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This thesis outlines the design, synthesis, and characterisation of novel
2-arylguinoxalines and 2-arylquinoline fluorophores alongside their coordination
with iridium(lll) and rhenium(l) producing red emissive phosphors. The
photophysical properties of the complexes are discussed, which could see possible
applications in fields of LEECs and bioimaging.

Chapter 2 describes the effects of different electron withdrawing and electron
donating groups substituted into differing positions around the cyclometalated
2-phenylquinoxaline ligand and the subsequent results in the tuneability of
emission wavelength of iridium(lll) complexes.

Chapter 3 outlines the effect of benzannulation in the cyclometalating ligand with
a series of 2-(naphthyl)quinoxaline based cyclometalated iridium(lll) complexes.
The emission shifted to deeper red upon extending the conjugation, with mixed
3LC and 3MLCT character, differing in amounts between naphthalene isomers.

Chapter 4 describes the cyclometalation of a series of 2-(naphthyl)quinoline
cyclometalating ligands on iridium, describing the effects of substitution of the
quinoline on the tuneability of emission. Detailed characterisation of the excited
state has shown 1-napthyl complexes possess more *MLCT character and can
demonstrate successful TTA-UC with DPA.

Chapter 5 describes the synthesis and characterisation of eight novel bidentate
quinoline ligands, and their coordination to iridium as ancillary ligands. The result
of detail the affects of extending the conjugation of the ancillary ligand, and how it
is affecting the photophysical properties, with an emission range of 40 nm
tuneability in 2-(naphth-2-yl)quinoline complexes.

Chapter 6 takes the bidentate ligands from the previous chapter and chelates them
with rhenium(l), forming neutral complexes, upon which they demonstrate *MLCT
emission from the solid state.

Finally, Chapter 7 outlines the design, synthesis and characterisation of a
cyclometalated iridium(lIll) complex incorporating a TTA-UC annihilator moiety. The
complex is weakly upconverting in pure solution. The photophysical
characterisation suggests back energy pathways between the annihilator moiety
and the 3MLCT states dominate the desired upconversion fluorescence.
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Chapter 1 - Introduction



1.1 Introduction

The work within this thesis explores the development of novel transition metal
complexes featuring substituted benzannulated ligand systems developed for
photonic applications. The work focuses on the photophysical characterisation of
the transition metal complexes, and as such the introduction covers the important
underlying principles behind photoluminescent chemistry used in this work.
Furthermore, it looks at some recent examples of luminescent transition metal
complexes and their properties, such as the ability to emit light across the visible
spectrum and into the near infra-red region. There is considerable interest in
emissive transition metal complexes!'® to aid in the development of low energy
OLED lighting solutions, photo redox catalysis, solar conversion, and biological

applications.*®

The properties of a compound to emit light can be defined by one of two different
processes: incandescence or luminescencel?. In each case, an excited state
molecule is returning to its ground state via the release of excess energy as light,
with the different processes defined by how the molecules become excited.
Incandescence is the emission of light caused by a change in temperature, while
luminescence describes the emission of light independent of a change in
temperature. Luminescence can be further defined by the excitation energy

pathway, with some common examples listed below:

Photoluminescence i A molecule is excited by a photon.
Electroluminescence i An excitation caused by an applied electric field.
Triboluminescence i Transformation of mechanical energy into light
energy.

Chemiluminescence i Emission of light from a chemical reaction.
Bioluminescence i Emission of light from a living organism.
Radioluminescence i Excitation caused by bombardment from ionising

radiation.

The work in this thesis pertains to photoluminescent molecules, and as such this

will be the focus from this point forward.



1.2 Photoluminescence

1.2.1 Jablonski diagrams
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Figure 1.1 - Jablonski diagram

To visualise the possible transition that can occur upon absorption of light, a
Jablonski energy level diagram is used (Figure 1.1)!!. Named after Alexander
Jablonski'?, the diagram details the different energy pathways that can occur upon
excitation. Horizontal lines are used to represent the different energy levels of the
molecule, with the Sy representing the molecular ground state. In Figure 1.1, the
electronic excited states are labelled as S, and T, to represent singlet and triplet
multiplicities of the state. Each of these is then subdivided into several different
vibrational energy levels, with the bold line representing the lowest vibrational level
of each state.

Absorption events are represented by the blue arrows and occur in the order of
107® s. In keeping with the Franck-Condon principle'®14, each transition between
states is represented as a vertical line, since electronic and vibronic transitions are
very rapid, they occur near instantaneously with no change in nuclear coordinates.
Absorption involves the conversion of a photon into molecular energy, exciting the
molecule into a higher vibrational level, typically of the S; or S; states. Vibronic
relaxation is a nonradiative process, whereby the molecule loses excess
vibrational energy and returns to the vibrational ground state. These transitions are

fast, occurring in the magnitude of 1021 10 s. They are shown in the diagram
3



as the orange dashed arrows. Internal conversion (IC) is a nonradiative transition,
occurring between two different electronic levels that share the same spin
multiplicity. This is highlighted in the diagram above with the black dashed line.
This typically occurs in the timescale of 101 10° s, depending on the energy gap
between levels, with the S; Y S transition typically being the slowest and
competing with fluorescence and any nonradiative quenching processes. The
conversion between electronic states of different spin multiplicities is known as
Intersystem crossing (ISC). Transitions occurring between singlet and triplet states
are forbidden by the spin selection rule, but, can occur due to spin-orbit coupling
(SOC). Spin-or bit coupling is the interaction betwee
magnetic field generated by nearby nuclei. Since the magnitude of the magnetic
field is proportional to the size of the atom, the effects of spin-orbit coupling
increase with atomic size'®.

The radiative relaxation transitions are known as fluorescence and
phosphorescence. Fluorescence is the emission of photons from a S, Y So
transition where DS=0 and is seen above with the green arrows. Fluorescent
lifetimes are typically 10° and 10 s. Phosphorescence is indicated by the red
arrows and is the emission of photons from a T, Y So transition, where DSI 0.
Since this transition requires a change in spin multiplicity, it is formally spin
forbidden and only weakly allowed via spin-orbit coupling interactions. Due to this,
the typical timescale possessed by phosphorescent compounds is between
milliseconds and seconds. Some phosphorescent materials, such as rare-earth
doped strontium aluminates, possess lifetimes measured in minutes or even hours,

|l eading to their use i ninteerdearr kedn adyeltsoirgand gpensor 6 ¢

1.2.2 Stokes shift

In the 19" century, G. G. Stokes observed that the energy of emission is lower than
the energy of absorption’. Energy can be lost via rapid vibrational relaxation
towards the lowest vibrational level of the excited state or via relaxation to higher

vibrational levels of the ground state'?.
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Figure 1.2 i Diagram showing Stokes Shift (left) and a Jablonski diagram representing
Stokes Shift (right)

123Kashads rul e

Kas hads RuThe ensitting teeet of a diven multiplicity is the lowest

excited level of that multiplicityd and was defined by Michael
1950 publication*®. The wavelength of emission from a photoluminescent molecule

is independent of the wavelength of absorption. When a molecule is excited to a

higher electronic level, S,, it will quickly undergo vibronic relaxation and internal

conversion at a quicker rate than the competing rate of radiative decay back to the

ground state (i.e., Sn Y So), because the rate of internal conversion is quicker the

smaller the energy gap between states (Energy gap law)°. Since the energy gap

between the Sp and S; levels is typically the largest, the rate of internal conversion

is slowest, and of comparable magnitude to the rate of fluorescence, and therefore

forthe S1 Y Sotransition, emission is observed. Some molecules, such as azulene,

are known to disobey KashaosSxYuJteassiionand i nst
due to a large energy gap between the S; and S, excited states lowering the rate

of internal conversion.

1.2.4 Quantum yield (F)

The quantum yield, F, is a measure of the ratio between absorbed photons and
emitted photons!?, as described in Equation 1.1. If each photon absorption
results in an excitation to the emitting state, and both the radiative and
non-radiative processes can depopulate the excited state, then quantum efficiency
can also be defined in terms of rate of radiative decay (k) and the rate of

non-radiative decay (ki) (Equation 1.2). The larger the F, the brighter the emission.

5
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If knr is much smaller than k; then F can approach unity. Quantum yield can be

Equation 1.1

calculated experimentally using a standard absorption and emission

spectrometers, by comparison to a known standard (Equation 1.3)%L.

t ° t Equation 1.3
) q .

o|O
—+
m|m

Where F; and F are the quantum yields of the sample being measured and of the
standard respectively, | is the area under the emission spectra of each sample, A
is the absorption of each sample at the excitation wavelength and n is the refractive
index of the solvents used for the measurements. Typical standards and their

gquantum yields are seen below (Figure 1.3).

I COOH
LI
HO O O

[H2S04]

Quinine Sulphate Fluorescein [Ru(bpy)s]**
hex: 366 Nm hex: 496 Nm hex: 450 nm
@: 0.546 @.0.95 @.0.018
Solvent: 0.5 M H,SO, Solvent: 0.1 M NaOH Solvent: MeCN

Figure 1.3 7 Three common quantum yield standards, with details of quantum vyields,
solvents used and excitation wavelengths?!.

1.2.5 Luminescent lifetimes (t)

The luminescent lifetime of a molecule is defined by the average amount of time
spent in the excited state before returning to the ground state!!. It is important to
note that t is an average value since emission is a random process. Fluorescent
lifetimes are typically shorter than phosphorescent lifetimes due to the spin
forbidden nature of the latter process. The lifetime can be expressed in terms of k;

and k- as follows:

T — Equation 1.4



1.2.6 Energy transfer
RET Mechanism
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Figure 1.4 17 Schematic representation of RET and Dexter energy transfer processes.

Energy transfer between a donor molecule (D) and an acceptor molecule (A) can
proceed via Resonance Energy Transfer (RET), or by electron exchange, or both.
RET occurs when the absorbance spectrum of the acceptor molecule overlaps with
the emission spectrum of the donor molecule??. RET is a nonradiative process that
does not proceed via the emission of a photon from the donor molecule and the
subsequent absorption by the acceptor molecule. Instead, the donor and acceptor
molecule are linked via dipole-dipole interactions, with the extent of energy transfer
linked to the distance between the donor and acceptor (r), and the degree of
spectral overlap, which can be defined by the Forster radius (Ro). The Forster
radius is the distance where half of the excitation energy of the donor molecule can
be transferred to the acceptor molecule, and is typically around 30 i 60 A%. The
rate of energy transfer, kr(r), describing this relationship is given by the Equation
1.5:

. Y

el T

Where tp is the lifetime of the donor molecule in the absence of energy transfer.

Equation 1.5

Furthermore, the efficiency of a donor and acceptor pair at a fixed distance is

defined in Equation 1.6:



Y
o —— Equation 1.6
Y I
The efficiency of the energy transfer is very clearly dependent upon r, the distance

between acceptor and donor molecules'?.

Electron exchange, also known as the Dexter Interaction?t, is a short-range
mechanism of excitation transfer from the HOMO of the electronically excited
donor (D*), to the LUMO of the acceptor (A). This happens in combination with the
simultaneous movement of an electron from the HOMO of A to the SOMO of D*.
Unlike RET, which accounts for allowed transitions, Dexter electron exchange can

account for forbidden transitions?®.

1.2.7 Emission quenching

Quenching is any process by which the emission intensity of luminescence is
decreased!!. There are several mechanisms that may facilitate this, including the
RET discussed above, which is a type of collisional quenching. Collisional
guenching, also known as dynamic quenching, is when the excited state of a
luminophore collides with another molecule in solution (the quencher) and relaxes
back to the ground state in a non-emissive manor. A common source of dynamic
guenching is from dissolved molecular oxygen, which can deactivate fluorescent
and phosphorescent species in solution?®?’. Halide ions can also cause
deactivation, perhaps most prominently in quinine solution, where chloride ions are
known to quench emission?®. Heavier halogens may induce spin-orbit coupling to
allow ISC to occur, quenching the fluorescence, such as with Rhodamine Green
with a solution containing KI?®. The Stern-Volmer equation (Equation 1.7)

describes the relationship between fluorescent intensity and quenchers.

p 0D p Qt 0 Equation 1.7

olo

Where "O and "O describe the intensity of fluorescence in the presence of and
without quencher respectively, K is the Stern-Volmer quenching constant which
details the sensitivity towards the quencher, [Q] is the concentration of the
guenching agent, kq is the bimolecular quenching constant and ¢, is the lifetime of

the unquenched molecule.

A second type of quenching is known as static quenching. This is where the
quencher and luminophore form a non-emissive complex while still in the ground
state!'. For example, the DNA intercalating complex [Ru(bpy)=(dppz)]** (bpy:

2,2-bipyridyl, dppz: dipyridophenazine) is non-emissive in aqueous solutions®.

8



When the complex is intercalated with DNA via the dppz ligand, the emission is
6turned onb6. This is because o-toordinatngr hydr o
imines in the dppz ligand, quenching the emission. Once intercalated, the
environment becomes a lot more hydrophobic and as such the complex becomes

emissive.

1.3 Photoluminescent measurements

Light
Source l|
_ _. —}
Mirrors
Diffraction Excitation
Grating Monochromator
Emission
Monochromator
-“ ——
Detector
|
x g~/ -+
sample (_} o - o~

Figure 1.5 - Simplified set up of a spectrofluorometer

Photoluminescent measurements are made on a spectrofluorometer, with a
simplified set up show in Figure 1.5. Typical light sources may be arc xenon lamps,
mercury lamps, LEDs or laser diodes. The excitation monochromator allows for a
single wavelength of light to be sent to the sample, via the use of a diffraction
grating. The emission is then directed via a second monochromator to the photo
multiplier tube (PMT) where the signal is detected. Measurements are taken as

one of two types of experiment: steady state or time-resolved. During steady state

9



measurements, the sample is under constant illumination. This allows the sample
to reach a stead excited state, and allows for the emission spectrum to be
recorded!!. Steady state measurements show the time averaged emission profile
over the decay of the excited state.  Conversely, during time-resolved
measurements, the sample is excited by short pulses of light before the emission
intensity is recorded as a function of time3!. Typically, a pulse duration is shorter
than the emission decay, meaning a high-speed detector is needed.This allows for
the collection of luminescent lifetime data, using the following relationship for a

single exponential decay:

o ar T Equation 1.8

1.4 Luminophores

A luminophore is any molecule that emits light when irradiated®. This can be
broken down further into fluorophores and phosphors, which are determined by the
multiplicity of the excited state of the emission origin, as mentioned in Section
1.2.1.

1.4.1 Organic fluorophores

Naphthalene Anthracene Pyrene Phenanthrene
Em Amax: 322 nm Em Apax: 400 nm Em Apax: 385 nm Em Apax: 365 nm
®: 0.23 @: 0.36 ®:0.32 ®:0.13

Figure 1.6 1 Common organic emitting polyaromatic compounds. Measurements made in
cyclohexane®3,

Polyaromatic compounds, such as those seen in Figure 1.6, are commonly used
as the basis for organic fluorophores. The conjugated system allows p-p*
transitions in the visible region of the electromagnetic spectrum3334, Although
typically exhibiting fluorescence emission, some compounds may also exhibit
phosphorescent emission, although it much rarer and is normally readily
quenched. Conjugated systems allow for substitution and functionalisation to
modify the emission. Typically, larger conjugated systems result in a lower energy
emission®. Substitution of aromatic systems by electron withdrawing or electron
donating groups (EWG and EDG respectively) affects the electron density of the
aromatic system, resulting in a modulation of the emission properties®. The field

of organic fluorophores is still moving forwards. For example, the three structures
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in Figure 1.7 were reported in 2021. Compound A shows a fluorenone derivative
synthesised by Song et al for multiphoton absorption studies®. Compound B
shows a heteroaryl coumarin synthesised for laser induced radical generation
studies by Tarkovskii et al*’. Finally, the perylene based photosensitiser, C, was
synthesised to be used as a membrane anchoring photo switch for use in
photodynamic therapy?e.

Ph Q Ph -
\ / ~
N N, ®
O~
OsxN._0O
A: Em Apax: 577 nm

>
| S—ph
Xy o

(Et),N o0 o HN.
CioHas

B: Em Amax: 491 nm C: EM Amax: 735 nm

Figure 1.7 1 Recent examples of organic fluorophores with a range of different emission
wavelengths36i 38,

1.4.2 Luminescent metal complexes

Coordination complexes based on the transition metals are attractive
luminophores. They possess the ability for fine tuning of electronic and physical
properties via ligand design. There are five main electronic transition that can

occur®40,

1 Metal Centred (MC) transitions i d-d* transition confined to the metal
centre.

1 Metalto Ligand Charge Transfer (MLCT) 1 d-p* transitions involving a metal
centred d-election exciting into a ligand p*-orbital.

1 Ligand to Metal Charge Transfer (LMCT) i electronic transition between
ligand based p orbitals to a metal centred orbital.

1 Intraligand Charge Transfer (ILCT) i a ligand centred (LC) transition

involving p-p* or n-p* states.

11



1 Ligand to Ligand Charge Transfer (LLCT) T a p-p* transition between two

separate ligands around the metal centre.

The luminescent properties of metal complexes tend to be dominated by
phosphorescence, due to the heavy atom effect of the metal centre inducing SOC
and populating the triplet states via ISC* (Figure 1.8). Although a much rarer
phenomenon, fluorescent metal complexes can exist if the rate of SOC is slow,
leading to longer lived singlet excited states*?. Finally, Thermally Activated Delayed
Fluorescence (TADF) processes occur when the levels of the S; and T, states are
energetically close enough for the ambient temperature to induce reverse
intersystem-crossing (RISC)*%. This can lead to dual fluorescent and

phosphorescent complexes.

Thermally Activated

Phosphorescence Fluorescence
Delayed Fluorescence

S

S, —TL S, ISC 1 RISC
N\ ISC i b
Ty T

1

Ty

So So So

Figure 1.8 7 Schematic representing the major emission pathways for metal complexes.

1.4.2.1 Metal complex fluorophores

®
CysPAU AuPCys % PMes
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Figure 1.9 - Three examples of fluorescent complexes*4'46,

For most metal complexes, fluorescence is difficult to observe. This is due to very
short lifetimes and very low quantum yields because of role the metal centre plays
in allowing ISC between the singlet and triplet states. This occurs in around 110
fs*’. For example, the observed fluorescent lifetimes in [Ru(bpy)s]?* and [Ir(ppy)s]
are reported as being 15 + 10 fs*” and 100 fs*® respectively while the fluorescent

F of [Ru(bpy)s]?*is 9 x 10°4° (ppy i 2-phenylpyridine)

The complexes in Figure 1.9 all show fluorescent emission. The tetra-gold(l)
ethynyl complex was synthesised in 2003 by Che et al*. Despite featuring four

heavy gold metal centres, the complex displayed fluorescence with a F = 0.22 due

12



to the symmetrical nature of the ethynyl ligand dominating over the SOC
effects®®. The 3d° electronic configuration of the copper(l) bis(neocuproine) induces
a Jahn-Teller flattening of the complex alongside steric interactions of the methyl
groups, resulting in a splitting of the HOMO and HOMO-1 levels making the ISC
process unfavoured*. This resulted in at of just 13 ps and an F of 2.8 + 0.8 x 10
5. Finally, the rhodium metallocycle was reported by Marder et al in 2010, The
complex was emissive with a reported t of 0.33 ns and an F of 0.22. In this
example, fluorescence is becoming competitive with therate of ISC, which was

found to be slower than normal, at kisc =5 x 108 s'?1..

1.4.2.2 Phosphorescent first-row transition metal complexes

First row metals are generally characterised by lower energy ligand field (d-d*)
transitions, and weak spin-orbit coupling interactions®!. Due to the weaker ligand
field splitting, typically phosphorescence is not seen in solution at room
temperature where d-d* transtitions result in a distortion of the complex geometry,
but may be experienced in glasses at 77 K where distortion becomes less
favourable due to a rigid matrix®®. The main examples of room temperature
phosphorescence are seen with Cu(l) and Cr(lll), but phosphorescence is known
for other first row metals, including Fe(11)°2, Ni(11)%>® and V/(I11)%*,

Cr(lll) complexes show a typically red emission.>® They also exhibit small F in the
range of 1027 108 at 298 K*°. For example, [Cr(bpy)s]**, is emissive at 727 nm,
with a F of 9 x 10 (Figure 1.10)%°. More recent examples include the macrocycle

mono-alkynyl complex from the 2021 paper from Ren et al, with a | max of 725 nm?®®.

Cu(l) complexes are known to be emissive via MLCT or intraligand states®’. The
emission from Cu(l) can span the visible spectrum, although much like Cr(lll) it is
typically emissive in the red region®. The neutral copper complex seen in Figure
1.10 was reported by Li et al in 2021%°. A series of diphosphine complexes was
synthesised and phosphorescence between 587 and 599 nm in solution (CH2Cly).

The emission is assigned as predominantly 3MLCT in character, with some *LLCT.
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Figure 1.10 i Examples of phosphorescent complexes of Cr(ll1)55%¢ and Cu(l)%®
Phosphorescent d® complexes of the second and third row transition metals

With the second and third row transition metals, the larger ligand field splitting
gives rise to the more prevalent MLCT transitions. The heavier metal atoms from
the second and third row of the periodic table also increase the spin-orbit coupling
interactions in comparison to their first row counterparts, which can facilitate the
mixing of singlet and triplet excited states vis ISC interactions. . Up until Adamson
and Demas first reported the photo-redox capabilities of [Ru(bpy)s]** in 1971,
luminescent research into transition metal complexes was limited to metal
carbonyls and Cr(l11)5, Since then, the field of luminescent inorganic chemistry has
grown substantially. The d® electron configuration is prevalent, with examples seen
for a range of metals, including Re(1)6262, Ru(11)®55, Os(I1)%¢, Rh(lI1)¢” and Ir(111)58°,
The chemistry of Ir(Ill) and Re(l) complexes is discussed in detail over the course

of this thesis, and as such is not mentioned here.

The 3MLCT photoluminescent properties of ruthenium polypyridyl complexes, for
example complexes with bpy or 1,10-phenanthroline (phen), have been widely
reported’®, Emission for [Ru(bpy)s]** and [Ru(phen)s]** is seen ca. 600 nm, with
typical lifetimes around 0.6 i 0.9 ns, and quantum yields 1017 1073."! Because of
these properties, Ru(ll) complexes have seen uses in the fields of photocatalysis’?,
imaging probes”™ and Photo Dynamic Therapy (PDT)’*. Some recently published

examples of emissive Ru(ll) polypyridyl complexes can be seen below’78,
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Figure 1.11 1 Examples of recent Ru(ll) complexes’>76.

Complexes of Os(Il) generally show a longer wavelength emission, typically above
700 nm into the near-infrared region. Longer wavelength emission is often coupled
with shorter lifetime and lower quantum yields. Typically, t is in the region of 10-100
ns, while F is typically around 103.”7 Recently published examples of Os(ll)

complexes for cell imaging and PDT can be seen below’®7°.

2+ ] 2+

Aem = 623 nm Aem = 588, 709 nm
® =0.038 ® = 0.0055
=350 ns 1=98.9 ns
Aerated H,0 (298 K) Aerated PBS buffer solution (298 K)

Figure 1.12 1 Examples of recently published Os(ll) complexes”87°.
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Rh(lll) cyclometalated complexes are less emissive than their Ir(Ill) counterparts
due to a smaller SOC constant®. Also, the luminescent emission is typically ligand

centred with a smaller MLCT band?%-#2,

Aem : 606 Nm
1:340 ns
DCM (295 K) MeOH (298 K)

Figure 1.13 - Archetypal rhodium (Il) and iridium (l1l) complexes.83

1.4.2.3 Phosphorescent d® and d*® complexes of the second and third row
transition metals
The luminescent chemistry of the d® metals is dominated by platinum(ll)
complexes®48 due to the platinum metal atoms heavy atom effect inducing ISC*°.
The low-laying metal centred excited states are able to facilitate non-radiative
relaxation pathways®’, and as such, room temperature solution phase
phosphorescent emission from Pt(Il) was only first observed in the 1980s88°, This
means strong field ligands are needed to observe phosphorescence at room
temperature, such as ligands with a cyclometalated carbon. Figure 1.14 shows two
similar complexes, [Pt(terpy)CI]CI and a dipyrid-2-yl-1,3-benzene N*C”N pincer
ligand complex, [Pt(N*C~N)CI]. The terpy complex was characterised by Romeo
et al, and only showed emission in a 4:1 MeOH/EtOH glass at 77 K%, with the
emission ascribed to both SMLCT and Metal to metal to ligand charge transfer
(MMLCT) excited states, 3ds* Y p*. When the middle pyridine is substituted for a
phenyl group, as shown with the middle complex in Figure 1.14, the compound
becomes brightly emissive in solution at 293 K, with high quantum yields. The
compound was reported by Wilson et al, who were able to assign the emission to
3p-p* transitions®. Pt(ll) porphyrin complexes are also emissive in solution, such
as the third compound in Figure 1.14, reported by Sujatha et al in 2019%. The
complex exhibits phosphorescence which can be almost entirely quenched by O,

leading to the applications as a sensor for dissolved oxygen.
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Figure 1.14 7 Platinum complexes and their photophysical properties®° 92,

Due to the weaker nature of ligand field splitting for Pd(ll), the non-emissive metal
centred transitions tend to dominate in the solution phase at 298 K%. The ®p- p*

emissive Pd(Il) complex seen in Figure 1.15 was reported by Che et al in 2016%.

Similarly, gold(lll) complexes are also typically not emissive at 298 K in solution,
again due to the weaker ligand field splitting favouring the non-emissive metal
centred transitions®. However, there are examples where the ligand field is strong
enough for emission to occur, such as the N-confused metalloporphyrins (Figure
1.15) from the 2008 paper by Furuta et al®®. The complex is dual emissive, with
weaker fluorescent peaks being seen at 650 and 707 nm, while the dominant | max

emission is seen at 789 nm.

Ph. ) Ph
"4 ) W,
Pd O PhsP—Au—— Q
o
\ \ 7
= Ph Ph
Fem: 406, 497 nm Aem: 789 NM Aom: 533, 579 nm
T: 46 us )
@ 0.39 ®:2.9x 10 ®:0.013
e DCM (298 K) N, saturated MeCN (298 K)

Degassed DCM (298 K)

Figure 1.157 Examples of phosphorescent Pd(ll), Au(lll) and Au(l) complexes®496.:97,

The d'° complexes of gold(l), such as Au(l)-carbenes or thiolate complexes, can

be emissive via 3ILCT®® or 3LMCT®*®. For example, in the 2020 publication from
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Rodriguez et al, Au(l) ethynylphenanthrene complexes, such as the example in
Figure 1.15 exhibited differing degrees of 3ILCT emission. Silver d'° complexes are
less studied for their photophysical properties, typically due to the photosensitivity

silver complexes exhibit®,

1.4.3 Summary

The versatility of transition metal complexes to exhibit not just fluorescence but
also phosphorescence, particularly the second and third row metals in the d°
electron configurations, is demonstrated above. The ability for conjugated
polyaromatic organic ligands to directly affect the electronic transitions and allow
for tuneable emission across the visible and near-IR spectrum is why these

molecules have such a strong interest in many different fields of research.
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Chapter 2 - Iridium(lll) Complexes of

Substituted Phenyl-Quinoxalines.
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2.1 Introduction

2.1.1 Cyclometalated iridium complexes.

Phosphorescent metal complexes have a variety of uses, from imaging agents'?,
OLEDs® (Organic Light Emitting Diodes) and LEECs* (Light Emitting
Electrochemical Cells). Early research into these areas focussed on the use of d°,
d8, and d® metals from the second and third row. These configurations display
strong spin-orbit coupling interactions which lead to effective ISC and mixing of
singlet and triplet excited states, as well as a stronger ligand field splitting in
comparison to their first row counterparts. As a product of this, heavy metal
complexes often have a strong emission band and long lifetimes®. In recent years,
iridium has attracted great interest as a viable metal for such applications. Iridium
is a group 9 transition metal and has an electronic configuration [Xe]4f}45d’6s? and
atomic number 77. It is commonly found in iridium(l) and iridium(lll) oxidation
states. This work focuses upon the use of the +3 oxidation state where the
5d°® configuration commonly yields octahedral and hexacoordinate complexes.
When compared to other viable metal complexes, iridium(lll) offers improved
stability, a larger range of emission character, which can be tuned selectively as

well as desirable characteristics, such as ps lifetimes and high quantum efficiency®
9

2.1.1.1 Structure, synthesis and emission tuneability.

Iridium(lll) cyclometalated complexes can exist as either bis-cyclometalated
heteroleptic complexes or tris-cyclometalated homoleptic or heteroleptic
complexes (Figure 2.5). Both synthetic routes start following the Nonoyama

synthesis for bridged chloro-iridium dimers®® [Ir(N"C)2(u-Cl)].. (Figure 2.1)

X
O 2-Methoxyethanol
N/ + Na3[|rC|6]

O 125°C, 24 h 0 |
N\

Y (1)
= SN

Figure2.li Nonoyamaods synt hesi s10glNiriBwemdmerf°h] qui nol i ne

Iridium(l1l) chloride (either as Nas[IrClg] or IrClsAH:0) is heated in a high boiling
point solvent with two equivalents of the cyclometalating ligand (H-C”N).
Complexes of low spin d® metals, such as iridium(lil), are kinetically inert!!.
Because of this, the use of a high boiling point solvent is required, such as

2-methoxyethanol or ethylene glycol.
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The dimer can then be split to form the desired complex. Homoleptic complexes

can be synthesised by heating the [Ir(N*C)2(p-Cl)]2 with H-C*N. Thermodynamic

control of this process leads to either the mer-isomer (100 °C) or the fac-isomer

(>200 °C), where typically the fac-isomer have a greater quantum efficiency and

longer emissive lifetimes*?. Tris-cyclometalated complexes can also be made with

a second cyclometalating ligand (H-C* N6) t o yaA €rdidé) ]l r (&M Npwing
degrees of tunability over the emission wavelength.

C, \\\\Ch,,, W Base C//,, \\\\L
(“'"Ir" """ ””""'Ir' ‘‘‘‘‘ \ + L-\ - - s )
C/ \CI/ \C X A 8-24h — \X
N A
o R
"N [lr]/o U
x WY 90
l =
acac pic sal

Figure 2.2 -Formation of neutral Ir(lll) complexes from [Ir(N~C)2(u-Cl)]2 and two equivalents
of L"X. Some forms of L"X are shown below.

Heteroleptic complexes can be formed as either neutral or cationic complexes.
Neutral bis-cyclometalated complexes are split by a monoanionic ancillary ligand,
such as b-diketonates, picolinates, N-alkylsalicyliminates or a derivative of these®®
(Figure 2.2). [Ir(N~C)2(u-CD)]2 is then heated with two equivalents of the L"X
ancillary ligand in a solvent such as methanol or chloroform. Base can be added

to help facilitate the deprotonation steps.

Co, | Cloyy,, | \C N_\ i)A, 8-24h Cu | N
el s + N — et
< S~ TN NIRRT "r\N
N N‘/ C\_N

Figure 2.3 1 General procedure for splitting iridium dimers to form a cationic complex.

Conversely, a cationic iridium complex typically involves a diimine based N~N type
donor, such as bpy, phen or their derivatives. Typically, [Ir(N*C)2(u-Cl)]. dimer is
split by heating with the NN ligand in a solvent such as methanol or chloroform

(Figure 2.3). While in solution, a counterion exchange can take place. Typically
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hexfluorophosphate salts [X][PFe] are chosen, but there is also a wide range of
anions used, including, but not limited to, BF4Z ClZ CF;CO.Z or BPh,Z?416

Complexes can then be purified by chromatography, or recrystallisation.

1y,
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Figure 2.4 1 a) Using a silver salt to abstract chlorides. b) substitution of the weakly
coordinated solvent ligands in a bis-MeCN complex. Insert i Tight ion pairing seen by
Schneider et al in 2{[Ir(ppy)2(bpy)][CI]}RCH2Cl2AH30]ACI]'” and confirmed by single crystal
diffraction. Image taken from Housecroft and Constable 18.

In 2013, Schneider et al noted that the route followed in Figure 2.3 is able to carry
through a small amount of ClZanions. If ClZanions are present in the active layer
of an LEEC device, they can drastically reduce performance. Crystal structure
revealed a tight ion pairing between the protons on the bipyridine C-3 position and
the CIZ forming 2{[Ir(ppy)2(bpy)][CI]}RCH.CI.AH:0]ACI]*" (insert - Figure 2.4). To
prevent this, the use of a silver salt to abstract the chlorides and form a solvent
complex can be employed. This was first used by Watts et al °. Chlorides are
precipitated as AgCl and can then be filtered to remove them from the reaction
mixture. The coordinating solvent, such as MeCN or MeOH, can then be
substituted by the ancillary ligand of choice by heating in chloroform overnight
(Figure 2.4).
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Figure 2.5 1 The emission tuneability of Ir(lll) come from the choice of ligands around the
coordination sphere. Examples of three such complexes are seen above. i) Neutral
heteroleptic blue 2021, ii) homoleptic green emitter?223 and iii) an orange emitting cationic
complex2425,

Iridium(lll) complexes can be synthesised to exhibit emission across the visible
range i with some examples shown in Figure 2.5. This tuneability comes from the
frontier orbitals and excited states comprising of MLCT and LC p- p* states, as
opposed to the forbidden d-d* transitions. Typically, the HOMO is found to contain
a mixture of Ir 5d orbitals and the p orbitals from one of the ligands. Conversely,
the LUMO is normally found to be located around the p* orbitals of another ligand?®.
If the HOMO and LUMO character is located upon separate ligands, then the

excited state may consist of mixed MLCT and LLCT?"%8,

The energy levels of the frontier orbitals, and therefore the absorption and emission
wavelengths, can be tuned with the use of electron withdrawing or electron
donating substituents on different parts of the molecule. For example, a
hypsochromic shift is typically induced by using a 2,4-difluorophenylpyridine
cyclometalating ligand, lowering the energy of the HOMO. Perhaps the most
famous example of this is the 2001 example from Thompson and Forrest et al with
iridium(l11) bis(4,6-(di-fluorophenyl)-pyridinato-N, C2 Nj)  ° wherd the nse bf e
the difluorophenylpyridine ligand induced an emission blue shift to a | max of ca.470

nm.

A bathochromic shift is usually brought about by stabilising the LUMO energy level.
Normally this is achieved via the use of extended conjugation upon either the

N-Donor parts of the cyclometalating ligands or on the ancillary ligand62°,

2.1.2 Photonic applications for cationic iridium(lll) complexes
The phosphorescent emission of iridium(lll) complexes, brought about by the
heavy metal centre and strong spin-orbit coupling, gives rise to excited state

lifetimes that are relatively long compared to organic fluorophores, but short when
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compared to typical phosphorescent lifetimes. The different cyclometalating
ligands allow for the emission colour to be tuned to every colour of the visible
spectrum. This property makes iridium(lll) complexes desirable for a number of

applications®.

2.1.2.1 Phosphorescent Organic Light Emitting Diodes (PhOLEDs) and Light
Emitting Electrochemical Cells (LEECS)

OLED technology is widely used to create digital displays, such as televisions,
computer monitors or smart phone displays. Originally, OLEDs contained singlet
emissive organic fluorophores. However, using quantum mechanical calculations,
the ratio between singlet and triplet excited states is believed to be around 1:3.
Therefore in a fluorescent emissive device, 75 % of all excited states are triplet in
nature and decay via non-radiative means. This leads to a maximum quantum
efficiency of only 25 %42, To counteract this loss in efficiency, the use of triplet
emissive phosphorescent complexes have been used instead, either via direct
triplet excitation or ISC routes. Theoretically, the quantum efficiency of such
devices is 100 %3 and hence Phosphorescent Organic Light Emitting Diodes
(PhOLEDSs) came to fruition.

Anode

4 Hole injection layer Anode

Hioje transport layer PEDOT: PSS hole injection layer

Emitter S
Emissive layer

Hole blocking layer
Cathode

Electron transport layer

Cathode

Figure 2.6 1 General scheme by Henwood and Zysman-Colman3® for the architecture seen
in OLED (Left) and LEEC (Right). PEDOT i poly(3,4-ethylenedioxythiophene), PSS i
Poly(styrenesulfonate).

Whilst the theory and physical design for OLEDs and LEECs is similar (Figure 2.6),
PhOLEDs utilise an emissive layer based around neutral complexes, such as
tris-cyclometalated iridium(lll) or a bis-cyclometalated iridium(lll) complex with a
charged ancillary ligand, such as acac, while LEECs will utilise a neutral ancillary
in a cationic complex!®®’. Though early device used a single emissive layer
between an aluminium cathode and indium tin oxide (ITO) anode8, later devices

include a hole injecting layer consisting of poly(3,4-ethylenedioxythiophene)
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(PEDOT) and poly(styrenesulfonate) (PSS). The use of an ionic liquid dopant in
the emissive layer, typically [BMIM][PFe] (1-butyl-3-methylimidazolium
hexafluorophosphate), increases the charge separation and operating efficiency of

the devices®940,

The archetypal literature iridium(lll) LEEC device is perhaps the simplest,
both deaerated MeCN solution and a poly(methyl methacrylate) film (PMMA) was
585 nm. Photoluminescent Quantum Yield (PLQY, Fp) was 14 % in deaerated
MeCN, which rose to 66 % in thin film. An increase in F p. when comparing solution
phase to thin film is expected. Work by Teets et al in 2018 on a series of 12
heteroleptic cyclometalated iridium(lll) complexes, both cationic and neutral,
showed a dramatic increase in Fp in PMMA in each case*.

Since the complexes were immobilised in a polymer, removing degrees of
freedom, then the decrease in ky is expected, but they also observed an increase
in Kk upon immobilisation, and suggested that this phenomenon is linked with an

increase in excited-state spin-orbit coupling, which has been noted previously*2.

Perhaps the 6holy grail 6 of LEEC research wo
emitting device, but this is very difficult due to very broad emission wavelengths
needed. Nevertheless, two component emitters show potential*®. A two-component
emitter mixes a blue and an orange i red component to produce emission across
the visible range, appearing white. Since [Ir(ppy)2(bpy)]* is an efficient orange
emitter, the literature has predominantly focused on the development of blue
emitters** by lowering the energy of the HOMO; typically via fluorination. Generally,
red emitters tend to focus on extending the conjugation around the N*N ligand,
however one of the best performing red emissive LEECs has come from research
into yellow devices. Monkman et al synthesised devices using an 1,3,4-oxadiazole
motif*>. When a 2-(pyrid-2-yl)-1,3,4-oxadiazole was used as the NN ancillary with
ppy cyclometalating ligands (Figure 2.7), emission shifted from | .= 556 nm in a
DCM solution to | ge.= 624 nm as an LEEC, with an external quantum efficiency
(EQE) of 9.5 %, one of the highest reported for red devices. Solid state structures
revealed intermolecular p- p* interactions between the neighbouring N*N pyridines
with centroid distances of 3.62 A, likely resulting in excimers, bringing about a

bathochromic shift in emission?®.
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To compare the results of extending the NN conjugation, Thompson et al

synthesised a series of complexes based around the 1-phenylpyrazole (ppz)

cyclometalating ligand*’. Since the 3LC state can occur on either the C*N or N*N

ligands, and ppy and bpy share similar 3p- p* transitions at 430 nm and 436 nm

respectively8, the choice of ppz (3p- p* = 380 nm) here was intentional to remove

the ambiguity. [Ir(ppz)2(bpy)]PFs (see Figure 2.7 i (A)) is a yellow green emitting

complex, withalpe= 563 nm ( MeCN) . S u b-biquindline{bign g bpy wi t |
(see Figure 2.7 7 (B)) induces a bathochromic shift to produce an orange emission

at | p.= 616 nm (MeCN). This can be tuned further with the use of 'Bu groups in

the 506 position of t he FigupeQl/d@k Thaémassionng | i gands
has now shifted to | p. = 627 nm (MeCN), and when LEEC are manufactured from

this complex, | g = 635 nm with an EQE of 7.4 %.

=N tBLI

Where N~N: bpy (A)
big (B)

Figure 2.7 1 Left: Structure of the red emitting layer for LEEC applications from Monkman
et al 45. Middle + right: (A) + (B) Structure of ppz complexes synthesised by Thompson et
al. (C) red emitting Ir(Ill) complex tested by Thompson et al in LEEC devices*.

2.1.2.2 Biological cell probes, sensors and photodynamic therapy.

Once again, for cell imaging, the tuneability of iridium(lll) complex emission is
greatly utilised. The ability to add a variety of functional groups and moieties to
ligands without negatively affecting the emission properties means iridium(lll)
complexes have seen a variety of potential use. By altering the functional groups
on ligands, complex can probe specific ions**° or organelle®® within the cell
environment. Iridium(l1l) complexes tend to also be sensitive to oxygen quenching,
meaning they can be designed as hypoxia sensors®® or to generate reactive

oxygen species for photo induced cytotoxicity in PDT®2,

One draw-back to using organic imaging agents is the short lifetimes of
fluorescence. Autofluorescence from within the cell itself can mask the signals of
the imaging agent, but due to the heavy atom effect inducing intersystem crossing

and triplet emission, the lifetime of iridium(lll) complexes tends to be in the
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microsecond domain, therefore allowing the use of time gated or time resolved
spectroscopies and optical microscopy techniques negating any

autofluorescence®.

In 2010, Li et al synthesised a series of complexes based upon the
bis-cyclometalated 2-(2,4-difluorophenyl)pyridine ligand system®. By varying the
ancillary ligand conjugation (See complexes in Figure 2.8) from bis-pyridines up
towards 2-(2-quinolinyl)quinoxaline they were able to bathochromically shift the
emission of the complex from blue through to red emission. When Hela cells were
treated with 20 €M solutions in DMSO/ PBS (pt
intense emission was detected upon optical microscopy techniques within the
cytoplasm and not in the cell membrane or nucleus, with no signs of cytotoxicity.

(See Figure 2.8 for microscopy images)

® Where NAN:
PFS
S D
N Z

N N
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\

Figure 2.8 7 Above i Iridium(lll) complexes synthesised by Li et al.5> Below: Confocal
microscopy i mages of a) HeLa cells wuntreated, b
solutions in DMSO/PBS (pH 7, 1/49, v/v) for 10 min at 25 °C. c) Differential Interference
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Contrast (DIC) images of b). d) Overlaid confocal and DIC microscopy showing iridium
complex located in the cytoplasm of the cells.

Further functionalisation of the ligands allows for much more selectivity, such as
chemodosimeter sensors. In 2014, Lu and Nabeshima synthesised a sensor for
detection of HOCI in the aqueous environment®® (See Figure 2.9). Hypochlorous
acid is a natural biproduct of cellular metabolism, but a build-up may result in tissue
damage. By adding an electron rich o-nitroaniline group to the ancillary ligand, the
group were able to quench the luminescent properties of the complex via
photoinduced electron transfer (PET) effects. Nitroaniline is known to undergo
oxidative cleavage in the presence of HOCI, thereby removing the PET effects and
creating a luminescent signal. Indeed, the complex worked as expected, and was
able to be selective for HOCI compared to other reactive oxygen and reactive

nitrogen species.
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Figure 2.9 7 Left Top - Complex used for chemodosimeter detection of HOCI by Lu and
Nabeshima®¢ showing non-emissive Ir-ANMM state and the emissive cleaved complex. Left
lower 1 reaction between o-nitroaniline and HOCI. Right: Confocal microscopy images of
HelLa Cells (a) incubated with 20 uM Ir-ANMM and (b) Ir-ANMM cells treated with 50 pM
HOCI.

To obtain a stain located within the nucleus, Huang et al used a known DNA
intercalator (tetrapyrido phenazine i tpphz) as the ancillary ligand®” (Figure 2.10).
The extended conjugation of the tpphz bathochromically shifts the emission, and
as such the complex displays a | em 0f 597 nm in DCM, with TD-DFT calculations
supporting the hypothesis of SMLCT (dp(Ir) Y p*(tpphz)) dominating the emission.
Iridium(lll) complexes are known to undergo quenching via interactions with
molecular oxygen. This interaction is known to lower the lifetime and quantum yield
of the complexes®®. This allows for the complex to be used to measure oxygen
level in the cell nuclei. The study found that when oxygen levels dropped from 21 %
to 2.5 % the emission intensity increased by 1.3 times and using Phosphorescent
Lifetime Imaging (PLIM) they showed the average lifetime rose from 123 ns to 145

ns.
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Figure 2.10 i (a) Huang et al’” PLIM images with HepG 2 cells incubated with iridium(lll)
complex (10 pM, @ 405 nm) in different oxygen levels. (b) The average lifetime
distributions from PLIM. (c) Complex with intercalating ancillary ligand.

The interaction with molecular oxygen can also be used to generate Reactive
Oxygen Species (ROS), either as 'O, or radicals such as superoxide (0.3,
hyperperoxyl (HO2 or hydroxyl (OHA This process allows for the potential for the
integration of diagnostic and therapeutic strategies in the battle against cancers.
The generation of ROS is a complex process which can be split into two categories
T Type | and Type Il. Type | involves a PET process to biological substrates,
generating radicals. Type Il is the direct energy transfer from the excited state
donor to 20, generating O species i see Figure 2.11 1 Left. The generation of in

situ ROS causes cell apoptosis or necrosis and is the basis for PDT.

@ Type I PDT
Intersystem crossing

S, Radical species
T 3 Electron transfer
T,
) lo:
Fluorescence \
| (2) Type 1 pOT
Light absorption Phosphorescence i\ =nergy transfer
302
S,

Figure 2.117 Left: A simplified Jablonski diagram from the work of Elias et al summarising
the generation of ROS.%° Right: PDT Agent trailed in vivo by Hou et al.®®

In 2019, Hou et al published results based around a complex modified with a
guaternary ammonium group® as a type Il PDT agent. The resultant amphiphilic
gemini complexes exhibited high water solubility, and self-assembly to form
vesicles, as well as a good interaction with the cell membranes, due to the charge
quaternary ammonium groups. The group altered the position of the ammonium

functionalisation, either functionalising the ppy ligands in the 4-phenyl position
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(Figure 2.11 - Right)ortheb py | i g a n d-sositians Fronhaghotbphysiaal
viewpoint, this provides some interesting properties. If the C~N ligand is
functionalised, then | em (H20) = 540 nm, compared to | em (H20) 645 - 664 nm for
the N”N functionalised examples. This functionalisation also affected the vesicles
formation, creating 2 different forms. The NN functionalised red vesicles displayed
aggregation-based emission quenching. In vitro studies suggest the complex
localises in the mitochondria and displays excellent PDT activity. In vivo studies
involving an intratumoral injection in mice followed by a period of 20 minutes
irradiation showed that after 14 days the tumours were severely damage and had
reduced cell density, as well as being significantly smaller (~0.25 g vs ~1.25 @)

when compared to control groups.

2.1.3 Quinoxalines

o g we
N
— — N
6 4a N/ 3 N Br N N3 ;@
5 4 N
OH

Quinoxaline Anti-HIV Drug Anticancer Drug Izumiphenazine C

COOH

Figure 2.12 17 The bicyclic heterocyclic quinoxaline and some examples of the quinoxaline
motif in use against HIV®1, anticancer®? and the isolate natural product, izumiphenazine
CS8s3.

Quinoxaline is a bicyclic heterocycle, containing two imine groups in a
1,4- configuration. (Figure 2.12). It is an important group in medicinal chemistry,
where compounds are used for their activity as antibiotic®, anticancer®, antiviral,
anti-inflammatory®® and antimicrobial®”®® agents. In addition to the medicinal
chemistry, quinoxalines are also used as dyes® "' as well as in OLED"? 74

applications.

From a synthetic standpoint, quinoxalines are relatively simple to synthesise.
Classically, an Ub-diketone is reacted with 1,2-diaminobenzene via a
di-condensation reaction in refluxing alcohol (Figure 2.13). Typically, the reaction
requires a catalyst’®, such as acetic acid, and long reaction times’®. Alternatively,
one may employ an oxidative cyclisation of U-hydroxy ketones” 7 or U-halo

ketones®°.
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Figure 2.13 7 Classical quinoxaline synthetic routes.

This simple synthetic pathway allows functionalisation to be introduced to the
quinoxaline in the 2,3-positions via the functionalisation of the diketone, or in the

5,6,7,8-positions by using a functionalised diamine.

Other methods are available if the functionality desired would result in a mixture of
isomers (See Figure 2.14). For example, Baohuan et al took mono substituted
2-iodoanilines in a three component copper catalysed reaction®. Here,
2-iodoaniline underwent condensation with 2-phenylacetaldehyde, forming an
enamine. Oxidative addition of the copper follows, preceding exchange of the 1Z
with NsZ before reductive elimination of the copper to give the aryl azide.
Intramolecular cyclisation between the enamine and azide follows, yielding the

desired single isomer with the release of N..

0]

NHy 0 EtOH, Cat. H*
+ N + X N
N N
X N N
0.1 eq Cul X N
X NH; Nl 0.1 eq DMEDA =
| 1 eq K2003

DMSO, 80 °C, 20 h

Figure 2.14 - Top: Mixed isomers that would result from the U,b-diketone condensation with
1,2-diaminobenzene. Below: One pot copper catalysed three component route to single
isomers presented by Baohua et al®.

2-Phenylguinoxalines have been used for cyclometalation previously®?, producing
deep red emission. The additional nitrogen atom, as well as the extended
conjugation, leads to a significant decrease of the LUMO energy level when

compared with ppy based complexes®. For example, Lee et al synthesised
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complexes for OLED applications based around 2,3-diphenylquinoxaline i see
Figure 2.15 (i) + (ii).

/N -
O \N© \N©
R
R: H (i), F (ii) (i)

Figure 2.15 7 Red emitting quinoxaline complexes for OLED use, Complexes (i) and (ii)
were synthesised by Lee et al®4, and complex (iii) was synthesised by Johannes et al.85

Complex (i) had | p. = 642 nm. An OLED was made from this complex, and the
emission spectrum of the electroluminescence was congruent with the
photoluminescent spectrum. When a para-fluorophenyl quinoxalines (ii) were used
instead, the | p. was hypsochromically shifted 630 nm, since the HOMO of the
complexes is still located around the phenyl rings, much like on a ppy complex.
The 2010 work of Johannes et al used 2-(4-fluorophenyl)-3-methylquinoxaline as
cyclometalation ligands during their investigation into OLED devices.® By varying
the ancillary ligands, the group were able to tune both the photoluminescent and
electroluminescent properties, with the picolinate complex showing | p. = 606 nm
and | e. = 615 nm, while the acac complex (as seen in Figure 2.15 (iii)).

bathochromically shifted the emission to | p. = 628 nm and | g, = 630 nm.

Previous research from within the Pope Group started with functionalised
2,3-diphenylquinoxaline ligands (see Figure 2.16)%. All complexes were deep red
emitters, as expected. Tuneability is introduced via phenyl functionalisation, with
DFT calculations showing the contribution of the phenyl moieties to the HOMO
levels of the complex. | em ranges from 618 nm for the gx? complex with the electron
withdrawing bromide substituent, to 636 nm with strongest electron donating
substituent, the methoxy group on gx*. N, Mioctyl-2 , -Bigyridyl-4 , -dathoxamide
ancillary ligands were used to help aid thin film formation. In the solution phase,
the emission profile between [Ir(gx3®)(bpy)]* and [Ir(gx®)(Diobpy)]* varied very
slightly, 633 nm vs 631 nm in MeCN solutions respectively. However, upon

formation of thin films by slow evaporation of DCM the emission maxima diverged,
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with 688 nm and 677 nm respectively. This is likely due to the different packing
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arrangements in the solid state.

Figure 2.16 i Quinoxaline complexes synthesised by Pope et al in 201386,

Later, a series of ligands were synthesised to investigate the effects of substitution
around the quinoxaline core in cationic®” and neutral iridium(lll) complexes®® (See
Figure 2.17). All complexes again show deep red emission, ranging from 617 nm
to 680 nm in aerated chloroform. When picolinate (pic) or pyrazinoate (pyz) were
used as the ancillary ligand, DFT calculations showed they contributed a
modulation towards the complex HOMO levels. This manifested as an overall
bathochromic shift in comparison to using a bipyridine ancillary ligand.
Additionally, with the second heteroatom of the pyrazine moiety providing an
additional stabilisation in direct comparison to the picolinate, a small hypsochromic

shift in emission is noted.

DFT analysis on the complexes has shows that quinoxaline rings contribute orbital
density towards the LUMO levels, while phenyl ring contributes to HOMO level,
alongside the Ir 5d orbitals. When the quinoxaline was substituted in the 6,7-
positions, the energy of emission changed from Me > H > halogen. The emission
also shifted when the quinoxaline 3- position was changed, with the
3-methyl-2-phenylquinoxaline ligands giving a higher energy emission than

2,3-diphenylquinoxaline complexes.
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Figure 2.17 i Ligands and complexes published by Pope et al in investigations into
tuneable red emission. 8788

2.2 Aims

Brominated acetophenones allow for a wide variety of cyclometalating ligands to
be synthesised quickly, altering the substitution around the phenyl ring. As a
brominating agent, dioxane dibromide offers rapid synthesis with excellent
selectivity for monobrominated acetophenones. As such, this chapter sets out to
synthesise and characterise a set of novel bis-cyclometalated iridium(lll)
complexes, based upon the substituted 2-phenylguinoxaline framework. The work
set out to study the systematic substitution around the ligand, by using electron
withdrawing groups or electron donating groups, and how this affected the
photophysical properties of the resultant organometallic complexes. In total, three
cationic complexes have been isolated, with two more complexes showing an
unexpected mix of isomers. The data is compared with a further complex, isolated
and characterised by Sophie Fitzgerald, included as a comparison to complete the

series.
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2.3 Results and discussions

2.3.1 Ligand synthesis and characterisation

A series of ligands was synthesised to investigate the effects of substitution on
emission wavelength. First, a functionalised acetophenone underwent a selective
electrophilic mono-bromination using 1.2 equivalents of dioxane dibromide,
following literature methods.®® U-Bromo ketones were then reacted with a
4,5-disubstituted-1,2-diaminobenzene  derivative to form the desired
polyfunctionalised quinoxaline ligands (Figure 2.18) in good yields.

o o NH; N R"
, o) , HoN |
Rjg)k +[ j'Br LRﬁBr + \(::,\ L»Rvj@)i\ :C[
2 N R"
R © R ., R R
R L"H

L'H: R = R' = Me; R" = Me. LH:R=R'=F;R"=F.
L2H:R=R'=Me;R"=F.  L°H:R=F;R'=H;R"=Me
L*H: R=R'=F; R" = Me. LH:R=F;R'=H;R"=F

Figure 2.18 7 Synthetic route used for ligand synthesis: a: 1,4-dioxane, diethyl

ether, dropwise addition, 2 hours, room temperature; b: Ethanol, 24 hours, 78 °C.

The bromination step was monitored by TLC, and after two hours a proton NMR
spectrum was taken, comparing the integrations of the aliphatic singlet
environments. The -CHs; acetal has a resonance around 2.7 ppm, -CH2Br singlet
appearing around 4.5 ppm and the -CHBr. peak occurs around 6.7 ppm.% After
two hours, the conversion was around 90 % for all tested acetophenones, with very
minimal dibrominated product seen. It was noted that after 4 hours the reaction
showed no improvement to the conversion and increasing the dioxane dibromide
amounts increased the dibrominated product rather than the monobrominated
species. Product can be isolated by triturating with petroleum ether or hexanes,
however the addition of fluorine substituents to the molecule increased the
solubility in these solvents, giving lower isolated yields in these cases. Since the
acetal is present in low concentrations, it was not expected to hinder or compete

in the second reaction with the phenylenediamine.

The crude brominated products were heated at reflux with functionalised
phenylene diamines to form quinoxalines in good yields. Upon cooling a precipitate
appeared, and was collected under reduced pressure, where it was washed with a

minimal amount of cold ethanol and characterised by *H, ¥C{*H}, *F{*H} NMR
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spectroscopy and high-resolution mass spectrometry. The quinoxaline ring is
identified in *H NMR spectrum by a new singlet appearing around 9.20 ppm,
assigned to the proton on C3 of the quinoxaline ring. This is expected to be most

downfield due to the deshielding effects from the adjacent imines.

The shifts associated with the methyl groups (Table 2.1) upon the quinoxaline ring
appear to be coincidental at around 2.5 ppm. Nevertheless, it was possible to
detect two separate singlets on the L°H spectrum, which was obtained in de-
acetone rather than CDCIs. The methyl groups upon the phenyl ring are slightly
more shielded with resonances at 2.36 1 2.40 ppm. °F{*H} NMR spectra shows
that once again the quinoxaline ring substituents are more deshielded than the
phenyl counterparts. This can be seen by comparing the shifts of L2H with L3H,
where the fluorine shifts from L?H quinoxline substituents are ca. -130 ppm, while
L3H fluorophenyl substituents are ca. -135 ppm.each of these doublets have a Jgr
of 21 Hz. The effects of placing a second electronegative fluorine upon the phenyl
ring is most prominent when comparing L3H to L5H, with a 25 ppm upfield shift

induced by the second fluorine.

Ligand | !Hd-CHs®/ppm BF{*H} d (*JrF) / ppm
LIH | 2.51 (6H), 2.40, 2.36 -
L?H 237, 2.40 7129.8 (d, 20.0 Hz), -131.0 (d, 21 Hz)
L°H 2.52 (6H) ~135.8 (d, 21 Hz), -136.4 (d, 21 H2)
L%H - 7128.0 (d, 21 Hz), -129.3 (d, 21 Hz),

-134.3 (d, 21 Hz), -135.8 (d, 21 Hz)

LSH?2 2.52,2.53 -111.2 (s)

LoH - -109.9 (s), -129.2 (d, 21 Hz), -130.1 (d, 21 Hz)

Table 2.1 7 NMR shifts of methyl- and fluoro- substituents of ligands. All spectra obtained
in CDClsunless otherwise stated. 21 spectrum obtained in de-Acetone. b i Peak integration
of 3H unless otherwise stated.

2.3.2 Complex synthesis and characterisation

Figure 2.197 [(LM)2lr(e-Cl)2Ir(L")2] synthesis following Nonoyama route!®. 2two eq L"H, one
eq IrCls.xH20, 2-methoxyethanol, 125 °C, 48 hours.
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With ligands in hand, cyclometalation could be attempted with IrCls.
[(LM)lr(e-Cl)2Ir(L")2] were first formed following the Nonoyama®® route (Figure
2.19). It was noted during the reflux that a yellow-orange precipitate had formed in
each reaction. |Initially, the iridium(lll) dimer workup followed literature
procedures®>®, precipitation with the addition of water and collection by filtration,
but, attempts to split the dimers with bpy were unsuccessful. A second attempt
using AgBF, to abstract the chlorides also proved fruitless. During heating with the
bpy, the precipitate from the dimer reaction was still present when the mixture was
heated in 2-methoxyethanol, MeCN or chloroform. Since the dimer was expected
to be readily soluble in each of these solvents this was identified as a potential

limitation for the reaction.

The dimers were once again remade, precipitated, and collected upon a sinter.
After washing with water, the solid was then washed with DCM, giving a deep red
filtrate, and leaving a yellow insoluble powder on the sinter. The collected DCM

fraction was dried over MgSO. and evaporated to dryness in vacuo.

N R" R N _|PF6
~ N
R'Dij@i | J/\Q:R' [ I@:
cl / \ ~
R \|\r/ \Ir R . N b R i, ,"'l ““N =
. "
R /\CI/\ R 7 R \N N
o | | T
Ao o4 AL ES PO
— NS | p7
N R" R" N N R

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

[Ir(L")5(bpy)IPFs [Ir(L2),(bpy)IPFs [Ir(L®)5(bpy)IPFs [Ir(L®),(bpy)IPFs

Figure 2.20 7 Top: Dimer Splitting synthesis. i) 2-methoxyethanol, 125 °C, 16 hours. ii)
sat. NH4PFe (ag). Bottom: Synthesised cyclometalated iridium(lll) complexes in this work.

Having removed the insoluble side product, the dimers were split by heating in
2-methoxyethanol at reflux with two molar equivalents of bpy (Figure 2.20).
Monitoring by TLC (eluted with DCM / MeOH 95:5) showed a new spot appearing
over time which also showed red emission under UV irradiation. Aqueous
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ammonium hexafluorophosphate was added to precipitate the desired product via
counterion exchange. The crude complexes were then purified via silica gel column
chromatography, eluting with DCM/MeOH (95:5) and collecting the first red band
eluted. Finally, the combined red fractions were recrystalised from DCM by addition
of diethyl ether. Complexes were then characterised via by *H, *3C{*H} and *°F{*H}

NMR, UV-vis absorption, luminescence and FTIR spectroscopies.

During characterisation it became apparent that samples of [Ir(L®)2(bpy)]PFs and
[Ir(L%)2(bpy)]PFs contained more than one species, and chromatography and
recrystallisation techniques were of no use in their separation. In the case of
[Ir(L®)2(bpy)]PFs, a symmetry of C; is expected. This would give rise to two singlet
methyl environments and two fluorine doublets environments for [Ir(L3)2(bpy)]PFes.
The *H NMR spectrum, however, showed four methyl environments, and a very
complex aromatic region with overlapping resonances. The °F{*H} NMR spectrum
also showed multiple doublets (Figure 2.21) In neither case were the signals

concurrent with those of the free ligand.
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Figure 2.21 1 *F{*H} NMR spectrum for [Ir(L%)2(bpy)]PFs i PFs signal (-72.6 ppm) omitted
for clarity. Insert i the different coordination isomers.

Samples were run on LR MS (ES ionisation) showing a single peak at m/z 887.21
which correlates to the expected m/z for complex. The same observations were
seen on the F{*H} NMR spectrum for [Ir(L*)2(bpy)]PFs. The aromatic positions on
the *H NMR spectrum were again very complex. Thus, it can be postulated that the
expected complex has formed a complex mixture of isomers, cyclometalating via
the phenyl ring 6 6 p o @he expectaed and desired position) as well as the 2 6
position. Complexes based around a 3,4-difluorophenyl quinoxaline ligand

framework are therefore extremely challenging to isolate as pure isomers.
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Since this was only seen on the 3,4-difluorophenyl based ligand systems, to
obviate this isomeric mixture, two new ligands were synthesised, L°H and L°H,

from 4-fluoroacetophenone.

Thus, four novel complexes were isolated and characterised, including

[Ir(L®)2(bpy)]PFs isolated and characterised by Sophie Fitzgerald.

Firstly, when looking at the *H NMR spectra, the expected C2 symmetry means
that each of the cyclometalating ligands exhibit as equivalent environments. The
singlet seen on the C3 quinoxaline position has shifted from ca. 9.21 9.3 ppm up
to ca. 9.5 - 9.6 ppm in all isolated complexes. This is indicative of ligand
cyclometalation and likely caused by an inductive effect from the positively charged
iridium(lll) centre. Two separate resonances also shift upfield to between 6.10 i
6.30 ppm and 6.70 7 6.80 ppm (Figure 2.22).

N N F
’ e
\N ‘ \N ‘ F
| HP | HP
Ir Ir

Ha Ha
6.70 ppm 6.73 ppm
(s, 2H) (dd, 3Jyg = 11.8 Hz, 4Jy4 = 7.5 Hz, 2H)
6.142p|3m 6.12 ppm
(s, 2H) (s, 2H)
/N /N F
| |
N N F
| HP | HP
F Ir F Ir
Ha Ha
6.78 ppm 6.80 ppm
(s, 2H) (dd, 3Jg = 12.4 Hz, e = 7.8 Hz, 2H)
6.19 ppm 6.29 ppm
(dd, 3Jyr = 9.5 Hz, 4y = 2.3 Hz, 2H) (dd, 3Jpe = 9.5 Hz, 4J4y = 2.5 Hz, 2H)

Figure 2.22 i Upfield aromatic singlet shifts seen in 'TH NMR spectra upon complexation
and proposed assignments.

Secondly, in complexes [Ir(LY)2(bpy)]PFs and [Ir(L?)2(bpy)]PFs we see a new singlet
signal appearing compared to the free ligand indicating the loss of a proton during
cyclometalation. The proton ortho- to the site of cyclometalation (H? in Figure 2.22)
and the HP proton have both been shifted upfield due to the overlapping aromatic

ring currents from adjacent ligand quinoxaline and bipyridine ligand systems. Solid
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state structures obtained (see section 2.3.3) put the average distance from
adjacent ring centroids at 3.4 A for H?, and 2.9 A for HP.

Ligand Free Ligand -CHsd4/ ppm? [Ir(L")2(bpy)]PFs -CH3 0w / ppm?
LH 2.36, 2.40, 2.52 (6H) 1.75, 1.95, 2.27, 2.23
L2H 2.37,2.40 1.99, 2.29
L°H 2.52,2.53° 1.76,2.31°

Table 2.2 Aliphatic shifts from free ligand and complexes for pure synthesised complexes.
a All spectra obtained in CDCIs unless otherwise indicated. ® Spectra obtained in de-
Acetone. ¢ spectra obtained in dz-MeCN.

Methyl group shifts have also changed upon complexation. These have been
tabulated in Table 2.2 and are compared to the free ligand shifts. The coincidental
shifts of the quinoxaline methyl groups seen in the free ligand have been resolved,
as expected, due to the increased asymmetry from complexation, as well as close

proximities to neighbouring diatropic ring currents and the iridium metal centre.

Ligand | Free Ligand *F{*H} d=/ ppm | [Ir(L")2(bpy)]PFs *°*F{*H} d= / ppm
L2H -129.8 (d, 3Jer = 20 Hz), -72.6 (d, YJpr = 711 Hz) (PFe),
-131.0 (d, 3Jer = 20 Hz) -123.8 (d, 3Jer = 22 Hz),
-128.6 (d, 3Jer = 22 Hz)
L5H -111.2 (s) -72.6 (d, e = 711 Hz) (PFe),
-103.9 (s)
L6H -109.9 (s), -72.6 (d, YJpr = 711 Hz) (PFe),
-129.2 (d, 3Jre = 21 Hz), -106.2 (s),
-130.1 (d, 3Jer = 21 Hz) -128.2 (d, 3Jrr = 21 Hz),
-132.8 (d, 3Jer = 21 Hz)

Table 2.3 - I°F{*H} NMR spectrum shifts for ligand and complexes.

PF{'H} NMR spectrum shifts are seen in Table 2.3. Firstly, a noticeably smaller
pronounced change to the shifts associate with the quinoxaline ring substitutes in

comparison to the methyl substituents is seen.

In each isolated complex, the high-resolution mass spectrometry data provides a
m/z peak that is expected for [M - PF¢]*.
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2.3.3 X-ray crystal structure of [Ir(LY)2(bpy)]PFs and [Ir(L2)2(bpy)]PFe.

Single crystal diffraction data and geometry refinements were carried out by The
UK National Crystallographic Service at Southampton University. Single crystals
of [Ir(LY)2(bpy)]PFs (dark red and shard-shaped,Figure 2.23) and [Ir(L?)2(bpy)]PFs
(dark red rod-shaped, Figure 2.24) were grown by vapour diffusion of diethyl ether
into DCM or chloroform solutions of each complex. In both cases, the complex
displayed the expected coordination, with a cis-C,C and trans-N,N arrangement of
the cyclometalating ligands around the distorted octahedral iridium(lll) centre®*18,
In each case, there was solvent of crystallisation; for [Ir(L1)2(bpy)]PFs disordered
solvent T assumed to be diethyl ether i was removed with solvent masking. In
[Ir(L?)2(bpy)]PFs @ molecule of disordered diethyl ether is still present. Each of the
monocationic complexes is charged balanced by the presence of a single

hexafluorophosphate ion.

When examining the bond lengths around the iridium(lll) centre (Table 2.4), in both
cases there is an elongation of the Ir-N bonds of the bipyridine ligand, N(41) and
N(42), when compared to Ir-N bonds on the quinoxalines. This can be attributed

45



to the strong (i-bonding of the phenyl C-Ir organometallic bonds producing a strong

trans influence upon the bipyridine Ir-N bonds.

Figure 2.23 - X-ray structure of [Ir(LY)2(bpy)]PFs {C4sFesHa7IrNsOo.sP, M, = 1053.08, triclinic,
P-1 (No. 2), a= 10.1665(3) A, b = 13.4268(4) A, ¢ = 17.3892(9) A, U= 105.700(4) °, b =
100.845(3) °, 0 = 93.671(2) °, V = 2227.67(16) A3, T = 100(2) K, Z = 2, Z' = 1, m(CuKy) =
6.716 mm*, 28306 reflections measured, 8018 unique (Rin = 0.1024) which were used in
all calculations. The final wR, was 0.1882 (all data) and R; was 0.0720 (1 > 2(I))}

46



[Ir(LY)2(bpy)]PFs [Ir(L?)2(bpy)]PFs
Bond Length (A)

@) | N@) 2.100(8) 1) | N(1) 2.079(3)
(1) | N(21) 2.090(8) (L) | N(21) 2.080(3)
(1) | N(41) 2.176(8) (L) | N(41) 2.161(3)
(1) | N(42) 2.148(8) (1) | N@42) 2.167(3)
) | c@) 2.023(9) () | c@) 1.992(3)
(1) | C(21) 1.974(9) (1) | c(21) 2.017(3)

Bond Angle (°)
N@) | Ir(@) | N@1) | 172.93) | N@) | Ir(®) | N(@1) | 173.30(10)
N(1) | (1) | N@1) | 10553) | N@) | Ir(@) | N@41) | 102.99(10)
N(1) | (1) | N@42) | 84.8(3) N(1) | (1) | N@2) | 83.70(10)

N(21) | Ir@) | N@1) | 81.23) | N@21) | (@) | N@1) | 80.83(10)

N(21) | Ir@) | N@2) | 101.5(3) | N21) | (1) | N@2) | 102.66(11)

N(41) | Ir(Q) | N@42) | 75.33) | N@41) | Ir(1) | N(42) | 75.93(10)
c) | @@ | N@ | 79.44) | c@) | Ir@) | N@) | 79.50(12)
C(1) | Ir(d) | N@21) | 94.6(4) | c@) | Ir(d) | N@1) | 97.76(12)
c@w) | @ | N@y | 171.33) | c@) | @) | N@1) | 169.35(11)
C@) | @ | N@2) | 98.3(3) C1) | @ | N@2) | 94.19(11)
c@m) | @ | c@ey | 90.8(3) C1) | @ | c1) | 93.78(13)

cy | @) | NQ) 94.13) | c(21) | Ir(@) | N(@) | 94.65(12)

C(21) | Ir()) | N(22) 80.5(3) C(21) | Ir(1) | N(21) | 79.37(13)

C(21) | Ir(1)) | N(42) 96.0(3) C(21) | Ir(1) | N(41) | 96.31(12)

C(21) | Ir(@) | N@42) | 170.5(3) | c(21) | (1) | N(42) | 171.41(12)

Table 2.4 7 Selected bond lengths and bond angles obtained from crystallographic data
from complexes [Ir(LY)2(bpy)]PFs and [Ir(L?)2(bpy)]PFs

The solid state structure shows the quinoxaline methyl group protons from
[Ir(LY)2(bpy)]PFs are in very close proximity to the centre of the bpy aromatic rings,
with poton to centraoid distances measured at 3.1 and 3.4 A for each of the
cyclometalated ligands. At these distances, the effects of the aromatic ring current
originating from the bipyridine is likely to induce a shielding effect®>%2. Indeed, on
the *H NMR spectrum this position changed from 2.5 ppm in the free ligand to 1.75

ppm once complexation has occurred.
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However, in the structure seen in Figure 2.24, the distance of F1 and F21 to the
centroid of the bipyridine are 4.31 and 4.60 A which is going to be outside of any
shielding effects produced by neighbouring aromatic rings. Indeed, the shifts seen

on the °F{*H} NMR spectrum have changed very little from the free ligand.

Figure 2.24 1 X-ray structure of [Ir(L?)2(bpy)]PFes {CasHaoF10lrNsOP, M= 1106.01,
monoclinic, P21/n (No. 14), a = 10.2004(2) A, b = 21.6662(6) A, c = 18.8506(5) A, b =
90.842(2) °,U=2=190"°,V =4165.61(18) A3, T = 100(2) K, Z =4, Z' =1, m(Mo K) = 3.335
mm-1, 189265 reflections measured, 9560 unique (Rinx = 0.0529) which were used in all
calculations. The final wR, was 0.0726 (all data) and Ry was 0.0288 (I > 2(1))}.
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2.3.4 Electronic properties

2.3.4.1 Absorption and emission properties of the ligands
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Figure 2.25 - UV-Vis spectra for L*®H recorded in MeCN at ca.105 M.

Absorption spectra for L°H, seen in Figure 2.25 were recorded in MeCN solution
at ca. 10°° M. The ligands absorb within the UV region, which can be attributed to
p- p*, in addition to n-p* transitions originating from the heteroatoms present in the
quinoxaline aromatic ring. | max Shows small variations depending upon substitution
with the tetramethyl quinoxaline absorbing at the highest wavelength. The effect of
the second -F substituent upon the phenyl moiety induce a small (ca. 4 nm)
bathochromic shift in absorption energies when comparing similarly substituted
quinoxalines, L3H with L°H and L*H with L®H.

Steady state emission measurements were run in aerated MeCN for the six ligands
and are shown in Figure 2.26 (I ex = 330 nm). While each ligand showed emission
maxima centring around 392 nm (Table 2.1), it is clear that the degree of
fluorination affects the amount of vibrionic structure seen in the emission profile.
With 3,4-dimethylphenyl ligands, L*H and L2H, show a broad and featureless
spectrum. The difference between the 3,4-difluorophenyl and 4-fluorophenyl
ligands is more dependent upon the substitution upon the quinoxaline.
Dimethylquinoxaline ligands, L®H and L°H, show a small shoulder at 380 nm, a

sharper amax at 392nm and a broader shoulder at 407 nm. Difluoroquinoxaline
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ligands, L*H and L°H, show a small feature around 370 nm, a more defined

shoulder at 383 nm, a sharp | max at 392nm, and a shoulder at 407 nm.

Time resolved measurements were also made on L®H (Table 2.5). The recorded
lifetime measurements are short (between 0.5 and 5.3 ns) and are consistent with
fluorescent emission. Quantum yields were calculated relative to known
standards® throughout this thesis using Equation 2.1 below®. Absorbance and
fluorescent intensity were recorded across a concentration range, taking care not
to exceed 0.1 absorbance at the excitation wavelength for the most concentrated
sample to avoid inner filter effects®®. The results of integrated fluorescent intensity
were plotted against the absorbance at the excitation wavelength, and the slope
calculated.
" OAA T

— — Equation 2.1
" OAA |

B B

Std and x denote the standard and sample respectively. 0 is the quantum yield
and n is the refractive index of the solvents used. Grad is the gradient from a plot
of integrated fluorescent intensity vs absorbance at the excitation wavelength. The
error of both lifetime values and quantum yields are estimated to be no more than
10 %.

Ligand | | aps (U7 10*M*cm™)/nma | em / NMP t/ns® | F¢

LiH 348 (1.8), 265 (3.3), 214 53 |0.006
(4.5) 393 ' '

L2H 343 (1.9),(2552) (2.9), 213 397 (br) 0.5 |0.008

L3H 340 (1.4), 262 (3.6), 203 382 (sh), 392, 407 05 | 0002
(3.1) (sh)

L4H 334 (1.4), 253 (2.5), 207 370 (sh), 382 (sh), 0.9 0.06
(3.6) 392, 407 (sh)

L5H 336 (1.3), 258 (3.3), 200 382 (sh), 392, 407 0.8 | 0003
(2.9) (sh)

LéH 330 (1.2), 249 (2.0), 202 370 (sh), 382 (sh), 1.4 0.002
(3.4) 392, 407 (sh)

Table 2.57 @ All measurements obtained at room temperature in aerated acetonitrile at ca.
1x10° M. P | e&x = 330 Nm; € | ex = 295 nm; 9 Vs standard Quinine Sulphate in 0.05 M H2S0O4,
| ex=350 nm. 93
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Figure 2.26 i Emission spectra for Ligands L'-°H obtained in aerated acetonitrile. | ex =330
nm

2.3.4.2 Absorption and emission properties of complexes

Absorption spectra for the synthesised and isolated complexes can be seen
overlaid in Figure 2.27. Measurements were made in aerated MeCN at ca. 10° M.
Absorptions bands seen between 200 and 400 nm have a large molar extinction
coefficient and likely arise from spin allowed ligand centred p- p* transitions, from
both the quinoxaline and bipyridine ligands. The heterocyclic quinoxaline ring is
also likely to contribute *n-p* transitions in this same region. The broad transitions
occurring between 400 i 550 nm with e ca. 5000 M*cm™ typically possess some
spin allowed *MLCT character, with large differences seen between the different
complexes, dominated by the substituents on the phenyl group of the quinoxaline
ligands with minor differences from the quinoxaline substituents. 4-fluorophenyl
ligands in [Ir(L®)2(bpy)]PFs and [Ir(L®)2(bpy)]PFs have narrower absorption, with a
stronger U when ¢ omp a r-dirdethylpbeny liyands ®f, [I4L)2(bpy)]PFs
and [Ir(L?)2(bpy)]PFs. The complexes with the 6,7-difluouroguinoxalines also have
a slightly bathochromically shifted absorption when compared with the
6,7-dimethylquinoxaline variants. When compared with the absorption spectrum

for the free ligands, it is notable that these features from 400 nm onwards are not
51



seen in the ligands, and therefore are likely to occur from an MLCT process.
Absorption tails off towards 600 nm with a much weaker feature, that typically is

associated with spin forbidden *MLCT in iridium(Ill) complexes.
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Figure 2.27 - UV-Vis spectra for isolated complexes, [Ir(L'%)(bpy)]PFs, recorded in

acetonitrile at ca.10° M.

Steady state emission measurements were also run for isolated complexes in
aerated MeCN solutions and can be seen in Figure 2.28. Similar to the absorbance
spectrum, the substituents located upon the ligand phenyl ring show a greater
effect upon the complex emission wavelength in comparison to the quinoxaline
substituents. The 3,4-dimethylphenyl ligands are significantly bathochromically
shifted in comparison to the 4-fluorophenyl ligands. This agrees with previous
studies®”:88 of similar red quinoxaline iridium(lll) complexes, which have shown the
HOMO to be a located around the iridium 5d orbitals and the two cyclometalating
ligands, with the ligand contribution being located upon the phenyl rings, rather
than the N-donor rings. The LUMO is predominantly located across both
cyclometalating ligands, with the orbital density located across both the phenyl and
most predominantly, the quinoxaline moieties. Therefore, the use of the electron
withdrawing -F substituents, or the electron donating -CHs, substituents will have
different effects upon the frontier orbitals depending upon the place of substitution.
This is seen most clearly when comparing the spectra for [Ir(L*)2(bpy)]PFs and
[Ir(L?)2(bpy)]PFs. While both exhibit a significant bathochromic shift compared to

the 4-fluorophenyl complexes, brought about by the methyl groups electron
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donating effect stabilising the HOMO, [Ir(L?)2(bpy)]PFs has a further red shift, in
part by the electron withdrawing difluoro substituents on the quinoxaline
destabilising the LUMO. This pattern is also seen to a lesser extent for
[Ir(L®)2(bpy)]PFs and [Ir(L®)2(bpy)]PFes.
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Figure 2.28 i Steady state emission spectra for isolated complexes, [Ir(L)(bpy)]PFe.
Samples run in MeCN at ca.10° M. | ex = 450 nm

Complexes with mixed cyclometalation isomers, [Ir(L®)2(bpy)]PFs and
[Ir(L*)2(bpy)]PFs, would be expected to show a hypsochromic shift in comparison
to [Ir(LY)2(bpy)]PFs and [Ir(L?)2(bpy)]PFs. Indeed, samples were run on steady state
emission showing one broad peak for each complex, centring around 593 nm
(Figure 2.29). The shift in wavelength emission peaks appear almost congruent,
suggesting the effects of the difluorophenyl group upon the frontier orbitals

outweighs any effects seen by quinoxaline substitution.
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Figure 2.29 - Steady state emission spectra for mixed isomer complexes, [Ir(L3*)(bpy)]PFe.
Samples run in MeCN at ca.10°M. | ex = 450 nm

Time resolved spectroscopy was also run on the isolated complexes (Table 2.6).
The luminescent lifetimes were recorded in MeCN solutions. Lifetimes of all
complexes showed a mono-exponential decay, which is consistent for a single
emissive state. The aerated lifetimes vary from 214 1 571 ns, consistent with spin
forbidden phosphorescent decay, while degassed lifetimes increased significantly
to range between 659 and 4872 ns, consistent with a reduction in quenching from
30..
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| abs (U7 104 M1 lem/ | Aerated | Degassed
Complex Fd
cm?) /nma nmP t / ns® t / ns¢

485 (0.4), 378 (1.7),
[Ir(LY)2(bpy)]PFs 629 230 1886 0.02
293 (3.1), 267 (3.5)

518 (0.4), 373 (2.1),
[Ir(L2)2(bpy)]PFs 666 214 659 0.01
292 (3.1), 266 (3.6)

450 (0.7), 372 (2.4),
[Ir(L5)2(bpy)]PFs 585 440 4872 0.08
286 (4.9), 207 (6.7)

450 (0.6), 361 (2.2),
[Ir(L®)2(bpy)]PFs 594 571 1387 | 0.09
284 (3.5), 259 (4.2)

Table 2.6 7 a All measurements obtained at room temperature in aerated MeCN at ca.
1x10° M. P | e&x = 450 nm; © | ex = 295 nm; Degassed lifetimes recorded by Haleema Otaif
96; d Vs standard [Ru(bpy)s][PFs]2 in MeCN, | ex = 450 nm. 93

2.4 Conclusions

Dioxane dibromide provides a simple synthetic methodology for the bromination of
acetophenones, leading to excellent control and allowing new substituted C*N

cyclometalating ligands to be synthesised with ease.

This chapter has shown the synthesis and characterisation of six novel substituted
phenyl quinoxalines ligands, using a systematic design of electron withdrawing and

donating groups to investigate the degree of tuneability in final complex emission.

The two iridium(l1l) complexes with a difluorophenyl motif upon the cyclometalating
ligands exhibited mixed isomers, which were unable to be separated using

standard chromatography and recrystallisation techniques.

The remaining four iridium(lll) complexes were isolated, and characterised via
NMR, HRMS, UV-vis and emission spectroscopies, with two examples grown as
single crystals for single crystal x-ray diffraction studies. Results have shown that
a bathochromic shift in emission is seen when using EDG around the phenyl ring,
likely a result of a HOMO stabilisation. The effects of substitution in the quinoxaline
positions were generally seen with a smaller magnitude. The use of the LUMO
stabilising electron withdrawing -F substituents produced a bathochromic shift in
emission. This fits with the current literature model for the predictions of the HOMO

and LUMO contributions for iridium(lll) quinoxaline cationic complexes.
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The quantum yield and lifetime of the complexes in aerated solution appears to
correlate with the emission energy, as described by the energy gap law. The
aerated lifetimes ca. 214 1 571 ns would potentially allow for use in biological
applications in oxygenated environments®’. The aerated lifetime and quantum
yields are also comparable to archetypal complex, [Ir(ppy)2bpy]*, where | em: 602,
f:9.3% and t: 275 ns?,
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2.5 Experimental

All reactions were performed with the use of vacuum line and Schlenk techniques.
Reagents were commercial grade and were used without further purification. H,
13C and ®F NMR spectra were recorded on a Bruker fourier 300, dpx 400, or
avance 500 MHz spectrometer, and were recorded in CDCls, CD3CN or dg-acetone
solutions. *H and ¥*C{{H} NMR <chemical shifts (U) were ¢
internal tetramethylsilane, Si(CHs)s and are given in ppm. Low-resolution mass
spectra were obtained by the staff at Cardiff University. High-resolution mass
spectra were carried out by the staff at Cardiff University and the EPSRC National
Mass Spectrometry Service at Swansea University, UK. All photophysical data was
obtained on a JobinYvon-Horiba Fluorolog-3 spectrometer fitted with a JY TBX
picosecond photodetection module in MeCN solutions. Emission spectra were
uncorrected and excitation spectra were instrument corrected. The pulsed source
was a Nano-LED configured for 295, 372 or 459 nm output operating at 500 kHz
or 1 MHz. Luminescence lifetime profiles were obtained using the JobinYvoni
Horiba FluoroHub single photon counting module and the data fits yielded the
lifetime values using the provided DAS6 deconvolution software. IR spectra were
recorded on an ATR equipped Shimadzu IRAffinity-1 spectrophotometer. UV-vis
data was recorded as solutions on a Shimadzu UV-1800 spectrophotometer.

X-ray crystallography
Data collection and processing

Suitable crystals were selected and data collected on either a Rigaku FRE+
diffractometer equipped with VHF Varimax confocal mirrors and an AFC12
goniometer and HyPix 6000 detector, equipped with an Oxford Cryosystems low-
temperature device operating at T = 100(2) K (for [Ir(L?)2(bpy)]PFs) or a Rigaku
007HF diffractometer equipped with Varimax confocal mirrors and an AFC11
goniometer and HyPix 6000 detector equipped with an Oxford Cryosystems low-
temperature device operating at T = 100(2) K (for [Ir(L)2(bpy)]PFe).

The structure was solved with the ShelXT®8 structure solution program using the
Intrinsic Phasing solution method and by using Olex2 *° as the graphical interface.
The model was refined with version 2018/3 of ShelXL 1% using Least Squares

minimisation.
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2.5.1 Synthesis of U-bromoacetophenone precursors®

General Procedure: To a stirring solution of substituted acetophenone (1.000 g)
in 1,4-dioxane (10 mL) and diethyl ether (10 mL), dioxane dibromide (1.1 eq) was
added portion wise and stirred at room temperature for 2 hours. The pale yellow
solution was added to water (50 mL) and extracted with diethyl ether (3 x 20 mL).
The combined ether layers were dried over magnesium sulphate, and the solvent
removed in vacuo to yield crude product. A minimum amount of hexanes were

added and the resultant slurry filtered under suction to yield brominated precursors.

25.1.1 2-bromo-1-(3,4-dimethylphenyl)ethan-1-one
Off white solid (1.364 g, 89 %). *H NMR (400 MHz, CDCl3) w#7.79 (s, 1H), 7.74
(d, J=7.9 Hz, 1H), 7.28 (d, J = 3.3 Hz, 1H), 4.46 (s, 2H), 2.36 (s, 6H) ppm.

25.1.2 2-bromo-1-(3,4-difluorophenyl)ethan-1-one

Off white solid (0.311 g, 21 %). *H NMR (400 MHz, CDCls) & 7.8071 7.74 (m,
1H), 7.73 71 7.69 (m, 1H), 7.22 (ddd, J = 11.4, J =5.3 Hz, J = 4.2 Hz 1H), 4.35 (s,
2H) ppm. *F{*H} NMR (376 MHz, CDCls) r #-127.7 (d, 3Jun = 21 Hz), -135.1 (d,
3Jun = 21 Hz) ppm.

2.5.1.3  2-bromo-1-(4-fluorophenyl)ethan-1-one
White crystalline solid (0.837 g, 53 %). *H NMR (300 MHz, CDCl;) 4 #8.7571 8.30
(m, 2H), 7.60 (ddd, J = 8.5, J 6.0, J 3.0 Hz, 2H), 4.85 (s, 2H).

2.5.2 Synthesis of phenylquinoxaline ligands

25.2.1 2-(3,4-dimethylphenyl)-6,7-dimethylquinoxaline (L'H)
2-bromo-1-(3,4-dimethylphenyl)ethan-1-one (0.800 g, 3.520 mmol) and 4,5-
dimethyl-1,2-phenylenediamine (0.530 g, 3.870 mmol, 1.2 eq) were dissolved in
ethanol and heated to reflux for 24 hours. After cooling, the resultant precipitate
was filtered under reduced pressure, washed with ice cold ethanol (3 x 5 mL), to
yield the title product as a pale yellow solid (0.347 g, 40 %). *H NMR (400 MHz,
CDCl3) w1 8.20 (s, 1H), 7.97 (d, J = 0.9 Hz, 1H), 7.90 (s, 1H), 7.88 (dd, J=7.8,J =
1.7 Hz, 1H), 7.84 (s, 1H), 7.31 (d, J = 7.8 Hz, 1H), 2.51 (s, 6H), 2.40 (s, 3H), 2.36
(s, 3H) ppm. BC{*H} NMR (101 MHz, CDCls) ¢ 142.7, 140.8, 139.0, 137.7, 134.9,
130.5, 128.8, 128.7, 128.3, 125.0, 20.6, 20.5, 20.2, 19.9 ppm. UV-vis (MeCN): 8ubs
(010* L mol* cm™) 214 (4.5), 265 (3.3), 348 (1.8) nm. FTIR (solid) (ATR) Vmax:
2972, 2945, 2907, 1628, 1605, 1570, 1528, 1483, 1447, 1362, 1317, 1283, 1234,
1209, 1121, 1053, 1022, 1003, 991, 964, 943, 885, 862, 837, 794, 737, 716, 637,
623, 546, 488, 442, 428 cm™. HRMS (EI*): m/zc a | ¢ dM]*" ClistdgN. 262.1470;
found: 262.1465.
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25.2.2 2-(3,4-dimethylphenyl)-6,7-difluoroquinoxaline (L2H)

Prepared similarly from 2-bromo-1-(3,4-dimethylphenyl)ethan-1-one (0.998 g,
4.395 mmol) and 4,5-difluoro-1,2-phenylenediamine (760 mg, 1.2 eq, 5.274 mmol)
to yield the product as an off-white solid (0.593 g, 50 %). *H NMR (400 MHz, CDCls)
Un 9.27 (s, 1H), 7.96 (d, J = 0.6 Hz, 1H), 7.88 (dd, J = 7.9, 3 =5.5 Hz, 2H), 7.86 1
7.81 (m, 1H), 7.32 (d, J = 7.9 Hz, 1H), 2.40 (s, 3H), 2.37 (s, 3H) ppm. *C{*H} NMR
(101 MHz, CDClz) ¢ 162.3, 143.6, 139.8, 138.6, 137.8, 133.8, 130.6, 128.6, 125.0,
115.0, 20.0 ppm. ¥F{*H} NMR (376 MHz, CDCl3) ¢129.8 (d, 3Je== 20 Hz), -131.0
(d, 3Jkr = 21 Hz) ppm. UV-vis (MeCN): aus (U10*L moltcm™) 213 (5.5), 256 (2.9),
343 (1.8) nm. FTIR (solid) (ATR) Vmax : 3067, 2978, 2922, 1636, 1609, 1545, 1493,
1449, 1433, 1385, 1350, 1315, 1283, 1225, 1167, 1165, 1128, 1051, 1016, 988,
968, 926, 880, 862, 835, 752, 731, 710, 650, 613, 602, 546, 492, 463, 440 cm™.
HRMS (EI"):m/zc a | ¢ 6 d* ClstdaF2N{2R0]0969; found: 270.0970.

2.5.2.3  2-(3,4-difluorophenyl)-6,7-dimethylquinoxaline (L3H)

Prepared similarly from crude 2-bromo-1-(3,4-difluorophenyl)ethan-1-one (0.311
g, 1.320 mmol) and 4,5-dimethyl-1,2-phenylenediamine (0.216 g, 1.2 eq,
1.586 mmol) to yield the product as a pale yellow solid. (0.209 g, 58 %). *H NMR
(400 MHz, CDCls) Un =9.17 (s, 1H), 8.07 (ddd, J =11.4,3=7.7, J = 2.2 Hz, 1H),
7.9371 7.89 (m, 1H), 7.89 (s, 1H), 7.86 (s, 1H), 7.37 i 7.30 (m, 1H), 2.52 (s, 6H)
ppm. BC{*H} NMR (101 MHz, CDCls) ¢141.7, 141.4, 141.1, 140.8, 128.7, 128.3,
123.5,118.1,117.9, 116.7, 116.5, 20.5, 20.5 ppm. **F{*H} NMR (376 MHz, CDCls)
Ur -135.8 (d, 3Jer = 21 Hz), -136.4 (d, 3Jer = 21 Hz) ppm. UV-vis (MeCN): asps (U10*
L mol*cm™) 203 (3.1), 262 (3.6), 340 (1.4) nm. FTIR (solid) (ATR) Vmax: 3040, 2978,
2355, 1616, 1604, 1520, 1518, 1487, 1472, 1442, 1369, 1364, 1323, 1290, 1273,
1254, 1213, 1188, 1165, 1113, 1049, 1007, 1003, 976, 939, 897, 876, 829, 773,
710, 638, 583, 492, 457, 434 cm™. HRMS (EI*): m/zc a |l c 6 d * GieblisF2N§
270.0969; found: 270.0969.

25.2.4 2-(3,4-difluorophenyl)-6,7-difluoroquinoxaline (L*H)

Prepared similarly from crude 2-bromo-1-(3,4-difluorophenyl)ethan-1-one (1.25 g,
5.34 mmol) and 4,5-difluoro-1,2-phenylenediamine (0.923 g, 1.2 eq, 6.404 mmol)
to give the product as an off-white solid.(0.450 g, 25 %). *H NMR (400 MHz, CDCls)
Un 9.25 (s, 1H), 8.08 (ddd, J = 11.2, J 7.6 Hz, J 2.2 Hz, 1H), 7.951 7.90 (m, 1H),
7.87 (ddd, J =10.2, J = 8.1 Hz, J= 2.0 Hz, 2H), 7.40 7 7.32 (m, J = 9.8, 8.5 Hz,

1H) ppm. 3C{*H} NMR (101 MHz, CDCls) c [i54.3, 153.4, 149.8, 142.7, 139.4,
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133.3, 123.7, 118.2, 116.8, 115.1 ppm. *F{*H} NMR (376 MHz, CDCl;) ¢ 1128.6

(d, 3Jer = 21 Hz), -129.3 (d, 3Jee = 21 Hz), -134.3 (d, 3Jre = 21 Hz), -135.8 (d, 3Jke

= 21 Hz) ppm. UV-vis (MeCN): aws (U10*L molcm™) 207 (3.6), 253 (2.5), 334

(2.4) nm. FTIR (solid) (ATR) vmax: 3042, 1636, 1609, 1508, 1476, 1445, 1410,

1350,1300, 1281, 1273, 1233, 1223, 1188, 1124, 968, 901, 889, 818, 779, 731,

706, 660, 611, 581, 494, 492, 451, 399 cm?®. HRMS (EI*): m/z calc 6d f*or [ M]
Ci14HsF4N2 278.0467; found: 278.0470

2.5.25 2-(4-fluorophenyl)-6,7-dimethylquinoxaline (L°H)

Prepared similarly from 2-bromo-1-(4-difluorophenyl)ethan-1-one (1.00 g, 4.61

mmol) and 4,5-dimethyl-1,2-phenylenediamine (753 mg, 1.2 eq, 5.53 mmol) to give

the product as a yellow solid. (0.58 g,50. %)'"H NMR (400 MHZz938Acetone) U
(s, 1H), 8.4271 8.36 (m, 2H), 7.87 (s, 1H), 7.85 (s, 1H), 7.39 1 7.33 (m, 2H), 2.53

(s, 3H), 2.52 (s, 3H) ppm. ¥C{*H} NMR (101 MHz, CDCls) ¢ 1i65.5, 150.2, 142.2,

141.4, 141.3, 140.7, 140.5, 129.6, 129.5, 128.7, 128.3, 116.5, 116.3, 20.6, 20.6

ppm. °F{*H} NMR (376 MHz, CDCls) ¢ 111.2 (S). UV-vis (MeCN): aws (U10%L

mol?cm™) 200 (2.9), 258 (3.3), 338 (1.3) nm. FTIR (solid) (ATR) Vmax : 1653, 1624,

1599, 1535, 1514, 1487, 1441, 1375, 1329, 1315, 1283, 1211, 1161, 1107, 1047,

1020, 1005, 1001, 951, 935, 887, 868, 843, 814, 795, 739, 729, 723, 675, 638,

628, 611, 594, 552, 513, 488, 457, 434, 419 cm™*. HRMS (EI*): m/zc al c 6d* f or [ M]
Ci16H13FN2252.1063; found: 252.1063

2.5.2.6 6,7-difluoro-2-(4-fluorophenyl)quinoxaline (L%H)

Prepared similarly from 2-bromo-1-(4-difluorophenyl)ethan-1-one (1.00 g,
4.61 mmol) and 4,5-difluoro-1,2-phenylenediamine (0.797 g, 1.2 eq, 5.53 mmaol).
The product was produced as an off-white solid. (0.461 g, 39 %). *H NMR (400
MHz, CDCls) G 9.29 (s, 1H), 8.247 8.17 (m, 2H), 7.93 1 7.85 (m, 2H), 7.341 7.23
(m, 2H) ppm. *C{*H} NMR (101 MHz, CDCls) ¢ 165.9, 163.4, 151.2, 151.0, 143.2,
143.2, 139.0, 138.9, 132.5, 129.7, 129.7, 116.7, 116.5, 115.4, 115.2, 115.0 ppm.
E{IH} NMR (376 MHz, CDCls) ¢ #109.9 (s), -129.2 (d, 3J& = 21 Hz), -130.1(d,
3Jre = 21 Hz). UV-vis (MeCN): ams (0% L mol™ cm™) 202 (3.4), 249 (2.1), 330
(2.2) nm. FTIR (solid) (ATR) vmax : 3042, 1632, 1603, 1501, 1441, 1440, 1350,
1310, 1300, 1285, 1223, 1204, 1175, 1155, 1132, 1103, 1040, 1011, 955, 924,
885, 876, 868, 831, 787, 756, 731, 718, 650, 642, 608, 579, 509, 488, 451, 442
cm™. HRMS (EI'): m/zc a | ¢ gMi*" CisrFFsN2261.0640; found: 261.0641.
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2.5.3 Synthesis of cyclometalated Ir(lll) complexes

2531Synt hesi s -chlbro bridded dirers: ¢

The chloride-bridged dimers, [(L")2lr(e-Cl2lr(L™)2], were synthesised by the
Nonoyama route®®. IrCls-xH-O and L"H (2.0 eq, 0.881 mmol) were dissolved in
2-methoxyethanol and distilled water (3:1) (20 mL) and the mixture was stirred at
reflux under a nitrogen atmosphere for 48 h. The reaction mixture was cooled to
room temperature and precipitated by the addition of deionised water (30 mL). The
solids were collected by filtration under reduced pressure, washed with water, to
give the crude products as orange solids. Insoluble competing reaction products
were removed by dissolving the desired dimeric species in dichloromethane (50
mL). The DCM solution was dried over MgSQO., and the solvent removed in vacuo
to give dark red solids, which were used in subsequent steps without further

purification or characterisation.

2.5.3.2 [Ir(LY)2(bpy)]PFs

[(LY)2Ir(e-Ch2lr(LY)2] (0.179 g, 0.119 mmo | )  a-bipyridide (Q.@41 g, 2.2 eq,
0.263 mmol) were dissolved in 2-methoxyethanol (20 mL) and heated to 125 °C
for 48 h under a nitrogen atmosphere. Upon cooling, saturated NH4PFs solution
was added, and the product precipitated as the PFg salt. The product was purified
by silica gel column chromatography (DCM / MeOH, 95:5), collecting the first red
band that eluted. The solvent was removed in vacuo and then product dissolved in
a minimum amount of CH»Cl, and recrystallized with diethyl ether. The product was
filtered under reduced pressure and dried in an oven overnight to yield a red solid
(23 mg, 10 %). *H NMR (500 MHz, CDCl3) + .36 (s, 2H), 8.53 (d, J = 6.8 Hz, 2H),
8.10-8.05 (m, 2H), 8.01 (d, J = 4.9 Hz, 2H), 7.75 (s, 2H), 7.40-7.45 (m, 2H), 6.70
(s, 2H), 6.14 (s, 2H), 2.33 (s, 6H), 2.27 (s, 6H), 1.95 (s, 6H), 1.75 (s, 6H) ppm. *C
NMR (126 MHz, CDCls) ¢ 162.2, 155.9, 148.9, 147.9, 143.2, 141.8, 141.4, 140.9,
140.8, 140.5, 140.3, 139.6, 135.1, 131.9, 129.8, 128.7, 127.8, 125.5, 123.0, 20.4,
20.3, 19.8, 19.7 ppm. UV-vis (MeCN): aus ( {0* L moltcm™) 267 (3.6), 293 (3.1),
378 (1.7), 485 (0.4) nm. FTIR (solid) (ATR) Vmax: 1597, 1518, 1447, 1342, 1314,
1281, 1215, 1148, 1074, 1005, 835 (PFs¢), 768, 662, 640, 556 (PF¢), 442, 426,
417,403cm™*. m/zc a | ¢ &gH,fr\, 871.3100; found: 871.3391 [M i PF¢]".
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2533 [Ir(L?)2(bpy)]PFs

Prepared as above from [(L2)2Ir(e-Cl)2lr(L?)2] (40 mg , 0.026 mmel)

bipyridine (9 mg, 2.2 eq, 0.057 mmol) to yield a red solid (10 mg, 19 %). *H NMR
(500 MHz, CDCl3) + 8.46 (s, 2H), 8.52 (d, J = 8.1 Hz, 2H), 8.15 71 8.11 (m, 2H),
8.0071 7.98 (m, 2H), 7.92 (s, 2H), 7.84 (dd, J = 9.3, 8.3 Hz, 2H), 7.54 (ddd, J = 7.6,
5.5, 1.2 Hz, 2H), 6.73 (dd, J = 11.8, 7.5 Hz, 2H), 6.12 (s, 2H), 2.29 (s, 6H), 1.99 (s,
6H) ppm. *F{*H} NMR (376 MHz, CDCls) ¢-@2.6 (d, *Jpr = 711 Hz, PF¢), -123.8

(d, 3Jrr = 22 Hz), -128.6 (d, 3Jrr = 22 HZ) ppm. ®C NMR (101 MHz,

156.7, 150.7, 149.7, 145.1, 143.6, 141.8, 141.4, 136.1, 133.0, 130.3, 130.1, 126.0,
111.6, 20.1, 19.5 ppm. UV-vis (MeCN): asss ( {0* L moltcm?) 266 (3.6), 292 (3.1),
373 (2.1), 518 (0.4) nm. FTIR (solid) (ATR) Vmax: 1599, 1523, 1506, 1446, 1396,
1328, 1240, 1151, 1006, 922, 837 (PF¢’), 768, 736, 638, 623, 557 (PFs), 484, 435,
422,405 cm™. HRMS (El+): m/zc a | ¢ &gHsFbldlr 885.2074; found: 885.2098
[MT PFe]*.

2.5.3.4 [Ir(L%2(bpy)]PFs

Prepared as above from [(L®)zIr(e-Cl)2lr(L®)2] (320 mg, 0.219 mmol) and 2 ,-2 6

bipyridine (75 mg, 2.2 eq, 0.482 mmol) to yield an orange solid (27 mg, 16 %). *H
NMR (400 MHz, CDsCN) U 9.50 (s, 2H), 8.32 (dd, J = 8.7, J = 5.6 Hz, 2H), 8.25
(d,J=8.2 Hz, 2H), 8.15(d, J = 5.7 Hz, 2H), 8.02 7 8.07 (m, 2H), 7.79 (s, 2H), 7.53
i 7.58 (m, 2H), 7.05 71 6.99 (m, 2H), 6.78 (s, 2H), 6.19 (dd, J = 9.5, 2.3 Hz, 2H),
2.31 (s, 6H), 1.76 (s, 6H) ppm. C{*H} NMR (101 MHz, CDsCN) ¢ i56.5, 150.4,
143.8, 142.2, 142.0, 141.2, 130.6, 130.0, 125.6, 124.0, 20.3, 19.7 ppm. ¥F{*H}
NMR (376 MHz, CDCls) Us-72.6 (d, *Jpr = 711 Hz), 103.9 (s) ppm. UV-vis (MeCN):
aws (10" L moltecm™) 207 (6.7), 286 (24.9), 372 (2.4), 450 (0.7) nm. FTIR (solid)
(ATR) vmax : 1587, 1566, 1526, 1445, 1341, 1258, 1196, 1123, 1065, 851 (PFs),

810, 775, 735, 656, 557 (PF¢), 459, 446, 409 cm™. HRMS (El+): m/zc a | ¢ 6 d

C,,Hs,F,IrN, 849.2263; found: 849.2287 [M i PFe]".
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Chapter 3 - Iridium(lll) Complexes of

2-(Naphthyl)Quinoxalines.
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3.1 Introduction

Chapter 2 demonstrated the quick and easy synthesis of quinoxaline ligands via
dioxane dibromide. The work in this chapter builds upon the bromoacetal ligand
synthesis, with naphtylquinoxaline ligands designed to induce a red shift through

extended conjugation.

3.1.1 Extended conjugation in ligand design.

As seen in Chapter 2, the tuneability of the emission from Ir(lll) complexes is linked
to the ligand design. The complex frontier orbitals can contain a contribution from
the ligands, either in the cyclometalating ligands or the ancillary ligand in the case
of heteroleptic complexes. Typically the overall complex HOMO consists of a
mixture of the Ir 5d orbitals and the aryl group p orbitals on the cyclometalating
ligands?, while the LUMO is predominantly on the ancillary ligand?, or the
heterocyclic rings of the cyclometalating ligand3. One common practice to induce
a bathochromic shift in emission is by extending the conjugation of the
cyclometalating ligand, such as on the heterocyclic component (Figure 3.1) where
emission ranges from 585 nm for the [Ir(ppy)2(bpy)]PFs up to the near IR emitters

at 760 nm utilising the 2-phenylbenzo[g]quinoline cyclometalating ligand.

PPy Pq Piq ) p-blglq
hem = 585 nm?@ Aem = 560, 592 nmP-° Aem =592, 623 nm Lem = 698, 760 nm®
hem = 552 nm°

Figure 3.1 7 The effect on emission of extending the cyclometalating ligand. 2 Measured in
aerated MeCN 2, b Measured in aerated MeOH 4, ¢ Measured in aerated MeCN 3, d
Degassed MeCN ¢, ¢ Measured in degassed DCM 7.

A second, less investigated approach focuses on extending the conjugation in the
aryl group. For example, the tris-cyclometalated complex of 2-(naphth-1-yl)pyridine
(Figure 3.2 - left) exhibits a bathochromic shift in emission of 72 nm in comparison
to the [Ir(ppy)s] complex.® Heteroleptic, neutral acac complexes have been used
in research as the emissive layer in OLED devices. The model green emitting
complex, [Ir(ppy)z(acac)] exhibits PL at 528 nm (deaerated MeCN solution) and EL
at 525 nm when built into an OLED device.® In comparison, when the aryl

conjugation is extended to a naphthyl group, the emission, both PL and EL, is
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bathochromically shifted. In the complex [Ir(2npy).(acac)] (where 2npy =
2-(naphth-2-yl)pyridine i see Figure 3.21 right) the PL | max = 550 nm (DCM), and
EL | max = 551 nm.1° In comparison, the 1-naphthyl complex, [Ir(1npy)z(acac)]
(Figure 3.2717 middle) the PL and EL are even further bathochromically shifted, with
the PL | max = 600 nm*!, and the EL | max = 595 nm*2.

Figure 3.2 T Neutral complexes investigating increased conjugation in the aryl ring of the
cyclometalating ligand. Left: Ir(1npy)s from Wallentin et al®. Middle: [Ir(1npy)z(acac)] from
Cao et al'’12, Right [Ir(2npy)2(acac)] from Lee et al'®

The 2014 paper from Sun et al focuses on the extended conjugation on heteroleptic
cationic complexes, [Ir(C*N)(bpy)]PFs*® (Figure 3.3). Of the seven complexes
synthesised, two complexes were targeted to compare the emission from the
structural isomers of the 2-(naphthyl)pyridine ligand. Similar to the neutral acac
complexes, both isomers exhibited different | max emission profiles, although with
less of a bathochromic shift that previous in comparison to the ppy derivative,
where [Ir(ppy)2(bpy)]PFs has its | max = 685 nm. While the | max of [Ir(1npy)2(bpy)]PFs
in MeCN solution is 583 nm, the peak is very broad with a shoulder occurring at
620 nm. On comparison, the | max Of [Ir(2npy)2(bpy)]PFs in MeCN solution is 609
nm, and only a single peak. Sun et al also observed a difference in lifetimes, with
the 1npy complex having a lifetime in degassed MeCN of 3.8 us, and the 2npy
complex having a lifetime of 0.1 ps, which is attributed to varying degrees of

3p- p and 3MLCT contributions in the excited states.
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Aem = 583, 620 nm Aem = 609 Nm Aem = 677 Nm

Figure 3.3 Three complexes synthesised and characterised by Sun et al'? to explore the
effects of conjugation in the aryl group of the cyclometalating ligand in cationic emitters.
Emission recorded in degassed MeCN solutions.

I nterest in extending conjugation of

with examples including corannulene#, fluorene®® or pyrene, with the latter seen
as the bpy complex from Sun et al in Figure 3.3. Pyrene is known for its relatively
long fluorescent lifetimes and high quantum yields (0.65 in cyclohexane?), as well
as accessible triplet excited states!’. In a 2013 study, Beeby et al cyclometalated
two different ligands featuring isomers of 2-(pyrene)pyridine into neutral acac
complexes®®. Here the complex [Ir(1pyr-py)2(acac)] is shown to emit at 680 nm in
degassed MeCN with a lifetime of 2.5 ps, while the corresponding complex
[Ir(2pyr-py)2(acac)] emits at 623 nm in MeCN with a lifetime of 11.6 ps, which is
sensitive to the solvent used with lifetimes above 50 ps seen in toluene and EPA.
It was found that the complexes mainly underwent 3LC emission, with the

pyren-1-yl ligand displaying unfavourable steric interactions.

3.2 Aims

This work set out to synthesise and characterise a series of novel
bis-cyclometalated iridium (lll) complexes based around the 2-naphthyl
qguinoxaline ligand framework. The complexes allowed an investigation into the
emissive properties based around the different structural isomers of the 1-naphthyl
and 2-naphthyl ligand systems, as well as a systematic investigation onto the
effects on emission from the addition of substituents around the naphthyl ring by

either the electron withdrawing fluoro group, or an electron donating methoxy

group.
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3.3 Results and Discussion

3.3.1 Ligand synthesis and characterisation

A series of ligands was synthesised to investigate the effects of the different
isomers of naphthalene and the effects of substitution on emission wavelength.
First, a functionalised acetonaphthone underwent a selective electrophilic mono-
bromination using 1.2 equivalents of dioxane dibromide, following literature
methods.*® U-Bromo ketones were then reacted with 1,2-diaminobenzene to form
the desired quinoxaline ligands (Figure 3.4) in good yields.

o Br

e} NH N

2 ~N
ST . @0

Oy - O N - g e

0 O ®
R
R
R

(HR=H (LHYR=H
@R=F (LH)R=F
(4) R = OMe (LH% R = OMe

O (@] NH, N\
© a Br b
+ [ j * Bry —_ = + NH, —_— N/
0 O
2 LH?

Figure 3.4 - Synthetic route used for ligand synthesis: a: 1,4-dioxane, dropwise addition, 2
hours, room temperature; b: Ethanol, 24 hours, 78 °C.

Similar to the brominations reported in Chapter 2, reactions were monitored by
TLC, and after two hours, a crude *H NMR spectrum. *H NMR spectroscopy
showed around 90 % conversion when integrating the proton environments relating
to the acetyl -CHs group, seen at ca. 2.7 ppm, comparing it to the newly
formed -CH2Br group, which is seen at ca. 4.5 ppm. The dioxane was removed in
vacuo before triturating with cold hexanes to obtain the desired brominated

products (1-4) as off-white solids in good yields.

Brominated products (1-4) were then reacted with 1,2-diaminobenzene by heating
at reflux in ethanol. After 24 hours a precipitate had formed, and the reaction
mixture was cooled to room temperature and the solid collected by filtration. The
precipitate was washed with ice cold ethanol and dried, yielding the desired ligands
(LH*) in good yield which were then characterised by H, B*C{*H}, **F{*H} NMR
spectroscopies and high-resolution mass spectrometry. Quinoxaline formation was
confirmed by the appearance of a new singlet resonance at ca. 9.15 ppm for the
1-naphthyl derivatives and 9.50 ppm for LHZ2. This position is assigned to the proton
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in the C3 position around the quinoxaline ring, being the most downfield due to the
proximity to the two imines in the heterocyclic ring. **F{*H} NMR spectra on the
brominated product 3 shows a single peak at -111.9 ppm. Upon formation of the
quinoxaline, this position becomes more shielded due to the mesomeric effects of
the heterocyclic group in the para position, shifting to -119.7 ppm.

3.3.2 Complex synthesis and characterisation

After successful ligand synthesis, the formation of cyclometalated Ir(lll) dimers was
attempted following the Nonoyama route?°. Briefly, two equivalents of ligand were
heated at reflux with IrClsA4,0 in 2-methoxyethanol for 48 hours. After cooling to
room temperature, the reaction mixture was precipitated by addition of water and
collected by filtration. Much like Chapter 2, with the mono functionalisation of the
quinoxaline in the 2,3-positions, the collection flask was changed, and the desired
dimeric species could be dissolved in DCM, leaving behind a dark insoluble
byproduct on the filter. The filtrate was dried over MgSO, before the solvent was
removed in vacuo. These dimers were used without further purification. The dimers
were then split by heating in 2-methoxyethanol with two equivalents of bpy
overnight before cooling to room temperature and precipitating via counter ion
metathesis by the addition of an excess of aqueous [NH4][PFs]. Complexes
werefurther purified by silica gel column chromatography, collecting the first red
band eluted with 95:5 (DCM / Methanol). Combined fractions were concentrated to
around 2 mL before the addition of diethyl ether to crystalise out the product. This
red solid was collected on a sinter and the desired complexes could then be
characterised by 'H, F{*H}, *C{*H} NMR, HR MS, absorption, emission, and IR

spectroscopies.

@ @

S e
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¢ d
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N N

R = H: [Ir(L"),(bpy)IPFs  [Ir(L?)5(bpy)IPFs
R = F: [Ir(L3),(bpy)IPFs
R = OMe: [Ir(L*)y(bpy)IPF

Figure 3.5 17 Complexes synthesised in this chapter.

!H NMR spectroscopy once again confirmed C, symmetrical complexes as

expected, with equivalent environments seen on each of the cyclometalating
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ligands. The proton in the C3 quinoxaline position has shifted upon chelation. In
the spectrum for LH?, this proton is seen at 9.5 ppm, and upon chelation is shifted
to 9.93 ppm. In the 1-naphthyl variants, the free ligand resonances are seen at ca.
9.15 ppm, but upon chelation, [Ir(L)2(bpy)]PFs shifts to 9.97 ppm from 9.17 ppm.
Both [Ir(L3)2(bpy)]PFs and [Ir(L*)2(bpy)]PFs exhibit a slightly lower shift, to 9.93 and
9.84 ppm respectively. Despite the fluoro substituent being a more electronegative
substituent, both substituents will exert a positive mesomeric effect in comparison
to the unsubstituted complex. The combined electron withdrawing effect and
weaker positive mesomeric effect of the -F substituent in comparison to the
methoxy substituent is seen by the difference in the resonances between the two
substituted complexes. The shifts between the free ligand and complex
resonances are caused by the inductive effects of the large cationic iridium atom.
The resonance ortho- to the site of cyclometalation is more shielded than in the
free ligand. On the unsubstituted naphthyl rings, the proton resonance is seen at
6.80 ppm and 6.77 ppm for [Ir(LY)2(bpy)]PFs and [Ir(L?)2(bpy)]PFs respectively.
Complexes of L34 are more shielded still at 6.49 ppm and 5.94 ppm respectively.
The proximity to both the Ir-C G-bond and the methoxy group likely causes the

singlet resonance in [Ir(L*)2(bpy)]PFs to become the most shielded.

The methoxy group shifts from 4.1 ppm in the free ligand to 3.30 ppm upon
complexation. This is again due to the proximity of the organometallic bond. A
PF{*H} NMR spectrum was also obtained for [Ir(L3)2(bpy)]PFs. The doublet at -72.6
ppm (1Jep = 711 Hz) being associated with the hexafluorophosphate counterion,

and the singlet at -112.8 ppm associated with the -F substituent.

In each isolated complex, the high-resolution mass spectrometry data provides the

expected isotropic distributions and a m/z peak that is expected for [M - PFg]*.

3.3.3 X-Ray crystallography

The single crystal diffraction data collection and geometry refinement was carried
out by The UK National Crystallographic Service at Southampton University. A
plate shaped single crystal of [Ir(L)2(bpy)]PFs was grown through vapour diffusion
of diethyl ether into a DCM solution of the complex. The structure included a highly
disordered molecule of solvent, presumed to be diethyl ether, and as such solvent
masking techniques were employed. The complex displayed the expected

coordination with a cis-C,C and trans-N,N arrangement of the cyclometalating
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ligands around the distorted octahedral iridium(lll) centre.?* The repeating unit
contains a single PFs counterion to charge balance the monocationic iridium
centre. There is a small degree of distortion exhibited across one of the

cyclometalating ligands.

[Ir(L")2(bpy)IPFe
Bond lengths (A)
Ir(1)-N(1) 2.075(3) Ir(1)-C(1) 1.998(3)
Ir(1)-N(41) 2.163(3) Ir(1)-N(42) 2.152(3)
Ir(1)-C(21) 2.013(8) Ir(1)-C(21A) 2.021(11)
Ir(1)-N(21) 2.066(8) Ir(1)-N(21A) 2.057(10)
Bond angles (°)
N(1)-Ir(1)-N(42) 82.91(11) C(1)-Ir(1)-N(41) 173.18(12)
N(1)-Ir(1)-N(41) 104.48(12) C(1)-Ir(1)-N(21) 94.8(5)
N(41)-Ir(1)-N(42) 75.29(11) C(1)-Ir(2)-C(21) 92.0(4)
N(21)-1r(1)-N(2) 171.6(4) C(1)-Ir(1)-N(21A) 95.7(7)
N(21)-Ir(1)-N(42) 103.7(4) C(1)-Ir(1)-C(21A) 84.4(6)
N(21)-Ir(1)-N(41) 82.4(5) N(21A)-1r(1)-N(2) 173.6(7)
C(21)-Ir(1)-N(2) 95.4(4) N(21A)-1r(1)-N(42) 101.4(5)
C(21)-Ir(1)-N(42) 167.9(4) N(21A)-Ir(1)-N(41) 81.3(7)
C(21)-Ir(1)-N(41) 93.6(4) C(21A)-Ir(1)-N(2) 97.5(6)
C(21)-Ir(1)-N(21) 79.3(5) C(21A)-Ir(1)-N(41) 100.9(6)
C(1)-Ir(1)-N(1) 78.82(14) C(21A)-Ir(1)-N(42) 176.2(6)
C(1)-Ir(1)-N(42) 99.43(13) C(21A)-Ir(1)-N(21A) 78.5(7)

Table 3.1 - Selected bond angles and bond lengths from refinement data for
[Ir(LY)2(bpy)]PFe.

Bond lengths and bond angles (Table 3.1) around the iridium centre show little
difference with the phenyl quinoxalines from Chapter 2. The Ir-N atoms on the
bipyridine ligand are significantly longer than quinoxaline N-Ir bond lengths, caused
by the stronger trans effect of the Ir-C (-bonds trans to the ancillary ligand. The
naphthyl ring has caused an increase in torsion angle between the naphthalene
and the quinoxaline rings, which was unseen in the smaller phenyl quinoxalines of
Chapter 2, with the added bulk of the naphthyl rings causing the additional steric
strain t he
angle of N(1), C(11), C(10) and C(1) gives a twist of -12.2(4) °. For the disordered
ligand, the distortion angle between C(21), C(30), C(31) and N(21) is -14.6(13) °,
and for N(21A), C(30A), C(31A), C(21A) is 15.7(8) °.

around coordination
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Figure.3.6 - X-ray structure of [Ir(LY)2(bpy)]PFs. Crystal Data: CssHsolrNsO3PFs, M=
1226.29, triclinic, P-1 (No. 2), a= 11.7003(3) A, b = 14.5700(4) A, ¢ = 15.4795(4) A, a =
110.590(2)°, b = 91.143(2)°, g= 94.368(2)°, V = 2460.01(12) A3, T=100(2) K, Z=2,Z' =1,
n(MoKa) = 2.824, 83320 reflections measured, 11256 unique (Rint = 0.0652) which were
used in all calculations. The final wR2 was 0.0947 (all data) and R1 was 0.0356 (I > 2(l)).

334 Electrochemistry

The redox potentials of complexes [Ir(LY)2(bpy)]PFe and [Ir(L?)2(bpy)]PFes were
studied by cyclic voltammetry (CV) and potentials can be seen in Table 3.2.
Measurements were made in deoxygenated DCM using a platinum disc electrode

( scan =r2a0tmy sy 1l x 102 M solutions, 0.1 M [NBu4][PF¢] as a supporting

electrolyte).

Oxidati o Reducti on

Compl ex
Ei/l V Ecred 1)V Ecred 2)V
[ LY bpyyg ] PF - -1.01 -1.381
[ ILY2( bpyed ] PF +1. 42 -1.95 -1.26

Table 3.2 - Electrochemical properties of the iridium(lll) complexes obtained from cyclic
voltammetry. Potentials measured in deaerated DCM solutions at 200 mVs'! with 0.1 M
[NBua4][PFs] as supporting electrolyte calibrated with Fc/Fc*; @ Eaz values for fully reversible
reduction process.
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[Ir(L?)2(bpy)]PFs has a single electron oxidation occurring at E1» = +1.42 V relative
to the ferrocene / ferrocenium redox couple which is assigned to the Ir**** couple.
The [Ir(LY)2(bpy)]PFstrace oxidation appears to have been obscured by the solvent
centred processes. Each complex displays two ligand centred one electron
reduction processes occurring between -1.05 and -1.31 V. Both reductions occur
at different potentials for each complex, suggesting that they are occurring by the

population of a ~ * orbital of the different cyclometalating ligands.

Fc/Fe” [Ir(L2),(bpy)]PF
—
—— [Ir(L"),(bpy)IPF,
T T T T T T T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Potential (V)
Figure 3.7 - Cyclic Voltammograms of [Ir(LY)2(bpy)]PFs and [Ir(L?)2(bpy)]PFs. All potentials
measured in deoxygenated DCM solutions at 200 mVs'! with 0.1 M [NBu4][PFs] as
supporting electrolyte calibrated with Fc/Fc*.

3.3.5 Photophysical measurements

3.3.5.1 Ligand absorbance and emission
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Figure 3.8 1 Left: UV-Vis spectra for LH* recorded in MeCN at ca.10> M. Right: Emission
spectrums for Ligands LH'* obtained in aerated acetonitrile at ca.10°M. | ex = 330 nm.
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Absorbance spectra for the ligands were obtained in aerated acetonitrile at ca. 10°
M can be seen in Figure 3.8 - Left. Strong absorbances can be seen between 200
and 300 nm, resulting from p-p* transition and the weaker n-p* transitions.
Absorption | max show slight differences with substitution. The LH? absorbance is
bathochromically shifted by ca. 30 nm in comparison to the 1-naphthyl derivative
LH?. Between the 1-naphthyl ligands, LH3#4 the absorbance is shifted depending
upon substitution. The electron withdrawing -F group of LH?® shifting the transition
to a higher energy, while the stronger electron donating -OMe of LH?*

bathochromically shifts the emission to 366 nm.

Ligand | | as (€/310*M?* cm™) / nm? lem/nNmP |t /ns® |F /%

LHL 335 (0.9), 282 (1.0), 239 (2.9), 221 | 432 <1 0.021
(6.6)

LH2 362 (1.1), 348 (1.3), 330 (1.3), 257 | 418 <1 0.016
(4.7), 213 (4.1)

LH3 332 (1.3), 284 (1.3), 239 (4.0), 218 | 428 <1 0.018
(7.8)

LH? 366 (1.3), 319 (1.1), 293 (1.2), 237 | 483 3 0.155
(4.9), 215 (5.8)

Table 3.3 - 2 aerated acetonitrile, 105 M; P | ex = 330 nm; ¢ | ex = 295 nm; ¢ Vs standard

Quinine Sulphate in 0.05 M H2SO4, | ex=330 nm. 22

Steady state emission spectra from the ligands were also run in aerated MeCN at
ca. 10° M (Figure 3.8 - Left). Each of the ligands were excited at | x = 330 nm and
exhibited a single broad featureless emission peak. The emission from LH? has a
| max Of 418 nm and is hypsochromically shifted in comparison to the 1-naphthyl
LH?!, where | max = 432 nm. Substitution around the 1-naphthyl ring gives some
tuneability to the emission. The fluoro substituent of LH® gives a small
hypsochromic shift in emission to | max = 428 nm, while the methoxy substituted
ligand LH* gives a larger bathochromic shift in emission to | max = 483 nm, probably

due to the increased conjugation of the latter.

Time resolved measurements were also recorded and can be seen in Table 3.3.
Each of the ligands has a short lifetime, typical of fluorescent emission. The

individual lifetimes of LH*® are below 1 ns, while LH* had a lifetime of 3 ns.
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3.3.5.2 Complex absorption and emission
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Figure 3.9 - UV-Vis spectra for [Ir(LH**)(bpy)]PFs recorded in aerated MeCN at ca.10° M.

Absorbance spectra for the complexes can be seen above in Figure 3.9.
Measurements were obtained in aerated MeCN solution at ca. 10° M. Strong
absorbances between 200 and 370 nm are the result of the ligand centred spin
allowed !p- p* transitions. The features past 400 nm, which are not seen in the
ligand spectra, are typically assigned to spin allowed *MLCT transitions, with spin
forbidden *MLCT transitions tailing off towards 600 nm.? Substitution of the
1-naphthyl ring exhibits an effect on the absorption wavelengths in the MLCT
region. Once again, the electron withdrawing -F substituent of [Ir(L®)2(bpy)]PFs
gave a higher energy transition, 516 nm, than the unsubstituted [Ir(L1)2(bpy)]PFs,
where the absorbance was seen at 524 nm. The methoxy substituted
[Ir(L%)2(bpy)]PFs was the most bathochromically shifted spectrum at 544 nm and
demonstrated the highest molar absorption coefficients in the visible region, tailing
to ca. 650 nm. For [Ir(L?)2(bpy)]PFs, the MLCT region is likely to comprise both spin
allowed, and spin forbidden contributions, the latter facilitated by the heavy Ir
centre. The transitions are all at higher energy in comparison to the 1-naphthyl

variants.

Steady state emission spectra were recorded for [Ir(L**).(bpy)]PFs in aerated
acetonitrile solutions at ca. 10° M. (Figure 3.10) the complexes were all excited at
| ex = 500 nm, well into the MLCT absorption region. Complexes of the 1-naphthyl
isomer display a single featureless emission profile, centred around | nax ca. 680

nm. The emission profiles also exhibit tuneability based upon substitution on the
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naphthyl ring. The fluoro-substituted [Ir(L®)2(bpy)]PFs had the highest energy
transition at 670 nm, while the methoxy substituted [Ir(L*)2(bpy)]PFs transition
occurred at 690 nm with the unsubstituted [Ir(L).(bpy)]PFs nicely dissecting them
with a | max of 678 nm. In comparison, the complex [Ir(L?)2(bpy)]PFs, with the
2-naphthyl based ligand, has a broader emission profile, with a | max = 665 nm. The
tuneability of emission suggest the naphthyl rings make up a large part of the
frontier orbitals of the complex.

—— [IrL"),(bpy)IPFs
1.0 5

(bpy)

[Ir(L?),(bpy)]PF¢
[Ir(L%),(bpy)]PFy
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Figure 3.10 7 Steady state emission spectra for complexes [Ir(L**)2(bpy)]PFs, recorded in
aerated MeCN at @ex = 500 nm.

Low temperature emission measurements were obtained in ethanol/methanol (4:1)
glasses and are shown in Figure 3.11 (overlaid with their room temperature
measurements made in MeCN). The 1-naphthyl complexes show a small, ca. 20
nm, hypsochromic shift in the | nax emission, revealing a minor contributing
shoulder to the emission between 700 and 730 nm. For [Ir(L?)2(bpy)]PFs the | max
has hypsochromically shifted by ca. 100 nm with a second peak at 635 nm. The
increase in vibronic features for both 1- and 2-naphthyl varieties suggests a ligand-
centred contribution to the excited state. Previous investigations into similar phenyl
quinoxaline complexes?* has shown, by both experimental and DFT analyses, that
the true nature of the excited state is a combination of *MLCT and 3LC emission,
with the HOMO incorporating the phenyl moiety of the cyclometalating ligands. The

data collected here would suggest this is once again the case, with a mixed *MLCT
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and 3LC based excited state, and the naphthyl rings being part of the HOMO

frontier orbitals.
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Figure 3.11 7 Low temperature emission measurements (solid line), recorded in 4:1
ethanol/methanol glass, overlaid with room temperature measurements (dashed lines)

recorded in MeCN solution. (eex = 500 nm)

Time resolved emission spectroscopy was also run on the complexes, with

lifetimes were recorded in MeCN solutions (Table 3.4). Lifetimes of all complexes

showed a mono-exponential decay, which is consistent for a single emissive state.

The lifetimes of the 1-naphthyl based complexes are all comparable ca. 230 ns,

while the 2-naphthyl complex lifetime is slightly shorter at 134 ns. Lifetimes are

consistent with phosphorescent emission.

(1.7), 264 (4.9), 220 (7.5)

Complex | s (€/310* M2 cm?) /|{lem/nNmP |t /ns® F / %°
nm?

[Ir(L)2(bpy)IPFs | 524 (0.6), 420 (1.4), 361 | 678 230 0.7
(1.8), 255 (5.5), 219 (8.4)

[Ir(L?)2(bpy)]PFs | 487 (0.2), 391 (2.5), 370 | 665, 634 | 134 13
(2.6), 266(7.1), 216 (7.7)

[Ir(L%)2(bpy)IPFs | 516 (0.6), 410 (1.1), 348 | 670 238 0.5
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[Ir(L*2(bpy)IPFs | 544 (0.9), 448 (1.2), 354 | 690 219 0.2
(2.1), 293 (4.2), 229 (6.8)
Table 3.4 - 2 aerated acetonitrile, 10> M; P @ex = 500 nm; © aex = 295 nm; ¢ Vs standard
[Ru(bpy)z][(PFe)2] in aerated acetonitrile, 10 M, ex =450 nm. 22

3.4 Conclusions

This chapter has shown the synthesis and characterisation of two novel ligands,
which when combined with two previously reported compounds, provided a ligand
series to investigate the effects of adding electron donating and withdrawing
groups upon phosphorescent cyclometalated Ir(lll) complexes. To this end, four
novel cyclometalated complexes were isolated and characterised via *H, °F{*H},
1BC{*H} NMR, HRMS, UV-vis, and emission spectroscopies as well as by cyclic
voltammetry. One example was grown as a single crystal of sufficient quality to

allow the capture of diffraction data via single crystal XRD analysis.

In comparison to the complexes from Chapter 2, as well as literature
complexes?*25, where 2-phenylquinoxalines complexes of Ir(lll) have been show
to emit between 580-630 nm, increasing the conjugation from phenyl to naphthyl
has shifted the emission to a deeper red between 630 and 690 nm. The emissive
states appear to be a mix of 3LC and 3MLCT processes, with naphthyl based
contributions to the HOMO orbitals.

The small differences between 1-naphthyl and 2-naphthyl isomers | em correlated
to earlier work by Sun et al,?® with cyclometalated naphthylpyridines, where the
1-naphthyl isomer was also emitting at a lower energy. While the emission
wavelength has been further redshifted by the extended conjugation of a
quinoxaline group over the pyridine group, the quantum yields share the same

magnitude. The lifetimes seen in this study are also longer than the previous work.

In further work it would be valuable to investigate the nature of the participating
HOMO and LUMO levels using computational analysis. Such studies would help
support the suggestions here that the emitting state in these phosphorescent
complexes is likely to be a mixture of MLCT character and ligand centred

contributions.
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3.5 Experimental

All reactions were performed with the use of vacuum line and Schlenk techniques.
Reagents were commercial grade and were used without further purification. H,
13C and ®F NMR spectra were recorded on a Bruker fourier 300, dpx 400, or
avance 500 MHz spectrometer, and were recorded in CDCl;z or CDsCN. H and
BC{iH } NMR chemical shifts (a) wer e
tetramethylsilane, Si(CHaz)4 and are given in ppm. Low-resolution mass spectra
were obtained by the staff at Cardiff University. High-resolution mass spectra were
carried out by the staff at Cardiff University and the EPSRC National Mass
Spectrometry Service at Swansea University, UK. All photophysical data was
obtained on a JobinYvon-Horiba Fluorolog-3 spectrometer fitted with a JY TBX
picosecond photodetection module in MeCN solutions. Emission spectra were
uncorrected and excitation spectra were instrument corrected. The pulsed source
was a Nano-LED configured for 295, 372 or 459 nm output operating at 500 kHz
or 1 MHz. Luminescence lifetime profiles were obtained using the JobinYvoni
Horiba FluoroHub single photon counting module and the data fits yielded the
lifetime values using the provided DAS6 deconvolution software. IR spectra were
recorded on an ATR equipped Shimadzu IRAffinity-1 spectrophotometer. UV-vis
data was recorded as solutions on a Shimadzu UV-1800 spectrophotometer.

X-ray crystallography
Data collection and processing

Data collection and structural refinement was carried out by the UK national
crystallographic service at the University of Southampton. Suitable crystals were
selected, and data collected on a Rigaku FRE+ diffractometer equipped with VHF
Varimax confocal mirrors and an AFC12 goniometer and HyPix 6000 detector. The
crystal was kept at a steady T = 100(2) K during data collection. The structure was
solved with the ShelXT?’ structure solution program using the Intrinsic Phasing
solution method and by using Olex2 28 as the graphical interface. The model was

refined with version 2018/3 of ShelXL 2° using Least Squares minimisation.

3.5.1 2-Bromo-1-(naphthalen-1-yl)ethan-1-one (1)
To a stirring solution of 1-(naphthalen-1-yl)ethan-1-one (1.00 g, 5.88 mmol) in 1,4-

dioxane (10 mL), dioxane dibromide (1.60 g, 6.46 mmol) was added portion wise
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and stirred at room temperature for 2 hours. The solvent removed in vacuo to yield
crude product. A minimum amount of cold hexanes were added and the resultant
slurry filtered under suction to yield title compound as an off white solid (1.15 g, 83
%) 'H NMR (400 MHz, CDCl;) U 8 J$8&8Hg,dH), 8.04 (d, J = 8.2 Hz, 1H),
7.92 (dd, J = 7.3, 1.1 Hz, 1H), 7.89 (dd, J = 8.4, 1.0 Hz, 1H), 7.63 (ddd, J = 8.5,
6.9, 1.5 Hz, 1H), 7.56 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.51 (dd, J = 8.2, 7.3 Hz, 1H),
4.57 (s, 2H) ppm.

3.5.2 2-Bromo-1-(naphthalen-2-yl)ethan-1-one (2)

Synthesised as above from 1-(naphthalen-2-yl)ethan-1-one (1.00 g, 5.88 mmol)
and dioxane dibromide (1.60 g, 6.46 mmol) to yield off white solid (1.07g, 77 %).
'H NMR (400 MHz, CDCls) U 8 J 512 Hg, diH), 8.05 (d, J = 1.8 Hz, 1H), 8.02
(d, J=1.8 Hz, 1H), 7.99 (d, J = 7.4 Hz, 1H), 7.94 (s, 1H), 7.91 (d, J = 3.9 Hz, 1H),
7.89 (s, 1H), 4.59 (s, 2H) ppm.

3.5.3 2-Bromo-1-(4-fluoronaphthalen-1-yl)ethan-1-one (3)

Synthesised as above from 1-(4-fluoronaphthalen-1-yl)ethan-1-one (1.00 g, 5.31
mmol) and dioxane dibromide (1.45 g, 5.84 mmol) to yield off white solid (1.21 g,
90 %). 'H NMR (400 MHz, CDCl;) U 8 J# 87 Hz,dlH), 8.18 (d, J = 8.3 Hz,
1H), 7.98 (dd, J =8.1, 5.3 Hz, 1H), 7.71 (ddd, J = 8.6, 6.9, 1.4 Hz, 1H), 7.66 1 7.57
(m, 1H), 7.18 (dd, J = 9.6, 8.2 Hz, 1H), 4.54 (s, 2H) ppm. *F{*H} NMR (376 MHz,
CDCl3) -111.9 (s) ppm.

3.5.4 2-Bromo-1-(4-methoxynaphthalen-1-yl)ethan-1-one (4)

Synthesised as above from 1-(4-methoxynaphthalen-1-yl)ethan-1-one (1.00 g,
4.99 mmol) and dioxane dibromide (1.36 g, 5.49 mmol) to yield off white solid (0.95
g, 71 %). 'H NMR (400 MHz, CDCls) & 8 J 9 84 Hz,dH), 8.32 (dd, J = 8.4,
0.7 Hz, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.65 (ddd, J = 8.6, 6.9, 1.4 Hz, 1H), 7.54
(ddd, J = 8.2, 6.9, 1.1 Hz, 1H), 6.78 (d, J = 8.3 Hz, 1H), 4.54 (s, J = 12.3 Hz, 2H),
4.06 (s, 3H).

3.5.5 2-(naphthalen-1-yl)-quinoxaline (LH?Y). 3°

1(2.000 g, 4.25 mmol) was dissolved in ethanol (10 mL). 1,2-diaminobenzene (552

mg, 5.10 mmol) was added and the mixture heated to reflux for 16 hours. The

suspension was cooled to room temperature, the precipitate collected by filtration

and washed with ethanol (3 x 5 mL) before drying overnight in an oven to yield the

titte compound as a yellow solid (684 mg, 63 %). Spectral data conforms to those

listed in the literature. *H NMR (400 MHz, CDCls) a 9. 17 (is8,19(inH) , 8. 26
2H), 8.19 7 8.15 (m, 1H), 8.02 (d, J = 8.1 Hz, 1H), 7.98 (dd, J = 7.2, 2.1 Hz, 1H),
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7.881 7.81 (m, 2H), 7.78 (dd, J = 7.1, 1.0 Hz, 1H), 7.65 (dd, J = 8.7, 8.0 Hz, 1H),
7.5971 7.51 (m, 2H) ppm.

3.5.6 2-(naphthalen-2-yl)-quinoxaline (LH?). 3!
Synthesised as LH! from 2 (1.070 g, 4.55 mmol) and 1,2-diaminobenzene (590
mg, 5.46 mmol) to yield title compound as a yellow solid (564 mg, 48 %). Spectral

data conforms to those listed in the literature. *H NMR (400 MHz, CDCl;) G 9.

J=5.1Hz, 1H), 8.68 (d, J = 1.4 Hz, 1H), 8.38 (dd, J = 8.6, 1.8 Hz, 1H), 8.21 (dd, J
= 8.3, 1.4 Hz, 1H), 8.15 (dd, J = 8.2, 1.5 Hz, 1H), 8.07 i 8.01 (m, 2H), 7.957 7.90
(m, 1H), 7.857 7.75 (m, 2H), 7.60i 7.55 (m, 2H) ppm.

3.5.7 2-(4-fluoronaphthalen-1-yl)-quinoxaline (LH?3).

Synthesised as LH! from 3 (1.100 g, 4.35 mmol) and 1,2-diaminobenzene (564
mg, 5.22 mmol) to yield title compound as a yellow powder (568 mg, 52 %). 'H
NMR (400 MHz, CDCls) & 9. 14 (is8,12 (hHiH), 7.88 1. 7281 (m, 2H),
7.73(dd, 3= 7.9, 5.4 Hz, 1H), 7.67 i 7.57 (m, 2H), 7.32 (dd, J = 10.0, 8.0 Hz, 1H).
E{IH} NMR (376 MHz, CDCls)  -1119.7 (s). *C{*H} NMR (101 MHz, CDCls)
153.7, 146.6, 142.3, 141.5, 132.8, 132.8, 131.4, 130.7, 130.2, 129.7, 129.5, 128.9,
128.8,128.3,126.9, 125.3, 124.3,121.3, 121.3, 109.6, 109.3 ppm. UV-vis (MeCN):
aws ( U/ % M6l cm?) 218(7.8), 239 (4.0), 284 (1.3), 332 (1.3) nm. FTIR (solid)
(ATR) vmax: 3043, 1601, 1577, 1548, 1512, 1489, 1473, 1398, 1344, 1298, 1261,
1242, 1228, 1190, 1157, 1132, 1047, 1022, 987, 931, 831, 817, 798, 748, 711,

50

661, 599, 572, 557, 532, 503, 462, 449, 410cm*HRMS ( ES) Cal cod

CigH1oNoF; found m/z 275.0978 [M + H]+.

3.5.8 2-(4-methoxynaphthalen-1-yl)-quinoxaline (LH?).

Synthesised as LH! from 4 (900 mg, 3.39 mmol) and 1,2-diaminobenzene (440
mg, 4.07 mmol) to yield title compound as a yellow powder (409 mg, 42 %). H
NMR (400 MHz,CDCls) 4 9. 15 (is8,37 (ih,HM), 8.28 1. 8118 (m, 3H),
7.881 7.76 (m, 2H), 7.74 (d, J = 8.0 Hz, 1H), 7.63 7 7.52 (m, 2H), 6.99 (d, J =8.0
Hz, 1H), 4.10 (s, 3H) ppm. ¥C{*H} NMR (101 MHz,CDCl;) 4 157 . 1,
142.4,141.2,132.2,130.4, 129.7, 129.7, 129.5, 129.4, 127.8, 127.7, 126.1, 125.9,
124.9,122.7,103.7,55.9 ppm. UV-v i s ( MesG NIf':.L mek! cm™) 215 (5.8),
237 (4.9), 293 (1.2), 319 (1.1), 366 (1.3) nm. FTIR (solid) (ATR) Vmax: 3001, 1577,
1544, 1510, 1487, 1456, 1440, 1421, 1388, 1375, 1342, 1317, 1298, 1259, 1242,
1317, 1298, 1259, 1157, 1136, 1126, 1085, 1029, 1001, 974, 962, 921, 821, 802,
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759, 713, 655, 626, 603, 592, 526, 505, 472, 453, 420, 411 cm™. HRMS (ES)
Cal cb6d 28 719H1sN8;40ounid m/z 28C.1187 [M + HJ*.

3.5.9 General procedure for the synthesis of [(Ir(L*)2u-Cl)2].

To a solution of LH* (0.8 mmol) in 2-methoxyethanol (10 mL), IrCls.xH-O (120 mg,
0.40 mmol) was added and the mixture heated to reflux for 48 hours. The solution
was cooled to room temperature and precipitated by the addition of water and
collected on a sinter. After drying, the collection flask was changed, and the
precipitate dissolved in DCM until the fresh filtrate was clear leaving impurities on
the sinter. The organic were combined, and the solvent removed in vacuo. The

resulting red [(Ir(L*)2u-Cl)2] were used without further purification or spectroscopy.

3.5.10 [Ir(LY)2(bpy)]PFes.

2 , -Bigyridine (42 mg, 0.270 mmol) and [(Ir(L*)2p-Cl)2] (200 mg, 0.135 mmol) was
dissolved in 2-methoxy ethanol (10 mL) and heated to 125 °C for 24 hours. The
solution was cooled to room temperature and the crude precipitated by the addition
of saturated [NH4][PF¢] solution and the precipitate collected on a sinter. The crude
was washed with water (2 x 20 mL) and diethyl ether (3 x 25 mL). The target
compound was obtained by column chromatography, collecting the first red band
eluted with 955 DCM / methanol solution. This was concentrated and
recrystallised from DCM by the addition of diethyl ether to yield the title compound
as a red powder (58 mg, 21 %). 'HNMR (400 MHz,CDCl;) 4 9. 97 (s
J = 8.0 Hz, 2H), 8.64 (d, J = 8.6 Hz, 2H), 8.14 (app. t, J = 7.4 Hz, 2H), 8.03 (d, J =
8.1 Hz, 2H), 7.93 (d, J = 4.5 Hz, 2H), 7.80 (d, J = 7.7 Hz, 2H), 7.68 (ddd, J = 8.4,
7.0, 1.3 Hz, 2H), 7.58 (ddd, J = 8.3, 5.7, 2.5 Hz, 2H), 7.50 (dd, J = 11.1, 3.9 Hz,
2H), 7.33 (dd, J = 6.9, 6.1 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 7.091 7.03 (m, 4H),
6.80 (d, J = 8.4 Hz, 2H) ppm. 3C{*H} NMR (101 MHz,CDClz) & 165. 7,
146.8, 145.2, 141.5, 141.3, 141.2, 136.9, 132.8, 132.3, 132.0, 131.8, 130.5, 130.5,
130.1, 128.8, 127.7, 127.6, 125.1, 123.0, 121.6 ppm. UV-vis (MeCN): aws ( {0# L
mol?* cm?) 219 (8.4), 255 (5.5), 361 (1.8), 420 (1.4), 524 (0.6) nm. FTIR (solid)
(ATR) Vmax: 1604, 1573, 1548, 1523, 1498, 1471, 1423, 1375, 1350, 1311, 1255,
1205, 1126, 1095, 1026, 1014, 958, 894, 835 (PF¢), 756, 705, 673, 634, 578, 555

2 H) ,

159.

(PFe), 484, 422, 414,403cm™. HRMS ( ES) Cal c 06 dsHs@\N8rfouddl 3 2

m/z 857.2124 [M - PFe]".

3.5.11 [Ir(L?)2(bpy)] PFes.
Synthesised as before yield the title compound as a red powder (50 mg, 18 %). *H
NMR (500 MHz,CDsCN) U0 9. 90 (s, 2H)J=55HS8 3H),8.%5,
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(d, J = 7.8 Hz, 2H), 8.09 (d, J = 8.2 Hz, 2H), 8.00 1 7.95 (m, 4H), 7.66 i 7.61 (m,

2H), 7.50 7 7.46 (m, 2H), 7.38 7.34 (m, 2H), 7.341 7.29 (m, 2H), 7.28 (d, J = 8.5

Hz, 2H), 7.23 (d, J = 8.5 Hz, 2H), 7.17 i 7.12 (m, 2H), 6.98 (s, 2H) ppm. BC{*H}

NMR (126 MHz,CDCl;) & 162.8, 156.0, 148.0, 143.3, 1!
141.3,140.9, 136.0, 132.6, 132.3, 131.2, 130.8, 130.4, 129.6, 129.1, 128.9, 128.4,

128.3, 126.5, 125.7, 125.2, 124.0 ppm. UV-v i s ( MeQNJO* L malt cm?)

216 (7.7), 266 (7.1), 370 (2.6), 391 (2.5), 487 (0.2) nm. FTIR (solid) (ATR) Vimax:

1616, 1601, 1533, 1525, 1446, 1327, 1238, 1207, 1151, 1132, 1070, 1006, 833

(PFs), 763, 638, 623, 555 (PFs), 422 cm®. HRMS (ES) Calco6d 857. 2
CasHaoNelr; found m/z 857.2125 [M - PFg]*.

3.5.12 [Ir(L3).(bpy)]PFs

Synthesised as before yield the title compound as a red powder (49 mg, 10 %). *H

NMR (500 MHz,CDCl;) 4 9.93 (s, 2H), 8.68 (d, J = 8.
Hz, 2H), 8.10 (d, J = 7.4 Hz, 2H), 8.05 (dd, J = 8.2, 1.5 Hz, 4H), 7.99 (ddd, J = 5.6,

1.5, 0.6 Hz, 2H), 7.77 (ddd, J = 8.5, 7.0, 1.3 Hz, 2H), 7.61 (dddd, J = 8.1, 6.7, 5.6,

1.1 Hz, 4H), 7.39 (ddd, J = 7.6, 5.5, 1.2 Hz, 2H), 7.14 (ddd, J = 8.6, 7.0, 1.5 Hz,

2H), 7.01 (dd, J = 8.8, 0.8 Hz, 2H), 6.49 (d, J = 10.1 Hz, 2H) ppm.**F{*H} NMR

(376 MHz, CDCls) -T2.6 (d, Jpr = 711 Hz), -112.8 (s) ppm. BC{*H} NMR (126

MHz, CDCl;)  1%4.9, 161.4, 159.8, 159.2, 155.5, 147.3, 144.9, 141.3, 141.2,

141.1, 133.8, 133.2, 132.4, 130.7, 130.3, 130.0, 129.2, 128.3, 125.8, 125.4, 124.8,

123.3,122.6, 122.4,122.3,121.7,116.1, 116.0 ppm. UV-v i s ( Mg N'L o

mol* cm™) 220 (7.5), 264 (4.9), 348 (1.7), 410 (1.1), 516 (0.6) nm. FTIR (solid)

(ATR) vmax: 1618, 1581, 1525, 1499, 1446, 1417, 1354, 1232, 1141, 1099, 1056,

835 (PFs), 758, 634, 580, 555 (PF¢), 470,433cm®. HRMS ( ES) Cal coéd 893.
for CasH2sNsF2Ir; found m/z 893.1949 [M - PF¢]™.

3.5.13 [Ir(L*)2(bpy)]PFe.

Synthesised as before yield the title compound as a red powder (69 mg, 15 %). *H
NMR (400 MHz,CDCl;) 4 9. 84 (s J=&8Hz,2H)88.4%9 @, JE 8.2
Hz, 2H), 8.25 (d, J = 8.4 Hz, 2H), 8.10 (app. t, J = 7.8 Hz, 2H), 8.02 (d, J = 6.7 Hz,
2H), 8.00 (d, J = 9.4 Hz, 2H), 7.69 (app. t, J = 8.2 Hz, 2H), 7.56 i 7.50 (m, 4H),
7.427 7.36 (m, 2H), 7.13i 7.07 (m, 2H), 6.96 (d, J = 9.0 Hz, 2H), 5.94 (s, 2H),
3.30 (s, 6H) ppm. 3C{*H} NMR (126 MHz, CDCls) U 1 634, 8.1, 1I55.7,
148.2, 145.2, 141.5, 141.0, 140.4, 133.2, 131.9, 130.4, 129.7, 129.4, 129.2, 128.2,

125.6, 124.7, 124.7, 124.3, 122.6, 121.4, 110.1, 55.3 ppm. UV-vi s ( M&{N) : &
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( @o* L mol cm™) 229 (6.8), 293 (4.2), 354 (2.1), 448 (1.2), 544 (0.9) nm. FTIR

(solid) (ATR) vmax: 1608, 1568, 1543, 1496, 1456, 1425, 1409, 1357, 1338, 1296,

1259, 1240, 1161, 1097, 1028, 1016, 979, 954, 837 (PFs), 756, 665, 634, 557

(PF¢), 489, 470, 420, 407 cm®. HRMS ( ES) Cal c 0d 4MsNgO2r2 349 f or
found m/z 917.2374 [M - PF¢]".
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Chapter 4 - Red Emissive Iridium Complexes
Based upon 2-(Naphthyl)Quinoline Ligand

Architecture.
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4.1 Introduction

This chapter focus is on further synthesis, isolation and characterisation of
extended conjugation and tuneability in cyclometalating ligand systems
coordinated to iridium(lll). The use of Pfitzinger synthesis allows for a facile route
towards a range of ligands allowing for a comparison of different substituents

around the quinoline ring and any changes to the emission properties they bring.

JE I

4.1.1 Quinolines

8 1
4 e N\ 2 N J\/\/N
©/\j " HN ~ N”
6 2o 3 H

5 4 O A X

—
NT N
Quinoline Quinine Hydroxychloroquine 2-Propylquinoline

Figure 4.1 1 Heterocyclic quinoline and examples of antimalarials, quinine and
hydroxychloroquine!, with natural antiparasitic 2-propylquinoline isolated from Galipea
longiflora2.

Quinoline is a bicyclic heterocycle containing a single imine in the 1-position of the
aromatic ring (Figure 4.1). One structural variant exists, isoquinoline, with the imine
at the 2-position. Perhaps the most famous quinoline is that of the anti-malarial
quinine®4, now used primarily as an ingredient in tonic water. Quinolines are
biologically active and have been harnessed by nature and medicinal chemists for
many years. As well as antimalarial activity, natural and synthetic quinoline based
drugs have been shown to be effective in treating cancer®®, as antibiotics’,
antivirals®®, as anti-inflammatory agents!® and as analgesics!!. Outside of
medicinal chemistry, quinolines are used as dyes'? and chelates, perhaps most
prominently in OLEDs where tris-(8-hydroxyquinolinato)aluminium is used as both

a green emitter and as the electron transport layer'314,

4.1.1.1 Quinoline synthesis

As one could imagine, for such a noteworthy medicinal molecule there are many
synthetic approaches adapted over the previous 150 years to produce
functionalised quinolines. The reactions seen here are by no mean an exhaustive
list of known quinoline synthesis, but perhaps a look at some of the more important

synthetic routes.

The simplest routes to functionalising the quinoline heterocycle begins with

functionalised aniline derivatives (see Figure 4.2) . Skraupds sytHthesis fro
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reacts glycerol with aniline in the presence of an acid catalyst. Notably it uses
nitrobenzene as both solvent and oxidant. However, the reaction requires less than
a one half of a percent water content for the glycerol to react with hot concentrated
H.SO. producing a violent reaction with low yields. In 1881, the Doebner-Miller
reaction was published!®, synthesising quinolines by reaction of an aniline with
Ub-unsaturated carbonyls, This method is able to incorporate and control
functionality of the nitrogen containing ring in the 2 position by design. Further
functionality can be obtained following the Conrad-Limpach-Knorrl'1® synthetic
approach from 1886/7. The reaction functionalises in the 2- and 4- positions of the
nitrogen containing ring, with thermodynamic control over the kinetic or
thermodynamic products, allowing a wider variety of potential products to be

reached.

Skraup Synthesis

H,SO,4
R~ . HO oy o CeNO: R N
|
Z S NH, OH ZINT
Doebner-Miller Reaction
(0]
R\-\ ”\ R\-\
N * H — NN
NH, P N7 R4
R
1
Conrad-Limpach-Knorr Reaction
OH Rq
H,S0,
Q- L, = O, 0
= = Z
ZSNH, R, OR, N7 R, Z N7 0H
Room Temp. 140 °C

Figure 4.2 7 Skarup!®, Doebner-Miller'® and Conrad-Limpach-Knorri7i19 functionalised
quinoline synthetic pathways.

Controlling the functionalising in the 2,3,4- positions of the quinoline opens even
more possible syntheses and uses. Ortho-substituted anilines offer a variety of
different approaches to this. The four examples seen in Figure 4.3 offer selective
functionalisation of the 2- and 3- positions, while being each offering a separate
functionality for the 4-position. Friedlanders quinoline synthesis from 18832 utilises
2-aminobenzaldehyde (or keto derivative) and reacts with an asymmetric carbonyl
compound. This gives a 2,3-substituted quinoline, with an the 4- position
dependent upon the aniline derivative used in the synthesis i for example, the

aldehyde would produce a proton in the 4 position, whereas an acetal would give
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a 4-methyl substitution. In a similar vein to Friedlan d e r onthesiss yhe
Niemantowski synthesis?! from 1894 reacts 2-aminobenzoic acid with a carbonyl

to produce a 4-hydroxy-2,3-substituted quinoline.

Quinoline-4-carboxylic acids allow for a variety of different functionality to be
accessed by the synthetic chemist. For this there are two slightly different routes
utilised T Doebner synthesis??> and Pfitzinger synthesis?®. Doebner& 1887
synthesis reacts aniline with an aldehyde and pyruvic acid i1 Yyielding a
quinoline-4-carboxylic acid, with potential for further functionalisation of the
2-position. For a 2,3-substituted quinoline-4-carboxylic acid, Pfitzinger&® 1885

synthesis of cinchonic acid provides a simple and efficient synthetic pathway.

O
R | R 0
- . OH - o+ M g, + KOH
= AN R

NH, N

Doebner Pfitzinger

Reaction Reaction

X =COOH X =COOH

R,=H

R1

Niementowski
Quinoline Friedlander
Synthe5|s Synthesis
0
A X 7
R OH + )' R, R-C X R,
= R Z R
NH NH,

Figure 4.3 i Doebner??, Niementowski?!, Friedlander®® and Pfitzinger?® Syntheses of
4-functionalised quinolines.

+

Recent developments in the synthesis of quinolines still rely heavily on the use of
substituted anilines i however newer methodologies are appearing to focus on the
use of cheap, reusable organocatalysts as chemists make the conscious effort to

focus on greener, more environmentally friendly approaches®*.

4.1.1.2 Quinolines as cyclometalating ligands.

Alongside the tris(8-hydroxyquinolineato)aluminium complexes mentioned in
section 4.1.1.1, cyclometalated quinolines have been synthesised for a variety of
different metals, such as platinum, ruthenium or osmium?®2¢, as well as iridium(lll)

complexes, predominantly for potential OLED use?’?8,

Iridium(lIl) cationic complexes tend to focus on the functionalisation of three main

ligand architectures T benzo[h]quinoline, 2-phenylquinoline and
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1-phenylisoquinoline. A comparison of complexes of the form [Ir(C"N)2(bpy)]PFs
(Figure 4.4) reveals the effects of the different quinolines upon emission
wavelength. The benzo[h]quinoline complex was synthesised by Ma et al in their
search for a luminescent assay for silver detection®. They reported the emission
of the complex at | em = 588 nm. Kwon et al work on potential photodynamic therapy
involved the synthesis of both remaining complexes, finding | em = 562 nm for
2-phenylquinoline and | em = 593 nm for 1-phenylisoquinoline. The isoquinoline

isomer was in good agreement with the work of Elias et al*°.

Figure 4.4 7 Cationic iridium(lll) complexes of Benzo[h]quinoline?®, 2-phenylquinoline3! and
1-phenylisoquinoline3°:31,

Earlier work carried out within the Pope research group on quinoline complexes of
iridium(lll) has focussed on the tuneability of complexes using the 2-phenyl
guinoline-4-carboxylate ligand system32? 34, Amide functionalised quinolines were
complexed with iridium(lll), using a bpy ancillary ligand to investigate the effects of
incorporating additional functionality into the ligand architecture, and to what extent
this alters the emission profile. Complexes Irl - Ir6 (Figure 4.5) exhibited a single
broad emission peak, between | em = 585 nm for Irl and | em = 627 nm for Ir5.
Computational calculations found the HOMO orbitals to be located upon the
quinoline cyclometalating ligands and the Ir 5d orbitals, while the LUMO was
located almost entirely on the bipyridine ligands. This fits with the experimental
data, where the more electron withdrawing the amide substituent, the more

bathochromically shifted the emission profile became.
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Ir1 Ir2 Ir3
OMe
CgHq7 N /\/@:
\ s OMe
Ir4 Ir5 Ir6

Figure 4.5 7 Amide functionalised quinoline complexes, synthesised by Pope et al32.

As well as investigating the effects of altering the carboxylate functionality, the
group has also looked at changing the ancillary, while keeping the cyclometalating
quinoline the same. Several examples have been published, with a selection
shown in Figure 4.6. Emission values for the complexes Ir7 i Ir14 are all around
620 7 630 nm in MeCN solution, except Ir15, where the MLCT emission is fully
quenched by the anthraquinone moiety. Ethyl esters of the cyclometalating
quinoline are used instead of carboxylic acid groups to aid the solubility of the
ligand and intermediates in organic solvents. The ethyl ester can then be
hydrolysed after the complex is isolated, and aid solubility in water. The emission
of the free acid variants of Ir7-12 and Ir14 undergoes a hypsochromic shift of
around 50 nm to ca. 570 nm (MeCN) and to ca. 590 nm in water, while maintaining
long phosphorescent lifetimes. The bimetallic complexes of Ir13 are also water
soluble. With Ln*" bound the emission shifts the 3MLCT bathochromically ca. 10
nm in the visible region, while demonstrating sensitised near IR emission from
Yb3*.
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7 1=Me-1Ir8 Ry=H-1Ir10
R = COOEt - Ir9 Ry=Ph-Ir 11

Ry =1Ir3
O M=aGd-Ir13-Gd
M =Yb - Ir113-Yb

Figure 4.6 1 Iridium(lll) complexes featuring different ancillary ligands synthesised by Pope
et al3334,

4.1.2 Triplet-triplet-annihilation energy up conversion

Anti-Stokes luminescent emission i where the emitted photons are of a higher

energy than the absorbed photons i is known as energy upconversion (UC). The

process involves the absorption of two photons which typically takes one of two

forms: Lanthanide based emission (Figure 4.7) or Triplet-Triplet-Annihilation (TTA)

(Figure 4.8)%, Upconversion has been kndéWn about
Lanthanide based upconversion may take place via a two or three photon

absorption, cooperative sensitisation, or energy transfer upconversion. Lanthanide

upconversion takes place in either an inorganic host, used for example in lasers®,

or within upconverting nanoparticles, allowing use as in vivo therapeutics3®4°.
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Figure 4.7 1 Different types of Upconversion processes i adapted from Xu et al*l. GS i
Ground State, ES i Excited State, Red line i Photon Absorption, blue line i Photon
Emission, Dashed line energy transfer processes.

More relevant to this work however is TTA upconversion. TTA upconversion is a
solution phase two photon upconversion process taking place between sensitisers
and annihilators. Energy is absorbed by the sensitiser, exciting typically to a singlet
excited state. The molecule undergoes intersystem crossing to a triplet excited
state. The system then undergoes Triplet-Triplet-Energy Transfer (TTET) to a low
laying triplet level of similar energy on the emitter while the sensitiser relaxes back
to ground state non radiatively. The emitter triplet levels are long lived in solution
and the whole process repeats many times, before annihilating with a second triplet
excited emitter. Upon annihilation, one emitter relaxes back to the ground state
without emission while the second molecule is excited to a higher energy singlet
excited state, which quickly gives emissive fluorescent relaxation, generating the

higher energy emission.*?

Sy Sy
X
\
\

s Fluorescence " s
—_— i‘/ | Triplet —_—
\ 1 I
ISC 1 Triplet ISC

Tj— T, ,/ Annihilation T, —fT

/

/
/
1

1
v ! ~hY
I
1
I\
\
\
SO SO " \\ SO SO
Sensitiser Emitter Emitter Sensitiser

Figure 4.8 1 Jablonski diagram represented the process of Triplet-Triplet Annihilation.
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An annihilator needs to have a high quantum yield of fluorescence, triplet states
accessible at suitable energy levels and long triplet lifetimes®. To this end, there
are many polycyclic aromatic hydrocarbons that fit the criteria. Commonly used in

the literature are derivatives of anthracene*®, perylene** or pyrene*®.

The sensitiser should be able to absorb strongly at the excitation wavelength,
undergo efficient intersystem crossing and have triplet states of comparable
energy to the emitter. Importantly, the T;Y So decay rate should be slow enough to
enable TTET®. Organic compounds may employ the use of a cyclic ketone, such
as benzophenone or fluorenones, or via the use of a heavy atom, such as Br or |,
to induce triplet states*®4” and become efficient sensitisers, while the inorganic
chemist may look towards metal complexes, such as Pt*8, Ru*°, Re® or Ir®, some

examples can be seen in Figure 4.9.

OO
HO O @]
| |

M = Pt, Pd

Figure 4.9 7 Examples of known sensitisers 1 Organic tetraiodohydroxyfluorone“s,
octaethylporphyrin complexes*®52 and an iridium(lll) sensitiser®3, capable of upconversion
in aqueous solvent.

4.1.3 Transient absorption spectroscopy

Transient absorption spectroscopy (TA) is a pump-probe technique used for
measuring changes associated with excited state absorption energies. The
technique first gained prominence with the seminal work of George Porter and
Ronald Norrish in 1950%, who first utilised powerful flash lamps to initiate radical
chemistry®® before applying the technique to reaction kinetics on the microsecond
scale. The work earned Norrish and Porter a 25 % share each of the 1967 Nobel
Prize in chemistry alongside Manfred Eigen for his work on determination of

kinetics in the nanosecond domain®®.

TA spectroscopy is a pump-probe technique. Figure 4.10 shows a simple molecule
with ground state G and excited states A and B. Before the photoexcitation, a
reference spectrum is taken, giving information on the ground state absorption
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(ODo where OD: optical density). At time = 0 a high-powered pump source will
reach the sample, forcing the molecule into an excited state, before the probe pulse
can record the transitions AA B and GA A (ODy). The spectrum is presented as a
change in absorption between OD; and ODo: ¢®OD = OD; i ODo. These
measurements can be presented as a function of wavelength or a function of time.
A ground state bleach (T O Drefers to the depletion of the ground state to the
excited state which occurs during the pump phase. These measurements can be
on the femtosecond domain, which can be used for measuring singlet excited
states such as photosystem I°” and 11%8, or in the nanosecond time frame for triplet

excited states.
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Figure 4.10 - Principles of Transient Absorption Spectroscopy adapted from Edinburgh
Instruments®®. G represents ground state and A and B are distinct excited states.

4.2 Aims of the Chapter

This chapter sets out to synthesis and characterise a set of novel
bis-cyclometalated iridium(lll) complexes, based upon the novel substituted
2-naphthylquinoline framework. The work set out to study the use of electron
donating and withdrawing groups have upon the quinoline ligands, as well as the
difference between the two isomers of naphthalene. It will also show what effects
these changes have on the photophysical properties of the resultant

organometallic iridium(lll) complexes. In total, seven novel cationic complexes
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have been isolated and characterised with the photophysical parameters

investigated.
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4.3 Results and Discussions.

4.3.1 Ligand synthesis and characterisation.

A series of novel substituted 2-(nhaphthyl)quinoline-4-carboxylates were
synthesised following Pfitzinger reaction?®. Substituted isatin underwent ring
opening in the presence of base, hydrolysing the secondary amine to give a
keto-acid aniline. Acetyl naphthalene is then able to form an imine with the primary
amine, before tautomerizing to the enamine, which cyclises to give substituted
2-naphthyl-quinoline-4-carboxylic acids in good yields. To aid solubility, the acids

underwent Fischer Esterification® to yield L*"H (Figure 4.11).
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Figure 4.11 7 Pfitzinger ligand synthesis and subsequent Fischer esterification: i) KOH (3
eq), EtOH, 24 hours, 78 °C; ii) Cat. H2SOa, EtOH, 16 hours, 78 °C.

The crude acids were precipitated from solution via neutralisation with HCI before
being collected by filtration. Pure acids were isolated via an acid-base extraction
as yellow solids and characterised by H, **F{*H}, 2*C NMR spectroscopy and HR
MS. After esterification, reaction mixtures were cooled to room temperature and
neutralised with 0.1 M aqueous sodium carbonate. The solvent was removed in
vacuo before washing with water to remove salts. The ethyl esters were then
purified via silica gel column chromatography, eluting with DCM. The first yellow
band off the column was collected, and solvent removed in vacuo to yield L*"H.
Ligands were once again characterised by H, °F{*H}, *C NMR spectroscopies
and HR MS. For each of the 2-napthyl ligands, a singlet centring around ca. 8.8 i
8.9 ppm in the *H NMR spectrum. This can be assigned to the 3 position of the
quinoline ring, which is both U- to the carboxylate moiety as well as U- to the
naphthyl moiety. In the 1-naphthyl complexes this peak appears at ca. 8.3 ppm.
Likely the significant shielding increase could be ascribed to the through space
aromatic ring current interactions increasing with the 1-naphthyl isomer. After the
successful synthesis starting from 5-fluoroisatin, the same synthetic route was also

attempted with 1-acetyl-4-fluoronaphthalene.
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Despite literature reports for the isolation and characterisation of
2-(4-fluoronaphth-1-yl)quinoline-4-carboxylic acid®, it was noted that the °F NMR
spectrum signal was very weak after esterification. Upon examination of the 'H
NMR spectrum, a second set of the ethyl peaks were noted, suggesting a
nucleophilic aromatic substitution took place during the initial synthesis. While
ethanol was used in the synthesis, the peaks firstly integrate stoichiometrically and

secondly are more downfield than expected for solvent peaks®?.
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Figure 4.12 i 'H NMR spectrum of quinoline ethyl ester, having undergone SnAr
substitution on the 4-fluoronaphtyl position.
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F{*H} NMR spectra on L®H, L®H and the corresponding acids showed a single
peak centred around -110 ppm. This has shifted downfield from the starting
material, where the °F singlet is at -119.8 ppm (Figure 4.13).

- 5-flUoroisatin (D,0)
- 2-(Naphth-2-yl)-6-fluoro-quinoline carboxylic acid (ds-
DMSO)
- 2-(naphth-1-yl)-6-fluoro-quinoline carboxylic acid (ds-
DMSO)

- 13H (CDCLY

T T T T T T T T T T T T T T T T
-108.5 -110.5 -111.5 -1125 -113.5 -114.5 -115.5 -1165 -117.5 -118.5 -1155 -120.5

Figure 4.13 7 Overlaid °F NMR spectra showing starting 5-fluoroisatin and the

synthesised acids and esters.

4.3.2 Complex synthesis and characterisation.

With ligands in hand, bridged chloride iridium(lll) dimers could be synthesised
following the Nonoyama route®?. Briefly, two equivalents of ligand were heated at
reflux with one equivalent of IrClzAH,0O in 2-methoxyethanol. Dimers were then
precipitated from solution by the addition of water, collected under reduced
pressure and washed with water and EtOH. In general, dimers are used without
further analysis or purification, but one example was purified following the
procedures set out by Sprouse et al®. Crude dimer was washed with EtOH and
acetone before dissolving in DCM and filtering. Toluene and hexanes were added
to the filtrate, which was reduced in volume before being cooled to crystallise out
the dimer. *H NMR spectrum of [{Ir(L®)2(u-Cl)}.] can be seen below in Figure 4.14.
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Figure 4.14 1 *H NMR spectrum of [{Ir(L®)2(u-Cl)}z] recorded in CDCls.
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The spectrum consists of 11 separate resonances (with what appears to be two
overlapping signals at ca. 7.56 ppm). The free ligand contains 13 proton
resonances, while a cyclometalated ligand would exhibit 12 i therefore suggesting
cyclometalation has taken place. Secondly, it suggests there is only one orientation
of C”N ligand chelates present. Dimeric species typically form with racemic mixture
of the DD/L L -dimeric structure®®. There is also a shift in the proton on the quinoline
ring in position three. On the free ligand this proton is seen at 8.30 ppm, but it shifts
to 9.17 ppm in the dimer. This is likely due to the inductive effect of the cationic
iridium(lll) centre. An aromatic doublet is also seen heavily shielded at 5.66 ppm.
This is assigned to the proton ortho- to the site of cyclometalation where the
adjacent aromatic ring currents from the neighbouring ligand are inducing a
shielding effect®. The multiplet at 4.65 ppm would be expected be a -CH. quartet
from the ethyl group. This likely brought about by a slight degree of disorder in the

structure as the integration is of the magnitude expected.

The crude dimers could then be split by the addition of the bpy ancillary ligand.
Initially, the same synthetic route was utilised as seen in the previous chapters;
dimer was heated with two equivalents of bpy in 2-ethoxyethanol for 24 hours. the
reaction was monitored by TLC before precipitation via counterion metathesis
using [NH4][PF¢]. Complexes were isolated via silica gel column chromatography,
eluting first unreacted starting materials with DCM, before eluting and collecting
the product as a red band using 95:5 (DCM:MeOH). Solvent was removed in vacuo
and the red solid recrystalised from DCM with diethyl ether. When the first set of
complexes (chelated with L®H) was characterised by NMR spectroscopy, a
degree of transesterification had taken place with the solvent, forming an ethoxy
ethyl ester. The magnitude depended upon the electronic properties of the
quinoline substituted ligand. For [Ir(LY)2(bpy)]PFs the product was entirely present
as the ethoxyethyl ester i confirmed by H, *H-'H COSY (see Figure 4.15), *C
NMR spectroscopy and HR MS. [Ir(L3)2(bpy)]PFs presented as the ethyl ester,
confirmed again by *H and *C NMR spectra as well as HR MS. [Ir(L?)2(bpy)]PFs
was a complex mixture of products on the *H NMR spectrum. The electron
donating -OMe group resonance effects aid the stabilisation of intermediated
during the transesterification. Conversely, the electron withdrawing -F substituents

negative inductive effect will destabilise these intermediates.
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Since the transesterification was not occurring during the dimer formation stage,
as seen in *H NMR spectra, a change of approach for the splitting stage was
needed. The complexes were synthesised via cis-[Ir(MeCN)z(LY"):]BF4
intermediate instead. Iridium(l1l) dimer was heated in MeCN, a weakly coordinating
solvent, with two equivalents of AgBF4. Upon cooling to room temperature, the
intermediate complexes were filtered over celite to remove the precipitated AgCl,
before concentrating in vacuo. The bis-MeCN complexes were then heated in
chloroform with one equivalent of bpy before counter-ion metathesis with
[NH4][PF¢]. Crude complexes could then be purified via silica gel chromatography,
eluting unreacted ligand with DCM before collecting the complexes as a red band
eluted with 95:5 (DCM/MeOH). Complexes were characterised by H, °F{H},
13C{*H} NMR, HR MS, absorption, emission, and IR spectroscopies.
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Figure 4.1571 H-'H COSY NMR spectra for [Ir(L1)2(bpy)]PFs (See insert). Top expanded
aromatic region. Below: expanded aliphatic region.

X = OMe: [Ir(L"),(bpy)]PFg X = OMe: [Ir(L*),(bpy)]PFs [I(L7)5(bpy)IPFs
X = H: [Ir(L?),(bpy)IPF¢ X = H: [Ir(L%),(bpy)IPFg
X = F: [Ir(L3),(bpy)IPFe X = F: [Ir(L®),(bpy)IPFe

Figure 4.16 i Complexes synthesised and characterised in this work.

!H NMR specta once again confirms the C, symmetry with both cyclometalating
ligands having equivalent environments. The proton in position three of the
quinoline ring has shifted downfield from ca. 8.6 ppm in L*H to ca. 8.9 ppm in the
corresponding complexes. For the 1-naphthyl ligands L*’H the peak appears ca.
8.2 ppm, shifting to ca. 9.15 ppm for the unsubstituted 1-naphthyl complexes and
8.96 ppm for the 4-methoxy-1-naphthyl complex of L’H. This shift is indicative of

chelation, caused by the inductive effects of the larger cationic iridium(lll) atom.
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For complexes [Ir(L*®),(bpy)]PFs, the proton resonance ortho- to the site of
cyclometalation is more shielded, at ca. 6.9 ppm. This resonance is even more
shifted in [Ir(L")2(bpy)]PFs at 6.20 ppm due to also being adjacent to both the Ir-C
0 bond and a methoxy group. In the cases of L'H and L*H the methoxy group
appears ca. 4 ppm; upon complexation there was only a minor shift of this
resonance to ca. 3.85 ppm. Conversely, for L'H the methoxy group appears at
4.08 ppm, and upon complexation shifts significantly to 3.36 ppm which is assigned

to the proximitytotheIr-C & bond.

19F{IH} NMR spectra were also obtained for [Ir(L3)2(bpy)]PFs and [Ir(L®)(bpy)]PFe.
(Table 4.1) The doublet at -72.6 ppm (}Jer = 711 Hz) is assigned to the PFg®
counterion. A second resonance is seen around -107.5 ppm, representing the
resonance of the fluorine substituent on the quinoline ring, representing a subtle

shift upon complexation.

In each isolated complex, the high-resolution mass spectrometry data provides the

expected isotropic distributions and a m/z peak that is expected for [M - PFe]*.

Compound Ligand *F{*H} d= / ppm PFeZ¥F{*H} dr (*Jrp) /
ppm

L3H -110.4 (s) -

L°H -109.9 (s) -

[Ir(L3)2(bpy)]PFe -107.2 () -72.6 (d, 711 Hz)

[Ir(L®)2(bpy)]PFs -107.7 (s) -72.6 (d, 711 Hz)

Table 4.1 - 1°F{*H} NMR spectra shifts for ligand and complexes.

4.3.3 X-Ray crystallography

Single crystal diffraction data collection and geometry refinements were carried out
by The UK National Crystallographic Service at Southampton University. Single,
red plate-shaped crystals from three of the complexes, [Ir(L3)2(bpy)]PFe,
[Ir(L%)2(bpy)]PFs and [Ir(L®)2(bpy)]PFs, were successfully isolated from vapor
diffusion of diethyl ether into a DCM solution of the complex and investigated using
X-ray diffraction. Although of lower quality, the data for [Ir(L®).(bpy)]PFs was still
sufficient to allow determination of the key features of the structure. In each
example, there is solvent of crystallisation present, with solvent masking
techniques employed in the refinement of [Ir(L®)2(bpy)]PFs and [Ir(L®)2(bpy)]PFe.
Each of the 3 structures displayed the expected coordination with a cis-C,C and
trans-N,N arrangement of the cyclometalating ligands around the distorted

octahedral iridium(lll) centre®®. Each of the monocationic complexes is charged
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balanced by the presence of a single hexafluorophosphate ion. [Ir(L%)2(bpy)]PFs

also shows a small degree of disorder over one of the ethyl esters.
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[Ir(L®)2(bpy)]PFs
Bond Length (A)

Ir(1) N(1) 2.081(3) Ir(1) N(62) 2.166(3)
Ir(1) N(31) 2.099(3) Ir(1) C(1) 2.006(3)
Ir(1) N(61) 2.166(3) Ir(1) C(31) 2.007(3)

Bond Angle (°)
N(1) Ir(1) N(31) | 172.09(10) C() Ir(1) N(61) 169.08(12)
N(1) Ir(1) N(61) | 103.88(10) C() Ir(1) N(62) 96.16(11)
N(1) Ir(1) N(62) 81.40(10) C() Ir(1) C(31) 89.75(13)

N31) | 1) | N(61) | 82.58(10) | C(31) | Ir(Q) N(1) 94.16(12)
NG3L) | 1) | N(62) | 104.93(10) | c(31) | 1) | N(31) | 80.10(12)
NG62) | Ir1) | N(61) | 74.9410) | C(31) | 1) | N(61) | 99.75(12)
c() Ir(1) N(1) | 80.59(12) | c(31) | Ir(1) | N(62) | 171.90(12)
C(1) 1) | N@31) | 93.87(12)

[Ir(L®)2(bpy)]PFs
Bond Length (A)

Ir(1) N(1) 2.079(3) Ir(1) N(62) 2.168(3)
Ir(1) N(31) 2.080(3) Ir(1) C() 2.001(4)
Ir(1) N(61) 2.143(3) Ir(1) C(31) 1.994(4)

Bond Angle (°)
N(1) Ir(2) N(31) | 174.57(12) Cc@) Ir(1) N(61) 173.49(14)
N(1) Ir(2) N(61) | 100.87(13) Cc@) Ir(1) N(62) 98.41(14)
N(1) Ir(2) N(62) 78.44(12) C(31) Ir(1) N(1) 96.52(15)

N31) | Ir(1) | N(61) | 83.60(12) | C(31) | Ir(1) | N(31) | 79.70(14)
N3L) | Ir(1) | N(62) | 105.83(12) | C(31) | Ir(1) | N(61) | 98.02(15)
N6L) | Ir(1) | N(62) | 75.37(12) | C(31) | Ir(1) | N(62) | 170.58(14)
c@) Ir(1) N@L) | 79.48(15) | cBL) | Ir(1) C(l) | 88.37(16)
@) (1) | N(31) | 96.43(15)

[Ir(L®)2(bpy)]PFs
Bond Length (A)

Ir(1) N(1) 2.095(10) Ir(1) N(62) 2.145(10)
Ir(1) N(31) 2.075(10) Ir(1) C@@) 1.990(14)
Ir(1) N(61) 2.160(11) Ir(1) C(31) 1.991(13)
Bond Angle (°)

N(1) Ir(1) N(61) 99.9(4) C@) Ir(1) N(61) 172.1(4)
N(1) Ir(1) N(62) 83.1(4) C@) Ir(1) N(62) 96.9(5)
N(31) Ir(1) N(1) 175.2(4) C@) Ir(1) C(31) 90.2(5)
N(31) Ir(1) N(61) 81.3(4) C(31) Ir(1) N(1) 97.4(5)
N(31) Ir(1) N(62) 101.6(4) C(31) Ir(1) N(31) 77.9(5)
N(62) Ir(1) N(61) 75.3(4) C(31) Ir(1) N(61) 97.6(5)
CQ) Ir(1) N(1) 80.4(5) C(31) Ir(1) N(62) 172.9(5)
C(1) Ir(1) N(31) 99.0(5)

Table 4.2 7 Selected bond lengths and bond angles obtained from crystallographic data
from complexes [Ir(L3)2(bpy)]PFes, [Ir(L>)2(bpy)]PFs and [Ir(LS)2(bpy)]PFe.

When examining the bond lengths around the iridium(lll) centre, there is notably
little difference between the two isomers of naphthalene, and in fact the Ir-C bonds
are comparable to those seen earlier in Chapters 2 and 3. All three complexes
exhibit an elongation of the Ir-N bonds of the bipyridine ligand in comparison to the
Ir-N quinoline bonds, again seen in previous chapters, due to the larger trans
influence of the strong G-bonds from the naphthyl groups. All three complexes

exhibit appreciable torsion angles between the napthyl and quinoline rings of the
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cyclometalating ligands, particularly in [Ir(L%)2(bpy)]PFs and [Ir(L®)2(bpy)]PFs (Table
4.3).

Ir(L®)2(bpy)]PFs Torsion Angle /°
C(1) [ C(10) | C(1D) | N 4.5(4)
C(31) | C(40) | C(41) | N(31) 4.3(4)
Ir(L°)2(bpy)]PFs
Cd | C1) | CDH | C 21.1(5)
C(31) | C(31) | C(3D) | C(31) 12.3(5)
Ir(L®)2(bpy)]PFe
ca) | ca [ ca [ ca -19.3(18)
C(31) | c(31) | c(31) | c(31) -13(2)

Table 4.3 7 Selected torsion angles between naphthyl and quinoline rings.

Figure 4.17 - X-ray structures of [Ir(L%)2(bpy)]PFs {CssHasFslrN4OsP, M, = 1256.17, triclinic,
P-1 (No. 2), a= 12.3219(3) A, b = 13.6454(2) A, ¢ = 15.6097(3) A, a= 81.489(2)°, b=
86.747(2)°, g= 76.124(2)’, V = 2519.30(9) A3, T = 100(2) K, Z = 2, Z' = 1, nfMoKa) = 2.767
mm-, 56370 reflections measured, 11532 unique (Rinx = 0.0392) which were used in all
calculations. The final wR, was 0.0821 (all data) and R was 0.0315 (I > 2(1)).}
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Figure 4.18 - X-ray structures of [Ir(L5)2(bpy)]PFs {CssFsHsolrN4OsP, M,= 1220.19,
monoclinic, P21/n (No. 14), a= 14.8065(3) A, b = 16.0145(3) A, c = 21.9767(4) A, b=
105.323(2)°, a = g= 90°, V = 5025.84(17) A3, T = 100(2) K, Z = 4, Z' = 1, nfMoK.) = 2.766
mm-1, 54477 reflections measured, 11515 unique (Rin: = 0.0447) which were used in all
calculations. The final wR; was 0.0873 (all data) and R; was 0.0395 (I > 2(1)).}

Figure 4.19 - X-ray structures of [Ir(L%)2(bpy)]PFs { CssCl2FsHaolrN4O4P, M, = 1266.98,
monoclinic, 12/a (No. 15), a= 17.9525(6) A, b= 19.6127(9) A, ¢ = 29.2291(9) A, b=
93.838(3)", a= g= 90°, V = 10268.4(7) A3, T = 100(2) K, Z = 8, Z' = 1, n{CuKz) = 6.982
mm-1, 39479 reflections measured, 8711 unique (Rinx = 0.1139) which were used in all
calculations. The final wR, was 0.2640 (all data) and Ri1 was 0.0893 (I > 2(1)).}
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4.3.4 Electrochemical properties

The redox potential of the iridium(lll) complexes was studied by cyclic voltammetry

with potentials listed below in Table 3.2. Measurements were made in
deoxygenated DCM using a platinum disc electrode ( scan rate ¢ = 200
1 x 10 M solutions, 0.1 M [NBu4][PFe] as a supporting electrolyte).

Oxidatio Reduction
Compl ex

Ei/k V Ecred 1)V Ecred 2)V
[ ILY2( b p[F F] +162 -1.4a 131
[ ILD( b p[H Bl +182 -1.01 12 7
[ ILD2( b p[F F] +1.32 0.93 -1.21
[ ILD2( b p[k F]] +1. 29 1.1 -1.33
[ ILD2( b p[F Fl] +1.37 -1.05 -1.29
[ ILD2( b p[K ] +1.39 -0.97 1,22

Table 4.4 - Electrochemical properties of the iridium(lll) complexes obtained from cyclic
voltammetry. Potentials measured in deaerated DCM solutions at 200 mVs'! with 0.1 M
[NBu4][PFs] as supporting electrolyte calibrated with Fc/Fc*; 2 cathodic peak of irreversible
process; P Ei- values for fully reversible process.

Each complex exhibited one fully reversible oxidation between +1.26 and +1.39 V
which is ascribed to the Ir¥*#* couple. Differences in oxidation potential can be
explained by considering the substitutions around the quinoline ring and which
isomer of naphthalene is used. Ligands with a 2-naphthyl quinoline system show
a lower oxidation potential when compared with their substituted counterpart on
the 1-naphthyl ligands. When comparing the different substituents on the quinoline
we see a lower oxidation potential for the Ir3*/4* with the methoxy substituent. This
suggests the Ir®* is more readily oxidised when the quinoline has an electron rich
p-system. Conversely, the electron withdrawing fluoro substituents lead to a higher
oxidation potential. All of the oxidation couples seen for naphthyl quinolines are
lower than the results from Chapter 3 for naphthyl quinoxalines, due to the

quinolines being better electron donors.

The 2-naphthyl variants [Ir(L*3),(bpy)]PFs each display two single electron
reduction process, which are not fully reversible (Figure 4.20). While the 1-naphthyl
variants [Ir(L*®)(bpy)]PFs appear to be more electrochemically stable, with each

complex showing two fully reversible reduction processes. The features vary with
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substitution, which implies that all processes are associated with the

cyclometalating ligands.

:_4 [Ir(L*)o(bPY)IPF

[Ir(L°),(bpy)IPFe
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Figure 4.20 i Cyclic Voltammograms of [Ir(L*®)2(bpy)]PFs. All potentials measured in
deoxygenated DCM solutions at 200 mVs' ! with 0.1 M [NBu4][PFs] as supporting electrolyte
calibrated with Fc/Fc*.

4.3.5 Electronic properties
4.3.5.1 Ligand absorption and emission properties
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Figure 4.21 - UV-Vis spectra for ligands L'"H recorded in CHCIs at ca. 10° M
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Absorption spectra for L1"H can be seen in Figure 4.21. The ligands have a strong
absorption within the UV region of the spectrum (245 7 300 nm), which can be
attributed to p- p*, in addition to n-p* transitions originating from the heteroatoms
present in the quinoline aromatic ring. The wavelength of the absorption maxima
varies slightly with substitution, whist the 2-naphthyl derivatives are
bathochromically shifted compared to the 1-Napthyl derivates by about 10 nm. The
addition of the methoxy group to L’H induces a small bathochromic shift in

absorption compared to L°H.
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Figure 4.22 i Steady state emission spectra for ligands L"H obtained in aerated CHClz
(I ex : 330 nm)

Steady state emission measurements were made in aerated CHCI; solution
(Figure 4.22), exciting at 330 nm. Each ligand has a broad featureless emission
peak. Emission maxima centre around 420-430 nm for L¥*H. Conversely to the
absorption, 1-Naphthyl ligands L*®H are more bathochromically shifted than their
2-naphthyl counterparts, with the emission between 430-440 nm. The largest
bathochromic shift in emission (ca. 50 nm), coming from the introduction of the
methoxy group in the 4- position of the 1-naphthyl group in L’H can be seen by

comparing the emission to L°H.

115



Time resolved measurements were also taken on L’H (Table 4.5). Recorded

lifetimes are short (between 0.8 and 2.5 ns). This is consistent with fluorescent

emission.

Ligand | aps (07 10*Mt cm™) / nma lem/nNmM® | t/ns¢ | F9
LH 374 (1.2), 300 (2.3), 271 (5.8) 432 25 |0.183
L2H 354 (1.2), 291 (2.1), 264 (6.0) 418 16 |0.082
Ly | 360(09) 301 (14),292 (15), 263 120 s loovs

(4.0)
L“H 367 (0.9), 290 (1.5), 259 (2.3) 434 15 |0.082
L5H 341 (0.8), 288 (1.2), 246 (3.0) 429 08 |0.042
LoH 350 (6.9), 288 (1.4), 248 (2.3) 443 0.8 |0.046
L7H 364 (0.8), 300 (1.2) 479 24 | 0.069

Table 4.5 7 2 All measurements run at room temperature in aerated CHCIz at ca. 1x105 M.
b | ex =330 Nnm; ¢ | ex = 295 nm; 9 Vs standard Quinine Sulphate in 0.05 M H2S04, | ex =350
nm. 87

4.3.5.2 Complex absorption and emission properties

6- —— [Ir(L"),(bpy)I[PF4] 10- —— [If(L*),(bpy)][PF]
[Ir(L?),(bpy)][PFe] [Ir(L5),(bpy)I[PF ]
/\V — [lr(La)z(bPY)][st] 8 [lr(Ls)z(bPY)][PFs]
RA :g [Ir(L7),(bpy)][PF ]
O g4
=
2 44
24
200 300 400 500 600 700 800 %0 mo a0 o 60 7w aw
Wavelength (nm) Wavelength nm.

Figure 4.23 - UV-Vis spectra. R: 2-naphthyl complexes [Ir(L*®)2(bpy)]PFs, L: 1-naphthyl
complexes [Ir(L*7)2(bpy)]PFes. All spectra recorded in acetonitrile at ca.105 M.

Absorption spectra for the complexes are seen above in Figure 4.23.
Measurements were made in aerated MeCN at ca. 10° M. Strong absorptions
between 200 and 400 nm are likely the result of spin allowed ligand centred p- p*
transitions, with contributions from the various aromatic components. This region
is also likely to contain contributions from !n-p* transitions from the heterocyclic
quinoline rings. Features from 400 nm onwards typically exhibit spin allowed
IMLCT, with the spin forbidden 3MLCT transitions tailing off towards 600 nm. It is
clear that the substituents on the quinoline only exhibit a minor effect upon the

absorption bands, while 1-naphthyl variants [Ir(L*")2(bpy)]PFs possess relatively
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bathochromically shifted MLCT features compared to [Ir(L*®)(bpy)]PFs (Table
4.6).

[Ir(L*);(bpy)][PF]

[IF(L"),(bpy)IIPFe)

1.0 - 5
° [IKL2),(bpy)I[PF,] 10 /" [lr(L6)2<bpy)1[PF51
3 [Ir(L),(bpy)IIPFe] 5 f Ur(L )z {opV)IIPFel
£08 8038+ . [r(L")5(bpy)IIPF,]
= c !
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Figure 4.24 - Emission spectra complexes [Ir(LY7)2(bpy)]PFs. Spectra obtained as MeCN
solutions at ca.10°M. | ex =510 nm

Aerated MeCN solutions of the complexes were again used to obtain steady state
emission measurements. Complexes were excited in the MLCT band (510 nm) and
showed deep red emission, with emission maxima occurring between 668 and 695
nm, tailing off towards 800 nm. (Figure 4.24). 1l-naphthyl complexes
[Ir(L*®)2(bpy)]PFs showed a greater bathochromic shift, with minor variations
between the different substituents. They displayed a broad and featureless
emission profile. In contrast, the emission profiles for the 2-naphthyl complexes
[Ir(LY3),(bpy)]PFs display some weak vibronic features across the higher energy
side of the spectra. In each case however, the emission has been bathochromically
shifted when compared to earlier work on phenyl quinoline cyclometalating
ligands®. [Ir(L")2(bpy)]PFs shows a larger bathochromic shift with the electron
donating methoxy substituent on the naphthyl ring. This is consistent with the work
in Chapters two and three exploring the effects of substituted quinoxalines, where
the HOMO is a mixture of Ir 5d character and C"N ligand character, where the
frontier orbitals lay predominantly across the phenyl and naphthyl ring moieties of
the C”N ligands.
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Figure 4.25 i Emission spectra for left: [Ir(L?)2(bpy)]PFs and right: [Ir(L%)2(bpy)]PFs in a
range of solvents at | ex = 500 nm

The emission spectra were recorded in a range of solvents with varying polarities
(Figure 4.25). For both [Ir(L?)2(bpy)]PFs and [Ir(L°)2(bpy)]PFs the emission changed
very little with solvent polarity. In a classical 3MLCT species, such as [Ru(bpy)s]*,
the emission is insensitive to solvent polarity due to the charge transfer being
localised over the three ligands. This gives further evidence of the complexes

displaying *MLCT emission.
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Figure 4.26 T Comparison of excitation spectra with absorption spectra (both obtained in
MeCN at ca. 105 M). * indicates a harmonic from the lamp in the excitation spectra.

Excitation spectra were recorded for each of the complexes [Ir(LY%).(bpy)]PFe,
recording at different | e across the emission spectrum. Results have been
overlaid with the absorbance spectra in Figure 4.26. Each of the excitation spectra
are closely matching the absorption spectra, which shows the emissive state can
be populated by both MLCT and LC transitions.

Time resolved spectroscopy was also run on the complexes. The luminescent

lifetimes and quantum vyields were recorded in aerated MeCN solutions. While

119



each complex displays mono-exponential decay, the lifetimes are shorter (177 89
ns) for 2-naphthyl isomers in comparison to 1-naphthyl complexes (2171 240 ns).
The quantum yields were also recorded and were quite low, albeit in aerated

solvent, at ¢1 %.

Complex | abs (€/10*M* cm™?) / nm? lem/nmP [t /ns® | F /%
[Ir(L)2(bpy)]PFs | 480 (0.2), 401 (1.6), 367 (1.7), 668 89 0.4
321 (3.5), 280 (4.9), 221 (5.7)
[Ir(L?)2(bpy)]PFs | 464 (0.2), 365 (2.9), 315 (3.3), 673 36 0.3
283 (5.4), 265 (6.6), 218 (7.4)
[Ir(L3)2(bpy)]PFs | 483 (0.2), 399 (1.6), 365 (2.1), 675 17 0.3
268 (5.5)
[Ir(L%)2(bpy)]PFs | 495 (0.6), 417 (1.2), 367 (2.1), 693 223 | 02
267 (5.0), 223 (7.6)
[Ir(L%)2(bpy)]PFs | 494 (0.5), 405 (1.4), 366 (2.0), 679 240 | 0.6
271 (9.2)
[Ir(L%)2(bpy)]PFs | 492 (0.5), 408 (1.3), 367 (2.2), 687 217 | 1.0
264 (5.0), 216 (8.2)
[Ir(L7)2(bpy)]PFs | 514 (0.9), 359 (2.6), 292 (4.1), 695 83 0.1
264 (5.4), 229 (7.4)

Table 4.6 i Absorbance and emission data for complexes at room temperature. 2All
measurements run at room temperature in aerated MeCN at ca. 1x10° M. b | &x = 510 nm;
| ex =295 nm; 9 Vs standard [Ru(bpy)z](PFs)2 in MeCN, | ex = 420 nm&7,

Low temperature measurements were run at 77 K in frozen glasses (4:1 EtOH :
MeOH) for complexes [Ir(L*®).(bpy)]PFs (Figure 4.27). For the 2-naphthyl
complexes [Ir(L13)2(bpy)]PFs, the emission maxima are hypsochromically shifted
in comparison to the room temperature measurements. There is also stronger
vibronic structure visible, which could be indicative of a ligand centred contribution
to the emissive state. In the spectra for 1-naphthyl complexes [Ir(L*®)2(bpy)]PFes,
the emission peaks appear much more defined, between 650 and 675 nm, and a
weaker shoulder feature at lower energy. 77 K emission lifetimes were also
recorded, where interestingly [Ir(L*®).(bpy)]PFs lifetime showed a significant

extension to ca. 12 ps, while for [Ir(L*®)2(bpy)]PFs it was lower ca. 3 ps.
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Figure 4.27 - Luminescence spectra of the complexes recorded as a frozen glass (1:4,
MeOH/EtOH) (I ex = 510 nm).

4.3.5.3 Transient Absorption Spectroscopy
Time resolved transient absorption experiments in this work were carried out by
Xue Zhang and Prof. Jianzhang Zhao (Dalian University of Technology). Further

discussion of these points can be found in the publication related to this work.%®

For complexes [Ir(L*3).(bpy)]PFes, the short triplet lifetime characteristics mean TA
measurements were unable to be obtained, despite attempting measurements at

various concentrations and measurement models.

However, spectra were successfully obtained for MeCN solutions of
[Ir(L*®),(bpy)]PFs along with decay profiles. The profiles of complexes
[Ir(L®)2(bpy)]PFs and [Ir(L®)2(bpy)]PFs are comparable (See Figure 4.29 and Figure
4.30). A ground state bleach is evident between 350 nm <| <400 nm, with strong
positive features at 400 nm <1 <500 nm and 550 nm < | < 700 nm. The decay
characteristics of these features appear to belong to triplet-to-triplet transitions as

the lifetimes correlate with the presence of a long-lived species.
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Figure 4.28 - (a) Nanosecond time-resolved transient absorption spectra of compound
[Ir(L*)2(bpy)]PFs upon pulsed laser excitation (I ex =510 nm, ¢ =5 x 10'5 M) and (b) decay
trace of compound [Ir(L*)2(bpy)]PFs at 645 nm in acetonitrile under air and nitrogen

atmosphere, 20 °C.
Methoxy substituted complex [Ir(L#)2(bpy)]PFe (Figure 4.28) produces a
slightly different spectrum. There are strong positive features at 400 nm < |

<500 nm and across the 550 nm < | <850 nm region. Once more the decay

profile suggests these are triplet-to-triplet transitions.
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Figure 4.29 - (a) Nanosecond time-resolved transient absorption spectra of compound
[Ir(L®)2(bpy)]PFs upon pulsed laser excitation (I ex =510 nm, ¢ =5 x 10'5 M) and (b) decay
trace of compound [Ir(L®%)2(bpy)]PFs at 625 nm in acetonitrile under air and nitrogen
atmosphere, 20 C.
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Figure 4.30 - (a) Nanosecond time-resolved transient absorption spectra of compound
[Ir(L®)2(bpy)][PFs] upon pulsed laser excitation (I ex =510 nm, ¢ =5 x 10'5 M) and (b) decay
trace of compound [Ir(L®)2(bpy)]PFs at 645 nm in acetonitrile under air and nitrogen
atmosphere, 20 "C.

4.3.5.4 Triplet-Triplet-Annihilation Upconversion.
TTA upconversion measurements in this work were made by Xue Zhang and Prof.
Jianzhang Zhao (Dalian University of Technology). Further discussion of these

points can be found in the publication related to this work.%®

Solution state TTA upconversion measurements were recorded using
[Ir(L*®),(bpy)]PFs as the sensitisers and 9,10-diphenylanthracene (DPA) as the
annihilator. Samples were continuously excited with a 532 nm laser. This
wavelength is selective for the long wavelength absorption of the complexes,
correlating with the spin forbidden (So - Ti) MLCT transitions. Importantly, DPA
does not absorb at this excitation wavelength. In each example (Figure 4.31), upon
addition of DPA to the solution of iridium(lll) sensitiser, the emission of the
sensitiser was quenched and a new emission from DPA appeared between 400 i
500 nm.

123



400 ! N (bpy)IPF, - 500
* e NEF el [r(L®).(bpy)IIPF ] —— [r(L®),(bpy)IIPF )
(L), (bpy Il DPA 800 (LS, (bpyIPF, + DPAT . [r(L®),(bpy)I[FF,] + DPA
::300 - 5400 1
3 /
< 600 2
= > 23004
‘ézoo € 400 5
g g 8200
= < ' 1=
100 2004 ! 100 4
o | A =\ 1
0 r e oL . i T 0 - a -
450 600 750 900 450 600 750 900 450 600 750 900
Wavelength / nm Wavelength / nm Wavelength / nm

Figure 4.31 - Triplet-triplet annihilation upconversion fluorescence spectra of the
photosensitisers, [Ir(L*®)2(bpy)]PFs, in aerated acetonitrile where DPA was used as the
annihilator. Excitation was achieved with a continuous laser at | = 532 nm (power density
of 5.6 mW) under a deaerated atmosphere. c(sensitiser) = 1 x 10'> M, ¢(DPA) = 5 x 104
M, 20 "C. The asterisks indicate the scattered laser signal.

The efficiency of the TTA upconversion is given by quantum yields (F ) of 2.2 %,
6.7% and 1.6 % for [Ir(L*)2(bpy)]PFs, [Ir(L%)2(bpy)]PFs and [Ir(L%).(bpy)]PFs
respectively. The standard used was Rose Bengal (Fr = 0.08 in methanol). The
effect of mixing sensitiser and annihilator is clearly seen in Figure 4.32.
Upconversion efficiencies are on the lower side of literature values 6% 71, Efficient
TTA-UC relies upon long lived triplet lifetimes on the sensitiser’ to facilitate the
TTET to annihilators. The nitrogen saturated lifetimes recorded in section 4.3.5.3

are all less than 1 s, which may explain the lower TTA-UC efficiencies seen here.

Solutions of [Ir(L*),(bpy)][PF¢l, Where X :

Only 4 + Only 5+ Only. 6 +
4 DPA .5 DPA 6. BRA
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§ b 3 e—
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Figure 4.32 - Photographs of the emission of the selected triplet sensitisers and their
upconversion with DPA in deaerated acetonitrile. Excitation was achieved with a
continuous laser at| =532 nm (power density of 5.6 mW) under a deaerated atmosphere.
c(sensitiser) =1 x 10'5 M, c¢(DPA) =5 x 10"4 M, 20 "C. The photographs were taken without
any filters.
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4.3.6 Density Functional Theory
All computation studies in this work were carried out by Haleema Otaif and Dr
Joseph Beams (Cardiff University). Further discussion of these points can be found

in the publication related to this work.58

The geometries of [Ir(L?)2(bpy)]" and [Ir(L%)2(bpy)]* were optimised in their lowest
electronic singlet and triplet states using DFT//B3LYP/6-31G* basis sets. The
resulting bond lengths and bond angles are in a good agreement with
experimentally obtained results, typically differing by less than 0.05 A and 1 °.
Calculated Kohn-Sham orbitals are shown in Figure 4.33. The calculations indicate
the HOMO for both complexes is a mixture of Ir 5d orbital character and naphthyl
moiety p orbital character from the cyclometalating ligands. The LUMO of both
complexes resides predominantly upon the quinoline moieties of both complexes.
In each complex, the quinoline cyclometalating ligands form pseudo-degenerate
orbitals with alternating contributions from each of the cyclometalating ligands
(Table 4.7). This has been ascribed to the near C, symmetry of the system, causing
a subtle geometric distortion, and thus causing a splitting of the orbitals. The
HOMO and LUMO locations upon the molecule are in agreement with previous

results for similar ligand systems®..

HOMO HOMO-1 HOMO-2 HOMO-3

ok
B o
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LUMO LUMO+1 LUMO+2 LUMO+3
Figure 4.331 Calculated Kohn-Sham Molecular Orbitals for [Ir(L?)2(bpy)]*

TD-DFT calculations were used to predict the UV-Vis electronic transitions from
the optimised ground state singlet (So) and lowest triplet state (T1) geometries.
Calculates transitions are in reasonable agreement with the experimental UV-Vis
spectra (Figure 4.23). For [Ir(L?)2(bpy)]*, the spin forbidden 3MLCT transition
(So Y T.)is predicted to occur at 570 nm is in good agreement with the absorption
tail seen around 550 nm. The more intense lowest energy spin allowed (So Y S:)
transitions are predicted to be around 407 nm and 402 nm. These are assigned to
the HOMO to LUMO and HOMO to LUMO+1 transitions respectively, showing
significant amounts of MLCT character with minor contributions from LC
transitions. These are in good general agreement with the experimental band ca.
350 nm <| <425 nm. In general, as the transitions move towards higher energy,
they become more ligand centred transitions. The 1-naphthyl complex
[Ir(L%)2(bpy)]* displays similar features, which agree with the experimental data and

occur bathochromically shifted in comparison to the 2-naphthyl complexes.

[Ir(L?)2(bpy)l* [Ir(L®)2(bpy)]*
Moiety Contribution to Orbital (%)

Orbital Ir (5d) | bpy Q1 Q2 |Ir(5d)| bpy Q1 Q2
LUMO +4 1 23 17 59 2 6 46 46
LUMO +3 1 44 26 29 2 23 34 41
LUMO +2 2 97 1 1 2 97 1 1
LUMO +1 3 0 71 26 4 1 79 17
LUMO 2 1 26 71 4 1 16 78
HOMO 28 2 36 34 21 1 39 39
HOMO -1 3 1 48 49 2 0 49 49
HOMO -2 10 0 45 45 16 1 42 41
HOMO -3 9 1 45 45 37 4 51 8
HOMO -4 41 5 35 19 36 2 10 52

Table 4.7 i Calculated MO contributions for [Ir(L2)2(bpy)]* and [Ir(L®)2(bpy)]*. Q1 and Q2
are the different quinoline ligands on each complex.

4.4 Conclusions

This chapter has shown the synthesis and characterisation of five new substituted
2-naphthylquinoline ligands, using Pfitzinger synthesis to incorporate electron

withdrawing and donating groups to investigate the degree of tuneability in final
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complex emission, as well as showing the effects of the two separate isomers of

naphthalene have upon absorption and emission properties.

Seven novel organometallic iridium(lll) complexes were isolated and characterised
via H, °F, 13C NMR, HRMS, absorption, emission spectroscopies, as well as via
cyclic voltammetry. Three examples were grown as single crystals, leading to the
collection of X-ray diffraction data and solving of the solid-state structure. The
resultant bis-cyclometalated complexes display deep red emission with subtle
tuning achieved from substitution around the quinoline ring, as well as between

naphthyl isomers.

Comparison with archetypal iridium complex [Ir(ppy)2bpy]” (I em: 602 nm) shows the
guantum yields are of a magnitude smaller”. This may be associated with energy
gap law. When compared with the aerated emission f and t of the archetypal triplet
emitting organometallic complex [Pt(OEP)], where lem: 650 nm, f: 1.25 i
1.43 103, t: 222 - 286 ns (measurements made in aerated THF, toluene and

CHCIs) the lifetime and quantum yield are of similar magnitudes*.

When comparing to the results obtained from spectroscopy and TD-DFT, the
2-naphthyl complexes [Ir(L'?)(bpy)]PFs clearly show they possess a stronger
triplet ligand centred emission character, while the 1-naphthyl complexes
[Ir(L*®)2(bpy)]PFs emit from a stronger *MLCT state. [Ir(L*®)2(bpy)]PFs have also
been shown to be sensitiser for TTA upconversion, achieving efficiencies of up to
6.7 %.
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4.5 Experimental

All reactions were performed with the use of vacuum line and Schlenk techniques.
Reagents were commercial grade and were used without further purification. H,
13C and ®F NMR spectra were recorded on a Bruker fourier 300, dpx 400, or
avance 500 MHz spectrometer, and were recorded in CDClz, CDsCN or ds-DMSO
solutions. *H and **C{#H} NMR <chemical shifts (U) were det
internal tetramethylsilane, Si(CHs)s and are given in ppm. Low-resolution mass
spectra were obtained by the staff at Cardiff University. High-resolution mass
spectra were carried out by the staff at Cardiff University and the EPSRC National
Mass Spectrometry Service at Swansea University, UK. All photophysical data was
obtained on a JobinYvon-Horiba Fluorolog-3 spectrometer fitted with a JY TBX
picosecond photodetection module in CHCIz or MeCN solutions. Emission spectra
were uncorrected and excitation spectra were instrument corrected. The pulsed
source was a Nano-LED configured for 295, 372 or 459 nm output operating at 500
kHz or 1 MHz. Luminescence lifetime profiles were obtained using the JobinYvoni
Horiba FluoroHub single photon counting module and the data fits yielded the
lifetime values using the provided DAS6 deconvolution software. IR spectra were
recorded on an ATR equipped Shimadzu IRAffinity-1 spectrophotometer. UV-vis
data was recorded as solutions on a Shimadzu UV-1800 spectrophotometer. TTA
Energy Upconversion measurements utilized c(sensitiser) = 1 x 10'> M, ¢(DPA) =

5 x 10'4 M, 20 "C; deaerated MeCN; and the upconversion guantum efficiencies

were obtained using Bengal Rose as a standard (Fr = 0.08 in methanol).
X-Ray Diffraction Data Collection and Refinement.

Suitable crystals were selected and mounted on a MITIGEN holder in
perfluoroether oil on either a Rigaku FRE+ diffractometer equipped with VHF
Varimax confocal mirrors and an AFC12 goniometer and HyPix 6000 detector,
equipped with an Oxford Cryosystems low-temperature device operating at T =
100(2) K (for [Ir(L®)2(bpy)]PFs and  [Ir(L®)(bpy)]PFs) or a Rigaku O007HF
diffractometer equipped with Varimax confocal mirrors and an AFC11 goniometer
and HyPix 6000 detector equipped with an Oxford Cryosystems low-temperature
device operating at T = 100(2) K (for [Ir(L®)2(bpy)]PFs).

The structure was solved with the ShelXT’ structure solution program using the
Intrinsic Phasing solution method and by using Olex2 7 as the graphical interface.
The model was refined with version 2018/3 of ShelXL 7® using Least Squares

minimisation.
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DFT studies

All calculations were performed within the Gaussian 09 suite of programmes’’.
Geometry optimisations were carried out without constraints using the
DFT//B3LYP level of theory.”®" The Stuttgart-Dresden basis set was used for the
iridium atoms,® and was invoked with pseudo-potentials for the core electrons,
with a 6-31G* basis set for all remaining atoms.8'8 All calculations included the
use of a polarized continuum model (IEFPCM) approach for the treatment of the
MeCN solvent.8* All stationary point geometries obtained by DFT method were

confirmed through harmonic vibrational frequency calculations

All absorption spectra predictions, orbitals and other ground state properties were
computed using the ground state minimum energy geometry. Excitation energies
(absorption spectra predictions) were computed in the same manner as ground
state properties, but using the long range corrected CAM-B3LYP functional for
improved accuracy. For the prediction of emission energies, the triplet state was
allowed to relax to its optimal geometry, prior to single point energy calculations of
the ground state at this set of geometric parameters. Molecular orbital

decomposition was performed using the GaussSum package. %

4.5.1 General Synthesis of 2-(2-naphthyl)quinoline-4-carboxylic acids

Generally, isatin derivative (300 mg), 2-acetylnaphthalene (1.2 eq) and KOH
pellets (3 eq) were added to a flask and dissolved in ethanol (20 mL). The resultant
mixture was heated to reflux and stirred at this temperature for 24 hours. Upon
cooling, the reaction mixture was diluted with water (50 mL), neutralised with 1M
HCI and the resulting precipitate collected on the filter before washing with water.
The crude mixture was dissolved in DCM (20 mL), and the carboxylic acid taken
into the aqueous layer by shaking with 1M NaOH (20 mL x 3). The combined
agueous layers were acidified with HCI and the product extracted into fresh DCM
(33 20 mL). Combined organic layers were dried over Na,SO4 and the solvents

were removed to yield naphthyl quinoline carboxylic acids as yellow solids.

45.1.1 6-Methoxy-2-(naphthalen-2-yl)quinoline-4-carboxylic acid

Obtained as a yellow solid (58 % yield). *H NMR (400 MHz, ds-D M'S O ), 8.82 (s,
1H), 8.66 (s, 1H), 8.47 (dd, J = 8.7, 1.6 Hz, 1H), 8.16 (d, J = 2.8 Hz, 1H), 8.14 (d,
J=9.1Hz, 2H), 8.08 (d, J = 8.7 Hz, 1H), 8.02 7 7.96 (m, 1H), 7.59 (dd, J = 6.1, 3.3

Hz, 2H), 7.54 (dd, J = 9.1, 2.8 Hz, 1H), 3.94 (s, 3H) ppm. 2*C{*H} NMR (101 MHz,
129



ds-DMS O ) 16@.8, 158.4, 153.0, 144.8, 135.5, 135.4, 133.4, 133.2, 131.4, 128.8,
128.5, 127.6, 127.0, 126.6, 126.4, 125.0, 124.3, 122.5, 120.0, 103.8, 55.5 ppm.
HRMS (ES) Cal c b diHh@Dfouhdingz830f1128. C

4.5.1.2 2-(Naphthalen-2-yl)quinoline-4-carboxylic acid®®

Obtained as a yellow solid (64 % yield). *H NMR (400 MHz, ds-D M'S O )4 8.94 (s,
1H), 8.72 (d, J = 7.8 Hz, 1H), 8.56 (dd, J = 8.7, 1.7 Hz, 1H), 8.27 (d, J = 8.2 Hz,
1H), 8.23 8.18 (m, J = 6.0, 3.4 Hz, 1H), 8.15 (d, J = 8.7 Hz, 1H), 8.08 i 8.01 (m,
J=6.0,3.3 Hz, 1H), 7.96 i 7.88 (m, 1H), 7.80 i 7.73 (m, 1H), 7.65 (dd, J = 6.2,
3.2 Hz, 2H) ppm.

45.1.3 6-Fluoro-2-(naphthalen-2-yl)quinoline-4-carboxylic acid

Obtained as a yellow solid (61 % yield). *H NMR (400 MHz, ds-D M'S O ), 8.491 (s,
1H), 8.79 (s, 1H), 8.54 (s, 1H), 8.52 (s, 1H), 8.33 (dd, J = 8.6, 5.9 Hz, 1H), 8.20 (s,
1H), 8.14 (d, J = 8.6 Hz, 1H), 8.04 (s, 1H), 7.85 (dd, J = 8.8, 8.6 Hz, 1H), 7.64 (dd,
J = 6.0, 2.8 Hz, 2H) ppm. BC{*H} NMR (101 MHz, ds-DMS O)c 16.7, 162.3,
159.9, 155.8, 146.4, 137.1, 135.4, 134.1, 133.5, 129.4, 129.1, 128.1, 127.8, 127.5,
127.2, 124.8, 121.1, 121.0, 120.7, 109.9, 109.6 ppm. *F{*H} NMR (376 MHz,

de-DMSO) -110.9 (s) ppm. HRMS (ES)[M+H]*Cal ¢ 6d 3 1 8xHOFNDL f or

found m/z 318.0928.

4.5.1.4 6-Methoxy-2-(naphthalen-1-yl)quinoline-4-carboxylic acid

Obtained as a yellow solid (56 % yield). *H NMR (400 MHz, de-D M'S O )4 8.3D (d,
J = 2.7 Hz, 1H), 8.23 (s, 1H), 8.18 i 8.08 (m, 4H), 7.82 (d, J = 6.2 Hz, 1H), 7.75 i
7.69 (m, 1H), 7.66 i 7.56 (m, 3H), 4.00 (s, 3H) ppm. BC{*H} NMR (101 MHz,

d-DMSO) U0 167. 5, 158. 6, 155. 4, 144. 5, 137.

129.2, 128.5, 128.0, 126.9, 126.2, 125.5, 125.2, 124.9, 124.3, 122.7, 103.7, 55.6
ppm. HRMS (ES)[M-H Cal c 6 d 3 2 8,HuN0%; Jourid m/z 328.0977.

4.5.1.5 2-(Naphthalen-1-yl)quinoline-4-carboxylic acid®
Obtained as a yellow solid (41 % vyield). Spectral properties were in agreement with

those listed in the literature.

4.5.1.6 6-Fluoro-2-(naphthalen-1-yl)quinoline-4-carboxylic acid

Obtained as a yellow solid (58 % yield). *H NMR (500 MHz, ds-DMSO) 4 8. 59

J=9.8 Hz, 1H), 8.29 i 8.23 (m, 2H), 8.11 (dd, J = 11.4, 9.1 Hz, 2H), 8.06 (d, J =
7.9 Hz, 1H), 7.82 (dd, J = 7.5 Hz, 1H), 7.79 (d, J = 7.0 Hz, 1H), 7.67 (dd, J = 7.6
Hz, 1H), 7.62 7 7.57 (m, 1H), 7.55 (dd, J = 7.2 Hz, 7.2 Hz 1H) ppm. 2C{*H} NMR
(126 MHz, dv-DMSO) U4 167.0, 161.8, 159. 81335157.
130.4, 129.5, 128.5, 128.1, 127.0, 126.2, 125.5, 125.1, 124.9, 120.4, 120.2, 109.4,

130

9,

13

(d,

157.



109.2 ppm. *F{*H} NMR (471 MHz, de-D M'S O)-11@.5 (S) ppm. HRMS (EI) [M"]
Cal cb6d 31 7,HREHR foundm/z 3C7.0851.

4.5.1.7 2-(4-methoxynaphthalen-1-yl)quinoline-4-carboxylic acid®®

Obtained as a yellow solid (66 % yield). *H NMR (400 MHz, ds-DMSO) U 8.

J=7.9Hz, 1H), 8.32i 8.28 (m, 1H), 8.28 8.23 (m, 1H), 8.19i 8.13 (m, 2H), 7.91
i 7.85 (m, 1H), 7.80 1 7.72 (m, 2H), 7.61i 7.55 (m, 2H), 7.15 (d, J = 8.2 Hz, 1H),
4.06 (s, 3H).

4.5.2 General synthesis of ethyl 2-(naphthalen-2-yl)quinoline-4-carboxylate
derivatives
The naphthalene substituted quinoline-4-carboxylic acid was dissolved in ethanol,
and a few drops of sulfuric acid were added to the flask and the mixture heated to
reflux overnight. Upon cooling to room temperature, the mixture was neutralised
with NaOH (2 M) and the solvent removed under vacuum. The crude product was
dissolved in DCM, washed with water and the organics combined, dried over
MgSO. and the solvents removed in vacuo. The product was purified by silica gel

column chromatography, eluting with DCM to yield the title compounds.

4.5.2.1 Ethyl 6-methoxy-2-(naphthalen-2-yl)quinoline-4-carboxylate (L*H)
Obtained as a yellow solid (60 % yield). *H NMR (400 MHz, CDCl;) + 8.66 (s, 1H),
8.62 (d, J =9.4 Hz, 1H), 8.55 (s, 1H), 8.18 (d, J = 2.7 Hz, 1H), 8.121 7.96 (m, 3H),
7.84 (d, J = 7.3 Hz, 1H), 7.65 (dd, J = 9.4, 2.7 Hz, 1H), 7.59 1 7.50 (m, 2H), 4.55
(9, J = 7.1 Hz, 2H), 3.96 (s, 3H), 1.47 (t, J = 7.1 Hz, 3H) ppm. C{*H} NMR (126
MHz, de-D MS O ) 166.1, 158.6, 153.0, 144.8, 135.3, 134.7, 133.5, 133.1, 131.5,
128.9, 128.6, 127.7, 127.2, 126.7, 126.5, 124.7, 124.4, 122.9, 120.0, 103.4, 62.0,
55.6, 14.2 ppm. UV-v i s ( MeQ NIfF:L meFt cm™) 374 (1.2), 300 (2.3), 271
(5.8) nm. FTIR (solid) (ATR) vmax: 3134, 3057, 2974, 1718 (C=0), 1618, 1585,
1550, 1508, 1465, 1406, 1388, 1365, 1336, 1309, 1274, 1242, 1217, 1182, 1143,
1118, 1060, 1039, 1024, 954, 925, 894, 862, 783, 752, 692, 628, 549, 505, 480,
472, 408 cm®. HRMS (ES) M+ H]* Cal c 6 d 3 5 8 a3HuoH@s8fourid anv'z
358.1441.

4.5.2.2 Ethyl 2-(naphthalen-2-yl)quinoline-4-carboxylate (L?H)%
Obtained as a yellow solid (75 % yield). *H NMR (400 MHz, CDClz) + &75(d, J=
7.7 Hz, 1H), 8.66 (s, 1H), 8.55 (s, 1H), 8.41 (dd, J = 8.6, 1.8 Hz, 1H), 8.28 (d, J =

8.5 Hz, 1H), 8.03 (dd, J = 6.9, 4.1 Hz, 2H), 7.91 (dd, J = 6.0, 3.5 Hz, 1H), 7.80
131
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(ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.65 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H), 7.58 i 7.48 (m,
2H), 4.59 (q, J = 7.1 Hz, 2H), 1.54 (t, J = 7.1 Hz, 3H).

4.5.2.3 Ethyl 6-fluoro-2-(naphthalen-2-yl)quinoline-4-carboxylate (L3H)

Obtained as a yellow solid (57 % yield). *H NMR (500 MHz, CDCl;) U 8 J64 ( d,
1.2 Hz, 1H), 8.62 (s, 1H), 8.52 (dd, J = 10.7, 2.8 Hz, 1H), 8.38 (dd, J = 8.6, 1.8 Hz,

1H), 8.27 (dd, J =9.2, 5.7 Hz, 1H), 8.02 (s, 1H), 8.01 (s, 1H), 7.91 (dd, J = 6.0, 3.5

Hz, 1H), 7.88 (d, J = 8.6 Hz, 1H), 7.57 i 7.53 (m, 3H), 4.58 (q, J = 7.1 Hz, 2H),

1.54 (t, J = 7.1 Hz, 3H) ppm. BC{*H} NMR (126 MHz, CDCl;) c 66.1, 162.5,

160.5, 155.9, 155.9, 146.6, 135.8, 135.3, 135.2, 134.0, 133.5, 132.8, 132.7, 131.0,

129.3, 128.9, 128.8, 128.2, 128.1, 127.8, 127.1, 127.0, 126.6, 126.6, 125.3, 125.0,

125.0, 124.6, 121.3, 120.3, 120.1, 109.7, 109.5, 62.1, 14.4 ppm. **F NMR (471

MHz, CDCls) -110.4 (ddd, J=10.8,7.8,5.9Hz) ppm. UV-v i s ( MasCN)': o

L mol* cm™) 360 (0.9), 301 (1.4), 292 (1.5), 263 (4.0) nm. FTIR (solid) (ATR) Vmax:

3064, 1726 (C=0), 1624, 1591, 1550, 1508, 1487, 1456, 1442, 1392, 1373, 1355,

1325, 1301, 1267, 1251, 1240, 1217, 12085, 1161, 1139, 1111, 1066, 1029, 952,

929, 898, 869, 856, 835, 812, 792, 781, 761, 742, 700, 642, 628, 607, 588, 569,

540, 520, 495, 495, 474, 435, 410cm®. HRMS (ES)[M+H]*Cal c¢6d 346. 1238 for
C22H16FNO2; found m/z 346.1239.

4.5.2.4 Ethyl 6-methoxy-2-(naphthalen-1-yl)quinoline-4-carboxylate (L*H)
Obtained as a yellow solid (60 % yield). 'H NMR (400 MHz, CDCl3) 4 831 (d, J=
2.8 Hz, 1H), 8.25 (s, 1H), 8.16 (d, J = 9.2 Hz, 1H), 8.10 (d, J = 8.2 Hz, 1H), 7.96
(d, J = 8.2 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.73 (d, J = 7.1 Hz, 1H), 7.63 1 7.58
(m, 1H), 7.56 7 7.43 (m, 3H), 4.51 (q, J = 7.1 Hz, 2H), 4.02 (s, 3H), 1.45 (, J= 7.1
Hz, 3H) ppm. 13C{*H} NMR (101 MHz, CDCls) ¢ 166.5, 159.2, 156.1, 145.6, 138.0,
134.0, 133.3, 131.7, 131.2, 129.2, 128.4, 127.8, 126.7, 126.0, 125.5, 125.4, 125.4,
124.8,123.0, 103.2, 61.7, 55.6, 14.3 ppm. UV-v i s ( Mg@sC N L mak' cm™?)
367 (0.9), 290 (1.5), 259 (2.3) nm. FTIR (solid) (ATR) Vmax: 3066, 2974, 1718
(C=0), 1616, 1589, 1550, 1496, 1488, 1458, 1436, 1390, 1365, 1348, 1330, 1278,
1247, 1220, 1190, 1182, 1170, 1147, 1112, 1093, 1062, 1026, 1010, 977, 962,
914, 898, 875, 866, 844, 812, 792, 781, 736, 696, 638, 594, 561, 534, 505, 459,
422, 414 cm*. HRMS (ES) [M + H]* Cal ¢ 6 d 3 5 8 xHuoNl@s3fouridawwz C
358.1458.

4.5.2.5 Ethyl 2-(naphthalen-1-yl)quinoline-4-carboxylate (L°H)%
Obtained as a yellow solid (63% yield). Spectral properties were in agreement with

those reported in the literature.
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4.5.2.6 Ethyl 6-fluoro-2-(naphthalen-1-yl)quinoline-4-carboxylate (L°H)
Obtained as a yellow solid (57 % vyield). *H NMR (400 MHz, CDCl;) 4 8.60 (dd, J
= 10.7, 2.8 Hz, 1H), 8.30 (s, 1H), 8.27 (dd, J = 9.3, 5.7 Hz, 1H), 8.09 (d, J = 8.2,
1H), 8.017 7.94 (m, 2H), 7.73 (dd, J = 7.1, 1.2 Hz, 1H), 7.65 i 7.48 (m, 4H), 4.52
(9, J = 7.1 Hz, 2H), 1.46 (t, J = 7.1 Hz, 3H) ppm. 3C{*H} NMR (101 MHz, CDCls)
Uc 165.9, 158.3, 146.40, 137.6, 134.7, 134.0, 132.8, 132.7, 131.1, 129.6, 128.6,
127.9, 126.9, 126.2, 125.4, 125.3, 125.3, 125.0, 120.5, 120.2, 109.7, 109.5, 62.0,
14.3 ppm. ¥F{*H} NMR (376 MHz, CDCl5) -109.9 (s) ppm.UV-vi s ( M&CN) : &
( 90* L molt cm™) 350 (6.9), 288 (1.4), 248 (2.3) nm. FTIR (solid) (ATR) Vmax:
3051, 2980, 1714 (C=0), 1618, 1589, 1548, 1504, 1467, 1446, 1388, 1363, 1344,
1327, 1259, 1234, 1201, 1139, 1109, 1058, 1035, 1010, 921, 879, 844, 802m 790,
771, 744, 700, 603, 592, 555, 536, 472, 445, 432, 420 cm*. HRMS (ES) [M + H]*
Cal cb6d 34 62HIPNOZ founadnn/z 3€6.1249.

4.5.2.7 Ethyl 2-(4-methoxynaphthalen-1-yl)quinoline-4-carboxylate (L"H)
Obtained as a yellow solid (47 % yield) *H NMR (400 MHz,CDCl;) 4 8 .3B=0 ( dd,
8.5, 0.6 Hz, 1H), 8.407 8.36 (m, 1H), 8.26 (d, J = 8.4 Hz, 1H), 8.20 (s, 1H), 8.18i
8.15 (m, 1H), 7.84 1 7.76 (m, 1H), 7.721 7.64 (m, 2H), 7.591 7.47 (m, 2H), 6.96
(d, J=8.0 Hz, 1H), 4.52 (q, J = 7.1 Hz, 2H), 4.08 (s, 3H), 1.46 (t, J = 7.1 Hz, 3H)
ppm.UV-v i s ( MegsC NI L mak! cm™) 364 (0.8), 300 (1.2) nm. FTIR (solid)
(ATR) vmax: 3062, 2981, 1718 (C=0), 1581, 1546, 1514, 1481, 1471, 1429, 1388,
1377, 1363, 1346, 1309, 1265, 1228, 1188, 1145, 1107, 1085, 1033, 1024, 970,
914, 898, 867, 821, 808, 796, 773, 763, 746, 709, 698, 644, 624, 596, 580, 559,
513, 491, 468, 432, 412 cm™. HRMS (AP) [M+ H]* C a | 858.1443 for C,3H20NOg;
found m/z 358.1440.

4.5.3 Iridium(Ill) Dimer formation®3

IrCls.xH20 (0.5 eq) and ligand (200 mg) were placed in a flask and dissolved in 2-
ethoxyethanol (10 mL). The reaction mixture was heated to 130 °C and stirred for
2 days. The mixture was allowed to cool to room temperature, and the product
precipitated with the addition of distilled water. The red precipitate was collected
via filtration, washed with distilled water and dried in an oven or 8 hours. The Ir(lll)

dimers were used in subsequent reactions without purification or characterisation.
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4.5.4 General Synthesis of [Ir(L)2(bpy)]PFs complexes

[Ir2(L)s-e-Cl2] (300 mg) and AgBF, (2.2 equivalents) were dissolved in acetonitrile
(20 mL) and heated to reflux in the absence of light for 16 hours. The reaction
mixture was cooled to room temperature and the precipitated AgCl was removed
via a celite pad and washed with MeCN. The solvent was removed and redissolved
in CHCls.  2bjpyidine (2.2 equivalents) was added and mixture heated to reflux
for 16 hours. The mixture was cooled to room temperature, solvent removed and
resuspended in MeCN. Saturated aqueous [NH4][PF¢] was added and stirred for 5
minutes. The solvent was removed, and product purified by silica column
chromatography (DCM, 9:1 DCM/MeOH) collecting the first red band eluted, the
volume was reduced to ca. 3 ml and recrystallised by the addition of 30 ml diethyl

ether before collecting on a sinter.

4.5.4.1 Synthesis of [Ir(L)2(bpy)]PFs

Obtained as a red solid (56 % yield) Characterisation revealed that the complex
was isolated as the ethoxyethyl ester. '\H NMR (500 MHz, cChbClI 3) u 8. 88
8.55 (s, 2H), 8.27 (d, J = 8.2 Hz, 2H), 8.12 (d, J = 4.7 Hz, 2H), 8.07 (d, J = 2.8 Hz,
2H), 7.99 (ddd, J = 8.0, 1.4 Hz, 2H), 7.89 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 9.7 Hz,
2H), 7.3871 7.35(m, 2H), 7.34 7 7.29 (m, J = 1.2 Hz, 2H), 7.27 (dd, J = 8.3, 1.2 Hz,
2H), 7.19 (d, J = 8.1 Hz, 2H), 6.89 (s, 2H), 6.58 (dd, J = 9.7, 2.8 Hz, 2H), 4.75 i
4.72 (m, 4H), 3.96 1 3.94 (m, 4H), 3.85 (s, 6H), 3.70 (q, J = 7.0 Hz, 4H), 1.33 (t, J
= 7.0 Hz, 6H) ppm. 33C{*H} NMR (126 MHz, CDCls) ¢ 1i65.7, 165.4, 159.2, 155.5,
147.4, 144.9, 144.4, 140.8, 140.1, 136.2, 135.3, 132.4, 130.4, 129.0, 127.8, 127.7,
127.2, 126.8, 126.5, 126.3, 124.8, 124.5, 123.0, 119.9, 105.5, 68.1, 66.8, 65.7,
55.7, 15.2 ppm. UV-vis. (MeCN) | as (e /10* Mt cm™) 480 (0.2), 401 (1.6), 367
(1.7), 321 (3.5), 280 (4.9), 221 (5.7) nm. FTIR (solid) (ATR) Vmax: 2980, 1726 (C=0),
1616, 1602, 1552, 1533, 1506, 1471, 1444, 1381, 1296, 1259, 1236, 1161, 1120,
1106, 1080, 1020, 873, 833 (PF¢), 804, 786, 709, 646, 635, 555 (PFs) cm1.HRMS
(ES) [M - PF¢]* Calc@ 1149.3414 for CeoHs2lrN4Osg; found m/z 1149.3396.

4.5.4.2 Synthesis of [Ir(L?)2(bpy)]PFs

Obtained as a red solid (90 % yield). *H NMR (400 MHz, CDsC N ) 8182 (s, J =
23.6 Hz, 2H), 8.87 (s, 2H), 8.49 (d, J = 8.4 Hz, 2H), 8.26 (d, J = 5.4 Hz, 2H), 8.04
(d, J=8.1 Hz, 2H), 8.00 (d, J = 8.2 Hz, 2H), 7.92 (dd, J = 7.7, 7.6 Hz, 2H), 7.61 (d,
J=9.0Hz, 2H), 7.5071 7.41 (m, 4H), 7.3871 7.32 (m, 2H), 7.311 7.26 (m, 2H), 7.21
(d, J=8.3 Hz, 2H), 7.08 1 7.00 (m, 4H), 4.61 (q, J = 7.0 Hz, 4H), 1.55 (t, J = 7.1
Hz, 6H) ppm. C{*H} NMR (101 MHz, CDsC N) ¢ 1i#0.6, 166.6, 163.6, 156.6,
149.8, 149.7, 146.6, 140.8, 140.5, 136.8, 133.5, 132.3, 131.8, 130.6, 129.7, 129.5,
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127.9, 127.3, 127.1, 126.1, 125.7, 125.1, 64.1, 14.9 ppm. UV-vis. (MeCN) | as (€/
10* M cm) 464 (0.2), 365 (2.9), 315 (3.3), 283 (5.4), 265 (6.6), 218 (7.4) nm.
FTIR (solid) (ATR) Vmax: 3074, 2981, 1734, 1718 (C=0), 1597, 1560, 1544, 1535,
1458, 1438, 1371, 1352, 1274, 1242, 1193, 1149, 875, 835 (PF¢), 767, 746, 555

(PFs) cm?®. HRMS (ES) [M - PFg]* Cal c6d 9 9 9 s5HBN@y; fdural m/z C

999.2659.

4.5.4.3 Synthesis of [Ir(L3)(bpy)]PFs

Obtained as a red solid (38 % yield). *H NMR (500 MHz, CDsC N ) 4 8189 (s, 2H),
8.86 (s, J = 25.8 Hz, 2H), 8.29 (dd, J = 10.3, 2.5 Hz, 2H), 8.22 (d, J = 4.9 Hz, 2H),
8.07 (d, J = 8.2 Hz, 2H), 8.01 (d, J = 7.9 Hz, 2H), 7.94 (dd, J = 7.8, 7.3 Hz, 2H),
7.66 (dd, J = 9.6, 5.2 Hz, 2H), 7.48 1 7.44 (m, 2H), 7.36 (d, J = 7.2 Hz, 2H), 7.30
(d, J = 6.8 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 7.05 (s, 2H), 6.88 1 6.83 (m, 2H), 4.61
(9, J = 7.1 Hz, 4H), 1.55 (t, J = 7.1 Hz, 6H) ppm. 3C{*H} NMR (126 MHz, CDsCN)
Uc 170.3, 166.6, 166.2, 163.3, 156.7, 149.8, 146.4, 142.7, 140.9, 139.3, 136.9,
131.9, 130.6, 130.2, 129.9, 129.9, 129.6, 127.2, 125.9, 125.4, 122.0, 121.6, 64.3,
14.9 ppm. *F(*H} NMR (376 MHz, CDCls) -12.6 (d, Jpr = 711 Hz), -107.2 (s)
ppm. UV-vis. (MeCN) | as (€/10* M2 cm) 483 (0.2), 399 (1.6), 365 (2.1), 268 (5.5)
nm. FTIR (solid) (ATR) Vmax: 3047, 2924, 1720 (C=0), 1625, 1602, 1583, 1548,
1465, 1438, 1373, 1354, 1300, 1247, 1219, 1147, 1122, 1076, 1026, 875, 837
(PF¢), 763, 555 (PFs) cm®. HRMS (ES) [M - PFe] Cal c6d 103
Cs4HaslrFoN4O4; found m/z 1035.2462.

4.5.4.4 Synthesis of [Ir(L*)2(bpy)]PFs

Obtained as a red solid (36 % yield). *H NMR (500 MHz, CDCls) + 8.14 (s, 2H),
8.63 (d, J = 8.7 Hz, 2H), 8.24 (d, J = 8.1 Hz, 2H), 8.07 i 8.04 (m, 4H), 7.98 (dd, J
=7.9, 7.8 Hz, 2H), 7.80 (d, J = 8.1 Hz, 2H), 7.66 (dd, J = 7.8, 7.5 Hz, 2H), 7.48 (dd,
J=8.0, 7.0 Hz, 2H), 7.36 i 7.29 (m, 6H), 6.95 (d, J = 8.5 Hz, 2H), 6.60 (dd, J =
9.6, 2.6 Hz, 2H), 4.59 (q, J = 7.1 Hz, 4H), 3.86 (s, 6H), 1.55 (t, J = 7.1 Hz, 6H) ppm.
1BC{*H} NMR (126 MHz, CDCl;) ¢ 167.7,165.2, 158.9, 155.1, 155.0, 146.8, 144.9,
140.3, 138.9, 135.2, 132.8, 132.0, 131.8, 131.0, 130.2, 127.8, 127.3, 126.1, 125.2,
125.0, 124.3, 123.4, 122.8, 121.2, 105.0, 62. 6, 55.7, 14.3 ppm. UV-vis (MeCN):
ams ( WO* L molt cm™) 497 (0.7), 417 (1.4), 367 (2.5), 267 (6.1) nm. FTIR (solid)
(ATR) vmax: 2980, 1760 (C=0), 1616, 1533, 1500, 1471, 1444, 1382, 1294, 1265,
1234, 1157, 1122, 1103, 1026, 835 (PF¢), 786, 763, 748, 709, 648, 636, 580, 555
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(PF¢), 513 cm™. HRMS (ES) [M - PFg]* Calc@ 1059.2861 for CssHaalrN4Og; found
m/z 1059.2849.

4.5.4.5 Synthesis of [Ir(L%)2(bpy)]PFs

Obtained as a red solid (38 % vyield). *H NMR (400 MHz, CDClz) « 9.11 (s, 2H),
8.69 (d, J = 4.2 Hz, 2H), 8.64 (d, J = 8.5 Hz, 2H), 8.55 (d, J = 8.2 Hz, 2H), 8.19 (d,
J = 8.1 Hz, 2H), 8.06 (d, J = 5.0 Hz, 2H), 7.97 (dd, J = 8.0, 7.3 Hz, 2H), 7.80 (d, J
= 7.8 Hz, 2H), 7.67 (dd, J = 7.8, 7.5 Hz, 2H), 7.49 (dd, J = 7.5, 7.3 Hz, 2H), 7.47 i
7.41 (m, 2H), 7.39 (d, J = 8.8 Hz, 2H), 7.34 7 7.28 (m, 4H), 6.99 (d, J = 8.4 Hz,
2H), 4.60 (g, J = 7.1 Hz, 4H), 1.54 (t, J = 7.1 Hz, 6H) ppm.3C{*H} NMR (101 MHz,
CDCls) ¢ fi71.0, 165.0, 156.8, 155.2, 149.2, 148.8, 146.8, 140.4, 138.8, 137.8,
137.0, 132.8, 132.3, 131.8, 131.0, 130.3, 128.1, 127.4, 126.7, 124.9, 124.6, 124.5,
123.7, 123.5, 122.8, 121.2, 121.1, 62.8, 143 ppm. UV-v i s ( MexQ NIO* L
molt cm) 494 (0.5), 405 (1.4), 366 (2.0), 271 (9.2) nm. FTIR (solid) (ATR) Vimax:
2980, 1728 (C=0), 1600, 1558, 1531, 1471, 1444, 1396, 1381, 1296, 1267, 1238,
1161, 1101, 1018, 835 (PFs), 802, 786, 709, 555 (PFs) cm™. HRMS (ES) [M -
PRs]*Cal c 6d 9 9 9s5H2I6N3Q0; fofind m/z €99.2628.

4.5.4.6 Synthesis of [Ir(L%)2(bpy)]PFs

Obtained as a red solid (72 % vyield). *H NMR (400 MHz, CDClz) « 9.21 (s, 2H),
8.62 (d, J = 8.5 Hz, 2H), 8.42 i1 8.35 (m, 4H), 8.05 (dd, J = 6.6, 5.9 Hz, 4H), 7.82
(d, 3 =7.9 Hz, 2H), 7.69 (dd, J = 8.5, 7.1 Hz, 2H), 7.51 dd, J = 7.6, 7.2 Hz, 2H),
7.42 (dd, J=9.6,5.0 Hz, 2H), 7.381 7.28 (m, 4H), 6.90 (d, J = 8.3 Hz, 2H), 6.80 |
6.73 (m, 2H), 4.60 (q, J = 7.1 Hz, 4H), 1.55 (t, J = 7.1 Hz, 6H) ppm. C{*H} NMR
(126 MHz, CDCl3) ¢ 1i70.5, 164.4, 159.9, 156.3, 155.1, 149.2, 146.7, 145.8, 140.7,
138.6, 136.9, 136.5, 132.5, 132.3, 132.0, 131.8, 130.4, 128.3, 127.7, 126.9, 126.8,
125.2, 124.7, 123.9, 123.7, 121.1, 120.9, 120.7, 111.4, 111.2, 63.0, 14.3 ppm.
F{IH} NMR (376 MHz, CDCls) -12.6 (d, 3Jpr = 711 Hz), -107.7 (s) ppm. UV-vis
( Me C Ny (¢ D05BL molt cm™) 492 (0.5), 408 (1.3), 367 (2.2), 264 (5.0) nm. FTIR
(solid) (ATR) vmax: 3030, 2924, 1718 (C=0), 1624, 1597, 1577, 1552, 1533, 1500,
1473, 1458, 1444, 1425, 1396, 1363, 1354, 1321, 1294, 1261, 1240, 1220, 1199,
1170,1179, 1105, 1028, 999, 933, 879, 840 (PFs), 790, 763, 744, 707, 665, 648,
557 (PFs), 528, 518 cm?®. HRMS (ES) [M - PFg]* Cal cod 103
CsaHsslrF2N4O4; found m/z 1035.2458.

4.5.4.7 Synthesis of [Ir(L")2(bpy)]PFs
Obtained as a red solid (69 % yield). *H NMR (500 MHz, CDCls) + 8.96 (s, 2H),
8.59 (d, J = 8.8 Hz, 2H), 8.49 (dd, J = 8.5, 1.1 Hz, 2H), 8.301 8.26 (m, 4H), 8.101
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8.08 (m, 2H), 8.05 1 8.01 (m, 2H), 7.69 (ddd, J = 8.5, 6.9, 1.5 Hz, 2H), 7.52 (ddd,
J=8.1,6.9, 1.0 Hz, 2H), 7.43 i 7.39 (m, 2H), 7.35 (ddd, J = 7.6, 5.5, 1.2 Hz, 2H),
7.31 (dd, J = 8.9, 0.6 Hz, 2H), 7.02 i 6.96 (m, 2H), 6.20 (s, 2H), 4.61 (q, J = 7.1
Hz, 4H), 3.36 (s, 6H), 1.55 (t, J = 7.1 Hz, 6H) ppm. *C{*H} NMR (126 MHz, CDCls)
¥ 1% 165.4, 160.3, 157.2, 155.4, 148.8, 147.7, 140.4, 137.7, 133.4, 131.6,
131.0, 128.8, 127.6, 127.4, 126.7, 125.1, 124.5, 124.4, 124.3, 124.1, 123.0, 122.5,
121.1, 110.8, 62.8, 55.4, 14.5 ppm. UV-v i s ( Med NI*:L mel? cm?) 526
(0.9), 358 (2.6), 264 (5.4), 229 (7.4) nm. FTIR (solid) (ATR) Vmax: 1722 (C=0), 1596,
1548, 1498, 1446, 1408, 1361, 1296, 1273, 1238, 1195, 1159, 1139, 1099, 1026,
975, 835 (PFs), 761, 711, 642, 605, 555 (PFg), 509, 408 cm™. HRMS (ES) [M -
PFe]" Ca | @05U2867 for CseHaalrN4Os; found m/z 1059.2889.
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Chapter 5 - Iridium(lll) Complexes of Bis-
Imine Ligands; 2-(Pyridin-2-yl)Quinoline and

2-(Pyrazin-2-yl)Quinoline.
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5.1 Introduction

So far the work of this thesis has focused on tuning of emission wavelength of red
emitting bis-cyclometalated iridium(lll) complexes via modification of the
cyclometalating ligand. This chapter aims to build upon this idea by the synthesis
and complexation of new N”~N type asymmetric ancillary ligands in an attempt to

further modify the emission properties.

5.1.1 Asymmetric bis-cyclometalated iridium(lll) complexes

Rational design of phosphorescent metal complexes to tailor the properties
towards the end use is becoming more and more prevalent in the catalysis and
imaging fields!'3. Moreover, the need to move away from the typical D; and C;
symmetrical motif for asymmetrical iridium(lll) complexes grows, since this allows
for further control over not just emission properties, but solubility properties of the
complexes®. Solvent solubility is an important consideration for metal complexes

in the fields of catalysis® and bioimaging®.

For the cyclometalated iridium(lll) chemists, there are a variety of options available
to produce asymmetrical complexes. For example, tris-cyclometalated [Ir(C”N)s3]
complexes can be synthesised to include either one different ligand, as
[Ir(CANY)2(C*N?)], or with each ligand different, [Ir(CAN)(CAN?)(C~N3)].”
Synthetically, the same procedures can be applied to produce mismatched
bis-cyclometalated complexes, [Ir(CANY)(C”N?)(L)]%*. For example, Nazeeruddin
et al noted in 2012 the ability for picolinate or acac ancillary ligands to dissociate,
reforming the bridged chloride iridium dimer while in a solution of either Brgnsted
or Lewis acids®. To obtain the pure [{Ir(ppy)(diFppy)(e-Cl)}.] dimer, the group first
reacted equimolar amounts of ppy and diFppy with [{Ir(COD)(e-Cl)};] producing a
mixture of different dimeric species. The dimers could be split with acetylacetone
and purified by column chromatography, giving three complexes: [Ir(ppy)2acac],
[Ir(diFppy)z.acac] and the desired [Ir(ppy)(diFppy)acac]. From here, the
tris-heteroleptic complex can be dissolved in CH,CI, and treated with 2 M HCI (in
Et,0O) for 15 minutes without heating, yielding the pure mixed dimeric species at
good yields (Figure 5.1). At this stage, the dimeric species [{Ir(ppy)(diFppy)(e-Cl)}2]
can be split like normal by any ancillary ligand, or third cyclometalating ligand.

Emission wavelength of the [Ir(ppy)(diFppy)acac] was found to fall between the
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corresponding [Ir(diFppy).acac] (I em: 484 nm) and [Ir(ppy).acac] (I em: 520 nm)

complexes at | em: 503 nm in degassed CH.Cl, solutions.

species

Mixed dimeric . ‘

(i)
[Ir2(PPY)a-n(diFpPY)n(u-Cl)y] ——

cC@m@E @

Figure 5.11 Synthesis of pure mixed ligand Ir(lll) dimers, adapted from Nazeeruddin et al®.
(i) acacH, [BusN]J[OH], CH2Cl2, 40 °C overnight, 44%; (ii) (2), HCI (2 M in Et20), CH2Cl>,
RT, 15 min, 86%. TLC plate of acac complexes. C: crude mix from dimer splitting followed
by samples after purification.

Another methodology for asymmetric complexes involves the use of asymmetric
ancillary ligands, such as picolinates®, b-diketonates?® or substituted bis-imines?t.
These ligands can often be used for post-synthetic modification of the complex,
allowing access to ligand systems that are often too sterically demanding or
unstable as free ligands, as demonstrated by Beeby et al in 2017*2. By reacting
brominated picolinic acid with an iridium dimer, the team was able to use
Sonogashira coupling to then attach ethynyl TIPS groups in either the 3,4,5 or 6
positions around the picolinate ring (Figure 5.2). The effects of the position of
substitution can be seen in the emission wavelengths; varying from 582 nm for
complex 4 to 636 nm for complex 6 (measurements recorded in degassed CHCl,).
Complex 5 showed | max at 616 nm, while this was shifted to 590 nm for complex
7. As expected, all of the emission wavelengths show a significant bathochromic
shift when compared with [Ir(ppy)2(pic)], which has a | max at 506 nm?*3, while
substitution in position 4- and 5- show the greatest effect upon the optical

behaviour of the compounds.
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Hpic-3Br 3-pic: 4
Hpic-4Br 4-pic: 5
Hpic-5Br 5-pic: 6
Hpic-6Br 6-pic: 7

Figure 5.2 i Synthesis Hpic-Br complexes and further post-synthetic modifications
employed by Beeby et al.1? (i) Acetone, K2COs, and bromopicolinic acid; (ii) Cul, THF, EtsN,
Pd(PPhs)2Clz and triisopropylsilylacetylene.

Recent work by Tsai et al in 20204 has shown the anti-addition of unsaturated C-C
bonds into the O-H bonds of bridged hydroxo dimeric iridium species, to yield the
asymmetric b-diketonates in situ (Figure 5.3). The group first formed the dihydroxo
bridged dimer due to the amphoteric nature of the hydroxo ligands*®. When heated
in toluene, it is suggested that the coordination of the C-C triple bond to the iridium
will occur, forming the intermediate species [Ir(C*N)2(OH)(d?-R'CI CR?)]. This
allows for the anti-addition of the OH group leading to the formation of asymmetric
b-diketonate ligand, which features both electron donating and electron
withdrawing groups. The same methodology can be applied to U ,-unsaturated

ketones, which also form asymmetric b-diketonates.

(i) AgBF 4, Acetone
(ii) Hy0
(i) KOH, Acetone

Figure 5.37 In situ anti addition of an unsaturated bond into u-OH bond adapted from Tsai
et al 4.

5.1.2 Bidentate chelating quinoline ligands

The quinoline an abiganglime (big), fis the pngst wid2ly @séd
bidentate quinoline ligand system. Big has previously been complexed with a wide
variety of transition metals, including Au!®’, Cu®8, Co?®, Ir?°, Ni?t, Os??, Pd%, Pt?4,
Re?, Ru?®?” and Zn?8. Metal big complexes have seen uses in a wide variety of
fields such as catalysis?®, single-molecule magnets®®, OLED devices® and anti-
cancer applications®. The extended conjugation of biq over bpy offers a

bathochromic shift of the emission profile. For example, in 2005 Thompson et al*?
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synthesised the emissive complexes [Ir(ppz)2(bpy)]PFs and [Ir(ppz)2(biq)]PFs, as
part of their work on the development of LEECs (Figure 5.4 7 8 + 9). The emission
profile was recorded in CH2Cl, where the emission | max shifted from 554 nm to 610
nm going from bpy to big ancillary ligand, respectively. The shift in emission was
attributed to the stabilisation of the LUMO orbitals, which in this series of

complexes were located across the ancillary ligand.

The work of the Sun group has focused on the development and understanding of
the emissive state of metal complexes bearing benzannulated ligand framewaorks,
from both the effects of benzannulation seen in the cyclometalating ligands®#, and
the ancillary ligands®. The 2-(pyridin-2-yl)quinoline (pyq) ligand features
prominently across the group®& work, with the [Ir(ppy)2(pyq)]PFs complex (Figure
5.4 1 10) producing an emission | maxat 619 nm in CHzCl,%¢. The findings in this
work complement earlier studies by Huang et al, who produced benzannulated

ancillary ligands iridium complexes of phenylisoguinoline (piq)®’.

8 - Aem: 554 Nm 9 -Aem: 610 Nm 10 - Agpy: 619 NmM

Figure 5.4 7 Cationic complexes synthesised and characterised during investigations into
the effects of increased conjugation of ancillary ligands. Emission wavelengths recorded in
CH2Cl5.33:36

5.2 Aims of the Chapter

This chapter sets out to synthesise and characterise a set of novel ligands based
around the substituted 2-(pyridin-2-yl)quinoline and 2-(pyrazin-2-yl)quinoline
frameworks to see how the addition of a heteroatom and inherent asymmetry
affects the emission properties of the resultant complexes. The ligands are to be
complexed with Ir(lll) as the ancillary ligand. The hope is that via the stabilisation
of the ancillary antibonding orbitals from the extended conjugation as well as the
additional heteroatom for the pyrazine-based ligand systems, the properties of the
MLCT emission can be modulated via ligand design. A comparison to Chapter 4

complex will be made using 1ng and 2ng cyclometalating ligands. In total, 14 novel
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cationic iridium complexes have also been isolated, characterised, and

investigated for their photophysical properties.

147



5.3 Results and Discussions

5.3.1 Ligand synthesis and characterisation

A series of novel substituted 2-(pyridinyl/pyrazinyl) quinoline-4-carboxylic acids
have been synthesised following a Pfitzinger reaction. Initially, conditions
replicated those of the traditional Pfitzinger reaction®, seen in Chapter 4, by
refluxing the acetal and isatin in basic ethanol. Upon addition of KOH, the normal
colour change from a yellow solution to a dark red solution was noted as the
pyrrolidine ring moiety of the isatin was hydrolysed, but after work up the desired
product could not be isolated. A modified version of the methodology first reported
by Baker et al*®**° proved more successful. Briefly, to a pestle and mortar a
5-subsitituted isatin powder was added along with equimolar amounts of either 2-
acetylpyridine or 2-acetylpyrazine and ground together until homogenous. 33 %
agueous NaOH solution was added and the immediate colour change to dark red
was noted. Upon further stirring, the solution gradually became solid with a metallic
sheen, and at this point ice cold water was added to slurry up the mixture. The
resultant powder was collected on a sinter, washed with a further 1 mL of ice-cold
water followed by acetone washes to leave the off-white sodium salt of the target
acid. This was then dissolved into water and precipitated by the addition of 5M HCI
until the supernatant became a neutral pH, and the precipitate collected via
filtration to yield the desired functionalised quinoline-acid ligands in good yields.
Two of the acids (L? and L®) were selected for further reaction via Fischer
esterification with ethanol to yield the analogous ethyl esters, L’ and L8 (Figure
5.5)

Os_OH OO~
0O O .
R N i) R \ iii)) \
+ N E— E—

© [ " ~ N — N
N Pz i) N X N \
H E | j | j
Z pZ

E E

L' R=OMe, E = CH L™ E=CH
L2 R=H,E=CH L& E=N
L3:R=F E=CH
L R=0Me, E=N
LS R=H,E=N
LS R=F E=N

Figure 5.5 17 Synthetic route towards ligand synthesis: i) 33 % NaOHaq) (4 eq), stir 15
minutes, room temperature. li) H20, HCI (5M). iii) Cat. H2SO4, EtOH, 16 hours, 78 °C.

Successful acid (L) formation and isolation was confirmed by *H, **F{*H}, 3C{H}
NMR spectroscopy as well as FTIR spectroscopy and HRMS. The formation of the

ethyl esters was monitored by TLC, and after 16 hours, the reaction mixtures were
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cooled to room temperature and neutralised with 0.1 M sodium carbonate solution.
Desired ester products were isolated via silica gel column chromatography, eluting
with DCM. The first light yellow band off the column was collected, and solvent
removed in vacuo to yield L8, which were once again characterised by *H, 3C{*H}
NMR, FTIR spectroscopies and HRMS. Each of the 8 ligands displays a singlet
centred around 9.0 ppm in the *H NMR spectrum (measured in ds-DMSO). This
peak is assigned to the proton in the 3-position of the quinoline ring. This result is
comparable to the 2-naphth-2-yl quinoline-4-carboxylic acids seen in Chapter 4,
where the spectra were also recorded in de-DMSO. The pyrazine containing
ligands L*® all show a singlet resonance between 9.7 and 9.8 ppm. This can be
assigned to the environment U-tothesec ond pyrazine i min
the pyrazine ring). In the case of L8 where the spectrum was recorded in CDCls,
this signal is a doublet, appearing at 9.89 ppm, with a “Juy coupling of 1.5 Hz. The
19F{IH} NMR spectra on L2 and L® showed a single peak at -110.0 and -109.1 ppm
respectively, which is comparable to the results obtained in Chapter 4 for

fluorinated quinoline ligands.

5.3.2 Complex synthesis and characterisation

Iridium complexes were synthesised using L2 as ancillary ligands following the
same methodology seen previously in Chapter 4. Briefly, a molar excess of L8
was added to a stirring chloroform solution of cis-[Ir(nq)2(MeCN)2]BF4. Complexes
were retained as their BF4 salts and purified via silica gel chromatography, eluting
first with 95:5 (DCM/MeOH) to remove the precursor complex before eluting the
desired complex as a red band using 9:1 (DCM/MeOH). Complexes were
characterised by H, °F{*H}, *C{*H} NMR, HRMS, absorption, emission, and IR
spectroscopies. It became apparent the 2nq complexes had undergone a
counterion metathesis during synthesis and were present as the chloride salt rather
than BF4 salts as expected. Some counterions were exchanged for PFg to aide in

the growing of single crystals suitable for X-ray diffraction studies.
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E=CH,R' =H E=N,R'=H E=CH

[Ir(2nq),(LY]PFs - R: OMe  [Ir(2nq),(L*)]PFs - R: OMe [Ir(1nq),(LY]PFg - R: OMe
[Ir(2nq),(L3)]CI - R: H [Ir(2nq),(L3)]CI - R: H [Ir(1nq),(L3)]CI - R: H
[Ir(2nq),(L3)]CI - R: F [Ir(2nq),(L®)CI -R: F [Ir(1nq),(L3)]CI - R: F

R: H, R': Et E=N

[Ir(2nq),(L7)]PFg E: CH [Ir(1nq),(L*]BF, - R: OMe

[Ir(2nq),(L3)]PFg E: N [Ir(1ng)x(L%)]BF, - R: H
[Ir(1nq)o(L®)BF, -R: F

Figure 5.6 - Iridium complexes synthesised and characterised for this work.

5321 Solid state structure of [Ir(2nqg)2(L*)]PFs and [Ir(1nq)2(L?)]PFs

Single red lath crystals of [Ir(2nq)2(L*)]PFes (Figure 5.7) and dark red cut blade
crystals of [Ir(1nq)2(L?)]PFes (Figure 5.8) were successfully grown from vapour
diffusion of isopropyl ether into a chloroform solution of the complex, and
investigated by X-ray diffraction. The diffraction data was collected and solved at
The UK National Crystallographic Service located at University of Southampton.
[Ir(2nQ)2(L*)]PFs shows disorder across the PF¢ anion and one ester group, and
solvent masking has also been employed. For [Ir(1nq)2(L?)]PFs, no solvent
masking has been used, but a molecule of isopropyl ether and a disordered
chloroform molecule are present in the asymmetric cell, hydrogen bonded to a
ligand and anion respectively (Figure 5.9). Both structures displayed the expected
coordination with a cis-C,C and trans-N,N arrangement of the cyclometalating
ligands around the distorted octahedral iridium(lll) centre®!. Like previous chapters,
the Ir-N bonds trans to the Ir-C (-bond are elongated in comparison to the
cyclometalating ligand Ir-N bonds due to the stronger trans influence of the
organometallic bond (Table 5.1). Both complexes also exhibit coordination sphere
bond angles comparable to those seen for similar naphthyl quinoline complexes

from Chapter 4. Both solid state structures reveal p- p interactions between the
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non-heterocyclic rings of the quinoline on a cyclometalating ligand, as seen

highlighted in blue on Figure 5.10.

Figure 5.7 i X-ray structure of [Ir(2ng)2(L4)]PFs - C74FsH78lrNsO9sP, M, = 1526.58, triclinic,
P-1 (No. 2), a= 14.5944(3) A, b = 15.8228(4) A, c = 15.9735(5) A, U= 103.713(2)", b =
92.681(2)°, 0 = 101.881(2)", V = 3488.99(16) A3, T = 1002) K, Z= 2, Z'= 1, u(Mo Kyp) =
2.014 mm-, 91231 reflections measured, 15993 unique (Rin: = 0.0803) which were used in
all calculations. The final wR, was 0.1337 (all data) and Ry was 0.0551 (I > 2(1)).
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