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Abstract

This thesis describes the synthesis of three series of perylene diimides (PDIs) by
functionalisation at all four possible regions of the molecule. The synthesised
compounds were then probed by optical, electrochemical and photophysical methods

in order to fully elucidate their properties.

Chapter 1 gives an overview of the structure, synthesis, properties and applications of

PDIs and introduces the main topics investigated in this thesis.

Chapter 2 describes the synthesis of two of the first examples of PDIs with an
absorption maximum in the near infrared. This was achieved by functionalisation of the
bay area with a secondary amine followed by thionation of the imide carbonyls. One of
the synthesised PDIs displays a highly unusual black colour, demonstrating absorption
of light across an impressive range of the sun’s emission spectrum, suggesting excellent

potential for incorporation into light harvesting devices.

Chapter 3 details the synthesis of seven multichromophoric systems composed of PDIs
and boron dipyrromethenes (BODIPY's). The number and position of the BODIPYss is
varied along with the structure of the BODIPY's themselves by addition of methyl- and
catecholate groups. The absorption and emission properties of the systems were
investigated in order to elucidate any energy or electron transfer processes occurring.
Energy transfer results in fluorescence solely from the PDI chromophore, rather than
the BODIPY, whilst electron transfer was found to quench emission. Communication
across the core of the PDI was observed between the BODIPY moieties, shown by
cyclic voltammetry, whilst spectroelectrochemical methods demonstrated the effects of

oxidation and reduction upon the absorption of the molecules.

il



Chapter 4 reports on the synthesis of a pair of PDIs symmetrically and asymmetrically
substituted with a platinum acetylide complex. Transient absorption spectroscopy and
singlet oxygen generation measurements confirmed the formation of the triplet excited
state of the PDI, due to the ‘heavy atom’ effect, induced by the presence of the platinum

complex covalently bound to the PDI.
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Chapter 1- Introduction

1.1. Perylene Diimides

Perylene diimides (PDIs) were first synthesised over a century ago by Kardos.! Since
that time their high chemical and thermal stability, intense absorbance in the UV/vis
range, high fluorescence with up to 100% quantum yields, excellent n-type
semiconductivity and synthetic versatility have led to the creation of a vast field of
research.”* This thesis details the synthesis and optical, electrochemical and
photophysical analysis of three different series of PDIs, therefore, this introduction will
concentrate only on PDIs in general with a more detailed introduction, including more

specific information, given at the start of each chapter.
1.1.1.  Structure and Synthesis

The basic structure of PDI consists of two naphthalene rings joined together by single
bonds, making up the perylene core, functionalised at the peri-positions (3-, 4-, 9- and
10-) with dicarboxylic acid imide groups, Figure 1.1. There are three main areas of
interest on the PDI which can all undergo further functionalisation; the imide-, ortho-
and bay-regions. The planar aromatic core of the PDI results in strong n-m stacking
interactions, with a stacking distance crystallographically measured to be 3.34 to 3.55

A3 leading to a reduction in the solubility of the molecules.

Substitutions at the imide-region of the PDI displace the stacking between the PDIs,
due to steric bulk, disrupting the m-m interactions thus increasing the solubility. This
approach was pioneered by Langhals and co-workers® with their ‘swallow-tail’
branched alkyl chains, since then many other solubilising groups have been used with
ortho-substituted anilines proving particularly effective.” PDIs have even been

solubilised in water via imide-functionalisation with, for example, phosphate
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Figure 1.1. Structure of PDI with numbering system and imide- (blue), ortho- (green) and bay- (red)
regions highlighted.

surfactants,® ammonium cations’ and cyclodextrins.! One major advantage of
substitution at this position is that it has no effect on the absorption or redox properties
of the PDI due to a node in the HOMO and LUMO at the imide nitrogen, Figure 1.2.!!
The fluorescence, however, can be quenched by photoinduced electron transfer (PET)

caused by electron rich substituents at the imide-position.'?

v v

LUMO HOMO

Figure 1.2. DFT calculated HOMO and LUMO of an unsubstituted PDI showing the node at the imide

nitrogens.?

Imide-substitutions are usually carried out by an imidization of the parent perylene
dianhydride (PDA) with the appropriate amine. Imidazole is often used as a solvent in
the case of anilines whilst alcohols, such as isopropyl alcohol (IPA), are commonly
used in the case of aliphatic amines. N,N -asymmetrically substituted PDIs have been
synthesised from PDA via mono potassium salts!® or monoanhydride diesters'* vastly

increasing the scope of the PDI systems being synthesised. Imide-substitution is not



Chapter 1- Introduction

only used as a tool to increase the solubility of PDIs but also to synthesise highly

3 rotaxanes, '

complex PDI-containing systems such as photoisomerisable dimers,'
molecular triangles,!” self-assembled tetrahedrons'® and ‘on/off> fluorescence probes!’

to name but a few.

Figure 1.3. X-ray crystal structure of 1,7-dibromo PDI showing the disruption of the n-n stacking by
displacement of the molecules, due to imide-substitution, and twisting of the core caused by bay-

functionalisation.

Substitutions at the bay-area of PDIs not only introduce interesting functionality to the
molecules but also cause a steric twisting of the PDI core, disrupting the n-r stacking
and increasing the solubility, Figure 1.3. These substitutions are usually performed by
halogenation; first realised in the 1980s with the tetra-chlorination of PDA with sulfuryl
chloride in nitrobenzene.?® More recently, bromination has become the most common
route to introducing functionality to the bay-area by the reaction of PDA with bromine,
in boiling concentrated sulfuric acid, giving dibromo PDIs.?! The use of harsher
conditions, such as oleum rather than sulfuric acid as the solvent and longer reaction
times, leads to tetra-bromo PDIs.?? Bromination post-imidization allows for the use of
much milder conditions (dichloromethane at reflux) and leads to the selective formation
of di- and mono-brominated PDIs.?* Octa-bromination and chlorination, with 5,5-
dimethyl-1,3-dibromohydantoin and chlorosulfonic acid respectively, have been used
to synthesise PDIs with potential for further functionalisation at every position on the

core of the molecule.”* %
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A major problem with dibromination of PDIs is the unavoidable formation of two
isomers; the 1,6-isomer has two bromine atoms on opposite sides of the same
naphthalene ring whilst the bromine atoms in the 1,7-isomer are connected to opposing
naphthalene rings, still on opposite sides of the molecule, Scheme 1.1. These isomers
are only visible in high field NMR and can prove to be very difficult to separate.
However, this separation is essential as it has been shown that they can have drastically
different properties.?*2® In some cases, fortuitous separation can be achieved by column
chromatography after further functionalisation,® however, more often repeated
recrystallizations of the dibromo PDI are necessary in order to give pure 1,7- isomer,”

greatly increasing the difficulty of synthesis.

PDA MonoBr PDI 1,7-DiBr PDI 1,6-DiBr PDI TriBr PDI

Scheme 1.1. Reaction products formed following bromination of PDA. The mono- and tri-substituted
analogues can be removed by column chromatography but separation of the dibrominated isomers is

more problematic.
Once halogenation has been achieved further reactions are then possible to introduce
the desired functionality. Nucleophilic substitutions allow the introduction of, for

O phenoxy->!, thio->? and cyano->* groups whilst Suzuki,*

example, amino-,’
Sonogashira®> and Stille*® couplings give the potential for a huge array of different

substitutions by C-C bond formation. Extension of the PDI core has been achieved by

substitution of dibromo PDI with terminal alkyne followed by catalytic hydrogenation
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of triple bonds*” or by Suzuki cross coupling to introduce pyridyl-groups followed by

light promoted cyclisation.®

Figure 1.4. X-ray crystal structure showing the side view of an ortho-substituted PDI displaying the

planarity of the core. Ortho-groups and hydrogen atoms removed for clarity.*®

Selective functionalisation of the ortho-positions was only reported in 2009 by Osuka
and co-workers with the reaction of PDIs in a Ru-catalysed C-H activation reaction
giving alky- and aryl-substituted PDIs.***! The synthesised PDIs possessed increased
solubility to the parent PDIs despite being shown crystallographically to have retained
their planar structure, Figure 1.4. Whilst this synthetic method has proven to be a
powerful tool in the synthesis of new PDIs there are some drawbacks such as; low yields
with some substituents, the reactivity of the catalyst reducing the number of potential
functional groups and the sole formation of C-C bonds. To address these issues, the
Miillen and Shinokubo groups independently devised a new strategy by reacting the
PDIs with bispinacolato diboron (B2Pin»), using a Ru or Ir catalyst, to give PDIs tetra-
substituted with boronic esters, Figure 1.5.3% 4 These PDIs increased the scope of ortho-
substitution drastically with the potential to introduce various aryl- and heterocyclic
groups by Suzuki cross couplings, oxidation to introduce heteroatoms directly onto the
core of the PDI and iodination in order to increase the potential for further reactions
such as nucleophilic substitution. Ortho-substitution has been utilised to create PDIs
that are mechanochromic,* display slip-stacking for organic photovoltaics (OPVs),*

are water soluble* and undergo PET.*¢ Interestingly, all of these reports utilise the Ru

6
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catalysed C-C bond formation method. To date, there are no subsequent publications

repeating the work functionalising the PDI with boronic esters.

0s _N__0
(o]
|
o~B
Ru/Ir catalyst OO
B,Pin,
—_—

R,= Solublising group

Ry %OH

>(%,
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Figure 1.5. Synthesis of ortho-substituted PDIs via functionalisation with a boronic ester.

1.1.2.  Optical and Redox Properties

Non bay-substituted PDIs possess a peak absorption at around 530 nm, associated with
the So-S transition, which displays vibrational structure, Figure 1.6.*” Emission spectra
reveal fluorescence, with a small Stokes shift, that is usually a mirror image of
absorption with quantum yields of up to 100 %. The introduction of bay-substituents
distorts the vibronic structure of the absorption, amplifies the So-S transition and can
reduce the fluorescence quantum yield due to distortion of the planar perylene core.*’
Electron withdrawing substituents have minor effects on the absorbance maximum
whereas electron donating groups can induce significant bathochromic shifts.*® Ortho-
substituents have a similar, although less pronounced, effect on the absorbances apart
from the case of the tetra-hydroxy substituted PDI where intramolecular hydrogen
bonding with the carbonyl increases the electron withdrawing properties of the imide
resulting in a blue shift in the absorption.>® Fluorescence is preserved in most ortho-
substituted cases with the tetra-boronic ester PDI exhibiting a fluorescence quantum
yield of 0.18 in the solid state, rationalised by the bulky pinacolboryl groups reducing

intermolecular interactions.>®
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Figure 1.6. Typical absorption (white) and emission (orange) spectra of a non-bay substituted PDI

displaying vibronic structure.’?
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Figure 1.7. Typical cyclic voltammogram of a non-bay substituted PDI displaying two reductions and

no oxidations.*

PDIs can be considered as electron poor and can easily be reduced. Non-bay substituted
PDIs typically display two reversible reductions at around 1.0 and 1.2 V (vs. Fc"/Fc)
and no oxidations, Figure 1.7. Bay-substituents, as well as introducing their own
localised oxidations and reductions, can affect the potential of the processes located on
the PDI. Electron withdrawing groups make reduction potentials more positive,™® with
a 1,6,7,12-tetrachloro-2,5,8,11-tetracyano PBI synthesised by Wiirthner and co-

workers having the most positive reduction potential to date of -0.07 V (vs. Fc¢'/Fc)
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allowing stabilisation of the anion under ambient conditions,>! whilst electron donating
groups make these potentials more negative.’? Ortho-substitution has the same effect
with alkylamine groups making the reduction potentials more negative and iodine

atoms making them more positive.*
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Figure 1.8. UV/vis spectroelectrochemical measurements showing the absorption profiles of the neutral

(blue), anion (red) and dianion (green) of a bay-substituted PDI1.26

Spectroelectrochemical measurements show that reduction has a dramatic effect on the
absorption properties; reduction to the monoanion is accompanied by a significant red
shift, often into the near infrared, accompanied by an increase in absorption coefficient
whilst the second reduction process induces a blue shift often to a wavelength similar
to the neutral absorption or between the neutral and first reduction, Figure 1.8.2% 33
Spectroelectrochemistry not only shows the behaviour of PDIs upon reduction but can
be a useful tool in assigning redox processes, observed in cyclic voltammetry, to

individual components of the molecule in multichromophoric systems, such as the PDI-

fullerene dyad and triad synthesised by Champness and co-workers.>*
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1.1.3. Applications

Harnessing the Sun’s power in order to convert it to electricity is an ever expanding
field of research, of the many new technologies being developed organic photovoltaics
(OPVs) are a promising route to achieving this.’* Whilst the efficiency of silicon based
solar cells has not yet been achieved, OPVs have several advantages such as synthetic
versatility, solubility, high absorption coefficients and structural flexibility, with PDIs

becoming promising materials for use as the acceptor part in these devices.*

PDIs have been incorporated into OPV's by the sublimation of insoluble PDIs into flat
heterojunction (FHJ) cells, several examples of such devices were made with copper
phthalocyanine as the donor compound with PDI as the acceptor.’® The groups at the
imide nitrogen were varied and it was found that increasing the steric bulk leads to a
raising of the open circuit voltage due to greater interfacial dipole moments. However,
the steric bulk also decreases the donor-acceptor interactions resulting in an increase in
resistance; leading to very little change in overall efficiency of the devices. Improving
the solubility of the PDIs allows incorporation into bulk heterojunction (BHJ) cells,
where the donor and acceptor are mixed together, allowing excitons easy access to the
donor-acceptor interface, however, the n-n stacking between the PDI molecules proved
to be problematic due to charge recombination reducing the efficiency of the devices.
Bay-substitution, inducing a twist in the PDI core, has gone some way to supress this
leading to improved efficiencies.>’ The synthesis of polymers and oligomers where the
PDI is connected, via bay substitution, to the acceptor is another way of reducing
stacking and increasing efficiency such as the PDI-dithienothiophene polymer, shown

in Figure 1.9, which possesses a power conversion efficiency of 1.5%.

10
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Figure 1.9. PDI-dithienothiophene polymer used in a BHJ cell.

PDIs have also been incorporated into dye sensitized solar cells (DSSCs). The
synthesis of ‘push-pull’ systems bearing electron donating groups can improve
efficiency by broadening the absorption and increasing the electron density on the PDI
core thus improving the electron injection from the dye to the conduction band of the
device, PDIs containing phenoxy- and piperidyl- moieties were synthesised for this
purpose.” Efficiency of these devices has remained low due to the presence of the
electron withdrawing imides at each end of the molecule preventing directed energy
transfer to the conduction band of the device. Perylene monoimides (PMIs), therefore,
suggest better potential for this application with a sensitizer containing a PMI acceptor,
triphenylamine donor and thiophene spacer giving a 96 % conversion of absorbed
photons to electrons resulting in a sevenfold increase in energy conversion efficiency,

Figure 1.10.%°

Cg S e 6

HO

Figure 1.10. ‘Push-pull’ PMI with excellent photon to electron conversion efficiency.

11
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The desire for low cost, large area and flexibility in electronics, for uses in displays and
sensors, has led to the intense interest in the area of organic field effect transistors
(OFETs).®! PDIs suggest great promise for this area of research due to their stability,
low lying LUMOs and reversible reductions.’ ® One of the main challenges in the
fabrication of OFETs is the stability of the generated anions to oxidants, such as oxygen
and water. The low lying LUMO of unsubstituted PDIs greatly reduces this instability
and the possibility of functionalising the PDIs further makes them even more attractive
for use as the semiconductors in these devices. The introduction of electron
withdrawing groups, in order to further lower the LUMO energy, is a common method
in the synthesis of PDIs for OFETs with bay-substitution of cyano-,** fluoro-* and
chloro-groups® resulting in excellent ambient stability accompanied by electron
mobilities of up to 1.18 cm?*V-'s!. The addition of fluorinated alkyl chains to the imide-
position is another common method to increase the stability of the OFETs caused by
closer packing preventing the diffusion of air and water into the channel.®’” The previous
examples are all made via vacuum deposition giving excellent long range crystalline
order. This process is, however, time consuming. Therefore, spin coating and printing
have been developed to aid scale up of the devices in order to improve economic
viability. Spin coating results in more amorphous materials therefore lower electron
mobilities. PDI containing polymers have been synthesised to increase the long range
order following spin coating resulting in reasonable electron mobilities of up to 0.0013

cm?V-!s'! although ambient stability is difficult to achieve.® %

The potential for fluorescence above 500 nm to minimise the autofluorescence
background of cells, stability, non-toxicity and chemical versatility of PDIs had led to
their exploitation in various biological systems such as protein tagging and single

protein spectroscopy.*’ A prerequisite for use in this type of system is water solubility.
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Chapter 1- Introduction

Whilst this had been achieved via imide functionalisation it was accompanied by
quenching of fluorescence due to hydrophobic aggregation.®’ The incorporation of
hydrophilic sulfonic acid groups or polyglycerol dendrons at the bay-area of a PDI was
found to supress this aggregation whilst maintaining water solubility, therefore,
allowing high fluorescence quantum yields.”®”! The introduction of one group to allow
bioconjugation, achieved by asymmetric imide substitution, such as meleimide groups
able to form amide bonds with lysine’ or nitrilotriacetic acid to complex to nickel(II),”?

resulted in highly fluorescent PDI based labels for biological systems, Figure 1.11.

HO,S SO,H
0 0

<X

LS~ S

0 0 0—N
0 0

g 2 0
HO,S SO,H

Figure 1.11. Water soluble PDI based biolabel for lysine in DNA (left) and fluorescence image showing
enzymes labelled with the PDI (right).””

1.2. Thesis Outline

This thesis details the synthesis of PDIs via functionalisation of the imide-, bay-, ortho-
and carbonyl-regions. The synthesised molecules then undergo detailed optical,
electronic and photophysical investigations to fully elucidate their properties. Chapter
2 describes the bay-area amine substitution of a PDI followed by the tetra-thionation of
the imide carbonyls resulting in two of the first examples of PDIs with absorption
maxima in the near infrared. Chapter 3 details the synthesis of seven multichromophoric

PDI-BODIPY systems, substituted at the bay area symmetrically and asymmetrically

13



Chapter 1- Introduction

and at the ortho-positions. The properties of the molecules are fine-tuned by the
introduction of methyl- and catecholate-groups to the BODIPY's and any charge transfer
processes are investigated. In Chapter 4 two PDIs bearing platinum acetylide
complexes are synthesised and their ability to undergo intersystem crossing to generate
triplet excited states is investigated. Chapter 5 summarises the results presented in this

thesis and brings the work to a conclusion.
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2.1. Introduction

2.1.1.  Near Infrared Absorbing Dyes

The portion of the electromagnetic spectrum between 750 nm and 2500 nm is known
as the near infrared (NIR) region. Whilst there are countless examples of materials that
interact with ultraviolet (UV) or visible light, materials that absorb or fluoresce in the
NIR region are considerably less well known. Interest in the area is increasing as more

routes to, and applications of, these materials are discovered.'

The synthesis of NIR absorbing materials can be achieved by manipulating the energy
levels of the molecules. Reducing the HOMO-LUMO energy gap sufficiently will
induce a red shift in the absorbance of radiation into the NIR with two of the most
popular routes for doing this being extending the conjugation of the molecule and
creating donor-acceptor (D-A) systems. These techniques have been applied to many
different types of compound to synthesise NIR dyes such as squaraines,”> boron
dipyrromethenes (BODIPYs),®> benzobis(1,2,5-thiadiazole) derivatives,* conjugated

polymers,’ porphyrins® 7 and, discussed below, rylene diimides.
2.1.1.1. Rylene Diimides with Absorbance in the NIR

The extension of the conjugation of the aromatic core in rylene diimides has been
thoroughly studied with the aim of pushing the absorption from the UV/vis region, seen
in naphthalene diimides (NDIs) and perylene diimides (PDIs), into the NIR.® Insertion
of additional naphthalene units into the core of the PDI has been achieved by complex
combinations of cross coupling reactions to give terrylene diimides (TDIs),’

quaterrylene diimides (QDIs),'? pentarylene diimides (5DIs)!! and hexarylene diimides
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(HDIs), Figure 2.1.!! It was found that a bathochromic shift of around 100 nm was
observed for each additional naphthalene unit, pushing the absorption maxima from ca.
580 nm for PDI to 953 nm for HDI. In conjunction with this bathochromic shift, a
tenfold increase in extinction coefficient was also observed, from 30,000 to 300,000
mol'dm’cm™. The ‘R’ groups at the imide nitrogen and the bay positions could be
varied to increase the solubility of the molecules. Whilst this approach is very
successful in creating NIR absorbing rylene diimides, the synthesis and characterisation

are very difficult and solubility is often also problematic.

350000
300000 =—rhl
250 000
n=0 (PDI
n=1 :TDI; £ 2000
= -1 _1
n=2 (QDI) L mol™" cm o
n=3 (5DI)
n= 4 (HDI) 100 0004
500004
R/R'= Solublising 0
group 250 500 750 1000 1250
Alnm

Figure 2.1. Structures of the longitudinally extended family of rylene diimides (left) and UV/vis/NIR
spectra showing increasing wavelength of absorption and extinction coefficient with increasing ‘n’

(right).}

Introducing electron donor groups, such as phenoxy-'? and amino-derivatives,'* onto
the electron deficient PDI core has been shown to induce a bathochromic shift due to
the formation of D-A systems. In conjugated D-A systems, hybridisation of the donor
and acceptor orbitals occurs, this raises the energy of the HOMO in the donor and
lowers the level of the LUMO in the acceptor leading to a reduction in the HOMO-
LUMO gap.'* In one case, this shift was found to be sufficient for a PDI to absorb in
the NIR when Langhals and co-workers synthesised a PDI with electron donating
nitrogen atoms at the 1-,6-,7- and 12- positions, Figure 2.2.!> The nitrogen atoms on

each side were joined into six membered rings, further amplifying the electron donation
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and hence the bathochromic shift. The absorption maximum was found to be
significantly red shifted versus unsubstituted PDI from 525 nm to 785 nm, just into the
NIR. Before the study reported in this thesis, the PDI synthesised by Langhals and co-
workers was the only example of a neutrally charged PDI with an absorption maximum

in the NIR.

H(CHy3),

i
N (0]

(o)

0 I;l 0]
CH(C¢Hy3),

Figure 2.2. Structure of the only previous neutrally charged PDI with an absorbance in the NIR.

Whilst phenoxy-substituted PDIs do not absorb in the NIR, if the hydroxyl-substituent
is deprotonated to an oxy-anion the electron donation is enhanced and the bathochromic
shift increased. Wiirthner’s halochromic di(hydroxyphenyl)-substituted PDI absorbs at
578 nm in neutral conditions however upon basification of the solution with
tetrabutylammonium hydroxide (TBAH) there is a colour change, from red to orange,
accompanied by a significant bathochromic shift of 607 nm to 1185 nm, Scheme 2.1.'¢
This deprotonation was found to be fully reversible upon the addition of trifluoroacetic
acid (TFA) with the neutral UV/vis and 'H NMR spectra being regenerated. Chemical
oxidation of the dianion with one equivalent of [Pb(OAc)4] results in a further red shift

for the monoradical to 1396 nm whilst two equivalents gives the diradical which is blue

shifted back to 800 nm."”
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2
COY
pepedsv
QO

Scheme 2.1. Reaction of a diphenoxy-PDI with TBAF to the dianion, followed by chemical oxidation to

the diradical.

The combination of conjugation extension and formation of a D-A system has been
combined to synthesise extended rylene diimides bearing electron donating
substituents. The reaction of brominated TDIs and QDIs with piperidine results in
piperidyl-substituted extended rylene diimides with absorptions at 819 nm and 910 nm

respectively.'®

T
600
Alnm

Figure 2.3. Structure of the J-aggregating PDI (left) and UV/vis/NIR absorption spectra showing the
change in absorbance upon heating the PDI in methylcyclohexane (right).!” Arrows indicate progress of

dissociation.

A slightly more unusual approach to NIR absorbing PDI dyes is the synthesis of PDIs
bearing substituents that allow J-aggregation’* of the molecules leading to a
bathochromic shift. A PDI substituted at the bay-position with tricosan-12-amine
displays a typical absorption for amino-substituted PDIs of 702 nm in dichloromethane

(DCM), Figure 2.3.!” However, when the non-polar methylcyclohexane is used as the

22



Chapter 2- Thionated Perylene Diimides with Intense Absorbance in the Near Infrared

solvent J-aggregation occurs leading an increase in the wavelength of absorption to 822
nm. This stacking interaction was found to be fully reversible upon heating as the
molecules dissociate to individual monomers and the UV/vis spectrum again resembles

that of the molecule in DCM.

2.1.1.2. Applications of NIR Dyes

One of the main challenges facing the world today is the production of energy whilst
minimising the emission of greenhouse gasses. Many new technologies are being
developed to this end with one area of growing interest being organic photovoltaics
(OPVs)?! including dye sensitised solar cells (DSSCs)?? and bulk heterojunction (BHJ)
cells.?®> Whilst the performance of these devices are constantly being improved there is
a fundamental problem in their design that, whilst the majority of the dye materials
being synthesised absorb in the UV/vis region of the spectrum, over 50 % of the sun’s
radiation lies in the NIR.2* This mismatch between the absorption spectrum of the dye
and the solar emission spectrum could be improved by extending the absorption of the

dyes into the NIR.?

The majority of research into BHJ cells has centred on polymeric donor materials.
Whilst polymers have superior film forming properties to non-polymeric materials,
small molecules have the advantage of ease of synthesis and purification, however,
power conversion efficiencies (PCEs) have remained low. Nguyen and co-workers
synthesised a D-n-A-n-D molecule with benzofuran as the donor and a
diketopyrrolopyrrole as the acceptor, Figure 2.4.26 Whilst the absorption maxima (in a
film) of this molecule lies at 660 nm, the broad absorption extends well into the NIR.

This broad absorption combined with a good match between the molecule’s frontier
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orbitals and those of the fullerene acceptor lead to the highest PCE (4.4 %) in any small

molecule system BHJ cell to date.

CH,CH(E)Bu

Figure 2.4. NIR absorbing diketopyrrolopyrrole based small molecule with a PCE of 4.4 % in a BHJ

cell.

Traditionally, investigations into the dyes used in DSSCs have focused on Ru!
complexes.?” However, Ru is a rare and expensive metal making these dyes neither cost
effective nor environmentally friendly.?® In the search for a metal free organic dye,
BODIPYs are emerging as a potential replacement for Ru complexes due to their broad
range of absorption, high quantum yield, good solubility and excellent photostability.?’
Akkaya and co-workers synthesised a series of NIR absorbing BODIPY based dyes
with the aim of incorporation into DSSCs.?° All of these dyes displayed high absorption
maxima, between 650 nm and 800 nm, leading to impressive overall efficiencies up to
2.46 %, currently the best for a BODIPY based DSSC. This result demonstrates that
extending the wavelength of absorption into the NIR can indeed substantially increase
the efficiency of DSSCs. The efficiencies of the BODIPY sensitisers in this series
displayed a large variation. These differences could be attributed to; access to the triplet
excited stated leading to degradative chemical reactions, flexibility of the molecules
allowing vibrational losses in energy and poor orientation of anchoring groups resulting
in inefficient electron injection. This shows that, whilst increasing the wavelength of
absorption is a worthwhile aim in seeking to improve the efficiency of DSSCs, many
other variables contribute to the overall performance of the device making careful

molecular design imperative.
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Organic light emitting diodes (OLEDs) have found uses in many devices, such as
optical displays, due to their emission in the visible region.?! More recently interest has
grown in NIR OLEDs with potential applications such as optical communication,*
night vision, readable displays and sensors.>* Lanthanides have previously been one of

the main sources of NIR emissive material**

paving the way for the creation of cheaper
materials to take their place. Four D-n-A-n-D molecules were synthesised by Ma and
co-workers with a benzo(1,2-c:4, 5-¢’)bis((1,2,5)thiadiazole) (BBTD) acceptor, various
diaryl amino-groups as donors and either phenyl- or thiophene-groups acting as =-
spacers, Figure 2.5.% All four were found be thermally stable and able to sublime
making them suitable for vapour deposition in OLED fabrication. The three phenyl
linked compounds displayed an absorption at ~700 nm and an emission at ~1050 nm,
however, the absorption and emission of the thiophene-spaced derivative was red
shifted by ~250 nm to 945 nm and 1285 nm respectively. Once the materials were

fabricated into OLEDs, their external quantum efficiency was measured with values up

to 0.28 % being achieved, higher than most other NIR OLED devices.
N7 \ N

Fottos

Figure 2.5. BBTD based dye with an emission at 1050 nm and an external quantum efficiency of 0.28

%.

2.1.2. Towards a NIR Absorbing PDI Dye

The results reported in this Chapter combine two different approaches to induce a

bathochromic shift in a PDI resulting in a PDI with an absorption maxima in the NIR.
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2.1.2.1. Secondary Amine Substitution

The first approach is the substitution of the bay area of a PDI with a secondary amine
which, as discussed above, leads to the formation of a D-A system with the amine as a
donor and the PDI as the acceptor. The secondary amine chosen in this case was
morpholine which, following work previously carried out by Champness and co-
workers, was known to induce a significant bathochromic shift.>* The reaction of
morpholine with dibromo PDI gives two isomers (1,6- and 1,7-) of dimorpholino-
substituted PDI with absorption maxima at 628 nm and 653 nm respectively, Figure 2.6
and Figure 2.7. This variation in absorption can be observed in the difference in colour
of the two isomers, the 1,6- isomer is blue and the 1,7- isomer is green. Cyclic
voltammetry of the two isomers reveals the two reduction potentials to have both
become more negative by 0.2 V due to the electron donation from the morpholine.*®
Additional oxidation processes are also observed in both cases, the 1,6- isomer
displaying three oxidations the first of which was found to be reversible, the 1,7- isomer
only possessing one oxidation, found to be a two electron process and only reversible

at 233 K.

Figure 2.6. Structures of the 1,6- (left) and 1,7- (right) dimorpholino-substituted PDIs.

26



Chapter 2- Thionated Perylene Diimides with Intense Absorbance in the Near Infrared

80000 -
70000 —-
60000 —-
50000 —-

40000

g/mol”’dm’cm™

30000
20000 -

10000 +

T T T T T T T y T ' T L
300 400 500 600 700 800 900

AMnm

Figure 2.7. UV/vis absorption spectra of the 1,6- (blue) and 1,7- (green) dimorpholino-substituted PDIs
in DCM.3¢

2.1.2.2. Thionation of Rylene Diimides

The substitution of oxygen for other Group 16 elements has been shown to be an
effective way of tuning the optoelectronic properties of molecules by altering their
frontier orbitals without affecting the overall structure of the molecule.’”** DFT studies
on bithiophene based oligomers suggest that substitution with Group 16 elements,
moving down the group from oxygen to tellurium, results in a lowering of the LUMO
energy thus a lowering of the HOMO-LUMO gap inducing a bathochromic shift.*
Within the last few years, the application of this technique to rylene diimides has
become increasingly popular with the first example published being a patent by
Facchetti and co-workers in 2011.#! This patent reports the treatment of varied NDIs
and PDIs with either Lawesson’s or Davy Reagent resulting in the thionation of the
imide carbonyls. These reactions mainly yielded mono- and di-thionated products with
only trace amounts of tri- or tetra-thionated product isolated, insufficient quantities for

full optical and electrochemical characterisation.
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The first in-depth study of the properties of a full series of thionated rylenes was
undertaken by Tilley and co-workers in 2014 when they synthesised a set of mono- to
tetra-thionated PDIs, Scheme 2.2.*? They found that the reaction of a PDI, solubilised
with a 3-hexylundecyl chain at the imide nitrogen, with five equivalents of Lawesson’s
Reagent resulted in mostly tri- and tetra-thionation of the PDI. When the number of
equivalents was decreased the mono- and di-thionated products were favoured with two
disubstituted isomers, cis- and trans-, also separable by column chromatography.
UV/vis studies revealed that the wavelength of absorption increased with each
additional sulfur substitution resulting in a bathochromic shift of 179 nm between the
non-thionated and tetra-thionated species. A cyclic voltammetric investigation showed
a decrease in the reduction potential with each degree of thionation accompanied by a
decrease in the potential between the first and second reduction on the PDI.
Unexpectedly, no fluorescence was observable for any of the thionated PDIs, this was
investigated by ultrafast transient absorbance (TA) spectroscopy revealing that the PDI
was undergoing rapid intersystem crossing (ISC) to a triplet excited state. When
incorporated into organic field effect transistors (OFETs), the electron mobility of the
PDIs was found to increase for each additional sulfur with the tetra-thionated compound
having an electron mobility two orders of magnitude higher than the non-thionated
PDI.* This increase was attributed to the enhancement of solid state properties and

intermolecular interactions caused by the thionation.
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Scheme 2.2. The reaction of PDI S0 with Lawesson’s Reagent to form mono- to tetra-thionated PDIs.

In 2015, three studies investigating the thionation of NDIs were published. Two
focussed on the improved electron mobility of thionated NDIs when incorporated into
OFETs* % whilst the other demonstrated that core substitution of the NDIs restricted
the thionation of the carbonyl proximal to the substitution, promoting exclusive
formation of the frans-isomer over the cis-.* In all three cases, bathochromic shifts and
decreases in reduction potentials upon thionation were observed. Interestingly the
choice of group at the imide nitrogen appears to play a part in the degree of thionation.
When the branched 2-ethyhexyl chain is used no tetra-thionation is observed, however,
in the case of the unbranched dodecyl chain the tetra-thionated product can be separated
in a 9 % yield. A careful choice of imide group is therefore vital to ensure sufficient

solubility whilst not hindering thionation due to excessive steric bulk.
2.1.3. Aims and Objectives

As discussed at length in Chapter 1 PDIs possess various properties highly desirable
for a number of interesting applications. One of the most promising directions for this
research involves the incorporation of PDIs into OPVs. The performance of OPVs has
been shown to increase when the wavelength of absorption of these materials is

extended into the NIR, therefore the synthesis of a PDI with an absorbance in this region
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is a most worthwhile target. Of the different approaches put forward to achieve this aim
there is currently only one example of a PDI with an absorbance in the NIR whist

neutral in common organic solvents.

To this end, a combination of secondary amine substitution followed by imide carbonyl
thionation of a PDI was carried out and the resulting molecules investigated by optical
and electrochemical methods, including UV/vis/NIR spectroscopy, cyclic voltammetry,
EPR spectroscopy and spectroelectrochemistry, to fully elucidate their properties and

to give an insight into their potential suitability for incorporation into OPVs.
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2.2. Results and Discussion

2.2.1.  Synthesis

The synthesis of the two NIR absorbing PDI dyes 2.5 and 2.6 first required the
formation of the tetra-carboxyl analogues 2.3 and 2.4. This was achieved in three steps
from the perylene dianhydride (PDA) starting material following a known procedure

as shown in Scheme 2.3.

Brz: Iz “BuNHz
H 504 Br
80°C 18h 90 C17h

80 %

Morpholine

60°C,3d
2.3-64 %
24-16 %

.

Scheme 2.3. Synthesis of the two dimorpholino-substituted PDIs 2.3 and 2.4 from PDA. 2.1 and 2.2 are

represented as the major 1,7- isomer for clarity.
PDA was reacted with Br, in sulfuric acid with iodine as a catalyst to give 2.1 as a
mixture of mono-, di- and tri-substituted adducts. At this stage, 2.1 is highly insoluble

making the separation of these PDIs impossible by standard methods, therefore, the
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crude product was used in the next step without further purification. 2.1 was then
imidized by reacting with n-butyl amine in isopropyl alcohol (IPA) to give 2.2. At this
stage, the mono- and tribromo adducts could be easily removed by column
chromatography to give dibromo PDI in a yield of 80 %, However, the 1,6- and 1,7-
isomers were still inseparable. 2.2 was heated in morpholine, acting as both reagent and
solvent, for three days to give a mixture of 2.3 and 2.4, which could be separated by
column chromatography, to give the pure products in 64 % and 16 % yields

respectively.

Single crystals of 2.4 were grown by layered diffusion between methanol and a
chloroform solution of the target compound. X-ray structural determination revealed
the conformational arrangement of the molecule in the solid state and further confirmed
the 1,6- arrangement of the morpholine moieties, Figure 2.8. The single crystal structure

of 2.3 has been reported previously.*®

Figure 2.8. View of the single crystal structure of 2.4 showing the 1,6- arrangement of the morpholine
moieties. Grey- carbon, blue- nitrogen, red- oxygen. H-atoms removed for clarity. Ellipsoids drawn at

50 % probability.
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Scheme 2.4. Synthesis of NIR absorbing PDI dyes 2.5 (a) and 2.6 (b) by thionation of their tetra-carbonyl

equivalents.

The final step in the synthesis of the NIR absorbing PDIs involved the reaction of 2.3
and 2.4 with Lawesson’s reagent in toluene to give the tetra-thionated products 2.5 and
2.6, Scheme 2.4. The yields of these two reactions were found to be low however they
could be slightly improved by stopping the reaction after one day, purifying by column
chromatography and re-reacting the lesser substituted products with more Lawesson’s
reagent. This was found to give higher yields than simply leaving the reaction to run
for two days. The presence of tri-thionated PDI was observed by mass spectrometry
and NMR spectroscopy; however, unlike previous examples with no bay substitution,
two isomers exist and it was not found to be possible to separate them. Interestingly,

these reaction conditions were applied to the analogous PDIs, but with a cyclohexyl-
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group at the imide position. However, only small amounts of tri-thionation and no tetra-
thionation were observed. This is most likely due to steric effects and indicates how

important the correct choice of solubilising group is.

Figure 2.9. Views of the single crystal structures of 2.5 (left) and 2.6 (right). Grey- carbon, blue-

nitrogen, red- oxygen, yellow- sulfur. H-atoms removed for clarity. Ellipsoids drawn at 50 % probability.
Single crystals of 2.5 and 2.6 were grown by layered diffusion between hexane and a
solution of the target compound in chloroform/TFA. X-ray structural determination
again confirmed the isomeric arrangement of the morpholine in the two isomers, Figure
2.9. The full thionation of the molecules was also shown; these structures represent the
first reported for any thionated PDI. The two isomers of the thionated PDIs display
different stacking interactions in the solid state, Figure 2.10 and Figure 2.11. 2.5 stacks
in twisted pairs of molecules with the main m-m interaction being between two
molecules in the pair, the morpholine moieties are pushed out of the pair thus preventing
further m-interactions with other pairs of PDIs. 2.6 stacks in offset columns with one
naphthalene ring n-stacking with the molecule above it and the other naphthalene ring
n-stacking with the molecule below it. This stacking distance was measured as 3.33 A
(measured between planes generated on interacting naphthalene rings), similar to the n-

7 stacking distance measured in pyrolytic graphite of 3.36 A4
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Figure 2.10. Top view of a stacked pair of molecules of 2.5 (left) and side view of four stacked pairs of
2.5 showing no m-interaction between the pairs (right). H-atoms removed in both cases with the butyl-

chins also removed on the right. Ellipsoids drawn at 50 % probability.

Figure 2.11. Side view showing stacking of offset columns of 2.6. Hydrogen atoms and butyl-chains

removed for clarity.

2.2.2. Optical and Electrochemical Investigation of NIR

PDI Dyes

UV/vis/NIR spectroscopy revealed that the dual approach of secondary amine
substitution and thionation has indeed been successful in pushing the absorption
maxima into the NIR, Figure 2.12. The absorption of 2.5 peaks at 864 nm displaying a

bathochromic shift of 211 nm versus 2.3 and 160 nm versus Tilley’s tetra-thionated
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PDI S4, Scheme 2.2. The combination of morpholine substitution and thionation was
found to have a dramatic increase in the wavelength of absorption versus Tilley’s non-
thionated PDI SO of 339 nm. The previous highest wavelength of absorption of a
neutrally charged PDI was found in Langhals’ tetra-nitrogen substituted PDI'® (Figure
2.2, page 21) at 785 nm, 79 nm lower than 2.5. 2.6 has an absorption maxima at 838
nm, red-shifted 212 nm relative to its non-thionated counterpart 2.4 (almost identical to
the difference between 2.5 and 2.3), and 134 nm higher than the unsubstituted tetra-
thionated PDI S4. The molar extinction coefficients for both thionated PDIs increased

by ¢a.10,000 mol'dm*cm™! in comparison to their non-thionated analogues.
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Figure 2.12. UV/vis/NIR absorption spectra of 2.5 (purple) and 2.6 (black) in DCM. ¢ =2.52 x 107 (2.5)
and 2.3 x 10~ mol'dm?*cm™ (2.6).

2.5 is purple in both solid state and solution but 2.6 is an unexpected black colour. This
black colour can be explained by the absorbance observed across the range from above
1000 nm to 230 nm showing that 2.6 not only has an intense absorption in the NIR, but
also absorbs across the entire visible region. This suggests excellent potential for

incorporation into light harvesting devices. Black PDIs are extremely unusual with
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previous examples being the result of solid state packing effects rather than intrinsic
electronic properties of discrete molecules.*>* Figure 2.13 shows the colour change,
due to the progressive bathochromic shift, occurring along the synthetic pathway from
dibromo PDI 2.2 to the two thionated PDIs 2.5/2.6 demonstrating how simple

modifications can drastically change the optical properties of the PDIs.

Figure 2.13. Solutions of PDI species in DCM. From left to right 2.2, 2.4, 2.3, 2.6, 2.5.
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Figure 2.14. UV/vis/NIR absorption spectra of 2.5 in dichlorobenzene (black) and DCM (red). ¢ = 2.67
x 10 (DCB) and 2.52 x 1073 mol'dm’cm™ (DCM).

In order to probe the effect of reduction upon the optical properties of 2.5 and 2.6, their
electrochemical behaviour was investigated by cyclic voltammetry, UV/vis/NIR
spectroelectrochemistry and coulometry/EPR spectroscopy. It is well documented that
upon reduction of PDIs, the major adsorption band shifts significantly to lower
energy>®%-32 and it was anticipated that in the case of 2.5 and 2.6 this would result in a

significant shift into the NIR. Unexpectedly, upon thionation the solubility of the PDIs

37



Chapter 2- Thionated Perylene Diimides with Intense Absorbance in the Near Infrared

was severely reduced. Electrochemical studies on 2.6 were possible in DCM at 1 mM
concentrations. However, the solubility of 2.5 dropped to a level that made cyclic
voltammetry in this solvent problematic. It was found that 1,2-dichlorobenzene (DCB)
was a suitable alternative and very little change in the absorption properties of 2 were

observed between the two solvents, Figure 2.14.
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Figure 2.15. Cyclic voltammograms of 2.5 (bottom) and 2.6 (top) recorded in DCB containing
[BusN][BF,4] (0.4 M).
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Figure 2.16. Square wave voltammograms of 2.5 (bottom) and 2.6 (top) recorded in DCB containing

[BusN][BF.] (0.4 M).
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Compound Solvent 1 Reduction | 2™ Reduction
2.5 DCB -0.71 -0.82
2.6 DCB -0.70 -0.82
2.6 DCM -0.61 -0.71
2.3% DCM -1.11 -1.29
2.4% DCM -1.11 -1.30

Table 2.1. Reduction potentials for thionated PDIs versus non-thionated dimorpholino-substituted PDIs.
All potentials reported as Eiz (= (Ep* + Ep¥)/2) in V vs. Fc™/Fc at 0.1 Vs! scan rate and quoted to the
nearest 0.01 V.

Cyclic voltammetric investigations of 2.5 and 2.6, in DCB, revealed two closely
overlapped reduction processes, Figure 2.15. The potentials of these reductions were
determined from square wave voltammetry as -0.71 and -0.81 V for 2.5 and -0.69 and
-0.82 V for 2.6, (vs. Fc'/Fc), Figure 2.16 and Table 2.1. The potentials observed for the
two isomers are very similar, matching the behaviour exhibited by the reductions of 2.3
(-1.11 and -1.29 V) and 2.4 (-1.11 and -1.30 V) (vs. Fc*/Fc).3® The recording of cyclic
and square wave voltammetry data for 2.6 in DCM gave a direct comparison with
analogous measurements on 2.4. In DCM the same two reductions noted for 2.6 in DCB
were present but the potentials were shifted to -0.61 and -0.71 V (vs. Fc¢'/Fc) for the
first and second reductions respectively. Importantly, comparison of the first reduction
of the thionated and non-thionated species, 2.6 versus 2.4 in DCM, reveal a shift of ca.
0.50 V to less negative potentials for the thionated analogue and this is accompanied
by a small drop in the separation between the first and second reduction processes which
may indicate a decrease in coulombic interaction in 2.6*. These results are consistent
with those reported for N,N’-di(3-hexylundecyl)-perylene-3,4:9,10-tetracarboxylic
diimide PDI S0 (-0.68 and -0.91 V) and its tetra-thionated analogue PDI S4 (-0.23 and
-0.33 V) recorded in DCM (vs. Fc*/Fc).** An oxidation process is also observed in the
cyclic voltammogram of both 2.5 and 2.6. However, neither were found to be

electrochemically reversible in the scan rate range 0.02 — 0.3 Vs''. Therefore, these
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oxidation processes were not subject to further investigations by spectroscopic

techniques.

Coulometry confirmed the first reductions of 2.5 and 2.6 were one-electron processes
and the solutions were observed to acquire a blue colour. Solutions of 2.5°" and 2.6*
were both found to be EPR active and gave signals consistent with the generation of
radical anions with gis, values of 2.0107 and 2.0105, respectively, Figure 2.17. Both of
these giso values have increased with respect to 2.3*” and 2.4*" resulting from larger n-
spin population due to an increase in spin-orbit coupling, an effect promoted by the
presence of heavy (S versus O) atoms. As with 2.3*" and 2.4*", no hyperfine splittings
were observed in the EPR spectra. The second reduction process of both species was
also probed using EPR spectroscopy. Direduction leads to the formation of even more
intensely blue solutions, however these solutions were found to be EPR silent, with
only small residual signals attributed to the presence of 2.5 and 2.6*" (5% and 14%

respectively).
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Figure 2.17. EPR spectra (black) for 2.5 and 2.6 with simulated spectra overlaid (red). Spectra simulated
using Gaussian lineshape with a linewidth of 3.85 G (2.5) and 3.55 G (2.6).
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HOMO LUMO

LUMO HOMO

Figure 2.18. DFT calculated MO isosurfaces for 2.5 (top) and 2.6 (bottom).

Density Functional Theory (DFT) calculations were carried out using the B3LYP/6-
31G* basis set. The geometry optimized structures showed the expected twist in the
perylene core due to the steric bulk of the morpholine, Figure 2.18. The LUMO energies
of 2.5 and 2.6 were calculated as -3.75 eV and -3.76 eV respectively, consistent with
the first reduction potentials being almost identical. This result matches that of 2.3 and

2.4 which were also found to be identical.>®

The HOMO energy levels were calculated
as -5.27 eV for 2.5 and -5.31 eV for 2.6. The difference of 0.04 eV cannot be directly
compared to the oxidation potentials due to the irreversibility of the processes. The 1,6-
isomer having a lower HOMO energy than the 1,7- isomer is in keeping with the

measurements for 2.3 and 2.4. The molecular orbital (MO) isosurfaces for 2.5 show the

HOMO and the LUMO to be a similar shape to the equivalent diagrams for 2.3 but with
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more electron density lying on the sulfur atoms, further suggesting increased spin-orbit
coupling due to the heavy sulfur atoms. The MO isosurfaces of 2.6 show the electron
density mainly lies around the naphthalene ring bearing the morpholine subunits in the
LUMO but in the HOMO the electron density is mainly on the unsubstituted
naphthalene ring. Again, more electron density lies on the sulfur atom than in the case

of 2.4.

The reduction behaviour of 2.5 and 2.6 was probed further by spectroelectrochemical
methods with both the in situ one- and two-electron reductions of 2.5 and 2.6 followed
by UV/vis/NIR spectroscopy, Table 2.2. The results reported here are all carried out in
DCB. The equivalent measurements for 2.6 were also carried out in DCM with very
little change in absorption behaviour observed. Upon first reduction, the main band
corresponding to the neutral species reduced in intensity with new bands forming, red
shifted by 98 nm to 962 nm for 2.5*", Figure 2.19, and 116 nm to 954 nm for 2.6*,
Figure 2.20, mimicking the behaviour of 2.3 and 2.4 following reduction. The
extinction coefficients for these two new bands doubled in intensity compared to the
neutral species. An additional considerably lower energy peak was observed at 1568
nm for 2.5°" and 1491 nm for 2.6*". Absorption bands in the NIR have been observed
previously for PDI radicals, for example in a tetrachloro-tetracyano-PDI monoanion
reported by Wiirthner and co-workers, > but the wavelengths observed here are at lower
energy and in the short wave infrared (SWIR) region (1400 nm — 3000 nm), the first

reported examples of such absorption in PDIs.
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Figure 2.19. UV/vis/NIR absorption spectra recorded in DCB containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 2.5 at 273 K showing the inter-conversion of 2.5 (blue) to 2.5 (red).
Arrows indicate the progress of the reduction. ¢ = 2.05 x 10 mol''dm*cm™. Inset shows expanded

spectrum displaying absorption in the SWIR.
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Figure 2.20. UV/vis/NIR absorption spectra recorded in DCB containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 2.6 at 273 K showing the inter-conversion of 2.6 (blue) to 2.6° (red).
Arrows indicate the progress of the reduction. ¢ = 2.00 x 10 mol'dm’cm'. Inset shows expanded

spectrum displaying absorption in the SWIR.
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As the second reduction proceeded, the 2.5 and 2.6*” peaks diminished in intensity and
new bands corresponding to the 2.5%* and 2.6 species were formed, blue shifted to 684
nm and 687 nm respectively, Figure 2.21 and Figure 2.22. The blue shift from the
monoanion to the dianion of PDIs is well documented, with the main dianion
absorbance often lying between the main band of the anion and the neutral species.’’>
However, in this case this shift is even more pronounced with the dianion’s absorbance
appearing 180 nm and 151 nm below that of 2.5 and 2.6 respectively. The dianion
absorbances also appear to show vibrational structure, often seen in neutral PDIs, but
missing from the broad featureless absorptions of 2.5 and 2.6. Both reductions of 2.5

and 2.6 were shown to be reversible as the neutral spectra were fully regenerated upon

reoxidation.
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Figure 2.21. UV/vis/NIR absorption spectra recorded in DCB containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 2.5 at 273 K showing the inter-conversion of 2.5 (red) to 2.5*

(green). Arrows indicate the progress of the reduction. ¢ = 2.05 x 10 mol-'dm*cm™.
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Figure 2.22. UV/vis/NIR absorption spectra recorded in DCB containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 2.6 at 273 K showing the inter-conversion of 2.6* (red) to 2.6*

(green). Arrows indicate the progress of the reduction. ¢ = 2.00 x 10 mol-'dm*cm™.

Neutral Anion Dianion

25 | 394 (2.0), 508 (1.9), 351 (3.4), 557 (1.3),]354 (5.4), 626 (5.2), 685
881 (5.1) 829 (1.4), 962 (11),](1.3)
1128*, 1568*

2.6 | 383 (1.9), 468 (1.2), 352 (2.9), 570 (1.3), 353 (4.7), 631 (4.9), 687
850 (3.6) 821 (1.1), 954 (1.1), | (1.1)
1097*, 1484*

Table 2.2. UV/vis/NIR spectroscopic data for 2.5 and 2.6 measured at 273 K in DCB from

spectroelectrochemistry. * indicates it was not possible to measure molar extinction coefficient. All

values Amax/nm (€ x103/mol-'dm*cm™).
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2.3. Conclusions

Two PDIs with absorption maxima in the NIR have been synthesised by a combination
of secondary amine substitution and thionation. This method is considerably simpler
than many of the previous examples of NIR absorbing rylene diimides. X-ray crystal
structures were collected giving the first examples of structures of thionated PDIs and
revealing contrasting packing behaviour in the solid state between the two isomers. The
absorbances at 864 nm and 838 nm, for 2.5 and 2.6 respectively, are only the second in
the NIR for any neutrally charged PDI and the highest to date. In both cases, cyclic
voltammetry revealed a shift to less negative reduction potentials and a decrease in the
gap between first and second reduction. Oxidations were observed but were not found
to be reversible over scan rate range 0.02 — 0.3 Vs™! so were not probed any further.
Upon first reduction, UV/vis/NIR spectroelectrochemistry revealed a significant red
shift further into the NIR accompanied by a doubling of extinction coefficient. Bands
in the SWIR were also present, the first examples of this in a PDI. Second reduction
shifted the absorbance to a lower wavelength than the neutral species and reoxidation
revealed all of these processes to be fully reversible. One of the PDIs, 2.6, displayed an
unexpected black colour in solution and in the solid state. UV/vis/NIR studies revealed
this to be due to a broad range of absorbance from well into the NIR right across the
UV and visible regions. This suggests excellent potential for this PDI to be incorporated

into light harvesting devices such as OPVs.

Figure 2.23 displays structures of the PDIs discussed in this Chapter in order of
increasing wavelength of absorption. It shows how the absorption maxima can be

15, 36

bathochromically shifted by amine substitution at the bay-area and imide carbonyl

thionation*? which, when combined, result in the PDIs reported in this Chapter with the
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highest absorption maxima of any neutrally charged discrete PDI to date. Inducing a
bathochromic shift into the NIR has also been possible by the formation of extended
rylene diimides requiring complex synthesis and difficult purification® and the
formation J-aggregating PDIs which only display high wavelength of absorbance in
non-polar solvents.!” The highest wavelengths of absorption observed to date utilise
first the deprotonation of two phenoxy- groups bound to the bay are of the PDI'¢

followed by chemical monoreduction to give a charged species with an absorption of

1396 nm.
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Figure 2.23. Structures of PDIs discussed in this chapter displayed in order of increasing absorption

maximum.
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2.4. Experimental

General Experimental Methods

All starting materials were purchased from Sigma Aldrich or Fisher Scientific and were
used without further purification unless otherwise stated. Column chromatography was
performed on silica gel (Merck silica gel 60, 0.2—0.5 mm, 50-130 mesh). Reactions
using dry solvents (Sigma Aldrich) were carried out utilising standard Schlenk
techniques. The 'H and '*C NMR spectra were obtained on a Bruker 400 MHz
spectrometer. MS spectra were determined on a VoyagerDE-STR spectrometer
(MALDI-TOF) with DCTB as the matrix, a Bruker microTOF II spectrometer (ESI) or

a JEOL GCv4G spectrometer (FI).
Synthesis of dibromo perylene dianhydride (2.1)

Synthesis adapted from a literature procedure.’® Perylene-3,4:9,10-tetracarboxylic
dianhydride (12.0 g, 30.6 mmol), iodine (290 mg, 1.2 mmol) and sulfuric acid (98 %,
170 mL) were premixed and stirred at room temperature for 2 h. The reaction mixture
was then heated to 80 °C and bromine (3.66 mL, 71.1 mmol) was added dropwise over
1.5 h. The reaction mixture was reacted further at 80 °C for 17 h. The reaction mixture
was cooled to room temperature and the excess bromine was displaced by N». The
mixture was poured into ice water and the precipitate collected by filtration then washed
with water and methanol. The crude product 2.1 was dried in an oven overnight yielding
a wet brick red solid (16.9 g). This was used for subsequent steps without further
purification. MS(MALDI-TOF) [M]: 630.3 (tribromo-PDA), 550.1 (dibromo-PDA,

major product), 470.1 (monobromo-PDA).
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Synthesis of N,N’-di(n-butyl)-1,7(6)-dibromo-3,4:9,10-perylenetetracarboxylic

diimide (2.2)

2.1 (3.00 g, 4.36 mmol), n-butyl amine (1.5 mL, 10.8 mmol) and IPA (50 mL) were
heated to reflux for 17 h. The mixture was cooled to room temperature and poured into
HCI (2 M). Chloroform was added and the organic extract was washed twice with HCI
(2 M) and once with water before drying over MgSO4 and removal of the solvent under
reduced pressure. The crude product was purified by column chromatography (SiO»,
chloroform:hexane 9:1) to give 2.2, in a mixture of 1,6- and 1,7- isomers, as a red
powder (2.88 g, 4.36 mmol, 80 %). '"H NMR (CDCls, 400 MHz): § = 9.45 (d, J=8.2 Hz,
2 H), 8.89 (s, 2 H), 8.67 (d, /=8.2 Hz, 2 H), 4.17 - 4.28 (m, 4 H), 1.69 - 1.80 (m, 4 H),
1.48 (q, J/=8.0 Hz, 4 H), 1.01 ppm (t, J=7.3 Hz, 6 H). '*C NMR (CDCl;, 101 MHz): &
=163.1, 162.8, 162.3, 161.9, 138.0, 137.9, 133.0, 132.8, 132.6, 132.2, 130.2, 129.9,
129.8, 129.1, 128.4, 128.0, 127.8, 127.6, 126.8, 126.0, 123.3, 123.1, 122.7, 122.3,
121.6,120.7,40.7,40.5,40.4,30.2,30.1, 30.1, 20.4, 20.3, 20.3, 13.8 ppm. MS(MALDI-

TOF) [M]: calcd for C32H24BraN20O4 660.4, found 660.0.

Synthesis of N,N’-di(n-butyl)-1,7-dimorpholino-3,4:9,10-perylenetetracarboxylic
diimide 2.3) and N,N’-di(n-butyl)-1,6-dimorpholino-3,4:9,10-

perylenetetracarboxylic diimide (2.4)

Synthesis adapted from a literature procedure.>® A mixture of 2.2 (1.79 g, 2.71 mmol)
and morpholine (50 mL) were heated to 65 °C for three days. The mixture was cooled
to room temperature and slowly poured into HCI (2 M). Chloroform was added and the
organic extracts were washed twice with HCI (2 M) and once with water before drying
over MgSO4 and removal of the solvent under reduced pressure. The crude product was

purified by column chromatography (SiO2, chloroform:acetone 97:3) to give the 1,7-
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isomer, 2.3, as a green microcrystalline powder (1.17g, 1.74 mmol, 64 %) and the 1,6-
isomer, 2.4, as a blue powder (304 mg, 0.451 mmol, 16 %). 2.3- 'H NMR (CDCls, 400
MHz): 6 =9.67 (d, J/=8.3 Hz, 2 H), 8.41 (d, /=8.3 Hz, 2 H), 8.33 (s, 2 H), 4.24 (t, J=7.5
Hz, 4 H), 3.83 - 4.01 (m, 8 H), 3.38 (d, /=12.0 Hz, 4 H), 3.06 (t, /=9.9 Hz, 4 H), 1.75
(quin, J=7.6 Hz, 4 H), 1.49 (dq, J=15.0, 7.4 Hz, 5 H), 1.02 ppm (t, J=7.3 Hz, 6 H). 1*C
NMR (CDCI3, 101 MHz): 6 = 163.2, 163.1, 149.7, 134.5, 129.6, 127.9, 124.2, 123.5,
122.7, 122.6, 122.6, 121.3, 66.4, 51.3, 40.5, 30.2, 20.4, 13.9 ppm. MS(MALDI-TOF)
[M]: 672.5. 2.4- '"H NMR (CDCls, 400 MHz): & = 9.88 (d, J=8.3 Hz, 2 H), 8.63 (d,
J=8.3 Hz, 2 H), 8.40 (s, 2 H), 4.22 (q, /=8.0 Hz, 4 H), 3.86 - 4.00 (m, 8 H), 3.29 (d,
J=12.2 Hz, 4 H), 3.03 - 3.16 (m, 4 H), 1.76 (sxt, J=7.6 Hz, 4 H), 1.39 - 1.55 (m, 4 H),
1.01 ppm (t, J=7.3 Hz, 6 H). *C NMR (CDCls, 101 MHz): § = 163.5, 163.5, 152.1,
1354, 131.7, 130.7, 128.8, 128.3, 124.3, 123.7, 123.5, 121.9, 121.5, 120.9, 66.5, 51.7,
40.4, 40.3, 30.3, 30.2, 20.4, 20.3, 13.9, 13.8 ppm. MS(MALDI-TOF) [M]": calcd for

C40H40N4Og 672.3, found 672.5.

Synthesis of  N,N’-di(n-butyl)-1,7-dimorpholino-3,4:9,10-perylenetetrathio

diimide (2.5)

2.3 (1.00 g, 1.49 mmol) and Lawesson’s Reagent (3.60 g, 8.91 mmol) were dissolved
in dry toluene (200 mL) and heated to reflux, under an inert atmosphere, for two days.
The solution was cooled to room temperature and poured into NaOH (100 mM) then
the organic extract was washed with water three times. The solution was dried over
MgSO4 and the solvent removed under reduced pressure. The crude product was
purified by column chromatography (SiOz, chloroform:EtOAc 97:3) to give 2.5 as a
dark purple powder (175 mg, 0.237 mmol, 16 %). 'H NMR (CDCIl3/TFA-d, 400 MHz):

8=9.18 (d, J=8.7 Hz, 2 H), 8.57 (d, J=8.7 Hz, 2 H), 8.38 (s, 2 H), 5.21 - 5.44 (m, 5 H),
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3.85-4.14 (m, 8 H), 3.02 - 3.32 (m, 4 H), 1.82 - 2.04 (m, 5 H), 1.55 (sxt, J=7.4 Hz, 5
H), 1.08 ppm (t,J=7.3 Hz, 7 H); '>*C NMR (CDCI3/TFA-d, 126 MHz): § = 187.3, 149.3,
134.9,133.3, 128.8,128.3, 127.4, 123.8, 121.8, 119.4, 66.4, 55.6, 51.5,27.5,20.1, 13.8

ppm; HRMS(MALDI-TOF) [M]": calcd for C40H4oN4O2S4 736.2034, found 736.2016.

Synthesis of  N,N’-di(n-butyl)-1,6-dimorpholino-3,4:9,10-perylenetetrathio

diimide (2.6)

2.4 (445 mg, 0.661 mmol) and Lawesson’s Reagent (1.60 g, 3.96 mmol) were dissolved
in dry toluene (100 mL) and heated to reflux, under an inert atmosphere, for two days.
The solution was cooled to room temperature and poured into NaOH (100 mM) then
the organic extract was washed with water three times. The solution was dried over
MgSO4 and the solvent was removed under reduced pressure. The crude product
purified by column chromatography (SiO», chloroform:EtOAc 97:3). Any unreacted
tri-thionated PDI was re-reacted with 1.5 equivalents of Lawesson’s reagent before
work up and purification by the above method. Both crops were combined to give 2.6
as a black powder (85 mg, 0.115 mmol, 17 %). 'H NMR (CDCl3, 400 MHz): § = 9.71
(d, /=8.8 Hz, 2 H), 8.92 (d, J/=8.8 Hz, 2 H), 8.60 (s, 2 H), 5.25 - 5.43 (m, 4 H), 3.84 -
4.02 (m, 8 H), 3.29 (d, /<11.8 Hz, 4 H), 2.96 - 3.11 (m, 4 H), 1.84 - 2.03 (m, 4 H), 1.45
- 1.56 (m, J=15.4, 7.7 Hz, 4 H), 1.03 (t, /=7.3 Hz, 3 H), 1.04 ppm (t, J/=7.4 Hz, 3 H).
3C NMR (CDCls, 101 MHz): § = 188.7, 188.1, 151.9, 137.1, 134.6, 130.8, 129.5,
128.1,127.9,125.2,125.1, 123.7, 123.0, 116.8, 66.4, 55.2, 55.0, 51.9, 27.6, 27.5, 20.1,
20.1, 13.8, 13.8 ppm. HRMS(MALDI-TOF) [M]": calcd for C40H40N402S4 736.2034,

found 736.2032.
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Electrochemical and Optical Investigations

UV/visible absorption spectra were recorded on a Perkin-Elmer Lambda 25

spectrometer.

Cyclic voltammetric and coulometric studies were carried out using an Autolab
PGSTAT?20 potentiostat. DCM was freshly distilled under an atmosphere of dinitrogen
from calcium hydride. [NBus][BF4] was prepared by literature methods.’” Standard
cyclic voltammetry was carried out under an atmosphere of argon using a three-
electrode arrangement in a single compartment cell. A glassy carbon working electrode,
a Pt wire secondary electrode and a saturated calomel reference electrode, chemically
isolated from the test solution via a bridge tube containing electrolyte solution and fitted
with a porous vycor frit, were used in the cell. The solutions were 10> M in test
compound and 0.4 M in [NBus][BF4] as supporting electrolyte. Redox potentials are
quoted versus the ferrocenium—ferrocene couple used as an internal reference.

Compensation for internal resistance was not applied.

Bulk electrolysis experiments, at a controlled potential, were carried out using a two-
compartment cell. The Pt/Rh gauze basket working electrode was separated from the
wound Pt/Rh gauze secondary electrode by a glass frit. A saturated calomel reference
electrode was bridged to the test solution through a vycor frit orientated at the centre of
the working electrode. The working electrode compartment was fitted with a magnetic
stirrer bar and the test solution was stirred rapidly during electrolysis. The solutions
used were 0.4 M in [NBu4][BF4] as supporting electrolyte and 107> M in test compound
and were prepared using Schlenk line techniques. Electrolysed solutions were
transferred to quartz tubes, via a teflon canula, for analysis by EPR spectroscopy. EPR

spectra were recorded on a Bruker EMX spectrometer.
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The UV/vis spectroelectrochemical experiments were carried out with an optically
transparent electrochemical cell (modified quartz cuvette, optical pathlength: 0.5 mm).
A three-electrode configuration, consisting a Pt/Rh gauze working electrode, a Pt wire
secondary electrode (in a fritted PTFE sleeve) and a saturated calomel electrode,
chemically isolated from the test solution via a bridge tube containing electrolyte
solution and terminated in a porous frit, was used in the cell. The potential at the
working electrode was controlled by a Sycopel Scientific Ltd DD10M potentiostat. The
UV/vis spectra were recorded on a Perkin Elmer Lambda 16 spectrophotometer. The
cavity was purged with dinitrogen and temperature control at the sample was achieved
by flowing cooled dinitrogen across the surface of the cell. For UV/vis/NIR
measurements the reduced species were generated in the same way and the spectra were

recorded on a Perkin-Elmer Lambda 750 spectrometer.
X-Ray Crystallography

Single crystals of 2.4, 2.5 and 2.6 were grown by layered diffusion between a
chloroform solution of the target compound and hexane. Single crystal diffraction data
was collected at 120(2) K on a Rigaku FR-E+ Very High Flux Diffractometer using
monochromated Mo Ka radiation for 2.4 or a Bruker GV1000 spectrometer using
mirror monochromated Cu Ka radiation for 2.5 and 2.6. All structures were solved
using Olex2,% the structures were solved with the ShelX T’ structure solution program
using Direct Methods and refined with the ShelXL>® refinement package using Least

Squares minimisation.

In the structure of 2.5, disordered solvent chloroform could not be reasonably modelled
to give convergence and the data was processed using SQUEEZE,* which gave an

estimate of 118 e- per cell, corresponding to about two chloroform molecules per
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asymmetric unit. These molecules were then added to the sum formula. Three butyl
chains, containing atoms 61A to 64A (chain 1), 61B to 64B (chain 2), and 51A to 54A
(chain 3), are disordered over two positions and their respective occupancies were
refined competitively. Chain 1 and chain 3 converged to ratios of 0.43:0.57 while chain
2 converged to a ratio of 0.40:0.60. Chemically equivalent bonds of the disordered
atoms were restrained to be approximately equal to each other and those of the ordered
equivalent. Enhanced rigid bond and similarity restraints were applied to the thermal
parameters of the disordered atoms. Antibumping restraints were applied to prevent
close intermolecular H-H interactions due to vaguely located disordered hydrogen

atoms.

In the structure of 2.6, the butyl chain, containing atoms 51 to 54, is disordered over
two positions and its occupancy was refined competitively converging to a ratio of
55:45. Chemically equivalent bonds of the disordered atoms were restrained to be
approximately equal to each other and those of the ordered equivalent. Enhanced rigid
bond and similarity restraints were applied to the thermal parameters of the disordered

atoms.

Crystal data for 2.4: CsH40N4O¢CHCl3. Monoclinic, space group P2l/c, a =
12.7735(2), b = 8.38150(10), ¢ = 32.1723(5) A, B = 111.6840(10)°, V = 3200.66(8) A3,
Z =4, Dcaic = 1.396¢g cm’, u=0.767 mm!, F(000) = 1424. A total of 12505 reflections
were collected, of which 6283 were unique, with Rin = 0.016. Final R; (WR2) = 0.0436

(0.1269) with GOF = 1.04.

Crystal data for 2.5: C40H40N402S4.CHC]3. Triclinic, space group P-1,a=12.8268(14),
b =13.2644(13), ¢ = 24.5245(7) A, a = 96.008(5), p = 95.267(6), y = 118.650(11)° , V

=3593.1(6) A3, Z=4, Dearc = 1.473 gem™ , p=3.81 mm™' , F(000) = 1668. A total of
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28315 reflections were collected, of which 14170 were unique, with Rine = 0.133. Final

R, (WR2) = 0.149 (0.416) with GOF = 1.26.

Crystal data for 2.6: C40H40N4O2S4-CHCI3. Triclinic, space group P-1, a = 10.5929(5),
b=13.3915(8), c = 15.0416(8) A, a.=93.393(5), B = 105.711(5), y = 107.519(5)°, V =
1935.59(19) A3, Z = 2, Deaic = 1.469g cm™, = 4.51 mm’! , F(000) = 892. A total of
14080 reflections were collected, of which 7626 were unique, with Riye = 0.051. Final

Ri (WR2) =0.061 (0.166) with GOF = 1.02.
Density Functional Theory

DFT calculations were carried out using the B3LYP/6-31G* basis set and all

calculations were performed with Gaussian 03 Revision D. 01.%°
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3.1. Introduction

3.1.1. BODIPY Dyes

3.1.1.1. Synthesis and Properties of BODIPYs

4,4-Difluoro-4-borata-3a-azonia-4a-aza-s-indacene, known hereafter as BODIPY, was
first synthesised in 1968! but it was not until the 1980s that the potential applications
of this class of dye started to be realised, creating an area of research that is still
expanding to this day.>® The basic structure of unsubstituted BODIPY is shown in
Figure 3.1 along with its [UPAC numbering system and more common o/f/meso
labelling system. One of the main attractions of the BODIPY is its excellent synthetic

versatility as it is possible to easily functionalise all eight of these positions.

meso
1 \8 7“7B
2 / ~ // 6 o
3 N\B/N SA/
F7aF

Figure 3.1. Basic structure of BODIPY with two labelling systems shown.

The general synthesis of BODIPY is derived from well-known porphyrin chemistry and
involves the condensation of pyrrole with an acid chloride or aldehyde to give a
dipyrromethene (in the case of aldehydes an additional oxidation step is required),
followed by reaction with a base then complexation with boron trifluoride diethyl
etherate (BF3;.OEt,) to yield the BODIPY, Figure 3.2. This synthetic pathway allows
easy incorporation of many different functionalities to the meso position of the

BODIPY as a huge range of aldehydes and acid chlorides are available. Meso-
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substituents bearing further reactive sites, such as halogens, are a potential route to
adding further functionality as the BODIPY core is stable to varied harsh reaction
conditions.*® The condensation can also be performed with functionalised pyrroles
allowing a and B functionality to be introduced. A common method to increase the
stability of BODIPYs is to introduce alkyl groups at these positions preventing

unwanted polymerisation or porphyrin formation reactions from occurring.

H
Ry N Oxidising
1/2 agent

R, Ry
R R R
R, 3 4 3
a o >~ T T )=
=N HN
R1 Rl

Base
BF,.OEt,

Ry Ra Ry

24
R,— )R
=N AN
B

R, N Ry
Figure 3.2. General synthesis of symmetric BODIPY's from aldehydes (top) and acid chlorides (bottom).
Asymmetric BODIPYs can by synthesised by the reaction of a carbonyl containing
pyrrole with a pyrrole bearing no substitution at the 2-position, leading to the potential
for BODIPYs with six different groups attached to the pyrrole units. Further
modification of the BODIPY framework is possible by electrophilic’ or nucleophilic®
substitution, methyl-group activation,’ cross coupling reactions'® and the formation of
aza-BODIPYs which bear an additional nitrogen atom replacing the methylene
bridge.!! The substitution of the fluorine atoms was first reported by Murase and co-

workers when they used phenyl magnesium chloride to replace the fluorine atoms with

aryl groups.!'? Since then various other aryl-'> and ethynyl-substituted'* BODIPY's have
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been synthesised even leading to asymmetrically substitution at this position imparting
chirality to the boron atom.!* Substitution of the fluorine atoms has also been achieved

via reactions with alkoxy- and aryloxy-groups catalysed by Lewis acids.!* 1

The intense research into the synthesis of BODIPYs is driven by their numerous
desirable properties. BODIPY's tend to possess a sharp absorbance and fluorescence in
the UV/vis range with high extinction coefficients (g > 50,000 mol'dm*cm™) and high
fluorescence quantum yields accompanied by excellent photo- and chemostability.!'
The absorption and emission of BODIPY's can be extended into the near infrared (NIR)
by the introduction of electron donating moieties,!” increasing the rigidity of the
structure'® and extending the conjugation of the molecule.!® Introduction of halogens
onto the BODIPY core results in the ‘heavy atom’ effect allowing the molecule to

access the triplet excited state.?’

3.1.1.2. Applications of BODIPYs

The photo- and chemo-robustness, absorption and intense fluorescence in the UV/vis
region and low toxicity of BODIPYSs has resulted in the synthesis of many BODIPY's
for use as fluorescent indicators.?! There are currently numerous examples of this type

23.24 anions® and, as discussed below,

of system for the detection of pH,?? metal cations,
biomolecules. Glutathione is the most abundant cellular thiol and plays a crucial role in
maintaining the redox status of biological systems.?® However, abnormal levels can lead
to cancer, ageing and heart problems.?’” The detection of glutathione in the body is
therefore a highly worthwhile aim. There are several existing sensors that can
preferentially detect glutathione and other cellular thiols, such as cysteine and

homocysteine, from other biological amino acids although the detection of glutathione

over these other thiols has proven difficult in living systems.?® In 2012, Yang and co-
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workers synthesised a BODIPY asymmetrically substituted with a chlorine atom.?® In
the presence of glutathione, cysteine or homocysteine the chlorine will undergo a
halogen-thiol nucleophilic substitution resulting in a quenching of the fluorescence of
the chloro-BODIPY at 556 nm and the appearance of a new band at 588 nm, Figure
3.3. Cysteine or homocysteine bound to the BODIPY will then undergo a further
intramolecular displacement reaction between the amino groups and thiol group to
result in an amino-substituted BODIPY, again resulting in a new fluorescence peak at
564 nm. This reaction does not occur in the glutathione bound BODIPY so the
fluorescence profile remains the same indicating the presence of glutathione over
cysteine and homocysteine. Tests of this BODIPY system were carried out in vivo
confirming the BODIPY’s cell permeability and capability for selective detection of

glutathione.

Cysteine (n=1)/
homocysteine (n=2)

—_— —_—
7 Z"—
NH, =N N
7\ I\ SH
N\
R F F d R F F S‘Hn)\coou R F F HN n
Aem= 556 nm Aem= 588 nm Aem=564 nm COOH
HOOC.__NH,
Glutathione
—_— R= ,.r‘-g/\ OH
7 z // / ON= - N (o) 3
/N\/ \,N —ZN_ N/ HN 3 N
R Cl /\
FF R FF S N-COOH
Aem=556 nm Aem=588 nm o

Figure 3.3. Reaction of the BODIPY sensor with cysteine or homocysteine (top) and glutathione
(bottom).

Photodynamic therapy (PDT) is an emerging technique for the treatment of cancers
which works by irradiating a photosensitising drug which can undergo intersystem

crossing (ISC) to a triplet excited state.*° This triplet excited state can react with ground
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state triplet oxygen exciting it to singlet oxygen which is highly damaging to
surrounding tissues. This effect is highly localised due to targeting of the radiation
source and the short half-life of singlet oxygen. Although not currently approved for
clinical use in PDT, the ability of halogenated BODIPY's to access the triplet excited
state,’! due to the ‘heavy atom’ effect, combined with their high extinction coefficients,
low toxicity, good cellular uptake and synthetic versatility gives them excellent
potential to be used as the photosensitiser in this technique in the future.?> The addition
of iodine at the 2- and 6-positions of the BODIPY core allows for the generation of
singlet oxygen from triplet oxygen, however iodine atoms at the 3- and 5-positions
surprisingly lowers the quantum yield of singlet oxygen generation, therefore, is

detrimental to PDT.??

Akkaya and co-workers synthesised BODIPYs substituted at the boron centre with
styryl-groups bearing pyrene which are able to bind non-covalently to single walled
carbon nanotubes, Figure 3.4a.>* Whilst this non-covalent interaction resulted in a small
decrease in singlet oxygen quantum yield, nanotubes of this kind are known to be
internalised by mammalian cells making a system with the potential for intercellular
delivery of the PDT sensitiser. One potential side effect of PDT is the prolonged light
sensitivity of the dyes. In an attempt to minimise this effect, O’Shea and co-workers
synthesised an aza-BODIPY dye functionalised with a non-conjugated amine, Figure
3.4b.>> When this amine is not protonated, any excitation of the BODIPY undergoes
rapid relaxation due to photoinduced electron transfer (PET) shutting down any triplet
excited state generation. The interstitial fluid surrounding tumours is slightly acidic,
thus protonating the amine, stopping the PET and allowing singlet oxygen generation

to occur making this BODIPY a therapeutically selective PDT photosensitiser.
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Figure 3.4. BODIPY based PDT sensitisers with ability to bind to carbon nanotubes for drug delivery
(a) and turn on activity in a therapeutically selective environment (b).

When two or more different chromophores are covalently attached to one another, there
is the potential for the formation of light harvesting cassettes where one chromophore,
the ‘donor’, absorbs light at a specific wavelength then passes this energy on to another
‘acceptor’ chromophore from which this energy is emitted at a longer wavelength. This
effect is commonly seen in nature during photosynthesis and has potential applications
in solar energy production.’® There are two main mechanisms for this energy transfer;
through space or through bond. In through space light harvesting devices, the donor and
acceptor chromophores are usually separated by alkyl-chains to remove any
conjugation, energy transfer therefore relies upon fluorescence resonance energy
transfer (FRET), due to spectral overlap between the donor emission and the acceptor
absorbance, with the degree of energy transfer being dependant on the distance between
these two moieties. In 2007, Qian and co-workers synthesised a three component energy
transfer cassette containing three different BODIPY's synthesised via ‘click’ reactions,
Figure 3.5.%7 Each of these BODIPY s possesses an absorbance at a different wavelength
(red- 501 nm, green- 568 nm and purple- 647 nm, see Figure 3.5 for colours) giving the
molecule a broad range of absorbance across the visible spectrum. Upon
photoexcitation of either the red or green BODIPY only minimal fluorescence was
observed from these two chromophores with a large fluorescence associated with the

purple BODIPY observed. The quantum yields measured for excitation of the molecule
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at all three absorption wavelengths showed very little variation compared to a model
compound of the purple BODIPY, suggesting almost complete energy transfer from

donor to acceptor.
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Figure 3.5. Structure of light harvesting cassette containing three different BODIPY chromophores (left)
and absorption (black), emission (blue) and excitation (red) spectra of the BODIPY cassette (right).?’

Through-bond cassettes are created when the chromophores are attached via conjugated
linkers. The energy transfer in these systems is affected by steric interactions between
the donor and acceptor causing torsional constraints reducing rate and efficiency of
energy transfer, the nature of the HOMOs and LUMOs, the site of attachment and the
nature of the linker.*® Lindsey and co-workers synthesised linear molecular photonic
wires consisting of a BODIPY donor covalently connected to a free base porphyrin via
a zinc metallated porphyrin ‘wire’, Figure 3.6.>° Upon excitation of the donor energy,
transfer of 76 % efficiency occurs leading to emittance from the free base porphyrin
despite a 90 A separation between donor and acceptor. Lindsey and co-workers
calculated that if this energy transfer was through space, the transfer efficiency would
only be 6 %, proving the transfer is indeed through bond. These systems were further
modified by the addition of an ‘on/off> gate in the form of a porphyrin metallated with

magnesium.*® When the magnesium is in its oxidised state, fluorescence is quenched

67



Chapter 3- Perylene Diimide-BODIPY Dyads and Triads

via intramolecular charge transfer (ICT), however, when reduced the gate is turned on

and the free base porphyrin fluoresces following energy transfer of 80 % efficiency.

R R
N
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R 3R= M=2HorMg R

Figure 3.6. Structure of BODIPY -porphyrin molecular photonic wire.

3.1.2. Perylene Diimide-BODIPY Systems

At the outset of the studies described in this Chapter (2014), there were only two
examples in the literature of systems composed of covalently bound BODIPYs and
perylene diimides (PDIs), both synthesised by Akkaya and co-workers.*"** The first of
these two systems consisted of a PDI tetra-substituted at the bay position with BODIPY
connected by long, non-conjugated, chains synthesised via ‘click’ chemistry.*! UV/vis
spectroscopic studies on this compound revealed an absorption spectrum with a peak
maximum at 526 nm, with a very large extinction coefficient of 240,000 mol 'dm*cm’!,
corresponding to the four BODIPYs and a smaller peak at 588 nm, with an extinction
coefficient of 45,000 mol'dm3cm™!, corresponding to the PDI. Upon excitation at 526
nm, no BODIPY fluorescence is observed due to FRET from the BODIPY donor to the
PDI acceptor. The PDI possess a fluorescence peak at 618 nm and, upon excitation of
the molecule at 526 nm, this peak is seen to increase in intensity 3.5 fold vs. excitation
at 588 nm (removing the BODIPY contribution) demonstrating that this system is a

highly efficient light harvester over a wide range of the visible spectrum.
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Figure 3.7. Structure of the first of Akkaya’s light harvesting PDI-BODIPY systems (left) and the
fluorescence spectra demonstrating the efficient energy transfer (right).*! Green line- BODIPY model
emission, red line- emission of PDI model, black line- emission of PDI-BODIPY system of an optically

matched solution.

The second system synthesised in this series is similar to the first. However, there is a
branch in the chain between each BODIPY and the PDI core allowing eight rather than
four BODIPY to be attached.*? An increase in the length of the chain is also necessary
due to the greater complexity of the synthesis. This system displayed an increase in
extinction coefficient of 60 %, rather than the expected 2 fold increase, suggesting
interchromophoric interactions between the BODIPYs. The emission spectrum again
showed quenching of the BODIPY fluorescence. However, this quenching was not as
complete as in the previous example, suggesting less efficient energy transfer, most
likely due the larger distance between the PDI and BODIPY chromophores. The PDI
fluorescence was enhanced 4-fold, only a modest increase vs. the four BODIPY system,
again suggesting a reduction in the efficiency of the energy transfer. Energy transfer
rates were calculated for the four and eight BODIPY systems giving values of 1.77 x
10'° and 6.77 x 10° 5!, respectively. These results indicate that whilst doubling the
number of donor chromophores improves the antenna effect of the system the increase

is only modest due to the larger distance between the PDI and the BODIPYss.
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In 2015, Elmali and co-workers published the first examples of BODIPY's connected to
a PDI centre via an aryl linker, Figure 3.8.%> A bay functionalised PDI-BODIPY dyad
and triad were synthesised with methyl-groups substituted at the 1-,3-,5- and 7-
positions of the BODIPY and iodine at the 2- and 6-positions. Interestingly the PDI 1,6-
and 1,7- isomers, formed during the bromination reaction, were not separated despite
the different isomers having the potential to possess different properties.***¢ Upon
excitation of the BODIPY, quenching of the BODIPY emission was observed with the
remaining emission assigned to the PDI, suggesting FRET to the PDI is occurring.
However, when the fluorescence intensity of this emission is compared to that of a
reference PDI the quantum yield is seen to drastically decrease indicating that,
following FRET, PET occurs resulting in a charge separated state and quenching of the
fluorescence. The presence of the iodine atoms on the BODIPY allows ISC resulting in
the formation of a triplet excited state, as demonstrated by the production of singlet
oxygen. The triplet state is generated on the BODIPY chromophore then undergoes
intramolecular triplet-triplet energy transfer (TTET) to form the PDI triplet excited state
with a long lived lifetime of 150 ps, confirmed by nanosecond transient absorption
spectroscopy. This lifetime is considerably longer than that of PDIs covalently bound
to Pt*7 or Ir*® atoms, that allow access to the triplet excited state by the ‘heavy atom’
effect, as the effect also increases the rate of the spin forbidden Ti-So relaxation thus
decreasing the excited state lifetime. Cyclic voltammetry was used to probe the
electrochemical properties of the systems revealing three reductions, two located on the
PDI core with the third located on the BODIPY at a more negative potential, and an
oxidation lying on the BODIPY. The combination of these techniques allowed the

production of a Jablonski diagram displaying all of the competing processes present in
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these systems, Figure 3.8. Following excitation the BODIPY acts as both a singlet

energy donor and a spin converter whilst the PDI is a singlet/triplet energy acceptor.
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Figure 3.8. Structure of PDI-BODIPY dyad (left) and Jablonski diagram for the system (right).*3

3.1.3. Aims and Objectives

The results reported in this Chapter describe the synthesis of a series of PDI-BODIPY
systems. A dyad and triad consisting of a bay substituted PDI functionalised with an
unsubstituted BODIPY were synthesised along with an ortho-substituted PDI-BODIPY
pentad. The series was further extended by the synthesis of a dyad and triad bearing
methyl-BODIPYs in an attempt to stabilise the electrochemical reductions of the
BODIPY moieties and further manipulate the electrochemistry. Additional
functionality was introduced to boron centres of the unsubstituted PDI-BODIPY dyad
and triad by substituting the fluorine atoms with di(tert-butyl) catecholate groups with
the intention of incorporating an additional oxidation process, isolated form the PDI
and BODIPY part of the molecule by a node at the boron atom, in the hope of inducing

charge separated states following PET.
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The optical and electrochemical properties of these molecules were probed via UV/vis
spectroscopy, fluorescence spectroscopy, cyclic voltammetry, density functional theory
and spectroelectrochemistry. These measurements were used to investigate the nature
of any energy or charge transfer occurring, the location of the redox processes in the

molecules and the absorption behaviour of the molecules upon oxidation and reduction.
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3.2. Results and Discussion

3.2.1.  Synthesis

3.2.1.1. Perylene Diimide-BODIPYs

The synthesis of the PDI-BODIPY triad 3.4 was achieved in five steps from the PDA
starting material, Scheme 3.1. Previously, the synthesis of PDI-BODIPY systems has
involved the synthesis of the PDI and BODIPY units separately then utilised ‘click’
4,43

chemistry or Suzuki cross coupling reactions to join the constituent parts together.

In this study, the BODIPY is synthesised in situ on the PDI core.

; 4-formylphenyl |
[o] N

0 boronic acid

Pd(PPh;),
CxNH, K,CO4 TFA
NMP Br Dioxane Pyrrole
—>
85°C,5h Br 80°C,17h r.t., 5 min

79%

33% 77 %

i. p-Chloranil
DCM
rt., 18 h
ii. Et;N
BF3.0Et,
rt.,3h
49 %

Scheme 3.1. Synthesis of the PDI-BODIPY triad 3.4 from 2.1.
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The synthesis of 2.1 is discussed in Chapter 2. As discussed in Chapter 1, the separation
of the 1,6- and 1,7- isomers of bay substituted PDIs is a recurring problem. In some
cases (as in Chapter 2), the isomers are fortuitously separable by column
chromatography. However, in most cases this is not possible and therefore separation
must be achieved by other means. To that end 2.1, was reacted with cyclohexyl amine
in N-methyl-2-pyrrolidone (NMP) to give 3.1 as a mixture of mono-, di- and tri-bromo
PDI with both di-substituted isomers present. The mono- and tri-bromo adducts could
be separated by column chromatography leaving a mixture of the 1,6- and 1,7-dibromo
PDI. The 1,7- isomer was then purified by a series of layered recrystallisations between
the target compound in chloroform with methanol as the antisolvent.** With each
recrystallisation, the proportion of 1,6- isomer was reduced until, after five
recrystallisations, regioisomerically pure 1,7-3.1 was isolated in a 33 % yield, Figure
3.9. Small amounts of 1,6- isomer are difficult to differentiate from the 1,7- isomer in
chloroform-d, even in high field NMR, however benzene-ds was found to induce a
change in the chemical shift of the isomers, separating them from one another, proving

the pure product was obtained.

T T T T T T T T .
9.00 8.95 2.90 885 8.80 875 870 865 860 855 8.50 845
Chemical Shift (ppm)

Figure 3.9. 'H NMR spectra (in C¢Ds) of the aromatic region of 3.1 showing the removal of the 1,6-
isomer by repeated recrystallisations. Red- after 1 recrystallisation, green- after 3 recrystallisations, blue-

after 5 recrystallisations.
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Crystals of 3.1 of suitable quality for analysis by single crystal X-ray diffraction were
grown by slow diffusion of methanol into a solution of the compound in chloroform. A
single crystal structure of N,N'-bis(cyclohexyl)-1,7-dibromo-PDI has been reported
previously* as a dichloromethane (DCM) solvate, and the structure obtained was very

similar in most respects to the structure obtained here. However, in this case the

compound crystallises in an alternative space group, P21/c, as opposed to P1, and is not

a solvate, Figure 3.10. As a result, an alternative packing arrangement of pairs of 3.1 is
observed but in all other respects the bond lengths, angles and twisting of the perylene
are similar in the two structures. The structure is reported here mainly as confirmation

that the isomer isolated is indeed the in the 1,7-arrangement.

Figure 3.10. View of the X-ray crystal structure of 3.1 displaying the 1,7-arrangement of the bromine
atoms. Grey- carbon, blue- nitrogen, red- oxygen, brown- bromine. H-atoms removed for clarity.

Ellipsoids drawn at 50 % probability.

3.1 was reacted with 4-formylphenyl boronic acid via a Suzuki cross coupling to give
3.2 as a highly fluorescent bright pink solid and solution. The di(benzaldehyde)-PDI
was then reacted with pyrrole, as a reagent and solvent, with trifluoroacetic acid (TFA)
as a catalyst to form the di(dipyrromethane)-PDI 3.3 in a 79 % yield. The final step in
the synthesis of 3.4 combines two processes; first the oxidation of the dipyrromethane
group to a dipyrromethene group followed by complexation with BF3.OEt>. The most

common oxidising agent selected for these reactions is 2,3-dichloro-5,6-
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dicyanobenzoquinone (DDQ). However, in this case DDQ gave very low yields so a
milder alternative, p-chloranil was used instead. The yield could be further improved
by stopping the reaction following the oxidation with p-chloranil after 18 hours,
working up the reaction mixture and removing any unreacted starting materials and
decomposition products by column chromatography, before redissolving in DCM and

adding the triethylamine and BF3.OEt; to give 3.4 in a yield of 49 %.

Single crystals of 3.4 were grown by layered diffusion between a chloroform solution
of the target compound and methanol. X-ray structural determination revealed the
conformational arrangement of the molecule in the solid state showing the molecules
stack in pairs with slightly offset stacking between the perylene cores, Figure 3.11. The
BODIPY moieties are sterically pushed away from one another, enabled by the twist in
the perylene core, and are themselves twisted nearly perpendicular to the PDI. No

examples of crystal structures of PDI-BODIPY systems have been reported previously.

I
|

"%’“‘

Figure 3.11. Left- view of the single crystal structure of 3.4. Grey- carbon, blue- nitrogen, red- oxygen,
yellow- boron, green- fluorine. Right- View down the N-N axis of the PDI displaying packing of two
molecules of 3.4 showing the BODIPY moieties pushed away from one another. H-atoms removed for

clarity. Ellipsoids drawn at 50 % probability.
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The synthesis of the asymmetrically substituted PDI-BODIPY dyad 3.8 was achieved

by a similar route to 3.4, in six steps from the PDA starting material, Scheme 3.2.

4-formylphenyl |
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—_—
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TFA DCM
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rt.,24h

64 %

Scheme 3.2. Synthesis of the asymmetrically substituted PDI-BODIPY dyad 3.8 from 3.1.

The synthesis of 3.5 was fortuitously achieved whilst attempting to synthesise the
dimorpholino-substituted equivalent. After four days reacting 3.1 in morpholine as a
reagent and solvent (the same conditions used to synthesise the n-butyl analogue 2.3),
the reaction had not proceeded to completion giving the main product of the reaction as
the mono-substituted 3.5 in a yield of 60 %. This was found to be reliably reproducible.
3.5 then underwent a Suzuki cross coupling with 4-formylphenyl boronic acid to give
3.6. Reaction with pyrrole gave 3.7 in a 97 % yield followed by oxidation with p-
chloranil and complexation with BF3.OEt> to give 3.8 in a 64 % yield.
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Single crystals of 3.8 were grown by layered diffusion between a chloroform solution
of the target compound and methanol. X-ray structural determination revealed the
conformational arrangement of the molecule in the solid state showing a twisting of the
perylene core with the BODIPY lying just out of plane with the PDI, Figure 3.12. The
molecule stacks in pairs with the bulky BODIPY moieties positioning themselves as far

away from one another as possible.

Figure 3.12. Left- view of the single crystal structure of 3.8. Grey- carbon, blue- nitrogen, red- oxygen,
yellow- boron, green- fluorine. Right- Packing of two molecules of 3.8 with BODIPY moieties pointing

in opposite directions. H-atoms removed for clarity. Ellipsoids drawn at 50 % probability.

The synthesis of the ortho-substituted PDI-BODIPY pentad 3.13 was not attempted by
the in situ route used previously as the four reaction sites for each step were predicted
to severely complicate the purification of the compounds and reduce the yield. Instead,
the tetra-pinacolato boron (BPin) PDI 3.12, Scheme 3.4, and the bromo BODIPY 3.10,

Scheme 3.3, were synthesised separately then coupled.
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i.DDQ Br
i TFA DCM
Pyrrole 0°C 1h
—_—
rt,5h ii. EtaN

BF;,.0Et, / Y7 Y
rt,2h =N_ N
19 % F/ \F 3.10

Scheme 3.3. Synthesis of the bromo BODIPY 3.10 for Suzuki cross coupling with 3.12.

The synthesis of 3.10 was achieved in two steps from the commercially available 4-
bromobenzaldehyde by reacting with pyrrole to give 3.9 then DDQ and BF3.0Et; to
give the target compound in a 19 % yield. The low yield of the final step has been
attributed to the decomposition of the BF3.OEt; reagent before the reaction. The
reaction was not repeated, in order to improve the yield, as sufficient material for the

next step was acquired from this reaction.

0 [Ir(OMe)(cod)],

B,Pin,
OO 3-aminopentane (C4F5)sP
Imidazole Dioxane
_— —
‘ 180°C, 4 h 115°C, 2d

sol:

O,
(e}
o

3.10
Pd(PPh;),
K,CO,4
Dioxane

—_—
80°C,15h

35%

Scheme 3.4. Synthesis of the PDI-BODIPY pentad 3.13 from PDA.
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The first step in the synthesis of 3.13 involved the imidization of PDA with 3-
aminopentane to give 3.11. 3-Aminopentane was chosen as, despite being relatively
small, it imparts good solubility on PDIs and has more potential for crystallisation than
larger groups. The first catalyst used in the reaction of 3.11 with BoPin, was the Murai
catalyst (RuH2(CO)(PPhs)3) used by Miillen and co-workers® in their synthesis of this
molecule. Some tetra-substituted product was formed however there was still large
amounts of partially reacted side products remaining. The alternative [Ir(OMe)(cod)]»
catalyst used by Shinokubo and co-workers®! was then attempted. This catalyst gave a
much higher conversion to tetra-substituted product, however, there was still a small
amount of the mono-, di- and tri-substituted products remaining. Many different
approaches were then used to try to purify 3.12 including column chromatography,
recrystallisation, washing with different solvents ezc. although it was not found to be
possible to fully isolate 3.12. This difficulty in purification may explain that whilst the
two papers reporting the synthesis were published five years ago and have been cited
around forty times each, there has not been a single paper published reproducing these
results to synthesise new, more complex, ortho-substituted PDIs. 3.12 was therefore not

isolated before the subsequent Suzuki coupling to 3.10 to give 3.13 in a yield of 35 %.

3.2.1.2. Perylene Diimide-MethylBODIPY's

The in situ approach was also applied to the synthesis of 3.18 and was successful.
However, the best yields achieved for the dipyrromethane and BODIPY formation steps
were found to be 25 % and 16 % respectively, leading to very small amounts of product.
Therefore, a different approach was used where the two substituents were synthesised

separately and then coupled together, similar to 3.13, Scheme 3.5 and Scheme 3.6.
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LiAIH,

H
(_f :
75°C,17h \ /
61% 3.14
o_ O
HO _OH i.DDQ B
Pinacol DCM
Et2 0°C,15h
rt., 18 h ii. Et3N
91% BF;.OFt, /P NP
rt,1.5h ’N\B/N
7 % (from 3.15) P
6 3.17

Scheme 3.5. Synthesis of 3.14 from pyrrole-2-carboxaldehyde (top) and 3.17 from 4-formylphenyl

boronic acid (bottom).
The first step in the synthesis was the reduction of pyrrole-2-carboxaldehyde with
LiAlH4 to 3.14. 4-Formylphenyl boronic acid was then protected by the reaction with
pinacol to give 3.15 which was subsequently reacted with 3.14 and a TFA catalyst in
DCM to give 3.16. At this stage, purification of 3.16 was attempted. However, it
decomposed rapidly on silica during column chromatography thus in subsequent
attempts 3.16 was used in the next step without further purification. Crude 3.16 was
oxidised with DDQ then coordinated to BF3.OEt: to give 3.17 in a disappointing 7 %

yield from 3.15.

3.17
Pd(PPh;),
K,CO,
Dioxane/H,0

_—
80°C,17 h

57 %

Scheme 3.6. Suzuki cross coupling of 3.1 with 3.17 to give PDI-MethylBODIPY triad 3.18.
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3.18 was then synthesised via a Suzuki cross coupling between 3.1 and 3.17, Scheme
3.6. Toluene/ethanol/water was the first solvent system attempted, however, this
resulted in only partial substitution and generation of other side products making
purification very difficult. Dioxane/water resulted in much higher conversion and a

cleaner reaction allowing 3.18 to be isolated in a 57 % yield.
3.17

(o) N (0]
Pd(PPh;),
OO
‘ N Dioxane/H,0
—_—
Br K/O 80°C, 17 h
51%
(0] N o]

© 3s

Scheme 3.7. Suzuki cross coupling of 3.5 with 3.17 to give the PDI-MethylBODIPY dyad 3.19.

The asymmetrically substituted PDI-MethylBODIPY dyad 3.19 was synthesised using

the same conditions as for 3.18 to give 3.19 in a 51 % yield, Scheme 3.7.

Single crystals of 3.19 were grown by layered diffusion between a chloroform solution
of the target compound and methanol. X-ray structural determination revealed the
conformational arrangement of the molecule in the solid state showing 3.19 stacks in
pairs of molecules, Figure 3.13. Unlike 3.8, the BODIPY moieties are on the same side
in the pair, however, the twist in the perylene core allows the BODIPYSs to be pushed
some distance away from one another. The BODIPY's also lie more in plane with the
perylene core than in the case of 3.19. There is apparent m—m stacking interaction
between one BODIPY in each pair of molecules and a perylene core in the adjacent pair

(and vice versa) with an approximate stacking distance of 3.5 A (measured between a
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plane on a naphthalene ring on the PDI and a centroid on one of the BODIPY pyrrole

rings).

Figure 3.13. Left- view of the single crystal structure of 3.19. Grey- carbon, blue- nitrogen, red- oxygen,
yellow- boron, green- fluorine. Right- Packing of four molecules of 3.19 showing n-stacking between
pairs of molecules and the interaction between two pairs. H-atoms removed for clarity. Ellipsoids drawn

at 50 % probability.

3.2.1.3. Perylene Diimide-CatecholateBODIPY's

The final two PDI-BODIPYs synthesised were the PDI-CatecholateBODIPY dyad and
triad 3.20 and 3.21. Aluminium trichloride was employed as a Lewis acid to activate
the boron-fluorine bonds in 3.4 then 3,5-di(tertbutyl)catechol was added to perform the
substitution to 3.20 in a yield of 54 %, Scheme 3.8. 3.21 was synthesised in a 55 %
yield from 3.8, by the same method as 3.20, with aluminium chloride and 3,5-
di(tertbutyl)catechol, Scheme 3.9. ''B NMR was a useful tool in the characterisation of
the catecholate substituted BODIPYs; the ''B NMR spectrum of 3.4 displays a triplet
due to the coupling between the boron and the two spin 'z fluorine atoms. In 3.20, this
coupling is removed resulting in a singlet in the spectrum confirming the fluorine atoms

have been substituted by the catecholate.
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i. AlCl
DCM
50 °C, 30 min
—_—
ii. 3,5-di(tertbutyl)
catechol
DCM
rt,1h
54 %

Scheme 3.8. Conversion of 3.4 to PDI-CatecholateBODIPY triad 3.20.

i. AlCl5
DCM
50 °C, 15 min
—_—

W i. 3,5-ditertbutyl)

I!”’F catechol
DCM
F rt,30min
(o} N [0} 55%

Scheme 3.9. Conversion of 3.8 to PDI-CatecholateBODIPY dyad 3.21.
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3.2.2. Optical and Electrochemical Investigation of

Perylene Diimide-BODIPY's

3.2.2.1. Perylene Diimide-BODIPY's
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Figure 3.14. UV/vis absorption spectrum of 3.4 in DCM. ¢ = 1.00 x 10 mol'dm’cm’!.
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Figure 3.15. Emission spectrum of 3.4 in DCM. Emission recorded following excitation at 480 nm. ¢ =

3.69 x 10 mol''dm?cm’!.
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The UV/vis spectrum of the dyad 3.4 contains a peak at 505 nm with an extinction
coefficient of 106,000 mol'dm?*cm’!, corresponding to the two BODIPY moieties, and
a much smaller peak at 562 nm from the PDI with an extinction coefficient of 27,000
mol'dm?cm!, Figure 3.14 and Table 3.1. Unlike in the previous PDI-BODIPY system
published by Elmali,* the PDI and BODIPY absorptions are not completely
overlapping making characterisation of the redox process by spectroelectrochemical
methods easier. Excitation of the BODIPY chromophore, by irradiation at 480 nm,
leads to an emission spectrum containing a single peak at 610 nm, Figure 3.15. This
emission is assigned to fluorescence from the PDI’? rather than the BODIPY>
suggesting that, upon excitation of the BODIPY, FRET is occurring due to spectral
overlap between the BODIPY emission and the PDI absorption leading to emission
solely from the PDI. The quantum yield of the emission was calculated as 0.91
suggesting efficient energy transfer to the PDI and that there are no other processes in
competition with FRET. The energy transfer results in a Stokes shift of 105 nm vs. the

BODIPY.

The peak corresponding to the BODIPY in the UV/vis spectrum of 3.8 is at 505 nm,
the same as 3.4, showing that a change in the PDI chromophore has had minimal effect
on the BODIPY absorption, Figure 3.16. The extinction coefficient has approximately
halved to 50,000 mol"'dm3cm™ as expected due to only having one BODIPY moiety in
the system. The peak corresponding to the PDI has undergone a bathochromic shift of
52 nm to 616 nm, attributable to the electron donating effect of the morpholine, further
separating the BODIPY and PDI absorbances. Similarly to the emission of 3.4, the
emission spectrum upon excitation of the BODIPY in 3.8 results in one peak at 741 nm,
related to the PDI** moiety, again indicating that FRET is occurring, Figure 3.17. In

this case, the increased wavelength of emission of the morpholino-substituted PDI
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results in a considerable Stokes shift of 236 nm vs. the BODIPY with the tail of the
emission extending well into the NIR. The fluorescence quantum yield was measured
to be 0.05; much lower than 3.4. This suggests that, following FRET, a PET process is
occurring resulting in a PDI"-BODIPY"" charge separated state as seen in Elmali’s PDI-
BODIPY systems* and in an oligothienylenevinylene-fullerene system synthesised by
Janssen and co-workers.> Transient absorbance measurements are required to fully
confirm that these processes are indeed occurring. This PET effect was not observed in
3.4 most likely due to the increased conjugation between the PDI and the BODIPYs, as
shown by the communication between the BODIPY moieties in the cyclic voltammetry

(see below), removing the capability for charge separation.
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Figure 3.16. UV/vis absorption spectrum of 3.8 in DCM. ¢ = 1.71 x 10 mol'dm’cm’!.
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Normalised Emission
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Figure 3.17. Emission spectrum of 3.8 in DCM. Emission recorded following excitation at 480 nm. ¢ =

9.50 x 107 mol"'dm3cm.

A very small hypsochromic shift of 2 nm, within the experimental error of the
measurement, is observed in the BODIPY absorption of 3.13 demonstrating that the
attachment at the ortho- rather than the bay-position has very little effect on the
absorption properties of the BODIPY unit, Figure 3.18. The quadrupling of the number
of BODIPYs attached to the PDI, vs. 3.8, is matched by an approximate quadrupling of
the extinction coefficient to 180,000 mol'dm*cm'. It is not possible to determine the
exact position of the absorption maximum for the PDI chromophore, as it is engulfed
in the BODIPY absorbance, however this maximum has clearly been hypsochromically
shifted by at least 30 nm vs. 3.4. This shift signifies that, whilst the position of
substitution of the BODIPY has no effect on the BODIPY absorbance, it has a
significant effect on the absorption of the PDI. Emission measurements on 3.13 reveal
a PDI based fluorescence, displaying vibrational structure as seen in other ortho-
substituted PDIs,>® with a maximum at 546 nm relating to a Stokes shift of 43 nm vs.

the BODIPY, Figure 3.19. This emission is attributed to FRET whilst the low quantum
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yield of 0.02 suggests that this process is again followed by PET resulting in a charge

separated state.
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Figure 3.18. UV/vis absorption spectrum of 3.13 in DCM. ¢ = 2.61 x 10 mol''dm’cm’".
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Figure 3.19. Emission spectrum of 3.13 in DCM. Emission recorded following excitation at 480 nm. ¢

=2.54 x 107 mol''dm?cm’!.

89



Chapter 3- Perylene Diimide-BODIPY Dyads and Triads

Compound | Amax Amax PDI | Aem Stokes Stokes Quantum
BODIPY Shift  vs. | Shift vs. | Yield
BODIPY | PDI
3.4 505 562 610 105 48 0.91
3.8 505 616 741 236 125 0.05
3.13% 503 - 546 43 - 0.02

Table 3.1. Summary of the optical properties of 3.4, 3.8 and 3.13 measured in DCM. All wavelengths
reported in nm. All emissions measured after excitation at 480 nm. * Amax could not be calculated due to

overlap of the BODIPY and PDI absorptions.
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Potential/V (vs. Fc'/Fc)

Figure 3.20. Cyclic (black) and square wave (red) voltammograms of 3.4 recorded in DCM containing

[BusN][BF.] (0.4 M).

Cyclic voltammetric investigations on 3.4 were expected to show two one-electron
reductions from the PDI and a single two-electron reduction from the two BODIPYs.
However, four separate reduction processes are resolvable in the square wave
voltammogram at -0.94, -1.12, -1.19 and -1.26 V (vs. F¢/Fc"), Figure 3.20 and Table
3.2. All four reductions were found to be electrochemically reversible in the scan rate
range 0.02 — 0.3 Vs'. The presence of an additional reduction process has been

L57

observed previously, in a 1,7-di(cobalt-dithiolene)-PDI,°" assigned to communication
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across the conjugated PDI core; when one cobalt-dithiolene is reduced this affects the
reduction potential of the other. It appears the same effect is occurring in the case of
3.4. In the PDI-BODIPY systems synthesised by Elmali and co-workers,** oxidations
associated with the BODIPY moiety are observed in the cyclic voltammograms. In the
case of 3.4, no oxidations were observed within the solvent window of DCM. This is
likely due to the stabilising effect of the electron donating alkyl-groups in Elmali’s
systems (not present in 3.4), raising the HOMO level bringing the oxidations into the

solvent window.
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Figure 3.21. Cyclic (black) and square wave (red) voltammograms of 3.8 recorded in DCM containing

[BusN][BF4] (0.4 M).

Cyclic voltammetric investigations on 3.8 reveal three reductions at -1.04, -1.18 and -
1.31 V and one oxidation at 0.63 V (vs. Fc/Fc"), Figure 3.21. The three reductions were
found to be electrochemically reversible in the scan rate range 0.02 — 0.3 Vs''. However,
the oxidation was not found to be fully reversible. The reduction processes display

higher resolution from one another compared to 3.4 but cannot be assigned to the
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BODIPY or the PDI without the aid of spectroelectrochemistry, see below. The
oxidation of 3.8 is comparable to that of the 1,7-dimorpholino PDI, synthesised by
Champness and co-workers,** but comes at a more positive potential by 0.20 V due to
the lessened electron donating effect of monomorpholino-substitution vs.
dimorpholino-substitution. This oxidation is unlikely to be associated with the BODIPY
as an analogous process would have been observed in the cyclic voltammogram of 3.4,
the prediction that the oxidation lies on the PDI rather than the BODIPY is confirmed

by density functional theory (DFT), see below.
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Potential/V (vs. Fc'/Fc)

Figure 3.22. Cyclic (black) and square wave (red) voltammograms of 3.13 recorded in DCM containing

[BusN][BF4] (0.4 M).

The cyclic voltammogram of 3.13 displays a reduction at -0.93 V (vs. Fc/Fc)
corresponding, by comparison to 3.4, to the first reduction on the PDI core, a large
process at -1.22 V related to the four one-electron reductions due to the BODIPY's with
a shoulder associated with the second reduction on the PDI and no oxidations within

the solvent window of DCM. All three processes were found to be electrochemically
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reversible in the scan rate range 0.02 — 0.3 Vs™!. There is no evidence of communication
between the BODIPY moieties suggesting that positioning them ortho- on the PDI core
reduces the conjugation across the PDI between the BODIPYs. Whilst there was very
little variation in the position of the BODIPY absorption maxima, depending on
whether it was connected at the ortho- or bay- position, there is a slightly more

pronounced effect in the reduction potential in the cyclic voltammogram of 0.04 V

between 3.8 and 3.13.
Compound Reduction Oxidation
1t nd 3rd 4th
34 -0.94 -1.12 -1.19 -1.26 -
3.8 -1.04 -1.18 -1.31 - 0.63
3.13 -0.93 -1.22 - - -

Table 3.2. Redox potentials for 3.4, 3.8 and 3.13. All potentials reported as Ei» (= (E,* + E,°)/2) in V vs.
Fc'/Fc at 0.1 Vs™! scan rate and quoted to the nearest 0.01 V.
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Figure 3.23. Molecular orbital (MO) isosurfaces calculated by DFT 3.4, 3.8 and 3.13.

DFT was used to generate MO isosurfaces for the 3.4, 3.8 and 3.13 in order to identify
the locations of the HOMOs and LUMOs and compare the energies of the LUMOs with
the potential of the first reductions, Figure 3.23. In all cases, the LUMO was found on
the PDI part of the molecule, confirming that the first reduction was indeed based on
the PDI. The HOMO of 3.4 and 3.13 is centred on the BODIPY. However it was not
possible to compare this to the cyclic voltammetry as no oxidations were observed. The
HOMO of 3.8 lies on the PDI with much of the electron density pulled towards the
morpholine moiety. This confirms that the oxidation observed in the cyclic
voltammetry is indeed analogous with that of the dimorpholino-substituted PDI and lies

on the PDI part of the molecule.** The energy levels of the LUMOs of 3.4, 3.8 and 3.13
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were found to be -3.60, -3.34 and -3.91 eV respectively. The LUMO energy of 3.4 being
more negative than that of 3.8 is reflected in the more ready reduction of 3.4 vs. 3.8.
The difference between 3.4 and 3.13 is also reflected by the experimental observations
as 3.13 is easier to reduce than 3.4 however only by 0.1 V suggesting the difference in

the calculated LUMOs may be slightly exaggerated.
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Figure 3.24. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.4 at 243 K showing the inter-conversion of 3.4 (blue) to 3.4°" (red).

¢ =1.32 x 10*mol"'dm*cm’. Arrows indicate the progress of the reduction.

The nature of these redox process was further probed by in situ reduction followed by
UV/vis spectroelectrochemistry in DCM with ["BusN][BF4] as supporting electrolyte,
summarised in Table 3.3. Upon application of a potential between the first and second
reductions of 3.4, the absorption band corresponding to the PDI decreases in intensity
accompanied by the formation of a band corresponding to a PDI monoradical at 745
nm (g = 48,000 mol'dm*cm") confirming that the reduction at -0.94 V lies on the PDI,
this bathochromic shift upon reduction is well documented, Figure 3.24.%%%° The

formation of a PDI*” band was accompanied by a slight reduction in intensity in the
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band corresponding to the neutral BODIPY. This reduction in intensity started as soon

as the potential was applied but stopped whilst the PDI band was still decreasing.

Unfortunately, the high degree of overlap between the second to fourth reduction
processes of 3.4 meant it was not possibly to individually investigate each one by
spectroelectrochemical methods meaning it was not possible to assign each different
process to individual parts of the molecule. A potential was therefore applied sufficient
to reduce all three remaining processes, Figure 3.25. The peak formed during the first
reduction was depleted and replaced by a peak, blue shifted by 123 nm, to 622 nm with
a similar extinction coefficient. This peak was assigned to the second reduction on the
PDI core.’®® At the same time, the peak associated with the neutral BODIPY was also
diminished and a peak appearing, with a much smaller extinction coefficient (¢ = 36,000

mol'dm’cm™), slightly red shifted at 540 nm.°"-%3
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Figure 3.25. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.4 at 243 K showing the inter-conversion of 3.4 (red) to 3.4+

(yellow). ¢ = 1.32 x 10# mol''dm3cm’!. Arrows indicate the progress of the reduction.
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Upon regeneration of the neutral spectrum the absorptions corresponding to the PDI
chromophore were fully regenerated, however, the BODIPY absorption had diminished
in intensity, Figure 3.26. This lack of full regeneration suggests the BODIPY has

partially decomposed and is not fully electrochemically reversible.
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Figure 3.26. UV/vis absorption spectra showing comparison of 3.4 (blue) vs. the regenerated molecule

after electrochemical reduction (brown). ¢ = 1.32 x 10 mol'dm’cm.

The separation between the three reduction processes of 3.8 allowed
spectroelectrochemical methods to be used to assign each process to individual parts of
the molecule. The lack of reversibility shown by the oxidation process during cyclic
voltammetry meant that this process was not investigated any further. Upon application
of a potential between the first and second reductions, 3.8 displayed similar behaviour
to 3.4; the peak corresponding to the PDI at 616 m was diminished with a new more
intense band forming at 766 nm, due to the first reduction on the PDI core, and there
was a slight reduction in the intensity of the BODIPY absorption at 505 nm Figure 3.27.

This demonstrates that the peak at -1.04 V in cyclic voltammetry is associated with the
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first reduction on the PDI core. The difference in absorption maximum of the neutral

and first reduced PDI species is 38 nm more pronounced in this case vs. 3.4.
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Figure 3.27. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.8 at 243 K showing the inter-conversion of 3.8 (blue) to 3.8° (red).

¢ =2.87 x 10*mol'dm3cm™!. Arrows indicate the progress of the reduction.
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Figure 3.28. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.8 at 243 K showing the inter-conversion of 3.8° (red) to 3.8*

(green). ¢ = 2.87 x 10# mol"'dm3cm™!. Arrows indicate the progress of the reduction.
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Application of a potential between the second and third reductions of 3.8 results in the
disappearance of the neutral BODIPY band at 502 nm along with the generation of the
first reduced BODIPY band at 536 nm indicating that the reduction at -1.18 V
corresponds to the reduction on the BODIPY moiety, Figure 3.28. There is also a slight
accompanying decrease in the intensity of the absorption at 766 nm. However, this is
assigned to the small potential gap between the second and third reduction resulting in

slow formation of 3.8
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Figure 3.29. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.8 at 243 K showing the inter-conversion of 3.8% (green) to 3.8*

(pink). ¢ = 2.87 x 10*mol-'dm3cnr. Arrows indicate the progress of the reduction.

Applying a potential sufficient to reduce the process at -1.31 V is resultant in the
removal of the PDI first reduced peak at 766 nm and the development of a peak related
to the second reduction of the PDI at 628 nm, Figure 3.29. The BODIPY reduction is
sandwiched between the first and second reduction on the PDI core. The reoxidation of

the molecule again resulted in the full regeneration of the PDI absorption band but not
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the BODIPY band displaying the BODIPY chromophore’s lack of electrochemical

reversibility.

The application of a potential sufficient to instigate the first reduction process of 3.13
revealed the reduction in intensity of the absorption corresponding to the PDI and the
development of a new band at 723 nm due to the PDI monoanion, Figure 3.30. Once
again upon reduction of the PDI there is a decrease in intensity of the absorption of the
BODIPY. However, in this case the decrease is much less pronounced than observed

for 3.4 and 3.8.
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Figure 3.30. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.13 at 243 K showing the inter-conversion of 3.13 (blue) to 3.13*"

(red). ¢ =7.73 x 10° mol''dm?cm™!. Arrows indicate the progress of the reduction.

The overlap between the second and third reductions did not allow for the investigation
of these two processes individually therefore a potential sufficient to perform both
reductions was applied. Due to the number of processes occurring analysis of the
spectra generated is difficult, Figure 3.31. Upon application of the potential, the peaks
corresponding to the neutral and anionic PDI are seen to slightly reduce and increase in
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intensity respectively, this suggests that the first reduction of the PDI was not complete
before the potential was applied. The PDI monoanion peak is then seen to reduce in
intensity and a peak at 627 nm is formed, assigned to the PDI dianion. The peak at 603
nm is depleted accompanied by formation of a new peak, slightly red shifted, at 538 nm
related to the reduction of the four BODIPY chromophores. The reoxidation of the
molecule again resulted in the full regeneration of the PDI absorption band but not the
BODIPY band displaying the BODIPY chromophore’s lack of electrochemical

reversibility.
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Figure 3.31. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using

spectroelectrochemical methods for 3.13 at 243 K showing the inter-conversion of 3.13° (red) to 3.13%

(pink). ¢ = 7.73 x 10~ mol'dm3cm™'. Arrows indicate the progress of the reduction.
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Neutral Reduction
1st 2nd 3rd 4th
3.4 | 281 (3.4), | 502 (8.0), - - 283 4.7),
351 (2.8), | 745 (4.8), 540 (3.6),
392 (2.8), | 830 (2.2) 622 (5.6)
505 (10.6),
562 (2.7)

3.8 [286 (2.8), 313 (2.1),[300 (24),|541 (2.2), _
349 (1.4),]502 (34),|536 (1.1),|628  (5.6)
404 (13),|766  (5.5),| 630  (1.4),
505 (3.5),]858 (1.7) | 765  (3.8),

616  (1.9) 860  (1.5)
313 (266 (5.2), 1383 (4.9, - 282 (7.3), _
366 (5.9), 502 (17.6), 505 (2.5),
503 (18.9), | 535 (2.7, 538 (5.0),
535 (5.4) | 723 (2.5), 627  (4.4)
795 (1.5)

Table 3.3. UV/vis spectroscopic data for 3.4, 3.8 and 3.13 measured at 243 K in DCM from

spectroelectrochemistry. All values Amax/nm (€ x10°/mol 'dm3cm™).

3.2.2.2. Perylene Diimide-MethylBodpipys

UV/vis spectroscopic studies on 3.18 reveal a peak at 513 nm, corresponding to the
methyl-BODIPYs, with a large extinction coefficient of 116,000 mol'dm*cm!, 10,000
mol'dm*cm™ higher than 3.4, Figure 3.32. The electron donating effect of the methyl-
groups has induced a slight bathochromic shift in the absorbance vs. 3.4 of 8 nm as seen
previously in systems containing methylBODIPYs.%? It is not possible to accurately
measure the absorption maximum of the PDI absorption as it is now overlapped by the
BODIPY absorption. However, there has clearly been a small hypsochromic shift. This
shift is unexpected as only a small modification has been made to the system with this
modification more likely to result in a bathochromic shift, due to increased electron
donation, suggesting that some other effect is causing the change in wavelength of
absorption. Emission measurements reveal 3.18 is not emissive under the experimental
conditions. It is likely that the same processes as observed for 3.8 and 3.13, FRET
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followed by PET, are occurring in this case, however, the complete lack of emission

suggests the PET process is more efficient resulting in full quenching of fluorescence.
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Figure 3.32. UV/vis absorption spectrum of 3.18 in DCM. ¢ = 5.24 x 10 mol''dm’*cm’!.

In the UV/vis spectrum of 3.19 the BODIPY absorbance is observed at 514 nm, almost
identical to that of 3.18, and is red shifted 9 nm vs. 3.8, again almost identical to the
difference between the corresponding absorptions in 3.4 and 3.18. The extinction
coefficient increases by 5,000 mol'dm>cm™, exactly half of the increase seen between
the di(BODIPY)-substituted systems. The PDI absorption has again been blue shifted.
In this instance it is possible to measure that shift as 11 nm vs. 3.8 to 605 nm. Emission
measurements reveal FRET is occurring resulting in a PDI based fluorescence peak that
extends well into the NIR with a maximum at 743 nm, within 2 nm of the corresponding
emission in 3.8, Figure 3.34. The quantum yield of 0.06 suggests this fluorescence is

quenched by PET.
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Figure 3.33. UV/vis absorption spectrum of 3.19 in DCM. ¢ = 1.12 x 10”3 mol''dm’cm’".

Normalised Emission

O
300 400 500 600 700 800

A/nm

Figure 3.34. Emission spectrum of 3.19 in DCM. Emission recorded following excitation at 480 nm. ¢

=7.24 x 107 mol"'dm3cm™.

One of the main aims in synthesising 3.18 was to attempt to move the reductions located
on the BODIPY in 3.4 to a more negative potential, by introduction of the methyl
substituents, in order to reduce the overlap between the processes and make

interpretation of the communication between BODIPY moieties easier. Cyclic
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voltammetry reveals two one-electron reductions at -0.97 and -1.16 V, one two-electron
reduction at -1.43 V (vs. F¢/Fc"), all found to be reversible over a scan rate range 0.02
— 0.3 Vs!, and an oxidation that was found to be irreversible over this scan rate range,
Figure 3.35 and Table 3.4. The one-electron reductions correspond to the PDI core,
with the reduction at -0.97 V only shifting by 0.03 V vs. 3.4, whilst the two-electron
reduction corresponds to the two BODIPY moieties. It is not possible to exactly
measure the change in potential of the BODIPY reductions upon addition of the methyl
groups, as they could not be exactly assigned in 3.4, but it is by a minimum of 0.17 V
(by comparison to the fourth reduction process in 3.4). This shows that whilst the
addition of methyl-groups had the desired effect of shifting the BODIPY reductions to
lower potentials, thus resolving them from the PDI reductions. At the same time, it
stopped the communication between them. This suggests the methyl-groups have
decreased the degree of conjugation between the BODIPY units across the PDI core.
One potential explanation is that the introduction of methyl-groups increases the steric
interactions thus restricting the rotation of the BODIPY's and forcing them to lie out of
plane with the PDI or phenyl linker. However, this is far more likely in the case of
methyl groups at the 1- and 7-positions rather than 3- and 5-positions as in this case.
The disruption of the communication is therefore more likely due to changes in the
redox potentials of the BODIPY moieties by addition of methyl-groups rather than

steric effects.

Due to the irreversibility of the oxidation, this process was not investigated any further.
However, this process is likely to be associated with the BODIPY as the addition of
alkyl-groups has been shown by Elmali and co-workers* to raise the HOMO level of
the BODIPY moving the oxidation into the solvent window of the DCM. In the case of

3.18, the effect is less pronounced, demonstrated by the more positive oxidation

105



Chapter 3- Perylene Diimide-BODIPY Dyads and Triads

potential vs. Elmali’s systems, as there are only two methyl-groups on the BODIPY
core in 3.18 rather than four for the previously reported system. The HOMO lying on

the BODIPY moiety is confirmed by DFT (see below).

20 45 40 05 00 05 10
Potential/\/ (vs.Fc'/Fc)

Figure 3.35. Cyclic voltammogram of 3.18 recorded in DCM containing [BusN][BF4] (0.4 M).

The cyclic voltammogram of 3.19 shows three one-electron reductions at -1.04, -1.23
and -1.43 V and an oxidation at 0.63 V (vs. Fc/Fc¢"), Figure 3.36. The first two
reductions are centred on the PDI core and the third on the BODIPY. The reduction at
-1.04 V remains unchanged vs. 3.8 but the other PDI reduction has moved by 0.05 V to
a more negative potential demonstrating that this reduction is affected by the redox state
of the BODIPY. The BODIPY reduction has moved 0.12 V to a more negative
potential, the exact same potential as the corresponding reduction of 3.19, again
demonstrating that changes to the PDI core (the meso-substituent) have little or no
effect on the BODIPY reductions. The addition of methyl-groups to the BODIPY has
moved the BODIPY reduction from between the two PDI reductions to a more negative

potential thus decreasing the overlap and enhancing the resolution of the processes. The
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oxidation comes at the same potential as the oxidation of 3.8 suggesting this process is

associated with the PDI core, confirmed by DFT (see below).

EO pA
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Potential/\VV (vs.Fc'/Fc)

Figure 3.36. Cyclic voltammogram of 3.19 recorded in DCM containing [BusN][BF4] (0.4 M).

Compound 1%t 2nd 3rd Ocxidation
Reduction Reduction Reduction

3.18 -0.97 -1.16 -1.43 -

3.19 -1.04 -1.23 -1.43 0.63

Table 3.4. Reduction potentials for 3.18 and 3.19. All potentials reported as Ei» (= (Ep* + Ep)/2) in V

vs. Fc*/Fc at 0.1 Vs scan rate and quoted to the nearest 0.01 V.

107



Chapter 3- Perylene Diimide-BODIPY Dyads and Triads

LUMO HOMO

Figure 3.37. MO isosurfaces calculated by DFT 3.18 (top) and 3.19 (bottom).

DFT was again used to calculate MO isosurfaces for 3.18 and 3.19 in order to identify
the locations of the HOMOs and LUMOSs and compare the energies of the LUMOs with
the potential of the first reductions, Figure 3.37. Similarly to the previous PDI-BODIPY
systems the LUMO was shown to lie on the PDI in both cases. The LUMO energy for
3.18 was calculated to be -3.51 eV and for 3.19 -3.31 eV reflecting the slightly less
negative reduction potential of 3.18. Once again, in the case of the di(BODIPY)-
substituted PDI the HOMO 1is centred on the BODIPY moiety whilst in the
mono(BODIPY)-substituted system the HOMO is on the PDI, confirming that the
irreversible oxidations observed are associated with the BODIPY for 3.18 and the PDI

core for 3.19.
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The nature of the redox processes of the methylBODIPY-PDIs was further probed by
in situ reduction followed by UV/vis spectroelectrochemistry in DCM with
[BusN][BFs4] as supporting electrolyte. From this point on, the results of the
spectroelectrochemistry following reduction are presented in one spectrum for each
molecule, showing reduced states of the systems, rather than displaying the
interconversion between individual processes. These results are summarised in Table

3.5.

Upon reduction of the first process on 3.18, the small peak corresponding to the PDI is
depleted accompanied by the formation of a band due to the first reduction on PDI at
744 nm, within 1 nm of the analogous process on 3.4, Figure 3.38. The hypsochromic
shift of the neutral PDI absorbance, upon methyl-functionalisation of the BODIPY, is
not replicated following reduction. Previously, when the first PDI reduction has been
performed the intensity of the BODIPY absorbance has also decreased and not been
regenerated upon reoxidation, however, in this case this does not happen. There is a
slight increase in the BODIPY absorbance, attributed to bands forming underneath it
associated with the PDI anion, and upon reoxidation (of only the anion) the original
intensity is re-established. This could suggest that the communication between the
BODIPY and the PDI are reduced following the introduction of methyl-groups. An
alternative explanation is that the PDI and BODIPY reductions of 3.4 were overlapping
causing the BODIPY to be reduced, and to decompose, at the same time as the PDI

reduction.
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Figure 3.38. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.18 at 243 K showing 3.18 (blue), 3.18° (red), 3.18% (green) and
3.18* (pink). ¢ = 1.17 x 10*mol'dm’cm.

Application of a potential sufficient to carry out the second reduction process results in
the removal of the first PDI reduced band and generation of a blue shifted band due to
the second reduction on the PDI core, with a maximum at 623 nm, again almost
identical to the corresponding process on 3.4. Separation of the second PDI and
BODIPY reduction of 3.4 was not possible due to the overlap of the processes.
Therefore, functionalisation with methyl-groups has allowed a more complete
spectroelectrochemical characterisation of the di(BODIPY)-substituted systems to be
undertaken. Contrasting to the first reduction, the BODIPY absorbance irreversibly
loses a small amount of intensity during this process suggesting the communication or

overlap is reinitiated upon second reduction.

Upon reduction of the final process, the BODIPY absorbance disappears accompanied
by the formation of the BODIPY radical peak at 558 nm to give the absorbance profile

of the fully reduced molecule. Reoxidation results in the same behaviour as seen with
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the previously described systems with the PDI absorbances being fully regenerated,
showing their electrochemical reversibility, whilst the BODIPY absorption is not fully

regenerated due to electrochemical decomposition.
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Figure 3.39. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.19 at 243 K showing 3.19 (blue), 3.19° (red), 3.19% (green) and
3.19% (pink). ¢ = 2.93 x 10 mol'dm’cm.

Reduction of the first two process in 3.19 results in the same behaviour observed
previously; loss of the neutral PDI band, formation and removal of a red shifted band
corresponding to the first reduction on the PDI then finally the formation of the second
reduced PDI absorbance, Figure 3.39. The position of the reduced PDI peaks are again
almost identical to the analogous peaks in following reduction of 3.8. Similarly to 3.18
the intensity of the BODIPY band slightly increases upon PDI reduction and the

original profile is reformed upon reoxidation of this process.

Reduction of the final process of 3.19 leads to the removal of the BODIPY absorbance
and formation of the red shifted, first reduced BODIPY peak. This confirms that
methyl-functionalisation of the BODIPY has moved the reduction process from
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between the two PDI reductions to a more negative potential. Upon reoxidation of all
three processes the PDI is shown to be fully reversible, however, the BODIPY moiety
is not. The oxidation of 3.19 was not investigated spectroelectrochemically as it was

not seen to be fully reversible by cyclic voltammetry.

Neutral Reduction

1st 2nd 3rd

318238  (10.7), | 239 (9.2), (238  (84), 238  (6.9),
283 (44),(335  (3.3),(338 (32),[284 (5.7),
336 (3.6), | 513 (15.2), 510 (14.3),523  (3.2),
384 (33),]744  (63),]583  (5.1), 558  (6.2),
513 (15.5), 830  (2.9) | 623  (63) | 625  (6.5)
561 (3.1)

319 (235 (7.7), | 238 (6.9), | 237  (6.0), | 286  (4.4),
285  (3.2), 1314  (24),|511  (7.6), 524 (1.9,
337 (2.0), 361  (1.7),]596  (49),]562  (4.2),
402 (1.7),]513 (9.0, 628  (5.8) | 629  (6.2)
514 (6.6),]765  (6.7),
605  (2.1) | 854 (2.1

Table 3.5. UV/vis spectroscopic data for 3.18 and 3.19 measured in DCM. All values Ama/nm (€

x10%/mol'dm*cm’").

3.2.2.3. Perylene Diimide-CatecholateBODIPY's

The BODIPY absorption in the UV/vis spectrum of 3.20 is observed at 509 nm, 4 nm
higher than 3.4 and 4 nm lower than 3.18. Whilst the catechol would be expected to be
electron donating (in comparison to fluorine), thus inducing a bathochromic shift, the
boron acts as a node (see DFT below) preventing this effect from occurring resulting in
a very small shift vs. 3.4. The PDI absorption was measured at 552 nm
hypsochromically shifted by 10 nm vs. 3.4. The di(t-butyl)catecholate is known to
possess an absorption at 285 nm.%% © However, this absorption has a relatively low
extinction coefficient (g ~ 5,000 mol'dm?*cm™) and cannot be resolved from the more

intense absorptions from the BODIPY and PDI chromophores in this system. Note the
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peak at 283 nm (g = 44,000 mol'dm?*cm™) is also observed in the PDI-BODIPYs
discussed above so cannot be assigned solely to the catecholate. When the emission
spectrum was collected for 3.20 no emission could be detected, under the experimental
conditions, following excitation at 509 nm and 552 nm. This lack of fluorescence has

been observed previously in catecholate-BODIPY species!™ ¢

and is likely due to a
reductive PET mechanism caused by electron transfer from the HOMO on the catechol

to the vacated HOMO on the excited PDI or BODIPY resulting in a charge separated

state thus preventing fluorescence.
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Figure 3.40. UV/vis absorption spectrum of 3.20 in DCM. ¢ = 5.37 x 10 mol"'dm*cm’".
In the UV/vis spectrum of 3.21, the BODIPY absorbance lies at 509 nm, identical to
the corresponding absorbance in 3.20. The PDI chromophore absorbs at 605 nm, the
same as 3.19. Once again, the catecholate absorbance cannot be distinguished from the

stronger PDI/BODIPY absorbance. Emission measurements again showed no

fluorescence, most likely due to quenching, following PET from the catecholate moiety.
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Figure 3.41. UV/vis absorption spectrum of 3.21 in DCM. ¢ = 1.13 x 10”3 mol''dm’cm".

The substitution of the fluorine atoms with catecholate was intended to produce a
system containing oxidation processes electronically separated from the rest of the
molecule. 3,5-Di(t-butyl) catechol was chosen rather than unsubstituted catechol as

previous work by Champness and co-workers has shown that the t-butyl groups help to

stabilise the oxidation making it electrochemically reversible.®?

Cyclic voltammetric studies on 3.20 show four one-electron reductions at -0.94, -1.12,
-1.20 and -1.26 V and a two-electron oxidation at 0.60 V (vs. Fc/Fc¢"), Figure 3.42 and
Table 3.6. All of these processes were shown to be reversible over a scan rate range
0.02 — 0.3 Vs''. The reduction processes have almost identical potentials to those
displayed by 3.4 showing that the addition of the catecholate has very little effect upon
these processes. This can be explained by the presence of a node at the boron atom as
shown by DFT (see below). The observation of four rather than three reduction
processes shows that the communication between the BODIPY moieties across the PDI

core has been preserved upon addition of catecholate. Addition of the catecholate has
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had the desired effect of introducing a reversible two-electron oxidation into the system,

separated by a node at the boron atom.

EO pA

. . . . .
-1.5 -1.0 -05 0.0 05 1.0
Potential/V (vs. Fc'/Fc)

Figure 3.42. Cyclic (black) and square wave (red) voltammograms of 3.20 recorded in DCM containing

[BusN][BF.] (0.4 M).

Cyclic voltammetry shows that 3.21 posses three reversible reductions (over a scan rate
range 0.02 — 0.3 Vs') at-1.03,-1.16 and -1.29 V and one irreversible oxidation at 0.61
V (vs. Fc/Fc"), Figure 3.43. All four of these processes are within 0.02 V of the
analogous 3.8 showing again that the addition of catecholate has very little effect on the
redox properties of the BODIPY and the PDI chromophores, due to the node at the
BODIPY boron (see DFT). The addition of the catecholate was intended to supply an
oxidation that could be investigated independently. However, it appears to overlap
exactly with the oxidation seen on 3.8. The irreversibility of this process is more likely

due to the instability of the oxidation on the PDI core rather than that of the catecholate

group.
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Figure 3.43. Cyclic voltammogram of 3.21 recorded in DCM containing [BusN][BF4] (0.4 M).

Compound Reduction Oxidation
lst 2nd 3rd 4th
3.20 -0.94 -1.12 -1.20 -1.26 0.60
3.21 -1.03 -1.16 -1.29 - 0.61

Table 3.6. Reduction potentials for 3.20 and 3.21. All potentials reported as Ei» (= (Ep* + Ep)/2) in V
vs. Fc'/Fc at 0.1 Vs™! scan rate and quoted to the nearest 0.01 V.

DFT calculated MO isosurfaces of 3.20 and 3.21 show the LUMOs lying on the PDI
part of the molecule, confirming the first reduction is centred on the PDI. In contrast to
the systems discussed previously in this Chapter, the HOMOs for both of these
molecules lie on the catecholate; the boron centre acts as a node isolating the HOMO
from the rest of the molecule. This confirms that PET quenching, resulting in a charge
separated state, is likely to be the cause of the lack of fluorescence in these systems.
The LUMO energies were calculated to be -3.64 and -3.37 eV for 3.20 and 3.21
respectively, matching with the ease of first reduction of 3.20 vs. 3.21. These values are
0.04 eV more negative than were calculated for 3.4 and 3.8 indicating very little change

in reduction potential, this observation matches the experimental results. The energy of
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the HOMOs of 3.20 and 3.21 were calculated to be -4.86 and -4.79 eV respectively, the
HOMOs being at a very similar energy is replicated in the oxidation potentials,
however, the overlap between the PDI and BODIPY oxidation in 3.21 makes accurately

measuring the catecholate oxidation potential difficult.

LUv.%/IO HOS’IO

Figure 3.44. MO isosurfaces calculated by DFT 3.20 (top) and 3.21 (bottom).

Spectroelectrochemical methods were used to probe the absorption behaviour of 3.20
and 3.21 upon reduction and, in the case of 3.20, upon oxidation, Table 3.7. As
decomposition of the BODIPY moiety on 3.20 was predicted, the oxidation of the
catecholate was the first process to be investigated. The absorption profile generated
upon oxidation is not significantly different than the neutral species with the only
changes being in the shape and intensity of the peaks between 300-450 nm with no new
defined peaks being formed, Figure 3.45. Whilst spectroelectrochemistry does not
reveal much about the absorption of the catecholate upon oxidation, it confirms that the

process is reversible as the neutral profile is fully regenerated upon reoxidation. The
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main absorption peaks corresponding to the BODIPY and PDI are unchanged indicating

the oxidation does lie on the catecholate.
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Figure 3.45. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.20 at 243 K showing the inter-conversion of 3.20 (blue) to 3.20°*

(orange). ¢ = 1.38 x 10*mol"'dm’cm’!. Arrows indicate the progress of the oxidation.

The node at the boron atom means that the behaviour of 3.20 upon reduction is almost
identical to that observed for 3.4, Figure 3.46. The first reduction is assigned to the PDI
and the reduction to the tetraanion, necessitated by the overlap of the processes, results
in the formation of absorbances corresponding to the reduced BODIPY and the second
reduction on the PDI. The peak absorbances corresponded well to those measured for
3.4. One of the aims of incorporating the catecholate onto the BODIPY was to attempt
to stabilise the BODIPY reduction.®> However, this has not been successful as upon
reoxidation the BODIPY absorption is not fully regenerated, although the decrease in
intensity is smaller than observed previously suggesting a slight stabilisation effect by

the catecholate.
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Figure 3.46. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 3.20 at 243 K showing 3.20 (blue), 3.20° (red) and 3.20* (yellow).

¢=1.38 x 10*mol'dm’cm.

The UV/vis spectra following reduction of 3.21 are also minimally affected by the
addition of catecholate (vs. 3.8), again the BODIPY reduction is seen to be sandwiched
between the first and second reduction on PDI with some overlap of the processes
resulting in a slight loss of intensity on the first reduced PDI peak during reduction of
the BODIPY, Figure 3.47. The catecholate again has a slight, but not complete,
stabilisation effect on the BODIPY reduction. The catecholate oxidation was not

investigated due to the instability of the underlying PDI oxidation.
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Figure 3.47. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using

spectroelectrochemical methods for 3.21 at 243 K showing 3.21 (blue), 3.21° (red), 3.20% (green) and
3.20* (pink). ¢ = 3.92 x 10* mol'dm’cm™'.

Neutral Reduction Oxidation
1st 2nd 3rd 4th
3.20 | 283 (4.1), | 236 (7.9), - - 286 (5.3), | 283 (4.1),
347 (3.0), | 362 (2.5), 483 (2.0), | 396 (3.3),
392 (2.8), | 507 (7.8), 512 (2.5), | 513 (9.5),
509 (9.2), | 746 (4.9), 546 (4.0), | 562 (2.6)
552 (2.6) | 828 (2.2) 623 (5.5)

3.21 | 285 (2.4), [ 236 (4.9),]392 (9.9), | 284 (3.2), - -
336 (1.4), | 314 (1.6),| 505 (1.3), 512 (1.2),
403 (1.3), | 507 (3.0), | 542 (1.2), | 547 (2.1),
509 (3.2), | 766 (3.8), | 628 (1.4), | 628 (4.2)
605 (1.4) | 857 (1.2) | 744 (2.2)

Table 3.7. UV/vis spectroscopic data for 3.20 and 3.21 measured at 243 K in DCM from

spectroelectrochemistry. All values Amax/nm (€ x10°/mol'dm3cm™).
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3.3. Conclusions

In total, seven PDI-BODIPY systems have been synthesised; dyads and triads bearing
BODIPY, methylBODIPY and catecholateBODIPY at the PDI bay-positions and a
pentad ortho-substituted PDI with four BODIPY units. The UV/vis spectra all revealed
the expected combinations of the constituent parts of the molecules with morpholine
substitution inducing a bathochromic shift onto the PDI, methyl-substituents pushing
the BODIPY absorption to a higher wavelength whereas catecholate substitution has

very little effect on the absorption profile.

Following excitation of the BODIPY moieties, emission spectra for 3.4, 3.8, 3.13 and
3.19 revealed a single fluorescence peak associated with the PDI moiety in all cases.
This indicates that, following excitation, FRET is occurring due to the spectral overlap
of the BODIPY emission and PDI absorption resulting in exclusive emission from the
PDI, as seen in Akkaya’s PDI-BODIPY systems.*!:*> The fluorescence quantum yield
of 3.8, 3.13 and 3.19 is significantly quenched suggesting that, following FRET, a PET
process results in the formation of a PDI"-BODIPY"" charge separated state preventing
fluorescence. This process has previously been reported in Elmali’s PDI-BODIPY
systems,*’ however, in Elmali’s case the photophysics are additionally complicated by
the presence of an iodine atom on the BODIPY resulting in competition between FRET
and ISC. The emission of 3.18 is completely quenched most likely due to highly
efficient PET following FRET however this cannot be confirmed by emission
measurements alone. The quantum yield of the emission of 3.4 is substantially higher
than that of 3.8, 3.13 and 3.19 indicating that it is not possible to form a charge separated
state due to a greater degree of conjugation between the BODIPY and PDI moieties, as

further indicated by the communication seen in the cyclic voltammetric measurements.
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3.20 and 3.21 were found to be non-emissive following excitation of the PDI or
BODIPY, this was assigned to PET from the catecholate to the excited BODIPY or PDI
resulting in a charge separated state preventing fluorescence from occurring. Transient
absorption measurements are currently underway in order to fully elucidate the

behaviour of these compounds following excitation.

X-ray crystallography was used to determine the single crystal structures of 3.4, 3.8 and
3.19. All three were found to pack into pairs of molecules though the arrangement of
the molecules within these pairs was found to differ considerably. In 3.4 the PDI cores
are orientated in the same direction with the BODIPY moieties on top of one another
but pushed apart by the twist in the perylene core, 3.8 shows the BODIPY moieties on
opposite sides of the pair, reducing steric interaction, whilst in 3.19 the pair of
molecules are arranged with the BODIPY's on the same side stabilised by a m-interaction

with an adjacent pair of molecules.

Cyclic voltammetric investigations on 3.8 and 3.13 displayed the expected three
individual reduction processes, with the BODIPY reduction being sandwiched between
the two PDI reductions, whilst 3.4 possessed an additional reduction process assigned
to communication across the PDI core. The addition of methyl-groups had the desired
effect of pushing the BODIPY reduction of 3.18 to a more negative potential, thus
resolving it from those of the PDI, allowing full spectroelectrochemical characterisation
of each process. However, at the same time this disrupted the communication. No
oxidation processes were observed for 3.4 however an irreversible process is present in
3.18, this process is likely associated with the BODIPY moiety by comparison to other
PDI-BODIPY systems** and confirmed by DFT. In the case of 3.19, the methyl-groups

pushed the reduction from between the first and second PDI reductions to a more
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negative potential than both. The addition of di(t-butyl)catecholate did not affect the
potentials of the PDI and BODIPY reductions. In the case of 3.20 the communication
seen in 3.4 was maintained and a new two-electron reversible oxidation was introduced.
An analogous oxidation was likely introduced into 3.21, however, this process
overlapped with an irreversible process on the PDI core so reversibility could not be
confirmed. These oxidations are electronically isolated from the BODIPY and the PDI
core by a node at the boron atom. DFT was used to calculate the molecular orbitals in
order to confirm the position of the HOMOs and LUMOs and provide a comparison of
the LUMO energies to the first reduction potentials of the systems. The oxidation and

reduction potentials of all of the compounds reported in this chapter are presented in

Table 3.8.
Compound Reduction Oxidation
1t nd 3rd 4th
34 -0.94 -1.12 -1.19 -1.26 -
3.8 -1.04 -1.18 -1.31 - 0.63
3.13 -0.93 -1.22 - - -
3.18 -0.97 -1.16 -1.43 - -
3.19 -1.04 -1.23 -1.43 - 0.63
3.20 -0.94 -1.12 -1.20 -1.26 0.60
3.21 -1.03 -1.16 -1.29 - 0.61

Table 3.8. Summary of the oxidation and reduction potentials of the PDI-BODIPY systems reported in
this chapter. All potentials reported as Ei (= (E,* + E,°)/2) in V vs. F¢/Fc at 0.1 Vs™! scan rate and
quoted to the nearest 0.01 V.

Spectroelectrochemistry confirmed the assignments of the redox processes found in
cyclic voltammetry to the individual parts of the molecule (PDI or BODIPY) and
demonstrates the changes in the absorption properties of the systems upon oxidation

and reduction. Formation of the PDI anion resulted in a red shift in the main PDI

123



Chapter 3- Perylene Diimide-BODIPY Dyads and Triads

absorption accompanied by an increase in intensity, formation of the dianion was
accompanied by a blue shift whilst the BODIPY anion induced a slight red shift and a
large decrease in intensity of the neutral BODIPY absorption. In all cases, the BODIPY
reduction was not found to be electrochemically stable and was not fully regenerated
upon reoxidation, however, the PDI absorption profiles were fully electrochemically
stable. The only oxidation investigated by spectroelectrochemical methods was the
oxidation of the catecholate on 3.20, whilst dramatic absorption profile changes were

not observed, the process was confirmed to be reversible.
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3.4. Experimental

For experimental details relating to electrochemical and optical investigations (except

emission, see below) and DFT see Chapter 2.
General Experimental Methods

All starting materials were purchased from Sigma Aldrich or Fisher Scientific and were
used without further purification unless otherwise stated. Column chromatography was
performed on silica gel (Merck silica gel 60, 0.2—0.5 mm, 50-130 mesh). Reactions
using dry solvents (Sigma Aldrich) were carried out utilising standard Schlenk
techniques. The 'H, '3C and "B NMR spectra were obtained on a Bruker 400 MHz
spectrometer. MS spectra were determined on a VoyagerDE-STR spectrometer
(MALDI-TOF) with DCTB as the matrix, a Bruker microTOF II spectrometer (ESI) or

a JEOL GCv4G spectrometer (FI).
Emission Measurements

Emission measurements were carried out under ambient conditions on a Horiba
FluoroMax-3 spectrometer with a xenon arc lamp as the excitation source. Quantum
yields were calculated by plotting the integrated fluorescence intensity vs. absorbance
of five optically dilute solutions (¢ < 0.1 mol'dm?*cm™ at Amax) of the sample and

comparing the gradient to that of a known standard (Fluorescein) using the equation:

Grad 2 .
bx = ¢st( = x)(nL) where the subscripts st and x denote standard and test
Gradgt/ \nst2

respectively, ¢ is the fluorescence quantum yield, Grad the gradient from the plot of
integrated fluorescence intensity vs. absorbance and 7 the refractive index of the

solvent.
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3.4.1. Perylene Diimide-BODIPY's

Synthesis of N,N’-di(cycloxehyl)-1,7-dibromo-3,4:9,10-perylenetetracarboxylic

diimide (3.1)

Synthesis adapted from a literature procedure.** A mixture of 2.1 (7.17 g, 13.0 mmol,
crude), cyclohexylamine (3.8 mL, 33.2 mmol), acetic acid (3.8 mL) and N-methyl
pyrrolidone (150 mL) was degassed with N> for 10 mins then heated to 85 °C, under an
inert atmosphere, for 5 h. The reaction mixture was cooled to room temperature and
poured into methanol, the resulting precipitate was filtered and washed with methanol.
The crude product was adsorbed onto silica and purified by column chromatography
(S1032, chloroform) to give 3.1, in a mixture of 1,6-/1,7- isomers (~1:4 molar ratio), as
a red powder (3.67 g, 5.15 mmol, 40 %). This mixture of isomers was then further
purified by repeated layered recrystallisations (chloroform/methanol) to give 3.1 as the
pure 1,7- isomer as red crystals (3.11 g, 4.36 mmol, 33 %). '"H NMR (C¢Ds, 400 MHz):
6=28.97(d, /=8.2 Hz, 2 H), 8.83 (s, 2 H), 8.46 (d, J/=8.3 Hz, 2 H), 5.35 (tt, J/=12.2, 3.8
Hz, 2 H), 2.84 - 2.96 (m, J=12.1, 12.1, 12.1, 3.1 Hz, 4 H), 1.78 - 1.93 (m, 8 H), 1.27 -
1.44 ppm (m, 8 H). 3C NMR (C¢Ds, 101 MHz): § = 163.3, 162.8, 137.9, 132.8, 132.6,
130.0, 129.2, 128.4, 127.0, 123.7, 123.3, 120.7, 54.2, 29.1, 26.5, 25.4 ppm.

MS(MALDI-TOF) [M]: caled for C36H23BraN2>O4 710.0, found 710.1.

Synthesis of N,N’-di-(cyclohexyl)-1,7-di(4-benzaldehyde)-3,4:9,10-

perylenetetracarboxylic diimide (3.2)

3.1 (200 mg, 0.281 mmol), 4-formylphenyl boronic acid (140 mg, 0.933 mmol),
potassium carbonate (800 mg, 5.80 mmol), Pd(PPhs)4 (40 mg, 3.46x102 mmol) and

dioxane (50 mL) were degassed with N> for 20 min before heating at 80 °C, under an
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inert atmosphere, for 17 hours. The solution was cooled to room temperature before the
solvent was removed under reduced pressure. The crude product was the purified by
column chromatography (SiO, chloroform:EtOAc 98:2) to give 3.2 as a pink powder
(164 mg, 0.215 mmol, 77 %). "H NMR (CDCl3, 400 MHz) &: 10.17 (s, 2 H), 8.60 (s, 2
H), 8.16 (d, J=8.0 Hz, 2 H), 8.06 (d, /=8.2 Hz, 4 H), 7.70 - 7.80 (m, 6 H), 5.03 (tt,
J=12.1,3.4 Hz, 2 H), 2.55 (qd, J=12.3, 2.9 Hz, 4 H), 1.93 (d, J/=12.9 Hz, 4 H), 1.76 (d,
J=11.7 Hz, 6 H), 1.31 - 1.57 (m, 6 H) ppm. 3*C NMR (CDCl;, 101 MHz): § = 191.7,
163.8, 163.8, 148.4, 139.9, 136.4, 135.0, 134.3, 132.6, 131.7, 131.0, 130.2, 130.0,
129.3,128.2,123.5,123.2, 54.4,29.4, 26.8, 25.7 ppm. HRMS(FI-TOF) [M]": calcd for

CsoH3sN20¢ 762.2730, found 762.2709.

Synthesis of N,N’-di-(cyclohexyl)-1,7-di(5-(4-phenyl)dipyrromethane)-3,4:9,10-

perylenetetracarboxylic diimide (3.3)

3.2 (120 mg, 0.157 mmol) was dissolved in pyrrole (40 mL) and the solution degassed
with N> for 15 min. TFA (0.025 mL, 0.327 mmol) was added and the solution was
stirred for 5 min before being quenched with triethylamine (3 mL). The solvent was
removed under reduced pressure and the crude product was purified by column
chromatography (SiO, chloroform:EtOAc 94:6) to give 3.3 as purple solid (124 mg,
0.125 mmol, 79 %). '"H NMR (CDCls ,400 MHz): § = 8.60 (s, 2 H), 8.16 (d, J=8.0 Hz,
2 H), 8.10 (br. s., 4 H), 7.86 (d, /=8.2 Hz, 2 H), 7.52 (d, /=8.2 Hz, 4 H), 7.37 (d, J=8.2
Hz, 5 H), 6.81 - 6.87 (m, 4 H), 6.28 (q, /=2.8 Hz, 4 H), 5.97 - 6.05 (m, 4 H), 5.64 (s, 2
H), 5.05 (tt, J=12.2,3.7 Hz,2 H), 2.51 - 2.63 (m, 5 H), 1.89 - 1.97 (m, 4 H), 1.73 - 1.81
(m, 6 H), 1.42 - 1.55 ppm (m, 6 H). The sample was not sufficiently stable to acquire a

13C NMR. HRMS(FI-TOF) [M]": calcd for CesHs4NsO4 994.4207, found 994.4193.
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Synthesis of  N,N’-di-(cyclohexyl)-1,7-di(8-(4-phenyl) BODIPY)-3,4:9,10-

perylenetetracarboxylic diimide (3.4)

3.3 (120 mg, 0.110 mmol) was dissolved in DCM (25 mL) and the solution was
degassed with N> for 15 min before p-chloranil (87 mg, 0.350 mmol) was added and
the solution stirred at room temperature, under an inert atmosphere, for 18 hours. The
solvent was removed under reduced pressure and the dipyrrin was purified by column
chromatography (Si0O,, chloroform:EtOAc 88:12) to remove any unreacted starting
material and p-chloranil. The dipyrrin was redissolved in DCM (10 mL) and the
solution was degassed with N> for 10 min, BF3.0Et; (0.25 mL) and triethylamine (0.25
mL) were added and the solution was stirred, under an inert atmosphere, for a further 3
hours. HCI (2 M) was added and the solution was washed twice with HCI, once with
water then dried with MgSO4 and the solvent removed under reduced pressure. The
crude product was purified by column chromatography (SiO-, chloroform:EtOAc 97:3)
to give 3.4 as a red powder (64 mg, 0.0589 mmol, 49 %). '"H NMR (CDCls, 400 MHz):
d=28.68 (s, 2 H), 8.23 (d, J/=8.2 Hz, 2 H), 8.03 (s, 4 H), 7.92 (d, J/=8.0 Hz, 2 H), 7.70 -
7.81 (m, 8 H), 7.04 (d, J=3.9 Hz, 4 H), 6.62 - 6.72 (m, 4 H), 5.04 (tt, J=12.1, 3.5 Hz, 2
H), 2.56 (qd, J=1.0 Hz, 4 H), 1.92 (d, J=12.7 Hz, 4 H), 1.77 (d, J=8.5 Hz, 6 H), 1.37 -
1.55 ppm (m, 6 H). *C NMR (CDCls, 126 MHz): § = 163.6, 163.6, 145.9, 144.7, 144.7,
139.7, 135.1, 134.8, 134.3, 134.2, 132.4, 132.2, 131.3, 130.4, 129.4, 129.3, 129.2,
128.1, 123.2, 123.0, 119.0, 54.1, 29.1, 26.5, 25.4 ppm. ''B NMR (CDCls, 128 MHz) §
= 0.32 ppm (t, J=28.37 Hz). HRMS(FI-TOF) [M]": calcd for CecHasB2F4NcOs4

1086.3859, found 1086.38538.
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Synthesis of N,N’-di-(cyclohexyl)-1-bromo-7-morpholino-3,4:9,10-

perylenetetracarboxylic diimide (3.5)

3.1 (600 mg, 0.845 mmol) was dissolved in morpholine and the reaction mixture was
heated to 60 °C for 4 days. The solution was cooled to room temperature and poured
into HCI1 (2 M), chloroform was added and the organic extract was washed with HCI
and water twice before drying over MgSO4 and removal of the solvent under reduced
pressure. The crude product was purified by column chromatography (SiO»,
chloroform:EtOAc 95:5) to give 3.5 as blue crystals (364 mg, 0.506 mmol, 60 %). 'H
NMR (CDCls, 400 MHz): 6 =9.69 (d, J/=8.3 Hz, 1 H), 9.36 (d, /=8.2 Hz, 1 H), 8.80 (s,
1 H), 8.55 (d, J/=8.3 Hz, 1 H), 8.49 (d, J/=8.2 Hz, 1 H), 8.46 (s, 1 H), 4.97 - 5.10 (m,
J=12.1,12.1, 2.5 Hz, 2 H), 3.83 - 4.02 (m, 4 H), 3.38 (d, J/=12.2 Hz, 2 H), 3.07 - 3.19
(m, 2 H), 2.49 - 2.64 (m, 4 H), 1.87 - 1.99 (m, J=11.8 Hz, 4 H), 1.70 - 1.83 (m, 6 H),
1.31 - 1.55 ppm (m, 6 H). 3C NMR (CDCl3, 101 MHz): § =163.8, 163.7, 163.3, 162.8,
151.0, 137.9, 134.5, 133.8, 132.7, 130.6, 129.7, 129.5, 128.4, 127.8, 127.3, 124.4,
124.4,123.8,123.6,123.1,122.4,122.0, 121.8, 119.0, 66.4, 54.1, 54.1, 51.6, 29.1, 29.1,
26.5, 26.5, 25.4, 25.4 ppm. HRMS(MALDI-TOF) [M]": calcd for CsoHzsBrN3Os

717.1838, found 717.1846.

Synthesis of N,N’-di-(cyclohexyl)-1-(4-benzaldehyde)-7-morpholino-3,4:9,10-

perylenetetracarboxylic diimide (3.6)

A mixture of 3.5 (300 mg, 0.417 mmol), 4-formylphenyl boronic acid (104 mg, 0.693
mmol), potassium carbonate (620 mg, 4.49 mmol), Pd(PPhs)4 (30 mg, 0.0260 mmol),
water (5 mL) and dioxane (90 mL) were degassed for 15 mins then heated to 80 °C,
under an inert atmosphere, for 19 h. The solution was cooled to room temperature and

poured into water. The product was extracted into chloroform and washed with water
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three times before drying over MgSO4 and removal of the solvent under reduced
pressure. The crude product was purified by column chromatography (SiO»,
chloroform:EtOAc 93:7) to give 3.6 as a blue powder (277 mg, 0.372 mmol, 89 %). 'H
NMR (CDCl3, 400 MHz): 6 = 10.11 (s, 1 H), 9.72 (d, J/=8.2 Hz, 1 H), 8.59 (d, J=8.3
Hz, 1 H), 8.52 (s, 1 H), 8.43 (s, 1 H), 7.96 (d, J/=8.2 Hz, 1 H), 7.98 (d, J/=8.3 Hz, 2 H),
7.68 (d, /=8.2 Hz, 2 H), 7.59 (d, J/=8.2 Hz, 1 H), 4.93 - 5.13 (m, 2 H), 3.87 - 4.05 (m, 4
H), 3.38 - 3.51 (m, J=12.1 Hz, 2 H), 3.11 - 3.25 (m, 2 H), 2.46 - 2.67 (m, 4 H), 1.86 -
1.99 (m, 4 H), 1.69 - 1.86 (m, 6 H), 1.29 - 1.57 ppm (m, 6 H). 3C NMR (CDCl3, 101
MHz): 6 =191.4, 163.7, 163.7, 163.6, 151.0, 148.4, 138.1, 135.8, 135.3, 134.5, 133.1,
132.9, 131.3, 130.9, 130.8, 129.9, 129.9, 129.0, 128.0, 127.3, 124.7, 124.4, 123.9,
123.2, 122.7, 122.4, 122.3, 121.9, 66.4, 54.0, 54.0, 51.6, 29.1, 26.5, 26.5, 25.4, 25.4

ppm. HRMS(FI-TOF) [M]": calcd for C47H41N30¢ 743.2995, found 743.2990.

Synthesis of N,N’-di-(cyclohexyl)-1-(5-(4-phenyl)-dipyrromethane)-7-

morpholino-3,4:9,10-perylenetetracarboxylic diimide (3.7)

3.6 (298 mg, 0.401 mmol) was dissolved in pyrrole (100 mL) and the solution was
degassed with N> for 15 min. TFA (32 pL, 0.418 mmol) was added and the solution
was stirred for 5 mins, the solution was quenched by the addition of triethylamine (5
mL) followed by stirring for a further 10 mins. The solvent was removed under reduced
pressure and the residue was purified by column chromatography (SiO2,
chloroform:EtOAc 92:8) to give 3.7 a blue powder (355 mg, 0.390 mmol, 97 %). 'H
NMR (CDCls, 400 MHz): 6 =9.73 (d, J=8.3 Hz, 1 H), 8.55 (d, J/=8.3 Hz, 1 H), 8.52 (s,
1 H), 8.41 (s, 1 H), 8.07 (br. s., 2 H), 7.97 (d, J/=8.2 Hz, 1 H), 7.72 (d, J=8.2 Hz, 1 H),
7.42 (d, J=8.2 Hz, 2 H), 7.30 (d, J/=8.2 Hz, 2 H), 6.74 - 6.83 (m, 2 H), 6.23 (q, J/=2.8

Hz, 2 H), 5.96 (br. s., 2 H), 5.58 (s, 1 H), 4.94 - 5.13 (m, 2 H), 3.85 - 4.04 (m, 4 H),

130



Chapter 3- Perylene Diimide-BODIPY Dyads and Triads

3.36 - 3.50 (m, J=12.0 Hz, 2 H), 3.09 - 3.23 (m, J=9.7, 9.7 Hz, 2 H), 2.46 - 2.67 (m, 4
H), 1.85 - 1.99 (m, J=10.5 Hz, 4 H), 1.69 - 1.85 (m, 6 H), 1.33 - 1.55 ppm (m, 6 H).
Acquisition of a '*C NMR was not possible due to the instability of the product in

solution. HRMS(MALDI-TOF) [M]": calcd for CssH49N505 859.3734, found 859.3694.

Synthesis of N,N’-di-(cyclohexyl)-1-(8-(4-phenyl) BODIPY)-7-morpholino-

3,4:9,10-perylenetetracarboxylic diimide (3.8)

3.7 (50 mg, 0.0582 mmol) was dissolved in DCM (8 mL) and the solution was degassed
with N for 15 min. p-Chloranil (18 mg, 0.0732 mmol) dissolved in DCM (4 mL) was
added to the solution dropwise and the solution was stirred, under an inert atmosphere,
for 23 h. Triethylamine (0.05 mL) was added followed by BF3.OEt> (0.05 mL) and the
solution was stirred for a further 24 h. The reaction was quenched by the addition of
HCI (2 M) and the organic extracts were washed with HCI twice and water followed by
drying over MgSO4 and removal of the solvent under reduced pressure. The crude
product was purified by column chromatography (SiO2, chloroform:EtOAc 95:5) to
give 3.8 as a blue powder (34 mg, 0.0375 mmol, 64 %). '"H NMR (CDCls, 400 MHz):
5=9.78 (d, J/=8.3 Hz, 1 H), 8.56 - 8.67 (m, 2 H), 8.47 (s, 1 H), 8.05 (d, /=8.2 Hz, 1 H),
8.00 (s, 2 H), 7.79 (d, /=8.2 Hz, 1 H), 7.65 - 7.74 (m, 4 H), 7.00 (d, J=4.0 Hz, 2 H),
6.65 (d, /=3.3 Hz, 2 H), 4.92 - 5.17 (m, 2 H), 3.88 - 4.08 (m, 4 H), 3.42 - 3.54 (m,
J=12.0 Hz, 2 H), 3.14 - 3.27 (m, 2 H), 2.44 - 2.70 (m, 4 H), 1.86 - 2.01 (m, J=11.3 Hz,
4 H), 1.71 - 1.84 (m, 6 H), 1.38 - 1.57 ppm (m, 6 H). *C NMR (CDCl3, 101 MHz): § =
163.8, 163.7, 163.7, 163.7, 151.0, 146.0, 145.0, 144.6, 138.2, 135.5, 134.8, 133.8,
133.5, 132.9, 132.1, 131.3, 130.9, 130.6, 130.1, 129.2, 129.1, 128.1, 127.1, 124.8,

124.4, 123.9, 123.3, 122.8, 122.5, 122.4, 122.0, 119.0, 118.9, 66.4, 54.1, 54.0, 51.6,
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29.1,26.5,26.5,25.4,25.4 ppm. "B NMR (CDCls, 128 MHz): 5= 0.03 ppm (t, J=28.4).

HRMS(MALDI-TOF) [M]": calcd for CssHasBF2NsOs 905.3560, found 905.3527.
Synthesis of 4-bromophenyl dipyrromethane (3.9)

Synthesis adapted from a literature procedure.®* 4-Bromo benzaldehyde (3.00 g, 16.22
mmol) was dissolved in pyrrole (100 mL) and the solution was degassed with N> for 15
mins. TFA (0.12 mL, 1.57 mmol) was added and the solution was stirred at room
temperature, under an inert atmosphere, for 5 h. The reaction was quenched by the
addition of sodium hydroxide (2.5 g), the solution filtered and the solvent removed
under reduced pressure. The crude product was purified by column chromatography
(S102, chloroform:hexane 1:3) and washed with hexane to give 3.9 as a white powder
(3.38g, 11.2 mmol, 69 %). '"H NMR (CDCl3,400 MHz): 8 = 7.91 (br. s., 2 H), 7.41 -
7.50 (m, 2 H), 7.05 - 7.14 (m, 2 H), 6.72 (s, 2 H), 6.18 (q, J/=2.8 Hz, 2 H), 5.85 - 5.94
(m, 2 H), 5.44 ppm (s, 1 H). >°C NMR (CDCl3, 101 MHz): = 141.1, 131.8, 131.7,
130.1, 120.8, 117.5, 108.5, 107.4, 43.4 ppm. HRMS(ESI) [M+Na]": calcd for

CisHi3BrN2Na 323.0154, found 323.0151.
Synthesis of 4-bromophenyl BODIPY (3.10)

Synthesis adapted from a literature procedure.®* 3.9 (2.00 g, 6.64 mmol) was dissolved
in DCM (150 mL) and the solution was cooled to 0 °C and degassed with N> for 20 min.
DDQ (1.81 g, 7.97 mmol) dissolved in DCM (50 mL) was added to the solution
dropwise and the solution was stirred, under an inert atmosphere, for 1 h. Triethylamine
(6.5 mL) was added followed by BF3.0Et; (5.8 mL) and the solution warmed to room
temperature then stirred for a further 2 h. The reaction was quenched by the addition of
HCI (2 M) and the organic extracts were washed with HCI twice and water followed by

drying over MgSO4 and removal of the solvent under reduced pressure. The crude
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product was purified by column chromatography (SiO», chloroform:hexane 3:2) to give
3.10 as a red crystalline solid (475 mg, 1.28 mmol, 19 %). 'H NMR (CDCl3,400 MHz):
d=7.96 (s,2 H), 7.63 - 7.76 (m, 2 H), 7.38 - 7.54 (m, 2 H), 6.92 (d, J/=4.1 Hz, 2 H),
6.57 ppm (d, J=3.6 Hz, 2 H). 3C NMR (CDCl3, 101 MHz): & = 145.7, 144.5, 134.7,
132.6, 131.8, 131.3, 125.5, 118.8, 118.8 ppm. HRMS(ESI) [M+Na]": caled for

CisH10BBrF2N2Na 368.9981, found 368.9983.

Synthesis of N,N’-di(1-ethylpropyl)-3,4:9,10-perylenetetracarboxylic diimide

@3.11)

Synthesis adapted from a literature procedure.> PDA (1.00 g, 2.55 mmol), 3-
aminopentane (0.72 mL, 6.19 mmol) and imidazole were heated at 180 °C for 4 h. The
reaction mixture was cooled to room temperature, chloroform was added and the
organic layer was washed twice with HCI (2 M) and once with brine. The solution was
dried over MgSO4 and the solvent removed under reduced pressure. The crude product
was purified by column chromatography (SiO:, chloroform:methanol 1000:2) to give
3.11 as a red powder (1.183 g, 2.23 mmol, 87 %). 'H NMR (CDCls,400 MHz): § = 8.62
(d, J/=8.0 Hz, 4 H), 8.53 (d, J/=8.0 Hz, 4 H), 5.00 - 5.14 (m, J=9.5, 9.5, 5.9, 5.9 Hz, 2
H), 2.19 - 2.35 (m, 4 H), 1.89 - 2.04 (m, 4 H), 0.95 ppm (t, J/=7.5 Hz, 12 H). *C NMR
(CDCl3, 101 MHz): 6=164.2,134.3,131.3, 129.5, 126.3, 123.5, 122.9,57.7,25.0, 11.4

ppm. MS(MALDI-TOF) [M]: caled for C34H30N204 530.2, found 530.2.

Synthesis of  N,N’-Di(1-ethylpropyl)-2,5,8,11-tetra(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)perylene-3,4:9,10-tetracarboxylic diimide (3.12)

Synthesis adapted from a literature procedure.’’ 3.11 (2.00 g, 3.77 mmol),
[Ir(OMe)(cod)]2 (160 mg, 0.241 mmol), bis(pinacolato)diboron (7.1 g, 28.0 mmol) and

tris(pentafluorophenyl)phosphine (310 mg, 0.583 mmol) were dissolved in dry dioxane
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(100 mL) and heated at 115 °C, under an inert atmosphere, for 2 d. The solution was
cooled to room temperature and the solvent removed under reduced pressure before the
crude product was dry loaded onto silica and purified by column chromatography (Si10-,
chloroform:EtOAc 95:5) to give 3.12 as the major product, with a small amount of
lesser substituted products still present, as an orange powder (2.37 g, 2.29 mmol, 61 %
crude). '"H NMR (CDCls, 400 MHz): § = 8.53 (s, 4 H), 4.86 - 4.99 (m, 2 H), 2.13 - 2.24
(m, 4 H), 1.90 - 2.00 (m, 4 H), 0.93 ppm (t, J/=7.5 Hz, 12 H). MS(MALDI-TOF) [M]":

calcd for CssH74B4N20O12 1034.6, found 1034 .4.

Synthesis of N,N’-Di(1-ethylpropyl)-2,5,8,11-tetra(8-(4-phenyl)-

BODIPY)perylene-3,4:9,10-tetracarboxylic diimide (3.13)

3.12 (95 mg, 0.0918 mmol), 3.10 (175 mg, 0.504 mmol), Pd(PPh3)s (21 mg, 0.0182
mmol) and potassium carbonate (280 mg, 2.08 mmol) were dissolved in dioxane (20
mL) and the solution was degassed with N> for 20 mins before heating at 80 °C, under
an inert atmosphere, for 15 h. The solution was cooled to room temperature, filtered
and the solvent removed under reduced pressure. The crude product was dry loaded
onto silica and purification was attempted by column chromatography (SiOa,
chloroform:acetone 98:2) to give 3.13 as a slightly impure red powder (51 mg, 0.0320
mmol, 35 %). Other column conditions attempted included chloroform/methanol,
chloroform/acetone and hexane/ethyl acetate of varying ratios. Recrystallisations were
attempted from chloroform/hexane and chloroform/methanol. '"H NMR (CDCls, 400
MHz): 6 = 8.61 (s, 4 H), 8.00 - 8.03 (m, 8 H), 7.78 (d, J/=8.2 Hz, 8 H), 7.67 (d, J=8.3
Hz, 8 H), 7.13 (d, /=3.7 Hz, 8 H), 6.62 (dd, J=4.2, 1.8 Hz, 8 H), 4.81 - 4.91 (m, 2 H),

2.00-2.14 (m,4 H), 1.76 - 1.89 (m, 4 H), 0.93 ppm (t, J/=7.4 Hz, 12 H). The compound
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was not sufficiently soluble for the acquisition of a >*C NMR. MS(MALDI-TOF) [M]:

calcd for CosHgsB4FsN10O4 1594.5, found 1594.3.

3.4.2. Perylene Diimide-MethylBODIPYs

Synthesis of 1-methylpyrrole (3.14)

Synthesis adapted from a literature procedure.®® Pyrrole-2-carboxaldehyde (3.00 g, 53.7
mmol) was dissolved in dry THF (60 mL), the solution was cooled in an ice bath before
LiAlH4 (3.60 g, 94.7 mmol) was added slowly. The solution was then heated to 75 °C
and stirred, under an inert atmosphere, for 17 h. The reaction mixture was cooled to
room temperature and poured slowly into ice water. EtOAc was added and the organic
extract washed with water three times before drying over MgSO4 and removal of the
solvent under reduced pressure to give 3.14 as a light yellow oil (2.21 g, 27.2 mmol, 61
%). '"H NMR (CDCl;3,400 MHz): § = 7.92 (br. s., 1 H), 6.62 - 6.73 (m, 1 H), 6.16 (q,
J=2.8 Hz, 1 H), 5.94 (br. s., 1 H), 2.31 ppm (s, 3 H). *C NMR (CDCls, 101 MHz): § =

127.5,116.2, 108.4, 105.8, 12.9 ppm
Synthesis of 4-formylphenyl pinacol boronic ester (3.15)

Synthesis adapted from a literature procedure.®’ 4-Formylphenyl boronic acid (3.00 g,
20.0 mmol) was dissolved in diethyl ether (35 mL), pinacol (2.81 g, 23.8 mmol) was
added and the solution was stirred at room temperature for 18 h. The solution was
washed with water three times, dried over MgSQO4 and the solvent removed under
reduced pressure to give 3.15 as a white crystalline solid (4.223 g, 18.2 mmol, 91 %).
'H NMR (CDCls, 400 MHz): § = 10.05 (s, 1 H), 7.94 - 8.00 (m, J=8.0 Hz, 2 H), 7.83 -
7.91 (m, 2 H), 1.37 ppm (s, 12 H). 3C NMR (CDCl;, 101 MHz): § = 192.6, 138.1,

135.2, 128.7, 84.3, 24.9 ppm.
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Synthesis of 8-(4-pinacol boronic ester phenyl)-3,5-dimethyl BODIPY (3.17)

3.15 (2.43 g, 10.5 mmol) was dissolved in DCM (100 mL) and the solution was
degassed for 15 mins. TFA (0.15 mL, 1.96 mmol) was added and the solution was
stirred for 1.5 h under an inert atmosphere before the reaction was quenched by the
addition of triethylamine (0.5 mL) and the solvent removed under reduced pressure to
give 3.16. 3.16 was redissolved in DCM (200 mL) and the solution was cooled in an
ice bath and degassed with N> for 15 mins. DDQ (2 g, 8.81 mmol), dissolved in DCM
(75 mL), was added slowly to the reaction mixture before stirring at 0 °C for 1.5 h.
Triethylamine (7 mL) followed by BF3.OEt: (7 mL) were added and the mixture was
warmed to room temperature and stirred for a further 1.5 h. The reaction was quenched
by the addition of HCI (2 M) and the organic extract was washed with HCI (2 M) once
and water twice, dried over MgSO4 and the solvent removed under reduced pressure.
The crude product was purified by column chromatography (SiO2, chloroform),
followed by further washing with HC1 (2M) to remove triethylamine residues, to give
3.17 as ared powder (291 mg, 0.706 mmol, 7 %). "H NMR (CDCls, 400 MHz): & = 7.92
(d, J/=8.2 Hz, 2 H), 7.50 (d, J=7.9 Hz, 2 H), 6.70 (d, /=4.0 Hz, 2 H), 6.27 (d, J=4.1 Hz,
2 H), 2.66 (s, 6 H), 1.39 ppm (s, 12 H). 3C NMR (CDCls, 101 MHz): § = 157.6, 142.4,
136.7, 134.4, 130.3, 129.6, 119.4, 119.4, 84.1, 24.9, 14.9 ppm. HRMS(ESI) [M+Na]".

calcd for Ca3H26B2F2N2NaOs 445.2041, found 445.2040.

Synthesis of N,N’-dicycloxehyl-1,7-di(8-(4-phenyl)-3,5-dimethyl BODIPY)-

3,4:9,10-perylenetetracarboxylic diimide (3.18)

3.1 (100 mg, 0.140 mmol), 3.17 (124 mg, 0.291 mmol), potassium carbonate (180 mg,
1.30 mmol) and Pd(PPh3)s (25 mg, 0.0216) were dissolved in dioxane (25 mL) and

water (1 mL), the solution was degassed with N> then heated to 90 °C, under an inert
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atmosphere, for 17 h. The solution was cooled to room temperature, dried over MgSO4
and the solvent removed under reduced pressure. The crude product was purified by
column chromatography (SiO2, chloroform:acetone 99:1) to give 3.18 as a red powder
(91 mg, 0.0796 mmol, 57 %). "H NMR (CDCls,400 MHz): § = 8.66 (s, 2 H), 8.21 (d,
J=8.0 Hz, 2 H), 7.91 (d, J/=8.5 Hz, 2 H), 7.71 (d, J=8.3 Hz, 4 H), 7.66 (d, J=8.5 Hz, 4
H), 6.80 (d, J/=4.0 Hz, 4 H), 6.39 (d, J/=0.8 Hz, 4 H), 4.95 - 5.11 (m, 2 H), 2.71 (s, 12
H),2.48-2.63 (m,4 H), 1.92 (d, /=12.8 Hz, 4 H), 1.70 - 1.82 (m, J=9.0 Hz, 6 H), 1.33
- 1.52 ppm (m, 6 H). *C NMR (CDCl3, 101 MHz): & = 163.7, 163.6, 158.2, 143.9,
141.1, 139.9, 135.1, 134.5, 134.4, 134.4, 132.4, 132.1, 130.3, 130.1, 129.4, 129.2,
129.0, 128.0, 123.1, 122.9, 119.9, 54.1, 29.1, 26.5, 25.4, 15.0 ppm. "B NMR (CDClI;,
128 MHz): 8 = 0.98 ppm (t, J/=30.3). HRMS(FI-TOF) [M]": calcd for C70Hs6B2F4NsO4

1142.4485, found 1142.44798.

Synthesis of N,N’-dicycloxehyl-1-(8-(4-phenyl)-3,5-dimethyl BODIPY)-7-

morpholino-3,4:9,10-perylenetetracarboxylic diimide (3.19)

3.5 (50 mg, 0.0695 mmol), 3.17 (32 mg, 0.0758 mmol), potassium carbonate (50 mg,
0.362 mmol) and Pd(PPh3)4 (15 mg, 0.0130 mmol) were dissolved in dioxane (25 mL)
and water (1 mL), the solution was degassed with N> then heated to 90 °C, under an
inert atmosphere, for 18 h. The solution was cooled, dried over MgSO4 and the solvent
removed under reduced pressure. The crude product was purified by column
chromatography (SiO», chloroform:acetone 98:2) to give 3.19 as a blue/purple powder
(33 mg, 0.0353 mmol, 51 %). '"H NMR (CDCls, 400 MHz): 8 = 9.73 (d, /=8.2 Hz, 1
H), 8.56 - 8.64 (m, 2 H), 8.44 (s, 1 H), 8.02 (d, /=8.2 Hz, 1 H), 7.76 (d, J/=8.2 Hz, 1 H),
7.63 (d, J/=8.3 Hz, 2 H), 7.60 (d, J/=8.8 Hz, 2 H), 6.77 (d, J/=4.1 Hz, 2 H), 6.36 (d, J=2.6

Hz, 2 H), 4.93 - 5.17 (m, 2 H), 3.88 - 4.04 (m, 4 H), 3.45 (d, /=11.7 Hz, 2 H), 3.13 -
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3.25 (m, 2 H), 2.69 (s, 6 H), 2.46 - 2.62 (m, 4 H), 1.86 - 1.99 (m, 4 H), 1.73 - 1.84 (m,
6 H), 1.37 - 1.54 ppm (m, 6 H). 3C NMR (CDCl3, 101 MHz): § = 163.8, 163.7, 163.7,
163.7, 158.1, 150.9, 144.1, 141.2, 138.6, 135.4, 134.9, 134.3, 134.2, 133.5, 132.8,
132.0, 130.7, 130.6, 130.1, 130.0, 129.1, 128.9, 128.0, 127.1, 124.8, 124.3, 123.9,
123.2,122.7, 122.5, 122.3, 122.0, 119.8, 66.4, 54.1, 54.0, 51.6, 29.1, 26.5, 26.5, 25.4,
25.4,15.0 ppm. !'B NMR (CDCls, 128 MHz): & = 0.96 ppm (t, J=32.3). HRMS(FI-

TOF) [M]": calcd for Cs7HsoBF2NsOs 933.3873, found 933.3867.

3.4.3. Perylene Diimide-CatecholateBODIPY's

Synthesis of N,N’-di-(cyclohexyl)-1,7-di(8-(4-phenyl)-((3,5-di-tertbutyl-

catecholate)-BODIPY))-3,4:9,10-perylenetetracarboxylic diimide (3.20)

3.4 (50 mg, 0.0460 mmol) and aluminium chloride (36 mg, 0.270 mmol) were dissolved
in dry DCM (20 mL) and heated to reflux, under an inert atmosphere, for 30 min. The
reaction mixture was cooled and 3,5-di-tert-butylcatechol (22 mg, 0.0991 mmol) was
added and the reaction mixture was stirred for a further 1 h at room temperature. The
solvent was removed under reduced pressure and the crude product was purified by
column chromatography (SiO2, chloroform:EtOAc 98:2) to give 3.20 as a red powder
(36 mg, 0.0248 mmol, 54%). '"H NMR (CDCls, 400 MHz): & = 8.68 (s, 2 H), 8.25 (d,
J=8.3 Hz,2 H), 7.95 (d, /=8.2 Hz, 2 H), 7.74 - 7.84 (m, 12 H), 7.05 (d, J/=4.0 Hz, 4 H),
6.78 - 6.85 (m, 4 H), 6.59 (d, J/=2.6 Hz, 4 H), 4.99 - 5.11 (m, J=12.0, 12.0, 3.4, 3.4 Hz,
2 H), 2.47 - 2.65 (m, 4 H), 1.88 - 1.97 (m, 4 H), 1.71 - 1.83 (m, J/=9.8 Hz, 6 H), 1.38 -
1.52 (m, 24 H), 1.35 ppm (s, 18 H). 3C NMR (CDCls, 101 MHz): & = 163.6, 163.6,
150.2, 146.2, 145.7, 145.6, 144.7, 141.7, 139.7, 135.1, 134.8, 134.3, 134.3, 132.4,
132.2, 131.5, 131.5, 130.4, 129.4, 129.3, 129.2, 128.0, 123.2, 123.0, 119.1, 112.8,

105.7, 54.1, 34.6, 34.2, 31.9, 29.5, 29.1, 26.5, 25.4 ppm. ''B NMR (CDCls, 128 MHz):
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8 = 6.67 ppm (s). HRMS(FI-TOF) [M]": calcd for CosHgsBaNsOs 1450.6850, found

1450.6844.

Synthesis of N,N’-di-(cyclohexyl)-1-(8-(4-phenyl)-((3,5-di-tertbutyl-catecholate)-

BODIPY))-7-morpholino-3,4:9,10-perylenetetracarboxylic diimide (3.21)

3.8 (44 mg, 0.0486 mmol) and aluminium chloride (11 mg, 0.0827 mmol) were
dissolved in dry DCM (20 mL) and heated to reflux, under an inert atmosphere, for 15
min. The reaction mixture was cooled and 3,5-di-tert-butylcatechol (13 mg, 0.0586
mmol) was added and the reaction mixture was stirred for a further 30 min at room
temperature. The solvent was removed under reduced pressure and the crude product
was purified by column chromatography (SiOz, chloroform:EtOAc 93:7) to give 3.21
as a blue/black powder (29 mg, 0.0267 mmol, 55%). 'H NMR (CDCls, 400 MHz): § =
9.78 (d, J/=8.3 Hz, 1 H), 8.59 - 8.64 (m, 2 H), 8.48 (s, 1 H), 8.06 (d, /=8.2 Hz, 1 H),
7.82 (d, J/=8.2 Hz, 1 H), 7.79 (s, 2 H), 7.67 - 7.75 (m, 4 H), 7.02 (dd, J=4.2, 0.9 Hz, 2
H), 6.80 (dd, /=4.4, 2.0 Hz, 2 H), 6.57 (dd, J=4.1, 1.6 Hz, 2 H), 4.95 - 5.17 (m, 2 H),
3.91-4.06 (m, 4 H), 3.48 (d, J<11.9 Hz, 2 H), 3.21 (t, J=9.6 Hz, 2 H), 2.46 - 2.68 (m,
4 H), 1.90 - 1.99 (m, 4 H), 1.73 - 1.84 (m, 6 H), 1.38 - 1.57 (m, 14 H), 1.35 ppm (s, 9
H). 3C NMR (CDCls, 101 MHz): § = 163.8, 163.7, 163.7, 151.0, 150.2, 146.2, 145.8,
145.5, 144.9, 141.7, 138.3, 135.5, 134.9, 134.8, 134.0, 133.5, 132.9, 132.1, 131.6,
131.5, 130.8, 130.7, 130.1, 129.2, 129.2, 128.1, 127.2, 124.8, 124.4, 123.9, 123.3,
122.8,122.6,122.4,122.0, 119.1, 112.8, 105.7, 66.5, 54.1, 54.0, 51.7, 34.6, 34.2, 31.9,
29.5,29.1, 26.5, 26.5, 25.5, 25.4 ppm "B NMR (CDCl;3, 128 MHz): § = 6.65 ppm (s).

HRMS(FI-TOF) [M]": calcd for CeoHssBNsO7 1087.5055, found 1087.5049.
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3.44. X-Ray Crystallography

Single crystals of 3.1, 3.4, 3.8 and 3.19 were grown by layered diffusion between a
chloroform solution of the target compound and methanol. Structures were collected on
a Rigaku FR-E+ Very High Flux Diffractometer (100 K, MoKa radiation), a XtaLAB
Pro: Kappa single diffractometer (120 K, CuKa radiation) GV1000
TitanS2 diffractometer (120 K, CuKa radiation) or the DLS Beamline 119-1 3-circle
diffractometer (120 K, Synchrotron) respectively. All structures were solved using
Olex2,%® the structure was solved with the ShelXT® structure solution program using
Direct Methods and refined with the ShelXL’° refinement package using Least Squares

minimisation.

In 3.4 disordered solvent chloroform could not be reasonably modelled to give
convergence and the data was processed using SQUEEZE,’! which gave an estimate of
415 e- per cell corresponding to approximately six chloroform molecules. These

molecules were then added to the sum formula.

In 3.8 disordered solvent chloroform and methanol could not be reasonably modelled
to give convergence and the data was processed using SQUEEZE,”! which gave an
estimate of 387 e- per cell, corresponding to about half a chloroform molecule and one
methanol molecule per asymmetric unit. These molecules were then added to the sum

formula.

In 3.18 chloroform molecules D and E and the cyclohexyl-group containing atoms 61B-
66B are disordered over two positions and their occupancy was refined competitively
converging to ratios of 68:32, 64:36 and 76:24 respectively. Chloroform C was only

partially occupied and its occupancy was refined to 64%. Chloroform C was disordered
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over two positions and its occupancy was refined competitively to a ratio of 18:46
totalling 64. Enhanced rigid bond and similarity restraints were applied to the thermal

parameters of the disordered atoms.

Crystal data for 3.1: C36H28BraN2O4, M = 712.42, monoclinic, P21/c,a=15.2582(4), b
=11.8210(3), c = 16.0098(11) A, B =103.389(7)°, U =2809.2(2) A3, Z=4, T=100(2)
K, Deale = 1.684 g cm >, n =2.933 mm™!, F(000) = 1440. A total of 33301 reflections
were collected, of which 6431 were unique, with Riy = 0.031. Final Ry (wR2) = 0.0223

(0.0555) with GOF = 1.05.

Crystal data for 3.4: C73Hs5B2Cl21F4aNgO4 (M =1922.30 g/mol): monoclinic, space
group P2i/n (no. 14),a= 18.6518(3) A,b= 17.4901(3) A,c= 20.9784(4) A, =
106.746(2)°, V= 6553.42) A%, Z= 4,T= 120.00(10)K, p(CuKo)= 8.665
mm™!, Dcalc = 1.948 g/cm?, 96646 reflections measured with 13697 found to be unique
(Rint= 0.0582, Rsigma = 0.0353) which were used in all calculations. The final R was

0.0570 (I > 20(I)) and wR» was 0.1693 with GOF= 1.064.

Crystal Data for 3.8: Cs7.5H4s5BClasF2NsOs (M =1097.85 g/mol): monoclinic, space
group C2/c (no. 15),a= 15.3918(3) A, b= 19.8983(4) A,c= 33.5723(8)A,p=
92.671(2)°, V= 10271.04) A%, Z= 8,T= 120.04(11)K, p(CuKo)= 2.859
mm!, Dcale = 1.420 g/cm?, 47196 reflections measured with 10193 found to be unique
(Rint = 0.0403, Rsigma = 0.0231) which were used in all calculations. The final Ry was

0.0984 (I > 26(I)) and wR> was 0.3022 with GOF=1.056.

Crystal Data for 3.19: CsggHs18BCls4F2NsOs (M =1151.23 g/mol): monoclinic, space
group P2;/c (no. 14),a= 16.8997(13) A, b= 16.6487(10) A, c= 39.648(3) A, B =
94.211(7)°, V= 11125.0(14) A3,Z= 8,T= 1202) K, w(?)= 0.318 mm™, Dcalc =
1.375 g/em?, 137855 reflections measured (2.964° < 20 < 48.416°), 19640 unique
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(Rint = 0.1958, Rsigma= 0.1231) which were used in all calculations. The final Ry was

0.1220 (I > 26(I)) and wR, was 0.4086 with GOF 1.155.
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4.1. Introduction

4.1.1. The Triplet Excited State

So

Figure 4.1. Simplified Jablonski Diagram showing possible electronic transitions displaying excitation
(red), internal conversion (green), fluorescence (light blue), intersystem crossing (dark blue), non-

radiative decay (orange) and phosphorescence (pink). Dashed arrows are non-radiative processes.

The phenomenon of phosphorescence was first correctly interpreted by Terenin in
1943.! Since this time, phosphorescence has been exploited in many varied applications
and the synthesis of new phosphorescent materials has become a major field of
research.? Upon absorbance of light, electrons in an organic molecule are excited to a
higher energy level in an So-S1 or So-S2 transition. The most common relaxation route
is then to decay back to the So ground state (following internal conversion to S; in the

case of the So-S> transition) emitting a photon thus exhibiting fluorescence. In some

The work described in this chapter was initiated during a Masters project at the University of
Nottingham within the Champness group and was significantly expanded and completed during this

PhD.
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cases, however, the electron can undergo a spin-forbidden transition from S; to the T;
triplet excited state via intersystem crossing (ISC). The decay processes back to the So
ground state can then exist as phosphorescence, where a photon is emitted, or as a non-
radiative decay process, Figure 4.1. Due to the spin forbidden nature of the Ti-So
transition, the lifetimes of phosphorescence are longer than that of standard

fluorescence.

The spin forbidden S;-T; transition is often caused by the ‘heavy-atom’ effect. This
effect induces spin-orbit coupling; where the spin magnetic moment of an electron
interacts with the magnetic field causing a quantum mechanical mixing of states with
different multiplicity and allows the transition to take place.> This coupling is
proportional to the atomic number of the atoms in the molecule. Therefore, it is more

prevalent in the presence of large atoms and is hence known as the ‘heavy atom’ effect.

Interest in materials with access to the triplet excited state has intensified in recent years
due to the possibility of application in several areas. One of the main factors affecting
the efficiency of organic photovoltaics (OPVs) is the exciton diffusion length which, in
turn, is dependent on exciton mobility and lifetime. Triplet materials, therefore, suggest
excellent potential for use in such devices as the spin-forbidden relaxation extends the
excitation lifetime. This method has been employed in various OPVs with Pt-porphyrin
and Pt-acetylide polymers acting as the triplet donor leading to improvements in

efficiency of the devices.* >

Organic light emitting diodes (OLEDs), first fabricated in 1987, consist of two layers
of organic material, one capable of hole transport and the other electron transport.’
Upon injection of holes and electrons, the charge carriers migrate through the material.

When a hole and electron meet, they combine by the electron relaxing back to its ground
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state, emitting a photon. In most cases, the electrodes are not capable of spin
polarisation of the inserted electrons, resulting in a ratio of 3:1 triplet to singlet excitons.
In order to fabricate OLED devices with the potential for up to 100 % internal quantum
efficiency, phosphorescent materials, which will allow the triplet to singlet relaxation,
are therefore essential.® The first example of a phosphorescent OLED contained a
porphyrin-platinum dopant allowing 90 % energy transfer resulting in 23 % internal
quantum efficiency.’ Since this point, iridium complexes have become the most studied
material for phosphorescent OLEDs as they permit excellent conversion of electrical
energy to light'” and allow the wavelength to be tuned across the entire visible spectrum

by modification to the ligands, Figure 4.2.!!

a b.
AN
/ }N
C/,,, \\C N \
N ) :
F F

Figure 4.2. Example of two Ir complexes used in phosphorescent OLEDs. A change in ligand from a. to

b. results in a 60 nm difference in wavelength of emission.

4.1.2. The Triplet Excited State in Perylene Diimides

The useful properties of molecules that can access the triplet excited state has led to
attempts to synthesise perylene diimides (PDIs) that are phosphorescent. This was first
achieved in the 1980s by the excitation of a PDI in the presence of an anthracene triplet
sensitiser'? or using methyl iodide as a solvent to induce an ‘external heavy atom’

effect.!3
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" *PBI(S:)-Ru(So) PBI(Sg)-*Ru(S1)
A o A
2 T<1ps
t=56ps v
9 PBI(Sp)-"Ru(Ty)
%  T=720ps
5 PBI-Ru*
PBITRU(S)
£
1=270ps
1=9.8 us é
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Y Y
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Figure 4.3. Structure of PDI-(Ru-TPP) capable of intramolecular triplet sensitisation, R = 4-t-
butylphenoxybenzene, (left) and Jablonski diagram showing the electronic transitions upon excitation of

the PDI (blue arrows) and the Ru-TPP (red arrows), (right).!*

Intramolecular triplet sensitisation has been achieved by Wiirthner and co-workers by
coordinating a PDI, substituted at the imide position with pyridine, to a ruthenium
porphyrin (Ru-TPP), capable of accessing the triplet excited state itself, Figure 4.3.'4
Upon excitation of the PDI unit, Si-Sp fluorescence is not observed. This was probed
by ultrafast time-resolved spectroscopy revealing the presence of absorption bands
corresponding to the PDI radical anion and the Ru-TPP radical cation on a sub 50 ps
timescale. This suggests charge separation has taken place, due to a reductive
photoinduced electron transfer (PET) process, which recombines to the ground state on
a 1 ns timescale. Alternatively, upon excitation of the Ru-TPP moiety there is no
observable phosphorescence, as seen with a Ru model compound, this was also probed
by ultrafast time-resolved spectroscopy. 1 ps after excitation, the Ru-TPP 'T absorbance
is observed. 860 ps later the Ru-TPP 'T absorbance disappears, accompanied by a
bleaching of the PDI Sy ground state and formation of a new band at 500 nm. These

spectral changes are indicative of triplet-triplet energy transfer from the Ru complex to
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form the PDI triplet excited state, with a lifetime measured at 9.8 ps. In this system, a
small change in the wavelength of excitation results in a switch from electron to energy
transfer leading to a dramatic change in the photophysics. Similar behaviour is observed
in a PDI functionalised with an iridium complex at the imide position with triplet-triplet
transfer from the complex to the PDL ' whilst a PDI functionalised at the imide position
with ferrocene accesses the triplet excited state via charge recombination following the

formation of a charge separated state. !

1Ru*-PDI
c8Hl7
(o) N
3Ru*-PDI
9¢
"1
OO Ru-3PDI*
T
CgHyy Ru-PDI

Figure 4.4. Structure of PDIs bay substituted with a Ru complex capable of accessing the triplet excited
state (left) and energy level diagram for the pyrrolidinyl-substituted PDI showing behaviour upon
excitation of the Ru complex (right). Red arrow- excitation to Ru singlet state, blue arrow- intersystem
crossing to Ru triplet state, green arrow- charge separation, orange arrow- charge recombination to PDI

triplet state, pink arrow- relaxation to ground state.

Another PDI bearing a Ru complex was synthesised by Lemmetyinen and co-workers.
However, in this case the complex was attached to the bay-area of the PDI rather than
imide-position.!” Two different asymmetrically substituted PDIs were synthesised;
both with a polypyridyl Ru complex at the 1- position and either a pyrrolidinyl- or
phenoxy-substituent at the 7- position, Figure 4.4. In both cases, excitation of the Ru
complex resulted in the formation of a charge separated state. However, the electron
poor phenoxy-PDI acts as an electron accepter, leading to a PDI*-Ru*" charge separated

state, and the electron rich pyrollidinyl-PDI acts an electron donor resulting in a PDI*"-
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Ru* charge separated state. Both of these charge separated states then decay to a *PDI"-
Ru triplet state through charge recombination followed by relaxation to the ground

state.

Rybtchinski and co-workers were the first to attempt to synthesise a PDI with access to
the triplet excited state via covalent attachment of a metal to the perylene core. They
synthesised a PDI with a palladium complex directly sigma bonded to the bay region
of the PDI with the intention of the Pd inducing the ‘heavy atom’ effect.'®
Unexpectedly, upon excitation the main mode of decay was fluorescence, with a 65 %
quantum yield, whilst the triplet state was only yielded in 6 %. This poor intersystem
crossing was assigned to weak electronic coupling of the Pd complex with the frontier

n-orbitals of the PDI, as shown by DFT calculations.

Efficient formation of the triplet excited state in PDI by covalently attaching a heavy
atom to the PDI core was first achieved by Castellano and co-workers in their platinum
acetylide PDI systems.!2! Four Pt-PDIs have currently been synthesised; two dimers
in a square planar cis-conformation with the Pt bearing a bipyridyl- or bidentate
phosphine ligand, a dimer in a trans-conformation with monodentate phosphine ligands
and a PDI mono-substituted with a terpyridyl-Pt complex, Figure 4.5. The absorption
spectra of all four compounds were dominated by the PDI So-S; transition but all were
non-emissive suggesting full quenching of the PDI singlet state fluorescence, apart
from the PDI functionalised with the terpyridyl-Pt complex which displayed residual
singlet fluorescence with a quantum yield of 0.014. Ultrafast transient absorption
spectra showed this quenching was due to fast intersystem crossing (2-4 ps) to form the
triplet excited state on the PDI, which was further confirmed by the generation of singlet
oxygen. It was found that the nature of the ligand attached to the Pt centre and the cis-

/trans- arrangement had very little effect on the photophysics of the compounds with
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the only changes being in the lifetimes of the excited states which ranged from 246 ns

to 1 ps.

Figure 4.5. Pt-PDIs synthesised by Castellano and co-workers capable of accessing the triplet excited

state by the ‘heavy atom’ effect.

Several other methods have been employed to access the triplet excited state of PDIs
that do not require the use of metal complexes. The ‘heavy atom’ effect is again utilised
when the carbonyls on the PDI are substituted with sulfur atoms, as discussed in
Chapter 2.2 Formation of PDIs that are fused at the bay-region to another PDI molecule
allows efficient intersystem crossing, resulting in a triplet excited state, due to increased
spin-orbit coupling caused by the non-planarity of the extended PDI core.? Finally,
catenanes comprised of an extended tetracationic cyclophane macrocycles and a
macrocycle containing a PDI have been shown to allow energy transfer from the
cyclophane to the PDI upon excitation.?* When the cyclophane macrocycle contains a
heavy selenium atom, the generated PDI S; state can undergo ISC, due to the ‘heavy

atom’ effect, to the PDI triplet state.

153



Chapter 4- Triplet Excited State Formation in Platinum Substituted PDIs

4.1.3.  Other Perylene Diimide Metal Complexes

There have been several other PDI based metal complexes synthesised without the
ability to form the triplet excited state.”® The first of these was a molecular square
containing PDIs, functionalised with pyridine at the imide region, coordinating to
square planar palladium or platinum complexes synthesised by Wiirthner and co-
workers, Figure 4.6.%° The formation of the squares preserved the absorption, emission
and redox properties of the individual monomers. Analogous squares were also
synthesised with each PDI bearing four ferrocene groups, giving a supramolecular
species containing twenty redox active groups.’’ The absorption, emission and
reduction behaviour of the PDIs were unchanged upon square formation, however, an
additional process was observed in the reoxidation of the ferrocenes from ferrocenium.
This was assigned to the ferrocenium units inhabiting two environments, inside and

outside of the square, resulting in different oxidation potentials and two peaks appearing

,M\ -
b N . _CN——M Pth
M = Pd or Pt thu /\\:/>_ |¢1
R= ‘_\_\‘i E‘J
0’< \7 :
0sN._0 o N o

Figure 4.6. Structures of PDI based square coordination complexes.
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in the cyclic voltammogram. Miillen and co-workers used a very similar method to
synthesise a molecular rectangle, containing two PDIs, by changing the Pt complex
used to an anthracene substituted with Pt at the 1- and 8- positions, again there was very

little change in the properties of the PDI upon complexation.?®

In order to further understand, then take advantage of, the complex electron transfer
systems used in nature during photosynthesis, simplified mimics of these systems are
being synthesised with similar properties such as light harvesting, electron transfer,
charge separation and photocatalysis.>’ Systems bearing PDIs and metal centres have
received much interest for this application leading to the synthesis of PDIs
functionalised at the bay- and imide-positions with metallated porphyrins and
phthalocyanines capable of long lived charge separation followed by singlet
emission.’ 3! Similar results were found in a PDI dimer connected, by the bay-area,

via a ruthenium complex.

In 2009, Champness and co-workers synthesised a series of multistate redox active
systems consisting of PDI substituted at the bay-area with ferrocene and cobalt
dithiolene.** Following separation by column chromatography of the diferrocenyl-PDI,
the first crystallographic characterisation of a pair of 1,6- and 1,7-isomers was
undertaken. Cyclic voltammetric investigation of the ferrocene-PDI reveals the
expected two PDI reductions and a two-electron oxidation located on the ferrocene. In
the case of the cobalt-PDI, rather than a single two-electron reduction based on the
cobalt dithiolene unit, an additional reduction is observed, assigned to communication

between the cobalt units across the conjugated core of the PDI.
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Figure 4.7. Views of X-ray crystal structures of ferrocene substituted PDIs, the first pair of 1,6-/1,7-

isomers to be crystallographically characterised.*

4.1.4. Aims and Objectives

This Chapter describes the synthesis of a PDI disubstituted with a platinum acetylide
complex at the bay-area and an asymmetrically substituted PDI with morpholine at the
1- position and the Pt complex at the 7- position. The optical, electrochemical and
photophysical properties of these two compounds are investigated by absorption and
emission spectroscopy, cyclic voltammetry, spectroelectrochemistry, transient
absorption spectroscopy and singlet oxygen generation measurements. These
measurements demonstrate the effect of Pt-substitution on the optical and redox
properties of the PDI along with the capability to access the triplet excited state. The

introduction of the morpholine to the PDI core will further perturb these properties.
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4.2. Results and Discussion

4.2.1.  Synthesis

The first stage in the synthesis of the two platinum acetylide substituted PDIs was the
synthesis of a suitable platinum complex for incorporation onto the bay-area of the PDI,

Scheme 4.1. 4.2, bearing a chlorine atom for Sonogashira cross coupling, was chosen

for this purpose.
Phenyl
PBu, acetylene PR
a, H,0 BusP PBu; Et,NH | u?'__
K| pt —_— Pt —_— —Pt—
a’ a rt,16h a’ a 65°C,4h PBu
3
29% 4.1 36 % 4.2

Scheme 4.1. Synthesis of the Pt complex 4.2 for reaction with a PDI.

The first step in the synthesis of 4.2 was the reaction of potassium tetrachloroplatinate
with tetra-n-butyl phosphine to give 4.1, achieved in a 29 % yield. 4.1 was then reacted
with phenyl acetylene in diethyl amine to give 4.2. The *C NMR spectrum of 4.2
reveals the signals corresponding to the first three carbons in the butyl-chains of the
PBuj; appear as triplets, Figure 4.8. One would expect these signals to be doublets due
to coupling to 3'P (I = ') atom. However, phosphorous has a large coupling constant
when trans- to other ligands.** This means the carbon atoms in the butyl-chain are
coupling to both phosphorous atoms in the complex leading to second order effects and
the appearance of an apparent triplet in the NMR spectrum. The coupling constant to
ligands cis- to phosphorous are much smaller. Therefore, the second order effects are
less apparent, meaning the presence of apparent triplets is typical of a trans-

arrangement of phosphine ligands.
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Figure 4.8. Selected view of the *C NMR spectrum of 4.2 showing the apparent triplets in the butyl

chain due to second order effects.

The di(platinum acetylide)-substituted PDI 4.5 was synthesised in five steps from the

PDA starting material. The synthesis of 1,7-regiosomerically pure 3.1 is described in

Chapter 3.
Q triisopropylsilyl
N o acetylene
PdCl,(PPh;),
OO
Br Et3
—
70°C,3h
97 %
(o} o

é 1

Scheme 4.2. Synthesis of the di(platinum acetylide)-substituted PDI 4.5 from 3.1.
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4.3 was synthesised by a Sonogashira cross coupling reaction between 3.1 and an
alkyne group protected with triisopropylsilyl acetylene in a near quantitative yield.
Trimethylsilyl (TMS) acetylene was the first choice of protecting group. However, the
yield of the cross coupling reaction was surprisingly low. Single crystals, suitable for
X-ray crystallographic studies, of 4.3 were grown by layered diffusion between a
chloroform solution of the target compound and methanol. X-ray structural
determination revealed the conformational arrangement of the molecule in the solid
state and confirmed the 1,7-arrangment of the protected acetylene groups, Figure 4.9.
The molecules were seen to pack in pairs, similarly to other PDI structures reported in
other Chapters, with a large offset between the perylene cores due to the bulky

triisopropyl groups.

Figure 4.9. View of the X-ray crystal structure of 4.3 (left) and packing of two molecules of 4.3 showing
the offset m-n interaction (right). Grey- carbon, blue- nitrogen, red- oxygen, yellow- silicon. H-atoms
removed for clarity. This structure was collected and solved by Dr Stephen Argent of the University of

Nottingham.

The next step in the synthesis was the deprotection of 4.3 with sodium hydroxide to
give 4.4 in a 90 % yield. 4.4 was found to be insoluble in most solvents; therefore
characterisation by NMR spectroscopy was not possible. The final step was a Hagihara

cross coupling between 4.2 and 4.4 to give 4.5 in a yield of 18 %. Single crystals,
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suitable for X-ray crystallographic studies, of 4.5 were grown by layered diffusion
between a chloroform solution of the target compound and methanol. X-ray structural
determination revealed the conformational arrangement of the molecule in the solid
state, Figure 4.10. The bulky Pt complexes completely disrupt the m-m interactions
between the perylene cores, removing any stacking between the molecules. Despite the
bulk of the bay-substituents the angle between planes generated on the two naphthyl
rings in the PDI core was measured to be a relatively small 12°, for comparison the
analogous torsion angle in dibromo PDI is 25° This small angle is attributed to the

alkyne group distancing the bulky PBus groups form the PDI core.

Figure 4.10. View of the X-ray crystal structure of 4.5 (top) and packing of three molecules of 4.5
(bottom) showing the complete disruption of the n-n stacking between the perylene cores (blue) due to
the steric bulk of the Pt complexes (red). Grey- carbon, blue- nitrogen, red- oxygen, orange- phosphorous,
pink- platinum. H-atoms removed for clarity. This structure was collected and solved by Dr Stephen

Argent of the University of Nottingham.
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The asymmetrically substituted Pt/morpholino-PDI 4.8 was synthesised by a similar

route to 4.5 in six steps from the PDA starting material. Synthesis of 3.5 is described in

; TMS acetylene

o N o PdCl,(PPh;),
Cul

THF

Chapter 3.

87 %

4.2
Cul
Et,NH

DCM
—_—
r.t., 30 min

37 %

Scheme 4.3. Synthesis of asymmetrically substituted Pt/morpholino-PDI 4.8 from 3.5.

The Sonogashira cross coupling of 3.5 with TMS acetylene progressed to 4.6 in a yield
of 87 %, higher than the comparable reaction with 3.1, therefore, the use of
triisopropylsilyl acetylene was not necessary. Deprotection of 4.6 to 4.7 with sodium
hydroxide again worked well with the product in this case being sufficiently soluble for
characterisation by NMR spectroscopy due to the increased twist in the PDI core caused
by the morpholine moiety. The final step was the Hagihara cross coupling reaction of

4.7 with 4.2 to give 4.8. When the reaction was left overnight, the yield was found to
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be similar to that of 4.5. However, when the reaction time was reduced to 30 minutes
the yield increased to 36 %, suggesting some decomposition of product during the

reaction, leading to a reduction in the overall yield.

4.2.2. Optical, Electrochemical and Photophysical

Investigation of Platinum Substituted PDIs

UV/vis absorption studies on 4.5 and 4.8 reveal relatively simple absorption profiles
with the main absorbance related to the So-S1 excitation, Figure 4.11, Figure 4.12 and
Table 4.1. The absorption maximum of 4.5 lies at 625 nm and displays vibrational
structure. This absorption has been red shifted vs. unsubstituted PDI suggesting the Pt
acetylide is electron donating in nature. This red shift upon platinum substitution is also
observed in the PDIs reported by Castellano, with absorption maxima at ~570 nm.!%-2!
The shift in the case of 4.5 is more pronounced caused by the presence of two electron
donating platinum complexes rather than one. The emission spectrum of 4.5 shows a
featureless emission with a maximum at 685 nm, corresponding to a Stokes shift of 60
nm. The quantum yield of emission was measured as 0.02, suggesting a severe
quenching of emission upon attachment of the Pt complex, whilst the emission lifetime
was measured to be 7 ns. The reasonably large Stokes shift (the Stokes shift of the
singlet emission from Castellano’s terpyridyl-Pt PDI complex was 43 nm)?! and
featureless emissions can be characteristic of the formation of a triplet excited state,
however, the lifetime lies between that of the triplet states formed in the non-emissive
PDIs synthesised by Castellano and co-workers, of 246 ns — 1 ps, and that of

Castellano’s terpyridyl-Pt PDI complex singlet emission of 109 ps.!*-!
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Figure 4.11. UV/vis absorption (blue) and emission (black) spectra of 4.5 in dichloromethane (DCM).
Emission spectra recorded with Ae= 625 nm. ¢ = 2.00 x 107 (UV) and 1.43 x 10 mol'dm3cm!

(emission).
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Figure 4.12. UV/vis absorption (blue) and emission (black) spectra of 4.8 in DCM. Emission spectra
recorded with Aex= 590 nm. ¢ = 2.49 x 103 (UV) and 3.16 x 10 mol'dm’cm! (emission).

The absorption maximum for 4.8 is at 636 nm and, whilst still displaying vibrational
structure, this structure is less well defined than observed for 4.5. The absorption

maximum is red shifted by 16 nm vs. 4.5 suggesting that the morpholine is slightly more
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electron donating than the Pt acetylide group in 4.8. Emission measurements on 4.8
reveal an emission with a maximum at 719 nm corresponding to a Stokes shift of 83
nm. The quantum yield of emission was measured to be 0.10 again indicating likely
formation of a triplet excited state, however, this quantum yield is considerably higher
than that of 4.5 suggesting this triplet excited state formation is less efficient due to the

presence of only one ‘heavy’ platinum atom.

Compound | Amax (nm) Aem (Nm) Stokes Quantum Lifetime
Shift (nm) | Yield (ns)

4.5 625 685 60 0.02 7

4.8 636 719 83 0.10 -

Table 4.1. Summary of optical properties of 4.5 and 4.8 measured in DCM.

10 pA

T T T T T T T T T T T T T
-2.0 -1.5 -1.0 -05 0.0 05 1.0

PotentialV (vs. Fc'/Fc)

Figure 4.13. Cyclic voltammogram of 4.5 (red line shows first oxidation only) recorded in DCM
containing [BusN][BF4] (0.4 M).

The redox behaviour of 4.5 and 4.8 was probed with cyclic voltammetry and the effect
of oxidation and reduction on the absorption profiles of the two molecules was further
investigated by spectroelectrochemistry, Table 4.2 and Table 4.3. Cyclic voltammetric

investigations on 4.5 revealed the two expected reversible one-electron reductions on
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the PDI core at -1.22 and -1.46 V (vs. Fc¢'/Fc), Figure 4.13. These reduction potentials
are more negative than non-bay substituted PDIs and, interestingly, more negative than
the dimorpholino-substituted PDIs synthesised by Champness and co-workers.*> The
red shift observed upon exchange of a Pt complex for a morpholine in 4.8 indicated that
morpholine is more electron donating than the Pt complex. However, 4.5 possessing
more negative reduction potentials than the dimorpholino-substituted PDI suggests the
opposite. An oxidation was also observed in the cyclic voltammogram at 0.71 V (vs.
Fc'/Fc), not seen in unsubstituted PDIs. Electrochemical reversibility of this process
could not be confirmed due to overlap with another oxidation, at a higher potential,

which was not found to be reversible.

T T T T T T T T T T
-2.0 -15 -1.0 -0.5 0.0 0.5 1.0

Potential/VV (vs.Fc'/Fc)

Figure 4.14. Cyclic voltammogram of 4.8 recorded in DCM containing [BusN][BF4] (0.4 M).

4.8 was found, via cyclic voltammetry, to again possess two reversible one-electron
reductions, Figure 4.14. The potential of these two process was measured at -1.16 and
-1.38 V (vs. Fc'/Fc), less negative than the equivalent reductions in 4.5 by 0.06 and

0.08 V, respectively, but still more negative than the reductions in the dimorpholino-
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substituted PDI. Again this result points to the Pt complex being more electron donating
than the morpholino group. Two oxidation processes are also observed, however, they
are overlapping and were not found to be reversible over a scan rate range 0.02 — 0.3

Vs so were not investigated further.

Compound 1% Reduction 2" Reduction Oxidation
4.5 -1.22 -1.46 0.71
4.8 -1.16 -1.38 -

Table 4.2. Reduction potentials for 4.5 and 4.8. All potentials reported as Ei» (= (E,* + E,°)/2) in V vs.
Fc'/Fc at 0.1 Vs™! scan rate and quoted to the nearest 0.01 V.

T T T T T T T T T T
3460 3465 3470 3475 3480 3485
Magnetic Field/G

Figure 4.15. Experimental EPR spectra for electrochemically generated 4.5° (gisc=2.0044) in DCM
containing [BusN][BF; ] (0.4 M) at ambient temperature.

The electrochemical one-electron reduction of 4.5 gave a species that was green in
colour and paramagnetic. As a fluid solution, at ambient temperature, EPR
spectroscopy gave a signal consistent with the generation of a radical anion (giso
2.0044). A complex hyperfine splitting pattern was observed for 4.5° but this was not
simulated satisfactorily. No obvious metal hyperfine coupling was observed in the fluid
solution spectrum at ambient temperature suggesting that the unpaired electron density

resides mainly around the PDI core.
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Figure 4.16. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 4.5 at 273 K showing the inter-conversion of 4.5 (blue) to 4.5° (red).

¢ =3.84 x 10*mol'dm’cm!. Arrows indicate the progress of the reduction.

The one- and two-electron reductions of 4.5 and 4.6 were followed by in situ UV/vis
spectroelectrochemistry at an optically transparent electrode, Table 4.3. The one-
electron reduced radical anion 4.5°" shows major bands red shifted relative to their
parent molecule with a maximum at 771 nm, red shifted by 142 nm, and a series of
transitions extending into the near infrared (NIR) region, Figure 4.16. The second
reduction blue shifts the spectrum with respect to that of the radical monoanion, with
the most intense visible transitions occurring as a series of bands centred around 600
nm, Figure 4.17. This behaviour is highly characteristic of reductions occurring at the
PDI core.*% 37 Oxidation of 4.5 to 4.5°" was also investigated and new bands, with a
maxima at 613 nm, that extended into NIR were noted. However, this oxidation was
not electrochemically reversible under the experimental conditions, Figure 4.18. The
absorption profile generated upon oxidation is similar to that observed in the
dimorpholino-substituted PDI suggesting these processes are analogous and lie on the

PDI core.®
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Figure 4.17. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 4.5 at 273 K showing the inter-conversion of 4.5% (red) to 4.5%

(green). ¢ = 3.84 x 10*mol"!'dm*cm!. Arrows indicate the progress of the reduction.
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Figure 4.18. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using

spectroelectrochemical methods for 4.5 at 243 K showing the inter-conversion of 4.5 (blue) to 4.5°*

(orange). ¢ = 3.84 x 10*mol'dm*cm!. Arrows indicate the progress of the oxidation.
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The behaviour of 4.8 following first reduction is similar to that of 4.5. The main
absorption band is depleted and is replaced by a more intense band red shifted to 777
nm, Figure 4.19. The magnitude of the red shift of 141 nm is within 1 nm of the
corresponding shift in 4.5, the increase in intensity is, however, more pronounced. Upon
second reduction, the main absorption is again blue shifted to around 600 nm with a
very similar shape to 4.5%, Figure 4.20. Both of these reductions were found to be fully
reversible with the neutral spectra being regenerated upon reoxidation. The only effect
the change from a Pt complex to morpholine has on the spectroelectrochemical
behaviour is a minor change in the wavelengths of absorption, similar to that seen in

the neutral UV/vis spectra.
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Figure 4.19. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using
spectroelectrochemical methods for 4.8 at 273 K showing the inter-conversion of 4.8 (blue) to 4.8° (red).

¢ =4.28 x 10*mol'dm’cm™'. Arrows indicate the progress of the reduction.
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Figure 4.20. UV/vis absorption spectra recorded in DCM containing [BusN][BF4] (0.4 M) using

spectroelectrochemical methods for 4.8 at 273 K showing the inter-conversion of 4.8° (red) to 4.8*

(green). ¢ = 4.28 x 10*mol"'dm*cm!. Arrows indicate the progress of the reduction.

Neutral

Reduction

Oxidation

lﬁ

2nd

4.5

263 (3.0), 284
(2.9), 325 (3.6),
443 (1.0), 578
(1.2), 629 (2.0)

257 (4.3), 325
(2.8), 504 (0.9),
771 (2.8), 855

(1.7)

259 (4.1), 287
(3.8), 325 (2.4),
364 (2.0), 447
(0.4), 610 (3.0),
640 (3.1)

286 (2.8), 318
(3.7), 468 (1.4),
577 (1.3), 613

(1.4)

4.8

283 (3.9), 320
(3.4), 432 (1.4),
636 (2.3)

246 (5.5), 324
(3.3), 370 (1.1),
491 (0.85), 777
(5.4)

283 (4.9), 362
(1.5), 608 (4.6),
635 (5.1)

Table 4.3. UV/vis spectroscopic data for 4.5 and 4.8 measured at 273 K in DCM from

spectroelectrochemistry. All values Amax/nm (g x10°/mol-'dm3cm™).

In order to investigate the nature of the excited state formed upon excitation of 4.5,

singlet oxygen generation experiments were undertaken to probe the potential

formation of a triplet excited state. In an air-equilibrated DCM solution, excitation of

4.5 at 532 nm leads to formation of 'O, detected by its characteristic luminescence at

1275 nm, Figure 4.21. Oxygenating the solution affords 'O, emission with significantly
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higher signal. Confirmation that the emission detected was from 'O, was obtained by
purging the solution of 4.5 for 5 minutes with N> gas, after which no emission was
detected at 1275 nm. The emission at 1275 nm returned on bubbling the solution for 5
minutes with O> gas. The same results (with lower signal intensity) were observed on
repeating the experiment at a reduced concentration of 4.5, further indicating that the
complex is acting as a sensitiser for singlet oxygen formation. The lifetime of singlet
oxygen emission was determined to be 88 ps, in DCM, consistent with literature values
for this solvent.>® When the experiment was repeated in toluene for 4.5, a lifetime of 37

us was recorded, again consistent with literature values.*®

10000

Intensity

5000 +

T T T T
1200 1250 1300 1350
Wavelength / nm

Figure 4.21. Singlet oxygen emission spectrum of 4.5 recorded in oxygenated DCM with Acx = 337 nm.

These measurements were performed by Professor Andrew Beeby of the University of Durham.

The formation of the triplet excited state was then further probed by ultrafast transient
absorption spectroscopy. The transient absorption difference spectra at selected delay
times of 4.5 following excitation by 400 nm laser pulses are shown in Figure 4.22a. The
bands displayed in the spectra are assigned to specific processes by comparison to the
previous Pt-PDIs reported by Castellano and co-workers.!*2! The bands compare well
to these compounds, however, they are all slightly red shifted due to the increased

wavelength of the So-S1 absorption of 4.5.
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Figure 4.22. (a) Picosecond transient absorption spectra of 4.5 in DCM at selected time delays after 400
nm excitation; (b) ps kinetic traces at 532 nm (black squares) and 760 nm (red circles), and (c) the ns
kinetic trace at 505 nm of the same sample after 355 nm excitation. Red lines denote kinetic fits. These
measurements were performed by Dr Xue-Zhong Sun and Professor Mike George of the University of

Nottingham.

Upon excitation at 400 nm, the ground state absorption at 629 nm is immediately
bleached indicating excitation from the ground state is occurring. This bleaching is
accompanied by the formation of a new lower energy broad band above 700 nm which
is assigned to the singlet excited state of the PDI. This low energy band is then itself
bleached, accompanied by the formation of a new band at 532 nm which is assigned to
the triplet excited state of the PDI. The growth of this band is at the exact same rate as
the bleaching of the low energy band. The triplet absorption at 532 nm increases in
intensity on two other timescales. The faster of these can be seen above 10 ps in Figure
4.22b and is attributed to vibrational cooling of the triplet state. The slower growth,
over 1 ns, is less clear and has not been assigned to a specific process, Figure 4.22c.
The lifetime of the triplet state was measured to be 132 ns which, whilst shorter than
those observed by Castellano and co-workers, is considerably longer than would be
expected from a singlet excited state. This triplet lifetime is also ~19 times longer than
that of the observed emission of 4.4. This emission has not been successfully assigned
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to either the singlet or triplet excited state. The combination of singlet oxygen
generation and ultrafast transient absorption spectroscopy has shown that 4.5 is indeed
able to access the triplet excited state due to the ‘heavy atom’ effect following

introduction of platinum complexes to the bay-area of the PDI.
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4.3. Conclusions

This Chapter describes the synthesis of two PDIs substituted at the bay area with a
platinum acetylide complex, 4.5 is substituted with this complex on both sides of the
molecule whilst 4.8 is asymmetrically substituted with one of the platinum complexes
being replaced by a morpholine moiety. The synthetic pathway was similar in both
cases. However, different protecting groups were necessary in order to optimise the
yields. X-ray crystal structures of 4.3 and 4.5 displayed how changing the steric
hindrance around the core of the PDI affects the twist between the naphthalene units

and the packing of the molecules in the solid state.

UV/vis spectroscopic studies revealed the substitution had induced a bathochromic shift
in absorbance suggesting the platinum complexes are electron donating. This electron
donating effect was further confirmed by the cyclic voltammetry as, in both cases, the
two one-electron PDI based reductions were moved to a more negative potential
suggesting greater electron density on the PDI core. The incorporation of the platinum
complexes introduced oxidation processes although determination of reversibility was
not possible. Interestingly, UV/vis spectroscopy suggests that the morpholine is more
electron donating, due to a more pronounced bathochromic shift in 4.8, conversely
cyclic voltammetry indicates the opposite as the reductions on 4.5 were measured at a

more negative potential.

Spectroelectrochemical methods were used to investigate the effect of oxidation and
reduction upon the absorption profiles of the compounds. Both 4.5 and 4.8 exhibited
similar behaviour upon formation of their monoanions and dianions as reported
previously in this thesis and in the literature. The oxidation of 4.5 resulted in small
changes in the absorption profile compared to the neutral species.
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Emission spectra revealed both molecules to be emissive, however, this emission was
significantly quenched compared to unsubstituted PDIs, suggesting potential formation
of the triplet excited state. This was investigated for 4.5 by the generation of singlet
oxygen and transient absorption spectroscopy confirming the presence of intersystem
crossing, following excitation, to the triplet excited state of the PDI caused by the
‘heavy atom’ effect due to the covalently linked platinum atom. The lifetime of this
state (132 ns) was between that of singlet generating PDIs and other Pt-PDIs capable
of accessing the triplet excited state. The emission, which bears the profile of
phosphorescence but a lifetime between that of phosphorescence and fluorescence, was
not successfully assigned to either process. The equivalent measurements for 4.8 are

ongoing.
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4.4. Experimental

For experimental details relating to electrochemical and optical investigations (except

emission measurements, see below) and DFT see Chapter 2.
General Experimental Methods

All starting materials were purchased from Sigma Aldrich or Fisher Scientific and were
used without further purification unless otherwise stated. Column chromatography was
performed on silica gel (Merck silica gel 60, 0.2—0.5 mm, 50—130 mesh). Reactions
using dry solvents (Sigma Aldrich) were carried out utilising standard Schlenk
techniques. The 'H, *C and *'P NMR spectra were obtained on a Bruker 400 MHz
spectrometer. MS spectra were determined on a VoyagerDE-STR spectrometer
(MALDI-TOF) with DCTB as the matrix, a Bruker microTOF II spectrometer (ESI) or

a JEOL GCv4G spectrometer (FI).
Synthesis of cis-di(tri-n-butylphosphine)platinum dichloride (4.1)

Synthesis adapted from a literature procedure.’® Potassium tetrachloroplatinate (560
mg, 1.35 mmol) was dissolved in water (20 mL) and the solution degassed with N> for
15 mins. Tri-n-butyl phosphine (0.81 mL, 3.26 mmol) was added and the solution was
stirred at room temperature, under an inert atmosphere, for 16 h. The resulting
precipitate was filtered and washed with water before being dissolved in chloroform
and dried over MgSO4 and the solvent removed under reduced pressure. The crude
product was dissolved in DCM:EtOAc (1:1) and run through a silica plug before
trituration with hexane and separation by centrifugation to give 4.1 as a white powder

(264 mg, 0.394 mmol, 29 %). 'H NMR (CDCls, 400 MHz): & = 1.89 - 2.09 (m, 12 H),
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1.40 - 1.59 (m, 24 H), 0.95 ppm (t, J=7.2 Hz, 18 H). 3'P NMR (CDCls, 162 MHz): & =

0.97 ppm (s, satellites J= 3520 Hz).
Synthesis of trans-phenylethynylchlorobis(tri-n-butylphosphine)platinum (4.2)

Synthesis adapted from a literature procedure.*’ 4.1 (250 mg, 0.373 mmol) was
dissolved in diethylamine (10 mL) and the solution was degassed with N> for 15 mins,
phenyl acetylene (35 pL, 0.313 mmol) was added and the solution was heated to 65 °C,
under an inert atmosphere, for 4 h. The solution was cooled and the solvent removed
under reduced pressure. The crude product was purified by column chromatography
(S102, chloroform:hexane 1:1) to give 4.2 as a yellow oil (99 mg, 0.135 mmol, 36 %).
'H NMR (CDCls, 400 MHz): 6 = 7.10 - 7.26 (m, 5 H), 1.94 - 2.11 (m, 12 H), 1.56 -
1.62 (m, 12 H), 1.40 - 1.51 (m, 12 H), 0.93 ppm (t, J=7.3 Hz, 18 H). *C NMR (CDCls,
101 MHz): § = 130.8, 128.9, 127.9, 125.1, 101.0, 83.0, 26.1 (apparent t, 'Jcp=11.1 Hz),
24.3 (apparent t, 2Jcp=6.1 Hz), 21.9 (apparent t, *Jcp=16.2 Hz), 13.8 ppm. *'P NMR

(CDCl3, 162 MHz): 6 = 6.88 ppm (s, satellites J= 2375 Hz).

Synthesis of N,N’-di-(cyclohexyl)-1,7-triisopropylsilylyacetyl-3,4:9,10-

perylenetetracarboxylic diimide (4.3)

3.1 (200 mg, 0.281 mmol) was dissolved in a mixture of dry THF (12 mL) and dry
triethylamine (5 mL). PdCl(PPh3)> (8.4 mg, 0.011 mmol), Cul (3 mg, 0.140 mmol) and
(triisopropylsilyl)acetylene (0.25 ml, 1.12 mmol) were added and the mixture was
heated at reflux, under an inert atmosphere, for 3 h. The reaction mixture was cooled
to room temperature, poured into HCI (2 M), the product was extracted with DCM and
the organic layer was washed with water until neutral. The crude product was purified
by column chromatography (SiO2, DCM) to give 4.3 as a red powder (251 mg, 0.274

mmol, 97 %). '"H NMR (CDCls, 400 MHz): § = 10.31 - 10.39 (m, 2 H), 8.80 (s, 2 H),
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8.60 (d, /=8.3 Hz, 2 H), 5.00 - 5.13 (m, 2 H), 2.51 - 2.70 (m, 4 H), 1.91 - 2.00 (m,
J=12.5Hz, 4 H), 1.73 - 1.86 (m, 6 H), 1.41 - 1.56 (m, 6 H), 1.22 - 1.31 ppm (m, 42 H).
13C NMR (CDCL, 101 MHz): § = 163.6, 163.3, 138.5, 133.9, 130.5, 127.7, 127.6,
127.3, 123.6, 122.5, 119.9, 107.6, 103.8, 54.1, 29.1, 26.5, 25.5, 18.8, 11.4 ppm.

HRMS(FI-TOF) [M]": calcd for CssH70N204Si> 914.4874, found 914.4890.

Synthesis of /N,N’-di-(cyclohexyl)-1,7-ethynyl-3,4:9,10-perylenetetracarboxylic

diimide (4.4)

4.3 (220 mg, 0.295 mmol) was dissolved in a mixture of chloroform (15 mL) and
methanol (5 mL). NaOH (13 mg) was added and the mixture was stirred at room
temperature for 1.5 h. The crude product was separated by filtration, suspended in
MeOH, sonicated and the solvent was filtered off giving 4.4 as a purple solid (159 mg,
0.264 mmol, 90 %). The solubility of the product precluded the acquisition of NMR

data. HRMS(FI-TOF) [M]": calcd for C40H30N204 602.2206, found 602.2205.

Synthesis of N,N’-di-(cyclohexyl)-1,7-di(tri-n-butylphosphine)-phenylethynyl-

platinum(Il)-ethynylen)-3,4:9,10-perylenetetracarboxylic diimide (4.5)

4.4 (80 mg, 0.13 mmol) and 4.2 (194 mg, 0.27 mmol) were dissolved in a mixture of
DCM (20 mL) and diethylamine (10 mL). Cul (27 mg) was added and the solution was
degassed with N» for 15 min and stirred at room temperature, under an inert atmosphere,
for 18 hours. The solvent was removed under reduced pressure and the crude product
was purified by column chromatography (SiO2, DCM:petroleum ether 1:1) to give 4.5
as a blue-black powder (48 mg, 0.0240 mmol, 18 %). 'H NMR (CDCls, 400 MHz): §
=11.54 (d, /=8.4 Hz, 2 H), 9.31 (s, 2 H), 9.10 (d, J/=8.3 Hz, 2 H), 7.05 - 7.81 (m, 10
H), 5.43 -5.59 (m, 2 H), 2.93 - 3.11 (m, J=11.8 Hz, 4 H), 2.19 - 2.41 (m, 24 H), 1.80 -
1.96 (m, 34 H), 1.51 - 1.57 (m, 24 H), 1.40 (d, J/=7.5 Hz, 6 H), 1.06 ppm (t, /=7.3 Hz,
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36 H). 3C NMR (CDCls, 126 MHz): & = 164.1, 164.1, 138.7, 135.0, 131.2, 130.8,
128.9, 128.8, 128.0, 127.9, 126.3, 125.4, 125.2, 125.1, 122.4, 121.4, 113.9, 109.8,
106.4,96.1,53.6,29.1, 26.5, 26.4, 25.4, 24.3 (apparent t, 2Jcp = 6.8 Hz), 24.1 (apparent
t, 3Jcp = 17.3 Hz), 13.8 ppm. *'P NMR (CDCls, 162 MHz): § = 3.46 (s, satellites J=
2331 Hz) ppm. MS(MALDI-TOF) [M]: 1998.6. CHN calculated for
C104H146N204P4Pt2, C 62.38 % H 7.35 % N 1.04 %. Found C 62.24 % H 7.24 % N 1.12

%.

Synthesis of N,N’-di-(cyclohexyl)-1-trimethylsilylyacetyl-7-morpholino-3,4:9,10-

perylenetetracarboxylic diimide (4.6)

3.5 (250 mg, 0.348 mmol), di(triphenylphosphine)palladium dichloride (7 mg, 9.97x10
> mmol) and copper iodide (5 mg, 0.0263 mmol) were dissolved in a mixture of dry
THF (30 mL) and dry triethylamine (10 mL). Trimethylsilylacetylene (0.1 mL, 0.7
mmol) was added and the solution was heated to reflux, under an inert atmosphere, for
4 h. The solution was poured into cold HCl (2 M), chloroform was added and the
organic extract was washed with water twice. The solution was dried over MgSO4
before the solvent was removed under reduced pressure. The crude product was purified
by column chromatography (SiO», chloroform:EtOAc 97:3) to give 4.6 as a blue/green
powder (222 mg, 0.302 mmol, 87 %). 'H NMR (CDCls, 400 MHz): = 9.89 (d, J=8.3
Hz, 1 H), 9.79 (d, /=8.3 Hz, 1 H), 8.66 - 8.70 (m, 1 H), 8.54 (d, /=8.4 Hz, 1 H), 8.42 -
8.48 (m, 2 H), 5.05 (t, /=12.1 Hz, 2 H), 3.83 - 4.01 (m, 4 H), 3.35 (d, /=11.9 Hz, 2 H),
3.09 (t, J=9.7 Hz, 2 H), 2.50 - 2.66 (m, 4 H), 1.94 (d, /=10.8 Hz, 4 H), 1.70 - 1.86 (m,
6 H), 1.49 (q, /=12.8 Hz, 4 H), 1.37 (t, J=12.9 Hz, 2 H), 0.37 ppm (s, 9 H). 3°C NMR
(CDCls, 101 MHz): 6 = 163.8, 163.5, 163.3, 151.1, 137.7, 135.2, 135.1, 133.3, 130.7,

129.4, 128.0, 127.9, 127.8, 127.8, 124.6, 124.3, 124.2, 123.6, 123.2, 122.4, 121.8,
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121.8, 118.2, 105.5, 104.0, 66.4, 54.1, 53.9, 51.6, 29.2, 29.0, 26.5, 25.5, 25.4 ppm.

HRMS(MALDI-TOF) [M]": calcd for C4sH4sN30sSi 735.3128, found 735.3090.

Synthesis of N,N’-di-(cyclohexyl)-1-ethynyl-7-morpholino-3,4:9,10-

perylenetetracarboxylic diimide (4.7)

4.6 (100 mg, 0.136 mmol) was dissolved in a chloroform:methanol mix (15 mL, 2:1),
sodium hydroxide (10 mg, 0.25 mmol) was added and the solution was stirred for 1 h.
The solution was then filtered to remove the sodium hydroxide and the solvent removed
under reduced pressure to give 4.7 as a blue powder (81 mg, 0.122 mmol, 90 %). 'H
NMR (CDCl3, 400 MHz): 6 =9.85 (d, J/=8.2 Hz, 1 H), 9.82 (d, /=8.3 Hz, 1 H), 8.74 (s,
1 H), 8.59 (d, /=8.3 Hz, 1 H), 8.52 (d, J/=8.2 Hz, 1 H), 8.49 (s, 1 H), 498 - 5.11 (m,
J=15.3,8.8,3.0 Hz, 2 H), 3.87 - 4.02 (m, 4 H), 3.70 (s, 1 H), 3.39 (d, J/=12.0 Hz, 2 H),
3.08-3.20 (m, 2 H), 2.49-2.66 (m, J=12.4,12.4,12.4 Hz, 4 H), 1.87 - 2.00 (m, J=12.4
Hz, 4 H), 1.70 - 1.83 (m, 6 H), 1.34 - 1.55 ppm (m, 6 H). 3*C NMR (CDCls, 101 MHz):
d=163.8,163.7, 163.5, 163.2, 151.3, 137.9, 135.7, 135.1, 133.0, 131.0, 129.3, 128.3,
128.1,127.9,127.8,124.5, 124.4, 124.1, 123.7,123.2, 122.2, 121.9, 121.7, 117.0, 85.1,
84.3, 66.4, 54.1, 54.0, 51.6, 29.1, 29.1, 26.5, 25.4, 25.4 ppm. HRMS(MALDI-TOF)

[M]": caled for C42H37N305 663.2733, found 663.2737.

Synthesis of N,N’-di-(cyclohexyl)-1-di(tri-n-butylphosphine)-phenylethynyl-
platinum(II)-ethynylen)-7-morpholino-3,4:9,10-perylenetetracarboxylic diimide

(4.8)

4.7 (37 mg, 0.0557 mmol) and 4.2 (43 mg, 0.0584 mmol) were dissolved in a DCM (7
mL) and diethylamine (3 mL). The solution was degassed with N> for 15 mins, copper
iodide (7 mg, 0.0368 mmol) was added and the solution was stirred at room temperature
for 30 mins. The reaction was quenched by the addition of water and the organic extract
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was washed with water three times. The solution was dried over MgSQO4 and the solvent
removed under reduced pressure. The crude product was purified by column
chromatography (Si0., chloroform:acetone 99:1) to give 4.8 as a green powder (26 mg,
0.0191 mmol, 34 %). '"H NMR (CDCls, 400 MHz): § = 10.79 (d, J=8.3 Hz, 1 H), 10.01
(d, /=8.4 Hz, 1 H), 8.66 (s, 1 H), 8.47 - 8.55 (m, 2 H), 8.45 (d, /=8.3 Hz, 1 H), 7.28 -
7.33 (m, 2 H), 7.20 - 7.26 (m, 2 H), 7.10 - 7.18 (m, 1 H), 5.05 (td, /=12.0, 3.1 Hz, 2 H),
3.88 - 4.04 (m, 4 H), 3.40 (d, J/=11.8 Hz, 2 H), 3.06 - 3.17 (m, 2 H), 2.53 - 2.65 (m, 4
H), 2.07 - 2.20 (m, 12 H), 1.89 - 1.95 (m, J=12.3 Hz, 4 H), 1.73 - 1.80 (m, 6 H), 1.59 -
1.65 (m, 12 H), 1.36 - 1.51 (m, 18 H), 0.87 ppm (t, /=7.3 Hz, 18 H). *C NMR (CDClI;,
101 MHz): & = 164.3, 164.1, 163.9, 163.8, 150.3, 138.7, 135.4, 134.6, 131.2, 130.8,
129.7, 128.9, 128.7, 128.4, 127.9, 126.4, 125.5, 125.1, 125.0, 124.5, 124.0, 123.5,
122.9,122.2,122.1,121.4,113.7,113.2,109.8, 106.2, 66.6, 53.8, 53.7,51.6, 29.1, 26.5,
26.4,25.5,24.3 (apparent t, 2Jcp = 7.3 Hz), 24.1 (apparent t, >Jcp = 17.6 Hz), 13.8 ppm
3P NMR (CDCls, 162 MHz): § = 3.51 ppm (s, satellites J= 2328 Hz). HRMS(MALDI-

TOF) [M]": calcd for C74HosN3OsP2Pt 1362.6404, found 1362.6389.
Emission Measurements

Emission measurements were carried out under ambient conditions on a Horiba
FluoroMax-3 spectrometer with a xenon arc lamp as the excitation source. Quantum
yields were calculated by plotting the integrated fluorescence intensity vs. absorbance
of five optically dilute solutions (Amax < 0.1 mol'dm’*cm™') of the sample and comparing

the gradient to that of a known standard (Ru(bipy);Cl, and Cresyl Violet for 4.5 and 4.8

. . . Grad 2 :
respectively) using the equation: ¢, = ¢ (G:de) (:Lz) where the subscripts st and x
st st

denote standard and test respectively, ¢ is the fluorescence quantum yield, Grad the

gradient from the plot of integrated fluorescence intensity vs. absorbance and # the
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refractive index of the solvent. Emission lifetime measurements were performed on an
Edinburgh Instruments FLS920 spectrometer using the time-correlated single-photon
counting technique, with an EPL400 pulsed diode laser (405 nm, pulse width 95 ps) as
the excitation source (time resolution ca. 1 ns). Solutions were thoroughly freeze—
pump—thaw degassed in specially modified 1 %X 1 cm quartz cuvettes. Sample

concentrations were adjusted to be optically dilute.

Transient Absorption Measurements

Fast Transient Absorption Spectroscopic measurements were performed using a pump-
probe method. The probe beam of white light continuum is generated by focusing a
small amount of 800 nm (~400 nJ) laser beam into a 4 mm thick Sapphire disk. The
picosecond 400 nm pump beam is obtained from a commercial Ti:sapphire
oscillator/regenerative amplifier system (Spectra Physics, USA) and a TP-1 harmonic
generator (TimePlate Tripler, Minioptic Technology, Inc.) and the time difference (up
to 3 ns) between the pump and probe pulses is controlled by an optical delay line. The
nanosecond 355 nm pump beam is produced with a Q-switched Nd:YVO laser (ACE-
25QSPXHP/MOPA, Advanced Optical Technology, UK) which is electronically
synchronised to the Spitfire Pro amplifier. The delay between pump and probe pulses
can be controlled with a pulse generator (DG535, Stanford Research System, USA)
from 0.5 ns to 100 ps. The white light beam 1is split into two parts. One part passes
through the sample spatially overlapped with the pump beam. Another part serves as a
reference to the probe beam fluctuations. The polarization of the pump pulse is set at
the magic angle (54.7 degree) relative to the probe pulse to recover the isotropic
absorption spectrum. Both parts of the probe beam are monitored by a duel array
detector (512 pixels) (Cronin Camera, Spectronic device Ltd, UK). The detector is

mounted in the focal plane of a 303 mm Acton spectrograph (Acton, USA) with a 150
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g mm ! grating. The pump beam size (~400 um diameter) is larger than the probe spot
(~200 pm diameter). A Harrick solution cell with 2-mm-thick CaF, windows is
mounted on a motorized cell mount, which moves the cell in x and y dimensions rapidly

and continuously.
Singlet Oxygen Generation

Singlet oxygen experiments were performed in DCM, initially air-equilibrated,
subsequently oxygenated by bubbling with a steady stream of oxygen for 5 minutes,
then deoxygenated by bubbling with N> gas for 5 minutes and finally reoxygenated by
bubbling with O, gas for 5 minutes. Excitation was with a 532 nm Nd:YAG laser
(GCR150-10, 10 Hz, 8 ns FWHM, ~45 pJ per pulse at sample). Time-dependent
emission traces at 1200, 1275 and 1300 nm (500 ps, 0.5 ps per bin, ~1000 shots per
spectrum) were collected at 90° via a monochromator (TRIAX-320), onto a NIR-PMT
(Hamamatsu H10330A-45, =750 V, —60 °C) connected to a USB multichannel scalar

controlled by LabVIEW.
X-Ray Crystallography

Single-crystal X-ray diffraction experiments were performed on either a Rigaku FR-
E+ Ultra High Flux Diffractometer, 4.5, or a Rigaku FR-E+ Very High Flux
Diffractometer, 4.3. Both structures were collected at 100 K, with the aid of an Oxford
Cryosystems Cobra, using Mo Ka radiation (A=0.71073 A). The structures were solved
by direct methods using SHELXS97 and refined by full-matrix least squares on F2

using SHELXL.97.4!

Due to weak data arising from poor crystallinity of the crystals of 4.3 rigid bond and

similarity restraints were applied to the anisotropic displacement parameters of all
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atoms in the structure and the displacement parameters of the isopropyl groups have
been restrained to be more isotropic. Disorder was observed in the conformation of
cyclohexyl ring and the occupancies of the two components were refined and
constrained to sum to unity (major component occupancy 0.55(1)). Geometric
similarity restraints were applied to the 1,2 and 1,3 bond lengths of the disordered and
ordered cyclohexyl groups reflecting their 2-fold symmetry. The atoms of the two
disordered cyclohexyl rings were refined with isotropic displacement parameters.
Similarly disorder was observed in the orientation of isopropyl group C88—C90 and the
occupancies of the two components were refined and constrained to sum to unity (major
component occupancy 0.55(2)). The two components share the position of the methine
carbon (C88A/C88B) and one methyl carbon (C89A/C89B). In both cases, cyclohexyl
and isopropyl groups, the atoms of the two disordered components were refined with
isotropic displacement parameters. Additional geometric similarity restraints were
applied to various bond lengths. A residual electron density peak of 1.11 e A7 is
observed 1.56 A from C86 and is likely to be a result of further unresolved disorder in

the triisopropylsilyl group.

Similarly single crystals of 4.5 gave weak data arising from poor crystallinity and rigid
bond and similarity restraints were applied to the anisotropic displacement parameters
of all atoms in the structure. The C—C 1,2 and 1,3 distances in the butyl chains were all
constrained to have values of 1.50 A and 2.50 A respectively. The P-C distances, C—O
carbonyl distances, C—N imide distances and C—C imide-perylene distances were all
restrained to have similar values to their chemically identical equivalents and the
terminal phenyl ring has been constrained to have regular hexagonal geometry. A
residual electron density peak of 3.46 e A= is observed 0.83 A from Pt1 which is likely

to be an artefact caused by deficiencies in the absorption correction for the heavy-metal
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containing platy crystal. A further electron density peak of 2.33 e A~ is observed 1.54
A from C6, which, although this is within the range of a chemical bond to the perylene
core, the peak is in a chemically nonsensical position above the aromatic plane and

likely to be a result of unresolved disorder or other experimental artefact.

Crystal data for 4.3: CsgHggN204Si2, M = 913.32, monoclinic, P21/n, a = 17.734(8), b
=12.986(5), c =23.8022(10) A, B =111.456(7)°, U=5102(3) A’>, Z=4, T=100(2) K,
Deale = 1.189 gcm >, p=0.118 mm™!, F(000) = 1960. A total of 28020 reflections were
collected, of which 8667 were unique, with Riye = 0.036. Final R; (wR2) = 0.1845

(0.5150) with GOF = 1.91.

Crystal data for 4.5: Ci04H146N204P4Pt2, M = 2002.29, orthorhombic, Pbcn (no. 60), a
=33.88(3), b = 14.178(13), ¢ = 20.595(18) A, U = 9893(15) A3, Z=4, T = 100(2) K,
Dcalc = 1.344 g cm >, pu = 2.939 mm !, F(000) = 4128. A total of 36399 reflections
were collected, of which 8315 were unique, with Riy = 0.096. Final R; (wR2)= 0.1490

(0.3850) with GOF = 1.16.
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Three different series of perylene diimides (PDIs) have been synthesised and their
optical, electrochemical and photophysical properties have been thoroughly

investigated.

A dual approach of secondary amine functionalisation and imide carbonyl thionation
was employed to induce a bathochromic shift in a PDI in order to synthesise two of the
first examples of PDIs with an absorption maximum in the near infrared (NIR). The
work in this Chapter demonstrates how the use of relatively simple synthetic
modifications to a PDI can lead to molecules with the potential for application in
extremely important areas of technology. The obvious next steps in this project are to
incorporate these PDIs into photovoltaic devices in order to investigate how the increase
in wavelength and the broad range of absorption affects the performance of these
devices. Thionation is becoming an increasingly popular route to vary the properties of
molecules, in a simple process, with only small modification to the overall structure. It
is not at all surprising that rylene diimides, as one of the most intensely investigated
class of dye compound in the last century, are coming to the forefront of this research.
The two NIR absorbing PDIs in this Chapter are the first examples of bay substituted
PDIs to be thionated, paving the way for a huge array of variations. However, there are
still questions to be answered over the yield of the thionation reaction as well as the

solubility and stability of the synthesised compounds.

Seven multichromophoric PDI-BODIPY systems have been synthesised, with the
nature of the BODIPY and the position it is bound to the PDI varied. Whilst these
compounds have fewer obvious direct applications than the thionated PDIs, the
covalent attachment of two of the most interesting class of dye compound is a very
worthwhile target. One of the most rewarding aspects to this project was the synthetic

challenge of the target compounds, whilst both PDIs and BODIPYs are extremely
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Chapter 5- Conclusions

versatile, both present their own synthetic issues which required a substantial amount
of route optimisation to overcome. The synthesis of the tertaBODIPY substituted PDI
is achieved via ortho-substitution with a boronic ester, this is the first usage of this route
since the original publications. There is huge scope for the synthesis of new PDIs with
different properties by this method. However, purification of the boronic ester
substituted PDI must be optimised before this technique can become commonly
utilised. Transient absorption measurements are currently underway in order to fully
elucidate the electron and energy transfer processes occurring. These measurements
will add to our knowledge of how different chromophores interact, aiding in the
development of fundamental understanding in order to mimic photosynthesis and
improve the performance of electron transporting organic materials. This project leaves
two main topics to be investigated; what is the nature of the communication between
moieties across the PDI core and what causes the decomposition of the BODIPY's upon
reduction. Addressing these two issues will greatly aid the future research carried out

within this field.

The final Chapter in this thesis describes the synthesis and characterisation of two PDIs
covalently bound to a platinum acetylide complex. PDIs with the ability to access the
triplet excited state are relatively unusual with most examples achieving this by inter-
or intramolecular sensitisation. These two compounds allow intersystem crossing by
the direct attachment of a ‘heavy atom’ to the core of the PDI, a property possessed by
very few other PDIs, with the potential for application in various technological areas.
Crystal structures were collected for two of the synthesised PDIs which, similarly to
the structures presented in the preceding Chapters, offer a rare and interesting insight

into how these molecules interact with one another in the solid state.
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