o A Aa = 4 ) o a A d 1
’Jﬁﬁ]L'i?NLLﬁQ‘VIiJul‘Wiulla$ﬂ1iﬂ11"ﬁaﬁ1‘ﬂiﬂqﬂIﬂﬂﬂuﬂiﬂlﬂﬁﬁuﬁd

ﬂ‘UEJ’J'VIEWI?WEJ’]ﬂ‘i
mﬂvﬁu’%ﬁﬁ@ SHURAINYAG o

avint TasialuazInemaninoames
AuZINGINEAs YINaInTaiuIINds
Umsfnu 2552

r'd
ﬁ‘llﬁ“l/l‘ﬁ"llENi}W’IﬁQﬂiiﬁNﬁTJﬂEﬂﬂﬂ



LUMINESCENT MATERIALS CONTAINING PYRENE AND CARBAZOLE FOR
ORGANIC LIGHT-EMITTING DIODE

AULINENINYINS
AR LUV AA L.

for the Degree of Master of Science Program in Petrochemistry and Polymer Science
Faculty of Science
Chulalongkorn University
Academic Year 2009
Copyright of Chulalongkorn University



Thesis Title LUMINESCENT MATERIALS CONTAINING PYRENE
AND CARBAZOLE FOR ORGANIC LIGHT-EMITTING

DIODE
By Mr. Trakool Kumchoo
Field of Study Petrochemistry and Polymer Science
Thesis Advisor Assistant f-:_f essor Paitoon Rashatasakhon, Ph.D.

Thesis Co-Advisor ongkol Sukwattanasinitt, Ph.D.

(Associate Professor Voravee Hoven, Ph.D.)

............... }ﬂExtemal Examiner

(Pittaya Takolpuckdee, Ph.D.)



iv

aszga miy : dogid el iwiunazmiinleadminlaTeasurisilaam,
(LUMINESCENT MATERIALS CONTAINING PYRENE AND CARBAZOLE FOR
ORGANIC LIGHT-EMITTING DIODE) 8. iJinu1ineniinuinan : wet. as. Tnygsd

a = - o aa £
S¥azains, 0. MEnWAINTINUTIN : 57 A3, Nana quianndiing, 78 wih.

ayRuTYea 3,6-1a Wi liamin laa S1uaumuwiia 2PCT, 4P2C uoz 2pCp) 1dgn

dunsiziuns 191 Tagideunader nulszquandmivlaleaduridiies

\H‘ i
Nt ceMtaos i Tuymiia semusian Insind-

e

uera lumsazanowfinunng 15A v
& oA ' wa a
Tawssu nﬂﬂnq'lurrmuzﬂ yunue hiigagoauianamonimdaaa luaniue

\\* Ceiiiaeziiluymiia aunsavh 1¥iAe

\\\:\ PCF oqﬂumnsuﬁummmnus
i \ h 1u1J':-"|mﬂ'|u oLED I8 %4
i3 ud 3.8 Taad Wannwadn

veaudauuuRAue vy
8idnIns-eendiaiin Ml
mannudeuiiganazan
2pPCP Hauiadesy Inddin]

g9gn14 1,600 uauaIAon

ﬂumwﬂmwmm
Q‘W’W&Nﬂim AN Y

i Vasaiuay Innmaainedmes mmmauﬁn ”ﬁf”’

Fnsnmn 2552 mmlmm ®. ml" SAEINOTINUEHAD VAM—

meilede o AnuInnTinug s —w=




## 5072276123 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEYWORDS : PYRENE / CARBAZOLE / OLED

TRAKOOL KUMCHOO : LUMINESCENT MATERIALS CONTAINING
PYRENE AND CARBAZOLE FOR ORGANIC LIGHT-EMITTING DIODE.
THESIS ADVISOR : ASST. PROF. PAITOON RASHATASAKHON, Ph.D.,

Three N-substituted™3,6-dipyrenylcarbazole-derivatives (2PCT, 4P2C and
2PCP) were synthesizec .K(,/.! I\ Nﬁn.muw_ or hole-transporting
materials in organicsfig / g diod X.\‘\ n CH;Cl, solution, the 4-
(diphenylamino)phenyl# substi t e ..54 \ ronic-vibration coupling in the

excited state whereas the' subsituenis he J \\" the photophysical properties
sta film; Tolayl and 4-(diphenylamino)phenyl
substitutents promote eléctud-oxidative coupling of 2PCT and 2PCP in solution. All
derivatives show high thermdl’ Séébility and €én be used as both emitting and hole-

transporting materials in ~2PCP exhibits the most promising optoelectronic
propeﬂies as it gi xig u.- ,":”i..;:'.}GH&;;E;::&T:&KL?“ bU( Cd/mzal 8.8 V with the

i z -
lowest turn-on vol ﬂy'" F3.8V.
|

7
AUEINENTNYINT

AMIAN TN INYAE

Fiokl of Sy : Peimshormishy il Pobmer Sciknco  Stndont's Sigmaions_ 8-/

Academic Year : 2009 Advisor’s Signature K/‘M

Co-Advisor's Signature, ,/f//




Vi

ACKNOWLEDGEMENTS

First of all, 1 would like to express my sincere gratitude to my thesis advisor,
Assistant Professor Paitoon Rashatasakhon, Ph.D. and my co-advisor, Associate
Professor Mongkol Sukwattanasinitt, Ph.D., for valuable advice, guidance and
kindness throughout this research. Sincere thanks are also extended to Associate
Professor Sirirat Kokpol, Ph.D., Associaie Prafessor Voravee Hoven, Ph.D. and
Pittaya Takolpuckdee, Ph.D.; attending.as the committee members, for their valuable
comments and suggestions:

I would like to_espegially thank As_sociate Professor Vinich Promarak, Ph.D.
and Taweesak Sudyoadsuk, /Ph.Ds Ubbn_ Ratchathani University for valuable
guidance on OLED woik.

In particular, | am thankful te the .ée_ﬁter for Petroleum, Petrochemicals, and
Advanced Materials for suppOrting my thesns Gratitude is also extended to the
members of my research group for their heljbf'di;discussion.

Finally, 1 would like to specially thank my family and friends for their
encouragement and understanding throughout. | would not be able to reach this

success withoutithem.



CONTENTS

Page

A o111 = Tod o (- V) TSP iv
ADSLraCt (ENGHISN).....iiiiiice e v
ACKNOWIEAGEMENTS......iiiiieiiiiee i i b e vi
LiSt Of TabIES. ..otttk el e IX
LiSt Of FIQUIES.....coovveeee ottt ... ... Pl ... ene e eeeneas X
List of Abbreviations..... ... ... J .......................................................... XV
CHAPTER |: INTRODUECTUON £ ittt ot o e ee e s esees s 1
1.1 Introduction. ... & & L. NN NN 1

1.2 Introduction toOLED. i...L... LANAN™ 2

1.3 OLED structtre and o_pe_ration.i,:_r.....g P T T 3

1.3.1 Single=layer OLED...... J* ................................................ 4

1.3.2 Double and.multi-layer Ot:E:D ........................................... 5

1.4 Organic electroluminescent mate_rT_i_a!_'g:.._ .......................................... 5

1.4.1 Conjugated polymers...........ccccovevvvrmnn b B 6

1.4.2 LoW molecular-weight materials...... et e, 6

1.5 Hole-transporting materials (HTMs)............. 4 SRR 7

1.6 Emitting materials (EMMS) ... oo 8

1.7 Literature reVIEWS.. . i b b et e bt 9
CHAPLER I EXPERIMENTAL...... o L L Ll 13
2.15 SYNENESIS. .ecuiiiii ettt 13
2.1.1 Instruments and EQUIPMENt...........cccveveriieieere e 13

2.1.2  SynthetiC ProCeAUIES........cccueruiiierieie st 14

2.2 OLED device fabrication SECHION.........cccccvvvverieresieneeie e 18

2.2.1 Commercially available materials.............ccccceevevviiininnnnnne 18

2.2.2 REAGENTS......eiiiiiiiiiie et 18

2.2.3  INSETUMIBNTS. ...ttt e e e e e e e e e es 19



3.4 Thermal I
3.4 Electrolu

224
2.2.5
2.2.6
2.2.7
2.2.8
2.2.9
2.2.10
2211
2.2.12
2.2.13

Organic thin film preparation and characterization.............

Thermal evaporation of the organic thin films...................

Device fabrication
Patterning proces

Cleaning.

CHAPTER .ﬂ&J&LQM ?J‘ﬂ’ﬁw BN,
REFE@N‘%Q éN ﬂ ‘im 3J VI']’J 'Vl El'l ﬂ--El --------

APPEN IX..

viii

28

30
30
38
42
48
50

54

al

6
65
78



LIST OF TABLES

Table 2.1 Commercially available materials for OLED device fabrication....
Table 2.2 LiSt Of reagentS. .. ..ovuie it e it ee e

Table 3.1 Suzuki cross coupling CoNAItioNSA. . ....cooeeviiiiiniieeeieeenn,
Table 3.2 Optical properties of d pyrenyl carfaze gerivatives 2PCT,
4P2C and 2P easured I ons and in thin films..
Table 3.3 The electrochemieal ‘ P2C and 2PCP.........
Table 3.4 The thermal p
Table 3.5
Table 3.6
Table 3.7

Electrolumineseéni pi \
Electrolumifesgent/propert "“a’ ......................
Electroluminescent opﬁa de ........................
% 4
M,—::.

e

Y]

2
ﬂummmwmm

QWW&Nﬂ‘iﬂJ UAIINYAY

Page

18
18
32

41
48
49
o1
53
54



LIST OF FIGURES

Figure 1.1 CRT (Top), LCD (bottom-left) and OLED (bottom-right)
displays in COMPULEr MONITOIS. ......ceveieieieieie s
Figure 1.2 Chemical structures of Algs, Diamine and PPV.........c.cccooevvenee.
Figure 1.3 OLED and LCD @iSPIAY...........cof i
Figure 1.4 Schematic structure (top) and energy 1evel diagram (bottom) of
(@) single-layer OLED and () Double and multi-layer OLED.......
Figure 1.5 Chemical struetures of TPD and NPD....c.co.oovviviii e,
Figure 1.6 Jablonski QIagiaimi.. 4. it ittt
Figure 1.7 Chemical structures of DCM and PF derivatives.................cooce.on...
Figure 1.8 Chemical stetictures of compoﬁnds L4 ) W
Figure 1.9 Chemical structures of G2CB aqd GO .o,
Figure 1.10 Chemical structures of DP an&]jal?, ..................................
Figure 2.1 Preparation and characterizatiorﬁ;f ;Jrganic thinfilm................
Figure 2.2 (a) A thermal evaprotr'étor which- é-'c;r;s_is-ts of (1)'vacuum chamber,
(2) high'vra"cuum pump system; (1) backing pump, (ii) diffusion
pump and (iii) cooler of diffusion pump, (3) volume control of
evaporatioh source heater, (4) thickness monritor of quartz crystal
oscillator, (5) vacuum gauge, and (6) vacuum gauge monitor and
(b) vacuum chamber consisting of (1) evaporation source heaters
(alumina filament=bolts); (2) sensorof theiquartz crystal
oscillator, (3)'source shutter, and (4) substrate holder.....................
Figure 2.3 Fabrication and measurement of OLED............cccocoovviiiiiniiinnnn,
Figure 2.4 (a) ITO-coated glass, (b) ITO-coated glass covered with 2 x 10

mm of negative dry film photo resist and (c) patterned ITO

Page

w

© 0 o0 b

11
11
12
19



Figure 2.5

Figure 2.6

Figure 2.7
Figure 2.8

Figure 2.9
Figure 3.1

Figure 3.2
Figure 3.3
Figure 3.4

Figure:3.5
Figure 3.6
Figure 3.7

Figure 3.8
Figure 3.9

Xi

Page

Spin-coating methods by using a spin coater. (a) PEDOT:PSS
solution in the syringe, (b) nylon filter, and (c) fresh patterned
ITO glaSS. e et ettt e e e 24

Instrument for cathode deposition. (a) tungsten boats and (b) 2

mm wide fingers of a shadow maskee . ..., 25
OLED device fabrieated by thermalevaporation...............cccceevnee. 26
Instruments-ferdetermination of OLED device performance: (a)

OLED test#0X, () lic.of OLIED test box, (c) calibrated
photodiodgy(d) multifunction qptical meter, (e) digital source
meter, (f) USB spectrofluororhéter, (g) probe of USB
spectrofluorometer, (h) OLED}dé'vice holder, (i) computer

controller and recorder for digital source meter, multifunction

optical meter, and USB spectrofluorometer............................. 27
CIE 1931 chromatiGity... .. T’ .................................... 29
The synthesis of 8: Reagents and conditions: (i) KI, K103, acetic

acid, reflux, 20 min; (it) pyrene-1-boronic acid,/Pd(PPhs)s, 2M

KoCOgs, THF, reflux, 24 h... oo e, 30
Expanded™*H NMR of 7 in DMSO-d6........ e 31
The.mechanism:of.Suzuki-cross coupling reaction.................... 32
'H NMR 0f.8 in:DMS0-d6 (insét is the-expansion©f the aromatic

(=10 [T T P I S 33
Mhe syteddor 2RGIA. A V1-..1..4 FI &) ... l.&Y (C)....... 34
The mechanism of Cu-catalyzed C-N coupling reaction............. 34
'H NMR of 2PCT in CDClI; (inset is the expanded of aromatic

(=T 00 35
The synthesis of 4P2C...... ..o 36

'H NMR of 4P2C in CDCls (inset is the expansion of the

ArOMALIC FEYION) ... ettt et e e e e e e et e e e e e ee e 36

Figure 3.10 The synthesisof 2PCP.........c.ooiiiiiiii e, 37



Figure 3.11
Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

Figure 3.22

Figure:3.23

Figure 3.24

Figure 3.25

Figure 3.26

Expanded *H NMR of 2PCP in CDCla.......coceovviviiieeeeen
Absorption spectra of 2PCT, 4P2C, 2PCP in CH,ClI, (a) and
thin film (D).
Fluorescence spectra of 2PCT, 4P2C and 2PCP in CH,CI; (a)
and thin film (b))
a) the triangular potential sweep used for CV b) a quasi
reversible G\ tracesfer a redoX ProCeSS™ e, . ...oevvvevvveneennnn
Cyclic voltammegrams of ZPCT, 4P2C and 2PCP in dry

Dimerization progess of 2PCT
Dimerization process 0f 2PCP ...
Two potential scafiifg of 4P2§'ifi’dry CH,Cl, with 0.1 M
n-BusNPFg electialyte at a SCAN TALE O 0.05 V/S......ovvoveeeeeeeeeeeene
Band diagram of ITO, PEDOT PSS "2PCTF 4P2C, 2PCP, Alq;
and LiF 7 . ... .....................
DCS (right) and TGA (left) traces of 2PCT; 4P2C and 2PCP

measured.under nitrogen atmosphere at heating rate of 10

Energy level diagrams®©f device 1-3em...coovvvee o il
Current density and-Juminance VS voltage characteristicsiof
EVICE L-3. .t e e e e e e

Energy level diagrams of device 4-7..........cccvviiiiieiiii i,

Current density and luminance VS voltage characteristics of
JEVICE 47 . it e e
Chemical structure of PEDOT:PSS.......coiiiiiiiii e,

xii

Page

39

40

42

43

44

44

45

46

46

48

49

50

51

51
52



Figure 3.27 EL spectra of device 4-7, solid line (PL thin film) and dash line

Figure 3.28 CIE coordination (X,y) of device 4-7........cccvvviieiiiiii i,

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13

Figure 14

Figure 15

Figure-16

Figure 17

Figure 18

Figure 19

'H-NMR spectrum of 3,6-diiodo-9H-carbazole (7).....................
13C-NMR spectrum of 3,6-diiodo*9F-earbazole (7).....................

'"H-NMR spectrufm of 3,6-di(pyren-i=y1)“9H-carbazole (8)...........
3C-NMR speetrum of 3,6-di(pyren-1-y1)=9H-carbazole (8)...........

Mass spectrum of 376-di(pyren-1-yl)-9H-carbazole (8).................

Elemental analysis'data of 3,6-_di__(_pyren-1-y|)-9H-carbazoIe 3)......
IH-NMR spectfum0f440d0tolUene (9) ot eveeveeeeeee e
13C-NMR specifurn' of 4<i0dotoluene (9) i vt oo veeee e eeeeeein,

'H-NMR spectrum of 1,2,—bis(chi'o_roacetoxy)ethane ((10) DA

B3C-NMR spectrum of 1,2-bis(chleroacetoxy)ethane (10)............
'H-NMR spectrum 6f 4-bromo-l\-lf;l\ifdiphenylaniIine (11)...ennne
3C-NMR spectrurt of 4-bromo-—N;N;t-diphenyIaniIine 1...........
'H-NMR shectrum of 3,6-di(pyren-1-y1)-9-p-tolyl-9H-carbazole

3C-NMR spectrum of 3,6-di(pyren-1-yl)-9-p=tolyl-9H-carbazole
(213 A I R ... PR TPRN
Mass spectrum of 3,6-di(pyren-1-yl)-9-p-tolyl-9H-Carbazole

Elemental analysis.data of 3,6-di(pyren-1-yl)-9-p-talyl-9H
Carbazole (2P CT ). e e e e e e
'H-NMR spectrum of Ethane-1,2-diyl bis(2-(3,6-di(pyren-1-yl)-9
H-carbazol-9-yl)acetate) (4P2C).......cccoiiiiiiiiie e
13C-NMR spectrum of Ethane-1,2-diyl bis(2-(3,6-di(pyren-1-yl)
9-H-carbazol-9-yl)acetate) (4P2C).......ccccevviiiiiiiiieneneeeen
Mass spectrum of Ethane-1,2-diyl bis(2-(3,6-di(pyren-1-yl)-9-H
carbazol-9-yl)acetate) (4P2C).......cccccveiieieieieee e

Xiii

Page

53
53
66
66
67
67
68
68
69
69
70
70
71
71

72

72

73

73

74

74

75



Xiv

Page

Figure 20 Elemental analysis data of Ethane-1,2-diyl bis(2-(3,6-di(pyren-1
y1)-9-H-carbazol-9-yl)acetate) (4P2C).......ccccocvvveiveienieie e 75
Figure 21 *H-NMR spectrum of 4-(3,6-di(pyren-1-yl)-9H-carbazol-9-yl)

76

76

77

77

AU INENTNEINS
AN TUNN NN Y



LIST OF ABBREVIATIONS

A Ampere

A Angstrom

Algs Tris(8-hydroxyquinoline)aluminium
Al Aluminium

°Cc Degree of celsius. .

cm

Ca

cd
CDCls
CH.Cl,
CRT
Cu

cv

d

dd
DMSO ,
DMSO-d6 erated dimethyi suifoxide -
DSC '
EMMs

%ﬂ;ﬁ‘ﬂwﬁ’wmm
a AR INgNa

Electron volt

Emlttlng materlals

g Gram (s)

h Hour

HOMO Highest occupied molecular orbital
HRMS High resolution mass spectroscopy
H2SO4 Sulfuric acid

HTL Hole-transporting layer

XV



HTMs
Hz
ITO

K2COs3
Kl
KIO3;
LCD
LED

LiF
LUMO
Mg

mg
MgSQO4
min
mL
mmol
M

MS

m.p.

Hole-transporting materials

Hertz

Indium tin oxide

Coupling constant

Potassium carbonate

Potassium iodide

Millimol

Molar

Potassium iodate

o

“’mﬂmwmni

o AU ANYNA Y

OLED
Pd(PPhs)a

ppm
PL

Organic light-emitting diode

Tetrakis(triphenylphosphine)palladium

Parts per million

Photoluminescent

Singlet
Triplet

Glass transition temperature

XVi



XVii

TGA Thermo gravimetric analysis
THF Tetrahydrofuran

TLC Thin layer chromatography
V Volt

W Watt

% Percent

) Chemical shift

Molar absorptivi

AULINENINYINS
AR TN TN



CHAPTERI I
INTRODUCTION

1.1 Introduction

Novel optical devices have recently been developed and improved by
advanced technology in order to achieve lightweight and flexible displays with high
brightness and excellent resolution. In addition, wide viewing angles, low power
consumptions and low manufacturing ‘costS are also desirable qualifications.
Conventional cathode ray-tube (CRT) displays-whieh-are heavy and bulky have been
replaced by slimmer and flaiteriquid crystal display (LCD). LCD also has some
advantages over CRT; for.examples, thley generally create less eye-strain and light
flickering, and most“importanily, . they .consume much lower electrical power.
However, LCD technalogy still has someadlsadvantages such as the LCD cannot emit
light by itself and must be |IIum|nated refl'éctlvely or by background light source.

To date, the development of elect_lzolumlnescent devices has been one of the
most active research themes, espec'ially fél‘t"the organic light-emitting diode (OLED)
which have a potential appllcatlon in full—ﬁﬁfor flat panel displays. For comparison
purposes, pictures of, CRT LCD and OLED d|§p]ays are shown in Figure 1.1.

re—

Figure 1.1 CRT (Top), LCD (bottom-left) and OLED (bottom-right) displays in

computer monitors [1].



1.2 Introduction to OLED

OLED is the electrically driven emission of light based on the fluorescent
properties of organic material. They have recently received a great deal of attention
because of their application for wide range of display applications as well as from the
standpoint of scientific interest. They are attractive because of their low driving
voltage, high brightness, capability of multicolor emission by the selection of emitting
materials and ease in fabrication on large-area and super-thin design.

Organic electroluminescence was firsi-diseovered by Pope et al. in 1963 [2].
They observed luminescence-when a-Vvoltage-of-about 400 V was applied to an
anthracene crystal. However  ihe development of devices based on organic
electroluminescence was very slow, mainly because this type of device requires high
electrical voltage but-usually provides low efficiency. In 1987, Ching W. Tang and
Steve Van Slyke of the / Eastman ’ Kodak Company developed a novel
electroluminescent devige, whigch is considéfed the first organic light-emitting diode
[3]. The device was fabricated by vapor dep‘osition using Algs (Figure 1.2-1) and
diamine (Figure 1.2-2) in a doublelayer s't’j!'u(;t,ure. This structure makes the electron

and hole recombination effective: the device Hés a 1% external quantum efficiency,

1.5 Im/W luminous efficiency, and a brighin'e_sg -of more than 1000 cd/m2 at a driving
voltage of about 10"V. Shortly afterwards, in 1990 the researcher at Cambridge
university announced a PPV based LED (Figure 1.2-3), which is called polymer-LED
[4]. Since, there have been increasing interests and research activities in this new field
and the improwements.of color gamut, luminance efficienCy; and device reliability

have progressedienormously.

%%&N/ | O@ <©“\>
g

1, tris(8-hydroxyquinoline} 2, 4,4'-(cyclohexane-1,1-diyl) 3, Poly(p-phenylene
aluminium (Alq;) bis(NV N -dip-tolylaniline} (Diamine) vinylene} (PPV})

Figure 1.2 Chemical structures of Algs, Diamine and PPV.



Emerging as the leading element for next generation flat panel displays, the
OLED is now challenging with the present LCD technology. Figure 1.3 shows a
comparison between an LCD with an OLED display. It shows that the OLED display
is easier to see at almost every angle with high brightness and contrast which is a

significant improvement over the LCD display.

TFT-OLED  TFT-LcD | ///IETOLED  IET-LCD
150 cd/m?  150CaM° , (=480 cd/m? 250 cd/m?

Figure 1.3 OLED and LCD dlsplay [5]

1.30LED structure and oFJeratlon [6 9 @

The schematlc structure and energy Ievel diagrams of smgle layer and multi-
layer OLED Is shown in Flgure J 1 4 The smgle Iayer OLED is the SImpIest structure
used to describe the basic mechanism of OLED device. Multi-layer OLED is the high
performance device improved by inserting the other organic layers such as a hole-
transporting layer (HTL) and an electron-transporting layer (ETL) between an

emitting layer (EML) and an electrode.
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Figure 1.4 Schematic structure (top) and energy'level diagram (bottom) of (a) single-
layer OLED and(b) Double and multi-layer OLED.

1:3.1 Single-layer OLED
The single-layer OLED consists of a thin film of an organic
electroluminescent material that is sandwiched between two conducting electrodes.
The cathode electrode supplies electrons to the organic layers. The cathode is a low
work function metal. The widely used materials are calcium (Ca) and magnesium
(Mg). Aluminum (Al) is often used to cover the electrode to prevent an oxidation. The
function of the anode supplied positively charged holes. Indium tin oxide (ITO) is often

used as the anode material for hole injection. It has a high work function, to match the



HOMO of the organic material. ITO is also transparent, so that the light can emit from the
device. The operation of the device involves injection of holes from anode and
electrons from the cathode into HOMO and LUMO of the EML, respectively. The
electrons and holes migrate through the EML under the influence of applied electric
fields. The recombination of a hole and electron within a single molecule of the EML
may then result in electronic excited state species called an exciton. The radiative
decay of singlet excitons for fluoreseent emiiters results in light emission. Therefore,
emission color of the devices depends on characteristic of HOMO-LUMO energy gap
of the EML.

1.3.2 Double and multi<layer OLED

The key te increase the OLED efficiency is to control the
recombination of holes‘and’ eleotrons-insthe EML. in equal quantities. The energy
barrier between the electrodes and the organ-'i-c material must be minimized to enhance
the injection of the carriers. Instead of one 'organic layer in single-layer OLED, one
or/and two layers, a HTL or/and an ETL, a'ré placed between two electrodes according
to Figure 1.4(b). This reduces the energyf bélr"rier for the injection of charge from
anode to the EML._and also provides a barrier.to electrons and holes at the
heterojunction between-the-tayers-A-resuliing-betierbatance in the number of injected

holes and electrons promotes a radiative recombination i the EML.

1.4 Organic electroluminescent materials

Electroluminescent (EL)" from" organic materials was first demonstrated in
1963. Single_crystals of anthracene were, contactéd_on opposite faces between two
metal electrodes. EL. was observedwhen a DC voltage bias above 400 V was applied
[10]. Using asymmetrical liquid electrodes for electron and hole injection, Helfrich
and Schneider first demonstrated injection EL from anthracene single crystals in 1965
[11]. In the 20 years following these initial reports, organic EL was mainly studied for
scientific curiosity as an interesting phenomenon associated with certain organic

semiconductors. The developments of organic EL materials are divided into 2 classes.



1.4.1 Conjugated polymers

The first polymeric light-emitting diode based on a luminescent
conjugated polymer was demonstrated in 1990 by Burroughes and co-workers at
Cambridge University. The polymer was PPV, which is luminescent but not soluble in
organic solvents. The PPV film was prepared from its solution-processable precursor
polymer by thermal conversion. Ultra-thin, dense and homogenous film of PPV was
formed on a suitable substrate, which had been pre-coated with a transparent bottom
electrode. The device was completed by the deposition of a top electrode on top of the
PPV film. Substantial charge-injection-was achieved with a DC voltage bias of just
below 14 V, with indium _oxide electrode positively biased with respect to the
aluminum electrode. However «the gquantum efficiency of the PPV devices was only
0.05%, much lower than ihe estimated. photoluminescence (PL) quantum yield of
about 8% for PPV. The results of the Cémbridge group were quickly confirmed by
Braun and Heeger at UC Santa Barbara, vv:i-th improved material processability and
device performance [12,13]. The intensive ‘research and development activity in
polymer LEDs mirrored thatof organic LE'DS'in recent years.

1.4.2 Low molecular-weight materials

The TWerk-—pioneered—byTang and \Van Slyke initiates recent
improvements of the OLED device efficiency and durability. For the fabrication of
highly stable OLED, low molecular weight materials with specific optical and
electronic properties|suchras fluorescences energy: levels; charge mobility, etc., and
high morphology and thermally stable are required [14-16]. The thermal stability of
materials used in OLED is the. one of the.significant factors.of the device durability.
Under thermal stress, most organic'materials tend‘to turn.into the'thermodynamically
stable crystalline state, which leads to device failure [17,18]. A considerable amount
of evidence indicates that an amorphous thin film with a high glass transition
temperature (Tgy) is more stable to heat damage [19-24]. For the organic materials in
OLED, high thermal stability, especially high T4, excellent film formability are
essentially needed.

Amorphous molecular materials or molecular glasses are of interest

because of the following aspect. They are in a thermodynamically non equilibrium



state and hence may exhibit glass transition phenomena usually associated with
amorphous polymers. It is thought that they assume a variety of states such as the
amorphous glass, supercooled liquid, and crystal. They may be characterized by the
presence of free volume and by the disorder of both intermolecular distance and
orientation. They may form uniform, transparent amorphous thin films by thermal
evaporation and spin-coating methods.

Therefore, one of the key challenges on the path to developing the next
generation of high-performance OLED “is .the..design and synthesis of readily
processible and thermally--robust emissive and-eharge transport materials with
improved multifunctional preperties. In this work, the novel emitting materials
(EMMs) and hole-transpasting materials (HTMs) consist of 3,6-di(pyren-1-yl)-9-p-
tolyl-9H-carbazole (2PCT); ethane-1,2-diyl bis(2-(3,6-di(pyren-1-yl)-9H-carbazol-9-
yl)acetate) (4P2C) and 4-(3,6-di(pyren-i-yl)-9H—carbazoI-9-y|)-N,N-diphenylaniIine
(2PCP) was synthesized. Our design of thé-new materials is motivated by the high
thermal stability and hole=transporting ab-ility of carbazole together with the high
quantum efficiency of pyrene. A combination‘of both pyrenes and carbazoles should
result in electroluminescent materials with des]i:rable physical, optical, and electronic
properties. Thus, to evaluate the performance of these materials, the OLED based on

these materials has heen-fabricated-in-this-work:

1.5 Hole-transporting materials (HTMs)

The HTMs:pravide~a holesconductivespathwayy fary positive charge carrier to
migrate from the anode into the EML. On the basis of this requirement, HTMs are
usually.easily. oxidized.and are_fairly stable in theradical cationic.form. By far, one of
the widely used' HTMS in ‘OLED"are still 'N,N’-tiphenyl-N,N'=bis(3-methylphenyl)-
1,1'-biphenyl-4,4'-diamine (TPD) [25-28] and 4,4'-bis-[N-(1-naphthyl)-N-phenyl-
amino]-biphenyl (NPD) [29-35]. The chemical structure of TPD and NPD are shown
in Figure 1.5. Furthermore, the NPD is used as the blue-emitting materials (blue-
EMMSs) [19, 40]. The reasons for its popularity are because sublimed TPD and NPD
could be manufactured readily and are thus abundantly available even though its glass
transition temperature (Tq) at 70 °C and 98 °C, respectively, are a little low which may

affect its morphological stability at high operating temperature.
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Figure 1.5 Chemical structures of TPD and NPD.

1.6 Emitting materials (EMMS)
Organic fluorescenee compounds are used as-the emitter in OLED device. The

fluorescence principles.are described by the Jablonskidiagram in Figure 1.6.
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Figure 1.6 Jablonski diagram.

The examples of emitting materials-are a red emitter 4=(dicyanomethylene)-2-
methyl-6-[4-(dimethyl-aminostyryl)-4H-pyran] (DCM) [36] (Figure 1.7), a green
emittertris(8=hydrexylsquinoline)-aluminum (Algz) [37,38,39},and blue emitters NPD
and polyfluorene (PF) ‘derivatives (Figure 1.7) [40,41]."Among these compounds,
Algs is the most frequently used substance due to its thermal and morphological
stabilities (Tq ~172 °C) which are essential factors for the synthesis, purification,
evaporating process into thin films [42,43]. Moreover, the Algs is used as the
electron-transporting material (ETM) [44-46].

In principle, it is possible to obtain a variety of colors by using a combination
of red, green and blue color light. Thus, the most important materials required for the

full-color OLED display technology are red, green and blue emitters.
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Figure 1.7 Chemical structures of DCM anc PE derivatives.

To assemble a full-color OLED display, highly efficient red-, green-, and blue-
emitting materials and-devices-are required. However, only the red and the green
materials and devices-with stfficient efficiencies and lifetimes of commercial value
have been described, whileshigh=efficient, pure blue light still remains a challenge.
Consequently, a great_aumber of blue-én{itting materials, such as anthracene [47],
triphenylfluoranthene [48], aligoquinoling [2‘;9], triarylamines [50], fluorine [51], and
pyrene [52] have been dgveloped. HowéQer»,; most of these materials are still not
satisfactory due to their large energy gapssand low electron affinities leading to
inefficient electron injection inte the blue erﬁiﬁé’ks [64].

In summary, the objectives of this Wdrk-%re following:

(1) '+ =To-synthesized the 3,6-dipyrenylcarpazole derivatives as both
blue-emitting and hole-transporting materials for OLED.

(2) To characterize and study the electronic, photophysical,
electrochemical and.thermal-properties.of the target molecules.

(3)"* Fo investigate their potential-application as both blue-emitting

and hole-transporting materials for OLED.

1.7 Literature reviews

This section will survey the applications of carbazole and pyrene derivatives
as the HTMs and EMMs for OLED.

Many carbazole derivatives have been extensively studied for different
applications due to the nitrogen atom in the carbazole ring bestows an electron-
donating ability, and possess high morphology stable. Carbazole has strong absorption

in the near-UV region and a low redox potential. The electrochemical and
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spectroscopic properties of carbazole and its derivatives have been extensively
investigated [24]. Chemically, carbazole can be easily functionalized at its 3-, 6- or 9-
positions and covalently linked to other molecular moieties [53,54]. Due to its unique
optical, electrical, and chemical properties, carbazole has been used widely as a
functional building block or substituent in the construction of organic molecules for
use as light-emitting and hole-transporting layers in OLED devices [55-57], as host
materials for electrophosphorescent applications [58] and as active components in
solar cells [59]. Moreover, the thermal stability.and glassy state durability of the
organic molecules were found-io be significantly-#mproved upon incorporation of a
carbazole moiety into the struettre [60].

For the pyrene derivatives, they exhibited a strong fluorescence signal with
high fluorescence quantum«yield and usually used as fluorescence dye for DNA and
RNA probe or metal sensors [61-63}: Récently, some pyrene derivatives have been
used in OLED in order o improve hole-tré-nsporting ability because of its electron
rich property, yet the performance of those OLED s still not satisfactory in terms of
brightness and efficiency. However, there 'h'av‘e been an increasing interest in the use
of pyrenyl ring in the synthesis of emissive éndl’i—:harge transport materials for OLED.

In 2010, S.. Lengvinaite and coworker [65] synthesized an Indolo[3,2-
b]carbazole-based functionai-derivatives 4=6-(Figure 1.8} 0r use as hole-transporting
materials for OLED. Compounds 4-6 exhibited maximum emission wavelength at ~
427-462 nm. Their glass transition temperature (Ty) were observed at 155 °C, 123 °C
and 172 °C, respectively: Thethole:transporting property-<of 46 were tested by using
device structure,of ITO7 Compound 4-6 / Algs/ LiF:Al. These devices exhibited turn-
on voltages.of 5-8.V and.a maximum brightness-of. 1090-5670.¢d/m? (at 13-17 V).
The current efficiencies of the OLEDrange from 2.21'to 3.64'¢d/A. Among these
devices, the OLED using compound 6 as the HTM exhibited the best overall
performance, i.e. a turn-on voltage of 5 V and maximal photometric efficiency of 3.64
cd/A.
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Figure 1.8 Chemical structures of compounds 4-6 [65].

In 2008, V. Promarak and coworker [66] Synthesized a hole-transporting
materials based on carbazgle'compounds (G2CB and G2CC) (Figure 1.9). G2CB and
G2CC exhibited identical.emissSion shap@s in bluish-purple region with the maxima at
382 and 390 nm, respectively. G2CB and G2CC that containing carbazole moieties
showed high Ty at 206°C and 245 °C, refpegtively. The electrochemical properties of
the G2CB and G2CC were investigated bi;acyclic voltammetry (CV) analysis. HOMO
levels of G2CB and G2CC arg 5. 46 and 5. 44 eV respectively. LUMO levels of G2CB
and G2CC were 2.18 and 2:23, eV respectlvely OLED devices with the structure of
ITO/HTL(50 nm)/Alqgs(50 nm)/LlF(O 5 _) AI(200 nm) were fabricated using
compounds G2CB and G2CC as the HTL. The device WIth G2CC as an HTL has
much better performq_nce in terms of brightness, current xa_nd turn-on voltage than that
with G2CB. In the c‘ése of ITO / G2CC 1 Alqgs / I__'iF:AI device, its maximum
luminance is about 8900 cd/m? at 14 V. with a turn-on voltage of 3.5 V. The
ITO/G2CB/AlgILiFiAl dévice shows the maximum luminance at 3000 cd/m? at 15 V

with a turn-on voltage of 7.5 V.

‘:Ro °“: : o8

G2CB G200

Figure 1.9 Chemical structures of G2CB and G2CC [66].
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In 2007, C.-H. Yang and coworker [67] synthesized a greenish blue-emitting
organic diodes based on pyrene derivatives (DP and DPB) (Figure 1.10). DP and
DPB exhibited maximum emission wavelength at 430 and 426 nm. The Ty of DPB
was observed at 145.5 °C. The electrochemical properties of the DP and DPB were
investigated by cyclic voltammetry (CV) analysis. HOMO levels of DP and DPB are
5.40 and 5.70 eV, respectively. LUMO levels of DP and DPB are 2.26 and 2.50 eV,
respectively. OLED devices with the structure of ITO / NBP(50 nm) / DP and
DPB(30 nm) / BCP (10 nm) / Algz (30 nm)/ LiF (1nm) / Al were fabricated. The
power efficiency of the DPB-device was 5.18 lm/\-at a voltage, current density, and
luminance of 5.2 V, 20 MA/ci?, and 1714 cd/m?, respectively. For the DP device the
power efficiency was 4.09 Im/\W at.a voltage, current density, and luminance of 5.6 V,

20 mA/cm?, and 1459€d/m? respectively. -

DP

Zh DPB

Figure 1.10 Chemical structures of DP and DPB [67].



CHAPTER I
EXPERIMENTAL

2.1 Synthesis
2.1.1 Instruments and Equipment

Thin layer chromatography (TLC) was performed on aluminium sheets
precoated with silica gel (Merck Kiesegel 60 Fis4) (Merck KgaA, Darmstadt,
Germany). Column chromategraphy was perfoimed on silica gel (Merck Kieselgel
60G) (Merck KGaA, Darmstadt, Germany). All"*H- and *C-NMR spectra were
obtained on a Varian Mercury NIVIR spectrometer, which operated at 400 MHz for *H
and 100 MHz for °C nuclei’ (Marian: Company, GA, USA). Mass spectra were
recorded on a Microflex MALDI-TOF mass spectrometer (Bruker Daltonics) using
doubly recrystallized «e--cyano=4:hydroxy cinnamic acid (CCA) and dithranol as a
matrix. Elemental (CHN) analyses Were',_performed on PE 2400 seriesll (Perkin-
Elmer, USA). Absorption spectra were hjeésured by a Varian Cary 50 UV-Vis
spectrophotometer. Fluoresgence spectra Wéfe obtained from a Varian Cary Eclipse
spectrofluorometer. =

The fluorescence quantum Yie:l_d—é-(cﬁ) were determined by comparison
with a standard of known fiuorescence quantum yield according to the following

equation [68].

2
Slopegr )\ 77t

Where the subscripts X refer to the unknown samples and ST refers to
the standard quinine sulfate solution in 0.01 M H,SO,4, whose fluorescence quantum
yield is known to be 0.54 [68], @ is the fluorescence quantum yield, Slope is the slope
from the plot of integrated fluorescence intensity versus absorbance, and n is the
refractive index of the solvent. The refractive indexes of CH,Cl, and 0.01 M H,SO,

were 1.424 and 1.333, respectively.
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The electrochemical analysis by cyclic voltametry was performed
using an AUTOLAB spectrometer. All measurements were made at room temperature
on sample solutions in freshly distilled dichloromethane with 0.1 M tetra-n-
butylammonium hexafluorophosphate as electrolyte. Dichloromethane was distilled
from calcium hydride and the electrolyte solutions were degassed by nitrogen
bubbling. A glassy carbon working electrode, a platinum wire counter electrode, and a
Ag/AgCI/NaCl (Sat.) reference electrode swere used in all cyclic voltametric
experiments.

Thermal experiments with Differential Scanning Calorimeter (DSC)
were performed on Mettler Tolede DSC 822° and Thermogravimetric Analysis (TGA)

were studied using Simultaneous Thermal Analyzer Netzsch 409.

2.1.2 Syntheticiproeedures

3,6-diiode-9H-carbazole (7)'-

To a stirrediSolution-of carbazole (5.0 g, 29.9 mmol) in acetic acid (50
mL) was added potassium igdide*(6.6 g, 39 8 mmol) Then, potassium iodate (9.6 g,
44.9 mmol) was added in small-portions over a period of 5 min and the resulting
mixture was refluxed for 20 min. The reaction-was .allowed to cool to room
temperature and diluteg-with-EtOAe (50-mi)-and water(50 mL). The aqueous layer
was separated and extracted with EtOAc (2 x 50 mL). The combined organic layer
was dried over MgSQ,, filtered, and concentrated under reduced pressure to give a
brown solid residue.  The erude/productiwas purified by «crystallization from acetone
and hexane to yield 7 as light brown crystals. (12.37g, 98%). "H NMR (DMSO-d6): &
= 11.56.(s,.1H),.8.58 (s, 2H),.7.66 (d,.J =.8.5.Hz,2H),.7.35 (d, J'== 8.5 Hz, 2H) ppm.
3C NMR (DMSO%d6):'0 = 138.7; 1184.0, 129.1, 123.8, 113.5, 81.8 ppm.

3,6-di(pyren-1-yl)-9H-carbazole (8)

A mixture of 1 (1.4 g, 3.3 mmol), pyrene-1-boronic acid (2.0 g, 8.1
mmol), Pd(PPhs)s (94 mg, 0.08 mmol), THF (50 mL) and 2M K,COs aqueous
solution (15 mL) was heated under refluxing conditions for 24 h. After the reaction
was allowed to cool to room temperature, the resulting brown solution was extracted

with CH.Cl, (3 x 50 mL). The combined organic layer was dried over MgSQy,
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filtered, and concentrated under reduce pressure. The crude product was purified by
flash chromatography using hexanes:CH,CI, (3:1) as the eluent. The product 8 was
obtained as pale green solid (1.3 g, 67%). *H NMR (DMSO-d6): 6 = 11.72 (s, 1H),
8.50 (s, 2H), 8.36 (d, J = 7.9 Hz, 2H), 8.12 — 8.30 (m, 14H), 8.06 (t, J = 7.6 Hz, 2H),
7.80 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H) ppm. *C NMR (DMSO-d6): ¢ =
139.5, 138.3, 130.9, 130.9, 130.4, 129.6, 128.3, 128.2, 127.9, 127.3, 127.05, 126.2,
125.1, 124.7, 124.6, 124.2, 124.0, 122.8,/122.2, 111.0 ppm. HRMS calculated for
CaHzsN (M+H"): 568.2065. Found: 568.1916. Elemental analysis calculated for
CasH2sN: C, 93.09; H, 4.44; N, 2.47; Found: C, 91.52; H, 4.60; N, 2.15.

4-iodotoluene (9)

A solution of pstoluidine (5.0 g, 0.05 mol)in 6 M HCI (10 mL), water
(10 mL), and acetonitsile (25mL) was héated to 70 °C for a few minutes and then
cooled to 5-10 °C in am ice bath. To this:-stirred suspension was slowly added a
solution of NaNO, (3.5 g, 0.05 mal) in water (25 mL). The mixture was stirred for
additional 15 min then slowly added a soIUfion of KI (12.0 g, 0.07 mol) in water (25
mL). After the reaction mixture was stirréd %‘br 15 min, the resulting dark brown
mixture was extracted with ether (3 x 50 th)f The.combined extracts were washed
with saturated Na,S;03-and-saturated-NaCi.Fhe organiC phase was dried (MgSO,),
filtered, and concentrated under reduced pressure to afford 9 as an brown solid (7.5 g,
73%). 'H NMR (CDCls); 6 = 7.56 (d, J = 8.22 Hz, 2H), 6.92 (d, J = 8.37 Hz, 2H),
2.29 (s, 3H). BCINMR{(CDCI3)s6 & 137:0¢1318./1, 20.9:

1,2-bis(chloroacetoxy)ethane (10)

In @ two-necked round bottom flask containing ‘¢hloroacetyl chloride
(19.2 mL, 0.24 mol) was slowly added ethylene glycol (2.7 mL, 0.05 mol) over a
period of 1 h under refluxing conditions. The mixture was then refluxed for additional
2 h after which time the solution was allowed to cool to room temperature. The
product was obtained by distillation under reduced pressure (approximately 0.2
mmHg) at 140 °C to afford colorless liquid (7.5 g, 70%). *H NMR (CDCls): 6 = 4.43
(s, 4H), 4.10 (s, 4H). *C NMR (CDCls): 6 = 167.1, 63.3, 40.6.
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4-bromo-N,N-diphenylaniline (11)

A mixture of triphenylamine (1.0 g, 4.08 mmol) and N-bromo
succinamide (0.7 g, 4.08 mmol) in CCl, (40 mL) was refluxed for 4 h. Then the
mixture was cooled to room temperature the precipitated succinimide was filtered,
and the solvent was evaporated from the solution. The remaining grey oil was
recrystallized from ethanol to afford white powder (1.1 g, 80%). *H NMR (CDCls): ¢
=7.35-7.20 (m, 6H), 7.11 — 6.99/(m, 6H); 6:97 — 6.90 (m, 2H). *C NMR (CDCl3): 6
=147.4,147.0,132.1, 129.4,125.1, 124.4,123:2, 144.8.

3,6-di(pyren-1=y1)<9-p-tolyl-9H-carbazole (2PCT)

A mixture o8 (0.43 g, 0.76 mmaol), 9 (0.33 g, 1.52 mmol), Cu bronze
powder (0.24 g, 3.80 mmol) and K;CO5 (0.32 g, 2.28 mmol) in degassed nitrobenzene
(15 mL) was refluxed for 24 h under Né atmosphere. The resulting brown solution
was allowed to cool to reom temperature anc:i- extracted with CH,Cl; (3 x 50 mL). The
combined organic layer was dried over -MgSO4, filtered, and concentrated under
reduce pressure. The crude productwas pu'rifigd by recrystallization from CH,Cl, and
ethanol to yield 2PCT as green setid (O.25i-g,7156%). 'H NMR (CDCls): 6 = 8.37 (s,
2H), 8.25 (d, J = 9.2 Hz, 2H), 8.18 (d, J =76 Hz, 2H), 8.02 — 8.13 (m, 10H), 7.91 —
7.96 (m, 4H), 7.44 (dy d=84-Hz; 2H); 7:56-=7:60-(m;4H), 7.45 (d, J = 8.0 Hz 4H),
2.49 (s, 3H) ppm. The “*C NMR (CDCls): § = 140.9; 138.5, 137.7, 133.1, 131.6,
131.1, 130.7, 130.4, 129.0, 128.2, 127.5, 127.4, 127.2, 127.1, 125.9, 125.7, 125.0,
124.7, 124.6, 123.5, 122141204, 109:9; 21:3:ppn: MS(MALDI-TOF) calculated for
Cs1H3iN: 657.799 Found: 657.063. Elemental analysis calculated for Cs;HsiN: C,
93.12; H, 4.75;.N, 2.13; Found: C, 89.22; H, 4.87,"N,.1.93.

Ethane-1,2-diyl bis(2-(3,6-di(pyren-1-yl)-9-H-carbazol-9-
ylacetate) (4P2C)

To a mixture of 8 (250 mg, 0.44 mmol) and K,CO3; (60 mg, 0.44
mmol) in DMSO (3 mL) was slowly added a solution of 10 (45 mg, 0.21 mmol) in
DMSO (1 mL). The solution was stirred at room temperature for 24 h and the
resulting green solution was diluted with EtOAc (50 mL) and water (50 mL). The

organic layer was separated and washed with water (25 mL x 2), dried over MgSQO,,
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and concentrated under reduced pressure. The crude product was purified by
recrystallization in CH,Cl, and hexane to yield 4P2C as a white solid (60 mg, 42%).
'H NMR (CDCls): 6 = 8.38 (s, 4H), 8.10 — 8.14 (m, 8H), 7.88 — 8.00 (m, 24H), 7.73
(d, J = 9.32 Hz, 4H), 7.67 (d, J = 8.36 Hz, 4H), 7.44 (d, J = 8.40 Hz, 4H), 5.11 (s,
4H), 4.55 (s, 4H) ppm. The *C NMR (CDCls): § = 168.5, 140.3, 138.0, 133.2, 131.4,
130.8, 130.2, 129.1, 128.6, 128.0, 127.3, 127.2, 127.1, 125.8, 125.3, 124.8, 124.6,
124.5, 123.6, 122.6, 108.4, 62.9, 448 ppm. MS(MALDI-TOF) calculated for
CosHs6N204:  1277.461. Found: 1277.528. Elemental analysis calculated for
CosHs6N204: C, 88.38; Hy4id2; N, 2.19; Found:-C;88:58; H, 3.96; N, 2.11.

4-(3,6-di(pyaren-1-y1)-9H-carbazol-9-yl)-N,N-diphenylaniline
(2PCP)
A mixtufé of 8/(0,20-g, 0:35 mmol), 11:(0.23 g, 0.70 mmol), Cu(0)
(0.11 g, 1.75 mmol) and K;COs (0.15 ¢, 1:.-05 mmol) in degassed nitrobenzene (15
mL) was refluxed for 24 h under ‘N atmdsph‘ere. The resulting brown solution was
allowed to cool to room temperature and'éxt‘racted with CH,Cl, (3 x 50 mL). The
combined organic layer was dried over M—g§04, filtered, and concentrated under
reduce pressure. The crude product was p'u'rif’re'd by recrystallization in CH,Cl, and
ethanol to yield 2PCP-as-green-solid-(0:28-g;68%):H:NMR (CDCl5): § = 8.44 (s,
2H), 8.32 (d, J = 9.1 Hz, 2H), 8.25 (d, J = 7.5 Hz, 2H), 8.22 — 8.06 (m, 10H), 8.06 —
7.96 (m, 4H), 7.73 (dd, J = 22.4, 8.3 Hz, 4H), 7.61 (d, J = 7.7 Hz, 2H), 7.36 (t, J =
7.2 Hz, 6H), 7:27 (d; b= 87 Hz, 4H)y718-(dd,) )= 14.0;6.9:Hz, 2H) ppm. The *C
NMR (CDCls)no = 147.6, 147.4,7141.0, 138.5, 133.2, 131.6, 131.3, 131.1, 130.4,
129.4, 129.0,,128.9, 128.2, 127.9, 1275, 127.4,-127.2,.126.0, 1257, 125.1, 125.0,
124.9, 12477, 1247, 124.1, (1236, 122.7, 1224, 109.9 ppmi " MS(MALDI-TOF)
calculated for CsaH3gN2: 810.979. Found: 810.448. Elemental analysis calculated for
Ce2H3sN2: C, 91.82; H, 4.72; N, 3.45; Found: C, 90.51 ; H, 451 ; N, 3.53.
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2.2 OLED device fabrication section
2.2.1 Commercially available materials
The commercial sources and purities of materials used in these
experiments are shown in Table 2.1. All materials were analytical grade and used
without further purification, unless indicated.
Table 2.1 Commercially available materials for OLED device fabrication.

Materials Purity (%) Company
1”7 x 1” Indium oxide doped tin exide (99.3 wi % 99 5 Kintec
In203:0.7 wt % Sn0O,)-coated.glasses (5-15 ohmi/sg)
oSty ] SRS s ey
Tris(8-hydroxyl-quinaline) aluminum (At_q3l)a_ 98 Sigma-Aldrich
Lithium fluoride (LiF) 99.98 ACROS
Aluminium (Al) wire D % 99.97 BDH

2.2.2 Reagents :
The reagents were obtained from various:suppliers as shown in Table
2.2. All reagents were‘analytical grade and used without further purification, unless
indicated.
Table 2.2 List of reagents.

Redgents Purity (%0) Company
Hydrochloric.acid (HCI) 37% 36.5 Carlo Erba
Nitric acid (HNO3) 69% 68.5-69.5 BDH
Sodium hydroxide (NaOH) 99.99 Carlo Erba
Acetone 99.5 BDH

Isopropanol 99.5 Carlo Erba
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2.2.3 Instruments
The following instruments were used in this study:
(1) Photoluminescence (PL) spectrophotometer (Perkin—Elmer,
Model LS 50B)
(2) Spin-coater (Chemat Technology, Model KW-4A)
(3) Thermal evaporator (ANS Technology, Model ES280)
(4) Digital source meter (Keithley, Model 2400)
(5) Multifunction optical meter (Newport, Model 1835-C)
(6)~Calibrated photodiode (Newport, Model 818 UVCM)
(7) USBSpectrofluorometer (Ocean Optics, Model
USB4000FL) \
2.2.4 Organic thin #ilm preparat;'von_and characterization

The preparation jprocess oi‘_ organic thin films is described in Figure
2.1. '

' §
i

o qu@z?”g’lass

| el

v

T e Cleaned by acelone and dried

v

Cleaned quartz glass " Thermal evaporation
A

Thermal evaporator

\4

Quartz/glass, coated with-organic thin {ilin Organis material

A\ 4

Characterized by PL spectrophotometer

Figure 2.1 Preparation and characterization of organic thin film.
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2.2.5 Thermal evaporation of the organic thin films
In order to study the photophysical properties of solid state materials,
organic thin films coating on quartz glass substrates (1" x 1) were prepared by
thermal evaporation. Prior to film deposition, the substrates were cleaned with
acetone in ultrasonic bath followed by drying on a hotplate. The clean quartz glass

substrate was then placed on a substrate holder and the organic material was loaded

%

at) located in the vacuum chamber of
@vaporator and vacuum chamber).

edﬂa
mater

into an evaporation source (alu

the thermal evaporator (see Fi

The vacuum chamber > mbar by the vacuum pump

v as thermally evaporated to the substrate

\\\ troIIed by a calibrated quartz
»

system (Figure 2.2b).
surface at an evaporatio

crystal oscillator (Maxte

‘-]W%Nﬂﬁm mnwmaa
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Figure 2.2 (a) A thermal or \Zvﬁfcﬁ" consists of (.i) vacuum chamber, (2) high
,(l

diffusion pump, (3) ontrol o-f-_lpvap ation source heater, (4) thickness

L

cl ator:(.S) Vi ﬁ‘m gauge, and (6) vacuum gauge monitor

vacuum pump syste diffusion pump and (iii) cooler of

monitor of quartz crystal

and (b) vacuum chamber p,s_‘ﬁgng 0@?\/(3

filament bolts), (2) sensor of the qa—artz crystal ‘oscillator, (3) source shutter, and (4)

ration source heaters (alumina

) T Fi - i
substrate holder.  * )
T - *—*;J

-J_:_j 7;'

Ly - 1)
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2.2.6 OLED device fabrication
The OLEDs fabrication process is described in Figure 2.3.

17% 17 1TO-coated glasses

v
Etched with HC1 : HNO, = 1 : 3 (v/v) (aqua regia) to give patterned ITO glasses

V.

Cleaned andsdried
|
Fresh patterned ITO glass(G) »| Fresh patterned ITO glass (G)
1 v
Spin coated. G coated with PEDOT:PSS film (GP)
=

PEDOT:PSS solution

G Thermal é\Jf_é_fig)rated GP
==
v e N v
G coated with organie films Organic materials GP coated with organic films

Thermal evaporator

\ 4 \4

G coated with organic films' | Thermal eyaporated —» GP coated with organic films

v ) 4
OLED device A LiF and Al OLED device B

Thermal evaporator

_ Performance measurement <

Figure 2.3 Fabrication and measurement of OLED.



23

2.2.7 Patterning process for ITO-coated glasses

The ITO-coated glasses (Figure 2.4a) were firstly etched to give a
pattern of ITO sheet on glass. Prior to the patterning process, the ITO sheet on glass
was covered with a 2 x 10 mm of negative dry film photo resist (Warf) [69]. The
covered ITO glass (Figure 2.4b) was immersed in the solution of HCI:HNO3 (1:3 v/v)
(aqua regia) for 10 min, with stirring during the etching process. The etched ITO glass
yj er and subsequently soaking in 0.5 M
‘ %rom an ITO-coated glass surface.

ughly rir@ﬂvater to give the patterned ITO
—

was cleaned by thoroughly rinsi

NaOH for 10 min to remov
Finally, these substrates

glasses as shown in Fig

s #d

(a)

- S T e e o

performance of the OLEDs devices: The patterned ITO glasses were cleaned for 10
min wa %aﬁﬁlﬁﬁﬂmrﬂdlwa @ %cﬁu’g} asﬂ/ith de-ionized
(DI watér and then subsequently ultra-sonicated in hot acetone and isopropanol for
10 min. Finally, the substrates were dried in vacuum oven at 100 °C to give fresh

patterned ITO glasses.
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2.2.9 Spin-coating method of PEDOT:PSS
A PEDOT:PSS solution was diluted with isopropanol and stirred for 1
day. The spin-coating method was performed on a spin coater as shown in Figure 2.5.
The diluted PEDOT:PSS solution was filtered through a 0.45 pm pore size nylon
filter (Orange scientific) and spin-coated onto a fresh patterned ITO glass surface at
3000 rpm for 20 sec. Finally, the patterned ITO glass coated with the PEDOT:PSS
film was baked at 120 °C for 15 min for cur’ygj

':"i 7’,:')]
Figure 2.5 Spin-coating method by using a spin coater. (@) PEDOT:PSS solution in

the syringe, (b) nylon ﬁiter, and (c) fresh patterned ITO‘Q’Iass.

2.2.10 Qrganic thin film deposition

The_deposition. of other organic-layers.was the” next step in the
fabrication'of OLEDs."The organic-layers were depasited-using thermal evaporation
(Figure 2.2) with the same procedure described in section 2.2.5. Prior to the
deposition, the patterned ITO glass coated with PEDOT:PSS film or/and the fresh
patterned ITO glass were placed on a substrate holder. The organic materials, such as
Algs, were loaded in co-evaporation sources, alumina filament boat 1 and 2,
respectively, into a vacuum chamber of the thermal evaporator. These organic
materials were deposited on top of glass substrates by co-evaporation of the two
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source materials at a background pressure of approximately 1 x 10 mbar with 0.2 —

0.4 A/sec evaporation rate.

2.2.11 Cathode deposition

Finally, an ultra thin LiF layer and Al cathode contact were
sequentially co-evaporated from two tungsten boats through a shadow mask (Figure
2.6) with 2 mm wide slits arranged ‘pi y larly to the ITO fingers, to obtain the
OLED with an active area e-t,,%x 2m
evaporation of thIS- cath-oWnder'f X 16"}@ high evaporation rates of 5 —
10 AJ/sec. The thickness “and AI of aﬂ\w:es were 0.5 and 150 nm,
respectively. \

2.7). The operating vacuum for

R WEN R TE R P 1T
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Figure 2.7 shows the OLED device fabricated by thermal evaporation

with 4 pixels. A pixel active area of a device is 2 x 2 mm?,

Al cathode

ITO anode

Organic film

The instr OLE rements are shown in Figure
2.8. The computer he digital source meter, the
multifunction optical eter as well as recording the
data. The digital source the device and measured the
resulting currents. The multifanction optic: | imeter connected with the calibrated
photodiode served in the m_ggr%neg IumirTance (brightness). The USB

spectrofluorometer uﬂ_s used for the

AUEINENINYINg
RIAINTUNNIINYIAL
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”
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-
W

," ",""ff"—"'"

F =7
Figure 2.8 Instruments for determmatlon%;‘bLED device performance: (a) OLED
test box, (b) lid of OLED test box (c) callbrate'd photodlode (d) multifunction optical
meter, (e) digital s mlu_mmeter (g) probe of USB
spectrofluorometer, (h) OLED device holder, (i) computer controller and recorder for

digital source meter, multlfunctlon optical meter, and USB spectrofluorometer.

All device measurements were performed in an OLED test box by
blocking, thevincident light at-reem temperature-under ;ambientsatmosphere. When
voltages were applied, the currents; brightness, and EL spectra“were‘recorded at the
same time to give the current density—voltage—luminance (J-V-L) characteristics and
EL spectra. The turn-on voltage was defined at the brightness of 1 cd/m?. The current

density was calculated as the following formula (1):
J=- 1)

Here, | (mA) is the current and A (cm?) is the pixel active area of the

device. The efficiency of the device was calculated as the following formula (2):
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L
Efficiency = 7 (2)

Here, L (cd/m?) is the luminance and J (mA/cm?) is the current

density.

2.2.13 The coordinate value calculation of Commission Internationale de
I’Eclairage 1931 (CIE 1931)

The coordinate value of CIE#1931 was calculated from the EL
spectrum. In the study of the perception of color, one of the first mathematically
defined color spaces was'the CIE 1931 XYZ color space, created by the International
Commission on Hlumination(CIE) in 1?31 [99,100]. The CIE XYZ color space was
derived from a series of experiments done in the late 1920s by Wright [70] and Guild
[71]. Their experimental results were conib.ined Into the specification of the CIE RGB
color space, from which the CIE XYz coi't‘_)raépace was derived. Firstly, the tristimulus
value was calculated as the following forrﬁduliaa(B):

X = 683 j 8308(/1)5((/1)A(/1) , v:esg'j' 8308(;1‘)1’5;(41‘)A(/1),Z= 683 j 8308(/1)2(/1)A(/1) ©)

Here, S(1) is the spectral daig;_;--');(T .Y, and Z are the tristimulus values;
and x, y,and z are-thetristimutusfunctions:— .
The coordinate value of CIE 1931 was calculated from formula (4):

CIE 1030 %= X , GLE 1931y:L (4)
XX +Z X5 s Z
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The CIE 1931 chromaticity is shown in Figure 2.9.

09

08 |

Figure 2.9 CIE 1931 chromati

Note; the pe evaporate all materials are the
parameters of Al only, such'as ;L of A . Thus, to evaluate the real thickness
of the organic layers deposite by 1 L
PEDOT:PSS layer \;,. pin coating method, in the future, the glass substrate

microscope (AFM). :"

T %EIW%‘ WEAHS™
ARIAN TN INAE

evaporator and the thickness of

will be measured by or/and the atomic force

}'

dinate was obtained by the

real calculation of the CIE co



CHAPTER I

RESULTS AND DISCUSSION

3.1 Synthesis
Three derivatives of 3,6-dipyrenyicarbazole (2PCT, 4P2C, 2PCP) were
synthesized with a 3,6-di(pyren-1-yl)-9H-carbazole unit (8) as a common building block.
Initially, compound 8 was_synthesized by a two-steped procedure (Figure 3.1). The
carbazole was iodinated regioeselectively at the 3-"and 6-position using KI/KIO3z in
refluxing acetic acid for 20#minutes to, afford 3,6-diiodo-9H-carbazole (7) as a brown
solid in 98% yield after'reciystallization. The structure of 7 was confirmed by 'H and °C
NMR which were in good agreement with .the literature report [72]. The *H NMR of 7 in
DMSO-d6 (Figure 3.2) showed a éinglet‘lpe‘ék at 11.56 ppm for H(a), two doublet peaks
at 7.67 and 7.36 ppm for H(b) and H(c), fé'spectively, and a singlet peak at 8.57 ppm for
() 2
: w2l

& s
oo i — e

H

Carbazole 7 ' 8

Figure 3.1 Thessynthesis of 8. Reagents and conditions: (i) KI, KOs, acetic acid, reflux,
20 min;(ii), pyrene-1-boeronic.acid, Pd(PPhs)4, 2M-K,CO3, THE, reflux; 24 h.
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T3 3 71 = LN T
12.0 11.0 0.0 F. 9.0 8.0 7.0
ppm (1} :

Figure 3.2 Expanded "H NMR of 7 in DMSO-d6.

The second step involved a coupling of 7 with the commercially available pyrene-
1-boronic acid using-Suzuki coupling reaction [73-75]. In our early attempts, Pd(OAc),
was used as a catalyst and the K;CO3; was functioned as a base in a 9:1 mixture of
dioxane and H,O (Table 3.1). Unfortunately, this condition was not effective for the
synthesis as there was no'evidence for produet observed by TLC analysis. In addition, not
much improvementwas ‘achieved when a 2M aqueaus solutien of K,CO3 was used as a
base and toluene was utilized as the solvent under a catalysis by either Pd(OAc), or
Pd(OAe).-Cul. By changing the Pd catalyst to Pd(PPhs), under the conditions outlined in
entry 4 (Table 3.1), the desired dipyrenylcarbazole (8) was successfully obtained as a
pale green solid in 67% yield after a column chromatography on silica gel.
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Table 3.1 Suzuki cross coupling conditions.

Entry Catalyst Base Solvent Temp. Yield (%)
1 Pd(OAc), K,COs Dioxane : H,O Reflux 0?
2 Pd(OAC); 2M K,CO3 Toluene Reflux 0?
3 Pd(OAc), + Cul  2M KyCO» Toluene Reflux 0?
4 Pd(PPh3)4 2M K,CO; Joluene Reflux 67

®No product was detectedby TLC. =

The mechanism of.Suzuki-cross coupling reaction (Figure 3.3) involves a three-
steped cycle: oxidative addition, transmetallation and reductive elimination. Starting with
the oxidative coupling of aryl halidef‘(Z) with Pd(0) to give a Pd(ll) complex,
transmetallation with boronic acid in basfg conditien gives rise to the intermediate (12)
which undergoes a reductive elimmation tq eventually afford the coupling product and

regenerate the active palladium species.

O |
7
Pd(0)(PPh3)4 ;
Reductive elimination Oxidative coupling
|
| (PPh3)
(PPh3)

N
d“"@ O (L
N

,N (PPha)

Transmetallation Q—B\/ + KyCO3
OH

g vl

Figure 3.3 The mechanism of Suzuki-cross coupling reaction.
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The chemical structure of 8 was confirmed by *H and *C NMR as well as mass
spectrometry. The *H NMR of 8 (Figure 3.4) in DMSO-d6 showed a singlet peak at
11.72 ppm for H(a), two doublet peaks at 7.80 ppm (J = 8.3 Hz) and 7.70 ppm (J = 8.3
Hz) for H(b) and H(c), a singlet peak at 8.50 ppm for H(d), a doublet peak at 8.36 ppm (J
= 7.8 Hz) for H(e) and a triplet peak at 8.06 ppm (J = 7.6 Hz) for H(f).

120 1.0~ 100 8.0
ppm (1)

Figure 3.4 "HINMR bf8in DMS0:d6 (inhset iS the'expansion‘ef the aromatic region).

T he synthesis of-target-molecule 2PCF, is, shawn~in~Figure 3.5. 1-lodo-4-
methylbénzene (9) ‘was' prepared™in’ house by"“a "sequential“diazetization-iodination
reaction of p-toluidine. The target molecule was synthesized by the reaction of 8 with an
excess amount of 9 under a Cu-catalyzed C-N coupling conditions in the presence of Cu-
bronze and K,COjs in refluxing nitrobenzene. 2PCT was obtained as a pale green solid in
56% yield.
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(o )
00 O
C%QO OQSQ Cu(0), K,CO3 O O Q

ll' ©

2PCT

\k\ g reaction is illustrated in Figure

\\\ y ically by K,COgs, presumably
accelerated by the formati . \ 13) as the first intermediate. An
oxidative addition bet omg an the aryl halide then takes place to yield

the intermediate 14. The las t$ (31 S e~ ive elimination to give the final N-

ti

awwaﬁmwﬁ I

Figure 3.6 The mechanism of Cu-catalyzed C-N coupling reaction.
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The chemical structure of 2PCT was verified by *H NMR, *C NMR, mass
spectroscopy and elemental analysis. The *"H NMR of 2PCT (Figure 3.7) in CDCl;
showed a singlet peak at 2.56 ppm for H(a), a doublet peak at 7.52 ppm (J = 8.0 Hz) for
H(b), a doublet peak at 7.66 ppm (J = 7.5 Hz) for H(c), a doublet peak at 7.64 ppm (J =
8.3 Hz) for H(d), a doublet peak at 7.73 ppm (J = 8.4 Hz) for H(e) and a singlet peak at
8.44 ppm for H(f).

ppm {11}

Figure 3.7 'H NMR'0f2PCT in CDCI; (inSet is the-expanded ‘of aromatic region).

The 'synthesis of anotherstarget.molecule,;4P2C| is shown in' Figure 3.8. First,
ethane-1,2-diyl bis(2-chloroacetate) (10) was prepared by double chloroacylation of
ethylene glycol with chloroacetyl chloride [76]. The target molecule was synthesized by
N-alkylation of 8 with an excess amount of 10 in the presence of K,CO3; in DMSO at

room temperature. 4P2C was obtained as a slightly yellow solid in 42% yield.
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B e o g
) ; () DMSO RT 24 h 42% N}omo{N

8 o i cl O O
By, & = @
N4
Figure 3.8 The synthesis ‘N
The structur —¢haracterize 'H NMR, C NMR, mass
spectrometry and elemental sis— The 'H NMR of 4P2C (Figure 3.9) in CDCls

showed a singlet pe fe
doublet peak at 7.44 p . n'-r_' c), a doublet peak at 7.67 ppm (J = 8.3 Hz)
for H(d) and a singlet peak at.8. ' ).

ppm it

Figure 3.9 'H NMR of 4P2C in CDCl; (inset is the expansion of the aromatic region).
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The synthesis of target molecule 2PCP is shown in Figure 3.10. 4-bromo-N,N-
diphenylaniline (11) was prepared by bromination of triphenylamine using N-
bromosuccinimide [77]. The target molecule was synthesized by reaction of the building
block 8 with aryl bromide 11 under Cu-catalyzed C-N coupling conditions in which the
Cu-bronze was used as a catalyst and K,COj3 as base in refluxing nitrobenzene. The
expected compound 2PCP was obtained after chromatographic purification as a pale

yellow solid in 70% yield.

£y ey,

L) oS
)

O%OO Oogg CUl) KeC0s !

8 T W [:INT:j

Hy, 2pCP

Figure 3.10 The synthesis of 2PCP.

The structure of 2PCP was confirmed by "H NMR, *C NMR, mass spectrometry
and elemental analysis. The."H NMR of 2RCGP (Figure 3.11) in CDCl; shows a quartet
peak at 7.13 ppm for H(a), a doublet peak at 7.37-ppm (J = 7.5 Hz) for H(b), a doublet
peak at 7.61 ppm (J = 7.8 Hz) for H(c), a doublet peak at 7.70 ppm (J = 8.3 Hz) for H(d),
a doublet peak‘at 7.76,ppm (J= 8.3 Hz) for'H(e) ‘and'a singlet peak at 8.44 ppm for H(f).
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Figure 3.11 Expanded "H'NMR of 2PCP nyc:Dch,.
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3.2 Optical properties ey Al

EF i "y

The UV-Vis absorptlon and emission spectra of 2PCT 4P2C, and 2PCP were

S s

obtained both in CH-ZCIZ solution phase and thin film.: The results are summarized in
Table 3.2. In solution-phase, the absorption spectra of all'three compounds appeared very
similar in which there ‘were three bands@at 250, 280, and 350 nm. Although these
absorption bands were in the same region as free carbazole and pyrene, their relatively
broader shapes indicated a strong electronic coupling between these two m-conjugated
units. EFhis electronicy, communication was also evident-hy thesfact|that the emission
wavelengths of 2PCT, 4P2C, and 2PCP were significantly longer than that of pyrene
[78]. Compound 2PCT, 4P2C, and 2PCP exhibited the maximum wavelength of
absorption at 347, 347 and 345 nm, respectively (Figure 3.12). The optical band gap
energies of 2PCT, 4P2C, and 2PCP were then calculated from the onset wavelength of
absorption spectra to be 3.06, 3.06 and 2.73 eV, respectively. For the thin films obtained
by spin casting technique, the solid phase absorption spectra of all three compounds
exhibited a significant bathochromic shift indicating a better n-electron delocalization in
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the conjugated systems which is probably a result of a greater planarity between the

carbazole and pyrene units forced by the solid-state packing [79].

2.0 12
- (@) —2PCT - - = 2PCT
3 3 19 - — 4pP2C
E g 0.8 - — 2PCP
[} (72}
5 5
E £ ,0.64
& &
= 2 04
< — g

0.01— ‘ ‘ e 0.0 . ‘ ‘ 7

250 300 350 400 450 200 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 3.12 Absorption‘Speetra of 2PCT,i4P2C, 2PCP In CHCI; (a) and thin film (b).

The fluorescence spectra: ebtained from CH,Cl, solutions of 2PCT and 4P2C
exhibited maximum emissign wavelengths@ at 427 and 425 nm, respectively (Figure
3.13). The fact that the two specira were f'v,e‘r"j/ similar suggested that the luminescent
moiety of these molecules ~should. be' the dipyrenylcarbazole unit. With two
dipyrenylcarbazole ‘uniis—connecied-with-a—fHexible-ghycolic chain, 4P2C showed an
emission shoulder at 470 nm corresponding to the pyrene excimer [80]. For compound
2PCP containing a triphenylamine group, the maximum emission peak appeared at a
longer wavelength:(465 nm), while its;absorption band, appeared at the same location as
2PCT and 4P2C. "These “suggest™ that the "incorporation of triphenylamine moiety
promotes the electron-vibration coupling in the eléetronic excited'state of 2PCP resulting
in the geometrically: relaxed exciton with lower energy!._The quantum yield of 2PCT,
4P2C, and 2PCP were 0.79, 0.79 and 0.73 respectively, measured from CH,CI, solutions
(A<0.1) at room temperature using quinine sulfate solution in 0.01 M H,SO, (®r = 0.54)
as the standard. In solid states (thin films) which were prepared by spin casting
technique, the emission spectra of 2PCT and 4P2C showed substantial bathochromic
shifts (~ 30 and 35 nm, respectively). These results can describe with the same reason in
the absorption spectra. Since both the absorption and emission spectra of the three

compounds in solid state were very similar in shape and wavelength, it may be assumed
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that the dipyrenylcarbazole is the photoactive module in these compounds, regardless of
the substituent on the nitrogen atom. In addition, the solid state emission spectra of 2PCP
exhibited a hypsochromic shift compared to the solution phase spectrum. This result may
also be attributed to the aforementioned solid-state packing force which geometically

precludes the electron-vibration coupling between the triphenylamine substituent and the

photoactive unit. N ”//
¥ e
- . — — 2PCT
= . - - 2PCP
3 0.8 / noe
£ 0.6 5
g
£ 0.4
g
0.2+
0.0- T T —
450 500 550 600 650
Wavelength (nm)
Figure 3.13 Fluorescence spectra of 2PCT, 4P2C and 2PCP in CH:Cl; (a) and thin film
(b). ’
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Table 3.2 Optical properties of dipyrenylcarbazole derivatives 2PCT, 4P2C and 2PCP

measured in CH,Cl, solutions and in thin films.

7‘9‘2‘5"”@1 1 AEmit/nm
Compound (loge/dm*mol~“cm") - DE EgleV
Solution® Elhrm’ Solution® Elhr;r‘}
2PCT 347(4.87) 359 427 456 0.79 3.06
4P2C 347(5.15) 360 425 460 0.79 3.06
2PCP 345(4.94) 356 465 453 0.73 2.73

The absorption spectra from the L\/-Vis spectra measured in dilute CH,Cl, solution.

® The absorption spegifa fiom' the UV/-Vis spectra measured in thin film. ¢ The PL
emission excited at the apSorption maxima in dilute GHCl, solution. ¢ The PL emission
excited at the absorption maximain thin film.

® PL quantum yield detesmined in CH,Cl, solution (A<0.1) at room temperature using

quinine sulfate solution'in 0.01 M H;SO, (®¢ = 0.54) as a standard.
" The optical energy gap estimated from/the onset of the absorption spectra (Eq =
1240/7\,0nset) . :

3.3 Electrochemical property

Cyclic voltammetry (CV) is an electroanalytical technique measuring the
electrical current versus potential of a solution of a“Compound (analyte). A typical
electrochemical.cell cansists of three,electrodes,which.are.called the working, the counter
(auxiliary) and the 'referencé electrodes, all‘of which'are controlled by a potentiostat. The
potential difference is applied betwéen the working and the reference electrodes. For the
reference electrode, there is ne current-flow and it-functions as the electrode from which
the potentials of the other electrodes are measured. The electrical circuit is completed by
the use of the counter electrode. Apart from the analyte, the solutions should also contain
an electrolyte which can decrease the effect of electrical migration due to charge
attraction and repulsion.

In a CV experiment the potential is varied with time, either in a positive or
negative direction, in a linear sweep to a potential E;, called the switching potential, and

then back to the starting potential (Figure 3.14a). During the linear sweep potential, the
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current is measured and the presence of a peak during a sweep indicates that a redox

process has occurred (Figure 3.14b).
E;
a) b) P

Potential (V)

¥
v

Thme (5}

Figure 3.14 a) the triangularpotential sweep used for CV b) a quasi-reversible CV traces
for a redox process. '

A negative sweep of potential can cause reduction and a positive sweep can cause
oxidation. If there is a reverse of the peak @bserved in the forward potential sweep, then
the redox process is chemically-reversible. Thié-‘means the reduced or oxidized species is
stable or the kinetics of the-electron transfer process between the electrodes and the
solution are fast on‘the timescale of the experiment If there'is no reverse peak, the redox
process may be chemically irreversible. The irreversibility may result from either the
chemical process occurs faster than the experiment time scale, or the heterogeneous
electron transfer is slower-than the experiment time.scale..In CV, with a reversible
oxidation and ‘reduction-process, the difference ‘in-potential (AE,) between the cathodic
and anodic peaks for a one-electron process at 25 °C is 57 mVe.This value for a two-
electronprocess [is:28.5 mV. Wheni AEy is signifieantly greater than' 57 mV at 25 °C but
the oxidation and reduction are chemically reversible, the process is considered as quasi-
reversible which can occur when reduced or oxidized species is stable, but the rate of
heterogeneous electron transfer between the compound and the electrode is slow in

comparison to the experiment timescale.
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In this work all CV experiments were performed in dry dichloromethane using a
platinum wire counter electrode, a Ag/AgCIl/NaCl reference electrode, and glassy carbon
working electrode. The electrolyte was tetra-n-butylammonium hexafluorophosphate
which was chosen for its good solubility in organic solvents. The electrolyte
concentration was 0.1 M, and the concentration of the analytes (dipyrenylcarbazole
derivatives) was 1.0 mM. It is important to use anhydrous solvents degassed with an inert
gas because O; is a good radical scavenger.and gan react with many oxidized and reduced
species. The internal standard was the,ferroeenitum/ferrocene (Fc*/Fc) couple, and the
data is relative to this standard. Fhe values of E;, 0f redox couples are the average values
of the cathodic and anedic poteniials.

The redox potentials©f 2PCT, 4P2C and 2PCP in CH,CI; solution at a scan rate
of 0.05 V/s are compiled in/Table 3.3 arjd' the eyclic veltammograms of all compounds

are shown in Figure 3.15:

30+ A
——PCT =,
20 4 i ez apI Gl

10] T 2PCRS

Cufrent (nA)

=104
-20
-30

00 04 08 12 16 20
Potentialys Ag/Ag” (V)

Figure-3.15Cyelic-voltammogramsof,2PCT 4P2C and 2RCP indry CHCl,.

The electrochemical stability of all compounds was tested by seven subsequent
redox cycles. Compounds 2PCT and 2PCP which have aromatic substituents on their

carbazole nitrogens were electrochemically unstable (Figure 3.16).
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Current (nA)
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Potential vs Ag/Ag” (V)

Figure 3.16 Multi sc/ ) in dry CH,Cl, with 0.1 M n-

o] A

Dimerization

Figure 3.17 Dimerization process of 2PCT.
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In the case of 2PCP, the dimerization could occur at the p-position of one of the
phenyl rings in the triphenylamine moiety (Figure 3.18). The observation of these
oxidative couplings is in good agreement with results previously reported for other

systems containing triphenylamine [81,82].

Figure 3.18 Dimerization process of 2PCP.

Repetitive scanning by cyclic voltammeter revealed that 4P2C had a good
electrochemical stability as it did not show any change on cyclic voltammogram during a

duplicated scanning process (Figure 3.19).
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Figure 3.20 Band diagram of ITO, PEDOT:PSS, 2PCT, 4P2C, 2PCP, Alg3 and LiF:Al.
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Table 3.3 The electrochemical properties of 2PCT, 4P2C and 2PCP.

E1p/V

Compound (AEYmV) HOMO?® (eV) LUMO® (eV)
2PCT 1.09(129) 5.50 2.44
4p2C 1.03(170) 5.44 2.38
2PCP 0.91(85) 5.29 2.56

# Measured using a platinum-disk as a working€lectrode, a platinum rod as a counter
electrode, and SCE as a reference electrode 1n-CH,Cl, containing 0.1M n-BusNPFg as a
supporting electrolyte at a.sean fate of 50 m\//s under.an argon atmosphere. ® Calculated
by the empirical equation: HOMO = (4.44 + Ey). ¢ Calculated from LUMO = HOMO -
=

3.4 Thermal property

For optoelectronig applications, 'the' thermal stability of organic materials is
crucial for device stability and lifetime. The degradation of organic optoelectronic
devices depends on morphological ‘changes __résulting from the thermal stability of the
amorphous organic layer. Morphelogical change might be promoted by rapid molecular
motion near the glass transition temperafu,[e (Tg). The thermal properties of all
compounds were _determined by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) under nitrogen atmosphere.

The thermal properties of 2PCT, 4P2C and 2PCP are shown in Figure 3.21 and
summarized in Table 34sThe TGA curves suggested that all three compounds were
thermally stable with 5% awveight loss temperatures (Te ") @t 459, 414 and 398 °C,
respectively. During the second heating cycle in the DSC experiments, there were sharp
endothermic, peaks+for 2PCTat 854 °C due to melting temperature (T.). Compound
2PCT also showed an endothermic baseline shift due to glass transition temperature (Tg)
at 165 °C and an exothermic peak at 294 °C due to crystallization. For compound 4P2C,
only a Ty at 199 °C was observed and there were no signals for crystallization or melting
upon further heating. For compound 2PCP, there was no endothermic peak on both the
first and second heating cycle, but a T, of 166 °C was observed. These results suggested
that the amorphous compounds 4P2C and 2PCP are able to form molecular glasses with
high Tg.
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Table 3.4 The thermal

Compound T (°C) T? (°C)
2PCT 356 293
4P2C - -

2PCP

? Obtained from DSC measurements on the second heatﬁg cycle with a heating rate of 10
°C/min under ﬁ ® Obtained. from TGA measurements with a heating rate of 10 °C/min
U
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3.5 Electroluminescent (EL) properties
3.5.1 Investigation of the hole-transporting property

The HOMO energies of 2PCT, 4P2C and 2PCP were at 5.50, 5.44 and
5.29 eV, respectively. These energy levels lie between the work function of 1TO (4.80
eV) and HOMO energy of Algs (5.70 eV) which indicated that all compounds could
potentially be used as a HTL in OLED. Since the barrier energies between ITO and
2PCT, 4P2C and 2PCP were 0.7, 0.64 and.0.49 eV, respectively, it could be estimated
that hole injection from ITO to 2PCP ceuld be-most easily occurred. To investigate their
hole-transporting properiies, double-layer OLED devices with the structure of ITO /
HTL[30nm] / Algs[30am] / LiF[0.5nm] { Al[120nm] were fabricated using 2PCT (device
1), 4P2C (device 2) and2PCP (device 35 as the HTL, I'TO as the anode and LiF:Al as the
cathode and Algs as thedight-emitting anL_d'electron-transporting layers. All devices emit
the green color of Algs (530 nm), suggé",sti’hg that 2RPCT, 4P2C and 2PCP functioned

only as a HTL in these devices. -.

2.44 (L. ) 2 56
1 2 3.1
- ,. . I_
35043 3.50.3 3543
[-| - _1 Eial U . I;F*A": . p-' LiF/Al
U et E F e E sk
o | 8 Nﬂ"l v | F | g | | A
ITo V ITo ¥ Mo
— 5219
% S — e
550 17 A4 iR 57
Device'l Device 2 Device 3

Figure:3.22 Energy.level diagrams of ‘device 1-3.

The voltage-luminance and voltage-current density characteristics of the
devices are shown in Figure 3.23 and summarized in Table 3.5. Device 3 exhibited the
best performance with a maximum luminance of 9,300 cd/m? at 8.8 V, a turn-on voltage
of 4.2 V and an external efficiency of 0.1%. This is possibly attributed to the fact that
device 3 has charge balance better than the other two devices due to a small energy
barrier between 2PCP and ITO (Figure 3.22).
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Figure 3.23 Current density and luminance VS voltage characteristics of device 1-3.

Table 3.5 Electroluminescent properties ofﬂe\(ice 1-3.

Device HTM Von' = Mum® Nex’ Je
1 2PCT 47 1600 (8.8) 0.65 003 1950
2 4P2G 48 6900 (96) 250 010 1342
3 2PCP 4.2 9300 (8.8) 2.00 0.0 1555

Turn-on voltage (V). > Maximum luminance’ (cd/m?) (at applied potential, V).
° Luminance efficiency(cd/A). ¢ External efficiency (%). ¢ Current density (mA/m?).

3152 Investination-of the®€lectroluminescent property
The high photoluminescence (PL) quantum yields of 2PCT, 4P2C and
2PCP motivated us to use these compounds as light-emitting layers for OLED. To
investigate their light-emitting properties, single-layer OLED device was fabricated using
2PCT, 4P2C and 2PCP as emissive material layer (EML) in devices of structure 1TO /
EML[30nm] / LiF[0.5nm] / Al[120nm] (device 4-6). The voltage-luminance and voltage-
current density characteristics of the devices are shown in Figure 3.25 and summarized

in Table 3.6. The results showed that device 6 exhibited the highest device performances
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with a maximum luminance of 1,450 cd/m? at 9.8 V, a turn-on voltage at 4.8 V and an
external efficiency of 0.15%. This was also corresponded to smallest energy barrier
between LUMO level of 2PCP and work function of LiF/Al (Figure 3.24).

Since the most promising result was obtained from 2PCP, it was therefore
subjected to a fabrication of a device 7, a double-layer device which used a mixture of
conductive polymers PEDOT:PSS as an HTM. We found that the incorporation of this
HTM decreased the turn-on voltage and currenidensity, while the maximum luminance,

luminance efficiency, and external efficiency were raised.
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Figure 3.24 Energy. I'gvel diagrams of device 4-7.
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Figure 3.25 Current density and luminance VS voltage characteristics of device 4-7.
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Table 3.6 Electroluminescent properties of device 4-7.

Device  EM Von? L Tum’ Tox” J° CIE'

4 2PCT 54  670(120) 041 007 440  (0.18,0.25)

4P2C 69  1200(116) 048 007 770  (0.21,0.33)
6 2PCP 48  1450(9.8) 050 015 820  (0.18,0.17)
7 2PCP 38 1600(88) /150 040 660  (0.17,0.15)

2 Turn-on voltage (V). ° Maximum luminance (cd/m?) (at applied potential V).
¢ Luminance efficiency (cd/A). “External efficiency (%). ¢ Current density (mA/m?).
" Commission International d’Eclaitage coordinates (X, V).

Figure 3.26 Chemical structure af PEDOT:PSS,

The eiectroluminescent (EL) spectra of the double-layered devices are
shown in Figure 3.27.The EL peaks of device 4-7 were at 473, 488, 437 and 436 nm,
respectively. For device 4;the EL spectrum matched with the corresponding PL (thin
film) emission. This indicated that the same radiative excitedstates involved in both EL
and PL processes [85]. Interestingly, for device 6 and 7, the, EL spectra showed
hypsochromic shiftycempared) to PL spectra. We, therefore, propose that the exciton
formation in device 6 and 7 may occur closer to the cathode, where the injected electron
has less chance to relax, due to the greater hole-transporting ability of 2PCP. The EL
spectrum of device 5 appeared at a longer wavelength in comparison with the PL
spectrum of 4P2C thin film. This could cause by a difference in fabrication methods or

the weak hole-transporting ability of this compound.
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The Commi n inte ’Eclairage (CIE) coordinates for device 4-
7 were in the pure blue region g Figure 3.28 and summarized in Table 3.6.
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Figure 3.28 CIE coordination (x,y) of device 4-7.



CHAPTER IV
CONCLUSION

Three derivatives of 3,6-dipyrenylcarbazole 2PCT, 4P2C and 2PCP were
successfully synthesized. The key transformations involved regioselective iodination
of carbazole, Suzuki coupling of the resulting diiodo carbazole with pyrene-1-boronic
acid, and the alkylation or arylation of the.carbazole N-H position. All compounds
were characterized by NMR Spectroscopy,  UV-Vis and fluorescence
spectrophotometry, mass..speetrometry and elemental analysis. The UV-Vis
absorption spectra of 2PCT, 4P2C, and 2PCP were obtained both in CH,ClI; solution
phase and thin film. In_solution’ phase, the compounds exhibited the maximum
wavelengths of absorption at 347; 347 and 345 nm, respectively. The onset absorption
edge of 2PCT, 4P2C, and 2PCP werg at 405, 405 and 425 nm, which could translate
into the optical band gap energies of 3.06,_53'."06 and 2.73 eV, respectively. In solid
state (thin film), compound 2PCT, 4P-2“_(i3",‘rland 2PCP exhibited the maximum
wavelengths of absorption at 359, 360 ana 356 nm, respectively. Also, the
fluorescence spectrawof 2PCT, 4P2C, ahd'-2'PCP wereg obtained both in CH,CI;
solution phase and thin film. In solution phase, 2PCT, 4P2C, and 2PCP exhibited the
maximum wavelength of emission at 427, 425 and 465 nm, while those obtained from
solid samples (thin film). were at 456, 460 and 453 nm, respectively. The quantum
yield of 2PCTy 4P2C, and 2PCP, which were\measured" in €H,CI, solutions using
quinine sulfate‘solution as a standard were 0.79, 0.79 and 0.73 respectively. The
electrochemigal-properties-of:the .compounds-were studied by cyclie and differential
pulse voltammetric methods. Compounds 2PCT and 2PCP which'contained aromatic
substituents on their carbazole nitrogens were electrochemically unstable. For
compound 2PCT, the oxidation may first take place at the nitrogen atom.
Delocalization of the unpaired electron and a loss of hydrogen radical could lead to a
benzylic radical-cation that could undergo a dimerization. In the case of 2PCP, the
oxidative coupling could occur at p-position of the phenyl rings in the triphenylamine
moiety. Repetitive scanning by cyclic voltammeter revealed that 4P2C had good

electrochemical stability. Thermal properties of all compounds were determined by



55

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) under
nitrogen atmosphere. The results suggested that 4P2C, and 2PCP were amorphous
materials with excellent thermal stability that could form molecular glass, which were
an essential property for the preparation of thin films by evaporation and by solution
casting. The HOMO energies of 2PCT, 4P2C and 2PCP were at 5.50, 5.44 and 5.29
eV, respectively. For an investigation of /the hole-transporting property, the three
compounds were used as a HTL in dewices of structure ITO / HTL[30nm] /
Algs[30nm] / LiF[0.5nm]/Al[120nm]. These devices emitted bright green light with
maximum brightness of«4y600,.6:900 and 9,300 cd/m?at turn-on voltage of 4.7, 4.8
and 4.2 V and current-densiiy of 1,950,‘ 1,342 and 1,555 mA/cm?, respectively. In a
study of electrolumingseent.property 2PCP was used as an emissive layer in devices
of structure ITO / PEDOT:RSS/ 2PCP[30'nm] / LiF[0.5nm]/AlI[120nm]. This device
emitted bright blue light with'maximum bj.rightness of 1,600 cd/m? at 8.8 V with turn-

on voltage of 3.8 V and cugrent density of (3‘(_30,_mA/cm2 respectively.
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Figure 2 **C-NMR spectrum of 3,6-diiodo-9H-carbazole (7)
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Figure 4 *C-NMR spectrum of 3,6-di(pyren-1-yl)-9H-carbazole (8)
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Figure 8 **C-NMR spectrum of 4-iodotoluene (9)
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Figure 10 *C-NMR spectrum of 1,2-bis(chloroacetoxy)ethane (10)
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Figure 18 *C-NMR spectrum of Ethane-1,2-diyl bis(2-(3,6-di(pyren-1-yl)-9-H-
carbazol-9-yl)acetate) (4P2C)
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