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Abstract
Chemical modification can be used to tune the properties of graphene and
graphene nanoribbons, making them promising candidates for carbon-based
electronics. The control of edge chemistry provides a route to controlling the
properties of graphene nanoribbons, and their self-assembly into larger structures.
Mechanically fractured graphene nanoribbons are assumed to contain oxygen
functionalities, which enable chemical modification at the nanoribbon edge.
The development of graphene nanoribbon edge chemistry is difficult using
traditional techniques due to limitations on the characterisation of graphene
materials. Through the use of a chromophore with well-defined chemistry, the
reactivity of the edges has been investigated. Small aromatic systems were used to
understand the reactivity of the boron dipyrrin Cl-BODIPY, and with the aid of
spectroscopic and computational methods, the substitution mechanism and
properties of the compounds have been investigated.
The synthetic procedure was then applied to graphene nanoribbons. Results
from infrared and Raman spectroscopy studies show that edge-functionalisation of
graphene nanoribbons with BODIPY was successful, and no modifications to the
basal plane have been observed.

i

Contributions
All work presented in this thesis was completed by Ashley Way
Except:
x

All infrared spectroscopy data was acquired by Ewan Fisher

x

NMR spectra utilising the 700 MHz NMR spectrometer were performed
by Dr. Pat Edwards

x

Mass Spectrometry measurements were performed by David Lun

x

Emission lifetime calculations were performed by Geoffry Laufersky at
Victoria University, Wellington, using data acquired by Ashley Way

x

Raman spectra background removal was performed by Josiah Cleland

x

X-ray crystallographic data was acquired by Prof. Shane Telfer and David
Perl

ii

Acknowledgements
I would like to thank my supervisor Associate Professor Mark Waterland for his
guidance throughout this PhD. Thank you for your guidance on computational
methods and assistance with Raman measurements.
I also thank my co-supervisors Professors Shane Telfer and Simon Hall for their
assistance when needed. I would like to acknowledge Joran Taylor for her assistance
and expertise in the microtomy techniques used to prepare the graphene
nanoribbons used in this work. I also thank David Lun for his assistance and
guidance in the lab, and Dr. Pat Edwards for his assistance with NMR measurements.
I thank Ewan Fisher for acquiring IR spectra, Josiah Cleland for assistance with
Raman spectra background removal, and the rest of the Waterland research group
for discussions of Raman and optimisation of techniques.
I thank Geoffry Laufersky for calculations of lifetimes from time resolved
emission measurements performed at Victoria University, Wellington.
I would like to acknowledge the financial support from Massey University for a
Doctoral scholarship, and the Institute of Fundamental Sciences for additional
funding. I also thank the New Zealand Institute of Chemistry for assisting with
conference funding throughout my studies.
Finally, I thank my family and friends, for their encouragement and support
throughout my studies, especially the last 3 and a half years.

iii

Contents
Abstract ..................................................................................................................................................... i
Contributions ......................................................................................................................................... ii
Acknowledgements ............................................................................................................................iii
Figures ..................................................................................................................................................... ix
Tables.................................................................................................................................................... xiv
Abbreviations ...................................................................................................................................... xv

Chapter 1.
1.1

Materials ................................................................................................................................ 2

1.1.1

Graphene ....................................................................................................................... 2

1.1.2

The chemistry of graphene .................................................................................... 5

1.1.3

Graphene nanoribbons ............................................................................................ 6

1.1.4

Light-harvesting molecules.................................................................................... 8

1.1.5

Potential applications............................................................................................ 10

1.2

iv

Introduction ................................................................................................................. 1

Characterisation of Materials ...................................................................................... 10

1.2.1

Raman spectroscopy of graphitic materials ................................................. 10

1.2.2

Infrared spectroscopy of graphene .................................................................. 13

1.2.3

Computational studies of graphitic compounds ......................................... 14

1.3

Theory of interaction between dipyrrin and graphene .................................... 14

1.4

Stability of aromatic compounds ............................................................................... 19

Chapter 2.
2.1

Synthetic methods................................................................................................... 23

Synthesis of dipyrrin compounds .............................................................................. 23

2.1.1

Thioketone dipyrrin ............................................................................................... 23

2.1.2

Ketone dipyrrin ........................................................................................................ 24

2.1.3

Cl-BODIPY ................................................................................................................... 24

2.2

Functionalisation of small-analogue compounds ................................................ 25

2.2.1

Phenol/BODIPY ........................................................................................................ 25

2.2.2

MeO/BODIPY............................................................................................................. 26

2.2.3

Aniline/BODIPY ....................................................................................................... 27

2.2.4

1-naphthylamine/BODIPY ................................................................................... 29

2.2.5

2-naphthylamine/BODIPY ................................................................................... 30

2.2.6

1-naphthol/2xBODIPY .......................................................................................... 31

2.2.7

2-naphthol/BODIPY ............................................................................................... 32

2.2.8

2-naphthol/2xBODIPY .......................................................................................... 33

2.2.9

1-aminoanthracene/BODIPY .............................................................................. 34

2.2.10 2-aminoanthracene/BODIPY .............................................................................. 34
2.2.11 9-aminophenanthrene/BODIPY ........................................................................ 35
2.2.12 9-hydroxyphenanthrene/BODIPY .................................................................... 35
2.2.13 2-hydroxytriphenylene/BODIPY ....................................................................... 36
2.2.14 1-hydroxypyrene/BODIPY .................................................................................. 37
2.2.15 HBC(t-Bu)5OH/BODIPY ........................................................................................ 38

v

2.2.16 HPB(t-Bu)5OH/BODIPY ....................................................................................... 39
2.2.17 Benzoic acid/BODIPY ............................................................................................ 40
2.3

Functionalisation of graphene nanoribbons ......................................................... 40

2.3.1

Calculation of nanoribbon quantity ................................................................. 40

2.3.2

General

reaction

for

BODIPY-functionalisation

of

graphene

nanoribbons............................................................................................................................... 42
2.3.3
2.4

Purification of BODIPY-functionalised graphene nanoribbons ............ 43

Crystallography ................................................................................................................ 43

2.4.1

1-naphthylamine/BODIPY .................................................................................. 45

2.4.2

1-naphthol/2xBODIPY .......................................................................................... 45

2.4.3

2-naphthol/2xBODIPY .......................................................................................... 46

Chapter 3.

Computational studies of graphene nanoribbons ...................................... 47

3.1

3.1.1

Description of analogues...................................................................................... 49

3.1.2

Results and discussion .......................................................................................... 55

3.1.3

Analysis of models .................................................................................................. 58

3.2

Graphene nanoribbon studies .................................................................................... 60

3.2.1

Graphene nanoribbon structures ..................................................................... 60

3.2.2

Discussion of results .............................................................................................. 61

3.3

vi

Graphene analogue computational studies ........................................................... 48

Functionalisation studies ............................................................................................. 64

3.4

Reaction mechanism study .......................................................................................... 70

3.4.1

Calculation of pKa values ..................................................................................... 72

3.4.2

Thermodynamics ..................................................................................................... 76

Chapter 4.
4.1

Spectroscopy of dipyrrins .................................................................................... 87

Quantitative absorption studies ................................................................................. 88

4.1.1

TD-DFT studies of excitations ............................................................................ 90

4.1.2

Solvent dependent excitations ........................................................................... 91

4.1.3

Effect of double-substitution on spectra ........................................................ 96

4.1.4

Exciton coupling in multi-chromophore systems .................................... 101

4.2

Quantitative emission studies .................................................................................. 104

4.2.1

Determination of Quantum Yields ................................................................. 104

4.2.2

3-Dimensional emission plots ......................................................................... 107

4.3

Time-resolved emission ............................................................................................. 110

4.4

Infrared spectroscopy ................................................................................................. 116

4.5

Raman spectroscopy .................................................................................................... 124

Chapter 5.

Dipyrrin-functionalised graphene nanoribbons ...................................... 127

5.1

Infrared spectroscopy ................................................................................................. 129

5.2

Raman spectroscopy .................................................................................................... 131

vii

Chapter 6.

Summary and Perspectives ...............................................................................135

Bibliography ......................................................................................................................................139

Appendices ........................................................................................................................................147
Appendix A:

NMR Spectra...................................................................................................147

Appendix B:

Conversion of Raman spectra units ......................................................164

viii

Figures
Figure 1.1 - Graphene sheet............................................................................................................. 2
Figure 1.2 - Number of publications with title containing keywords “graphene”
(grey) and “nanoribbon” (gold) since 2004 ...................................................................... 3
Figure 1.3 - Number of graphene publications by field: chemistry (blue) and physics
(purple)............................................................................................................................................ 4
Figure 1.4 - Demonstration of zig-zag (blue) and armchair (orange) edges of
graphene ......................................................................................................................................... 4
Figure 1.5 - Potential edge structure combinations of graphene nanostructures
(orange: armchair; blue: zig-zag) .......................................................................................... 6
Figure 1.6 - a) Accumulation of graphene nanoblocks during mechanical fracturing;
b) Transfer of graphene nanoblocks .................................................................................... 7
Figure 1.7 - Nucleophilic displacement in meso-halogenated BODIPY dyes ............... 9
Figure 1.8 - Raman modes of graphene .................................................................................... 11
Figure 1.9 - Jablonski diagram showing photophysical processes................................. 15
Figure 1.10 - Illustraction of Franck-Condon factors for large and small vibrational
mode displacements ................................................................................................................. 16
Figure 1.11 - Franck-Condon principle for a radiative transition (absorption) ....... 18
Figure 1.12 - Kekulé (a) and Clar (b) representations of naphthalene ........................ 20
Figure 1.13 - Clar structures of: a) anthracene; and b) phenanthrene ......................... 21
Figure 2.1 - GNR edge "unit cell".................................................................................................. 42
Figure 2.2 – Crystal structure of 1-naphthylamine/BODIPY ............................................ 45
Figure 2.3 – Crystal structure of 1-naphthol/2xBODIPY ................................................... 45
Figure 2.4 – Crystal structure of 2-naphthol/2xBODIPY ................................................... 46

ix

Figure 3.1 - Comparison between PBE and B3LYP functionals for frequency
calculation for the transition state structure of phenol/BODIPY ........................... 48
Figure 3.2 - Zig-zag edged structures: a) anthracene; b) pentacene; c) heptacene; and
d) nonacene ................................................................................................................................. 49
Figure 3.3 - Armchair edged structures: a) phenanthrene; b) picene; c)
dibenzopicene; and d) dinaphthopicene .......................................................................... 50
Figure 3.4 - Ring structures: a) pyrene; b) coronene; c) ovalene; d) hexa-peribenzocoronene; and e) TBDBPP-ovalene ........................................................................ 51
Figure 3.5 - Calculated Raman spectra of zig-zag structures ........................................... 52
Figure 3.6 - Calculated Raman spectra of armchair structures ....................................... 53
Figure 3.7 - Calculated Raman spectra of ring structures ................................................. 54
Figure 3.8 - Relative D mode intensity in calculated zig-zag Raman spectra ............ 55
Figure 3.9 - Relative R mode intensity in calculated armchair Raman spectra ........ 56
Figure 3.10 - Vibrational modes of ovalene (left) and hexa-peri-benzocoronene
(right) ............................................................................................................................................. 59
Figure 3.11 - Comparison of Raman bond parameters for graphene fragments using
Hückel and DFT methods; good agreement is observed between low and high
levels of theory ........................................................................................................................... 60
Figure 3.12 - Skeletal structures of a) armchair and b) zig-zag edged nanoribbon
analogues ...................................................................................................................................... 61
Figure 3.13 - Calculated IR spectra for armchair and zig-zag nanoribbon analogues
(individual points plotted) .................................................................................................... 62
Figure 3.14 - Calculated IR spectra for armchair and zig-zag nanoribbon analogues
(artificially widened) ............................................................................................................... 63
Figure 3.15 - Calculated and experimental IR spectra for graphene nanoribbons . 63
x

Figure

3.16

-

Crystal

structures

for

basis

set

optimisation;

left:

1-

naphthylamine/BODIPY; right: 2-naphthol/2xBODIPY ............................................ 65
Figure 3.17 - Optimised geometries of 1-naphthylamine/BODIPY ............................... 67
Figure 3.18 - Optimised geometries of 2-naphthol/2xBODIPY ....................................... 69
Figure 3.22 - Molecular orbital diagrams for 1-naphthylamine (left) and

2-

naphthylamine (right) ............................................................................................................. 78
Figure 3.23 - Density of states for 2-naphthol with overlaid molecular orbitals ..... 80
Figure 3.24 - Density of states for 2-naphthylamine with overlaid molecular
orbitals ........................................................................................................................................... 80
Figure 3.25 - HOMO for -O-BODIPY compounds with HOMO-LUMO gap stated ...... 82
Figure 3.26 - LUMO for -O-BODIPY compounds .................................................................... 83
Figure 4.1 - Solvatochromism of Cl-BODIPY ........................................................................... 87
Figure 4.2 - Beer-Lambert plot for 2-aminoanthracene/BODIPY in toluene ............. 88
Figure 4.3 - Normalised absorption spectra of 1-naphthol/2xBODIPY ....................... 92
Figure 4.4 - TD-DFT excitation spectra of 1-naphthol/2xBODIPY; Modes with
oscillator strength > 0.1 have been assigned to molecular orbital transitions.. 94
Figure 4.5 - Occupied orbitals: 1-naphthol/2xBODIPY ...................................................... 95
Figure 4.6 - Virtual orbitals: 1-naphthol/2xBODIPY ........................................................... 95
Figure 4.7 – Absorption spectra of 2-naphthol/1x and 2xBODIPY ................................ 98
Figure 4.8 - TD-DFT excitation spectra of 2-naphthol/1x and 2xBODIPY; Modes with
oscillator strength > 0.1 have been assigned to molecular orbital transitions.. 98
Figure 4.9 - Occupied (blue and red) and virtual (orange and teal) orbitals: 2naphthol/1xBODIPY ................................................................................................................. 99
Figure 4.10- Occupied (blue and red) and virtual (orange and teal) orbitals: 2naphthol/2xBODIPY ................................................................................................................. 99
xi

Figure 4.11 - Absorption spectra of 2-naphthol/2xBODIPY in acetonitrile at different
concentrations ..........................................................................................................................100
Figure 4.12 - Transition dipole for BODIPY ..........................................................................101
Figure 4.13 - Geometrical parameters used to define the orientation of two
transition dipole moments ..................................................................................................102
Figure 4.14 - Determination of geometrical parameters for 1-naphthol/2xBODIPY
(top) and 2-naphthol/2xBODIPY (bottom) with

and ′ (left) and

(right).

BODIPY planes (long axis = dipole) are shown for clarity ......................................103
Figure 4.15 -

scale for selected solvents .........................................................................107

Figure 4.16 - 3D (left) and contour (right) plots of Cl-BODIPY in: ethyl acetate (top);
acetonitrile (centre); and toluene (bottom) .................................................................108
Figure 4.17 - 3D (left) and contour (right) plots of Cl-BODIPY in: chloroform (top);
chlorobenzene (centre); and isopropyl alcohol (bottom) .......................................109
Figure 4.18 - Excitation data for Cl-BODIPY in three solvents; Data for
has been scaled to match

= 500 nm

at approximately 525 nm.........................................111

Figure 4.19 - ln knr vs Eem for all compounds .......................................................................114
Figure 4.20 - ln knr vs Eem for hydroxyl containing compounds; Data has been
separated between mono- (1x) and d- (2x) substituted analogues ...................115
Figure 4.21 - Comparison between calculated and experimental IR spectra of 1hydroxypyrene .........................................................................................................................117
Figure 4.22 - Comparison between calculated and experimental IR spectra of 1hydroxypyrene/BODIPY.......................................................................................................117
Figure

4.23

-

Experimental

IR

spectra

of

1-hydroxypyrene

and

1-

hydroxypyrene/BODIPY.......................................................................................................119

xii

Figure

4.24

-

Calculated

IR

spectra

of

1-hydroxypyrene

and

1-

hydroxypyrene/BODIPY ...................................................................................................... 119
Figure 4.25 - Calculated IR spectra of HBC(t-Bu)5OH and HBC(t-Bu)5OH/BODIPY
........................................................................................................................................................ 120
Figure 4.26 - Vibrational modes - BODIPY functionalisation; ....................................... 121
Figure 4.27 - Calculated IR spectrum for 1-hydroxypyrene/BODIPY with assigned
vibrational modes ................................................................................................................... 123
Figure 4.28 - Calculated IR spectrum for HBC(t-Bu)5OH/BODIPY with assigned
vibrational modes ................................................................................................................... 124

xiii

Tables
Table 2.1 - Crystallography data ................................................................................................. 44
Table 3.1 - Bonding energies for 1-naphthylamine ............................................................. 67
Table 3.2 - Bonding energies for 2-naphthol/2xBODIPY .................................................. 68
Table 3.3 - Comparison of experimental and calculated pKa values ............................ 73
Table 3.4 - Comparison of experimental and calculated pKa values in water .......... 75
Table 3.5 - Comparison of experimental and calculated pKa values in dichloroethane
.......................................................................................................................................................... 75
Table 3.6 - Calculated pKa values for analogues ................................................................... 75
Table 3.7 - Thermodynamic information for functionalisation studies....................... 77
Table 4.1 – Summary of molar absorptivity coefficients (mol-1Lcm-1) for Cl-BODIPY
and its small-analogue products. Standard errors (rounded to 1 significant
figure) are included in brackets .......................................................................................... 90
Table 4.2 - Geometrical parameters for exciton coupling ...............................................104
Table 4.3 - Relative quantum yields. * indicates reference standard used is Coumarin
6H; all others calculated with Coumarin 334 as standard ......................................106
Table 4.4 - Lifetimes in ethyl acetate ....................................................................................... 112
Table 4.5 - Lifetimes in acetonitrile .........................................................................................112
Table 4.6 - Lifetimes in toluene .................................................................................................112

xiv

Abbreviations
General
GNR

Graphene nanoribbon

HOPG

Highly-oriented pyrolytic graphite

kT

Energy equal to 4.11 × 10

J at 298 K

Molecular orbitals
HOMO

Highest occupied molecular orbital

LUMO

Lowest unoccupied molecular orbital

Computational terms
STO

Slater-type orbital

GTO

Gaussian-type orbital

B3LYP

Becke, 3-parameter, Lee-Yang-Parr

(functional)

PBE

Perdew-Burke-Ernzerhof

(functional)

MO6

Minnesota-06

(functional)

MO6-2X

Minnesota-06, Hartree-Fock exchange

(functional)

DZP

Double-zeta, 1 polarisation (STO)

(basis set)

Notation for computational terms
(functional)/(basis set) Example: B3LYP/DZP

xv

Notation for analogue compounds
analogue/BODIPY

Example: phenol/BODIPY

Solvents
DCM

Dichloromethane

IPA

Isopropyl alcohol / propan-2-ol

DCE

1,2-dichoroethane

EtOAc

Ethyl acetate

MeCN

Acetonitrile

xvi

Chapter 1.

Introduction

Graphene is a material of great interest for many applications including
electronic devices due to its chemical and physical stability and excellent electronic
transport properties. Chemical modifications can be utilised to tune graphene
properties towards desired applications. Modifications to the basal plane of
graphene introduces defects to the graphene lattice, whilst edge-modifications
maintain the lattice structure, and add bulk to the edges of graphene.
Graphene nanoribbons are long, thin graphene structures which exhibit
different chemical, electronic, and optical properties dependent on their edge
structures and widths.1-3 Production of nanoribbons with controllable size and edge
structure is advantageous for potential applications. Typical nanoribbon production
techniques produce ribbons which have a degree of oxidation to both the edges and
basal plane.4-5 Mechanical fracturing enables the production of batches of
nanoribbons with consistent edge structure whilst avoiding chemical process which
may induce oxidation.6 This allows spectroscopic studies to be performed to
determine the edge structures. Computational chemical studies performed on small
ribbon-like fragments provide a method to determine edge structure and edge
termination through comparison with experimental data.
The edge-functionalisation of graphene nanoribbons with a well-understood
chromophore is of use for further understanding graphene nanoribbons. By
functionalising ribbons at the edges, the basal plane and properties of the graphene
itself remain unaltered, whilst the addition of a chromophore allows the edge
chemistry of the mechanically fractured ribbons to be probed.

1

Boron dipyrrins (BODIPYs) are a commonly utilised family of chromophores
which have been functionalised with small aromatic structures. Through the
expansion of literature methods to obtain a new group of BODIPY functionalised
small molecule compounds, and the use of computational chemistry, the chemistry
and spectroscopy of BODIPY can be further understood. The use of small molecule
systems allows the utilisation of characterisation techniques not available for large
structures such as graphene nanoribbons.
The expansion of synthetic methods to graphene nanoribbons allows for the
production and characterisation of graphene nanoribbons functionalised at the
edges with BODIPY.

1.1

Materials

1.1.1

Graphene

Graphene consists of a single layer of carbon atoms in a hexagonal arrangement,
as shown in Figure 1.1. Graphene was first isolated in 20047, and since this time a
significant body of knowledge has been acquired on the material, in terms of both
its properties, synthesis, and potential applications.1, 8-14

Figure 1.1 - Graphene sheet

2

Graphene has many properties which make it desirable, including its high
thermal conductivity,15-16 and excellent electronic properties,1, 17-18 however, it is
difficult to produce in both high quality and large quantities.10, 19-20
The numbers of publications including graphene in the title have increased
exponentially since 2004, as shown in Figure 1.2, with studies of graphene
nanoribbons being a small proportion of these. Further analysing total publications
by field, it can be seen from Figure 1.3 that although initially the larger proportion
of studies involving graphene focussed on physics, there has been a larger interest
in the chemistry of graphene in recent years.
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Figure 1.2 - Number of publications with title containing keywords “graphene” (grey) and
“nanoribbon” (gold) since 2004 (source: Web of Science, 19/01/2017)

Functionalisation of graphene is performed on either the edge atoms or the
basal plane, i.e. within the graphene plane. Basal plane functionalisation causes

3

disturbances in the electronic structure of graphene through distortion of the plane,
whereas edge-functionalisation maintains the basal plane structure.
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Figure 1.3 - Number of graphene publications by field: chemistry (blue) and physics (purple)
(source: Web of Science, 19/01/2017)

The edge-functionalisation of graphene is dependent on, and effected by, edge
structure. The zig-zag and armchair directions of the edge structure, shown in
Figure 1.4, are equivalent to x and y in a square lattice. The edge structure of
graphene also effects properties and features in Raman spectra.

Figure 1.4 - Demonstration of zig-zag (blue) and armchair (orange) edges of graphene
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The different Raman modes of graphene, and analysis of these, are described in
more detail in 1.2.1.
Through calculation of density of states of graphene with specific edge
structures, information can be obtained about the band structure and other
properties. Kawasaki et al9 studied the density of states and spin density of graphene
fragments, and found that spin polarisation occurred between opposite zig-zag
edges of graphene, but not armchair edges, indicating a significant difference
between zig-zag and armchair graphene edges.

1.1.2

The chemistry of graphene

The covalent functionalisation of graphene by chromophores shows promise in
applications including nanoelectronics. Through the attachment of organic
molecules, the extended aromatic structure of graphene is effected, enabling
electronic properties to be controlled.21-23 Functional groups can be introduced to
graphene via edge or, more commonly, basal plane modification.24-26
Organic functionalisation is often performed through the formation of covalent
bonds between either a free radical or dienophile and C=C bonds of graphene, or
between organic functional groups and oxygen groups on graphene oxide.21, 27-29 A
large number of free radicals and dienophiles have been utilised in such
functionalisation, including diazonium salts,4, 30 nitrophenyls,22 benzoyl peroxide,31
azomethine ylide, and nitrenes. Covalent attachment to graphene oxide often
involves the use of chromophores32-34 or polymers.27, 35-37 The functionalisation of
graphene oxides with oligothiophene by Zhang et al32 showed strong interaction
between graphene oxide and oligothiophene, with almost complete fluorescence
quenching occurring in the functionalised compound compared with pure
5

oligothiophene. Additionally, covalent functionalisation has also been demonstrated
to improve the dispensability of graphene in organic solvents, as demonstrated by
Zhang et al33 with porphyrin functionalisation of graphene.

1.1.3

Graphene nanoribbons

Long and thin sheets of graphene are referred to as graphene nanoribbons
(GNRs). These typically have widths of tens to a few hundred nanometers. 5-6
Commonly used methods of producing graphene nanoribbons include chemical
vapour deposition (CVD),38 growth from solid carbon sources,39 the opening, or
unzipping, of carbon nanotubes,4, 40-43 electrochemical exfoliation,10, 20, 44-45 bottomup synthesis via thermal polymerisation9, 46-47, and mechanical fracturing.6 Each
production method has advantages and disadvantages.

Figure 1.5 - Potential edge structure combinations of graphene nanostructures (orange:
armchair; blue: zig-zag)

As with larger graphene sheets, the edge structure of the ribbon plays a
significant role in the determination of the overall properties of the nanoribbon.
Potential edge structure combinations for triangular graphene nanostructures are
shown in Figure 1.5. These same edge-structure combinations are possible for

6

nanoribbons also. Purely armchair, purely zig-zag, and combination edged
nanoribbons will all have different properties.

(a)

Graphene nanoribbon production

Graphene nanoribbon production via mechanical fracturing provides the
potential to have control over GNR edge structure.
In this method, adapted from that of Berry et al,6 a block of highly oriented
pyrolytic graphene (HOPG) is mounted on a microtome using resin. A diamond knife
is then used to cut the HOPG into nano-sized blocks, which gather like pencil
shavings at the knife edge (Figure 1.6(a)). After many cuts, these long stacks are then
transferred carefully (Figure 1.6(b)) to a vial containing desired solvent, and are
exfoliated into graphene nanoribbons via sonication.

Figure 1.6 - a) Accumulation of graphene nanoblocks during mechanical fracturing;
b) Transfer of graphene nanoblocks

An advantage of this method over more-typical synthetic methods is the
chemical purity of the nanoribbons. By using only the HOPG and the solvent which
subsequent modifications will be performed in, no chemical impurities are present
in the exfoliated nanoribbon solutions.

7

1.1.4

Light-harvesting molecules

The production of functional, graphene-based solar cell materials requires a
method which can be utilised to transfer charge carriers into the graphene.
Photoresponsive, light-harvesting molecules, such as dipyrrins, show promise in
this application.
Dipyrrins were first reported in 1937 by Fischer and Orth.48 Since this time,
dipyrrins have shown promise as efficient light-harvesting compounds for use in
solar cells.49-50 Modified, dipyrrin-BF2 (BODIPY) complexes have excellent emission
and fluorescence properties,51-55 and have versatile chemical synthesis.52, 56-57

(a)

Previous studies of Meso-Substituted BODIPY analogues

Due to the prohibitive computational cost of performing ab initio quantum
chemical calculations on graphene on nanometre length scales, small molecule
analogues of graphene are used to model the interaction between dipyrrin and
graphene. To model interactions with functional groups on graphene edges,
analogues involving –O- and –NH- bridges to carbon ring structures are of particular
interest, with the –O- on ring structures being analogous to an oxidised graphene
edge. The synthesis of such novel substituted BODIPY analogues has been reported
using a limited number of methods.49, 55, 58-59 Although functionalisation of BODIPY
is possible at different positions within the molecule, those functionalisations
occurring at the meso, or 8-, position will be focussed on for this study. Whilst these
compounds are referred to in various ways in literature, they will herein be referred
to as meso-substituted BODIPY analogues.
Goud et al58 reported the synthesis of such structures through the reaction of a
thioketone with aniline and isopropyl triflate. Due to the mild nature of reaction
8

conditions, this method theoretically enables the introduction of a greater number
of groups.
The group of Dehaen et al49 reported a larger range of meso-substituted
analogues. In their approach, meso-halogenated BODIPY dyes are synthesised.
Substituted analogues are then obtained via nucleophilic displacement of halogen,
as shown in Figure 1.7.
The syntheses are efficient, generally high yielding, and should be adaptable to
nucleophiles with larger structures. More recent reports of substituted analogues
by this group have utilised the same synthetic methods.59

Figure 1.7 - Nucleophilic displacement in meso-halogenated BODIPY dyes (adapted from
reference 49)

Peña-Cabrera et al reacted 8-methylthio-BODIPY with R-OH structures to form
BODIPY-OR substituted compounds.55 Their method differs from that of Dehaen et
al by the conversion of thioketone dipyrrin to 8-methylthio BODIPY, as opposed to
the conversion to 8-halogenaged BODIPY. The differences in these methods lead to
differing yields and reaction times, and also require different reaction conditions for
the nucleophilic substitution step. Whilst the Dehaen method is performed at room
temperature, the Peña-Cabrera method requires the reaction to be performed at
55°C.

9

(b)

DFT studies of Meso-Substituted BODIPY analogues

Boens et al59 reported quantum chemical calculations on substituted analogues.
These calculations were performed, at the B3LYP/6-31G(d,p) level, to determine the
effect of the meso-substituent on the optical properties of the compounds in terms
of their frontier orbitals. Through changing the size of the substituent, whilst
maintaining the same functional group it was found that the HOMO-LUMO gap was
effected by changes in torsion and bonding/substitution angle. Similarly, when
comparing substituents of similar size with different functional groups, it was found
that while the HOMO is relatively unaltered by changing the functional group, the
LUMO is very sensitive to meso-substitution. The changes observed for the change
in HOMO-LUMO gap corresponded to observed shifts in absorption maxima. These
findings agree with those observed by other groups.54-55

1.1.5

Potential applications

Functionalised graphene materials have shown potential for use in a wide range
of applications, including photodetectors, sensors, nanoelectronics, biotechnology,
semiconductors, memory devices, solar cells, and more.12,

21, 23, 60

The ability to

selectively functionalise graphene allows control over structure, and provides
methods to exploit the potential of graphene.

1.2

Characterisation of Materials

1.2.1

Raman spectroscopy of graphitic materials

Raman spectroscopy is a very useful tool for the determination of graphene
structure.5, 61-68 Specific features in the Raman spectrum of any graphitic material
allows for characterisation of the structure. As an example, the appearance of a
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shear mode at approximately 40 cm-1 in a Raman spectrum indicates more than one
graphitic layer is present.

(a)

Raman modes of Graphene

The significant Raman modes of graphene are shown in Figure 1.8 and described
in more detail in the following sections.
G mode:

D mode:

R mode:

“A” mode:

Figure 1.8 - Raman modes of graphene

(i) The G mode
The G mode is a doubly degenerate phonon mode which indicates the presence
of sp2 carbon networks. This mode is characterised by movement along the zig-zag
edges in graphene. The position of the G mode can be effected by the induction of
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extra charges due to functional groups at the edges.5 As such, this mode is a key
factor in monitoring the functionalisation of graphene.
(ii)

The D mode

The D mode is a disorder induced mode occurring around 1330 cm-1.5, 69-70 The
D mode is described by a stretching of ring bonds, as shown in Figure 1.8, where the
bold lines indicate the stretching rings. D mode intensity decreases as zig-zag edge
structure becomes more prominent in graphene, due to rings being unable to
uniformly expand due to the bridging nature of the zig-zag edge. Because of this, the
D mode can be used to determine the edge structure of graphitic materials.
(iii)

The R mode

The R mode is a breathing mode, analogous to the radial breathing mode of
carbon nanotubes, whereupon breathing occurs in the direction of the ring bonds
(i.e. along the armchair direction).71 This is shown in Figure 1.8. It is of importance
to note that this movement does not occur towards the atoms, or along the zig-zag
direction, causing a difference between the Raman spectra of zig-zag and armchair
edged structures.
(iv)

The “A” mode

The mode that will herein be referred to as the “A” mode is a disorder induced
mode very similar to the D mode, however, in this case, the rings which stretch are
those that do not stretch in the D mode (refer to Figure 1.8). This mode appears in
computationally calculated Raman spectra, and is generally in close proximity to the
D mode. It is likely that in experimental spectra, the “A” mode is included in the D
band intensity due to this close proximity.

12

(v) The G’ mode
This is an overtone of the D band which is also disorder induced, due to two
phonons, of opposite momentum, in the highest optical branch near K.63 This peak
changes in position with excitation energy due to a double resonance process,
linking the phonon wave vectors to the electronic band structure.72

(b)

Analysis using Raman spectroscopy

The Raman scattering intensity ratio ID/IG is used to determine the defect
quantity in graphitic materials.62 Whilst in bulk graphitic materials this ratio is used
to determine the purity of the material, in graphene it gives an indication of the
proportion of zig-zag and armchair structure.
As the number of layers of graphene increase, there is a shift in the position of
the G’ band (at approximately 2700 cm-1).5, 63, 67 This can be useful when determining
the number of layers in a material, however, a generally simpler method involves
calculating the intensity ratio between the G’ and G modes. In addition to this, the
appearance of a shear mode at approximately 40 cm-1 indicates the presence of
multiple graphitic layers.

1.2.2

Infrared spectroscopy of graphene

Pristine graphene has a near-featureless infrared absorption spectrum.37
Changes to the structure of graphene, via adsorption or functionalisation, causes
features to appear in infrared (IR) spectra.18 As with Raman spectra, graphene
nanoribbons will have different IR spectra depending on their dimensions and edgetypes. Functionalisation will also cause differences in the IR spectra,73-74 with peaks
corresponding to functional groups appearing in addition to changes in peaks
corresponding with changes to the edge structure. These changes are analogous to
13

the changes appearing in the Raman D mode due to the amount of disorder in the
structure.

1.2.3

Computational studies of graphitic compounds

Computational studies are often performed to provide further understanding
about graphitic materials. In particular, computational studies can provide
information about the effect of edge structure on properties, and Raman spectra, of
graphene.1-2, 61, 63, 75-77 Additionally, information on the spin polarisation and density
of states of the structures can be obtained, as reported by Kawasaki et al.9

1.3

Theory of interaction between dipyrrin and graphene

Information and understanding of the interaction between dipyrrins and
graphene is required to determine the suitability of these compounds for potential
solar energy applications.
The simplest model and approach is to assume a singlet (π-π*) state for the
dipyrrin, and a continuum of states for graphene, a problem which is well-known in
quantum mechanics. This is a Fano resonance,78-80 and can be thought of as an
interference between the transitions into the continuum and discrete state. In
addition to this, the effect of vibrational modes on coupling between dipyrrin and
graphene states must also be understood.
Figure 1.9 through Figure 1.11 are used to describe the interaction between
systems with discrete quantum states, including spin effects, and the effect of
vibrational motion. Figure 1.9 shows the basic photophysical processes which can
occur between the quantum states.
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v.r.
i.c.

S2
i.c.
v.r.
v.r.
i.s.c.

i.c.

S1

Phosphorescence

v.r.

Fluorescence

Absorption

i.s.c.

v.r.

Figure 1.9 - Jablonski diagram showing photophysical processes (adapted from Ref. 60)
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Figure 1.10 - Illustraction of Franck-Condon factors for large and small vibrational mode
displacements ( )
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Figure 1.10 illustrates the total energy for a system having a single vibrational
mode and two electronic states. Transitions between the states are governed by the
Fermi Golden Rule (Equation (1-1), where V indicates coupling and

is a density of

states term) and the Born-Oppenheimer approximation. This leads to the concept of
Franck-Condon (FC) factors, also known as overlap integrals, which are illustrated
in the figure. The relative positions of states S0 and S1 determine the magnitude of
this overlap integral.

=

→

2
|⟨ | | ⟩|
ℏ

(1-1)

Where, from the Born-Oppenheimer approximation: | ⟩ =

| and ⟨ | =

⟨ |⟨ | given that, for Figure 1.10: i = S0 and f = S1; g = 0 and e = 1.
Following on, and using notation where

and

represent vibrational

wavefunctions, whilst g and e represent electronic wavefunctions, for radiative
transitions,

= ⃗. From this, the Fermi Golden Rule can be restated in the form of

Equations (1-2) and (1-3).

→

→

2
⟨ | ⃗
ℏ
2
⟨ | ⃗| ⟩⟨
=
ℏ

=

(1-2)
(1-3)

Where ⟨ | ⃗| ⟩ represents the transition dipole moment (μ) and ⟨
represents the Franck-Condon factor (FC). Therefore, the Fermi Golden Rule can be
restated finally as (1-4):

→

=

2
ℏ

(FC)

(1-4)

The magnitude of the Franck-Condon factor can be related to the structural
rigidity of the molecules (dipyrrin) or substrate (graphene).
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Figure 1.11 - Franck-Condon principle for a radiative transition (absorption). In this case,
the FC factor involves vibrational wavefunctions from electronic states with different
energies. Horizontal lines indicate transitions that will have significant intensity due to large
FC factors (adapted from Ref. 60)
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Small displacements, as in the case of rigid structures, lead to small values of ΔQ,
whereas large displacements, for flexible structures, lead to large values of ΔQ, as
demonstrated by Figure 1.10.
The Franck-Condon principle (Figure 1.11) requires transitions between
quantum states to conserve nuclei momentum. This leads to nuclei needing to be
stationary during a transition, irrespective of whether the transition is radiative.
The assumption of a system with a single vibrational mode and two electronic states
is reasonable for the dipyrrin component of these structures, graphene has a
continuum of electronic states, leading to the introduction of a density of states into
the system. This means the value of

in the Fermi Golden Rule expression is no

longer equal to 1, leading to a situation where Figure 1.10 would consist of an
infinite number of S1 states. Consequently, there is a very high probability there will
be an S1 state that gives a large FC factor with S0 allowing rapid nonradiative passage
back to the ground state.
Time-resolved spectroscopy methods, such as absorption, fluorescence, and
Raman, are used to determine rates of transitions experimentally. The time scale of
the measurement is determined by the lifetime of the quantum states. The radiative
lifetime of BODIPYs are generally on the order of a few nanoseconds,59 which is fairly
long for an organic chromophore.

1.4

Stability of aromatic compounds

The well-known Hückel 4n + 2 rule describes the stability of benzene compared
to cyclobutadiene, however it is strictly only valid for monocyclic conjugated
systems. As such, many attempts were made to extend this to polycyclic systems.81
Based on the work of Robinson, the Clar π-sextet rule states that the Kekulé
19

resonance structure with the largest number of benzene-like moieties (aromatic
sextets) is the most important for the characterisation of properties.81-82 These
sextets symbolise six π-electrons in a system, and are separated from adjacent rings
by C-C single bonds. They are represented by a circle inside the hexagonal sixmembered ring, and symbolise the mobility of the π-electrons. An example of the
Kekulé and Clar structures of naphthalene are shown in Figure 1.12. The two orange
Clar structures represent two resonance structures for naphthalene, however, as the
sextet can migrate from one ring to another, the Clar structure shown in black gives
a more accurate representation of the true structure of naphthalene. Whilst the two
double bonds do not need to be explicitly stated, they are included here.
a)

b)

Figure 1.12 - Kekulé (a) and Clar (b) representations of naphthalene

Naphthalene is not as stable as benzene, and anthracene is more reactive still.83
This trend continues throughout this series, and indicates that a single sextet does
not provide stability for structures with more than one 6-membered ring. From this,
Clar proposed that the inherent sextet in benzene explains its stability, and that the
benzenoid rings, and thus aromatic sextets, in a structure, will have higher stability
than the aromatic rings.82 This is supported by the relative stabilities of anthracene
and phenanthrene (Clar structures shown in Figure 1.13), which share the same
number of rings and atoms, but with phenanthrene being significantly more stable
than anthracene. The higher stability of phenanthrene is explained in the Clar
description by it having two aromatic sextets, as opposed to anthracene having a
single aromatic sextet.
20

a)

b)

Figure 1.13 - Clar structures of: a) anthracene; and b) phenanthrene

Clar structures can be prepared for aromatic structures of any size, and are often
used to describe graphene nanoribbon fragments used in density functional theory
(DFT) calculations, with Clar theory used to interpret electronic properties and
stability of nanoribbons.1 Herein, chemical structures will be presented using Clar
structures. This enables simple comparisons of relative stability to be made, and
clearly shows the benzenoid character of aromatic compounds presented.
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Chapter 2.

Synthetic methods

This chapter describes the synthesis of dipyrrin compounds and the BODIPYfunctionalisation of both small aromatic analogue compounds and graphene
nanoribbons. Of the compounds whose synthesis is described in 2.2, only
phenol/BODIPY and aniline/BODIPY have been previously described in the
literature. Chemicals were used as received from Sigma-Aldrich, and solvents were
dried over molecular sieves prior to use.

2.1

Synthesis of dipyrrin compounds

The typical procedures for dipyrrin synthesis (outlined below) were scaled as
required.

2.1.1

Thioketone dipyrrin

In accordance with literature,58 thiophosgene (1.5 mL, 0.020 mol) was dissolved
in toluene (anhydrous, 7.5 mL) on ice in a round-bottom flask with stirring. A
solution of pyrrole (3.0240 g, 0.045 mol) in THF (anhydrous, 7.5 mL) was added
dropwise to the thiophosgene mixture. The reaction mixture was stirred for 5
minutes on ice, then for a further 30 minutes at room temperature. The solvent was
then removed in vacuo. The near-solvent-free compound was dissolved in DCM and
passed through a silica-gel plug to remove impurities. The solvent was removed in
vacuo, and the red solid material dried overnight under high vacuum, yielding
1.3152 g (7.46 mmol, 37.5 %).
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1H

NMR (400 MHz, CDCl3): δ 9.77 (br s, 2H), 7.21 (td, J = 2.70 Hz, 1.30 Hz, 2H),

7.05 (dd, J = 2.45 Hz, 1.30 Hz, 2H), 6.41 (dt, J = 3.93 Hz, 2.54 Hz, 2H) ppm

2.1.2

Ketone dipyrrin

Thioketone dipyrrin (1.3152 g, 7.46 mmol) and KOH (1.6959 g, 0.030 mol) were
dissolved in MeOH (15 mL) with stirring on ice. H2O2 (30% aq., 5.5 mL) was added
dropwise, and the mixture then refluxed for 10 minutes. Additional H2O2 was added
dropwise down the condenser to the red-coloured solution, the colour was observed
to turn completely yellow. 20 mL H2O was added and the mixture then cooled on ice.
The precipitated product was then filtered and dried overnight under high vacuum,
producing 0.5188 g (3.24 mmol, 43.4 %) of light brown powder.
1H

NMR (400 MHz, CDCl3): δ 9.69 (br s, 2H), 7.16 (s, 2H), 7.08 (s, 2H),

6.35 (d, J = 3.67 Hz, 2H) ppm

2.1.3

Cl-BODIPY

Ketone dipyrrin (4.1521 g, 0.026 mol) was dissolved in minimal 1,2dichloroethane (DCE) (anhydrous, 20 mL) in an oven-dried 50 mL double-necked
round-bottom flask, and placed under Ar atmosphere. POCl3 (4.5 mL, 0.048 mol) was
injected into the mixture, and the mixture refluxed for 3 hours. After cooling on ice,
NEt3 (35 mL, 0.251 mol) was added slowly. BF3 diethyl etherate (35 mL, 0.279 mol)
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was then injected into the mixture, which was then stirred for 2 hours at room
temperature. The mixture was then poured out into Et2O (300 mL) and washed with
H2O. The ether layer was dried over MgSO4, filtered, and solvent removed. The
product was then purified on a silica plug (silica, DCM:petroleum ether, 1:1 moving
to 2:1). After solvent was removed, the product was dried under high vacuum
overnight, giving 3.0391 g (0.013 mol, 51.8 %) of bright red crystalline product.
1H

NMR (700 MHz, CDCl3): δ 7.88 (s, 2H), 7.40 (d, J = 4.38 Hz, 2H),

6.58 (d, J = 4.19 Hz, 2H) ppm
13C

NMR (175 MHz, CDCl3): δ 145.1, 141.2, 134.0, 129.3, 119.1 ppm

2.2

Functionalisation of small-analogue compounds

The functionalisation of small-analogue compounds with BODIPY follows the
general synthetic method:

Where X is generally O or NH, and R is aromatic.

2.2.1

Phenol/BODIPY
The

phenol/BODIPY

compound

was

synthesised

according to the procedure of Dehaen et al.49 Phenol (28.3 mg,
0.301 mmol) and K2CO3 (60.3mg, 0.436 mmol) were added to
Cl-BODIPY (53.6 mg, 0.236 mmol) in DCM (anhydrous, 3 mL)
and the mixture stirred for two hours under Ar atmosphere. The mixture was
poured out into Et2O (25 mL), washed with saturated Na2CO3 solution (25 mL, aq.),
25

and the solvent removed from the organic layer in vacuo. The product was then
purified using a silica plug (silica, DCM/Petroleum ether, 1:1, v/v). Once dry, 0.0625
g (0.220 mmol, 92.9 %) of yellow product was obtained, although minimal
impurities were present.
1H

NMR (400 MHz, CDCl3): δ 7.74 (s, 2H), 7.50 (t, J = 7.44, 2H),

7.39 (t, J = 7.75, 1H), 7.27 (d, J = 1.31 Hz, 1H), 7.25 (d, J = 0.95 Hz, 1H),
6.68 (d, J = 4.10 Hz, 2H), 6.40 (d, J = 4.28 Hz, 2H) ppm

2.2.2

MeO/BODIPY
This compound was made during an attempt to synthesise
phenol/BODIPY on a larger scale than previously using NEt3 as
base in place of K2CO3. The synthetic route follows, with an
explanation of product formation.

(a)

Synthetic method

Phenol (37.1 mg, 0.394 mmol) and NEt3 (120 μL, 0.860 mmol) were added to ClBODIPY (90.4 mg, 0.399 mmol) in DCM (anhydrous, 4 mL) with stirring, and the
mixture stirred for an hour under Ar atmosphere, until the reaction was determined
to be complete by TLC. The mixture was extracted into Et 2O (25 mL), washed with
saturated Na2CO3 solution (25 mL, aq.), and the solvent removed from the organic
phase in vacuo until near dryness. MeOH (approx. 2 mL) was added to the near dry
material and the solvent then partially removed in vacuo, during which a white
vapour formed in conjunction with the formation of a purple crystalline precipitate.
The mixture was then left to stand overnight at room temperature in a sealed vessel.
The crystalline material was then filtered, washed with cyclohexane, and dried
under high vacuum, yielding 0.0361 g (0.163 mmol, 41.2 %) of purple product.
26

1H

NMR (400 MHz, CDCl3): δ 7.75 (s, 2H), 7.38 (d, J = 4.16 Hz, 2H),

6.54 (d, J = 4.25 Hz, 2H), 4.50 (s, 3H) ppm

(b)

Discussion of product

The 1H NMR of the product from (a) does not agree with that of the desired
product of phenol/BODIPY. The NMR does indicate, however, the presence of
BODIPY and a –OCH3 group. As such, it was decided to consult the literature for a
MeO/BODIPY structure for comparison. The MeO/BODIPY structure found has been
reported previously,49, 55 and the reported 1H NMR of this agrees with the product
from this reaction.
During this reaction, the product of phenol/BODIPY was formed, however,
during the purification process, upon addition of MeOH, the phenol structure was
replaced by MeO.

2.2.3

Aniline/BODIPY
As with the phenol/BODIPY compound, the aniline/BODIPY
compound was synthesised to confirm the success of the
literature method prior to its adaptation for larger aminated
aromatic carbon compounds. Unlike the phenol synthesis which

required an additional base, the literature method for aniline/BODIPY uses excess
aniline as the base. Whilst this method was found to work for aniline as in (a) below,
as the number of C-rings increases in these aminated compounds, they become more
expensive, therefore the use of additional base was also investigated. Due to the
successful use of additional base in (b), all novel syntheses involving aminated
aromatic carbon compounds utilise the additional base as opposed to relying solely
on the compound acting as the base.
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(a)

Literature procedure

The aniline/BODIPY compound was synthesised according to the procedure of
Dehaen et el.49 Aniline (30.5 mg, 0.327 mmol) was added to Cl-BODIPY (23.9 mg,
0.106 mmol) in DCM (anhydrous, 1 mL), and the mixture stirred under Ar
atmosphere for 2 hours, until the reaction was determined to be complete by TLC.
The product was purified using the method for phenol/BODIPY (2.2.1).
Initial 1H NMR showed significant impurities, so the compound was purified
using silica gel chromatography, in accordance with literature55 (silica, EtOAc/Hex,
1:4, v/v). After removal of solvent, 0.0179g (0.063 mmol, 59.9 %) of yellow
crystalline solid product was obtained with some impurities.
1H

NMR (400 MHz, CDCl3): δ 7.91 (s, 1H), 7.60 (s, 2H), 7.53 (m, 3H),

7.42 (d, J = 2.17, 1H), 7.39 (d , J = 1.96 Hz, 1H), 6.51 (d, J = 3.86 Hz, 2H),
6.33 (dd , J = 3.20 Hz, J = 2.18 , 2H) ppm

(b)

Modified procedure

This procedure has been repeated using 2 equivalents of NEt3 as base instead of
excess aniline in order to minimise usage of aminated compounds. This method was
successful in forming the desired product in 50% yield.
1H

NMR (700 MHz, CDCl3): δ 8.00 (s, 1H), 7.58 (s, 2H), 7.52 (m, 3H),

7.38 (dd, J = 8.04 Hz, 1.72 Hz, 2H), 6.51 (d, J = 2.79 Hz), 6.32 (dd, J = 3.73 Hz, 1.85 Hz,
2H) ppm
13C

NMR (175 MHz, CDCl3): δ 147.7, 137.5, 135.4, 130.5, 129.5, 126.9, 124.0

120.4, 114.6 ppm
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ESI-MS: Calculated for C15H12N3BF2 = 283.1087; Measured = 264.1098
(Agrees with calculated for C15H12N3BF = 264.1103)

2.2.4

1-naphthylamine/BODIPY
This reaction was performed using K2CO3 as base in one
synthesis, and NEt3 in the other. The reaction utilising K2CO3
as base did not result in the desired product. The successful
reaction is described here.
1-naphthylamine (74.2 mg, 0.518 mmol) and NEt3

(150 μL, 1.075 mmol) were added to Cl-BODIPY (113.2 mg, 0.500 mmol) in DCM
(anhydrous, 5 mL), and the mixture stirred under Ar atmosphere at room
temperature for 22 ½ hours until complete by TLC.
To purify the product, a recrystallization in cyclohexane was attempted, as this
would be potentially simpler than column chromatography. Some product would
not dissolve so the solution was decanted off, and the insoluble product left to dry.
No material precipitated out of the solution over a weekend, therefore it was
assumed there was no desired product present. 1H NMR was performed on the
insoluble material, but did not contain the expected three doublets from BODIPY,
however the integrals agreed with the product potentially being formed. X-ray
crystallographic results are described in 2.4.1. The product was obtained in high
purity with 87% yield.
1H

NMR (700 MHz, CDCl3): δ 11.53 (s, 1H), 9.46 (s, 1H), 8.00 (m, 1H),

7.95 (d, 2H, J = 7.27 Hz), 7.56 (s, 1H), 7.55 (m, 2H), 7.54 (s, 2H), 7.48 (m, 1H),
6.53 (s, 1H), 6.22 (s, 2H) ppm
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13C

NMR (175 MHz, CDCl3): δ 148.9, 134.8, 134.6, 134.2, 129.8, 129.6, 128.6,

127.8, 127.3, 126.0, 125.5, 124.0, 122.4, 114.4 ppm
ESI-MS: Calculated for C19H14N3BF2 = 333.1243; Measured = 314.1252
(Agrees with calculated for C19H14N3BF = 314.1259)

2.2.5

2-naphthylamine/BODIPY
Cl-BODIPY (117.1 mg, 0.517 mmol) was dissolved in
DCM (anhydrous, 5 mL). To this, 2-naphthylamine (75.4
mg,

0.527

mmol)

and

distilled

NEt3

(150

μL,

1.075 mmol) were added, and the mixture stirred under
Ar atmosphere for 3 hours until reaction complete by TLC. After unsuccessful
attempt at purification by recrystallization in cyclohexane, product was purified
using column chromatography (silica, EtOAc/Hex, 1:4, v/v). 1H NMR showed
impurities

were

still

present.

Further

purification

was

attempted

by

recrystallization in cyclohexane, however, a large amount of insoluble material
remained. 1H NMR was performed on both the supernatant and insoluble material,
and showed the insoluble material was the desired product in high purity as a
yellow/brown crystalline solid, in 72% yield (0.1241 g, 0.373 mmol).
1H

NMR (700 MHz, CDCl3): δ 8.09 (s, 1H), 7.98 (d, J = 8.72 Hz, 1H),

7.94 (d, J = 7.95 Hz, 1H), 7.88 (s, 1H), 7.86 (d, J = 7.68 Hz, 1H), 7.61 (m, 4H),
7.56 (dd, J = 8.49 Hz, 2.17 Hz, 1H), 6.56 (d, J = 2.73 Hz, 2H),
6.31 (dd, J = 3.94 Hz, 2.02 Hz, 2H) ppm
13C

NMR (175 MHz, CDCl3): δ 147.5, 135.7, 134.8, 133.7, 133.0, 130.6, 128.1,

128.2, 127.6, 127.4, 125.2, 124.2, 124.1, 120.6, 114.7, 26.9 ppm
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ESI-MS: Calculated for C19H14N3BF2 = 333.1243; Measured = 314.1255
(Agrees with calculated for C19H14N3BF = 314.1259)

2.2.6

1-naphthol/2xBODIPY
1-naphthol (76.5 mg, 0.531 mmol) and distilled NEt3
(150 μL, 1.075 mmol) were added to Cl-BODIPY
(116.7mg, 0.515 mmol) in DCM (anhydrous, 5 mL). The
reaction mixture was stirred under Ar atmosphere for 1
hour until complete by TLC. The solvent was removed,
and purification by recrystallization in cyclohexane

attempted, which was unsuccessful. Product was successfully purified by column
chromatography (silica, EtOAc/Hex, 1:2, v/v). After solvent was removed, product
was dried under high vacuum overnight.
1H

NMR showed presence of significant impurities. Recrystallization in

cyclohexane was again attempted, and was successful. A dark red, solid material was
filtered from solution and dried. The yield of this reaction was 0.0849 g (0.162
mmol, 31.3 %). The 1H NMR spectrum indicated a 2:1 BODIPY:1-naphthol ratio.
1H

NMR (700 MHz, CDCl3): δ 8.44 (d, J = 8.34 Hz, 1H), 8.28 (d, J = 8.47 Hz, 1H),

7.98 (d, J = 19.91 Hz, 4H), 7.94 (s, 1H), 7.91 (d, J = 8.34 Hz, 1H), 7.65 (m, 1H),
7.59 (m, 1H), 7.53 (m, 1H), 7.51 (s, 1H), 7.44 (m, 1H), 7.40 (d, J = 7.53 Hz, 1H),
6.99 (d, J = 4.03 Hz, 2H), 6.91 (d, J = 7.80 Hz, 1H), 6.74 (d, J = 4.27 Hz, 2H),
6.70 (d, J = 4.27 Hz, 1H), 6.60 (dd, J = 4.12 Hz, 1.32 Hz, 2H), 6.55 (s, 1H),
6.49 (dd, J = 4.27 Hz, 1.32 Hz, 2H), 6.44 (dd, J = 4.18 Hz, 1.39 Hz, 1H) ppm
13C

NMR (175 MHz, CDCl3): δ 153.5, 151.6, 146.4, 145.7, 144.8, 144.5, 144.1,

140.8, 136.3, 136.2, 134.80, 134.5. 133.9, 131.4, 131.2, 131.0, 129.7, 129.1, 128.9,
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127.4, 127.1, 126.2, 126.1, 125.9, 124.4, 124.2, 123.7, 123.5, 123.3, 121.8, 119.7,
118.8, 118.4, 112.4, 107.6 ppm
ESI-MS: Calculated for C28H18ON4B2F4 = 524.1597; Measured = 505.1610
(Agrees with calculated for C28H18ON4B2F3= 505.1613)

2.2.7

2-naphthol/BODIPY
Cl-BODIPY (112.2 mg, 0.496 mmol) was dissolved in
DCM (anhydrous, 5 mL). 2-naphthol (71.9 mg, 0.499
mmol) and distilled NEt3 (145 μL, 1.040 mmol) were
added, and the reaction mixture stirred under Ar

atmosphere at room temperature for 2 hours until complete by TLC. The product
was purified using column chromatography (silica, EtOAc/Hex, 1:4, v/v) and
characterised using 1H NMR, which showed impurities in product. The product was
then further purified by recrystallization in cyclohexane. The product was filtered
and dried overnight under high vacuum. The product was obtained in a yield of
0.1297g (0.388 mmol, 77.8 %) of bright orange crystals.
1H

NMR (700 MHz, CDCl3): δ 7.97 (d, J = 8.90 Hz, 1H), 7.93 (m, 1H), 7.85 (m, 1H),

7.76 (s, 2H), 7.72 (d, J = 2.48 Hz, 1H), 7.58 (m, 2H), 7.37 (dd, J = 8.93 Hz, 2.57 Hz, 1H),
6.72 (d, J = 4.32 Hz, 2H), 6.38 (d, J = 4.11 Hz, 2H) ppm
13C

NMR (175 MHz, CDCl3): δ 159.3, 153.3, 140.9, 133.8, 131.7, 130.8, 128.1,

127.9, 127.5, 127.0, 126.6, 126.3, 119.2, 116.9, 116.9 ppm
ESI-MS: Calculated for C19H13ON2BF2 = 334.1084; Measured = 315.1096
(Agrees with calculated for C19H13ON2BF = 315.1099)
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2.2.8

2-naphthol/2xBODIPY
2-naphthol (44.5 mg, 0.309 mmol) and K2CO3 (86.2
mg, 0.62 mmol) were added to Cl-BODIPY (73.4 mg, 0.324
mmol) in DCM (anhydrous, 3 mL). The reaction mixture
was stirred under Ar atmosphere for 22 hours until
complete by TLC. Solvent was then removed, and the
product purified using column chromatography (silica,

EtOAc/Hex, 1:4, v/v). Product fractions were combined and solvent removed, and
dried under high vacuum overnight, affording 0.0345g (0.066 mmol, 21.3 %) of red
crystalline product.
1H

NMR (700 MHz, CDCl3): δ 8.12 (d, J = 8.86 Hz, 1H), 8.00 (d, J = 8.23 Hz, 1H),

7.89 (s, 2H), 7.76 (d, J = 8.49 Hz, 1H), 7.67 (s, 2H), 7.60 (m, 1H),
7.57 (d, J = 8.89 Hz, 1H), 7.54 (m, 1H), 6.58 (d, J = 4.31 Hz, 2H),
6.55 (d, J = 4.31 Hz, 2H), 6.41 (d, J = 4.17 Hz, 2H), 6.32 (d, J = 4.03 Hz, 2H) ppm
13C

NMR (175 MHz, CDCl3): δ 157.3, 151.1, 145.5, 141.8, 138.6, 135.8, 133.5,

132.2, 131.2, 130.4, 128.6, 128.3, 127.3, 127.1, 125.9, 125.8, 120.8, 119.1, 119.0,
117.3 ppm
ESI-MS: Calculated for C28H18ON4B2F4 = 524.1597; Measured = 505.1614
(Agrees with calculated for C28H18ON4B2F3= 505.1613)
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2.2.9

1-aminoanthracene/BODIPY
Cl-BODIPY (67.4 mg, 0.298 mmol) was dissolved in DCM
(anhydrous,

3

mL).

1-aminoanthracene

(56.9

mg,

0.294 mmol) and N,N-Diisopropylethylamine (110 μL, 0.631
mmol) were added, and the mixture stirred at room
temperature under Ar atmosphere until TLC indicated no
unreacted starting materials were present. The product was
then purified using column chromatography (alumina, CHCl3/Hexane, 2:1, v/v) and
characterised using 1H NMR spectroscopic analysis, which showed impurities in
product. The product was then further purified by recrystallization in cyclohexane.
Oily product was present But was too impure to determine whether the desired
product was obtained.

2.2.10 2-aminoanthracene/BODIPY
Cl-BODIPY (67.7 mg, 0.299 mmol) was dissolved
in DCM (anhydrous, 3 mL). 2-aminoanthracene (56.7
mg, 0.293 mmol) and N,N-Diisopropylethylamine
(110 μL, 0.631 mmol) were added, and the mixture
stirred at room temperature under Ar atmosphere until TLC indicated no unreacted
starting materials were present. The product was then purified using column
chromatography (silica, DCM/Hexane, 4:1, v/v) and characterised using 1H NMR.
Initial NMR sample was observed to decompose and form precipitated product in
CDCl3 therefore obtained NMR in Acetonitrile-d3. 0.0201 g (0.052 mmol, 17.9 %) of
product was afforded by these conditions with high purity.
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1H

NMR (700 MHz, CD3CN): δ 9.56 (s, 1H), 8.63 (s, 1H), 8.57 (s, 1H),

8.22 (d, J = 8.36 Hz, 1H), 8.16 (s, 1H), 8.10 (m, 2H), 7.57 (m, 2H), 7.51 (m, 3H),
6.74 (s, 2H), 6.33 (s, 2H) ppm
13C

NMR (175 MHz, CDCl3): δ 147.7, 134.5, 133.7, 132.1, 131.9, 131.0, 130.3,

127.9, 127.8, 126.6, 126.4, 126.0, 124.9, 124.0, 123.9, 120.7, 113.9 ppm
ESI-MS: Calculated for C23H16N3BF2 = 383.1390; Measured = 383.1400

2.2.11 9-aminophenanthrene/BODIPY
Cl-BODIPY (68.2 mg, 0.301 mmol) was dissolved in
DCM (anhydrous, 3 mL). 9-aminophenanthrene (58.6 mg,
0.303 mmol) and N,N-Diisopropylethylamine (110 μL,
0.631 mmol) were added, and the mixture stirred at room
temperature under Ar atmosphere until TLC indicated no
unreacted starting materials were present. The product was then purified using
column chromatography (alumina, CHCl3/Hexane, 2:1, v/v) and characterised using
1H

NMR, which showed impurities in product. These impurities were not able to be

removed through further column chromatography or recrystallization methods.
The yield of this impure product was not calculated.

2.2.12 9-hydroxyphenanthrene/BODIPY
Cl-BODIPY (67.6 mg, 0.299 mmol) was dissolved in
DCM (anhydrous, 3 mL). 9-hydroxyphenanthrene (58.8
mg, 0.302 mmol) and N,N-Diisopropylethylamine (110 μL,
0.631 mmol) were added, and the mixture stirred at room
temperature under Ar atmosphere until TLC indicated no
unreacted starting materials were present. The product was then purified using
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column chromatography (alumina, CHCl3/Hexane, 2:1, v/v) affording 0.0265 g
(0.069 mmol, 23.1 %) of product with minor impurities.
1H

NMR (700 MHz, CDCl3): δ 8.75 (d, J = 8.36 Hz, 1H), 8.67 (d, J = 8.18 Hz, 1H),

8.44 (dd, J = 8.46 Hz, 1.20 Hz, 1H), 8.01 (s, 2H), 7.81 (m, 1H), 7.72 (m, 1H),
7.55 (m, 2H), 7.46 (m, 1H), 6.78 (d, J = 4.27 Hz, 2H), 6.48 (d, J = 4.07 Hz, 2H),
5.90 (s, 1H) ppm
13C

NMR (175 MHz, CDCl3): δ 147.5, 145.6, 141.0, 136.2, 132.4, 132.0, 131.3,

128.6, 127.5, 127.1, 126.2, 125.7, 124.9, 124.7, 123.6, 122.7, 122.5, 119.4, 109.0, ppm
ESI-MS: Calculated for C23H16ON2BF2 = 385.1215; Measured = 385.1318

2.2.13 2-hydroxytriphenylene/BODIPY
Cl-BODIPY (75.0 mg, 0.331 mmol) was dissolved in
DCM (anhydrous, 5 mL). 2-hydroxytriphenylene (81.3
mg, 0.333 mmol) and NEt3 (100 μL, 717 mmol) were
added, and the mixture stirred at room temperature
under Ar atmosphere. After 20 minutes a yellow
precipitate had formed, and TLC confirmed no
unreacted Cl-BODIPY was present. The precipitate was filtered, washed with cold
DCM, and dried overnight under high vacuum, which afforded 0.0535g (0.123 mmol,
37.2 %) of yellow product in high purity.
1H

NMR (700 MHz, CDCl3): δ 8.77 (d, J = 8.79 Hz, 1H), 8.70 (m, 2H), 8.64 (m, 1H),

8.52 (d, J = 8.20 Hz, 1H), 8.51 (d, J = 2.64 Hz, 1H), 7.77 (s, 2H), 7.73 (m, 3H),
7.68 (m, 1H), 7.54 (dd, J = 8.82 Hz, 2.47 Hz, 1H), 6.77 (d, J = 4.02 Hz, 2H),
6.38 (dd, J = 3.98 Hz, 1.40 Hz, 2H) ppm
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13C

NMR (175 MHz, CDCl3): δ 159.4, 154.7, 140.9, 131.9, 130.3, 129.9, 128.9,

128.7, 128.5, 128.4, 127.9, 127.7, 127.7, 126.9, 126.3, 126.0, 123.7, 123.6, 123.5,
123.5, 119.3, 117.0, 114.2 ppm
ESI-MS: Calculated for C27H17ON2BF2 = 434.1396; Measured = 415.1412
(Agrees with calculated for C27H17ON2BF = 415.1412)

2.2.14 1-hydroxypyrene/BODIPY
Cl-BODIPY (66.5 mg, 0.293 mmol) was dissolved in DCM
(anhydrous, 3 mL). 1-hydroxypyrene (64.5 mg, 0.296 mmol)
and N,N-Diisopropylethylamine (110 μL, 0.631 mmol) were
added, and the mixture stirred at room temperature under
Ar atmosphere until TLC indicated no unreacted starting
materials were present. The product was purified using a
silica plug (silica, DCM/Hexane, 2:1, v/v), affording 0.0938 g (0.229 mmol, 77.9 %)
of yellow product in high purity.
1H

NMR (700 MHz, CDCl3): δ 8.29 (d, J = 7.48 Hz, 1H), 8.24 (dd, J = 9.78 Hz, 7.77

Hz, 2H), 8.20 (d, J = 9.21 Hz, 1H), 8.16 (m, 3H), 8.10 (m, 1H), 7.87 (d, J = 7.91 Hz, 1H),
7.75 (s, 2H), 6.51 (d, J = 4.28 Hz, 2H), 6.31 (dd, J = 4.27 Hz, 1.42 Hz, 2H) ppm
13C

NMR (175 MHz, CDCl3): δ 160.3, 148.6, 140.8, 131.2, 131.1, 130.1, 129.4,

128.1, 127.0, 126.7, 126.2, 126.1, 126.0, 125.8, 125.6, 124.5, 122.4, 119.5, 117.8,
116.9 ppm
ESI-MS: Calculated for C25H15ON2BF2 = 408.1240; Measured = 408.1232
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2.2.15 HBC(t-Bu)5OH/BODIPY
Cl-BODIPY (5.1 mg, 0.023 mmol) was
dissolved in DCM (anhydrous, 0.5 mL). HBC(tBu)5OH
dissolved

(18.3
in

mg,
0.5

0.022
mL

DCM,

mmol)
and

N,N-Diisopropylethylamine (10 μL, 0.057
mmol) were added, and the mixture stirred at
room temperature under Ar atmosphere until
TLC indicated no unreacted starting materials were present, at which time the
solvent was removed in vacuo affording 0.0224 g (0.022 mmol, 99.7%) of final
product. Minor impurities were found to be present that originated from starting
material.
1H

NMR (700 MHz, CDCl3): δ 9.32 (m, 6H), 9.27 (s, 2H), 9.04 (s, 2H), 8.95 (s, 2H),

7.81 (s, 2H), 6.83 (d, J = 3.73 Hz, 2H), 6.37 (dd, J = 4.42 Hz, 2.22 Hz, 2H), 1.85 (s, 9H),
1.84 (s, 18H), 1.78 (s, 18H) ppm
13C

NMR (175 MHz, CDCl3): δ 160.4, 153.6, 149.6, 149.5, 149.4, 140.6, 133.7,

130.6, 130.5, 130.2, 129.1, 129.1, 128.2, 126.7, 126.5, 125.3, 124.7, 124.0, 123.8,
123.6, 120.8, 120.4, 120.1, 119.5, 119.2, 119.1, 119.0, 116.9, 115.7, 112.9, 35.8, 35.8,
32.0, 18.7, 17.4, 12.0 ppm
ESI-MS: Calculated for C71H63ON2BF2 +H= 1009.5074; Measured = 1009.5074
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2.2.16 HPB(t-Bu)5OH/BODIPY
Cl-BODIPY (16.2 mg, 0.072 mmol) was
dissolved in dry DCM (anhydrous, 2 mL).
HPB(t-Bu)5OH (59.3 mg, 0.071 mmol) and N,NDiisopropylethylamine (30 μL, 0.172 mmol)
were added, and the mixture stirred at room
temperature under Ar atmosphere until TLC
indicated no unreacted starting materials were
present. The product was purified using column chromatography (silica,
CHCl3/Hexane, 2:1, v/v), affording 0.0665g (0.065 mmol. 91.3 %) of the yellow
product in high yield.
1H

NMR (700 MHz, CDCl3): δ 7.68 (s, 2H), 7.01 (m, 2H), 6.91 (m, 4H),

6.81 (m, 6H), 6.75 (m, 6H), 6.69 (m, 2H), 6.65 (m, 4H), 6.55 (d, J = 4.27 Hz, 2H),
6.37 (dd, J = 4.16 Hz, 1.75 Hz, 2H), 1.13 (s, 18H), 1.10 (s, 18H), 1.10 (s, 9H) ppm
13C

NMR (175 MHz, CDCl3): δ 159.7, 152.9, 148.1, 147.6, 147.6, 141.1, 141.0,

140.5, 140.2, 140.1, 137.8, 137.7, 137.6, 133.7, 131.2, 131.0, 130.9, 126.5, 126.2,
123.5, 123.2, 123.1, 118.2, 116.5, 34.2, 34.1, 31.2, 31.2 ppm
ESI-MS: Calculated for C71H75ON2BF2 = 1021.1758; Measured = 1059.5604
(Agrees with calculated for C71H75ON2BF+K = 1059.5572)
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2.2.17 Benzoic acid/BODIPY
Cl-BODIPY (74.7 mg, 0.330 mmol) was dissolved in dry DCM
(anhydrous, 3 mL). Benzoic acid (40.3 mg, 0.330 mmol) and N,NDiisopropylethylamine (140 μL, 0.803 mmol) were added, and
the mixture stirred at room temperature under Ar atmosphere
until TLC indicated no unreacted starting materials were
present. TLC indicated two products formed. The crude material was purified with
silica-gel chromatography (silica, CHCl3/Hexane, 1:1, v/v). The two products formed
were found to be mono- (0.0431 g, 0.138 mmol, 41.9 %) and di-BODIPY (0.0090g,
0.018 mmol, 5.4%) substituted. The mono-substituted product was further analysed
and used in spectroscopic studies.
1H

NMR (700 MHz, CDCl3): δ 8.16 (m, 2H), 7.88 (s, 2H), 7.68 (m, 1H),

7.53 (m, 2H), 7.41 (d, J = 4.18 Hz, 2H), 6.58 (d, J = 4.18 Hz, 2H) ppm
13C

NMR (175 MHz, CDCl3): δ 159.9, 142.6, 138.7, 132.1, 131.6, 128.1, 126.8,

126.4, 116.6, 116.6 ppm
ESI-MS: Calculated for C16H11O2N2BF2 = 312.0876; Measured = 293.0888
(Agrees with calculated for C16H11O2N2BF = 293.0892)

2.3

Functionalisation of graphene nanoribbons

Functionalisation of graphene nanoribbons is achieved using a method based on
those described for small-analogue compounds (2.2).

2.3.1

Calculation of nanoribbon quantity

In order to determine reaction conditions, the approximate number of reacting
carbon atoms needs to be calculated, based on the amount of nanoribbons present.
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The quantity of nanoribbons present can be determined via two methods; by finding
the mass of GNRs in a pre-weighed flask following cutting, or by calculating the total
mass of nanoribbon sheets cut into the vial from block measurements and
microtome parameters.
The number of carbon atoms in a single ribbon can be found using equation
(2-1), where

(

) is the density of carbon atoms in a graphene sheet

(39 C/nm2), and

is the area of the nanoribbon in nm2, determined from

average ribbon properties (in this study, an average nanoribbon size of 100 nm
width and 5000 nm length was used).
(2-1)

)×

# = (

The mass of a single nanoribbon can then be determined using equation (2-2),
where

( ) is the molar mass of carbon, and

=

#

×

is the Avogadro constant.
(2-2)

( )

Once the mass of nanoribbons to be used in the reaction (

) has been

determined, the number of nanoribbons can be determined using equation (2-3).
(2-3)

=

As only some edge atoms are expected to react with the Cl-BODIPY, the number
of reacting carbons per nanoribbon must then be determined. To do this, an edge
“unit cell” has been created which contains 4 edge atoms, but only 2 reacting atoms.
The total number of edge unit cells (

), and thus reacting edge atoms

(#

), for a single average ribbon can then be found using (2-4), where

and

are the width and length of the average ribbon respectively.
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=2

0.42 nm

+2

=

#

(2-4)
0.42 nm
×2

0.42nm

Figure 2.1 - GNR edge "unit cell"

The total number of reacting carbon atoms for the reaction can then be
determined using (2-5).
=#

×

(2-5)

The number of reacting edge atoms is equal to nCl-BODIPY required for the reaction.

2.3.2

General reaction for BODIPY-functionalisation of graphene
nanoribbons

Note: The quantity of Cl-BODIPY in the reaction mixture is found following the
procedure described in 2.3.1.
As cut GNRs are suspended in dry DCM (1 mL) via sonication overnight at low
power. To this, Cl-BODIPY and N,N-Diisopropylethylamine (30 μL per 0.1 mmol
Cl-BODIPY) are added, and the rection mixture flushed with Ar. The reaction
mixture is then sonicated for 24 hours, after which time, the reaction mixture is
purified.
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2.3.3

Purification of BODIPY-functionalised graphene nanoribbons

Purification of BODIPY-functionalised graphene nanoribbons, herein referred to
as BODIPY-GNRs, is performed using multiple centrifugation cycles. All
centrifugation steps are performed at 10,000 rpm for 10 minutes.
The reaction mixture is evenly divided into 1 mL Eppendorf tubes, and
centrifuged to form a pellet of BODIPY-GNRs. The supernatant is carefully removed
and set aside for absorption spectroscopy. Differences in the absorption spectrum
of the supernatant compared to that of Cl-BODIPY indicate whether the reaction was
successful.
1 mL dry DCM is added to the tubes containing BODIPY-GNR pellets, and the
tubes are sonicated for 2-3 minutes to re-suspend the GNRs. Following
resuspension, the solutions are transferred to clean Eppendorf tubes, prior to
another centrifugation cycle. The process of resuspension followed by
centrifugation is repeated until 2 cycles have been performed where no colour can
be observed in the removed supernatant.
To confirm purification is complete, absorption spectroscopy is performed on
removed supernatant, and a baseline of dry DCM used. Purification is complete
when there is no detectable deviation from baseline in the absorption spectrum of
the supernatant.

2.4

Crystallography

This section provides the results of crystallographic studies performed on
structures unable to be characterised via NMR techniques. X-ray crystallographic
information is provided in Table 2.1.
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Table 2.1 - Crystallography data
1-naphthylamine/BODIPY

1-naphthol/2xBODIPY

C22 H22 B Cl0.50 F2 N3.50

C28 H18 B2 F4 N4 O

401.96

524.08

514.76

293

293

183

1.54187

1.54187

1.54187

Triclinic

Monoclinic

Monoclinic

P-1

C2/c

P21/n

a = 12.0218(3)

a = 26.9142(10)

a = 18.0447(5)

b = 13.0172(3)

b = 7.4623(3)

b = 8.4885(2)

c =14.9049(11)

c =26.5007(19)

c = 20.2930(14)

α = 115.371(8)

α = 90.0

α = 90.0

β = 97.560(7)

β = 110.247(8)

β = 112.295(8)

γ = 100.355(7)

γ = 90.0

γ = 90.0

2015.3(2)

4993.6(5)

2876.0(3)

4

8

5

Dcalc (g cm )

1.325

1.394

1.486

μ (mm-1)

1.341

0.897

3.395

F(000)

840

2144

1304

7408 / 4905

1717 / 1329

5408 / 4046

Data range

6.76°< θ <72.0°

6.60°< θ <42.1°

6.54°< θ <72.1°

Index

-14≤h≤14,

ranges

18≤l≤16

Formula
Formula
weight
Temperature
(K)
Wavelength
(Å)
Crystal
system
Space group
Unit cell
lengths (Å)
Unit cell
angles (o)
Unit cell
volume (Å3)
Z
-3

Reflns
coll./unique
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-16≤k≤16,

2-naphthol/2xBODIPY

C23.2 H15.2 B1.6 Cl2.4 F3.2
N3.2 O0.8

- -23≤h≤18, -6≤k≤6, - -19≤h≤22, -6≤k≤10, 18≤l≤23

24≤l≤24

2.4.1

1-naphthylamine/BODIPY

Figure 2.2 – Crystal structure of 1-naphthylamine/BODIPY

X-ray crystallographic measurements were performed on the insoluble material
formed by the reaction (2.2.4) to determine the structure of the product formed.
From Figure 2.2 it is evident the desired product has in fact formed.

2.4.2

1-naphthol/2xBODIPY

The 2:1 BODIPY:1-naphthol ratio indicated by the 1H NMR spectrum was
confirmed by X-ray crystallography, as can be seen in Figure 2.3.

Figure 2.3 - Crystal structure of 1-naphthol/2xBODIPY
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This phenomenon has not been reported in literature methods involving
functionalisation with Cl-BODIPY, however, reactions between Cl-BODIPY and 1- or
2-naphthol have not been previously demonstrated in literature. It is possible the
reactivity or resonance structures of naphthols may provide some answers.
The formation of C-C bonds between the analogue and BODIPY requires further
investigation, as there are many possibilities for the mechanism of this reaction (this
is discussed further in 3.4).

2.4.3

2-naphthol/2xBODIPY

Figure 2.4 - Crystal structure of 2-naphthol/2xBODIPY

NMR spectroscopic analysis showed 2 BODIPY compounds present for each
2-naphthol compound. This was confirmed by X-ray crystallography, where two
BODIPY molecules are attached to a single 2-naphthol molecule, as shown in
Figure 2.4. As for the double substitution case observed for 1-naphthol, the
formation of this product requires further investigation.
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Chapter 3.

Computational

studies

of

graphene

nanoribbons
Due to their large size, the analysis of graphene nanoribbons using traditional
experimental methods is limited. The use of computational methods enable a more
detailed investigation of GNR properties to be performed, which can then be related
to experimental data to form a more complete picture of graphene nanoribbon
properties and behaviours.
Due to their large size, graphene nanoribbons are unable to be studied
computationally at a high level due to the time required for the calculation. Small
analogue structures can be used to discover trends in carbon materials, with the
results of these being extrapolated to give understanding of graphene.
Trends in Raman spectra caused by increasing the number of carbon rings in a
structure have been investigated. The use of analogue structures can also provide
information on trends associated with edge structure, i.e. armchair vs. zig-zag.
Additionally, effects of internal structure on the Raman spectra can also be
investigated through the study of larger, non-linear, analogues.
All computational studies have been performed using Amsterdam Density
Functional (ADF) software, versions 2013.01 through 2016.02. ADF uses Slater-type
orbital (STO) basis sets when performing calculations, as opposed to the more
commonly used Gaussian-type orbitals (GTOs). Each basis set type has its own
advantages and disadvantages,84-86 and most importantly its own notation. As such,
all basis sets will be explicitly described.
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3.1

Graphene analogue computational studies

All geometry optimisations of graphene analogue structures have been
performed with a B3LYP (Becke, 3-parameter, Lee-Yang-Parr) hybrid functional and
a DZP (double-zeta, 1 polarisation function) basis set. All frequency calculations
were performed with a PBE (Perdew-Burke-Ernzerhof) functional and DZP basis
set. This change of functional is due to ADF not supporting the hybrid B3LYP
functional for use with analytical frequency calculations, meaning a numerical
integration method would have been required, which is approximately 3 to 5 times
slower than analytical frequency methods.87

IR Intensity (km/mole)

0
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B3LYP/DZP
PBE/DZP

1500
2000
4000

3000
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Figure 3.1 - Comparison between PBE and B3LYP functionals for frequency calculation for
the transition state structure of phenol/BODIPY

The use of a simpler functional may lead to less accuracy in frequency
calculations. Test calculations were performed using each functional, which were
then compared, as shown in Figure 3.1. There are small differences in the intensities
of bands, however, overall, the positions and number of peaks is consistent. In this
specific example, the analytical PBE calculation took 6 hours and 8 minutes to
perform, while the numerical B3LYP calculation took 82 hours and 43 minutes to
perform. Due to the close agreement, and the significant computational time
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difference, it was decided to use the analytical PBE method for frequency
calculations. And although some accuracy may be lost with the use of PBE, using a
single functional and basis set for all compounds makes direct comparisons across
the range of compounds possible. The choice of functional and basis set is effectively
determined by the largest structure in the series, as this will have the largest time
cost.

3.1.1
(a)

Description of analogues
Zig-zag edged structures

The four zig-zag edged linear structures studied were anthracene, pentacene,
heptacene, and nonacene, the structures of which are shown in Figure 3.2.
a)

c)

b)

d)

Figure 3.2 - Zig-zag edged structures: a) anthracene; b) pentacene; c) heptacene; and d)
nonacene

As the number of carbon rings increase, it is expected that their properties
should become more graphene-like. As such, through modelling the Raman spectra
of these materials, it is expected that the D mode will become less intense as the
length of the fragment increases, due to the prominence of the zig-zag edge
preventing the rings expanding.
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(b)

Armchair edged structures

The armchair edged linear structures studied were phenanthrene, picene,
dibenzopicene, and dinaphthopicene. The structures of these compounds are shown
in Figure 3.3. Comparing these structures with those zig-zag edged structures
studied, a complementary armchair edged structure with the same number of
carbon rings and atoms is studied also. This enables direct comparison of the effect
of edge structure for a given number of carbon rings. For armchair structures, no
significant changes in D mode intensity are expected, due to the rings being able to
expand freely in these structures.
a)

c)

b)

d)

Figure 3.3 - Armchair edged structures: a) phenanthrene; b) picene; c) dibenzopicene; and
d) dinaphthopicene

(c)

Ring structures

Ring structures were studied in order to characterise the behaviour of breathing
modes, such as the R mode described in (i). The ring structures studied were pyrene,
coronene,

ovalene,

hexa-peri-benzocoronene,

and

tribenzo[jk,mn,pq]di-

benzo[5,6:7,8]pentapheno[2,1,14,13,12-stuvabcd]ovalene, which will herein be
referred to as TBDBPP-ovalene (Figure 3.4).
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a)

d)

b)

e)

c)

Figure 3.4 - Ring structures: a) pyrene; b) coronene; c) ovalene; d) hexa-peri-benzocoronene;
and e) TBDBPP-ovalene
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Figure 3.5 - Calculated Raman spectra of zig-zag structures
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Figure 3.6 - Calculated Raman spectra of armchair structures
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Figure 3.7 - Calculated Raman spectra of ring structures
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3.1.2

Results and discussion

Geometry optimised structures are used in the calculation of vibrational
frequencies and Raman spectra. Calculated Raman spectra are shown in Figure 3.5
to Figure 3.7.
Raman modes associated with the parent graphene structure (see 1.2.1(a)) have
been assigned using a combined analysis of calculated atomic displacements and
mode frequencies. The spectra have also been normalised so the G mode has a
normalised differential cross-section equal to 1. Raman intensities have been
converted from Raman activities to differential cross-sections (see Appendix B).

Relative D-mode intensity

(a)

Zig-zag edged structures
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Figure 3.8 - Relative D mode intensity in calculated zig-zag Raman spectra

Figure 3.5 shows the intensity of the D mode in the zig-zag structure decreases
significantly with increasing number of rings. This is further evident when this data
is plotted, as shown in Figure 3.8. The decrease in D mode intensity (i.e. crosssection) is analogous to the decrease of D mode intensity in graphitic materials with
zig-zag edge structure. The sharpness of this decrease to near-zero intensity with 9
rings indicates that small-scale models of graphene nanoribbons consisting of
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greater than 9 rings along a single edge should effectively model this effect on D
mode intensity. In terms of computational cost, this is advantageous.

(b)

Armchair edged structures

As with the zig-zag data, armchair spectra shown in Figure 3.6 have been
normalised to have a G mode differential cross-section equal to 1. Generally, it is
evident that D mode cross-section does not change significantly with respect to the
normalised G mode cross-section. This is as expected for modelling graphitic
materials; as armchair edge-structure does not effect the D mode. A property which
does change in intensity with respect to the G mode with increasing number of rings,
however, is the relative R mode intensity (Figure 3.9). As chain length increases, this
mode becomes dominated by the intensity of the D and G modes, and tends linearly
to zero.
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Figure 3.9 - Relative R mode intensity in calculated armchair Raman spectra

(c)

Ring structures

Calculated Raman spectra for ring structures are shown in Figure 3.7. Pyrene,
coronene, and ovalene spectra should be indicative of structures with zig-zag edges,
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while those of hexa-peri-benzocoronene and TBDBPP-ovalene should be indicative
of those with armchair edges.
For the zig-zag edged structures, the normalised D mode cross-section
decreases significantly from coronene to ovalene, which is expected due to an
increasing amount of zig-zag character. So although these structures are wider than
the linear zig zag analogues they follow a similar trend. Additionally, there is a
decrease in normalised cross-section and frequency of the R mode in these two ring
structures.
These comparisons between coronene and ovalene cannot be extended easily to
include pyrene, however, as its normalised D mode cross-section is small compared
to that of coronene, and similar to that of ovalene. This may be due to pyrene not
containing a central ring structure, and as such having a higher ratio of edge atoms
to centre atoms, causing it to have a more graphene-like spectrum that its small size
would suggest.
The armchair edged ring structures show a larger decrease in D mode intensity
with increasing size than expected. This is due to hexa-peri-benzocoronene having
two G-like modes of similar frequency and intensity which would more likely sum
together, whereas in this case only one of these modes has been assigned as a G
mode.
(i) Vibrational modes of ovalene and hexa-peri-benzocoronene
Comparing the vibrational modes of ovalene, a zig-zag edged analogue, with
armchair edged hexa-peri-benzocoronene demonstrates the differences between
the armchair and zig-zag edges of graphene structures.
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Looking at the R modes for both structures, it is evident from Figure 3.10 that
the rings in hexa-peri-benzocoronene are freely breathing symmetrically, radiating
from the central ring. In contrast, the displacement vectors for ovalene demonstrate
asymmetric motion which appears to be restricted due to the zig-zag edges, with the
stretching only occurring towards armchair regions of the edges.
The D and A modes for both ovalene and hexa-peri-benzocoronene are similar,
showing isolated rings stretching in the D modes, and the other rings stretching in
the A mode.
The G mode is, as expected, more defined and more intense in ovalene in
contrast to hexa-peri-benzocoronene due to the zig-zag edges of ovalene allowing a
more uniform motion in comparison with the armchair edges of hexa-peribenzocoronene. This is analogous to the behaviour observed in graphene
nanoribbons, further confirming that small analogues such as these are good models
for DFT calculations of graphene nanoribbons.

3.1.3

Analysis of models

As would be expected from any computational model, as analogue size increases
towards that of a true graphene nanoribbon the calculations show better agreement
with experimental data. The calculations on small analogues performed here show
small graphene-like fragments consisting of 60 or less carbon atoms can be used to
accurately model properties of graphene, which consists of many thousands of
carbon atoms. This is highly advantageous in terms of computational ease and in
obtaining accurate results in a timely manner.
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Figure 3.10 - Vibrational modes of ovalene (left) and hexa-peri-benzocoronene (right)
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3.2

Graphene nanoribbon studies

In general, the choice of basis set and functional can have an effect on the
accuracy of results. As such, potential basis sets and functionals were researched to
obtain the best choice. Tommasini et al67 found that a simplified Hückel model gave
very good correlation with results obtained using DFT methods, as shown in Figure
3.11.

Figure 3.11 - Comparison of Raman bond parameters for graphene fragments using Hückel
and DFT methods; good agreement is observed between low and high levels of theory
(Reproduced from Ref. 67 with permission from the PCCP Owner Societies)

In consequence of the results of Tommasini et al, it was decided to perform
calculations on model graphene nanoribbons using the LDA functional with a DZP
basis set. The use of LDA/DZP minimises computational time compared with other
DFT methods. In choosing this method, it was assumed there would be no loss of
accuracy compared with a larger functional or basis set.

3.2.1

Graphene nanoribbon structures

For nanoribbon studies, small (150 atom) ribbons were studied in order to
minimise computation time. Based on results from 3.1, it is assumed these small
ribbons should act as suitable analogues for a true graphene nanoribbon,
calculations on which would be prohibitive computationally.
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Two ribbons, one armchair and one zig-zag edged, were studied, the structures
of which are shown in Figure 3.12. These structures have been shown in a skeletal
form with no explicit double bonds stated as calculations were performed with all
C-C bonds having a bond order of 1.5 (i.e. one and a half bonds) for the aromatic
system. Hydrogen atoms were bonded to all edge carbon atoms to give a formula of
C150H44 for both structures.
a)

b)

Figure 3.12 - Skeletal structures of a) armchair and b) zig-zag edged nanoribbon analogues

Both geometry optimisations and frequency calculations were carried out using
LDA/DZP. Raman spectra were not calculated for these structures due to the
computational time cost being large.

3.2.2

Discussion of results

Calculated IR spectra were obtained for both nanoribbon analogues. Vibrational
frequencies were scaled as DFT methods are known to give systematic errors for
vibrational frequency calculations (scaling factor for LDA/DZP = 0.981). Following
scaling, the two calculated spectra were compared, as shown in Figure 3.13. Whilst
every vibrational mode has been plotted, it is fairly difficult to make comparisons
between the data at most points, with the exception of the large contributions to the
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zig-zag analogue IR spectrum around 1500 cm-1. As such, it was decided to also plot
the data in an artificially widened form (applying Lorentzian functions with widths
of 20 cm-1 to each data point) to see more trends. This data is shown in Figure 3.14.
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Figure 3.13 - Calculated IR spectra for armchair and zig-zag nanoribbon analogues
(individual points plotted)

In the artificially widened spectrum, there are modes common to both armchair
and zig-zag nanoribbons at approximately 1300 cm-1 and around 1600 cm-1. There
are also distinct armchair IR modes at approximately 300 cm-1 and 1200 cm-1. In
Figure 3.15 the graphene nanoribbon sample analysed contains a mixture of modes
which can be assigned to either zig-zag or armchair nanoribbon edge structure.
From mode assignments, this sample appears to consist of a higher proportion of
zig-zag character, indicating that the sample consists mostly of zig-zag nanoribbons,
with a small amount of armchair edged ribbons present, possibly due to defects in
the HOPG block during cutting.6
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Figure 3.14 - Calculated IR spectra for armchair and zig-zag nanoribbon analogues
(artificially widened)
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Figure 3.15 - Calculated and experimental IR spectra for graphene nanoribbons. The
nanoribbons studied experimentally likely have edges which have not been cleanly
fractured, evidenced by the large number of IR active modes
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3.3

Functionalisation studies

In order to understand the mechanism of substitution of Cl-BODIPY,
computational studies were performed on Cl-BODIPY and all synthetically
functionalised analogues (see 2.2). This was done to further understand conditions
required for reaction with graphene. Whilst literature indicates the substitution
mechanism would appear relatively straight-forward, experimental results (see 2.2)
showed unexpected results, such as double substitution and substitution in
locations other than those expected. It is hoped that computational studies may
assist in the explanation of these results.
The determination of appropriate basis set and functional, and results
corresponding to the substitution mechanism, are discussed here, whilst additional
results from these calculations, such as calculated spectroscopic information, will be
discussed in 4.4.
Due to BODIPY-functionalised analogues having more complex geometries than
the graphene analogues studied in 3.1, the choice of functional is expected to make
a greater difference to the quality of optimised geometries. As such, it was decided
to investigate a range of different functionals. Previous studies of BODIPYfunctionalised compounds have utilised the B3LYP functional,54-55,
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so it is

expected that this functional should provide good results. In addition, the PBE, MO6
(Minnesota 06), and MO6-2X (Minnesota 06 – additional Hartree-Fock exchange)
functionals were also analysed.
To determine the quality of the models, geometry optimisations were
performed for two compounds for which crystallographic data was available (see
2.2) and the optimised geometries compared to these in terms of calculated
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structure and energies. All calculations utilise a DZP basis set for consistency and
computational cost efficiency.
The crystal structures analysed are shown in Figure 3.16. The crystal structure
for 1-naphthylamine/BODIPY consists of 4 different orientations of the bridging
bond, with two orientations (i.e. 1 and 2) being effectively analogous to the others
(i.e. 3 and 4) in terms of orientation and energy, with the lowest energy structure
being shown here.

Figure 3.16 - Crystal structures for basis set optimisation; left: 1-naphthylamine/BODIPY;
right: 2-naphthol/2xBODIPY

The optimised geometries calculated using different basis sets are shown in
Figure 3.17 for 1-naphthylamine/BODIPY, while those for 2-naphthol/2xBODIPY
are shown in Figure 3.18.
Looking at the optimised structures for 1-naphthylamine BODIPY, the optimised
structures for B3LYP, MO6, and MO6-2X are all very similar to the crystal structure,
whereas the structure calculated using PBE has a larger twist around the NH group
causing the aromatic part of the structure to appear more out of plane. In addition
to obtaining bonding energies for optimised geometries, single point calculations
were performed on the crystal structure using each functional in order to remove
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any functional effects on single point energy calculation. These calculated energies
are shown in Table 3.1. It can be seen through comparing these energies through %
error that B3LYP and MO6 provide similarly accurate results, with MO6-2X being
slightly better, and PBE being less accurate.
Computational time cost is also an important consideration. Considering
geometry optimisations only, starting from the same initial geometry, PBE
calculations were the fastest, taking 87 minutes to converge. B3LYP calculations
took 337 minutes, whereas MO6 took 834 minutes, and MO6-2X took 568 minutes.
Taking into account accuracy of calculations and computational time cost, it is
evident that either B3LYP or MO6-2X functional should be used to obtain the most
accurate results in a reasonable time frame.
The same analysis was also performed for the crystal structure and optimised
geometries of 2-naphthol/2xBODIPY. This was done to determine whether double
functionalisation had any effect on which functional is optimal for calculations. The
optimised geometries are shown in Figure 3.18. For this structure, six optimised
geometries have been obtained. This is due to initial B3LYP and PBE functionals
converging on a different minimum geometry in which the two BODIPY units were
perpendicular to each other, compared to being near-parallel with each other in the
crystal structure. To overcome this issue, additional B3LYP and PBE calculations
were performed, this time starting from the optimised MO6-2X geometry. The four
structures which contain parallel BODIPY units are all very similar to the crystal
structure. Comparison of bonding energies (Table 3.2) show again that B3LYP, MO6,
and MO6-2X are superior to PBE in terms of energy calculations.
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Figure 3.17 - Optimised geometries of 1-naphthylamine/BODIPY

Table 3.1 - Bonding energies for 1-naphthylamine

Crystal structure

Optimised geometry

Difference

kJ mol-1

kJ mol-1

%

B3LYP

-27939

-28639

2.5

PBE

-24543

-25313

3.1

MO6

-29398

-30103

2.4

MO6-2X

-33980

-34696

2.1
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Looking at computational time cost, the results are similar to those for the
1-naphthylamine/BODIPY structure, with PBE being fastest and MO6 the slowest. It
is important to note that the PBE and B3LYP calculations from MO6-2X optimised
geometry were not from the same initial geometry and those for MO6 and MO6-2X,
however, this could have been prevented by use of a starting geometry for initial
PBE and B3LYP calculations which more resembled the crystal structure more
closely. The choice of a more reasonable starting geometry would also have effected
the computational time for MO6 and MO6-2X calculations, however, it would not
have improved the time cost enough for MO6 to be considered a good functional.
Table 3.2 - Bonding energies for 2-naphthol/2xBODIPY

Crystal structure

Optimised geometry

Difference

kJ mol-1

kJ mol-1

%

B3LYP

-41889

-42572

1.6

PBE

-36766

-37530

2.1

MO6

-44174

-44882

1.6

MO6-2X

-51149

-51882

1.4

B3LYP from MO6-2X

-41889

-42580

1.6

PBE from MO6-2X

-36766

-37544

2.1

After comparing computational results and crystallographic data for both
structures, and taking into account computational time cost, it was decided the best
functional for geometry optimisations of dipyrrin-based structures is B3LYP, and
that frequency calculations would be performed using PBE/DZP, as discussed in 3.1.
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Figure 3.18 - Optimised geometries of 2-naphthol/2xBODIPY
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3.4

Reaction mechanism study

BODIPY functionalisation occurs at the meso position via nucleophilic aromatic
substitution (SNAr via addition-elimination).49 This explains the experimentally
observed reactivity, however, there were also cases in which unexpected reactivity
was observed, as in the double-substitution of 1-naph-OH/2xBODIPY and
2-naph-OH/2xBODIPY. This suggests another mechanism may be occurring. To
further investigate this, and to find the transition state geometry, linear transit
calculations were performed. Initially, calculations were performed on the expected
reaction between phenol and Cl-BODIPY to test the computational model before
expanding the method to direct C-C bond formation.

Figure 3.19 - Transition state geometry of Phenol/BODIPY

The linear transit calculation successfully demonstrated the reaction occurring
via a concerted nucleophilic attack by phenolic-OH on the positive meso-carbon of
BODIPY. These calculations also provided a reasonable transition state, shown in
Figure 3.19, which was further refined by additional linear transit calculations with
small step size, the energy profiles of which are shown in Figure 3.20. The transition
state is confirmed by being located at a saddle point on the potential energy surface
(Figure 3.20), and having a single imaginary vibrational frequency,88 as shown in
Figure
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3.21.

This

imaginary

frequency

corresponds

to

O-C-Cl

bond

formation/breaking of the transition state, further confirming the structure in
Figure 3.19 as the transition state geometry.
Following on from the successful calculation of the Phenol/BODIPY transition
state, further calculations were performed to investigate the transition state for the
reaction of BODIPY with phenanthrene to obtain further information on the
formation of analogues functionalised via C-C bond to BODIPY. Unfortunately, a
transition state was not able to be determined for this calculation, and as such no
further information on the reaction could be obtained using this method. The pKa of
these aromatic carbons (see 3.4.1 below) indicates that they are not easily
deprotonated. It is therefore likely that some intermediate reaction must occur for
the double substitution to take place. The resonance structure of naphthol leads to
those carbons which are ortho and para to the hydroxyl group being electron rich.
This gives three electron rich sites, including the hydroxyl group, for the electron
poor meso-carbon on the BODIPY to react with. Providing there is favourable
alignment of the pyrrole rings of BODIPY with naphthol due to - alignment, it is
possible for multiple substitution to occur.

Figure 3.20 - Energy profile created from linear transit calculations; red star indicates
transition state geometry
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Figure 3.21 - Calculated IR spectrum for transition state geometry

3.4.1

Calculation of pKa values

For the observed double-substitution to occur, the C-H bond on the naphthalene
ring must break. pKa is a good measure to approximate the tendency for bond
dissociation.89 As experimental pKa values are not available for many of the
analogue structures studied, calculated pKa values were obtained to provide insight
of ease of deprotonation of the analogues. These calculations were performed via an
empirical pKa calculation method with a continuum solvent model using the
COSMO-RS (Conductor like Screening Model) package within ADF, which provides
reasonable approximations to experimental values.90-91
As all analogues are acting as acids in this reaction, i.e. they lose a proton, only
calculations for the acid case will be described here.
(

,1 ) +

( ,1 ) →

(

,1 ) +

(

,1 )

(3-1)

For (3-1) the pKa can be calculated according to (3-2), which has been optimised
for the ADF COSMO-RS implementation, and where ∆
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∗

is given by (3-3).

=
∆

∗

At T = 298.15 K, (

0.62∆ ∗
+ 2.10
ln 10

)− (

= (
ln 10)

)+ (

)− (

(3-2)
)

(3-3)

= 0.733 mol kcal .

Optimised geometry optimisations were performed using a B3LYP functional
and ADZP (double-zeta, 1 polarisation function, diffuse) basis set on all analogues in
their neutral and acidic forms. These optimised geometries are then used as the
basis for a “COSMO-RS Compound” calculation using a BP (Becke, Perdew)
functional and TZP (triple-zeta, 1 polarisation function) basis set. The output files
for these calculations, along with solvent and its corresponding acidic form (i.e. H3O+
for water) are then used in COSMO-RS, whereupon obtained Gibbs Free Energy
values can be used to calculate pKa values according to (3-2) and (3-3).
Initially, calculations were performed on a range of structures for which
experimental pKa values were available to determine the accuracy of the method.
These calculations were performed with a water solvent to match the conditions of
the experimental pKa measurements. The results are shown in Table 3.3.
Table 3.3 - Comparison of experimental and calculated pKa values

Experimental pKa

Calculated pKa

Methane

48

46.5

Benzene

43

40.2

Cyclopentadiene

16

18.2

Methanol

15

16.3

Phenol

10

10.0
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It can be seen that all the pKa values agree to within 2 units, which is comparable
to literature methods.90-91
As BODIPY-functionalisation reactions are performed in dichloromethane
(DCM), pKa values are also calculated for dichloroethane (DCE). Experimental pKa
values are more widely reported for DCE compared to DCM, with pKa values for DCE
being reported relative to picric acid pKa = 0.00. In addition, most of these
experimental values are reported for superacids, and therefore the dataset was
expanded accordingly for both DCE and water. By expanding the dataset, it is
possible to compute new scaling factors, by plotting pKa against ∆

∗

⁄

ln 10.

and therefore new equations for pKa in both water and dichloroethane, shown in
(3-4) and (3-5) respectively.

∶
:

0.69∆ ∗
− 0.39
ln 10
0.91∆ ∗
=
− 64.08
ln 10
=

(3-4)
(3-5)

The accuracy of the new models can be seen in Table 3.4 and Table 3.5. Overall,
the agreement is better for pKa values calculated in water, although there is now
more discrepancy between the experimental and calculated pKa values for phenol.
The experimental and calculated pKa values in dichloroethane agree well with each
other, with values agreeing to within 2 units. After confirming the new equations to
be reasonable and that they provide good answers they were then used to calculate
pKa values for analogues in both solvents as reported in Table 3.6.
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Table 3.4 - Comparison of experimental and calculated pKa values in water

Experimental pKa Calculated pKa
2,4,6-trinitrophenol

0.4

0.2

Methane

48

48.7

Benzene

43

41.8

Cyclopentadiene

16

17.4

Methanol

15.3

15.3

Phenol

10

9.0

Table 3.5 - Comparison of experimental and calculated pKa values in dichloroethane

Experimental pKa Calculated pKa
2,4,6-trinitrophenol

0

1.9

Pentacyanophenol

-7.6

-6.7

Phenol

19.6

19.4

2-phenol-1,1,3,3-tetracyanopropene

-9.4

-11.5

Table 3.6 - Calculated pKa values for analogues

pKa Water

pKa DCE

Phenol

9.0

19.4

1-naphthol

8.2

16.3

2-naphthol

8.6

17.8

1-naphthylamine

19.2

30.0

2-naphthylamine

18.9

31.2

1-aminoanthracene

15.3

24.2

2-aminoanthracene

18.6

29.5

9-aminophenanthrene

16.1

26.4

9-hydroxyphenanthrene

7.9

15.4

1-hydroxypyrene

8.2

14.4

2-hydroxytriphenylene

8.5

16.9
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3.4.2

Thermodynamics

A range of information is available from the output files of both the geometry
optimisations and frequency calculations performed in ADF. Appropriate output
information will be discussed in the following section to highlight similarities and
differences between the compounds, as well as some of their properties.
Thermodynamic properties can be calculated for individual structures, and
subsequently for overall reactions, using information easily obtained from output
files. The internal energy, U, is the summation of the nuclear “total bonding energy”
obtained from geometry optimisations and the electronic “internal energy” obtained
from frequency calculations. The enthalpy is then calculated according to (3-6),
where

/ =

, and as such

= 2478.96 Jmol
=

at 298.15 K.
(3-6)

+

For each structure, entropy is obtained directly from the output file. Overall
reaction thermodynamics are calculated according to equations (3-7), (3-8), and
(3-9), and the values for the formation of BODIPY functionalisation reactions are
shown in Table 3.7.
∆

=∑ (

∆ =∑ (

)−∑ (
)−∑ (
∆ =∆ − ∆

)
)

(3-7)
(3-8)
(3-9)

All thermodynamic information is calculated for the formation of the BODIPYfunctionalised analogues synthesised in 2.2. This thermodynamic information can
be used to further understand differences between structures, as well as obtaining
more information on the mechanism taking place.
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For calculations of thermodynamic information for doubly-substituted
analogues have assumed the reaction of two BODIPY molecules with one analogue,
producing a single disubstituted product and two HCl molecules.
Table 3.7 - Thermodynamic information for functionalisation studies

J mol-1

J mol-1 K-1

J mol-1

Phenol/BODIPY

-20941

-63.71

-1945

Aniline/BODIPY

-50932

-51.73

-35508

2-naphthol/1xBODIPY

-23815

-96.45

4941

1-naphthylamine/BODIPY

-61530

-100.76

-31487

2-naphthylamine/BODIPY

-52810

-83.63

-27876

1-aminoanthracene/BODIPY

-74965

-95.56

-46473

2-aminoanthracene/BODIPY

-53781

-89.91

-26973

9-aminophenanthrene/BODIPY

-72136

-63.33

-53255

9-hydroxyphenanthrene/BODIPY

-27259

-83.26

-2434

1-hydroxypyrene/BODIPY

-24916

-100.34

5001

2-hydroxytriphenylene/BODIPY

-23573

-106.35

8135

HBC(t-Bu)5OH/BODIPY

-41137

-96.44

-12383

HPB(t-Bu)5OH/BODIPY

-23623

-65.92

-3969

Benzoic/BODIPY

-7456

-92.83

20221

1-naphthol/2xBODIPY

-115077

-176.27

-62521

2-naphthol/2xBODIPY

-75634

-156.16

-29076

(1-naphthol/1xBODIPY)

-28573

-95.74

-27

(a)

Comparison between bonding positions

The position of the functional group on the ring effects thermodynamic
properties and BODIPY functionalisation. Within the calculations performed, there
are three “pairs” of analogues which vary only by functional group position, i.e. 1- or
2-.
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HOMO-1

HOMO

LUMO

LUMO+1

Figure 3.19 - Molecular orbital diagrams for 1-naphthylamine (left) and
2-naphthylamine (right)
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Looking at the thermodynamic information shown in Table 3.7, the enthalpy of
formation of 1-naphthylamine/BODIPY is 8720 J mol-1 larger than that for
2-naphthylamine, a difference equivalent to approximately 3 kT (where kT is equal
to approximately 2.5 kJ mol-1 at 298 K). Similarly,
approximately

2

kT

1-aminoanthracene/BODIPY

larger

than

for 1-naphthol/1xBODIPY is

for

approximately

2-naphthol/1xBODIPY,
8

kT

larger

than

and
for

2-aminoanthracene/BODIPY. Overall, it can be said that functionalisation to
functional groups in the 1- position have a larger enthalpy change than those in the
2- position. Additionally,

scales similarly to this, with functionalisation to the

1- position more thermodynamically favoured than those to the 2- position.
Looking at the molecular orbitals1-naphthylamine and 2-naphthylamine, shown
in Figure 3.19, it is evident there is a node along the C-N bond in the HOMO and
LUMO of both structures. In the HOMO-1 and LUMO+1 molecular orbitals, it can be
seen that there is no density over the amine group for 1-naphthylamine, compared
to significant density for 2-naphthylamine. Additionally, from the pKa values in
Table 3.6 it is evident that the structures with functional groups in the 1- position
have lower pKa’s than those in 2- position. This indicates that structures with
functional groups in the2-position should react more readily with BODIPY.

(b)

Comparisons between substitution group

Table 3.7 shows that the functional group through which reaction with BODIPY
takes place has a significant effect on thermodynamic properties. Structurally, the
only difference between phenol and aniline is the presence of a hydroxyl and an
amine functional group respectively, however, phenol/BODIPY has a significantly
smaller ∆

and ∆

of approximately 13 kT compared to aniline/BODIPY.
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Figure 3.20 - Density of states for 2-naphthol with overlaid molecular orbitals

2-naphthylamine
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Figure 3.21 - Density of states for 2-naphthylamine with overlaid molecular orbitals

80

This same difference is apparent between the complementary pairs of: 1naphthol/BODIPY and 1-naphthylamine/BODIPY; 2-naphthol/BODIPY and 2naphthylamine/BODIPY;

and

9-hydroxyphenanthrene/BODIPY

and

9-aminophenanthrene/BODIPY. For all three cases, those with the hydroxyl
functional group having significantly smaller ∆

and ∆

.

In general, it is expected that hydroxyl functionalities will have lower pKa values
than amines. This is confirmed in the data shown in Table 3.6. The density of states
for 2-naphthol and 2-naphthylamine are shown in Figure 3.20 and Figure 3.21
respectively. The two structures have very similar molecular orbitals and density of
states, however, they have a difference in HOMO-LUMO gaps of approximately 6 kT
due to the differing functional groups present.

(c)

Multiple substitutions

The effect of double BODIPY functionalisation can be seen through the
comparison of the monosubstituted and disubstituted products formed with both 1naphthol and 2-naphthol. Both disubstituted structures have significantly larger
∆

and ∆

than the monosubstituted, and thus become more thermodynamically

favourable.

(d)

Changing size of analogue

Changing the size of the analogue has a significant effect on the HOMO, with the
density moving from BODIPY onto the aromatic structure for some compounds as
shown in Figure 3.22. This effect is not seen on the LUMO, which is maintained on
the BODIPY for all structures (Figure 3.23).
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Phenol/BODIPY

HOMO-LUMO = 3.344 eV
9-phenanthrenol/BODIPY

HOMO-LUMO = 3.305 eV
1-hydroxypyrene/BODIPY

HOMO-LUMO = 3.218 eV

2-naphthol/BODIPY

HOMO-LUMO = 3.348 eV
2-hydroxytriphenylene/BODIPY

HOMO-LUMO = 3.357 eV
HBC(t-Bu)5OH/BODIPY

HOMO-LUMO = 2.936 eV

Figure 3.22 - HOMO for -O-BODIPY compounds with HOMO-LUMO gap stated
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Phenol/BODIPY

2-naphthol/BODIPY

9-phenanthrenol/BODIPY

2-hydroxytriphenylene/BODIPY

1-hydroxypyrene/BODIPY

HBC(t-Bu)5OH/BODIPY

Figure 3.23 - LUMO for -O-BODIPY compounds
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The Clar structures of the six analogues are also shown in Figure 3.22. As the
proportion of non-benzenoid rings, i.e. those without the circle indicating mobility
of electrons, increases the HOMO moves onto the aromatic region of the molecule.
In comparison, the structures in which the aromatic regions have a high proportion
of benzenoid character have HOMO located on the BODIPY region of the molecule.
For polycyclic aromatic hydrocarbons, Clar attributed a smaller HOMO-LUMO
gap with lower kinetic stability.82, 92 From computational studies of the analogues
themselves, the relative size of the HOMO-LUMO gap was found to be inversely
proportional to the size of the analogue, with phenol having the largest
HOMO-LUMO gap and HBC(t-Bu)5OH having the smallest. The exception to this
trend is 2-hydroxytriphenylene having a larger HOMO-LUMO gap than both
9-hydroxyphenanthrene and 1-hydroxypyrene. This is expected from the Clar
interpretation of PAH structure, as 2-hydroxytriphenylene has a higher proportion
of benzenoid character than the other structures, making it the more stable of the
three compounds. This shows that the proportion of benzenoid character may be
more important than size and functional group position for the determination of the
HOMO-LUMO gap for analogues.
The effect of benzenoid character on molecular orbitals is demonstrated
through

the

comparison

of

2-hydroxytriphenylene/BODIPY

and

1-hydroxypyrene/BODIPY. The Clar structure for triphenylene consists of three
benzenoid rings, connected via a central non-benzenoid, making the proportion of
benzenoid rings in triphenylene 75 %. In comparison, pyrene consists of two
benzenoid rings and two non-benzenoid rings, making the proportion of benzenoid
rings in pyrene 50 %.
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This change in benzenoid proportion is evident in the movement of the HOMO
from the BODIPY in triphenylene to the rings in pyrene. Phenanthrene has a
benzenoid proportion of 67 %, indicating that upon BODIPY functionalisation the
HOMO

should

lie

somewhere

between

the

two

extreme

cases

of

1-hydroxypyrene/BODIPY and 2-hydroxytriphenylene/BODIPY. This is indeed
what is seen for 9-hydroxyphenanthrene/BODIPY, showing that Clar theory can be
used appropriately for the interpretation of the changes in molecular orbitals.
Relating differing proportions of benzenoid character to the HOMO-LUMO gap,
it is evident those structures with more benzenoid character possess larger HOMOLUMO gaps, and have HOMO located on the BODIPY region of the compound. Those
structures with less benzenoid character, and HOMO located on the analogue, have
smaller HOMO-LUMO gaps. As the size of the analogue is also likely to play a role in
the size of the HOMO-LUMO gap, additional studies would be required on a range of
analogues with different size and benzenoid proportion to better understand the
relationship between benzenoid character and HOMO-LUMO gap.
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Chapter 4.

Spectroscopy of dipyrrins

The meso-substituted BODIPY compounds which have been previously reported
in literature have been well studied spectroscopically, providing a wealth of
information about their properties.49,

55, 59

Carrying on from the work of these

groups, a large number of meso-substituted BODIPYs with larger substituent groups
have been synthesised, as described in Chapter 2. and similar analyses have been
performed to determine the effect of analogue size and edge-type on these mesosubstituted BODIPYs. The results from these studies will be applied to understand
the effect of BODIPY functionalisation on graphene nanoribbons in Chapter 5.
Computational studies are utilised to assist in explaining experimental
observations, and to provide understanding of how functionalisation of analogues
with BODIPY influence electronic properties. Time-dependent DFT calculations are
used to help characterise features observed in experimental absorption spectra, and
to understand the inter- and intramolecular interactions occurring in BODIPYfunctionalised analogues.

Normalised absorption

1.2

0.8

Cl-BODIPY
Acetonitrile
Ethyl acetate
Toluene

0.4

0.0
15000

20000

25000
-1

Wavenumber (cm )
Figure 4.1 - Solvatochromism of Cl-BODIPY
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Cl-BODIPY and its derivatives have been found to be solvatochromic,59 as
demonstrated by Figure 4.1, with an approximately 40 cm-1 difference in absorption
maxima wavelength between acetonitrile and ethyl acetate, and approximately
240 cm-1 difference between ethyl acetate and toluene. As such, quantitative
spectroscopic studies have been performed in solvents of different polarities,
specifically, acetonitrile, ethyl acetate, and toluene.

4.1

Quantitative absorption studies

Absorption spectra were acquired using a Shimadzu UV-3101PC UV-Vis
spectrophotometer.

Quantitative

absorption

studies

were

performed

on

functionalised small-analogue compounds, as well as Cl-BODIPY, to determine the
molar absorptivity. Functionalised analogues were not studied if they were not of
sufficiently high purity to obtain quantitative results. Beer-Lambert plots have been
produced for each compound and solvent combination in the same manner as that
for 2-aminoanthracene/BODIPY in toluene in Figure 4.2.

Absorption at maximum

0.8

2-aminoanthracene/BODIPY (Toluene)

0.6

0.4

0.2

0.0
0.00

7.50x10-6

1.50x10-5

2.25x10-5

3.00x10-5

-1

Concentration (mol L )

Figure 4.2 - Beer-Lambert plot for 2-aminoanthracene/BODIPY in toluene

Error bars were calculated taking measurement errors into account, but do not
include additional error factors. Uncertainties in the concentration of initial stock
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solutions were calculated according to (4-1), where

, , and

are mass, volume,

and molar mass respectively. The uncertainty in the mass,

, comes from the

accuracy of the balance used, while the uncertainty in volume,

, is the stated

uncertainty of the volumetric glassware used.

=

−

,

+
−

=

(4-1)
−

The uncertainty in subsequent dilutions from the stock solution were calculated
according to (4-2), where
with

( )

its corresponding uncertainty, while the volume ratio

corresponding uncertainty
added, and
(

)

is the concentration of the stock or previous dilution,

. .

given by (4-3), and where

. . has

is the volume of stock

is the final volume of the diluted solution. The uncertainties

( )

and

are given by the accuracy of the volume measurement, in this case given by

the smallest division on the pipettes used.
=

+
. .

( )

=

× ( . .+
+
+

( )
(

. .)

−(

−

× . .)

(4-2)
(4-3)

)

Molar absorptivity coefficients for the studied compounds are shown in Table
4.1. In general, the functionalised analogues have smaller molar absorptivity
coefficients than Cl-BODIPY, however there are some exceptions to this with
1-naphthol/2xBODIPY having a significantly higher molar absorptivity coefficient
than Cl-BODIPY in both ethyl acetate and toluene. There is also a trend for those
analogues which are functionalised via an amine to have smaller molar absorptivity
coefficients than those functionalised via hydroxyl groups.

89

Table 4.1 – Summary of molar absorptivity coefficients (mol -1Lcm-1) for Cl-BODIPY and its
small-analogue products. Standard errors (rounded to 1 significant figure) are included in
brackets

Acetonitrile

Ethyl

Toluene

acetate
Cl-BODIPY

44400 (500)

52000 (1000)

51400 (300)

Aniline/BODIPY

11000 (3000)

19500 (700)

25000 (200)

1-naphthol/2xBODIPY

36000 (500)

58000 (4000)

67000 (2000)

2-naphthol/BODIPY

27800 (400)

33000 (1000)

37700 (800)

2-naphthol/2xBODIPY 464 nm

16700 (200)

22200 (700)

22900 (700)

2-naphthol/2xBODIPY 510 nm

18900 (300)

15700 (200)

16300 (400)

1-naphthylamine/BODIPY

5700 (900)

20500 (100)

21960 (60)

2-naphthylamine/BODIPY

13800 (700)

25200 (500)

23000 (500)

2-aminoanthracene/BODIPY

3170 (70)

15600 (300)

29600 (400)

9-phenanthrenol/BODIPY

17900 (90)

26700 (300)

27600 (500)

1-hydroxypyrene/BODIPY

29600 (800)

26700 (300)

27600 (500)

2-hydroxytriphenylene/BODIPY

27000 (700)

37000 (600)

37000 (1000)

HBC(t-Bu)5OH/BODIPY

20700 (200)

26060 (50)

26100 (200)

HPB(t-Bu)5OH/BODIPY

23000 (1000)

29600 (400)

27700 (700)

Benzoic/BODIPY

18100 (100)

33000 (600)

39800 (900)

4.1.1

TD-DFT studies of excitations

Time-dependent (TD) DFT calculations can be used to assist with the
understanding of absorption spectra. All TD-DFT calculations have been performed
using optimised geometries from B3LYP/DZP calculations. To ensure both high
quality of results and low computational time cost, several functionals were tested
using the small phenol/BODIPY structure. As TD-DFT calculations are unable to be
performed using frozen-core for hybrid functionals in ADF, calculations were
performed using the PBE functional both with and without a frozen core. It was
found the effect of the frozen core was minimal, and therefore deemed appropriate
to include hybrid functionals in the test cases. The functionals used were PBE,
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B3LYP, MO62X, and BLYP. It was found that, overall, B3LYP gave the best results for
the time cost. TD-DFT calculations were therefore performed on all BODIPYfunctionalised analogue structures using B3LYP/DZP. Although it was assumed no
singlet-triplet excitations would occur, excitations were calculated for both singlet
and triplet states for all structures to confirm this.

4.1.2

Solvent dependent excitations

Significant solvent dependence is observed in 1-naphthol/2xBODIPY (Figure
4.3). Significant solvatochromism is observed, with the absorption maxima for
toluene and ethyl acetate being approximately 240 cm-1 different, and the difference
between ethyl acetate and acetonitrile being approximately 500 cm-1. This
solvatochromism is significantly larger than that observed for Cl-BODIPY. The
shoulder at approximately 21000 cm-1 changes in relative intensity in different
solvents also, a behaviour which is not observed significantly in monosubstituted
structures. This indicates that solvent properties have much more influence over
disubstituted analogues.
Additionally, there is an absorption band of significant intensity at low energy
observed only in acetonitrile. This is seen to a very small extent in ethyl acetate, and
is not observed at all in toluene. This is likely due to intermolecular interactions
facilitated by the polar acetonitrile.
To further investigate the interactions occurring in 1-naphthol/2xBODIPY, and
any solvent effects, TD-DFT calculations were utilised. All four solvents utilised the
same initial geometry for consistency, as solvent model can have a small effect on
optimised geometry. Geometry optimisations were also performed with solvent
models to determine the effect on energy. It was found that the geometry used for
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TD-DFT and those optimised utilising solvent models were less than 2 kT different,
indicating this method is sensible.

Normalised absorption

1.0
0.8
0.6

Acetonitrile
Ethyl acetate
Toluene

0.4
0.2
0.0
15000

20000

25000

-1

Wavenumber (cm )

Figure 4.3 - Normalised absorption spectra of 1-naphthol/2xBODIPY

As expected, no singlet-triplet interactions were observed. TD-DFT excitation
spectra are shown in Figure 4.4. An excitation is described by a pair of occupied and
virtual orbitals, and the contribution of each excitation to the transition is
determined by the height of the coloured bars in the stacked bar plots. Only
excitations with oscillator strength greater than 0.1 are included, and the orbitals
which these excitations consist of are shown in Figure 4.5 and Figure 4.6
respectively. Assignments have been performed according to percentage
contributions from TD-DFT output, with any individual contributions less than 10%
assigned to an “other” category.
The calculations performed without a solvent model act as a control, and can be
compared against TD-DFT calculations for other compounds for which solvent
models have not been included. There are two significant excitation bands, with the
band at 0.13 Hartree being due to predominantly exciton interactions, which are
interactions occurring between different chromophores, i.e. the HOMO occurring on
one BODIPY with the LUMO occurring on the other. The larger band at 0.115 Hartree
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involves two strong excitations, with both consisting of local, i.e. within one BODIPY
molecule, and exciton interactions.
The molecular orbitals are dependent on solvent model. In accordance with
Figure 4.5,

corresponds to the HOMO for toluene and the no solvent case, whereas

it corresponds to the HOMO-1 for ethyl acetate and acetonitrile, with their HOMO
corresponding to . The four cases share the same HOMO-2, but again have different
molecular orbitals for the other cases shown. Acetonitrile and ethyl acetate have
HOMO-3 and HOMO-4 corresponding to
and

and respectively, in comparison with

for toluene and the no solvent case. HOMO-5 for the three cases involving a

solvent model correspond to

in comparison to

in the absence of solvent. This is

interesting, as the HOMO-3 is equivalent to HOMO-5 for all cases except toluene,
indicating that HOMO-5 is more sensitive to solvent polarity than HOMO-3. Overall,
the solvent dependence on molecular orbitals is very interesting, and assists with
understanding the solvent dependent behaviour of the functionalised compounds.
The inclusion of a solvent model causes significant differences in the energies of
excitation bands, and the types of excitations observed. Focussing on the most
intense bands in each spectrum, it can be seen that the band consists of
predominantly local and charge-transfer interactions, which are interactions
between the BODIPY chromophore and the analogue structure. The local
interactions observed consist of exciton interactions also, with transfer of electron
density between the two dipyrrin molecules observable. Looking at the higher
energy bands, there are two bands corresponding to charge transfer ( − Λ) seen in
ethyl acetate.
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Figure 4.4 - TD-DFT excitation spectra of 1-naphthol/2xBODIPY;
Modes with oscillator strength > 0.1 have been assigned to molecular orbital transitions
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Figure 4.5 - Occupied orbitals: 1-naphthol/2xBODIPY
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Figure 4.6 - Virtual orbitals: 1-naphthol/2xBODIPY
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Going to a less polar solvent model, the intensity of the highest energy band
decreases to an oscillator strength less than 0.1, while the band just below 0.13
Hartree becomes attributable to a predominantly exciton interaction, like that
observed with the absence of a solvent model. Looking at the more polar
acetonitrile, the opposite behaviour has occurred, with the higher energy excitation
now becoming predominant, and corresponding to charge transfer, as with ethyl
acetate. This band, and its changes, corresponds to the behaviour of the shoulder
observed in the experimental absorption spectra.
Another noticeable change in excitations with solvent polarity occurs at low
energy, with the appearance of a mostly exciton interaction with increasing solvent
polarity. This excitation is visible in toluene and ethyl acetate also, however, it has a
total oscillator strength of approximately 0.04 in toluene, and 0.06 in ethyl acetate.
This indicates that the strength of exciton interactions is proportional to solvent
polarity. This solvent-dependent exciton interaction likely corresponds with the
large absorption band observed for 1-naphthol/2xBODIPY in acetonitrile, and
demonstrates why this band is not observed experimentally in solvents of lower
polarity.

4.1.3

Effect of double-substitution on spectra

The normalised absorption spectra of 2-naphthol/1xBODIPY, shown in Figure
4.7 contain a single peak at approximately 22000 cm -1 in all three solvents. As for
Cl-BODIPY, solvatochromism is evident in this compound also. The absorption
maxima gaps are similar, however, the difference of 100 cm-1 in absorption maxima
wavelength between acetonitrile and ethyl acetate is much larger than for Cl-
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BODIPY, while the 260 cm-1 difference between ethyl acetate and toluene is very
similar.
Figure 4.7 demonstrates the differences between normalised absorption spectra
of mono- and di- BODIPY functionalised 2-naphthol. Firstly, a second absorption
band has appeared at approximately 19500 cm-1. Due to the appearance of the
secondary absorption band, molar absorptivity coefficients have been calculated for
both peaks for this compound. Additionally, Figure 4.7 shows that the
solvatochromism is highly evident for the band at approximately 450 nm, but is not
significantly changed from Cl-BODIPY for that at 500 nm. The solvatochromism is
not as large as for that of 1-naphthol/2xBODIPY, indicating that both bonding
position and the type of bonding between the BODIPY and aromatic structure
influence exciton excitations and solvatochromism. TD-DFT results for both
structures, shown in Figure 4.8, can be used to aid in the understanding of this.
The monosubstituted 2-naphthol structure exhibits both local ( − Λ) and
charge transfer ( − Λ) excitations in the most intense band at approximately 0.12
Hartree. At higher energy, the strongest excitations are predominantly local within
the dipyrrin part of the structure, with some charge transfer occurring between
and Μ.
The disubstituted structure also demonstrates some charge transfer ( − Ν),
however this only occurs at lower energy, and there is a distinct lack of excitations
observed in the higher energy part of the spectrum compared to the
monosubstituted case.

97

Normalised absorption

1.2

2-naphthol/BODIPY

0.8

Acetonitrile
Ethyl acetate
Toluene

0.4

0.0
15000

20000

Normalised absorption

1.2

25000

30000

2-naphthol/2xBODIPY

0.8

0.4

0.0
15000

20000

25000

30000

Wavenumber (cm-1)
Figure 4.7 – Absorption spectra of 2-naphthol/1x and 2xBODIPY
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Figure 4.8 - TD-DFT excitation spectra of 2-naphthol/1x and 2xBODIPY;
Modes with oscillator strength > 0.1 have been assigned to molecular orbital transitions
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Figure 4.9 - Occupied (blue and red) and virtual (orange and teal) orbitals: 2naphthol/1xBODIPY
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Figure 4.10- Occupied (blue and red) and virtual (orange and teal) orbitals: 2naphthol/2xBODIPY
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As with 1-naphthol/2xBODIPY, excitation bands are observed at low energy.
The strength of these excitations is very low (0.0069 for the excitation at 0.09
Hartree, and 0.0142 at 0.10 Hartree) so they have not been explicitly included in
Figure 4.8, however they are attributable to

− Ν/Μ and

− Ν/Μ transitions,

which consist of a combination of exciton and local interactions between dipyrrin
molecules within the structure. The large, local transition at 0.13 Hartree occurs
within the C-C bonded dipyrrin, and is analogous to the transition observed at 0.13
Hartree for 1-naphthol/2xBODIPY. From 1-naphthol/2xBODIPY results, the nature
of this band is highly solvent dependent, indicating that experimental absorption
spectra would demonstrate large shifts in peak position due to changes in
interactions, which is what is observed in the band at 22000 cm-1 in Figure 4.3. The
differences in solvatochromic shift between the two structures is likely due to
differences in relative position of the two dipyrrins within the molecule.

Absorbance (arb. units)

1.0

4.94 x 10-5 mol L-1
2.47 x 10-5 mol L-1
1.24 x 10-5 mol L-1
6.18 x 10-6 mol L-1
3.09 x 10-6 mol L-1

0.8
0.6
0.4
0.2
0.0
17500

20000

22500

25000

27500

Wavenumber (cm-1)

Figure 4.11 - Absorption spectra of 2-naphthol/2xBODIPY in acetonitrile at different
concentrations

Another interesting phenomenon is observed in the absorption spectra of
2-naphthol/2xBODIPY in acetonitrile, shown in Figure 4.11, with the dominant band
in the absorption spectra changing as concentration increases. The exciton nature
of this band observed in the absence of a solvent model is likely shifted towards a
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charge transfer interaction in solvents of high polarity, as observed with
1-naphthol/2xBODIPY. The changing dominance of this band can be explained by an
increase in intermolecular charge transfer, or aggregation, with increasing
concentration. It is likely only acetonitrile has high enough polarity to induce this
effect.

4.1.4

Exciton coupling in multi-chromophore systems

Exciton coupling behaviour exhibited by the two disubstituted compounds can
be better understood through the investigation of relative dipole angles, and thus
the strength of coupling, in accordance with the work of Kasha et al.93
Upon excitation from a ground electronic state via photon absorption a change
in electron density occurs between the two states, creating an instantaneous dipole,
. This is described by a vector with an orientation corresponding to the direction
of electron displacement.94 The transition dipole moment, , for BODIPY is shown in
Figure 4.12.

Figure 4.12 - Transition dipole for BODIPY

When multiple chromophores are in close proximity the electronic excitation
becomes delocalised over all chromophores. This is known as exciton coupling. The
orientation of these chromophores impacts the extent of exciton coupling which
occurs.
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The orientation of two transition dipole moments,

and

, can be utilised to

quantify the strength of exciton coupling, , through (4-4), where

is defined in

Figure 4.13 (a). An alternative expression to calculate , (4-5), utilises the centres of
gravity of the chromophores, as shown in Figure 4.13 (b).

=
=

∙

(cos

−3

(

∙ )(

− 3 cos cos

∙ )

)

(4-4)
(4-5)

The relationships in (4-4) and (4-5) can be used to provide relative exciton
strengths for two different chromophore orientations where transition dipole
moments are equal across all chromophores but not explicitly known. If either
angle goes to 90°, the overall exciton coupling is described only by , and vice-versa
in accordance with (4-5). The strongest coupling will therefore occur when the two
cosine terms are out of phase.

Figure 4.13 - Geometrical parameters used to define the orientation of two transition dipole
moments (Adapted from Ref. 94)

To quantify the relative strengths of exciton coupling occurring in the doubly
BODIPY substituted compounds, the values of , ′, , and

are required for each

structure. Figure 4.14 shows the structures of interest, with red vectors indicating
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the dipole transition moment, and a red vector connecting the centres of mass
analogous to . The values of these parameters are shown in Table 4.2, where
/

is the exciton strength relative to the dipole moment.

Figure 4.14 - Determination of geometrical parameters for 1-naphthol/2xBODIPY (top) and
2-naphthol/2xBODIPY (bottom) with and ′ (left) and (right).
BODIPY planes (long axis = dipole) are shown for clarity

From (4-5) it is evident that the most significant influence on the strength of
exciton coupling is from the distance between the centres of mass of the
chromophores, . The cubing of this term causes small differences in distance to
correspond to significant differences in exciton strength. The data in Table 4.2
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confirms this. The difference in the values of cos
compounds is small, however, the difference in

− 3 cos cos

for the two

is almost 3 Å, which causes a

difference in relative exciton strength of approximately 7 × 10−3 Å .
Table 4.2 - Geometrical parameters for exciton coupling

′

(Å)
cos

− 3 cos cos

(Å )

1-naphthol/2xBODIPY

2-naphthol/2xBODIPY

78.7°

87.6°

79.6°

109.8°

29.5°

45.6°

7.188

4.307

0.764

0.742

2.06 × 10

9.29 × 10

The difference in relative exciton strength agree with information obtained from
TD-DFT calculations. Looking at the solvent exempt cases of doubly substituted
compounds, the relative oscillator strengths of the purple exciton interactions in
both Figure 4.4 and Figure 4.8 at 0.13 Hartree can be observed. The magnitude of
exciton coupling relative to the most intense excitation band is larger for 2naphthol/2xBODIPY, indicating larger exciton coupling strength for this compound
in agreement with Table 4.2.

4.2

Quantitative emission studies

4.2.1

Determination of Quantum Yields

Quantum yields for Cl-BODIPY and substituted analogues were determined
using the method of Telfer et al.95 Relative quantum yields are determined relative
to a sample of known quantum yield according to (4-6), where subscripts x and s
refer to the unknown and the standard, respectively. A is the absorbance at the
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excitation wavelength, F is the area under the corrected emission curve, and n is the
refractive index of the solvents used.

Φ

( )

=

Φ

(4-6)
( )

In systems where triplet formation is possible, oxygen must be removed through
freeze-pump-thaw, or other, methods. Although it was assumed in this case that no
triplet formation would occur, tests were performed using samples which had and
had not had oxygen removed. It was found there were no differences between
emission spectra of the two sample types, and therefore samples did not require
oxygen removal prior to emission studies.
The reference standards used for this study were Coumarin 334, for excitation
wavelengths between 440 nm and 470 nm, and Coumarin 6H, for excitation
wavelengths between 390 nm and 440 nm. A literature quantum yield was found for
Coumarin 334; however, this only appears in one resource with no additional
reference provided, and is also stated as having two different values (0.60 and 0.69)
within the body of the paper and supporting information.96 Additionally, a literature
quantum yield was not able to be found for Coumarin 6H. As such, it was decided to
measure quantum yields for the two standards directly using an integrating sphere.
Steady-state photoluminescence measurements were recorded using an Edinburgh
Instruments FLS980 fluorescence spectrometer with a Xe lamp as light source
(Edinburgh Instruments, Edinburgh, Scotland).
Coumarin 334 and 6H were used as-received from Sigma-Aldrich and diluted in
absolute ethanol for emission measurements. The values obtained using the
integrating

sphere

method

were

Φ

(Coumarin

334)

=

0.5469,

and
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Φ (Coumarin 6H) = 0.9632. To confirm these values were reasonable, Φ

( )

was

calculated for Coumarin 6H relative to Coumarin 334 according to equation (4-6),
with a value of 0.9658. The closeness of relative and directly measured quantum
yields for Coumarin 6H confirms the quality relative quantum yield determination
method.
Table 4.3 - Relative quantum yields. * indicates reference standard used is Coumarin 6H; all
others calculated with Coumarin 334 as standard

Acetonitrile

Ethyl acetate

Toluene

Cl-BODIPY

0.446 ± 0.003

0.501 ± 0.003

0.440 ± 0.002

Aniline/BODIPY

0.012 ± 0.001

0.026 ± 0.001

0.084 ± 0.001

1-naphthol/2xBODIPY

0.000

0.001 ± 0.001

0.058 ± 0.001

2-naphthol/BODIPY

0.000

0.008 ± 0.001

0.442 ± 0.001

2-naphthol/2xBODIPY

0.010 ± 0.001

0.001 ± 0.001

0.005 ± 0.001

1-naphthylamine/BODIPY

0.003 ± 0.001*

0.007 ± 0.001*

0.019 ± 0.001*

2-naphthylamine/BODIPY

0.018 ± 0.001*

0.025 ± 0.001*

0.059 ± 0.001*

2-aminoanthracene/BODIPY

0.005 ± 0.001*

0.158 ± 0.001*

0.270 ± 0.001*

9-phenanthrenol/BODIPY

0.014 ± 0.001

0.007 ± 0.001

0.165 ± 0.001

1-hydroxypyrene/BODIPY

0.000

0.000

0.000

2-hydroxytriphenylene/BODIPY

0.000

0.006 ± 0.001

0.300 ± 0.001

HBC(t-Bu)5OH/BODIPY

0.061 ± 0.001

0.006 ± 0.001

0.005 ± 0.001

HPB(t-Bu)5OH/BODIPY

0.008 ± 0.001

0.001 ± 0.001

0.321 ± 0.001

Benzoic/BODIPY

0.506 ± 0.002

0.531 ± 0.001

0.407 ± 0.001

Samples were prepared to have maximum absorption intensity of
approximately 0.1 to reduce self-absorption events. Emission spectra were obtained
using a Perkin Elmer LS 50B Luminescence Spectrometer. Relative quantum yields
are listed in Table 4.3. In cases where the quantum yields were outside the detection
limit, they have been reported as 0.000 and no uncertainties have been included.
Quantum yields for Cl-BODIPY and aniline/BODIPY have been previously
reported by Dehaen et al.59 The values calculated in this study are not in agreement
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with those, with the quantum yields for Cl-BODIPY calculated here being much
lower, and those for aniline/BODIPY being significantly higher than those calculated
by the Dehaen group. The reasons for these discrepancies are unknown, however
may be due to differences in fluorescence standards used.

4.2.2

3-Dimensional emission plots

3-Dimensional emission scans of Cl-BODIPY in solvents of differing polarity
were performed, and the data is shown in Figure 4.16 and Figure 4.17. The plots
show additional emission at

≅ 380 nm in some solvents. This behaviour was

initially observed in toluene, and to a much lesser extent in acetonitrile, but was not
observed in ethyl acetate, which has an intermediate solvent polarity. To further
investigate this behaviour, additional emission-excitation studies were performed
in chloroform, chlorobenzene, and isopropyl alcohol. This behaviour was again
observed in chloroform and isopropyl alcohol, but not in chlorobenzene.
Figure 4.15 highlights in shades of red the solvents which cause this behaviour
to be observed, with a darker red indicating strong emission of this

≅ 380 nm

band. No trends in solvent polarity are observable, indicating this behaviour is not
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scale for selected solvents
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Figure 4.16 - 3D (left) and contour (right) plots of Cl-BODIPY in: ethyl acetate (top);
acetonitrile (centre); and toluene (bottom)
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Figure 4.17 - 3D (left) and contour (right) plots of Cl-BODIPY in: chloroform (top);
chlorobenzene (centre); and isopropyl alcohol (bottom)
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The shape of the solvent was also considered, as some shapes may be favourable
for aggregation of BODIPY, however, this was also found to not be solely responsible,
based on the observation of significant emission in toluene compared to
unobservable emission in chlorobenzene.
This behaviour is also observed for Benzoic/BODIPY, and may appear in other
compounds, however, they are more visible in these compounds due to their
relatively large quantum yields (see 4.2.1).
Looking at the data for 400 nm excitation across solvents, as shown in Figure
4.18, it is evident the

≅ 380 nm mode does appear in ethyl acetate also, however,

its intensity is significantly lower than the Rayleigh emission band at 400 nm, and
hence is not seen in the 3D or contour plot for Cl-BODIPY in ethyl acetate.
Additionally, through comparison with the solvent data on the same plots, it is
evident these emission bands do not occur due to impurities in solvent. Quantum
yield calculations for both Cl-BODIPY and Benzoic/BODIPY were performed at
= 470 nm. From Figure 4.18 it is evident that this behaviour does not effect the
emission band of interest (Maximum

≅ 510 nm) and therefore this behaviour

will not effect the calculation of integrated peak areas or fluorescence quantum
yields, provided appropriate excitation wavelengths are chosen.

4.3

Time-resolved emission

Lifetime measurements were performed using TCSPC with a 320 or 380 nm
picosecond pulsed LED-laser (Edinburgh Instruments, Edinburgh, Scotland).
Lifetimes were recorded in a 100 ns time range using 8192 channels. The
measurement was stopped when the number of photons in any one channel reached
10000 counts.
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Figure 4.18 - Excitation data for Cl-BODIPY in three solvents;
= 500 nm has been scaled to match
at approximately 525 nm
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Table 4.4 - Lifetimes in ethyl acetate

Eem
(ns)

(

Cl-BODIPY

8.58

0.584 ± 0.003 0.581 ± 0.003

Aniline/BODIPY

2.62

0.099 ± 0.004 3.712 ± 0.004 23.866

1-naphthol/2xBODIPY

4.20

0.003 ± 0.002 2.377 ± 0.002 19.380

2-naphthol/2xBODIPY

4.22

0.002 ± 0.002 2.366 ± 0.002 19.157

1-naphthylamine/BODIPY

2.39

0.029 ± 0.004 4.156 ± 0.004 23.364

2-naphthylamine/BODIPY

2.39

0.104 ± 0.004 4.082 ± 0.004 23.419

2-aminoanthracene/BODIPY

3.17

0.041 ± 0.003 3.109 ± 0.003 22.422

9-phenanthrenol/BODIPY

2.45

0.002 ± 0.004 4.086 ± 0.004 19.157

1-hydroxypyrene/BODIPY

8.32

0.000 ± 0.001 1.202 ± 0.001 20.833

2-hydroxytriphenylene/BODIPY

4.28

0.013 ± 0.002 2.325 ± 0.002 20.080

HBC(t-Bu)5OH/BODIPY

12.09

0.053 ± 0.008 0.774 ± 0.008 19.685

HPB(t-Bu)5OH/BODIPY

1.63

0.049 ± 0.006 6.080 ± 0.006 20.243

Benzoic acid/BODIPY

7.11

0.794 ± 0.001 0.612 ± 0.001 19.569

)

(

)

(

)

19.569

Table 4.5 - Lifetimes in acetonitrile

Eem
(ns)

(

Cl-BODIPY

8.97

0.498 ± 0.003

0.617 ± 0.003 19.608

1-naphthol/2xBODIPY

4.50

0.002 ± 0.002

2.222 ± 0.002 19.305

2-naphthol/BODIPY

5.34

0.001 ± 0.002

1.873 ± 0.002 20.284

2-naphthol/2xBODIPY

4.48

0.032 ± 0.002

2.202 ± 0.002 19.305

2-hydroxytriphenylene/BODIPY

4.55

0.001 ± 0.002

2.199 ± 0.002 20.121

)

(

)

(

)

Table 4.6 - Lifetimes in toluene

Eem
(ns)

(

Cl-BODIPY

7.83

0.563 ± 0.003

0.715 ± 0.003 19.268

1-naphthol/2xBODIPY

3.81

0.117 ± 0.003

2.507 ± 0.003 19.231

2-naphthol/BODIPY

4.21

1.049 ± 0.002

1.324 ± 0.002 19.881

2-naphthol/2xBODIPY

3.66

0.004 ± 0.003

2.730 ± 0.003 19.048

2-hydroxytriphenylene/BODIPY

2.42

1.241 ± 0.004

2.895 ± 0.004 19.920
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)

(

)

(

)

Measured lifetimes ( ), as well as radiative ( ) and non-radiative (

) rate

constants and emission maxima energies (Eem) are summarised in Table 4.4 (ethyl
acetate), Table 4.5(acetonitrile), and Table 4.6 (toluene). All lifetimes are given
assuming mono-exponential decay, except for that for HPB(t-Bu)5OH/BODIPY,
which is bi-exponential. Rate constants were determined using the method of
Caspar and Meyer.97 Radiative and non-radiative rate constants are calculated
according to (4-7) and (4-8), where Φ

( )

was calculated previously in (4-6).

=(

+

Φ

=

( )

(4-7)

)

(4-8)

The energy gap law relates the excited-state, non-radiative decay rate to the
emission energy.97 By plotting ln

against the emission energy (

), it is hoped

that a relationship will appear between the size and nature of the substituted
dipyrrin analogue.
As evident in Figure 4.19, there is no obvious trend when all data is included,
with the

amine-functionalised structures

and those with non-hydroxyl

functionalised analogues also not fitting an overall trend. This is logical, as
functional group has a significant effect on the properties of the compounds.
Treating the amine compounds separately, it is evident that the one- and two-ring
compounds appear to fit a linear negative trend, however, this does not apply for
the 2-aminoanthracene/BODIPY compound. Due to the limited size of the dataset,
further conclusions about the nature of the relationship between

and

are

unable to be made. The same restrictions apply with the larger analogue structures,
Cl-BODIPY, and Benzoic/BODIPY also.
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Looking at the data for hydroxyl functionalised analogues (Figure 4.20),
however, trends are visible for both monosubstituted and disubstituted data.
Overall, the two datasets have very similar, negative linear relationships, however
they have been treated separately as the presence of additional dipyrrin molecules
is expected to influence the compounds’ properties. Additionally, the linear fit for
the monosubstituted data has been calculated excluding the data point for 2naphthol/1xBODIPY in toluene, due to it appearing to be a significant outlier. These
trends show that the energy gap law applies for hydroxyl-BODIPY functionalised
polycyclic aromatic hydrocarbons.
20.5
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20.0
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Figure 4.19 - ln knr vs Eem for all compounds

Based on the relationship discussed in 3.4.2(d) wherein the size of the HOMOLUMO gap can be related to the amount of benzenoid character an analogue
contains, it would follow that similar relationships may be observed between the
amount of benzenoid character and the energy gap law plot.
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Figure 4.20 - ln knr vs Eem for hydroxyl containing compounds; Data has been separated
between
mono- (1x) and d- (2x) substituted analogues

Examining the energy gap law plot for hydroxyl functionalised analogues in
Figure 4.20, it would be expected that those analogues having more benzenoid
character would be located in the upper left portion of the plot (lower energy, higher
ln knr), whilst those with less benzenoid character would appear in the lower right
portion (i.e. higher energy, lower ln knr). This holds for most of the monosubstituted
compounds, as hydroxytriphenylene has more benzenoid character than naphthol,
which in turn is more benzenoid than hydroxypyrene, however, the data shown for
9-phenanthrenol/BODIPY in ethyl acetate does not fit this trend. More data would
be required to determine whether 9-phenanthrenol/BODIPY is an outlier, or
whether the relationship between benzenoid character and the energy gap law does
not hold.
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4.4

Infrared spectroscopy

Experimental infrared (IR) spectra of functionalised small molecules were
collected using a Thermofisher Scientific Nicolet 5700 equipped with a Germanium
crystal Smart iTRTM Attenuated Total Reflectance (ATR) sampling accessory.
DFT

calculations

were

performed

on

both

1-hydroxypyrene

and

1-hydroxypyrene/BODIPY to obtain calculated IR spectra. Geometry optimisations
were performed using B3LYP/DZP, whilst frequency calculations were performed
using PBE/DZP.

(a)

Accuracy of computational methods

Comparing calculated and experimental vibrational modes shown in Figure 4.21
and Figure 4.22, it can be seen that the overall agreement is very good. Calculated
vibrational modes here are represented by Lorentzian functions of 1 cm-1 width.
Additionally, vibrational frequencies have been scaled to better match
experimental frequencies (PBE/DZP = 0.986).
While vibrational frequencies agree to within a few wavenumbers, they do not
all agree in terms of relative vibrational intensity. This is not a concern, as the
positions of vibrational modes are of much greater interest than relative intensities,
as experimental infrared (IR) intensities can be effected by a number of factors
which are not accounted for in a computational model.
The agreement between computational and experimental spectra provides
confirmation that the model is reasonable, and that results obtained using the model
should be expandable to provide insight for compounds which are too complex to
model using DFT methods.
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Figure 4.21 - Comparison between calculated and experimental IR spectra of
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(b)

Effect of BODIPY-functionalisation on IR spectra

The influence of BODIPY-functionalisation on vibrational modes can be seen in
the experimental IR spectra of 1-hydroxypyrene and 1-hydroxypyrene/BODIPY
shown in Figure 4.23. As expected, the O-H vibrational mode at 3275 cm-1 in 1hydroxypyrene has disappeared upon BODIPY functionalisation, confirming
functionalisation has occurred in the expected position. Looking at the inset, it can
be seen there are a number of modes which have appeared in the IR spectrum upon
functionalisation with BODIPY. To gain further understanding of these vibrational
modes, and to assign the modes to the different regions of the molecule,
computational methods are employed.
As shown already, computational IR spectra provide a good approximation for
the experimental spectra, and as such, can be used to assign the vibrational modes
which appear upon BODIPY functionalisation.
In order to confirm that new modes are due to BODIPY functionalisation, two
systems are analysed to confirm consistencies between the IR spectra. The
analogues used for this are 1-hydroxypyrene and HBC(t-Bu)5OH, with their
computational IR spectra shown in Figure 4.24 and Figure 4.25 respectively.
The spectra are only shown for the selected region as there is very little IR
activity outside of this region with the exception of the O-H vibrational mode at
approximately 3200 cm-1. HBC(t-Bu)5OH is utilised here due to its large size being
shown in 3.1 to be a good model for the behaviour of graphene nanoribbon
structures, leading these results to be extendable to experimental graphene
nanoribbon systems.
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Figure 4.23 - Experimental IR spectra of 1-hydroxypyrene and 1-hydroxypyrene/BODIPY
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Figure 4.25 - Calculated IR spectra of HBC(t-Bu)5OH and HBC(t-Bu)5OH/BODIPY

The vibrational mode frequencies have been scaled using the appropriate factor
(PBE/DZP = 0.986), and calculated vibrational modes have been artificially widened
using Lorentzian functions with widths of 20 cm-1.
Looking at both spectra, there are three vibrational modes of large intensity, and
a few of lower intensity, which can be analysed and assigned. The vibrations
associated with these modes are shown in Figure 4.26.
The large peak at approximately 1600 cm-1 is the G mode, and whilst this
appears in calculated IR spectra, it is not expected to occur with significant intensity
in experimental IR spectra of graphene nanoribbons due to the largely symmetrical
nature of the larger graphene lattice. Changes to the lattice, such as modifications of
the basal plane and the presence of edges, can change this, however, BODIPY specific
modes would have much more significant changes in intensity upon
functionalisation.
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Figure 4.26 - Vibrational modes - BODIPY functionalisation;
In each grid: top – HBC(t-Bu)5OH/BODIPY; bottom – 1-hydroxypyrene/BODIPY.
Figures have been oriented to show the atoms with largest displacements in the plane
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The large vibrational mode just below 1250 cm-1 is attributed to both the
BODIPY and the aromatic hydrocarbon, and is a ring breathing mode, however, as it
is present at low intensity in the non-functionalised analogues, it is unable to be used
as a mode to characterise BODIPY functionalisation.
There are a number of vibrational modes of varying intensities which can be
attributed to BODIPY only at (approximately) 1015 cm-1, 1400 cm-1, and 1520 cm-1,
with modes at 650 cm-1 and 1480 cm-1 also being attributable, but also near enough
to other vibrational modes that they may not be distinguishable experimentally.
Experimentally (Figure 4.23), intense modes are seen at 1035 cm-1 and 1395 cm1

for BODIPY-functionalised 1-hydroxypyrene, with a low intensity mode also seen

at 1530 cm-1. In both computational and experimental spectra, these three modes
occur independently of modes attributed to the non-functionalised analogue. From
this, these three modes should provide information on BODIPY functionalisation of
any polycyclic aromatic material, including graphene nanoribbons.

(c)

Analysis of vibrational spectra

Continuing from the mode assignments shown in 4.4(b), all vibrational modes
can be assigned as belonging to one or more components of the molecule structure.
The mode assignments for 1-hydroxypyrene/BODIPY are shown in Figure 4.27. The
vibrational modes are scaled using the appropriate factor (PBE/DZP = 0.986), and
in this case are plotted without any artificial widening.
In this case, the vibrational mode can be assigned as belonging purely or mostly
to BODIPY or to pyrene, and also assigned as being across both parts of the structure.
It can be seen that there are some distinct regions of purely pyrene behaviour as
well as purely BODIPY behaviour.
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There are also regions of vibrational modes attributed to the whole molecule. It
should be noted that, as expected, regions of pure BODIPY and whole molecule
vibrations are in agreement with the characteristic modes attributed to BODIPY
functionalisation in (b).
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Figure 4.27 - Calculated IR spectrum for 1-hydroxypyrene/BODIPY with assigned vibrational
modes

This mode assignment method has also been applied to HBC(t-Bu)5OH/BODIPY
as shown in Figure 4.28. In this case, the presence of tertiary-butyl (t-Bu) functional
groups make the assignment more complex and leads to a potential seven
characterisations, as opposed to three for the case of 1-hydroxypyrene/BODIPY.
Because graphene nanoribbons are not expected to contain edge-functional
groups in such high proportion, those characterisations including t-Bu with either
BODIPY or the aromatic (HBC) part of the molecule have been coloured similarly to
those without t-Bu influence.
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Figure 4.28 - Calculated IR spectrum for HBC(t-Bu)5OH/BODIPY with assigned vibrational
modes

As with 1-hydroxypyrene/BODIPY, regions can be seen in which vibrational
modes are grouped with similarly assigned modes. These again are in agreement
with the characteristic BODIPY modes discussed in (b), further strengthening the
case for those selected modes being used to characterise BODIPY functionalisation.

4.5

Raman spectroscopy

Analysis using Raman spectroscopy was attempted on Cl-BODIPY and
1-hydroxypyrene/BODIPY. These compounds were chosen due to their respective
emission quantum yields being the largest and smallest of the compounds studied.
As Raman measurements are highly sensitive to emission, the two selected
compounds were used to determine whether Raman measurements would be
possible for either all, some, or none of the functionalised BODIPY compounds
synthesised.
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Whilst both compounds are solvatochromic, 1-hydroxypyrene/BODIPY has an
absorption maxima at approximately 455 nm, whilst Cl-BODIPY has absorption
maxima at approximately 500 nm, with a shoulder at approximately 480 nm. As
such, excitation wavelengths of both 488 nm and 532 nm were selected for Raman
studies. Raman measurements performed on the pure, solid sample were found to
be dominated by emission at 532 nm excitation. Because of this, surface-enhanced
Raman spectroscopy (SERS) measurements were attempted. 0.5 mL silver
nanoparticles were combined with 0.25 mL 40 mM aqueous KNO3 and 0.25 mL of
approximately 10-7 M BODIPY sample in water (prepared via phase transfer
dilutions beginning with 10-4 M dye in IPA). SERS measurements at 532 nm
excitation showed potential emission quenching, but no Raman peaks attributable
to the dye molecules. This indicates that either the dye concentration or excitation
wavelength were not optimal. SERS measurements at 488 nm excitation had large
observable emission, indicating the dye molecules were not adhering to the
nanoparticles properly, ruling out this method for obtaining Raman spectra of these
materials.
From attempts at Raman measurements, it was evident that the emission of
these dye molecules, even those with very low quantum yields such as
1-hydroxypyrene/BODIPY, were too great for Raman spectroscopy to be utilised.
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Chapter 5.

Dipyrrin-functionalised

graphene

nanoribbons
The analysis and characterisation of functionalised graphene nanoribbons is
difficult for many reasons. The large relaxation time of these large structures
disqualifies the use of NMR characterisation methods, while the broad-spectrum
absorption of graphene nanoribbons makes absorption and emission spectroscopy
difficult. Additionally, depending on the proportion of edge functionalisation, bands
indicating the presence of dipyrrin may be overwhelmed by those associated with
graphene. Infrared and Raman spectroscopy methods allow for the characterisation
of such large materials, however, issues with the size of the functionalised analogue
are expected to still be present. Studies have shown that the functionalisation of
graphene nanoribbons can be determined using Raman through shifting positions
of D and G modes. 5
Results from 4.4 show that dipyrrin functionalisation of graphene analogues
caused an increase in the number of vibrational modes observed in both
computational and experimental IR spectra. From this, it is expected that dipyrrin
functionalisation of graphene nanoribbons should also cause an increase in the
number of modes.
Infrared spectroscopy is a useful tool for determining whether graphene
nanoribbons have been functionalised, however, it is not well understood enough
for graphene nanoribbons to be able to quantify the position of functionalisation, i.e.
whether the functionalisation has occurred at the edges, as is desired in this study,
or whether the interactions have occurred on the basal plane.
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Raman spectroscopy of graphene nanoribbons, whilst difficult for low quantities
of compound, is well understood, and the effects of edge and basal plane
functionalisation

can

be

distinguished

using

Raman

techniques.

Edge

functionalisation has been shown to cause slight shifts in the position of the G band,
however, typically with edge-functionalised graphene nanoribbons the overall
shape of the Raman spectrum remains relatively unchanged from that of the original
nanoribbon. In contrast, modification of the basal plane would lead to changes in the
intensity of disorder-induced modes such as the D mode.
Overall, infrared spectroscopy is used to confirm functionalisation has occurred,
while Raman spectroscopy is used to determine where it has occurred. The
combination of these two techniques allows for a more complete characterisation
than either of the techniques alone.
All graphene nanoribbons were cut in air and transferred to dry
dichloromethane prior to reactions being performed. Prior to functionalisation,
each batch of nanoribbons was split between three reaction vials, to give “control”
(C-GNRs), “BODIPY control” (BC-GNRs) and “functionalised” graphene nanoribbons
(F-GNRs). The reaction conditions for each type of nanoribbons are given in Table
5.1. All nanoribbon samples were sonicated for the same time periods to overcome
potential sonication induced effects on the ribbons.
Table 5.1 – General reaction conditions for GNR samples
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Cl-BODIPY added

DIPEA added

C-GNR

U

U

BC-GNR

D

U

F-GNR

D

D

5.1

Infrared spectroscopy

Infrared spectroscopy of graphene nanoribbons was performed using a Nicolet
6700 FT-IR spectrometry with microscope attachment was used to perform
absorption measurement in a reflection geometry. A mercury-cadmium-telluride
(type a) (MCT-a) detector was used in conjunction with a KBr beam splitter. Room
temperature collection was used, with a sample spot size of ~20 × 20 μm.
IR spectra of a batch of graphene nanoribbons are shown in Figure 5.1 and
Figure 5.2. It is evident there has been significant changes in the IR spectra between
C-GNR and F-GNR. These samples exhibit IR spectra more closely related to
aggregated graphene nanoribbons, however, this is not of concern, as it is likely this
has happened due to insufficient sonication of both samples prior to IR sample
preparation as opposed to during the functionalisation reaction. In Figure 5.1
benzene fingers, aromatic and ring-stretching substituent modes,98-99 are evident in
the C-GNR spectrum, but have been distorted in that of F-GNR, indicating
substitution affecting these bands. Figure 5.2 shows a significant increase in the
number of vibrational bands from C-GNR to F-GNR, further indicating
functionalisation with BODIPY was successful. Additionally, characteristic modes
identified in section 4.4(b) are evident in the spectrum of F-GNR, further indicating
successful functionalisation.
A concern with the functionalisation process is the potential for unreacted
BODIPY to interact non-covalently with the graphene nanoribbons, and therefore
not be removed during the purification process. To determine if this was occurring,
C-GNR spectra were compared to those for BC-GNR, as shown in Figure 5.3. It is
evident that, excluding backgrounds, the two spectra are very similar.
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Figure 5.1 - IR spectra of C-GNR and F-GNR for a batch of graphene nanoribbons
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show primary region of interest
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As demonstrated by Figure 5.2, the influence of BODIPY on IR spectra is
significant, therefore it can be assumed that BC-GNR contains no unreacted BODIPY
or non-covalently interacting BODIPY.
The infrared spectral analysis of GNRs shows promise as a useful
characterisation method to determine whether functionalisation has occurred,
however, the extent of functionalisation is not currently obtainable through this
method.
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Figure 5.3 - Comparison between C-GNR and BC-GNR

5.2

Raman spectroscopy

Raman spectra were collected on a custom-Built Raman microscope, based on
an Olympus IX70 inverted fluorescence microscope, utilising OptiGrate volume
Bragg gratings as beam-splitters and notch filters. An objective with

= 0.65 and

40 × magnification was used to focus the incident light (532 nm, ≈ 2 mW at the
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sample) and to collect scattered radiation. A Princeton Instruments FERGIE
spectrograph system was used for dispersion and detection.
Samples of graphene nanoribbons were prepared by pipetting 50 μL of GNRs
suspended in dichloromethane onto glass cover slips and allowing to dry. All spectra
were acquired via the summation of ten 60 second exposures of the sample to
ensure spectra could be compared with one another with ease. Spectra of the cover
slip only were obtained at the same focal length for each sample to determine
substrate influence on spectra. There was found to be no substrate bands present
within the region of interest for graphene nanoribbons, however, the substrate did
cause a broad background. Backgrounds were removed using an asymmetric least
squares method,100 which use the spectrum itself to iteratively establish a
baseline.101 Through controlling parameters, baselines can be generated which sit
below the original spectrum, which is desirable in the context of Raman
spectroscopy.102-105
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Figure 5.4 – Normalised Raman spectra of graphene nanoribbons

Figure 5.4 shows the Raman spectra of each sample type for a batch of
nanoribbons. These spectra have been normalised to have a G-mode intensity of 1.
Looking at the defect-induced D mode, there are no significant changes in relative
intensity between the three samples. This indicates that no changes have occurred
to the basal plane, and that any functionalisation occurring in the F-GNR sample
must have taken place at the nanoribbon edges. As mentioned previously,
functionalisation at the edges can lead to slight shifts in the G mode position,
however, due to the resolution of these spectra, any such changes would not be
observed. The 2D mode is sensitive to the number of layers of graphene. From the
spectra, it is evident the number of layers is similar for each spectrum.
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Chapter 6.

Summary and Perspectives

A novel series of dipyrrin-functionalised small molecule compounds have been
synthesised via nucleophilic aromatic substitution. This library of compounds has
been further analysed using spectroscopic and computational methods. Absorption
spectroscopy showed large molar absorptivity coefficients for all compounds, with
those functionalised via hydroxyl substitution having generally larger coefficients
than those functionalised via amine groups. Time-dependent DFT calculations were
used to analyse the absorption spectra, and to quantify both inter- and
intramolecular interactions, in particular those observed in disubstituted aromatic
compounds.
The emission quantum yields of these BODIPY functionalised small molecule
compounds were found to vary with the group via which functionalisation was
performed, i.e. hydroxyl or amine, the size of the functional group, and the solvent
in which measurements were performed. This behaviour was found to fit the energy
gap law in the case of hydroxyl functionalised compounds, however, the size of the
data set was not sufficient to determine if this relationship also holds for those
functionalised via amine groups.
Spectroscopic analyses were performed on BODIPY functionalised small
molecule compounds to determine the effect of BODIPY functionalisation on
vibrational spectra. Although both infrared and Raman spectroscopy methods were
investigated, it was found that the inherent emission associated with BODIPY
compounds was too significant for Raman measurements. Experimental infrared
spectra showed a significant increase in the number of IR-active vibrational modes
observed upon functionalisation. Computational methods were used to further
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characterise these vibrations, and to isolate characteristic vibrational modes
corresponding to BODIPY functionalisation.
The edge modification of graphene nanoribbons has been investigated through
functionalisation with dipyrrins. Infrared spectroscopy indicated that graphene
nanoribbons were successfully functionalised via the same method as small
molecule analogue. This was confirmed due to an increase in the number of bands
observed, and further confirmed by the appearance of bands characteristic of
BODIPY functionalisation in small molecule systems. Raman spectroscopy shows
functionalisation occurred at the graphene edges due to no significant changes being
observed in the disorder induced D mode, indicating the basal plane has not been
disturbed.
The combination of infrared and Raman spectroscopy has been shown to be a
useful tool in the determination of graphene nanoribbon functionalisation, with
infrared spectroscopy providing information on the success of functionalisation,
and Raman providing information on where functionalisation is occurring.
The BODIPY-functionalised graphene nanoribbons prepared in this study have
significant potential. Additional chemical modifications could be performed via the
BF2 group of the BODIPY, allowing for specific functionalities to be added to the
graphene nanoribbons. Given the straightforward preparation of BODIPY
functionalised graphene nanoribbons, this may provide an alternate pathway for
functionalities which are not able to easily functionalise graphene directly. This
method could prove a useful route for tuning the graphene nanoribbon properties
for specific applications.
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Furthermore, the functionalised nanoribbons could be further studied to
determine their potential in applications such as solar energy, sensors, or energy
storage devices. Through the control of edge functionality, control over stacking
interactions can be achieved. This leads to the potential to make hybrids with other
materials, such as those commonly used in solar cells.
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Appendices
Appendix A:

NMR Spectra

NMR solvent peaks are indicated with a X. Solvent impurities are indicated with
“s”, whilst other impurities are indicated with “∗”.
Thioketone dipyrrin

X

s

*

s

Figure A.1 - 1H NMR spectrum of thioketone dipyrrin in CDCl3
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Ketone dipyrrin

X

s

*

*

Figure A.2 - 1H NMR spectrum of ketone dipyrrin in CDCl3

Phenol/BODIPY

X

s

*

*

s

Figure A.3 - 1H NMR spectrum of phenol/BODIPY in CDCl3
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*

*

Cl-BODIPY

X
s

*

Figure A.4 - 1H NMR spectrum of Cl-BODIPY in CDCl3

X

Figure A.5 – 13C NMR spectrum of Cl-BODIPY in CDCl3
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MeO/BODIPY

X

s

Figure A.6 - 1H NMR spectrum of MeO/BODIPY in CDCl3

Aniline/BODIPY

X

s

*
*

* *

Figure A.7 - 1H NMR spectrum of aniline/BODIPY in CDCl3 prepared via literature procedure
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X

s

*
*

Figure A.8 - 1H NMR spectrum of aniline/BODIPY in CDCl3 prepared via modified procedure

X

Figure A.9 – 13C NMR spectrum of aniline/BODIPY in CDCl3 prepared via modified procedure
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1-naphthylamine/BODIPY

X

*
*

Figure A.10 - 1H NMR spectrum of 1-naphthylamine/BODIPY in CDCl3

X

Figure A.11 - 13C NMR spectrum of 1-naphthylamine/BODIPY in CDCl3
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2-naphthylamine/BODIPY

X

s

*

Figure A.12 - 1H NMR spectrum of 2-naphthylamine/BODIPY in CDCl3

X

Figure A.13 - 13C NMR spectrum of 2-naphthylamine/BODIPY in CDCl3
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1-naphthol/2xBODIPY

X

s
s

*
*

Figure A.14 - 1H NMR spectrum of 1-naphthol/2xBODIPY in CDCl 3

X

Figure A.15 - 13C NMR spectrum of 1-naphthol/2xBODIPY in CDCl3
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2-naphthol/BODIPY

X

s

Figure A.16 - 1H NMR spectrum of 2-naphthol/BODIPY in CDCl3

X

Figure A.17 - 13C NMR spectrum of 2-naphthol/BODIPY in CDCl3
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2-naphthol/2xBODIPY

s

X

* *

Figure A.18 - 1H NMR spectrum of 2-naphthol/2xBODIPY in CDCl 3

X

Figure A.19 - 13C NMR spectrum of 2-naphthol/2xBODIPY in CDCl3
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2-aminoanthracene/BODIPY

s

X

s

Figure A.20 - 1H NMR spectrum of 2-aminoanthracene/BODIPY in CD3CN

X

Figure A.21 - 13C NMR spectrum of 2-aminoanthracene/BODIPY in CD3CN
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9-hydroxyphenanthrene/BODIPY

X

s

*

s

*

*

Figure A.22 - 1H NMR spectrum of 9-hydroxyphenanthrene/BODIPY in CDCl3

X

Figure A.23 - 13C NMR spectrum of 9-hydroxyphenanthrene/BODIPY in CDCl3
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2-hydroxytriphenylene/BODIPY

s

X

s

Figure A.24 - 1H NMR spectrum of 2-hydroxytriphenylene/BODIPY in CDCl3

X

Figure A.25 - 13C NMR spectrum of 2-hydroxytriphenylene/BODIPY in CDCl3
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1-hydroxypyrene/BODIPY

X

s

s

Figure A.26 - 1H NMR spectrum of 1-hydroxypyrene/BODIPY in CDCl3

X

Figure A.27 - 13C NMR spectrum of 1-hydroxypyrene/BODIPY in CDCl3
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HBC(t-Bu)5OH/BODIPY

X

s

*

*

*

*

Figure A.28 - 1H NMR spectrum of HBC(t-Bu)5OH/BODIPY in CDCl3

X

Figure A.29 - 13C NMR spectrum of HBC(t-Bu)5OH/BODIPY in CDCl3
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HPB(t-Bu)5OH/BODIPY

X
s

Figure A.30 - 1H NMR spectrum of HPB(t-Bu)5OH/BODIPY in CDCl3

X

Figure A.31 - 13C NMR spectrum of HPB(t-Bu)5OH/BODIPY in CDCl3
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Benzoic acid/BODIPY

X

*
*

s

*

Figure A.32 - 1H NMR spectrum of benzoic acid/BODIPY in CDCl3

X

Figure A.33 - 13C NMR spectrum of benzoic acid/BODIPY in CDCl3
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Appendix B:

Conversion of Raman spectra units

Computational output of predicted Raman spectra gives Raman activities in
units of Å /amu. However, experimental Raman spectra are determined in terms of
differential cross sections. As such, these activities need to be converted into
differential cross-sections prior to comparison with experimentally obtained
spectra. Raman intensities are converted according to Equation B-137, where
the Raman activity in Å /amu,

is the incident laser frequency (in m-1),

Raman shift (in m-1), and , , ℎ,

, and

Ω

=

is the

are constants.

−
45

is

1 − exp −

ℎ
ℎ

(B-1)

8

This conversion gives differential cross-sections in units of m2 sr-1, which is
generally then converted to units of × 10
with experimental data.
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Å sr-1, or normalised, for comparison
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