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Chapter 1

Introduction:

A Mini Review of Functionalized Polyphenylene Dendrimers

Dendrimer research was initially created in the mid 1980s and has exploded during past
two decades.'! After pioneering works concerning synthesis, the interest in dendrimers
is now mainly driven by their properties and applications. For example, dendrimers have

[2]

been studied for use as host-guest sensitive and selective sensors," as cataIysts,B] as

templates for the growth of encapsulated metal nanoparticles,w and in biological

]

applications,[5 including biomarkers,'®! magnetic resonance imaging,m and drug

' However, it has only been more recently that such macromolecular

deIivery.[8
structures have been explored in terms of their optoelectronic properties,[gl which is the
focus of this thesis. In the following pages, the design, synthesis, and functionalization of
a series of full-color light-emitting dendrimers and their photophysical properties as well

as device performances will be shortly overviewed.

1.1 Dendrimer chemistry - a short overview

Traditional polymers, according to Staudinger, can be classically divided into three major
macromolecular architectures: linear, cross-linked and branched polymers. Recently, a
fourth class of polymer topologies has been dedicated to dendrimers.”!

The term “dendrimer” was first offered by Tomalia in 1984."" The word “dendrimer”
derives from the Greek (dendron = tree, meros = part). As the name implies, these
“tree-shaped” macromolecules consist of three parts: a core, scaffolds, and surfaces
(Figure 1-1). The latter two parts are sometimes called dendrons, which extensively
branch in three dimensional architecture, and generally possess excellent solubility as

well as a high degree of surface functionality and versatility. The natures of the

peripheral functional groups are the important factors that determine the chemical and

1
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physical properties of these dendritic molecules. Unlike traditional polymers,

dendrimers are monodisperse macromolecules, and their molecular sizes and masses

can be specifically controlled during the step-wise generation growth.m]

— Cure

=geaffold

Figure 1-1: Schematic structure of a dendrimer.

Since Vogtle et al. synthesized the first basic dendrimer structure in 1978, dendrimers
can be generally achieved by using either a divergent method or a convergent method
(Scheme 1-1). There is a fundamental difference between these two construction

concepts.

1.1.1 Divergent synthesis

In the divergent methods, dendrimer grows outwards from a multifunctional core
molecule. The core molecule reacts with monomer molecules containing one reactive
and two dormant groups giving the first generation dendrimer. Then the new periphery
of the molecule is activated for reactions with more monomers. The process is repeated
for several generations and a dendrimer is built layer after layer. The divergent

approach is successful for the production of large quantities of dendrimers. Problems

2
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occur from side reactions and incomplete reactions of the end groups that lead to
structural defects. To prevent side reactions and to force reactions to completion large
excess of reagents is required. It causes some difficulties in the purification of the final

product.

A

Scheme 1-1: Synthesis of dendritic macromolecules: A) divergent method; the synthesis starts
on the polyfunctional core and follows a step by step growth. B) convergent method;

construction of dendrons and final reaction with the core molecule.
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1.1.2 Convergent synthesis

The convergent methods were developed as a response to the weaknesses of the
divergent synthesis. In the convergent approach, the dendrimer is constructed stepwise,
starting from the end groups and progressing inwards. When the growing branched
polymeric arms, called dendrons, are large enough, they are attached to a
multifunctional core molecule. The convergent growth method has several advantages.
It is relatively easy to purify the desired product and the occurrence of defects in the
final structure is minimized. It becomes possible to introduce subtle engineering into the
dendritic structure by precise placement of functional groups at the periphery of the
macromolecule. The convergent approach does not allow the formation of high
generations because steric problems occur in the reactions of the dendrons and the
core molecule.

Both assembly approaches have been adopted by researchers. The divergent dendrimer
synthesis have been reported by Vogtle, Denkewalter, Meijer, Milhaupt, Tomalia, and
Newkome, and the convergent approach to dendrimer synthesis can be found in

the work of Fréchet, Miller, and Moore.

1.2 Polyphenylene dendrimers

Different from the flexible dendrimers based on high mobile alkyl chains, the shape-
persistent dendrimers demonstrated more stable structure and their own properties.”‘”
Hart et al. introduced nanometer sized dendrimers in which benzene units were bound
to each other via two o bonds (1-1, Scheme 1—2).[15] These dendrimers, based on
extended iptycenes, turned out to be extremely stiff and shape persistent as they did
not allow any rotational movement, but showed difficulties to introduce further
functionalities at desired positions by demand. Branched bicyclopropylidenes such as 1-

2 were published by Demeijere et al., not yet allowing further extension of generations

of this rigid and shape-persistent dendrimer.*® Moore et al. connected the branching
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points with inherently stiff chains, affording dendrimers constructed from
phenylacetylene units (1-3);[17] Miller et al. introduced dendrimer consisting 1,3,5-
substituted benzenes (1-4).[18] Both these kinds of dendrimers 1-3 and 1-4 were
synthesized by the convergent method, because the metal catalyzed coupling reactions
led to side products and incomplete reactions rendering a divergent synthesis not
practicable. Therefore a new strategy based on non catalytic Diels-Alder cycloaddition

reaction was developed, allowing the divergent growth and synthesis of high generation

)'[19]

polyphenylene dendrimers in quantitatively yields (1-5

Scheme 1-2: Shape persistent polyphenylene dendrimers: 1-1 iptycene dendrimer by Hart et al.,
1-2 triangulene dendrimer by Demeijere et al., 1-3 poly(phenylenevinylene)dendrimers by
Moore et al., 1-4 polyphenylene dendrimers by Miller et al., and 1-5 polyphenylene dendrimers

by Miillen et al.
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Furthermore, it is immediately clear from the structures in Scheme 2-1, that many more
phenylene units can be incorporated in 1-5 compared to 1-3 and 1-4. Additionally it
turned out that dendrimers 1-3 and 1-4 based on 1,3,5-substitituted benzene rings, led

to conformational isomers.

1.3 Synthesis of polyphenylene dendrimers

In our group, the synthesis of polyphenylene dendrimers, firstly reported in 1997,1%°
was based on two reactions with nearly no side products and quantitative yields: i) a
“growth” step — the Diels-Alder cycloaddition of tetraphenylcyclopentadienones to
ethynes, and ii) a “deprotection” step — the desilylation of triisopropylsilyl substituted
alkynes. In order to use the [4+2] Diels-Alder cycloaddition for dendrimer synthesis, we
introduced the AB, building unit 2,5-diphenyl-3,4-bis[4-(tri-isopropylsilylethynyl)-
phenyllcyclopentadienone (1-6, Scheme 1-3) which was synthesized via the double
Knoevenagel condensation of 1,3-diphenylacetone (1-7) and 4,4’-bis(tri-

isopropylsilylethynyl)benzil (1-8) on a large scale with yields up to 85%.

Scheme 1-3: The synthesis of AB, building unit 1-6.

This building unit 1-5 consists of a diene subunit for the Diels-Alder cycloaddition and
two protected ethynes as the dienophile. The bulky triisopropylsilyl (TiPS) substituents
serve to protect the building unit from self-cycloaddition. After isolation of the TiPS-
ethynyl substituted dendrimer, the protecting groups (TiPS) can easily be removed by

fluoride salt, such as tetrabutylammonium fluoride (TABF), to give the “free” ethynyl
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substituted dendrimer, which allow continuing the Diels-Alder cycloaddition again to

achieve high generations.

up to the fourth
generation

Scheme 1-4: Divergent synthesis of the polyphenylene dendrimers starting from the 1,3,5-

triethynylbenzene core
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The synthesis of polyphenylene dendrimers via the divergent method starts with a
“growth” step (Scheme 1-4), the [4+2] Diels-Alder cycloaddition of the building units to a
core with multi-ethynyl substituents, e.g., 1,3,5-triethynylbenzene (1-9), in refluxing o-
xylene, affording the first generation dendrimer with TiPS-substituted ethynes (1-10).
After a “deprotection” step with TBAF, the corresponding “free” ethynyl substituted first
generation dendrimer (1-11) is obtained, which allows the growth to the next
generation. When unsubstituted tetraphenylcyclopentadienone 1-12 is used as the
termination agent for 1-9 and 1-11, the unfunctionalized first and second generation
dendrimers 1-13 and 1-5 are obtained, respectively. By repeating the cycloaddition and
the deprotection, we can synthesize the monodisperse polyphenylene dendrimers up to
the fourth generation, in which the steric density is sufficiently high to prohibit further

generation growth.

In 1999, our group developed a convergent method for the synthesis of polyphenylene
dendrimers based on a pentaphenylbenzene repeating unit.” The synthesis of the
required repeating unit takes part in two steps: i) the Diels-Alder cycloaddition of
tetraphenylcyclopentadienone with benzil-substituted ethynyl to give the dendronized
benzil, and ii) the double Knoevenagel condensation of the dendronized benzil with 1,3-
diphenylacetone to cyclopentadienone, as the building units. The starting point of the
convergent synthesis is the 4,4'-diethynylbenzil (1-14, Scheme 1-5), which contains two
ethynylic dienophile units and one ethanedione function which can react in a
Knoevenagel condensation. The two-fold Diels-Alder cycloaddition of an excess of
tetraphenylcyclopentadienone (1-9), which is regarded as the first generation dendron,
with 1-14 leads to the dendronized benzil 1-15 and the Knoevenagel condensation of
the benzil with 1,3-diphenylacetone (1-6) to give the second generation dendron 1-16.
The synthesis of a third generation dendron has not been realized up to now, since the
dendronized benzil as with larger tails exists exclusively in the trans conformation,
making the double Knoevenagel condensation impossible. In the final step, the Diels-

Alder cycloaddition of an excess of the second generation dendron 1-16 with a multi-
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ethynyl substituted core can provide the second generation polyphenylene dendrimer

1-13.

1-14

Scheme 1-5: Convergent synthesis of the second generation polyphenylene dendrimer (1-13)

based on dendronized buliding units (1-16).

Compared to the divergent approach, the convergent method at first glance obtains the
same monodisperse products with similarly high yield. The convergent approach
provides a fast access to second generation dendrimers but cannot be used to
synthesize higher generation dendrimers. However, this method opens a pathway to
import multi-type functionalized dendrons on an asymmetric core. In contrast, the
divergent approach can be used up to the higher generations, but it only allows the

ordered attachment of one type of functional group.
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1.4 Functionalization of polyphenylene dendrimers

In contrast to flexible dendrimers, the polyphenylene dendrimers exist as shape
persistent nanoparticles as we have demonstrated above. The preparation of
functionalized dendrimers is the key step towards various applications. As can be seen
from Figure 1-1, the functional groups can be introduced into the polyphenylene
dendrimer at three places — the core, scaffolds, and surfaces.'” We will consider the

functionalization in each part respectively in the following chapters.

1.4.1 Functionalization in the Core

The variation of the dendrimer core can strongly influence the dendrimer architecture
of whole dendrimers. We have previously reported that a wide variety of hydrocarbon
cores (Scheme 1-6), e.g. triethynylbenzene (1-8), 3,3',5,5'-tetraethynylbiphenyl (1-17),
tetrakis(4-ethynylphenyl)methane (1-18) and hexakis(4-ethynylphenyl)benzene, can be

used to synthesize different symmetric dendrimers.!**!

According to the simulations of Bredas et al. the dendrimer with core 1-8 adopts a false-

(23] \whereas the dendrimer with core 1-

propeller structure without rotational symmetry,
19 shows a true-propeller shape. They are different in the orientation of the branches
around the center of the molecule. The biphenyl core 1-17 leads to a growth that results
in a kind of dumbbell shape of dendrite; while the tetrahedral core 1-18 induces a
globular shape. Recently, in our group, Haberecht et al. firstly introduced a central
positively charged transition-metal complex, tris(2,2’-bipyridyl)ruthenium(ll) (1-20), as
the core of polyphenylene dendrimers based on an octahedral symmetry.[24] Therefore,

the geometry of core, a simple core functionalization, can influence the overall shape of

the resulting dendrimers.

10
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Scheme 1-6: Different ethynyl carrying cores and the 3D structures of the corresponding second

generation dendrimers based on this core.

As well as controlling the symmetry of dendrimers it is also possible to incorporate a
chromophore in the center of a shape persistent dendrimer. Such a spatial isolation of a
photostable chromophore in a discrete and inert nanoenvironment is highly interesting
for a variety of applications such as for organic light emitting diodes (OLEDs)[ZS] or single

molecule spectroscopy (SMS).[26]

The outstanding chemical and photophysical
properties of rylene chromophores make them attractive for these purposes. Therefore,

the pyrenem] (1-21, Scheme 1-7) and perylenetetracarboxydiimide (PDI)[28] (1-22, 1-23)

11
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functionalized with four ethynyl groups can be used as cores for polyphenylene

dendrimers.

In general, pyrene and perylene dyes show a strong aggregation tendency,ml which
induces a luminescence quenching and a bathochromic shift in solid state. However, by
means of the covalent encapsulation of such a chromophore in a polyphenylene
dendritic shell this aggregation can be avoided. Furthermore, the polyphenylene
dendrons also serve as solubilizing groups shielding the chromophore from atmospheric
degradation.m] They further show good solution processing abilities and hindered
migration in polymer films. These properties implicate dendritic macromolecules as

251 addition, a

highly interesting candidates for luminescent layers in OLEDs.
chromophore surrounded by a perfectly defined environment might be regarded as a
potential candidate for SMS, allowing study of the interactions of a fluorophore with the

surrounding matrix by high spatial resolution, which is currently under investigation.
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Scheme 1-7: Functional cores for extension of dendrimers.

Moreover, the repeating units of conjugated polymers, such as 2,7-dibromo-9,9-bis(4-
ethynylphenyl)fluorene (1-24, Scheme 1-8), can also be dendronized with

' The shape-persistent

polyphenylene side chains before their polymerization.[30
polyphenylene dendronized side chains can not only improve the polymer solubility, but

also prevent the coiling and aggregation of conjugated polymer chains, thus improve

12
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their photophysical properties, such as a change in the dynamics of singlet excitions in
the solid state, an increase in triplet lifetime and a reduction in diffusion of triplet

excitions.

Scheme 1-8: Polyfluorene with dendronized polyphenylene side chain.

1.4.2 Functionalization on the scaffold

In comparison with the uniqueness of the core variation, which is restricted to one
functional group, the functionalization on the numerous dendritic scaffolds can import
multiple functionalities. In order to functionalize these scaffolds, the synthesis of stably
functionalized cyclopentadienones (1-25, Scheme 1-9), which carries both desired
functions (F; and F,) at a-position and/or B-position and dendrimer growing groups

.22l such cyclopentadienones are prepared by

(TiPS-ethynyl), is the key componen
Knoevenagel double condensation of functionalized benzyls (1-26) with 1,3-
disubstituted acetones (1-27). Unfortunately this often comes together with a high
synthetic effort as for every desired function the according cyclopentadienone has to be

synthesized.

gt @@ b SRS a-substution
(0]
W), O@ + (RAEF,) —> &0
) / AN 1-27 ﬂ a I S B-substution
_{Si]/ \(S}J—\ /LSi// \\Si I
20 T 1-25 T

Scheme 1-9: Functionalized CP units 1-25 with functions in a-position (F;) and B-position (F,).

13



Introduction Chapter 1

As the bis-dioxaborolane substituted cyclopentadienone (1-28, Scheme 1-10) can be
synthesized from commercially available precursors in high yield, it is often used as the
starting point for the synthesis of B-position functionalized building units, e.g. the
terphenyl extended tetraphenylcyclopentadienone (1-29),[31] the 1,3-dithiolanes
substituted cyclopentadienone (1-30)[32] and the PDI containing cyclopentadienone (1-
31).[33] By covalent linkage of these functionalities it is possible to obtain materials with

various novel properties that are different from those of the parent compounds.

Si
1-31 AV
Scheme 1-10: Further substituted CP units with extra functions in B-positions for scaffold

functionalization.

To the best of our knowledge, the synthesis of polyphenylene dendrimers around a
tetraphenylmethane core has thus far been limited to the fourth generation because of
incomplete conversion at higher generations, presumably the prohibitive result of steric
crowding at the chain ends. In light of this observation, by using terphenyl extended

tetraphenylcyclopentadienone (1-29), a spacer was introduced into each arm of the

14
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branching unit to decrease the congestion of the chain ends at higher generations
(Figure 1—2).[3” Since the connectivity of the branching points in the dendrimers with
extended arms is the same as for the parent polyphenylene dendrimers, their molecular
sizes should be much larger than the comparable sizes of the parent cases. This situation
would enable the stepwise synthesis of a structurally perfect dendrimer up to sixth
generation with a diameter of 27 nm, which well exceeds the dimension of the narrowly
disperse but not monodisperse particles that have been synthesized by self-assembly or

multiphase approaches.

15
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Figure 1-2: Comparison between extended polyphenylene dendrimers with terphenyl-spacer

and traditional polyphenylene dendrimers.
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The 1,3-dithiolanes substituted tetraphenylcyclopentadienone (1-30) is used to
synthesize polyphenylene dendrimers, bearing a defined number of keto groups in their
scaffolds (1-32, Scheme 1—11).[32] These dendrimers turn out to be suitable substrates
for a perfect postsynthetic functionalization of the inner dendrimer using organolithium
reagents. Even large reaction partners such as pyrene can be introduced quantitatively
(1-33), allowing the easy and versatile modification of the dendritic scaffold. This
postsynthetic procedure provides a pathway of introducing functionalities, which are
not stable under the conditions of the Diels-Alder cycloaddition, into the periphery of

dendrimers.

Scheme 1-11: The synthesis of second-generation polyphenylene dendrimer 1-32 carrying eight

benzophenones in its scaffold and its postsynthetic hydroxyl functionalization via Li reagents.

17
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Single-molecule spectroscopy of well-chosen dendritic multichromophoric systems
allows investigation of fundamental photophysical processes such as energy or electron
transfer in much greater detail than the respective ensemble measurements. Therefore,
the PDI containing tetraphenylcyclopentadienone (1-31) are chosen to build up these
dendritic multichromophoric systems (1-34, Scheme 1-12),[33] since the PDI derivative
dyes possess large molar extinction coefficients in the visible region of the spectrum, a
high quantum vyield of fluorescence and excellent photostability . In these systems, the

PDI dyes are all located in scaffolds, and their relative positions and orientations are

fixed in space and determined by the synthetic route.
I
0l

Y

1
3i
s QR
Scheme 1-12: Multichromophoric dendrimer 1-34 carrying eight PDlIs in its scaffold.
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The functional groups can also be added into the a-positions of cyclopentadienones by
using 1,3-functionalized acetones (Scheme 1-13), e.g. 2,5-methylformate-3,4-bis[4-(tri-
isopropylsilylethynyl)-phenyl]cyclopentadienone (1-35)[34] and 2,5-di(2-pyridinyl)-3,4-
bis[4-(tri-isopropylsilylethynyl)-phenyl]cyclopentadienone (1-36).%! The substituents in
a-position allow introducing functionality within the scaffolds, which may enable to
affect the internal density of the dendrimer and the chemical properties of the cavities
without influencing the possible number of branches or the number of potential
functional groups on the surface. Thus by using the building unit 1-35, up to 24 ester
groups can be incorporated within a second generation dendrimer (1-37). These ester
groups then hydrolyze to carboxylates (1-38), thus produce a multiple negative charged
host macromolecule which can attract guest molecules with positive charges as a
chemical sensor.®* The polyphenylene dendrimers can also carry pyridine units (1-36)
into the scaffolds. Since the pyridine groups are able to efficiently adsorb metal ions,
these pyridine-containing polyphenylene dendrimers (1-39) can be regarded as
nanosized macromolecular templates for the preparation of metal-containing hybrid

catalytic materials.”®”
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Scheme 1-13: Dendrimers with carboxylic (1-38) and pyridine (1-39) functions in the scaffold.
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1.4.3 Functionalization on the Surface

Functional groups on the surface do not change the shape and density of the
polyphenylene dendrimers, but they can influence the chemical and physical properties
of whole dendrimers. Moreover, functionalization at the periphery is the simplest but
most effective method of functionalizing dendrimers with various possibilities for
controlling the type, number and position of the substituents. We functionalized the
surface of polyphenylene dendrimers via two different methods: i) the priori group
introduction, which is achieved by using functionalized cyclopentadienones during the
synthesis of dendrimers, and ii) the posteriori group introduction, which converts the
existing substituents into the desired functional groups directly in the periphery of

dendrimers.?%

1.4.3.1 The Priori Group Introduction

The introduction of the functional group in the course of the dendrimer synthesis
presents an elegant way to obtain topologically well defined monodisperse products. In
this case the number of functions as well as their geometrical arrangement is well
known. The only requirement of this approach is that the desired function has to be
chemically and thermally stable under the conditions of the Diels-Alder cycloaddition
(Scheme 1-14), often requiring protecting group chemistry. With this approach, the
polyphenylene dendrimers can possess photonic and electronic properties by using the
building units with chromophores, e.g. perylenemonoimide (PMI) (1-40),[36] electron

)27 and the hole-transporting materials, e.g.

conductors, e.g. terthiophene (1-41
triphenylamine (1-42).[38] Nevertheless, the dendrimer solubilities, the intermolecular
interactions, the self-assembly behaviors, and the surface affinity can be controlled by
introducing hydrophobic and hydrophilic substitutes on the dendrimer surface, e.g. fully

fluoride substituents (1-43),[39] alkyl chains (1-44)[40] and ethylene oxide chains (1-45).[41]
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Scheme 1-14: Functional CPs for surface activation.

Moreover, by using both chromophoric functionalized core and building units, we can
introduce more than one type of chromophores into one dendrimer. For example, the
dendrimer 1-46 consists of a single terrylenetetracarboxydiimide (TDI) core and multiple
PMI groups in the periphery (Scheme 1-15). It is a nice model for light-harvesting system

in which there are energy transfers from PMI as donors to TDI as an acceptor.[4z]

o“o O Oy O oOo‘o

Scheme 1-15: Light-harvesting dendrimer 1-46 consists of PMI and TDI.
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1.4.3.2 The Posteriori Group Introduction

The generation of functional groups after the completed synthesis of the dendrimer
constitutes a quick and variable way to get access to a large number of functionalized
dendrimers. To apply multiple reactions on the surface of dendrimers, the already
existing functional groups must exhibit a high reactivity as well as a high selectivity. The
conversion of an already existing group A on the dendrimer into a substituent B by a
subsequent reaction has been accomplished. In the ideal case, this reaction should be
guantitative, but the possibility of incomplete conversions or side products must always
be considered. The side products such as unreacted reagents can normally not be
separated from the desired product. Up to now, we are able to functionalize
polyphenylene dendrimers with carboxyl, hydroxyl, amide, and lithium groups in the

periphery via this method (Scheme 1-16).
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Scheme 1-16: Posteriori reactive group transformation.

23



Introduction Chapter 1

Furthermore, the hydroxyl groups are able to yield to 2-bromo-2-methylpropionic ester
groups (1-47, Scheme 1-17), which are the macroinitiators for atom transfer radical
polymerization (ATRP) of tert-butyl acrylate.[43] The amine groups can also further link to
the maleimide groups (1-48), which are the precursors for reacting with the thiol groups
of peptides. Both of these water soluble core-shell structures based on dendrimer

surface functionalization are highly interesting in the biological application.[44]

O
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Scheme 1-17: Surface functionalized water-soluble polyphenylene dendrimers.

1.5 Dendritic macromolecules for organic light-emitting diodes (OLEDs)

A new term of “organic semiconductor”, which is commonly used today, led to the
award of the Nobel Prize in Chemistry in 2000 to Heeger,[45] MacDiarmid"*® and
Shirakawa™”! for their contributions in conducting polymers. Meanwhile, an epoch of

using organic semiconductors in the application of organic light-emitting diodes (OLEDs)
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has begun since 1986, when Tang et al. demonstrated that a double-layer device
consisting of a hole-transporting layer of aromatic diamine and an emissive layer of 8-
hydroxyquinolinealuminum  (Algs) could generate high efficiency organic

electroluminescence (EL).[48]

This double-layer design has become a landmark
achievement and a prototypical structure for OLED devices. The demonstration of EL in
conjugated polymers by Burroughes et al. in 1990 further highlighted the interest of

research and development in organic electroluminescence.!*”!

In the last two decades, organic electroluminescent materials are generally categorized

0]

into two classes, small molecules ®% or conjugated polymers.[49’ > Whereas small

molecules such as Algs are conventionally deposited under high-vacuum conditions by

[52]

evaporation, high molecular weight polymeric materials such as poly(p-

phenylene)vinylenes (PPVs)[53] or polyfluorenes (PFs)[54] can be processed under
ambient conditions from solution® and can even be printed using ink-jet techniques.”®
However, either rather low or extremely high molecular weight materials have their
own limitations. Therefore, between these two classes of materials a natural
intermediate with monodisperse dendritic molecules containing repeating units was
developed. These dendritic materials can combine the benefits of both previous
classes.””! The high molecular weights of these dendritic macromolecules, as well as the
surface groups often attached to the distal (outer) ends of the dendrons, can improve
the solution processibility, and thus can be deposited from solution by simple processes
such as spin-coating and ink-jet printing. The latter method allows the deposition of
different colors side by side, enabling color displays to be printed. Moreover, even
better than the traditional polymeric light-emitting materials, the well-defined
monodisperse distributed dendrimers possess as high purity as small molecules, and as
such can be fabricated into high performance OLEDs. Most importantly, the emissive
chromophores can be located at the core of the dendrimer, within the dendrons, and/or
at the surface of the dendrimers because of their unique dendritic architectures. The
different parts of the macromolecule can be selected to give the desired optoelectronic

and processing properties.
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The first light-emitting dendrimers were fluorescent but more recently highly efficient
phosphorescent dendrimers have been developed.[ZS] All these dendrimers have been
investigated that the most successful approach being the one found, when the core is
the light-emitting component. Light-emitting dendrimers can be roughly divided into
those with conjugated dendrons and those with saturated dendrons. In the latter case,
the emissive moieties are covalently connected but with non-conjugated links. For
conjugated dendrons and dendrimers, the branching points mean that while they may
be fully conjugated, they are not necessarily fully delocalized. However, by using
appropriate connectivity between the conjugated moieties, both classes of dendrimers
can be considered as macromolecules comprised of molecular chromophores. This
construction indicates that dendrimers are the natural structural design for solution

processable fluorescent and phosphorescent emitters.

The molecular design outlined above gives light-emitting dendrimers many attractive

features:

i) It provides a means of making a light-emitting chromophore solution-processible.
This opens up the possibility of ink-jet printing the materials, with its associated
scope for simple manufacture and for the patterning of large-area displays.

ii) The molecular design is modular so that different parts of the molecule have
different functions. This therefore allows independent optimization of the
electronic and processing properties, for example, by selecting a core to give the
desired color, and surface groups to give the desired solubility.

iii) The modular synthetic strategy means that dendron and core libraries can be
developed making structural variations simpler. For instance, the same dendrons
and surface groups can be used with different cores to give materials with different
emission colors.

iv) The dendrimer generation can be used to control intermolecular interactions, which
have a major effect on the photophysical and charge-transporting properties of

organic materials. In particular, interactions between emissive chromophores can
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lead to quenching of the luminescence, but dendrons can be used to keep the
chromophores apart and so avoid this problem.
v) The dendritic architecture can give rise to thermally stable amorphous thin films

with high glass-transition temperatures.

As will be seen later, the advantages of the dendrimer architecture for luminescent
emitters and the way the structure can be varied to enhance materials performance as

well as the device design are illustrated.

1.6 Motivation

As reviewed above, the polyphenylene dendrimers show excellent properties, such as
high chemical stability, strict monodispersity and shape persistent dendritic structure.!*%
Furthermore, due to the unique dendritic architectures, by introducing functional
groups into the core, scaffolds and surface, these functionalized polyphenylene
dendrimers demonstrate novel chemical and physical properties. Especially the
chromophoric dendrimers exhibit outstanding photophysical properties and potential

application in organic light emitting diodes (OLEDs).m'zS] From the molecular design and

material application points of view, some more improvements are desirable:

i)  The full-color light emission is brought by the presence of chemically and thermally
stable chromophores with high photoluminescence quantum yields (PLQYs), such
as polycyclic aromatic hydrocarbon (PAH) units and transition metal-complexes.

ii) The chromophores are incorporated into a rigid dendritic polyphenylene scaffold;
they thus adopt sterically defined positions and avoid inter- and intra-molecular
chromophore-chromophore quenching interactions.

iii) Amorphous films for promising the solution process are obtained as a result of the
lack of intermolecular interactions.

iv) The amount of extraneous substituents effecting on solubility, such as alkyl chains,

is kept at a minimum.
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In this thesis work, the new molecular design, the new synthetic protocol and a series of

new blue, green, red light emitting materials will be presented as the following:

i) Inchapter 2, a unique design for blue light emitting materials is presented. Starting
from a new type of building units, diphenylcyclopentaphenanthrenone derivatives
(1-49, Scheme 1-18), polytriphenylene dendrimers dendrimers (1-50) were

synthesized with promising performances in OLED devices.

1-50

Scheme 1-18: Synthesis of blue fluorescent polytriphenylene dendrimers.

ii) In chapter 3, a new divergent synthesis of green triplet emitting polyphenylene
dendrimers based on iridium(lll) (Ir(lll)) complex core (1-51, Scheme 1-19) is
presented. A series of Ir(lll) complex polyphenylene dendrimers up to fourth
generation, which, up to now, is the largest Ir(lll) dendrimer, were synthesized and
their high efficient phosphorescent organic light emitting diode (PhOLED) devices

were prepared.
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Scheme 1-19: Synthesis of green phosphorescent polyphenylene dendrimers.

iii) In chapter 4, a modification of the Ir(lll) complex core is described, yielding a series
of red phosphorescent polyphenylene dendrimers (1-52, Scheme 1-20). After a
functionalization of hole-transporting materials on the dendrimer surface, these
self host-guest systems demonstrate very promising performances in non-doped

PhOLED devices.

Scheme 1-20: Synthesis of red phosphorescent polyphenylene dendrimers.
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Chapter 2

Polytriphenylene Dendrimers:

A Unique Design for Blue Light-Emitting Materials

In this chapter, a novel synthetic concept to design multi-chromophoric dendrimers for
blue OLEDs will be presented. Different generation polytriphenylene dendrimers were
synthesized in a divergent method. A series of solution processable, chemical and
thermal stable blue light-emitting materials were obtained in high vyields. Their

photophysical properties and device performances were studied.

2.1 Motivation in design of blue fluorescent dendrimers

Full color OLED display may be constructed in different ways such as i) filtering white
light for a specific color,™! ii) applying different bias potentials to OLEDs, " iii) using
efficient dyes to convert colors,™ or iv) patterning pixels for the three principle colors
red, green, and blue (RGB) independently.[‘” Color filtering of white light is simple but
wastes energy due to the generation of unwanted colors. The voltage dependent
multicolor emitting materials cannot control the light intensity and the emission color at
the same time.!”*! For the last two methods, the blue light-emitting diodes are still the
most challengeable one in RGB LED display for the following reasons. There are very
efficient dyes for converting colors, but the energy can most easily be transferred from
the absorption of short wavelength light to the emission of a longer one, which means a
blue OLED alone may generate all colors, while green or red are more difficult to be

[6] Moreover, although most colors have been

converted to blue color (Figure 2-1).
demonstrated in OLEDs, only green and orange OLEDs currently are available for
commercial use. Blue light-emitting materials for commercial use are still in developing,

and red light-emitting materials must be further improved.m

35



Polytriphenylene Dendrimers — Blue Fluorescent Materials Chapter 2

Bx0x0

Figure 2-1: Mechanism of color converting dyes.

Traditionally, the blue as all others light-emitting materials have fallen into two main
classes, small molecules and polymers, and these materials and their individual
advantages were covered in detail in the previously introduction chapter. The repeating

units for blue light emission in the linear polymers include phenylene vinylenes,[sl

[10] [11]

phenylenes,m thiophenes,'”™ pyridines™™ and fluorenes.™ small molecules such as

[14] 5]

anthracene,™ pyrene™" and triphenylene[1 are also promising as blue light-emitting
fluorophores. Most of these blue light-emitting fluorophores possess high chemical and
thermal stability and good solubility in organic solvents.”® However, both small
molecules and linear polymers possess planar or partially planar molecular structures
(Figure 2-2), and tend to exhibit low quantum efficiencies and excimer emissions due to
the m-m stacking of individual chromophores in the solid state.’”) Although by
introducing the spacing or solubilizing substituents, such as alkyl, alkoxy, phenyl and

(18 or even polyphenylene dendrons,™ the intermolecular interactions

phenoxy chains,
can be reduced or hindered, thereby preventing aggregation. Such “extraneous”
substituents have no benefits for emission, complicate the synthetic route and increase
the producing cost, while still cannot completely prevent the aggregation. These
aggregations and m-m stackings can be totally eliminated by introducing the
chromophores into a dendritic architecture (Figure 2-2). The dendritic shell can also
isolate the emissive excitation from environment, thus decreasing parasitic
perturbations, such as solvation effects in the condensed phase or luminescence
guenching, through interaction with the environment or surrounding chromophores in

the solid film."?% Therefore, the dendrimer-based light-emitting materials have been

considered as an attractive candidate for OLEDs.
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(a) small molecule 0 (b) linear polymer

Figure 2-2: Intermolecular arrangements of three types of chromophores: (a) small molecule, (b)

linear polymer, and (c) dendrimer.

The blue fluorescent dendrimers are divided into two types as the result of placing
emitters into different locations (Scheme 2-1): i) a single blue chromophore located in
center of the dendrimer and isolated by dendrons in the periphery, such as anthracene
(2-1),[21] pyrene (2-2),[22] distyrylstilbene (2-3),[23] etc.; and ii) blue light-emitting
oligomers situated in the scaffold as repeating units, such as stilbene (2-4),[24]
phenylacetylene (2-5),[25] truxene (2-6),[26] etc., which can not only produce emission,

but also prevent chromophore aggregation.
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Scheme 2-1: Blue fluorescent dendrimers with various emitting cores, such as anthracene (2-1),
pyrene (2-2), distyrylstilbene (2-3) or repeating units in the scaffold, such as stilbene (2-4),

phenylacetylene (2-5), truxene (2-6).
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In contrast to the first type dendrimers, which contain only one blue emissive core and
exhibit relatively low quantum efficiency, the second type dendrimers have multiple
chromophores and possess high quantum efficiency. However, the syntheses of these
multi-chromophoric dendrimers still restrict and challenge their application in OLEDs.
Up to now, most blue fluorescent dendrimers with multi-chromophores have been
prepared in a convergent strategy by metal-catalytic cross-coupling reactions, which
limited these dendrimers to low generations and in low yield. ),[24'26] These blue light-
emitting materials with low molecular weights show poor thermal stability and worse
morphology in solid film, thus degrade the device performance. Nevertheless, the
minimum metal catalyst residues, which cannot be removed from the products, will
result in poor device performance.m] Therefore, it was necessary to design a new non-
catalytic and high yield synthesis route to achieve high generation dendrimers with

chromophores as building units.

2.2 Blue fluorescent polytriphenylene dendrimers

[28] [29] d[30]

Most recently, triphenylene derivatives”™ and their linear'“™ and hyperbranche
polymers were reported as promising candidates for blue OLEDs for the following

considerations:

i) Triphenylene based m-conjugated systems are known to exhibit longer excited state
lifetimes than their phenyl analogs, and should therefore foster through-bond
energy migration.

ii) Triphenylene derivatives are one of the most common discotic mesogens which
have a tendency to form unwanted discotic liquid crystalline phases that facilitate
charge transport. While the nature of shape-persistent dendrimers may prevent
intra- and inter-dendrimer m-stacking.

iii) Triphenylene derivatives, as polycyclic aromatic hydrocarbons, demonstrate very

high chemical and thermal stability. Their full aromatic ring structures avoid the
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tendency for oxidation which leads to the appearance of a long wavelength emission

band and the deterioration of device.

A number of triphenylene-based small molecules and polymers have been designed and
investigated, the high tendency towards self-association of triphenylene often led to a
dramatic decrease in fluorescence intensity due to their strong m-nt stacking.[zs] To the
best of our knowledge, dendrimers based exclusively on interlinked triphenylene units
have not been realized. This is most probably due to the challenges associated with
functionalized triphenylene derivatives serving as branching reagents in dendrimer
synthesis. Herein we will present a novel divergent synthetic concept to achieve
triphenylene units at the same time as generation growing in dendrimer. In this
contribution, triphenylene is introduced as building block for the dendritic systems.
Though bearing a higher risk of intramolecular triphenylene-triphenylene chromophore
interaction, this allows for a higher density of emitting units in the active layer.
Therefore, the amount of electro-inactive material contained in dendrimer films can be
kept at a minimum. Chemical, photophysical and opto-electronic characterizations show
that the new triphenylene based dendritic materials are promising candidates for blue

light emitting devices.

2.2.1 Design of cyclopentaphenanthrenone derivative AB,-type building unit

Since Sasaki et al. firstly found that phencyclone possessed a high reactive diene moiety
in Diels-Alder [4+2] cycloaddition reactions with ethynyl units in 1976.51 Phencyclone
and its derivatives have been used to synthesize various polycyclic aromatic
hydrocarbons (PAHs),?% especially the triphenylene units.®*! Herein, we planned to use
a phencyclone derivative 2-7 (Scheme 2-2) as the building unit, leading to AB,-type
diphenyltriphenylene repeating units 2-8 via the [4+2] Diels-Alder cycloaddition with

ethynyl groups.
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Diels-Alder
cycloaddition
—>

Scheme 2-2: Synthesis of AB,-type diphenyltriphenylene repeating units (2-8) from phencyclone

derivative (2-7) via Diels-Alder cycloaddition.

The key step was the utilization of a novel AB,-type building unit, 1,3-diphenyl-6,9-
bis(triisopropylsilylethynyl)-cyclopentaphenanthrenone 2-9 (Scheme 2-3), which
combined a diene and two protected ethynyl functions in the same molecule. Compared
to the tetraphenylcyclopentadienone derivatives being used in the synthesis of already
known polyphenylene dendrimers,* building unit 2-9 contained one additional bond in
ortho-position between two neighboring phenyl rings. This led to triphenylene units

after Diels-Alder [4+2] reaction.
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Scheme 2-3: Synthesis of AB,-type building unit, 1,3-diphenyl-6,9-bis((triisopropylsilyl)ethynyl)-

cyclopentaphenanthrenone 2-9.
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The synthesis of the key intermediate 2-9 began from the commercially available started
from 3,6-dibromo-9,10-phenanthroquinone (2-10), which was readily obtained by
bromination of 9,10-phenanthroquinone according to a literature procedure.BS]
Recrystallization from nitrobenzene gave 2-10 as a dark yellow solid in almost
guantitative yield. In the next step, the direct Hagihara-Sonogashira coupling reaction of
the triisopropylsilylacetylene (2-11) with 2-10 was unsuccessful due to the side reaction
which occurred between the diketone and the ethynyl group. Therefore, compound 2-
10 had to be reacted with dimethyl sulfate at room temperature, and then
intermediately converted to 3,6-dibromo-9,10-dimethoxyphenanthrene (2-12), in which
the diketone group could be protected, in 92% yield. The introduction of the ethynyl
groups in 3,6-bis(triisopropylsilylethynyl)-9,10-dimethoxyphenanthrene (2-13) was
obtained in 84% vyield by Hagihara-Sonogashira coupling reaction between
triisopropylsilylacetyleneand 2-12 by using dichloro-bis(triphenylphosphine)palladium
(1), Copper(l) iodide, and triphenylphosphine as catalysts in toluene/triethylamine
solution. The dimethoxy group in 2-13 converted back to the diketone group and
achieved 3,6-bis(triisopropylsilylethynyl)-9,10-phenanthroquinone 2-14 via an efficient
oxidation using cerium ammonium nitrate (CAN) aqueous solution in 84% yield.
Subsequent double Knoevenagel condensation of 2-12 with 1,3-diphenylacetone (2-15)
in K,COs/ethanol system could provide the building unit, 1,3-diphenyl-6,9-
bis((triisopropylsilyl)ethynyl)-cyclopentaphenanthrenone (2-13) in 61% vyield as dark
green color solid. The building unit 2-13 was unstable in basic environment tending to a
side product 2-16 with hydroxyl cyclopentenone structure. The side reaction could be
avoided by using 1M HCl-methanol solution to neutralize the pH value immediately after

the Knoevenagel condensation reaction finished.

2.2.2 Synthesis of first- to third-generation polytriphenylene dendrimers

The preparation of the structurally defined monodisperse polytriphenylene dendrimers

have been realized by a divergent protocol.[36] The unfunctionalized first-generation
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dendrimer TPG1 (Scheme 2-4) with 4 triphenylene units was synthesized from Diels-
Alder cycloaddition by heating the tetra(4-ethynylphenyl)methane (2-17) and
commercially available phencyclone (2-18) in refluxing o-xylene. Since the first-
generation dendrimer TPG1 was poor soluble in common organic solvents, the pure
dendrimer TPG1 was achieved by repetitive precipitation in methanol as light yellow
solid in 97% vyield.

It should be mentioned that compared with the traditional Diels-Alder cycloaddition
condition, which took about 12-16 hours heating in an oil bath, the microwave reaction
at higher temperature and under microwave power could dramatically accelerate the
reaction time to 30 minutes.! This new reaction performing type has often been applied
for the Diels-Alder cycloaddition reaction in my thesis work, since it always showed

comparable yield and much shorter reaction time.

Scheme 2-4: Synthesis of first-generation polytriphenylene dendrimer (TPG1)

The synthesis of the higher-generation polytriphenylene dendrimers TPG2 and TPG3
with 12 and 28 triphenylene units, respectively, was carried out following the divergent
synthetic protocol (Scheme 2-5). The reaction of AB,-type building unit 2-9 and tetra(4-
ethynylphenyl)methane (2-17) gave the first-generation dendrimer 2-19, decorated with

8 triisopropylsiyl (TiPS) protected ethynyl groups in 81% vyield. The desilylation of the

! Temperature: 170 °C, Pressure: 5 bar, Power: 300 W, Solvent: o-xylene, CEM Discover.
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TiPS protecting groups with tetrabutylammonium fluroride (TBAF) yielded the first-
generation dendrimer 2-20 with 8 activated ethynyl groups for further dendrimer
growth in 90% vyield. The subsequent Diels-Alder cycloaddition between dendrimer 2-20
and either the termination agent 2-18 or the AB, building unit 2-9 provided the
unfunctionalized second-generation dendrimer TPG2 in 94% yield or second-generation
dendrimer 2-21 with 16 TiPS protected ethynyl groups in 88% yield, respectively. All TiPS
units in dendrimer 2-21 were cleaved by TBAF, affording the second-generation
dendrimer 2-22 with 16 activated ethynyl groups in 94% vyield. Finally, the
unfunctionalized third-generation dendrimer TPG3 was obtained in 90% vyield by
continuing the Diels-Alder cycloaddition between dendrimer 2-22 and the end-capping
unit 2-18. The purification of higher generation dendrimers was achieved by either the
GPC column chromatography to remove unreacted building units after the cycloaddition

reaction or the precipitation in methanol after the TiPS deprotection step.
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Scheme 2-5: Synthesis of second and third generation polyphenylene dendrimers (TPG2 and
TPG3).

For comparison, a model compound 1,2,4-triphenyltriphenylene TTP (Scheme 2-6)

containing the triphenylene repeat unit was synthesized by the Diels-Alder cycloaddition
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reaction between ethynylbenzene and phencyclone 2-18, checking the distortion of
triphenylene unit by phenyl substitution and seeing as monomeric unit for quantum
yield determination. Furthermore, another second generation dendrimer TPG2’
(Scheme 2-6) with peripheral pentaphenyl end-groups were prepared via the Diels-Alder
cycloaddition reaction between the dendrimer 2-20 and tetraphenylcyclopentadienone
2-23 for comparison with TPG2. Here the scaffold containing triphenylenes were
shielded by the phenylene shell completely, hindering intermolecular triphenylene

aggregation.

Of o (R
O R= <)< .TPG2'

2-23

O O

Scheme 2-6: Synthesis of model compound 1,2,4-triphenyltriphenylene TTP and peripheral
pentaphenyl polytriphenylene dendrimer TPG2’

2.2.3 Characterization of the polytriphenylene dendrimers

The monodispersity of the described dendrimers could easily be verified by applying
MALDI-TOF mass spectrometry. The MALDI-TOF mass spectra revealed a single intense
signal corresponding to the calculated m/z ratio of dendrimers TPG1, TPG2 and TPG3, as

illustrated in Figure 2-3.
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Figure 2-3: MALDI-TOF mass spectra of first to third generation polytriphenylene dendrimers

TPG1, TPG2 and TPG3.

The samples of all three generation polytriphenylene dendrimers (TPG1, TPG2 and TPG3)
for MALDI-TOF mass spectrometry were prepared by mixing the analytes with matrix
which dissolved silver trifluoroacetate in dichloromethane in a ratio of 1/250. For the
first-generation dendrimers TPG1, the experimentally determined m/z ratio was a single
signal at 1941.120 g-mol™, perfectly agreeing with the calculated value of 1940.628
g-mol™ (M+Ag)", with an additional silver ion. For second- and third-generation
dendrimers TPG2 and TPG3, the MALDI-TOF mass spectra displayed a single intense
signal at 4966.766 and 11009.812 g-mol™, respectively, both in accord with their
calculated m/z ratios. These three different generation samples indicated that MALDI-
TOF mass spectrometry was probably the most efficient and powerful method for
proving the structural perfection of polytriphenylene dendrimers with high molecular
weights. Moreover, all generation dendrimers possessed enough solubilities in common
organic solvent such as DCM, THF, and toluene, thus allowing their full characterization
by standard analysis techniques such as NMR spectroscopy. Characterization by *H NMR

spectroscopy showed well-separated and clearly assignable signals for the aromatic
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triphenylene protons as well as for the ethynyl or TiPS protons. Figure 2-4 demonstrated

the 'H NMR of 2-20 as an example.
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Figure 2-4: "H NMR spectrum of ethynyl substituted polytriphenylene dendrimer 2-20.

The ethynyl protons (H.) appeared like a doublet but in reality could be treated as two
singlets with similar intensity and chemical shifts around 2.5 ppm. This was due to the
co-excistence of different rotational conformers in equilibrated distribution. During the
Diels-Alder cycloaddition, two rotational conformers were obtained, where the ethynyl
groups were located in two different positions as para- or meta-substituents in respect
to the newly formed triphenylene unit. In the aromatic region, only some protons on

the triphenylene units and the tetraphenylmethane core could be assigned
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unambiguously. The proton H, of the triphenylene units appeared as a singlet at the
lowest field (7.89 ppm), and the proton Hy also showed a singlet but with a down-field
shift at 7.12 ppm, due to the deshielding effect of the adjacent phenyl ring. Moreover,
the protons H. and Hyq of the tetraphenylmethane core demostrated doublets
respectively at high field (6.31-6.28 and 6.22-6.19 ppm). The other aromatic protons
could not be distinguished due to strong signal overlaps. For the higher generation
dendrimers, these aromatic protons displayed involute signals thereby reflecting more
complicated chemical shifts on different generation dendrons. In the case of the other
ethynyl or TiPS-ethynyl substituted dendrimers, the intensity ratios between aromatic

and aliphatic signals were all corresponding to the expected values.

2.3 Visualization and simulation

2.3.1 Crystal structure of the first generation polytriphenylene dendrimer

To investigate the spatial arrangements of polytriphenylene dendrimers and their
optimum tetrahedral geometry, single crystal X-ray analysis was performed to provide
the most direct method to investigate the spatial arrangements of polytriphenylene
dendrimers and their structural features.’” The single crystal of TPG1 suitable for
structure determination was obtained from a solution of tetrachloroethane and hexane
mixture at room temperature by slow evaporation as colorless, tiny, needle-shaped
crystals. Pertinent crystallographic data like cell parameters, interplanar angles, and

assignment of the planes as well as measuring conditions are provided in Table 2-1.

Table 2-1: X-ray data for TPG1, experiment details, structure solutions and refinements.

Compound TPG1
Formula C171H143C|4
Formula Weight M 2344.69
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Crystal System
Space group

a (A)

b (A)

c(A)

a(°)

6(?)

v(©

V(A%

V4

Pealc (gxem™)

1 (MoKa) (mm™)
F(000)
R-Factor (%)
Color

Shape
Temperature (K)
Radiation, A(A)
J Min-Max (2)
Total data
Unique data

Observed data

monoclinic
P2/c
17.464(4)
10.811(2)
35.858(8)
90.00
91.005(4)
90.00
6769(3)

2

1.150
0.141
2484
12.84
Colorless
Needles
150(2)
MoKa, 0.80024
2.48-21.39
12980
5335

2484

The projections of the crystal structure from different views are shown in Figure 2-5a.

The TPG1 molecule is located on a center of symmetry in a monoclinic cell (space group

C2/c), with the cell parametersasa=17.46 A, b=10.81 A, c =35.86 A and B = 91.0°, and

the single crystal contains two well ordered hexane (red marked) and two linked

tetrachloroethane (yellow and green marked) molecules per dendrimer unit. The four

central phenyl rings of the tetraphenylmethane substituents are oriented with

approximately tetrahedral symmetry, which suggests that all triphenylene subunits are

separated by the tetraphenylmethane core and the angles between them are twisted by
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86.4°, 84.5° and 83.5°. Moreover, the twisty angle between two closest intermolecular
triphenylene subunits is 89.7° and the shortest distance is 3.73 A. This suggests that all

triphenylene subunits in TPG1l possessed inter- and intra-molecularly nearly

[38]

perpendicular arrangement with minimum packing effect.

Figure 2-5: Crystallographic structures of TPG1 (a) single crystal structure from a-axis view (left)
and c-axis view (right), (b) packing diagram of crystals.

The crystal structure of the first-generation dendrimer TPG1 displays that the attached
phenyl rings produce a high steric shielding and rotate to the plane of triphenylene
subunit. Because of the rotation between triphenylene repeating units and the shape
persistence of substituted phenyl rings, the triphenylene repeating units in higher
generation dendrimers can be expected in even more twisted arrangement and with

more pronounced shielding. &
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The packing diagram reveals that these dendritic molecules exhibit a high perturbation
of the packing within each triphenylene owing to the steric hindrance between the
dendrimers (Figure 2-5b). This demonstrates that in polytriphenylene dendrimers the
conformation of each triphenylene groups is highly twisted so that they cannot undergo
ni-stacking. The distance between two closest twisted triphenylene units in two
neighboring dendrimer crystals is 3.209 A. In contrast to most other triphenylene
derivatives the inter-dendrimer chromophore-chromophore quenching is thus much

reduced.

2.3.2 Molecular modeling

Due to their large number of possible conformations, crystals of higher generation
polytriphenylene dendrimers suitable for structure determination have never been
obtained. In order to investigate the size, shape and structure of higher generation
dendrimers, molecular modeling was useful and could be performed in a force field
(MMFF) method, because of the large number of atoms in these dendritic molecules.!”
The obtained structure for the first-generation dendrimer TPG1 is depicted in Figure 2-6,
which displayed an almost perfect similarity to the single crystal structure of TPG1. This
suggested that molecular modeling was a relatively reliable method to determine the
structure of high generation polytriphenylene dendrimers. Table 2-2 listed the

molecular weights and the radii of the unfunctionalized dendrimers TPG1, TPG2, and

TPG3, obtained from MMFF simulation.

Table 2-2: Number of triphenylene units, molecular weights and radii of dendrimers TPG1, TPG2,
and TPG3

TPG1 TPG2 TPG3
no. of triphenylene units 4 12 28
molecular weight 1833 4858 10908
radius / nm 1.40 229 311
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Figure 2-6: Three dimensional structures of dendrimers TPG1, TPG2, and TPG3, obtained by

molecular modeling using the MMFF method.

An almost linear increase of the radius was found along with the increasing dendrimer
generations from 1.40 nm for TPG1 to 3.11 nm for TPG3; whereas the number of
triphenylene chromphores increased exponentially. When the number of triphenylene
chromophores was plotted against the radius of the corresponding dendrimer, their
bilinear relationship (Figure 2-7a) demonstrated that the dendrimer shell became more
and more dense along with increasing dendrimer generation. These polytriphenylene
dendrimers exhibited a molecular structure that can be described by the “dense-shell”

I,[41] which would increase the charge injection abilities in the periphery of

mode
dendrimers.!*? However, when the number of triphenylene chromophores was plotted
against the volume of the dendrimer, a linear trend resulted (Figure 2-7b), indicating
that the density of the chromophores was constant irrespective of the generation.
These relationships indicated that the growing dendrimer generation would not

deteriorate the distribution and separations of chromophores thus reducing the
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photoluminescence quantum vyield (PLQY) in solid film. Moreover, the triphenylene
chromophores in higher generation dendrimer possessed longer effective conjugation
length, which was a more important issue to increase the pLQY."*! Therefore, the

syntheses of high generation polytriphenylene dendrimers are necessary for us to

investigate high performance blue OLEDs.

30 30
]
= i (a) TPG3| _ (b) TPG3
@ @
o) o)
g 20} € 20}
= =
g o
2 g .
o 10F TPG2 2 10} /TPGZ
S =
o o
< E [ J
© 0 TPG1 © TPG1
1.0 15 2.0 2.5 3.0 35 Oo 50 100 150
radius (nm) molecular volume (nm3)

Figure 2-7: Numbers of triphenylene units versus dendrimer radius (a) and volume (b) V = 4/3nr>.

2.4 Physical properties of polytriphenylene dendrimers

The dendritic architecture and different generation number provide a unique target for
investigating the effect of chromophore spacing on the emission and transport
properties of LEDs. As shown in Table 2-2, the number of triphenylene chromophores in
the dendrimers increases as 4 x (2°- 1) with generation number (G). Most importantly,
as a new type of blue fluorescent materials, the photophysical properties of our
polytriphenylene dendrimers will be investigated in the following paragraphs. For
instance, the effective conjugation length and the rotating torsion among triphenylene

chromophores can be traced in the absorption and photoluminescence (PL) spectra.
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2.4.1 Photophysical properties in solution

Figure 2-8 shows the absorption and PL spectra of three generations of polytriphenylene
dendrimer (TPG1, TPG2, and TPG3) and two comparable compounds (TTP and TPG2’) in
toluene solutions (10° g/L). In the absorption spectra, samples TTP and TPG1
demonstrated nearly identical curves, since the 4 TTP units in TPG1 are connected
through a sp3 carbon and therefore they both have the same chromophores. With the
elongation of the longest conjugated oligotriphenylene segments going from TPG1 to
TPG3, the long-wavelength feature displays a substantial increase with growing
generation, whereas the short-wavelength feature remains virtually unchanged. The
effect is even more pronounced in solutions of the material, where quantum-chemical
calculations could clearly demonstrate that the short-wavelength feature arises solely
from the single triphenylene chromophore and the long-wavelength absorption is
attributed to the effective conjugation in oligotriphenylene dendron.* Indeed, besides
providing a real space visualization of the molecular electronic modes involved in
absorption, semi-empirical calculations could also explain the increase in the long-
wavelength absorption strength with generation. The fact that the absorption features
of the dendrimer showed bathochromic shifts with increasing molecular size can be
taken as evidence for excitonic localization at the center of the molecule.*”! The
broadening of absorption peaks could be due to the asymmetry caused by the attached
phenyl rings, thus increasing the oscillator strength of the symmetry forbidden So 2 S

and Sp = S, transitions.[*®
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Figure 2-8: Normalized absorption and PL spectra of dendrimers (TPG1, TPG2, and TPG3) and

two comparable compounds (TTP and TPG2’) in toluene solutions (1073 g/L).

In the PL spectra, the emission maxima of different generation dendrimers showed a
bathochromic-shift from TPG1l to TPG3 since the effective conjugation length in
triphenylene repeating units extends along with increasing generation. Therein,
dendrimer TPG2’, which is an end capped version of the first generation dendrimer, has
its peak positions situated between TPG1 and TPG2. In fact, a closer look at the
chemical structures reveals that the end caps resemble almost a second generation
dendrimer, only lacking the connection at the outmost phenyl rings. Therefore it
consists of longer segments than the TPG1, but is supposed to be more twisted than
TPG2. Thus dendrimer TPG2’ can be understood as a “link” between TPG1 and TPG2.

The widths of solution PL spectra are nearly identical for different generation
dendrimers because of their similar exciton funneling and localization effect.
Nevertheless, the very large Stokes shifts (= 110 nm) of all dendrimers are caused by the
fact that absorption happens mainly from So = S and emission from S; > So.*”! The
emitted photon has less energy than the absorbed photon, in which the losing energy
part is used to twist triphenylene units with highly steric hindrance and causing various

isomeric conformations.
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The intermolecular interactions and aggregations of dendrimers TPG1, TPG2 and TPG3
were investigated by measuring the absorption and PL spectra of their toluene solutions
at different concentrations (10, 103, and 107 g/L), no bathochromic-shift and excimer
emissions could be observed. This concentration-independence suggested that the
dendritic branches in each dendrimer effectively suppress the intermolecular
interactions and prevent the formation of aggregates.[48] The absence of aggregation
was also evidenced by the rather high photoluminescence quantum yields (PLQYs) of

these dendrimers (Table 2-3). With quinine sulfate as a standard,*

the quantum vyields
of dendrimers TPG1, TPG2 and TPG3 in dilute toluene solutions (10°® M) were measured
as 6.6, 27.0, and 35.2%, respectively. These values revealed an increasing PLQY scaling
with the size of the molecules. This could be ascribed to the reduced branch rotation in
higher generations which decreases the vibrational relaxation and the intersystem
crossing in the excited state. Another plausible explanation for the higher PLQY in higher
generations is the interactions between the chromophores and environment. With
increasing dendritic generation, the central chromophores in the larger molecules are

d,® which depresses the interactions among the

more effectively self-encapsulate
chromophore themselves or between the chromophores and solvent molecules and

therefore fluorescence quenching.

Table 2-3: PLQYs of dendrimers (TPGx) and compound (TTP) in chloroform solution, relative to
quinine sulfate dehydrate.

TTP TPG1 TPG2 TPG3 TPG2’

PLQY | 3.8% 6.6% 27.0% 35.2% 14.8%

2.4.2 Photophysical properties in thin film

Figure 2-9 shows the absorption and PL spectra of all samples in solid states. The thin
films of all samples were prepared by spin coating on quartz substrate from toluene
solution. The maxima of absorption from bulk films showed slight bathochromic shifts

(=10 nm) for all dendrimers according to intermolecular aggregates in thin films. The
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most remarkable fact is that the absorption happens mainly from So = Sz and Sp =2 S4.
since Sg = Siand So =2 S, are symmetry forbidden in isolated triphenylene molecules
and only unresolved shoulder peaks could be observed around 350 nm.*! The
broadening of the high-wavelength flank of absorption peaks could be due to reduced
symmetry caused by the non-planarity, attached phenyl rings and the neighboring
triphenylene units, thus increasing the oscillator strength of the Sg 2 S; and So 2 S;

transitions.*"!
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Figure 2-9: Normalized absorption and PL spectra of dendrimers (TPG1, TPG2, and TPG3) and

two comparable compounds (TTP and TPG2’) in thin film.

Moreover, in the PL spectra of TTP and G1, a bathochromic shift of 1 and 6 nm at
emission maximum, respectively, was observed compared to those of the solutions;
whereas dendrimers G2 and G3 displayed a more pronounced bathochromic shift of 17
to 18 nm, respectively, compared to their corresponding solution spectra. We attribute
this bathochromic shift to the solid state packing which led to increased coupling of
individual TTP units with increasing generations.® Like observed before, the behavior
of the end capped dendrimer TPG2’ is between TPG1 and TPG2 with a peak shift of

approximately 10 nm.
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2.4.3 Stability of polytriphenylene dendrimers

A critical criterion for emissive materials for blue OLEDs is their stability, which
determines the device lifetime.”? The major problem is the susceptibility of extended
conjugated systems to be attacked by oxygen and/or water, which cannot be totally
excluded even by the best device encapsulation techniques provided by dendritic
architecture. In most emissive dendrimers, such as poly(para-phenylene vinylene) (PPV)
dendrimers,[24' >3l the most vulnerable sites are the vinylene moieties. These could be
protected by direct attachment of electron-withdrawing groups to them, but this is not
always possible and may have undesirable effects upon the emission color.” In
polyarylenes, electron-rich units such as thiophenes appear to be susceptible to direct
attack by oxygen,[SS] while in bridged polyphenylene such as polyfluorenes the main
problem is oxidation at the bridgeheads to produce emissive ketones that act as traps

and so bathochromic-shift the emission.””®

100E. . — TPG1
~ - - -TPG2
—-—-TPG3
80
< 60
7]
(%))
©
= 40
20
0 1 1
200 400 600 800

Temperature (°C)

Figure 2-10: Thermogravimetric analysis of dendrimers TPG1, TPG2 and TPG3.

Polytriphenylene, one kind of PAH, shows very high thermal and chemical stability.[57]

The thermal properties of polytriphenylene dendrimers TPG1, TPG2 and TPG3 were
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studied by thermogravimetric analysis (TGA) and shown in Figure 2-10. In an N,
atmosphere, they exhibited degradation above 450 °C, which was similar to other
reported polyphenylene dendrimers, revealing the long life-time potential of these

polytriphenylene dendrimers in OLEDs.

To investigate the oxygen sensitivity and emission stability, thermal degradation
experiments of devices were examined. All dendrimers and small molecule TTP were
quite stable up to 100 °C in air. After temperature increasing, TTP started to degrade at
150 °C and was almost totally destroyed after the 200 °C. TPG1 and TPG3 displayed a
slight increase of the long wavelength tail at 200°C, whereas TPG2 and TPG2’ remained
stable throughout the whole procedure, even after annealing at 200 °C in air for 2 hours
(Figure 2-11). The emission were still stable in blue light range at 440 nm for TPG2 and
420 nm for TPG2’, respectively. These thermal and chemical stability measurements

indicated that TPG2 and TPG2’ would be processible in OLED fabricating.
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Figure 2-11: Thermal degradation of dendrimer TPG2 (a) and TPG2’ (b).
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2.5 Blue OLEDs based on polytriphenylene dendrimers

2.5.1 Stability of polytriphenylene dendrimer based OLEDs

In order to find the most promising candidates for blue OLEDs, the EL color stability of
OLED devices based on all dendrimers were measured in various voltage and long run-
time. Figure 2-12 shows voltage and time dependent EL spectra of all samples.
Compared to solid state PL spectra, all dendrimer devices displayed bathochromic shifts
of EL maxima along with the increase of driving voltage and delay of time. Since the
dendrimers possessed a strong Stokes shift, self absorption within the emitting layer
should not be responsible for these shifts. All dendrimers showed an additional peak at
680 nm, especially significant for TTP and TPG1, during long-term operation, due to the
oxidation.® Moreover, dendrimer TPG1 and TPG3 also had another peak around 550
nm. The peak shifts and additional features are not fully understood yet, but they have
to be overcome in order to achieve stable blue emission. Herein, compared to other
generation dendrimers, second generation dendrimer TPG2 and TPG2’ possessed much
higher voltage and time stabilities as the most promising candidates with suitable

molecular sizes for long life-time blue OLEDs.
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Figure 2-12: Voltage (left) and time dependent (right) EL spectra of triphenylene based OLEDs.
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2.5.2 Fabrication of polytriphenylene dendrimer based OLEDs

As the most promising candidate, TPG2 was firstly fabricated into an OLED device with a
standard sandwich geometry: indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene)
doped with poly(styrene sulfonate) (PEDOT:PSS)/TPG2/Ca/Al. Figure 2-13 shows the
scheme of the structure of these dendrimer based blue OLED devices.

_|.__|

Al (100nm)
Ca (10nm)

PEDOT:PSS(50nm) 0y
| o PEDOT  PPS

Glass

Figure 2-13: Schematic diagram of polytriphenylene dendrimer based electroluminescence (EL)
device configurations (left), structures of poly(3,4-ethylenedioxythiophene) (PEDOT), and
poly(styrenesulfonate) (PSS) (middle), and energy levels of EL devices (right).

The ITO covered glass substrates were firstly etched using oxygen plasma. Then a

PEDOT/PSS layer was applied by spin coating at a speed of 3000rpm x 20s and heated
for 15min in vacuum at 150 °C. The dendrimer emissive layer was spin-coated (1500rpm
x 12s plus 3000rpm x 30s) afterwards from a toluene solution with concentration of 10
g/L and subsequently heated for 2 hours in vacuum at 80 °C. The electrodes were

evaporated in an argon box (10 nm Ca and 100 nm Al).

2.5.3 Performance of polytriphenylene dendrimer based OLEDs

Figure 2-14 shows the current density and luminescence versus voltage (I-V-L)
characteristics of OLED with dendrimer TPG2 as the emitting layer. The device emits a
deep-blue electroluminescence with a maximum brightness of 100 cd/m? at a bias
voltage of 9 V, but the stability is low and moreover, efficiencies are extremely low with

less than 0.02 cd/A. This suggests that morphological issues (holes in the active Iayer),[sgl
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[60]

crystallinity”™ or a highly imbalanced charge injection or transportation occurs in the

device which prevents effective charge carrier recombination.!®”
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Figure 2-14: |-V-L characteristics of an ITO/PEDOT/TPG2/Ca/Al device.

The morphology of TPG2 on substrate has been investigated by AFM in order to confirm
the reason of low device performance (Figure 2-15). The AFM image displayed that the
morphology of an approximately 50 nm thick film revealed a rather flat surface without
pinholes or other major irregularities. Over a 10x 10 um scanning area a mean
roughness of less than 1 nm was found, which would be sufficient for device fabrication.
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Figure 2-15: AFM height images at 10 um (left) and 4.5 um (right) scan sizes on the surface of a
50 nm thick TPG2 film.
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The crystallinity of dendrimer TPG2 has been determined by wide-angle X-ray scattering
(WAXS) measurements. Figure 2-16 shows WAXS patterns of an ITO substrate, a pristine
TPG2 film and an annealed TPG2 film (both approximately 50 nm thick). Except for the
ITO peaks there are no additional textures visible on either film and therefore crystalline

structures are also very unlikely to be responsible for the bad device performance.
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Figure 2-16: WAXS patterns of the ITO substrate, pristine TPG2 film and annealed TPG2 film.

If imbalanced charge carrier mobility is responsible for the unsatisfying performance, an
additional electron transporting / hole blocking layer (ETL/HBL) could improve the
performance of the fabricated OLEDs.® We were unable to determine the redox
pontentials of 1,3,5-tris(2-N-phenylbenzimidazolyl)-benzene (TPBI) (Figure 2-17) by
cyclic voltammetry, but its HOMO level has been reported to be 6.2 eV and LUMO 2.7
eV.%) Therefore, the electrons and holes would be expected to recombine in the
emissive dendrimer layer. Moreover, the Ca cathode was replaced to CsF/Al electrode in

order to enhancing the electron injection ability.[64]
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Figure 2-17: Schematic diagram of electroluminescence (EL) device configurations containing a
ETL/HBL layer (left), structure of 1,3,5-tris(2-N-phenylbenzimidazolyl)-benzene (TPBI) (middle),

and energy levels of EL devices (right).

We firstly tried to blend dendrimer TPG2 with TPBI as the emissive layer, but did not get
any improvements, except the blend emissive layer displayed a better color stability
with almost no red-shift at lower voltages and higher efficiencies (0.07 cd/A).
Unfortunately, the overall luminescence intensity was not improved (Figure 2-18) which
could be explained by the fact that a blend improves electron transport, but is not able

to block holes effectively from reaching the cathode.
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Figure 2-18: EL spectra (left) and I-V-L characteristics (right) of an ITO/PEDOT/TPG2:TPBi(1:1)/Ca
/Al device.
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Therefore the ETL/HBL should be applied by evaporation between the active layer and
the top electrode to avoid recombination at the chemically unstable cathode interface.
[63] Finally, TPG2 were fabricated in the following configuration: ITO/PEDOT:PSS/TPG2
/TPBI/CsF/Al. Figure 2-19 shows the /-V and L-V characteristics of TPG2 based OLED with
the ETL/HBL layer. The device emitted a deep-blue electroluminescence with a
maximum brightness of 300 cd/m? at a bias voltage of 8 V and corresponding
Commission Internationale de L’Eclairage (CIE) coordinates of (0.19, 0.18). The
maximum of the EL spectrum located at 430 nm. Both the maximum and the shape of
the EL spectrum are similar to the corresponding PL spectrum of a TPG2 film. The
excimer emission from chromophore aggregation and structure defect emission from

oxidative degradation,[SS' 85l

which were always found for blue OLEDs, could not be
observed in our dendritic system, indicating that the dendritic branches efficiently
depress the intermolecular interaction. The device displayed an onset of

electroluminescence at approximately 6 V and maximum efficiency of 0.4 cd/A.
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Figure 2-19: EL spectra (left) and I-V-L characteristics (right) of an ITO/PEDOT/TPG2/TPBi/CsF/Al

device.
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For comparison, the performance of the OLED based on dendrimer TPG2’ was measured
under identical conditions (Figure 2-20). The normalized EL spectrum resembled the thin
film PL spectrum very well and is located in a deeper blue region than TPG2 with a
maximum at 415 nm and corresponding CIE coordinates of (0.17, 0.10). At 10 V driving
voltage, a maximum luminance of 400 cd/m? was found with an efficiency of 0.1 cd/A.
Compared to TPG2 this lower efficiency is mainly due to the relatively lower QY found
from PL (Table 1). Another possibility may be that a remarkable part of the EL spectrum
of TPG2’ from the pentaphenyl shell is in the UV region and therefore does not

contribute to the luminance value.
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Figure 2-20: EL spectra (left) and I-V-L characteristics (right) of an ITO/PEDOT/TPG2’/TPBi/CsF/Al

device.

Overall it became obvious that the performance of the presented devices can compete
with the best reported fluorescence based blue emitting dendritic OLEDs with respect to

6] \which also holds true for a comparison with

device efficiency and brightness,
fluorescent blue light emitting polymeric devices based on poly(para-phenylene) type
polymers.[67] Utilizing transport moieties in the outer shell of the dendrimer and tuning

of the emission color more from the UV to the blue region, both strategies successful
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implemented in OLED materials, will further allow for improvement of device

performance in dendrimer based blue OLEDs.

2.6 Blue fluorescent pyrene cored polytriphenylene dendrimers

To improve the efficiency of polytriphenylene dendrimer based blue light-emitting
diodes, it is instructive to import other promising blue chromophores with high PLQYs
into different positions of dendrimers. For example, starting from the fourfold ethynyl
substituted blue chromophore 1,3,6,8-tetraethynyl-pyrene as the core, a series of
polytriphenylene dendrimers based on pyrene core (PYGx) have been prepared in high

yield.

2.6.1 Synthesis of pyrene cored polytriphenylene dendrimers

The synthesis of the 1,3,6,8-tetraethynylpyrene core (2-24) was according to a literature

68 and depicted in Scheme 2-7. The bromination of pyrene resulted in the

procedure
1,3,6,8-tetrabromopyrene (2-25), which was recrystallized from nitrobenzene as a light
brown solid in almost quantitative yield. The introduction of the ethynyl groups,
required for the growth of the dendrimer, was firstly accomplished by four-fold
Sonogashira-Hagihara coupling reaction of 2-27 with trimethysilylethyne. While 2-25 is
almost insoluble in common organic solvents, the trimethysilylethynyl groups in the
product 2-26 provided a very good solubility, the pure 1,3,6,8-
tetratrimethysilylethynylpyrene was obtained by column chromatography as an orange
solid. Subsequent cleavage of the trimethysilyl (TMS) protecting groups in 2-26 with
TBAF in THF processed activated pyrene core 2-24 in quantitative yield. The solubility of
2-24 in common organic solvents was reduced because of the intermolecular stacking of

the pyrene moieties. After repetitive precipitation and filtration, the 1,3,6,8-

tetraethynylpyrene core was isolated and ready for the next dendrimer syntheses.
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Scheme 2-7: Synthesis of 1,3,6,8-tetraethynylpyrene core (2-24).

The preparation of structurally defined polytriphenylene dendrimers with a pyrene core

was realized by repetitive Diels-Alder cycloaddition and deprotection steps. The

synthesis of the first- and second-generation dendrimer is depicted in Scheme 2-8.

Scheme 2-8: Synthesis of first and second generation pyrene cored polytriphenylene dendrimers

(PYG1 and PYG2).
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The first-generation pyrene cored polytriphenylene dendrimer PYG1 was achieved from
the Diels-Alder cycloaddition between 1 equivalents of 1,3,6,8-tetraethynylpyrene core
2-4 with 6 equivalents of phencyclone 2-18 in refluxing o-xylene in 91% yield. The first-
generation dendrimer PYG1 was as poorly soluble in common organic solvents as TPG1,
thus the excess of 2-18 was removed by repetitive precipitation in methanol. The
reaction of 2-24 with the AB, building unit 1,3-diphenyl-6,9-bis((triisopropylsilyl)
ethynyl)-cyclopentaphenanthrenone (2-9) gave the first-generation dendrimer 2-29 in
91% vyield, decorated with 8 triisopropylsily (TiPS) protected ethynyl groups.
Quantitative desilylation of the TiPS protecting groups with TBAF vyielded the first-
generation dendrimer 2-30 in 88% vyield with activated ethynyl groups for further
dendrimer growth. The following Diels-Alder cycloaddition of dendrimer 2-30 with
termination unit 2-7 induced the unfunctionalized second-generation dendrimer PYG2

in 84% yield, which is very good soluble in common organic solvents.

2.6.2 Characterization of pyrene cored polytriphenylene dendrimers

The MALDI-TOF mass spectra demonstrated a single intense signal corresponding to the
calculated m/z ratio of all polytriphenylene dendrimers based on pyrene core, proving
the monodispersity of the described dendrimers. Figure 2-21 shows the MALDI-TOF
mass spectra of first and second generation dendrimers PYG1 and PYG2 as typical
examples.

The spectra were measured using dithranol as matrix. For the first-generation
dendrimer PYG1 a molecular mass of 1715.413 g-mol™” was detected, which is in good
agreement with the calculated mass of 1715.645 g-mol™. It proved that although both
the reagent 1,3,6,8-tetraethynylpyrene core (2-26) and product dendrimer PYG1 were
poor soluble in o-xylene, all four ethynyl bonds of 2-26 had been completely reacted
during the Diels-Alder cycloaddition. The second-generation dendrimer PYG2 also
indicated a single signal at 4743.973 g-mol™, which is identical to the calculated mass of

4743.782 g-mol™.
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Figure 2-21: MALDI-TOF mass spectra of first and second generation pyrene cored

polytriphenylene dendrimers PYG1 and PYG2.

2.6.3 Photophysical Properties

In contrast to the TPGx dendrimers, which contain only one type blue light-emitting
chromophore - triphenylene, the PYGx dendrimers consist of two emissive moieties, the
pyrene core and triphenylene dendrons. Therefore, a theoretically intramolecular
energy transfer between triphenylene and pyrene should be active.® Moreover, the
pyrene core in PYGx could extend the effective conjugation among the whole dendritic
system, inducing dissimilar photophysical properties in these two series of dendrimers.
The normalized absorption and PL spectra of TPG1, TPG2, PYG1 and PYG2 in toluene
solution are shown in Figure 2-22.

In the absorption spectra, the TPG1 demonstrated only one significant peak around 280
nm due to the absorption of single triphenylene unit, which was already proved by the
identical absorption spectra between TPG1 and TTP in Figure 2-22, as well as the PYG1
displayed a similar main peak around 270 nm. In contrast, the second generation
dendrimers TPG2 and PYG2 showed the main peaks around 300 nm, which were caused
by the extended conjugation of triphenylene units in the second generation dendrons.

Moreover, due to further extended conjugation between triphenylene dendrons and
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pyrene core, the dendrimers with pyrene core showed an additional peak in even longer
wavelength region, such as the peak around 403 nm for PYG1 and 409 nm for PYG2.
From PYG1 to PYG2, the bathochromic shift of 6 nm could also be explained by the
longer effective conjugation length between higher generation triphenylene dendrons

and the pyrene core.’%

——TPG1 10
——TPG2
——PYG1
PYG2 {038

Normalized absorbance (a.u.)
Normalized PL intensity (a.u.)

A\
_;A:é»s@

I T I T I
400 450 500
Wavelength (nm)

0.0 L= == 0.0

T
600 650

T T T

T T T
300 350 550

Figure 2-22: UV-Vis absorption and PL spectra of dendrimers TPG1, TPG2, PYG1 and PYG2 in
toluene solution. The emission spectra are excited at 360 nm and normalized to the same

optical density at the maximum emission intensity.

The conjugation between dendrons and core can also affect the PL spectra. Dendrimer
TPG1 with no conjugation among chromophores demonstrated an identical emission
maximum at 400 nm as single TTP, according to their similar chromophores. Compared
to TPG1, dendrimer TPG2 showed a bathochromic shift of emission maximum to 408 nm
because of the extended the conjugation between triphenylene units in second
generation dendrons. Moreover, for pyrene cored dendrimers, the increasing effective

conjugation of triphenylene units in dendron also provided a bathochromic shift of 10

73



Polytriphenylene Dendrimers — Blue Fluorescent Materials Chapter 2

nm from PYG1 to PYG2. In contrast, the most significantly bathochromic shift of 35 nm
was detected between the emission maxima of TPG2 and PYG1, from 408 nm to 443 nm,
proving that the function of pyrene core in extending conjugation was much higher than

that of triphenylene dendrons.

2.6.4 Comparison of PL and EL properties between TPG2 and PYG2

In the previous paragraphs, we already concluded that second generation dendrimer
TPG2 showed the most suitable molecular size for blue light-emitting materials
compared to other generations. In this paragraph, we will mainly discuss the difference
between TPG2 and PYG2 on several aspects, such as absorption, excitation, emission
and device performance. Figure 2-23 shows the absorption and PL spectra of TPG2 and
PYG2 in toluene solution and in spin-coated thin film.

The absorption spectra of both TPG2 and PYG2 in thin film showed the main peaks
around 300 nm, which were identical to those in solution. The shoulder peak around
409 nm was also detected both in thin film and in solution of PYG2. The PL spectra
showed significant difference between TPG2 and PYG2. Dendrimer TPG2 displayed a
deeper blue emission with a maximum at 416 nm in solution and 428 nm in thin film,
whereas dendrimer PYG2 demonstrated a lighter blue emission with the peak at 454 nm
in solution and 469 nm in solid state. A similar bathochromic shifts from in solution to
solid state of both dendrimers indicated that the second generation dendrons had the
same effect in the intermolecular aggregates among dendritic chromophores.

In the meantime, the photoluminescence quantum vyield (PLQY) of TPG2 was only 27%
in solution, whereas the PLQY of PYG2 was up to 40% under identical condition.
Moreover, the PLQYs of both dendrimers in thin film with similar thickness were also
investigated. The result showed that the PLQY of PYG2 was nearly three times higher
than that of TPG2 in solid state. The raise of PLQYs in both solution and thin film
demonstrated that the pyrene core could improve the whole dendrimer emitting

efficiency, which was further confirmed by their OLED device performance tests.
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Figure 2-23: UV-Vis absorption and PL spectra of dendrimers TPG2 and PYG2 in both solution
and thin film. The emission spectra are excited at 360 nm and normalized to the same optical

density at the maximum emission intensity.

The OLEDs based on PYG2 dendrimer were fabricated as the same configuration as the
devices of TPG2 dendrimer. Figure 2-24 shows the /-V-L characteristics of PYG2 based
OLED without the ETL/HBL. The maximum luminescence and current efficiency of PYG2
device was increased up to 500 cd/m? and 0.12 cd/A, respectively, both were almost
five times higher than those of TPG2 device, indicating that the pyrene core could
improve not only the emissive quantum vyield, but also the charge injection and
transportation properties of polytriphenylene dendrimers, which was further proved by
the lower turn-on voltage of electroluminescence of PYG2 device at 3.8 V. Besides that,
the maximum of the EL spectrum was similar as the PL spectrum with a peak at 473 nm

and corresponding CIE coordinates at (0.19, 0.30), which was located in sky-blue region.
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Figure 2-24: EL spectra (left) and I-V-L characteristics (right) of an ITO/PEDOT/PYG2/CsF/Al device.

In order to achieve even higher efficiency, the TPBI with 10 nm thickness was introduced
as an additional ETL/HBL. Figure 2-25 displays the /-V-L characteristics of OLED device
with a configuration of ITO/PEDOT/PYG2/TPBI/CsF/Al. In comparison with the TPG2
device performance, the PYG2 device demonstrated a lower onset voltage of
electroluminescence at 4.7 V and higher luminescence up to 1100 cd/m? The maximum
efficiency was also increased up to 0.57 cd/A at approximately 5.6 V. Although the
maximum of the EL spectrum was red-shift to 466 nm with a very tiny red-tail at 530 nm,
and the corresponding CIE coordinates moved to (0.20, 0.28), the EL color of PYG2
based OLED was still located in sky-blue region. These improvements in both with and
without ETL/HBL layer devices indicated that the emissive core can effectively improve

the photophysical properties and device performances of polytriphenylene dendrimers.
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Figure 2-25: EL spectra (left) and I-V-L characteristics (right) of an ITO/PEDOT/PYG2/TPBI/CsF/Al
device.

2.7 Summary

In this chapter, triphenylene emitters were introduced in the polytriphenylene
dendrimers (TPGx) during the Diels-Alder cycloaddition reaction. This novel synthesis
concept and unique procedure produced a series of blue fluorescent materials for
OLEDs in high vyield and without metal catalysts. Compared to small molecules,
dendrimers with high molecular weights showed higher thermal and chemical stability
and better solubility in common organic solvent thus providing the light-emitting
materials for solution processible OLEDs. Most importantly, the rigid and twisty
triphenylene units, which were proved by the crystal structure of a first-generation
dendrimer and the molecular modeling, could not only perform as chromophores, but
also effectively prevent the inter- or intra-molecular fluorescence quenching.

These dendrimers exhibited stable and pure-blue emission in both PL and EL spectra.
The increasing PLQYs with generation growth were according to the extending effective
conjugation length of polytriphenylene dendrons and the suppressed aggregation of the
fluorophores. Thermogravimetric analysis (TGA) measurement displayed that all

dendrimer exhibited degradation above 450 °C under N, atmosphere, which was much
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higher than for other blue light-emitting materials up to now. However, a remarkable
feature is that only the devices based on second generation dendrimers TPG2 and TPG2’
demonstrated enough stable photonic and electronic properties during increasing
voltage and extending time. Lower and higher generation dendrimers showed poor
stability after annealing in air. The variable stabilities of different generations indicated
that molecular sizes of dendrimers could significantly control their OLED performances.
The investigation of relationship between molecular size and OLED performance will be
presented in the subsequent chapters.

To improve the efficiency of polytriphenylene dendrimer based blue light-emitting
diodes, it is instructive to import other promising blue chromophores with high PLQYs
into different positions of dendrimers. For example, starting from the fourfold ethynyl
substituted blue chromophore 1,3,6,8-tetraethynyl-pyrene as the core, a series of
pyrene cored polytriphenylene dendrimers (PYGXx) have been prepared in high yield. The
UV and PL spectra of these PYGx dendrimers demonstrated an effective conjugation
between polytriphenylene dendrons and the pyrene core, resulting in the PLQY of PYG2
were relatively three times higher than that of TPG2 in both solution and solid state.
Moreover, the OLED device performance of PYG2 was also significantly higher than the
efficiency of TPG2 device. However, the emission color of the pyrene cored dendrimers
(PYGx) had a slight red-shift to the blue-green region, due to the expanding conjugation
between triphenylene dendrons and pyrene core. Therefore, the design of these multi-
chromophoric dendrimers must be further developed.

On the other hand, according to the optimizing process of the OLED device
configuration, an additional TPBI layer could not only effective transport electrons from
CsF cathode to the emissive dendrimer layer, but also completely block holes entering it
from the emissive layer because of the larger difference in the HOMO energy levels
between TPGx (-5.1 eV) and TPBI (-6.2 eV). Therefore, the additional ETL/HBL layer in
ITO/PEDOT:PSS/TPGx/TPBI/CsF/Al devices showed significantly higher EL efficiency and
lower turn-on voltage in comparison with the ITO/PEDOT:PSS/TPGx/Ca/Al devices.

However, the large electron injection barrier in the LUMO energy levels from CsF (-4.1
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eV) to TPBi (-2.7 eV) indicated that our polytriphenylene dendrimer based blue OLEDs
still leave much space to improve. There are still many other factors effecting on the
efficiency of these dendritic emissive materials, such as the size and electronic property

of dendrons, which will be further discussed in the following chapters.
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Chapter 3

A Divergent Synthesis of Very Large fac-Tris[2-phenylpyridyl]
Iridium(lll) Cored Polyphenylene Dendrimers: Molecular Size

Effect on the Performance of Green Phosphorescent Materials

In this chapter, a new divergent protocol to design very large dendritic iridium(ll1) (Ir(111))
complexes for green phosphorescent organic light-emitting diodes (PhOLEDs) will be
presented. A series of high generation Ir(lll) dendrimers up to fourth generation which is,
up to now, the largest Ir(lll) dendrimer with a molecular diameter of 8 nm, were
achieved in high yields. Their phosphorescent emission and PhOLED efficiency were
studied. Most important, the relationship between molecular sizes of dendrimers and

their device performances was also investigated.

3.1 Phosphorescent materials and their applications in OLEDs

For an organic molecule in its ground state, all electrons are paired in orbitals. In the
excited state two electrons are orbitally unpaired.m Consequently, the ground state of
an organic molecule is the singlet state, while its excited states may either be singlet or
triplet states, depending on the relative orientation of the electron spin momenta.
Singlet and triplet excited sates that are derived from the same electron orbital
configuration have a difference in energy.m The triplet excited state represents a lower
energy than the singlet excited sate as a result of less electron-electron repuIsion.B] The
Jablonski state energy diagram of an organic molecule is shown in Figure 3-1. When
organic molecules are electrically excited, both singlet and triplet excited states are
created. Based on straightforward spin statistics, assuming equal formation cross

sections for both types of excited states, the ratio between singlet and triplet would be
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1:3, meaning that 75% of all excited states that are formed upon the recombination of

injected charge carriers are of the triplet variety.w

S = singlet
T = triplet
S; — A= photo absorpticn
IC = internal conversion
ISC = inter-system crossing
S: =%
1 Ic ISC T,
5 31 vy — IC
O
| =
w A ISC —T,
Fluorescence Phosphorescence
{singlet emission) (triplet emissgion)
SO '\w_:r-'

Figure 3-1: Jablonski state energy diagram

However, the interaction between an electron’s spin and orbital magnetic moments,
which is called spin-orbit coupling, essentially mixes singlet and triplet states, which
allows inter-system crossing to a certain extent. The strength of this spin-orbit coupling
depends on the nuclear charge, and the stronger the spin-orbit coupling the inter-
system crossing will be more allowed.”! In organic molecules, the spin-orbit coupling
strength is weak, which means that organic molecules mainly emit light from the singlet
states, since the excited triplet states are nonradiatively deactivated at ambient
temperature.[s] The creation of nonradiative triplet excited states poses a fundamental
limit on the efficiency of an OLED. Fortunately, this limitation can be relieved through
the use of compounds that contain heavy atoms. As mentioned before, on a heavy atom,
spin-orbit coupling is relatively strong which makes a transition between triplet and

singlet levels more favorable.”!
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Unfortunately, the efficiency of pure layers of most phosphorescent emitters is very low
because of severe self—quenching.[gl Therefore, the commonly used concept is to blend a

small molecular phosphorescent emitter as guest into a proper matrix as host.!”!

However, in a physically blended system, whether evaporated or solution processed,[lo]
there is always the issue of how evenly the guest is distributed in the host. The dendritic
architectures can overcome this weakness and combine the host-guest composition at a
molecular level to control the ratio between host and guest.m] With a rigid scaffold,
dimensional stable and well-defined dendritic host can be accurately located as a matrix
around a phosphorescent core. Intermolecular interactions can also be controlled very
efficiently at the molecular level by use of dendrimers. The phosphorescent core in the
centre of the macromolecule can determine the light-emitting properties. In the
meantime, dendrons are generally attached to the core and act as a spacer that controls
the interactions between phosphorescent cores in the solid state by increasing the
distance between them. Both parts of the dendrimer can be adjusted to provide tuning
of properties, and molecule construction gives remarkable scope for molecular

engineering.m]

3.2 Iridium(lll) dendrimers, a self-host phosphorescent system

In recent decades, the photophysics of cyclometalated Ir(lll) complexes has been the
subject of extensive studies.!® These complexes have attracted much attention because
of their long lived excited states, high luminescence quantum yields, high chemical
stability, and most importantly charge neutralization,™ which made the Ir(lll)
complexes possible to be performed by common purification techniques, such as
column chromatography. Since King et al. firstly synthesized triply coordinated neutral
fac-lr(ppy)s [fac = facial, Ir(ppy)s = tris(2—pheny|pyridinato—Cz,N) Ir(l1N] (3-1, Scheme 3-1)
and investigated its photophysical and photochemical properties in 1985, Many
researchers and groups showed that Ir(lll) complexes were promising for various

applications such as biological labeling agents[ls] and phosphorescent sensors.”) Facile
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generation of triplet states then enables encouraging applications as sensitizers for
charge-transfer reactions in DNA,[18] photo-catalysts for CO, reduction™ and singlet
oxygen sensitizers.”” Above all, the most important projected use of the Ir(lll)
complexes is electrophosphorescence including light-emitting electrochemical cells
(LECs)®Y and phosphorescent organic light-emitting devices (PhOLEDs). (1322 This is due
to the above mentioned characteristics of Ir(lll) complexes, which enable both nearly

23] and versatile color tuning.ml Such promising

100% internal device quantum efficiency
features prompted the development of a number of novel phosphorescent Ir(lll)
complex cored dendrimers with polyphenylene!® (3-2) or polycarbazole!®® (3-3)

dendrons (Scheme 3-1).

Scheme 3-1: Structures of the fac-Ir(ppy)s; complex (3-1), Ir(lll) cored polyphenylene dendrimer

(3-2), and Ir(lll) cored polycarbazole dendrimer (3-3).

These Ir(lll) dendrimers demonstrated good solubility in common solvents, such as
dichloromethane (DCM), tetrahydrofuran (THF) and toluene, and thus high solution

processibility in PhOLED devices.”>?” From the molecular design point of view, the
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combination of polyphenylene or polycarbazole dendrons with a Ir(lll) core could form a
molecule composed of a Ir(lll) phosphorescent emitter as a guest molecule coupled with
rigid dendrons as the host materials.™" 28 This self-host system provided a new strategy
for designing highly efficient, solution-processable phosphorescent materials for non-
doped PhOLED devices.™ %! However, most previous reported Ir(lll) dendrimers
demonstrated dissatisfied electro-luminescence (EL) properties because of their low
generations. The development of such higher-generation Ir(lll) dendrimers represented
a synthetic challenge due to the stability and solubility of Ir(lll) complexes. The
coordination between Ir(lll) and the 2-phenylpyridine ligands could be destroyed by
most metal-based catalysts such as nickel and copper. Stability was only preserved in
palladium-catalyzed reactions such as Suzuki- and Stille-coupling,[zgl resulting in a lack of
efficient synthetic routes towards higher generation dendrons. Therefore, most
previous Ir(lll) dendrimers have been synthesized via a convergent strategy: This route
involves the preparation of the polyphenylene or polycarbazole dendronized ligands and
subsequent complexation with Ir(lll) salts in glycerol to give Ir(lll) dendrimers. To the
best of our knowledge, the third generation dendronized ligand so far reported was the
largest ligand complexed with Ir(III).BO] However, the low yield was in the range of 10 -
35%. The fourth generation Ir(lll) dendrimers have never been reported, since their
larger dendronized ligands possess limited solubility in glycerol, resulting in incomplete

complexation.

Hence, we herein developed a novel divergent strategy that rapidly led to first, second,
third and even fourth generation polyphenylene dendrimers with Ir(ppy)s cores (GIrG1,
GIrG2, GIrG3 and GIrG4, Scheme 3-3) in high yield (> 80%). Up to now, dendrimer GIrG4

is the largest Ir(lll) dendrimer with a radius up to 4 nm.
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Scheme 3-3: Structures of first to fourth generation Ir(ppy)s cored polyphenylene dendrimers

(GIrG1, GIrG2, GIrG3 and GIrG4).

3.3 Green Phosphorescent Ir(ppy); cored polyphenylene dendrimers

Regarding the straightforward strategies for the preparation of dendrimers, not only

phosphorescent Ir(lll) cores with high stability had to be considered in the divergent
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synthetic route but it should also include selective coupling reactions with a high yield.
Herein, the simplest fac-tris(2-phenylpyridinato)lr(lll) core with a high phosphorescent
guantum vyield and a non-catalytic [4+2] Diels-Alder cycloaddition were selected for

constructing very large polyphenylene dendrimers.

3.3.1 Synthesis of the Ir(ppy); derivative core

The most important key compound for dendrimer synthesis is the Ir(lll) complex core
with three ethynyl groups, i.e., fac-tris[2-(3-ethynylphenyl)pyridyl]ir(lll) 3-4, which was
synthesized from the following procedure (Scheme 3-4). The first step involved the
iodination of fac-tris(2-phenylpyridyl)ir(lll) (lr(ppy)s) with iodine and iodobenzene
diacetate in dichloromethane to obtain fac-tris[2-(3-iodophenyl)pyridyl]ir(lll) 3-5 in
guantitative yieId.B” In the next step, the complex 3-5 was reacted with
trimethyl((tributylstannyl)ethynyl)silane in THF by using dichloro-
bis(triphenylphosphine)palladium(ll) as the catalyst under Stille-coupling conditions. It
was found that using THF as the solvent resulted in higher yields (60%) of fac-tris[2-(3-
((trimethylsilyl)ethynyl)phenyl)pyridyl]ir(lll) 3-6 compared to the use of toluene as
solvent (32%). Deprotection of 3-6 was achieved by treatment with
tetrabutylammonium fluoride in THF at room temperature and Ir(lll) core 3-4 was

isolated in 88 % yield.

|
~§i- -Si-

2 , A i
o~|,o O /_/-Sn
N N ~ P TBAF
\ ‘ —> I —>
Sl K 99% W ///, 60% WAy 90% W //,,,
lr(ppv)3 3-6

Scheme 3-4: Synthesis of Ir(ppy); derivative core (3-4).
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3.3.2 Characterization of the tri-ethynyl substituted Ir(ppy)s core

Figure 3-4 shows that the FD-mass spectrum of fac-tris[2-(3-iodophenyl)pyridyl]ir(lll) 3-5
displays a single signal at a mass of 1032.8 g-mol™, perfectly agreeing with the
calculated molecular weight of 1032.9 g-mol™. No signals at lower mass are observed,
proving the complete iodination of the three-fold iodide groups which is a prerequisite
for the subsequent defined Stille-coupling. Furthermore, the complete three-fold Stille-
coupling product 3-6 demonstrates a single mass signal at 943.8 g-mol™, according with

its calculated mass of 943.3 g-mol™.

a b
( l) 10323 (.) 943.8 ‘(c) 7282

L B I B S S BRECI
WS ;o A ]

393.8

Jf ot - /I

500 1000 1500 2000 /’t 500 1000 1500 2000 500 1000 1500 2000

Figure 3-4: FD-mass spectra of 3-5 (a), 3-6 (b), and 3-4 (c).

Finally, The most important Ir(lll) core 3-4 also indicates a single distinct mass signal at
728.2 g-mol™, matching to its calculated molecular weight of 727.2 g-mol™. The full
characterization of 3-4 by "H-NMR spectrum in Figure 3-5 shows well-defined signals
belonged to respective protons. The four aromatic peaks between 7.90 and 7.50 ppm
can be attributed to the four pyridyl protons (H,-Hg), whereas the other three aromatic
peaks from 7.01 to 6.70 ppm are belong to the three phenyl protons (He-Hg). Moreover,
the ethynyl proton Hy, exhibits a singlet at 3.04 ppm. The signal intensity ratios between

aromatic protons and ethynyl proton all corresponded to their expected values.
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Figure 3-5: "H-NMR spectrum of Ir(ppy); derivative core 3-10.

3.3.1 Synthesis of first- to fouth-generation Ir(ppy)s cored polyphenylene dendrimers

The first-generation dendrimer GIrGl (Scheme 3-5), with three polyphenylene

dendronized ligands, was synthesized by refluxing an o-xylene solution of the Ir(lll) core

3-4 and commercially available tetraphenylcyclopentadienone (3-7) in a microwave

reactor for 2 h. After GPC column separation, the first-generation dendrimer GIrG1 was

precipitated in methanol as a yellow powder in 92% vyield.
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Scheme 3-5: Synthesis of the first generation Ir(ppy)s cored polyphenylene dendrimer (GIrG1).

The synthesis of the higher-generation Ir(lll) dendrimers was carried out following a
divergent synthetic protocol (Scheme 3-6). By employing a [4+2] Diels—Alder
cycloaddition procedure of the triisopropylsilyl (TiPS) protected ethynyl-substituted
cyclopentadienone branching unit 3-8 to the ethynyl-substituted core 3-4, the first-
generation dendrimer 3-9 (Scheme 4) with TiPS-ethynyl groups was formed in 86% vyield.
After the cleavage of the TiPS groups in 3-9 with tetra-n-butylammonium fluoride (TBAF),
dendrimer 3-10 was achieved with “free” ethynyl groups in 87%. The resulting activated
ethynyl groups were further treated with “end-capping” building block 3-7 to achieve
the second-generation dendrimer GIrG2 (84%), or with “adaptable” building block 3-8.
Then this cycle of cycloaddition, deprotection and end-capping was repeated to third
and fourth generation dendrimers (GIrG3 and GIrG4) with high yields (> 80%) for all
steps. These detailed reaction condition and full characterization of each compound will

present in the experiment part.
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Scheme 3-6: Synthesis of second to fourth generation Ir(ppy)s cored polyphenylene dendrimers
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95



Ir(ppy)s Cored Polyphenylene Dendrimers — Green Phosphorescent Materials Chapter 3

3.3.4 Characterization of the Ir(ppy)s cored polyphenylene

The structures of dendrimers GIrG1, GIrG2, GIrG3 and GIrG4 were elucidated by NMR
spectroscopy and MALDI-TOF mass spectrometry. The MALDI-TOF mass spectra (Figure
3-6) demonstrate a main intense signal corresponding to the calculated mass of the four
dendrimers with three dendronized ligands (IrDLs), and an additional signal belonging to

fragments with only two dendronized ligands (IrDLz).[32]
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Figure 3-6: MALDI-TOF mass spectra of Ir(ppy)s cored polyphenylene dendrimers (GIrGx).

For the first-generation dendrimers GIrG1l, the MALDI-TOF mass spectrum shows a
single signal at 1795.432 g:mol™, perfectly agreeing with the calculated molecular
weight of 1795.629 g:mol™, and an additional single signal at 1261.213 g-mol?,
according with the calculated value of the fragment with two dendronized ligands of

1261.407 g-mol™. For second- dendrimer GIrG2, the MALDI-TOF mass spectrum display
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two single intense signals at 4079.228 and 2783.176 g:mol’, as well as the mass
spectrum of GIrG3, which reveals two single intense signals at 8642.873 and 5826.598
g-mol™, both being identical to the calculated m/z ratios of molecule (IrDL;) and
fragment (IrDL,). The largest dendrimer GIrG4 demonstrates a peak at 17895.031 g-mol
! which is attributed to the molecule attached with a silver ion. The experimental and

calculated masses of GIrG1-GIrG4 dendrimers and their fragments are listed in Table 3-3.

Table 3-3: Experimental molecular weights (M,), calculated molecular weights (M.), molecular

diameters (D) of four generations of dendrimers (GIrG1, GIrG2, GIrG3 and GIrG4).

M. (Ir(DL);) M. (Ir(DL);) M.(Ir(DL);) M. (Ir(DL);) DI[A]™

[a] [a] [b] [b]

[gmol™] [gmol™] [gmol™] [gmol™]

GIrGl 1795.432  1261.213  1795.629  1261.407 30
GIrG2 4079.228  2783.176  4079.579  2783.472 50
GIrG3 8642.873  5826.598  8643.463  5827.310 60
GIrG4 10895.031" - 17884.240° - 80

[a] Measured by MALDI-TOF mass spectrometry using dithranol as matrix, * means Ag’
cationization agent was added. [b] Calculated by ChemBioOffice 2008. [c] Calculated by PC

Spartan 06 from MMFF simulation method.

The well-defined MALDI-TOF mass spectra could prove the nature of all four generations
of dendrimers with high molecular weights were structural perfect and extremely pure.
Moreover, all generation dendrimers revealed good solubilities in common organic
solvent thus allowing their full characterization by NMR spectroscopy. Characterization
by 'H NMR spectroscopy showed well-separated and clearly assignable signals for the
aromatic protons as well as for the ethynyl or TiPS protons. Figure 3-7 demonstrated the

'H NMR of 3-10 as an example.
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Figure 3-7: "H-NMR spectrum of Ir(ppy); cored dendrimer 3-10.

At high field (6 = 7.61 - 7.46 ppm), resonances of the aromatic protons H, - Hq of the
pyridine unit could be observed. The protons of the polyphenylene dendrons showed up
between & = 7.33 ppm and 6.33 ppm, among which the protons on the para-position of
phenyl groups in dendrons (He and H¢) appeared two doublets in relatively low field at
6.64 and 6.34. In the aliphatic region, the protons of the ethynyl groups in the periphery
(Hg) appeared as two singlets at 6 = 3.04 ppm and 6 = 3.02 ppm, respectively. The
slightly different chemical shifts were due to the asymmetric twisting of the covalent
bonds between polyphenylene dendrons and ligands. The integrations of all

characteristic signals completely accorded with their theoretical ratios
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From both MALDI-TOF mass spectrometry and NMR spectroscopy, all dendrimers are
well-defined isolated for physical characteristics and PhOLED device processes which

will be discussed in the following paragraphs.

3.4 Visualization and simulation of the Ir(ppy)s; cored polyphenylene dendrimers

In order to demonstrate that the goal of this work has been reached, namely to
generate very large dendrimers based on Ir(lll) complex cores, which can be regarded as
the model to investigate the relationship between molecular sizes of Ir(lll) dendrimers
and their photophysical properties, the three-dimensional structures of the species from
GIrG1 to GIrG4 were simulated, employing PC Spartan 06 from the molecular modeling
force field (MMFF) method.

For all four generations of dendrimers, the structures of the Ir(lll) complex core and
polyphenylene dendrons were optimized separately. Each generation bore three
equivalent dendrons in the respective dendrimer. For any generation dendrimer, a
combination of one single dendron with the Ir(lll) core was minimized, to which the next
dendron was subsequently attached for the following optimization. This was repeated
until three dendrons had completed the whole structure of the dendrimer. The
simulated structures of these dendrimers are presented in Figure 3-8, and their
molecular diameters are listed in Table 3-3. In the following paragraphs the relationship
between these calculated molecular sizes of different generation dendrimers and their

photophysical properties as well as device performances were investigated.
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Figure 3-8: Three-dimensional structures of dendrimers GIrGl, GIrG2, GIrG3 and GIrG4,

obtained by molecular simulation using MMFF method.
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3.4 Physical properties of Ir(ppy); cored polyphenylene dendrimers

In this chapter, the influence of the surrounding polyphenylene dendronized shell upon
the photo-physical properties of the fac-tris(2-phenylpyridyl)ir(lll) cores is investigated
using UV-Vis spectroscopy in solution as well as in the solid state. Furthermore,
photoluminescence spectroscopy and quantum yield in solution and in thin film are
applied for the optical characterization of these phosphorescent dendrimers. Finally, the
electrochemical properties and energy levels of these dendrimers are developed by

cyclic voltammetry measurement.

3.4.1 UV-vis absorption and photoluminescence spectroscopic measurements

The UV-Vis absorption spectra (Figure 3-9) of Ir(lll) dendrimers GIrG1, GIrG2, GIrG3 and
GIrG4 were measured in dichloromethane solutions at 298 K (Table 3-4). In general, the
absorption spectra of lower generation dendrimers GIrG1l and GIrG2 could be divided
into two components. The short wavelength regions below 300 nm were predominantly

B3l while

attributed to the intra-ligand m-nt* transition of the polyphenylene dendrons,
the longer wavelength absorptions at around 350 — 450 nm were primarily due to the
metal-to-ligand charge transfer (MLCT) state of the Ir(lll) core.®¥ For instance, the
singlet and triplet MLCT bands for GIrG1 fall at 414 nm (*MLCT) and 460 nm 3mLcT), B!
respectively (Figure 3-9 and Table 3-4). However, for higher generation dendrimers
GIrG3 and GIrG4, the MLCT shoulders could not be clearly detected due to the intense

absorption of their larger dendritic ligands.®®
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Figure 3-9: UV-Vis absorption spectra of GIrGx dendrimers in DCM solutions with a

concentration of 10° M.

The photoluminescence (PL) spectra of dendrimers GIrG1, GIrG2, GIrG3 and GIrG4 in
dichloromethane solutions and in solid films are shown in Figure 3a and 3b. Similar to

(151 all dendrimers exhibited only one green emission peak at 516 nm. In contrast,

Ir(ppy)s,
in the solid state, the PL maximum of dendrimer G1 showed a bathochromic shift of 11
nm compared to the dichloromethane solution, indicating that the first generation
polyphenylene dendrons were not sufficient to prevent intermolecular interaction.®”!
However, with the dendrimer generation increasing from the second to the fourth, the
aggregation induced bathochromic shift was reduced from 9 nm to 0 nm. This suggested
that intermolecular interactions of the emissive cores could be effectively avoided by

larger dendrons in higher generation dendrimers.'?®
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Figure 3-10: Photoluminescence (PL) spectra of GIrGx dendrimers (a) in DCM solutions with a

concentration of 10 M (A« = 380 nm) and (b) in thin films (Aex = 410 nm).
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3.4.2 Photoluminescence quantum yield

We further probed the photophysical properties of the dendrimers by measuring their
PL quantum yields (PLQYs) in solutions and in solid films (Table 3-4) with Ir(ppy)s (40%)

as the reference.*”

Table 3-4: Absorption (A.ps) and emission (Ae,) maxima, and photoluminescence quantum yield

(@) of GIrGx dendrimers in solution and thin film.

Aabs [nm] (log €)™ Aem [NMI® @ (%) Aem [NnM] @, (%)

244(5.3), 294(5.0), 336(4.6),
GIrG1 516 39 527 8
390(4.3), 414(4.1), 460 (4.0)

GIrG2 253(5.6), 298(5.3), 384(4.1) 516 49 525 22
GIrG3 253(5.9), 298(5.6) 516 53 525 30
GIrG4 253(6.0), 298(5.8) 516 56 516 36

[a] Measured in CH,Cl, at 298 K with a concentration of 10°M. [b] Measured in CH,Cl, at 298 K
with a concentration of 10° M and excitation wavelength of 380 nm. [c] Measured in Nj-
saturated toluene at 298 K with Ir(ppy)s; as the reference and the excitation wavelength of 390
nm. [d] The data of neat films measured at 298 K, which were prepared by drop-coating on

guartz substrates. PL spectra were measured with the excitation wavelength of 410 nm.

In N,-saturated toluene solutions, dendrimer GIrG1 possessed nearly the same relative
PLQY (39%) as Ir(ppy)s, the relative PLQYs of higher generation dendrimers increased
along with their growing generations, from 49% for GIrG2, 53% for GIrG3 to 56% for
GIrG4, respectively, because of their better chromophore separation. The film PLQYs
were measured with an integrating sphere under an excitation wavelength of 409 nm. 8!
The film of the largest dendrimer GIrG4 exhibited an absolute @, of 36%, which was 4
times higher than that of GIrG1l (8%), indicating a significantly reduced quenching

between Ir(ll1) cores.® Moreover, the absolute @, of GIrG4 in film was nearly the same

as the relative @ of GIrG1l in solution, which suggested that the fourth-generation
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dendrons were almost completely able to suppress the self-quenching between Ir(lll)

cores happened when going from solution to film. [

3.4.3 Electrochemical properties

To understand at which potential charges would be injected into the dendrimers in
PhOLEDs, cyclic voltammetry (CV) measurements were performed to study the
electrochemical properties of all dendrimers. The oxidation cyclic voltammograms of
three dendrimers (GIrG1, GIrG2, and GIrG3) are shown in Figure 3-11 (the oxidation of

GIrG4 was too weak to be recognized).m]
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Figure 3-11: Cyclic voltammetry of GIrGx dendrimers in DCM solution. All the oxidation

potentials are quoted against the ferricenium/ferrocene couple.

All three dendrimers demonstrated reversible oxidation potentials at ca. 0.63 V vs. an
Ag/Ag"* electrode, which were assigned to the oxidation of iridium metal cationic site

(Ir(III)%Ir(IV)).”O] According to the onset potential of the oxidation process (0.63 V), the
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highest occupied molecular orbitals (HOMOs) of dendrimers GIrG1, GIrG2, and GIrG3
were estimated to be around —5.0 eV according to the formula Eyomo = —(E* + 4.34).[41]
The energy levels of lowest unoccupied molecular orbital (E.umo) of the three
dendrimers were calculated to be around —2.6 eV by subtraction of the optical band gap

(2.4 eV, taken from the onset of absorption at 516 nm, Figure 3-9) from the EHOMO.[4Z]

3.5 Green PhOLEDs based on Ir(ppy); cored polyphenylene dendrimers

3.5.1 Non-doped green phosphorescent OLEDs

All the devices prepared used indium tin oxide (ITO) as the anode and LiF/Al as the
cathode. The non-doped PhOLEDs fabricated in a standard sandwich geometry using the
following structure: ITO/PEDOT:PSS/GIrGx/TPBI/LiF/Al, leading to the energy diagram
depicted in (Figure 3-12). As we already discussed in the previous chapter, an additional

TPBI layer has been used as the ETL/HBL in the GIrGx based phosphorescent device.

_|.__|
Al (100nm)
LiF (1nm)
TPBI{50nm)
| arex |
PEDOT:PS5(50nm)

. ITO

Glass

-6.2
TPBI

Figure 3-12: Schematic diagram of non-doped GIrGx dendrimer based electroluminescence (EL)
device configurations (left), and energy levels of EL devices (right).

All Ir(ppy)s cored polyphenylene dendrimer (GIrGx) devices showed pure green
phosphorescence with Commission International de L’Eclairege (CIE 1931) coordinates
of (0.33, 0.60), (0.31, 0.63), (0.30, 0.63) and (0.29, 0.58), respectively (Figure 3-13).[43]

The EL spectra of all dendrimers were independent of the applied voltage varying from 6
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to 16 V, which were attributed to their rigid polyphenylene frameworks. The longer
maximum wavelength and larger red tail in EL emission of the GIrG1 than those of other
higher generation dendrimers might be due to the excimer emission,[44] which
illustrated that the first generation polyphenylene dendrons have not prevented the
interactions of the emissive cores. This was not surprising that the higher generation
dendrimers (GIrG2 to GIrG4) exhibited EL maxima identical to their solution PL
counterparts. Moreover, dendrimer GIrG4 possessed an additional peak around 420 nm
which could be attributed to the emission of the polyphenylene dendrons. The very
large size of dendrons in GIrG4 indicated an incomplete energy transfer from the

polyphenylene in periphery to the Ir(lll) complex core.

1.0 1 — GIrG1
—0— GIrG2
—— GIrG3
. 0.8 GIrG4
=
&
> 0.6 1
2
g 4
£ 044 ‘
|
(NN
0.2 1
0.0+ - A“T‘T;’f}::

T ' T 7 T T T T T T T T T T
400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 3-13: EL spectra of GIrGx dendrimer based devices at driving voltage of 8 V.

The device I-V-L characteristics of all GIrGx dendrimer based devices were displayed in
Figure 3-14 and tabulated in Table 3-5. These performance values of our GIrGx
dendrimer based non-doped devices were comparative well to those of vacuum-

deposited small molecular phosphors and significantly higher than those of TPGx and
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PYGx dendrimers. Besides the influence of color tuning, the most reason was due to the
high quantum efficiency of phosphorescent Ir(lll) complexes. One point need our
attention, the luminescences of all GIrGx dendrimer devices at identical voltage, 14 V
for example, were decreased along with dendrimer generation growth, from 1900
cd/m? of GIrG1 to 270 cd/m? of GIrG4. Moreover, the open-circuit voltages (defined as
the bias at a current density of 0.01 mA/cm?) were slightly increased with the increasing
generation, from 4.2 V of GIrG1 to 5.9 V of GIrG4. We ascribed these phenomena to the
increasing size of polyphenylene dendrons, which would reduce the charge mobility

from periphery to the emissive core.!*!
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Figure 3-14: |I-V-L characteristics of non-doped GIrGx dendrimer based devices.

On the other hand, a maximum luminous efficiency of 4.6, 14.4, 21.9 and 12.2 cd/A, and
a maximum extern quantum vyield (EQE) of 1.3, 4.0, 6.1 and 3.8 % for GIrG1, GIrG2,
GIrG3 and GIrG4, respectively, were observed (Figure 3-15 and Table 3-5). Herein, non-
doped devices based on dendrimers GIrG2 and GIrG3 showed better performances than
other lower and/or higher generation dendrimers (GIrG1 and GIrG4). Even at a current

density of 10 mA/cm?, the luminous efficiency still remained as high as 7.5 cd/A (770
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cd/m?) for GIrG2 and 8.1 cd/A (810 cd/m?) for GIrG3. These non-doped device
performance values were significantly higher than that of previously reported doped
devices (2.9%, 9.3 cd/A), which were made from the blend of the first-generation

polyphenylene Ir(Ill) dendrimer with 4-bis-(carbazol-9-yl)biphenyl (cap).l#®!
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Figure 3-15: Luminous efficiency and external quantum yield versus current density diagram of

non-doped GIrGx dendrimer based devices.

The difference in trends between luminous efficiency (EQE) and current density
(luminescence) indicated that the high generation polyphenylene dendrons could not
only effectively prevent the triplet-triplet annihilations among phosphorescent Ir(lll)
cores, but also reduce the charge transportation from dendrimer periphery to the
emissive core. Therefore, if we doped the GIrGx dendrimers with charge-transporting

materials, the device performance could be further improved.””
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3.5.2 TCTA doped green phosphorescent OLEDs

In order to further improve the device performance, the GIrGx dendrimer based devices
doped with 4,4',4"-tri(carbozol-9-yl)-triphenylamine (TCTA) were fabricated by using the
following structure: ITO/PEDOT:PSS/GIrGx:TCTA/TPBI/LiF/Al, leading to the energy
diagram depicted in (Figure 3-16). The TCTA molecule contains three carbazole units
around a central triphenylamine, which is considered to impart great hole-transport
character.”® TCTA was used as the host because of its long triplet lifetime, when
compared to GIrGx, and the fact that it can transfer this energy to the Ir(lll) core for
emission. The synergy of energy levels is one of the important factors that gives rise to
efficient Ir(lll) phosphorescent devices.*! For TCTA we found that the HOMO energy
was at 5.7 eV, which is 0.7 eV lower than dendrimer, as well as the LUMO level of TCTA
was at 2.3 eV, which is 0.3 eV higher than dendrimer. Therefore, both holes and
electrons would be trapped on the dendrimer in the blend, resulting in a very high
electron-hole recombination probability in the emissive layer adjacent to the hetero-

junction.[so]

__[.__l
Al (100nm)
LiF (1nm)
TPBI (50nm)
|__erecrcra |
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Figure 3-16: Schematic diagram of doped GIrGx dendrimer based electroluminescence (EL)
device configurations (left), structure of 4,4',4"-tri(carbozol-9-yl)-triphenylamine (TCTA) (middle),

and energy levels of EL devices (right).
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The GIrGx:TCTA layer was firstly prepared in blending solution with different ratios and
then deposited by spin-coating. The devices were completed by evaporation of TPBI and
the cathode materials. The GIrGx:TCTA layer was approximately 40 nm thick and the
thickness of the TPBI layer was determined to be 50 nm. It is important to note that
TCTA itself cannot be spin-coated from solution to form good quality thin film. We have
found that, providing the concentration of the GIrGx in TCTA was greater than 10 wt.-%,
the blend formed reasonably uniform thin films. When the GIrGx concentration was
below this level the TCTA host was prone to crystallization in the as-formed films and
the device shorted. This illustrates the power of the dendritic architecture for enhancing
the processing properties of materials.

The best performances of TCTA doped devices were obtained with concentrations of the

GIrGx in TCTA at 30 wt.-% for all generations, and their |-V-L characteristics was shown

in Figure 3-17.
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Figure 3-17: |-V-L characteristics of TCTA doped GIrGx dendrimer based devices.

All doped devices had lower open-circuit voltage and higher luminescence under an

identical voltage than non-doped devices. These results pointed up the contribution of
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TCTA host in the mobility of at least one charge carrier to the polyphenylene dendrons.
Moreover, non-doped and doped devices of GIrG1 and GIrG2 possessed almost identical
I-V-L curves, but the doped systems of GIrG3 and GIrG4 had higher current densities
than their non-doped systems. These phenomena proved that the TCTA molecules could
be bound into the dendritic frameworks of higher generation dendrimers to transport
holes from periphery to the Ir(lll) core.®™ The performances of doped devices were
comparable to that of dendrimers previously reported.[zs'm However, the divergent

synthesis approach will lead to further improvements in the molecular design.
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Figure 3-18: Luminous efficiency and external quantum yield versus current density diagram of

TCTA doped GIrGx dendrimer based devices.

As shown in Figures 3-18, similar to the results of non-doped devices, the TCTA doped
GIrG2 or GIrG3 device possessed much higher EQE and luminous efficiency than GIrG1
or GIrG4 doped devices. The maximum EQE and brightness of doped devices were up to
10.3%, 37.0 cd/A for GIrG2 and 10.2%, 36.5 cd/m? for GIrG3, respectively, which was

more than 5 times higher than that of the doped GIrGl device. These significant
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improvements indicated the powerful hole-transporting character of TCTA could
increase the charge injection to the emissive Ir(lll) core, thus significantly optimize the
device performance. However, the EQEs and luminous efficiencies of non-doped GIrG2
(4.0%, 14.4 cd/A) and GIrG3 (6.1%, 21.9 cd/A) devices were still much higher than those
of doped GIrG1l (1.8%, 6.5 cd/A) device with TCTA. This could be attributed to the
dendritic architecture controlling the intermolecular interactions of the Ir(lll) cores of
the dendrimers.

Nevertheless, the performances of both non-doped and doped devices of the largest
Ir(Ill) dendrimer GIrG4 were suddenly reduced because of its overlarge molecular size
(R4 = 40 A) from the outer dendrimer periphery to the Ir(lll) core, which was above the
value of ca. 30 A for the Forster resonance energy transfer (FRET) from dendrimer
periphery to the Ir(11).5% As it was shown earlier for other core derivatives and
extended polyphenylene dendrimers, the twisted polyphenylene spacers interrupt the
m-conjugation and reduce the charge carrier-mobility with the number of units
increasing.[45] Therefore, the charge injection to the core is hampered. Partial charges
prefer to delocalize on the outer phenylene units and after considerable equilibration
time the charges can enter the core. This is the reason why dendrimer G4 demonstrated

the highest PLQY but lower device performance.

3.6 Summary

In conclusion, we developed a novel divergent strategy to synthesize high generation
Ir(111) cored polyphenylene dendrimers up to GIrG4, which is the largest Ir(lll) dendrimer
up to now and have never been synthesized by previous methods. Nevertheless, the
novel divergent procedure can simplify the color tuning of Ir(lll) dendrimers not only by
using different homoleptic cyclometalated Iigands,m' >3 but also by importing multi-
color chromophores into the core, dendrons and shell-groups in dendrimers.”* Besides
many of the desired properties achieved at appropriate molecular size, the efficiency of

simple device architectures can easily balance the effort required for their synthesis.
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In this chapter, our four different generations of Ir(lll) dendrimers offer a unique
opportunity to develop the relationship between the Ir(lll) dendrimer sizes and their
PhOLEDs performances. The modular molecular architecture gives tremendous scope
for tuning a wide range of properties in addition to color, such as intermolecular
interactions, charge mobility, and exciton diffusion. The most important issue is that our
investigation of the device performances on different size dendrimers indicate the
effective charge injection distance into the Ir(lll) core is around 30 A. The suitable
molecular size can not only prevent intermolecular triplet-triplet annihilation thus
increasing the PLQY, but also provide an effective charge carrier-mobility from the
periphery of dendrimer to the Ir(lll) core.

Moreover, for the OLEDs based on the Ir(lll) cored polyphenylene dendrimers,
challenges remain that device configuration must be optimized to achieve higher
performance. Besides a separate TPBI layer was fabricated in all of these green PhOLED
devices as the ETL/HBL layer, which had been discussed in the previous chapter and
could significantly improve the electron properties and emissive efficiencies of devices,
the emissive dendrimer layer was further doped with TCTA as the host material. The
device performances showed that the TCTA was a promising hole-transporting material
and could effectively improve the electron properties, such as the current density and
turn-on voltage, as well as the emissive efficiencies, such as luminous efficiency and EQE.
These results prompted us to design a self-host dendritic system as the emissive
materials to simplify the configuration and increase the performance of OLED devices.
These self-host phosphorescent dendrimers should carry the Ir(lll) complex emitter as
the guest in the center in combination with hole-transporting units, e.g. triphenylamine,
as the host in the periphery. Therefore, in the next chapter, a new series of self-host
dendrimers with a modified Ir(lll) core and peripheral multi-triphenylamine units will be

presented.
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Chapter 4

fac-Tris(2-benzo[b]thiophenylpyridyl) Ir(lll) Cored Polyphenylene
Dendrimers with Peripheral Triphenylamines:

Surface Functionalization of Red Phosphorescent Materials

In this chapter, the surface functionalization of red phosphorescent polyphenylene
dendrimers based on Ir(lll) complex cores will be presented. A series of high generation
red phosphorescent Ir(lll) dendrimers with triphenylamine end-groups in the periphery
were synthesized. The triphenylamine units are excellent hole-transporting materials,
which improve the ability in capturing and carrying holes from the dendrimer surface
into the Ir(lll) core, resulting in a highly efficient non-doped red phosphorescent

materials, suitable to low-cost solution processing technologies.

4.1 From green to red — color tuning of Ir(lll) complexes

Since the first synthesis of red-phosphorescent metal complexes for use in highly
efficient PhOLEDs, the scope and diversity of studies on metal-organic phosphors in
color tuning have continued to expand at an exponential rate.! To fabricate highly
efficient red-emissive PhOLEDs, it is necessary to search for red-emissive metal
complexes with high luminescence quantum yields. However, while great success has
been achieved in green-light phosphors, the design and synthesis of efficient red
emitters is intrinsically more difficult, since the luminescence quantum vyields tend to
decrease along with a bathochromic shift in the emission peak wavelength according to

the energy gap law.?

As we mentioned in the chapter 3, the PhOLED devices based on dendronized metal
complexes have been mainly used due to their advantages such as solution

processibility, preventable intermolecular triplet-triplet annihilation and controllable
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host-guest ratio.® In this regard, however, only a limited number of examples of red
phosphorescent dendrimers have been developed, and their solution-processed
PhOLEDs show relative low external quantum efficiency (EQE).[4] Despite this situation,
the apparently poorer performance of the red PhOLEDs fabricated by spin-coating than
that of their vacuum-deposited counterparts suggests the need for more efforts in
developing highly amorphous Ir(lll) complexes with new dendritic frameworks."!
Generally, a large hole-injection barrier for organic materials often limits the device
efficiency.[G] Since most of the hole-transporting materials reported are derived from
aromatic amines,””’ the incorporation of arylamine units into the dendritic wedges

should improve the charge injection and the morphological stability of the red Ir(lll)

phosphors.[S]

I,[9] in order to

Base on the divergent polyphenylene Ir(lll) dendrimer synthesis protoco
achieve high efficient red phosphorescent dendrimers, two important components
should be imported into the dendritic macromolecules: i) a red triplet emissive Ir(lll)
core with multi-ethynyl functional groups for the growth of dendrimers, and ii)
functionalized end-groups containing hole-transport units, which increase the possibility
of charges injecting into the periphery of dendrimers. Therefore, we adopt the prior
group introduction method and firstly synthesis the tri-ethynyl red phosphorescent Ir(lll)
cores and diphenylcyclopentadiene with two triphenylamine moieties as the end-
caps.[lol Afterward, different generations of red phosphorescent polyphenylene
dendrimers with Ir(lll) core and triphenylamine groups in periphery are achieved via
divergent synthesis method. Compared to previously reported red phosphorescent Ir(lll)
dendrimers  with  polyphenylene (4-1),1*8 polytriphenylamine (4-2)%  and
poncarbazoIe[gb] (4-3) dendrons, which were synthesized via convergent method and
limited to low generation (Scheme 4-1), our divergent synthesized high generations of
dendrimers can provide a significantly enhanced steric shielding which results in an even
more pronounced site-isolation of the emissive cores.*” Moreover, the peripheral

multi-triphenylamine functional end-groups can induce excellent hole-injection and

transportation from the surface of dendrimers into the core.®
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Scheme 4-1: Structures of red phosphorescent Ir(lll) dendrimers with polyphenylene (4-1),

4-3

polytriphenylamine (4-2) and polycarbazole (4-3) dendrons.

4.2 Red phosphorescent Ir(btp); cored polyphenylene dendrimers

Molecules having intermolecular donor-acceptor (DA) systems exhibited bathochromic
shifts of both absorption and emission spectra.m] Originally, 2-phenylpyridine itself had
a DA character resulting from the interaction between an electron-rich phenyl group
and an electron-deficient pyridine group.“‘” Replacement of a more electron-rich group,

2- benzo[b]thiophene with phenyl was considered to enhance the DA character of the
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Iigand.“S] Thus, we designed fac-tris(2-benzo[b]thiophenylpyridyl) iridium(lll) (Ir(btp)s)

as the core for red phosphorescent dendrimers.

4.2.1 Synthesis of Ir(btp)s derivative core

First of all, the synthesis of fac-tris(2-benzo[b]thiophenylpyridyl) iridium(lll) (Ir(btp)s)
derivate with three ethynyl units as the red phosphorescent core was our primary work.
It was a great challenge since the standard halogenation of the unsubstituted Ir(btp)s
has shown to be unsuccessful. An alternative way is by importing the halide groups in
the ligand prior to the complexation. Therefore, the red emissive Ir(btp)s core 4-4 were

prepared using an efficient synthetic strategy shown in Scheme 4-2.

r HOROH

B
N+ 8 -
Br

Scheme 4-2: Synthesis of the red phosphorescent Ir(btp)s core 4-4.

The syntheses were started from a previously reported asymmetric Suzuki coupling
reaction between one equivalent of 2,5-dibromopyridine and one equivalent of 2-
benzo[b]thiophenylboronic acid with tetrakis(triphenylphosphine)palladium(0) as the
catalyst in a mixture of 2-methoxyethanol and 2M Na,CO; in 2:1 volume ratio,™*®
obtaining the 2-(2'-Benzo[b]thienyl)-5-bromopyridine (4-5) as the ligand in a yield of

82%. The ligand 4-5 firstly complexed with iridium trichloride, achieving the di-chloride
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bridge complex 4-6. The intermediate 4-6 subsequently reacted directly with
superadded ligand 4-5 resulting in the red emissive fac-tris(2-benzo[b]thiophenyl)-5-
bromopyridyl iridium(lll) 4-7 in a total yield of 38% from iridium trichloride. The fac-
tris(2-benzo[b]thiophenyl)-5-trimethylsilylethynylpyridyl iridium(lll) 4-8 could be derived
from three-fold Stille coupling of 4-7 and trimethyl((tributylstannyl)ethynyl)silane in a
yield of 52%. The deprotection of compound 4-8 with TBAF in THF solution resulted in
fac-tris(2-benzo[b]thiophenyl)-5-ethynylpyridyl iridium(lll) 4-4, the core for divergent

synthesis of polyphenylene dendrimers, in a yield of 88%.

4.2.2 Synthesis and characterization of Ir(btp)s cored polyphenylene dendrimers

For the improvement of the charge injection and transportation from the periphery of
dendrimers into the core thus optimize the dendrimer based device performances,
triphenylamine was chosen as the functional end-groups on dendrimer surface due to
three reasons: i) triphenylamine was a promising hole-transporting material; ii)
triphenylamine could improve the solubility of dendrimers; and iii) triphenylamine is
stable under Diels-Alder reaction condition.™”! Therefore, the 3,4-bis(4-triphenylamino)-
2,5-diphenylcyclopentadienone (4-9) were synthesized in order to import the multi-
triphenylamine end-groups on dendrimer surface via Diels-Alder cycloaddition reaction
(Scheme 4-3). The building unit 4-9 was obtained from Buchwald-Hartwig amination
between diphenylamine and 3,4-bis(4-bromophenyl)-2,5-diphenylcyclopentadienone (4-
10) in toluene by using tris(dibenzylideneacetone)dipalladium(0) as the catalyst.[m The
first-generation dendrimer RIrG1 with six peripheral triphenylamines, was synthesized
by refluxing an o-xylene solution of the Ir(btp)s core 4-4 and end-capping unit 4-10 in a
microwave reactor for 2 h. After the purification by GPC column, the first-generation

dendrimer RIrG1 was precipitated in methanol as a red powder in 81% yield.
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Scheme 4-3: Synthesis of first generation Ir(btp); cored polyphenylene dendrimer (RIrG1).

The higher-generation Ir(btp)s cored polyphenylene dendrimers was synthesized via a
stepwise divergent strategy (Scheme 4—4).[9] Firstly, the first-generation Ir(btp)s
dendrimers with six triisopropylsilylethynyl units (4-11) were obtained in 84% yield by
employing a [4+2] Diels—Alder cycloaddition procedure of the AB, branching unit 4-12
and the Ir(btp)s; core 4-4 in refluxing o-xylene under microwave for 2 h. The TiPS groups
in 4-11 were completely removed by TBAF in THF to achieve first-generation Ir(btp)s
dendrimers with six peripheral ethynyl groups (4-13) in 85% yield. The activated
dienophile units in 4-13 could be either reacted with end-capping unit 4-9 to get second-
generation Ir(btp)s dendrimer RIrG2 with 12 peripheral triphenylamine groups in 78%
yield or with AB; building block 4-12 to obtain dendrimer 4-14 with 12 TiPS-ethynyl units
in 80% vyield. The dendrimer 4-14 was continuously treated with TBAF, resulting in
second-generation dendrimer 4-15 with 12 ethynyl groups in 75% vyield. Finally, the
dendrimer 4-15 was reacted with end-capping unit 4-9, obtaining the third-generation

Ir(btp)s dendrimers RIrG3 with 24 peripheral triphenylamine groups in 70% yield.
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Scheme 4-4: Synthesis of second and third generation Ir(btp); cored polyphenylene dendrimer

(RIrG2 and RIrG3).
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Since the third-generation dendrimer was proven to possess the most suitable
molecular size with the best device performance in the previous chapter, the even
higher generation dendrimers were not synthesized. The monodispersity of all
polyphenylene dendrimers based on Ir(btp)s core was characterized and proven by the
MALDI-TOF mass spectrometry. Figure 4-1 depicts the MALDI-TOF mass spectrum of
first to third generation dendrimers with Ir(btp); core and triphenylamine end-groups

(RIrG1-RIrG3).
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Figure 4-1: MALDI-TOF mass spectra of Ir(btp)s; cored polyphenylene dendrimers (RIrGx).

The first generation dendrimer RIrG1 shows a monodisperse peak at 2968.315 g-mol™,
which can be assigned to the calculated molecular weight of 2967.993 g:-mol™; and the
second generation dendrimer RIrG2 appears as a single signal at 6254.729 g-mol™, well
corresponding with the calculated mass of 6253.380 g-mol™; as well as the third
generation dendrimer RIrG3 displays a major peak at 11812.129 g-mol™, which is
attributed to the calculated molecular weight of 12816.127 g-mol™. All three dendrimers

demonstrate no signals with lower or higher molecular mass thereby proving the
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guantitative yields and defect-free Diels-Alder cycloaddition reactions during their

stepwise syntheses.

4.3 Physical properties of Ir(btp); cored polyphenylene dendrimers

In this chapter, the influences of the surrounding polyphenylene dendrons and
triphenylamine out-shells upon the photophysical properties of the fac-tris(2-
benzo[b]thiophenylpyridyl)ir(lll) cores are investigated using UV-Vis absorption and
photoluminescence spectroscopy in solution as well as in solid state. Furthermore, the
guantum vyields in solution are applied for the optical characterization of these
phosphorescent dendrimers. Finally, the electrochemical properties and energy levels of

these dendrimers are developed by cyclic voltammetry measurement.

4.3.1 UV-Vis absorption spectroscopic measurement

The UV-Vis absorption spectra of three generations of Ir(btp)s dendrimers RIrG1, RIrG2
and RIrG3 with peripheral triphenylamines were measured both in DCM solutions with a
concentration of 10°M and in thin films at 298 K (Figure 4-2). All three dendrimers
showed identical absorption bands (Table 4-1). The absorption bands of all three
dendrimers in solution showed two major types: i) the absorption band below 400 nm,
which was attributed to spin-allowed ligand-centered (LC) transitions; and ii) the weak
absorption shoulders in the visible region, which were assigned to the metal-to-ligand
charge transfer (MLCT) state of the Ir(lll) complexes. ¥ ¥ Herein, all three dendrimers
demonstrated similar singlet MLCT bands around 423-424 nm and triplet MLCT at 484
nm (Figure 4-2 and Table 4-1). After the normalization, the former bands below 280 nm
in the spectra, which were consistent with the polyphenylene dendrons, enhanced with
the increasing number of phenylene units due to the dendrimer generation growth.
Whereas the intensity of MLCT bands reduced along with the growing generation

number, since the ratios between Ir(lll) complex core and polyphenylene dendrons are
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decreasing. In the solid state, all dendrimers showed similar absorption bands as in
solutions, indicating that the interactions among Ir(lll) complex cores could be

effectively isolated by the polyphenylene dendrons and triphenylamine peripheral units
[19]

in solid state.
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Figure 4-2: UV-Vis absorption spectra of Ir(btp)s cored dendrimers (RIrG1, RIrG2, and RIrG3) in

DCM solutions (top) and thin film (bottom).
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Table 4-1: Absorption (A,,s) and emission (A.,) maxima, and solution relative photoluminescence

quantum yield (@) of Ir(btp)s cored dendrimers (RIrG1, RIrG2, and RIrG3).

Aabs [nm] (log €)' Aep [nm] ™! Aabs [nm] 19 Aem [N @ (%) @

solution thin film

230 (5.3), 305 (5.2),
RIrG1 621,670 230, 306, 424, 487 624, 675 6
424 (4.5), 484 (4.3)

230 (5.7), 305 (5.6),
RIrG2 621,670 230, 306, 424, 487 624, 675 7
423 (4.5), 484 (4.2)

230 (6.0), 305 (5.9),
RIrG3 621,670 230, 304, 423, 489 624, 675 9
424 (4.6), 484 (4.2)

[a] Measured in CH,Cl, at 298 K with a concentration of 10° M. [b] Measured in toluene at 298 K
with a concentration of 10*M and excitation wavelength of 470 nm. [c] The data of neat films
measured at 298 K, which were prepared by drop-coating on quartz substrates. PL spectra were
measured with the excitation wavelength of 409 nm. [d] Measured in N,-saturated toluene at

298 K with Ir(ppy)s as the reference and the excitation wavelength of 470 nm.

4.3.2 Photoluminescence spectroscopic measurement

In toluene solution, all the dendrimers exhibit bright red photoluminescence with a
similar quantum vyield (0.06-0.09). The normalized PL spectra of dendrimers in toluene
solutions with a concentration of 10*M and in thin films are presented in Figure 4-3. All
three Ir(btp)s dendrimers possessed similar emission bands at 621 nm and additional
shoulders at 670 nm (Table 4-1), which are independent of dendrimer generation (Table
4-1), indicating that extension of the twisted framework of the polyphenylene dendrons
could efficiently separate the chromophores and did not noticeably change the optical
properties of the Ir(btp)s complex.[m] From solution to thin film, the PL spectra of the

dendrimers have a small bathochromic shift of 3 nm for all three dendrimers, which has
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been further confirmed that the interactions among chromophoric cores had been well

controlled by the dendrons and out-shells in the solid state.[*”!
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Figure 4-3: UV-Vis absorption spectra of Ir(btp)s cored dendrimers (RIrG1, RIrG2, and RIrG3) in

toluene solutions (top) and thin film (bottom).
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4.3.3 Electrochemical properties

All the dendrimers displayed two oxidation waves in dichloromethane were detected in
cyclic voltammetry (CV) measurement (Figure 4-4). The HOMO and LUMO energy levels

were calculated from CV data together with absorption spectra (Table 4-2).
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Figure 4-4: Cyclic voltammetry of dendrimers RIrGl, RIrG2, and RIrG3. All the oxidation

potentials are quoted against the ferricenium/ferrocene couple.

The first oxidation potentials were at ca. 0.61 V of RIrG1, 0.64 V of RIrG2 and 0.70 V of
RIrG3 vs. an Ag/Ag’ electrode, that corresponded to the oxidation of the Ir(lll) complex
core.?! According to the onset potentials of the oxidation process, the HOMOs of
dendrimers RIrG1, RIrG2, and RIrG3 were estimated to be around —4.95 eV, —4.98 eV
and —=5.04 eV, respectively, according to the formula Exomo = —(E™ + 4.34).[22] On the
other hand, the energy band gaps (Eop:) could be estimated at 2.00 eV for RIrG1, 1.99 eV
[23]

for RIrG2 and 1.98 eV for RIrG3 from the onset of the maximum absorption edge.

Therefore, the LUMOs of dendrimers RIrG1, RIrG2, and RIrG3 were calculated to be
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around -2.95 eV, -2.99 eV and -3.06 eV, respectively. Furthermore, the second
oxidation waves at higher potential could be ascribed to the oxidation of triphenylamine
units at the periphery of the dendrimers.*” This indicated that the polyphenylene
dendrons could also participate in the electrochemical process and charge transport of
the dendrimers in addition to controlling intermolecular interactions. The introduction
of polyphenylene dendrons could directly transport energies from the outer

triphenylamine units to the inner Ir(lll) complex core.17 2

Table 4-2: Electrochemical properties of Ir(btp); dendrimers (RIrG1, RIrG2, and RIrG3).

E”*[V]®  Eoe[eV]®™ HOMO[ev]™ LUMO [ev]"

RIrGl 0.61,0.87 2.00 -4.95 -2.95
RIrG2 0.64,0.87 1.99 -4.98 -2.99
RIrG3 0.70,0.99 1.98 -5.04 -3.06

[a] All the values are referred to Fc/Fc'. [b] Estimated from the onset of the absorption edge. [c]

HOMO = — (E + 4.34). [d] LUMO = Eqpe + HOMO.

4.4 Red PhOLEDs based on Ir(btp); cored polyphenylene dendrimers

All the Ir(btp)s cored polyphenylene dendrimers (RIrG1, RIrG2 and RIrG3) can form high
guality film with spin coating, either alone or blend with other small molecular host
materials. As shown in Figure 4-5, red PhOLED were fabricated with the configuration of
ITO/PEDOT:PSS (50 nm)/TCCz:RIrGx (x%) (50 nm)/BCP (20 nm)/Alg (30 nm)/LiF (1 nm)/Al
(100 nm). In these device, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)[ZG] and
tris(8-hydroxyquino) aluminum (Alq)m] were used as the hole block material and the
electron transport material, respectively. In the emissive layer, dendrimers were mixed
with N-(4-[9,3’;6’,9”’]tercarbazol-9’-yl)phenylcarbazole (TCCz),m] which was used as the
hole transporting host material for balancing charges. The electrons and holes would be
expected to recombine in the dendrimers layer due to its appropriate energy levels

(Figure 4-5).
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Figure 4-5: Schematic diagram of doped RIrGx dendrimer based electroluminescence (EL) device
configurations (left), structure of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), tris(8-
hydroxyquino) aluminum (Alg), and N-(4-[9,3’;6’,9”1tercarbazol-9’-yl)phenylcarbazole (TCCz)

(middle), and energy levels of EL devices (right).

As shown in the EL spectra (Figure 4-6), all of the doped devices with different ratio of
dendrimers in TCCz (5-20%) emitted pure red light, e.g. the EL spectra of all three doped
dendrimer devices demonstrated similar maximum peaks at 624 nm and the shoulder
bands around 670 nm, with CIE coordinates of (0.68, 0.32), (0.66, 0.32), and (0.63, 0.32)
for RIrG1, RIrG2 and RIrG3, respectively. These coordinates are very close to the
National Television System Committee (NTSC) standard for red subpixels (0.67, 0.33) of

cathode ray tube (CRT) displays,?®!

and are found to be independent of current density.
The EL spectra of the dendrimers matched well with their PL counterparts, which

indicated that all EL emissions are from the triplet excited states of the Ir(lll) complexes.
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Figure 4-6: EL spectra of RIrGx dendrimer based devices at driving voltage of 8 V.

Figure 4-7 shows the current density-voltage-luminescence characteristics of devices
based on 15 wt % dendrimers doped in TCCz. It should be noticed that the current
density of devices based on RIrG1 and RIrG2 was higher than that of device based on
RIrG3 at the same driving voltage. This phenomenon could be attributed to the problem
of charge carrier-mobility reduction with increasing dendrimer generations.[zg] As shown
in Table 4-3, the EQEs of the devices were stable at 1.7% from RIrG1 to RIrG3, indicating
that the intermolecular interactions between the emissive cores were reduced in the
same level upon different sizes of dendrons,[go] which matched the above mentioned PL
conclusion. However, the device performance of these Ir(btp)s core dendrimers were
relatively lower than other reported dendrimers based on fac-tris(1-

phenylisoquinoline)lr(lll) (Ir(piq)s) and fac-tris(1-phenylquinoline)lr(ll) (Ir(pq)s) cores.

In the next paragraph, we will further discuss the reason and try to design a new series

of red phosphorescent dendrimers with even higher efficiencies.
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Figure 4-7: |-V-L characteristics of TCTA doped RIrGx dendrimer based devices.

4.5 Theoretical study on the lowest excited state of iridium complexes

In order to achieve higher OLED device performance, in the other word, to increase the
emission quantum vyield (¢) of the red phosphorescent dendrimers, which was only 0.06
- 0.09 for the Ir(btp)s core dendrimers (Table 4-1), Firstly, we should understand the
nature of the emission quantum vyield.

The emission quantum vyield () from an emissive excited state to a ground state is

generally expressed as

¢= kr/(kr+ knr) (1)

where k; and k,, are the radiative and nonradiative rate constant, respectively.B”

In order to qualitatively understand the nature of the phosphorescent excited state of
cyclometalated iridium complexes, the results of the HOMO/LUMO calculation on
Ir(ppy)s are shown in Figure 4-8.*¥ The HOMO distributes over the phenyl ring and the

iridium atom, while the LUMO is localized at the pyridine ring. Supposing that an
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emissive lowest excited state is formed via the HOMO->LUMO electronic transition, the

excited state should be mixing of MLCT and LC i-it* excited states.™!

HOMO LUMO

Figure 4-8: The simulated molecular orbitals of Ir(ppy)s (optimized with MMFF method).

The lowest triplet excited state, ¢, responsible for phosphorescence, of the

cyclometalated iridium complexes is principally expressed as
¢r=ad(MLCT)r+ bd(LC)r  (2)

where a and b are the normalized coefficients as well as ¢(MLCT)rand ¢(LC); are the
wavefunctions of the MLCT and the ligand-centered triplet excited state, respectively.[34]
Equation (2) implies that the phosphorescent excited state, ¢, of the iridium complexes
is an admixture of ¢(MLCT);and P(LC)r. The triplet excited state is attributed to the
predominantly 3MLCT excited state when a>b and the predominantly *r-ri*excited state
when a<b. In general, the k, values of emission from the 3MLCT-based excited state are
two or three orders of magnitude larger than those from the *r-t* excited state 43
Therefore, as the result from the equation (1), iridium complexes with the
predominantly *MLCT excited state possess higher phosphorescence quantum yield
than the counterpart. Unfortunately, according to the previous paper,[36] Ir(btp)s has
been ascribed to the predominantly r-it* excited state, leading to phosphorescence
guantum vyield only to 0.12. In contrast, the large k., of Ir(ppy)s induces high

phosphorescence quantum vyield up to 0.4. Thus, we should focus our attention

designing iridium complexes that provide red emission from the 3MLCT excited state.
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4.6 Red phosphorescent Ir(piq); cored polyphenylene dendrimers

As point out above, for the cyclometalated iridium complexes having the emissive
3MLCT excited state. The HOMO level of the complex should not change unless the
coordination structure significantly varies. The 3MLCT energy is expected to effectively
decrease when a complex has a ligand with lower LUMO level.®”! Thus the isoquionoline
ring, more electron-accepting moiety than pyridine ring, is introduced to the ligands.
Accordingly, we designed the of fac-tris(1-phenylisoquinoline)ir(lll) (Ir(piq)s) as the
dendrimer core.

The synthesis of fac-tris(1-phenylisoquinolinato) iridium(lll)  (Ir(piq)s) cored
polyphenylene dendrimer (4-16) is shown in Scheme 4-5. The synthesis began from the
Suzuki coupling reaction of appropriate 1-chloroisoquinoline and phenylboronic acid
with tetrakis(triphenylphosphine)palladium(0) as the catalyst in a mixture of 2-
methoxyethanol and 2M Na,COs; in 2:1 volume ratio, resulting in the ligand 1-
phenylisoquinoline (4-17) with a yield of 90 %. The subsequent complexation of 4-5 with
iridium acetylacetonate in glycerin gave the red phosphorescent iridium complex Ir(piq)s
in 47% vyield. Similar to the halogenation of Ir(ppy)s, the bromination of Ir(piq)s with 4.5
equivalents of N-bromosuccinimide in dichloromethane at room temperature, achieving
fac-tris(1-(3-bromidephenyl)isoquinolinato) iridium(lll) (4-18) in 84 % vyield. The
following three-fold Stille-coupling between 1 equivalent of 4-6 and 4.5 equivalents of
trimethyl((tributylstannyl)ethynyl)silane in THF by using dichloro-
bis(triphenylphosphine)palladium(ll) as the catalyst resulted fac-tris(1-(3-trimethylsilyl
ethynylphenyl)isoquinolinato) 4-19 with an acceptable yield of 57%. After treatment
with tetrabutylammonium fluoride in THF at 0 °C, the trimethylsilyl groups in 4-19 were
all cleavaged, resulting in the fac-tris(1-(3-ethynylphenyl)isoquinolinato) iridium(lll) (4-
20) in 84% vyield. Finally, Diels-Alder cycloaddition of the Ir(lll) core 4-4 with 2,5-
diphenyl-3,4-bis(4-triisopropylsilyethynylphenyl)cyclopentadienone 4-X afforded the

first generation dendrimer 4-16 in 78% vyield.
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Scheme 4-5: Synthesis of Ir(piq); cored polyphenylene dendrimer 4-16.
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Figure 4-9: MALDI-TOF mass spectra of dendrimer 4-16.

140



Ir(btp)s Cored Polyphenylene Dendrimers — Red Phosphorescent Materials Chapter 4

The well-defined MADLI-TOF mass spectrum showed a monodisperse molecular weight
and proved structural perfection and purity of the Ir(piq)s cored dendrimer 4-16 (Figure

4-9).

4.7 Comparison of photophysical properties between different Ir(lll) cores

For comparison, we measured the UV-Vis absorption and PL spectra of first generation

dendrimers based on Ir(ppy)s, Ir(btp)s and Ir(pig)s cores, (3-15, 4-11 and 4-16 in Scheme

4-3), respectively.

Ir<*]

3-15 4-11 4-16
Scheme 4-3: Structures of Ir(ppy)s; cored dendrimer 3-15, Ir(btp)s cored dendrimer 4-11, and

Ir(pig)s core dendrimer 4-16.

Figure 4-10 shows the absorption spectra of 3-15, 4-11 and 4-16 in DCM solution with a
concentration of 10° M. The absorption bands of both 4-11 and 4-16 have marked
bathochromic shifts than that of 3-15. In the short wavelength range, as we discussed
above, the absorption bands below 360 nm and 400 nm of 3-15 and 4-11, respectively,
are predominantly attributed to the spin-allowed ligand centered (LC) transitions.*® The
absorption wavelength below 400 nm of 4-16 can also be ascribed to the m-rt* transition
of the polyphenylene dendrons.® In contrast, the long wavelength range is more
important for the Ir(lll) complexes, since this range is primarily caused by MLCT state

[34-35]

which can significantly influence their photophysical properties. Relative to

dendrimer 3-15, which demonstrates the *MLCT and MLCT characteristic peaks at 412
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nm and 462 nm, both dendrimer 4-11 and 4-16 show bathochromic shifts in *MLCT and
3MLCT bands, but in different length (Table 4-3). The bathochromic shift length is caused
by the size of m-conjugation spacer and/or the strength of intermolecular donor-
acceptor interaction in Iigands.MO] Therefore, we can deduce the influence of
isoquionoline electron-accepting character of in 4-16 is stronger than that of

benzothiophene electron-donating character in 4-11.
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Figure 4-10: Absorption spectra of dendrimers 3-15, 4-11 and 4-16.

To the best of our knowledge, the *r-rt* level for phenylpyridine has energy of 460
nm,"" which puts it at a sufficiently high energy such that the *MLCT becomes the
lowest energy excited state. Since the ligands in 4-11 and 4-16 have larger m-conjugation
area, both absorption bands of their ligand-center *m-m* level show marked
bathochromic shifts to ca. 565 nm for benzo[b]thienylpyridinem] and ca. 575 nm for

[43] respectively. However, due to their different *MLCT levels, the

phenylisoquinoline,
lowest energy excited state is predominantly based on LC *r-it* transition for 4-11, but
*MLCT for 4-16, respectively. Therefore, dendrimer 3-15 and 4-16 exhibits very small
Stokes shifts of 20 - 30 nm between the maximum absorption and emission bands, while

dendrimer 4-11 give a larger shift of 56 nm. [
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Table 4-3: Absorption (A,ps) and emission (Ae) maxima, ligand-center nt* level (LC 3re-m*),
relative photoluminescence intensity (/) and photoluminescence quantum vyield (@) of

dendrimers 3-15, 4-11 and 4-16 in solution.

Aabs [nm] (log £) P LC3r-rt* [nm]  Aem [nm]™ PLL (%)Y @ (%)

294 (5.0), 336 (4.6), 388 (4.3),
3-15 ‘ ) 460 516 100 39
412/ (4.1), 462" (4.0), 496 (3.6)

265 (6.7), 305 (6.6), 329 (6.1),

4-11 , ) 565 621, 673 37 6
386 (5.7), 423' (5.5), 484" (5.2)
265 (6.5), 294 (6.1), 333 (5.2),

4-16 354 (5.1), 430 (4.9), 483 (4.8), 575 630 97 21

550' (4.3), 600" (3.8)

[a] Measured in DCM at 298 K with a concentration of 10°M, i = *MLCT and ii = *MLCT. [b]
Measured in DCM at 298 K with a concentration of 10° M by using excitation wavelength of 380
nm for 3-15 and 470 nm for 4-11 and 4-16. [c] Calculated from the integration of PL bands,
based on the normalization of the emission maximum intensity of 3-15. [d] Measured in N,-
saturated toluene at 298 K with Ir(ppy)s; as the reference and the excitation wavelength of 390

nm.

Moreover, the dissimilar lowest energy excited states indicate that two types of Ir(lll)
dendrimers have different line shape of PL spectra. As shown in Figure 4-11, the PL
spectra are measured at a similar concentration of 10° M in DCM for all dendrimers.
The emission spectra shape of 3-15 and 4-16 are closely similar to each other,
supporting their phosphorescence can be assigned to the emission from the

(44 since vibronic fine structure is absent for the

predominantly >MLCT excited state.
Ir(ppy)s and Ir(pig)s complexes but clearly observed for the Ir(btp)s complex, emission
bands from MLCT states are generally broad and featureless, while *r-r* states typically
give highly structured emission, which located at ca. 673 nm in dendrimer 4-11.B% After
the normalization by the maximum intensity of 3-15, two red phosphorescent

dendrimers display unequal emission intensities of ca. 37% and 97% for 4-11 and 4-16,
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respectively, compared to that of 3-15, pointing out the emission quantum vyield of
Ir(pig)s cored dendrimer 4-16 should be almost triple higher than that of Ir(btp)s cored
4-11, which is further proved by their relative PLQYs (Table 4-3).
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Figure 4-11: PL spectra of dendrimers 3-15, 4-11 and 4-16.

As the above results, in comparison with Ir(btp)s; cored dendrimers (RIrG1, RIrG2 and
RIrG3), the new Ir(piq)s cored dendrimer can produce pure red emission spectra with
longer Amax and higher quantum yield due to its dominantly *MLCT excited states.
Therefore, we can conclude this new series of Ir(piq); cored dendrimers will be more
promising candidates than Ir(btp)s cored dendrimers for high performance red

phosphorescent OLEDs.

4.8 Summary

In this chapter, a series of red phosphorescent dendrimers with fac-tris(2-
benzo[b]thiophenylpyridyl) iridium(lll) (Ir(btp)s) core and multi-triphenylamine end-

groups were successfully prepared via a divergent route by Diels-Alder cycloaddition
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reactions. These dendrimers represent monodisperse molecular weights and larger
molecular sizes compared to previous reported red light-emitting dendrimers. All
dendrimers showed good solubility in organic solvent thus allowing easy solution
processibility in device fabrication. Steady state UV-Vis and PL spectroscopy have been
proven the efficient isolation of emitting cores from each other and the environment by
the surrounding polyphenylene dendrons and triphenylamine out-shells. The cyclic
voltammetry measurement has been applied to determine the influence of electronic

properties of the encapsulated Ir(lll) complex core.

Electroluminescent properties and device performance displayed that these Ir(btp)s
cored dendrimers emitted pure red light with CIE coordinates almost identical to the
NTSC standard for red subpixels. All red phosphorescent dendrimers (RIrGx) showed
excellent current intensity up to 500 mA/cm? even better than the values of green
emissive dendrimers (GIrGx), indicating the peripheral hole-transporting multi-
triphenylamine units can improve the charge injection ability at dendrimer surface.
However, the luminescence of RIrGx based devices was much lower than that of GIrGx
devices, due to the low PLQYs of Ir(btp)s cores. Therefore, in order to achieve high
performance red phosphorescent OLEDs, we designed a new series of Ir(piq)s cored
dendrimers, which possessed more than three times higher in PLQYs. According to the
previous papers and our theoretical study, these phenomena could be explained by
their different lowest excited energy levels. In contrast with the Ir(piq)s core, whose
lowest excited energy level was located on the *r-r* transition of benzothienylpyridine
ligand, the phenylisoquinoline ligand could effectively reduce the *MLCT excited energy
of cyclometalated iridium complexes by strong electron-accepting character of
isoquinoline, leading to the phosphorescence of Ir(piq); cored dendrimer can be

assigned to the emission from the predominantly >MLCT excited state.

In conclusion, the iridium complex cored dendrimers for high performance red
phosphorescent OLEDs should be designed and synthesized based on the following two

concepts.
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i)  The electron transporting units such as triphenylamine, carbazole or phenylene can
improve the charge injection ability at dendrimer surface, thus increasing the
current density and decreasing the on-set voltage. Nevertheless, the peripheral
triphenylamine units efficiently extend the size of the dendrons, which can not only
improve the solubility of dendrimer, but also well isolate the chromophores in solid

states.

i)  For the iridium complexes having the emissive *MLCT excited state, the HOMO level
of the complex should not change unless the coordination structure significantly
varies, therefore the benzothiophene units have to be avoided. On the other hand,
the *MLCT energy is expected to effectively decrease when a complex has a ligand
with lower LUMO level. Thus the strong electron-accepting isoquinoline moiety is

introduced to the ligands.
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Conclusion and Outlook

As introduced earlier in the motivation, the main goals of this thesis were the design,
synthesis, characterization of novel functional polyphenylene dendrimers for full-color
light emitting diodes. These light-emitting polyphenylene dendrimers are a distinct class
of macromolecules that are comprised of molecular components. They can be formed
reproducibly with monodispersity, high levels of purity and three-dimensional shape-

persistent architecture.

The first chapter presented a novel synthetic strategy of the blue light-emitting
polytriphenylene dendrimers, based on non-catalytic Diels-Alder reaction. The blue
fluorescent chromophore - triphenylene was forming synchronously from the [4+2]
cycloaddition with phencyclone unit and ethynyl radical during the dendrimer
generation growth. According to the single crystal X-ray crystallography, the crystal
packing diagram of dendrimers showed the triphenylene units are almost perpendicular
to each other, which completely broke the m-m stacking often observed in most
triphenylene derivatives. It could be concluded that for all generation dendrimers, the
highly twisted repeating units and stiff dendritic structure could effectively prevent the
self quenching among chromophores, which always reduced the performance of OLED
devices based on small molecules and linear polymers. The suppressed aggregation of
the chromophores resulted in highly photoluminescence quantum vyield with a defined
pure blue emission spectrum. The optical and chemical stabilities were further
investigated by using thermal degradation and thermogravimetric analysis, which
revealed that polytriphenylene dendrimers (TPGx) were promising candidates for blue
OLEDs, and thus their devices were later prepared. During the device fabrication,
various configurations and different generation dendrimers were attempted and tested.

Thereamong, the second generation polytriphenylene dendrimers demonstrated an
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acceptable device performance, such as the color purity, optical stability, long time
stability and low onset voltage, due to its appropriate dendrimer size. However, the
luminescence efficiency was relatively low and could be potentially modified. In order to
achieve even higher device efficiency, the core of polytriphenylene dendrimers was
further functionalized from tetraphenylmethane to pyrene, an excellent blue emitter
with high quantum vyield and long life time. These pyrene cored dendrimers (PYGX)
exhibited nearly three times photoluminescence quantum vyield as well as almost four
times luminescence intensity than the original contrast (TPGx), since not only the
emission natures of the pyrene core, but also the effective conjugation and efficient
energy transfer between polytriphenylene dendrons and the pyrene core. Therefore,
combining multi-chromophoric scaffolds and a high efficient chromophoric core in a
shape-persistent dendritic architecture yielded spherical nanoparticles with improved
electro-optical properties. These properties are rendering this novel type of
polytriphenylene dendrimers as promising candidates in applications on the field of

semiconductors.

The electroluminescence properties of the light-emitting dendrimers emerged the
efficiency of emissive core and number of generation could extremely influence the
processibility, stability and even performance of these dendritic OLEDs. Thus the iridium
complex phosphors were introduced as the core into the dendrimer, since they theoretically had
triple high quantum efficiency than fluorescent emitters. On account of a divergent synthetic
strategy, the Ir(ppy); cored dendrimers (GIrGx) were firstly successfully obtained up to the 4™
generation, which is the largest iridium complex till now. This new synthesis concept could
overcome the disadvantage of traditional convergent synthesis which often limited dendrimer in
low generations. Afterward, these monodisperse dendritic phosphors from 1% to 4™ generation
provided a unique opportunity in researching the effect of molecular sizes on the device
performance. The photoluminescence spectra turned out that all dendrimers emitted pure
green light. More importantly, the bathochromic shift in emission from solution to thin film was
completely prevented in the 4™ generation dendrimer, indicating the large dendron size can
effectively isolated the phosphorescent core from each other and the environment in the solid

state. It was further proved by that the phosphorescence quantum vyield still increased up
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to the 4" generation. However, the fully OLED device characterization showed that the
3" generation dendrimer with a radius of ca 3 nm was the most optimum molecular size
for high electroluminescence efficiency, since its appreciate dendron size would not
limit the good charge transfer from periphery to emissive core, but still efficiently
protect against the triplet-triplet annihilation. The quantum efficiency and electronic
performance of green phosphorescent OLED devices based on our 3" generation Ir(ppy)s
cored polyphenylene dendrimer have already entered the top-level in the dendritic
phosphors field. Going one step further, we noticed the efficiency of non-doped device
based on 3™ generation dendrimer demonstrated were almost triple higher than that of
doped device from 1% generation dendrimer. It revealed that the polyphenylene
dendron was a potential host material for the iridium guest core. This self host-guest
system, which could extremely simplify the device structure of phosphorescent OLEDs,
would be further optimized by the surface functionalization to combine charge

transporting units in the periphery of dendrimer.

The last chapter demonstrated the synthesis of solution processible red iridium cored
polyphenylene dendrimers (RIrGx) with hole-transporting multi-triphenylamine units at
the surface and their application in electronphosphorescent devices. The current
densities of OLED devices based on peripheral multifunctionalized polyphenylene
dendrimer (RIrGx) were even higher than the original polyphenylene dendrimers (GIrGx),
since triphenylamine units could availably improved the hole-transproting property and
charge injection ability from matrix to dendrimer surface. However, the luminescence
and quantum efficiency of the red emissive devices based on Ir(btp)s; core dendrimer
were significantly lower than the green devices. We ascribed it to the low
phosphorescent quantum efficiency of the Ir(btp)s complex core, whose lowest excited
transition state was dominantly on the ligand-centered >r-t* level. In order to obtain
high performance red phosphorescent materials, we designed and synthesized a new
series of Ir(pig); cored dendrimers, whose lowest excited transition state was

dominantly on the 3MLCT level and thus photoluminescence quantum yield was
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increased nearly four times. Based on the results described here, it could be envisaged

that ligands controls strongly affect phosphorescence quantum efficiency.

In this thesis, highly efficient blue, green and red light-emitting dendrimers have been
developed and used in OLEDs. In additional to the above mentioned advantages of
dendrimer based OLEDs, the modular molecular architecture and various functionalized
units at different locations in polyphenylene dendrimers open up a tremendous scope
for tuning a wide range of properties in addition to color, such as intermolecular
interactions, charge mobility, quantum vyield, and exciton diffusion. Research into
dendrimer containing OLEDs combines fundamental aspects of organic semiconductor
physics, novel and highly sophisticated organic synthetic chemistry and elaborate device
technology. Dendrimers provide a model example of the methodology of scientific
research. Starting out from mere curiosity, they have developed into a key technology
and now constitute one of the most efficient electrical light sources known. This is
surely an impressive feat, considering the sheer volume of input generated into organic
and metallorganic chemistry by the systematic research into dendrimers. Dendrimer
OLED technology is now actively being researched in an industrial environment and
forms an integral part of the materials strategy of Cambridge Display Technology. There
remains, however, plenty to do. Thus far, reports on the operational stability of
dendrimer OLEDs have been few, but there is no reason to doubt that this will be
successful. It has yet to be demonstrated that the technology can compete with existing

material classes in terms of operational lifetime requirements.

As Matthews, Shipway and Stoddart put it in their review “Dendrimers — Branching out
from curiosities into new technologies” a mere decade ago: “There must somewhere be
a dendrimer ‘El Dorado’ waiting to be discovered”.™ Although it indeed looks like the
key to this magic chest has now been turned, the rapid development of dendrimer
technology holds promise for even more sophisticated applications in the future. The
intrinsically modular conception of dendrimers, together with the increasingly exploited

power of molecular self-assembly, allow the prediction that dendrimer technology will
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further the construction of ever more sophisticated electronically active supramolecular

units for future generations of molecular electronics.

For the future, the remaining challenges in developing light-emitting dendrimers are to
realize: i) multi-color functionalities and their controls, ii) high efficiency deep blue

phosphorescence, and iii) supramolecular structures.

The first aim will be realized by combinating the divergent synthetic protocols of Ir(piqg)s
core and surface functionalization of Ir(ppy)s building units will result in a new type of
multi-color-phosphorous dendrimers (5-1) (Scheme 5-1), containing a Ir(piq)s; core as an

acceptor and multiple Ir(ppy)s peripheral units as donors.

Il @@
0y O

5-1

Scheme 5-1: Structure of multi-color-phosphorous Ir(lll) dendrimer 5-1.
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This dendrimer holding two types iridium complexes will be highly interested from the

points of triplet energy transfer process and two photon excited phosphorescence.

The second aim, deep blue phosphorescent iridium complex cored dendrimers,
inevitably require modulation in the ligand structures.”” Thus, reliable principles for
ligand controls and their effect on phosphorescence quantum efficiency would be
greatly helpful for the molecular design. By adding the electron-accepting fluorine
atoms to the phenyl ring in ligand, it is possible to decrease the HOMO level and shift
the emission from green to blue. Furthermore, this fluoride phenylpyridyl iridium
complex should emit high quantum efficiency, since its 3MLCT energy level is expected
to be the lowest excited transition state. Therefore, a blue phosphorescent iridium core

(5-2, Scheme 5-2) and its dendrimers (5-3) will be later synthesized.

Scheme 5-2: Structure of blue phosphorescent Ir(lll) core 5-2 and polyphenylene dendrimer 5-3.
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Experimental Section

6.1 Reagents and analysis instruments

Materials:

All starting materials, solvents and catalysts for chemical reactions were purchased from

Aldrich, Acros, Fluka, ABCR, TIC, etc. and used as received without purification.
Chromatography:

Preparative column chromatography was performed on silica gel from Merck with
particle size of 0.063-0.200 mm (Geduran Si 60). For analytical thin layer
chromatography (TLC) silica gel coated substrates 60 F254 from Merck were used.
Compounds were detected by fluorescence quenching at 254 nm and self-fluorescence
at 366 nm. Gel permeation chromatography (GPC) was performed on Bio-Beads S-X1

beads with 200-400 mesh from Bio-Rad Laboratories Inc using DCM or toluene as eluent.
NMR Spectroscopy:

'H NMR and **C NMR spectra were recorded in CD,Cl,, C;D,Cls, THF-dg, DMF-d; or
DMSO-dg on a Bruker DPX 250, Bruker AMX 300, Bruker DRX 500 or Bruker DRX 700

spectrometer with use of the solvent proton or carbon signal as an internal standard.
Mass spectrometry:

Field desorption mass spectra (FDMS) were performed with a VG Instruments ZAB 2-SE-

FDP using 8 kV accelerating voltage.
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MALDI-TOF mass spectra were measured on a Bruker Reflex Il using a 337 nm nitrogen
laser, calibrated against poly(ethylene glycol) (3,000 g/mol). Samples for MALDI-TOF MS
were prepared by mixing the analyte with the matrix (dithranol) in THF in a ratio of
1:250. Cationization was performed by mixing the matrix with potassium
trifluoroacetate (K') or silver trifluoroacetate (Ag’). The mass instrument is not
dedicated to isotopic measurements, and the deviations of relative intensities of peak,

from those calculated, can be more than 10%.
UV-vis spectroscopy:

UV-vis absorbance spectra were measured by Perkin-Elmer Lambda 35 UV-vis

spectrometer.
Photoluminescence spectroscopy:

Photoluminescence (PL) spectra were recorded on a Perkin-Elmer LS 50B

spectrofluorometer.
Cyclic voltammetry:

The cyclic voltammetry (CV) measurements were conducted at a scan rate of 50 mVs at
room temperature under argon protection in deoxygenated 0.1 mmol/L DCM solutions
with 0.1 mol/L tetrabutylammonium hexafluorophosphate (n-BusNPFs) as the
supporting electrolyte. A platinum electrode was used as the working electrode and an

Ag/Ag’ electrode as the reference electrode.
Thermal analysis:

Thermogravimetric analysis (TGA) was measured by Mettler TG 50.

Single crystal analysis:

The X-ray crystallography of single crystal was measured on a Stoe IPDS |l area detector
diffractometer on the ANKA-SCD beamline at the ANKA synchrotron source at the

Forschungszentrum Karlsruhe, by using Si-monochromated radiation of wavelength
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0.79999 A. The crystal was cooled to 150 K, and a hemisphere of data was measured to
a resolution of 0.88 A. Crystals of TPG1 grown from C,H,Cls/hexane mixtures formed
very thin white needles that were very weakly diffracting, particularly at higher angles
even using synchrotron radiation. However, the data are more than adequate to
demonstrate the overall conformation of the molecule. The H atoms were refined with

fixed isotropic temperature factors in the riding mode.
Device fabrication:

Polytriphenylene dendrimer based OLED devices were built in a sandwich geometry
(glass/ITO/PEDOT:PSS/dendrimer/TPBi/CsF/Al). The ITO covered glass substrates for the
OLEDs were thoroughly cleaned in a variety of organic solvents and exposed to an
oxygen plasma dry cleaning step. PEDOT:PSS (Baytron P from Bayer Inc.) layers were
spin-coated under ambient conditions and dried according to specifications by Bayer Inc.
in argon atmosphere and vacuum. The emissive dendrimer films were spin-cast from a
10 g/I toluene solution and dried at 80 °C for 2 hours in high vacuum conditions.
Afterwards, a 10 nm layer of 4,4' 4"-Tris(N-3-methylphenyl-N-phenyl-
amino)triphenylamine (TPBi; LT-E302 from Rubipy Scientific Inc.) as hole
blocking/electron transport layer was evaporated onto the emissive film at a pressure of
4 x 10 mbar. Finally, a thin layer (1 nm) of CsF and aluminum electrodes (100 nm) were
evaporated on top of the device via physical vapor deposition at a base pressure of

below 2 x 10° mbar.

Ir(1ll) complex cored polyphenylene dendrimer based PhOLED devices were built in a
sandwich geometry (glass/ITO/PEDOT:PSS/dendrimer/TPBi/LiF/Al). Firstly, a 50-nm-thick
poly(ethylenedioxythiophene): poly(styrene sulfonic acid) (PEDOT : PSS, purchased from
H. C. Starck) film was deposited on the pre-cleaned ITO-glass substrates (20 2/square)
and then cured at 120 °C in air for 30 min.. Then the film of dendrimers was spin-coated
with chlorobenzene as the solvent, and annealed at 90 °C for 30 min. Successively, TPBi,
LiF and Al were evaporated at a base pressure less than 10° Torr (1 Torr = 133.32 Pa)

through a shadow mask with an array of 14 mm? openings.
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Electroluminescence spectroscopy:

The electroluminescence (EL) spectra of polytriphenylene dendrimers were recorded
using an ORIEL Multispec spectrometer with an attached ANDOR DB401-UV CCD camera.
The current/luminance/voltage (ILV) characteristics were recorded in a customized
setup using a Keithley 236 source measure unit for recording the current/ voltage
characteristics while recording the luminance using a calibrated photodiode attached to
an integrating Ulbrich sphere.

The EL spectra and Commission Internationale de L’Eclairage (CIE) coordinates were
measured using a PR650 spectra colorimeter. The (ILV) characteristics of devices were
measured using a Keithley 2400/2000 source meter and a calibrated silicon photodiode.
All the experiments and measurements were carried out at room temperature under

ambient conditions.

6.2 General synthetic procedures

Diels-Alder cycloaddition:

A mixture of the ethynyl derivative and tetraphenylcyclopentadiene derivative was
refluxed in o-xylene or diphenyl ether under an argon atmosphere. When 1-32 was used
as the endcapping reagent, the cooled reaction mixture was poured into n-pentane to
remove the excess of tetraphenylcyclopentadienone. The precipitated product was
filtered and the filter washed with pentane until the filtrate became colorless. All crude
products were purified by column chromatography or GPC column. Reactions were

monitored by MALDI-TOF mass spectrometry to ensure their completeness.
Desilylation of TiPS groups:

The tri-iso-propylsilylethynyl derivative was dissolved in dry THF and one equivalent of
TBAF (dissolved in THF) per tri-iso-propylsilylethynyl group was added under argon

atmosphere. The end of the reaction (~ 5-15 min) was determined by TLC (silica gel).
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The reaction was quenched with H,0, and extracted with H,O and CH,Cl,. The organic
phase was separated and dried over MgS0,. Having removed the solvent under reduced

pressure, the crude product was purified by column chromatography on silica gel.

6.3 Syntheses of the blue fluorescent dendrimers (Chapter 2)

3,6-dibromo-9,10-dimethoxyphenanthrene (2-12):

MeQ OMe

3

Br Br

3,6-dibromo-9,10-phenanthrenedione 2-10 (4.25 g, 11.6 mmol), BusNBr (1.48 g, 4.6
mmol), Na,S,04 (8.20 g, 47.0 mmol), THF (100 mL) and H,0 (100 mL) were combined in
a 500 mL round bottom flask and shaken for 5 min, after which dimethyl sulfate (7.5 mL,
79.5 mmol) was added, followed by aqueous sodium hydroxide (20 mL, 14.0 M). The
mixture was stirred for 3 min, during which, 50 g of ice was added, then the mixture was
additionally stirred for 15 minutes. The aqueous layer was separated and extracted with
ethyl acetate (EtOAc) (3 x 750 mL). The combined organic layers were washed with
water (3 x 100 mL), NH4OH solution (2 x 500 mL) and brine (1 x 500 mL). The organic
layer was dried with MgSQ,, filtered and the solvents were removed under vacuum,
resulting in a fluffy yellow solid. Washing the product with methanol (MeOH) gave a
white solid. Additional impurities were removed by flashing the product through silica
with a 1:1 mixture of hexanes and dichloromethane, affording 4.27 g (10.8 mmol) pure

product as white crystal in 92% vyield.

'H NMR (250 MHz, CD,Cl,) & 8.69 (d, 2H, J = 1.8 Hz, aromatic CH), 8.10 (d, 2H, J = 8.8 Hz,
aromatic CH), 7.72 (dd, 2H, J1 = 8.8 Hz, J2 = 1.8 Hz, aromatic CH), 4.06 (s, 6H, OCHs);

3¢ NMR (62.5 MHz, CD,Cl,) 6§ 144.2,130.9, 129.2, 128.8, 125.8, 124.5, 120.7, 61.3;
FD-MS: m/z = 398.1 ([M]");
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9,10-dimethoxy-3,6-bis((triisopropylsilyl)ethynyl)phenanthrene (2-13):

MeQO OMe
30

y \
J‘Si/ \SiJ\
= I

Compound 2-12 (3.4 g, 8.6 mmol), Pd(PPhs),Cl, (0.68 g, 0.96 mmol), Cul (0.38g, 2.0mmol)
and PPhs (0.52 g, 2.0 mmol) were dissolved in 100 mL of toluene/triethylamine solution
and degassed by three freeze/pump/thaw cycles. The solution was heated to reflux
under argon, 5 mL (33.8 mmol) triisopropylsilylacetylene was added by syringe quickly
to obtain a brown solution. The solution was kept stirring at 80 °C for 16 h. The solution
was filtered and the solvent was removed by vacuum. After redissolution in DCM, the
solution was washed with NH4Cl, 1M HCI, and NaHCOs;. The organic phase was
evaporated and purified by column chromatography (silica gel, PE:DCM = 4:1), affording
4.32 g (7.22 mmol) pure product as light yellow oil in 84% vyield.

'H NMR (250 MHz, CD,Cl,) & 8.73 (s, 2H, aromatic CH), 8.14 (s, 2H, J = 8.5 Hz, aromatic
CH), 7.68 (d, 2H, J1 = 8.4 Hz, aromatic CH), 4.07 (s, 6H, OCHs), 1.19 (s, 42H, TiPS CH, and
CHs);

13C NMR (62.5 MHz, CD,Cl,) & 144.9, 130.7, 129.5, 128.0, 126.8, 122.6, 121.4, 107.8,
92.0,61.3,18.9, 11.8;

MALDI-TOF: m/z = 598.5 ([M]");

3,6-bis((triisopropylsilyl)ethynyl) -9,10-phenanthrenedione (2-14):

o O
A%

y \
AL 5
= /-

Compound 2-13 (2.80 g, 4.6 mmol) was dissolved in acetonitrile (20 mL) and DCM (20
mL) under argon protection, then the mixture was added with stirring ammonium
cerium (IV) nitrate (6.20 g, 11.4 mmol) in water (60 mL) over 15 min. The reaction was

diluted with 100 mL H20 and extracted with 3 x 100 mL DCM, and the organic phase
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was concentrated and purified by column chromatography (silica gel, PE:DCM = 1:1),

affording 2.24 g (3.94 mmol) pure product as orange powder in 84% yield.

'H NMR (250 MHz, CD,Cl,) 6 8.12 (d, 2H, J1 = 1.9 Hz, aromatic CH), 8.10(s, 2H, aromatic
CH), 7.56 (d, 2H, J1 = 8.1 Hz, aromatic CH), 1.18 (s, 36H, silyl CHs), 1.17 (s, 6H, CH>);

C NMR (62.5 MHz, CD,Cl,) & 197.9, 144.9, 130.7, 129.5, 128.0, 126.8, 122.6, 121.4,
107.8,92.0,18.9, 11.8;

FD-MS: m/z = 568.8 ([M]’);

1,3-diphenyl-6,9-bis((triisopropylsilyl)ethynyl)-cyclopentaphenanthrenone (2-9):

DL O
-

Y \
BN
= I/

Compound 2-14 (1.36 g, 2.4 mmol) and 1,3-diphenyl-2-propanone (0.75 g, 3.6 mmol)
were dissolved in anhydrate MeOH (50 mL) under argon atmosphere, 0.14 g KOH
methanolic solution was added dropwise, and the mixture was heated up to 80 °C for 5
min. The brown color mixture was fast frozen to 0 °C and 1.9 mL HCI (1.25 M in MeOH)
was added with stirring to neutralize the pH to 5. The green precipitated was filtered,
washed with cold MeOH and purified by colunm chromatography (silica gel, PE:DCM =
2:1), affording 1.08 g (1.45 mmol) pure product as dark green powder in 61% yield.

'H NMR (250 MHz, CD,Cly) & 7.92 (s, 2H, aromatic CH), 7.48 (s, 2H, aromatic CH), 7.43
(dd, 4H, J1 = 9.7 Hz, J2 = 2.2 Hz, aromatic CH), 7.40 (s, 2H, aromatic CH), 7.34 (dd, 4H, J1
= 9.4 Hz, J2 = 1.6 Hz, aromatic CH), 7.03 (dd, 2H, J1 = 9.6 Hz, J2 = 1.3 Hz, aromatic CH),
1.14 (s, 42H, silyl CHs and CH,);

BC NMR (62.5 MHz, CD,Cl,) 6 197.8, 147.4, 137.8, 136.2, 134.4, 133.0, 132.6, 132.1,
130.2, 129.0, 128.7, 128.6, 128.2, 127.1, 126.7, 124.2, 123.8, 106.8, 94.9, 93.9, 18.8,
11.7;

FD-MS: m/z = 743.7 ([M]");
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1st generation polytriphenylene dendrimer (TPG1):

Tetrakis(4-ethynylphenyl)methane 2-17 (0.060 g, 0.144 mmol) and 2-18 (0.440 g, 1.152
mmol,) were put under Argon, dissolved in o-xylene (2 mL) in a microwave tube and
stirred at 170 °C for 4 h. After cooling to RT, the reaction mixture was precipitated in
MeOH, then washed with DCM till green color disappeared, affording 0.255 g (0.140

mmol) pure product as light yellow powder in 97% yield.

'H NMR (700 MHz, C,D,Cl,) & 8.35 (t, 8H, , J = 7.1 Hz, aromatic H1), 7.69 (s, 4H, aromatic
H2), 7.64 (d, 4H, J = 8.5 Hz, aromatic H3), 7.50 (t, 12H, , J = 8.8 Hz, aromatic H4), 7.40 —
7.32 (n.r., 20H), 7.12 (d, 4H, J = 7.3 Hz, aromatic H5), 7.08 (t, 4H, J = 14.8 Hz, aromatic
H6), 7.04 (d, 12H, J = 7.4 Hz, aromatic H7), 6.96 (t, 4H, J = 7.7 Hz, aromatic H8), 6.89 (d,
8H, J = 8.2 Hz, aromatic H9), 6.81 (d, 8H, J = 8.2 Hz, aromatic H10);

3¢ NMR (125 MHz, C,D,Cl;) & 145.0, 144.8, 144.7, 142.5, 142.4, 142.4, 140.6, 140.3,
140.1, 140.0, 139.9, 138.6, 137.4, 137.0, 132.8, 132.5, 132.4, 132.2, 132.0, 131.92, 131.7,
131.5,131.1, 131.1, 130.8, 130.5, 130.4, 130.2, 130.0, 129.5, 129.4, 129.3, 129.2, 129.1,
128.8, 128.7, 128.7, 127.7, 127.6, 127.5, 127.4, 127.3, 127.0, 126.9, 126.7, 125.9, 125.5,
124.8, 123.5;

MALDI-TOF (Ag"): m/z = 1941.1 ([M+Ag]");
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1st generation TiPSethynyl polytriphenylene dendrimer (2-19):

The core 2-17 (0.042 g, 0.100 mmol) and building unit 2-9 (0.350 g, 0.472 mmol,) were
put under Argon, dissolved in o-xylene (2 mL) in a microwave tube and stirred at 170 °C
for 4 h. After cooling to RT, the reaction mixture was evaporated in vacuo. The residue
was further purified by column chromatography (silica gel, PE:DCM = 6:1), affording
0.266 g (0.081 mmol) pure product as light yellow powder in 81% yield.

'H NMR (500 MHz, CD,Cl,) 6 8.55 (d, 8H, , J = 2.3 Hz, aromatic H1), 7.78 (s, 4H, aromatic
H2),7.64 (d, 4H, J = 8.7 Hz, aromatic H3), 7.52 (t, 12H, , J = 8.4 Hz, aromatic H4), 7.43 (dd,
12H, J1 = 3.2 Hz, J2 = 10.6 Hz, aromatic H5), 7.21 - 7.15 (n.r., 16H), 7.08 (d, 12H, J = 6.9
Hz, aromatic H6), 6.98 (d, 8H, J = 8.5 Hz, aromatic H7), 6.87 (d, 8H, J = 8.5 Hz, aromatic
H8), 1.14 (s, 168H; TiPS);

B3¢ NMR (125 MHz, CD,Cl;) & 149.0, 148.7, 146.9, 146.4, 145.1, 145.0, 144.4, 144.3,
144.1, 143.4, 143.0, 141.8, 141.7, 137.7, 136.8, 136.7, 136.5, 136.3, 135.9, 135.7, 135.6,
135.3, 135.1, 134.7, 134.6, 134.4, 134.0, 133.9, 133.8, 133.8, 133.6, 133.5, 133.4, 133.2,
133.2, 132.3, 132.1, 132.0, 131.9, 131.5, 129.2, 126.4, 126.2, 111.9, 111.8, 96.6, 96.5,
23.3,16.2;

MALDI-TOF (Ag’): m/z = 3384.1 ([M+Ag]’);
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1st generation ethynyl polytriphenylene dendrimer (2-20):

To a solution of 2-19 (0.063 g, 0.019 mmol) in THF (3 mL) was added dropwise a solution
of TBAF (0.065 g, 0.250 mmol) in THF (2 mL). The reaction was stirred at RT for 1 h and
precipitate in MeOH. The product was dissolved again in THF and repeatedly
precipitated in MeOH three times, affording 0.034 g (0.016 mmol) pure product as light
yellow powder in 90% vyield.

'H NMR (250 MHz, C,D,Cl,) & 8.57 (s, 8H, aromatic H1), 7.80 (s, 4H, aromatic H2), 7.64 (d,
4H, J = 8.7 Hz, aromatic H3), 7.57 — 7.44 (n.r., 24H), 7.26 — 7.09 (n.r., 28H), 6.96 (d, 8H, J
= 8.3 Hz, aromatic H9), 6.87 (d, 8H, J = 8.3 Hz, aromatic H10), 3.22 (d, 8H, J = 8.8 Hz,
C=CH);

3¢ NMR (75 MHz, C,D,Cly) 6 144.3, 143.4, 141.3, 140.8, 138.7, 138.2, 137.0, 132.4,
131.7,131.3,131.1, 130.5, 130.4, 130.1, 129.9, 129.5, 129.4, 129.2, 128.9, 128.7, 128.5,
128.4,128.3,127.5,127.1,127.0, 126.8, 119.9, 119.6, 83.7, 83.6, 29.6;

MALDI-TOF: m/z = 2028.4 ([M]");
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2nd generation polytriphenylene dendrimer (TPG2):

Dendrimer 2-20 (0.040 g, 0.020 mmol) and end-capping unit 2-18 (0.122 g, 0.320 mmol)
were dissolved in o-xylene (2 mL) in a microwave tube under Argon and stirred at 170 °C
for 8 h. After cooling to RT, the reaction mixture was precipitated in MeOH, then further
purified by a column chromatography (PE:DCM = 1:1), affording 0.090 g (0.019 mmol)

pure product as light yellow powder in 94% yield.

'H NMR (700 MHz, CD,Cl,) & 8.40 (d, 16H, , J = 7.8 Hz, aromatic H1), 8.06 (s, 8H,
aromatic H2), 7.73 (s, 4H, aromatic H3), 7.67 (ss, 16H, aromatic H4), 7.52 — 7.31 (n.r,,
84H), 7.16 (d, 16H, J = 7.2 Hz, aromatic H5), 7.10 — 6.94 (n.r., 76H), 6.87 (d, 8H, J = 8.2 Hz,
aromatic H6), 6.61 (d, 4H, J = 8.5 Hz, aromatic H7), 6.55 (d, 4H, J = 8.7 Hz, aromatic H8);
3¢ NMR (125 MHz, CD,Cl,) & 145.0, 144.8, 144.7, 142.5, 142.4, 142.4, 140.6, 140.3,
140.1, 140.0, 139.9, 138.6, 137.4, 137.0, 132.8, 132.5, 132.4, 132.2, 132.0, 131.9, 131.7,
131.5,131.2,131.1, 130.8, 130.5, 130.4, 130.2, 130.0, 129.5, 129.4, 129.3, 129.2, 129.1,
128.8, 128.7, 128.7, 127.7, 127.6, 127.5, 127.4, 127.3, 127.0, 126.9, 126.7, 125.9, 125.5,
124.8,123.5;

MALDI-TOF (Ag*): m/z = 4966.8 ([M+Ag]");
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2nd generation TiPSethynyl polytriphenylene dendrimer (2-21):
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Dendrimer 2-20 (0.034 g, 0.017 mmol) and building unit 2-9 (0.280 g, 0.377 mmol,) were
dissolved in o-xylene (2 mL) in a microwave tube under Argon and stirred at 170 °C for 8
h. After cooling to RT, the reaction mixture was precipitated in MeOH, then further
purified by a column chromatography (PE:DCM = 3:1), affording 0.113 g (0.015 mmol)
pure product as light yellow powder in 88% vyield.

'H NMR (700 MHz, CD,Cl,) &6 8.51 (s, 16H, aromatic H1), 8.05 (s, 8H, aromatic H2), 7.71 (t,
16H, J = 8.1 Hz, aromatic H3), 7.59 (dd, 12H, J1 = 4.1 Hz, J2 = 8.6 Hz, aromatic H4), 7.52 —
7.31 (n.r., 72H), 7.16 — 6.98 (n.r., 80H), 6.86 (d, 8H, J = 8.2 Hz, aromatic H5), 6.60 (d, 4H,
J =8.7 Hz, aromatic H6), 6.54 (d, 4H, J = 8.7 Hz, aromatic H7), 1.15 (s, 336H; T/iPS);

B3¢ NMR (62.5 MHz, CD,Cl,) 6 149.0, 148.7, 146.8, 146.4, 145.1, 145.0, 144.8, 144.7,
142.5, 142.4, 142 .4, 140.6, 140.3, 140.1, 140.0, 139.9, 138.6, 137.4, 137.0, 132.8, 132.5,
132.4,132.2,132.0, 131.9, 131.7, 131.5, 131.2, 131.1, 130.8, 130.5, 130.4, 130.2, 130.0,
129.5,129.4, 129.3, 129.2, 129.1, 128.8, 128.7, 128.7, 127.7, 127.6, 127.5, 127.4, 127.3,
127.0, 126.9, 126.7, 125.9, 125.5, 124.8, 123.5, 111.9, 111.8, 96.6, 96.5, 23.2, 16.4;
MALDI-TOF (Ag’): m/z = 7850.3 ([M+Ag]’);
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2nd generation ethynyl polytriphenylene dendrimer (2-22):

To a solution of 2-21 (0.110 g, 0.014 mmol) in THF (3 mL) was added dropwise a solution
of TBAF (0.150 g, 0.575 mmol) in THF (2 mL). The reaction was stirred at RT overnight
and poured into 50 mL DCM and 50 mL H,0. The organic phase was concentrated and
purified by a column chromatography (PE:DCM=2:3), affording light yellow powder.
Yield: 0.070 g, 0.013 mmol, 94%.

'H NMR (250 MHz, CD,Cl,) & 8.53 (s, 16H, aromatic H1), 8.06 (s, 8H, aromatic H2), 7.70
(d, 12H, J = 4.1 Hz, aromatic H3), 7.59 (d, 8H, J = 8.6 Hz, aromatic H4), 7.52 — 7.29 (n.r.,
76H), 7.16 — 6.96 (n.r., 84H), 6.84 (d, 8H, J = 8.0 Hz, aromatic H5), 6.55 (dd, 8H, J1 = 8.8
Hz, J2 = 16.8 Hz, aromatic H6), 3.22 (d, 16H, J = 4.7 Hz, C=CH);

B3¢ NMR (62.5 MHz, CD,Cl;) 6 148.2, 146.8, 146.3, 145.0, 144.3, 143.4, 143.0, 141.3,
140.9, 138.7, 137.8, 137.0, 136.7, 136.5, 135.9, 135.7, 135.6, 135.3, 135.1, 134.7, 134.6,
134.4, 134.0, 133.9, 133.8, 132.7, 132.6, 131.5, 131.4, 131.2, 130.2, 130.0.3, 132.1,
132.0, 131.9, 131.5, 129.9, 129.5, 129.4, 129.2, 128.9, 128.7, 128.5, 128.4, 128.3, 127.5,
127.1,127.0,126.8,119.9, 119.6, 84.1, 83.8, 31.8;

MALDI-TOF: m/z = 5042.5 ([M]+);
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3rd generation polytriphenylene dendrimer (TPG3):
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Dendrimer 2-22 (0.053 g, 0.010 mmol) and end-capping unit 2-7 (0.250 g, 0.654 mmol,)
were dissolved in o-xylene (3 mL) in a microwave tube under Argon and stirred at 170 °C
for 8 h. After cooling to RT, the reaction mixture was precipitated in MeOH, then further
purified by a GPC column using DCM as the eluent, affording light yellow powder. Yield:
0.098 g, 0.019 mmol, 90%.

'H NMR (700 MHz, CD,Cl,) 6 8.41 — 8.34 (n.r., 32H), 8.02 (ss, 24H, aromatic H1), 7.74 (s,
4H, aromatic H2), 7.69 — 7.65 (n.r., 36H), 7.52 — 6.88 (n.r., 404H), 6.67 — 6.58 (n.r., 16H),
6.49 (dd, 8H, J1 = 8.7 Hz, J2 = 17.0 Hz, aromatic H3);

BC NMR (75 MHz, CD,Cl,) 6 144.7, 144.6, 142.4, 142.3, 142.1, 140.5, 140.2, 140.0, 139.9,
138.5, 137.0, 136.9, 132.9, 132.8, 132.3, 132.1, 131.9, 131.8, 131.6, 131.5, 131.4, 131.2,
131.1, 131.04, 130.8, 130.8, 130.7, 130.6, 130.6, 130.5, 130.4, 130.3, 130.1, 129.9, 129.6,
129.4,129.2, 129.1, 129.0, 128.9, 128.7, 128.6, 128.5, 128.3, 128.3, 128.2, 128.1, 128.0,
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127.9, 127.9, 127.9, 127.8, 127.5, 127.4, 127.4, 127.3, 127.2, 127.1, 126.9, 126.9, 126.8,
126.7,126.7, 126.6, 126.5, 126.5, 125.8, 125.6, 125.5, 124.7, 124.6, 123.6, 123.5;
MALDI-TOF (Ag*): m/z = 11009.8 ([M+Ag]’);

1st generation polytriphenylene dendrimer based on pyrene core (PYG1):

0.060 g (0.201 mmol) 1,3,6,8-tetraethynylpyrene 2-24 and 0.460 g (1.204 mmol)
phencyclone 2-18 were dissolved in o-xylene (2 mL) in a microwave tube under Argon
and stirred at 170 °C for 4 h. After cooling to RT, the reaction mixture was precipitated
in MeOH, then washed with DCM till green color disappeared, affording 0.310 g (0.181

mmol) pure product as yellow powder in 91% vyield.

'H NMR (300 MHz, CD,Cl,) 6 8.89 (t, 2H, J = 8.3 Hz), 8.82 (d, 2H, J = 8.5 Hz), 8.44 (d, 4H, J
= 8.0 Hz), 7.85 - 6.61 (m, 70H), 6.49 (m, 2H), 6.31 (m, 2H);

3¢ NMR (75 MHz, CD,Cl,) & 138.55, 131.79, 131.74, 131.50, 131.30, 130.08, 129.32,
129.17, 128.88, 128.69, 128.54, 128.47, 128.29, 128.25, 128.13, 127.81, 127.47, 127.33,
127.29, 127.20, 127.10, 127.04, 126.92, 126.84, 126.69, 126.38, 126.05, 125.87, 125.74,
125.35, 125.06, 124.19, 124.02, 123.67;

MALDI-TOF: m/z = 1715.4 ([M]*);
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1st generation TiPSethynyl polytriphenylene dendrimer based on pyrene core (2-27):

0.060 g (0.201 mmol) 1,3,6,8-tetraethynylpyrene 2-24 and 0.715 g (0.963 mmol)
building unit 2-9 were dissolved in o-xylene (2 mL) in a microwave tube under Argon and
stirred at 170 °C for 2 h. After cooling to RT, the reaction mixture was precipitated in
MeOH, and then further purified by a GPC column chromatography using toluene as

eluent, affording 0.577 g (0.182 mmol) pure product as light yellow powder in 91% vyield.

'H NMR (300 MHz, CD,Cl,) & 8.51 (s, 8H), 7.77 — 6.50 (m, 66H), 1.14 (s, 24H) 1.12 (s,
144H);

3C NMR (75 MHz, CD,Cl,) & 174.13, 148.70, 144.21, 138.51, 131.20, 130.81, 130.63,
130.26, 129.99, 129.45, 129.08, 127.00, 124.08, 122.06, 121.79, 119.12, 107.47, 105.69,
92.11, 80.50, 30.06, 18.81, 11.74;

MALDI-TOF: m/z = 3157.0 ([M]);
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1st generation ethynyl polytriphenylene dendrimer based on pyrene core (2-28):

To a solution of 0.473 g (0.150 mmol) 2-27 in THF (5 mL) was added dropwise a solution
of 0.468 g (1.8 mmol) TBAF in THF (5 mL). The reaction was stirred at RT for 1 h and
precipitate in MeOH. The product was dissolved again in THF and repeatedly
precipitated in MeOH three times, affording 0.252 g (0.132 mmol) pure product as light
yellow powder in 88% vyield.

'H NMR (300 MHz, CD,Cl,) § 8.55 (s, 8H), 7.82 — 6.48 (m, 66H), 3.20 (s, 8H);

3C NMR (75 MHz, CD,Cl,) & 148.07, 133.73, 131.74, 131.50, 131.30, 130.08, 129.47, 129.
27, 128.73, 128.59, 128.51, 128.44, 128.25, 128.21, 128.18, 127.69, 127.35, 127.31,
127.19, 127.11, 127.04, 126.92, 126.84, 126.33, 126.05, 125.87, 102.99, 86.46, 84.31,
30.05;

MALDI-TOF: m/z = 1907.4 ([M]");
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2nd generation polytriphenylene dendrimer based on pyrene core (PYG2)

0.095 g (0.050 mmol) dendrimer 2-28 and 0.230 g (0.6 mmol) end-capping unit 2-7
were dissolved in o-xylene (2 mL) in a microwave tube under Argon and stirred at 170 °C
for 8 h. After cooling to RT, the reaction mixture was precipitated in MeOH, then further
purified by a GPC column chromatography using toluene as eluent, affording 0.200 g

(0.042 mmol) pure product as light yellow powder in 84% yield.

'H NMR (300 MHz, CD,Cl,) & 8.43 (s, 8H), 8.40 (t, 8H, J = 4.2 Hz), 7.74- 6.81 (m, 194H),
6.59 (m, 8H);

3C NMR (75 MHz, CD,Cl,) & 144.81, 142.42, 140.28, 140.06, 139.93, 139.40, 138.62,
138.35, 136.98, 132.88, 132.47, 132.21, 131.99, 131.71, 131.45, 131.09, 130.48, 129.99,
129.44, 128.81, 128.66, 127.60, 127.27, 127.01, 126.75, 125.87, 125.55, 124.75, 123.54;
MALDI-TOF: m/z = 4744.0 ([M]*);
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6.4 Syntheses of the Green Phosphorescent dendrimers (Chapter 3)

fac-Tris[2-(3-iodophenyl)pyridyl]ir(lll) (3-5):

%\/N/

5.08g (20 mmol) iodine and 3.22 g (10 mmol) iodobenzene diacetate were added to a
solution of 1.32 g (2 mmol) Ir(ppy)s in 500 mL dichloromethane. The mixture was stirred
at room temperature under argon for 36 h. The solvent was concentrated to 50 mL and
mixed with 500 mL ethanol. The yellow precipitate was collected by filtration and
washed with water and ethanol. After it was dried, 2.05 g product was recrystallized in

hexane as yellow crystal in a quantitively yield.

'H NMR (250 MHz, DMSO-d6) & 8.22 (d, J = 8.4 Hz, 3H), 8.06 (d, J = 2.0 Hz, 3H), 7.83 (m,
3H), 7.45 (d, J = 5.4 Hz, 3H), 7.40 (m, 3H), 7.02 (dd, J = 2.0, 8.0 Hz, 3H), 6.41 (d, J = 8.0 Hz,
3H);

FDMS (m/z): Calcd. for C33H»4l3IrNs: 1032.5, found: 1032.7.

fac-Tris[2-(3-((trimethylsilyl)ethynyl)phenyl)pyridyl]ir(lll) (3-6):

1.
-Sj—

«N\ ’N Z
m

A mixture of 2.00 g (1.93 mmol) complex 3-5 and 4.50 g (11.60 mmol)

/

(tributylstannyl)trimethylsilane were dissolved in 150 mL anhydrate THF in the presence
of 120 mg (0.17 mmol) Pd(PPhs),Cl, and refluxed for 24 h at 85 °C. After cooling to room

temperature, the reaction mixture was extracted with toluene followed by washing with
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aqueous solution of potassium fluoride to remove extra stannane. The organic phase
was dried over MgS0,, and then purified by column chromatography using toluene as

the eluent, affording 1.09 g pure compound as a yellow powder in 60% yield.

'H NMR (250 MHz, CD,Cl,) 6 7.94 (d, J = 8.2 Hz, 3H), 7.76 (d, J = 1.6 Hz, 3H), 7.73 - 7.64
(m, 3H), 7.52 (d, J = 4.7 Hz, 3H), 6.97 (t, J = 5.9 Hz, 3H), 6.83 (dd, J = 1.7, 7.8 Hz, 3H), 6.70
(d, J=7.8 Hz, 3H), 0.22 (s, 27H);

MALDI-TOF (m/z): Calcd. for C4gH4glrNsSis: 943.4, found: 943.3.

fac-Tris[2-(3-ethynyl)phenyl)pyridyl]ir(lll) (3-4):

To a solution of 1.00 g (1.06 mmol) complex 3-6 in THF (25 mL) was added dropwise a
solution of TBAF (1.25 g, 4.77 mmol) in THF (15 mL). The reaction was stirred at 0 °C for
1 h and precipitate in 100 mL MeOH. The solid was dissolved in CH,Cl, and purified by
column chromatography using CH,Cl, as eluent, affording 700 mg pure product as

yellow powder in 90% vyield.

'H NMR (250 MHz, CD,Cl,) 6 7.93 (d, J = 8.2 Hz, 3H), 7.74 (d, J = 1.6 Hz, 3H), 7.72 - 7.63
(m, 3H), 7.52 (d, J = 4.8 Hz, 3H), 6.96 (t, / = 5.8 Hz, 3H), 6.82 (dd, J = 1.8, 7.8 Hz, 3H), 6.70
(d, J = 7.6 Hz, 3H), 3.00 (d, J = 11.0 Hz, 3H);

FDMS (m/z): Calcd. for C3gH24lrN3: 727.2, found: 727.0.
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1st generation Ir(ppy)s core based polyphenylene dendrimer (GIrG1):

@:o
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c
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100 mg (0.137 mmol) Ir(ppy)s core 3-4 and 237 mg (0.617 mmol)
tetraphenylcyclopentadienone 3-7 were dissolved in o-xylene (5 mL) in a microwave
tube. The argon bubbled mixture was stirred at 170 °C in microwave reactor for 4 h.
After cooling to RT, the reaction mixture was precipitated in MeOH, further purified by a
GPC column using toluene as the eluent, affording 225 mg pure product as yellow

powder in 92% vyield.

'H NMR (500 MHz, CD,Cl,) & 7.59 (s, 3H), 7.56 (s, 3H), 7.55 (d, J = 1.5 Hz, 3H), 7.48 (d, J =
5.4 Hz, 3H), 7.34 (d, J = 1.8 Hz, 3H), 7.18 = 7.11 (m, 15H), 6.95 - 6.85 (m, 48H), 6.67 (dd, J
=1.8, 7.8 Hz, 3H), 6.36 (d, J = 7.8 Hz, 3H);

3¢ NMR (125 MHz, CD,Cly) 6 166.74, 159.24, 147.40, 143.74, 142.41, 142.37, 141.95,
141.22, 141.02, 140.90, 140.83, 139.72, 138.87, 136.48, 136.20, 133.44, 132.12, 132.01,
131.93, 131.59, 131.36, 130.39, 127.87, 127.19, 127.02, 126.92, 126.88, 126.48, 126.35,
125.84, 125.60, 122.38, 119.13;

MALDI-TOF (m/z): Calcd. for Cy3HgaslrN3: 1795.6, found: 1795.4.
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1st generation TiPSethynyl Ir(ppy)s core based polyphenylene dendrimer (3-9)
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200mg Ir(ppy)s core 3-4 (0.274 mmol) and 918 mg building unit 3-8 (1.223 mmol) were
dissolved in o-xylene (2 mL) in a microwave tube under Argon and stirred at 170 °C for 2
h. After cooling to RT, the reaction mixture was precipitated in MeOH, and then further
purified by a GPC column chromatography using toluene as eluent, affording 678 mg

(0.235 mmol) pure product as yellow powder in 86% vyield.

'H NMR (500 MHz, C,D,Cls) & 7.64 (s, 3H), 7.61 (d, J = 8.1, 3H), 7.54 (t, J = 7.7 Hz, 3H),
7.46 (d, J = 4.9 Hz, 3H), 7.37 (s, 3H), 7.21 (dd, J = 6.3, 18.1 Hz, 18H), 7.12 (d, / = 8.1 Hz,
6H), 7.07 (d, J = 8.1 Hz, 6H), 6.91 (s, 15H), 6.88 — 6.78 (m, 15H), 6.64 (d, J = 7.3, 3H), 6.49
(s, 3H), 1.19, (s, 18H), 1.18 (s, 108H);

3¢ NMR (125 MHz, C,D,Cl,) & 166.88, 158.96, 146.66, 143.01, 142.25, 141.78, 140.90,
140.53, 140.48, 140.09, 139.25, 137.45, 136.12, 135.29, 132.47, 131.51, 131.30, 131.16,
130.85, 130.42, 130.17, 129.83, 127.36, 126.87, 126.56, 126.00, 125.54, 125.28, 121.11,
120.65, 120.42,118.43,107.82, 107.73, 89.98, 89.80, 18.44, 11.66, 11.44;

MALDI-TOF (m/z): Calcd. for Cyig9H;071rN3Sig: 2881.5, found: 2880.8.
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1st generation ethynyl Ir(ppy)s core based polyphenylene dendrimer (3-10)
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To a solution of 600 mg (0.208 mmol) dendrimer 3-9 in THF (25 mL) was added dropwise
a solution of 489 mg TBAF (1.872 mmol) in THF (15 mL). The mixture was stirred at 0 °C
for 1 h, then most solvent was distilled and the residue was precipitated in 100 mL
MeOH. The solid was dissolved in DCM solution and purified by column chromatography
using DCM as eluent, affording 350 mg (0.181 mmol) pure product as yellow powder in

87% vield.

'H NMR (500 MHz, C,D,Cls) & 7.61 (s, 3H), 7.57 (s, 3H), 7.55 (s, 3H), 7.47 (d, J = 7.9 Hz,
3H), 7.32 (s, 3H), 7.16 (s, 18H), 7.13 (d, J = 8.1 Hz, 6H), 7.08 (d, J = 8.2 Hz, 6H), 6.94 —
6.83 (m, 30H), 6.64 (d, ] = 7.5 Hz, 3H), 6.34 (d, J = 7.5 Hz, 3H), 3.01 (d, J = 11.8 Hz, 6H);
BC NMR (125 MHz, C,D,Cl,) 6 166.83, 159.04, 146.67, 143.05, 142.31, 141.60, 141.48,
141.05, 140.51, 140.33, 139.98, 139.21, 137.24, 136.13, 135.32, 132.34, 131.47, 131.41,
131.11, 130.85, 130.62, 130.36, 129.79, 127.39, 126.59, 126.08, 125.56, 125.35, 121.14,
119.13, 118.87, 118.43, 76.66, 76.49;

MALDI-TOF (m/z): Calcd. for Cy35Hg7IrNs: 1940.3, found: 1940.5
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2nd generation Ir(ppy)s core based polyphenylene dendrimer (GIrG2):

100 mg (0.051 mmol) dendrimer 3-10 and 141 mg (0.367 mmol) end-capping unit 3-7
were dissolved in o-xylene (5 mL) in a microwave tube. The argon bubbled mixture was
stirred at 170 °C in microwave reactor for 6 h. After cooling to RT, the reaction mixture
was precipitated in MeOH, further purified by a GPC column using toluene as the eluent,

affording 174 mg (0.043 mmol) pure product as yellow powder in 84% yield.

'H NMR (500 MHz, CD,Cl,) & 7.55 (s, 3H), 7.54 (s, 6H), 7.47 (d, J = 5.5 Hz, 3H), 7.43 (s, 3H),
7.39 (s, 3H), 7.29 (s, 3H), 7.17 — 7.15 (m, 39H), 7.09 — 7.06 (m, 6H), 6.96 - 6.70 (m, 114H),
6.68 (d, J = 8.0 Hz, 6H), 6.60 (dd, J = 1.0, 7.7 Hz, 3H), 6.56 (d, J = 6.2 Hz, 6H), 6.52 (d, J =
6.1 Hz, 6H), 6.34 (d, J = 7.9 Hz, 3H);

3¢ NMR (125 MHz, CD,Cly) 6 142.29, 142.07, 141.07, 140.84, 140.65, 140.45, 139.53,
139.46,131.92, 131.49, 130.31, 127.88, 127.20, 127.14, 126.85, 126.56, 125.92, 125.62;
MALDI-TOF (m/z): Calcd. for C3gzH04IrN3: 4079.1, found: 4079.2.
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2nd generation TiPSethynyl Ir(ppy)s core based polyphenylene dendrimer (3-11)

150 mg dendrimer 3-10 (0.077 mmol) and 413 mg building unit 3-8 (0.554 mmol) were
dissolved in o-xylene (5 mL) in a microwave tube under Argon and stirred at 170 °C for 6
h. After cooling to RT, the reaction mixture was precipitated in MeOH, and then further
purified by a GPC column chromatography using toluene as eluent, affording 423 mg

(0.235 mmol) pure product as yellow powder in 88% vyield.

'H NMR (500 MHz, C,D,Cls) & 7.56 (s, 3H), 7.53 (s, 3H), 7.48 (s, 3H), 7.43 (d, J = 3.3 Hz,
9H), 7.33 (s, 6H), 7.18 (d, J = 13.6 Hz, 42H), 7.10 (d, J = 7.7 Hz, 15H), 7.05 (d, J = 7.2 Hz,
15H), 6.94 (s, 21H), 6.89 — 6.68 (m, 63H), 6.64 (d, J = 7.4 Hz, 9H), 6.59 (s, 6H), 1.17 (s,
252H);

BC NMR (125 MHz, C,D,Cl,) 6 141.52, 140.82, 140.55, 140.08, 139.57, 139.03, 138.21,
131.33, 131.15, 130.97, 130.44, 130.16, 129.70, 128.31, 128.13, 127.43, 126.73, 126.16,
125.49, 120.81, 120.53, 107.59, 89.97, 18.43, 11.42;

MALDI-TOF (m/z): Calcd. for Cs3sHaa71rNsSiio: 6243.4, found: 6243.1.
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2nd generation ethynyl Ir(ppy)s core based polyphenylene dendrimer (3-12)

To a solution of 400 mg (0.064 mmol) dendrimer 3-11 in THF (25 mL) was added
dropwise a solution of 300 mg TBAF (1.152 mmol) in THF (15 mL). The mixture was
stirred at 0 °C for 1 h, then most solvent was distilled and the residue was precipitated
in 100 mL MeOH. The solid was dissolved in DCM solution and purified by a short
column chromatography using DCM as eluent, affording 245 mg (0.056 mmol) pure

product as yellow powder in 87% yield.

'H NMR (500 MHz, C,D,Cls) 6 § 7.58 (s, 6H), 7.53 (d, J = 7.6 Hz, 3H), 7.49 (s, 3H), 7.44 (s,
6H), 7.33 (s, 6H), 7.19 — 7.11 (m, 60H), 7.09 — 7.02 (m, 15H), 6.94 (d, J = 2.0 Hz, 21H),
6.89 — 6.69 (m, 63H), 6.65 (d, J = 7.7 Hz, 6H), 6.61 (d, J = 7.4 Hz, 6H), 3.01 (d, J = 10.3 Hz,
12H);

3¢ NMR (125 MHz, C,D,Cl,) 6 141.35, 141.13, 140.91, 140.61, 140.40, 139.42, 139.09,
138.05, 131.26, 130.98, 130.64, 130.36, 129.93, 129.67, 128.30, 128.02, 127.45, 127.16,
126.76,126.37, 126.23, 125.61, 119.30, 119.00, 84.17, 76.61;

MALDI-TOF (m/z): Calcd. for C3p7H071rN3: 4367.4, found 4367.4.
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3rd generation Ir(ppy)s core based polyphenylene dendrimer (GIrG3):

100 mg (0.023 mmol) dendrimer 3-12 and 160 mg (0.414 mmol) end-capping unit 3-7
were dissolved in o-xylene (5 mL) in a microwave tube. The argon bubbled mixture was
stirred at 170 °C in microwave reactor for 12 h. After cooling to RT, the reaction mixture
was precipitated in MeOH, further purified by a GPC column using toluene as the eluent,

affording 165 mg (0.019 mmol) pure product as yellow powder in 83% vyield.

'"H NMR (500 MHz, CD,Cly) 6 7.53 (s, 9H), 7.47 (d, 3H,J=4.6 Hz), 7.41 (d, J = 2.2 Hz, 6H),
7.37 (s, 9H), 7.33 (s, 3H), 7.27 (s, 6H), 7.21 - 6.99 (m, 108H), 6.97 — 6.57 (m, 264H), 6,56
—6.41 (m, 33H), 6.33 (d, /= 7.5 Hz, 3H);

3¢ NMR (125 MHz, CD,Cly) 6 142.27, 142.08, 141.08, 141.01, 140.62, 140.42, 139.55,
139.44, 131.90, 131.41, 130.30, 128.93, 128.65, 127.89, 127.15, 126.86, 126.58, 125.93,
125.62;

MALDI-TOF (m/z): Calcd. for CgszHaaslrN3: 8642.5, found: 8642.9.
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3rd generation TiPSethynyl Ir(ppy)s core based polyphenylene dendrimer (3-13)
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100 mg dendrimer 3-12 (0.023 mmol) and 308 mg building unit 3-8 (0.414 mmol) were
dissolved in o-xylene (5 mL) in a microwave tube under Argon and stirred at 170 °C for
12 h. After cooling to RT, the reaction mixture was precipitated in MeOH, and then
further purified by a GPC column chromatography using toluene as eluent, affording 255
mg (0.020 mmol) pure product as yellow powder in 86% vyield.

'H NMR (500 MHz, C,D5Cls) & 7.46 (s, 6H), 7.42 (s, 6H), 7.36 (s, 6H), 7.31 — 6.40 (m,
405H), 1.17 (s, 504H);

13C NMR (125 MHz, C,D,Cl,) & 145.39, 141.49, 140.83, 140.51, 140.08, 139.54, 139.06,
138.39, 131.30, 131.15, 130.82, 130.44, 130.16, 129.68, 127.73, 127.44, 126.73, 126.17,
125.40, 125.26, 120.82, 120.55, 107.66, 90.01, 18.43, 11.42.

MALDI-TOF (m/z): Calcd. for Coy7Hg7IrN3Sizs: 12961.6, found: 12964.4 (-K7).
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3rd generation ethynyl Ir(ppy)s core based polyphenylene dendrimer (3-14)

To a solution of 200 mg (0.015 mmol) dendrimer 3-13 in THF (25 mL) was added
dropwise a solution of 145 mg TBAF (0.555 mmol) in THF (15 mL). The mixture was
stirred at 0 °C for 1 h, then most solvent was distilled and the residue was precipitated
in 100 mL MeOH. The solid was dissolved in DCM solution and purified by a short
column chromatography using DCM as eluent, affording 123 mg (0.013 mmol) pure
product as yellow powder in 89% yield.

'H NMR (500 MHz, C,D,Cls) & 7.48 (s, 6H), 7.43 (s, 6H), 7.38 (s, 6H), 7.31 — 6.40 (m,
405H), 3.00 (d, J = 10.3 Hz, 24H);

3C NMR (125 MHz, C,D,Cl,) 6 141.39, 141.17, 140.43, 140.11, 140.03, 139.47, 139.21,
138.99, 131.47, 131.25, 130.93, 130.64, 130.26, 130.01, 129.55, 127.53, 127.34, 126.62,
126.04, 125.31, 125.16, 120.73, 120.57, 107.66, 84.01, 76.23;

MALDI-TOF (m/z): Calcd. for C711Ha471rN3: 9214.4, found: 9214.7.
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4th generation Ir(ppy)s core based polyphenylene dendrimer (GIrG4):
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65 mg (0.007 mmol) dendrimer 3-14 and 100 mg (0.252 mmol) end-capping unit 3-7
were dissolved in o-xylene (4 mL) in a microwave tube. The argon bubbled mixture was
stirred at 170 °C in microwave reactor for 24 h. After cooling to RT, the reaction mixture
was precipitated in MeOH, further purified by a GPC column using toluene as the eluent,
affording 100 mg (0.0057 mmol) pure product as yellow powder in 81% vyield.

'H NMR (500 MHz, CD,Cl,) 6 7.53 (s, 6H), 7.41 (s, 9H), 7.37 (s, 6H), 7.36 (s, 6H), 7.31 (s,
6H), 7.27 (s, 6H), 7.27 — 6.20 (m, 891H);

3C NMR (125 MHz, CD,Cl,) § 131.50, 129.90, 128.05, 127.49, 126.76, 125.67;
MALDI-TOF (m/z): Calcd. for Ceg3HaaslrNs: 17776.4, found: 17787.0 (-Ag’).
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6.5 Syntheses of red phosphorescent dendrimers (Chapter 4)

2-(2'-Benzo[b]thienyl)-5-bromopyridine (4-5):

3.8 g (21.3 mmol) 2-benzo[b]thiophenylboronic acid and 5.0 g (21.3 mmol) 2,5-
dibromopyridine were dissolved in 50 mL 2-methoxyethanol and mixed with 25 mL (2M)
aqueous sodium carbonate solution. 700 mg (0.61 mmol) Tetrakis(triphenylphosphane)
palladium was added to the mixture under argon atmosphere. The mixture was stirred
at 80 °C overnight. After cooling to room temperature, the reaction mixture was poured
into water and extracted with ethyl acetate. The organic layer was washed with brine
several times, and the solvent was then evaporated. The product thus obtained was
purified by silica gel column chromatography (hexane/ ethyl acetate, 9:1), affording 7.26
g (25.2 mmol) pure product as white solid in 82 % yield.

'H NMR (250 MHz, CD,Cl,): & 8.70 (d, J = 2.3, 1H), 7.99 — 7.83 (m, 4H), 7.77 (dd, J = 7.8
Hz, 0.7 Hz, 1H), 7.49 — 7.35 (m, 2H);

B3¢ NMR (CDyCl,, 75 MHz): § 119.5, 120.8, 121.9, 122.8,124.4, 124.8, 125.5, 139.3, 140.5,
140.9, 143.7, 150.9, 151.3;

FD-MS (m/z): Calcd. for C13HgBrNS: 290.2, found: 290.9.

Diiridium(lll) di-u-chlorotetrakis(2-(2'-benzo[b]thienyl)-5-bromopyridinato) (4-6):
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3.0 g (10.3 mmol) 4-5 and 1.5 g (5.0 mmol) iridium(lIl) trichloride were dissolved in a 2-
ethoxyethanol (30 mL) and water (10 mL). The solution was heated to 111 C for 18 h.
The suspension was filtered and the precipitate washed with ethanol (100 mL). The red-
orange product (was insoluble in most organic solvents preventing chromatography and
showing sparing solubility in CH.Cl,, sufficient for FD mass spectrometry. The product

was directly used for the next reaction without further purification.

FD-MS (m/z): Calcd. for Cs;H2gBraClalraNsSa: 1611.7, found: 1611.6 [M]", 805 [M/2]".

fac-Tris[2-(2'-Benzo[b]thienyl)-5-bromopyridyl]ir(lll) (4-7)

To a glycerol solution (20 mL) containing 3.0 g (10.3 mmol) 4-5 and /-chloride-Ir(lll)
dimer 4-6 was delivered potassium carbonate (7.0 g, 50 mmol). Prior to raising the
temperature, the reaction mixture was thoroughly degassed via repetitive vacuum-
freeze-thaw technique. Then, refluxing at 200 °C was performed for 24 h. After being
cooled down to room temperature, the reaction mixture was poured into water. The
red precipitate was further washed with water (100 mL), methanol (50 mL), and then
ether (50 mL). A dark organe colored powder was obtained after silica gel column
purification with CH,Cl, eluent. Finally, recrystallization in toluene gave the red

phosphorescent product (2.0 g, 1.9 mmol) in a total yield of 38% from iridium trichloride.

'H NMR (250 MHz, CD,Cl,): & 8.25 (td, J = 6.6, 8.6 Hz, 1H), 7.86 (d, J = 3.7 Hz, 1H), 7.50 —
7.25 (m, 16H), 7.09 — 6.77 (m, 3H);

3C NMR (75 MHz, CD,Cl,): 6 147.9, 144.4, 126.7, 126.0, 125.8, 125.4, 124.4, 124.3,
123.9,123.3, 122.6, 120.0, 118.7.

FD-MS (m/z): Calcd. for C3gH,»1BrslrN3Ss: 1059.7, found: 1062.6 [M]".
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fac-Tris[2-(2'-Benzo[b]thienyl)-5-trimethylsilylethynylpyridyl]ir(lll) (4-8):

A mixture of 1.50 g (1.42 mmol) complex 4-7 and 3.43 g (852 mmol)
(tributylstannyl)trimethylsilane were dissolved in 120 mL anhydrate THF in the presence
of 125 mg (0.09 mmol) Pd(PPhs),Cl, and refluxed for 24 h at 85 °C. After cooling to room
temperature, the reaction mixture was extracted with toluene followed by washing with
aqueous solution of potassium fluoride to remove extra stannane. The organic phase
was dried over MgS0,, and then purified by column chromatography using toluene as

the eluent, affording 820 mg (0.74 mmol) pure compound as a red powder in 52% yield.

'H NMR (250 MHz, CD,Cl,) & 7.96 (s, 1H), 7.89 — 7.31 (m, 10H), 7.25 — 7.00 (m, 3H), 6.97
—6.41 (m, 5H), 6.35—6.10 (m, 2H), 0.19 (s, 27H);
FD-MS (m/z): Calcd. for Cs4HaglrN3S3Sis: 1111.2, found: 1111.0.

fac-Tris[2-(2'-Benzo[b]thienyl)-5-ethynylpyridyl]ir(lll) (4-4):

To a solution of 800 mg (0.72 mmol) complex 4-8 in THF (25 mL) was added dropwise a
solution of TBAF (1.13 g, 4.32 mmol) in THF (15 mL). The reaction was stirred at 0 °C for
1 h and precipitate in 100 mL methanol. The solid was dissolved in CH,Cl, and purified
by column chromatography using CH,Cl, as eluent, affording 565 mg (0.63 mmol) pure

product as red powder in 88% vyield.
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'H NMR (250 MHz, CD,Cl,) § 7.99 (d, J = 4.1 Hz, 1H), 8.74 — 7.31 (m, 10H), 7.19 — 7.12 (m,
3H), 6.95 — 6.63 (m, 4H), 6.49 — 6.44 (m, 1H), 6.25 (d, J = 7.6 Hz, 2H), 3.15 (d, J = 2.4 Hz,
2H), 3.08 (d, J = 1.2 Hz, 1H)

FD-MS (m/z): Calcd. for C45H4IrN3S3: 895.1, found: 897.0.

3,4-bis(4-triphenylamino)-2,5-diphenylcyclopentadienone (4-9):
0
A3
07 4

“b o
Dibromocyclopentadienone 4-10 (4.4 g, 8.0 mmol), diphenylamine (3.6 g, 16.0 mmol),
[Pd2(dba)3] (150 mg), and tBuONa (2.3 g, 24.0 mmol) were added to a 100 mL Schlenk
flask in a glove box. Toluene (60 mL) was poured into the flask to dissolve the mixture,
and tri-tert-butylphosphane toluene solution (2.4 mL, 20 mg/mL, prepared from pure
tri-tertbutylphosphane and distilled toluene in the glove box) was added by injection.
The mixture was stirred at room temperature for 1 h under argon. Then the solution
was filtered under suction, and the filtrate extracted with water (500 mL). The organic
phase was dried under vacuum to give a dark crude product, and then purified by
column chromography (CH,Cl,), afford 5.2 g (8.0 mmol) pure product as black solid in
99% yield.

4 NMR (250 MHz, CD,Cl,): 6 7.18 (m, 18H), 7.00 (m, 12H), 6.74 (m, 8H);

3¢ NMR (75 MHz, CD,Cly): & 200.5, 154.6, 148.4, 147.5, 131.9, 131.0, 130.5, 129.7,
128.2,127.5,126.7,125.3, 124.9, 123.9, 121.5;

FD-MS (m/z): Calcd. for Cs3HagN,0: 718.3, found: 718.2.
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1st generation Ir(btp)s core based polyphenylene dendrimer (RIrG1):

100 mg (0.112 mmol) Ir(btp)s core 4-4 and 362 mg (0.504 mmol)
ditriphenylaminocyclopentadienone 4-9 were dissolved in o-xylene (5 mL) in a
microwave tube. The argon bubbled mixture was stirred at 170 °C in microwave reactor
for 4 h. After cooling to RT, the reaction mixture was precipitated in MeOH, further
purified by a GPC column using toluene as the eluent, affording 268 mg (0.091 mmol)

pure product as red powder in 81% yield.

'H NMR (500 MHz, CD,Cl,) & 7.42 — 7.35 (m, 3H), 7.28 — 7.04 (m, 45H), 7.00 — 6.81 (m,
48H), 6.79 - 6.54 (m, 33 H), 6.51 - 6.21 (m, 9H);

3C NMR (125 MHz, CD,Cly) 6 148.11, 148.06, 145.88, 145.58, 145.50, 144.63, 142.98,
142.76, 142.62, 141.76, 141.58, 141.41, 140.61, 139.53, 137.23, 135.72, 135.54, 134.97,
134.03, 132.74, 132.51, 131.42, 130.37, 130.30, 130.27, 129.49, 129.47, 129.41, 128.03,
127.98, 127.92, 127.81, 127.48, 126.89, 126.69, 125.33, 124.10, 124.05, 123.85, 123.49,
123.42,122.77,122.62, 108.80, 93.21;

MALDI-TOF (m/z): Calcd. for Cy01H13slrNgS3: 2967.7, found: 2968.3.
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1st generation TiPSethynyl Ir(btp)s core based polyphenylene dendrimer (4-11)

200 mg (0.224 mmol) Ir(btp)s core 4-4 and 750 mg (1.008 mmol) building unit 4-12 were
dissolved in o-xylene (2 mL) in a microwave tube under Argon and stirred at 170 °C for 2
h. After cooling to RT, the reaction mixture was precipitated in MeOH, and then further
purified by a GPC column chromatography using toluene as eluent, affording 572 mg

(0.188 mmol) pure product as red powder in 84% yield.

'H NMR (700 MHz, CD,Cl,) & 8.04 - 6.25 (m, 78H), 1.09 - 1.07 (m, 126H);

3¢ NMR (175 MHz, CD,Cly) 6 148.69, 148.69, 141.70, 141.70, 141.47, 141.47, 141.22,
141.22, 140.62, 140.62, 140.43, 140.43, 140.22, 140.22, 139.53, 139.53, 139.22, 139.22,
138.67, 138.67, 137.99, 137.99, 136.56, 136.56, 135.76, 135.76, 131.97, 131.97, 131.66,
131.66, 131.57, 131.57, 131.51, 131.51, 131.38, 131.38, 131.11, 131.11, 130.91, 130.91,
130.79, 130.79, 130.17, 130.17, 130.13, 130.13, 130.07, 130.07, 128.25, 128.25, 128.17,
128.17, 128.07, 128.07, 127.61, 127.61, 127.11, 127.11, 126.98, 126.98, 121.41, 121.41,
121.32,121.32,121.07,121.07, 107.18, 107.18, 91.10, 91.10, 91.05, 91.05, 18.77, 18.76,
18.45, 14.26, 11.85, 11.69, 11.68, 11.52, 11.42;

MALDI-TOF (m/z): Calcd. for Cy95H04IrN3S3Sis: 3046.7, found: 3046.1.
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1st generation ethynyl Ir(btp)s core based polyphenylene dendrimer (4-13)

To a solution of 500 mg (0.164 mmol) dendrimer 4-11 in THF (25 mlL) was added
dropwise a solution of 385 mg TBAF (1.476 mmol) in THF (15 mL). The mixture was
stirred at 0 °C for 1 h, then most solvent was distilled and the residue was precipitated
in 100 mL MeOH. The solid was dissolved in DCM solution and purified by column
chromatography using DCM as eluent, affording 290 mg (0.140 mmol) pure product as
red powder in 85% vyield.

'H NMR (500 MHz, CD,Cl,) & 8.06 (s, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.78 — 7.71 (m, 2H),
7.68 (s, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.44 (s, 1H), 7.35 (s, 1H), 7.31
(s, 1H), 7.29 - 6.21 (m, 69H), 3.36 — 3.30 (m, 6H).

3¢ NMR (125 MHz, CD,Cly) 6 175.80, 172.31, 164.48, 163.02, 161.94, 161.06, 155.18,
154.11, 151.69, 150.36, 149.55, 148.69, 148.56, 148.22, 147.85, 144.67, 144.21, 143.05,
142.85, 142.71, 141.72, 141.64, 141.58, 141.52, 141.48, 141.22, 141.08, 141.04, 141.01,
140.92, 140.88, 140.74, 140.68, 140.62, 139.72, 139.58, 139.49, 139.38, 139.32, 139.29,
139.15, 139.11, 138.86, 138.74, 138.71, 138.41, 138.00, 137.18, 136.83, 136.60, 136.23,
135.80, 134.82, 134.50, 133.79, 133.68, 132.58, 132.38, 131.95, 131.84, 131.74, 131.65,
131.59, 131.42, 131.32, 131.11, 131.05, 130.96, 130.86, 130.74, 130.18, 130.08, 128.48,
128.26, 128.21, 128.17, 128.07, 127.94, 127.79, 127.63, 127.12, 127.03, 126.72, 126.55,
126.06, 125.49, 125.40, 125.24, 123.92, 123.88, 123.81, 123.71, 123.30, 123.00, 122.54,
122.30, 120.10, 120.02, 119.95, 119.91, 119.77, 119.65, 118.31, 118.09, 117.56, 117.46,
117.02, 116.80, 83.70, 77.58, 77.48, 77.35;

MALDI-TOF (m/z): Calcd. for Ci41HgslrN3S3: 2108.6, found: 2108.7.
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2nd generation Ir(btp); core based polyphenylene dendrimer (RIrG2):

100 mg (0.047 mmol) dendrimer 4-13 and 316 mg (0.423 mmol) end-capping unit 4-9
were dissolved in o-xylene (5 mL) in a microwave tube. The argon bubbled mixture was
stirred at 170 °C in microwave reactor for 6 h. After cooling to RT, the reaction mixture
was precipitated in MeOH, further purified by a GPC column using toluene as the eluent,

affording 230 mg (0.037 mmol) pure product as red powder in 78% vyield.

'H NMR (500 MHz, CD,Cl,) & 7.57 —6.17 (m, 312H, aromatic);

3C NMR (125 MHz, CD,Cl,) & 148.16, 145.76, 145.41, 142.16, 141.04, 140.48, 139.48,
136.22, 135.59, 132.93, 131.95, 131.24, 130.41, 129.47, 129.40, 128.96, 127.93, 127.24,
126.68, 125.91, 124.01, 123.78, 123.62, 122.71, 122.55;

MALDI-TOF (m/z): Calcd. for C4s3H3121rN;sS3: 6253.8, found: 6254.7.
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2nd generation TiPSethynyl Ir(btp)s core based polyphenylene dendrimer (4-14)

150 mg (0.071 mmol) dendrimer 4-13 and 477 mg (0.640 mmol) building unit 4-12 were
dissolved in o-xylene (5 mL) in a microwave tube under Argon and stirred at 170 °C for 6
h. After cooling to RT, the reaction mixture was precipitated in MeOH, and then further
purified by a GPC column chromatography using toluene as eluent, affording 360 mg

(0.057 mmol) pure product as red powder in 80% vyield.

'H NMR (700 MHz, CD,Cl,) 6 8.01 - 6.21(m, 192H), 1.09 (s, 252H);

3C NMR (175 MHz, CD,Cl,) 6 160.53, 141.87, 141.22, 141.13, 140.00, 139.64, 139.51,
138.69, 131.80, 131.34, 131.03, 130.77, 130.20, 128.09, 127.37, 126.84, 121.86, 121.20,
120.90, 113.35, 107.29, 90.96, 18.78, 18.42, 11.86, 11.70, 11.53;

MALDI-TOF (m/z): Calcd. for C43sHas71rN3Siio: 6243.4, found: 6243.1.
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2nd generation ethynyl Ir(btp); core based polyphenylene dendrimer (4-15)

To a solution of 300 mg (0.047 mmol) dendrimer 4-14 in THF (25 mlL) was added
dropwise a solution of 220 mg (0.842 mmol) TBAF in THF (15 mL). The mixture was
stirred at 0 °C for 1 h, then most solvent was distilled and the residue was precipitated
in 100 mL MeOH. The solid was dissolved in DCM solution and purified by a short
column chromatography using DCM as eluent, affording 160 mg (0.035 mmol) pure

product as yellow powder in 75% yield.

'H NMR (500 MHz, CD,Cl,) & 7.87 — 6.15 (m, 192H, aromatic), 3.02 (d, ] =9.2, 12H);

BC NMR (125 MHz, CD,Cl,) 6 148.16, 142.97, 141.69, 141.13, 139.87, 139.45, 139.13,
139.04, 138.63, 138.13, 137.99, 131.88, 131.16, 130.86, 130.21, 128.88, 128.09, 127.38,
126.89, 126.22,125.31, 123.80, 119.79, 119.47, 83.79, 77.41;

MALDI-TOF (m/z): Calcd. for Cs3zzH04IrN3Ss: 4535.6, found 4535.4.
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3rd generation Ir(btp)s core based polyphenylene dendrimer (RIrG3):

60 mg (0.013 mmol) dendrimer 4-15 and 175 mg (0.234 mmol) end-capping unit 4-9
were dissolved in o-xylene (3 mL) in a microwave tube. The argon bubbled mixture was
stirred at 170 °C in microwave reactor for 12 h. After cooling to RT, the reaction mixture
was precipitated in MeOH, further purified by a GPC column using toluene as the eluent,
affording 116 mg (0.009 mmol) pure product as yellow powder in 70% vyield.

'H NMR (500 MHz, CD,Cl,) & 8.18 - 6.17 (m, 660H, aromatic);

13C NMR (125 MHz, CD,Cl,) & 148.14, 145.75, 145.39, 142.18, 142.10, 141.61, 141.03,
140.50, 139.57, 139.41, 138.71, 136.26, 135.60, 132.94, 132.06, 131.30, 130.42, 129.47,
129.39, 129.00, 128.74, 127.92, 127.23, 126.67, 125.88, 124.00, 123.77, 123.62, 123.37,
122.71, 122.54;

MALDI-TOF (m/z): Calcd. for Cgs7HeeolrN3S3: 12816.1, found: 12812.1.
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1-Phenylisoquinoline (4-17):
N

5.0 g (30.7 mmol) 1-chloroisoquinoline and 3.74 g (30.7 mmol) phenylboronic acid were
dissolved in 50 mL 2-methoxyethanol and mixed with 25 mL (2M) aqueous sodium
carbonate solution. 430 mg (0.37 mmol) Tetrakis(triphenylphosphane)palladium was
added to the mixture under argon atmosphere. The mixture was stirred at 80 °C
overnight. After cooling to room temperature, the reaction mixture was poured into
water and extracted with ethyl acetate. The organic layer was washed with brine several
times, and the solvent was then evaporated. The product thus obtained was purified by
silica gel column chromatography (hexane/ ethyl acetate, 9:1), affording 5.66 g (27.6

mmol) pure product as white solid in 90 % yield.

'H NMR (250 MHz, CD,Cl,): 6 8.61 (d,J =5.6 Hz, 1 H), 8.10 (d, J =8.4 Hz, 1 H), 7.87 (d, J =
8.4 Hz, 1 H), 7.63-7.72 (m, 4 H), 7.49-7.56 (m, 4 H);

13C NMR (75 MHz, CD,Cl,) 6 160.9, 142.4, 139.8, 137.1, 130.2, 130.1, 128.8, 128.6, 127.8,
127.4,127.2,126.9,120.1;

FD-MS (m/z): Calcd. for C1sH11N: 205.1, found: 205.1.

fac-Tris(1-phenylisoquinolinato)ir(lll) (Ir(pig)s):

¢N\ ,N/

Ir
SEDS
2 g (4.0 mmol) iridium(lIl) acetylacetonate and 4.08 g (20.0 mmol) 1-chloroisoquinoline
(4-17) as cyclometalating ligand were dissolved in 100 ml glycerol. The solution was
refluxed under argon atmosphere overnight. After completion of the reaction, addition

of 1 M HCI resulted in precipitation of the product, which was filtered, washed with

water, and dried at 100 °C in vacuum. The product was further purified by silica gel
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column chromatography with CH,Cl, as an eluent, affording 1.52 g (1.88 mmol) pure

product as red solid in 47% yield.

'H NMR (CD,Cl,, 250 MHz) 6 8.96 (m, 3H), 8.18 (d, 3H, J = 7.9 Hz), 7.71 (m, 3H), 7.62 (m,
6H), 7.33 (d, 3H, J = 6.1Hz), 7.09 (d, 3H, J = 6.1Hz), 6.94-6.99 (m, 6H), 6.84 (t, 3H, ) = 7.4
Hz).

13C NMR (CD,Cl,, 75 MHz) d (ppm): 168.8, 166.4, 147.4, 141.7, 138.8, 138.6, 132.2, 131.7,
130.9, 129.8, 129.2, 128.7, 128.2, 122.4, 121.2;

FD-MS (m/z): Calcd. for C4s5H3olrNs: 805.0, found: 805.1.

fac-Tris[1-(3-bromophenyl)isoquinolinato]ir(lil) (4-18):

2.67g (15 mmol) N-Bromosuccinimide was added to a solution of 1.21 g (1.5 mmol)
Ir(piq)sin 400 mL dichloromethane. The mixture was stirred at room temperature under
argon for 36 h. The solvent was concentrated to 50 mL and mixed with 500 mL ethanol.
The yellow precipitate was collected by filtration and washed with water and ethanol.
After it was dried, 1.55 g product was recrystallized in hexane as red crystal in a

guantitively yield.

'H NMR (250 MHz, DMSO-d6) & 8.92 (m, 3H), 8.16 (d, J = 8.0 Hz, 3H), 7.83 (m, 3H), 7.65
(m, 6H), 7.40 (d, J = 5.4 Hz, 3H), 7.02 (d, J = 7.0 Hz, 3H), 6.96 (m, 3H), 6.81 (t, J = 8.0 Hz,
3H);

FDMS (m/z): Calcd. for C45H,7Br3lrNs: 1038.9, found: 1039.7.
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fac-Tris[1-(3-(trimethylsilylethynyl)phenyl)isoquinolinato]ir(lll) (4-19):

A mixture of 150 g (1.44 mmol) complex 4-18 and 3.47 g (8.64 mmol)
(tributylstannyl)trimethylsilane were dissolved in 120 mL anhydrate THF in the presence
of 125 mg (0.09 mmol) Pd(PPhs),Cl, and refluxed for 24 h at 85 °C. After cooling to room
temperature, the reaction mixture was extracted with toluene followed by washing with
aqueous solution of potassium fluoride to remove extra stannane. The organic phase
was dried over MgS0,, and then purified by column chromatography using toluene as

the eluent, affording 900 mg (0.82 mmol) pure compound as a red powder in 57% vyield.

'H NMR (250 MHz, CD,Cl,) & 8.93 (m, 3H), 8.29 (d, J = 8.3 Hz, 3H), 7.77 (m, 3H), 7.72 (m,
6H), 7.31 (d, J = 6.2 Hz, 3H), 7.23 (d, J = 6.1Hz, 3H), 6.95 — 6.69 (m, 6H), 0.22 (s, 27H);
FDMS (m/z): Calcd. for CgoHsalrNsSis: 1093.3, found: 1093.5.

fac-Tris[1-(3-ethynyl)phenyl)isoquinolinato]lr(lll) (4-20):

To a solution of 800 mg (0.73 mmol) complex 4-19 in THF (20 mL) was added dropwise a
solution of TBAF (860 mg, 3.29 mmol) in THF (10 mL). The reaction was stirred at 0 °C for
1 h and precipitate in 100 mL methanol. The solid was dissolved in CH,Cl, and purified
by column chromatography using CH,Cl, as eluent, affording 520 mg (0.59 mmol) pure

product as red powder in 81% vyield.
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'H NMR (250 MHz, CD,Cl,) & 8.89 (m, 3H), 8.31 (d, J = 7.6 Hz, 3H), 7.74 (m, 3H), 7.69 (m,
6H), 7.25 (d, J = 6.4 Hz, 3H), 7.19 (d, J = 6.2Hz, 3H), 6.95 — 6.63 (m, 6H), 3.12 (d, J = 2.2 Hz,
3H);

FD-MS (m/z): Calcd. for CsiH3olrN3: 877.0, found: 877.2.

1st generation TiPSethynyl Ir(piq); core based polyphenylene dendrimer (4-16)

200 mg (0.228 mmol) Ir(btp)s core 4-20 and 765 mg (1.026 mmol) building unit 4-12
were dissolved in o-xylene (2 mL) in a microwave tube under Argon and stirred at 170 °C
for 2 h. After cooling to RT, the reaction mixture was precipitated in MeOH, and then
further purified by a GPC column chromatography using toluene as eluent, affording 572

mg (0.198 mmol) pure product as red powder in 87% yield.

'H NMR (700 MHz, CD,Cl,) & 8.29 - 8.09 (m, 3H), 7.83 - 6.62 (m, 81H), 1.09 - 1.07 (m,
126H);

BC NMR (75 MHz, CD,Cl,) & 145.44, 145.27, 141.55, 141.04, 137.06, 133.10, 132.21,
131.90, 131.03, 130.77, 130.31, 128.00, 127.42, 126.69, 121.08, 120.83, 107.37, 18.77,
11.70.

MALDI-TOF (m/z): Calcd. for Cyo1H310lrNsSig: 3028.6, found: 3029.3.
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