on	F2	
Final	R	indices	[I>2sigma(I)]	
R	indices	(all	data)	
Extinction	coefficient	
Largest	diff.	peak	and	hole	

–9≤h≤9,	–29≤k≤30,	–38≤l≤38
59809
5706	[R(int)	=	0.1869]
100.0	%
Semi-empirical	from	equivalents
0.7896	and	0.7196
Full-matrix	least-squares	on	F2	
5706	/	0	/	406	
1.007	
R1	=	0.0655,	wR2	=	0.1404	
R1	=	0.1384,	wR2	=	0.1738	
n/a	
1.323	and	–0.986	eÅ–3	
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Table 6.12: S2: Atomic coordinates (x104) and equivalent isotropic displacement parameters
(Å2 x 103) for 6. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

	________________________________________________________________________________	
x	 y	 z	 U(eq)	

________________________________________________________________________________	

2431(3)	 7040(2)	 26(2)	
2619(3)	 7185(2)	 31(2)	

C(1)	 144(9)	
C(2)	 -1398(9)
C(3)	 -1678(9) 3155(3)	 7147(2)	 33(2)	
C(4)	 -500(8) 3497(3)	 6950(2)	 26(2)	

3294(2)	 6783(2)	 21(2)	
2750(3)	 6843(2)	 22(2)	
2409(3)	 6744(2)	 24(2)	
2475(3)	 6581(2)	 27(2)	

C(5)	
C(6)	
C(7)	
C(8)	
C(9)	 2031(3)	 6543(2)	 35(2)	

1521(3)	 6666(2)	 40(2)	
1447(3)	 6830(2)	 40(2)	
1894(3)	 6874(2)	 28(2)	
3642(2)	 6545(2)	 20(1)	
3580(2)	 6107(2)	 19(1)	
3900(2)	 5889(2)	 19(2)	
3944(2)	 5421(2)	 17(1)	
3806(2)	 5173(2)	 23(2)	
3885(3)	 4744(2)	 26(2)	
4115(3)	 4544(2)	 33(2)	
4263(3)	 4781(2)	 29(2)	
4188(3)	 5219(2)	 24(2)	
4371(2)	 5466(2)	 23(2)	
4514(3)	 5281(2)	 34(2)	
4719(3)	 5496(2)	 31(2)	
4774(3)	 5934(2)	 30(2)	
4605(2)	 6132(2)	 22(2)	
4414(2)	 5911(2)	 22(2)	
4222(2)	 6117(2)	 16(1)	
4320(3)	 6550(2)	 21(2)	
4024(3)	 6750(2)	 23(2)	

C(10)	
C(11)	
C(12)	
C(13)	
C(14)	
C(15)	
C(16)	
C(17)	
C(18)	
C(19)	
C(20)	
C(21)	
C(22)	
C(23)	
C(24)	
C(25)	
C(26)	
C(27)	
C(28)	
C(29)	
C(30)	
C(31)	

1009(8)
1369(8)
2789(8)
4431(8)
5482(10)
4923(11)
3297(11)
2288(9)
2235(8)
2398(8)
3617(7)
3634(7)
2216(8)
2224(9)
3619(9)
4993(9)
5044(8)
6501(8)
8061(9)
9389(9)
9205(9)
7734(8)
6331(8)
4785(8)
4448(8)
3203(8)
1323(8) 3162(3)	 5893(2)	 22(2)	
-452(9) 3200(3)	 5893(2)	 31(2)	

2816(3)	 5678(2)	 38(2)	
2404(3)	 5469(2)	 45(2)	
2352(3)	 5477(2)	 38(2)	
2736(3)	 5688(2)	 26(2)	
4782(3)	 6785(2)	 20(2)	
4715(3)	 7184(2)	 28(2)	
5149(3)	 7388(2)	 34(2)	
5653(3)	 7215(2)	 36(2)	
5728(3)	 6818(2)	 33(2)	

C(32)	
C(33)	
C(34)	
C(35)	
C(36)	
C(37)	
C(38)	
C(39)	
C(40)	
C(41)	
C(42)	

-1438(10)
-644(11)
1118(11)

2085(9)
5213(7)
5941(8)
6642(9)
6637(9)
5875(9)
5174(8) 5295(2)	 6611(2)	 23(2)	



O(1)	 680(6)	 1901(2)	 7054(2)	 35(1)	
Br(1)	 296(1)	 3678(1)	 4427(1)	 37(1)	
Br(2)	 10993(1)	 5077(1)	 6253(1)	 36(1)	
________________________________________________________________________________
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Table 6.13: S3: Bond lengths [Å] and angles [°] for 6.

	____________________________________________________
_	
C(1)-C(2)	 1.375(9)	

1.387(8)	
1.394(9)	

C(1)-O(1)	
C(1)-C(6)	
C(2)-C(3)	 1.359(9)	

0.9500	
1.402(9)	
0.9500	
1.391(9)	
0.9500	
1.396(9)	
1.497(9)	
1.434(9)	

C(2)-H(2)	
C(3)-C(4)	
C(3)-H(3)	
C(4)-C(5)	
C(4)-H(4)	
C(5)-C(6)	
C(5)-C(13)	
C(6)-C(7)	
C(7)-C(8)	 1.396(9)	

1.404(9)	
1.384(9)	
0.9500	
1.400(10)	
0.9500	
1.388(11)	

C(7)-C(12)	
C(8)-C(9)	
C(8)-H(8)	
C(9)-C(10)	
C(9)-H(9)	
C(10)-C(11)	
C(10)-H(10)	 0.9500	

1.370(9)	
0.9500	

C(11)-C(12)	
C(11)-H(11)	
C(12)-O(1)	 1.382(8)	
C(13)-C(30)	 1.379(9)	

1.408(8)	
1.424(8)	

C(13)-C(14)	
C(14)-C(15)	
C(14)-C(31)	 1.502(9)	

1.417(8)	
1.490(8)	
1.405(8)	
1.415(8)	
1.379(9)	
0.9500	

C(15)-C(28)	
C(15)-C(16)	
C(16)-C(17)	
C(16)-C(21)	
C(17)-C(18)	
C(17)-H(17)	
C(18)-C(19)	 1.387(9)	

1.887(7)	C(18)-Br(1)	
C(19)-C(20)	 1.363(10)	

0.9500	
1.406(9)	
0.9500	
1.460(9)	
1.402(9)	
1.425(9)	

C(19)-H(19)	
C(20)-C(21)	
C(20)-H(20)	
C(21)-C(22)	
C(22)-C(23)	
C(22)-C(27)	
C(23)-C(24)	 1.344(10)	

0.9500	
1.406(10)	

C(23)-H(23)	
C(24)-C(25)	
C(24)-H(24)	 0.9500	



C(25)-C(26)	 1.379(9)	
C(25)-Br(2)	 1.886(7)	
C(26)-C(27)	 1.388(9)	
C(26)-H(26)	 0.9500	
C(27)-C(28)	 1.456(8)	
C(28)-C(29)	 1.423(8)	
C(29)-C(30)	 1.378(9)	
C(29)-C(37)	 1.497(9)	
C(30)-H(30)	 0.9500	
C(31)-C(36)	 1.380(9)	
C(31)-C(32)	 1.393(9)	
C(32)-C(33)	 1.407(10)	
C(32)-H(32)	 0.9500	
C(33)-C(34)	 1.372(10)	
C(33)-H(33)	 0.9500	
C(34)-C(35)	 1.386(11)	
C(34)-H(34)	 0.9500	
C(35)-C(36)	 1.392(9)	
C(35)-H(35)	 0.9500	
C(36)-H(36)	 0.9500	
C(37)-C(42)	 1.394(9)	
C(37)-C(38)	 1.402(9)	
C(38)-C(39)	 1.374(9)	
C(38)-H(38)	 0.9500	
C(39)-C(40)	 1.371(10)	
C(39)-H(39)	 0.9500	
C(40)-C(41)	 1.407(10)	
C(40)-H(40)	 0.9500	
C(41)-C(42)	 1.379(9)	
C(41)-H(41)	 0.9500	
C(42)-H(42)	 0.9500	

C(2)-C(1)-O(1)	 125.3(6)	
C(2)-C(1)-C(6)	 124.2(6)	
O(1)-C(1)-C(6)	 110.4(6)	
C(3)-C(2)-C(1)	 116.4(6)	
C(3)-C(2)-H(2)	 121.8	
C(1)-C(2)-H(2)	 121.8	
C(2)-C(3)-C(4)	 122.1(7)	
C(2)-C(3)-H(3)	 119.0	
C(4)-C(3)-H(3)	 119.0	
C(5)-C(4)-C(3)	 120.6(7)	
C(5)-C(4)-H(4)	 119.7	
C(3)-C(4)-H(4)	 119.7	
C(4)-C(5)-C(6)	 118.2(6)	
C(4)-C(5)-C(13)	 121.9(6)	
C(6)-C(5)-C(13)	 120.0(6)	
C(1)-C(6)-C(5)	 118.3(6)	
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C(1)-C(6)-C(7)	 107.1(6)	
C(5)-C(6)-C(7)	 134.6(6)	
C(8)-C(7)-C(12)	 118.4(6)	
C(8)-C(7)-C(6)	 136.4(6)	
C(12)-C(7)-C(6)	 105.1(6)	
C(9)-C(8)-C(7)	 119.1(7)	
C(9)-C(8)-H(8)	 120.5	
C(7)-C(8)-H(8)	 120.5	
C(8)-C(9)-C(10)	 121.0(7)	
C(8)-C(9)-H(9)	 119.5	
C(10)-C(9)-H(9)	 119.5	
C(11)-C(10)-C(9)	 120.8(7)	
C(11)-C(10)-H(10)	 119.6	
C(9)-C(10)-H(10)	 119.6	
C(12)-C(11)-C(10)	 117.4(7)	
C(12)-C(11)-H(11)	 121.3	
C(10)-C(11)-H(11)	 121.3	
C(11)-C(12)-O(1)	 125.3(7)	
C(11)-C(12)-C(7)	 123.3(7)	
O(1)-C(12)-C(7)	 111.4(6)	
C(30)-C(13)-C(14)	 119.5(6)	
C(30)-C(13)-C(5)	 120.8(6)	
C(14)-C(13)-C(5)	 119.7(5)	
C(13)-C(14)-C(15)	 118.9(6)	
C(13)-C(14)-C(31)	 118.3(5)	
C(15)-C(14)-C(31)	 122.8(6)	
C(28)-C(15)-C(14)	 119.9(6)	
C(28)-C(15)-C(16)	 117.6(5)	
C(14)-C(15)-C(16)	 122.3(5)	
C(17)-C(16)-C(21)	 117.7(6)	
C(17)-C(16)-C(15)	 122.4(5)	
C(21)-C(16)-C(15)	 119.5(5)	
C(18)-C(17)-C(16)	 121.2(6)	
C(18)-C(17)-H(17)	 119.4	
C(16)-C(17)-H(17)	 119.4	
C(17)-C(18)-C(19)	 121.1(6)	
C(17)-C(18)-Br(1)	 119.1(5)	
C(19)-C(18)-Br(1)	 119.8(5)	
C(20)-C(19)-C(18)	 118.7(7)	
C(20)-C(19)-H(19)	 120.7	
C(18)-C(19)-H(19)	 120.7	
C(19)-C(20)-C(21)	 122.2(6)	
C(19)-C(20)-H(20)	 118.9	
C(21)-C(20)-H(20)	 118.9	
C(20)-C(21)-C(16)	 119.1(6)	
C(20)-C(21)-C(22)	 121.1(6)	
C(16)-C(21)-C(22)	 119.8(6)	
C(23)-C(22)-C(27)	 118.6(6)	
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C(23)-C(22)-C(21)	 122.2(6)	
C(27)-C(22)-C(21)	 119.1(6)	
C(24)-C(23)-C(22)	 123.8(7)	
C(24)-C(23)-H(23)	 118.1	
C(22)-C(23)-H(23)	 118.1	
C(23)-C(24)-C(25)	 117.4(6)	
C(23)-C(24)-H(24)	 121.3	
C(25)-C(24)-H(24)	 121.3	
C(26)-C(25)-C(24)	 120.6(6)	
C(26)-C(25)-Br(2)	 119.7(5)	
C(24)-C(25)-Br(2)	 119.7(5)	
C(25)-C(26)-C(27)	 122.2(7)	
C(25)-C(26)-H(26)	 118.9	
C(27)-C(26)-H(26)	 118.9	
C(26)-C(27)-C(22)	 117.0(6)	
C(26)-C(27)-C(28)	 122.9(6)	
C(22)-C(27)-C(28)	 119.9(6)	
C(15)-C(28)-C(29)	 118.3(5)	
C(15)-C(28)-C(27)	 119.5(6)	
C(29)-C(28)-C(27)	 122.2(6)	
C(30)-C(29)-C(28)	 119.1(6)	
C(30)-C(29)-C(37)	 117.6(6)	
C(28)-C(29)-C(37)	 122.8(6)	
C(29)-C(30)-C(13)	 122.7(6)	
C(29)-C(30)-H(30)	 118.7	
C(13)-C(30)-H(30)	 118.7	
C(36)-C(31)-C(32)	 119.0(6)	
C(36)-C(31)-C(14)	 120.3(6)	
C(32)-C(31)-C(14)	 120.7(6)	
C(31)-C(32)-C(33)	 120.0(7)	
C(31)-C(32)-H(32)	 120.0	
C(33)-C(32)-H(32)	 120.0	
C(34)-C(33)-C(32)	 119.7(7)	
C(34)-C(33)-H(33)	 120.2	
C(32)-C(33)-H(33)	 120.2	
C(33)-C(34)-C(35)	 120.8(7)	
C(33)-C(34)-H(34)	 119.6	
C(35)-C(34)-H(34)	 119.6	
C(34)-C(35)-C(36)	 119.1(7)	
C(34)-C(35)-H(35)	 120.5	
C(36)-C(35)-H(35)	 120.5	
C(31)-C(36)-C(35)	 121.3(7)	
C(31)-C(36)-H(36)	 119.3	
C(35)-C(36)-H(36)	 119.3	
C(42)-C(37)-C(38)	 118.6(6)	
C(42)-C(37)-C(29)	 119.8(6)	
C(38)-C(37)-C(29)	 121.6(6)	
C(39)-C(38)-C(37)	 119.7(7)	
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C(39)-C(38)-H(38)	 120.2	
C(37)-C(38)-H(38)	 120.2	
C(40)-C(39)-C(38)	 122.1(7)	
C(40)-C(39)-H(39)	 119.0	
C(38)-C(39)-H(39)	 119.0	
C(39)-C(40)-C(41)	 118.8(7)	
C(39)-C(40)-H(40)	 120.6	
C(41)-C(40)-H(40)	 120.6	
C(42)-C(41)-C(40)	 119.7(7)	
C(42)-C(41)-H(41)	 120.2	
C(40)-C(41)-H(41)	 120.2	
C(41)-C(42)-C(37)	 121.2(7)	
C(41)-C(42)-H(42)	 119.4	
C(37)-C(42)-H(42)	 119.4	
C(12)-O(1)-C(1)	 105.9(5)	
_____________________________________________________________	
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Table 6.14: S4: Anisotropic displacement parameters (Å2 x 103) for 6. The anisotropic
displacement factor exponent takes the form: –2p2 [ h2ax2U11 + ... + 2 h k a* b* U12].
	______________________________________________________________________________	

U11	 U22	 U33	 U23	 U13	 U12	
______________________________________________________________________________	

42(4) 24(4) 12(4)C(1)	 		 	 		 -5(3)	 -3(3)
36(4) 39(5) 18(4)C(2)	 		 	 		 -4(3)	
38(4) 48(5) 14(4)C(3)	 		 	 		 -2(3)

C(4)	 29(4)	 34(4)	 15(4)	 0(3)	

7(3)	
3(3)	
4(3)	

27(4)	 25(4)	 11(3)	
30(4)	 29(4)	 8(3)	

2(3)	
1(3)	

34(4)	 31(4)	 7(3)	
38(4)	 28(4)	 15(4)	
43(4)	 44(5)	 19(4)	
63(6)	 39(5)	 18(4)	
75(6)	 29(5)	 16(4)	
48(5)	 28(4)	 10(4)	
22(3)	 24(4)	 15(4)	
27(4)	 14(3)	 15(4)	
23(4)	 18(3)	 14(4)	
20(3)	 20(4)	 12(3)	
32(4)	 17(4)	 21(4)	
38(4)	 25(4)	 17(4)	
53(5)	 28(4)	 17(4)	
41(5)	 34(4)	 12(4)	
31(4)	 22(4)	 19(4)	
35(4)	 19(4)	 15(4)	
42(5)	 33(4)	 26(5)	
29(4)	 35(4)	 30(5)	
34(4)	 21(4)	 33(5)	
20(3)	 23(4)	 23(4)	
29(4)	 16(4)	 22(4)	
20(3)	 21(3)	 8(3)	
26(4)	 27(4)	 9(3)	
32(4)	 33(4)	 4(3)	
39(4)	 25(4)	 3(3)	

-8(3)
-14(3)
-2(4)
-4(3)
-6(3)
-9(3)
0(3)
6(3)
9(4)
13(4)
7(4)
-3(3)
3(3)
2(3)
7(3)
-1(3)
1(3)
-2(3)
4(4)
-1(3)
1(3)
1(3)
-5(4)
-7(3)
0(3)
2(3)
5(3)
1(3)
7(3)
3(3)
-2(3)

33(4)	 43(5)	 16(4)	
39(5)	 48(5)	 28(5)	
71(7)	 33(5)	 32(5)	
66(6)	 28(4)	 21(4)	
34(4)	 29(4)	 15(4)	
15(3)	 30(4)	 14(3)	
30(4)	 32(4)	 20(4)	
41(4)	 47(5)	 14(4)	

-4(3)
-2(3)
-6(3)
-6(3)
2(3)
-2(3)
-3(3)
0(3)
4(3)
-2(3)
-1(3)
-3(3)
5(3)
4(3)
-4(3)
2(3)
-1(3)
6(3)
-3(3)
-1(3)
0(3)
5(3)
0(3)
-3(3)
0(3)
-4(3)
2(4)
1(4)
-4(3)
3(3)
1(3)
4(3)
-5(4)

45(5)	 40(5)	 23(4)	
39(4)	 25(4)	 36(5)	

C(5)	
C(6)	
C(7)	
C(8)	
C(9)	
C(10)	
C(11)	
C(12)	
C(13)	
C(14)	
C(15)	
C(16)	
C(17)	
C(18)	
C(19)	
C(20)	
C(21)	
C(22)	
C(23)	
C(24)	
C(25)	
C(26)	
C(27)	
C(28)	
C(29)	
C(30)	
C(31)	
C(32)	
C(33)	
C(34)	
C(35)	
C(36)	
C(37)	
C(38)	
C(39)	
C(40)	
C(41)	
C(42)	 28(4)	 22(4)	 17(4)	

-14(4)
-15(3)
0(3)

-3(3)
-1(3)
-3(3)
-2(3)
-1(3)
-8(4)
-2(4)
3(3)
-1(3)
-1(3)
1(3)
7(3)
3(3)
1(3)
3(4)
11(3)
9(3)
5(3)
13(4)
16(3)
2(4)
2(3)
4(3)
5(3)
-3(3)
5(3)
3(3)
4(3)
-5(4)
-18(4)
-12(4)
-3(3)
5(3)
1(3)
-4(3)
-3(4)
-3(4)
3(3)

-10(3)
-17(4)
-24(4)
-1(4)
-7(3)
-1(3)
0(3)
-3(4)
-13(4)
4(3)
4(3)



O(1)	 58(4)	 27(3)	 19(3)		 -4(2)	 7(2)		 -8(2)	
Br(1)	 52(1)	 44(1)	 14(1)		 -3(1)	 -9(1)		 1(1)	
Br(2)	 24(1)	 39(1)	 43(1)		 3(1)	 -4(1)		 -1(1)	
______________________________________________________________________________
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Table 6.15: S5: Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x
103) for 6.

	________________________________________________________________________________	
x		 y		 z		 U(eq)	

________________________________________________________________________________	

H(2)	 2386 7307-2224	 	 	 37	
H(3)	 3303 7256-2704	 	 	 40	
H(4)	 734 3871 6932- 	 	 	 31	
H(8)	 2820	 6498	
H(9)	 2073	 6431	
H(10)	 1221	 6636	
H(11)	 1101	 6908	
H(17)	 3655	 5303	
H(19)	 4168	 4249	
H(20)	 4421	 4645	
H(23)	 4463	 4987	
H(24)	 4823	 5357	
H(26)	 4620	 6430	
H(30)	

4821	
6600	
5665	
2898	
1234	
3616	
5949	
8187	
10412	
7679	
3004	 4085	 7040	

32	
42	
48	
48	
28	
39	
35	
40	
38	
26	
28	

H(32)	 3486 6038-997	 	 	 37	
H(33)	 2842 5677-2649	 	 	 46	
H(34)	 1309 2151 5317- 	 	 	 54	
H(35)	 2058	 5341	
H(36)	 2705	 5690	
H(38)	 4371	 7314	
H(39)	 5098	 7656	
H(40)	 5947	 7360	
H(41)	 6076	 6695	
H(42)	

1659	
3295	
5950	
7146	
7140	
5843	
4656	 5348	 6344	

46	
31	
33	
41	
43	
40	
27	

________________________________________________________________________________	
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Figure 6.8: ORTEP representation of the X-ray crystal structure of 7. Thermal 
ellipsoids are drawn at the 50%probability level. Color coding: C (gray), Br (orange), 
S (green). Hydrogen atoms are omitted for clarity.
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Table 6.16: S1: Crystal data and structure refinement for 7.

α	=	104.009(3)°	
β	=	92.325(3)°	
γ	=	93.650(3)°	

1567588	
C49H32Br2S	
812.62	
100(2)	K	
0.71073	Å	
Triclinic	
P–1	
a	=	7.0949(4)	Å	
b	=	16.1951(9)	Å	
c	=	16.9526(9)	Å	
1882.97(18)	Å3	
2	
1.433	Mg/	m3	

2.243	mm–1	
824	

CCDC	no.	
Empirical	formula		
Formula	weight		
Temperature		
Wavelength		
Crystal	system		
Space	group		
Unit	cell	dimensions	

Volume	
Z	
Density	(calculated)	
Absorption	coefficient	
F(000)	
Crystal	size	
Theta	range	for	data	collection	
Index	ranges	
Reflections	collected	
Independent	reflections	
Completeness	to	theta	=	25.000°	
Absorption	correction	
Max.	and	min.	transmission	
Refinement	method	
Data	/	restraints	/	parameters	
Goodness-of-fit	on	F2	
Final	R	indices	[I>2sigma(I)]	
R	indices	(all	data)	
Extinction	coefficient	
Largest	diff.	peak	and	hole	

0.050	x	0.040	x	0.020	mm3	
1.240°	to	25.393°	
–8≤h≤8,	–19≤k≤19,	–20≤l≤20 
11841
11841	[R(int)	=	0.0503]
98.8	%
Semi-empirical	from	equivalents 
0.928	and	0.824

Full-matrix	least-squares	on	F2	
11841	/	0	/	436	
1.027	
R1	=	0.0520,	wR2	=	0.1274	
R1	=	0.0706,	wR2	=	0.1360	
n/a	
1.103	and	–0.480	eÅ–3	
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Table 6.17: S2: Atomic coordinates (x104) and equivalent isotropic displacement parameters
(Å2 x 103) for 7. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

x	 y	 z	 U(eq)	
________________________________________________________________________________	

C(1)	 6384(8)	 6741(4)	 2586(4)	 21(1)	
5713(7)	 7549(3)	 2734(3)	 16(1)	
6559(8)	 8189(3)	 3396(3)	 16(1)	
6439(8)	 9111(4)	 3464(3)	 17(1)	
5972(7)	 9423(3)	 2782(4)	 19(1)	
5929(8)	 10285(3)	 2845(4)	 17(1)	
6375(8)	 10879(4)	 3583(3)	 18(1)	
6888(7)	 10584(4)	 4242(4)	 19(1)	
6975(8)	 9710(3)	 4198(3)	 14(1)	
7634(7)	 9408(3)	 4900(3)	 16(1)	
7878(8)	 9974(4)	 5696(4)	 19(1)	
8413(8)	 9716(4)	 6365(4)	 20(1)	
8742(8)	 8850(4)	 6260(3)	 17(1)	
8535(7)	 8276(3)	 5509(3)	 16(1)	
7993(7)	 8551(3)	 4801(3)	 14(1)	
7710(8)	 7947(3)	 4001(3)	 15(1)	
8428(7)	 7123(3)	 3796(3)	 16(1)	
7863(8)	 6543(3)	 3072(3)	 15(1)	
4043(8)	 7635(3)	 2209(3)	 15(1)	
3845(9)	 7215(4)	 1395(3)	 23(1)	
2158(9)	 7207(4)	 936(4)	 33(2)	
662(9)	 7637(4)	 1292(4)	 30(2)	
851(8)	 8074(4)	 2091(4)	 24(2)	

2525(8)	 8078(3)	 2553(3)	 16(1)	
9960(8)	 6878(3)	 4327(3)	 18(1)	
11793(8)	 7249(4)	 4370(3)	 20(1)	
13236(8)	 7032(4)	 4855(4)	 25(2)	
12796(9)	 6444(3)	 5313(3)	 21(1)	
10974(8)	 6061(3)	 5259(3)	 20(1)	
9580(8)	 6258(3)	 4755(3)	 16(1)	
8803(8)	 5751(3)	 2734(3)	 18(1)	
10540(8)	 5852(4)	 2380(3)	 18(1)	
11433(8)	 5179(4)	 1954(4)	 23(1)	
10647(8)	 4344(4)	 1847(3)	 21(1)	
8952(8)	 4233(3)	 2184(3)	 17(1)	
5889(8)	 3718(4)	 2667(3)	 19(1)	
4312(8)	 3288(4)	 2860(3)	 19(1)	
3041(8)	 3743(4)	 3327(4)	 24(1)	
3353(8)	 4630(4)	 3630(4)	 24(2)	
4941(8)	 5060(4)	 3425(3)	 18(1)	
6249(8)	 4610(3)	 2937(3)	 15(1)	
7978(8)	 4926(4)	 2642(3)	 18(1)	

C(2)	
C(3)	
C(4)	
C(5)	
C(6)	
C(7)	
C(8)	
C(9)	
C(10)	
C(11)	
C(12)	
C(13)	
C(14)	
C(15)	
C(16)	
C(17)	
C(18)	
C(19)	
C(20)	
C(21)	
C(22)	
C(23)	
C(24)	
C(25)	
C(26)	
C(27)	
C(28)	
C(29)	
C(30)	
C(31)	
C(32)	
C(33)	
C(34)	
C(35)	
C(36)	
C(37)	
C(38)	
C(39)	
C(40)	
C(41)	
C(42)	
C(43)	 9919(14)	 9017(6)	 250(6)	 67(3)	



C(44)	 8237(11)	 9104(5)	 620(5)	 50(2)	
C(45)	 6619(13)	 8691(6)	 299(6)	 68(3)	
C(46)	 6484(13)	 8111(6)	 -463(5) 63(2)	
C(47)	 8197(13)	 8025(6)	 -850(6) 68(3)	
C(48)	 9851(12)	 8425(5)	 -540(5) 52(2)	
C(49)	 11666(13)	 9444(6)	 621(6) 80(3)	
S(1)	 7724(2)	 3239(1)	 2096(1)	 23(1)	
Br(1)	 5307(1)	 10699(1)	 1921(1)	 29(1)	
Br(2)	 9478(1)	 8463(1)	 7189(1)	 26(1)	
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Table 6.18: S3: Bond lengths [Å] and angles [°] for 7.
	___________________________________________________
_	
C(1)-C(2)	 1.389(7)	
C(1)-C(18)	 1.407(8)	

0.9500	
1.413(8)	
1.488(7)	
1.429(8)	

C(1)-H(1)	
C(2)-C(3)	
C(2)-C(19)	
C(3)-C(16)	
C(3)-C(4)	 1.477(7)	

1.403(8)	
1.405(8)	
1.376(7)	
0.9500	
1.392(8)	
1.895(6)	
1.363(8)	
0.9500	
1.405(8)	

C(4)-C(9)	
C(4)-C(5)	
C(5)-C(6)	
C(5)-H(5)	
C(6)-C(7)	
C(6)-Br(1)	
C(7)-C(8)	
C(7)-H(7)	
C(8)-C(9)	
C(8)-H(8)	 0.9500	

1.463(8)	C(9)-C(10)	
C(10)-C(15)	 1.399(7)	

1.432(8)	
1.349(8)	
0.9500	

C(10)-C(11)	
C(11)-C(12)	
C(11)-H(11)	
C(12)-C(13)	 1.406(8)	

0.9500	
1.379(8)	
1.898(6)	

C(12)-H(12)	
C(13)-C(14)	
C(13)-Br(2)	
C(14)-C(15)	 1.424(8)	

0.9500	C(14)-H(14)	
C(15)-C(16)	 1.465(7)	

1.427(7)	
1.380(8)	
1.516(8)	

C(16)-C(17)	
C(17)-C(18)	
C(17)-C(25)	
C(18)-C(31)	 1.484(7)	

1.379(8)	
1.400(7)	

C(19)-C(20)	
C(19)-C(24)	
C(20)-C(21)	 1.398(8)	
C(20)-H(20)	 0.9500	

1.385(9)	
0.9500	

C(21)-C(22)	
C(21)-H(21)	
C(22)-C(23)	 1.364(8)	

0.9500	
1.395(8)	
0.9500	
0.9500	
1.389(8)	

C(22)-H(22)	
C(23)-C(24)	
C(23)-H(23)	
C(24)-H(24)	
C(25)-C(26)	
C(25)-C(30)	 1.394(8)	



C(26)-C(27)		 1.402(8)	
C(26)-H(26)	 0.9500	
C(27)-C(28)		 1.395(8)	
C(27)-H(27)		 0.9500	
C(28)-C(29)		 1.387(8)	
C(28)-H(28)	 0.9500	
C(29)-C(30)		 1.384(8)	
C(29)-H(29)	 0.9500	
C(30)-H(30)	 0.9500	
C(31)-C(42)	 1.394(8)	
C(31)-C(32)		 1.410(8)	
C(32)-C(33)	 1.362(8)	
C(32)-H(32)		 0.9500	
C(33)-C(34)		 1.397(8)	
C(33)-H(33)		 0.9500	
C(34)-C(35)		 1.372(8)	
C(34)-H(34)	 0.9500	
C(35)-C(42)		 1.436(7)	
C(35)-S(1)		 1.751(6)	
C(36)-C(37)	 1.373(8)	
C(36)-C(41)		 1.409(7)	
C(36)-S(1)		 1.761(6)	
C(37)-C(38)		 1.357(8)	
C(37)-H(37)		 0.9500	
C(38)-C(39)		 1.404(8)	
C(38)-H(38)	 0.9500	
C(39)-C(40)	 1.387(8)	
C(39)-H(39)	 0.9500	
C(40)-C(41)		 1.390(7)	
C(40)-H(40)	 0.9500	
C(41)-C(42)		 1.454(8)	
C(43)-C(44)		 1.370(11)	
C(43)-C(49)	 1.424(12)	
C(43)-C(48)	 1.443(11)	
C(44)-C(45)	 1.318(11)	
C(44)-H(44)	 0.9500	
C(45)-C(46)		 1.397(12)	
C(45)-H(45)		 0.9500	
C(46)-C(47)		 1.403(11)	
C(46)-H(46)	 0.9500	
C(47)-C(48)		 1.327(11)	
C(47)-H(47)		 0.9500	
C(48)-H(48)	 0.9500	
C(49)-H(49A)	 0.9800	
C(49)-H(49B)		 0.9800	
C(49)-H(49C)	 0.9800	
C(2)-C(1)-C(18)	 122.3(5)	
C(2)-C(1)-H(1)	 118.8	
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C(18)-C(1)-H(1)	 118.8	
C(1)-C(2)-C(3)	 118.3(5)	
C(1)-C(2)-C(19)	 115.7(5)	
C(3)-C(2)-C(19)	 125.8(5)	
C(2)-C(3)-C(16)	 119.1(5)	
C(2)-C(3)-C(4)	 123.2(5)	
C(16)-C(3)-C(4)	 117.6(5)	
C(9)-C(4)-C(5)	 117.6(5)	
C(9)-C(4)-C(3)	 120.6(5)	
C(5)-C(4)-C(3)	 121.5(5)	
C(6)-C(5)-C(4)	 121.1(5)	
C(6)-C(5)-H(5)	 119.4	
C(4)-C(5)-H(5)	 119.4	
C(5)-C(6)-C(7)	 121.3(5)	
C(5)-C(6)-Br(1)	 120.8(4)	
C(7)-C(6)-Br(1)	 117.9(4)	
C(8)-C(7)-C(6)	 118.0(5)	
C(8)-C(7)-H(7)	 121.0	
C(6)-C(7)-H(7)	 121.0	
C(7)-C(8)-C(9)	 122.3(5)	
C(7)-C(8)-H(8)	 118.8	
C(9)-C(8)-H(8)	 118.8	
C(4)-C(9)-C(8)	 119.5(5)	
C(4)-C(9)-C(10)	 118.9(5)	
C(8)-C(9)-C(10)	 121.6(5)	
C(15)-C(10)-C(11)	 119.2(6)	
C(15)-C(10)-C(9)	 119.9(5)	
C(11)-C(10)-C(9)	 120.9(5)	
C(12)-C(11)-C(10)	 122.9(5)	
C(12)-C(11)-H(11)	 118.5	
C(10)-C(11)-H(11)	 118.5	
C(11)-C(12)-C(13)	 117.4(5)	
C(11)-C(12)-H(12)	 121.3	
C(13)-C(12)-H(12)	 121.3	
C(14)-C(13)-C(12)	 122.2(5)	
C(14)-C(13)-Br(2)	 119.3(4)	
C(12)-C(13)-Br(2)	 118.5(4)	
C(13)-C(14)-C(15)	 120.4(5)	
C(13)-C(14)-H(14)	 119.8	
C(15)-C(14)-H(14)	 119.8	
C(10)-C(15)-C(14)	 117.9(5)	
C(10)-C(15)-C(16)	 120.8(5)	
C(14)-C(15)-C(16)	 121.2(5)	
C(17)-C(16)-C(3)	 117.8(5)	
C(17)-C(16)-C(15)	 124.8(5)	
C(3)-C(16)-C(15)	 117.3(5)	
C(18)-C(17)-C(16)	 121.1(5)	
C(18)-C(17)-C(25)	 117.2(5)	
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C(16)-C(17)-C(25)	 121.5(5)	
C(17)-C(18)-C(1)	 118.2(5)	
C(17)-C(18)-C(31)	 124.5(5)	
C(1)-C(18)-C(31)	 117.1(5)	
C(20)-C(19)-C(24)	 117.9(5)	
C(20)-C(19)-C(2)	 121.7(5)	
C(24)-C(19)-C(2)	 120.1(5)	
C(19)-C(20)-C(21)	 121.1(6)	
C(19)-C(20)-H(20)	 119.5	
C(21)-C(20)-H(20)	 119.5	
C(22)-C(21)-C(20)	 120.1(6)	
C(22)-C(21)-H(21)	 119.9	
C(20)-C(21)-H(21)	 119.9	
C(23)-C(22)-C(21)	 119.6(6)	
C(23)-C(22)-H(22)	 120.2	
C(21)-C(22)-H(22)	 120.2	
C(22)-C(23)-C(24)	 120.5(6)	
C(22)-C(23)-H(23)	 119.8	
C(24)-C(23)-H(23)	 119.8	
C(23)-C(24)-C(19)	 120.9(5)	
C(23)-C(24)-H(24)	 119.6	
C(19)-C(24)-H(24)	 119.6	
C(26)-C(25)-C(30)	 118.8(5)	
C(26)-C(25)-C(17)	 120.1(5)	
C(30)-C(25)-C(17)	 121.0(5)	
C(25)-C(26)-C(27)	 121.2(6)	
C(25)-C(26)-H(26)	 119.4	
C(27)-C(26)-H(26)	 119.4	
C(28)-C(27)-C(26)	 118.8(6)	
C(28)-C(27)-H(27)	 120.6	
C(26)-C(27)-H(27)	 120.6	
C(29)-C(28)-C(27)	 120.0(6)	
C(29)-C(28)-H(28)	 120.0	
C(27)-C(28)-H(28)	 120.0	
C(30)-C(29)-C(28)	 120.6(6)	
C(30)-C(29)-H(29)	 119.7	
C(28)-C(29)-H(29)	 119.7	
C(29)-C(30)-C(25)	 120.4(6)	
C(29)-C(30)-H(30)	 119.8	
C(25)-C(30)-H(30)	 119.8	
C(42)-C(31)-C(32)	 118.2(5)	
C(42)-C(31)-C(18)	 124.7(5)	
C(32)-C(31)-C(18)	 116.4(5)	
C(33)-C(32)-C(31)	 122.7(6)	
C(33)-C(32)-H(32)	 118.7	
C(31)-C(32)-H(32)	 118.7	
C(32)-C(33)-C(34)	 120.7(6)	
C(32)-C(33)-H(33)	 119.6	
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C(34)-C(33)-H(33)	 119.6	
C(35)-C(34)-C(33)	 117.5(5)	
C(35)-C(34)-H(34)	 121.3	
C(33)-C(34)-H(34)	 121.3	
C(34)-C(35)-C(42)	 123.3(5)	
C(34)-C(35)-S(1)	 124.1(4)	
C(42)-C(35)-S(1)	 112.5(4)	
C(37)-C(36)-C(41)	 122.8(5)	
C(37)-C(36)-S(1)	 125.2(4)	
C(41)-C(36)-S(1)	 112.0(4)	
C(38)-C(37)-C(36)	 118.5(5)	
C(38)-C(37)-H(37)	 120.8	
C(36)-C(37)-H(37)	 120.8	
C(37)-C(38)-C(39)	 121.1(6)	
C(37)-C(38)-H(38)	 119.5	
C(39)-C(38)-H(38)	 119.5	
C(40)-C(39)-C(38)	 119.9(6)	
C(40)-C(39)-H(39)	 120.0	
C(38)-C(39)-H(39)	 120.0	
C(39)-C(40)-C(41)	 120.1(5)	
C(39)-C(40)-H(40)	 120.0	
C(41)-C(40)-H(40)	 120.0	
C(40)-C(41)-C(36)	 117.6(5)	
C(40)-C(41)-C(42)	 129.4(5)	
C(36)-C(41)-C(42)	 113.1(5)	
C(31)-C(42)-C(35)	 117.6(5)	
C(31)-C(42)-C(41)	 131.6(5)	
C(35)-C(42)-C(41)	 110.8(5)	
C(44)-C(43)-C(49)	 123.4(8)	
C(44)-C(43)-C(48)	 115.9(8)	
C(49)-C(43)-C(48)	 120.7(9)	
C(45)-C(44)-C(43)	 124.3(9)	
C(45)-C(44)-H(44)	 117.9	
C(43)-C(44)-H(44)	 117.9	
C(44)-C(45)-C(46)	 121.9(9)	
C(44)-C(45)-H(45)	 119.0	
C(46)-C(45)-H(45)	 119.0	
C(45)-C(46)-C(47)	 114.2(9)	
C(45)-C(46)-H(46)	 122.9	
C(47)-C(46)-H(46)	 122.9	
C(48)-C(47)-C(46)	 125.3(9)	
C(48)-C(47)-H(47)	 117.3	
C(46)-C(47)-H(47)	 117.3	
C(47)-C(48)-C(43)	 118.4(8)	
C(47)-C(48)-H(48)	 120.8	
C(43)-C(48)-H(48)	 120.8	
C(43)-C(49)-H(49A)	 109.5	
C(43)-C(49)-H(49B)	 109.5	
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H(49A)-C(49)-H(49B)	 109.5	
C(43)-C(49)-H(49C)	 109.5	
H(49A)-C(49)-H(49C)	 109.5	
H(49B)-C(49)-H(49C)	 109.5	
C(35)-S(1)-C(36)	 91.6(3)	
_____________________________________________________________	
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Table 6.19: S4: Anisotropic displacement parameters (Å2 x 103) for 7. The anisotropic
displacement factor exponent takes the form: –2p2 [ h2ax2U11 + ... + 2 h k a* b* U12].
	______________________________________________________________________________	

U11	 U22	 U33	 U23	 U13	 U12	
______________________________________________________________________________	

20(3) 14(3) 25(4)C(1)	 		 	 		 -1(3) 7(3)	
14(3)	 17(3)	 18(3)	 2(3)	
15(3)	 8(3)	 23(3)	 7(2)	

C(2)	
C(3)	
C(4)	 11(3)	 19(3)	 23(3)	

8(3)	
0(2)	
8(3)	 3(3)	

13(3)	 17(3)	 20(3)	 1(3)	
16(3)	 14(3)	 23(3)	 4(3)	
19(3)	 13(3)	 19(3)	 6(3)	
10(3)	 21(3)	 23(3)	 4(3)	
13(3)	 15(3)	 12(3)	 6(2)	
9(3)	 14(3)	 20(3)	 1(2)	
19(3)	 11(3)	 24(3)	 9(3)	
18(3)	 25(4)	 17(3)	 7(3)	
9(3)	 25(3)	 15(3)	
11(3)	 12(3)	 22(3)	
10(3)	 12(3)	 20(3)	
13(3)	 13(3)	 18(3)	
11(3)	 18(3)	 19(3)	
14(3)	 9(3)	 24(3)	
19(3)	 8(3)	 19(3)	
29(4)	 15(3)	 20(3)	
42(4)	 37(4)	 18(3)	
27(4)	 32(4)	 24(4)	
21(3)	 17(3)	 37(4)	
17(3)	 10(3)	 19(3)	
23(3)	 12(3)	 16(3)	
16(3)	 21(3)	 20(3)	
19(3)	 19(3)	 32(4)	
27(4)	 13(3)	 19(3)	
34(4)	 10(3)	 15(3)	
17(3)	 14(3)	 17(3)	
22(3)	 14(3)	 14(3)	
19(3)	 15(3)	 20(3)	
21(3)	 26(4)	 20(3)	
28(4)	 17(3)	 15(3)	
20(3)	 10(3)	 21(3)	
21(3)	 17(3)	 16(3)	
26(3)	 13(3)	 17(3)	

-1(3)
-2(2)
0(2)
5(2)
-5(2)
0(2)
1(3)
-6(3)
1(2)
-6(2)
2(3)
0(3)
-2(3)
-1(2)
-3(2)
0(2)
-3(2)
-1(2)
-2(2)
3(3)
7(3)
6(3)
1(3)
-7(2)
4(3)
2(3)
-2(3)
2(3)
-2(3)
-1(2)
5(3)
-3(2)
6(3)
1(3)
5(2)
4(3)
-2(3)

18(3)	 24(4)	 27(4)	
18(3)	 36(4)	 20(3)	
15(3)	 20(3)	 17(3)	
18(3)	 8(3)	 15(3)	

C(5)	
C(6)	
C(7)	
C(8)	
C(9)	
C(10)	
C(11)	
C(12)	
C(13)	
C(14)	
C(15)	
C(16)	
C(17)	
C(18)	
C(19)	
C(20)	
C(21)	
C(22)	
C(23)	
C(24)	
C(25)	
C(26)	
C(27)	
C(28)	
C(29)	
C(30)	
C(31)	
C(32)	
C(33)	
C(34)	
C(35)	
C(36)	
C(37)	
C(38)	
C(39)	
C(40)	
C(41)	
C(42)	 17(3)	 19(3)	 20(3)	

-7(3)
9(3)
-1(3)
-2(3)
-2(2)
-3(3)
-2(2)
5(3)
4(3)
1(2)
3(2)
3(2)
6(3)
6(2)
7(2)
-4(3)
1(3)
-4(3)
10(3)
0(2)
-1(2)
-2(3)
1(3)
-4(3)
1(2)
3(2)
-3(2)
6(3)
2(3)
1(3)
0(2)
0(2)
4(3)
4(3)
8(3)
4(3)
-2(2)
9(3)

-3(2)
4(3)
0(2)
5(2)
4(2)
9(2)
1(2)
-4(3)
-10(3)
-10(3)
6(3)
4(2)
-3(3)
3(3)
-2(3)
-3(3)
3(3)
2(3)
-4(3)
0(3)
3(3)
0(3)
1(3)
-3(3)
-2(3)
-4(3)
1(3)
-3(3)
-1(2)
-2(2)

-10(3)
1(3)
3(3)
-4(2)
0(3)



S(1)	 24(1)	 13(1)	 30(1)	 2(1)	 5(1)	 1(1)	
Br(1)	 37(1)	 21(1)	 30(1)	 10(1)	 -2(1)	 3(1)	
Br(2)	 29(1)	 26(1)	 20(1)	 6(1)	 0(1)		 -6(1)	
______________________________________________________________________________
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Table 6.20: S5: Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x
103) for 7.

.	________________________________________________________________________________	
x		 y		 z		 U(eq)	

________________________________________________________________________________	

H(1)	 5826	 6308	 2142	 25	
H(5)	 5681	 9032	 2269	 22	
H(7)	 6324	 11473	 3625	 21	
H(8)	 7198	 10984	 4749	 23	
H(11)	 7652	 10557	 5755	 22	
H(12)	 8563	 10104	 6886	 24	
H(14)	 8755	 7694	 5463	 19	
H(20)	 4870	 6926	 1143	 27	
H(21)	 2038	 6906	 379	 40	
H(22)	 -488 7628	 982	 36	
H(23)	 8378	 2334	 29	
H(24)	 8385	 3108	 20	
H(26)	 7659	 4066	 24	
H(27)	 7280	 4872	 30	
H(28)	 6306	 5661	 25	
H(29)	 5660	 5571	 24	
H(30)	

-165
2638
12074
14491
13744
10682
8356 5969	 4701	 19	

H(32)	 11110	 6413	 2440	 21	
H(33)	 12603	 5279	 1727	 27	
H(34)	 11262	 3871	 1552	 25	
H(37)	 4116	 2685	 2671	 23	
H(38)	 1923	 3456	 3450	 29	
H(39)	 2476	 4936	 3975	 29	
H(40)	 5136	 5662	 3619	 21	
H(44)	 8238	 9486	 1143	 60	
H(45)	 5512	 8791	 594	 81	
H(46)	 78015332	 	 -698	 76	
H(47)	 76518170	 	 -1378	 81	
H(48)	 832410963	 	 -831 63	
H(49A)	 9984	 120	
H(49B)	 9559	 120	
H(49C)	

11424	
12477	
12298	 9083	

998	
200	
921	 120	

________________________________________________________________________________	
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Figure 6.9: ORTEP representation of the X-ray crystal structure of 3. Thermal 
ellipsoids are drawn at the 50%probability level. Color coding: C (gray), Br (red). 
Hydrogen atoms are omitted for clarity.
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Table 6.21: S1: Crystal data and structure refinement for 3.

α	=	90°	

β	=	103.258(3)°	

γ	=	90°	

C30H16Br4	

696.07	

100(2)	K	

1.54184	Å	

Monoclinic	

C	2/c	

a	=	22.6657(6)	Å	

b	=	6.0628(2)	Å	

c	=	35.4192(9)	Å	

4737.5(2)	Å3

8	

1.952	Mg/m3

8.428	mm-1	

2688	

0.040	x	0.010	x	0.010	mm3
 

4.008	to	70.615°.	

Empirical	formula	 	

Formula	weight	 	

Temperature	 	

Wavelength	 	

Crystal	system	 	

Space	group	 	

Unit	cell	dimensions	

Volume	

Z	

Density	(calculated)	

Absorption	coefficient	

F(000)	

Crystal	size	

Theta	range	for	data	collection	

Index	ranges	

Reflections	collected	

Independent	reflections	

Completeness	to	theta	=	67.000°	

Absorption	correction	

Max.	and	min.	transmission	

Refinement	method	

Data	/	restraints	/	parameters	

Goodness-of-fit	on	F2	

Final	R	indices	[I>2sigma(I)]	

R	indices	(all	data)	

Extinction	coefficient	

Largest	diff.	peak	and	hole	

-27≤h≤27,	-6≤k≤7,	-42≤l≤43 

13139

4472	[R(int)	=	0.0327]

99.8	%

Semi-empirical	from	equivalents 

1.00000	and	0.77758

Full-matrix	least-squares	on	F2 

4472	/	0	/	307

1.059

R1	=	0.0379,	wR2	=	0.1034

R1	=	0.0418,	wR2	=	0.1054

n/a

0.685	and	-0.566	e.Å-3
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Table 6.22: S2: Atomic coordinates (x104) and equivalent isotropic displacement parameters
(Å2 x 103) for 3. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

	________________________________________________________________________________	

x	 y	 z	 U(eq)	

________________________________________________________________________________	

C(1)	 2464(2)	 11117(7)	 1297(1)	 23(1)	

2069(2)	 12227(7)	 1002(1)	 27(1)	

2281(2)	 14034(7)	 845(1)	 24(1)	

2877(2)	 14851(6)	 985(1)	 20(1)	

3092(2)	 16792(7)	 814(1)	 22(1)	

2700(2)	 18001(7)	 520(1)	 25(1)	

2884(2)	 19824(7)	 349(1)	 28(1)	

3474(2)	 20518(7)	 486(1)	 22(1)	

3872(2)	 19434(7)	 780(1)	 21(1)	

3701(2)	 17477(6)	 939(1)	 19(1)	

4124(2)	 16230(7)	 1243(1)	 20(1)	

4763(2)	 16610(7)	 1337(1)	 20(1)	

5124(2)	 15608(7)	 1662(1)	 24(1)	

4870(2)	 14273(7)	 1901(1)	 24(1)	

4256(2)	 13780(7)	 1810(1)	 22(1)	

3885(2)	 14601(7)	 1456(1)	 21(1)	

3265(2)	 13772(7)	 1298(1)	 20(1)	

3051(2)	 11812(7)	 1437(1)	 22(1)	

5091(2)	 17989(7)	 1103(1)	 21(1)	

5110(2)	 17383(7)	 728(1)	 22(1)	

5375(2)	 18747(7)	 499(1)	 24(1)	

5619(2)	 20744(7)	 649(1)	 21(1)	

5631(2)	 21346(7)	 1029(1)	 24(1)	

5371(2)	 19958(7)	 1254(1)	 25(1)	

4022(2)	 12532(7)	 2105(1)	 22(1)	

4253(2)	 10444(7)	 2230(1)	 23(1)	

4036(2)	 9276(7)	 2505(1)	 24(1)	

3577(2)	 10209(7)	 2658(1)	 24(1)	

3358(2)	 12320(7)	 2551(1)	 25(1)	

3578(2)	 13453(7)	 2275(1)	 23(1)	

C(2)	

C(3)	

C(4)	

C(5)	

C(6)	

C(7)	

C(8)	

C(9)	

C(10)	

C(11)	

C(12)	

C(13)	

C(14)	

C(15)	

C(16)	

C(17)	

C(18)	

C(19)	

C(20)	

C(21)	

C(22)	

C(23)	

C(24)	

C(25)	

C(26)	

C(27)	

C(28)	

C(29)	

C(30)	

Br(1)	 2199(1)	 8524(1)	 1513(1)	 26(1)	



Br(2)	 3752(1)	 23059(1)	 262(1)	 26(1)	

Br(3)	 5941(1)	 22699(1)	 328(1)	 28(1)	

Br(4)	 3240(1)	 8566(1)	 3013(1)	 30(1)	

________________________________________________________________________________
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Table 6.23: S3: Bond lengths [Å] and angles [°] for 3.

	____________________________________________________

1.375(6)	

1.384(6)	

1.905(4)	

1.365(6)	

1.417(5)	

1.409(6)	

1.457(6)	

1.411(6)	

1.411(6)	

1.370(6)	

1.379(6)	

1.378(6)	

1.906(4)	

1.406(5)	

1.476(6)	

1.424(6)	

1.429(5)	

1.389(6)	

1.491(5)	

1.389(6)	

C(14)-C(15)	 1.387(6)	

C(15)-C(16)	 1.428(6)	

C(15)-C(25)	 1.484(5)	

C(16)-C(17)	 1.476(5)	

C(17)-C(18)	 1.414(6)	

C(19)-C(20)	 1.390(6)	

C(19)-C(24)	 1.399(6)	

C(20)-C(21)	 1.389(6)	

C(21)-C(22)	 1.385(6)	

C(22)-C(23)	 1.386(6)	

C(22)-Br(3)	 1.902(4)	

C(23)-C(24)	 1.382(6)	

C(25)-C(30)	 1.402(6)	

C(25)-C(26)	 1.402(6)	

C(26)-C(27)	 1.381(6)	

C(27)-C(28)	 1.398(6)	

C(28)-C(29)	 1.393(6)	

1.898(4)	

1.378(6)	

121.9(4)	

118.4(3)	

119.7(3)	

118.1(4)	

122.2(4)	

119.1(4)	

119.6(4)	

121.3(4)	

118.9(4)	

120.3(4)	

120.8(4)	

122.8(4)	

C(1)-C(18)	

C(1)-C(2)	 	

C(1)-Br(1)	 	

C(2)-C(3)	 	

C(3)-C(4)	 	

C(4)-C(17)	 	

C(4)-C(5)	 	

C(5)-C(10)	 	

C(5)-C(6)	 	

C(6)-C(7)	 	

C(7)-C(8)	 	

C(8)-C(9)	 	

C(8)-Br(2)	 	

C(9)-C(10)	

C(10)-C(11)	

C(11)-C(16)	

C(11)-C(12)	

C(12)-C(13)	

C(12)-C(19)	

C(13)-C(14)	

C(18)-C(1)-C(2)	

C(18)-C(1)-Br(1)	

C(2)-C(1)-Br(1)	

C(3)-C(2)-C(1)	

C(2)-C(3)-C(4)	

C(17)-C(4)-C(3)	

C(17)-C(4)-C(5)	

C(3)-C(4)-C(5)	

C(10)-C(5)-C(6)	

C(10)-C(5)-C(4)	

C(6)-C(5)-C(4)	

C(7)-C(6)-C(5)	

C(6)-C(7)-C(8)	 117.4(4)	

122.3(4)	

118.5(3)	

119.2(3)	

120.8(4)	

117.6(4)	

122.1(4)	

120.2(4)	

118.5(4)	

118.7(3)	

122.8(4)	

119.8(4)	

115.5(3)	

C(28)-Br(4)	

C(29)-C(30)	

C(9)-C(8)-C(7)	

C(9)-C(8)-Br(2)	

C(7)-C(8)-Br(2)	

C(8)-C(9)-C(10)	

C(9)-C(10)-C(5)	

C(9)-C(10)-C(11)	

C(5)-C(10)-C(11)	

C(16)-C(11)-C(12)	

C(16)-C(11)-C(10)	

C(12)-C(11)-C(10)	

C(13)-C(12)-C(11)	

C(13)-C(12)-C(19)	

C(11)-C(12)-C(19)	 124.7(4)	



C(12)-C(13)-C(14)	 120.8(4)	

C(15)-C(14)-C(13)	 121.2(4)	

C(14)-C(15)-C(16)	 119.2(4)	

C(14)-C(15)-C(25)	 116.6(4)	

C(16)-C(15)-C(25)	 124.1(4)	

C(11)-C(16)-C(15)	 119.1(4)	

C(11)-C(16)-C(17)	 118.6(4)	

C(15)-C(16)-C(17)	 122.2(4)	

C(4)-C(17)-C(18)	 117.5(4)	

C(4)-C(17)-C(16)	 120.6(4)	

C(18)-C(17)-C(16)	 121.8(4)	

C(1)-C(18)-C(17)	 120.8(4)	

C(20)-C(19)-C(24)	 118.8(4)	

C(20)-C(19)-C(12)	 120.8(4)	

C(24)-C(19)-C(12)	 120.4(4)	

C(21)-C(20)-C(19)	 120.9(4)	

C(22)-C(21)-C(20)	 118.9(4)	

C(21)-C(22)-C(23)	 121.4(4)	

C(21)-C(22)-Br(3)	 119.2(3)	

C(23)-C(22)-Br(3)	 119.4(3)	

C(24)-C(23)-C(22)	 119.0(4)	

C(23)-C(24)-C(19)	 120.9(4)	

C(30)-C(25)-C(26)	 118.4(4)	

C(30)-C(25)-C(15)	 120.5(4)	

C(26)-C(25)-C(15)	 121.1(4)	

C(27)-C(26)-C(25)	 121.3(4)	

C(26)-C(27)-C(28)	 118.8(4)	

C(29)-C(28)-C(27)	 121.1(4)	

C(29)-C(28)-Br(4)	 119.3(3)	

C(27)-C(28)-Br(4)	 119.6(3)	

C(30)-C(29)-C(28)	 119.1(4)	

C(29)-C(30)-C(25)	 121.3(4)	

_____________________________________________________________	

Symmetry	transformations	used	to	generate	equivalent	atoms:	 	
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Table 6.24: S4: Anisotropic displacement parameters (Å2 x 103) for 3. The anisotropic
displacement factor exponent takes the form: –2p2 [ h2ax2U11 + ... + 2 h k a* b* U12].	_____________________________________________________________________________

U11	 U22	 U33	 U23	 U13	 U12	
______________________________________________________________________________	

24(2) 22(2) 25(2) 12(2)C(1)	 	 	 	 -6(2) 	 -6(2)

21(2) 25(2) 34(2) 6(2)C(2)	 	 	 	 -6(2) 	 -4(2)

20(2) 23(2) 30(2) 4(2)C(3)	 	 	 	 -2(2) 	 -2(2)

19(2) 18(2) 24(2)C(4)	 	 	 	 -4(2) 7(2)	

22(2) 22(2) 22(2)C(5)	 	 	 	 -2(2) 5(2)	

20(2)	 27(2)	 29(2)	 6(2)	

28(2)	 28(2)	 29(2)	 7(2)	

C(6)	

C(7)	

C(8)	 24(2)	 22(2)	 23(2)	

0(2)

4(2)

0(2) 10(2)	

2(2)

4(2)

0(2)

3(2)

3(2)

23(2)	 20(2)	 22(2)	 11(2)	

20(2)	 18(2)	 20(2)	 8(2)	

23(2)	 20(2)	 19(2)	 7(2)	

21(2)	 21(2)	 18(2)	 7(2)	

20(2)	 30(2)	 22(2)	 7(2)	

24(2)	 24(2)	 22(2)	 3(2)	

25(2)	 22(2)	 20(2)	 11(2)	

21(2)	 22(2)	 22(2)	 8(2)	

19(2)	 18(2)	 24(2)	 10(2)	

21(2)	 25(2)	 20(2)	 7(2)	

17(2)	 20(2)	 27(2)	 7(2)	

21(2)	 22(2)	 23(2)	 7(2)	

23(2)	 25(2)	 26(2)	 10(2)	

16(2)	 24(2)	 25(2)	 7(2)	

20(2)	 20(2)	 29(2)	 0(2)	

26(2)	 26(2)	 23(2)	 6(2)	

23(2)	 25(2)	 17(2)	 4(2)	

18(2)	 25(2)	 25(2)	 5(2)	

22(2)	 22(2)	 27(2)	 4(2)	

23(2)	 27(2)	 21(2)	 3(2)	

24(2)	 27(2)	 24(2)	 7(2)	

23(2)	 19(2)	 25(2)	 4(2)	

C(9)	

C(10)	

C(11)	

C(12)	

C(13)	

C(14)	

C(15)	

C(16)	

C(17)	

C(18)	

C(19)	

C(20)	

C(21)	

C(22)	

C(23)	

C(24)	

C(25)	

C(26)	

C(27)	

C(28)	

C(29)	

C(30)	

Br(1)	 29(1)	 22(1)	 31(1)	

-1(2)

-2(2)

-2(2)

-2(2)

-1(2)

2(2)

-1(2)

-3(2)

-4(2)

-2(2)

2(2)

2(2)

-1(2)

5(2)

1(2)

0(2)

-2(2)

0(2)

7(2)

5(2)

-1(2)

-1(2)

-4(1) 14(1)	

-1(2)

0(2)

1(2)

-3(2)

-3(2)

-2(2)

-1(2)

1(2)

0(2)

-1(2)

-2(2)

2(2)

2(2)

-1(2)

-4(2)

-4(2)

-5(2)

0(2)

-1(2)

-2(2)

-2(2)

-1(2)

-7(1)



Br(2)	 29(1)	 22(1)	 30(1)	 5(1)	 12(1)	 	 2(1)	

Br(3)	 25(1)	 27(1)	 34(1)	 9(1)	 11(1)	 	 -3(1)	

Br(4)	 26(1)	 34(1)	 30(1)	 10(1)	 10(1)	 	 -3(1)	

______________________________________________________________________________

173



174

Table 6.25: S5: Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x
103) for 3.

	_______________________________________________________________________________

x	 	 y	 	 z	 	 U(eq)	

________________________________________________________________________________	

H(2)	 1663	 11745	 912	 32	

H(3)	 2020	 14769	 634	 29	

H(6)	 2291	 17531	 436	 30	

H(7)	 2616	 20581	 145	 34	

H(9)	 4267	 20016	 876	 25	

H(13)	 5550	 15839	 1721	 29	

H(14)	 5122	 13687	 2131	 28	

H(18)	 3316	 10964	 1630	 26	

H(20)	 4939	 16016	 626	 26	

H(21)	 5390	 18319	 243	 29	

H(23)	 5814	 22692	 1132	 29	

H(24)	 5382	 20347	 1516	 30	

H(26)	 4564	 9821	 2124	 27	

H(27)	 4195	 7863	 2588	 29	

H(29)	 3061	 12969	 2666	 30	

H(30)	 3426	 14884	 2199	 27	

________________________________________________________________________________	
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Chapter 7

Appendix

AFM atomic force microscopy
AGNR armchair graphene nanoribbon
BN boron-nitride
BRSTM bond-resolved STM
CB conduction band
cGNR chevron graphene nanoribbon
CNT carbon nanotube
CVD chemical vapor deposition
DCE 1,2-dichloroethane
DFT density functional theory
DOS density of states
FET field-effect transistor
GO graphene oxide
GNR graphene nanoribbon
GW G = Green’s function, W = screened Coulomb interaction
h-BN boron nitride
LDA local density approximation
LDOS local density of states
MALDI matrix assisted laser desorption ionization
MWCNT multi-walled carbon nanotube
nc-AFM non-contact atomic force microscopy
NMR nuclear magnetic resonance
ORTEP Oak Ridge thermal ellipsoid plot
PDMS polydimethylsiloxane
PMMA polymethyl methacrylate
PmPV poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevineylene)
RGO reduced graphene oxide
SB Schottky barrier
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SEM scanning electron microscopy
STM scanning tunneling microscopy
STS scanning tunneling spectroscopy
TBAB tetrabutylammonium bromide
TEM tunneling electron microscopy
TMS trimethyl silyl
TMSA trimethylsilylacetylene
UHV ultra-high vacuum
VB valence band
XRD x-ray diffraction
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Feng, X.; Müllen, K.; Pignedoli, C. A.; Fasel, R. ACS Nano 2012, 6, 6930–6935.

[106] Tao, C.; Jiao, L.; Yazyev, O. V.; Chen, Y.-C.; Feng, J.; Zhang, X.; Capaz, R. B.;
Tour, J. M.; Zettl, A.; Louie, S. G.; Dai, H.; Crommie, M. F. Nat. Phys.. 2011, 7,
616–620.

[107] Marangoni, T.; Haberer, D.; Rizzo, D. J.; Cloke, R. R.; Fischer, F. R. Chem. Eur. J
2016, 22, 13037–13040.

[108] Cai, J.; Pignedoli, C. A.; Talirz, L.; Ruffieux, P.; Söde, H.; Liang, L.; Meunier, V.;
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Sachdev, H.; Müllen, K.; Hutter, J.; Gröning, O. ACS Nano 2014, 8, 6571–6579.

[183] Eichhorn, J.; Nieckarz, D.; Ochs, O.; Samanta, D.; Schmittel, M.; Szabelski, P. J.;
Lackinger, M. ACS Nano 2014, 8, 7880–7889.
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