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Abstract

Luminescence is a process of emitting photons after absorbing energy.
Luminescent materials are widely applied in our daily life. One of the most application
is the white light-emitting diodes (LEDs) for lighting system. It is made up of a blue-
emitting LED based on InGaN and covered with yellow-emitting phosphor YAG:Ce,
both are inorganic materials. Nevertheless, the light is not of perfect quality: it lacks red
component and have an excess of blue light.

To solve the existing problems, we tried to develop organic down-converters to
replace YAG:Ce, which can be embedded with near-UV or blue LEDs based on
inorganic semiconductors, to fabricate hybrid white LEDs with better quality of light.
Organic luminescent materials possess a lot advantages over the inorganic analogues.
By carefully designing, they can exhibit efficiency fluorescence in visible area with
tunable emission and strong absorption in near-UV and blue region. Due to this, they
can be made in thin films for light-weight optoelectronic devices. They can be highly
soluble in organic solvent which provide the possibility for the solution-processing
techniques, such as spin-coating and slot-die coating. They are metal-free, which is
desired for the sustainable development. These various merits make them promising
alternatives to the inorganic phosphors.

There are two methods to realize white light. One is to use a yellow emitter to
cover a blue-emitting LED. The other one involves several organic molecules which
emit in three principal color, blue, green, red and can fully absorb the emission of near-
UV LED. The second method can enable us to obtain better quality of white light by
fine-tuning the ratio between three components.

In this work, we have employed different molecular design strategies including:
(1) the donor-acceptor (D-A) approach, which can adjust the bandgap in order to tune

the absorption and emission wavelength; (2) to control the inter- and intramolecular
11
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interaction to improve the absorption and emission efficiency in solid state.

Herein, we designed and synthesized a series of D-A molecules M1-M7
implementing new acceptors 2,2 -bipyrimidine derivatives as building block. They
were fully purified and characterized. The photophysical investigations were conducted
in both diluted solutions and solid state. They showed tunable emission which can cover
the whole visible spectrum, highly-efficient fluorescence and absorption, more
importantly, high conversion rate from near -UV or blue external source to visible light.
M4 is the most emissive molecule in solid state and very sensitive to the surrounding,
thus can be tuned by multiple approaches. The 10wt% doped film of M4 in PMMA
exhibits yellow emission at around 560 nm with a high photoluminescence quantum
yield (PLQY) of 82%. M4 in microcrystalline powder emits in orange region while its
neat film is red-emissive.

In order to apply them, we also inspected their photostabilities to estimate the
lifespans of the possible devices. The photostability of M4 can be hugely enhanced in
less-powerful scenario. The blenders of different emitters are made for generating white
light. At last, the hybrid LEDs were fabricated based on a blue inorganic LED and M4,
one of which shows a white light with CIE coordinates of (0.33, 0.37) and a color
temperature of 5450K.

Additionally, there are still some works remaining unfinished. I have proposed
several perspectives for the future studies. It will be interesting to investigate the
photodegradation and reveal the mechanism. Some new synthetic designs are proposed
to have better blue- and red-emitters. Their thermal stabilities are needed to be inspected.
As the final goal of the project, the hybrid LED based on a near-UV core deserved more

efforts to be accomplished.
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Résumeé

La luminescence est un processus d'émission de photons aprés absorption
d'énergie. Les matériaux luminescents sont largement utilisés dans notre vie
quotidienne. L'une des applications les plus courantes est celle des diodes
¢lectroluminescentes (LED) blanches pour les systémes d'éclairage. Celles-ci sont
composées d'une LED émettant en bleu a base d'InGaN, recouverte d'un phosphore
émettant en jaune, YAG:Ce, tous deux des matériaux inorganiques. Cependant, la
qualité de la lumiére produite n'est pas optimale : elle manque de composante rouge et
présente un exces de lumiere bleue.

Pour résoudre ces problémes, nous avons entrepris de développer des
convertisseurs descendantes organiques pour remplacer le YAG:Ce. Ces convertisseurs
peuvent étre intégrés avec des LED proches-UV ou bleues a base de semi-conducteurs
inorganiques, afin de fabriquer des LED blanches hybrides avec une meilleure qualité
de lumiere. Les matériaux luminescents organiques présentent de nombreux avantages
par rapport a leurs homologues inorganiques. En les concevant soigneusement, ils
peuvent produire une fluorescence efficace dans la région visible, avec une émission
modulable et une forte absorption dans la région proche-UV et bleue. De ce fait, ils
peuvent é&tre fabriqués sous forme de films minces pour des dispositifs
optoélectroniques légers. Ils sont également hautement solubles dans des solvants
organiques, ce qui permet d'utiliser des techniques de traitement en solution telles que
le dépot par rotation et le revétement par fente. Ils sont exempts de métaux, ce qui est
souhaitable pour le développement durable. Ces divers avantages font d'eux des
alternatives prometteuses aux phosphores inorganiques.

11 existe deux méthodes pour produire de la lumiére blanche. La premiére consiste
a utiliser un émetteur jaune pour couvrir une LED émettant en bleu. La seconde

implique 1'utilisation de plusieurs molécules organiques émettant dans les trois couleurs
\Y%
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principales — bleu, vert et rouge — et capables d'absorber entiérement 1'émission d'une
LED proche-UV. Cette seconde méthode permet d'obtenir une meilleure qualité de
lumiére blanche en ajustant finement le ratio entre les trois composants.

Dans ce travail, nous avons employé¢ différentes stratégies de conception
moléculaire, notamment : (1) I'approche donneur-accepteur (D-A), qui permet d'ajuster
la bande interdite afin de moduler les longueurs d'onde d'absorption et d'émission ; (2)
le contrdle des interactions inter- et intramoléculaires pour améliorer I'efficacité de
l'absorption et de I'émission a I'état solide.

Nous avons congu et synthétisé une série de molécules D-A, M1-M7, en utilisant
de nouveaux accepteurs dérivés de la 2,2'-bipyrimidine comme blocs de construction.
Elles ont été entierement purifiées et caractérisées. Les investigations photophysiques
ont été¢ menées a la fois en solutions diluées et a 1'état solide. Ces molécules ont montré
une émission modulable couvrant tout le spectre visible, une fluorescence et une
absorption hautement efficaces et, plus important encore, un taux de conversion €levé
d'une source externe proche-UV ou bleue vers la lumiére visible. Parmi elles, M4 s'est
révélée etre la molécule la plus émissive a 1'état solide et trés sensible a I'environnement,
pouvant ainsi étre modulée par de multiples approches. Le film dopé a 10 % de M4
dans le PMMA présente une émission jaune autour de 560 nm avec un rendement
quantique photoluminescent (PLQY) ¢élevé de 82 %. M4 en poudre microcristalline
émet dans la région orange, tandis que son film pur est émissif en rouge.

Pour évaluer leur applicabilité, nous avons également examiné leur photostabilité
afin d'estimer la durée de vie des dispositifs potentiels. La photostabilit¢ de M4 peut
étre grandement améliorée dans des scénarios moins énergivores. Des mélanges de
différents émetteurs ont été réalisés pour générer de la lumiere blanche. Enfin, des LED
hybrides ont été fabriquées a partir d'une LED inorganique bleue et de M4, 1'une d'elles
montrant une lumiére blanche avec des coordonnées CIE de (0,33, 0,37) et une
température de couleur de 5450K.

VI
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De plus, il reste encore quelques travaux a achever. J'ai proposé plusieurs
perspectives pour les études futures. Il serait intéressant d'étudier la photodégradation
et de révéler les mécanismes sous-jacents. De nouveaux designs synthétiques sont
proposés pour obtenir de meilleurs émetteurs bleus et rouges. Leurs stabilités
thermiques devront également étre inspectées. L'objectif final du projet, a savoir la
fabrication d'une LED hybride basée sur un noyau proche-UV, mérite davantage

d'efforts pour étre accompli.

VIl
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Chapter I Introduction

In this initial chapter, we will briefly introduce the luminescence phenomenon and
luminescent materials and some applications, especially light-emitting diodes (LEDs).
The pros and cons of the commercial white light-emitting diodes (WLEDs) will be
illustrated to introduce the objective of this thesis: to design and synthesize the proper
organic luminophores which could be suitable to replace the inorganic phosphors in
WLEDs. All the information is significant to help us present our entire work for this
thesis.

In Chapter II, we will present the design concepts of our organic luminophores,
the selection of their chemical skeletons, substituted units and the connecting ways
between them. The synthetic procedures will be shown step by step, following with
characterizations by the means of 'H and '3C NMR, HRMS and single-crystal XRD.
The experimental procedures about photophysical measurements and fabrications of
films will also be demonstrated. In the end, we will discuss about the synthesis.

In Chapter III, photophysical measurements on these new molecules in diluted
solutions will be exhibited to profile their basic features. To prove the design concepts
we have adopted, comparisons between molecules will be made to clearly illustrate
similarities and differences. The solvent effect on their photophysical performances will
be explained. In the end, we will try to construct their electronic structures by
photoluminescent experiments and establish their structure-property relationships.

In order to apply the newly-synthesized organic luminophores in WLEDs, the
photophysical properties in the aggregates and solid states have been carried out,
especially on films. These studies will be described in Chapter IV, as well as the photo-
stability studies and white-light applications.

Finally, general conclusions and perspectives will be given in the last chapter

following to show the achievements and absence in this thesis. Some additional
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information will be listed following the Chapter V.

1.1 Luminescence and luminescent materials

Light, and more specifically, visible light, is the electromagnetic radiation having
wavelength in the range of 400-750 nm (Figure 1-1). On Earth, the natural light is
mainly coming from the sun, but also from fire and emissive creatures. In modern
society, the primary artificial light is the electric light generated with the help of

luminescent materials.

380

\"

450
W
495
620

Figure 1-1 Spectrum of visible light.

In the process of luminescence, the material is excited by absorbing external
energy, then deactivates by releasing the excess of energy in form of photons and goes
back to the ground state!, which is shown in Figure 1-2 by Jablonski diagram. The
relaxation of excited states involves two pathways: the radiative decay and the non-
radiative decay. The radiative decay can lead to the emission of photons. They are
formally classified as fluorescence and phosphorescence, depending on whether the
spin multiplicity changes during the transition. Fluorescence, as a parity-allowed
transition where the multiplicity keeps the same, is fast and usually possesses a decay
lifetime of less than 10® seconds?. Phosphorescence has a lifetime longer than 107
seconds, and up to a few seconds, which is “forbidden” for involving the changes of
multiplicity. The non-radiative decays including vibrational relaxation, internal
conversion, intersystem crossing and reverse intersystem crossing. Vibrational
relaxation, which is lost as kinetic energy to other vibrational modes intra- or
intermolecularly and often measured by Raman or Infrared spectroscopy. Internal

conversion is an electron movement from a higher to a lower excited state, where the
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electron spin remains the same. For example, the transition from singlet excited states
S2 to S1 in Figure 1-2. Intersystem crossing is another non-radiative transition where
the spin state changes, as the electron moving from the singlet excited state S1 to triplet

excited state T1. Intersystem crossing often results in phosphorescence.

»~ . .
Excited singlet states
E
~ I
1
1
S, | .
l Internal conversion
i SEiEs
o Excited triplet states
1 1
L
1 : V.._b
1 S~
S h ! Sl T
! 1 R Y
. ! AR
I . . ~ =
' | Vibrational | INtErsyStemM ™ 4 e T
: : relaxation : Crossing 1
: i | Nonradiative )
n : Fluorescence relaxation
| :
i : Ph
. i L osphorescence
Vibrational L :
levels ! !
! 1
SO vy X

Ground states

Figure 1-2 Jablonski-Perrin diagram to illustrate mechanism of luminescence.

Depending on the type of stimulation, luminescence can be classified as:
electroluminescence (by electric flow or strong electric filed), photoluminescence (by
absorption of photons), chemiluminescence (chemical reactions),
mechanoluminescence (induced by a stress on a material) and other infrequent types.
The most widely applied luminescent materials are mainly two kinds:
electroluminescent and photoluminescent materials, which are attached importance in

this brief review.

1.1.1 Electroluminescence (EL)

An electroluminescent material emits light either during the passage of an electric
flow with the radiative recombination of holes and electrons (low-field EL), or in a

strong electric field (high-field EL). Low field EL takes place more commonly in p-n

3
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junction semiconductors, wherein the electrons and holes are well separated before the
recombination. A representative material like gallium nitride is widely applied in LEDs
with low-energy consumption®. On the other hand, high field EL materials, like doped
zinc sulfide’, occurs in devices like phosphor-based EL panels. EL panels are capacitors
where the luminescent material is in between the two outside plates of dielectric layers
(Figurel-3). When the capacitor is fully charged, the phosphor gives off photons. One
of the electrodes is made transparent to allow the emitted photons go through the

surface. EL panels are frequently used as backlights for liquid crystal displays (LCD)".

Insulator ZnS:Cu
BaTiO; Ag electrode phosphor
N |
| ol
I I
ITO PET

Figure 1-3 Electroluminescent panels and their structure.

1.1.2 Photoluminescence (PL)

Photoluminescence is an optical process in which a material after absorbing light
and then getting excited, returns to the ground state by emitting photons in a radiative
way.

A particular case in which the PL process is observed is the charge-transfer (CT)
transition'. In general, a CT transition could occur due to the electron transfer between
ligands and metal ions®. For instance, in host lattice comprising WO4> or MO4?>", the
photo energy is absorbed by the host due to the electron transfer from O* to W or M®*,
exhibiting a charge-transfer band in the absorption spectrum’. The doping of rare-earth
ions like Eu" gives rise to this phenomenon®. In these cases, the host lattice only plays
the role to provide the proper environment for the activator ions to emit.

The second main deactivation process is a non-radiative one. For examples, an
activator ion, which absorbs light from external source, part of the energy is dissipated
through bond vibrations, collisions between molecules, and other non-radiative route

without any emission. The energy is transferred through an inefficient way among the
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other ions in the lattice (Figure 1-4 left). Also, sometimes the absorption is too low to
lead to emission. In this circumstance, the introduction of sensitizer is necessary to act
as a bridge for activator ions to absorb energy!. As the name suggests, sensitizer ions
produce a sensitizing action in the luminescence process by efficiently absorbing the
external energy and transfer it to the activator ions (shown in Figure 1-4 right). This is
called the antenna effect. For instance, lanthanide ions (Ln**, such as Eu**, Tb**, Dy**,
etc.) exhibit weak absorption in the UV region (the extinction coefficient for such
trivalent cations is € = 1-10 M !-cm™)’, due to the parity forbidden 4f—4f transition.
Ce*" and Eu?" work as an efficient sensitizer for them because of the transition from 4f
orbital to downshifted 5d orbital while doped into certain host matrix®!°. These
phosphors containing rare-earth and transition metals ions are the most frequently used
materials which are applied in marketed phosphor converted white light-emitting

diodes (pc-WLEDs)'!.

Excitation Emission Excitation ~ ENergy Emission

l A transfer /
I T
-0 O ® ° O

Nonradiative

. Activator Sensitizer
Figure 1-4 Energy transfer between the sensitizer and activator ions.

Besides of sensitizer ions, organic chromophores are also efficient for sensitizing
the luminescence of lanthanide ions'?. For most organic chromophores, they show high
absorption coefficient (¢ = 10*~10° M 'cm™!) in the UV region'3. In general, the ligand
can be highly m-conjugated aromatic or hetero-aromatic compounds with a triplet
excited state showing at least 1850 cm™ higher energy level than the lowest emitting
levels of the Ln** cation'®, such as 2,2-bipyridine'®, 1,10-phenanthroline'® and

2,2":6',2"-terpyridine!”.
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PL process can be also observed in pure organic system, the mechanism of which
is vital to this thesis. Light-absorption of organic chromophores depends on the bandgap,
which is the energy difference between the Highest Occupied Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO). Thinking about
isolated molecules in diluted solution, those who have extended n-conjugated system,
which gives rise to energetically low-lying LUMO and/or high-lying HOMO, can
absorb in lower-energy area's. The molecular geometry change will take place
accompanying with the So-Si transition, where one electron is promoted from the
doubly-occupied HOMO to the LUMO. As shown in Figure 1-5 for stilbene, the single
and double bonds in S are equalized in S; through this geometry change'®, giving rise
to the broadening of the spectrum?’. After light absorption to an excited state Sn, the
molecule rapidly deactivates by vibrational relaxation, in a way of heat dissipation to
the solvent. Internal conversion from S,-Sy.1 is usually fast due to the normally small
energy separations when n > 1. From S1, due to the much larger Si-So gap, the radiative
decay, in particular, fluorescence, can take place. In solution, the emission from higher
excited state usually cannot be observed for the ultra-fast internal conversion, also

known as Kasha’s rule?!.

o 1e--picture:
8 Y0 SRR
S0 5 Sy

a 133A 141A SO
b 148A 141A = T Homo Q'ﬂ‘p

...due to electronic change S, S

Figure 1-5 Electronic structure and geometry of stilbene in SO and S1, with (DFT

calculated) bond lengths a, b and torsional angle 0, reproduced from literature!®.

For organic chromophores in solid state, the intermolecular arrangement is a
decisive parameter for their PL properties. As shown in Figure 1-6, for distyrylbenzene
(DSB) derivatives, their absorption and PL spectra in solution (blue lines) are also

slightly different due to the various substitutions>’*. On the other hand, the optical
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properties of their nanoparticles in suspensions show strongly distinct features. In
amorphous solids, only a small hypochromic shift in absorption and a small
bathochromic shift in emission against solution is observed (see Figure 1-6 a). For
molecules with side-by-side arrangement (see Figure 1-6 b and ¢), strong hypochromic
shift occurs in absorption due to the H-aggregation, which usually leads to the
hypochromic shift in absorption. Emission spectra can be vibronically structured
(Figure 1-6 b), exhibiting the signatures of “relaxed excitons” (see Figure 1-y c¢) or
showing strongly red-shifted, unstructured spectra reminiscent of excimers. For slipped
stacks, moderate bathochromic shifts of absorption band due to J-aggregation can be

observed.

700 600 500 400 300 nm

<)

amorphous

C s
relaxedf‘Jﬂl‘ {
excitoy’ A
8

- &

edge-to-face
(herringbone)

PL intensity
absorbance

\

face-to-face
(ideal n-stack)

«

brickstone
(slipped n-stack)

energy / eV

Figure 1-6 Absorption (right) and emission (left) features of nanoparticle suspensions for

substituted DSB materials, reproduced from literature'®.

1.1.3 Characterization of the light quality

Photometric units are used to characterize the perception of light by human eyes,

7
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such as luminance representing the light intensity per unit area which is perceived by
human eyes in the units of candela/m? (cd/m?), and illuminance expressing the measure

of how much the incident light illuminates the surface in the units of lumen/m? (Im/m?).

0.9
520 nm CIE x, y chromaticity diagram | R Red
530 nm B Blue
0.8 G Green
Y  Yellow
O  Orange
P Purple
0.1 Pk Pin
Lower case:
@ “ish™ takes suffix
s 0. —
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E
L=
g 05
g
i)
= 04
£
2
S 03
= 650 nm

1 I 1 ] 1 I 1 I 1 I 1
0.3 04 0.5 0.6 0.7 0.8
x - chromaticity coordinate

/02
nm

0.0 0.1

Figure 1-7 CIE 1931 chromaticity diagram with color regions, reproduced from

http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie.html.

To characterize the color of light, the concepts of chromaticity, calculated color
temperature (CCT) and color rendering index (CRI), are introduced. Chromaticity is
the characterization of light quality regardless of luminance, commonly specified by
the Commission Internationale de L’éclairage (CIE) 1931 color spaces®. It consists of
two parameters hue and colorfulness to locate each color, as it is shown in Figure 1-7.
In particular, perfect white, that mimics natural light, is highly desired for lighting
applications. It is considered to be in the center of the diagram (0.33, 0.33). Then, CCT
is a parameter used to describe the color of light by comparing it to the black body. The
color temperature is measured in kelvins (K). It is especially important in lighting and
photography to distinguish between cold colors (2700-3000 K) and warm colors

(Figure 1-8). The other parameter, a CRI, is a quantitative measure of the ability of a
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light source to reveal the colors of various objects faithfully in comparison with a
natural or standard light source. For instance, an incandescent bulb with a CRI above

99 (the natural sunlight is 100), indicates emission of a light very close to the standard

light source.

1,900K 2,200K 2,700-3,000K 4,000-4,500K 4,800K 5,000-6,000K 7,000-7,500K 10,000K
Candle High Pressure  Warm White  Natural White Direct Sun Day White Cool White Blue Sky
Sodium Lamp Halogen Metal Halide
Incandescent

Figure 1-8 Indication of light with different CCT, adopted from http://www.inlineelectric.com.

1.2 Light-emitting diodes

Among applications of luminescent materials, lighting systems are important ones.
From prehistorical era to modern society, it is always a crucial subject for human beings
to find or create the light sources. Lighting systems have evolved from candles to gas
lighting and incandescent bulbs, to fluorescent lamps and finally to LEDs. Nowadays,
LEDs are considered as the most important lighting and displaying technology, as they
can be found in domestic lights, traffic lights, backlighting, display materials and
visible-light communication system. The development of LEDs and materials used to

elaborate them will be highlighted hereafter.
1.2.1 Development of LEDs

A LED is a semiconductor device carrying a heavily doped p-n junction. For
instance, the doping concentration is 10' cm™ to 10" cm™ for p and n-type AlGaN to
elaborate effectively in LEDs?¢. This high doping level ensures that there is a large

number of charge carriers (electrons and holes) available to participate in the
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conduction process, which allows for efficient light emission. The general structure of
LEDs is shown in Figure 1-9. The emissive layer composed by the semiconductor is
installed between the anode and cathode. When the current flows through a LED,
electrons recombine with the holes and the energy is released in the form of photons.
Comparing to conventional lighting devices like incandescent lamps and fluorescent
bulbs, LEDs possess many advantages: smaller size, lower energy consumption (90-
100 Im/W for LEDs), longer lifetimes (tens of thousands of hours), lower turn-on
voltage (1-5 V while 220V for incandescent lamps and fluorescent bulbs)?’, and

immediate switching without warm-up and cool-down.

Epoxy lens/case

/ Wire bond
/ Reflective cavity

¢

Semiconductor die

._ﬁ Post } Leadframe I >
Anode
Flat spot %
I Cathode
Anode ] Cathode V R
(long) (short)

LN

Figure 1-9 Basic structure of light-emitting diodes.

The first observation of electroluminescence can be tracked back to 1907, in a
silicon carbide junction diode by H. J. Round?®. However, the first practical visible LED
was fabricated by Nick Holonyak in 19622°. Then the most important blue LED with
high brightness was developed by Shuji Nakamura (Nichia company) based on
InGaN/AlGaN**°, which offered the possibilities to further develop highly efficient
white light sources. In 1996, a WLED was produced by Nichia with this blue-emitting
LED covered with yellow emitting phosphors®'. Nakamura won the Noble prize in 2014
for “the invention of efficient blue light-emitting diodes, which has enabled bright and

energy-saving white light sources”. Moreover, the LEDs will emit colored light at a
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specific wavelength decided by the energy band gap of the semiconductor. By selecting
different electroluminescent semiconductors, LEDs can be made to emit a narrow band
ranging from near-infrared to ultraviolet>>*,

When the emissive layer is composed by organic electroluminescent molecules, it
is called organic light-emitting diode (OLED). These organic compounds are
semiconductive due the m-electrons in delocalized orbital caused by the conjugation
system over the molecules. The first practical OLED was built in 1987 by Ching Wan
Tang and Steven Van Slyke®’. There have been many researches concerning OLED
afterwards**-%. Until now, OLEDs have become the main-stream technic in high-
performance and ecofriendly display devices such as screens for mobile phones and
televisions®. It can work without backlight since it emits its own light. The simple
OLEDs are normally constituted of cathode, anode, and emissive layers in between.
Modern OLEDs contain more conducting layers, including hole and electron transport

materials (HTM and ETM) (see Figure 1-10).

Cathode Cathode Cathode Cathode
ETM : ETM

Emitter . A N Emitter
p-typ HTM HTM
Anode Anode Anode Anode

Figure 1-10 Device architectures of OLEDs, reproduced from literature®.

Conducting layers, are crucial to manage and control carrier density and tuning the
transport pathway*'. To transport holes, HTM should be electron-rich compounds.
Triphenylamine derivatives are often used as hole transport layers in OLEDs*. In
contrast, ETM should be electron-deficient materials. For examples, triazole and
triazine derivatives constitute a class of azole-based materials that have been used as
ETMs in OLEDs*4344,

The emissive layer, where the organic EL molecules are doped in the host material,
is the heart of the devices. The electrical energy is directly converted into light in this

layer. The suitable organic EL molecules for OLEDs usually contain large m-electron
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conjugated systems (Figure 1-11). Conventional choices are small molecules, like
aluminum complexes Alqs*, anthracene and coumarin derivatives**. Polymers, such
as polyfluorene derivatives, also have been used as emitting materials in polymer light-

emitting diodes (PLEDs)*’.

| § 4 /o - -
& § g e

Alqg anthracene coumarin polyfluorene

Figure 1-11 Organic EL molecules used in emissive layers in OLEDs.

Even though OLEDs possess many advantages over conventional inorganic LEDs,
such as they have lighter weight and can be embedded with flexible subtract, they have
better picture quality, faster response and power efficiency, etc. However, they also
suffer from the nature of organic compounds. Firstly, conventional OLEDs show
relatively low quantum efficiency, especially for blue OLEDs. The maximum internal
quantum efficiency of the conventional fluorescence-based OLED is 25%, limited by
the probability of 0.25 for the occurrence of the singlet excitons. The 75% triplet
excitons are forbidden in the radiative transition and are wasted. The external quantum
efficiency (EQE) is around 5% at most. From 2009 to 2012, Adachi and coworkers
published a series of papers reporting effective thermal activated delayed fluorescence
(TADF) molecular design strategies and competitive EQE for OLEDs***84° The TADF
process usually involves an excited molecular species in a triplet state, which undergo
a reverse intersystem crossing to singlet state by absorbing thermal energy, resulting in
a harvest of triplet excitons. In 2022, Han et al. synthesized a new D-A type luminescent
material, TDBA-Cz (Shown in Figure 1-12), which can elaborate with non-doped blue
OLEDs with a narrow emission at 467 nm and an EQE up to 21.4%°°. The other main
disadvantage of OLED is the limited lifespan caused by the degradation of organic
semiconductors’!. In particular, blue OLEDs at that time had a lifetime of around
14,000 hours to half original brightness (five years at eight hours per day) when used

12
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for flat-panel displays. This is lower than the typical lifetime of LCD, LED or PDP
technology; each rated for about 25,000—40,000 hours to half brightness>2. There are
some researches concerning the improvement of their stabilities®>>*. As far as today, it

is still difficult to completely replace the InGaN-based LEDs with OLEDs.

5 W
L
E_B.E
TDBA-Cz
Figure 1-12 TADF emitter TDBA-Cz.

Besides OLEDs, there are some potential technologies of new family of LEDs.
Perovskites semiconductors, are a class of materials with crystal structures following
the formula ABX3. The name is originating from CaTiOs. The have potential to be
made at low cost via facile solution processing, and could provide tunable colors and
narrow emission line widths at high photoluminescence quantum yields (PLQY)>>,
In 2018, Wei and coworkers reported a perovskite LEDs with EQE of more than 20%°7,

which is already rivaled those of the best performing OLEDs.
1.2.2 White light-emitting diode

There are two primary approaches to produce WLEDs. One is to mix single-color
LEDs that emit three primary colors, red, green and blue*®. But this method cannot
provide white light with good color rendering because it is composed by three narrow
bands. The other one is to use down-converting phosphors to convert the blue or UV
light to a broad white light. In 1996, the first pc-WLED was produced by Nichia with
a blue InGaN LED chips covered with yellow emitting phosphors’!. It has been
commercialized massively afterwards®®. The most commonly used phosphor in white
LEDs is the Ce**-doped lattice of yttrium aluminum garnet (YAG), with the general

formula: Y3.xAlsO12:Cey, abbreviated YAG:Ce®, shown in Figure 1-13. As we can see
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in Figure 1-14, this yellow phosphor exhibits two excitation band at 340 nm and 460
nm attributed to the 4f-5d? and 4f-5d" transitions of Ce*", respectively, and the emission
band around 540 nm (red shifts with increasing of Ce®" concentration)®'. YAG:Ce
shows an extremely high PLQY of 97%%, and a very high quenching temperature of

its luminescence, which is more than 700K%. Those excellent performances make it an

outstanding option as a phosphor in WLED.

Figure 1-13 Yellow phosphor YAG:Ce crystals, reproduced from
https://www.scientificmaterials.com/products/ce-yag.php.

Excitation Emission
4f—5d, S5d\—=4f | )
Jﬂ\ YAG: x%Ce’
i 5.‘\‘ === x=0.033
oo “==-x=0.33
\ ==x=1.0

PLE/PL intensity (arb. units)

ki N 1 PR "
400 500 600 700 800
Wavelength (nm)
Figure 1-14 PL excitation and emission spectra of YAG:Ce with different Ce?* concentration,

reproduced from literature®?.

However, due to the lack of red component, YAG:Ce is considered as a cold-color
phosphor, showing high color temperature and low CRI (71)*!%*, In order to enhance

the red emission of YAG:Ce, there are two main approaches that can be applied. Firstly,

14
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by co-doping with lanthanide ions (Eu**, Pr’*, Sm®"), a secondary peak could occur in
the red spectral range. For example, the co-doped phosphor YAG:Ce,Pr shows a yellow
emission band around 540 nm with an additional red emission band at 610 nm, under a
460 nm excitation wavelength®, as shown in Figure 1-15 left. The other approach is
substituting Y>* with larger ions (e.g., Tb*", Gd**, La*") to augment the crystal field
splitting and regulate the Ce** emission to the long wavelength regions®*%®. Kim et al.
reported WLEDs using Tb®" substituted YAG:Ce with red-shifted emission and

improved CRI to 80 (Figure 1-15 right)®*,

80001 . = = =YAG:Ce 0.10 - White LEDs using [Y“‘Tb‘ngI‘Ou:Cn"
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3 . 008 —(2)x=0.2
£ 6000 - .' '. E (3)x=04
A e s —(4)x=06
£ L 2 0.06 (5)x=0.8

2 4000 . 2

@ 2
§ . ' T 0.04
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Figure 1-15 Emission spectra of WLED with Pr** doping (left) and Ce’* substituting (right)
YAG:Ce phosphor.

Although inorganic phosphors (IPs), especially YAG:Ce, have plenty of merits
when applied as converting emitters, they are all limited by the inorganic nature: (1)
they are based on rare-earth elements which are very limited source on our planet, with
very polluting process of mining and harsh fabricating conditions®’; (2) they have low
absorption coefficient (~ 15 cm™ for YAG:Ce)®, thus leave an excess of blue
component from the light pump, which is a menace to eye photoreceptors and disorder
the circadian rhythm; (3) the resulting devices emit a light that is not of perfect quality
due to the lack of red component. Therefore, IPs are considered as the principal concern
to be solved heading to the next generation of artificial LED lighting system. In this
context, hybrid LEDs are attracting researchers’ attentions®®*’!: to keep the high

performing near-UV or blue-emitting LED core based on InGaN, and to replace the IPs
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by organic or hybrid luminophores with tunable colors.

Comparing to the conventional inorganic phosphors, organic luminophores are
considered to have many merits: (1) Thanks to the high absorption coefficient of organic
n-conjugated compounds (g =~ 10*-10° M '-cm™)"3, it is possible to fabricate their thin
films (thickness is less than 100 micrometers) and elaborate light-weight devices. (2)
they have the easy tunability of the emitting color by simple modification of chemical
structures, and some of them can show high emission efficiency by careful chemical
design; (3) they are metal-free, basically consist of carbon, hydrogen and some
heteroatoms like nitrogen, sulfur; (4) the synthetic conditions are relatively mild and
they can be processed through solution procedure, such as spin-coating, slot-die coating,
etc.

In this thesis, we are aiming at designing and synthesizing a new family of organic
luminescent molecules which could be applied as luminophores in WLED. Notably, to
replaces IPs, we should attach importance on the PL properties of these organic down-
converters. Even though there are massive examples of organic luminescent molecules
from literatures, most of them are focus on the applications as the EL emitters in OLEDs,
while not many articles concern the topics of organic/hybrid PL materials in hybrid
WLED:s. Nevertheless, it is still crucial to understand the general approaches to design
organic emissive molecules. In the next section, we will review the different design
concepts suitable for the design of organic emissive compounds and define the suitable

strategy for the present project in PL applications.

1.3 Organic luminescent materials

Organic luminescent materials are usually composed of a large m-conjugated
system’? as the bandgap falls into a range from the near UV to the near IR. These
compounds have been studied and applied in optoelectronic devices for decades. In this
brief review, we will introduce the strategy to tune the emission color of such organic

luminescent compounds. Then, we will discuss some other tactics to further improve
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the PL performance in solid state since we wish to apply them in thin films. Some

successful examples will be presented in the end.

1.3.1 Towards controlling emission color: donor-acceptor strategy and others

To design organic luminescent molecules, it is of primary importance to control
the optical bandgap. In particular, building molecules in which an electron donor (D) is
linked to an acceptor (A), labelled as (D-A), is a strategy that has been widely used to
lower the band gaps of organic materials. It was introduced by Wynberg and co-workers
in 1992 and has been an effective method for preparing conjugated molecules with
bandgaps down to the near-IR”?. This approach involves the synthesis of a molecule
with a delocalized m-conjugated system comprising an electron-rich unit connected to
an electron-deficient one, thus leading to a resulting system showing a high-lying
HOMO and a low-lying LUMO, with respect to the position of the corresponding levels

of the donor and the acceptor taken separately (Figure 1-16).

A Internal charge transfer

—
LUMO -~ S
~ ~
- s\\ "—\
m - , -
e
2 IBandgap
w - ~
HOMO  — ~
~
~\ -:_
~ ’_-
D D-A A

Figure 1-16 Schematic representation of the energy diagram for a D-A system.

In fact, the connection between the D and A units generates an internal charge
transfer (ICT) that lowers the bandgap’*. By careful selection of the D and A units, the
value of the bandgap can be tuned””, so the emission’®’8. A recent example is that,
Park’s group reported a series of D-A molecules with a bis-lactam scaffold grafting with

different donor groups, named NTD fluorophores, exhibiting tunable emission color
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from blue to red (Figure 1-17)"°. As shown in Figure 1-18, Steinberg et al. synthesized
a family of benzimidazole-based Schiff bases with different D and A units and emit in

green, yellow and red in solid state®”.
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Figure 1-17 Photographs of NTD fluorophores under 365 nm UV irradiation,

reproduced from literature”.
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Figure 1-18 A) Benzimidazole-based Schiff bases 1-5; B) Solid-state emission spectra and
photographs taken under 365-nm UV lamp, reproduced from literature®.

There are also many successful precedents of highly efficient D-A fluorophores
(shown in Figure 1-19). Ma and coworkers reported deep-blue emitter TPA-PPI with
high PLQY (90%) both in solution and in the solid state®!. Zhang et al. synthesized an
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orange-red emitter SNF-2AP, showing high PLQY of 99% in a doped film®. Tang’s
group reported a red fluorophores DCPPr-a-NDPA with 82% PLQY in toluene, and 90%
in doped film®. Herein, the D-A strategy is proved to be an effective approach to

construct highly emissive luminophores with tunable emission colors.

NC CN

had
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Q Q .0 &

DCPPr-a-NDPA

O _C
‘@

Figure 1-20 Examples of coplanar system in organic conjugated molecules.

Besides the D-A strategy, there are some ways that allow to tune the bandgap
through the extension of the coherent m-conjugated delocalization. Conjugated
polymers have more often been preferred compared to small molecules because of their
longer possible conjugation length®*. Their potentially overlapping orbitals create

expanded system of delocalized m-electrons along the backbone, resulting in a lower
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bandgap®®. In the same idea, n-bridge was introduced in conjugated molecules to
enhance n-delocalization for lowering the band-gap®®. However, the effective coherent
conjugated length is severely limited by the torsional motion between the units. Thus,
constraining the m-conjugation into a coplanar system by chemical means has been
developed. The Osuka group has synthesized fully planar oligoporphyrins (Figure 1-
20 a) to produce infrared absorption and emission®’. Yamaguchi and Fang groups
constructed B-N bonds in thienyl thiazole and thienyl pyrimidine derivatives (Figure
1-20 b) to fix the m-conjugated framework into a planar fashion to obtain a lower

88,89

bandgap

1.3.2 Aggregation-induced emission (AIE)

The conventional organic emissive molecules usually contain polycyclic aromatic
hydrocarbon like anthracene and perylene’?. They can show high PLQY in solution, but
the efficiency is generally low in thin film and solid state as a consequence of
aggregation caused quenching (ACQ). Indeed, the emission intensity is quenched by
intermolecular interactions like n-m stacking between the large aromatic groups.
Therefore, in practice, conventional organic emitters have to be doped at a low
concentration in a matrix to improve the performance and avoid detrimental
intermolecular interaction.

The discovery of the AIE phenomenon, described hereafter, has provided a
valuable solution to solve this problem. In 2001, Tang and his co-workers found that
hexaphenylsilole and a series of silole derivatives (Figure 1-21) were non-emissive in
diluted solutions but became emissive in casted films**®!. Silole molecules cannot pack
through m-m stacking because of their shape, but the strict restriction of intramolecular
rotations (RIR) blocks the non-radiative pathways and gives the emissive property in
aggregation-state””. Silole derivatives have been applied in optoelectronic devices due
to the advantage of high efficiency in aggregation and solid state®>**. Inspired by silole

derivatives, many AIE luminophores were developed (Figure 1-21). Tian ef al. reported
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several AIE fluorophores building on triphenylamine core, which can be used in non-
doped red emitters, among which SBCHO shows a sharply increased PLQY of 31% in
aggregates, while it is virtually non-emissive in solution®>. Moreover, many researches
start to incorporate the AIE with ICT by employing D-A strategy. In 2008, two
fluorenonearylamine derivatives, IDPAFO and 2DPAFO with triphenylamine as D
moieties are synthesized in Jiang’s group®®. Their PL intensities were boosted up about
100 times in aggregates comparing to ethanol solutions. Recently, Zhang’s group
designed an AlE-active D-A luminophore BPMT, with emission in deep-red to near-

infrared and a PLQY of 8.4% in aggregates (0.4% in THF solution)®’.

W et
sob 7

1DPAFOR=H
Hexaphenylsilole SBCHO 2DPAFO R = triphenylamine
S
N“ SN NC
Q 20O é

BPMT
Figure 1-21 Reported AIE luminophores.

1.3.3 Organic down-converters for hybrid LEDs

Following the design methods described in §1.3.1, below are some examples of
reported organic down-converters for hybrid WLEDs. Before heading to the literature
review, some important concepts for down-converters are needed to be defined. As we
mentioned before, PLQY is an important value to estimate the efficiency of the emitter,

as known as internal quantum yield, which can be defined as
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Number of the emitted photons by converter
PLQY =

Number of the absorbed photons by converter
The absorptance is

Number of the absorbed photons

Absorptance =
p Number of the photons from external source

And the external quantum yield (@.x), representing the conversion efficiencies of the

down-converters from the external light source to the visible light, is defined as

Number of the emitted photons by converter

Dex =
Number of the photons from external source

Which is equal to
Qex = PLQY X A

As early as in 1997, Heeger et al. reported a hybrid LED where the InGaN based
blue-emitting chip serves as pump to excite the film of mixed conjugated polymers, the
red-emitting MEH—PPV and the green-emitting BuEH-PPV, to generate bright white
light”!. The structures of these polymers are shown in Figure 1-22. The conversion
efficiency from the photons emitted by the blue emitters to the photons emitted by the
hybrid reached up to 60%’". In Turnbull’s group, a hybrid WLED that comprised a
blend of the conjugated polymers MEH-PPV (orange-red) and BBEHP-PPV (green),
was described as an interesting candidate for visible light communication’®. The new
devices show overall PLQY's from blue-emitters to hybrid LEDs varying from 25% to
28% depending on the ratio of different polymers, good CRI (76), and fast response due
to the much-shorter fluorescence lifetimes (~ 1 ns) compare to LEDs embedded with
inorganic phosphors (~ 600 ns).

The polyfluorene family is also competitive for hybrid WLEDs®*%1%  The
Bradely group reported hybrid LEDs with the InGaN ultraviolet-emitting core
converted by red-, green-, blue-, and white-light-emitting films respectively. These
films are based on polyfluorene derivatives. They achieved white light at (0.30, 0.34)
by blending different polymers'®. In 2008, Tuncel and coworkers fabricated a hybrid
WLED with PFA (PLQY = 0.86) serving as luminophore pumped by 378-nm near-UV

emitter (Figure 1-22)%. This device emitted a white light at around (0.3, 0.3) with a
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CRI reaching 91. The @., of near-UV source to visible light are not reported for the
polyfluorene derivatives.

\

n

-
Y,
MEH-PPV BUEH-PPV 4/:>—/
\
n
Q
BBEHP-PPV

N3
3 PFA

Figure 1-22 Polymers applied as organic down-converting materials for hybrid LEDs

BT derivative

=0

Coumarin 30

DPPth

Figure 1-23 Small molecules used as organic down-converting materials for hybrid LEDs.
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Besides conjugated polymers, there are some small molecules implemented as
down-converters for hybrid WLEDs, as shown in Figure 1-23. the Martin and Skabara
group has developed a series of near-UV and blue-absorbing molecules comprising 4,4-
difluoro-4-borata-3a-azonia-4a-aza-s-indacene (BODIPY) and 2,1,3-benzothiadiazole
(BT) units suitable for hybrid inorganic/organic LEDs and achieved white light!?!-1%3,
A hybrid WLEDs with a blue chips covered by yellow-emitting films of BODIPY
derivative was reported by them in 2014 with CIE coordinates of (0.34, 0.31), converted
from blue light (0.16, 0.02)'%2. Also in 2014, a blender of green-emitting Coumarin 30
and red-emitting DPP-th in bulky PMMA doped films was used in hybrid WLEDs'*.
It exhibited a nearly perfect white light at (0.32,0.33) with a CRI of 80. An excellent
short-term photostability was found: the emission intensity remained over 90% by
continuous operation for 72 hours.

The state of art reveals that there are two main pathways to fabricate hybrid
WLEDs. One way is to embed one yellow down-converter with a blue-emitting LED;
the other way is to cover a near-UV LED with phosphors emitting in three principal
colors, blue, green and red, to generate the white light by tuning the ratio between these

three components.

1.4 Summary

In this initial chapter, we briefly introduced the luminescence and luminescent
materials, including the process, mechanism and applications. Especially we reviewed
the development of LEDs, which is evolving from inorganic to organic materials, owing
to their light weight, flexibility, excellent PL performance and eco-friendly property.
The fact that, it is still difficult to completely replace the inorganic near-UV and blue
LEDs with organic ones, is highlighted.

Then the commercial pc-WLEDs based on the blue LEDs covered with yellow
inorganic phosphor YAG:Ce are described. The main disadvantage of this devices is the

imperfect quality of the white light, due to the excess of blue component and lack of
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red component. Meanwhile, the organic PL materials show plenty of merits, particularly
the facile tunability of emission color. Herein, the goal of this thesis is proposed, which
is to use the combination of organic near-UV or blue LEDs and tunable organic down-
converters for constructing the highly efficient hybrid WLEDs with perfect quality of
white light.

The following part is a state of the art for the organic down-converters employed
in the hybrid LEDs. Starting with the frequently adopted strategies, we illustrate the
general ideas on how to design these organic luminophores. Then some successful
precedents are presented to give a picture on how the domain is developed. For such
application, there are some common characters for emissive molecules and polymers:
(1) strong absorption in the near-UV and/or blue; (2) high PLQY; (3) usually broad
emission band is preferable for a better CRI hence white light is targeted; (4) good
processing property for the film fabrications; (5) thermal and photo-stabilities are also
important.

With the design ideas and accomplished examples in mind, we will introduce the
design of a new family of emissive D-A molecules which are able to work as efficient
organic down-converters in hybrid white LEDs. There are two methods to achieve
white light in hybrid WLEDs: one is to cover a blue-emitting LED by yellow-emitting
organic down-converter, the other one is to use more than one phosphors to convert the

near-UV source by complete absorption.
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Chapter II Design and synthesis

In this chapter, we will overview the general strategy we adopted for the design of
donor-acceptor (D-A) molecules, especially the selection of donor and acceptor groups.
Then we will present the experimental section, including the general information of
materials and instruments, the synthetic procedures and characterizations, the method

for the photophysical measurements and film fabrications.

2.1 General design for the D-A molecules

As we mentioned in Chapter I, the selections of electron-donors and acceptors
are vital for the emissive properties as they influence the photoluminescent performance
of the whole molecule profoundly. Regarding the common donors, polycyclic aromatic
hydrocarbons like anthracene and pyrene have been widely used. They are very rigid
and planar, usually leading to aggregation-caused quenching (ACQ) in the solid state
and, consequently, difficult processing due to poor solubility’>. Aromatic amines
(Figure 2-1), such as carbazole, triphenylamine, indoline and julolidine derivatives, are
more suitable candidates due to their richness in electrons'® and better solubilities'%.
They were extensively utilized in the design of dyes and for electronic applications!®”
19 Aromatic amine groups usually show strong absorption in the middle or near-UV
region'!!, with molar absorption coefficients (¢) more than 1x10* L-mol!-cm™. For
example, triphenylamine exhibits a sharp absorption at 303 nm in cyclohexane solution,
and dual absorptions at 323 and 335 nm are obtained with carbazole in ethanol solution.
This near-UV absorption is of great interest to design visible-emissive compounds.
Additionally, triphenylamine is often used to construct D-A molecules with
aggregation-induced emission (AIE) to improve the solid-state luminescence. Tang’s
group reported two D-A compounds comprising triphenylamine as donor, which
showed intense yellow emission in solid with quantum efficiencies of 33.2% and 38.2%,
thanks to the AIE nature!!'2. The propeller-like structure of triphenylamine can prevent
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n-n stacking and the following ACQ, and restrict intramolecular rotations in aggregate
state to open up the radiative channel''>. Therefore, triphenylamine derivatives are
primarily chosen as the electron donors. Carbazole derivatives are also chosen for their

similarities in structure to triphenylamines, which gives the possibility to conduct the

comparative studies.

‘\ ‘\
\
N
O O )
Carbazole Triphenylamine Indoline Julolidine

Figure 2-1. Examples of aromatic amines.

\ /
\ /
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Benzothiadiazole Quinoxaline Phthalimide Triazine
CO,R
SN
AN
-~ Ng” -
Diketopyrrolopyrrole Thienothiophene Bithiazole BODIPY

Figure 2-2. Frequently reported electron-accepter units in D-A molecules.

Concerning the acceptor part, the frequently electron-deficient moieties are
benzothiadiazole, quinoxaline, phthalimide, thienothiophene and boron-
dipyrromethene (BODIPY) !'*!!8 Their structures are shown in Figure 2-2. Besides
them, some other heterocyclics like pyridine, pyrimidine and benzimidazole have also
been utilized as electron-acceptors®®!'%!120. We could summarize some common
features from them as follows: (1) they comprise large conjugated systems, in other

words, they are rather planar. The better planarity expands the conjugation and enhance

27



S

TUT

(%

2
$ 300"

the photophysical properties; (2) hetero atoms like nitrogen and sulfur are important to
boost the electron-deficient properties.

Particularly, bipyrimidine derivatives have attracted our attention. We found it an
interesting novel candidate of acceptor in D-A molecules because of its high electron

affinity'?!

. As it is shown in Figure 2-3, taking 2,2'-bipyrimidine as an example, in the
pyrimidine ring, the lone pair of each nitrogen resides in a perpendicular orbital towards
the m-conjugated system, while only one electron participates in the delocalized system.
In the meantime, the stronger electronegativity of nitrogen over carbon gives rise to the

electron deficiency of the whole compound'??. Therefore, the pyrimidine ring shows a

higher electron affinity than some other N-hetero rings like pyridine.

2,2'-bipyrimidine
Figure 2-3 Electron distribution in 2,2'-bipyrimidine.

In the past few decades, bipyrimidine derivatives have been used as chelating
ligands in transition-metals and lanthanides complexes'?*12>, Recently, there are few
studies have reported their usages in the buildings of conjugated molecules for optical
and electronic applications, and even fewer reports on their uses on building D-A
molecules. Singman’s group has synthesized a series of low-potential two-electron
organic anolytes based on 2,2'-bipyrimidines derivatives'?. Some of them showed high
degree of stabilities in electrochemical cycling. Zhu et al. reported two hole transport
materials for conventional solar cells (shown in Figure 2-4 a) based on the building
blocks of 2,2'-diphenyl-5,5"-bipyrimidine associated with carbazole and diphenylamine
derivatives'?’. The introduction of the electron-withdrawing bipyrimidine group

increases molecular dipole moment, thus leading to an enhanced dipole-dipole
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interaction, which promotes charge transfer and affords a high hole mobility. Camerel
and coworkers have reported 2,2'-bipyrimidine-based chromophores (Figure 2-4 b)
with chiral side groups works as non-linear optical (NLO) organic liquid crystals and
thin films'?®!%. One example focusing on their luminescent properties is reported by
Lee and his coworkers'3®!3!, They designed some D-A emitters using bipyrimidines as
acceptors (Figure 2-4 c¢), which showed thermally activated delayed fluorescence

(TADF) and high photoluminescence quantum yield (PLQY).

|
4 b ¥

BosvoBfosioffoaod:

Figure 2-4 Examples of bipyrimidine based D-A molecules.

This short review illustrates that bipyrimidine derivatives could work
extraordinarily in conjugated molecules, especially in electron push-pull system, thanks
to the electron-deficient nature. Also, bipyrimidine shows high absorption in middle-
UV, for example, the absorption band of 2,2'-bipyrimidine appears at 290 nm in THF (¢
= 1.7x10%!%. Moreover, conjugated molecules containing bipyrimidine have been
reported to show high photo- and thermal stabilities'*}. The other advantage is that their
electron-deficient properties could be tuned by the introduction of additional electron-
withdrawing or electron-donating groups, to achieve the desired photoluminescent
properties. In this thesis, 2,2'-bipyrimidine (BPM) is selected particularly from the

bipyrimidine family due to an interesting fact. In solution, the two pyrimidine rings are
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free to rotate, which increases the solubility and facilitates the fabrication of films in
solution processes. On the other hand, as reported by Lee’s group!®!, the two pyrimidine
rings of BPM tend to be coplanar in a D-A-D molecule. The single-crystal structure of
BPM reveals that the inter-ring torsion angles is zero and it exists in a planar model in

d134

solid"*". This could improve the conjugation of the acceptor segment in solid state with

proper design.

Q Sy

N N

N/ COOH
(linkep o
:,(N DS

S S
wr-linker @ W Q—@
Dye 1 2 3

CT band 491 nm 541 nm 533 nm

Figure 2-5 Effect of the n-linkers in D-n-A system, reproduced from literature!®>,

Besides the selections of donors and acceptors, it is also of importance to adjust
the way to attach the two parts with each other. The direct connection is one way, while
another other way is to insert m-spacers in-between. In general, n-spacers can promote
and control electron transfer in long distance and extend the conjugation length3%!36,
For example, Zhu et al reported the internal charge-transfer (ICT) absorption band can

be tuned in a D-n-A system'>?

. As shown in Figure 2-5, by changing the n-linker among
phenyl, thiophene and phenyl thiophene, the ICT absorption band varies from 497 to
541 to 533 nm. The common options of conjugated n-linkers could be phenyl, thienyl,

vinyl, ethynyl linkers and other conjugated system, and their repetitions or

combinations, as they are shown in Figure 2-6.

Oty = T

Phenyl Thienyl Vinyl Ethylnyl

Figure 2-6 Common =n-linkers used in D-A molecules.
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In a previous work of our group, Lin has developed a series of D-A copolymer
with BPM as the acceptor unit'*’. He has achieved tunable emission color from blue to
green with interesting emissive properties and photo-stabilities. Continuing the
established work, in this thesis, we well keep the building block of electron-deficient
BPM to construct D-A small molecules. Comparing to polymers, small molecules are
easier to be characterized, their behaviors can be understood more conveniently and
precisely’?. The synthesis of small molecules is reproducible, while it is very difficult
for polymers. By modifying the electron push-pull strength, we aim at further tuning
the emission color of different compounds from blue, green to red to cover the whole
visible spectrum. Then, conditions are, a priori, met to obtain luminophores that emit

white light by combining them.

2.2 Experimental section

In this section, we will show the synthetic procedures and characterization means
taken to characterize the molecules. The method for photophysical measurements and

fabrication of films are also presented.

2.2.1 Materials and instruments

2-chloropyrimidine, 2-chloro-4-(trifluoromethyl)pyrimidine, nickel chloride,
triphenyl phosphine, bromine, sodium cyanide, sodium ethoxide, 1,4-
diazabicyclo[2.2.2]octane (DABCO), diethyl malonate, ammonium chloride,
potassium carbonate, sodium sulfite, sodium sulphate, ammonia, Tetrasodium
2,2'2" 2""-(Ethane-1,2-diyldinitrilo)tetraacetate (EDTA tetrasodium salt), cupper
1odide, carbazole, hydrochloride were purchased from VWR.
Tetrakis(triphenylphosphine)palladium, 9H-Carbazole-9-(4-phenyl) boronic acid
pinacol ester, 4-(diphenylamino)phenyl boronic acid, 4-(bis(4-
methoxyphenyl)amino)phenyl boronic acid, dicyclohexyl(2',6'-dimethoxy[1,1'-
biphenyl]-2-yl)phosphane (SPhos), palladium diacetate, [1,1'-
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bis(diphenylphosphino)ferrocene]dichloropalladium(Il),  tetrahydrofuran  (THF),
dichloromethane (DCM), chloroform, bis(triphenylphosphine)palladium(II) dichloride
tetrakis(triphenylphosphine)palladium(0), N,N’-dimethylpropyleneurea (DMPU) were
purchased from Sigma-Aldrich and used as received unless otherwise specified. All
solvents were carefully dried and purified before use when necessary. All manipulations
involving air-sensitive reagents were performed under a dry argon atmosphere by using
glovebox and Schlenk techniques.

NMR spectra have been recorded on Bruker Avance 300 or 400 spectrometers
using CDCl; or CD2Cl; as solvents; chemical shifts are given with respect to TMS (0 =
0). The mass spectra were measured with TimsTOF Bruker ESI-Pos High resolution
mass spectrometry (HRMS). The single crystals suitable for X-ray diffraction (XRD)
were grown in solutions and selected. Measurements were done with a Stoe
STADIVARI diffractometer, a Molybdenum X-ray microsource (from Xenocs) and a
EIGER2 CdTe hybrid-photon-counting detector at 150K on suitable single crystals.

The UV-Vis absorption spectra were recorded using an Agilent Technologies Cary
60 UV-vis spectrophotometer. The photoluminescence spectra were measured with an

Edinburgh Instruments spectrofluorometer FSS5.

2.2.2 Synthetic procedures

2.2.2.1 Synthesis of BPM building blocks

The synthetic routes towards the desired compounds are exhibited in Scheme 2-1.
Route 1 summarizes the syntheses of BPM (1a) and its dibromo (1b) and mono-bromo
(1¢) derivatives that have been previously reported!*®!%°. Trifluoromethyl-substituted
BPM (2a) and its dibromo (1b) and mono-bromo (1¢) derivatives are newly synthesized
following the same procedure. Synthetic route 3 is another pathway to obtain di-
halogenated BPM!4%-14! Unfortunately, limited by the time, we have not carried out the

last two steps to acquire 3¢ and 3d. For new compounds, both 'H and '*C NMR spectra
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will be presented as well as mass spectra in §2.2.2.3.

1 C}_cu Niciy 2 PPh_ CH? B o _CH}BB ‘CH?
1a 1b 1c

CF, CF, CF, CF,

CN Niciy 20 PPhy H_ Brs 4 H’ v ar_d] H_

2 Cl — e \ ——— Br. Br * Br
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2a F 2b F; 2c F3
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3a 3b 3c 3d
Scheme 2-1 Synthetic routes for BPM-based building blocks.

Synthesis of 2,2’-bipyrimidine (1a)

To a 100 mL dried two-neck flask charged with 4.58 g (17.46 mmol) of triphenyl
phosphine, 0.75 g (5.82 mmol) of nickel chloride, and 0.57 g (8.73 mmol) of zinc
powder, 170 mL of dry DMF (bubbled with argon for 30 minutes) was added under
argon and stirred vigorously at room temperature for 1 h. Then, 2.00 g (17.46 mmol) of
2-chloropyrimidine was added under Argon and stirred at room temperature. After 1 h,
the temperature was increased to 80°C for 70 h. Then, the reaction mixture was cooled
down to room temperature and filtered with Celite. The filtered cake was washed with
chloroform until the filtrate is colorless. The solution was concentrated under vacuum.
To the green-grey residue, an aqueous solution of EDTA tetrasodium salt was added
(7.27 g, 30 mL). After stirring for 3 h, 30 mL of an 1M NH3 aqueous solution was added.
Then, the mixture was extracted by 30 mL of diethyl ether (3 times) and 30 mL of
chloroform (8 times). The chloroform part was washed by 30 mL of deionized water (3
times) water and 30 mL brine (3 times), dried with Na,SO4 and the solvent was removed
under vacuum. The crude product was purified by column chromatography
(dichloromethane as eluent) and the product was obtained as a white solid (3.30g, yield:
52%).

'TH NMR (300 MHz in CDCI3, 6): 9.03 (d, J = 4.9 Hz, 4H), 7.44 (t, J = 4.8 Hz, 2H).
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13C NMR (75 MHz in CDCI3, §): 161.8, 157.6, 121.2.

Synthesis of 5,5°-dibromo-2,2’-bipyrimidine (1b)

In a sealed tube, 1a (542 mg, 3.43 mmol) and bromine (0.71 mL) were added under
Argon and heated at 150°C for 72 h. Then the mixture was cooled down to room
temperature. The hard solid was powdered and treated with a Na;SOs3 solution (1.8 g,
in 25 mL DI H>O) to remove the excess of bromine. Then, the mixture was treated with
an NaOH aqueous solution to adjust the pH to 14. The mixture was extracted with 30
mL of chloroform for 3 times, then the organic part was washed with deionized water
(20 mL for 3 times) and brine (20 mL for 3 times), and dried with Na>SO4 and
concentrated under vacuum. The crude product was purified by column
chromatography (dichloromethane as eluent) and the product was obtained as a white
solid (575 mg, yield: 53%).

'TH NMR (300 MHz in CDCI3, d): 9.05 (s, 4H).

13C NMR (75 MHz in CDCI3, §): 159.7, 158.9, 121.9.

Synthesis of 5-bromo-2,2’-bipyrimidine (1c)

The product 1¢ was obtained as a white solid (130 mg, yield: 16%) with the same
reaction as for 1b.
'"H NMR (400 MHz in CDCI3, 6): 9.04 (s, 2H), 9.00 (d, J = 4.8 Hz, 2H), 7.45 (t, J =
4.8 Hz, 1H).
13C NMR (100 MHz in CDCI3, 6): 161.63, 160.26, 158.71, 158.11, 121.68, 121.62.

Synthesis of 4,4'-bis(trifluoromethyl)-2,2'-bipyrimidine (2a)

The synthesis of 2a is the same as that of 1a except using 2-chloro-4-
(trifluoromethyl)pyrimidine instead of 2-chloropyrimidine. The product 2a was
obtained as a white solid (425 mg, yield: 49%).

'"H NMR (400 MHz in CDCI3, 6): 9.32 (d, J = 4.0 Hz, P1, 2H), 7.83 (d, J = 4.0 Hz,
P2 2H).
13C NMR (100 MHz in CDCI3, 6): 162.32 (s, C4), 160.69 (s, C1), 157.06 (q, J = 37.0
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Hz, C3), 120.25 (q, J = 274 Hz, C5), 117.58 (q, J = 3.0 Hz, C2).

ESM-Pos Ms (m/z): C1oHsF¢N4 for [MH '], calculated 295.0413, found 295.0415.

Synthesis of 5,5'-dibromo-4,4'-bis(trifluoromethyl)-2,2'-bipyrimidine (2b)

The synthesis of 2b is the same as for 1b except using 2a instead of 1a, and the
reaction mixture in the sealed tube was heated at 150 °C for 7 days. The product 2b was
obtained as a white solid (12 mg, yield: 2%). It is too few for taking *C NMR.

'H NMR (400 MHz in CDCI3, 5): 9.32 (s, 2H).

Synthesis of 5-bromo-4,4"-bis(trifluoromethyl)-2,2'-bipyrimidine (2c)

The product 2¢ was obtained as a white solid (60 mg, yield: 12%) with the same
reaction as for 2b.
'"H NMR (400 MHz in CDCI3, 8): 9.32 (s, 1H, P3),9.31 (d, /= 8.0 Hz, 1H, P1), 7.83
(d, J=4.1 Hz, P2).
13C NMR (100 MHz in CDCI3, §): 163.51 (s, C1°), 161.78 (s, C5), 160.74 (s, C1),
159.61 (s, C5’), 157.10, (q, J = 37.0 Hz, C3), 154.35 (q, /= 37.0 Hz, C3’), 120.18 (q,
J=274Hz,C4’) 119.95 (q, /=275 Hz, C4), 118.55 (s, C2’) 117.66 (q,J = 3.0 Hz, C2).

Synthesis of pyrimidine-2-carbonitrile (3a)

To a 200 mL flask charged with a solution of 2.7 g (55.0 mmol) of sodium cyanide
and 0.59 g (5.24 mmol) of DABCO in DMSO (30 mL) and deionized water (15 mL),
2-chloropyrimidine (6 g, 52.4 mmol) in DMSO (20 mL) was added dropwise during 15
min, and the reaction mixture was stirred overnight. The mixture was extracted with
100 mL of diethyl ether (3 times). The combined organic layers were washed with 50
mL of water and brine for 3 times, dried with sodium sulfate, concentrated in vacuum
and purified with column chromatography (dichloromethane as eluent). The product
was obtained as a beige solid (4.50 g, 82%).
'"H NMR (400 MHz in CDCls, 6): 8.86 (d, J= 5.0 Hz, 2H), 7.56 (t, J= 5.0 Hz, 1H).

13C NMR (100 MHz in CDCl, 8): 158.2, 145.4, 123.8, 115.7
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Synthesis of pyrimidine-2-carboximidamide (3b)

To a solution of 3a (1 g, 9.51 mmol) in 50 mL of methanol, sodium ethoxide (129
mg, 1.90 mmol) was added and stirred at room temperature for 12 hours. Then, 559 mg
(10.46 mmol) of ammonium chloride was added. The mixture was heated and refluxed
for 4 hours and then the solvent was evaporated under vacuum. The residue was
suspended in ethanol, heated and refluxed for 1 hour and filtered after cooling down.
The product was obtained after recrystallization from a propanol/hexane (5:1) solution
as colorless needle-like crystals in a yield of 0.83 g (71%).

'"H NMR (400 MHz in CDCI3, ¢6): 8.95 (d, J = 4.9 Hz, 2H) 7.63 (t, J = 4.9 Hz, 1H),
7.12 (br. s, 3H).

13C NMR (100 MHz in CDCI3, §): 159.64, 157.52, 156.16, 121.81.
2.2.2.2 Synthesis of D-A molecules

Obtaining 1b as the main product, we decided to construct D-A-D type molecules

to extend the m-conjugated system.

Synthesis of 5,5'-di(9H-carbazol-9-yl)-2,2'-bipyrimidine (M1).

N  Ne Q — O N N— O
Br _</;\ \:/>_B, + NH: 18 crowgucls, K,CO, :N ) N:
A T G

To a 50 mL two-neck flask charged with 200 mg (0.63 mmol) of 5,5’-dibromo-
2,2’-bipyrimidine and 265 mg (1.58 mmol) of carbazole, 24 mg (0.13 mmol) of copper
iodide, 33 mg (0.13 mmol) of 18-crown-6, 261 mg (1.89 mmol) of potassium carbonate
and 1 mL of DMPU were added under Argon. Then, the temperature was increased to
200°C and the mixture was stirred for 24 hours. The reaction mixture was then cooled
and quenched with 2 M HCI (100 mL). The solution was extracted with chloroform,
washed with ammonia and water, dried over Na>SOas, and the solvent was removed

under vacuum. The crude product was purified by column chromatography using
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dichloromethane as eluent to yield the pure compound as a light-yellow powder (173
mg, 56% yield). Light yellow crystals suitable for X-ray diffraction were grown from a
slow diffusion in chloroform/hexane mixed solution.

'"H NMR (400 MHz in CDCls, J): 9.40 (s, 4H, P1), 8.19 (dt, 4H, J = 8.0, 1.0 Hz, P5),
7.56 — 7.50 (m, 4H, P2+P3), 7.52 (tt, /= 8.0, 1.8 Hz, 4H, P4)

13C NMR (100 MHz in CDCl3, J): 159.28, 155.61, 139.88, 133.93, 126.86, 124.42,
121.69, 120.89, 109.03.

ESM-Pos Ms (m/z): C32H21Ng for [MH ], calculated 489.1822, found 489.1816.

Synthesis of 5,5'-bis(4-(9H-carbazol-9-yl)phenyl)-2,2'-bipyrimidine (M2).

G e O 2 BO-G0-0-
To a 100 mL flask charged with 85 mg (0.27 mmol) of 5,5’-dibromo-2,2’-

bipyrimidine and 162 mg (0.56 mmol) of 9H-Carbazole-9-(4-phenyl) boronic acid
pinacol ester, 12 mL of degassed THF and a solution of 112 mg of K»COs dissolved in
3 mL of HO were added under Argon. Then, 9.9 mg (0.014 mmol) of [1,1-
Bis(diphenylphosphino)ferrocene]dichloropalladium(Il) was added, the temperature
was increased to 80°C and the mixture was stirred overnight. The reaction mixture was
then cooled and filtered. The solution was extracted with chloroform, washed with
water and brine, dried with Na>SOs, and the solvent was removed under vacuum. The
crude product was purified by column chromatography (dichloromethane) to yield a
yellow powder (135 mg, 78% yield). Light yellow crystals suitable for X-ray diffraction
were grown from a slow diffusion in chloroform/hexane mixed solution.
'"H NMR (400 MHz in CDCl3, 6): 9.40 (s, 4H, P1), 8.20 (ddd, J=7.7, 1.2, 0.7 Hz, 4H,
P7), 8.0 (d, J = 7.2 Hz, 4H, P2), 7.85 (d, J = 8.4 Hz, 4H, P3), 7.55 — 7.46 (m, 8H,
P4+P5), 7.38 — 7.34 (tt, J= 8.3, 1.2 Hz, 4H, P6).
13C NMR (100 MHz in CDCl3, §): 155.05, 139.52, 127.75, 126.97, 125.17, 122.68,
119.48, 119.41, 108.67.
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ESM-Pos Ms (m/z): C44H2oNe for [MH'], calculated 641.2448, found 641.2441.

Synthesis of 4,4"-(12,2'-bipyrimidine]-5,5"-diyl) bis(N,N-diphenylaniline) (M3)

G000l =%ocp0f

The synthesis of M3 is the same as for M2 except that 4-(diphenylamino)phenyl
boronic acid was used instead of 9H-Carbazole-9-(4-phenyl) boronic acid pinacol ester
to yield a yellow powder (146 mg, 84% yield). Yellow crystals suitable for X-ray
diffraction were grown from a slow diffusion in chloroform/hexane mixed solution.
'H NMR (400 MHz in CD:Cl, d): 9.16 (s, 4H, P1), 7.61 (d, J=7.6 Hz, 4H, P2) 7.33
(t,J=12 Hz, 8H, P4), 7.21 — 7.09 (m, 16H, P3+P5+P6).
13C NMR (100 MHz in CD:Cl, 8): 155.67, 149.78, 147.91, 130.19, 128.40, 127.60,
125.82, 124.49, 123.69.

ESM-Pos Ms (m/z): C44H33Ne for [MH'], calculated 645.2761, found 645.2763.

Synthesis of 4,4'-([2,2"-bipyrimidine]-5,5'-diyl) bis(N,N-bis(4-methoxyphenyl)aniline)
(M4)

% d

N N—

Q =g q

The synthesis of M4 is the same as for M2 except that 4-(bis(4-
methoxyphenyl)amino)phenyl boronic acid was used instead of 9H-Carbazole-9-(4-
phenyl) boronic acid pinacol ester and degassed DMF/water (4 : 1) mixture as the
solvent to yield an orange powder (531 mg, yield: 89%). Yellow crystals suitable for
X-ray diffraction were grown from a slow diffusion in dichloromethane/hexane mixed
solution.

H NMR (400 MHz in CDCls, 6): 9.17 (s, 4H, P1), 7.49 (dt, /= 11.0, 3.5 Hz, 4H, P2),
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7.12 (dt, J=11.3,2.9 Hz, 8H, P4), 7.03 (dt, J= 11.0, 3.0 Hz, 4H, P3), 6.87 (dt, J= 11.3,
2.9 Hz, 8H, P5), 3.81 (s, 12H, P6).

13C NMR (100 MHz in CDCl, 8): 156.70, 155.10, 150.24, 140.19, 127.80, 127.40,
124.71, 120.23, 115.10, 55.73.

ESM-Pos Ms (m/z): C4sH41N¢O4 for [MH], calculated 765.3184, found 765.3183.

Synthesis of 4,4'-(4,4"-bis(trifluoromethyl)-[2,2'-bipyrimidine]-5,5"-diyl) bis(N, N-

diphenylaniline) (M5)

CF; CF3
N N— o Q Pd(PPhs)s Q N N— Q
e O e OO
: ' & w D
’ M5

The synthesis of M5 is the same as for M3 except that 2b was used instead of 1b
and catalyzed by tetrakis(triphenylphosphine)palladium(0) to yield a yellow powder (2
mg, 9.7% yield). It is not enough for recording the *C NMR spectrum. Because of lack
of time, more MS could not be prepared.
'"H NMR (400 MHz in CD2Clz, 6): 9.16 (s, 2H, P1), 7.35 — 7.28 (m, 12H, P2+P4), 7.19
—7.12 (m, 16H, P4+P5+P6).

ESM-Pos Ms (m/z): C46H31FsNe for [MH'], calculated 781.2509, found 781.2496.

Synthesis of 5,5"-bis(5-hexylthiophen-2-yl)-2,2'-bipyrimidine (M6)

M6
(5-hexylthiophen-2-yl)trimethylstannane used in the synthesis was synthesized
according to the reported procedures'*?.To a 100 mL flask charged with 300 mg (0.95
mmol) of 1b and 377 mg (1.14 mmol) of (5-hexylthiophen-2-yl)trimethylstannane, 20
mL of dry THF was added under Argon. Then, 67 mg (0.095 mmol) of
bis(triphenylphosphine)palladium(Il) dichloride was added, the temperature was

increased to 80°C and the mixture was stirred for 2 days. The reaction mixture was then
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cooled and filtered. The solution was extracted with chloroform, washed with water and
brine, dried with Na;SOa, and the solvent was removed under vacuum. The crude
product was purified by column chromatography using dichloromethane as eluent to
yield a pale-yellow solid (289 mg, 62%).

'"H NMR (400 MHz in CDCls, 8): 9.12 (s, 4H), 7.37 (d, J = 3.6 Hz, 2H), 6.86 (dt, J =
3.6, 1.0 Hz, 2H), 2.87 (t, J = 7.5 Hz, 4H), 1.73 (sept, J = 7.4 Hz, 4H), 1.46 — 1.27 (m,
13H), 0.96 — 0.82 (m, 6H).

13C NMR (100 MHz in CDCl3, d): 159.70, 153.70, 149.59, 133.21, 128.69, 125.93,
125.84, 77.34, 77.03, 76.71, 31.58, 31.53, 30.37, 28.75, 22.56, 14.08.

ESM-Pos Ms (m/z): C23H3sN4S, for [MH'], calculated 491.2298, found 491.2297.

Synthesis of 4-(4,4'-bis(trifluoromethyl)-[2,2'-bipyrimidin]-5-yl)-N,N-bis(4-

methoxyphenyl)aniline (M7)

% %

CF; CF;
feSvas W@f Cmg@f
2 3
/

/
The synthesis of M7 is the same as for M4 except that 2¢ was used instead of 1b

and SPhos/Pd(OAc). as catalyst to yield a red solid (45 mg, yield: 47%). Orange
crystals suitable for X-ray diffraction were grown from a slow diffusion in
chloroform/hexane mixed solution.

'"H NMR (400 MHz in CDCl3, 6): 9.31 (s, 1H, P1), 9.15 (s, 1H, P3), 7.80 (d, J = 4.88
Hz, 1H, P2), 7.20 (d, J = 8.08 Hz, 2H, P4), 7.15 (d, J = 8.20 Hz, 4H, P6), 6.98 (d, ] =
8.36 Hz, 2H, P5), 6.89 (dt, J = 6.64, 2.24 Hz, 4H, P7), 3.82 (s, 6H, P8).

13C NMR (100 MHz in CDCl3, §): 162.15, 161.28, 160.59, 159.28, 156.65, 152.56,
145.62, 140.80, 139.81, 135.04, 129.71, 128.17, 127.54, 126.77, 118.94, 118.47, 117.30,
115.37, 114.95, 106.89, 103.84, 55.55.

ESM-Pos Ms (m/z): C30H22F¢NsO» for [MH ], calculated 598.1672, found 598.1651.

40



YT
Q0T

Q

\TUT
e"‘"
0
$ 300"

@
" b o®

2.2.3 General method for photophysical measurements

All the samples in solutions were prepared in spectral grade solvents and with
recrystallized compounds. They were tested in 1cm-quartz cuvettes. To prepare diluted
solution (10°3-10% M), mother solutions with concentration of 1x10° M of each
compound were made before diluting to the desired concentration. For the measurement
of each compound, we firstly studied a 1x10® M solution and its absorption spectrum
was recorded. Since here the working concentration of solution is not determined, to
minimize reabsorption effect and to avoid aggregates of molecules, we want the
absorbance below 0.1, and normally it is for our compounds. Then the molecule was
excited at the wavelength corresponding to the absorption maximum to record the
emission spectrum. In reverse, with knowing the emission maximum, we recorded the
excitation spectrum by analyzing at the maximum of emission to make sure that the
excitation wavelength used for emission measurements was optimum. For samples in
solid-state, they were deposited on glass substrate and measured with a special holder.
The PLQY, absorptance and external quantum yield of films were measured with

integration sphere in Université Clermont Auvergne as a cooperation.
2.2.3.1 Determination of working concentration

For each compound, the emission measurements of solutions with different
concentrations were carried out in order to determine the proper working concentration.
The latter should belong to the linear domain of the plot of the intensity of emission
versus the concentration. This is in particular to avoid the presence of aggregate.
Generally, for the compounds of the present study, the working concentration should be

below 1x10™ M.
2.2.3.2 Photoluminescence quantum yield measurement related to standards

Measurements of PLQY were carried out both with an integration sphere and
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references to make sure that reliable values were taken. Two references were chosen,
which are quinine sulfite and norharmane'*’. The PLQY of quinine sulfite in 0.5 M
sulfuric acid aqueous solution is 0.546 when excited at 366 nm!#*. The PLQY of
norharmane in 0.5 M sulfuric acid aqueous solution is 0.60when excited at 360 nm!%’,
To perform the PLQY measurements with standards, we followed the procedures below:
(1) Record the UV-vis absorbance spectrum of the solvent background for the chosen
sample. Make sure the absorbance value is below 0.1. Note down the absorbance at the
excitation wavelength to be used.

(2) Record the fluorescence spectrum of the same solution. Calculate and note down
the integrated fluorescence intensity (that is, the area of the fluorescence spectrum).
(3) Repeat steps 1 and 2 for five solutions with different concentrations of the chosen
sample.

(4) Plot a graph of integrated fluorescence intensity v.s. absorbance. The result should
be a straight line with gradient value, and intercept = 0 (see Figure 2-6).

(5) Repeat steps 1 to 4 for the standards and all the samples. And for each standard and
sample, three independent measurements, which means three values of gradient were

obtained.

Standard

Samples

Emission area

Absorbance 0.1

Figure 2-6 Indication of PLQY measurements.

The value of the quantum yield can be calculated by the following equation:
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Where the ST and X represent standard and test sample respectively, @ is the
photoluminescence quantum yield, Grad is the value of the slope from the fitting line
and 7 is the refractive index of the solvent.

First, the two standard compounds are cross-calibrated using this equation. This is
achieved by calculating the quantum yield of each standard sample relative to the other
to check if the measurements are well done. For each test sample, two ® values will be
obtained, one relative to standard quinine sulfite, the other to standard norharmane. The
simple average of these two values represents the quantum yield of the test sample. The
error in the reported value must be considered based upon the observed errors in the
gradients; a value of £10% is normal. For each sample and standard, three independent
measurements were carried out which means three slope values for each sample and
three for each standard. In this case, we can calculate 9 different values of PLQY related
to each standard and 18 values in total. The average value has been taken as the PLQY

for the tested compound.
2.2.3.3 Low temperature PL, delayed emission and excited-state lifetime

Firstly, assure the absorbance of testing sample is below 0.1. The fluorescence-
decaying measurements were carried out with a method of Time-Correlated Single
Photon Counting (TCSPC), using a 364.1 nm pulse with a period of 50 ns, generated
by EPL-365 picosecond pulsed diodes. The instrument respond (IR) was measured with
a Ludox solution. The decaying curve of sample was process by a reconvolution fitting
to acquire the lifetimes.

The low temperature measurements were performed in a special quartz tube
immersed into liquid nitrogen. The sample should be completely frozen before the
measurement. For delayed emission and phosphorescence lifetime, they were measured

with a microsecond flashlamp or pulse, using the multichannel scaling (MCS) method.
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To obtain delayed emission spectra, the gated time was set to record the emission
spectrum of a certain part during each period of pulse. The decay curves which are

shown in the text are presented in Appendix IV

2.2.4 Fabrication of thin films

The fabrication of thin films involves three solution-processable methods: drop-
casting, spin-coating and slot-die process using a coating bench. The slot-die films were
made in Université Clermont Auvergne. Some of the samples went through the thermal
annealing process. Films were deposited on a hot plate with 120 °C surface temperature
for 3 hours. After that, they were allowed to slowly cool down to ambient temperature

for 12 hours.

2.2.4.1 General method for drop-casted films

This method is used for the quick checks of neat films. Solutions of pure
luminophores in THF or DCM with certain concentrations were prepared and filtered
through 0.45 um syringe filters previously. The glass substrates were cleaned in ethanol
with ultrasonic bath, then rinsed with acetone. Then 100 uL of prepared solution was
carefully dropped on the glass substrates and covered the whole surface. They were left

in the fume hood overnight for completely evaporating solvent.

2.2.4.2 General method for spin-coated films

The method is used for making neat and dopped films in PMMA and CBP, for the
good homogeneity and transparency. Solutions of pure luminophores or
fluorophores/matrix in THF or DCM with 10 g/L concentrations were prepared and
filtered through 0.45 pum syringe filters previously. The glass substrates were cleaned
in ethanol with ultrasonic bath, then rinsed with acetone. Then 100 pL of prepared
solution was carefully dropped on the glass substrates and covered the whole surface.

They were spin coated at 2000 rpm for 60 seconds.
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2.2.4.3 General method for slot-die films

A 0.5 g/mL THF solution of PMMA was prepared and stirred overnight to obtain
a viscous gel. For 10 wt% films, 30 mg of luminophores was dissolved in 0.5 mL THF
and mixed with 0.5 g of PMMA gel, and stirred for 30 minutes for evenly mixing them.
The acquired sol-gel was dropped on a plastic substrate deposited on a hot coating
bench (50 °C) and pressed by a bar-coater knife with a fixed thickness of 200 pum. Then
the films were peeled out of the substrates after drying. Those films fabricated through
this method have consistent thickness, good homogeneity and transparency. They were

used for PLQY and photostability tests.

2.2.5 Fabrication of the hybrid LEDs

Firstly, a 10wt% PMMA solution in toluene and a 10 g/L THF solution of M4 were
made. Then a solution containing 10wt% M4 and 90wt% PMMA was made by mixing
the previous two solution. The blue LEDs were purchased on Amazon and fabricated
by Lumetheus. The dimensions of the LEDs are 3.5 x 0.5 x 0.5 cm with an emission
wavelength of 465 nm and a power of 90 mW.

A dip-coater (Kibron Langmuir-Boldgett Trough G2) was used in the process. The
LED was held by a holder which can move uniformly to completely immerse into the
polymeric solution and stay for 5 minutes. Then it was withdrawn from the solution
with a adjustable speed (100-200 mm/min). The LED was left vertically and dried in
the fume hood for 1 hour.

The electroluminescence spectra of the hybrid LEDs were measured by Photo
Research PR-655 Scanning Spectroradiometer. The LED is powered by Keithley 2430

power source.

2.3 Discussion on synthesis

As we showed in this chapter, a series of D-A molecules comprising BPM as
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acceptor has been synthesized and characterized by various means such as NMR, Mass
spectrometry and single-crystal XRD.

New compounds 2a, 2b and 2c¢ were isolated and fully characterized. In their '*C
NMR spectra (Appendix II, Figure S2-1 and S2-3), we have observed C-F coupling
due to CF3 group, which has the same effect as C-H coupling. This C-F coupling leads
to the occurrence of multiplets in their '*C NMR spectra, since only C-H decoupling
technique was adopted without C-F decoupling. This is solid evidence of the
introduction of the CF3 groups. These spectra have been carefully analyzed and

assigned.

9.398

9.187 Q avs \"3@9
viniaCalale
d %
9.173 8 hasy g
9.5 | 9!3 | 9!1 | 8!9 | 8!7 | 8!5 | 8.3

Chemical shift (ppm)

Figure 2-7 Chemical shifts of the pyrimidine protons in "H NMR spectra of M1-M4 in

chloroform-d!.

As the target of the synthesis, we were able to construct a new family of D-A-D
molecules with different donor units (M1-M4) using 5,5’-dibromo-2,2’-bipyrimidine

(1b) as the main starting material. Comparing their 'H spectra in chloroform-d; (Figure
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2-7), the high-field shift of their protons of the pyrimidine rings depending on the donor
units was observed. They are 9.398, 9.400, 9.187 and 9.173 ppm respectively for M1-
M4. The stronger electron-donating ability it has, the more prominent the shielding
effect is, which leads to a high-field-shift of the resonance absorption peaks and the
decrease of the chemical shifts. This indicates the order of the electron-donating power
of the donor units in each compound is M4 > M3 > M1 = M2. In fact, the insertion of
phenyls in M2 slightly reduces the influence of carbazole comparing to M1, possibly

due to the longer distance the phenyl rings induced.

g%ﬁ}@g H2 7.61
H19.16

Q%Hw@

H19.17

H2 7.35

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5
Chemical shift (ppm)

Figure 2-8 '"H NMR spectra of M3 and M5 in dichloromethane-d2.

By attaching extra electron-withdrawing trifluoromethyl groups, we are able to
compare the effect of acceptors with different electron affinities (M3 and M5). In their
NMR spectra (Figure 2-8). The protons H1 on the pyrimidine unit of MS have a down-
field shift due to the electron-withdrawing inductive effect of the CF; groups.
Meanwhile the steric effect of CF3 enlarge the torsion angles between phenyl rings and

47



YT
Q0T

S

\TUT
Ky ' °
2
$ 300"

@
" b o®

BPM core. Protons H2 in M5 may locate in the shielded region (above and below the
conjugated plane) of the pyrimidine rings, which results in an enhanced shielding effect
and thus a significantly lower chemical shift than that of M3. Same phenomenon is
found in the 'H NMR spectrum of the CF3-substituted M7 with the chemical shift of
corresponding proton of 7.20 ppm (Appendix II, Figure S2-11), owing to the twisted
conformation between the phenyl and pyrimidine with a big torsion angle of 69. 1° (see
Table 2-1).

Revealed by the X-ray diffraction analysis of their single crystals, for M1-M4, the
two pyrimidine rings appear almost coplanar with small inter-rings torsion angles
(Table 2-1), as we expected from the design strategy. And for M2-M4, the torsion
angles between phenyl and BPM cores are moderate (31-34°), indicating their rather
planar geometries. M1 and M7 show twisted overall conformation. Their single crystal
X-ray structures are shown in Figure 2-9. The detailed single-crystal X-ray diffraction

data are presented in Appendix I11.

Table 2-1 Torsion angles between two pyrimidine rings in single crystals of M1-M4.

Molecule M1 M2 M3 M4 M7
o2 9.7° 0.2° 0.2° 5.7° 20.0°
a’ 59.2° 34.4° 34.2° 31.6° 69.1°

2 Torsion angles between two pyrimidine rings. ® Torsion angles between pyrimidine and the other

side neighboring groups.

The difficulties about the synthesis concentrate on the bromination of 1a and 2a
due to a low reactivity. In 1a, due to electron-withdrawing nature of the two nitrogen
atoms in the pyrimidine rings, the 2,4,6 positions are deactivated towards electrophilic
substitutions, while the position 5 is not as electron-deficient as other positions'?2. It is
possible to perform electrophilic substitutions like bromination without activating
groups but under harsh conditions. However, for 2a, the strong electron-withdrawing
CF3 at the 4 and 4’ positions destroyed the last hope. Even under extreme conditions
(high temperature, high pressure, long reaction time), it was still very hard to undergo

the bromination. Therefore, the mono-bromo product 2¢ was obtained as the main
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product in a very low yield and the yield of the dibromo product 2b is even lower. For

this reason, the synthetic method 3 (in Scheme 2-1) was performed to obtain di-

halogenated BPM derivatives in better yields according to literature

Figure 2-9 Single cystal X-ray structures of M1-4 and M7, black for carbon, blue for nitrogen, red

for oxgen and olive for fluorine

EWG /—N EWG /=N
4

EWG =N &
Epo =Gk, — €<
H,N H,N O,N
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O O
H, H, 0,
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Scheme 2-2 Perspectives on the synthesis of halogenated BPM

Starting from a substituted chloropyrimidine, it may give an efficient way to obtain

di-halogenated BPM derivatives with various electron-withdrawing substitutions (see

Scheme 2-2, 4). Besides this, the introduction of activation groups like -NH> and -OH
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could boost the reactivity for electrophilic substitution (see Scheme 2-2, 5). Then, -NH>
could be oxidized into -NO; to obtain the electron-withdrawing groups. We also found
another interesting method applied in the pharmacy domain to synthesize brominated
BPM in a very high yield'* (see Scheme 2-2, 6), which worths a try in the future. The
other point that needs to be illustrated is that the reactivity of each position of the

5'%7_ For this reason,

pyrimidine halides follows the general order position 4(6) > 2 >
the highly efficient catalyst system for the Suzuki coupling is necessary. Especially for
trifluoromethyl-substituted BPM, the hindrance of trifluoromethyl groups blocks the
bromine substitution and limits the reactivity of bromine. Since the synthesis of M5
with Pd (PPhs3)s showed a very low yield, the catalyst system SPhos/palladium diacetate
was selected for its high reactivity in order to improve the yield of M7.

There are also some syntheses which were not successfully performed. For
examples, we have tried to synthesize the larger molecules M8, M9 and M10 with
longer conjugation (Figure 2-10). However, their solubility was too low to carry out
column chromatography for the purifications due to the large and rigid benzothiophene
and pyrene groups. No pure products were obtained; thus, we could not investigate their

photophysical properties. Therefore, we synthesized M6 containing long alkyl chains

to increase the solubility.

N N S
IW-GO40 (RG-0<f
N /N =4
= /
- it e
¥
Oa SV NV
&= =04
&
Figure 2-10 Products M8-M10 which were not successfully purified.

2.4 Summary

In this chapter, firstly we illustrated the general design for the desired D-A
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molecules and attached importance on the choices of D and A moieties respectively, as
well as the way to connect them (with or without n-linkers). By describing the merits
and shortages of different groups, the aromatic amines, particularly triphenylamine and
carbazole derivatives, are selected as D units, as they are well-known for electron-rich
and they show strong absorption in near-UV. Triphenylamine can provide the potential
to introduce AIE property in D-A compound. BPM derivatives are finally selected as A
units, for their high electron affinity, strong absorption, good thermal and photostability
and novelty in the construction of D-A system.

Then the experimental methods and details, including synthesis, film fabrications
and photophysical measurements, are described. The discussion of synthesis is
highlighted. For the synthesis of BPM building blocks, two different pathways are
proposed. Compound 1a is obtained as a main starting material. 2a and 2b are also used
for the construct D-A system. Seven D-A and D-A-D compounds are successfully
synthesized and characterized. M1-M4 and M6 share the same acceptor core which is
BPM. But they contain various donor moieties, which are carbazole, phenyl carbazole,
triphenylamine, dimethoxy triphenylamine and hexyl thiophene. M3 and M5 share the
same donor part, while the acceptor core of MS is substituted with CF3. By analyzing
their NMR spectra, the inductive and steric effect of different substitutions are revealed.
The stronger electron-donating abilities of triphenylamine derivatives than carbazole
lead to high-filed shifts of the BPM protons, while the electron-withdrawing strength
of CF3 causes a low-filed shift. The steric effect of CF3 increases the shielding effect
on the protons of the phenyl bridge in M5 and M7, and makes their chemical shift high-
field shift. The single crystal structures of M1-M4 and M7 are acquired from X-ray
diffraction. For M1-M4, the two pyrimidine rings are nearly coplanar with small torsion
angles (0-10°). The multiple characterizations have already revealed some of the
effected from the different structures, and can be further proved by the photophysical

studies in the next chapters.
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Chapter III Photophysical properties in solution

After successfully isolating the target donor-acceptor (D-A) compounds, in this
chapter, we will focus on the studies of their photophysical properties in diluted solution,
including absorption spectra, photoluminescence (PL) spectra and decay curves at both
room and low temperature, in order to determine the photophysical characters of the
isolated molecules. From the comparison between different compounds, we could
reveal the effects of different substitutions and conformations of the molecules, to have
a better understanding on the property-structure relationship. Then solvent effect was
studied to investigate the internal charge-transfer process (ICT). In the end, by the

estimations of different energy levels, their electronic structures are revealed.
3.1 Photophysical properties at room temperature in solution

Firstly, we will focus on the absorption and PL spectra of these compounds at room
temperature to have a picture of their photophysical parameters: determination of
working concentration (linear domain), absorption and emission wavelength (4ass and
Aem), molar absorption coefficient, photoluminescence quantum yield (PLQY),
fluorescence lifetime (FLT), and CIE coordinates. The measurements of linear domain
and PLQY s relative to standards are presented in Appendix IV. For the convenience of
comparison, M1-M6 were diluted in chloroform, since it is a common good solvent for
all compounds. Figures for M7 was shown in toluene solution, since it is nearly non-
emissive in chloroform. The parameters applied for recording those spectra are listed

in figures and corresponding legends.
3.1.1 Absorption and PL properties of M1 in solution

M1 showed a broad sky-blue fluorescence with the intensity maximum at 487 nm,
and an absorption in near-UV with a peak value at 385 nm. As we described in Chapter

I1, two different methods were adopted for measuring PLQY, with an integration sphere,
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and with standards. The photophysical parameters are summarized in Table 3-1.
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Figure 3-1 Normalized absorption, excitation and emission sepctra of M1 solution (1x10° M in

chlorofrom, room temperature, 2/2 nm slits).

Table 3-1 Photophysical properties of M1 at room temperature®.

Aabs £ Aem (O (Dsd Tfluo (I'IS, %)
0.1 (77.42)
385 0.15 487 0.18 0.13
3.24 (22.58)

2 1x10° M solution in chloroform. ® Molar absorption coefficient, 10* L-mol!-cm’. ¢ PLQY
measured with an integration sphere, with an estimated relaitve error +10%. ¢ PLQY measured with

standards, with an estimated error +10%.

The process of determining the linear domain for M1 has been shown in Figure
S4-1. The emission spectra of solutions with different concentrations were recorded.
The intensity maximum has been plotted with the concentration. Those points from
1x10°° M to 1x10 M can be fitted with good linearity (>0.99), indicating in this range
the emission properties are detected from isolated molecules. Hence, the linear domain
is defined as the concentration below 1x10-> M, where the following measurements will
be done.

The slope values were obtained following the method in Chapter II, and were

listed in the Appendix IV, Table S4-1 and S4-2. There are nine calculated values for
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each quantum yield standards. The average values and error square (R?) are presented.
The average values of PLQY are very close for two standards, and the error are small,

indicating reliable results.

3.2.2 Absorption and PL properties of M2 in solution

0.4 -

Normalized intensity

o
N
1

0.0+

T T T T T T T T T T T
250 300

T T T T T T
450 500 550 600 650 700  75C

Wavelength (nm)

T T
350 400

Figure 3-2 Normalized absorption, excitation and emission sepctra of M2 solution, (1x10° M in

chlorofrom, room temperature, 1/1 nm slits).

As shown in Figure 3-2, M2 showed a sky-blue fluorescence with high PLQY
(0.72 with two methods) in chloroform solution. It absorbs in near-UV region. The
calculations of PLQY relative to references are shown in Table S4-3 and S4-4. The

working concentration for M2 is below 1x10 M (see Figure S4-2). The photophysical

parameters are listed in Table 3-2.

Table 3-2 Photophysical properties of M2 at room temperature®.

Aabs & Aem Dr° (Dsd Tfluo (ns, %)
0.97 (7.70)
365 4.20 490 0.72 0.72
3.74 (92.30)

2 1x10° M solution in chloroform. ® Molar absorption coefficient, 10* L-mol!-cm’. ¢ PLQY
measured with an integration sphere, with an estimated relaitve error +10%. ¢ PLQY measured with

standards, with an estimated error +10%.
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3.2.3 Absorption and PL properties of M3 in solution

M3 showed a green fluorescence with high PLQY (72%), shown in Figure 3-3.
The photophysical parameters are summarized in Table 3-3. The calculations of PLQY
are shown in Table S4-5 and S4-6. The determination of linear domain for M2 is shown

in Figure S4-3. The working concentration should be below 1x10~ M.

1.0 Exc
530 Em

Normalized intensity

T T T T T T T
300 400 500 600 700 80C
Wavelength (nm)

Figure 3-3 Normalized absorption, excitation and emission sepctra of M3 solution (1x10° M in

chlorofrom, room temperature, 1/1 nm slits).

Table 3-3 Photophysical properties of M3 at room temperature °.

j-abs gb j-e‘m (DIC q)sd Tfluo (HS, %)

405 3.22 530 0.64 0.77 2.84 (100)

2 1x10° M solution in chloroform. ® Molar absorption coefficient, 10* L-mol!-cm’. ¢ PLQY
measured with an integration sphere, with an estimated error +10%. ¢ PLQY measured with
standards, with an estimated error +10%.

3.2.4 Absorption and PL properties of M4 in solution

M4 showed an orange-red emission with an intensity maximum at 604 nm in
chloroform solution. The PLQY was only measured with an integration sphere. The

determination of linear domain for M4 is shown in Figure S4-4. The working
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concentration should be below 1x10~ M.

604 Em

o
o))
L

Normalized intensity

—71 r 1 1 1 1 1 1T " 1T ™ 1T ™17
350 400 450 500 550 600 650 700 750 800 850
Wavelegnth (nm)

|
300

Figure 3-4 Normalized absorption, excitation and emission sepctra of M4 solution (1x10° M in

chlorofrom, room temperature, 2/2 nm slits).

Table 3-4 Photophysical properties of M4 at room temperature®.

labs gb lem q)I Tfluo (I’IS, %)
1.13 (97.49)
417 4.50 604 0.16
279 (2.51)

2 1x10® M solution in chloroform. ® Molar absorption coefficient, 10* L-mol!-cm™. ¢ PLQY
measured with an integration sphere, with an estimated relaitve error +10%.

3.2.5 Absorption and PL properties of M5 in solution

MS is also an orange-emitter in a chloroform solution with moderate PLQY (40%).
The absorption, excitation and emission spectra are shown in Figure 3-5. Its
photophysical parameters are listed in Table 3-5. Due the few quantities of the
compound, we have not performed the tests on the solutions with different
concentrations. However, 1x10® M should be in the range of linear domain since its
similar size and structure to the other compounds. The measurements of the PLQY with

a relative method are presented in Table S4-7 and S4-8.
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Figure 3-5 Normalized absorption, excitation and emission sepctra of M5 solution (1x10° M in

chlorofrom, room temperature, 1/1 nm slits).

Table 3-5 Photophysical properties of M5 at room temperature®.

labs gb lem CI)IC q)sd Tfluo (ns, %)
4.38 (97.78)
409 3.22 590 0.40 0.35
7.47 (2.22)

2 1x10° M solution in chloroform. ® Molar absorption coefficient, 10* L-mol!-cm’. ¢ PLQY
measured with an integration sphere, with an estimated relaitve error +10%. ¢ PLQY measured with

standards, with an estimated error +10%.

3.2.6 Absorption and PL properties of M6 diluted solution

M6 is a deep-blue emitting compound in chloroform solution. The determination
of linear domain for M6 is shown in Figure S4-5. The working concentration should

be below 1x107 M.

Table 3-6 Photophysical properties of M6 at room temperature®.

labs (nm) gb j-e‘m (nm) q)sc Tfluo (ns, %)
0.03 (62.6)

370 3.22 438 0.24
0.44 (37.4)

@ 1x10° M solution in chloroform. ® Molar absorption coefficient, 10* L-mol'-cm™. ¢ PLQY

measured with standards, with an estimated relaitve error +10%.
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Figure 3-6 Normalized absorption, excitation and emission sepctra of M6 solution (1x10° M in

chlorofrom, room temperature, 1/1 nm slits).

The PLQY of M6 was only measured with standards, which is found as 24%. The

calculation processes are shown in Table S4-9 and S4-10.
3.2.7 Absorption and PL properties of M7 diluted solution

M7 is almost non-emissive in CHCl3 solution, hence the absorption, excitation and
emission spectra were recorded in 10 M toluene solution. For the small quantity
obtained, we have not performed the tests on the solutions with different concentrations.
The UV-vis absorption and PL spectra are shown in Figure 3-7. The PLQY of M7 is
measured with an integration sphere, which is found as 3%. The photophysical

properties are summarized in Table 3-7.

Table 3-7 Photophysical properties of M7 at room temperature?.

j-abs (nm) gb j-e‘m (nm) q)lc Tfluo (ns, %)

401 2.8 590 0.03 1.82 (100)

2 1x10° M solution in chloroform. ® Molar absorption coefficient, 10* L-mol!-cm™. ¢ PLQY
measured with integration sphere, with an estimated relaitve error +10%.
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Figure 3-7 Normalized absorption, excitation and emission sepctra of M7 solution

(1x10°° M in toluene, room temperature, 2/2 nm slits).

3.2.8 Comparative study

We have recorded absorption, excitation, and emission spectra in 1x10 M diluted
solution of the newly-synthesized compounds (See Figure 3-9 and 3-10). Among them,
M1, M2 and M6 show blue emission, M3 is red-emitting, M4 and M5 are orange-red-
emitting in chloroform solutions (Figure 3-11). All the compounds exhibit broad
emission bands in PL spectra. However, except M6, they all exhibit dual absorption
band: the one occurring in the higher-energy region is attributed to a localized n-m*
transition, while that at lower energies varies from the near-UV to the blue region. It is
attributed to an ICT”>!* because of the presence of the binding between donor and

acceptor groups.

£ (D
OO

Figure 3-8 Structure of CBP.

In order to conduct the comparative study, a widely applied compounds 4,4'-
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Bis(N-carbazolyl)-1,1’-biphenyl (CBP) was introduced'*>!*’. The structure of CBP is

shown in Figure 3-8. The photophysical parameters are summarized in Table 3-8.

CIE 1931

y 0
0.0 0%?420 0.2 0.3 04 0.5 0.6 0.7 X

Figure 3-9 Chromaticity diagram of M1-6 (chloroform) and M7 (toluene).
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Figure 3-10 Absorption (dash lines) and emission sepctra of CBP and M1-MS in chloroform
solutions (1x10° M).

CBP has a similar structure than M1 except the diphenyl core, but showed a
completely different absorption and PL spectra (Figure 3-9). In the UV-vis absorption

spectra of CBP, from high to low energies, there are two main peaks, a sharp peak at
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293 nm attributed to absorption of the diphenyl group', and a broad one between 300-
350 nm with the typical character of the m-m* transition in carbazole derivatives!'>!!>2,
For M1, except the sharp absorption band at 287 nm due to BPM, and a broad band
between 300-350 due to the carbazole groups, there is another broad band at 380 nm
with relatively high absorbance attributed to a charge-transfer (CT) state, as an outcome
of the cooperation between the electron-rich carbazole and electron-deficient BPM
moieties. This implies that the donor-acceptor strategy we have adopted is an effective
way to red-shift the absorption. For the same reason, M1 possesses an emission band

at 490 nm which red-shifts more than 100 nm with respect to that of CBP, which is at

371 nm.

Table 3-8 Photophysical parameters of M1-7 and CBP at room temperature®.

Molecule  Aws (nm)  &® Aoy (nm) D D Tfo (08, %) CIE coord.
CBP 330 3.95 371 -f 0.82 -f -f

0.11 (77.42)

M1 385 0.15 487 0.18 0.13 (0.20, 0.33)
3.24 (22.58)
0.97 (7.70)

M2 365 4.20 490 0.72 0.72 (0.19, 0.34)
3.74 (92.30)

M3 405 3.22 530 0.64 0.72 2.84 (100) (0.32, 0.56)
1.13 (97.49)

M4 417 4.50 604 0.16 -f (0.52,0.47)
279 (2.51)
4.38 (97.78)

M5 409 3.22 590 0.40 0.35 (0.50, 0.49)
7.47 (2.22)
0.03 (62.6)

Mo6 370 3.22 438 -f 0.24 (0.15, 0.06)
0.44 (37.4)

M7 ¢ 401 2.8 590 0.03 -f 1.82 (100) (0.49, 0.48)

2 1x10° M solution in chloroform. ® Molar absorption coefficient, 10* L-mol'-cm™. ¢ PLQY
measured with an integration sphere, with an estimated error +10%. ¢ PLQY measured with
standards, with an estimated error +10%. ¢ M7 was measured in 1x10° M toluene solution. f Not

measured.

Comparing M1 and M2, the effect of phenyl groups working as n-spacers in M2
is found not as expected to improve the conjugation. The phenyl group results in a blue-
shifted absorption due to its high resonance energy'>: it confines the m-electrons and
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increases the energy barrier for their participations in delocalized orbital. However, M2
shows a much higher PLQY and molar absorption coefficient than M1, probably due
to a more twisted conformation in M1 which can cause less overlapped HOMO and
LUMO.

From M2 to M3, the electron-donating groups are changed from carbazole to
diphenylamine to obtain a compound in which BPM is linked to a triarylamine.
Triarylamines are known to be better electron donors that carbazole derivatives'>*. As
the result, M3 performs a red shift in both absorption (405 nm) and emission (503 nm)
bands (Figure 3-10). By grafting additional electron-donating methoxy groups into
diphenylamine, the improved D-A strength in M4 further pushed the absorption (417
nm) and emission (604 nm) to the red (Figure 3-10).

The design of MS was built on another strategy to push the emission to the red.
The insertion of additional electron-withdrawing substituents on the BPM core was
expected to make it more electron-deficient. Thus, when going from M3 to MS, a
dramatic bathochromic shift of the emission from 530 to 590 nm occurred, reflecting
the enhanced acceptor strength of the BPM moiety in M5. However, M5 shows a
relatively lower PLQY about 40%. This can be explained by the different molecular
conformation. Although, we have not successfully grown single crystals of M5 suitable
for XRD, the very twisted conformation between the phenyl ring and CF3 substituted
BPM (torsion angle > 60°) has been observed in M7 (Figure 2-9). On one hand, the
steric hindrance of CF3 groups breaks the planarity between phenyl and pyrimidines
rings, reduces the orbital overlap between D-A moieties and probably results in a lower
emission efficiency; on the other hand, electron-withdrawing ability of CF3 also can
enhance the D-A strength and push the absorption/emission to the red.

Unlike the other compounds, in the UV-Vis absorption spectrum (Figure 3-10) of
M6, the typical absorption peak of BPM derivatives around 290 nm disappears. The
absorption band is structured, and occurs between 300-400 nm, similarly to conjugated

thiophene-pyridine co-oligomers'>®, implying an enhanced conjugation due to possible

62



TUT

YT
Q0T

S

& ' [ ]
‘s 30

@
" bE °*

coplanar conformation. As reported, thiophene substituted via the 2-position usually
creates planarity with neighboring units'*®!>’. The improved conjugation including
thiophenes and pyrimidines results in a new excited state of the whole molecule, leading
to an effective bathochromic shift in absorption, comparing to the n-n* absorption
bands of other molecules. This is a useful aspect for the future design of D-A
compounds to use thiophene as a m-bridge instead of phenyl in order to improve the
conjugation. M6 exhibits a deep blue emission at 438 nm and the smallest Stokes’ shift
among these compounds.

The last comparison will be made between M4 and M7 in toluene solutions.
Generally, D-n-A-n-D molecules should show a more effective ICT than D-n-A
molecules if they possess the same donors and acceptors'>®. However, M7 performs a
significant bathochromic shift of the emission to 590 nm while the maximum of
emission is only at 516 nm for M4 (Figure 3-15), implying the productive improvement
of the electron-deficiency owing to the CF3-substituted BPM acceptor. M7 showed a
low PLQY, possibly due to the similar reason for M5. The bulky CF3 substitutions break
the coplanarity between phenyl and pyrimidine, but its powerful inductive effect

enhances the D-A strength.

104 395 516 590 wal L
. —M7| | -
8 084 10° Mtoluene |- 9
c 3
3 2
S 0.6 N
A 8
© r O
3 044 LT
g =
= - @
£ 024 | @
S <

Z L
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Figure 3-11 Absorption (dash lines) and PL spectra of M4 and M7.

63



TUT

YT
Q0T

S

& ' [ ]
‘s 30

@
" b o®

In summary, as expected by the molecular design, M1-M7 have shown a tunable
emission color according to the types and combinations of different donor and acceptor
moieties. Especially, in order to acquire red emitters, grafting additional electron-
donating and electron-withdrawing groups on the donors and BPM acceptor,

respectively, further enhanced the D-A strength and shift the emission color to the red.

3.3 Solvent effects

In D-A molecules, the process of ICT is significantly influenced by the
environment, and in particular the solvent system in solution. Herein, we have studied
the absorption and PL properties of M1-M7 in different solvents. The compounds
perform solvent-dependent absorption and emission. In more polar solvents, they
exhibit red-shifts in emission with a drop of the PLQY, which is called positive
solvatochromism®!"'>°. When a molecule is excited by a source of light, the excited state
of the molecule can interact with the surrounding solvent molecules to a varying extent
depending on the polarity of the solvent. This process is called solvent relaxation'® (see
Figure 3-12), which leads to the stabilization in a non-radiative pathway of the excited-
state energy of the fluorophores. Due to the ICT effect, these emissive compounds
usually have more polar excited states. Therefore, in a more polar environment, the
excited states are more stable, leading to a bathochromic shift in emission'®’.

For example, in Figure 3-13, emission spectra of M2 in chloroform, THF and
DMF are shown. Their dielectric constants (¢) are 4.8, 7.6 and 36.7 respectively,
indicating the polarity of these solvents. The emission maxima are located at 490, 500
and 549 nm in these three solvents, respectively, showing a bathochromic shift
regarding the increasing of the polarity. In M1, M2 and M6 solutions, the solvent
effects were observed, but not as significant as in M3, M4, M5 and M7, due to their
weaker push-pull strength. Also, the relatively lower solubility of M1 and M2 limits
the choice of the solvents. Besides of those, each of M3, M4 and M7 exhibits their

unique behaviors upon changing the solvent. Thus, in this section, we will focus more
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on the solvent effects on M3, M4 and M7.

Interactions
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Figure 3-12 Indication of the solvent relaxation process.
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Figure 3-13 Emission sepctra of M2 in chloroform, THF and DMF solutions.

3.3.1 Solvent effect on M4

As it is shown in Figures 3-14, the emission maximum shifts from 458 nm to
almost 700 nm while the polarity increases. The dielectric constant (¢) is often used to
represent the solvent polarity (see Table 3-14). Similar to reported references'®!, these

scatters tends to reach a plateau when ¢ is above 25 (see Figure 3-15). In cyclohexane,
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the emission spectrum shows the defined structure of vibrational sublevels. However,

the vibrational details are lost when the polarity increases, and the emission band turns

to be broader. In chloroform, M4 shows a more red-shifted emission than that in

bromobenzene and THF, which are more polar solvents. The same phenomenon was

found in dichloromethane and is possibly explained by the existence of an Ar-H...Cl

interaction as shown by the X-ray crystal structure (Figure 3-15).
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hexane

DCMDMF
t-BuOHEtOH Acetonitrile

‘*L.

] n-hexaneTriethylamine TolueneEthyl ether THF
cyclohexanen-Butyl ether1,4-dioxane
1.0- ,

2 08-
n
c

G,) -
R ]
=

= 06-
o

- i
(0]

N 044
@®

£ ]
o

Z 02

0.0+

T

T T T T T T T
400 450 500 550 600

T T T T T
650 700 750

Wavelength (nm)

Figure 3-14 Emission sepctra of M4 solutions in different solvents, 1x10° M.

800

In order to understand the role ICT plays in this phenomenon, the fluorescence

decays have been recorded in each solvent and the corresponding fluorescence lifetimes

(t) were determined. They are summarized in Table 3-9. For most of the solutions, the

decay curves can be well fitted with mono- or biexponential, but the latter gives smaller

errors. The observation of biexponential decay reveals that an apparent one-band

emission could be an overlay of locally excited state (LE) and CT fluorescence, the

wide emission band could be caused by multispecies!*®16%163 The coexistence of two
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excited states reflects a thermodynamic equilibrium between them. To achieve this
equilibrium, the rate of the transition between LE and CT states must be much faster
than the radiative decay of them!®*. In this case, LE and CT states should address at
close energy levels, and generate a broad and approximate mono-band. In non-polar
solvents, LE state is the favored one, revealing that the longer lifetime with highest
percentage is attributed to LE state. In solvents with higher polarities, the situation is
the opposite: CT excited states with shorter lifetimes dominate. The general tendency

is a shortening of the lifetime appears with the increasing polarity of the solvent (Figure

3-17).
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Figure 3-15 Fluorescence maximum wavelength as a function of solvent dielectric constants and

chromacity diagram of M4 solutions in different solvents, 1x10°° M.
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Figure 3-16 Single-crystal structures of M4 in DCM, black for carbon, blue for nitrogen, red for

oxygen, green for chlorine and grey for hydrogen.
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Table 3-9 Photophysical properties of M4 in different solutions (10°¢ M).

Solvent Ay (m) A, (nm) ps e’ d° T (ns) CIE coord.

0.81 (13.4%)
n-Hexane 383 454 0.1 1.9 0.88 (0.15,0.16)
1.54 (86.6%)

0.74 (5.07%)

Cyclohexane 384 458 0.2 2.04 0.73 (0.15,0.20)
1.66 (94.93%)

1,4-Dioxane 387 530 4.8 221 0098 3.37 (100%)  (0.28,0.52)
1.36 (7.72%)

Toluene 395 516 2.4 238 091 (0.33,0.55)
2.69 (92.28%)

. . 0.93 (16.42%)
Triethylamine 391 497 1.8 242 099 (0.22,0.41)
2.17 (83.58%)

1.36 (7.72%)

Di-n-butyl ether 389 512 ~e 308 099 (0.27,0.49)
2.77 (92.28%)
, 0.34 (0.82%)

Dicthyl ether 387 540 28 434 094 (0.47,0.51)
3.34 (99.18)
1.13 (97.49%)

Chloroform 413 604 41 481 0.19¢ (0.53,0.46)
2.79 (2.51%)

Bromobenzene 405 579 517 037 243 (100%)  (0.36,0.53)
0.58 (97.84%)

THF 391 593 40 758 0.10 (0.49,0.49)

3.39 (2.16%)
0.26 (96.14%)

DCM 407 643 3.1 893 0.03 (0.56,0.41)
3.04 (3.86%)
0.26 (94.36%)
Tert-butanol 416 598 -¢ 10.9 0.074 (0.48,0.47)
2.16 (5.64%)
Ethanol 423 643 52 24.5 -f -f (0.47,0.38)
DMF 392 676 6.4 36.7 -f 0.23 (100%)  (0.51,0.44)
Acetonitrile 393 699 5.8 37.5 -f -f (0.49,0.39)

a Polarity index. ® Dielectric constant. ¢ Estimated by the absorbance and emission area using
chloroform solution as a standard with an error £10%. ¢ Measured with integration sphere. ¢ not

found. fToo low to be measured.

The PLQY values are relatively lower in polar solvents, as the consequence of the
stronger solvent relaxation. As we explained, solvent relaxation is a non-radiative
transition. The enhanced non-radiative transition in polar environment will damage the

emission efficiency. However, in solvents with medium polarities like chloroform,
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dichloromethane and THF, where the CT state is the leading species, the solvent
relaxation is not so intense but the PLQY's have already significantly decreased. This
points out that the main reason for the damaged quantum yield in medium-polar
solvents is that the CT state has a fast rate of non-radiative decay. In the meantime, M4
is very emissive in non-polar solvent. This distinguishing difference in quantum yield

reflects a bright LE state and a less-emissive CT excited state.
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Figure 3-17 Fluorescence decay of M4 in different solvents.

To better understand the solvent polarity effect, the Lippert-Mataga relation was
applied including 15 solvents. This relation has been widely used to correlate the energy
difference between absorption and emission (va — vy), known as the Stokes’ shift, with
the solvent polarity represented by the term f{e,n), which is function of the dielectric
constant (¢) and the refractive index (n). The formula is described as

2<€—1 n2—1>(#5—ﬂc)2

Vo Vr T\ 2e+1 4 1 PE

+ constant

where v, and vy are the wavenumbers (cm!) of the absorption and emission,
respectively, 4 is the Planck’s constant, ¢ is the speed of light, a is the radius of the

cavity in which the fluorophore resides, ux and ug are the dipole moment of excited and
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ground states, respectively, and the term

e—1 n?-1

flen) =T~ o1

is the resultant effect of both the mobility of electrons in the solvent and the dipole
moment of the solvent. From the slope of the fitting line, ur can be calculated while

knowing ucg and a.
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Figure 3-18 Lippert-magata plot for M4 in different solvents.

Lippert-Mataga plot for M4 in 15 different solvents is shown in Figure 3-18. All
the solvent parameters, absorption and emission energies are listed in Table 3-10. Most
of the points perform a good linear correlation (R = 0.992) with a slope of 22723 cm!,
while the scatters for toluene, 1,4-dioxane and two protic solvents tert-butanol and
ethanol are omitted. In toluene solution, the higher Stokes’ shift is possibly caused by
the presence of m-m stacking!®!. As for 1,4-dioxane, because of its quadrupole
moment'®, it shows a better solvating capability than that revealed by its dielectric
constant, leading to a high Stokes’ shift. Protic solvents somehow can stabilize the
ground state more than the excited state, leading to a lower vy, a relatively higher vrand

a small Stokes’ shift than these neighboring aprotic solvents. This is probably owing to
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formation O-H...O hydrogen bonding between methoxy groups of M4 and solvents in
ground state. However, once the molecule is excited, the hydrogen bonding will be
weakened owing to the ICT, since the lone pair in the methoxy O could participate in

the ICT process.

Table 3-10 Summary of solvent parameters and photophysical properties of M4.

a b

Solvent Ve (cm™) ve(em™) v, —ve(em™) e n flen)
Cyclohexane 26041.67  21834.06 4207.606 2.04 1.427 0.0005
n-Hexane 26109.66  22026.43 4083.229 1.90 1.375 0.0012
Toluene 2531646  19379.84 5936.611 2.38 1.494 0.014
1,4-Dioxane 25839.79  18867.92 6971.869 2.21 1.422 0.021
Triethylamine ~ 25575.45  20120.72 5454.723 242 1.401 0.048
Di-n-butyl ether 25706.94  19531.25 6175.691 3.08 1.399 0.096
Bromobenzene 2469136  17271.16 7420.201 5.17 1.558 0.123
Chloroform 24213.08  16556.29 7656.784 4.81 1.443 0.149
Diethyl ether 25839.79  18518.52 7321.275 4.34 1.452 0.167

THF 2557545 16863.41 8712.041 7.58 1.407 0.21
DCM 24570.02 15552.1 9017.925 8.93 1.424 0.217
Tert-butanol 24038.46  16722.41 7316.054 10.9 1.388 0.243
DMF 25510.2 14792.9 10717.3 36.7 1.427 0.276
Ethanol 23640.66 15552.1 8088.562 24.5 1.362 0.289
Acetonitrile 2544529  14306.15 11139.14 37.5 1.344 0.305

a Dielectric constant. ® refractive index.

3.3.2 Solvent effect on M3

A similar solvatochromic test was conducted on M3. The results are summarized
in Table 3-11. As M4, M3 also performs a positive solvatochromic effect. In Figure 3-
19, one can see a structured emission band in cyclohexane, and a gradual red-shift with
loss of the vibrational levels while increasing the polarity of the solvent. The longer Aem
obtained in chloroform than that in THF is probably due to the Ar-H...Cl interaction,
which can be found in the crystal structure (shown in Figure 3-20).

Different from M4, M3 shows a moderate quantum yield in non-polar solvent,

indicating a not so bright LE with a shorter lifetime (< 1 ns). The PLQY keeps
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increasing with the polarity of the solvent. In the meantime, the contribution of longer
lifetime rises, owing to the domination of the CT excited state. This trend demonstrates
a brighter CT state than LE in M3, which is in the opposite way than found for M4,
even though the only difference in the structure is the introduction of the methoxy
groups. In highly polar solvents, the emission efficiency of M3 drops because of the
important non-radiative solvent relaxations. Specifically, as a protic solvent, ethanol
quenches the emission of M3 way more significantly, leading to a short lifetime of the
CT excited state. A possible explanation could be the existence of some

reactions/interactions between the protic environment and the CT excited state of M3.

THF
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Wavelength (nm)

Figure 3-19 Emission sepctra of M3 solutions in different solvents, 10-° M.
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Figure 3-20 Ar-H...Cl interaction between M3 and CHCl;.
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Table 3-11 Summary of solvent parameters and photophysical properties of M3.

Solvent e flen)  Aas (M) Aew(nm)  ve—vr(eml) DO 7 (ns)
0.46 (89.34%)
Cyclohexane 2.04 0.0005 375 427 3247.46292 0.20
0.94 (10.64%)

0.39 (59.17%)
n-Hexane  1.90 0.0012 376 431 3393.888532  0.23
1.09 (40.83%)

0.95 (36.01%)

Toluene 238 0.014 385 467 4560.749743  0.35
1.58 (63.99%)
Di-n-butyl 0.93 (42.87%)
3.08 0.096 377 464 4973.474801  0.40
ether 1.69 (57.13%)
Chloroform 4.81 0.149 405 530 5823.433496 0.62°¢  2.87 (100%)
0.81 (4.53%)
THF 7.58 0.210 378 526 7443.619611  0.50
3.05 (95.47%)
DCM 893 0.217 395 554 7265.91418 047  3.61 (100%)
DMF 36.7 0.276 383 598 9387.252548  0.15 1.33 (100%)
Ethanol 245 0.289 423 612 7300.792657  0.01 0.24 (100%)
Acetonitrile  37.5  0.305 382 611 9811.39836  0.18 -d

a Dielectric constant. ®. Estimated by the absorbance and emission area using chloroform solution
Y g

as a standard with an error £0.02. ¢ Measured with integration sphere. ¢ not measured.
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Figure 3-21 Lippert-magata plot for M3 in different solvents.
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A good linearity (R = 0.991) was obtained for the Lippert-Mataga plot (Figure 3-
21). Similarly, the scatter of toluene is above the fitting line, while the one for ethanol
is below. The slope value is 21268, smaller than that for M4. Unfortunately, values of
a and ug could not be determined and the excited-state dipole moment could not be
calculated. However, considering the structure of M3 and M4, they should have similar
a, and M4 should have a bigger uc due to the presence of the polar methoxy groups,
implying that ux of M4 is bigger than M3. In another word, M4 should have a larger

excited-state dipole moment than M3.

3.3.3 Solvent effect on M7

We also conducted the solvatochromic experiments on M7 (Figure 3-22). Starting
from cyclohexane and toluene, a bathochromic shift from 529 to 590 nm was observed
as usual. However, when the solvent was changed to chloroform, a dual-peak emission
was found with extremely low emission intensity. Upon continuously increasing the
polarity, the emission still appeared as a dual peak with a negligeable overall emission
intensity. The shorter-wavelength band locates in the same position as the cyclohexane
solution, where the LE preponderates. The longer-wavelength part is much more to the
red with large Stoke’s shifts (Table 3-12). This is the similar to the so-called twisted
intramolecular charge transfer (TICT)!®. In the initially formed LE state, a rotation
around the single bond connecting the D-A moities can happen towards a perpendicular

configuration to enter the TICT state!¢’

. During the process, an electron can eventually
transfered from D to A, which causes a complete charge separation'®®. Due to this, the
TICT states are highly polar and can be better stablilized in more polar solvents. This
could explain the observation of the dual emission in CHCIlz and THF instead of
cyclohexane and toluene. On the other hand, as it leads to a orbitally decoupled =-

system of the donor and acceptor units, the emission from TICT to ground state is

overlap forbidden, conducting to an extremly low quantum yield'®®.
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Figure 3-22 Emission sepctra of M7 solutions in different solvents, 1x10° M.

To confirm our assumption, the emission spectra of M7 in chloroform at 77K was
recorded. It is shown in Figure 3-23. The molecular rotation is constrained at low
tempearture, and locked in the conformation favoring to LE state. Therefore, the TICT

emission band is diminished, leading to an emission band at 553 nm.

536 553 300K
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Figure 3-23 Emission sepctra of M7 chloroform solution at 300K and 77 K.
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Table 3-12 Summary of solvent parameters and photophysical properties of M7.

Solvent £d Aabs Aem o Va— Ve (cm™) T (ns)
1.64 (9.87%)
Cyclohexane 2.04 395 529 0.55 6412.864
5.00 (90.13%)
Toluene 2.38 401 590 0.03 7988.503 1.82 (100%)
0.30 (6.73%)
536 5152.807
4.49 (93.27%)
Chloroform 4.81 420 -
0.12 (71.65 %)
650 8424.908
4.18 (28.35%)
542 6059.619
THF 7.58 390 -¢ -¢
660 9584.431

2 Dielectric constant. ®. Estimated by the absorbance and emission area with an error £0.02. ¢ Too

low to be measured.

Measurements of the lifetimes were carried out and are summarized in Table 3-
12. In non-polar cyclohexane where LE state is populated, the longer lifetime around 5
ns is the major one, demonstrating that the LE state has a longer lifetime. In toluene,
the CT state is the leading excited species, with a shorter lifetime and a lower PLQY of
3%. In chloroform solution, M7 exhibits a dual-peak emission. At the 536-nm peak, the
preponderating species is the LE state with 4.49-ns lifetime and 93% contribution. At
the 650-nm peak, the LE state possesses less than 30% of the contribution. The favored
specie has a lifetime of 0.12 ns, which is much shorter than that of the CT state in
toluene and should belong to the TICT state.

Then, the excitation spectra analyzing at 554 and 650 nm were recorded (Figure
3-24). They showed different excitation maxima at 397 and 410 nm, respectively.
Comparison with the absorption spectra of M7 in different solvents, some interesting
facts can be pointed out: the excitation spectrum recorded at 563-nm Aen is appearing at
the same position of the absorption band in cyclohexane, where the LE state is leading.
The excitation spectrum in chloroform recorded at 650-nm Aen is red-shifted due to the

TICT.
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Figure 3-24 Excitation spectra of M7 in cyclohexane, toluene and chloroform (with A, of 536

and 650 nm repectively).
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Figure 3-25 Emission spectra of M7 in cyclohexane/chloroform mixture.

To investigate in detail the transition between the LE/ICT and TICT states, a binary
solvent system made of cyclohexane and chloroform has been investigated (Figure 3-
25). M7 emits at 529 nm in pure cyclohexane with a PLQY of 55%. The fluorescence

intensity and efficiency kept being quenched with the rise of the chloroform fraction
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(Figure 3-26). While the volume fraction of chloroform increased to 25% and 50%, the
emission red-shifted to 611 and 636 nm respectively, owing to an increase in the
occurrence of the CT state caused by the increase in polarity. As we can see from the
lifetime of 25% chloroform solution, the shorter lifetime (0.79 ns) representing ICT
states is the majority among the two values, which is in the similar situation to the

toluene solution (Table 3-12).

Table 3-13 Photophysical properties of M7 in cyclohexane/chloroform soltuions.

Solvent Aem (NM) o T (ns, %)
1.64 (9.87)
Cyclohexane (CH) 529 0.55
5.00 (90.13)
0.79 (94.44)
25% CHCI3/CH 611 0.12
3.41 (5.56)
0.30 (60.20)
50% CHCIs/CH 636 -c
3.08 (39.80)
540 -b
75% CHCI3/CH -¢
646 -b
0.30 (6.73%)
542 -c
4.49 (93.27%)
CHCI;

0.12 (71.65 %)
4.18 (28.35%)

2 Estimated by the absorbance and emission area with error +£0.02. ® not measured. ¢ Too low to be

660 -¢

measured.

In 50% chloroform, the shorter lifetime decreased to 0.30 ns, same as the one
observed in pure chloroform solution of M7, indicating the entering to the TICT state.
When the chloroform fraction reaches 75% and 100%, the dual-emission appears again
with two peak values of 540 and 646 nm. To be noted, it is the low overall emission
intensity which gives the delusion that the 540-nm band appears more important and
shows the dual-emission feature in the normalized emission spectrum with an
“increasing” trend for higher-energy band. In fact, the fluorescence intensity is too low

to demonstrate a clear tendency for that.

78



TUT

YT
Q0T

S

& ' [ ]
‘s 30

@
" bE °*

660 — , . , , , , . T 6x10°
] | = Emission waveIengthI i
A Emission intensi
640
- 5x10°

Lower-energy peak

0% 25% 50%75% 100%

Emission wavelength (nm)
[6)]
3
|
Alsuayul uoissiwg

Higher-energy peak

520

—

fchloroform (%)

Figure 3-26. Evolution of emission wavelength (black) and intensity (blue) of M7 in

cyclohexane/chloroform mixture.

3.4 Phosphorescence and electronic configuration

In the previous part, we focused on the fluorescence of the compounds, which is
the radiative relaxation of the excited molecules from a singlet excited state (S1) to the
ground state (S0). As discussed in Chapter I, there is a competing process of the non-
radiative transition from S1 to a triplet state T1, as known as intersystem crossing (ISC).
From T1, it is possible for the excited molecule to return to SO through a radiative
pathway, which is called phosphorescence. In a singlet state, all electron spins are
paired, thus the spin of the excited electron is still paired with the ground state electron.
In a triplet state the excited electron is no longer paired with the ground state electron;
they will have the same spin direction (shown in Figure 3-27). Although the process of
ISC and phosphorescence are “forbidden”, there is still the probability for them to
happen due to the spin-orbit coupling when the two excited states S1 and T1 are close
enough, because little or no energy is needed in the transition. Therefore, measuring the
spectral profile of both the fluorescence and phosphorescence transitions of a molecule

reveals important information on its electronic structure and for the potential
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applications. However, it is challenging to measure phosphorescence at room
temperature, as T1 is depopulated by non-radiative relaxation. By cooling down the
sample, the non-radiative relaxation rate is decreased, then the phosphorescence can be
observed and the triplet states can be located. Moreover, with knowing the absorption
onset wavelength, the optical bandgap can be estimated to reveal the whole picture of

the electronic structures of the compounds.

f

r 3
— — I E—
4

Ground Singlet Triplet
state excited state excited state

Figure 3-27 Indication of singlet and triplet excited states.

3.4.1 Low temperature PL and phosphorescence

The low temperature (77K) emission decay (Figure 3-28), emission, and delayed
emission spectra (From Figure 3-29 to 3-35) of M1-M7 are shown below, the results
are summarized in Table 3-14. From the emission decays at 77K with a 1-Hz flash lamp
pulse, the phosphorescence lifetimes were determined. As shown in Figure 3-28, the
initial spike of each decay is caused by fluorescence and the following slope is
attributed to phosphorescence. The nitrogen atoms in the bipyrimidine core can favor
the spin-orbit coupling and improve the efficiency of ISC!'6*!7, Integrating after the
initial spike, the contribution of phosphorescence in emission intensity can be
calculated. M1 exhibits the most contribution of phosphorescence, while M4 performs
the least. There is no observation of the triplet-state decay for M6. Their emission
decays at 300 K were also measured in 1-second scale with the 1-Hz pulse. However,
the fluorescence lifetimes at room temperature are even shorter than the pulse width,

only the profiles of pulse decaying can be seen. Herein, the instrumental response (IR)
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is shown to distinguish the phosphorescence decay.

Table 3-14 Photophysical properties of M1-M7 at 77K.

Molecule  Ago (nM)  Appos(nm)  Es(eV) 2 E(eV)®  AEq(eV)  Tohos (MS)  Lynos/IpL

M1 440 508 2.82 2.44 0.38 73.98°¢ 0.66 ¢
M2 425 531 2.92 2.34 0.58 158.8 ¢ 0.49 ¢
M3 455 557 2.73 2.23 0.50 102.4 ¢ 0.35¢
M4 464 545 2.67 2.27 0.40 85.91°¢ 0.21°¢
M35 444 470 2.79 2.64 0.15 113.3¢ 0.20 ¢
Mo 417 600 297 2.07 0.91 n.d. n.d.

M7 483 510 2.57 243 0.14 280.8 ¢ 0.26°¢

@ Ey = 1240/Afu0. ® Er = 1240/ phos. € Lem = 550 nm. 4 Ae,, = 600 nm. © A,y = 630 nm.

1 10° M CHCI, solution g m;
10000 4! ===

E 77K 10Hz (1s) pulse M3
> 1 V4
£ 1000 4, -==-=M5
C E
) ]
= ]
g 100

=
o

RN
|

Time (ms)
Figure 3-28 Emission decay of M1-M7 with a 1-Hz (1-s period) flashlamp at 77K.

For M1-M4 and M6, since the vibrational structures are clear, the corresponding
wavelengths of highest-energy vibrational levels are taken as the 0-phonon component
to estimate the position of the energy levels. For M5 and M7, the emission spectra are
not structured, the energy levels are calculated according to the blue-side onset
wavelengths obtained by the tangent method®’. The taken values of wavelength Az, and
Aphos are used for the calculations of the energy levels of singlet (£5) and triplet (£/)
states. To be noted, these estimations are approximations, but for comparing these

compounds, the approximations are similar. As shown in Table 3-21, the singlet-triplet
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energy difference (AEy) for M4, MS and M7 are below 0.37, indicating that the singlet

and triplet energy levels are very close.

545 = Fluorescence
— Phosphorescence

77K, A= 380 nm
M1, 1x10°M CHCI,

Normalized PL intensity
o
(o))
|

T T T T T T T T

400 450 500 550 600 650 700
Wavelength (nm)
Figure 3-29 Fluorescence and phosphoresecne spectra of M1 at 77K, slit 1/1 nm, phosphoresecne

spectrum is measured with a 20-Hz pulse and a gating time of 5-50 ms.
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Figure 3-30 Fluorescence and phosphoresecne spectra of M2 at 77K, slit 1/1 nm, phosphoresecne

spectrum is measured with a 40-Hz pulse and a gating time of 5-25 ms.
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Figure 3-31 Fluorescence and phosphoresecne spectra of M3 at 77K, slit 1/1 nm, phosphoresecne

Normalized PL intensity

spectrum is measured with a 20-Hz pulse and a gating time of 10-50 ms.
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Figure 3-32 Fluorescence and phosphoresecne spectra of M4 at 77K, slit 1/1 nm, phosphoresecne

spectrum is measured with a 20-Hz pulse and a gating time of 10-50 ms.
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Figure 3-33 Fluorescence and phosphoresecne spectra of M5 at 77K, slit 1/1 nm, phosphoresecne

spectrum is measured with 20-Hz pulse and a gating time of 10-50 ms.
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Figure 3-34 Fluorescence and phosphoresecne spectra of M6 at 77K, slit 1/1 nm, phosphoresecne

spectrum is measured with a 100-Hz pulse and a gating time 1-10 ms.
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Figure 3-35 Fluorescence and phosphoresecne spectra of M7 at 77K, slit 1/1 nm, phosphoresecne

spectrum is measured with a 20-Hz pulse and a gating time 10-50 ms.

Notably, in the delayed spectrum of M4 and M6, the fluorescence is not
completely filtered. Because of the low phosphorescence intensity of M6, a faster pulse
(100 Hz) and an early gating period (1-10 ms) have to be used to improve the emission

intensity of the emitting triplet state. Therefore, the fluorescence partially remains.
3.4.2 Electronic configurations

The electronic diagrams of each compound that can be deduced from the
measurements described above are shown in Figure 3-36. The energy levels are listed
in Table 3-15. Those demonstrated the relative positions of the different energy levels
of our compounds. We can see that insertion of a phenyl bridge reduces the energy level
of the ground state of M2, but enlarges the band gap, showing the impact of the high
resonance energy of the benzene rings. The enhancement of the D-A strength from M2-
MS by adjusting D/A units is significantly narrowing bandgap. Changing the donor
units from carbazole to diphenylamine, the ground state of M3 shows an increased
energy level, while the single state shows a decreased energy level, resulting in a

narrowed bandgap. The methoxy groups in M4 exhibits a same effect on the energy
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levels and bandgap. Comparing M5 to M3, the CF3 groups escalate the energies of both
ground and singlet states, although the bandgap is reduced. This is the overall impact
of the steric hindrance and electron-withdrawing properties of the CF3 substitutions. As
for the most planar M6, it shows an important AE; of more than 0.9, while twisted
compounds such as M7 has a small energy difference between singlet and triplet excited

states, indicating the conformations of compounds can deeply influenece their eletronic

structures.
4.0~ — Ground state
1 — Singlet state
3.5 ] — Triplet state
3.0 1 —_— —_—
S 25 T . —
5 20+ oo OO Q0 Y
= 154 h N I % I
3 .1 ¥ i : X, 'SP
5 1.0- @) X NIr Y 7 . )5
o Y @ ) X
I o5 5 5 o
0.5- o oo, 00 é WORSW
004 — Yo —  —
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Figure 3-36 Electronic configurations diagram of M1-M7.

Table 3-15 Energy levels of M1-M7.

Molecule Aus (nm)®  Optical bandgap (eV)®  Eg(eV) Es(eV) E((eV) AEu(eV)

M1 434 2.86 -0.04 2.82 244 0.38
M2 412 3.01 -0.09 2.92 2.34 0.58
M3 456 2.72 0.01 2.73 2.23 0.50
M4 489 2.54 0.13 2.67 2.27 0.19
M5 482 2.57 0.12 2.79 2.64 0.15
M6 412 3.01 -0.04 2.97 2.07 0.91
M7 499 2.48 0.09 2.57 2.43 0.14

2 Onset wavelength of absorption spectra. ® Optical bandgap = 1240/Agps.
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3.5 Summary

In this chapter, diluted solutions of the newly synthesized D-A molecules
comprising BPM were investigated as far as photophysical properties are concerned, in
order to establish their photoluminescent behavior at the molecular level. Thanks to
different D/A units and combinations, they exhibit tunable emission colors which cover
nearly the whole visible spectrum from deep-blue to orange-red, implying an effective
design strategy.

Solutions except that of M1 can absorb light with high absorption coefficient (in
the magnitude of 10* L-mol-cm™) in the near-UV or/and blue regions. Also, some
compounds have been found to be highly efficient emitters. Especially, M2 and M3
show more than 60% PLQY in chloroform, and M4 exhibits more than 90% PLQY in
toluene, triethylamine and ether.

Moreover, we systematically investigated the effects of solvents on absorption,
emission and fluorescence lifetimes. These D-A molecules possessing internal charge
transfer generally show a positive solvatochromism. By inspecting their locally and
charge-transfer excited states, especially M3, M4 and M7, the process of internal
charge transfer has been carefully studied. M3 shows a bright CT state, while M4 has
a very emissive LE state but less emissive CT state. The methoxy substitutions can
change the ICT process profoundly. M7 behaves a dual-peak emission in polar solvents,
which is the consequence of the TICT. The solvent polarity is a facile mean to tune the
emission properties of the fluorophores.

In the end, by monitoring emission decays, the low temperature fluorescence and
phosphorescence spectra, the singlet and triplet excited states of each compound could
be located. Combining with optical band obtaining from absorption spectrum, the
ground states were also localized. These energy levels clearly reveal the structure-
property relationships of our new molecules.

The high molar absorption coefficient, high emission efficiency and tunable

emission color make these molecules of interest and open the way to apply them in the
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design of photoluminescent materials in solid state with excellent performances. The

next chapter will thus describe the photophysical investigations on luminescent solid

materials made from these compounds.
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Chapter IV Solid state photophysical studies and white-

emitting materials: towards applications

In the previous chapters, we have introduced the design and synthesis of emissive
donor-acceptor (D-A) compounds, and the photophysical properties of isolated
molecules in diluted solutions. However, the final goal of this thesis is to investigate
the possibility to apply these organic compounds for the design of luminophores in
hybrid colored and white light-emitting diodes (WLEDs) to have some clue about the
possibility to find alternatives to the current inorganic phosphors. Therefore, it is of
importance to investigate the PL performance of the compounds when deposited as
solids. In this chapter, we will thus focus on their photophysical performance in the
solid state, including powder and films, to testify whether they are promising options

for the desired application.

4.1 Aggregation-induced emission (AIE)

As we mentioned in Chapter I, AIE is a well-adopted method to avoid the
aggregation-caused quenching (ACQ) and can lead to an enhancement of the emission
in the solid-state!'>. This phenomenon is caused by the restriction of intramolecular
rotation (RIR) due to a special design of the molecular structure!”!. Triphenylamine is
often used to construct AIE luminophores containing D-A pairs thanks to its propeller-
like structure and electron-donating ability?>*®. As its molecular structure reveals, the
non-planar geometry can be illustrated by the torsion angles of -56°, 119° and 143°

between each two of three phenyl rings'”?

. Hence, it would be interesting to investigate
if it can lead to AIE in M3, M4 and M7 that contain such group as donors.
To perform the tests, we dissolved these compounds in THF with a concentration

of 1 x 10 M, then gradually diluting it to 100 times with a varying THF/water ratio.

Since water is a bad solvent for these compounds, aggregation is expected to take place
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in the highly aqueous system. These investigations are reported in the next paragraphs.
4.1.1 AIE study on M3

Firstly, the AIE effect on M3 has been examined. As shown in Figure 4-1, the
emission maximum of M3 in THF appears at 526 nm. While the water fraction (f)
increases, the emission firstly red-shifts then blue-shifts. Upon addition of 10 vol% of
water, the emission band is quenched significantly and red-shifts to 587 nm due to the
high polarity of water. The solvent relaxation can lead to a bathochromic shift and a
high rate of non-radiative decay (see Chapter III). The emission keeps monotonously
quenching until the water fraction reaches 0.70. The emission band occurs at 565 nm
and the intensity rises slightly with f, increasing until 0.99. Since the water is a
nonsolvent for M3, the molecules form aggregates in this highly aqueous system.
Therefore, when f,, = 0.99, the M3 molecules locate in a less polar environment than
water inside of the aggregates!’?, where they are surrounded by other M3 molecules
instead of water. According to the solvatochromic principle, the less polar environment

should result in a hypochromic shift.

0 Pure THF
— Ure
526 — — fw=0.10
s = fw = 0.30
X10° — — fw=050
2 fw =0.70
|5 — — fw=0.90
c — =
£ 0 fw = 0.99
o
1x10°
565
0 T T ' v =| T T I— — =
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 4-1 Emission sepctra of M3 in THF/water mixture (1x105 M, Aex. = 380 nm, 1/1 nm slits).
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Figure 4-2 Emission wavelength (blue) and intensity of the maximum of M3 in THF/water

mixtrue with different £,,.

The lifetimes are listed in Table 4-1. As we have described about the solvent effect
on M3 in § 3.3.2, the longer lifetime stands for the bright charge-transfer (CT) excited
state, and the shorter one is attributed to the less emissive locally excited (LE) state. In
a less polar environment, the less emissive LE state is more favored. The lifetime of the
aggregates in a 99% water system is presented in Table 4-1. Comparing to the lifetime
in a pure THF solution, the contribution of the LE state grows from 4.53% to 30.08%,
while that of the CT state decreases from 85.47% to 40.52%. This also points out the
less polar environment inside the aggregates. The 5.25 ns lifetime with 26.43%
contribution is tentatively attributed to the aggregates, in other words, excimers, since
they usually show longer lifetimes than monomers!’*17®, In m-conjugated materials,
overlap between m-orbitals of neighboring molecules results in delocalization of the
excitons, creating the excimers and leading to reduction in the energy barrier for charge
transport'”’. On the other hand, this interaction creates a new non-radiative decay which
could compete with the emissive pathway, resulting in the quenching of luminescence®?.
Therefore, excimers usually red-shift the emission and decrease the rate of radiative

decay, thus the emission efficiency. The enlarged proportions of less emissive LE state
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and excimers damage the photoluminescence quantum yield (PLQY) in the 99% water

mixture, giving a value of 0.14, not as good as that of 0.50 for a pure THF solution of

M3.

Table 4-1 Photophysical properties of M3 in THF/water mixture.

Jw (%) Aabs (NM) Aem (nM) Lom @2 7° (ns, %)
0.81 (4.53)
0 378 526 339174 0.50
3.05 (85.47)
10 -¢ 587 31509 -¢ -
30 -¢ 587 9435 - -
50 - 589 4674 - -
70 - 566 8145 - -
90 - 565 13417 - -
0.45 (33.08)
99 396 565 18523 0.14 1.64 (40.52)
5.25 (26.40)

2 Photoluminescence quantum yield, with an estimated error +10%. ® Fluorescence lifetime. © not

measured.

Normalized absorbance

1.0 1
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I
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Figure 4-3 Normalized absorption sepctra of M3 in THF/water mixture with a concentration of

1x10°5 M.

From the absorption spectrum of the mixture containing 99% of water (Figure 4-

3), a red-shift and a broader absorption with a full width at half maximum (FWHM) of

5331 cm™! is observed with respect to pure THF with an improved contribution of the

lower-energy absorption with a FWHM of 4455 cm™!, showing that aggregate might
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occur in the mixture containing 99% of water.

4.1.2 AIE study on M4
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Figure 4-4 Emission sepctra of M4 in THF/water mixture (1x10-> M, 2/2 nm slits).
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Figure 4-5 Emission wavelength (blue) and intensity of the maximum of M4 in THF/water

mixtrue with different f,,.

As shown in Figures 4-4 and 4-5, there is a tendency of first red-shift then blue-

shift for the emission wavelength of M4 in a THF/water mixture with increasing fw, as
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observed for M3. At the beginning, the increasing fw in the water/THF mixed solution
of M4 results in a quenching of the PL emission with an obvious red shift of more than
60 nm, owing to the high polarity of water. At the point where the water fraction reaches
70%, the formation of aggregates causes an enhanced emission with a maximum at 610
nm, due to the less polar surrounding inside the aggregates. The emission intensity
reaches the maximum for 75% of water. Continuing increasing the water fraction, the
emission intensity starts to drop again. The emission (4en) and excitation (Aexc)

wavelength with maximum intensities are summarized in Table 4-2.

Table 4-2 Photophysical properties of M4 in THF/water mixture.

S (%) Aexe(nm) Aem (nm) Lem ®? 1 (ns, %)
0.58 (97.84)
0 391 593 202894 0.10
339 (2.16)
10 397 632 11142 - -
30 405 649 5191 - -
50 410 650 3282 - -
60 420 655 1957 - -
70 450 612 166695 - -
0.68 (18.09)
75 454 613 321895 0.30 2.36 (81.03)
6.63 (0.88)
80 454 613 269650 - -
90 423 614 173850 - -
0.63 (65.09)
99 423 614 68715 0.05 1.89 (32.73)
5.45 (2.18)

2 Photoluminescence quantum yield, with an estimated error +10%. ® Fluorescence lifetime. °too

low to be measured.

To further understand why there is a second quenching of the emission when the
water fraction exceeds 80%, the emission spectra over time were recorded for the
samples containing 75% and 99% of water, respectively (Figure 4-6). With elapse of
time, a blue-shift and enhanced emission was found in the 75% water system within the
first 10 minutes, a situation that lasted for 10 more minutes. However, in the sample

with 99% of water, the position of the emission band does not change. This difference
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indicates that in the 75% water system, the aggregation is slower, which allow the
molecules to steadily assemble in an ordered way to generate crystalline aggregates;
while in the 99% water system, M4 may quickly agglomerate in a random way to form
less emissive amorphous aggregates!’®!”. After about 1 hour, M4 started to phase out
as an orange-emissive crystal-like precipitate when £y = 0.75. However, no obvious

precipitation was observed when fi = 0.99, even after several days.
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a b 613 nm fw=0.99
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/
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1.0x10°
] 4.0x10" 4
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Q
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Figure 4-6 Emission spectra of M4 in THF/water mixtrue with different f;, over time (1x10-3 M,
2/2 nm slits).

Dynamic light scattering (DLS) measurements lead to a consistent conclusion
about aggregates formation. As shown in Figure 4-7, the average particle size in a 75%
water system is growing from 771 nm to 893 nm in the initial 10 minutes, while that
for the 99% water system remains almost the same (881 nm). The hundreds of
nanometer-sized particles proves that the microparticles of M4 are created in a highly
aqueous system. The DLS results not only show the particle sizes of the two samples,
but also reveal the growing aggregates in the 75% water system.

The absorption spectra of M4 in pure THF, 75% and 99% water systems are shown
in Figure 4-8. The two highly aqueous systems both show red-shifts of the absorption
band due to aggregation. A more diffused absorption band appears when f = 0.75,

which is probably due to the continuous growth of aggregates.
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Figure 4-7 Distrubution of particle size of M4 in THF/water mixtrue with different f,.

— pure THF
—fw=0.75
—fw=0.99

Normalized absorbance

! I I ! I ! I !
350 400 450 500 550 600
Wavelength (nm)

Figure 4-8 Normalized absorption sepctra of M4 in THF/water mixture with a concentration of
1x107° M.

At that point, a legitimate question could be asked: why could M4 form aggregates
that are more emissive than isolated molecules in diluted solution, as indicated by the
values of the quantum yield reported in Table 4-2? In order to answer this question, the

lifetimes of the 75% and 99% water systems have been determined and are also listed
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in Table 4-2. As we discussed in the part dedicated to the solvent effect (§ 3.3.1),
concerning M4, the longer lifetime is that of the highly-emissive LE state, while the
shorter one is that of the less emissive CT state. In the 75% water mixture, the relatively
longer lifetime of 2.36 ns dominates with a contribution of 81.03%, indicating that the
LE state benefits from aggregation. The longest lifetime of 6.63 ns is provisionally
attributed to the aggregates/excimers, but with a tiny proportion (0.88%), indicating
that relatively few n-m interactions occur inside the aggregates. The brighter LE states
and smaller contribution of excimers than found in M3 generate a more emissive
aggregation state for M4 in a 75% water system. Meanwhile, in the 99% water system,
the shorter lifetime is predominant, showing that the less emissive CT state is the major
one. The contribution of the excimer state rises to 2.18%. This explains the fact that the

PLQY is obviously lower when f,, = 0.99 than that when f,, = 0.75.

4.1.3 AIE study on M7

The emission spectra of M7 in a THF/water mixture with different f,, are shown in
Figure 4-9. M7 exhibits a dual emission in THF with an extremely low intensity. When
10% of water is added, the emission intensity is almost annihilated. The emission keeps
quenched until f,, reaches 0.70, then the emission intensity recovers the same level of
that in pure THF, but the emission band occurs at 620 nm with a loss of the dual-peak
shape. Continuing increasing the portion of water up to 90% results in an enhancement
of the emission. When f,, = 99%, the emission intensity is 10-fold that of the pure THF
solution, although being low with a PLQY of 1.1%.

To explain the change in emission described above, DLS measurements were first
carried out. The average size of the particles was determined to be 91.3 nm with a
narrow distribution, as shown in Figure 4-10 a, which proves the generation of
nanoparticles (< 100 nm). Analyzing the correlation curves of the DLS results (Figure
4-10 b), a stiff mono-exponential curves with a sharp slope is found, implying a highly

monodisperse aggregation'®. The curve is smooth at the end without any tails, due to
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the good stability of the particles without sedimentations. The significant red-shift in

the absorption of the 99% water system is also a good indication of aggregation.
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Figure 4-9 Emission sepctra of M7 in THF/water mixture (1x1075 M, Aex. = 400 nm, 3/3 nm slits).
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Figure 4-10 DLS spectrum and correlation curves of M7 in 99% water mixture.

In the aggregation state of M7, the molecular motions are expected to be
constrained by multiple intermolecular rigidifications due to the insertion of both
methoxy and trifluoromethyl groups. As shown in the single crystal structure of M7

(Figure 4-12), it is shown that there are many hydrogen bonds, such as OC-H...F (2.48
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A), Ar-H...O (2.93 A) and Ar-H...F (2.73 A), which generate a tight molecular
packing'®!. The constrained molecules cannot generate the rotamers as in diluted THF,
so the dual-emission is diminished, replaced by a broad emission band. The parallel
phenyl planes have a long centroid distance of 5.38 A, implying that there are no n-n
interactions because of the non-cofacial m-planes. The emitting state of the excimer thus
may decay radiatively faster, which could be the reason for the improved quantum yield

(1.1%).

1.04 — Pure THF
—fw=0.99

Normalized absorbance
o
»
1

T T T T T T T T
600 650

T T T
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Wavelength (nm)

I I I
300 350 400

Figure 4-11 Normalized absorption sepctra of M7 in THF/water mixture with a concentration of
1x10° M.

Figure 4-12 Molecular packing of M7 in a single cystal, black for carbon, blue for nitrogen, red

for oxygen, olive for fluorine, and grey for hydrogen.
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Table 4-3 Photophysical properties of M7 in THF/water mixture.

S (%) Jabs (nm) Jem (NM) D@ (%) * 1" (s, %)
0 390 542, 660 -d -d
70 - 620 - -
90 -¢ 620 -¢ -
0.47 (78.53)
99 431 620 1.1 1.57 (19.92)
5.30 (1.55)
1.64 (9.87)
Cyclohexane (CH) 400 529 55.0
5.00 (90.13)
0.79 (94.44)
25% CHCI;/CH -© 611 12.0
3.41 (5.56)

2 Photoluminescence quantum yield, with an estimated error +10%. ® Fluorescence lifetime. © not

measured. 9 too low to be measured.

Measurements of the lifetimes were also performed to understand more deeply the
excited states in the aggregates. As shown in Table 4-3, the shortest lifetime of the
aggregates in the 99% water system is 0.47 ns. Concerning its emission wavelength and
PLQY and comparing them to the 25% CHCI3/CH system, it is reasonable to attribute
the 0.47-ns species to the ICT state rather than the TICT states, as we have discussed in
§3.3.3. It is the most important emitting state (contributes the 78.53% of the emission
at 611 nm) and improves the PLQY relating to the pure THF solution. However, it is
difficult to assign the other two lifetimes to whether LE or excimer states.

There was no observable precipitation after 2 days in the 99% water mixture and
the emission remained constant. The aggregates identified above may thus have a good
stability, which is probably due to the special structure of the molecule: the hydrophilic
methoxy groups are positioned on one side of the molecule, while the hydrophobic
trifluoromethyl groups point to the other side. These aggregates could have an inside
part rich of m-electrons, while the outer part is polar thanks to the presence of the
methoxy groups. The latter play a central role in the stabilization of the aggregates in

water, and the aggregates could thus be viewed as micelles.
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4.2 Solid-state photophysical studies

Now that some understandings on the behavior of these fluorophores in aggregates
have been done from the previous discussion, we will focus in this section on their

photophysical properties in the solid state, including powders and films.

4.2.1 PL properties of the powders

120
1 — M1 powder
100 - — M2 powder
i —— M3 powder
80 — V4 powder
% 60 -
C
_.G_.a -
[
3 40
o .
20 -
04
1 T T T T T T T T T T T T T T T
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4-13 Emission spectra of the powders of M1-M4.

Table 4-4 Summary of the photophysical properties of powders of M1-M4.

Molecule Apow (Nm) Dpow ? (%)
M1 460, 550 6.7
M2 460, 525 10.7
M3 520, 605 4.4
M4 595 27.2

2 Photoluminescence quantum yield, with an estimated error +10%.

The emission spectra of the powders of M1-M4 were recorded and are shown in
Figure 4-13. They all show a broad emission with shoulders. More concentrated
distribution of fluorophores in powders can lead to stronger intermolecular interactions

and, then, more probability to form excimers. Notably, the powders of M2 and M4
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show distinctively higher PLQY, possibly due to the packing of these two compounds.
In fact, these two powders are made of single crystals, as they were obtained after
recrystallization, while samples of M1 and M3 are microcrystalline powders. As
revealed by the X-ray crystal structures, M1 and M3 are not entirely planar, the twisted
molecular conformation affords a loose molecular arrangement leading to an
amorphous solid state. Some groups like phenyl and carbazole may still have the
freedom to rotate or vibrate to some extent, then the emission may be partially quenched.
In crystals, there are many weak non-covalent bonds between neighboring molecules
that can help to further rigidify a molecular conformation and arrange the molecules in
an ordered way. The ordered arrangements of the molecules could block molecular
motion and prevent non-radiative decay, resulting in an improved PL performance!”’.
Meanwhile, the moderately twisted conformations can avoid the formation of & stacks
and consequent quenching by aggregation. This can be related to a phenomenon called
the crystallization-induced emission enhancement (CIEE), reported in a few
cases''>!7182  CIEE molecules with an ordered molecular packing and enhanced
emissive performance are expected to possibly be used in optoelectronic devices!'$>!84,
More studies on the photophysical properties of the single crystals of our compounds
should be done in the future and could not be performed in this work due to lack of
time. For instance, M4 have different molecular conformations and packings in the
crystals obtained from THF and DCM solutions. Studying on their PL performances

could reveal the direct structure-property relationship'8>186,

4.2.2 Photophysical properties of the doped films

Firstly, the absorption and emission spectra and the CIE coordinates as well as the
lifetimes of each film with 10wt% of luminophores doped into PMMA made from 10
g/L of DCM solutions by spin-coating are presented in Figure 4-14 and commented
below. To be noted, there are usually spikes in the emission spectra of these films, but

they do not correspond to any transitions. PLQY values obtained with an integration
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sphere for the films made by the slot-die-coating method with a fixed thickness of 200
um, as well as the absorptance and the external quantum yield (@.x). As defined in
§1.3.3, PLQY is the ratio of the number of photons emitted by the fluorophores to that
absorbed. Absorptance is the ratio of the number of the photons absorbed by
fluorophores to that of the photons from external source. @, is the ratio of the number
of photons emitted by the fluorophores to that from the external source, equal to the
value of PLQY times A, representing the conversion efficiency from the external light
source to the emitted light. The absorption and emission properties of those films are

summarized in Table 4-4. The lifetimes are listed in Table 4-5.

4.2.2.1 Absorption and emission properties

10— 459463467 564 —M |
: M [
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Figure 4-14 Normalized absorption (doted lines) and emission spectra of the 10wt% films of M1-
M4, M6 and M7 doped in PMMA, slit 1/1 nm.

The emission spectra are not perfectly following Gaussian distributions. They all
have tails in the long-wavelength area, which is likely owing to the formation of
excimers, as we observed in AIE tests (§ 4.1). Excimers usually show red-shifting and
structureless emission band with a lower intensity than the corresponding single

187

molecule'®’. All the samples except M6 display a blue-shift compared to the chloroform
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solutions, since the environment is less polar in PMMA films®"!74,

Table 4-4 Summary of absorption and emission properties of M1-M?7 films (10 wt% in PMMA).

Film®*  Awps (nm)  Apim (nm)  @pipn ® (%) A (%) Dy € CIE coordinates
M1 368 463 -b -b -b (0.227, 0.253)
M2 343 459 35.7 84.6 27.1 (0.158, 0.158)
M3 393 521 45.4 86.8 394 (0.313, 0.537)
M4 407 560 82.2 88.2 72.5 (0.427, 0.525)
M6 339 467 -b -b -b (0.251, 0.281)
M7 397 564 -b -b -b (0.430, 0.509)

2 Photoluminescence quantum yield, with Aex. of 305 nm for M2 and M3, 310 nm for M4, an

estimated relative error £10%. ® Not measured. ¢ Measured at the same Aexe.
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Figure 4-15 Absorptance, PLQY and @, of M2 depending on the Aex.

As shown in Figure 4-14, all the samples show absorption from near-UV to blue
region ranging from 300-450 nm, which is desired for the target application as down-
converters of near-UV light. As shown in Figures 4-15 to 4-17, M2, M3 and M4 can
absorb more than 80% of photons from an external near-UV source ranging from 300-
400 nm. The efficient absorption provides the chance to fully convert the near-UV
source into visible light, when applied in the hybrid LEDs. To the best of our knowledge,

there are no reports about this parameter for organic down-converters.
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Figure 4-17 Absorptance, PLQY and @.. of M4 depending on the Aexc.

Among these samples, the films of M1, M2 and M6 are blue-emitting, with

maxima located at (0.23, 0.25), (0.16, 0.16) and (0.25, 0.28) in the CIE diagram,

respectively. The film of M2 shows the highest PLQY of 35.7% when excited at 410

nm, but the highest @., appears as 27.1% when it is excited at 305 nm. Unfortunately,

we did not analyze the quantum yield of M1 and M6 film for the limited experimental
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condition. M6 is the only one sample showing red-shifted emission comparing to its
chloroform solution. As reported, the thiophene/pyrimidine oligomers are expected to
have a planar conformation'®®, and thiophene usually positions nearly coplanarly with

the neighboring aromatic units'®

. Effectively, the absorption spectrum of M6 shows an
additional shoulder in a lower-energy area compared to M1 and M2, which could be a
piece of evidence. Herein, M6 may have a more planar conformation that could cause
the presence of stronger n-m stacking and explain its red-shifted emission with the
shoulder in the solid-state.

M3 emits in the green region when doped at 10 wt% in PMMA, with a maximum
of intensity at 521 nm, the PLQY was measured to be 45.4%. The sample of M3 shows
the highest PLQY and @., at the same excitation wavelength (Aex) of 305 nm, which
are 45.4% and 39.4% respectively. The 10 wt% film of M4 is yellow-emissive with a
maximum of intensity at around 560 nm. M4 performs the highest PLQY among all the
samples when excited at 310 nm, which is 82.2%, with an absorptance of 88.2% and a
D¢y 0of 72.5%. In other words, 88.2% of the photons from the UV-source are absorbed,
and 82.2% of the absorbed photons are converted to emitted photons of M4, in total,
72.5% of the photons from the UV-source were converted. These values demonstrate
that the film with 10 wt% of M4 doped in PMMA is the most efficient one to down-
convert UV light. Also, it can convert blue light with a considerably good ratio into
yellow, which is around 50%, a little less than the reported value of 60%’". This points
out that we can also use only M4 as down-convertor to embed with blue inorganic LED
to fabricate hybrid WLED. A huge improvement of the emission efficiency is obtained
when going from M3 to M4. The only difference in the chemical structure is the
presence of two methoxy groups per triarylamine moiety in M4. As expected, they
enhance the electron-donating ability of the donor units, thus the D-A interaction,
leading to a red-shift in both absorption and emission for the film of M4. Also, the
methoxy groups change the rate of the radiative decay. As illustrated in the discussion

about the solvent effect (§ 3.2.2), M3 shows a less emissive LE state than the CT state,
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while M4 behaves in the opposite way. In PMMA films, the environment is less polar
than in chloroform. The leading excited states for both molecules are the LE states, thus
the film of M4 is highly emissive and shows almost twice the PLQY of M3. For the
same reason, the emission maximum of M7 is observed at 564 nm, with a faint red-
shift compared to the cyclohexane solution (see § 3.2.3). The environment for M7 in
PMMA film is more polar than the cyclohexane solution. Literature reports that the
effective local dielectric constant for PMMA thin films is in the range of 5.9-8.3'.

However, the bulky PMMA may block the molecular rotation in excited state and lock

the conformation favorable to LE state.

4.2.2.2 Fluorescence lifetimes

In order to have a deeper insight about the emitting species, the fluorescence
lifetimes have been measured at the maximum of emission (z;) and at the tails (z;), and
the lifetimes of isolated molecules in diluted solutions (zs/) are given for comparison
(see Table 4-5).

Typically, three lifetimes can be extracted from the measurements in 10wt% doped
films, corresponding to LE, CT, and excimer states. Indeed, a third species appears in
the lifetimes of each solid-state samples, with respect to those of single molecules
measured in solution. It is rational to attribute the new lifetimes to the presence of
excimers. The values of the lifetime for each excited state are expected to stay the same
in 7, and 7 but with different contributions. In fact, only for M4, these values can be
considered the same. Therefore, we will focus on the analysis of the data of M4 in
details afterwards. The general trend is that the average lifetime is getting longer in the
longer-wavelength components (Table 4-5).

Giving M4 as an example, the fluorescence decay curves in a 10°® M solution
(isolated molecules) and in a 10 wt% doped film in PMMA are shown in Figure 4-18.
A slower decay can be observed in the film with respect to that in chloroform. For the

longer-wavelength tail (A, = 700 nm), the decay is even slower than that obtained at
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560 nm. In chloroform, the lifetime of 1.13 ns corresponds to the CT state, the other
one of 2.79 ns stands for the LE state, the leading excited state is the CT state with a
contribution of 97.49%. Similarly, for the film of M4, at the wavelength of the emission
maximum (4sm), the shortest-lifetime (0.56 ns) species should represent the CT state,
the 2.42-ns belongs to the LE state and the longest one of 7.22 ns is tentatively attributed
to the excimer state. Regarding the contribution of the lifetimes, in the PMMA film, the
LE state is the leading species. This proves that the molecular motion is locked in
PMMA film: the intermolecular rotation is blocked from the conformation of CT state
when it is excited. The contribution of the excimer is as low as 4.07%, indicating that a
content of 10wt% of the fluorophores could avoid massive quenching caused by
aggregation. In the longer-wavelength shoulder, the short-lifetime (0.56 ns) species
disappears, and the contribution of the excimer state increases to 8.13%, pointing out
that the tail is a mutual consequence of the CT and excimer states, where the proportion
of excimers is increased. The longer wavelength of emission together with the more

important contribution of the new excited state point to the formation of excimers.

10 5
1 = Film (=360 nm)
] « Film (=700 nm)
| CHCI, solution
10° 5
&2 ]
[ i
S ]
S |
10° -
—

Time (ns)

Figure 4-18 Fluorescence deacy curves of M4 in 10% M solution and in 10 wt% doped film in
PMMA with Ae, = 560 and 700 nm, repectively.
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Table 4-5 Summary of fluorescence lifetimes of M1-M7 films 2.

Molecule 501" (1S, %) 7, ¢ (ns, %)  Average 7, (ns) 7 (ns, %) Average 1/ (ns)
0.34 (61.46) 0.53 (49.52)
0.11 (77.42)
M1 1.37 (30.77) 0.93 1.97 (38.09) 1.64
3.24 (22.58)
3.91(7.77) 5.06 (12.39) 4
0.36 (63.68)
0.97 (7.70)
M2 1.78 (31.93) 1.03 -b -b
3.74 (92.30)
5.34 (4.39)
0.61 (47.48)
2.41 (86.18)
M3 2.84 (100) 2.38 (48.83) 1.73 2.96
6.37 (13.82) ¢
7.52 (3.69)
0.56 (42.23)
1.13 (97.49) 2.42 (91.87)
M4 2.42 (53.70) 1.83 2.82
2.79 (2.51) 7.36 (8.13)F
7.22 (4.07)
0.10 (85.33)
0.03 (62.6) 0.64 (58.03)
Mo 0.57 (13.87) 0.18 2.96
0.44 (37.4) 6.17 (41.97) ¢
2.14 (0.80)
0.66 (13.75) 1.29 (34.89)
1.64 (9.87)
2.19 (52.36) 2.22 2.90 (56.81) 3.20
5.00 (90.13) "
4.86 (20.23) 13.31 (8.30)f

210 wt% films doped in PMMA, made from 10 g/L of DCM solutions by spin-coating. ® Not
measured. ¢ Measured at Asim ¢ Measured at 515 nm. ¢ Measured at 610 nm. fMeasured at 700 nm. &
Measured at 600 nm. " lifetimes in 1x10% M chloroform solutions, except for M7 which was

measured in cyclohexane.

4.2.3 Tuning the PL properties of the films

In this section, we will focus on the possibility to tune the PL properties of M4 in
films, especially the emission color and PLQY, since the previous studies have shown

it to be the most efficient fluorophore.

4.2.3.1 Tuned by different coating methods

Firstly, the way to fabricate the films importantly influences the emission color. If
the emission spectra of drop-casted, spin-coated and slot-die-coated films (both contain
10wt% of M4 doped in PMMA) are put together (in Figure 4-19), we can see a

narrower and more symmetric emission band without the tail for the slot-die-coated
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film compared to the films obtained from the two other methods. This implies a better
dispersion of the fluorophore that yields a more homogenous blend in the slot-die-
coated film, and avoid or minimize the formation of excimers. Another reason for the
narrow and symmetric band observed in the case of the slot-die-coated film could be
the different thermal history, as the films were prepared on a hot plate at 60 °C. The
extra thermal energy may help the molecules to disperse more evenly, resulting in the
elimination of any emission shoulder due to the presence of intermolecular interactions.
Meanwhile, the drop-casting and spin-coating processes were performed at room
temperature. As it was illustrated previously, 10 wt% is not enough to generate massive
excimers, thus emission is mostly due to single molecules. The drop-casting film shows

the most red-shifted emission.

569 575 spin coating
: slot-die coating
; — drop-casting

Normalized PL intensity
o
»
|

— T T T T T T T T T T T T
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4-19 Emission spectra of drop-casted, spin-coated, and slot-die-coated films of M4 (10
wt% in PMMA, Aexe =400 nm) from 10 g/L DCM solutions.

4.2.3.2 Tuned by different doping rates/quantities

Inspired by the different emission of pure powders and PMMA-doped deposits,
the influence of the doping rate of M4 in the PMMA matrix on the photophysical

properties of the the resulting films has been evaluated. Therefore, 200-um-thick films
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with 10, 25, 50, 75wt% of M4 doped in PMMA were prepared with the slot-die coating
method. Their absorptance and quantum yield were measured with an integrating
sphere with different excitation wavelengths. The correlations between @, and excited
wavelengths are shown in Figure 4-20. For all the samples, the highest @, is obtained
upon excitation at wavelengths in the range 300-330 nm. Therefore, the emission
spectra of all the films were recorded with a Aexe of 310 nm. They are shown in Figure

4-21. The photophysical properties of the films are listed in Table 4-6.

100
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Figure 4-20 Correlations external quantum yield and excitation wavelength of slot-die-coating
films of M4 (2.3, 10, 25, 50, 75 wt% doped in PMMA and neat film).

The emission spectra show a bathochromic shift with the increase in the content
of the fluorophore. The maximum fluorescence wavelengths vary from 533 nm to 578
nm only by changing the doping rate. The CIE coordinates are adjusted from (0.39,
0.58) to (0.50, 0.48). However, both the internal and external quantum yields drop when
the content of M4 increases, as formation of excimers is more probable. This
phenomenon is identical with the previous description about the effect of the excimers.

From 2.3 to 10 wt%, the emission shifts from 533 nm to 560 nm with a tiny loss

of PLQY and a similar external quantum yield. This is due to a low content of excimers
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in both doping rates. It is also due to the improved absorption when the deposit contains
a biggest quantity of fluorophore. The quantum yield decreases dramatically when the

portion of M4 exceeds 25%, while the absorption remains similar until the portion of

M4 is over 75%.
250 09
] ' 2.3 wWt%
iy 10 wt%
200 ; 25 wWt%
. v 50 wt%
150 - B * 75wtk
2 o
7)) H
3 i § ,
c

PL

0,1
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Figure 4-21 Emission spectra of slot-die-coating films of M4 (2.3, 10, 25, 50, 75 wt% doped in
PMMA and neat film, A.x.= 315 nm), recorded by integrating sphere.

Table 4-6 Summary of the photophysical properties of M4 films with different doping rate.

Portion of M4 (Wt %)  Aem(nm) D2 (%) A(%)® Do (%)© CIE coord.
2.3 533 89.0 82.9 73.8 (0.386, 0.578)
10 560 82.2 88.2 72.5 (0.451, 0.530)
25 571 48.4 87.0 42.1 (0.474, 0.508)
50 578 40.5 86.9 35.1 (0.505, 0.483)
75 578 37.7 71.3 26.9 (0.496, 0.481)

2 Photoluminescence quantum yield, Aex. = 315 nm, with an estimated error +10%. ® Absorptance,
Aexe = 315 nm, with an estimated error +10%. ¢ External quantum yield, Aex. = 315 nm, with an

estimated error +10%.
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Similarly, if more product is deposited, but the doping rate remains the same, the

emission also shows a red shift with a loss in emission intensity due the existence of

more aggregates/excimers. Three drop-casted films of pure M4 were made from THF

solutions with 100 uL of 2 g/L, 10 g/L and 20 g/L, corresponding to 2.6x1073, 1.3x1072

and 2.6x10 mol/L, respectively. In other words, 0.2, 1 and 2 mg (0.26, 1.3 and 2.6

mmol) of fluorophore are deposited on the glass subtract of the same size. As shown in

Figure 4-22, the emissions are found in the orange-red region. The emission of the

sample made from 10 g/L solution can reach the CIE coordinates of (0.59, 0.40). The

PLQY of the films deposited from 10 g/L solutions is measured to be 11.6%. The

emission intensity undergoes a slight quenching when the concentration rising from 2

g/L to 10g/L, but decreases a lot when the film is deposited from 20 g/L solution.
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Figure 4-22 Emission spectra of drop-casting films of M4 comprising 0.2, 1 and 2 mg of

fluorophore, deposited from THF solutions, Aexe =400 nm, slit 1.5/1.5 nm.

4.2.3.2 Tuned by different solvents and annealing methods

The choice of the solvent also affects the PL performance of the corresponding

films. As shown in Figure 4-23, the spin-coating neat film of M4 made from THF

shows a bathochromic shift and a reduced intensity of emission with respect to that
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made from DCM. To be noted, the emission intensities of the solid samples strongly
rely on quality of the films and orientation of the samples towards the excitation light
and detector. The PLQY would be more convincing here to conduct the comparison of
their fluorescence efficiencies. However, they were not obtained limited by the
experimental conditions. The film made from the DCM solution shows a lower-energy
absorption band (Figure 4-24). To find an explanation, we look back to the different
molecular conformations and packings occurring in crystals obtained from THF and
DCM solutions. In DCM, M4 has a more planar conformation with a small torsion
angle between pyrimidines of 5.74°, while the corresponding angle amounts to 25.2° in
the crystal obtained from THF. Thus, a better conjugation can be obtained when the

deposit is from a DCM solution, leading to a red-shifted absorption.
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Figure 4-23 Emission spectra of spin-coating neat films of M4 deposited from 20 g/l DCM and
THF solutions, Aex. = 400 nm, slit 1/1 nm.

The molecular packing obtained from DCM is also different from that in THF (see
Figure 4-25). In DCM, the two corresponding pyrimidine rings from two molecules
(pyml and pyml’) are perfectly parallel with a dihedral angle of 0.0° and the

perpendicular distance is 3.48 A. These two molecules are rigidified by this m-r stacking
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and CH.. . interactions (2.79 A). However, from the top view, the third molecule shows
a shift without any overlap of the aromatic rings, indicating a pattern of dimers.
Nevertheless, in THF, there exist n-n stackings between pyrimidines (pym1 and pym1’,
dihedral angle of 0.0°, 3.30 A) on the one hand, and between pyrimidine and phenyl
rings (pym2 and phl’, dihedral angle of 5.86°), on the other hand, which lead to the
formation of infinite stacks. Thus, stronger n-m interactions take place in the packing
obtained from THF with respect to that obtained from DCM. For this reason, the
emission band of the film obtained from THF exhibits a red-shifted emission with very

important shoulders.
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Figure 4-24 Absorption spectra of spin-coating neat films of M4 deposited from 20 g/l DCM and
THF solutions.

Thermal annealing causes a blue-shift of both the absorption and emission for both
films. After heating on a hot plate at 120 °C for 3 hours and cooling to room temperature,
the emission maximum shifts to 575 nm while the absorption maximum shifts to 409
nm. It is reasonable to believe that the heat gives the energy for molecular motion and
changes the different conformation caused by diverse solvents.

In conclusion, in this part, we have discovered several ways to tune the emission
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properties of M4 processed in films, including changing the coating method, adjusting
doping rates, and playing with the solvent and the concentration. The emission color

can be controlled to be in the range from greenish yellow to orange and red.

_________________________________________________________________________________

CH...m interaction
279 A

TI-17 stacking

E 0.0°, 3.48 A

2 pym1
206 5740

CH...mr interaction
285A

Side view In THF Top view

Figure 4-25 Single crystal structures of M4 in DCM and THEF, black for carbon, blue for nitrogen,
red for oxygen and grey for hydrogen.

4.3 Photo-stability studies

In order to characterize the stability of the films under continuous UV light
exposure, a 375 nm UV LED was covered by films containing the molecules and the
corresponding emission spectra were recorded over time. Note that such photostability
measurements are relatively rarely reported for samples containing organic emitters'®!.
We chose the films made through the slot-die coating method with a fixed thickness of
200 pm, to truly compare the photostability among luminophores M2, M3 and M4, as
they have shown the best emission efficiencies. These tests were conducted in
Université Clermont Auvergne.

By recording the emission spectra of 10 wt% films doped in PMMA comprising
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different luminophores under a constant UV emitter with an adjustable power (100-300
mW/cm?) over time and a distance of 37 cm between the sample and the UV source,
we analyzed the integration area of each measurement (I) and calculated the ratio
relative to the initial area (I/Ip) over the time.

The emission spectra of M2-M4 over the time are shown in Figure 4-26, 4-27 and
4-28, respectively. The films of M2 and M3 show dual-peak like emission. With the
elapse of the time, the higher-energy parts of the emission (corresponding to emission
of the monomers) are quenched more dramatically than the lower energy parts
(corresponding to emission of the excimers), indicating a better photostability for the
excimers than for isolated molecules of M2 and M3. The intermolecular rigidification
may help to stabilize the fluorophores. For M4, it shows a reverse behavior, where the

lower-energy part diminishes faster.

M2 —0h
- ——12h |
—24h |
——36h
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83h |

Intensity (a. u.)
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Figure 4-26 Evolution of the emission spectrum of a slot-die coated films of 10 wt% of M2 in
PMMA.
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Figure 4-27 Evolution of the emission spectrum of a slot-die coated films of 10 wt% of M3 doped
in PMMA.
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Figure 4-28 Evolution of the emission spectrum of a slot-die coated film, 10 wt% M4 doped in
PMMA.
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Figure 4-29 Degradation of slot-die coating thin films, 10 wt% M2-M4 doped in PMMA, under
the 375 nm UV source with the power of 300 mW/cm?.

Based on the I/Iy analysis, the degradation curves have been plotted to demonstrate
the process of emission quenching induced by the UV source. As shown in Figure 4-
29, the degradation curves go through two main stages: In the starting stage, the
emission drops dramatically, following it reaches a plateau. The PL intensity follows
an exponential decay. After 2 hours of irradiation with a power of 300 mW/cm?, the
films of M2 and M3 have lost about 30% and 40% of the initial emission intensity,
respectively, while that of M4 lost almost 80% of the initial emission intensity. After
83 hours (5000 minutes) of irradiation, the film of M2 shows an intensity at 21% of the
initial one. For M3, there is 22% of the initial PL intensity remaining after 45 hours
(2900 minutes) of continuous exposure. M4 only emits about 5% of the initial intensity
after just 17 hours (1000 minutes). These data indicate that M2 and M3 show relatively
better photostabilities than M4 in films doped in PMMA at a rate of 10 wt%.

When the power of the UV source is reduced to the one third (100 mW/cm?) of
the full power, an improvement of the photostability of the film of M4 is observed
(Figure 4-30). Indeed, the emission decreased by 80% within 73 hours (4380 minutes)

and kept decreasing with a very slow rate. After 167 hours (10000 minutes), there still
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remains 15% of the initial emission. This indicates a slower degradation of M4 in less

powerful conditions.

100%
90%. R M4 - 2.3% PMMA 20°C LED UV 100mW/cm2
o M4 - 10% PMMA 20°C LED UV 300mW/cm?2
80% 3 M4 - 10% PMMA 20°C LED UV 100mW/cm?2
N + M4 - 22% PMMA 20°C LED UV 100mW/cm2
70% -§ « M4 -50% PMMA 20°C LED UV 100mW/cm2
60% -2
oo B
T 40%F
30% |- 100 mW/en?
20% |-
10% |
! 300 mW/cm?
00/|...|...|...|...|...|...|...|...|...|...|
°0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time (min)
Figure 4-30 Degradation of slot-die coating thin films of M4 doped in PMMA, with different
doping rate, under the 375 nm UV source with the power of 100 or 300 mW/cm?.
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Figure 4-31 Degradation of slot-die coating thin films of 2.3 wt% M4 doped in PMMA and

silicone, under the 375 nm UV source with the power of 100 mW/cm?.
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The degradation rate is also influenced by the doping rate of the film. The deposit
with 2.3% of M4 decomposes faster than the one containing 10% of M4. The fewer
quantity of fluorophore in the former is the reason. The sample with 10% of fluorophore
exhibits the best photo-stability. When the proportion of M4 exceeds 10%, the
photostability starts to decrease again. As we know, the photodegradation of organic
compounds in atmosphere is caused by the highly active singlet oxygen upon the
absorption of light and consequent hydroxyl radicals!**'**, The higher concentration of
M4 might increase its chance to contact with the radicals and decompose.

Finally, the PMMA matrix was changed to silicone. The degradation curves are
shown in Figure 4-31. The initial fast drop of emission is slightly slowed down by the
silicone matrix. The emission reaches the final plateau at more than 4000 mins in the
silicone film, while the corresponding value is 2000 min in the PMMA film. However,

the final plateau occurs at the same value of 13% for the I/]o ratio.

4.4 Hybrid white-light-emitting materials

As the final goal of this thesis, we are aiming at investigating the possibility of
M1-M7 to convert near-UV light into qualified white light. This was investigated in
both solution and solid state. Even though the perfect white light locates at (0.33,0.33)

in the CIE diagram, the white region still ranges a big area.

4.4.1 White-light-emitting solution

Considering the emission color and PLQY, the mixture of M2 and M4, and that of
M6 and M4 appear as the most promising combinations. The observations were first
conducted in chloroform solutions with a total concentration of 1x10° M.

In the combination of M2 and M4, we started with a 1:1 ratio between the two
compounds. In this solution, an excess of blue component was found, even though the
orange-red component increased when using longer excitation wavelength. For this
reason, the portion of M4 is required to be increased. The solutions M2: M4 = 1: 9 was
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thus investigated (Figure 4-32). The CIE coordinates of the light emitted by this blend
after excitation at 375 nm is (0.32, 0.38), which is close to pure white light. The
relatively higher Y coordinate is more likely to be due to the green emission from 520
nm to 560 nm shown by both M2 and M4. Therefore, the deep-blue emitting M6 could

reduce the excess of green component when blended with M4.

CIE 1931

’ —exc360
0~ ——exc370
e @XC375
208 —— exc380
C
o
£
_1064
o
2 M2: M4 =1: 9
No4- Ma=1:
3 ¢, =10°M
g 02— CHCI, solution
000 w02 03 04 05 06 07 X
0.0 Aexc = 360 nm (0.30, 0.37)
Aexc = 370 nm (0.32, 0.38)
(

400 450 500 550 600 650 700 750 800 Aexc =375 nm (0.34, 0.38)
Wavelength (nm) Aexc = 380 nm (0.36, 0.39)

Figure 4-32 Emission spectra and CIE diagram of the mixed CHCl; solution (M2: M4 = 1: 9,

total concentration of 1x10-°M, slit 1/1 nm).

As shown in Figure 4-33, the mixture of M6 and M4 shows a purple emission due
to the lack of green emission. As we expected, the Y coordinate is lowered from 0.38
to 0.29 upon excitation at 375 nm, relatively to the blend of M2 and M4. In this case,
an addition of a small amount of green-emitting M3 could be a good supply to push the
emission towards the white center.

Thus, the emission spectrum of the ternary mixture comprising M6, M3 and M4
(2: 1: 20) in chloroform has been recorded, it is shown in Figure 4-34. A warm white
light (0.37, 0.34) has been achieved by this formula, showing a good balance between
the blue, green and red components. Unfortunately, because of lack of time, no more

investigations of this mixture including PLQY was done.
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Figure 4-33 Emission spectra and CIE diagram of the mixed CHCIl;3 solution (M6: M4 = 1: 9,

total concentration of 1x10°M, slit 2/2 nm).
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Figure 4-34 Emission spectra and CIE diagram of the mixed CHCl; solution (M6: M3: M4 = 2:
1: 20, total concentration of 1x10-¢ M, slit 2/2 nm).

4.4.2 White-light-emitting films

As reported in paragraph 4.2.4, the emission properties of the fluorophores are

quite different in films with respect to those in solution. M4 is more emissive in the
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solid state than in solution. In solution, much more M4 is needed in order to achieve
white light; in the solid state, it is the opposite trend. In order to investigate the different
combinations of fluorophores, we fabricated the non-doped films by spin-coating from
the mixed DCM solutions with a concentration of 20 g/L.

As for the choice of the blue-emitter, there are three possible candidates, M1, M2
and M6. Due to the poor solubility of M2, the desired concentration could not be
obtained, which makes it not a good option. Therefore, the combinations of M1/M4

and M6/M4 were investigated.

CIE 1931
104 —_—M1: M4 =6:4 y &
—M: M4 =82 08 =
> —M1: M4 =9: 1 ;1: = |
‘% 0.8 A..=380nm \ 0
c exc . =
..g 06 B I 570
— 500
0.6 - 05
o
8 0.4
N ]
.C__U 04 0.3190
g 02
S0.24 '
0.1
0.0+ %80 %02 03 04 05 o6 07 X
M1: M4 =6:4 (0.397,0.484)

400 450 500 550 600 650 700 750 800 M1: M4 =8:2 (0.371, 0.494)
Wavelength (nm) M1: M4 =9:1 (0.338, 0.499)

Figure 4-35 Emission spectra and CIE diagram of the mixed films (M1: M4 =6: 4, 8: 2 and 9: 1,
slit 1/1 nm).

Hybrid films of M1/M4 with different ratios of 6: 4, 8: 2 and 9: 1 were studied,
while excited at 380 nm. Their emission spectra and the resulting chromaticity diagrams
are shown in Figure 4-35. The 6:4 sample shows a yellowish light, due to the high
proportion of M4. Continuing increasing the portion of M1, the emission blue shifts.
However, it is difficult to get white light by adding more quantities of blue emitters.
The evolving trace can be seen in the CIE diagram. Increasing the portion of M1 will

decrease the concentration of M4, leading to a shift of its emission and reduction of the
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emission in the range of 650-750 nm. Thus, the X coordinate is decreased but the Y
coordinate is increased. Meanwhile, due to strong absorption of M4, reabsorption of
the emission of M1 can occur in the range of 400-450 nm where there is an overlap
between the emission of M1 and the absorption of M4. The same trend is observed in

the blend of M6/M4.

4.4.3 Hybrid LEDs

As we have not obtained white-emitting films, the strategy we have taken is to
cover a blue LED by yellow-emitting M4. In particular, as the 10wt% film of M4 shows
high conversion efficiency and the best photostability among the films with different

doping rates, it is chosen for covering the blue LED.

7.0x10°

i — 125 mm/min CIE chromaticiy diagram 1931
6.0x10° — 150 mm/m!n
—— 175 mm/min

+ 125 mmimin

5.0x10*
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Figure 4-36 EL spectra and CIE diagram of hybrid LEDs.

The blue LED is coated by a dip-coater. We have optimized different withdrawal
speeds, 125, 150 and 175 mm/min, to control the thickness of the coating layer and the
emission color. Their (electroluminescence) EL spectra and CIE diagram are shown in
Figure 4-36. With the withdrawal speed increasing, the blue component in the EL

spectra decreases and the yellow component increases. The thickness of the coating
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layer increases with faster withdrawal speed where there is the more viscous drag from
the polymeric solution attached on the LED'”. When the withdrawal speed is set as
150 mm/min, the LED shows a white light with CIE coordinates of (0.334, 0.372) and
CCT of 5460 K, which is close to the normal day light (5500K). The LED fabricated
with withdrawal speed of 125 mm/min has a blueish emission while the one with 175
mm/min withdrawal speed has a yellowish white emission. The emission properties of
these three LEDs are presented in Table 4-7. The thickness of the coating layer is
measured with the films on glass substrate with exact same parameters. The photos of
the bare blue LED and white-emitting covered LED with withdrawing speed of 150

mm/min (on and off) are shown in Figure 4-38.

blue LED hybrid LED (off)  hybrid LED (on)

Figure 4-37 Photos of bare blue LED and hybrid LEDs.

Table 4-7 Emission properties of hybrid LEDs based on M4

Withdrawal speed .
. CCT (K) CIE coord. Thickness ? (nm)
(mm/min)
125 6236 (0.314, 0.367) 974
150 5461 (0.334, 0.372) 2225
175 4566 (0.367, 0.416) 2417

2 Thickness of the double-face coated film on glass substrate, measured with profoliometer.

The lifespan of the device has also been investigated. The decay curve of the
hybrid LED is presented in Figure 4-38. The LED stays on continuously the its EL
spectra were recorded at each time. The relative emission intensity of the 560 nm band

is calculated and plotted over time, showing an exponential-like decay. In 4 hours, the
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emission intensity at 560 nm decreases around 10%. After 237 hours, there is still 27%

of the initial intensity.
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Figure 4-38 Decay curve of the hybrid LED.

4.5 Conclusion

In this chapter, we have investigated the photophysical properties of solid-state
samples (aggregates in suspension, thin films and powders), which are very important
towards real applications as fluorophores in hybrid WLEDs.

The AIE effects on M3, M4 and M7 have been examined in THF/water mixture.
AIE was detected for all three molecules and is rather to be due to the non-coplanarity
induced by the triarylamine groups. M3 has a less-emissive aggregated state with a
PLQY of 14% whereas it is 50 % in diluted THF solution. The aggregates of M4 and
M7 show enhanced emission intensity and quantum yield with respect to the
performance of the monomers in THF. Especially for M4, due to a proper molecular
packing, the aggregates in a 75% water system exhibit a good quantum yield of 30%.

For all the compounds (except for MS), the films doped at a rate of 10wt% in
PMMA were fabricated and investigated. For M1, M2 and M6, the films emit in the

blue area. The film containing M2 shows a PLQY of 35.7%. The film with M3 is green
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emissive, while that of M4 and M7 are yellow emissive. The 10wt% doped film of M4
was found to show a PLQY as high as 82.2%, and an external quantum yield of 72.5%,
which is about 20% higher than the reported conversion efficiency of polyphenylene
derivatives, which is 60% for converting the 450-nm blue light to green-yellow’!. The
doping rate of 10% does not favor the formation of massive aggregates in PMMA films.

The deposited quantities of fluorophores, doping rates, coating method and even
the solvent used in the coating process can significantly impact the emission properties,
owing to distinct consequent molecular arrangements. The film of M4 deposited from
THF shows a bathochromic shift compared to that from DCM. By optimizing the
conditions of deposition, the emission of M4 can be tuned to give a red-emissive
material. The neat film made by drop-casting from THF with a concentration of 10 g/L
shows a red emission at 620 nm with a PLQY of 11.6%.

Photostability tests were carried out on the 10wt% films of M2, M3 and M4 to
estimate their lifetime under a continuous UV irradiation. Under a source of irradiation
with a power of 300 mW/cm?, M2 and M3 tend to a plateau at about 20% of the initial
intensity, while the corresponding value is only 5% for the film containing 10wt% of
M4. This value can be increased to 20% by setting the power of the irradiation source
at 100 mW/cm?, suggesting that M4 is more suitable in a low-power scenario. The
doping rates can also influence the photo-stability, and 10wt% films show the slowest
degradation.

In the end, the possibility to design white-emitting samples both in solutions and
films was investigated. In chloroform, the warm white light with CIE coordinates of
(0.37, 0.34) could be obtained in a ternary mixture of M3, M4 and M6 with a ratio of
2: 1: 20. White-emitting films could not be obtained. White hybrid LED is made based
on M4 and blue inorganic LED, showing a white light with CIE coordinates of (0.33,
0.37) and CCT of 5460 K.

128



TUT

YT
Q0T

S

& ' [ ]
‘s 30

@
" b o®

Chapter V Conclusions and perspectives

5.1 Conclusions

Initially, we reviewed the luminescence and luminescent materials, especially on
the history of light-emitting diodes (LEDs). The target application for the materials
developed in this thesis is hybrid LEDs by embedding the inorganic near-UV or blue
LEDs based on InGaN with the organic down-converters to generate ideal white light
with good quality. The organic materials possess the advantage over the inorganic
phosphors which are employed in the commercial system, not only because they are
metal-free (especially of rare-earth elements), but also their excellent absorption and
emission performances.

In this work, we have designed and synthesized a series of donor-acceptor (D-A)
molecules comprising a novel building block, 2,2'-bipyrimidine (BPM) derivatives, as
acceptor. The electron-donating moieties are chosen from triarylamines and thiophene
derivatives. The syntheses of D-A molecules were carried out mainly through Suzuki
coupling and Stille reaction. Seven final products were successfully purified and
characterized.

The photophysical measurements in diluted solution were conducted to examine
their photoluminescent (PL) performances. The working concentration were
determined and set at most 1x10~> M. In chloroform solutions, M1, M2 and M6 exhibits
emission in blue region, M3 emits in green, M4, M5 and M7 can emit in orange-red,
depending on their distinctive D-A strengths and thus bandgaps. They all show broad
emission band. Some of them shows efficient fluorescence: the photoluminescence
quantum yields (PLQYs) of M2 and M3 are 72% and 64% respectively in chloroform
solution, and M4 exhibits more than 90% PLQY in toluene, triethylamine and ether
solutions. Except M6, they all exhibit dual absorption band: the one occurring in the

higher-energy region is attributed to a localized n-n* transition, while that at lower
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energies varies from the near-UV to the blue region, attributed to an internal charge-
transfer (ICT).

The solvent effects on M3, M4 and M7 were investigated. M3 shows a bright CT
state, while M4 has a very emissive LE state but less emissive CT state. The methoxy
substitutions can change the ICT process profoundly. M7 behaves a dual-peak emission
in polar solvents, which is the consequence of the TICT. The solvent polarity is a facile
mean to tune the emission properties of the fluorophores. By inspecting the
phosphorescence and fluorescence at low temperature (77K), the energy levels of triplet
and singlet excited states can be located. The electronic structures of each sample were
revealed and discussed combining the crystal structures.

Then we turned to their solid-state PL properties since the final target of this thesis
is to apply them as solid materials for hybrid LEDs. The AIE tests on M3, M4 and M7
were carried out. The aggregates of M4 and M7 exhibit enhanced emission and
quantum yield than their THF solution. The aggregates of M4 have an emission with
the maximum intensity occurring at 613 nm with a PLQY of 30%, comparing to 593
nm and 5% of its THF solution. The powders of M1, M2, M3 and M4 were taken to
the PL measurements. The powder of M4 emits the maximum at 593 nm with a PLQY
of 27.2%.

By investigating the absorption, emission and fluorescence lifetimes of their films
doped in PMMA, the 10wt% is proved to be a good dopant rate to avoid the massive
aggregations for these fluorophores. The 10wt% films of M4 shows a strong emission
with a PLQY of 82%, and can convert 72.5% of the photons emitted from the external
310-nm source. The color-tuneability of the solid samples of M4 has been examined.
By controlling the coating method, amounts of the fluorophore and the solvent system,
we can achieve a red emission at 620 nm with a PLQY of 11.6%. The photostability
tests were carried out under a continuous UV irradiation. Under a source of irradiation
with a power of 300 mW/cm?, M2 and M3 tend to a plateau at about 20% of the initial

intensity, while the corresponding value is only 5% for a film containing 10wt% of M4.
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This value can be increased to 20% by setting the power of the irradiation source at 100
mW/cm?, suggesting M4 is more suitable in a low-power scenario. 10wt% film shows
the best results. In order to generate white, blenders of fluorophores with different
emitting colors were studied. In chloroform solution, the warm white light with CIE
coordinates of (0.37, 0.34) could be obtained in a ternary mixture of M3, M4 and M6
with a ratio of 2: 1: 20. In solid state, we have not obtained white-emitting materials.
White hybrid LED is made based on M4 and blue inorganic LED, showing a white light

with CIE coordinates of (0.33, 0.37) and CCT of 5460 K.

5.2 Perspectives

Despite those have been done in this thesis, there are still plenty of works and
improvements concerning this topic can be further realized. With these works to be

done, this project could be brought to the next stage.

5.2.1 Synthesis

Firstly, the synthesis of BPM derivatives, especially of those substituted by
electron-withdrawing groups need to be improved. Some promising synthetic routes are
proposed in § 2.3 in order to avoid the harsh reacting conditions and to augment the
yield.

Then the efficient red emitters are also required to really fulfill the visible spectrum,
as M4, MS and M7 are emitting in orange-red region. Referring to some interesting
designs in literature'®1%%!1%7 here some new structures are introduced below in Figure
5-1. In MA-MD, the insertion of the thiophene as n-linker is proved to be an effective
method for the design of deep-red or near infrared emitters, for its coplanar molecular
conformation towards the nearby segments and expand the conjugation'®’. The 2-(2,2-
diphenylvinyl)thiophene (DPVT) comprised ME and MF are also expected to emit in
red. Due to the C-C double bond, the DPVT moieties show a nearly planar structure
which expand from thiophene to one of the phenyl, with the other phenyl almost
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19 ME and MF are expected to have a well-

perpendicular towards the thiophene
conjugated system from the BPM core to the ending phenyls and a bathochromic shift
in emission comparing to the current molecules. They should also exhibit good solid-
state emission efficiencies, because the perpendicular phenyl rings can prevent the
enormous 7t-7 stackings which might quench the fluorescence. MG is also a promising
red-emitter, with the additional electron-withdrawing cyano group which can deeply

reduce the bandgap and red-shift the emission. The C-C double bond and C-N triple

bond are also the enhancements of the molecular conjugation.

MA:R=H R o
MB: R = OMe MF: R = OMe
R

Qi O Qo P

MD: R = OMe

Figure 5-1 Proposed design for red-emitters.

) s (J

Figure 5-2 Modifications on blue-emitting molecules
Concerning the blue-emitting materials, M2 has a good PLQY 0f 35.7% in 10wt%
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PMMA film. The biggest problem for M2 is its poor solubility, which brings difficulties
to the solution-processable coating. M6 emits in deep-blue area in solutions, but it
shows a red-shift in emission of its solid state and gives undesired green component. In
order to overcome these problems, some modifications on these two compounds are
proposed (Figure 5-2). The design idea on MH is to increase the solubility by grafting
the aliphatic chains on carbazole units. As for MG, by changing the position of the
hexyl chains from 5-position of thiophene to 3-position, the steric hindrance of the
chain may bring a slight twist within the thiophen and pyrimidine, and adjust the
molecular packing to reduce the green component for avoiding the massive n-n

interactions'*®.

5.2.2 Solid-state photophysical measurements

First of all, the quality of the fluorescence spectra of the solid samples should be
improved. One possible way is to improve the quality of the films. More works should
be done to optimize the conditions for fabricating the films. The other strategy is to
replace the glass subtract with quartz to eliminate the spikes occurring in the spectra.

The PLQYs and fluorescence lifetimes of all the solid samples should be measured
ideally to fully investigate the emission efficiencies. Especially for the crystals of M4,
they should different molecular conformations when growing from different solutions.
It would be out of interests to inspect the distinctive photophysical properties
originating from the diverse molecular conformations and establish solid property-

structure relationships.

5.2.3 Photostability

Concerning the photodegradation tests, M4 shows a fast degradation under the
continuous UV irradiation. It would be meaningful to study its degradation process by
using NMR or IR spectroscopy. Based on the results, the structure of the compound
could be modified to improve its photostability. The other strategies, like changing
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matrix, introducing photostabilizers could be also considered.

5.2.4 White-emitting materials

We have obtained a white-emitting solution with a set of CIE coordinates of (0.37,
0.34), which is a ternary mixture comprising M6, M3 and M4 (2: 1: 20) in chloroform
solution. It is a nice result and deserve more detailed studies on its absorption property,
PLQY and energy transfer between different emitters.

For the solid sample, the white-emitting film is not successfully fabricated without
any matrix. Herein, some ideas on how to make hybrid white light are proposed. First,
a new blue emitter which shows a PLQY as high as M4 in the solid state and with
proper solubility is necessary, and it would be better if it emits with high emission
intensity in deep blue, as we proposed in §5.2.1. The blue-emitting polymers are also
considerable. It is also considerable to develop a new red-emitter which has an emission
more shifted to the red, as they are shown in §5.2.1. The other strategy is to adopt two
layers of films with different emission color to achieve white light. It is also possible to
employ a blue LED as the light pump and covered with the films with different weight

percentage of M4 to generate the white light.

5.2.5 Thermal property

Thermal properties of our compounds should also be investigated such as
differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA), from
which we could obtain the glass-transition temperatures, melting temperatures, the
weight-loss percentage and temperatures, etc. This information is meaningful for the

future application in hybrid LEDs.
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Appendix I List of molecules and abbreviations

Table S1-1 Table of molecules.
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Table S1-2 List of abbreviatons

Abbreviation Full term
LED Light-emitting diode
WLED White-light-emitting diode
EL Electroluminescence
LCD Liquid crystal display
PL Photoluminescence
CT Charge transfer
pc-WLED Phosphor-converted white light-emitting diodes
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
CCT Calculated color temperature
CRI Color rendering index
CIE Commission Internationale de L’éclairage
OLED Organic light-emitting diode
HTM Hole transport material
ETM Electron transport materials
PLED Polymer light-emitting diode
EQE External quantum efficiency
TADF Thermal activated delayed fluorescence
PLQY Photoluminescence quantum yield
YAG Yttrium aluminum garnet
1P Inorganic phosphors
D-A Donor-acceptor
ICT Internal charge transfer
AIE Aggregation-induced emission
ACQ Aggregation caused quenching
RIR Restriction of intramolecular rotations
NLO Non-linear optical
BPM 2,2'-bipyrimidine
HRMS High resolution mass spectrometry
XRD X-ray diffraction
TCSPC Time-Correlated Single Photon Counting
IR Instrument respond
MCS Multichannel scaling
FIT Fluorescence lifetime
LE Locally excited
ISC Intersystem crossing
FWHM Full width at half maximum
DLS Dynamic light scattering
CIEE

Crystallization-induced emission enhancement
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Appendix I NMR and HR-MS spectra
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Figure S2-1 'H, 3C NMR and ESM-Pos MS spectrum of 2a.
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Appendix 111 Single-crystal X-ray diffraction data

Table S3-1 Crystal data and structure refinement for M1.

Identification code

WSM10_CHCL3 hex

Empirical formula

C33H21ClI3Ns

Formula weight 607.91
Temperature/K 150
Crystal system orthorhombic
Space group P212124
a/A 6.1878(2)
b/A 15.7946(7)
c/A 30.0898(12)
a/° 90
B/° 90
v/° 90
Volume/A3 2940.8(2)
V4 4
0 calcg/cm’ 1.373
U /mm! 0.346
F(000) 1248.0

Crystal size/mm3

0.5 X 02 X 0.05

Radiation

MoKa (M =0.71073)

2 ® range for data collection/’

4.81 to 51.362

Index ranges

7T<h<7-9<k=<17,27<1< 36

Reflections collected

13688
Independent reflections 5614 [Rine = 0.0659, Rsigma = 0.1007]
Data/restraints/parameters 5614/96/417
Goodness-of-fit on F? 1.028

Final R indexes [[>=2 0 (I)]

R; =0.0899, wR, = 0.2577

Final R indexes [all data]

R; =0.1400, wR> = 0.2827

Largest diff. peak/hole / e A7

0.43/-0.60
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Table S3-2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement

Parameters (A2x10%) for M1. U is defined as 1/3 of of the trace of the orthogonalised UIJ tensor.

Atom X y z U(eq)
Cl01 6234.5(11) 4732.6(9) 5500.1(6) 46.03)
Cl02 -2974.1(11) 1847.8(9) 7913.4(6) 47.03)
Cl03 10393.1(11) -1446.0(9) 11176.2(6) 45.4(3)
Cl04 4250.3(11) 5766.6(8) 6067.3(7) 47.0(3)
Cl05 -979.0(11) 1042.9(8) 7137.4(7) 49.4(3)
Cl06 12406.4(11) -2325.2(8) 10464.9(7) 50.0(3)
Cl107 5498.1(11) 4339.2(9) 6941.1(6) 53.7(4)
Cl08 -2364.1(11) 2576.2(9) 6467.9(6) 52.8(4)
Cl109 11067.4(12) -825.5(10) 9726.1(6) 56.3(4)
CI0A 6389.3(14) 7065.8(8) 7228.9(6) 55.0(4)
CIOB 7668.8(16) 8575.9(11) 6328.1(8) 75.8(5)
Cl0C 4892.5(16) 8537.5(11) 6579.5(11) 94.5(6)
NOOF 3284(3) 3037(2) 6707.7(16) 26.2(8)
NO00G 1295(3) 2316(2) 7191.3(16) 27.7(8)
NOOH -78(3) 3779(2) 6650.5(16) 26.8(8)
NOOI 13321(3) 366(2) 9985.2(16) 28.1(8)
NO00J 1920(3) 4470(2) 6127.7(16) 28.1(8)
NOOK -2896(3) 8269(2) 4601.8(17) 28.8(8)
NOOL 15298(3) 1094(2) 9492.0(17) 30.8(8)
NOOM 6222(3) -1514(2) 8478(2) 39.2(9)
NOON 10292(3) 4843(2) 8117(2) 41.7(10)
C000 1227(4) 3804(2) 6511.7(17) 21.0(8)
Coop 13246(4) 1843(2) 9311.3(18) 22.8(9)
C00Q -844(4) 5998(2) 5573.9(19) 23.4(9)
COOR 1989(4) 3003(3) 6828.2(18) 22.909)
C00S -129(4) 5225(2) 5912.4(18) 22.5(8)
CooT -2090(4) 6233(3) 5881.5(19) 24.109)
CoouU -2757(4) 6966(3) 5563.5(18) 25.509)
Ccoow 3352(4) 1574(2) 7368.1(18) 22.909)
C00X 12490(4) 2622(3) 9005(2) 25.7(09)
Cooy 14616(4) 397(2) 9858.0(18) 23.509)
C00zZ -2226(4) 7504(3) 4927(2) 26.0(9)
C010 3950(4) 2317(3) 6985.8(19) 27.0(9)
Cco11 14608(4) 1796(3) 9234(2) 27.909)
Co012 -737(4) 4487(3) 6346.5(19) 27.2(9)
C013 4108(4) 772(2) 7665(2) 25.509)
Co014 -319(4) 6541(2) 4933.9(19) 25.8(9)
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Co15 12996(4) 3197(3) 8369.1(19) 28.2(9)
C016 1231(4) 5173(3) 5839.2(19) 27.3(9)
Co17 -995(4) 7269(2) 4613(2) 27.4(9)
Co18 5325(4) 579(3) 7320(2) 26.5(9)
€019 5505(4) -736(3) 8213(2) 32.2(10)
CO1A 12658(4) 1084(3) 9712.0(19) 27.09)
COIB 6022(4) -162(3) 7588(2) 31.1(10)
Co1C 1998(4) 1614(3) 7445(2) 29.6(10)
CO1D 3614(4) 195(3) 8293(2) 29.4(10)
COIE -4256(4) 8303(3) 4683(2) 32.6(10)
CO1F 10535(4) 3538(3) 9026(2) 32.2(10)
CO1G 11248(4) 2810(3) 9328(2) 30.8(10)
CO1H 2172(4) 9015(3) 4260(2) 30.9(10)
Co11 4305(4) -545(3) 8567(2) 34.1(10)
Co1J -1709(4) 2007(3) 7204(2) 28.0(9)
COIK -4935(4) 7621(3) 4693(2) 31.6(10)
COIL 11044(4) 4106(3) 8398(2) 33.5(10)
COIM 12025(4) 5863(3) 7810(2) 33.2(10)
COIN 12280(4) 3915(3) 8078(2) 32.9(10)
C010 5543(4) 2258(3) 8899(2) 34.6(11)
Co1P 10904(4) 5614(3) 7683(2) 34.8(10)
C01Q 11678(4) -1333(3) 10479.3(19) 30.6(10)
COIR 8352(4) 4166(3) 8117(2) 34.8(11)
Co1S 4927(4) 4741(3) 6165.2(19) 30.2(10)
COIT 8911(4) 4807(3) 8222(2) 34.4(10)
ColU 4443(4) 2464(3) 8725(2) 37.7(11)
o1V _1116(4) 9183(3) 4495(2) 36.8(11)
CO1W 8162(4) -865(3) 8538(2) 36.2(11)
CO1X 12605(5) 6606(3) 7397(2) 39.8(11)
ColY -6280(5) 7653(3) 4785(2) 42.2(12)
Co1Z 7603(4) -1505(3) 8430(2) 37.5(11)
€020 -2520(5) 9595(3) 3675(2) 39.8(12)
C021 7010(5) 4148(3) 8210(2) 46.5(13)
€022 -403(5) 9903(3) 4162(2) 43.4(12)
€023 10349(5) 6127(3) 7138(2) 41.5(12)
C024 -1814(5) 10338(3) 3340(2) 50.4(14)
C025 9514(5) -887(4) 8486(2) 48.9(13)
C026 12089(5) 7118(3) 6843(3) 49.1(13)
€027 -4995(5) 9022(3) 4767(3) 47.6(13)
C028 3800(5) -3196(3) 9132(3) 51.6(14)
€029 6762(5) 5388(4) 8541(2) 51.5(15)
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C02A ~754(5) 10475(3) 3585(3) 50.9(14)
C02B 6217(5) 4762(4) 8410(2) 50.2(14)
C02C 5989(6) 2799(3) 9477(2) 50.1(14)
C02D -6999(5) 8381(4) 4856(3) 52.2(14)
CO2E 8104(4) 5420(3) 8446(2) 41.4(12)
CO2F 10948(5) 6874(3) 6722(2) 50.5(14)
C02G 5303(7) -3516(4) 9865(2) 68(2)

CO02H 10273(5) -1565(4) 8360(3) 60.6(16)
C021 8408(5) 2164(3) 8263(3) 56.4(15)
C02J 6274(5) 8179(3) 6914(3) 55.2(15)
CO2K 4225(7) 3713(4) 9695(3) 65.8(18)
CO2L -6346(5) 9072(4) 4831(3) 60.9(16)
C02M 9721(6) 2187(4) 8241(3) 77(2)
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Table S3-3 Crystal data and structure refinement for M2.

Identification code M2
Empirical formula Ca6H30ClsNg
Formula weight 879.46
Temperature/K 150
Crystal system orthorhombic
Space group Pbca
a/A 9.0296(3)
b/A 25.6470(11)
c/A 18.0230(7)
a/e 90
B/° 90
v /° 90
Volume/A3 4173.8(3)
Z 4
0 calcg/cm’ 1.400
B /mm! 0.454
F(000) 1800.0

Crystal size/mm?3

0.291 X 0.128 X 0.127

Radiation

MoKa (M =0.71073)

2 ® range for data collection/*

4.52 t0 61.186

Index ranges

8§ <h<12,-36 <k <34,-25<1<24

Reflections collected 31988
Independent reflections 5911 [Rint = 0.0285, Rsigma = 0.0296]
Data/restraints/parameters 5911/0/262
Goodness-of-fit on F? 1.061

Final R indexes [[>=20 (I)]

R1=0.0523, wR> =0.1410

Final R indexes [all data]

R1=0.0827, wR> = 0.1563

Largest diff. peak/hole / e A7

0.92/-0.69
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Table S3-4 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement

Parameters (A2x10%) for M2. Uq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor.

Atom X y y/ Uteq)

Clol 9609.7(8) 5103.9(3) 6532.8(5) 62.9(2)
Cl02 7194.6(8) 5676.3(3) 7179.2(4) 60.8(2)
Cl103 8898.8(8) 6128.3(2) 5989.0(5) 65.2(2)
NO004 63.2(16) 7993.6(5) 6148.8(9) 22.9(3)
NO005 3184.0(16) 5277.7(5) 4864.9(9) 23.6(3)
NO006 5348.3(17) 5614.7(6) 5440.9(10) 28.7(4)
C007 -1406.0(19) 8002.2(6) 6381.6(10) 21.6(4)
C008 2356.3(19) 6622.4(6) 5586.8(10) 20.8(3)
C009 521.7(19) 7276.3(6) 5299.7(10) 22.1(4)
CO0A 3146.2(19) 6134.3(6) 5400.4(10) 21.4(3)
C00B 856.1(19) 7534.3(6) 5949.8(10) 21.6(3)
CooC 4592.2(19) 5247.1(6) 5084.5(10) 22.0(4)
C00D 1276.9(19) 6821.0(6) 5115.0(10) 22.2(4)
COOE 2480(2) 5719.3(6) 5030.9(10) 23.7(4)
COOF -1761(2) 8517.0(7) 6600.9(10) 24.5(4)
C00G -441(2) 8823.5(7) 6518.5(10) 25.6(4)
COOH 666(2) 8488.7(6) 6243.2(10) 23.8(4)
CO00I 2683(2) 6887.2(7) 6239.8(11) 27.4(4)
Co00J 1943(2) 7344.2(7) 6422.9(11) 27.2(4)
COOK -2409(2) 7594.5(7) 6425.0(11) 27.5(4)
COOL 4613(2) 6054.9(7) 5587.2(12) 28.9(4)
CooM 2099(2) 8655.8(8) 6091.6(12) 31.8(4)
COON -3818(2) 7711.0(9) 6679.5(11) 33.9(5)
C000 -3197(2) 8620.0(8) 6854.5(11) 33.1(5)
CooP -71(3) 9342.2(7) 6665.0(12) 36.1(5)
C00Q -4208(2) 8217.6(9) 6887.7(11) 37.4(5)
COOR 8186(2) 5552.8(7) 6363.0(12) 31.8(4)
C00S 2417(3) 9173.8(8) 6240.2(13) 41.0(5)
C0o0T 1352(3) 9510.6(8) 6529.9(13) 41.9(6)
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Table S3-5 Crystal data and structure refinement for M3.

Identification code M3
Empirical formula Cu6.67H34.67C1sN6
Formula weight 963.07
Temperature/K 150
Crystal system triclinic
Space group P-1
a/A 10.4446(7)
b/A 16.6702(11)
c/A 21.2623(13)
a/® 70.555(5)
B/° 78.180(5)
v/° 83.684(5)
Volume/A3 3413.4(4)
z 3
0 calcg/cm’ 1.406
B /mm! 0.536
F(000) 1478.0
Crystal size/mm?3 ?2 X 72X 7?
Radiation MoKa (A =0.71073)
2 ® range for data collection/* 4.81 to 52

Index ranges

Reflections collected 43550
Independent reflections 43550 [Rint = 0.0343, Rsigma = 0.0523]
Data/restraints/parameters 43550/0/820
Goodness-of-fit on F? 1.111

Final R indexes [[>=20 (I)]

R1=0.0643, wR>=0.2018

Final R indexes [all data]

R1=0.1284, wR, = 0.2528

Largest diff. peak/hole / e A7

1.70/-0.64
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Table S3-6 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement

Parameters (A2x10%) for M3. U is defined as 1/3 of of the trace of the orthogonalised UIJ tensor.

Atom X y z Uteq)

Cl01 6234.5(11) 4732.6(9) 5500.1(6) 46.0(3)
Cl02 -2974.1(11) 1847.8(9) 7913.4(6) 47.03)
Cl103 10393.1(11) -1446.0(9) 11176.2(6) 45.4(3)
Clo4 4250.3(11) 5766.6(8) 6067.3(7) 47.03)
Cl105 -979.0(11) 1042.9(8) 7137.4(7) 49.4(3)
Cl06 12406.4(11) -2325.2(8) 10464.9(7) 50.0(3)
Cl107 5498.1(11) 4339.2(9) 6941.1(6) 53.7(4)
Cl08 -2364.1(11) 2576.2(9) 6467.9(6) 52.8(4)
Cl109 11067.4(12) -825.5(10) 9726.1(6) 56.3(4)
CI0A 6389.3(14) 7065.8(8) 7228.9(6) 55.0(4)
CIlOB 7668.8(16) 8575.9(11) 6328.1(8) 75.8(5)
CloC 4892.5(16) 8537.5(11) 6579.5(11) 94.5(6)
NOOF 3284(3) 3037(2) 6707.7(16) 26.2(8)
NO00G 1295(3) 2316(2) 7191.3(16) 27.7(8)
NOOH -78(3) 3779(2) 6650.5(16) 26.8(8)
NOOI 13321(3) 366(2) 9985.2(16) 28.1(8)
NO00J 1920(3) 4470(2) 6127.7(16) 28.1(8)
NOOK -2896(3) 8269(2) 4601.8(17) 28.8(8)
NOOL 15298(3) 1094(2) 9492.0(17) 30.8(8)
NOOM 6222(3) -1514(2) 8478(2) 39.2(9)
NOON 10292(3) 4843(2) 8117(2) 41.7(10)
C000 1227(4) 3804(2) 6511.7(17) 21.0(8)
Coop 13246(4) 1843(2) 9311.3(18) 22.8(9)
C00Q -844(4) 5998(2) 5573.9(19) 23.409)
COOR 1989(4) 3003(3) 6828.2(18) 22.909)
C00S -129(4) 5225(2) 5912.4(18) 22.5(8)
cooT -2090(4) 6233(3) 5881.5(19) 24.109)
Coou -2757(4) 6966(3) 5563.5(18) 25.509)
coow 3352(4) 1574(2) 7368.1(18) 22.909)
C00X 12490(4) 2622(3) 9005(2) 25.7(09)
Co0Y 14616(4) 397(2) 9858.0(18) 23.5(09)
C00z -2226(4) 7504(3) 4927(2) 26.0(9)
C010 3950(4) 2317(3) 6985.8(19) 27.009)
Co11 14608(4) 1796(3) 9234(2) 27.909)
C012 -737(4) 4487(3) 6346.5(19) 27.2(9)
C013 4108(4) 772(2) 7665(2) 25.5(09)
Co014 -319(4) 6541(2) 4933.9(19) 25.8(9)
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Co15 12996(4) 3197(3) 8369.1(19) 28.2(9)
C016 1231(4) 5173(3) 5839.2(19) 27.3(9)
Co17 -995(4) 7269(2) 4613(2) 27.4(9)
Co18 5325(4) 579(3) 7320(2) 26.5(9)
€019 5505(4) -736(3) 8213(2) 32.2(10)
CO1A 12658(4) 1084(3) 9712.0(19) 27.09)
COIB 6022(4) -162(3) 7588(2) 31.1(10)
Co1C 1998(4) 1614(3) 7445(2) 29.6(10)
CO1D 3614(4) 195(3) 8293(2) 29.4(10)
COIE -4256(4) 8303(3) 4683(2) 32.6(10)
CO1F 10535(4) 3538(3) 9026(2) 32.2(10)
CO1G 11248(4) 2810(3) 9328(2) 30.8(10)
CO1H 2172(4) 9015(3) 4260(2) 30.9(10)
Co11 4305(4) -545(3) 8567(2) 34.1(10)
Co1J -1709(4) 2007(3) 7204(2) 28.0(9)
COIK -4935(4) 7621(3) 4693(2) 31.6(10)
COIL 11044(4) 4106(3) 8398(2) 33.5(10)
COIM 12025(4) 5863(3) 7810(2) 33.2(10)
COIN 12280(4) 3915(3) 8078(2) 32.9(10)
C010 5543(4) 2258(3) 8899(2) 34.6(11)
Co1P 10904(4) 5614(3) 7683(2) 34.8(10)
C01Q 11678(4) -1333(3) 10479.3(19) 30.6(10)
COIR 8352(4) 4166(3) 8117(2) 34.8(11)
Co1S 4927(4) 4741(3) 6165.2(19) 30.2(10)
COIT 8911(4) 4807(3) 8222(2) 34.4(10)
ColU 4443(4) 2464(3) 8725(2) 37.7(11)
o1V _1116(4) 9183(3) 4495(2) 36.8(11)
CO1W 8162(4) -865(3) 8538(2) 36.2(11)
CO1X 12605(5) 6606(3) 7397(2) 39.8(11)
ColY -6280(5) 7653(3) 4785(2) 42.2(12)
Co1Z 7603(4) -1505(3) 8430(2) 37.5(11)
€020 -2520(5) 9595(3) 3675(2) 39.8(12)
C021 7010(5) 4148(3) 8210(2) 46.5(13)
€022 -403(5) 9903(3) 4162(2) 43.4(12)
€023 10349(5) 6127(3) 7138(2) 41.5(12)
C024 -1814(5) 10338(3) 3340(2) 50.4(14)
C025 9514(5) -887(4) 8486(2) 48.9(13)
C026 12089(5) 7118(3) 6843(3) 49.1(13)
€027 -4995(5) 9022(3) 4767(3) 47.6(13)
C028 3800(5) -3196(3) 9132(3) 51.6(14)
€029 6762(5) 5388(4) 8541(2) 51.5(15)
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C02A ~754(5) 10475(3) 3585(3) 50.9(14)
C02B 6217(5) 4762(4) 8410(2) 50.2(14)
C02C 5989(6) 2799(3) 9477(2) 50.1(14)
C02D -6999(5) 8381(4) 4856(3) 52.2(14)
CO2E 8104(4) 5420(3) 8446(2) 41.4(12)
CO2F 10948(5) 6874(3) 6722(2) 50.5(14)
C02G 5303(7) -3516(4) 9865(2) 68(2)

CO02H 10273(5) -1565(4) 8360(3) 60.6(16)
C021 8408(5) 2164(3) 8263(3) 56.4(15)
C02J 6274(5) 8179(3) 6914(3) 55.2(15)
CO2K 4225(7) 3713(4) 9695(3) 65.8(18)
CO2L -6346(5) 9072(4) 4831(3) 60.9(16)
C02M 9721(6) 2187(4) 8241(3) 77(2)
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Table S3-7 Crystal data and structure refinement for M4(CH>Cly/n-hexane).

Identification code

M4(CH,Cla/n-hexane)

Empirical formula Cs0H44C14sNgO4
Formula weight 934.71
Temperature/K 150
Crystal system triclinic

Space group P-1
a/A 9.5485(15)
b/A 11.3700(15)
c/A 22.340(4)
a/® 87.516(12)
B/° 80.680(13)
y/° 74.961(11)
Volume/A3 2311.4(6)
V4 2
P calcg/cm? 1.343
U /mm! 0.308
F(000) 972.0
Crystal size/mm3 ?2 X 72X 7?

Radiation

MoKa (M =0.71073)

2 ® range for data collection/*

4.472 to 50.054

Index ranges

Al S h s 1L-13 < k< 13,26 <1 < 26

Reflections collected

17502
Independent reflections 7927 [Rint = 0.1077, Rsigma = 0.1971]
Data/restraints/parameters 7927/60/581
Goodness-of-fit on F? 0.916

Final R indexes [[>=2 0 ()]

R1=0.0763, wR>, =0.1814

Final R indexes [all data]

R1=0.1903, wR> = 0.2200

Largest diff. peak/hole / e A~

0.52/-0.31
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Table S3-8 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x10%) for M4(CH>Clo/n-hexane). Ueq is defined as 1/3 of of the trace of the

orthogonalised UlJ tensor.

Atom X y z U(eq)
Cll1 9122.3(18) 7270.1(13) 6467.8(8) 61.5(5)
Cl 11483.1(19) 8253.5(13) 5835.6(9) 72.1(6)

0005 1729(4) -1934(3) 8141.2(18) 49.9(11)

0006 13290(5) 14214(3) 2275(2) 55.8(12)

N007 13108(5) 9409(4) 2007(2) 39.7(12)

NO008 7311(5) 4419(4) 5105(2) 41.3(12)

0009 -1357(5) 6389(3) 9621.6(19) 72.6(14)

NOOA 7862(5) 7360(4) 4649(2) 43.7(13)

NO0OB 9315(5) 5379(4) 4357(2) 40.8(12)

NO00C 6061(5) 6401(4) 5461(2) 49.1(14)

NOOD 1939(5) 2917(4) 7917(2) 46.7(13)

CO0OE 12385(6) 8848(4) 2474(2) 36.0(14)

COOF 9978(6) 7132(5) 3873(2) 38.1(14)

C00G 1880(5) 1689(4) 7973(2) 35.6(14)

COOH 12250(6) 7660(4) 2404(2) 35.7(14)

C00I 2135(6) 4397(4) 7112(3) 40.4(15)

Co0J 10875(6) 7676(4) 3413(2) 35.1(14)

CO0K 5292(6) 4651(4) 5915(2) 36.3(14)

CO0OL 11522(6) 7110(4) 2852(2) 38.6(14)

CooM 7117(6) 5611(5) 5114(2) 42.1(15)

O00ON 13441(5) 8000(5) -363(2) 90.1(14)

C000 13187(6) 10644(5) 2084(3) 41.0(15)

CoopP 1869(6) -148(4) 8573(3) 42.77(15)

COOR 2713(6) 3320(5) 7397(3) 40.6(15)

C00S 1773(6) -753(4) 8056(3) 37.3(14)

Co0T 4360(6) 4165(4) 6381(2) 35.5(14)

Coou 1740(6) -140(4) 7511(3) 39.8(15)

Ccoov 1773(5) 1068(4) 7472(3) 38.2(14)

Coow 13300(7) 13026(4) 2224(3) 44 .4(16)

C00X 11801(6) 9391(5) 3030(3) 40.1(15)

Cooy 4116(6) 2649(4) 7161(3) 44.1(16)

C00Z 13219(6) 9035(5) 1392(3) 46.7(13)

C010 14271(6) 10876(5) 2349(3) 46.9(16)

Co11 11060(6) 8829(4) 3487(3) 39.3(14)

C012 1913(6) 1070(5) 8519(3) 42.3(15)

C013 4909(6) 3057(4) 6662(3) 42.0(15)

172




YT
Q0T

S

\TUT
Ky ' °
2
$ 300"

@
" b o®

Co14 -293(6) 3783(4) 8636(2) 42.4(15)
Co15 8750(6) 7819(5) 4246(3) 42.9(15)
C016 14338(6) 12055(5) 2434(3) 51.1(17)
Co17 10180(6) 5884(5) 3971(2) 41.8(15)
Co18 8171(6) 6151(5) 4679(3) 40.2(15)
C019 12147(6) 11623(5) 1881(3) 45.3(15)
CO1A 1132(6) 3772(4) 8383(3) 45.3(16)
CO1B 6388(6) 3970(5) 5499(2) 41.6(15)
Co1C 5179(6) 5910(5) 5852(3) 50.1(16)
CO1D -453(7) 5523(5) 9222(3) 52.0(17)
COIE 1762(7) 4636(5) 8561(3) 54.7(18)
CO1F -1078(6) 4643(5) 9055(3) 52.2(17)
CO1G 12204(6) 12794(5) 1961(3) 43.7(15)
CO1H 11996(6) 9006(5) 1151(3) 48.4(13)
COI1T 12127(7) 8654(5) 566(3) 54.6(14)
Co1J 2919(6) 4816(4) 6619(3) 42.3(15)
COIK 10072(7) 7544(5) 5760(3) 60.5(19)
COIL 1621(7) 2552(5) 7620(3) 60.3(19)
COIM 958(8) 5516(5) 8980(3) 63(2)
COIN 13460(8) 8332(6) 203(3) 71.1(14)
C010 14502(8) 14442(5) 2485(3) 76(2)
C01Q 14549(7) 8710(6) 1033(3) 71.6(15)
COIR -788(9) 7345(5) 9773(3) 88(3)
Co1S 14681(8) 8367(7) 452(3) 83.1(17)
COIT 14797(9) 7816(8) -776(3) 122(3)
cI2 4297(2) 9667.6(18) 6179.4(9) 84.7(6)
CI3 6879(2) 10241.1(14) 5474.2(9) 78.3(6)
Cl 5917(8) 9209(7) 5700(4) 96(2)
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Table S3-9 Crystal data and structure refinement for M4(THF).

Identification code M4(THF)
Empirical formula Cs0.5H45C15N6O4
Formula weight 977.17
Temperature/K 150
Crystal system triclinic
Space group P-1
a/A 10.547(2)
b/A 11.286(2)
c/A 22.899(4)
a/® 101.150(14)
B/° 94.464(15)
y/° 99.329(17)
Volume/A3 2622.3(9)
V4 2
P calcg/cm? 1.238
U /mm! 0.324
F(000) 1014.0
Crystal size/mm3 ?2 X 72X 7?
Radiation MoKa (A =0.71073)
2 ® range for data collection/* 4.524 t0 50.052

Index ranges

Reflections collected 24202
Independent reflections 9245 [Rint = 0.2339, Rigma = 0.3781]
Data/restraints/parameters 9245/390/527
Goodness-of-fit on F? 1.015

Final R indexes [[>=2 0 ()]

R;=0.1309, wR> = 0.3571

Final R indexes [all data]

R1=0.2767, wR> = 0.4156

Largest diff. peak/hole / e A~

0.47/-0.48
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Table S3-10 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement

Parameters (A?x10%) for M4(THF). U, is defined as 1/3 of of the trace of the orthogonalised UIJ

tensor.

Atom X y z U(eq)

0001 9584(5) 4957(5) 635.4(19) 47.9(13)
0002 -4083(5) 5667(5) 9509(2) 47.6(13)
0003 7668(6) -2885(5) 1456(2) 69.6(15)
0004 -3293(6) 13023(5) 8137(2) 71.0(15)
NO005 7596(6) 2079(6) 2191(2) 47.4(13)
N006 -2466(7) 8176(6) 7741(2) 51.3(13)
N007 3714(7) 5537(6) 4573(2) 52.1(14)
NO008 1685(7) 6178(6) 5131(2) 58.0(15)
N009 2961(7) 3511(6) 4684(2) 53.2(15)
NOOA 1704(7) 4562(6) 5619(2) 56.8(15)
C00B 9105(8) 4311(7) 1045(3) 4471(14)
Co00C 6416(8) 3663(7) 2681(3) 46.5(15)
C00D 5423(8) 3438(7) 3579(3) 48.0(14)
CO0OE -3567(8) 6272(7) 9092(3) 46.1(14)
COOF 5710(8) 4090(7) 3124(3) 49.1(15)
C00G -947(8) 8389(7) 7005(3) 48.9(16)
COOH 8106(8) 2865(7) 1816(3) 43.6(13)
C00I 6902(8) 2555(7) 2668(3) 48.2(14)
Co0J 8712(9) 407(7) 1868(3) 50.8(16)
CO0K 8308(8) 3202(7) 830(3) 45.77(15)
CO0OL 2968(9) 4713(8) 4785(3) 52.0(14)
CooM 8912(8) 3986(7) 2019(3) 45.5(15)
COON 4592(8) 3903(7) 4026(3) 48.3(14)
C000 -4444(8) 6873(7) 8825(3) 44.6(15)
CoopP 7829(8) 2482(7) 1179(3) 44 .8(15)
C00Q -4029(9) 7455(7) 8374(3) 48.9(15)
COOR 7566(9) 793(7) 2009(3) 50.5(14)
C00S 8670(9) -811(8) 1687(3) 54.3(16)
Co0T -1980(8) 6422(7) 7094(3) 50.4(16)
Coou 3799(8) 3136(7) 4278(3) 49.0(15)
Ccoov -2335(8) 6362(7) 8925(3) 48.4(15)
Coow -367(8) 6642(7) 6407(3) 50.3(15)
C00X 6643(8) 1980(7) 3140(3) 50.0(16)
Cooy -1819(8) 7660(7) 7281(3) 47.6(14)
C00Z 9411(8) 4698(7) 1660(3) 44.0(15)
C010 -278(8) 7871(7) 6586(3) 51.3(16)
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Co11 2517(9) 10161(7) 8391(3) 55.3(16)
Co12 2671(9) 9437(8) 7826(3) 55.3(14)
Co13 -2864(9) 7520(7) 8203(3) 49.3(14)
Co14 2062(9) 5185(8) 5207(3) 55.2(15)
Co15 5929(8) 2410(7) 3577(3) 49.9(16)
C016 7570(10) -1711(8) 1639(4) 62.2(16)
Co17 6454(9) -58(8) 1971(3) 59.9(17)
Co18 -1278(8) 5886(8) 6662(3) 51.5(16)
€019 4537(8) 5117(7) 4195(3) 51.0(16)
CO1A 10288(8) 6150(7) 853(3) 53(2)

CO1B 6469(10) -1263(8) 1794(3) 63.5(18)
Co1C 468(9) 6115(8) 5958(3) 55.2(15)
CO1D -3104(9) 9924(8) 7352(3) 57.6(16)
COIE -1968(9) 7015(7) 8489(3) 52.3(16)
CO1F 871(9) 6631(8) 5518(3) 59.3(16)
Co01G -3090(10) 11841(8) 7993(3) 63.7(15)
CO1H 904(9) 4996(8) 5989(3) 58.0(16)
COI1T -3260(9) 11115(8) 7430(3) 59.9(17)
Co1J 2737(9) 11310(8) 8485(3) 61.1(17)
COIK -3254(9) 4960(8) 9761(4) 63(2)

COIL 6572(10) -3806(8) 1418(4) 86(3)

COIN -3543(10) 13579(8) 7643(4) 79(3
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Table S3-11 Crystal data and structure refinement for M7.

Identification code M7
Empirical formula C50H21F6N502
Formula weight 597.52
Temperature/K 150
Crystal system triclinic
Space group P-1
a/A 10.1469(12)
b/A 11.2785(14)
c/A 25.924(3)
a/® 84.629(10)
B/° 84.957(9)
y/° 63.007(9)
Volume/A3 2628.5(6)
V4 4
P calcg/cm? 1.510
U /mm! 0.126
F(000) 1224.0
Crystal size/mm3 ?2 X 72X 7?
Radiation MoKa (A =0.71073)
2 ® range for data collection/* 4.446 to 50.052

Index ranges -11 h<12,-13 <k <13,28<1< 30
Reflections collected 21138
Independent reflections 9180 [Rint = 0.0451, Rsigma = 0.1063]
Data/restraints/parameters 9180/0/779
Goodness-of-fit on F? 0.838

Final R indexes [[>=2 0 ()]

R1=0.0434, wR, = 0.0849

Final R indexes [all data]

R1=0.1008, wR> = 0.0940

Largest diff. peak/hole / e A~

0.33/-0.30
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Table S3-12 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement

Parameters (A2x10%) for M7. Uq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor.

Atom X y z U(eq)

F001 471.0(16) 2767.2(14) 1735.5(6) 46.9(4)
F002 5334.1(17) -4503.7(14) 6207.7(6) 55.3(5)
F003 899.7(17) 1343.5(15) 1181.9(6) 60.8(5)
F004 5899.5(17) -4165.3(15) 5417.2(6) 60.4(5)
FO005 2310.1(17) 2286.7(16) 1187.1(6) 62.2(5)
F006 4807.9(18) -5389.5(14) 5617.8(7) 66.2(5)
F007 1094(2) 4549.9(16) 5635.2(6) 69.8(6)
F008 3394(2) -1565.3(17) 4452.2(6) 68.7(5)
0009 3269.8(19) 826.2(17) -1885.0(7) 45.5(5)
FOOA 3807.7(19) -348.6(16) 4923.3(6) 66.4(5)
FOOB 5554.9(19) -1720.3(17) 4459.4(6) 73.5(6)
FOOC 376(2) 3548.4(15) 5172.3(7) 81.9(7)
000D 7270(2) 4890.2(18) 8424.7(7) 50.9(5)
NOOE 3329(2) -2019.8(19) 5890.3(7) 29.2(5)
NOOF 2705(2) 107.9(18) 6478.4(7) 28.2(5)
000G -1457.2(19) 12206.7(16) 7222.3(8) 53.1(6)
NOOH 2643(2) 1123.9(19) 2307.9(8) 30.3(5)
NOOI 3817(2) -255.9(19) 3567.2(8) 30.0(5)
NO00J 4127(2) -1112.3(19) 2606.2(8) 32.6(5)
NOOK 1220(2) 1458.6(19) 5792.0(7) 30.8(5)
NOOL 2160(2) 6737.9(18) 7341.0(8) 31.4(5)
FOOM -961(2) 4544 .9(17) 5816.4(8) 88.7(7)
O00ON 1614(2) -6628.2(19) -480.2(7) 58.9(6)
NO00O 951(2) -741.9(19) 5553.9(8) 33.1(5)
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NOOP 3027(2) -2505(2) ~198.6(8) 37.0(6)
N00Q 3173(2) 1926(2) 3197.7(8) 36.9(6)
COOR 1994(2) 305(2) 6046.3(9) 26.4(6)
C00S 1762(2) 2492(2) 6453.6(9) 26.9(6)
CO0T 2540(2) 1215(2) 6675.3(9) 29.1(6)
Co0U 1990(3) 5733(2) 7116.4(9) 26.8(6)
CO0V 2096(3) -903(2) 5820.6(9) 26.8(6)
COOW 1198(2) 8107(2) 7294.1(9) 28.6(6)
C00X 1766(3) 3646(2) 6685.5(9) 28.6(6)
CO0Y 3132(3) 3577(2) 6767.1(9) 30.3(6)
C00Z 3478(3) 6309(2) 7614.0(9) 27.9(6)
C010 3493(2) 650(2) 3173.2(9) 28.0(6)
Co11 2542(3) 680(2) 1862.6(10) | 30.7(6)
Co12 3427(3) 195(2) 2660.1(9) 28.2(6)
Co13 1147(3) 2536(2) 5993.4(9) 29.7(6)
Co14 3239(3) 4598(2) 6975.5(9) 29.9(6)
Co15 3251(3) -642(2) 1746.0(9) 30.9(6)
Co16 3399(3) -3083(2) 5679.7(9) 30.9(6)
Co17 3083(3) -2077(2) 290.5(10) 32.5(7)
Co18 610(3) 5808(2) 7047.4(9) 31.7(7)
Co19 3113(3) 45(3) -1473.7(10) | 34.4(7)
CO1A 337(2) 8699(2) 6875.7(9) 30.2(6)
CO1B 519(3) 4771(2) 6832.3(9) 31.4(6)
colC 3210(3) -1156(2) 1243.7(10) | 33.8(7)
CO1D 3035(3) -1656(2) -642.0(10) 34.1(7)
CO1E 3660(3) 5520(2) 8067.2(10) | 32.6(7)
COIF 4575(3) 6647(2) 7431.9(10) | 32.2(7)
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CO1G 3793(3) 177(3) 4029.0(10) 30.7(6)
CO1H 1138(3) 8916(2) 7676.4(9) 32.9(7)
Co11 4937(3) 5053(2) 8326.7(10) 35.9(7)
Co1J 4167(3) -2083(3) -1021.3(10) | 35.3(7)
COIK -573(3) 10068(2) 6833.6(10) 36.1(7)
COIL 4193(3) -1244(2) -1435.6(10) | 34.6(7)
COIM 2280(3) -3046(2) 5408.4(9) 36.1(7)
COIN 2728(3) -3595(2) -259.6(10) 33.1(7)
C010 5880(3) 6183(2) 7685.0(10) 36.5(7)
CO1P 6051(3) 5377(2) 8131.8(10) 35.8(7)
C01Q -609(3) 10847(2) 7217.6(11) 36.6(7)
COIR 253(3) 10263(2) 7636.7(10) 38.6(7)
Co1S 4032(3) -1503(2) 2148.5(10) 34.4(7)
COIT 2460(3) -1898(2) 1203.0(10) 36.1(7)
CO1U 2036(3) -5674(3) -385.9(10) 39.2(7)
Co1V 3919(3) -882(3) 798.8(10) 40.0(7)
COIW 1548(3) 1772(3) 1491.9(11) 39.2(7)
CO1X 2378(3) -2341(2) 734.0(10) 37.1(7)
ColY 2825(3) -5724(2) 25.2(10) 38.7(7)
Co1Z 1921(3) -384(3) -695.6(10) 42.7(7)
C020 3853(3) -1346(2) 332.4(10) 38.7(7)
C021 3168(3) -4695(3) 84.8(10) 40.8(7)
€022 423(3) 3784(3) 5651.4(12) | 45.0(8)
€023 4131(3) -859(3) 4462.8(11) 43.8(7)
C024 1074(3) -1837(3) 5351.5(10) 37.4(7)
C025 4848(3) -4293(3) 5732.8(11) 41.9(7)
C026 1973(3) -3579(3) -682.6(10) 40.4(7)

180




TU
s\TUT o

y '
‘s 300\‘\

YT
Q0T

\ad
" bE °*

C027 3481(3) 1465(3) 4102.9(10) | 41.4(7)
C028 1944(3) 478(3) -1104.5(10) | 41.7(7)
€029 1651(3) -4617(3) -744.2(10) 44.4(8)
C02A 3199(3) 2307(3) 3660.6(11) 44.6(8)
C02B 2290(3) 2212(3) -1892.3(11) | 54.0(8)
C02C -2358(3) 12852(3) 6797.1(12) | 62.5(9)
C02D 1699(4) -7551(3) -68.3(11) 62.6(9)
CO2E 8552(3) 4906(3) 8185.1(13) | 73.7(11)
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Appendix IV Photophysical measurements

° 2.0x10°
2.5x10 a X106 0x10 b . =
|All excited at 385 nm — 106 1
2.0x1 06 _ 4x10-6
1.5x10°
1 ]
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_é’ 1.5x10 % i Rz =0.9943
% . % 1OX1O -1 1X10—5 M
_‘E 1.0x10° H -§
1 1 |
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5.0x10°
0.0 0.0
1x10° M
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Wavelength (nm) Concentration (10° M)

Figure S4-1 Determination of the linear domain for M1 in chloroform, slit 2/2 nm.

Table S4-1 PLQY calculation of M1 related to quinine sulfate.

kmi® Kos? 47277 48343 48708
9785 0.138¢ 0.135 0.134

9328 0.132 0.129 0.128

9152 0.129 0.127 0.126
Average 0.131 R? 0.004

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,
when quinine sulfate is used as standard, Aex. = 366 nm, 0.5 M sufuric acid as solvent, ®q = 0.546.°
The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of

M1 (chloroform solution), Aex. = 366 nm. ¢ Calculated value of PLQY.

Table S4-2 PLQY calculation of M1 related to norharmane.

kmi® Koh? 53482 52734 52500
9785 0.134 0.136 0.137

9328 0.128 0.130 0.131

9152 0.126 0.128 0.128
Average 0.131 R? 0.003

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,
when norharmane is used as standard, Ao = 366 nm, 0.5 M sufuric acid as solvent, @, = 0.60. ® The
gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of M1
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(chloroform solution), Aex = 366 nm. ¢ Calculated value of PLQY.

4 1.0x10
10x10’ 1 —= b
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8.0x10° 8E6 8.0x10° . "
——4E6 ]
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Figure S4-2 Determination of the linear domain for M2 in chloroform, slit 2/2 nm.

Table S4-3 PLQY calculation of M2 related to quinine sulfate.

o ey 47277 48343 48708
51421 0.727 0.711 0.706

51664 0.731 0.715 0.709

52917 0.749 0.732 0.727
Average 0.723 R? 0.008

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,
when quinine sulfate is used as standard, Aexe = 366 nm, 0.5 M sufuric acid as solvent, @4 = 0.546.
® The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of
M2 (chloroform solution), Aex. = 366 nm. ¢ Calculated value of PLQY.

Table S4-4 PLQY calculation of M2 related to norharmane.

o kgt 53482 52734 52500
51421 0.707 0.717 0.720

51664 0.710 0.720 0.723

52917 0.727 0.738 0.741
Average 0.722 R 0.009

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,
when norharmane is used as standard, Aex. = 366 nm, 0.5 M sufuric acid as solvent, ®q = 0.60. ® The
gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of M2
(chloroform solution), Aex. = 366 nm. ¢ Calculated value of PLQY.
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Figure S4-3 Determination of the linear domain for M3 in DCM, slit 2/2 nm.
Table S4-5 PLQY calculation of M3 related to quinine sulfate.
knis® o 47277 48343 48708
54981 0.778 0.761 0.755
55213 0.781 0.764 0.758
55514 0.785 0.768 0.762
Avergae 0.768 R? 0.009

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,
when quinine sulfate is used as standard, Aexc = 366 nm, 0.5 M sufuric acid as solvent, @4 = 0.546.
® The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of
M3 (chloroform solution), Aexe = 366 nm. ¢ Calculated value of PLQY.

Table S4-6 PLQY calculation of M3 related to norharmane .

B oo 53482 52734 52500
54981 0.756 0.766 0.770

55213 0.759 0.770 0.773

55514 0.763 0.774 0.777
Average 0.767 R? 0.006

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,
when norharmane is used as standard, Aex. = 366 nm, 0.5 M sufuric acid as solvent, ®q = 0.60. ® The
gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of M3
(chloroform solution), Aex. = 366 nm. ¢ Calculated value of PLQY.
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Emission intensity
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Figure S4-4 Determination of the linear domain for M4 in chloroform, slit 2/2 nm.

Table S4-7 PLQY calculation of M5 related to quinine sulfate ®.

— ke 47277 48343 48708
25942 0.367 0.359 0.356
24452 0.346 0.338 0.336
24870 0.352 0.344 0.342

Avergae 0.349 R? 0.009

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,

when quinine sulfate is used as standard, Aexe = 366 nm, 0.5 M sufuric acid as solvent, @4 = 0.546.

b The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of
MS (chloroform solution), Aex. = 366 nm. ¢ Calculated value of PLQY.

Table S4-8 PLQY calculation of M5 related to norharmane 2.

o . 53482 52734 52500
25942 0.357 0.362 0.363
24452 0.336 0.341 0.342
24870 0.342 0.347 0.348

Average 0.349 R? 0.008

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,

when norharmane is used as standard, Aex. = 366 nm, 0.5 M sufuric acid as solvent, ®q = 0.60. ® The

gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of M5
(chloroform solution), Aexe = 366 nm. ¢ Calculated value of PLQY.

185



YT
Q0T

TU

e&o
? \
$ 300"

\ad
" bE °*

Table 4-9 PLQY calculation of M6 related to quinine sulfate.

oF ke 47277 48343 48708
17279 0.244 0.239 0.237

16918 0.239 0.234 0.232

16549 0.234 0.229 0.227
Avergae 0.235 R? 0.004

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,
when quinine sulfate is used as standard, Aex = 366 nm, 0.5 M sufuric acid as solvent, @4 = 0.546.
b The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of
M6 (chloroform solution), Aex. = 366 nm. ¢ Calculated value of PLQY.

Table 4-10 PLQY calculation of M6 related to norharmane.

o ot 53482 52734 52500
17279 0.237 0.241 0.242

16918 0.233 0.236 0.237

16549 0.227 0.231 0.232
Average 0.235 R? 0.004

2 The gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance,
when norharmane is used as standard, Ao = 366 nm, 0.5 M sufuric acid as solvent, @, = 0.60. ® The
gradient value of fitting line for the graph of integrated emission intensity v.s. absorbance of M6
(chloroform solution), Aex. = 366 nm. ¢ Calculated value of PLQY.
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Figure S4-5 Determination of the linear domain for M6 in chloroform, slit 1/1 nm.
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Figure S4-6 Fluorescence decay of M3 in solution with different solvent.
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Figure S4-7 Fluorescence decay of M3 in solution with different solvent.
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Figure S4-9 Fluorescence decay of M4 in pure THF, 75% and 99% water/THF.
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Figure S4-8 Fluorescence decay of M7 in solution with different solvent.
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Figure S4-10 Fluorescence decay of M3 in 99% water/THF.
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Figure S4-11 Fluorescence decay of M7 in 99% water/THF.
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Figure S4-12 Fluorescence decay of M1 in 10wt% spin-coated film at different emission

wavelength.
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Figure S4-13 Fluorescence decay of M2 in 10wt% spin-coated film at emission wavelength of

459 nm..
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Figure S4-14 Fluorescence decay of M3 in 10wt% spin-coated film at different emission

wavelength.
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Figure S4-15 Fluorescence decay of M6 in 10wt% spin-coated film at different emission

wavelength.
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Figure S4-15 Fluorescence decay of M7 in 10wt% spin-coated film at different emission

wavelength.
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Titre : Conception et synthése de matériaux luminescents organiques avec une structure de 2,2'-

bipyrimidine pour I'éclairage LED hybride

Mots clés : bipyrimidine, synthése organique, diode électroluminescente hybride, luminescence.

Résumé: Les matériaux  luminescents
organiques présentent de nombreux avantages
par rapport a leurs analogues inorganiques. En
les concevant soigneusement, ils peuvent
présenter une fluorescence efficace dans la
région visible avec une couleur d'émission
modulable et une absorption forte dans la région
proche-UV et bleue. Grace a cela, ils peuvent
étre fabriqués sous forme de films minces pour
des dispositifs optoélectroniques légers. Ils
peuvent étre hautement solubles dans des
solvants organiques, ce qui offre la possibilité de
techniques de traitement en solution, telles que le
dépot par rotation et le revétement par fente. Ils
sont exempts de métaux, ce qui est souhaitable
pour le développement durable. Pour ces raisons,
le composés luminescents organiques pourrait
constituer une alternative prometteuse au
phosphore inorganique utilis¢ dans les diodes
¢électroluminescentes (LEDs) blanches
commerciales pour améliorer la qualité de la
lumicére.

Nous avons congu et synthétisé une série de
molécules donneur-accepteur M1-M7 en
utilisant de nouveaux accepteurs, des dérivés de
2,2'-bipyrimidine, comme bloc de construction.
Elles ont été purifiées et soumises a des
investigations photophysiques a la fois en
solutions diluées et a 1'état solide. Elles ont
montré une couleur d'émission modulable
couvrant presque tout le spectre visible, une forte
fluorescence et absorption. Plus important
encore, certaines d'entre elles présentent un taux
de conversion élevé d'une source externe proche-
UV ou bleue vers la lumiére visible. Nous avons
également examiné leurs photostabilités pour
estimer leurs durées de vie. Des mélanges de
différents émetteurs ont été réalisés pour générer
de la lumiére blanche. Enfin, des LED blanches
hybrides ont été fabriquées a partir d'une LED
inorganique bleue et d'un composé émetteur de
lumiére jaune.

Title : Design and synthesis of organic luminescent materials with a 2,2'-bipyrimidine scaffold for

hybrid LED lighting

Keywords : bipyrimidine, organic synthesis, hybrid light-emitting diode, luminescence.

Abstract Organic luminescent materials
possess a lot advantages over the inorganic
analogues. By carefully designing, they can
exhibit efficiency fluorescence in visible area
with tunable emission color and strong
absorption in near-UV and blue region. Due to
this, they can be made in thin films for light-
weight optoelectronic devices. They can be
highly soluble in organic solvent which provide
the possibility for the solution-processing
techniques, such as spin-coating and slot-die
coating. They are metal-free, which is desired
for the sustainable development. For these
reasons, the organic luminescent compounds
could be a promising alternative to the inorganic
phosphors utilized in commercial white light-
emitting diodes (LEDs) for the improvement of
the light quality.

Herein, we designed and synthesized a series of
donor-acceptor molecules M1-M7
implementing new acceptors, 2,2’-bipyrimidine
derivatives as building block. They were
purified and taken to the photophysical
investigations in both diluted solutions and solid
state. They showed tunable emission color
which can cover almost whole visible spectrum,
strong fluorescence and absorption. More
importantly, some of them exhibit high
conversion rate from near-UV or blue external
source to visible light. We also inspected their
photostabilities to estimate their lifespans. The
blenders of different emitters are made for
generating white light. At last, the hybrid white
LEDs were fabricated based on a blue inorganic
LED and one yellow-emitting compound.
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