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Abstract

Abstract

Conjugated polymers have attracted a great attention for their remarkable optical and semi-
conducting properties. They can be highly soluble, thus enabling a facile fabrication of devices
from solution processing techniques such as spin-coating and ink-jet printing methods; they
usually form films of high quality; they particularly show interesting absorption and emission
properties from the near-UV to the near IR ranges. Their electronic properties have made them
widely investigated as active materials in electronic devices in the last three decades. Such
polymers comprising a regular alternance of donor and acceptor units within their backbone,
labelled (D-A). copolymers, show a reduced bandgap due to their in-chain donor-acceptor
interactions. In consequence, their emission is shifted to the red and can be tuned depending on
the relative strength of the donor and acceptor units. 2,2'-bipyrimidine (BPM) has been reported
in our group as an interesting multifunctional molecule, such as a ligand for designing molecular
complexes as well as coordination polymeric lanthanide materials. However, to the best of our
knowledge, there was no previous report introducing BPM as an acceptor unit to design
conjugated (D-A)a polymers. In this work, we have thus designed, synthesized and characterized
a series of new (D-A), conjugated polymers based on BPM as an acceptor unit and various donor

units.

The work aimed at designing and synthesizing organic-inorganic hybrid materials with
controlled luminescence and at investigating them as phosphors for LED lighting. The final goal
was to obtain a white source of light. Indeed, commercial white LEDs are made up of a blue
emitting device covered with a yellow phosphor. Combining these two colors yields white light.
However, this light is not of good quality as it lacks some red component. This results in a bad
rendering of the colors of objects illuminated by these sources of light. In our work, conjugated
polymers with different emission colors in the visible such as blue (PF, P11, P12) and green (P1,
P8, P9, P10) were successfully obtained by the Suzuki coupling reaction. We have also
successfully obtained several interesting white emitting materials from different components.
Two of the white emitting materials were made with two types of luminescent molecules (P1 and
an Eu-complex, or P10 and P26, both contained two emitters only), which avoided the use of
polyfluorene, a compound sensitive to light, easy photo-degradated and oxidized, as a blue

emitting component. Another three materials were even more interesting and special. They emit
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Abstract

white light, which is relatively rare. Indeed, white emission from a single pure organic polymer
has scarcely been reported to date. (P13, P14, P15). They represent a potential interesting
alternative to lanthanide-free phosphors. We have investigated the influence of the polymer
backbone composition, side chain structure, linearity and different matrices such as PMMA and
polystyrene, on their photostability, solubility and photoluminescence (PL) properties. It was
concluded that the carbazole unit possesses a better photostability over fluorene or other
heterofluorene derivatives thanks to the nitrogen atom that provides a lone electron pair that
gives a fully aromatic structure. The solubility and so the processability of the polymers clearly
depend on the nature and length of the side chains. Long and bulky side chains can obviously
increase their solubility. Concerning the study of the influence of the linearity on the polymer
emission properties, we have compared 2,7-carbazole and 3,6-carbazole derivatives as donor
groups. It shows that increasing the linearity of the polymer chains is also favorable to decrease

their energy bandgaps.

In this thesis, not only the synthetic procedures and chemical characterizations are presented
in detail, but also the studies of the photophysical properties of the polymers, either in solution or
in the solid state. Solid state studies were performed on the bulk polymers and on the polymers
dispersed into a polymeric matrix. These studies will lead to identify the limiting factors that
could hamper the use of the materials, and solutions have been proposed to improve the
materials performance. And more importantly, this work enhanced the diversity of the
conjugated polymers, and represents a new substrate type in palladium catalyzed Suzuki

coupling reactions that BPM represents.

Keywords: Conjugated polymer, 2,2'-bipyrimidine, Luminescence, Synthesis, Hybrid materials

v



Résumé

Resume

Les polyméres conjugués ont suscité un grand intérét pour leurs remarquables propriétés
optiques et semi-conductrices. Ils peuvent étre trés solubles, permettant 1’¢laboration aisée de
dispositifs électroniques avec des techniques de dépot comme [’enduction centrifuge ou
I’impression jet d’encre. Ils forment des films de trés bonne qualité et ils montrent des propriétés
d’absorption et d’émission trés intéressantes du proche UV jusqu’au proche IR. Grace a leurs
propriétés électroniques, ils ont été trés étudiés comme matériaux actifs de dispositifs
¢lectroniques ces trente dernieres années. De tels polymeres comportant une alternance réguliére
de groupements donneurs et accepteurs d’électrons dans leurs chaine principale, notés (D-A)n,
ont un gap énergétique réduit di a des interactions donneur-accepteur au sein de la chaine. De ce
fait, 1’émission est déplacée vers le rouge et I’importance du déplacement est controlé par la
capacité du donneur et de I’accepteur a respectivement donner facilement et accepter facilement

des électrons.

La 2,2’-bipyrimidine (BPM) a été reportée comme étant une molécule multifonctionnelle
trés intéressante dans notre équipe, elle s’est notamment avérée €tre un ligand permettant le
design de complexes moléculaires et de polyméres de coordination des lanthanides fortement
luminescents. Cependant, cette unité n’a jamais été utilisée comme entité déficitaire en €lectrons
pour concevoir des polymeéres conjugués alternés de type (D-A).. Dans ce travail, nous avons
donc entrepris le design, la synthése et la caractérisation d’une série de polymeéres conjugués (D-

A)n comportant la BPM comme unité acceptrice.

Le travail présenté avait pour but d’¢laborer des matériaux hybrides organiques-
inorganiques dont la luminescence pouvait étre controlée et d’étudier leur potentialité comme
phosphores pour I’éclairage a LED. L’objectif final était d’obtenir une source de lumiére blanche.
Les LED blanches commercialisées actuellement comportent un dispositif émettant de la lumiére
bleue sur lequel est déposé un phosphore émettant du jaune. La combinaison de ces deux
couleurs fournit un blanc qui est souvent de qualité médiocre par I’absence de composante rouge.
Ceci résulte en un indice de rendu des couleurs insuffisant et une couleur faussée des objets
¢éclairés par ces sources lumineuses. Dans ce travail, des polyméres conjugués présentant des
émissions différentes dans le visible, comme le bleu (PF, P11, P12) ou le vert (P1, P8, P9, P10)

ont été¢ obtenus par couplage de Suzuki. Nous avons aussi obtenu plusieurs matériaux émettant
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de la lumiéere blanche. Deux d’entre eux comprennent une combinaison de deux émetteurs (P1 et
un complexe d’europium et P10 avec P26), évitant I'utilisation de polyfluoréne, un composé
certes, fort émetteur dans le bleu, mais trop instable sous lumieére UV. Des matériaux encore plus
intéressants ont aussi €té obtenus, puisque des polyméres (P13, P14, P15) émettant du blanc ont
pu étre isolés. L’émission blanche d’une unique molécule est généralement trés difficile a obtenir
et trés peu sont reportées dans la littérature. Elles sont potentiellement trés intéressantes dans le
but d’obtenir des phosphores ne contenant d’ions lanthanides. Nous avons étudi¢ I’influence de
paramétres comme la composition de la chaine conjuguée, de sa structure géométrique et des
groupements latéraux sur I’émission des polymeéres purs en solution et a I’état solide et dispersés
dans différentes matrices organiques comme le poly(méthacrylate de méthyle) (PMMA) et le
polystyréne sur la photostabilité, la solubilité et les propriétés photophysiques. Nous en avons
déduit que I’unité carbazole conférait au polymére une meilleure photostabilité que le fluoréne et
ses dérivés grace a la présence du doublet de I’atome d’azote qui permet une structure

aromatique.

Dans cette thése, non seulement toutes les procédures de synthése et les caractérisations
chimiques ont été détaillées, mais également les résultats des mesures d’absorption et de
photoluminescence des polymeéres, en solution ou dopés dans une matrice, puis déposés en film
mince sur un substrat de verre. Des solutions ont été proposées pour améliorer les performances
des matériaux. Plus important encore, grace a I’introduction de la BPM, ces travaux ont permis

de développer une nouvelle famille de polyméres conjugués.

Mots-clés: Polymeére conjugué, 2,2'-bipyrimidine, Luminescence, Synthese, Matériaux hybrides
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Chapter I Introduction

In this first chapter, we will briefly describe the different types of luminescent materials that are
used for different applications, especially in lighting, photocatalytic and sensing systems. Then
typical lighting systems using phosphors including fluorescent tubes, compact fluorescent lights
(CFLs), light emitting diodes (LEDs) will be introduced, followed by a brief summary of
different ways to obtain white light and polymeric matrices that are used to protect the organic
luminophors from UV degradation. All of these are of significant importance to illustrate the

entire work we have done for the project.

1.1 Luminescent materials: different types of materials for different

applications

Luminescent materials are widely applied in different areas. A brief introducation of the
application of different types of luminescent materials in the three most common used domains,

that are lighting systems, photocatalysis and sensors, is presented below.
1.1.1 Lighting systems

Light, as a green and neat energy, is an excellent source for various applications, including
product manufacturing and inspection, information communication, medical treatment and
analysis, etc.! As known to all, light can not only be emitted from the sun but also from the
bodies of living organisms (such as fireflies and bioluminescent jellyfish) and various other
lighting devices. Luminescent materials possess the characteristic of emitting light when excited
by cathode rays, UV radiation, visible light or other stimulus, such as temperature increase,
mechanical pressure of friction?, or application of an electrical current.’ To date, they have been
well studied and vast applications have been revealed. When the luminescent material is
irradiated with a suitable stimulus, the activators or sensitizers absorbs the energy, reaching an
electronic excited state and thus creating an exciton. Afterwards, the exciton goes back to the
ground state by releasing the energy in the form of radiative emission (fluorescence) or non-
radiative relaxation (kinetic), as an electronic excited state is unstable.* Phosphorescence also
occurs via an intersystem crossing of exciton from a singlet excited state into a triplet state,
which then relaxes slowly to the ground state, emitting photons in the process. This process is

much slower than fluorescence because it involves two states of distinct multiplicity. A diagram

!'W. Wang, J. Lin, C. Cali, S. Lin. Eur. Polym. J. , 2015, 65, 112—-131.

2 C. Moretti, X. Tao, L. Koehl, V. Koncar. Book chapter, Smart Textiles and Their Applications. Elsevier, 2016, 539-568.

3 S. Rossi, A. Quaranta, L. Tavella, F. Deflorian, A. M. Compagnoni. Book chapter, Intelligent Coatings for Corrosion Control.
Elsevier. 2015. 251-282.

‘Y.H;Z.Y;L Y;W.J;L X;S.J;Z B.;F. Y., CHINESE J ORG CHEM., 2017, 37, 1991-2001.
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to illustrate the mechanism of fluorescence and phosphorescence is shown in Figure 1-1.

/ S, - s \

| S — IsC
' ) : “'---) T,
: Tripl
Khe _— 5 riplet state
Energ}-‘ Abs F l P 'ISC
Sﬂ L ¥ ".:f
Ground state
Abs: Absorption F: Fluorescence
IC: Internal conversion P: Phosphorescence

ISC: Intersystem crossing
\NRP: Non-radiative process

Figure 1-1 A diagram illustrating the mechanism of fluorescence and phosphorescence

Various luminescent materials have been investigated and used in lighting systems to date, as it
is one of the main domains of their application, including lanthanide-doped nanoparticles®,
transition-metal ion doped host matrix’, organic or polymeric molecules®, quantum dots (size 1-
10 nm)’ and so forth. Major applications of luminescent materials in lighting systems are in
emissive displays, fluorescent lamps and LEDs.!? They have found a number of applications in
smartphones, television and computer screens, oscilloscopes and radar screens, indicating lamps,
electron microscope screens, automotive lamps, and decorative lamps and LEDs for general

lighting and specific applications, etc.!!

Some representative applications of luminescent
materials in common lighting systems are shown in Figure 1-2. Some specific applications of
light from luminescent materials including 1) the use of near-infrared lights in devices in daily
life, such as remote controllers for household appliances (air conditioner, light, television,
satellite receiver, etc.) and communications between portable terminals (mobile phone network,
etc.)'?, 2) the applications of polarized light for metrology in microelectronics and for sensing,
measurement and biomedical diagnostics'®, 3) the use of UV light as a means for purifying or

disinfecting the air, water and surfaces by killing or inactivating the pathogenic microorganisms

5 S. Parola, B. Julian-Lopez, L. D. Carlos, and C. Sanchez. Adv. Funct. Mater., 2016, 26, 6506-6544.

¢ H. Wen and F. Wang, Book chapter, Nanocrystalline Materials. Elsevier. 2014. 121-160.

7 A. Rahman.Module in Materials Science and Materials Engineering, Elsevier. 2016. 1-13.

8 C. Ronda and A. Srivastava. The Electrochem. Soc. Interface. 2006, 15 (1), 55-57.

% C. R. Ronda, Book chapter, Luminescence: From Theory to Applications. WILEY-VCH. 2007, 35-59.

10C. Ronda, Module in Materials Science and Materials Engineering, Elsevier. 2017, 1-9.

K. J. D. MacKenzie. Handbook of Alkali-activated Cements, Mortars and Concretes. 2015. 777-805.

12 M. M. Josephine, Technol. Eng. Syst. J., 2017, 2 (4), 154-164.

13a.]. S. Baba. The use of polarized light for biomedical applications. PAD thesis, 2003, Texas A&M University.
b. S. Alalia and A. Vitkin. J BIOMED OPT, 2015, 20 (6), 061104.
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contained, instead of hazardous chemicals that are harmful to the environment!*. Special UV
lamps are also used as insect traps in industries and food-service, as well as in agriculture and

other outdoor settings.'

| ;J

Backlight and screen Backlights for screens
for smartphone

Figure 1-2 Representatives of applications of common lighting systems

Besides, lighting systems are broadly investigated and used to facilitate the growth of plants,
especially LEDs (Figure 1-3), due to their advantages such as higher efficiency, longer life-time,
easy luminescence tuning, less heat and they are environment friendly.!¢ Different colors and
intensities of light may have different effect on the plants. Generally, as reported, red light is
conducive to plant carbohydrate synthesis and can improve the biomass, increase the leaf length
and increase the chlorophyll content, thus accelerating the plant growth and development.'” Far-
red light can control the whole process of plant, from germination to vegetative growth and to
flowering.'® Blue light can increase the leaves area and the pigment content of photosynthesis,

which has been reported to affect the photomorphogenesis, chlorophyll synthesis, stomatal

14 a. Guimera D, Trzil J, Joyner J, Hysmith ND. Am J Infect Control., 2018, 46(2), 223-225.

b. Nicholas G. Reed, Public Health Rep., 2010, 125 (1), 15-27.

c. Brickner PW, Vincent RL, First M, Nardell E, Murray M, Kaufman W. Public Health Rep., 2003, 118 (2), 99-114.
d. Miller SL, Linnes J, Luongo J. Photochem Photobiol., 2013, 89 (4), 777-781.

e. Vilhunen, S., Sarkka, H., Sillanpaa, M., ENVIRON SCI POLLUT R.Int., 2009, 16 (4), 439-442.

f. N. Areid, A. Peltola, I. Kangasniemi, A. Ballo, T. O. Nérhi. Clin Exp Dent Res., 2018, 4 (3), 78-85.

15 a. A. Barghini PhD and B. Augusto Souza de Medeiros. UV Radiation as an Attractor for Insects. LEUKOS, 2012, 9 (1), 47-56.
b. David H. Sliney, David W. Gilbert I & Terry Lyon. J OCCUP ENVIRON HYG, 2016, 13 (6), 413-424.

16.a. L. Sun, B. Devakumar, J. Liang, S. Wang, Q. Sun, and X. Huang. J. Alloys Compd. , 2019, 785, 312-319.

b. Q. Sun, S. Wang, B. Devakumar, L. Sun, J. Liang, X. Huang, Y. Wu. J. Alloys Compd. , 2019, 785, 1198-1205.
71.. Shi, Y. Han, H. Wang, D. Shi, X. Geng, Z. Zhang. J. Lumin. , 2019, 208, 307-312.

8 1. Shi, J. Li, Y. Han, W. Li, Z. Zhang. J. Lumin. , 2019, 208, 201-207.
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opening, and secondary metabolism of plants'®, while yellow light can stimulate the synthesis of
disaccharides. Green light can enhance plant growth but the absorption of green light is lower
compared to others. It was also reported that the adoption of cold LEDs would help plant growth
more than warm LEDs.?° On the other hand, it was observed that the increase of the light
intensity will improve the biomass of plants in most cases.?! Certainly, a proper combination of
blue, yellow and red light will be most beneficial to the increase of plant productivity and its

fruit quality.??

A combination of lights in . e Ty 5 ~ White lighting increases the
different color applied in . biomass and stimulates the
different conditions chlorophyll for mation

Figure 1-3 Applications of LEDs to facilitate the growth of plants

Moreover, when introducing luminescent material into cells, tissues, and living organisms,
people can get useful information on what is happening in the biological samples as they can be
readily visualized with a luminescence microscope.?* More interestingly, using new techniques, a
mixture of rationally designed nanoparticles can be introduced into living plants to make them as
self-powered light sources.?* Also, luminescent materials are very useful and have a variety of

potential applications in biochemical and medical science research.?

1.1.2 Photocatalysis

19 T. Ouzounis, B. Razi Parjikolaei, X. Fretté, E. Rosenqvist and C.-O. Ottosen. FRONT PLANT SCI, 2015, 6, 1-14.

20 C. Burattini, B. Mattoni and F. Bisegna. Energies, 2017, 10, 1383

2l'S. Muneer, E. J. Kim, J. S. Park and J. H. Lee. Int. J. Mol. Sci., 2014, 15, 4657-4670.

22 a. M. F. Riadi, R. R. Esyanti and A. Faizal. MATTER: Int. J. Sci. Technol. 2015, 13-23. ISSN 2454-5880.

b. M. Olle, A. Virsile. Agricultural and Food Science, 2013, 22, 223-234.

23 H. Wen and F. Wang. Book chapter, Nanocrystalline Materials. Elsevier. 2014. 121-160.

248Y. Kwak, J. P. Giraldo, M. H. Wong, V. B. Koman, T. T. S. Lew, J. Ell, M. C. Weidman, R. M. Sinclair, M. P. Landry, W. A.
Tisdale, and M. S. Strano. Nano Lett., 2017, 17, 7951-7961.

25 T. Novikova. Beilstein J. Nanotechnol., 2017, 8, 1844—1862.
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Besides the broad range of applications of luminescent materials in lighting systems, they have
found widespread utility in the area of organic synthetic chemistry as an efficient and
indispensable photocatalyst for selective small-molecule activation and chemical-bond formation
over the past decade.?® This tool enhances photon capture and allows photosensitizers to convert
visible light into chemical energy that prompts the generation of reactive radical intermediates
which avoids the use of traditionally employed toxic and hazardous chemical reagents.?’
Meanwhile, compared to classic chemical approaches, photocatalysis methods are done under
much more mild conditions. Normally, they are performed at room temperature in air. Modern
advances in visible-light photocatalysis have led to the wide use of selected low-cost high-energy
LEDs with specific wavelengths and intensities that best fit to the reactions, which greatly
improves the reactions efficiency and rate, holding significant promise for enabling the
continued discovery of valuable organic conversions.?® Some representative examples are shown
in Figure 1-4. Liu et al, reported a highly efficient and selective visible-light (3 W blue LEDs (4
= 450 nm)) irradiated aerobic oxidation of 1,4-dihydropyrimidines and phenolic imines in the
presence of TBA-eosinY and a base for the synthesis of 2-substituted pyrimidines.?® In the work
of Xia et al, a visible-light-induced (blue LED light (A = 455 nm)) photochemical cyclization
was applied in the establishment of the all-carbon quaternary stereocenter with high efficiency
and excellent yield*® Recently, a conjugated polymer, CPTF, was shown as a good
photosensitizer for the oxidation of aromatic aldehyde to aromatic acid with great photostability,
excellent recyclability, high O2 generation efficiency and enables solvent-free reactions in high

yields both under direct sunlight and simulated AM 1.5G irradiation.?!

2% a. F. Chen, H. Huang, L. Guo, Y. Zhang, and T. Ma. Angew. Chem. Int. Ed., 2019. 10.1002/anie.201901361.

b. C. Shu, A. Noble, and Varinder K. Angew. Chem., 2019, 131,3910-3914.

c.J. Luo and J. Zhang. ACS Catal., 2016, 6 (2), 873-877.

d. X. Wu, Y. Li, G. Zhang, H. Chen, J. Li, K. Wang, Y. Pan, Y. Zhao, Y. Sun, and Y. Xie. J. Am. Chem. Soc., 2019. 141 (13),
5267-5274.

e. H. Rao, L. C. Schmidt, J. Bonin & M. Robert. Nature, 2017, 548, 74-77.

27 a. C. Le, M. K. Wismer, Z. Shi, R. Zhang, D. V. Conway, G. Li, P. Vachal, I. W. Davies, and D. W. C. MacMillan. ACS Cent.
Sci., 2017, 3, 647-653.

b. R. Hommelsheim, Y. Guo, Z. Yang, C. Empel, and R. M. Koenigs. Angew. Chem. Int. Ed., 2019, 58, 1203 —1207.

c. D. Ravelli, D. Dondi, M. Fagnoni and A. Albini. Chem. Soc. Rev., 2009, 38, 1999-2011.

d. J. M. R. Narayanam and C. R. J. Stephenson. Chem. Soc. Rev., 2011, 40, 102—113.

e. X. Lang, X. Chen and J. Zhao. Chem. Soc. Rev., 2014, 43, 473-486.

f. N. Corrigan, S. Shanmugam, J. Xu and C. Boyer. Chem. Soc. Rev., 2016, 45, 6165-6212.

2 R. C. McAtee, E. J. McClain, and C. R.J. Stephenson. Trends in Chemistry. 2019, 1(1), 111-125.

2 L. Wang, Z. Ma, X. Wei, Q. Meng, D. Yang, S. Du, Z. Chen, L. Wu and Q. Liu. Green Chem., 2014, 16, 3752-3757.

30 X. Tong, B. Shi, K. Liang, Q. Liu, and C. Xia. Angew. Chem. Int. Ed., 2019, 58, 1-5.

3'W. Wu, S. Xu, G. Qi, H. Zhu, F. Hu, Z. Liu, D. Zhang, and B. Liu. Angew. Chem. Int. Ed., 2019, 58, 1-6.
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Figure 1-4 Representatives of reported photocatalytic reactions

Moreover, the simultaneous use of photocatalysis in combination with other catalytic methods,
e.g., electrocatalysis, transition metal catalysis, Lewis and Brensted acids, organocatalysis,
enzymatic catalysis*, can lead to more reaction breakthroughs.?® Researchers have developed

various methods for making valuable compounds by using a combination of catalysts.’* Some

32 E. Churakova, M. Kluge, R. Ullrich, 1. Arends, M. Hofrichter, and F. Hollmann. Angew. Chem. Int. Ed., 2011, 50, 10716 —
10719.
3 K. L. Skubi, T. R. Blum, and T. P. Yoon. Chem. Rev., 2016, 116, 10035-10074.
3 a. 1. WILLNER, Z. GOREN, D. MANDLER. R. MAIDAN and Y. DEGANIL. Journal of Photochemistry, 1985, 28, 215 - 228.
b. D. Mandler and 1. Willner. J. Am. Chem. SOC., 1984, 106, 5353-5355.
¢. D. Mandler and 1. Willner.J. Chem. Soc., Chem. Commun., 1986, 0, 851-853.
d. D. Mandler and I. Willner. J. Chem. Soc., Perkin Trans. 11, 1986, 0, 805-811.
e. R. Maidan and 1. Willner. J. Am. Chem. Soc., 1986, 108, 1080-1082.
R. Ruppertt and E. Steckhan. J. Chem. Soc., Perkin Trans. 11,1989, 0, 811-814.
A. Taglieber, F. Schulz, F. Hollmann, M. Rusek, and M. T. Reetz. ChemBioChem., 2008, 9, 565 — 572.
J. H. Kim, S. H. Lee, J. S. Lee, M. Lee and C. B. Park. Chem. Commun., 2011, 47, 10227-10229.
R. K. Yadav, J. O. Baeg, G. H. Oh, N. J. Park, K. Kong, J. Kim, D. W. Hwang, and S. K. Biswas. J. Am. Chem. Soc., 2012, 134,
1455-11461.
.Ryu, D. H. Nam, S. H. Lee, and C. B. Park. Chem. Eur. J., 2014, 20, 12020 — 12025.

f.
g
h.
i.
1

J-
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representatives are shown in Figure 1-5. Xu ef a/ have developed a chemical oxidant-free C-H
alkylation reaction of heteroarenes with organotrifluoroborates by merging photoredox catalysis
and electrocatalysis, in which a 20 W blue LED was employed as the light source and a constant
current of 4 mA in an undivided cell equipped with a reticulated vitreous carbon (RVC) anode
and platinum plate cathode was conducted for the electrolysis.*> The direct conversion of
secondary carboxylic acids to the corresponding fluorides has been achieved in MacMillan lab
via dual catalysis strategy of visible light-promoted photoredox catalysis (with two 34 W blue
LEDs) and Ir complex, with excellent yield.*® A visible-light-mediated, organic photocatalytic
cascade cyclization of polyenes was realized in the work of Yang et al., in which the addition of
Lewis acid LiBr helped to favor the enol tautomer, allowing facile cyclization.’” Rovis
demonstrated that asymmetric a-acylation of tertiary amines with aldehydes can be realized by
dual catalysis mode with the use of chiral N-heterocyclic carbene (NHC) organocatalysis and
photoredox catalysis (with a 32 W blue LED lamp (4 = 450 nm)).*® Zhao and Hartwig et al.
reported cooperative asymmetric reactions of alkenes in high yield with excellent
enantioselectivity, combining photocatalysis (with a 34 W blue LED lamp (4 = 465 nm)) and
enzymatic catalysis that united the advantages of the reactivity of chemical catalysts with the

selectivity of enzymes.*

BKFs  Biue LEDS, 4 mA X

AN ue S, m
+ )\ > _
N/ PS-1, TFA, Solvent N

RVC anode, Pt cathode

Photocatalysis + Electrocatalysis

N{\c
N v /NS

@ £ 2BFs Na,HPO,, Solvent

Photocatalysis + Transition metal catalysis \
F Z " CF,

Ir catalyst

COOH F
< /> % Blue LEDs, Ir catalyst iN f

k. M. Aresta, A. Dibenedetto, T. Baran, A. Angelini, P. Labuz and W. Macyk. Beilstein J. Org. Chem., 2014, 10, 2556-2565.
3 H. Yan, Z. Hou and H. Xu. Angew. Chem. Int. Ed., 2019, DOI: 10.1002/anie.201814488.

36S. Ventre, F. R. Petronijevic, and D. W. C. MacMillan. J. Am. Chem. Soc., 2015, 137 (17), 5654-5657.

377. Yang, H. Li, L. Zhang, M. Zhang, J. Cheng, S. Luo. Chem. - Eur. J., 2015, 21 (42), 14723-14727.

3 D. A. DiRocco and T. Rovis. J. Am. Chem. Soc., 2012, 134 (19), 8094-8097.

3 7.C. Litman, Y. Wang, H. Zhao & J. F. Hartwig. Nature, 2018, 560, 355-359.
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Figure 1-5 Representative of reported photocatalysis combined with other catalytic methods

As shown above, photocatalysis is still a field of high interest and is of great promise in the
application for solar fuel production or pollutant degradation.** Continued advancements in
excavation of new reaction types is keep extending the application of photocatalyst. Recent
advance in photocatalytic decarboxylative alkylation reactions can avoid the use of common
photoredox catalysts, such as precious metal complexes and synthetically elaborate organic dyes
that are costly, instead, a combination of triphenylphosphine and sodium iodide under 456 nm
irradiation by blue LEDs was applied and revealed to function quite well with excellent results
(Figure 1-6).*! On the other hand, the development of photocatalytic reaction will help to reduce

the waste streams, and decrease the reaction times, ultimately leading chemical synthesis to a

more sustainable approach.

40J. A. Macia-Agullo, A. Corma, and H. Garcia. Chem. Eur. J., 2015, 21, 10940 — 10959.

41 M. Fu, R. Shang, B. Zhao, B. Wang, Y. Fu. Science, 2019, 363, 1429-1434.
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DS ° ® ®
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Photocatalytic reaction under a combination of PPh; and Nal
Figure 1-6 Representative of reported photocatalysis with novel type of catalysts
1.1.3 Sensors

Luminescent materials can also be used as sensors. Highly sensitive and selective molecular
sensory materials have received considerable attention since the nineteens.*” Among various
detection approaches, the fluorescence technique has received considerable attention due to its
prominent advantages, such as high sensitivity and selectivity, low-cost, signal simplification,
realtime detection and their operation simplicity and high detection limit.*} In comparison, other
methods such as chromatographic and spectroscopic techniques that are, in general, very
complex, time-consuming, more expensive** and some of them suffer from non-port-ability or
need post-mortem and destruction of tissues or cells* and require specialized technicians.*¢
There are numerous reports concerning the design and construction of chemosensors using
fluorescence and optical changes as output signals. Following are some typical examples. Two
terpyridine-containing siloles (1-C1 and 1-C2 in Figure 1-7) have been reported as fluorescent
chemosensors with high selectivity and sensitivity for Zn?>* in comparison with alkali and
alkaline earth metal ions and other transition metal ions. As being chemosensor, 1-C1 with two
terpyridine groups at both ends shows better Zn?" sensing properties than 1-C2 that containing
only one terpyridine group at the end due to the formation of a metalorganic coordination
oligomer or polymer.*’ 2-((9H-fluoren-2-ylimino) methyl)phenol (1-C3, Figure 1-7) was

reported as a fluorescent chemosensor with high selectivity for detection of Cr** and AI** ions.

42 a. M. Kimura, T. Horai, K. Hanabusa, and H. Shirai. Adv. Mater., 1998, 10, 6.

b. Richard A. Bissell, A. Prasanna de Silva, H. Q. Nimal Gunaratne, P. L. Mark Lynch, Glenn E. M. Maguire, and K. R . A. S.
Sandanayake, Chem. Soc. Rev.,1992, 21, 187-195.

c. R. Jia, W. Tian, H. Bai, J. Zhang , S. Wang & J. Zhang. Nature Communicationsvolume, 2019, 10, 795.

$a. P.F.Li, Y. Y. Liu, W. I. Zhang, and N. Zhao. ChemistrySelect, 2017, 2, 3788-3793.

b. G. K. Walkup and B. Imperiali. J. Am. Chem. Soc., 1997, 119, 3443-3450.

c. X. Sun, Y. Wang and Y. Lei. Chem. Soc. Rev., 2015, 44, 8019-8061.

d. H. Nie, Y. Zhao, M. Zhang, Y. Ma, M. Baumgarten and K. Mullen. Chem. Commun., 2011, 47, 1234-1236.

e. H. Nie, G. Sun, M. Zhang, M. Baumgarten and K. Mullen. J. Mater. Chem., 2012, 22, 2129-2132.

4“4 F.R. Simdes, L. H. C. Mattoso, and C. M. P. Vaz. Sensor Lett., 2006, 4, 3.

4 B. Gua, L. Huang, Z. Xu, Z. Tan, M. Hu, Z. Yang, Y. Chen, C. Peng, W. Xiao, D. Yu, H. Li. Sensors & Actuators: B.
Chemical, 2018, 273, 118-125.

4Y. Luo, C. Li, W. Zhu, X. Zheng, Y. Huang, and Z. Lu. Angew. Chem. Int. Ed., 2019, 58,1 — 6.

47S.Yin,J. Zhang, H. Feng, Z. Zhao, L. Xu, H. Qiu, B. Tang. Dyes and Pigments, 2012, 95, 174-179.
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The addition of Cr** and A’ can make a significant increase in the fluorescent intensity while
other metal ions have almost no influence on the fluorescence.*® A pyrene compound (1-C4,
Figure 1-7) containing piperazine was reported as ratiometric fluorescent chemosensor to
recognize Cr**. The result shows that the fluorescence changes of the chemosensor are
remarkably specific for Cr** in the presence of other metal ions, which meet the selective
requirements for practical application. Meanwhile, the response of this chemosensor toward Cr**
is fast (response time less than 2 min).* Recently a new kind of molecule with unique
aggregation-induced emission (AIE) feature has emerged as a promising class of fluorescent
probe for metal ions, anions, biomolecules, gases and so on. Unlike conventional fluorogens that
always suffer from aggregation-caused quenching (ACQ) effect since the strong z-7 stacking
interaction in the aggregated state, AIE fluorogens show non- or very weak emission in
molecularly diluted state, but turn into strong fluorescence when the molecular aggregates are
formed, which was mainly attributed to the restriction of intramolecular rotation (RIR).*-*° For
example, a fluorescent probe based on tetraphenylethylene derivative (1-CS, Figure 1-7) with
AIE characteristics for detection of pyrophosphate with high selectivity and sensitivity. When
the fluorescent probe was quenched by the addition of Cu?, the fluorescence can be selectively
recovered upon addition of pyrophosphate.** A highly selective and sensitive cationic AIE sensor
(1-C6, Figure 1-7) for the detection of I~ and Hg?" ions in aqueous solution was also reported,
based on a tetraphenylethene-functionalized quinolinium salt with hexafluorophosphate (PFs") as
the counterion. In the presence of I, the emission of 1-C6 is quenched due to the strong
electrostatic interaction between 1-C6 and I". By the introduction of Hg?* into the system, the
fluorescence can be significantly recovered owing to the remove of I through formation of Hgls.
Therefore, the turn-off and turn-on assay for the detection of I- and Hg?*, respectively, can be

established.’!

4 M. Tajbakhsh, G. B. Chalmardi, A. Bekhradnia, R. Hosseinzadeh, N. Hasani, Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy. 2018, 189:22-31.

¥Y.Wu, C.Li, Y. Li, J. Tang, D. Liu. Sensors and Actuators B, 2014, 203, 712-718.

0Y. Hong, S. Chen, C. W. T. Leung, J. W. Y. Lam, J. Liu, N. Tseng, R. T. K. Kwok, Y. Yu, Z. Wang, and B. ACS Appl. Mater.
Interfaces, 2011, 3, 3411-3418.

SIR. Zhang, P. Li, W. Zhang, N. Li, and N. Zhao. J. Mater. Chem. C, 2016, 4, 10479-10485.
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Figure 1-7 Representative small molecules reported as chemosensors

In recent years, polymer-based sensors have attracted much attention because polymers have
more advantages than small molecules for sensing applications, such as signal amplification
when it comes to use emission properties, and a solubility that is easier adjustable in water or

3233 As a consequence, polymers are also deposited from solution deposition

organic solvents.
techniques more easily and forms films of better quality. Furthermore, polymer-based sensors
possess high selectivity and binding efficiency as the polymer chain can incorporate multiple

recognition elements for analytes. Some typical examples are shown in Figure 1-8. A

2J. Ge, Z. Liu, Q. Cao, Y. Chen, and J. Zhu. Chem. Asian J., 2016, 11, 687-690.
33 a.S. Wang, K. Gu, Z. Guo, C. Yan, T. Yang, Z. Chen, H. Tian, and W. Zhu. Adv. Mater., 2018, 1805735.
b. X. Liu, Y. Xu, and D. Jiang. J. Am. Chem. Soc., 2012, 134 (21), 8738-8741.
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poly(phenyleneethynylene) (1-P1 in Figure 1-8) material and a cyclophane-containing polymer
(1-P2 in Figure 1-8) has been shown to display a chemoresistive response with paraquat
derivatives.* A pyrene-functionalized polynorbornene (1-P3 in Figure 1-8) bearing sulfonamide
NH and triazolium donors has been reported for ratiometric fluorescence recognition and sensing
of pyrophosphate anion in aqueous solution.”?> A monochromophore based ratiometric probe,
which consists of a hydrophilic backbone poly(N-vinylpyrrolidone) (PVP) and single
chromophore of platinum(Il) tetraphenylporphyrin (Pt-TPP) (1-P4 in Figure 1-8) is reported for

3 A new conjugated polymer-based fluorescent

ratiometric sensing of hypoxia levels.
chemosensor incorporating propane-1,3-dione and 2,5-diethynylbenzene moieties (1-P5 in
Figure 1-8) was developed for detection of Cu?" and Fe** over other metal ions with high
sensitivity and selectivity. The UV-Vis absorption and PL spectra of 1-PS could be gradually

changed with the increasing concentration of Cu?** and Fe**.>

Noteworthily, conjugated polymers containing terpyridyl segments as molecular recognition
sites have also been studied as highly sensitive chemosensors for metal ion sensing. It is well
known that low-molecular-weight terpyridyl ligands can easily afford bistridentate-type
octahedral bis(terpyridyl)metal complexes with metal ions.*’*%3¢ The remarkably high binding
affinity of terpyridines toward most transition metal ions by dn-pn* bonding, together with their
chelation properties, make terpyridines attractive in metal ions detection.® The conjugated
polymer 1-P6 in Figure 1-8 is reported to be a good sensor for Zn?* ions which can brought
about a red shift of the emission peak due to the coordination of Zn** to terpyridyl ligands in 1-
P6 that changed the electron density of the polymer backbone.*> An alternating conjugated
polymer (1-P7 in Figure 1-8) was reported by our lab recently to have a good sensitivity towards

metal ions as it can detect Ni** and Zn?>* down to 2 ppb and 4 ppb, respectively.>’

Besides, many polymer/metal ion complexes as novel chemosensors have been designed to
probe amino acids and their derivatives. For instance, Cu?** and Ni** metal complex of polymer
with 2-(pyridin-2-yl)-1H-benzo[d]imidazole unit (1-P8, Figure 1-8) was reported as a
selectivity-tunable chemosensor for amino acids with high selectivity. The amino acid competes

with the transition metal ion present in the complex of the conjugate polymer during the

% Q. Zhou and T. M. Swager. J. Am. Chem. SOC., 1995, 117, 12593-12602.

3 D. Yang, C. Dai, Y. Hu, S. Liu, L. Weng, Z. Luo, Y. Cheng, and L. Wang. Polymers, 2017, 9, 267.

% a. P. D. VELLIS, J. A. MIKROYANNIDIS, C.-N. LO, C.-S. HSU. Journal of Polymer Science: Part A: Polymer Chemistry,
2008, 46, 7702-7712.

b. R. Dobrawa, M. Lysetska, P. Ballester, M. Grune, and F. Wurthner. Macromolecules, 2005, 38, 1315-1325.

57 X. Wang, Q. Lin, S. Ramachandran, G. Pembouong, R. B. Pansu, 1. Leray, B. Lebental, G. Zucchi. Sensors & Actuators: B.
Chemical, 2019, 286, 521-532.
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recognition process, thereby triggering a change in the optical properties.’® Such a phenomenon
can be applied to detect more amino acids selectively. To be noted, the N-heterocyclic aromatic
compounds, such as benzimidazole and its derivatives are the key components of the
chemosensors. These compounds are also strongly coordinating ligands that are able to form

stable complexes with various metals.’®>

% G. Xiang, S. Lin, W. Cui, L. Wang, L. Zhou, L. Li, De. Cao. Sensors and Actuators B, 2013, 188, 540-547.

% a. 8. Liu, J. Zuo, Y. Wang, Y. Li, X. You. Journal of Physics and Chemistry of Solids, 2005, 66, 735-740.

b. S. Liu, J. Zuo, Y. Li, X. You. Journal of Molecular Structure, 2004, 705, 153—157.

¢. S. Liu, R. Pan, G. Li, W. Su, and C. Ni. Journal of Chemistry, 2017, ID 8647419, 1-7, https://doi.org/10.1155/2017/8647419.
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Figure 1-8 Representative polymers reported as chemosensors

1.1.4 Others

There are more applications of the luminescent materials. For examples, recently LED materials
of ocular injectable photoreceptor-binding upconversion nanoparticles (pbUCNPs) which were
anchored on retinal photoreceptors as miniature naturally invisible near-infrared (NIR) light
transducers to create NIR light image vision are reported for the detection of NIR light and that
extend the mammalian visual spectrum to the NIR range (Figure 1-9).%° The mammalian
invisible NIR light was transformed in vivo into a short wavelength visible emissions by this
way. It was demonstrated that mice with these nanoantennae can not only perceive the NIR light,
but also differentiate sophisticated NIR shape patterns. This study in NIR light image detection
not only broaden the application of these nanoparticles and provided the potential for human
body to extend the visual spectrum, but also open a new wide field for the design and application

of LED materials.

NIR light Green light

— |

Photoreceptor

Figure 1-9 Illustration of injection of ppUCNPs in a mouse and the generation of green light upon NIR light

illumination of the outer segments of photoreceptors that contains ppUCNPs

When luminescent materials with photochromism, photo-crosslinking or photodegradation

€Y. Ma, J. Bao, Y. Zhang, Z. Li, X. Zhou, C. Wan, L. Huang, Y. Zhao, G. Han, T. Xue. Cell, 2019, 177, 1-13.
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properties are incorporated into polymers, self-assemblies also can be changed under light
irradiation, which resulted in the transformation of either their shapes or inner structures. This
light triggered property is suitable in the application for controllable release of loaded species
from assemblies, such as controlled drug delivery and release.! In some cases, the self-
assemblies can undergo dissociation upon irradiation at lights of some specific wavelength.

Following (Figure 1-10) is a typical photochromic polymer that can be disrupted upon UV

irradiation.!
OH
V\Oﬁﬁ UV light MOW N
1) 0 O OH

Dissociation O‘

Figure 1-10 Chemical structure of a photochromic polymer and its dissociation under UV light irradiation

As shown, there are a great variety of luminescent materials that are applied for various
applications, either in our daily life or in scientific fields. Nevertheless, considering
the changing demands of human being, more novel materials and properties are still to be found,
and more applications are to be developed, with a very promising prospect not only from a

scientific point of view, but also for future lighting strategies.
1.2 Luminescent materials as luminophors

Nowadays, we have the choice between three types of light bulbs (Figure 1-11), namely
incandescent lamps, fluorescent lamps and LED lamps. Luminescent materials have been widely
used as phosphors in electronics and optoelectronics.®! Phosphors are materials that are able to
absorb higher energy (shorter wavelength) emitted by the source of light and down-convert it
into lower energy (longer wavelength).®? Usually, phosphors accept the energy of ultraviolet
photons and emit visible photons. Hereafter, we introduced about several typical examples of
light tools that are using luminescent materials as phosphors, including fluorescent lamps and

light-emitting diodes (LEDs).

1 p.P.Zak, V.A.Lapina, T.A.Pavich, A.V.Trofimov, N.N.Trofimova, Yu.B.Tsaplev Russ. Chem. Rev., 2017, 86 (9) 831 — 844.
62 G. Balachandran. Treatise on Process Metallurgy, 2014, 3, 1291-1340.
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Figure 1-11 Different types of light bulbs
1.2.1 Fluorescent lamps

Fluoresent tubes and compact fluorescent lights (CFLs) are two types of fluorescent lamps that
are most frequently seen. A fluorescent tube is usually a long, straight glass tube that produces
white light. It is commonly used in offices, class rooms, libraries, stores and some home fixtures
at present. CFLs, are fluorescent tubes bended into various shapes, commonly seen as little curvy
twisted bulbs, and were firstly created in 1976 due to the energy shortage caused by the oil crisis.
They are more costly than incandescent bulbs, but they possess higher energy efficiency (50-90
Im/W for fluorescent lamps and 12-24 Im/W for incandescent bulbs). Because they create light
by exciting gases rather than heating up a wire, they are less easy to break out and they have a

nine-year life span, better than incandescent bulbs.

Inside a fluorescent tube or a CFL is low pressure mercury vapor. When ionized by an electric
current in the gas, mercury vapor emits the ultraviolet light which is absorbed by phosphors
coated on the inside and that further emits visible photons (Figure 1-12). The efficiency of a
fluorescent lamp to convert electrical energy into useful light is much higher than incandescent

lamps but it is more costly.

Phosphor
Electrode coating

Figure 1-12 Illustration of basic construction of fluorescent tubes

-17 -



Chapter I Introduction

1.2.2 Light-emitting diodes (LEDs)

Light-emitting diodes (LEDs) are made of a semiconductor material that emit light when current
flow through it. It is a p-n junction diode that emits light when activated. When electrons in the
semiconductor recombine with holes, energy will be released in the form of photons, which is
called electroluminescence. The color of the light is determined by the energy band gap of the
semiconductor. A typical LED construction is shown in Figure 1-13. LEDs are very small in
size and usually consume very little power. They possess many advantages over fluorescent and
incandescent bulbs, including lower energy consumption (90-100 Im/W for LEDs), improved
physical robustness, smaller size, longer lifetime, lower turn-on voltage (normally 1-5 V for
LEDs, while normally 220 V or higher for fluorescent and incandescent lamps) and faster
switching (they respond rather instantaneously and there is no warm up or cool down period).
LEDs are widely used in the society. For example, they are applied in home lighting system,
traffic lighting system, backlights for screens, flat-panel displays, medical devices and many
other situations. Generally, the efficiency of LEDs is limited by nonradiative recombination,

whereby charge carriers recombine without releasing photons, and light trapping.

1) 2)
phosphor

o’

[
LED chip

Anode ‘ Cathod

Figure 1-13 1) Diagram of common LED structure; 2) Phosphor position in a white LED®!

Since nearly 25% of the global electricity has been utilized for lightings, causing 1.9 GT of CO»
emissions,* LEDs with higher efficiency and flexibility are in highly demand. Although history
of LEDs goes back more than a century, with the first observation in 1907, by H. J. Round, of
the electroluminescence in a silicon carbide junction diode, the first practical visible LEDs

appeared in 1962 and was developed by Nick Holonyak. Red, green, and yellow LEDs have

% Y. Cao, N. Wang, H. tian, J. Guo, Y. Wei, H. Chen, Y. Miao, W. Zou, K. Pan, Y. He, H. Cao, Y. Ke, M. Xu, Y. Wang, M.
Yang, K. Du, Z. Fu, D. Kong, D. Dai, Y. Jin, G. Li, H. Li, Q. Peng, J. Wang & W. Huang. Nature, 2018, 562:249-253.
% B. Liu, L. Wang, H. Tao, M. Xu, J. Zou, H. Ning, J. Peng, Y. Cao. Science Bulletin, 2017, 62: 1193-1200.
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been available since the 1970s and were used extensively in numerical displays and signaling
applications. Then the blue LEDs were developed in 1990s. In 1993, a fundamental step was
made by Shuji Nakamura at Nichia who developed the first high-brightness blue LED with p-
doping of GaN. This makes it possible for their use in general lighting. In particular, the
availability of high-brightness blue sources has made high-efficiency white lighting sources
possible. In 1996, Nichia further produced a phosphor-converted white light-emitting diode (pc-
WLED) by using a blue InGaN LED chip coated with yttrium aluminium garnet yellow
phosphor (Y3Al5012:Ce, YAG:Ce).% The 2014 Nobel Prize in Physics was awarded to the three
creators (I.Akasaki, H.Amano and S.Nakamura) of blue LEDs.%

LEDs have some advantages over fluorescent lamps, such as lifetimes ten times higher,
operating voltages of a few volts, they are mercury-free, no flickering, they do not emit strong
UV radiations, and they are almost fully recyclable and are much more safe. In addition, they are
shock resistant. LED light bulbs are extremely cost-effective, eco-friendly and have various
designs to suit the home atmosphere. It represents a green alternative to other lighting systems
used nowadays, especially as they do not use mercury. LED lighting is viewed as the next
generation of lighting®’. Some devices are already on the market. But new materials with good
performance that can lead to more decrease of the manufacturing cost are still in high demand.
Especially, white-emitting LED materials have received a broad attention for their enormous

promising applications in the field of flat-panel displays and solid-state lightings.®
1.3 Different ways for making white light emitting materials

To date, white light emitting diodes (WLEDs) have received a broad attention® and are under
intensive research for their wide panel of applications (such as flat-panel displays, solid-state
lightings, etc.)’”® and many unique advantages (such as fast response time, wide operation
temperature, environment friendliness, wide range of colour temperature, long lifetime, small

size and high efficiency, etc.)”!. After decades of the development in lighting systems, currently

% G. C. Righini, U. Caldifio, C. Falcony, M. Ferrari, and S. Pelli. 2014, /6th International Conference on Transparent Optical
Networks (ICTON), 1-4.

% E. Gibney. Nature, 2014, 514, 152-153.

7 M. GiShina, K.Thangarajua, S. Kim, J. Park, Y. Kim, S. Kwon. Organic Electronics, 2011, 12, 785-793.

% a. T. Zhang, S. He, D. Wang, N. Jiang & Z. Lu. Sci. Rep., 2016, 6, 20517.

b. S. Reineke, F. Lindner, G. Schwartz, N. Seidler, K. Walzer, B. Liissem & K. Leo. Nature, 2009, 459, 234-238.

c. M. Segal, M. Singh, K. Rivoire, S. Difley, T. Van Voorhis & M. A. Baldo. Nature Materials, 2007, 6, 374-378.

9 J. Tydlitat, S. Achelle, J. Rodriguezz-Lopez, O. Pytela, T. Mikysek, N. Cabon, F. Robin-le Guen, D. Miklik, Z. Ruzickova, F.
Bures. Dyes and Pigments, 2017, 146, 467-478.

0T. Zhang, S. He, De. Wang, N. Jiang & Z. Lu. Scientific Reports, 2016, 6, 20517.

TP, T. Tin, N. H. K. Nhan, T. H. Q. Minh, T. N. Nguyen, M. Voznak and T. T. Trang. Proceedings of the Estonian Academy of
Sciences, 2018, 67, 4, 337-341.
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there are various ways to create white light from LEDs, each has specific advantages. Among
them, two primary ways can be concluded. One is to blend the individual LEDs that emit three
primary colors to form white light, named as multi-colored white LEDs (sometimes referred to
as RGB LEDs). Another is to use phosphor materials to convert the light from a blue or an UV
LED to white light similar with fluorescent light bulb, the resultant LEDs are named as
phosphor-based white LEDs. The second method is most widely used due to its low cost and

simple technology of production and use.”

Following Figure 1-14 shows the illustration of common strategies for white light’* and basic

principle of color mixtures.

LED-based LED-plus-phosphor-based

Blue and yellow LED Blue LED plus yellow phosphor

A Di-
chromatic
white
source
> A

Blue, green, and red LED UV LED plus triphosphor

B Tri-
chromatic
white

fc

A

A
Blue, cyan, green, Blue and red LED plus
and red LED cyan and green phosphor

C Tetra-
| chromatic
| white

source

|

Figure 1-14 Diagram of different strategies for white light (left) and color mixtures (right)’

In summary, common strategies for obtaining white light are
1) a near-UV LED with blue and yellow phosphors (or red, green, and blue phosphors);
2) a blue LED combined with a yellow phosphor;

3) a near-UV LED with white phosphors (polymers, or blends of polymer with metal

complexes);

72 a. G. Chen, L. Yao, H. Zhong, S. Cui. Journal of Luminescence, 2016, 178, 6-12.

b. S. Singh. 2009, Chapter In book: Handbook of Light Emitting and Schottky Diode Research, Edition: 1st, Publisher: Nova
Scientific Publisher, Editors: N.P. Chen.

73 E. Fred Schubert and J. K. Kim. Science, 2005, 308, 1274-1278.
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4) a combination of blue and yellow LEDs;
5) a combination of red, green, and blue LEDs or more (cyan for example);
6) color-tunable luminescent supramolecular hydrogel with white-light emission.”

Among them, near-UV LED with di-colour, tri-colour or tetra-colour materials (namely, multi-
phase phosphors) often require complex production processes that lead to high costs, have phase
seperation problem and their white-emitting light changes with input power.”” Thus, the
development of single white emitter or single phosphor material with several different
luminescent molecules, such as different emitting rare earth ions or the combination of different

organic luminescent materials, is more desirable and preferable’®.

Up to now, inorganic luminescent materials contains rare earth elements have been widely
reported as luminophors leading to white light.”” For example,
(Ce02Gdo.sTbo2)(MgooMno.1)BsO1o was reported as a single white emitter which was a
combination of blue (from Ce ion), green (from Tb ion) and red (from Mn ion) from different
rare earth ions. Besides, a blend of SrsAl14025:Eu®*(Blue, 490nm,
90%)/GdMgBs010:Ce**,:Mn?*(Red, 633 nm)/ GdMgBs010:Tb** (green) was reported as white
light as well, which was a combination of three primary colors from different component.”®
(Y,Gd)3(AL,Ga)sO12:Ces+ / (Ba,Sr,Ca)Si>2O4:Eu?" was also reported as white emitting material.”
A phosphor-converted white light-emitting diode (pc-WLED) by using a blue InGaN LED chip
coated with yttrium aluminium garnet yellow phosphor (Y3Als012:Ce, YAG:Ce) was produced
by Nichia in 1996% and he won the Nobel Prize in Physics in 2014, shared with two other
creators of blue LEDs.® Following Table 1-1 is a summary of commonly used inorganic
luminophors with different emissions which can be commercially used for the constructions of

white light systems.3°

Table 1-1 Summary of commonly used inorganic luminophors

74Zhang Y., Chen Y., LiJ., Liang L., Liu Y., Acta Chim. Sinica., 2018, 76: 622-626.

5 S. Achelle, J. Rodriguez-Lopez, C. Katan and F. Robin-le Guen. J. Phys. Chem. C, 2016, 120 (47), 26986-26995.

76 S. Fan, C. Yu, D. He, X. Wang, and L. Hu. Optical Materials Express, 2012, 2 (6), 765-770.

77C.R. Ronda, T. Justel, H. Nikol. J. Alloys Compd. , 1998, 669-676.

78 http://ocw.nctu.edu.tw/course/ch-inorganic-phosphors/2010chap6-1applicationl.pdf, 2019.

7 T. Chen. Materials Chemistry of Inorganic Phosphors. http://ocw.nctu.edu.tw/course/ch-inorganic-phosphors/2010chap1-
introduction.pdf, 2019.

80 a. Phosphor Materials and Their Applications in Lighting and Displays, 2019, http://ocw.nctu.edu.tw/course/ipchemistry/ipche
mistry_lecturenotes/ipch-7-1.pdf.

b. W. M.Yen and M. J.Weber. Inorganic phosphors : compositions, preparation, and optical properties. 2004, CRC Press LLC.
ISBN 0-8493-1949-8.

c. W. M. Yen, S. Shionoya, H. Yamamoto. Phosphor handbook. 2006, CRC Press. ISBN 0-8493-3564-7.
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Color Blue Green Red
BaMgAl10017:Eu?" (90%)  (Ceo.67Tbo33)MgAl1010 (85%)  Y203:Eu®" (100%)
Sr3(PO4)sCLEu?" (90%)  (CeoasLaoaoTho.1s)(PO4) (86%) Y20:S:Eu**
SrAl¢O11:Eu?" (90%) (Ce03GdosTbo2)MgBsO10 (88%) CaSi0O;3:Pb:Mn (85%)
Sr2P207:Eu?t (90%) 7Z12S104:Mn (70%) Y20:3:Eu*t (92%)
Chemical Sr2P207:Sn (86%) (Ce, Tb)MgAl;1019 Cs(BO2)2:Mn (78%)
gz::l:l CasF(PO4)3:Sb (71%) (La, Ce)PO4:Tb* YVO4Eu*" (89%)
efficiency) MgWO4:W (83%) (La, Ce)(P, Si)O4:Tb** Y20s3:Eu**
CaWO4:W (75%) ZnS:Cu, Al Mg4Os sGeF:Mn**
(Sr, Ca, Ba)10(PO4)sCl2:Eu?* SrGayS4:Eu SrY,S4:Eu*

(Ba,Sr,Ca),MgAli6027:Eu?*
(Sr,Ca,Ba) (AL,Ga),S4:Eu®*

BEIMngh6027ZEUZJr

Sr4Al14025:Eu?*
BaxAl1007:Eu?*, Mn?*
CagMg(SiO4)4ClzzEu,Mn

YVO, :Eu*',Bi
(Ca,Sr)S:Eu®*
SrS:Eu*

White LEDs actually commercialized combine the blue emission of a LED with the yellow
emission of a luminescent material coated on it. The universal phosphor is Y3Als012:Ce3", which
is purely inorganic. These systems suffer from a low color rendering index because of the lack of
a red component and some of them have raised a sanitary issue, as too much blue light is emitted.
This can potentially creates damages to the eye. Also, the color cannot be tightly tuned and it is
not possible to improve the quality of the light emitted by adjusting the composition of these
inorganic materials. In the long view, the application of rare earth elements for white light
sources is also restricted due to the limited availability of resources of these elements. Besides,
the pollution of the costly rare-earth containing materials is a notorious intractable and
inextricable problem.’'#? Hybrid or organic emissive materials are anticipated to be an
interesting alternative to inorganic materials. They are obtained from syntheses that do not
demand temperatures as high as those needed for inorganic materials (hundreds of degrees),
which lowers their cost. Their color of emission can be easily tuned thanks to an appropriate
molecular engineering. The application of hybrid or organic luminophores instead of inorganic
materials thus aroused great interest of scientists. Schlotter et al., who used luminescent dyes,
and Heeger and co-workers, who employed a polymeric luminescent material as the converter,

have demonstrated the applicability of organic luminophores for blue light converters.5!

81 2. B.C. McLellana, G.D. Corder, A. Golev, S.H. Ali. Procedia Environmental Sciences, 2014, 20, 280 — 287.

b. T. Ault, S. Krahn and A. Croff. Energies, 2015, 8, 2066-2081.

82 N. J. Findlay , J. Bruckbauer , A. R. Inigo , B. Breig , S. Arumugam , D. J. Wallis , R. W. Martin , and P. J. Skabara. Adv.
Mater. 2014, 26, 7290-7294.
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So far, many organic molecules, especially polymers, have been reported as single emitters for
white light in electroluminescent devices, such as OLEDs (representatives are show in Figure 1-
15)%3. But to the best of our knowledge, there have no report on white-light photoluminescence
from a single polymer. Much attention continues to be paid to the development of white light-
emitting diodes (WLEDs) owing to the expectation of replacing the conventional lighting based

on fluorescent and incandescent bulbs which show a low electro-optic conversion efficiency.®
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8 a. G. Tu, C. Mei, Q. Zhou, Y. Cheng, Y. Geng, L. Wang, D. Ma, X. Jing, and F. Wang. Adv. Funct. Mater., 2006, 16, 101-106.
b.J. Liu, Q. Zhou, Y. Cheng, Y. Geng, L. Wang, D. Ma, X. Jing, and F. Wang. Adv. Funct. Mater., 2006, 16, 957-965.

c. J. Liu, Q. Zhou, Y. Cheng, Y. Geng, L. Wang, D. Ma, X. Jing, and F. Wang. Adv. Mater., 2008, 17,2974-2978.

d.J. Luo, X. Li, Q. Hou, J. Peng, W. Yang, and Y. Cao. Adv. Mater., 2007, 19, 1113-1117.

e. J. Liu, Z. Xie, Y. Cheng, Y. Geng, L. Wang, X. Jing, and F. Wang. Adv. Mater., 2007, 19, 531-535.

f. H. Wu, L. Ying, W. Yang and Y. Cao. Chem. Soc. Rev., 2009, 38, 3391-3400.

84 a. S. Jhulki, S. Seth, S. Rafig, A. Ghosh, T. J. Chow, and J. N. Moorthy. ACS Omega, 2018, 3: 1416—1424.

b. P. Waltereit, O. Brandt, A. Trampert, H. T. Grahn, J. Menniger, M. Ramsteiner, M. Reiche & K. H. Ploog. Nature, 2000, 406,
865-868.
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Figure 1-15 Representives of reported single moleculars for WLED
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Polymers usually have higher glass transition temperatures. It is also easier to design polymers
that emit different colors, which permits the creation of full color displays. Besides, polymers
can be easily spin-coated or casted as they possess better solubility. This indicates that polymers
have potentially a lower cost to process and are easier to coat on large surfaces for large display
applications. Especially, conjugated polymers are very important photoactive materials because
they possess a highly delocalized m-electron system and efficiently transport charges.®®> Hence
much attention have drawn on conjugated polymeric materials.® It is also the main focus of this

thesis.

The performance of optoelectronic devices based on donor-acceptor (D-A) conjugated materials
has remarkably improved in past years and they represent promising candidates for the
elaboration of flexible large-area and low-cost optoelectronic devices, due to their outstanding
solution processability, film forming abilities and excellent mechanical properties.®® Tremendous
efforts have been devoted to develop materials with lower band-gap based on the concept of the
(D-A)n approach®’. These materials with the combination of donor (D) and acceptor (A) moieties
exhibit a narrow optical band-gap with intramolecular charge transfer (ICT) characteristic from
the donor to the acceptor®® that leads to unique properties, as illustrated in Figure 1-16.% The
highest occupied molecular orbital (HOMO) of the donor unit interacts with the HOMO of the

acceptor unit giving two new HOMOs for the (D-A). system. In a similar way, the lowest

85 M. Leclerc, A. Lorette (CA); J.-F. Morin, S. Foy (CA); I. Levesque, Q. City (CA); M. D'lorio, Gloucester (CA); C. Py, Ottawa
(CA). 2003. US 2003/0008172 Al.
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unoccupied molecular orbital (LUMO) of the donor unit interacts with the LUMO of the
acceptor unit leading to two new LUMOs for the (D-A). system. As a consequence, after the
electrons redistributed to these new hybridized orbitals, a higher lying HOMO and a lower lying

LUMO was formed and resulted in a smaller bandgap.”

ﬂ \
LUMO .-~

“. LUMO

Reduced energy gap

HOMO =

HOMO

Trg‘_. Donor D-A Accepty

Figure 1-16 Illustration of reduced energy gap of polymer by (D-A). conjugation

In (D-A)a conjugated polymer systems, the HOMO and the LUMO are mainly located at the
donor unit and acceptor unit, respectively. Higher energy level of HOMO of the donor and lower
energy level of LUMO of the acceptor will lead to a lower band gap of (D-A), system due to an
intra-chain charge transfer from the donor to acceptor.’’ Therefore, the bandgaps of (D-A)n
copolymers can be easily tuned and developing new acceptor and donor units as building blocks
with suitable energy levels becomes crucial for developing high performance copolymers.”?
Although (D-A). copolymers based on electron-deficient blocks such as thienothiophene,

94
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benzobisthiadiazole”’, corannulene derivatives”® and so forth,”” (Chemical structures of
representativs are shown in Figure 1-17) have led to excellent performance in optoelectronic
devices, such as improved emission efficiency, tunable emission, high charge-carrier mobilities
in smaller bandgap and leading to the red-shift of the emission bands, the types of acceptor units
are still limited. Since the development of distinct structures are the basis of new improvements

of the conjugated polymers, it is important to develop different new acceptor structures.!®

CO,C12Hs N A N
/N
W \ NN
S R = 2-octyldodecyl
Thienothiophene Benzothiadiazole Benzobisthiadiazole Diketopyrrolopyrrole
C8H17 C18H37
CgHq7 CigHa7
HOOC COOH _ O N~ 20

. o |i| &
Z—ﬁ \\(CSHW O
R = n-octyl CeH17

Thienopyrazine Isoindigo Naphthalene diimide Corannulene derivative

=
—

Figure 1-17 Representatives of reported acceptor group

Among others, N-based r-deficient heterocycles such as pyridine, pyrimidine, quinazoline,

69,101

pyrazine, and benzimidazole have been explored as good electron-withdrawing units. In
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particular, pyrimidine derivatives are found with some extra super properties, such as high
emission efficiency, and some pyrimidine push-pull derivatives were described as polarity
sensors due to their strong emission solvatochromism and pH sensors due to the basic character

75102 Bipyrimidine derivatives have drawn much

of the nitrogen atoms of the heterocycles.
attention and have been exploited for the design and synthesis of bipyrimidine-containing
conjugated systems (examples are shown in Figure 1-18)!0104105 with interesting luminescent
properties: (i) the electron affinity of the pyrimidine ring is much higher than that of the pyridine
ring due to its higher electron deficient property; (ii) they can be applied as versatile bis-
chelating ligands towards metal ions and important building components for the establishment of
supramolecular assemblies, as the N-heterocyclic aromatic compounds are strongly coordinating
ligands that are able to form stable complexes with various metals;>”*1% (iii) the high
photostability and thermostability of pyrimidine ring also make it more attractive.'”” But to the

best of our knowledge, the BPM molecule has never been used as an electron-deficient unit in

conjugated polymers, probably because of their synthetic difficulties and their poor solubility.!%

Figure 1-18 Representatives of reported bipyrimidine-containing conjugated systems

In fact only one report of bipyrimidine-based conjugated polymer was found, as shown in Figure

12'§ Achelle, L. Bodiou, J. Charrier, F. Robin-le Guen. C. R. Chimie. 2016, 19, 279-285.

13 R, Ziessel and C. Stroh. Tetrahedron Letters, 2004, 45, 4051-4055.

104 T, Yamamoto, N. Hayashida, T. Maruyama and K. Kubota. Chemistry Letters, 1998, 1125-1126.

105 T, Yamamoto, T. Koizumi. Polymer, 2007, 48, 5449-5472.

106 . Akdas-Kilig T. Roisnel, I. Ledoux and H. L. Bozec. New J. Chem., 2009, 33, 1470-1473.

197 R, Gompper, S. Brandl, H. J. Mair. Use of conjugated compounds containing pyrimidine groups as electroluminescence
materials. United States Patent, 1999, US5948551A.

198 M. J. Crosley, S. Gorjian, S. sternhell and K. M. Tansey. Aust. J. Chem., 1994, 47, 723-738.
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1-18 (PBpym), and it demonstrated poor solubility that only partially soluble in acids.'® In this
thesis, we have particularly focused on the exploration and development of the use of
bipyrimidine derivatives into conjugated polymers as a novel acceptor due to its electron
deficient property with improved solubility and processibility, as well as bipyrimidine-based

metal complexes.

It is noteworthy that increasing interest has been paid to hybrid materials for their remarkable
unique advantages, such as easiness of processing, ultrapure light emission and fine-tuning of
their emission color, compared to others, particularly inorganic materials.'® It has been reported
as a feasible avenue to overcome shortages of each material through a hybrid inorganic/organic
LED architecture, where a blue emissive inorganic LED is coated with an organic material that
has an absorbance band aligned with the emission wavelength of the inorganic structure. The
organic material acts as an energy down-converter for the inorganic LED, which converts a part
of the blue luminescence emitted by the inorganic LED to lower energy light such as yellow and
red, which in combination delivers a high quality output of white light. Through this way, not
only the advantages of both materials are combined, for example, the excellent stability and
electronic properties of inorganic substrates and the tunable emission and easy fabrication of
organic semiconductors, but also new potential properties can be expected.®? Based on the above
knowledge, we expected that our newly developed polymer-based luminescent materials coated
on inorganic LEDs would bring a superior combination of outstanding characteristics and

performance to them, and thus leading to some new potential applications.
1.4 Polymer matrices

As we known, a high stability of luminescent materials in optoelectronic devices is of great
importance.” The stability of LED lighting materials concerning the severe environment, such as
thermal treatment, humidity and UV light exposure, appears to be a bottleneck that impedes their
further commercialization. One of the most challenging issue in LED lighting materials is the
long-term photostability, which must be cleared up before putting it into practical applications.
Various strategies to reduce the UV-induced instability of the devices have been reported, such
as composition engineering (synthesizing emitters such as polymers with higher photostability

units)!'? and device encapsulation (using UV-absorbing molecules to protect the emitters).6h!!!

109
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Particularly, it has been shown that, through encapsulation, the stability of organic electronic
devices, such as perovskite solar cells and OLEDs, can be highly enchanced.!!'®!!? Devices
without encapsulation commonly exhibited severe degradation under continuous UV irradiation
after several hours, while encapsulated devices exhibited longer lifetimes. Encapsulation strategy
plays a vital role in improving the stability of organic electronic devices that will help to
accelerate the technology to the goal of commercialization. At present, the encapsulation method
of the commercial products such as OLED displays, lighting product, and most of displays is
achieved by glass and metal lid. However, this results in a rigid device and hampers the

development of applications such as flexible devices.®’

Recently, much progress has been made in improving organic luminophor interfaces through
polymer matrix encapsulation method from UV degradation.!® A variety of polymer matrix
materials have been investigated as device encapsulants, including Polymethyl Methacrylate
(PMMA), Polyvinyl butyral (PVB), poly(ethylene naphthalate) (PEN) and polycarbonate (PC)
and so on.''%!"! Structures of investigated polymer matrix materials are shown in Figure 1-19.
They serve as a solid “solvent” to disperse the luminophors as well as molecule encapsulants to
protect them from UV degradation by the absorption and the conversion of part of the UV
radiation into harmless heat, and the screen of harmful radiations.!''® Sol-gel polymer matrix
material is among the most widely used encapsulating materials available, it offers resistance and
reliability under long periods of exposure to different elements, such as heat, wet and UV-light.
Also, as they can well combine an inorganic silica network with the organic groups that are

easily modifiable, sol-gel materials are very attractive.!'*

Sol-gel materials that present a liquid character are expected to have a lot of advantages over
their common solid couterparts, such as easy-processing, self-healing properties, excellent
homogeneity due to the dispersion of the precursors in solution, mild reaction conditions, high
transmission and no need of solvent. In this work, we not only have tried to improve the
photostability of the materials by composition engineering, but also have studied different

polymer matrices containing PMMA, Polystyrene, Poly(Ethylene-co-vinyl acetate) and

b.D. Yu, Y. Yang, Z. Chen, Y. Tao, Y. Liu. Optics Communications, 2016, 362, 43—49.
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b. X. Huang, Luminescent Lanthanide Hybrid Sol-gel Materials with Potential Applications in Electronic Devices. PhD thesis,
Ecole polytechnique, 2015.
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especially the liquid Carbazole-Silica matrix (C-Si matrix) as encapsulating materials in the goal
of protecting our lumonophors from UV degradation. An illustration of the formation of the C-Si
matrix is shown in Figure 1-20. It mainly contains two chemical steps, that are, hydrolysis of the
alkoxysilane (-Si(OEt)3) and poly-condensation. The general procedure for the synthesis of such

materials can be found in Xiaoguang Huang’s PhD thesis.!!*
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Figure 1-19 Representative reported polymer matrix materials
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Figure 1-20 Illustration of the preparation of a C-Si matrix

1.5 CIE coordinate diagram

CIE, abbreviated from Commission Internationale de [I’Eclairage, was created by the
International Commission on Illumination (CIE) in 1931. Nowadays the CIE coordinate diagram
is widely applied as a system for the specification of color stimuli. The chromaticity is specified
by the two derived parameters as (X, y). It was resulted from a series of experiments done in the
late 1920s by William David Wright using ten observers and John Guild using seven observers.

Revisions were made in 1960 and 1976, but the 1931 version remains the most widely used
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version.'??

Approximate colors can be assigned to areas on the following CIE Chromaticity Diagram.

0.9

Figure 1-21 Approximate color regions on CIE diagram

In the presented work, the CIE coordinate diagram was applied to define the specific colors,
especially the three types of white light, including cool white, neutral white and warm white,
according to calculated color temperature (CCT) from CIE data. The CCT is the temperature of
the Planckian radiator whose perceived color most closely resembles that of a given stimulus at
the same brightness and under specified viewing conditions. It is measured in degrees of Kelvin

(K) on a scale from 1,000 to 10,000.

1.6 Thesis structure

The presented work aims at elaborating novel soft and highly luminescent silica-based hybrid
materials that could be used as potential phosphors for LED lighting. Soft materials have many

advantages, as they are synthesized from neat reactions, they are easily-processed with various

115 3, http://hyperphysics.phy-astr.gsu.edu/hbase/vision/cie.html
b. https://en.wikipedia.org/wiki/CIE_1931 color_space
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shapes without the use of any solvent, and they are self-healing. The emitters we are
investigating are either metal complexes or conjugated polymers. We have particularly
developed the design of conjugated polymers as their color of emission can be controlled
through a judicious design and they do not use europium whose supply and use can be
problematic at high scale, thus leading to expensive lighting systems. Bipyrimidine derivatives
are successfully introduced into (D-A). polymers as a new developped acceptor unit. Our final
goal is to obtain white source of light and thus molecular compounds emitting the three primitive
colors (red, blue and green) are targeted. The work presented will focus on the strategy we
developed for designing new molecular emitters and novel soft white-emitting materials and

investigations of their photophysical properties and photostability.

In this Chapter I, we have shown that different luminescent materials have wide different
applications, such as home lightings, traffic lightings, lab lightings, sensors, and even become a
common souce as green and neat energy for chemical reactions and many other research works.
In addition, various ways to obtain white light and polymeric materials expecially sol-gel
materials that can be used to protect the organic lumonophor from UV degradation are also

introduced. All above construct a good foundation of what we have done for the project.

In the following chapters, details of the materials design, synthesis and full characterization
results are shown, as well as the investigation of their possibility to be used as luminophors. The
Chapter II is focused on the design, synthesis and chemical characterizations of the materials.
The Chapter III presents details of results of photophysical properties of all the materials both
in solution and in solid state. Following the Chapter IV shows the results of the materials that
investigated as luminophors, including the photophysical properties of the materials in different
matrices, the quantum yields determination, photostability and thermostability studies. A general
conclusion and perspective of the thesis are presented in the last Chapter V as a summary.
Finally, a summary of basic information (structure, name, yield, mark) of polymers discussed in

the thesis and NMR spectra of selected new compounds are presented in the Appendix part.
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In this chapter, we will describe the experimental procedures for the synthesis of the compounds,
the formation of the thin films, and the instruments used. All the structures of the new

compounds are summarized in Appendix I.
2.0 General information

Conjugated (D-A). polymers have gained great attention for their remarkably high performance,
such as high solubility, favorable film-forming properties, and facile fabrication technique, using
spin-coating and ink-jet printing methods.?*!'® Such polymers are important light-absorbing
systems, due to their in-chain donor-acceptor interactions, as a result, their band gaps are
lowered and the emissions are shifted to the red. On the other hand, we are able to modulate the
LUMO energy levels of (D-A), type conjugated polymers by modifications of both D unit and A
unit as building blocks with suitable energy levels, due to the intra-chain charge transfer from the
donor to acceptor.®! Stable and efficient luminescence of three primary colors, videlicet red,
green, and blue, is essential to achieve a full-color display. Among them, only the red and the
green polymer light-emitting diodes (PLEDs) have reached sufficiently high efficiencies and
lifetimes for commercial applications. The degradation of commonly used fluorene-based
polymeric blue emitting luminescent materials which was correspond to the cleavage of the
alkyle chains with subsequent formation of fluorenone moieties will lead to undesirable red
emission and unsatisfactory lifetimes is still a major issue unsolved.!'” (The detail of the
photodegradation procedure will be decribed in part §4.5 of Chapter IV). Light-emitting

conjugated polymers continue to draw great attention due to their potential display applications.

2,2'-bipyrimidine (BPM) has been reported as a ligand for designing molecular complexes as

118

well as coordination polymeric lanthanide materials.''® In particular, it can adopt a bridging
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j. H. Ozawa, H. Kawaguchi, Y. Okuyama, and H. Arakawa. Eur. J. Inorg. Chem., 2013, 5187-5195.
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coordination mode leading to the linkage of two metal ions. Plenty of studies'!” reported to date
show the great potential that BPM can bring to lanthanide chemistry and physics. They gives
both highly green and red emissive terbium and europium complexes, respectively. However, to
the best of our knowledge, there is no previous report introducing BPM into bond skeleton of (D-

A)n copolymers.

Interested in the function of BPM as an electron deficient/accepting unit in (D-A), conjugated
polymers, we herein synthesized and characterized a series of new polymers, P1-P14 and P16,
based on the application of BPM as acceptor unit, as well as the abundently reported polymer,
poly(di-hexylfluorene) (PF). The four nitrogen atoms render the BPM unit electron-deficient. It
is worth to be exploited for designing new highly emissive hybrid materials due to its unique
characteristics, such as electron-deficient property and good bridging coordination ability with
metal ions to afford a variety of structures. A conjugated polymer, P15, composed of benzo-
thiadiazole (BTD) as acceptor unit instead of bipyrimidine compared to P10 was also designed
and synthesized. In addition, the effect of the pendant groups in the conjugated polymers were
also studied by comparison with the newly designed and synthesized polymers P16-P18. To be
noted, the side chains of polymers P16-P18 all contain a moiety with a N-heterocyclic aromatic
unit that is widely used for metal complexation, such as sensing work, they could be also very

interesting in coordination chemistry.

Besides, in this Chapter, the synthesis and chemical characterization of some novel metal
complexes with BPM derivatives as ligand are also presented, followed by the demonstration of

the preparation of the cabazole-silica (C-Si) precursor and the liquid materials.

Lastly, the formation of thin films under different occasions are also demonstrated. Solution-
processed film preparation techniques, such as spin-coating or painting methods are applied in
this work due to their many advantages, such as better control of the doping level, better
homogeneous morphology and easy processibility over large area size that can be readily

upgraded to industrial scale.!"

9681-9683.

m. G. Beaulieu-Houle, N. G. White, and M. J. MacLachlan. Cryst. Growth Des., 2018, 18 (4), 2210-2216.

n. C. K. Prier, D. A. Rankic, and D. W. C. MacMillan. Chem. Rev., 2013, 113, 5322-5363.

1194, F. Cao, D. Zhao, P. Shen, J. Wu, H. Wang, Q. Wu, F. Wang, and X. Yang. Adv. Optical Mater., 2018, 1800652.
b. H. Wu, L. Ying, W. Yang and Y. Cao. Chem. Soc. Rev., 2009, 38, 3391-3400.
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Materials and instruments

2-chloropyrimidine, Zinc, Nickel chloride (NiCly), Triphenylphosphine (PPhs), Bromine, 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, n-Butyllithium, 4,4.4'4'5,5,5',5'-
octamethyl-2,2'-bi(1,3,2-dioxaborolane), 9H-carbazole, 1-bromohexane, 1-bromooctane, ethyl
formate, 4-Toluenesulfonyl chloride, 1,6-dibromohexane, 2-(pyridin-2-yl)-1H-
benzo[d]imidazole, Bromobenzene and Phenylboronic acid were purchased from VWR and used
as received. 9,9-dihexyl-2,7-dibromofluorene, 4-bromobenzaldehyde, Eu(NOs3); e xH>O,
EuCl;e6H,O, Cul, 4,7-dichloro-1,10-phenanthroline, 4,4,4-trifluoro-1-(thiophen-2-yl)butane-
1,3-dione, 1,10-phenanthroline, 9,9-Dihexylfluorene-2,7-bis(trimethyleneborate), 1-(pyridin-2-
yl)ethanone, N-Bromosuccinimide (NBS), 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-
dioxaborinane) (M2), 4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzo[c][1,2,5]thiadiazole (M3) and 3,6-dibromo-9-hexyl-9H-carbazole (M4) were purchased
from Aldrich. 2,2'-bipyrimidine (C1)!?°, 5,5'-dibromo-2,2'-bipyrimidine (M1)!?! and 9-(4-
([2,2":6',2"-terpyridin]-4'-yl)phenyl)-3,6-dibromo-9H-carbazole (M12)'?> were synthesized from
revised approaches according to reported procedures, as well as Poly(9,9-di-n-hexyl-2,7-fluorene)
(PF)'2, Dichloromethane (DCM) and Tetrahydrofuran (THF) of GPC grade for spectroscopy
from VWR were applied for photoluminescence studies. All other chemicals and reagents were
used as received from Aldrich, VWR and Alfa Aesar Chemical Co. unless otherwise specified.
All solvents were carefully dried and purified before use. All manipulations involving air-

sensitive reagents were performed under a dry argon atmosphere.

NMR spectra have been recorded on a Bruker Avance 300 spectrometer using CDCl; as the
solvent; chemical shifts are given with respect to TMS (0 = 0). GPC measurements were done
with Viscotek equipment using THF as solvent and polystyrene as standard. The UV-Vis
absorption spectra were recorded using a JENWAY UV-VIS Spectrophotometer Model UV

120 3. N. PI¢ et al. Journal of Heterocyclic Chemistry, 2005, 42, 1423-1428.

b. T. Mukuta et al. Inorg. Chem. 2014, 53, 2481-2490.

c. S. Wang. et al. Dalton Trans., 2004, 2073-2079.

d. M. J. Crossley et al. Aust. J. Chem., 1994, 47, 723-738.

e. HHou et al. J. APPL. POLYM. SCI. 2014, 131(24), 40828. f. Schwab, Peter F.H. et al. J. Org. Chem. , 2002, 67(2), 443-449.
121 3, Schwab et al..J. Org. Chem. 2002, 67, 443-449.

b. R. Ziessel, C. Stroh. Tetrahedron Letters, 2004, 45, 4051-4055.

c. D.IM D’Souza, D. A Leigh, M. Papmeyer & S. L Woltering. Nature protocols, 2012, 7(11): 2022-2018.
122 3. G. W. V. Cave and C. L. Raston. Chem. Commun., 2000, 2199-2200.

b.J. Wang, G. S. Hanan. SYNLETT, 2005, 8, 1251-1254.

¢c. G. W. V. Cave aand C. L. Raston. J. Chem. Soc., Perkin Trans., 2001, 1, 3258-3264.

d. N. B. McKeown, S. Badriya, M. Helliwell and M. Shkunov. J. Mater. Chem., 2007, 17, 2088-2094.

123 a. H. Arakawa et al. Eur. J. Inorg. Chem. 2013, 5187-5195.

b. G.Hou et al. CrystEngComm, 2012, DOI: 10.1039/c2ce25759a.

c. A. Sergent,a G. Zucchi. et al. J. Mater. Chem. C, 2013, 1, 3207-3216.
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6800. THF was used as solvent. The photoluminescence (PL) spectra were obtained using a
HORIBA Jobin Yvon Spectrofluorometer Model Fluoromax-4 (S1/R1 was used for all the
spectra). Thermogravimetic Analyses (TGA) were made on a Netzsch STA 409 PC Luxx®
analyser under a N> atmosphere at a rate of 10 °C min!. Thin films were either deposited from
Dichlorobenzene (DCB) solution on glass substrates by spin-coating (2000 rpm for 30 s) using a
Ossila spin coater, or deposited by painting at room temperature. The film thicknesses were
measured through Atomic Force Microscopy (AFM) measurements which were performed using
a dimension 3000 microscope from Digital Instruments, and the results were presented at
Chapter III. The glass substrates were treated in PSD Series-Digital UV Ozone System (Model
# PSD-UVC) for 15 mins before film formation. Thin-layer chromatography (TLC) using
aluminium-backed TLC plates coated with silica gel 60 Fas4 from Merck KGaA was used to

measure every reaction’s progress.

2.1 Synthesis and chemical characterization of the monomers

Br
Nq Zn PPhy NCl, Nﬂ Br, Nﬂ/
» NS »
X, % R
al Yamamoto | N 76% yield N
coupling Br Z
51% yield C1 M1

Scheme 2-1 Synthetic pathways to BPM precursor C1 and monomer M1
2,2"-bipyrimidine (C1)

A 100 mL dried round bottom flask was charged with PPhs (4.58 g, 17.5 mmol), NiCl» (0.57 g,
5.40 mmol) and Zn (0.57 g, 8.70 mmol), and dry DMF (20 mL) under argon. The mixture was
vigorously stirred at room temperature for 1 h. 2-chloropyrimidine (2 g, 17.50 mmol) was then
added under argon. The solution turned dark slowly. After 1 h, the temperature was increased to
80 °C for 70 h. Then the reaction mixture was cooled to room temperature and filtered through
celite. The brown residue was washed with chloroform (CHCl;) and DMF. After evaporation of
the solvent in vaccuo, an aqueous solution of EDTA-Na* (7.27 g, 17.50 mmol) was added to the
residue. After stirring for 3 h, the solution was washed with diethyl ether (3 x 50 mL) and CHCl;
(8 x 50 mL). The part in diethyl ether was almost pure PPh; and the part in CHCIl3 was almost
the pure product. CHCl; was removed by evaporation and recrystallized from a mixture of

diethyl ether and hexane to yield the yellow solid product (1.42 g, 51% yield). This result is
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consistent with previous reports.!?*
'H NMR (300 MHz, CDCl3) 6 9.02 (d, J = 4.8 Hz, 4H), 7.44 (t, J = 4.8 Hz, 2H).
BC NMR (75 MHz, CDCl3) 6 161.8, 157.6, 121.2.

To be noted, other methods were also tried to synthesize C1 according to literature reports!?+123,
shown as following Figure 2-1, but unfortunately we didn’t got the desired product from this

synthetic approaches.

100 mg

, Ar reflux, 6 h

. DMF/Toluene=1:10 0.5 mL:5 mL
: K2CO3 2 eq

ello : Pd(PPhj3)
NiCl, 7 ! 3)s 0.05eq
B ; 05e
HZ0 | + H0 green color ' q

Y

Y NICL*x H,O Ar, Toluene 1.5 mL N_ _ClI

________________________ . ﬁ < RTA05°C.24h q
A
Ar, DMF 5 mL NW)\ Pd(OAc), 0.05eq

- 1e
100mg  pr.700c 6h BIE‘E‘}L\‘BF ] eg 100 mg
Zn 14eq i-PrOH 1eq
PPh; 4eq . \
+ 2 drops of H,O
e " Ar,DMF 5mL
N_ _Cl .-~ | 0
Q\H/ Ar, DMF 5mL . §T70 C.6h
N RT-70°C, 24 h L 2n 14eq
100 Zn 1.4eq . NiCl; 1eq
mg NiCl, 1eq | PPhs 4eq
PPh; 4eq

e

100 mg

Figure 2-1 Unsuccessful synthetic approaches of C1

5,5'-dibromo-2,2'-bipyrimidine (M1)

124 a. N. Plé et al. J. Heterocycl. Chem. , 2005, 42, 1423-1428.
b. T. Mukuta et al. Inorg. Chem. 2014, 53, 2481-2490.

c. S. Wang. et al. Dalton Trans., 2004, 2073-2079.

d. M. J. Crossley et al. Aust. J. Chem., 1994, 47, 723-738.

e. H.Hou et al. J. APPL. POLYM. SCI. 2014, 131(24), 40828.

f. Schwab, Peter F.H. et al. J. Org. Chem. , 2002, 67(2), 443-449.
125 a. Synth. Commun., 1991, 21(7), 901-906.

b. Biorg.Med.Chem., 2009, 17: 6651-6658.
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2,2'-bipyrimidine (0.55 g, 3.48 mmol) and bromine (1.43 mL, 27.82 mmol) were heated at 150
°C in a pressure tube for 72 h under argon. The mixture was cooled and the hard solid was
powdered and treated with a solution of Na>SO; to remove the unreacted bromine. The residue
was washed with the minimum amount of THF, and then extracted with CHCI3 and water. The
organic part was concentrated under vacuum and the residue was recrystallized from a mixture
of CHCl; and hexane to yield the product as a yellow solid (0.83 g, 76% yield). This result is

consistent with that reported previously.!?

'H NMR (300 MHz, CDCls) 6 9.05 (s, 4H).

BC NMR (75 MHz, CDCl3) 6 159.7, 158.9, 121.9.

H
H N
Oy s IO e
O 0 °C-RT, overnight Br Ar, THF, NaH "
72% vyield Br RT-reflux
Cc2 99% yield

n-BuLi

Ar, -78 °C-RT
+ (Ig J\ THF, overnight
0""0 " 56% yield "
>§< M5 \g/\

Scheme 2-2 Synthetic pathways to monomers M4 and M5

3,6-dibromo-9H-carbazole (C2)

To a three-neck flask was added 9H-carbazole (10 g, 0.06 mol) and a stirring bar under argon. 20
mL of DMF was added to dissolve it. To a dropping funel was added NBS (23.42 g, 0.13 mol)
and DMF (30 mL), which were added dropwise to the reaction mixture over 2 h at 0 °C. The
reaction mixture was stirred overnight at room temperature. The mixture was then poured slowly
into a beaker containing ice, stirred for 1 h, filtered, and washed with water. After
recrystallization from CHCI; and hexane, the product was obtained as a grey powder (14.00 g,
72% yield).
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"H NMR (300 MHz, CDCl3) 6 8.13 (d, J= 1.5 Hz, 3H), 7.53 (d, J = 1.8 Hz, 1H), 7.50 (d, /= 1.8
Hz, 1H), 7.32 (s, 1H), 7.29 (s, 1H).

BC NMR (75 MHz, CDCl3) 6 138.4, 129.3, 124.1, 123.3, 112.6, 112.2.

This result is consistent with that reported previously. '
3,6-dibromo-9-hexyl-9H-carbazole (M4)

To a dried flask was added 3,6-dibromo-9H-carbazole (2.00 g, 6.15 mmol) and 20 mL of
anhydrous THF under argon. Sodium hydride (0.49 g, 12.30 mmol) was added into the flask at 0
°C and stirred for 30 min. 1-bromohexane (1.74 mL, 18.50 mmol) was added dropwise and the
mixture was refluxed for 12 h. The reactant was cooled to room temperature and water was
added. After extraction with ethyl acetate for three times, the organic part was dried under
vacuum. The residue was purified by column chromatography (ethyl acetate:hexane = 1:5) to

yield a white crystalline product (2.56 g, 99% yield).

'H NMR (300 MHz, CDCL) ¢ 8.14 (s, 2H), 7.54 (d, J =8.7 Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H),
423 (t,J = 7.2 Hz, 2H), 1.82 (t, J = 6.9 Hz, 2H), 1.30-1.20 (m, 6H), 0.85 (t, J = 6.0 Hz, 3H).

13C NMR (75 MHz, CDCls) 6 139.3, 129.0, 123.4, 123,3, 111.9, 110.4, 43.4, 31.5, 28.8, 26.9,
22.5,14.0.

This result is consistent with that reported previously.'?>!?7

9-hexyl-3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (MS)

To a solution of 3,6-dibromo-9-hexyl-9H-carbazole (1.00 g, 2.44 mmol) in THF (30 mL) in a
dried flask at -78 °C was added n-BuLi (4.10 mL, 10.25 mmol) dropwise under argon. After
stirring for 1 h, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.10 mL, 10.25 mmol)
was rapidly added to the solution and the mixture was stirred at -78 °C for another 1 h. Then the
reactant medium was warmed to room temperature and stirred overnight. The mixture was
poured into water and extracted with diethyl ether. The organic layer was dried over anhydrous
MgSO4 and concentrated under vacuum. The residue was purified by column chromatography

(ethyl acetate:hexane = 1:5) and recrystallized from MeOH and acetone (10:1). The product was

126 3. M. Majchrzak, M. Grzelak, B. Marciniec. Org. Biomol. Chem., 2016,14, 9406.

J. S. Park , S.-H. Jin, Y.-S. Gal, J. H. Lee & J. W. Lee. Molecular Crystals and Liquid Crystals, 2012, 567:1, 102-109.
N. Berton, F. Chandezon, S. Sadki, et al. J. Phys. Chem. B., 2009, 113, 14087-14093.

W. Huang, L. Su, and Z. Bo. J. AM. CHEM. SOC., 2009, 131, 10348-10349.

S. A. KIM, D. K. LEE, J. H. KIM, et al. Mol. Cryst. Lig. Cryst., 2011, 551:. 283-294.

127

a.
b.
c.
a.
b.
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obtained as a white solid (0.69 g, 56% yield).

'H NMR (300 MHz, CDCL3) 6 8.70(s, 2H), 7.92(d, J =8.1 Hz, 2H), 7.40 (dd, J = 1.5 Hz, 8.1 Hz,
2H), 4.30 (t, J = 6.3 Hz, 2H), 1.90-1.80 (m, 2H), 1.50-1.30 (m, 30H), 0.86 (t, J = 1.5 Hz, 3H).

BCNMR (75 MHz, CDClz) ¢ 142.7, 132.1, 128.1, 122.9, 108.2, 83.6, 77.6, 77.2, 76.8, 43.1, 31.6,
28.9,26.9, 25.0, 24.9, 22.6, 14.1.

This result is consistent with that reported previously.!?>128

Br H
N
ACzO HNO; PPhs, 0-DCB BrBr
_—
ACOH O reflux, 24 h )
86% yield Br N02 86% yield 2,7-dibromo-9H-carbazole

C4
H)/ io N oi
\ /
98% yield BrBr n-BuLi, -78 °C O’BB\O
50% yield
M7

M6

Scheme 2-3 Synthetic pathways to monomers M6 and M7
4,4'-dibromo-2-nitro-1,1'-biphenyl (C3)

To a 250 mL round-bottom flask charged with 4,4'-dibromo-1,1'-biphenyl (5.00 g, 0.016 mol)
and cooled with a water bath, a mixture of HOAc (40 mL) and fuming HNO; (24 mL, 0.128 mol)
was added dropwise. After completion of the reaction (as followed by TLC), water (100 mL)
was added and stirred for 10 min. Then the mixture was extracted with CHCIs for three times,

and the organic solvent was removed under vacuum. The product was collected as a yellow solid

(4.92 g, 86% yield).

'"H NMR (300 MHz, CDCls) 6 8.03 (s, 1H), 7.75 (d, J = 8.4 Hz, 1H), 7.56 (d, J = 7.2 Hz, 2H),
7.29 (d,J=8.1 Hz, 1H), 7.15 (d, J = 8.4 Hz, 2H).

128 2. Y. Bao, Q. Li, R. Bai, et al. Chem. Commun., 2012, 48, 118-120.
b. N. Blouin, A. Michaud, and M. Leclerc. Adv. Mater., 2007, 19, 2295-2300.
c. Idzik KR1, Cywinski PJ, Cranfield CG, Mohr GJ, Beckert R. J Fluoresc., J. Fluoresc., 2011, 21:1195-1204.
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This result is consistent with that reported previously.'?’

2,7-dibromo-9H-carbazole (C4)

To a dried flask was added 4,4'-dibromo-2-nitro-1,1'-biphenyl (1.00 g, 0.003 mol) and o-DCB
(10 mL) under argon. Triphenylphosphine (1.837 g, 0.075 mol) was added and the mixture was
refluxed for 20 h. After cooling to room temperature, the solvent was removed under low
pressure and the residue was purified by silica gel chromatography (ethyl acetate:hexane = 1:10).

The product was collected as a white solid (0.782 g, 86% yield).

'H NMR (300 MHz, CDCLs) 6 8.07 (br, 1H), 7.88 (d, J = 8.4 Hz, 2H), 7.58 (s, 2H), 7.35 (d, J =
8.4 Hz, 2H).

3C NMR (75 MHz, CDCl3) 6 140.3, 123.3, 121.8, 121.5, 119.7, 113.8.

This result is consistent with that reported previously.!?®

2,7-dibromo-9-hexyl-9H-carbazole (M6)

To a dried flask was added 2,7-dibromo-9H-carbazole (0.86 g, 2.646 mmol) and 15 mL of
anhydrous THF under argon. Sodium hydride (0.21 g, 5.29 mmol) was added into the flask at 0
°C and the reactant medium was stirred for 30 min. 1-bromohexane (1.11 mL, 7.94 mmol) was
added dropwise and the mixture was refluxed for 12 h. The reactant was cooled to room
temperature and water was added. After extraction with ethyl acetate for three times, the organic
part was dried under vacuum. The residue was purified by column chromatography (ethyl

acetate:hexane = 1:5) to yield a white crystalline product (1.06 g, 98% yield).

'"H NMR (300 MHz, CDCl3) 6 7.78 (d, J =8.4 Hz, 2H), 7.48 (d, J= 0.9 Hz, 2H), 7.31 (dd, /= 8.1
Hz, 1.2 Hz, 2H), 4.04 (t, J = 7.5 Hz, 2H), 1.77 (t, J = 6.9 Hz, 2H), 1.40-1.20 (m, 6H), 1.00-0.80
(m, 3H).

3C NMR (75 MHz, CDCls) 6 141.2, 122.5, 121.4, 121.2, 119.7, 111.9, 43.3, 31.6, 28.8, 26.9,
22.7,14.1.

This result is consistent with that reported previously.!2¢-127

129 a. K.-M. Chang, National Sun Yat-sen University, Synthesis and Photoelectric Properties fo Low Bandgap Thiophene
Copolymers, Master Thesis Dissertation, June 2012.

b. A. W. Freeman, M. Urvoy, and M. E. Criswell. J. Org. Chem., 2005, 70 (13), 5014-5019.

c. S. Beaupre and M. Leclerc. J. Mater. Chem. A.,2013, 1, 11097-1110.
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9-hexyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (M7)

To a solution of 2,7-dibromo-9-hexyl-9H-carbazole (1.00 g, 2.44 mmol) in THF (30 mL) in a
dried flask cooled to -78 °C was added n-BuLi (4.2 eq, 4.1 mL) dropwise under argon. After
stirring for 1 h at -78 °C, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.1 mL, 10.25
mmol) was rapidly added to the solution and the mixture was stirred at -78 °C for another 1 h.
Then the reactant medium was warmed to room temperature and stirred overnight. The mixture
was poured into water and extracted with diethyl ether for three times. The organic layer was
dried over anhydrous MgSO4 and concentrated under vacuum. The residue was purified by
column chromatography (ethyl acetate:hexane = 1:5) and recrystallized from MeOH and acetone

(10:1). The product was obtained as a white solid (0.62 g, 50% yield)

'H NMR (300 MHz, CDCLs) & 8.13 (d, J =7.8 Hz, 2H), 7.89 (s, 2H), 7.68 (d, J = 7.8 Hz, 2H),
438 (t,J="7.2 Hz, 2H), 1.88 (t, J = 7.2 Hz, 2H), 1.40 (s, 30H), 0.88 (t, /= 6.9 Hz, 3H).

BC NMR (75 MHz, CDCl3) 6 140.4, 125.1, 124.8, 120.0, 115.3, 83.8, 42.8, 31.6, 29.2, 26.8, 24.9,
22.6, 14.1.

This result is consistent with that reported previously.!?’

MgBr

Ar, THF
Ar, THF, RT, 6h - H oy T el
-78 °C-RT
overnight cé
68% yield
KOH Coltirn Coftrr
TsCl, NEt; Ar, DMSO
—_—
Ar, CH,Cl, C8H17 CgHi7 + RT,6h \‘_‘/Br
0°C-RT,72h
’ 2,7-dibromo-9H-carbazole  93% yield
59% yield C7

C4

QL B N e I

41% yield
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Scheme 2-4 Synthetic pathways to monomers M8 and M9
Heptadecan-9-ol (C6)

A solution of a mixture of 1-bromooctane (7.41 g, 0.1 mol) and dry THF (100 mL) in a dropping
funel was added slowly to a 250 mL dried round bottom flask charged with magnesium (7.20 g,
0.3 mol) and 1 chip of iodine under argon with strong stirring. After stirring for 6 h, the reactant
medium was cooled to -78 °C, and a solution of ethyl formate (52.19 mL, 0.3 mol) in 167 mL of
THF was added dropwise. The reaction mixture was allowed to stir overnight at room
temperature and then quenched by adding MeOH and a saturated aqueous NH4Cl solution. This
mixture was extracted with diethyl ether for three times, and then washed with a saturated
aqueous NaCl solution. The organic fractions were dried over MgSO4. The crude product was
further purified by silica gel chromatography (ethyl acetate:hexane = 1:10 and then 1:5 and then
2:1) to obtain 17.37 g of pure product as a white solid (68 % yield).

'H NMR (300 MHz, CDCl:) 6 3.58 (s, 1H), 1.42 (s, 4H), 1.35-1.20 (m, 24H), 0.87 (t, J= 6.3 Hz,
6H).

BC NMR (75 MHz, CDCl3) 6 72.0, 37.5, 31.9, 29.7, 29.6, 29.3, 25.7,22.7, 14.1.

This result is consistent with that reported previously.!3°

Heptadecan-9-yl 4-methylbenzenesulfonate (C7)

To a 100 mL dried round bottom flask charged with Heptadecan-9-ol (8 g, 0.031 mol),
Trimethylamine hydrochloride (2.98 g, 0.031 mol) and dry DCM (40 mL) at 0 °C was added
EtsN (13.01 mL, 0.093 mol) under argon. A solution of p-Toluenesulfonyl chloride (7.136 g,
0.037 mol) in DCM (20 mL) was added to the system. The mixture was slowly warmed to room
temperature and stirred overnight. Water was added and the mixture was extracted three times
with CHCIl;, washed with water and brine, dried over Na>SO4, and concentrated under reduced
pressure. The crude product was purified by silica-gel column chromatography (ethyl

acetate:hexane = 1:10 as eluent) to give 14.11 g of a colorless oil (98% yield).

'H NMR (300 MHz, CDCLs) 6 7.78 (d, J = 8.1 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 4.52 (t, J = 6.0
Hz, 1H), 2.42 (s, 3H), 1.55-45 (m, 4H), 1.40-1.10 (m, 24H), 0.86 (t, J = 6.6 Hz, 6H).

130 A. Saeki, S. Yoshikawa, M. Tsuji, et al. J. Am. Chem. Soc., 2012, 134, 19035-19042.

-44 -



Chapter II Experimental part

3C NMR (75 MHz, CDCl3) 6 144.3, 134.8, 129.6, 127.7, 84.7, 34.1, 31.8, 29.4, 29.3, 29.2, 24.7,
22.7,21.6, 14.1.

This result is consistent with that reported previously.!'?%!2
2,7-dibromo-9-(heptadecan-9-yl)-9H-carbazole (M8)

To a 100 mL dried round bottom flask charged with 2,7-dibromo-9H-carbazole (2.00 g, 6.154
mol) and DMSO (15 mL), was added KOH (1.727 g, 30.77 mol) and the mixture was stirred for
30 min. A solution of Heptadecan-9-yl 4-methylbenzenesulfonate (3.791 g, 9.23 mol) in DMSO
(5 mL) was added dropwise at room temperature. After stirring for 6 h, the mixture was poured
into distilled water. The aqueous layer was extracted with Hexanes. The organic layer was dried
and concentrated under vacuum. The crude product was purified by silica-gel column

chromatography (Hexanes as eluent) to give 3.219 g of a colorless oil (93% yield).

"H NMR (300 MHz, CDCl3) 6 7.90 (t, J = 8.4 Hz, 2H), 7.71 (s, 1H), 7.55 (s, 1H), 7.34 (d, /= 5.7
Hz, 2H), 4.46-4.38 (m, 1H), 2.30-2.10 (m 2H), 2.05-1.80 (m, 2H), 1.26-1.10 (m, 22H), 0.90-0.81
(m, 6H).

13C NMR (75 MHz, CDCl3) 6§ 143.0, 139.6, 130.5, 122.5, 121.6, 121.4, 121.0, 119.9, 119.3,
114.7,112.3,57.1, 33.6, 32.8, 32.1, 31.9, 29.9, 29.8, 29.4, 29.3, 26.9, 22.84, 22.75, 14.3, 14.2.

This result is consistent with that reported previously. 27128129131
9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (M9)

To a solution of 2,7-dibromo-9-(heptadecan-9-yl)-9H-carbazole (1.609 g, 2.86 mmol) in THF
(45 mL) in a dried flask at -78 °C was added n-BuLi (4.80 mL, 12.01 mmol) dropwise under
argon system. After stirring for 1 h in this temperature, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (2.45 mL, 12.01 mmol) was added rapidly to the solution and the mixture was
stirred at -78 °C for another 1 h. Then the reactant medium was warmed to room temperature and
stirred overnight. The mixture was poured into water and extracted with diethyl ether for three
times. The organic layer was dried over anhydrous MgSO4 and concentrated under vacuum. The
residue was purified by column chromatography (ethyl acetate:hexane = 1:5) and recrystallized

from MeOH/acetone (10:1). The product was obtained as a white solid (0.778 g, 41% yield).

BIB, Kim, J. Y. Kim, C. Yang, et al. Macromolecules. 2012, 45, 8658—8664.
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'H NMR (300 MHz, CDCls) 6 8.11 (br, 2H), 8.02 (br, 1H), 7.88 (br, 1H), 7.66 (d, J = 7.2 Hz,
2H), 4.69 (br, 1H), 2.33 (br, 2H), 1.94 (br, 2H), 1.39 (br, 24H), 1.12 (br, 24H), 0.82 (br, 6H).

BC NMR (75 MHz, CDCls) 6 142.0, 138.7, 126.0, 124.6, 120.0, 119.7, 118.1, 115.4, 83.7, 56.4,
33.8,31.8,29.5,29.3,29.2,26.8, 24.9, 22.6, 14.0.

This result is consistent with that reported previously,!27:128:129.132

Br
B
H r\/\/\/\Br
N Ar NaOH, DMF
OCRT 12 h O O 0°C-RT,12h
72% vyield Br Br 929 yield O O

N
N Q\ N
\ N Method 1: 7% yield N \
QN N \ = Ar, Pd(P(MePh);),Cl,, KOAc, THF, 80 °C, 12 h, 7

Ar, NaOH, DMF

> Method 2: 6% yield

0°C-RT, 12 h N n-BuLi, THF, -78 °C-RT, 12 h
99% vyield O O
B "B J\ \B\O O’B/O
r M10 r

Scheme 2-5 Synthetic pathways to monomers M10 and M11

3,6-dibromo-9-(6-bromohexyl)-9H-carbazole (C8)

To a dried flask was added 3,6-dibromo-9H-carbazole (5.00 g, 0.015 mol) and 20 mL of
anhydrous DMF under argon. Sodium hydroxide (0.7385 g, 0.018 mmol) was added into the
flask at 0 °C and the reactant medium was stirred for 30 min. 1,6-dibromohexane (7.10 mL,
0.045 mol) was added dropwise and the mixture was stirred at room temperature for 12 h. Water
was added to quench the reaction. After extraction with ethyl acetate for three times, the organic
part was dried under vacuum. The residue was purified by column chromatography (ethyl

acetate:hexane = 1:10) to yield a white solid product (6.883 g, 92% yield).

132 7.-G. Zhang, Y.-L. Liu, Y. Li, et al. Macromolecules., 2010, 43, 9376-9383.
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'H NMR (300 MHz, CDCls) 6 8.14 (d, J =2.1 Hz, 2H), 7.56-7.53 (m, 2H), 7.28-7.25 (m, 2H),
425 (t, J=17.2 Hz, 2H), 3.36 (t, J = 6.6 Hz, 2H), 1.85-1.79 (m, 6H), 1.48-1.28 (m, 3H).

13C NMR (75 MHz, CDCl3) ¢ 139.3, 129.1, 123.5, 123.3, 112.0, 110.4, 43.1, 33.7, 32.5, 28.7,
27.8,26.4.

This result is consistent with that reported previously.'3?

3,6-dibromo-9-(6-(2-(pyridin-2-yl)-1H-benzo[d[imidazol-1-yl) hexyl)-9H-carbazole (M10)

To a dried bottle was added 2-(pyridin-2-yl)-1H-benzo[d]imidazole (0.80 g, 4.10 mmol) and 10
mL of DMF under argon. Sodium hydroxide (0.246 g, 6.15 mmol) was added into the flask at 0
°C and the reactant medium was stirred for 30 min. 3,6-dibromo-9-(5-bromopentyl)-9H-
carbazole (2 g, 4.098 mmol) was added and the mixture was stirred at room temperature for 12 h.
The reactant medium was poured into ice-cold water and stirred for 1 h. The solid was filtered,
dried under vacuum, and recrystallized from THF:Hexane (1:10) to yield a white solid (2.444 g,
99% yield).

'H NMR (300 MHz, CDCL) & 8.50(d, J =4.2 Hz, 1H), 8.38(d, J=7.8 Hz, 1H), 8.13(d, J=2.1 Hz,
2H), 7.80-7.84(m, 2H), 7.51(dd, J =1.8 Hz, 8.7 Hz, 2H), 7.35-7.25 (m, 4H), 7.20(s, 1H), 7.17(s,
1H), 4.77 (t, J= 7.2 Hz, 2H), 4.18 (t, J = 7.2 Hz, 2H), 1.86-1.74 (m, 8H).

3C NMR (75 MHz, CDCl3) J 150.6, 149.8, 148.5, 142.6, 139.2, 136.8, 136.6, 129.1, 124.7,
123.7,123.4,123.3, 122.6, 120.2, 112.0, 110.3, 110.1, 45.2,43.1, 29.9, 28.7, 26.8, 26.6.

This result is consistent with that reported previously.'3?

9-(6-(2-(pyridin-2-yl)-1H-benzol[d]imidazol-1-yl) hexyl)-3,6-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (M11)

Method 1: To a dried bottle was added 3,6-dibromo-9-(6-(2-(pyridin-2-yl)-1H-
benzo[d]imidazol-1-yl)hexyl)-9H-carbazole (200 mg, 0.33 mmol), 4,4,4'.4',5,5,5',5'-octamethyl-
2,2'-bi(1,3,2-dioxaborolane) (202.4 mg, 0.80 mmol) and anhydrous KOAc (195.52 mg, 1.98
mmol) under argon. 5 mL of THF was added. Dichlorobis(tri-o-tolylphosphine)palladium(II)
(7.83 mg, 0.01 mmol) was added into the flask. The mixture was stirred at 80 °C for 12 h. The

reactant medium was cooled to room temperature and the solvent was removed under reduced

133 B. Du, W. Yang, J. Peng, et al. polymer, 2007, 48, 1245-125.
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pressure. The residue was extracted with DCM. The combined organic layer was dried over
anhydrous MgSOu, filtered and concentrated under vacuum. The residue was further purified by

column chromatography (DCM:Hexane = 1:1) to yield a white solid (15 mg, 7% yield).
Method 2: M11 was prepared in 6% yield by a method similar to that used for M5 .

'H NMR (300 MHz, CDCls) 6 8.60 (s, 1H), 8.13 (d, J =6.6 Hz, 1H), 7.92 (d, J =6.6 Hz, 2H),
7.41-7.06 (m, 10H), 6.71 (s, 1H), 4.40-4.30 (m, 2H), 3.40-3.30 (m, 2H), 2.40-2.30 (m, 2H), 2.00-
1.80 (m, 2H), 1.55-1.33 (m, 28H).

2.2 Synthesis and chemical characterization of the polymers

General procedure for polymers synthesis. The polymers were obtained from Suzuki-Myiaura

coupling reactions following a revised procedure previously reported.'?

2.2.1 P1 and P2

Ar, M1, DMF, H,0
m 7~ Pd(PPhs),, K,CO5
o

B-©O OH Br
|
B
sBlogle
. < 77% yield

0-p M2 Ar, M1, DMF, H,0

<\/b Pd(PPh3),, K,CO;4

. 49% yield

Scheme 2-6 Synthetic pathways to BPM precursors and polymers P1 and P2

Poly(2,2'-bipyrimidine-alt-2,7-(9,9-dihexyl-9H-fluorene)) with endcapping (P1)

5,5'-dibromo-2,2"-bipyrimidine (100 mg, 0.317 mmol) and 2,2'-(9,9-dioctyl-9H-fluorene-2,7-
diyl)bis(1,3,2-dioxaborinane) (159.0 mg, 0.317 mmol) were added to a 25 mL dried three-neck
round bottom flask. 10 mL of DMF were added to fully dissolve the solid and then K>CO3
(131.23 mg, 0.950 mmol) was added. 5 min later, water (2 mL) was added and the reactant
medium was degassed for 30 min. Pd(PPh3)4 (18.29 mg, 0.0158 mmol) was added. The reaction
medium was heated at 140 °C for 72 h. Bromobenzene (19.88 mg, 0.127 mmol) was then added.
The reaction was heated at 140 °C for 12 h. Phenylboronic acid (15.44 mg, 0.1266 mmol) was
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added and the reaction mixture was again heated at 140 °C for 12 h. The mixture was cooled and
MeOH was added dropwise. After a few days at 4 °C, the methanol solution was filtered and the
residue was dissolved in CHCl;. MeOH was again added dropwise, and after a few days at 4 °C,
the methanol solution was filtered. The residue was further purified by Soxhlet extraction with

acetone for 2 days. A yellow product (120 mg, 77% yield) was collected.

'H NMR (300 MHz, CDCls) § 9.33 (s, 4H), 7.97 (d, J = 8.4 Hz, 2H), 7.69-7.75 (m, 4H), 1.11 (br,
13H), 0.78 (br, 13H).

3C NMR (75 MHz, CDClz) 6 160.8, 156.0, 152.7, 141.4, 134.4, 133.3, 126.5, 121.5, 121.3, 55.9,
40.1,31.4,29.5,23.9, 22.5, 14.0.

Not enough soluble for GPC measurement.

The amount of the carbazole unit and bipyrimidine unit in the polymer chain was calculated to
be 50% respectively according to the 'H NMR spectrum.
Poly(2,2"-bipyrimidine-alt-2,7-(9,9-dihexyl-9H-fluorene)) without endcapping (P2)

P2 was prepared by a method similar to that for P1 with 49% yield, but without the steps of

adding Bromobenzene and Phenylboronic acid for endcapping.

'H NMR (300 MHz, CDCl3) & 9.33 (br, 4H), 7.96 (d, J = 7.2 Hz, 2H), 7.69-7.75 (m, 4H), 7.38 (s,
1H), 1.11 (br, 13H), 0.77 (br, 13H).

13C NMR (75 MHz, CDCl3) J 160.7, 156.0, 152.7, 141.4, 134.5, 133.2, 126.5, 126.1, 121.5,
121.3, 120.7, 55.9, 55.4, 40.1, 31.4, 29.5, 23.9, 22.5, 14.0.

Not enough soluble for GPC measurement.

The molar ratio of the two monomers in the polymer chain is calculated to be 50 % each as well

from the "HNMR spectrum.

2.2.2 P3, P4, PS and P6
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Br
N%E/ OH N\/S\N
N\w)\\N = N N— /

o d(PPh3),, K,CO3

Pd(PPh3)s, K,CO4

low yield

Random polymer

P4 :x=0.1,y=0.5,z=04
P5:x=0.2, y=0.5, z=0.3

@@ém
e T

"4 Pd(PPhs),, K,CO5

Random polymer
P6:x=06,y=08,z=06

Scheme 2-7 Synthetic pathways to polymers P3, P4, P5 and P6

Poly(2,2'-bipyrimidine-alt-benzo[c][1,2,5]thiadiazole) (P3)

Following the general procedure for polymers synthesis depicted for P1, 5,5'-dibromo-2,2'-
bipyrimidine (100 mg, 0.317 mmol) and 4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzo[c][1,2,5]thiadiazole (122.83 mg, 0.317 mmol) were added to a 25 mL dried three-neck
round bottom flask. 10 mL of DMF were added to dissolve the solid and then KoCOs (131.23 mg,

0.950 mmol) was added. 5 min later, water (2 mL) was added and the system was degassed for

30 min. Pd(PPh3)s (18.29 mg, 0.0158 mmol) was added and the reacriant medium was further

degassed for 15 min. The reaction medieum was heated at 140 °C for 72 h. Bromobenzene

(19.88 mg, 0.127 mmol) was then added. The reaction was heated at 140 °C for 12 h.
Phenylboronic acid (15.44 mg, 0.127 mmol) was added and the reaction mixture was again

heated at 140 °C for 12 h. The mixture was cooled and MeOH was added dropwise. After a few

days at 4 °C, the methanol solution was filtered and the residue was dissolved in CHCIs. To be

noted, most of the solid could not dissoved in CHCIz and other common solvents such as THF,
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MeOH, Ethyl acetate, dichloromethane and H>O. The CHCI; solution was concentrated in
vacuum, and a very few amount of solid was isolated, and redissolved in the minimum amount
of CHCI3. MeOH was added dropwise to make the product precipitate. After a few days at 4 °C,
the methanol solution was again filtered. Collected the solid part and further purified the product
by Soxhlet extraction with acetone. Few product (<10 mg) was collected and even is not enough

for more analysis.!??

Poly(2,7-(9,9-dihexyl-9H-fluorene)-co-(2,2'-bipyrimidine)-co-(benzo[c][1,2,5]thiadiazole)) in
ratio 0.1:0.5:0.4 (P4)

Following the general procedure for polymers synthesis depicted for P1, 5,5'-dibromo-2,2'-
bipyrimidine (100 mg, 0.317 mmol), 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-
dioxaborinane) (31.80 mg, 0.063 mmol),4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzo[c][1,2,5]thiadiazole (98.27 mg, 0.253 mmol) were added to a 25 mL dried three-neck
round bottom flask. 10 mL of DMF were added to dissolve the solid and then KoCOs3 (131.23 mg,
0.950 mmol) was added. 5 min later, water (2 mL) was added and the system was degassed for
30 min. Pd(PPh3)s (18.29 mg, 0.0158 mmol) was added and the reactant medium was degassed
an additional 15 min. The reaction was heated at 140 °C for 72 h. Bromobenzene (19.88 mg,
0.127 mmol) was then added. The reaction was heated at 140 °C for 12 h. Phenylboronic acid
(15.44 mg, 0.127 mmol) was added and the reaction mixture was again heated at 140 °C for 12 h.
The mixture was cooled and MeOH was added dropwise. After a few days at 4 °C, the methanol
solution was filtered and the residue was dissolved in CHCIs. As for P3, most of the solid could
not dissolved in CHCl; and other common solvents, including THF, MeOH, EA, DCM and H-O.
After filtration, the solvent was evaporated under vacuum, less than 10 mg of a solid were
obtained. The minimum amount of CHCI3 to dissolve the residue was added. MeOH was added
again to the chloroform solution and the flask was stored at 4 °C for a few days, after which the
solution was filtered. The solid was further purified by Soxhlet extraction with acetone for 2

days. Less than 10 mg of a brown solid were obtained.!?

'H NMR (300 MHz, CDCl3) 8 9.71 (d, J = 11.4 Hz, 4H), 9.31 (d, J = 6.3 Hz, 1H), 9.09 (d, J =
4.8 Hz, 1H), 7.50-8.18 (m, 8H), 1.59 (s, 27H), 1.07-1.11 (m, 5H), 0.74-0.84 (m, 6H).

Not enough soluble for GPC measurement.
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Poly(2,7-(9,9-dihexyl-9H-fluorene)-co-(2,2'-bipyrimidine)-co-(benzo[c][1,2,5[thiadiazole)) in
ratio 0.2:0.5:0.3 (P5S)

Following the general procedure for polymers synthesis depicted for P1, the synthesis of PS was
run from 5,5'-dibromo-2,2'-bipyrimidine (100 mg, 0.317 mmol), 2,2'-(9,9-dioctyl-9H-fluorene-
2,7-diyl)bis(1,3,2-dioxaborinane) (63.59 mg, 0.127 mmol), 4,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (73.70 mg, 0.190 mmol) in DMF A yellow product

(10 mg, 8% yield) was collected after purification (precipitation and Soxhlet extraction).!?°

'H NMR (300 MHz, CDCls) § 9.70 (d, J = 10.5 Hz, 2H), 9.32 (s, 2H), 7.68-8.02 (m, SH), 1.42-
1.84 (m, 2H), 1.11-1.40 (m, 13H), 0.77 (s, 7H).

3C NMR (75 MHz, CDCl3) 6 157.7, 156.0, 152.7, 126.5, 121.5, 55.9, 40.1, 31.4, 29.7, 23.9, 22.5,
14.0.

Not enough soluble for GPC measurement.

Poly(2,7-(9,9-dihexyl-9H-fluorene)-co-(2,2'-bipyrimidine)-co-(benzo[c][1,2,5]thiadiazole)) in
ratio 0.6:0.8:0.6 (P6)

Following the general procedure for polymers synthesis depicted for P1, the synthesis of P6 was
run form 5,5'-dibromo-2,2"-bipyrimidine (100 mg, 0.317 mmol, 0.8 eq), 2,2'-(9,9-dioctyl-9H-
fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) (79.49 mg, 0.158 mmol),4,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (92.13 mg, 0.237 mmol) and 2,7-dibromo-
9,9-dihexyl-9H-fluorene (38.96 mg, 0.079 mmol) in DMF (10 mL). 35 mg (22%) of a yellow

solid were obtained after purification.!?

'H NMR (300 MHz, CDCls) § 9.71 (dd, J = 2.4, 11.1 Hz, 2H), 9.33 (d, J = 6.0 Hz, 1H), 7.68-
8.12 (m, 7H), 1.60 (s, SH), 1.12-1.25 (m, 14H), 0.77-0.83 (m, 12H).

3C NMR (75 MHz, CDCl3) ¢ 158.9, 158.2, 157.76, 157.75, 156.0, 155.9, 155.5, 153.5, 152.8,
151.8, 131.1, 131.0, 129.5, 128.5, 128.42, 128.38, 127.3, 127.2, 126.5, 126.3, 126.2, 122.8,
121.5,121.4, 120.0, 55.3, 40.3, 31.5, 29.7, 23.9, 22.6, 14.0.

Not enough soluble for GPC measurement.

The syntheses of P1 to P6 show that the z-stacking between the polymer chains greatly
influences the solubility of the polymers. Thus, it is important to introduce sufficiently bulky

side chains to avoid the strong z-stacking between the polymer chains in order to increase the
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solubility.

2.2.3 P7 and P8

Br
N7 _
_ Zn, PPhs, NiCl, N Ne
M4 + NQX\N - \ (
Ar, DMF, 100 °C, 72 h //
\ N y t |' N Ny
Br M1 amamoto coupling n

Random polymer
P7 :x=0.4,y=0.6

1) Pd(PPh3),, KoCO3
2) Bromobenzene
3) Phenylboronic acid

N
+ M1
Ar, DMF
O-B B Suzuki coupling
(‘) d Yield: 52%
M5

P8

Scheme 2-8 Synthetic pathways to the polymers P7 and P8

Poly((2,2'-bipyrimidine)-co-3,6-(9,9-dihexyl-9H-carbazole)) (P7)

Following the Yamamoto synthetic procedure used to obtain 2,2"-bipyrimidine (C1), of which
100 mg of M1 was used in the reaction, a very few amount of the solid product was obtained and
that was not enough for further analysis. This may be due to the low chemical reactivity of M1.

Poly((2,2"-bipyrimidine)-alt-3,6-(9,9-dihexyl-9H-carbazole)) (P8)

Following the general procedure used for the synthesis of P1, P8 was obtained from 5,5'-
dibromo-2,2'-bipyrimidine and 9-hexyl-3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-

carbazole as a brown product in 52% yield.

'"H NMR (300 MHz, CDCls) 6 9.40 (d, J = 3.0 Hz, 4H), 8.55 (d, J = 3.0 Hz, 2H), 7.85 (br, 2H),
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7.64 (t,J = 5.1 Hz, 2H), 2.37 (t, J = 6.0 Hz, 2H), 1.95 (br, 2H), 1.33 (m, 6H), 0.88 (br, 3H).

BBC NMR (75 MHz, CDCl3) 6 162.6, 160.3, 155.9, 141.4, 125.3, 123.6, 122.2, 119.6, 119.2,
110.3, 31.6, 29.7, 29.0, 27.0, 22.6, 14.1.

Not enough soluble for GPC measurement.

2.2.4 P9
Br N 2 \
N ) 1) Pd(PPh3),, K,CO;4 _ ¢
M7 — 2) Bromobenzene N\X\N
7 N\X\N 3) Phenylboronic acid \N

LN Ar, DMF
Br M1

Suzuki coupling
Yield: 74%

Scheme 2-9 Synthetic pathway to the polymer P9

Poly(2,2'-bipyrimidine-alt-2,7-(9,9-dihexyl-9H-carbazole)) (P9)

Following the general procedure described for the synthesis of P1, P9 was synthesized from
5,5'-dibromo-2,2'-bipyrimidine and 9-hexyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9H-carbazole and obtained as a brown product in 74% yield.

'H NMR (300 MHz, CDCL3) § 9.39 (s, 2H), 9.35 (s, 1H), 9.08(d, J = 4.8 Hz, 1H), 8.33 (s, 2H),
7.72-7.48 (m, 4H), 4.52 (t, J = 2.7 Hz, 2H), 2.00 (m, 2H), 1.36 (m, 6H), 0.87 (t, J = 6.9 Hz, 3H).

Not enough soluble for GPC measurement.

2.2.5P10
Br
1) Pd(PPhg)s, Ko,CO4 H
Né\\j 2) Bromobenzene Ca 17YC8H17
M9 + N\\2§N 3) Phenylboronic acid - Q N N N=
\ Ar, DMF Q \ H\ Y
N i i N N n
Br M1 Suzuki coupling
Yield: 91% P10
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Scheme 2-10 Synthetic pathways to the polymer P10
Poly(2,2'-bipyrimidine-alt-2,7-(9-(heptadecan-9-yl)-9H-carbazole)) (P10)

Following the general procedure described for the synthesis of P1, P10 was synthesized from
5,5'-dibromo-2,2'-bipyrimidine and 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-9H-carbazole as a brown product in 91% yield.

'H NMR (300 MHz, CDCls) § 9.37 (s, 4H), 8.35 (s, 2H), 7.89(s, 1H), 7.71 (s, 1H), 7.60 (s, 2H),
4.75 (s, 1H), 2.38 (s, 2H), 2.09(s, 2H), 1.56 (m, 24H), 0.78 (m, 3H).

Not enough soluble for GPC measurement.

2.2.6 P11 and P12

N
0 N 0 M6
ey O
O O 1) Pd(PPhs),, K,CO3 Q
M7

2) Bromobenzene

N

O

3) Phenylboronic acid

P12
Ar, DMF
1) Pd(PPh3)s, K;CO3 . .
2) Bromobenzene Suzuki coupling
3) Phenylboronic acid Yield: 21%
N Ar, DMF
Q O Suzuki coupling
Yield: 42%

Br M5 Br

Scheme 2-11 Synthetic pathways to polymers P11 and P12

Poly(3,6-(9-hexyl-9H-carbazole))-alt-2,7-(9-hexyl-9H-carbazole)) (P11)

-55-



Chapter II Experimental part

Following the general procedure described for the synthesis of P1, P11 was synthesized from
3,6-dibromo-9-hexyl-9H-carbazole and 9-hexyl-2,7-bis(4.,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-9H-carbazole and obtained as a brown product in 42% yield.

'"H NMR (300 MHz, CDCls) ¢ 8.81-8.43 (m, 2H), 8.19 (br, 2H), 7.88-7.50(m, 9H), 4.39 (br, 4H),
1.95 (br, 4H), 1.33 (br, 12H), 0.87 (br, 6H).

3C NMR (75 MHz, CDCl3) ¢ 141.7, 140.4, 140.0, 128.8, 127.6, 125.9, 123.6, 121.5, 120.5,
119.4, 119.0, 109.8, 107.3, 43.2, 31.7, 29.1, 27.0, 22.6, 14.1.

Mn = 3.0 kDa; Mw = 7.1 kDa.

Poly(2,7-(9-hexyl-9H-carbazole)) (P12)

Following the general procedure described for the synthesis of P1, P12 was synthesized from
2,7-dibromo-9-hexyl-9H-carbazole and 9-hexyl-2,7-bis(4.,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-9H-carbazole and obtained as a brown product in 21% yield.

'H NMR (300 MHz, CDCl;) & 8.45-8.20(m, 4H), 7.60-7.30(m, 8H), 4.50 (br, 4H), 2.02 (br, 4H),
1.75-1.20(m, 12H), 0.88 (br, GH).

3C NMR (75 MHz, CDCls) d 141.6, 140.3, 121.9, 120.6, 119.3, 107.8, 43.3, 31.7, 29.1, 27.2,
22.6, 14.1.

Not enough soluble for GPC measurement.

2.2.7 P13 and P14

CBH17 CgH17

r
04eq 04eq Q —
Pd(PPhy);, K,CO; O m Y :>H\// N
DMF, H,0,
120°C, 72 h
Suzuki coupling Random polymer

P13:x=0.6,y=0.8,z=0.6, 64% yield
P14 :x=0.6,y=0.3,z=0.5, 21% yield
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Scheme 2-12 Synthetic pathways to polymers P13 and P14

Poly(2,7-(9-(heptadecan-9-yl)-9H-carbazole)-co-(2,2"-bipyrimidine)-co-benzo[c|[1,2,5]thiadia-
zole) in ratio 0.6:0.8:0.6 (P13)

Following the general procedure for polymers synthesis depicted for P1, P13 was obtained from
5,5'-dibromo-2,2'-bipyrimidine, 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-7-(4,4,5-
trimethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole and 2,7-dibromo-9-(heptadecan-9-
yl)-9H-carbazole as a yellow solid in 64% yield.

'H NMR (300 MHz, CDCls) 6 9.75-9.65 (m, 0.7H), 9.40-9.09 (m, 0.9H), 8.33-8.05 (m, 1H),
7.95-7.49 (m, 1.7H), 4.74 (br, 0.3H), 2.40 (br, 0.6H), 2.05 (br, 0.6H), 1.15 (br, 7.2H), 0.80 (br,
1.8H).

Not enough soluble for GPC measurement.
Poly(2,7-(9-(heptadecan-9-yl)-9H-carbazole)-co-(2,2"-bipyrimidine)-co-benzo[c][1,2,5]thiadia-
zole) in ratio 0.6:0.3:0.5 (P14)

Following the general procedure for polymers synthesis depicted for P1, P14 was obtained from
5,5'-dibromo-2,2'-bipyrimidine, 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-7-(4,4,5-
trimethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole and 2,7-dibromo-9-(heptadecan-9-
yl)-9H-carbazole as a yellow solid product in 21% yield.

'H NMR (300 MHz, CDCls) § 9.75 (br, 0.55H), 9.38 (br, 0.65H), 8.70-7.39 (m, 4.62H), 4.76 (br,
0.6H), 2.44 (br, 1.2H), 2.05 (br, 1.2H), 1.16 (br, 14.4H), 0.80 (br, 3.6H).

Not enough soluble for GPC measurement.

2.2.8 P15
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HO.__OH
>§< Br B
0
B—g Caftir Coft @ @
N
QN + Br Br 0.4eq 04eq
O-B I Pd(PPh3)s, K,CO5
,é((\) N-S

DMF, H,0,
M3 M8 120°C, 72 h
Suzuki coupling

Yield: 37%

Alternating polymer

Scheme 2-13 Synthetic pathway to the polymer P15
Poly(2,7-(9-(heptadecan-9-yl)-9H-carbazole)-alt-(benzo[c][1,2,5]thiadiazole)) (P15)

Following the general procedure for polymers synthesis depicted for P1, P15 was obtained from
2,7-dibromo-9-(heptadecan-9-yl)-9H-carbazole and 4-(4.4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-7-(4,4,5-trimethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole as a brownish solid in
37% yield.

'H NMR (300 MHz, CDCls) 6 8.55-7.74 (m, 8H), 7.50 (br, 1H), 4.80 (s, 1H), 2.49 (br, 2H), 2.04
(br, 2H), 1.16 (br, 24H), 0.79 (br, GH).

BBC NMR (75 MHz, CDCls) ¢ 154.6, 143.0, 139.5, 134.0, 132.2, 128.4, 120.7, 120.4, 120.2,
113.1, 110.2, 56.6, 34.0, 31.8, 29.5, 29.4, 29.3, 26.9, 22.6, 14.1.

Not enough soluble for GPC measurement.

2.2.9 P16, P17 and P18

Vi N N=
Br—<j \>—<\ :/>—Br
=N N
M1
Ar, DMF

N
O O 1) Pd(PPh3)s, K5CO3
2) Bromobenzene
O\B\ |I3/O 3) Phenylboronic acid
>S<O M11 O\‘% Suzuki coupling

Scheme 2-14 Synthetic pathway to the polymer P16
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1) Pd(PPh3),, K,CO3
O N O 2) Bromobenzene
B B\O 3) Phenylboronic acid N
Ar, DMF

M5 Suzuki coupling

Bad solubility

Scheme 2-15 Synthetic pathway to the polymer P17

CgH17<_CgH47
g 1) Pd(PPhy)s, KoCO5
Bromobenzene

+ 0 N @) 2)
B B. 3) Phenylboronic acid
(@) 0) -
N Ar, DMF
o
Br M12 Br

Suzuki coupling

Scheme 2-16 Synthetic pathway to the polymer P18
Poly(9-hexyl-9H-carbazole-alt-3,6-(phenyl-terpyridine) carbazole) (P17)

Following the general procedure for polymers synthesis depicted for P1, P17 was obtained from
9-(4-(]2,2":6',2"-terpyridin]-4'-yl)phenyl)-3,6-dibromo-9H-carbazole and 9-hexyl-2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole as a brown solid (about 5 mg, low yield) was

collected.

'H NMR (300 MHz, CDCL) & 8.92-8.58 (m, 7H), 8.58 (s, 2H), 8.20-7.28 (m, 19H), 4.75-4.30 (m,
2H), 2.16-1.85 (m, 2H), 1.45-1.25 (m, 6H), 0.90-0.75 (m, 3H).

3C NMR (75 MHz, CDCl3) ¢ 156.1, 149.2, 141.7, 140.5, 139.7, 138.5, 137.0, 135.1, 129.0,
127.2,126.4, 124.4, 124.0, 121.6, 121.4, 120.6, 118.9, 110.3, 108.7, 107.4, 31.7, 29.7, 29.1, 27.1,
22.6, 14.1.

Not enough soluble for GPC measurement.
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Poly(9,9-dihexyl-9H-fluorene-alt-3,6-(phenyl-terpyridine) carbazole) (P18)

Following the general procedure for polymers synthesis depicted for P1, P18 was obtained from
9-(4-([2,2":6',2"-terpyridin]-4'-yl)phenyl)-3,6-dibromo-9H-carbazole and 9-(heptadecan-9-yl)-
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole as a brown solid in 36% yield.

'H NMR (300 MHz, CDCls) 6 8.89 (s, 2H), 8.72-8.78 (m, 3H), 8.58 (s, 2H), 8.20-8.25 (m, 4H),
7.84-7.95 (m, 7TH), 7.65 (s, 3H), 7.38-7.43 (m, 4H), 7.22-7.25 (m, 2H), 4.60-4.80 (m, 1H), 2.26-
2.52 (m, 2H), 1.85-2.01 (m, 2H), 0.90-1.25 (m, 24H), 0.68-0.81 (m, 6H).

BC NMR (75 MHz, CDCl3) ¢ 156.1, 149.2, 140.5, 137.0, 129.0, 127.2, 124.4, 124.0, 121.4,
118.9, 110.7, 107.6, 56.4, 33.8, 31.8, 29.4, 29.2, 26.9, 22.6, 14.1.

Mn = 1.6 kDa; Mw = 2.6 kDa.

2.3 Synthesis and chemical characterization of metal complexes

Their syntheses and NMR data are as follows. The europium compounds were choosen as they

have long been used in our lab as highly efficient red emitting components and we are familiar

with their properties.
H
Cl Cl N
—N N=
Ar, NaH, THF
70 °C, overnight
63% yield
CH,CN
EuCls * 6H,0, NaOH
CF3 —_—
65 °C, overnight
N (tta) [Eu(tta)s(L)]

92% yield

Scheme 2-17 Synthetic pathways to the metal complex Eu(tta)s(L)
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|
Br AN / Br AN \
(O3N);EuU— —N/j/ N N
N |
N N AN
M14
~__N
Br M13 -
N
Eu(NO3)3* xH0 Eu(NO3)3* xH,0 O =
Ar, THF Ar, THF L
65 °C, overnight 65 °C, overnight N O e
Nﬁ -
\ \ 7 (att)3 EU\N >
\ N
\(k + EuCly * 6H,0
/(\/ cho3 cul NaOH \ / N
Br 99% yield

S (tta)
Scheme 2-18 Synthetic pathways to metal complexes M13, M14 and M15
4,7-di(9H-carbazol-9-yl)-1,10-phenanthroline (L)

To a 100 mL dried round bottom flask charged with carbazole (270 mg, 1.61 mol) and dry THF
(40 mL) at 0 °C was added NaH (92 mg, 2.29 mmol) under argon. 4,7-dichloro-1,10-
phenanthroline (200 mg, 0.80 mmol) was added to the mixture after 1 h and the reaction was
stirred at 70 °C overnight. The mixture was filtered and concentrated in vacuum. The residue was
dissolved in 20 mL of DCM, filtered, and the DCM was removed by rotary evaporation.
Colorless crystals were obtained by recrystallization from THF and pentane (255.2 mg, 63%
yield).

'"H NMR (300 MHz, CDCls) 6 9.48 (d, J = 4.8 Hz, 2H), 8.15 (d, J = 7.8 Hz, 4H), 7.86 (d, J = 4.5
Hz, 2H), 7.29-7.37 (m, 10H), 7.07 (d, J = 7.5 Hz, 4H).

BC NMR (75 MHz, CDCl3) 6 96.1, 95.4, 94.1, 93.5, 89.83, 89.81, 89.2, 88.9, 88.43, 88.36, 85.7.

This result is consistent with that reported previously.'!*

[Eu(tta)s(L)]: To a 25 mL dried round bottom flask charged with 4,4,4-trifluoro-1-(thiophen-2-
yl)butane-1,3-dione (246 mg, 1.11 mol) and dry acetonitrile (5 mL), an aqueous solution of
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NaOH (45 mg, 1.12 mmol) was added. After stirring for 15 min at 65 °C, an aqueous solution of
EuCl3.6H>0 (135 mg, 0.37 mmol) was added. After stirring for 30 min at 65 °C, L (186 mg, 0.37
mmol) was added, and the reaction mixture was stirred overnight at 65 °C, then cooled to room
temperature and poured into water. A yellow precipitate was filtered off, washed with water and
dried. Product (449 mg, 92% yield) was obtained after recrystallization by slow diffusion of
pentane into a chloroform solution. Red luminescence from Eu®*" was seen under 365 nm UV
light, which means the energy transfer from the ligand to the Eu** ion occured and also means

that the coordination of the ligand to the Eu*" ion emerged.

'H NMR (300 MHz, CDCls) 6 11.22 (br, 2H), 9.01 (d, J = 11.4 Hz, 4H), 8.58 (d, /= 3.3 Hz, 3H),
8.25 (d, J = 3.9 Hz, 3H), 7.62-7.67 (m, 7H), 6.99 (d, J = 1.8 Hz, 4H), 6.47 (t, J = 1.2 Hz, 4H),
6.05 (d, J= 1.2 Hz, 4H), 2.85 (m, 3H).

This result is consistent with that reported previously.!'

5,5"-di(9H-carbazol-9-yl)-2,2'-bipyrimidine (L")

An oven-dried pressure tube was charged with 5,5'-dibromo-2,2'-bipyrimidine (100 mg, 0.32
mmol), Cul (12.06 mg, 0.6 mmol), K.COs (91.87 mg, 0.64 mmol), 1,10-phenanthroline (11.41
mg, 0.6 mmol), and carbazole (111.14 mg, 0.64 mmol) under argon. Dry DMF (5 mL) was
added and then the tube was sealed and heated overnight at 140 °C. After completion, the
reactant medium was poured into ice-water, stirred for 30 min, filtered, washed with water and
hexane. Recrystallization from diffusion of hexane into THF gave the product as a white solid

(139.16 mg, 99% yield).1*

'H NMR (300 MHz, CDCls) & 9.39 (br, 4H), 8.17 (d, J = 7.8 Hz, 4H), 7.47-7.55 (m, SH), 7.37-
7.42 (m, 4H).

13C NMR (75 MHz, CDCl3) 6 155.6, 139.8, 126.9, 124.4, 121.7, 120.9, 109.0.

[Eu(NO3)3(M1),] (M13)

A dried round bottom flask was added 5,5'-dibromo-2,2'-bipyrimidine (100 mg, 0.21 mmol) and
Eu(NO3)3 . xH20 (53.49 mg, 0.10 mmol) under argon. Dry THF (5 mL) was added and stirred

overnight at 65 °C. The reactant medium was cooled to room temperature and the solvent was

134 M. S. Park, J. Y. Lee. Organic Electronics, 2013, 14(5), 1291-1296.
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removed with a syringe under argon flushing. Recrystallization from THF in a glove box gave
the product as a white microcrystalline powder (50% yield).!* Red luminescence from Eu** was
seen under 365 nm UV light, which means the energy transfer from the ligand to the Eu** ion

occured and also means that the coordination of the ligand to the Eu** ion emerged.
'"H NMR (300 MHz, CDCl3) 6 9.04-9.12 (m, 8H).

13C NMR (75 MHz, CDCl3) 6 159.7, 158.9, 121.9.

[Eu(NO3)3(L’)2] (M14)

A dried round bottom flask was charged with 5,5'-di(9H-carbazol-9-yl)-2,2'-bipyrimidine (100
mg, 0.205 mmol) and Eu(NO3); . xH>0O (34.59 mg, 0.5 eq) under argon. Dry THF (5 mL) was
added and the reactant medium was stirred overnight at 65 °C, then cooled to room temperature
and the solution was removed use syringe with argon blowing. Recrystallization from THF in
glove box gave the product as a white microcrystalline powder (45% yield).!** Red luminescence
from Eu** was seen under 365 nm UV light, which means the energy transfer from the ligand to

the Eu*" ion occured and also means that the coordination of the ligand to the Eu** ion emerged.

'H NMR (300 MHz, CDCls) 6 9.48 (br, 8H), 8.23 (br, 8H), 7.69 (br, 8H), 7.48 (d, J = 23.4 Hz,
16H).

3C NMR (75 MHz, CDCl3) 6 139.8, 127.1, 124.6, 122.0, 121.0, 109.2.

[Eu(tta)s(L’)] (M15)

A dried round bottom flask was added 4,4,4-trifluoro-1-(thiophen-2-yl)butane-1,3-dione (136.44
mg, 0.61 mmol) and CH3CN (4 mL) under argon. An aqueous solution of NaOH (24.73 mg, 0.61
mmol) was added and the reactant medium was stirred for 15 min at 65 °C. An aqueous solution
of EuClz . 6H20 (75.00 mg, 0.20 mmol) was then added and the medium was further stirred for
30 min at 65 °C under argon. 5,5'-di(9H-carbazol-9-yl)-2,2'-bipyrimidine (100 mg, 0.21 mmol)
was added. After stirring overnight at 65 °C, the reactant medium was cooled to room

temperature and poured into ice-water. A yellow precipitate was filtered off, washed with water

135 a. G. Zucchi, O. Maury, P. Thuéry, F. Gumy, J.-C.G. Biinzli, M. Ephritikhine, Chem. Eur. J. , 2009, 15, 9686-9696.
b. ZHAO N., MA R., XU L., WANG S., WANG R., ZHANG J., JOURNAL OF HEBEI NORMAL UNIVERSITY, 2008, 32:209-
212.
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and dried. Recrystallization from THF in a glove box gave the product as a white

microcrystalline powder (55% yield).!3413¢

'H NMR (300 MHz, CDCls) 6 8.20 (br, 8H), 7.66 (br, 6H), 7.38 (br, 9H), 6.83 (br, 2H), 6.38 (br,
2H), 6.03 (br, 2H), 2.97 (d, J = 14.7 Hz, 6H).

2.4 Preparation of the liquid materials

Liquid precusor
Si(OEt);
H SIOR: Ar, THF K//
r,
+ H/ +  NaH > N
O ol 80 °C, overnight
37% yield

C-Si precusor
Scheme 2-19 Synthetic pathways to liquid C-Si precusor
9-(3-(triethoxysilyl)propyl)-9H-carbazole (C-Si precusor)

To a 200 mL flame dried round bottom flask charged with carbazole (5.00 g, 0.030 mol) and dry
THF (100 mL) at 0 °C was added NaH (1.435 g, 0.036 mol) under argon. (3-
chloropropyl)triethoxysilane (7.201 g, 0.030 mol) was added to the mixture after 1 h and the
reaction was stirred at 80 °C overnight. The mixture was filtered, concentrated in vacuum, and
purified by flash column chromatography with petroleum ether/ethyl acetate (v/v = 15:1) to
afford a brown liquid product (4.158 g, 37% yield).

'H NMR (300 MHz, CDCls) 6 8.13 (d, J = 7.8 Hz, 2H), 7.47-7.49 (m, 4H), 7.22-7.28 (m, 2H),
434 (t, J = 7.5 Hz, 2H), 3.79-3.86 (m, 6H), 2.00-2.06 (m, 2H), 1.23 (t, J = 7.2 Hz, 9H), 0.71-
0.76 (m, 2H).

BC NMR (75 MHz, CDCl3) 6 140.5, 125.6, 122.8, 120.3, 118.7, 108.8, 58.5, 45.3,22.4, 18.3, 7.9.

This result is consistent with that reported previously.''*

136 G. Zucchi, V. Murugesan, D. Tondelier, D. Aldakov, T. Jeon, F. Yang, P. Thuery, M. Ephritikhine, and B. Geffroy. Inorg.
Chem., 2011, 50: 4851-4856.
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General procedure for liquid materials. The liquid materials were obtained by a co-doping

method following Xiaoguang Huang’s PhD manuscript.!!*

A typical procedure is shown on Scheme 2-20 for the synthesis of a liquid material with P1.

\/

|
0
-\
50 °C

N
EtsN P Green emitting liquid
O 10 mg P1

400 mg

Scheme 2-20 Synthetic pathways to Green emitting liquid of P1

To a 25 mL dried round bottom flask was added the C-Si precursor (400 mg, 1.08 mmol). Four
drops of triethylamine were added at 50°C. The reactant medium was stirred for 3 h and then P1
(10 mg) was added. Mixing all the components overnight yielded the liquid composite as a

yellow liquid after removal of the excess of triethylamine under vacuum.

QU9
QU9

Green emitter

50 °C, 15 min

\ ~
0O~

\
BN

C-Si matrix Green emitting liquid

Figure 2-2 Illustration of the formation of the green emitting liquid
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An illustration of the formation of a green emitting liquid material is shown in above Figure 2-2.

2.5 Preparation of thin films

In comparison with vacuum deposition, solution-processed film preparation techniques,
including spin-coating, screen and ink-jet printing, direct- and flexo-printing, slot-die coating
and dipping, etc., are more feasible to manufacture large-area films, better compatibility with
flexible substrates, and more cost-effective.!'®137 Moreover, flexible substrates and better control
of the doping process can be facilely adopted. Among them, the technique of spin-coating has
drawn extensive attention in thin-film deposition for several decades due to its numerous
advantages, such as a better control of doping level, leading to homogeneous morphology and

easy processability over large areas that can be readily upgraded to industrial scale.!'®!38

The spin-coating process starts with the dilution of the material to be deposited in a solvent. A
typical process of spin-coating involves depositing a small puddle of the solution prepared on the
center of a glass substrate, which is either spinning at low speed or not spinning at all, set in the
middle of the spin-coater, and then the substrate is rotated at high speed (typically around 2000-
5000 rpm). The centripetal acceleration will cause the solution to spread to the edge of the
substrate, leaving a thin film of the coating material on the surface. A schematic illustration of
treatment of films through a spin-coating method is shown in Figure 2-3. The final film
thickness and other properties will depend on the nature of the solution (the viscosity, drying rate,
solid content, surface tension, and the amount, etc.) and the parameters chosen for the spin
process. Factors such as the rotational speed, acceleration, and spinning time contribute to how

the properties of coated films are defined.'3%140

137 a. Amruth C, Marco C., Jonathan G., James K., Nicholas S., Beata L., and Jacek U., Micromachines, 2019, 10(1), 53.

b. J. Huang, Z. Xu, Z. Cai, J. Guo, J. Guo, P. Shen, Z. Wang, Z. Zhao, D. Ma and B. Z. Tang. J. Mater. Chem. C, 2019,7, 330-
339.

138 7. Li, T. R. Klein, D. H. Kim, M. Yang, J. J. Berry, M. F. A. M. v. Hest and K. Zhu. Nature reviews, 2018, 3, 18017.

139 D. W. Schubert, T. Dunkel. Mater. Res. Innovations , 2003, 7, 314.

140 N.-T. Nguyen, Micromixers (second edition), Imprint: William Andrew, 2012, Pages 113-161. ISBN: 978-1-4377-3520-
8. DOI: https://doi.org/10.1016/C2011-0-69734-0.
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— = .
Filtered Spinning
and the
Dropped ! substrate
the § at high
sample speed

Figure 2-3 Schematic illustration of treatment of films through a spin-coating method

As the thickness, the morphology and the photoluminescent properties of solution-processed
thin-film are strongly influenced by the processing parameters, such as the substrate temperature,
the solvent, coating speed, spin-time and thermal treatments, the films studied in this work were

fabricated in same conditions.!?>13¢

General procedure for the preparation of pure emitters as thin films

The glass substrates were firstly cleaned in ethanol (15 min) and acetone (15 min) in an
ultrasonic bath, respectively. After cleaning, substrates were treated by an UV-ozone cleaner for
15 min to increase the surface energy before spin-coating. All the spin-coating processes were
performed in ambient atmosphere. The emitters (typically 5 mg) for the films were dissolved in
dichlorobenzene (1 mL) and the solutions were stirred overnight at room temperature. The

solutions were filtered with 0.45 um syringe filters prior to deposition.

The materials were spin coated on glass substrates at 2000 rpm for 30 sec from the above filtered

solutions, followed by thermal treatment at 80 °C in an oven for 8 h.

Pure films of [Eu(tta);(L)], PF, P1, P8, P9, P10, P11, P12, P13 and P14 were fabricated and

studied according to the introduced general procedure.

General procedure for the preparation of emitters in polymer matrix as thin films

The emitters were dissolved in a mixed solution composed of different polymer matrices (eg. C-
Si matrix, PMMA, Polystyrene, Poly(Ethylene-co-vinyl acetate)) and dichlorobenzene in
different composition and the solutions were stirred overnight at room temperature. The

solutions were filtered through 0.45 um syringe filters prior to deposition.
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The materials were spin coated on glass substrates at 2000 rpm for 30 sec and thermally

annealed at 80 °C in an oven for & h.

To be note about the calculation, the wt% of polymer in certain concentration of matrix
mentioned in this thesis was the comparison of the weight of the polymer and the matrix. For

example, 1 % wt of P1 in 5 mg/mL PMMA: it means the weight ratio of P1I/PMMA is 1%, and

the concentration of the precusor is 5 mg/mL.

Films of PF, P1, P8, P10, P13 and P14 were fabricated and studied according to the introduced

general procedure in this work.

General procedure for the preparation of polymers in PMMA as thin films for the

measurement of absolute quantum yield

In a first step, we prepared a solution of PMMA in tetrahydrofuran (5 g PMMA in 40 mL THEF,
12.35% wt PMMA). An appropriate amount (according to the calculation of the percentage of
polymer with PMMA) of this solution was then mixed with the desired amount of phosphor. The

solutions were stirred well for 15 h at room temperature.

In a second step, the luminescent composite films based on these luminophores were made using
a coating bench. The thickness of the film was 200 pm fixed by the bar-coater knife. The
composite films produced were treated at a temperature of 60 °C for 2 hours to allow the

polymer to crosslink. The composite films obtained are transparent and homogeneous.
2.6 Summary and Perspectives

In this chapter, we have presented the synthesis and characterization of a variety of monomers
and polymers, various metal complexes, precursors and diverse liquid materials, and the film

formation as well.

More specifically, a series of novel carbazole copolymers (P11, P12) with different binding
positions were synthesized by Suzuki coupling. A series of novel random or alternating
conjugated polymers (P1-P14 and P16) based on 2,2’-bipyrimidine as acceptor and
carbazole/fluorene units as donors, with different binding positions were synthesized by
Yamamoto or Suzuki coupling. Some multifunctional carbazole-based conjugated polymers

(P17, P18) were designed and synthesized. These compounds will allow to study the structure-
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property relationship. From P1 to P2, we aimed at analyzing the influence of the phenyl end-
capping. With polymers P3-P6, we will evaluate the influence of the size of the pendant groups
on the solubility in common solvents, such as DCM, THF and chloroform. P8-P12 were
designed in order to get more photostable materials by supressing the fluorene unit. Meanwhile,
we intend to analyze the impact of the linearity of the polymer chains on their fluorescent
properties. Inspired by the white emission from P6 under near UV irradiation, we then designed
and synthesized P13 and P14 that also introduced carbazole derivatives instead of fluorene
derivatives employed in P6, for the sake of obtaining white emission and improving the
photostability of the polymers as well. Polymers P13, P14, and P15 were designed to take
advantage of the use of the BTD unit as an acceptor unit to shift the emission to the red. P17 and

P18 were designed and anticipated for multifunctional applications.

Various Eu®*" complexes, including Eu(tta);(L) and M13-M15 for red emisison were also

designed and synthesized. Besides, different ligands based on BPM were introduced.

The syntheses of the liquid C-Si precusor and different soft materials were demonstrated
afterwards, followed by the film formation of different emitters under different conditions.
Different polymer matrices (PMMA, polystyrene, Poly(Ethylene-co-vinyl acetate), as well as C-
Si matrix were investigated. All the liquid materials and thin films were fabricated under the
same conditions for better comparison in their properties studies, considering that their

processing parameters may have influence on their photophysical properties.

As above shown, BPM can both serve as a monomer for the design of conjugated polymers and a
ligand to the Eu(Ill) ions. In particular, we have designed and synthesized many new visible-
emitting conjugated polymers incorporating BPM as an acceptor unit. Polymers containing BPM
could open the way to a new family of luminescent metallopolymers as they can readily
coordinate metal ions. Our work may pioneer the application of BPM as a novel acceptor in the

design of conjugated polymers and opens the way to a new familly of polymers.
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Having obtained various luminescent materials with different chemical compositions, the
absorption and photoluminescent (PL) properties of the materials were investigated, either in
solution or in solid state. Results are detailed in this chapter. They will help us to determine and
confirm the emission color of each material and to know the best experimental conditions that
should be used to obtain the highest emission intensity for each of them. By comparison of the
results, we will know the influence of the backbone, linearity and side-chain engineering of the
polymers to their photophysical properties, which in reverse will help us to better design new

molecules with improved properties.

3.1 Polymers in Solution

Firstly, the optical properties of each polymer were measured in solution. We used
dichloromethane (DCM) and tetrahydrofuran (THF) as solvent in most case as the polymers we

have studied are dissolved better in these solvents.

3.1.1 Absorption and PL spectra of PF

SRy

Poly(di-hexylfluorene) (PF), was firstly synthesized according to reported procedure as a
commonly used blue emitting molecule.'?? In fact, among plenty of chemical moieties, fluorene
has been widely investigated and applied in the PLEDs because it leads to highly efficient photo-
and electroluminescent materials, with excellent thermal stability, and good solubility in

141

common organic solvents.!*! A further advantage of the fluorene moiety is that the bridge carbon

atom can be easily functionalised with two alkyl chains of different length so that good solubility
in many organic solvents as well as low melting point can be achieved.'*> Among them, the 2,7-
disubstituted fluorene structural unit is a rigid, planar and highly conjugated moiety as reported,

which can provide a higher degree of delocalisation.'*3

141 C, Pan, L. Wang, W. Zhou, L. Cai, D. Xie, Z. Chen, and L. Wang. Polymers, 2019, 11,278.

142 M. Sims, D. D. C. Bradley, M. Ariu, M. Koeberg, A. Asimakis, M. Grell, D. G. Lidzey. Adv.Funct.Mater., 2004, 14(8), 765-
781.

143 G. Hu, M. R. Billa, S. P. Kitney and S. M. Kelly. Liquid Crystals, 2017, 45(7): 965-979.
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Figure 3-1 Absorption spectra of PF in DCM at different concentrations.

As Figure 3-1 shown, the polymer PF in DCM has a broad absorption ranging from 300 nm to
420 nm, attributed to the intramolecular charge transfer (ICT) mainly associated with electron

144-145 and the maximum is around 380 nm when

transfer from the donor to the acceptor moieties,
the concentration is 0.01 mg/mL, which means that the near UV light is a good source of
irradiation for the emission. With the increase of the concentration, the absorption intensity is

also increasing.
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Figure 3-2 Emission intensity of PF versus concentration ( Aexc = 375 nm).

As shown on Figure 3-2, the concentration should be no more than 0.01 mg/mL, so that the

curve of PL intensity versus concentration is in the linear domain which indicate that there have

144 C. V. Kumar, L. Cabau, E. N. Koukaras, S. A. Siddiqui, G. D. Sharma and E. Palomares. Nanoscale, 2015, 7, 7692-7703.
145 J, U. Kima, S. S. Reddy, L.-S. Cui, H. Nomura, S. Hwang, D. H. Kim, H. Nakanotani, S.-H. Jinc, C. Adachi. Journal of
Luminescence, 2017, 190, 485-491.
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no aggregation formed.
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Figure 3-3 a) Emission spectra of PF in DCM; b) Corresponding normalized emission spectra. (0.01 mg/mL,

slits were 2,2 nm)

Above Figure 3-3 shows that the band of the emisssion spectrum of PF in DCM is ranging from
400 nm to 600 nm with two maxima, at 418 nm and 444 nm, respectively, when excited at 360-
400 nm. The normalized emission spectra show identical emission profile despite the intensity

changes, suggesting that the prompt fluorescence are originated from the same S; states.
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Figure 3-4 CIE coordinates of PF in DCM (0.005 mg/mL, slits were 2,2 nm, Aexc = 360-400 nm) (The inserted
photo shows the emission of PF in DCM under a 365 nm UV lamp)

The CIE coordinates (0.153, 0.060) show the material emits a blue light under excitation at 375

nm.
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Figure 3-5 Excitation spectra of PF in DCM (0.005 mg/mL, slits were 2,2 nm)

As shown on Figure 3-5, the main band of the excitation spectrum is ranging from 250 nm to
450 nm with a maximum at 360 nm, which also means that the near UV light is a good source of

irradiation for the emission.
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Figure 3-6 Normalized absorption, excitation and emission spectra of PF in DCM
(0.005 mg/mL, slits were 2,2 nm, and for excitation: set Asn = 418 nm, for emission: set Aexc = 375 nm)

Above Figure 3-6 shown that the excitation spectrum (blue) is similar to the absorption
spectrum (black) described above, and the main band of the emission spectrum shows two
maxima at 418 nm and 444 nm respectively. The maximum of the absorption of PF is 380 nm as

show above when the concentration is 0.01 mg/mL.

3.1.2 Absorption and PL spectra of P1
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We next introduced bipyrimidine (BPM) building blocks for the construction of efficient optical
chromophores into conjugated polymers with fluorene derivatives as donor unit. We sought to
prepare unsymmetrical electron donor (D) and acceptor (A) moieties. With such type of “push-
pull” bichromophoric molecule, we designed and synthesized the novel conjugated polymer by
using Suzuki polymerization, labeled P1, with alternating D and A groups which we expected to

red shifted the emission of polyfluorene.
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Figure 3-7 Absorption spectra of P1 in DCM in the 0.02-0.005 mg/mL concentration range.

As Figure 3-7 shows, the polymer P1 in DCM has a broad absorption ranging from 300 nm to
420 nm and the maximum is around 373 nm attributed to the intramolecular charge transfer (ICT)
between the donor and acceptor units,'*® which means that near UV light is a good source of
irradiation for the emission. With the increase of the concentration, the absorption intensity is

also increasing.

146 C. V. Kumar, L. Cabau, E. N. Koukaras, S. A. Siddiqui, G. D. Sharma and E. Palomares. Nanoscale, 2015, 7, 7692-7703.
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Figure 3-8 Emission intensity of P1 versus concentration ( Aexc = 375 nm).

Emission spectra were recorded at different concentration by exciting at the maximum of
absorption. The intensity vs concentration is plotted on Figure 3-8. It shows that the
concentration should be less than 0.02 mg/mL, so that the curve of PL intensity versus

concentration is in the linear domain which indicate that there is no aggregation.
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Figure 3-9 a) Emission spectra of P1 in DCM; b) Corresponding normalized emission spectra. (0.01 mg/mL,

slits were 2,2 nm)

The main band of the emission spectrum of P1 in DCM (0.01 mg/mL) is ranging from 400 nm to
700 nm, and the maximum is 475 nm with different excitations from 280 nm to 400 nm. The
normalized emission spectra show identical emission profile despite the intensity changes,

suggesting that the prompt fluorescence is originated from the same excited state.!'¥

147 P, Li, H. Chan, S.-L. Lai, M. Ng, M.-Y. Chan, and Vivian W. W. Yam. Angew. Chem. Int. Ed. 2019, 10.1002/anie.201903332.
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Figure 3-10 CIE coordinates of P1 in DCM (0.01 mg/mL, slits were 2,2 nm, Aexc = 300-400 nm)

(The inserted photo shows the emission of P1 in DCM under a 365 nm UV lamp)

The CIE coordinates show that the material emits a greenish blue light with excitation in the

range 300-400 nm.
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Figure 3-11 a) Excitation spectra of P1 in DCM; b) Corresponding normalized excitation spectra. (0.01

mg/mL, slits were 2,2 nm)

The main band of the excitation spectrum (Figure 3-11) is ranging from 250 nm to 450 nm with

a maximum at 364 nm, which also means that the near UV light is a good source of irradiation

for the emission. Besides, the excitation bands are the same for different emissions despite the

intensity changes.
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Figure 3-12 Normalized absorption, excitation and emission spectra of P1 in DCM
(0.01 mg/mL, slits were 2,2 nm, and for excitation: set Aan = 475 nm, for emission: set Aexe = 375 nm)

The excitation spectrum (blue) is similar to the absorption spectrum (black) described above, and
the main band of the emission spectrum shows a maximum at 475 nm. The maximum of the

absorption of P1 in DCM is 373 nm as shown above when the concentration is 0.01 mg/mL.

3.1.3 Absorption and PL spectra of P2

The non-end-capped polymer, P2, was also synthesized, to evaluate if there was any influence of
the phenyl end-capping units on the photophysical properties.
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Figure 3-13 Absorption spectra of P2 in DCM at different concentrations.

As shown on Figure 3-13, polymer P2 in DCM has a broad absorption ranging from 300 nm to

500 nm and the maximum is at 373 nm, which means that the near UV light is a good source of

irradiation for the emission. With the increase of the concentration, the absorption intensity is

also increasing.
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Figure 3-14 Emission intensity of P2 versus concentration ( Aexc = 375 nm).

As Figure 3-14 shows, for the measurement of this polymer, the concentration should be less

than 0.02 mg/mL, so that the curve of PL intensity versus concentration is in the linear domain

which indicates that there is no aggregation formed.
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Figure 3-15 a) Emission spectra of P2 in DCM; b) Corresponding normalized emission spectra. (0.01 mg/mL,

slits were 2,2 nm)

The main band of the emission spectrum of P2 in DCM is ranging from 400 nm to 700 nm, and

the maximum is 447 nm with different excitations from 250 nm to 400 nm. The normalized
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emission spectra show identical emission profile despite the intensity changes, suggesting that

the prompt fluorescence is originated from the same singlet excited state.
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Figure 3-16 CIE coordinates of P2 in DCM (0.01 mg/mL, slits were 2,2 nm, Aexe = 300-400 nm) (The inserted

The CIE coordinates show the material demonstrated blue light with excitation at 300-400 nm.
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Figure 3-17 a) Excitation spectra of P2 in DCM; b) Corresponding normalized excitation spectra. (0.01

As shown on Figure 3-17, the main band of the excitation spectrum is ranging from 250 nm to
500 nm with a maximum at 364 nm, which also means that the near UV light that we are going

to use is a good source of irradiation for the emission. Besides, the excitation bands show similar
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Figure 3-18 Normalized absorption, excitation and emission spectra of P2 in DCM

(0.01 mg/mL, slits were 2,2 nm, and for excitation: set A ;o =447 nm, for emission: set A exc = 375 nm)

The excitation spectrum (blue) is similar to the absorption spectrum (black) described above, and
the main band of the emission spectrum shows a maximum at 447 nm. The maximum of the

absorption of P2 is 373 nm as show above when the concentration is 0.01 mg/mL.

3.1.4 Absorption and PL spectra of PS

Random polymer

P4 :x=0.1,y=0.5, z=0.4
P5:x=0.2, y=0.5, z=0.3

It has been reported that main chain engineering with changing z-conjugated bridges can
effectively tune the electronic energy levels of the conjugated polymers.!'*® Thus, we synthesized
P3, which contains the benzo[c][1,2,5]thiadiazole group as donor unit instead of the fluorene
derivatives. We expected it to be a new potential green-emitting polymer. Unfortunately, the
isolated product was found to have a very low solubility. This may due to the strong z-stacking
between the polymer chains that decreased the solubility. Thus we introduced the fluorene unit
with alkyl chains to polymers as bulky substituents to avoid the strong z-stacking between the

polymer chains, depicted as P4, and we hoped to increase the solubility. The result turned out

8T, Yan, H. Bin, Y. Yang, L. Xue, Z. Zhang & Y. Li. Science China Chemistry, 2017, 60(4): 537-544.
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that P4, in which 10% of 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) was
introduced into the polymer backbone, was obtained with a low yield. Thus we further increased
the proportion of 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) up to 20% for
the synthesis of P5 for limiting the strong z-stacking between the polymer chains. Consequently,

a yield of 8% was obtained for PS.
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i N —
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Figure 3-19 Absorption spectra of PS5 in DCM at different concentrations.

As shown on Figure 3-19, polymer PS5 in DCM has a broad absorption ranging from 300 nm to
600 nm and the maximum is around 384 nm, which means that the near UV light is a good
source of irradiation for the emission. With the increase of the concentration, the absorption

intensity is also increasing.
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Figure 3-20 Emission intensity of P5 versus concentration ( Aexc = 375 nm).
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As shown in Figure 3-20, for the measurement of this polymer, the concentration should also be

less than 0.02 mg/mL to avoid any aggregation.
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Figure 3-21 a) Emission spectra of P5 in DCM; b) Corresponding normalized emission spectra. (0.01 mg/mL,

slits were 2,2 nm)

The main band of the emission spectrum of P5 in DCM (Figure 3-21) is ranging from 400 nm to
700 nm, and the maximum is 474 nm with different excitations from 280 nm to 400 nm. The
normalized emission spectra show identical emission profile depite the intensity changes,

suggesting that the prompt fluorescence is originating from the same excited state.
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Figure 3-22 CIE coordinates of PS5 in DCM (0.01 mg/mL, slits were 2,2 nm, Aexc = 300-400 nm)

(The inserted photo shows the emission of P5 in DCM under a 365 nm UV lamp)

The CIE coordinates show that the material emits a greenish blue light under excitation at

300-400 nm.
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Figure 3-23 a) Excitation spectra of P5 in DCM; b) Corresponding normalized excitation spectra. (0.01

mg/mL, slits were 2,2 nm)

As shown on Figure 3-23, the main band of the excitation spectrum is ranging from 250 nm to
500 nm with a maximum at 365 nm and a shoulder at 300 nm, which also means that the near

UV light is a good source of irradiation for the emission.
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Figure 3-24 Normalized absorption, excitation and emission spectra of P5 in DCM
(0.01 mg/mL, slits were 2,2 nm, and for excitation: set Aan = 474 nm, for emission: set Aexc = 375 nm)

The excitation spectrum (blue) is similar to the absorption spectrum (black) described above, and
the main band of the emission spectrum shows a maximum at 474 nm. The maximum of the

absorption of P5 is 384 nm as show above when the concentration is 0.01 mg/mL.
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3.1.5 Absorption and PL spectra of P6

Random polymer
P6:x=06,y=0.8,2=0.6

To further increase the solubility of the polymer and to promote the production efficiency, we
designed and synthesized a random copolymer, P6, with lower amounts of

benzo[c][1,2,5]thiadiazole unit and bipyrimidine. 30% of the 2,2'-(9,9-dioctyl-9H-fluorene-2,7-

diyl)bis(1,3,2-dioxaborinane) moiety was introduced into the polymer.
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Figure 3-25 Absorption spectra of P6 in DCM at different concentrations.

As Figure 3-25 shows, polymer P6 in DCM has a broad absorption ranging from 300 nm to 600
nm and the maximum is around 380 nm for 0.01 mg/mL, which means that near UV light is an
efficient source of irradiation for the emission. With the increase of the concentration, the

absorption intensity is also increasing.
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Figure 3-26 Emission intensity of P6 versus concentration ( Aexe = 375 nm).

As Figure 3-26 shows, the concentration should be lower than 0.03 mg/mL to be in the linear

domain of the PLintensity/concentration curve.
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Figure 3-27 a) Emission spectra of P6 in DCM; b) Corresponding normalized emission spectra. (0.01 mg/mL,

slits were 2,2 nm)

The main band of the emission spectrum of P6 in DCM is ranging from 400 nm to 700 nm, and

the maximum is 479 nm with different excitations from 250 nm to 400 nm. The normalized

emission spectra show identical emission profile despite the intensity changes, suggesting that

the prompt fluorescence is originating from the same excited state.
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Figure 3-28 CIE coordinates of P6 in DCM (0.01 mg/mL, slits were 2,2 nm, Aexe = 300-400 nm) (The inserted

photo shows the emission of P6 in DCM under a 365 nm UV lamp)

The CIE coordinates show that the material emits a green light under excitation at 300-400 nm.
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Figure 3-29 a) Excitation spectra of P6 in DCM; b) Corresponding normalized excitation spectra. (0.01

mg/mL, slits were 2,2 nm)

As shown on Figure 3-29, the main band of the excitation spectrum is ranging from 250 nm to
450 nm with two maxima at 315 nm and 367 nm respectively, which also means that the near
UV light is a good source of irradiation for the emission. Besides, when the emission wavelength

increased, the maximum at 367 nm was decreased comparing with the maximum at 315 nm.
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Figure 3-30 Normalized absorption, excitation and emission spectra of P6 in DCM
(0.01 mg/mL, slits were 2,2 nm, and for excitation: set Aan = 479 nm, for emission: set Acxe = 375 nm)

The excitation spectrum (blue) is similar to the absorption spectrum (black) described above, and
the main band of the emisssion spectrum shows a maximum at 479 nm. The maximum of the

absorption of P6 is 380 nm as show above when the concentration is 0.01 mg/mL.

3.1.6 Absorption and PL spectra of P8
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N
N
S
Random polymer N/ N

P7: x=0.4, y=0.6 =

Above we have succeedingly developed a series of conjugated polymers incorporating both the
bipyrimidine and the fluorene units in their backbone, either in an alternating form or in a
random arrangement. Unfortunately, and as it will be discussed in part §4.2 of Chapter IV, it
has been shown at Clermont Ferrand Institute of Chemistry (ICCF) that the polyfluorene
derivatives are not stable under UV light. In order to increase the photostability of the polymers,
two strategies can be investigated: i) using UV-absorbing molecules to protect the emitters;!
and ii) synthesizing emitting polymers without fluorene units, instead, introducing units with
better photostability.!>® The first strategy mentioned here could result in the decrease of the
emission intensity as well as a part of the UV light used to excite the compounds will be

absorbed by the UV absorber. Therefore, the way to design other units instead of fluorene has

been preferred in this work.

Among many others, carbazole derivatives were reported to possess a better photostability
compared to fluorene units and therefore were widely applied as a donor units either in light-
emitting diodes and polymeric solar cells. The advantage of carbazole over fluorene or other
heterofluorene derivatives is that the nitrogen atom provides a lone electron pair that gives a

fully aromatic structure and therefore, a better stability.!>!

Based on the above result found in the literature, we introduced carbazole as an electron-rich unit
in the structure of the polymers. The new random and alternating polymers P7 and P8

comprising 3,6-carbazole and BPM units, respectively, were thus synthesized.

149 G.R. Ferreira, B. Nowacki, A. Magalhdes, E.R. deAzevedo, E.L. de S4, L.C. Akcelrud, R.F. Bianchi, Mater. Chem. Phys.
2014, 146,212-217.

130 M. Manceau, E. Bundgaard, J. E. Carle, O. Hagemann, M. Helgesen, R. Sendergaard, M. Jorgensen, F. C. Krebs, J. Mater.
Chem., 2011, 21, 4132-4141.

1512, M. Manceau, E. Bundgaard, F. C. Krebs et al. J. Mater. Chem., 2011, 21, 4132.

b. W. ZHUANG. Design, Synthesis and Modelling of Conjugated Polymers for Organic Photovoltaics. THESIS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY. CHALMERS UNIVERSITY OF TECHNOLOGY. 2013.

¢. M. Wang, M. J. Ford, C. Zhou, M. Seifrid, T. Nguyen,and G. C. Bazan. J. Am. Chem. Soc., 2017, 139 (48), 17624-17631.

d. P.-L. T. Boudreault, S. Beaupre and M. Leclerc. Polym. Chem., 2010, 1, 127-136.

e. A. Sergent, G. Zucchi, R. B. Pansu, M. Chaigneau, B. Geffroy, D. Tondelier and M. Ephritikhine. J. Mater. Chem. C, 2013, 1,
3207-3216.
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Figure 3-31 Absorption spectra of P8 in DCM at different concentrations.

As Figures 3-31 shows, polymer P8 in DCM has a broad absorption ranging from 300 nm to
500 nm and the maximum is around 379 nm when the concentration is 0.01 mg/mL, which

means that near UV light is a good source of irradiation for the emission.
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Figure 3-32 Emission intensity of P8 versus concentration ( Aexe = 375 nm).

Figure 3-32 shows that measurements should be done at a concentration lower than 0.02 mg/mL,

so that the curve of PL intensity versus concentration is in the linear domain which indicates that

there is no aggregation.
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Figure 3-33 a) Emission spectra of P8 in DCM; b) Corresponding normalized emission spectra. (0.01 mg/mL,

slits were 2,2 nm)

The main band of the emission spectrum of P8 in DCM is ranging from 400 nm to 700 nm, and
the maximum is 473 nm with different excitations from 300 nm to 400 nm. The normalized
emission spectra show an identical emission profile despite the intensity changes, suggesting that

the prompt fluorescence is originating from the same excited state.
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Figure 3-34 CIE coordinates of P8 in DCM (0.01 mg/mL, slits were 2,2 nm, Aexe = 300-400 nm) (The inserted
picture shows the emission of P8 in DCM under a 365 nm UV lamp)

The CIE coordinates show that the material emits a greenish blue light under excitation at 300-

400 nm.
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Figure 3-35 a) Excitation spectra of P8 in DCM; b) Corresponding normalized excitation spectra. (0.01

mg/mL, slits were 2,2 nm)

As shown, the main band of the excitation spectrum is ranging from 250 nm to 500 nm with a
maximum at 362 nm, which also means that the near UV light is a good source of irradiation for

the emission.

Norm alized absorption of P8
- Norm alized em ission intensity of P8

Norm alized excitation intensity of P8
1.0 —
0.8 —
2
® 4
=
2
£ 0.6 —
el
(5]
N 1
©
€ 0.4 -
<)
Z -
0.2 —
N\
0.0 T T T T T T T 1
200 300 400 500 600 700

W avelength (nm)
Figure 3-36 Normalized absorption, excitation and emission spectra of P8 in DCM
(0.01 mg/mL, slits were 2,2 nm, and for excitation: set Aan = 473 nm, for emission: set Acxe = 375 nm)

The excitation spectrum (blue) is similar to the absorption spectrum (black) described above, and
the main band of the emission spectrum shows a maximum at 473 nm. The maximum of the

absorption of P8 is 379 nm as show above when the concentration is 0.01 mg/mL.

3.1.7 Absorption and PL spectra of P9
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In order to probe the influence of the branching points of the carbazole unit on the photophysical
properties (see Chapter 1V), we designed and synthesized the corresponding P9 polymer with
the carbazole unit branched at the 2 and 7 positions. In particular, as reported,'>? 2,7-carbazole
units can generate more linear polymers that may lead to a higher conjugation length. (See
Figure 3-37) Thus, a decrease of the bandgap of the polymers could be expected and thus a red-
shift of the emission. As a matter of fact, since the first synthesis of 2,7-functionalized
carbazoles was performed in 1951 by Smith and Brown, ! both the synthesis and the application
of this class of units have been widely investigated for electro-optic devices, such as organic

light-emitting diodes (OLEDs)!#>!>* and organic photovoltaics.!3!:153

Figure 3-37 The possible conformations of chains of P8 and P9.

12 p -L. T. Boudreault, S. Beaupre and M. Leclerc. Polym. Chem., 2010, 1, 127-136.

1533, P. A. S. Smith, and B. B. Brown. J. Am. Chem. Soc., 1951, 73(6): 2435-2437.

b. P. A. S. Smith, and B. B. Brown. J. Am. Chem. Soc., 1951, 73 (6): 2438-2441.

134 a. G. Huy, S. P. Kitney, S. M. Kelly, W. Harrison & M. O’Neill. Liquid Crystals, 2017, 44 (11): 1632-1645.
b. V. Joseph, K. R. J. Thomas, S. Sahoo, M. Singh, ACS Omega, 2018, 3, 16477-16488.

1551, Etxebarria, J. Ajuria, and R. Pacios. J. of Photonics for Energy, 2015, 5(1), 057214.
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Figure 3-38 Absorption spectra of P9 in DCM at different concentrations.

As Figure 3-38 shows, the polymer P9 in DCM has a broad absorption ranging from 300 nm to

600 nm and the maximum is around 380 nm, which means that the near UV light is a convenient

source of irradiation for P9. With the increase of the concentration, the absorption intensity is

also increasing.
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Figure 3-39 Emission intensity of P9 versus concentration ( Aexe = 375 nm).

Figure 3-39 shows that the concentration should be lower than 0.02 mg/mL, so that the curve of

PL intensity versus concentration is in the linear domain which indicates that there is no

aggregation.
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Figure 3-40 a) Emission spectra of P9 in DCM; b) Corresponding normalized emission spectra. (0.01 mg/mL,

slits were 2,2 nm)

The main band of the emission spectrum of P9 in DCM is ranging from 400 nm to 700 nm, and
the maximum is 466 nm with different excitations from 280 nm to 400 nm (Figure 3-40). The
normalized emission spectra show identical emission profile despite the intensity changes,
suggesting that the fluorescence of P9 is originating from the same excited state whatever the

excitation wavelength is used.
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Figure 3-41 CIE coordinates of P9 in DCM (0.01 mg/mL, slits were 2,2 nm, Aexe = 300-400 nm) (The inserted
photo shows the emission of P9 in DCM under a 365 nm UV lamp)

The CIE coordinates (Figure 3-41) show the material emits a greenish blue light under

excitation at 300-400 nm.
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Figure 3-42 a) Excitation spectra of P9 in DCM; b) Corresponding normalized excitation spectra. (0.01

mg/mL, slits were 2,2 nm).

As shown on Figure 3-42, the main band of the excitation spectrum is ranging from 250 nm to
450 nm with a maximum at 365 nm, which also means that the near UV light is a convenient
source of irradiation. Besides, the excitation bands are identical for different emissions despite

the intensity changes.
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Figure 3-43 Normalized absorption, excitation and emission spectra of P9 in DCM
(0.01 mg/mL, slits were 2,2 nm, and for excitation: set Aan = 466 nm, for emission: set Acxe = 375 nm)

The excitation spectrum (Figure 3-43, blue trace) is similar to the absorption spectrum (black
trace) described above, and the main band of the emission spectrum shows a maximum at 466
nm. The maximum of the absorption of P9 is 380 nm as shown above when the concentration is

0.01 mg/mL.

3.1.8 Absorption and PL spectra of P10
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For the purpose of improving the solubility of the polymer, we further designed the alternating

donor-acceptor conjugated polymer (P10) with bulkier side-chains, compared to P9.
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Figure 3-44 Absorption spectra of P10 in DCM at different concentrations.

As shown on Figure 3-44, polymer P10 in DCM has a broad absorption ranging from 300 nm to

500 nm and the maximum is around 381 nm, which means that the near UV light is appropriate

for irradiation. When increasing the concentration, the absorption intensity is also increasing.
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Figure 3-45 Emission intensity of P10 versus concentration ( Aexc = 375 nm).
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Variation of the emission intensity with the concentration (Figure 3-45) shows that the

concentration should be lower than 0.02 mg/mL to avoid any intermolecular interaction.
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Figure 3-46 a) Emission spectra of P10 in DCM; b) Corresponding normalized emission spectra. (0.01

mg/mL, slits were 2,2 nm).

The main band of the emission spectrum of P10 in DCM is ranging from 400 nm to 700 nm, and
the maximum is 461 nm with differe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>