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CHAPTER 1
INTRODUCTION

1.1. Organic field-effect-transistor (OFET)

A field-effect transistor (FET) was patented in 1930 by Lilienfeld. The first
electric-field-effect on the conductivity of organic thin film was measured by Kahng
and co-workers in 1960 [1-3]. After that, there were some reports in the middle of
1980s; for instance, Ebisawa, Kudo, Koezuka and their co-workers independently
prepared OFET devices based on polyacetylene, merocyanine, and polythiophene,
respectively. The material variety and the concept of charge accumulation can be found
in many review papers such as the report by Horowitz published in 1998 [4-9]. OFET
consists of three electrodes (gate, source and drain), an insulating layer such as SiOo,
and a semiconductor thin film made of organic molecules. In FET, there are three types
of operation mode, namely p-type and n-type and ambipolar type. In the p-channel
transistor, to turn on the device, negative gate voltage needs to be applied; and then,
holes (positive charge carriers) will be injected into the channel from source/drain
electrodes. As a result, the mobile holes convey electricity from source to drain when
drain bias is applied (Figure 1.1). On the other hand, in the n-channel transistor,
positive gate voltage needs to be applied to turn on the device; then, the electrons
(negative charge carriers) will be accumulated at the semiconductor/insulator interface.
This will make the channel conducting again. In the case of ambipolar FET, both
electrons and holes work as charge carriers, as the major carrier can be switched
depending on the gate voltage. A good conductivity at the ON state can be obtained by
larger carriers’ mobility when the size of the FET is given.

OFET is being applied for inexpensive, large area, printable and bendable
devices [10-12]. It has been already used as intelligent ink, identified tag, sensors and
light emitting displays [13-16]. According to the molecular orbital theory, there are 2
important energy levels; namely HOMO (Highest Occupied Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital). HOMO is the highest energy level

that contains electron(s) while LUMO is the lowest vacant energy level. Although hole



mobility in the Valence band (p-channel FET) and/or electron mobility in the
Conduction band (n-channel FET) are important [17], other factors such as the contact
resistance, ON/OFF ratio, and subthreshold swing are also important in practical use.
Depending on the HOMO/LUMO levels of the molecules with respect to the work

function of the electrodes, the injection barrier, or contact resistance, will be affected.
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Figure 1.1 Schematic of p- and n- transistor

Before the application of gate voltage, HOMO and LUMO are located at certain
energy levels. For p-channel FET, after applying a negative gate voltage, both HOMO
and LUMO levels of the channel material are shifted up (Figure 1.2c). This will allow
the energy level matching between HOMO and Fermi level of the electrodes when the
hole carriers can flow into the FET channel. On the other hand, after applying a positive
gate voltage, the HOMO and LUMO levels of n-type material are shifted down and

then electron can flow into the channel [18, 19].
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Figure 1.2 (a) Idealized energy diagram of OFET at Vo= Vp= 0. (b) At V> 0 and Vp =
0(c)At Vo< 0and Vp=0(d) at Vo> 0 and Vp> 0 (e) at Vo< 0 and Vp< 0

1.2. Band insulator

In a solid state, the electrons’ energy becomes continuous to form energy bands.
Valence band (VB) comprises HOMO, while conduction band (CB) comprises LUMO.
If there is no doped carrier either in the VB nor CB, the solid becomes a semiconductor
or an insulator (Figure 1.3 [20]). If the band gap between VB and CB is much larger
than room temperature, typically more than 4 eV, it is called an insulator because there
is no thermally excited carrier. If there are intrinsic carriers in CB, the solid becomes a
metal [21].
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Figure 1.3 Metal, semiconductor and insulator according to band theory

1.3. Perylene

Among n-type organic semiconductors, one of the most brilliant materials is
perylene-3,4,9,10-tetracarboxylic diimide derivatives (PTCDIs) [22]. PTCDIs are used
not only in FET application but also as organic light emitting transistor (OLET) [23],
inverter [24, 25], chemical sensor [26] and organic photovoltaic (OPV) [27] as they
have shown high electron mobility [28-30] due to strong m-m interaction of perylene
core (Figure 1.4).
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Figure 1.4 Structure of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)

To enhance the efficiency, self-assembled monolayers (SAMs) [31] and
silsesquioxane copolymer [32] were employed as dielectric layer and the mobility
values were found to be increased due to forming of a highly crystalline layer via
hydrophobic interaction. Instead of forming SAMs on the substrate, N-alkyl perylene
diimide compounds were synthesized acting as a long-alkyl-chain-attached molecule.
The report revealed that strong hydrophobic interaction of long chain could prevent the
migration of the first monolayer into bulk; as a result, electron mobility was enhanced
after annealing (Figure 1.5) [33]. For instance, N,N -ditridecyl PTCDI (PTCDI-C13)
is an attractive molecule for air stable OFET [29] because of high electron mobility (2.1
cm?/V s) after annealing (Figure 1.6) [22].
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Figure 1.5 Electron mobility of various PTCDI with thermal treatment
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Figure 1.6 1~V of 30 nm PTCDI-C13 film (a) before and (b) after annealing at 140 °C

Basically, evaporation in high vacuum is employed to deposit those PTCDIs
films because of their poor solubility, to result in films with several molecular layer
thickness [34-36].

Perylene-3,4,9,10-tetracarboxylic diimide (PTCDI) was also used for preparing
coronene derivatives. For instance, Wei Jiang and co-workers have successfully
synthesized pyridyl-fused perylene bisimides in one pot. After Suzuki cross-coupling,
the light was used to prepare core-extended perylene bisimides which their

photophysical properties were performed in THF [37] (Figure 1.7).
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Figure 1.7 Synthesis route for pyridyl-fused perylene bisimides

1.4. Benzimidazole of perylene diimide derivatives



Benzimidazole derivatives were synthesized by condensation between 1,7-
difluoro-perylene-3,4,9,10-tetracarboxylic  dianhydride (DF-PTCDA) and 1,2-
phenylenediamine; however, crude mixtures of regioisomers were purified by triple

sublimation in a three-zone sublimation unit. The highest mobility was 6.2x10° cm?/V/

s at 125°C [38]. (Figure 1.8)
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Figure 1.8 Structure of benzimidazole derivatives in a patent

In 1997, Heribert Quante and co-workers described absorption and emission
properties of syn/anti 1,6,7,12-tetrakis(aryloxy)-3,4,9,10-perylenetetracarboxdiimide
derivatives in dichloromethane at room temperature (Figure 1.9). This suggests that the

introduction of the substituent on perylene core might improve the solubility [39].
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Figure 1.10 Structure and normalzied absorption and emission spectrum of 1,6,7,12-
tetrakis(aryloxy)-3,4,9,10-perylenetetracarboxdiimide derivatives

Not only the aryloxy group but CFz moieties in bis(trifluoromethyl)-substituted-

3,4,9,10-perylene tetracarboxylic bis(benzimidazole) regioisomers were also reported

in terms of absorption and emission spectrum in dichloromethane. The author assumes

that the introduction of bulky CF3 moieties on perylene core might improve the

solubility because of a possible twist of perylene core via intermolecular repulsion of

steric CF3 moieties [40]. (Figure 1.
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Figure 1.9 Structure and normalzied absorption and emission spectrum of
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Asymmetric soluble perylene imide benzimidazole was synthesized and
liquid crystalline properties were found (Figure 1.11). The alkyl chain was decorated

to alter solubility. Thus, UV absorption spectrum was revealed in CHCI3 [41].
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Figure 1.11 Synthesis of asymmetric soluble perylene imide benzimidazole

A thin film of perylenebis-benzimidazole was fabricated on polymer gate
dielectric. The researchers found that the OFET performance was influenced by the
gate dielectric. The highest mobility was 1.6 x 10 cm?/V s on poly-benzocyclobutane
gate dielectric (Figure 1.12). Nevertheless, the thermal evaporation process was
conducted to coat perylenebis-benzimidazole layer which obstructed monolayer
formation [42].
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Figure 1.12 I4-Vq and lq12-Vg characteristics of perylenebis-benzimidazole on
benzocyclobutane
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1.5. Organic Light Emitting Diodes (OLEDs)

Organic light-emitting diodes (OLEDSs) have been an interesting material used
to create flat panel displays for past several years due to its advantages including large
area fabrication, flexibility and light weight compare with other display technologies
such as cathode ray tube (CRT), liquid crystal displays (LCD) and plasma displays
(Figure 1.13) [43, 44].

u‘
-
-
Apple’s 27" displays with as-

tounding 2560 x 1440 pixels

PLASMA

" (23 cm) and 14° (36 cm) color monitors

(@) (b) () (d)
Figure 1.13 (a) CRT, (b) LCD, (c) plasma, and (d) OLED displays in computer
monitor

For instance, OLED display shows better quality in brightness and contrast than
LCD displays (Figure 1.14) [45]. Light brightness, cost of production, the weight of
device and energy consumption are important things to develop for the next generation
of flat panel displays. Assuredly, OLEDs have been improved and developed to fulfill

these requirements.

TFT-OLED TFT-LCD TFT-OLED TFT-LCD
150 cd/m2 150 cd/m? 150 cd/m? 250 cd/m?

Figure 1.14 Comparison of brightness and contrast between OLED and LCD display
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Generally, a single-layer OLED is made of a single emissive organic layer
(EML) sandwiched between the cathode (Metal) and the anode (ITO); however, this
device shows low quantum efficiency for photoluminescence. In order to enhance
emission, hole transporting layer (HTL) was introduced to alter recombination of the
hole and electron pairs (exciton pairs) at the interface which generates
electroluminescence [46]. The radical cations typically form in hole transporting layer
to carry holes and prevent electrons transfer to the other side of the electrode without

recombination with holes.

QM

Metal

HIL EIL

Figure 1.15 Light-emitting mechanism in an OLED device (HIL = hole-injection layer;
HTL = hole-transporting layer; EML = emissive layer; ETL = electron-transporting
layer; EIL = electron-injection layer)

The conventional hole materials are N, N’-diphenyl-N, N -bis(1-naphthyl)-(1,1’-
biphenyl)-4,4’-diamine (NPB) and N,N’-bis(3-methylphenyl)-N,N -

TPD NPD

CHs

QA DQQ AP
SRR SNY Sl e

Figure 1.16 Chemical structures of NPD and TPD
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bis(phenyl)benzidine (TPD); however, low glass transition temperature (Tg) of NPB
and TPD (100 and 65°C, respectively) can cause the poor morphology at high operating

temperature. As a result, the device efficiency easily decays upon using [47-55].

1.6. Truxene and triazatruxene derivatives

Based on an extensive review of literature, it has been found that truxenes
(10,15-dihydro-5H-diindeno[1,2-a;1",2°-c]-fluorene) and triazatruxenes (10,15-
dihydro-5H-dihydro-5H-diindolo[3,2-a:3’,2’-c]carbazole) are attractive materials for
hole transporting and emissive layer in OLED application. For example, Ruksasorn and
co-workers designed and synthesized two derivatives of carbazole with truxene showed
high thermal stability (glass transition temperatures at 249 and 293°C, respectively) and
excellent hole transporting property (12,000 cd m at 12.0 V) [56].
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Figure 1.17 Two derivatives of carbazole with truxene as a core structure

Interestingly, spin coated film of truxene derivatives containing carbazole and
pyrene moieties revealed excellent hole transporting property (maximum luminance 4.5
x 10* cd m at 10.8 V) and good non-doped blue emissive layer (maximum luminance
8.0 x 10% cd m2 at 9.6 V) [57].
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Figure 1.18 Chemical structures of truxene derivatives with carbazole and pyrene
moieties

In 2012, Zhu and coworkers synthesized triazatruxene derivatives with
substituent at 3, 8, 13 positions in five categories. Thermal properties of those
compounds were investigated. Their Tq¢ and Tm showed temperature measurement at
405°C and 219-373°C, respectively. However, Ty could not be observed for those
compounds. Then, the optical properties were studied. They emitted blue light at 394-
412 nm in solution and 416-461 nm in solid state, respectively. In addition, their

quantum efficiencies were about 32-58% [58].
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Figure 1.19 Chemical structures of triazatruxene derivatives with substituent at 3, 8, 13
positions

1.7. Coating techniques

Among several coating techniques, spin coating is an engaging solution-

deposition process due to a good candidate for large area fabrication and economical
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fabrication. Unlike solution-deposition process, molecular evaporation process requires
high vacuum and large energy for heating.

There are plenty of solution-deposition processes such as dip coating, spin
coating and drop casting. To coat the substrate, the compound needs to be dissolved in
the solvent. After solvation, it will be coated by a variety of techniques.

For dip coating, the substrate is immersed in the solution and is lifted. This
technique should be optimized by changing lifting speed and concentration of the
solution. A monolayer was obtained in some cases [59, 60].

Many compounds such as 5T (heptathiophene) [61] and 7T [62]
(septithiophene) were successfully coated by the spin coating method. Briefly speaking,
the solution is dropped on the substrate and dried by spinning. This technique should
be optimized by changing the spin speed, solvent and concentration of the solution.

About drop casting, the film is prepared by dropping the solution on the
substrate and dried at ambient condition. This technique should be optimized by
changing the solvent and concentration of the solution.

PTCDIs film has been prepared by the Langmuir-Blodgett (LB) technique.
However, the preparation process was complicated, and it was not successful in forming
a uniform layer [63]. Singh and co-workers synthesized N,N’-bis-(1-pentyl)hexyl-
3,4,9,10-perylene diimide and fabricated thin films with its solution in chlorobenzene
to measure FET properties, but spin-coated monolayer film was not obtained and

mobility was only 5 x 10 cm?/V s [64]. (Figure 1.20)



15

1 (b)

10 4

=

%"‘\\\\-_\

:i

§
&
pe [10° 4cm2N
“r

V20 v
0.1 T ‘ T gs|
0 20 40 60

Vgs V]

Figure 1.20 Ig-Vg of spin-coated N,N -bis-(1-pentyl)hexyl-3,4,9,10-perylene diimide film

Recently, symmetrical pyrenyl triazatruxene containing benzyl moiety was spin
coated in the formation of OLED devices; it as found that hole transporting property

displayed three-times better than commercial hole transporting agent [65].

R =-CH,Ph

Figure 1.21 Chemical structures of pyrenyl triazatruxene containing benzyl moiety
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1.8. Objectives

Currently, there are high demands of low-cost electronic devices. As an
alternative class of optoelectronic materials, polyaromatic organic compounds have
been quite useful due to their tunable structures and ease in fabrication using low-
temperature solution processes. Perylene-3,4,9,10-tetracarboxylic  dianhydride
(PTCDA), has recently become an attractive scaffold for compounds used as the
electrical modulator called organic field-effect transistor (OFET). In this work, PTCDA
will be derivatized into novel benzimidazole analog with aryloxy substituents in order
to enhance the solubility in the fabrication process. Moreover, the effects of the
substituents at the aryloxy groups towards the photophysical properties will be
investigated by experimentation. The charge transporting properties will also be

examined after the materials are fabricated as OFET devices.
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Figure 1.22 Target perylenebis-benzimidazole derivatives

Based on the aforementioned studies, it can be seen that hole transporting
properties of asymmetrical and symmetrical benzotriazatruxenes are not conclusive.
We synthesized and characterized 4 benzotrizatruxene derivatives consisting of

asymmetrical and symmetrical benzotriazatruxenes (A-BTT and S-BTT) without N-
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substituted moiety and asymmetrical and symmetrical N-hexyl benzotriazatruxenes (A-
BTT-C6 and S-BTT-C6). We also performed photophysical studies to analyze
structural and electronic property of synthesized compounds. Finally, hole transporting
performance of the spin-coated film was tested.

S-BTT A-BTT

or

S-BTT-C6 A-BTT-C6

R= 'CHZCHQCH?CHQCHQCHS,

Figure 1.23 Target molecules containing benzotriazatruxene
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CHAPTER 2
EXPERIMENTAL

2.1. Materials and instruments

Perylene-3,4,9,10-tetracarboxylic dianhydride, 1,7-dibromo-perylene-3,4,9,10-
tetracarboxylic dianhydride (DB-PTCDA) and all phenol agents were purchased from
Tokyo Chemical Industry (TCI, Japan). 1-aminotridecane, 1-aminohexane, aniline,
propionic acid, tetrabutylammonium bromide, K>oCOs, 1-octene, 0.5 M 9-BBN, 4,5-
dibromo-1,2-phenylenediamine, 4,5-dimethyl-1,2-phenylenediamine, potassium
iodide, tetrakistriphenylphosphine palladium(0) or Pd(PPhs3)4, PACl2(dppf) and common
solvent were purchased from WAKO Pure Chemical Industries (Japan). All
commercially available chemicals were used without purification. P-doped Si
substrates covered with a 300 nm-thick SiO; layer (SiO2/Si) were cut into the size of 6
by 6 mm?. The electrodes were patterned by photolithography. The Au/Ti electrodes
were deposited by the sputtering method. The I-V characteristic study was conducted
by 4200A-SCS parameter analyzer (Keithley). The temperature was regulated with
LS336 temperature controller in combination with manual prober (Lake Shore
Cryotronics). The morphology of the device surface was observed by DFM (dynamic
force microscopy) while optical images for drop casted film were taken by polarized
microscope (Nikon, Japan).

Regarding the benzotriazatruxene study, 1H-Benzo[g]indole was purchased
from Sigma-Aldrich. Other chemical reagents and solvent were purchased from
WAKO Pure Chemical Industries (Japan). All commercially available chemicals were
used without purification. Thin layer chromatography (TLC) was performed on
aluminium sheets precoated with silica gel (Merck Kiesegel 60 F2ss) (Merck KgaA,
Darmstadt, Germany). Column chromatography was performed on silica gel (Merck
Kieselgel 60G) (Merck KGaA, Darmstadt, Germany). The *H NMR was determined on
Varian Mercury NMR spectrophotometer (Varian, USA) at 400 MHz with chemical
shifts reported as ppm in CDClzand DMSO-ds. The *C NMR was measured on Bruker
Mercury NMR spectrophotometer (Bruker, Germany) equipped at 100 MHz with
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chemical shifts reported as ppm in CDClz and DMSO-de. Mass spectra were recorded
on a Microflex MALDI-TOF mass spectrometer (Bruker Daltonics) using doubly
recrystallized a-cyano-4-hydroxy cinnamic acid (CCA) and dithranol as a matrix.
Absorption spectra were measured by a Varian Cary 50 UV-Vis spectrophotometer.
The stock solutions of each compound were prepared in THF at 10° — 10° M, then
diluted to more than 5 different concentrations. To obtain the accurate result, all
absorbances should not exceed 1.0 because it gives a non-linear effect on Beer’s law,
A= ebc which A is absorbance, € is absorption coefficient and c is concentration. The
absorption coefficient (¢) was obtained from the slope of the calibration curve between
concentration and absorbance. The Amax Was chosen from the wavelength that provides
the highest absorbance. Fluorescence spectra were obtained from a Varian Cary Eclipse
spectrofluorometer. Absolute quantum vyields were measured using the FLS980

spectrometer (Edinburgh Instrument).

2.2.  Synthesis

Bromination of perylene-3,4,9,10-tetracarboxylic dianhydride

Perylene-3,4,9,10-tetracarboxylic dianhydride (1.64 g; 4.18 mmol) was
dissolved in 15 mL of concentrated H>SO4. After that, the solution was stirred for 1
hour at ambient temperature; and then, lodine (0.78 g; 3.08 mmol) was added and the
solution was heated at 85°C for 1 hour. Next, liquid bromine (1.50 mL; 29.28 mmol)
was swiftly dropped and heated at 110°C for 2 days. To precipitate the product, the
reaction mixture was added into the ice; the crude product was separated by suction
filtration and dried with the water bath. The product was used without purification in

the next step.
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1,7-dibromo-N,N’-diphenyl-3,4,9,10-perylenetetracarboxylic diimide (DB-
PTCDI-PH)

O _N_DO
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To synthesize DB-PTCDI-C13, a procedure described in literatures [66, 67] was
modified. Crude brominated perylene-3,4,9,10-tetracarboxylic dianhydride (0.53 g;
0.95 mmol) and aniline (0.60 mL; 3.18 mmol) was blended with 15 ml of propionic
acid. The suspension was refluxed overnight then poured into the ice bath. The crude
product was filtrated by suction filtration, and column chromatography
(dichloromethane: hexane 4:1) was conducted to obtain the red powder of DB-PTCDI-
PH (28%). 'H NMR (CDCl3, 400 MHz): § = 9.56 (d, J = 8.0 Hz, 2H), 8.98 (s, 2H),
8.78 (d, J=8.0 Hz, 2H), 7.65 — 7.49 (m, 6H), 7.35 (d, J= 7.0 Hz, 4H) ppm.

1,6,7-tribromo-N,N’-diphenyl-3,4,9,10-perylenetetracarboxylic diimide

(TB-PTCDI-PH)
O N O
Br OO Br
)
(@) N (@)

O
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The procedure liked DB-PTCDI-PH. The red powder was obtained (4%). 'H
NMR (CDCl3,400 MHz) 6 =9.50 (d, /= 8.2 Hz, 1H), 8.97 (s, 1H), 8.89 (d, /= 0.6 Hz,
2H), 8.79 (d, J=8.1 Hz, 1H), 7.64 — 7.51 (m, 6H), 7.38 — 7.31 (m, 4H) ppm.

1,7-di(4-methoxyphenoxy)-N, N ’-diphenyl-3,4,9,10-perylenetetracarboxylic
diimide (DM-PTCDI-PH)
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Synthesized DB-PTCDI-PH (0.06 g; 0.08 mmol), 4-methoxy phenol (0.11 g;
0.88 mmol) and potassium carbonate (0.11 g; 0.77 mmol) was heated in 8 ml of NMP
for 1 day. The reaction bottle was cooled down to room temperature. After that, 1 M
HCI (20 mL) was added then filtrated to obtain black powder. The crude product was
purified by column chromatography on silica gel (dichloromethane: hexane = 6:1). The
purple powder was obtained (38%). "H NMR (CDCls, 400 MHz) & = 9.66 (d, J= 9.9 Hz,
2H), 8.63 (d, J = 8.2 Hz, 2H), 8.28 (s, 2H), 7.52 — 7.38 (m, 7H), 7.24 (d, J = 7.9 Hz, 3H), 7.07
(d,J=17.0 Hz, 4H), 6.91 (d, J = 14.2 Hz, 4H), 3.79 (d, J = 14.6 Hz, 6H) ppm.
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1,7-di(4-methoxyphenoxy)-3,4,9,10-perylenetetracarboxylic dianhydride
(DM-PTCDA)

O O (@]
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DM-PTCDI-PH (1.13 g; 1.29 mmol) and potassium hydroxide (0.25 g; 4.53
mmol) were dispersed in tert-butyl alcohol (20 mL). The reaction mixture was refluxed,
and acetic acid per 2 N HCI (30 mL) was slowly added into the reaction mixture and
heated at 90°C. To generate anhydride moieties, the mixture was heated at 45°C
overnight then extracted by chloroform (100 mL) which was dried by anhydrous

MgSOs. The organic phase was evaporated to obtain a crude product.

B-octyl-9-BBN (9-octyl-9-borabicyclo[3.3.1]Jnonane)

CsHi7
5

1-octene (1.40 g, 12.50 mmol) was added in 6 ml dried THF. At 0°C, 25 mL 0.5
M 9-BBN in THF (1.52 g, 12.50 mmol) was added into the solution. Next, the reaction
mixture was stirred at room temperature for 6 hours. The product was used in the next

step without purification.

4,5-dioctyl-1,2-phenylenediamine

HoN CgHy7
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4,5-dibromo-1,2-phenylenediamine (1.56 g, 5.85 mmol), crude B-octyl-9-BBN
and 10 mL 3 M NaOH was dissolved in 12 mL THF under argon atmosphere. Next,
PdClx(dppf) (0.26 g, 0.35 mmol, 6 mol%) was added into the reaction mixture. The
reaction was refluxed at 70°C for 16 hours. After that, 40 mL hexane was added for
dilution then 5 mL 30% H20O2, 50 ml brine. Dry over anhydrous MgSOa. The crude was
obtained after evaporation which was purified by column chromatography on silica gel
(dichloromethane: ethyl acetate 4:1). The black oil was obtained (37%); APCI-LC-MS
cal 332.57 found [332] [M].

Dibromo perylene benzimidazole containing octyl groups

CgHi7  CgHy7 CgHiz  CgHiz CgHiz  CgHiz
O N_-N (0] N N N
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1,7-dibromo-perylene-3,4,9,10-tetracarboxylic dianhydride (DB-PTCDA,; 0.64
g; 1.17 mmol), 4,5-dioctyl-1,2-phenylenediamine (1.17 g; 3.51 mmol) was mixed with
acetic acid (4.00 mL) and NMP (16.00 mL). The suspension was heated 120°C for 3
days. To quench the reaction, cold water was added to collected by suction filtration.
MeOH washing was performed to purify the product briefly. The characterization will

be explained in results and discussion.
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Dibromo perylene benzimidazole containing methyl groups (reaction was

in acetic acid)

\g Br \#\Br O.o Br

1,7-dibromo-perylene-3,4,9,10-tetracarboxylic dianhydride (DB-PTCDA, 0.20

g; 0.37 mmol), 4,5-dimethyl-1,2-phenylenediamine (0.20 g; 1.48 mmol) was mixed
with acetic acid (1.00 mL) and NMP (4.00 mL). The suspension was heated 120°C for
1 day. To quench the reaction, cold water was added to collected by suction filtration.
MeOH washing was performed to purify the product (71%) briefly. The
characterization will be explained in results and discussion.

Dibromo perylene benzimidazole containing methyl groups (reaction was

in propionic) (DB-BP-C1)

O
O Br Br ‘ Br
Br ] Br “

1,7-dibromo-perylene-3,4,9,10-tetracarboxylic dianhydride (DB-PTCDA; 1.17
g; 2.13 mmol), 4,5-dimethyl-1,2-phenylenediamine (1.17 g; 8.61 mmol) was mixed
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with propionic acid (40.00 mL). The mixture was refluxed for 1 day. To quench the
reaction, cold water was added to collected by suction filtration. MeOH washing was

performed to purify the product (91%) used without purification. MALDI-TOF MS:
cal. 750.44 found 751.00 [M].

1,7-di(4-t-butyl-phenoxy)-perylene benzimidazole containing methyl groups
(DTP-BP-C1)

a

Xw% 3
* I v v

DB-BP-C1 (0.35 g; 0.46 mmol), potassium carbonate (0.38 g; 2.77 mmol) and
4-tert-butyl phenol (0.28 g; 1.85 mmol) was dissolved in 50 mL of NMP. The reaction
was heated at 100°C for 1 day. After cooling down to ambient temperature, 1 M HCI
(100.00 mL) was added. The crude was obtained by suction filtration. We dried DTP-
BP-C1 at room temperature. The purple powder (87%) was characterized by LC-MS.
APCI-LC-MS: cal. 889.05 found 889 [M].
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Dimethyl-4,4’-(perylene benzimidazole-1,7-diylbis(oxy))dibenzoate
containing methyl groups (DAP-BP-C1)
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DB-BP-C1 (1.05 g; 1.40 mmol), potassium carbonate (3.10 g; 22.42 mmol) and
methyl-4-hydroxy benzoate (1.70 g; 11.21 mmol) was dissolved in 150 ml of NMP.
The reaction was heated at 120°C for 2 days. After cooling down to ambient
temperature, 1 M HCI (300.00 mL) was added. The crude was obtained by suction
filtration. We dried DAP-BP-C1 at room temperature. The purple powder (98%) was
characterized by LC-MS. The characterization will be explained in results and

discussion.

1,7-diphenoxy-perylene benzimidazole containing methyl groups (DP-BP-
C1)
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DB-BP-C1 (1.01 g; 1.35 mmol), potassium carbonate (2.98 g; 21.54 mmol) and
phenol (1.01 g; 10.77 mmol) was dissolved in 150 mL of NMP. The reaction was heated
at 120°C for 2 days. After cooling down to ambient temperature, 1 M HCI (300.00 mL)
was added. The crude was obtained by suction filtration with washing by water. We
dried DP-BP-C1 at room temperature. The purple powder (quantitative yield) was
characterized by LC-MS. APCI-LC-MS: cal. 776.83 found 777 [M].

6,13-dihydro-5H-benzo[i]benzo[6,7]indolo[2,3-a]benzo[6,7]indolo[2,3-

cJcarbazole (A-BTT) and 12,19-dihydro-5H-benzo[i]benzo[6,7]indolo[3,2-
a]benzo[6,7]indolo[3,2-c]carbazole (S-BTT)

and

S-BTT A-BTT
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The procedure in literature was modified [68]. Benzo[g]indole (0.30 g; 1.80
mmol) was dissolved in acetonitrile (4.20 mL; approx. 0.43 M). N-bromosuccinimide
(0.64 g; 3.61 mmol) was gradually added in solution in 15 minutes. After that, the
reaction solution was stirred at room temperature for 3 hours. The dark green
suspension was filtrated. The solid crude was washed with acetonitrile. The green
powder was obtained which was used in the next step without purification.

The green powder was dispersed in methanol (9.02 mL; approx. 0.2 M).
Triethylamine (3.27 ml; 23.44 mmol) and formic acid (0.88 mL; 23.44 mmol) were
slowly dropped in reaction, respectively. While the reaction was heating at 65°C, 10%
palladium on activated carbon (0.02 g; 0.18 mmol) was added. The reaction was
refluxed for 30 minutes. The hot solution was filtrated with Celite and washed with
dichloromethane (100 mL). The organic phase was washed with 1 M hydrochloric acid.
The anhydrous sodium sulfate was added for drying. The crude was evaporated via
evaporator. In order to purify symmetric and asymmetric benzo triazatruxene, column
chromathography was carried out with mobile phase (hexane: ethyl acetate; 4:1) to give
dark green solid of symmetrical product (R¢= 0.45; 5%) and black solid of asymmetrical
product (R = 0.25; 7%). For A-BTT, *H NMR ([Ds]-DMSO, 400 MHz): § = 12.39 (s,
1H, Narom-H), 12.34 (s, 1H, Narom-H), 12.22 (s, 1H, Narom-H), 9.31 (d, J = 8.7 Hz, 1H,
aromatic H), 9.18 (d, J = 8.2 Hz, 1H, aromatic H), 9.01 (dd, J = 8.8, 4.6 Hz, 2H,
aromatic H), 8.53 (t, J = 7.7 Hz, 2H, aromatic H), 8.20 — 8.11 (m, 3H, aromatic H), 7.90
(dd, J=14.0, 8.7 Hz, 3H, aromatic H), 7.76 (dt, J = 15.0, 7.3 Hz, 3H, aromatic H), 7.60
(dt, J =21.8, 7.2 Hz, 3H, aromatic H) ppm and *C NMR ([Ds]-DMSO, 400 MHz): § =
133.6,133.2,133.1, 130.8, 130.6, 130.4, 130.1, 128.7, 128.5, 128.5, 128.2, 125.8, 125.0,
124.9,124.82,124.76, 124.1, 122.4,122.1,121.9, 121.8, 121.6, 121.42, 121.39, 121.2,
120.8, 119.59, 119.57, 119.4, 118.6, 118.5, 117.7, 113.9, 110.2, 107.0, 103.6 ppm and
MALDI-TOF MS (m/z): calc.: (495.17 [C3sH21N3]); found: (494.620 [M*]). For S-BTT,
'H NMR ([Ds]-DMSO, 400 MHz): & = 12.26 (s, 1H, Narom-H), 9.28 (d, J = 8.6 Hz, 1H,
aromatic H), 9.17 (d, J = 8.4 Hz, 1H, aromatic H), 8.14 (d, J = 8.1 Hz, 1H, aromatic H),
7.91 (d, J = 8.6 Hz, 1H, aromatic H), 7.73 (t, J = 7.5 Hz, 1H, aromatic H), 7.58 (t, J =
7.4 Hz, 1H, aromatic H) ppm, *C NMR ([Ds]-DMSO, 400 MHz): & = 133.0, 131.8,
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130.4,128.4,125.1, 124.1, 122.4, 121.6, 120.9, 119.7, 117.7, 103.6 ppm and MALDI-
TOF MS (m/z): calc.: (495.17 [C3sH21Ns]); found: (494.731 [M™]).

5,6,13-trihexyl-6,13-dihydro-5H-benzol[i]benzo[6,7]indolo[2,3-
a]benzo[6,7]indolo[2,3-c]carbazole (A-BTT-C6)

A-BTT-C6

To prepare alkylated compound, A-BTT (0.03 g; 0.06 mmol) and potassium
hydroxide (0.06 g; 1.16 mmol) was added in DMF (0.33 mL). After that, the solution
was stirred for 30 minutes; and then, 1-bromohexane (0.04 mL; 0.32 mmol) was added
and stirred overnight. Next, reaction mixture was poured in water. The suspension was
extracted by ethyl acetate and dried by anhydrous sodium sulfate. The organic phase
was evaporated to obtain as crude which was purified by column chromathography
(hexane:ethyl acetate; 1:19). The light green solid was obtained (90%). *H NMR
(CDCls, 400 MHz,): 6 =9.14 (d, J = 8.7 Hz, 1H, aromatic H), 9.07 (d, J = 8.6 Hz, 1H,
aromatic H), 8.74 — 8.67 (m, J = 5.9 Hz, 3H, aromatic H), 8.66 (d, J = 8.6 Hz, 1H,
aromatic H), 8.13 (d, J = 4.9 Hz, 3H, aromatic H), 7.94 (t, J = 7.1 Hz, 3H, aromatic H),
7.72 (dd, J=14.9, 7.8 Hz, 3H, aromatic H), 7.59 (dt, J = 13.8, 7.0 Hz, 3H, aromatic H),
5.40 — 5.17 (m, 6H), 1.36 — 1.11 (m, 5H), 0.77 (d, J = 2.3 Hz, 7H), 0.70 (dd, J = 8.7,
5.2 Hz, 5H), 0.65 (d, J = 6.2 Hz, 4H), 0.59 — 0.51 (m, 2H), 0.47 (d, J = 3.5 Hz, 6H),
0.41 (d, J = 6.2 Hz, 4H). *C NMR (CDCls, 400 MHz): 6 = 129.2, 129.1, 125.6, 125.5,
124.6, 124.5, 124.1, 122.3, 122.1, 52.6, 52.3, 51.0, 30.9, 30.7, 30.3, 29.7, 27.6, 26.0,
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25.9, 25.8, 22.1, 22.0, 21.2, 13.5 ppm and MALDI-TOF MS (m/z): calc.: (747.46

[Cs4Hs7N3]); found: (747.801 [M*]).
5,12,19-trihexyl-12,19-dihydro-5H-benzo[i]benzo[6,7]indolo[3,2-
a]benzo[6,7]indolo[3,2-c]carbazole (S-BTT-C6)

S-BTT-C6

To prepare alkylated compound, S-BTT (0.04 g; 0.08 mmol) and potassium
hydroxide (0.09 g; 1.61 mmol) was added in DMF (0.50 mL). After that, the solution
was stirred for 30 minutes; and then, 1-bromohexane (0.07 mL; 0.48 mmol) was added
and stirred overnight. Next, reaction mixture was poured in water. The suspension was
extracted by ethyl acetate and dried by anhydrous sodium sulfate. The organic phase
was evaporated to obtain as crude which was purified by column chromathography
(hexane:ethyl acetate; 1:19). The light green solid was obtained (41%).'"H NMR (CDCls,
400 MHz,): 6 = 8.67 (d, J = 8.4 Hz, 3H, aromatic H), 8.58 (d, J = 8.7 Hz, 3H, aromatic
H), 8.09 (d, J = 7.7 Hz, 3H, aromatic H), 7.88 (d, J = 8.6 Hz, 3H, aromatic H), 7.72 —
7.67 (m, 3H, aromatic H), 7.55 (t, J = 7.1 Hz, 3H, aromatic H), 5.36 (t, J = 7.1 Hz, 6H),
1.33-1.28 (m, 6H), 0.73 (dd, J = 7.9, 4.3 Hz, 12H), 0.61 — 0.55 (m, 6H), 0.44 (t, J =
6.9 Hz, 9H). 3C NMR (CDCls, 400 MHz): § = 131.5, 129.1, 125.6, 124.1, 122.4, 122.0,
121.5,52.43,37.1,31.4, 30.8, 30.2, 30.0, 29.7, 28.6, 25.8, 21.9, 13.5 ppm and MALDI-
TOF MS (m/z): calc.: (747.46 [CsaHs7N3]); found: (748.030 [M™]).
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N-ethyl benzo[g]indole

Benzo[g]indole (0.40 g; 2.39 mmol) and potassium hydroxide (0.40 g; 7.16
mmol) was mixed in DMF (2.50 mL). To synthesized alkylated product, 1-bromoethane
(0.36 mL; 4.77 mmol) was dropped and stirred at room temperature for 4 hours. The
crude was diluted with ethyl acetate (100 mL) and washed with water. Next, it was
dried over anhydrous sodium sulfate. Evaporated organic phase was kept as crude
which was purified by column chormathography (hexane: ethyl acetate; 9:1). The clear
colorless solution was achieved (86%). DI-GC-MS: cal. 195.26 found 195 [M].

N, N, N-triethyl-benzotriazatruxene (S-BTT-C2) via N-ethyl benzo[g]indole

N-ethyl benzo[g]indole (0.40 g; 2.05 mmol) was dissolved in acetonitrile (4.78
mL; approx. 0.43 M). N-bromosuccinimide (0.73 g; 4.11 mmol) was gradually added
in solution in 15 minutes. After that, the reaction solution was stirred at room
temperature for 3 hours. The dark green suspension was filtrated. The solid crude was
washed with acetonitrile. The green powder was obtained which was used in the next
step without purification.

The green powder was dispersed in methanol (10.27 mL; approx. 0.2 M).
Triethylamine (3.73 mL; 26.70 mmol) and formic acid (1.01 mL; 26.70 mmol) were
slowly dropped in reaction, respectively. While the reaction was heating at 65°C, 10%
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palladium on activated carbon (0.02 g; 0.20 mmol) was added. The reaction was
refluxed for 30 minutes. The hot solution was filtrated with Celite and washed with
dichloromethane (100 mL). The organic phase was washed with 1 M hydrochloric acid.
The anhydrous sodium sulfate was added for drying. The crude was evaporated via the
evaporator. In order to purify, column chromatography was carried out with mobile

phase (hexane: dichloromethane; 3:1) to give yellow solid of symmetric product (1%).

N-hexyl benzo[g]indole

N

Benzo[g]indole (0.31 g; 1.83 mmol) and potassium hydroxide (0.31 g¢; 5.49
mmol) was mixed in DMF (2.00 mL). To synthesized alkylated product, 1-
bromohexane (0.51 mL; 3.66 mmol) was dropped and stirred at room temperature for
4 hours. The crude was diluted with ethyl acetate (100 mL) and washed with water.
Next, it was dried over anhydrous sodium sulfate. Evaporated organic phase was kept
as crude which was purified by column chormathography (hexane: ethyl acetate; 10:1).
The clear colorless solution was achieved (88%). DI-GC-MS: cal. 251.37 found 251
[M].

N, N, N-trihexyl-benzotriazatruxene (S-BTT-C6) via N-hexyl

benzo[g]indole
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N-hexyl benzo[g]indole (0.30 g; 1.18 mmol) was dissolved in acetonitrile (2.75
mL,; approx. 0.43 M). N-bromosuccinimide (0.42 g; 2.36 mmol) was gradually added
in solution in 15 minutes. After that, the reaction solution was stirred at room
temperature for 3 hours. The dark green solution was evaporated. The crude was diluted
with dichloromethane and extracted with 1 M sodium thiosulfate. The green solution
was dried over anhydrous sodium sulfate which was used in the next step without
purification.

The green solution was dispersed in methanol (5.91 mL; approx. 0.2 M).
Triethylamine (2.14 mL; 15.37 mmol) and formic acid (0.58 mL; 15.37 mmol) were
slowly dropped in reaction, respectively. While the reaction was heating at 65°C, 10%
palladium on activated carbon (0.01 g; 0.12 mmol) was added. The reaction was
refluxed for 30 minutes. The hot solution was filtrated with Celite and washed with
dichloromethane (100 mL). The organic phase was washed with 1 M hydrochloric acid.
The anhydrous sodium sulfate was added for drying. The crude was evaporated via
evaporator. The yellow oil was received. The characterization will be explained in

results and discussion.

2.3. OFET evaluation

2.3.1. OFET fabrication

For spin coating process, each synthesized compound (1 mg) was dissolved in
toluene containing 1% THF (1 mL). After sonication, the solution was spin coated on a
S10,/Si substrate with the rate of 1500 rpm. Next, the coated substrate was heated for
annealing under argon atmosphere. All spin-coated devices were prepared in this
manner. (Figure 2.24)

Drop cast film was prepared in a similar manner. After sonication, the solution
was dropped and dried at room temperature on bare SiO2/Si. The annealing process
was conducted under argon atmosphere.

In order to coat the compound by evaporation process, substrates were loaded
in the vacuum chamber. At 10 Torr, the compound tube was heated and deposited on

the SiO2/Si substrates. The annealing was again conducted to facilitate the charge
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transfer process.
2.3.2. OFET performance investigation

The mobility (1) was obtained from drain current (/3) and gate voltage (V) plots.
First, the normalized conductivity (o) can be calculated by drain current, electrode gap

length (L) and width of the electrode (W, 0.1 cm) using this equation:

a=1d*% (eq. 1)

After plotting of conductivity dependence on the gate voltage, the mobility in
linear regime is given by,

d do

27 e e (eq. 2)

The mobility can be also calculated in saturation regime if the /3-V4 plot shows

saturation regime. The mobility is given by,

d L fard?
p=rezern(5E)  @ad)

where d is the thickness of SiO; insulating layer (300 nm), & is vacuum
permittivity of electric constant (8.85 x 10712 F/m) and ¢ is relative permittivity of SiO>

(3.9).
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Figure 2.24 Device scheme for OFET investigation

2.4. OLED evaluation
2.4.1. OLED fabrication

To clean a substrate, ultrasonic treatment in detergent was conducted with an
indium tin oxide (ITO) glass substrate (purchased from Kintec Company); and then, the
substrate was washed in deionized water and acetone, respectively. After that, the
substrate was dried at 100°C in a vacuum oven. A 40 nm of PEDOT: PSS hole injection
layer was spin-coated on top of patterned ITO substrate with the rate of 5000 rpm for
30 s and dried at 100°C for 15 min under vacuum. Next, all HTL film was coated on
top of PEDOT: PSS layer by spin-coating CHCls: toluene (2:1) solution of our
synthesized compounds (2% w/v) with the rate of 2500 rpm for 30 s and dried at 120°C
for 15 min at ambient condition. Then spin-coated substrate was placed into vacuum
evaporator (Mini-SPECTROS 100 from Kurt J. Lesker company) under based pressure
around 10® mbar. The emitting layer (EML) and electron transporting layer (ETL) were
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deposited from alumina crucibles with the rate of 0.5-1.0 nm s*. Algs was used as
emitting layer (EML) and electron transporting layer (ETL) for hole transporting
efficiency investigation. Last, a 0.5 nm thick LiF and a 95 nm thick aluminium layer
was deposited to be acted as the cathode. The thickness of LiF, aluminium and Algs

layers were monitored and recorded by quartz oscillator thickness meter.

ITO

Figure 2.25 Illustration of our fabricated devices

2.4.2.  OLED performance investigation

The device performance was conducted under M. E. Thomson’s protocol.
Calculated external quantum efficiencies were reported to evaluate device performance.
Current density-voltage-luminescence (J-V-L) characteristics were carried out with
source meter (Keithley 2400) and power meter (Newport 1835C) which equipped with
calibrated silicon photodiode (Newport 818-UV/CM). The EL spectra were obtained
by multichannel spectrometer (Ocean Optics USB4000). All measurements were
undertaken under ambient condition at room temperature.

All device measurements were conducted in an OLED closed box at room
temperature. When we applied voltage, the record of currents, brightness and EL
spectra were obtained at the same time to provide 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)

> |~



37

which | (mA\) is the current and A (cm?) is the pixel active area of the device.

The luminous efficiency of the device was calculated as the following formula (2):

L

Mum = T (2)

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

The quantum efficiency of a device can be categorized into two categories;
internal and external quantum efficiencies.

Internal quantum efficiency (IQE) The total number of generated photons
inside the device per electron-hole pair injected into the device was shown in this value.
It is represented by 7int. Regard to OLEDs, the internal quantum efficiency in the case
of fluorescent materials is given by (OIDA 2002)

Mint = y nsPr @)
where y is the fraction of injected charges that produce excitons called the
charge balance factor, #s is the fraction of singlet excitons called singlet exciton
efficiency and @s is the fraction of energy which is released from the material as light
called the quantum efficiency of fluorescence.

External quantum efficiency (EQE) This is defined as the total number of
photons emitted from the device per electron-hole pair injected into the device. It is
represented by 7ext. The external quantum efficiency is related to the internal quantum
efficiency and is given by (OIDA 2002)

Hext = Re Rint, (4)
where Re is the extraction or outcoupling efficiency representing the number of
photons emitted from the device per number of photons generated in the device.

Power Efficiency

The luminous efficacy (power efficiency) is the lumen output per input
electrical power. As you can see, The unit is in lumen per watt (Im/W) or candela per

ampere (cd/A). It is represented by #p.

CHAPTER 3
RESULTS AND DISCUSSION
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3.1.  Synthesis and characterization of benzimidazole perylene derivatives via

hydrolysis

First, perylene-3,4,9,10-tetracarboxylic dianhydride was brominated with liquid
bromine in concentrated sulfuric acid (Figure 3.26). However, the crude product was
poorly soluble in common organic solvent such as chloroform so the NMR
characterization could not be performed. The brominated crude product was used
without purification in the imidization step with propionic acid. Unlike the brominated
product, the imidized product with bromine moieties was easily dissolved in common
organic solvents such as chloroform and toluene; after purification, we discovered that
the imidized products consisted of 1,7-dibromo-N,N -diphenyl-3,4,9,10-
perylenetetracarboxylic diimide (DB-PTCDI-PH) and 1,6,7-tribromo-N, N -diphenyl-
3,4,9,10-perylenetetracarboxylic diimide (TB-PTCDI-PH). The percentage yields of
brominated compounds are 28% and 4%, respectively. The 'H-NMR characterization

was displayed in Figure A. 43 and 44, respectively.
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Figure 3.26 Bromination and imidization of perylene
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To achieve the benzimidazole target molecules, the attempt for nucleophilic

substitution reaction was conducted with 4-methoxy phenol in basic condition using
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potassium carbonated as a base (Figure 3.27). The 'H-NMR characterization was
displayed in Figure A. 45. Moreover, the solution color in chloroform was changed into
purple; generally, the DB-PTCDI-PH solution was orange color. This result thus
suggested that the aryloxy groups directly affect the conjugation and electronic property
of the molecule. In comparison with DB-PTCDI-PH, the singlet proton NMR of
perylene core is shifted from 9.00 ppm to 8.25 ppm in DM-PTCDI-PH, aryloxy
substituted compound. The substituted (DM-PTCDI-PH) was successfully obtained
(38%).
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Figure 3.27 Synthesis strategy of benzimidazole perylene via hydrolysis

Unfortunately, 1,7-di(4-methoxyphenoxy)-3,4,9,10-perylenetetracarboxylic
dianhydride (DM-PTCDA) was not obtained via hydrolysis in refluxed tert-butanol
(Figure 3.27). The TLC indicated only the unreacted starting material. Attempt to use
freshly prepared sodium t-butoxide for the reaction also failed to provide the hydrolysis

product. Regrettably, DM-PTCDA was also not achieved. The synthesis of
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benzimidazole perylene derivatives via hydrolysis was not accomplished due to the

failure in hydrolysis step.

3.2.  Synthesis and characterization of benzimidazole perylene derivatives via

brominated perylene benzimidazole

The synthesis of perylene benzimidazole derivatives is described in the
experimental part (Figure 3.28). A red powder of 1,7-dibromo-perylene-3,4,9,10-
tetracarboxylic dianhydride (DB-PTCDA) was refluxed in propionic acid with 4,5-
dimethyl or 4,5-dioctyl of 1,2-phenylenediamine to obtained dibromo perylene
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Figure 3.28 Synthesis of perylene benzimidazole derivatives via brominated perylene
benzimidazole

benzimidazole containing methyl groups and octyl groups. The crude product was
changed into purple powder which might be an effect of extension conjugation at N-C-

N position in benzimidazole ring.

As a result, the reaction with propionic acid was better since the anhydride



41

region in FTIR was diminished which again confirmed the success of imidization
(Figure 3.29). However, there was an obstacle in the purification process as the
products were poorly soluble in common organic solvents such as dichloromethane.
Although toluene was recommended in pieces of literature to be used as solvent for

crystallization; our perylene benzimidazole derivatives were poorly soluble.
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Figure 3.29 FTIR results (wavenumber (cm-1) and transmittance) of reaction in (top)
acetic acid (bottom) propionic acid (red line: product; blue line: PTCDA)

Besides, the compounds were miscible in acidic solvent such as trichloroacetic

acid in toluene (1:8 v/v). We tried trichloroacetic acid in toluene solution as mobile
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phase for TLC. The results seemed that the synthesized dibromo perylene
benzimidazole derivatives can move in such condition. After that, the silica on TLC had
suddenly broken apart the aluminum substrate. Additionally, the recovery of our
compounds in solution seemed to be not successful as the solubility of compounds were
poor. Hence, it was hard to purify by column chromatography and crystallization. At
last, the 1,7-dibromo perylene benzimidazole containing methyl groups was applied in
the next step without purification (Figure A. 46).

To establish the target benzimidazole perylene, the variety of phenol was reacted
with 1,7-dibromo perylene benzimidazole containing methyl groups in NMP and
potassium carbonate. After that, each crude was checked by APCI-LC-MS mass
spectrometer (Figure A. 47-49). From the results, we found that all synthesized
products were favorable outcome.

The author attempted to dissolve the synthesized crude perylenebis-
benzimidazole (Figure 3.30). Unfortunately, this mixture was highly insoluble in
toluene and dichloromethane. The result exhibited that the author has successfully
synthesized the target compound, however, the purification could not be conducted by
column chromatography with silica gel and alumina gel due to poor solubility. As a
result, synthesized perylenebis-benzimidazole cannot be wused as an n-type

semiconductor for OFET application, especially by solution-deposition fabrication.

Figure 3.30 Solubility of synthesized perylene-benzimidazole regioisomers in
methylenechloride (left) toluene (right)
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3.3.  Synthesis and characterization of benzotriazatruxene derivatives

Synthesis of our four target molecules consisting of A-BTT, S-BTT, A-BTT-
C6 and S-BTT-C6 were disclosed in this context. To acquire A-BTT and S-BTT,
reaction optimization was explained in Toworakajohnkun and co-workers’ report [68].
Regarding the first step, the cyclotrimerization products were generated by N-
bromosuccinimide (NBS) in acetonitrile as in Figure 3.31. This reaction was stirred at
room temperature for 3 hours; after that, the precipitated was filtrated and debrominated
in the next step without purification by palladium catalyst [69]. Our yield for A-BTT
and S-BTT are 7% and 5%, respectively. The characterization results were shown in
Figure A. 50-55. These poor yields might be attributed to the addition of NBS

procedure and reaction temperature.

HNT) NBS HCOOH, Et;N
oY
MeCN, rt 10% Pd/C, MeOH
1H-benzo[g]indole 3h reflux, 30 min

S-BTT A-BTT

17% 12%

Figure 3.31 Synthesis of A-BTT and S-BTT

This cyclotrimerization is exothermic process; it provides the poor yield at low
temperature. Our controlled room temperature was 20°C which might be the obstacle
for the cyclotrimerization process. Nevertheless, this procedure is conducted with a
safer reagent such as NBS; this trimerization conventionally prepared with a toxic
reagent such as liquid bromine [70]. A-BTT and S-BTT have poor solubility in toluene.
To increase the solubility, we designed A-BTT-C6 and S-BTT-C6 containing hexyl
moiety. At first, we produced N-hexyl derivatives via cyclotrimerization of 1-ethyl-1H-
benzo[g]indole (DI-GC-MS in Figure A. 62) and 1-hexyl-1H-benzo[g]indole (DI-GC-
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MS in Figure A. 2.23) with NBS (Figure 3.32). For ethyl moieties, S-BTT-C2 was
provided but low yield (1%) without asymmetrical product (DI-GC-MS in Figure A.
63). According to cyclotrimerization via NBS, benzotriazatruxene containing hexyl
group was not afforded; after purification, 33% brominated 1-hexyl-1H-benzo[g]indole

and 6% of dimer were taken place due to steric repulsion (Figure A. 65 and 66).

R
HN— R-Br, KOH N7 NBS HCOOH, Et;N
0 - 0 g =
DMF MeCN, rt 10% Pd/C, MeOH
stir, O/N 3h reflux, 30 min

1H-benzo[g]indole

or

S-BTT-R A-BTT-R
R = -CH,CH,CH,CH,CH,CH;
= -CH20H3

Figure 3.32 Synthesis of N,N,N-trialkyl benzotriazatruxene via N-alkyl-1H-
benzo[g]indole

A-BTT and S-BTT were alkylated with potassium hydroxide and 1-
bromohexane to obtain A-BTT-C6 and S-BTT-C6 in moderate yields of 90-41%
(Figure 3.33). The characterization of A-BTT-C6 and S-BTT-C6 were displayed in an
appendix (Figure A. 56-61). The solubility of A-BTT-C6 and S-BTT-C6 is better in
common organic solvent; for example, their solubilities in toluene are highly soluble.
Hexyl groups could show a disorder in the crystal structure. The molecular w-core
seems to be twisted to avoid steric repulsion between hexyl and truxene moieties
making the solubility better for A-BTT-C6 and S-BTT-C6.
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R-Br, KOH
S-BTT -
or DMF
A-BTT
stir, O/N

S-BTT-C6 (41%) A-BTT-C6 (90%)

R = -CHoCH,CHCH,CH,CHs

Figure 3.33 Synthesis of A-BTT-C6 and S-BTT-C6

3.4. Thermal characterization of benzotriazatruxene derivatives

The Differential Scanning Calorimetry (DSC) was utilized for measuring their
glass transition temperature (Tg), melting temperature (Tm), and crystal temperature
(T¢). The results show in Figure 3.34 which obtained from DSC measurements on the
second heating cycle with a heating rate of 10°C per minute under ambient atmosphere.
S-BTT-C6 showed excellent thermal stability due to their high pi-stack, hydrophobic
interaction and aromaticity. Only benzotriazatruxene without alkyl group (S-BTT and
A-BTT) did not observe due to their extremely high crystallinity. However, in
conclusion of this topic, all our synthesized compounds could be claimed as higher
glass transition temperature than TPD (65°C) which have been used as common hole
transporting material in OLED application. These thus suggested that the molecules
hardly decompose when the compounds are used in high thermal process or long time

using.
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Figure 3.34 DSC thermograms of A-BTT, S-BTT, A-BTT-C6 and S-BTT-C6

3.5.  Photophysical properties of benzotriazatruxene derivatives

The photophysical properties of all triazatruxenes were investigated in terms of
maximum absorption wavelengths (1925,), molar absorption coefficients (log €) and
maximum emission wavelengths (A5,%,) in solution. Regarding fluorescent quantum
yield (QY), both solution and solid state were conducted to evaluate the emission
efficiency and demonstrate the emission as an emissive film. All results were
summarized in Table 3.1. The absorption and emission spectra of all compounds were
exhibited in Figure 3.35 and 3.36. In THF solution, the maximum absorption
wavelengths of A-BTT and S-BTT were 330 and 318 nm, respectively. The logarithm
molar absorption coefficients of A-BTT and S-BTT were 3.92 (Figure A. 67) and 3.88
(Figure A. 68), respectively.
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Figure 3.35 Absorption and emission spectra of A-BTT and A-BTT-C6 in THF
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Figure 3.36 Absorption and emission spectra of S-BTT and S-BTT-C6 in THF
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As regards N-hexyl derivatives, the maximum absorption wavelengths of A-
BTT-C6 and S-BTT-C6 were 331 and 324 nm, respectively. These results were similar
to A-BTT and S-BTT. In other words, the introduction of hexyl moiety slightly affects
the electronic states, the energy level of the ground state and excited state, of the
compounds. The logarithm molar absorption coefficients (m™* cm™) of A-BTT-C6 and
S-BTT-C6 were 4.35 (Figure A. 69) and 4.21 (Figure A. 70), respectively. For N-
hexyl derivatives, the decreasing of crystallinity could occur and result in the
enhancement of molar absorption coefficients directly associated with the self-
quenching effect. For emission, the similar maximum emission wavelengths within the
range of 407-417 nm. This small bathochromic shift compared to symmetric
benzotriazatruxenes (S-BTT and S-BTT-C6) in both asymmetric benzotriazatruxenes
(A-BTT and A-BTT-C6) affected by small radiative decay from their locally excited
states.

From the fluorescent quantum yield in solution phase, the decoration of hexyl
moieties in both symmetric and asymmetric benzotriazatruxenes influenced the
emission efficiencies; for example, the quantum yield of S-BTT-C6 is 13.5% (Figure
A. 74) while that of S-BTT is 3.2% (Figure A. 72). We thus believe that the -NH group
is highly responsive for these observed results since the hexyl group is inert moiety for
inter- and intramolecular interaction such as hydrogen bonding and protonation. In
addition, the decreasing of crystallinity, relating to self-quenching absorption, might be
the reason for ameliorated emission efficiencies by mean of hexyl moiety. The A-BTT-
C6 solution especially emitted the highest quantum yield (QY = 20.1%; Figure A. 73)
over S-BTT-C6 (QY = 13.5%). According to vibrational and rotational relaxation, S-
BTT-C6 containing Cs-symmetric point group might be attributed to the larger
rotational relaxation. In comparison with asymmetric triazatruxene containing hexyl
group (A-BTT-C6), the less relaxation might be the reason for higher emission
efficiency; moreover, asymmetric nature pattern might exhibit increasing of the
reflection at the edge [71] and light-extraction efficiency (LEE) [72, 73]. For thin film,
all emission films were totally diminished because the bond rotation and molecular
relaxation were restricted in the solid state. Consequently, we firstly planned to
fabricate this compound as an emissive layer (EML); as the previous mention, all
compounds were not able to fabricate as EML.
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Table 3.1 Photophysical and electrochemical properties of A-BTT, S-BTT, A-BTT-C6
and S-BTT-C6

AgEs
nm Aem Exp. | Cal.
[nm] max QY® (%) P HOMO | LUMO
Cpd (log € [nm] E | Eg
(ev)® | (ev)®
[Mtcem™]) (eV) | (eV)
Solution? | Solution® | Solution | Film
A- 330
417 1.0 0.0 | 3.10 | 3.79 -4.84 -1.04
BTT | (3.92)
S- 318
407 3.2 0.0 | 3.18 | 3.99 -4.88 -0.88
BTT | (3.88)
A_
331
BTT- 411 20.1 0.7 2.99 | 3.67 -4.83 -1.16
(4.35)
C6
S_
324
BTT- 415 13.5 00 | 3.14 | 3.90 -4.83 -0.93
o (4.21)

®measured in THF. Pmeasured in THF and excited at 330 nm. SAbsolute quantum yield.
destimated from the onset of the absorption spectra (Eq = 1240/Aonset) in €V. optimized
using B3LYP/6-31G(d,p) modeled by Polarizable Continuum Model (PCM) method
using GAUSSIANO9 by Dr. Supawadee Namuangruk (NANOTEC, Thailand).

3.6. FET properties of benzotriazatruxene derivatives

Each benzotriazatruxene derivatives was dissolved in 1% THF-containing
toluene and the solution was used for spin coating and drop casting, solution-deposition
process. After annealing for 1 hour, DFM (Dynamic force microscope) image of
benzotriazatruxene derivatives displayed rough surface textures partially containing
three-dimensional islands. All results are summarized in Table 3.2 The mobility values
were extremely low or could not be obtained. Generally, annealing and substrate

modified with SAM (self-assembled monolayer) are known to be improved in terms of
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mobility and surface roughness; however, the situation could not be improved. All
measurements showed the same result; for instance, the relationship between drain
current (/g) and gate voltage (V) of spin-coated S-BTT-C6 film with annealing was
presented at 10 pm gap in Figure 3.37. Especially, S-BTT-C6 devices were fabricated
with and without annealing at 1500 rpm and 4500 rpm; in addition, devices with drop
casting method, performed with S-BTT-C6, showed no FET behavior.

2 DE«

306 0
4 DE I
S0E

3 g 3
8 -} 8
=]

€
4 DE 01
J0E+

Figure 3.37 Example of failed result (14-Vg characteristic) such as from spin-coated S-
BTT-C6

Table 3.2 Annealing temperature for 1 hour and SAM effect on DFM image of
benzotriazatruxene films via the solution-deposition process (thickness is below the
image)

| Method | Compound | Annealing | DFM | FET |
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Unlike solution-deposition process, the DFM morphology characterization of

the evaporated film is also displayed in Figure 3.38. This is performed at the center of

the substrate A-BTT and S-BTT without annealing. The result found that roughness on

the film was changed from the rough with the three-dimension island to smooth without

three-dimension island molecular steps. It means that rough surface in spin-coated film,

a result from amorphous-like crystallization during solvent evaporation, was changed

by fabrication process. Hence, fabrication process can influence molecular ordering as

displayed in images.
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Figure 3.38 DFM images of (a) A-BTT and (b) S-BTT without annealing of
evaporated film
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The FET performance of evaporated film on SiO; (300 nm)/Si substrate was
measured in a vacuum chamber. The /4 - V4 characteristic of typical A-BTT and S-BTT
films are shown in Figure 3.39. Judging from the fact that negative V', enhances /g, p-
type FET behavior was confirmed. The mobility was tabulated in Table 3.3 and
calculated in Figure A. 79-83. The highest hole mobility was calculated at 1.62 x 107

cm? V! 57! (averaged value for three samples) from linear regime without annealing as

Table 3.3.

Figure 3.39 Electrical characterization (top) A-BTT, (bottom) S-BTT of evaporated
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The results concluded that FET mobility was significantly influenced by
fabrication process. The higher electron mobility was obtained from evaporated S-BTT
device than evaporated A-BTT device since C3-symmetric point group in S-BTT might
be attributed to this rotational relaxation in hole hopping which drastically related to
low reorganization energy. However, both compounds containing -NH moieties
partially suppressed the hole mobility. Therefore, FET properties of benzotriazatruxene
derivatives were successfully investigated; nonetheless, their hole mobility values were

mediocre. They are hard to be good candidates for hole mobility material.

Table 3.3 Summary of mobility values for evaporated A-BTT and S-BTT on bare
substrates

10 pm 25 um 100 pm
Compound (cm? vish (cm? Vvish (cm? visty
2.74 x 10 4.28 x 10°®
A-BTT (+ 1.47 x 107) (+2.34 x 107) NA
SBTT 1.62x10° 1.86 x 10° 2.66 x 10°
(+3.26 x 10°%) (+1.53 x 10°%) (+1.11 x 10

NA stands for Not Available. The values in parentheses are standard deviations.

3.7.  Hole transporting properties of benzotriazatruxene derivatives in OLEDs

To investigate hole-transporting properties, multi-layer OLED devices with the
structure of ITO/PEDOT: PSS/HTL/Alqgs/LiF: Al (Figure 3.40) were fabricated with
A-BTT (device 1), S-BTT (device 2), A-BTT-C6 (device 3) and S-BTT-C6 (device

4) as the HTL. In comparison with commercial hole transporting material, TPD was
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fabricated in the same manner (device 5). All devices were composed of ITO as the
anode, the LiF: Al as the cathode and Algs as the light-emitting and electron-
transporting layers. As tabulated in Table 3.4, the results indicated that device 3 and
device 4 with A-BTT-C6 and S-BTT-C6 emitted the green color of Algs (528 nm)
excepts device 1 and device 2 with A-BTT and S-BTT because -NH group is highly
sensitive for these observed results as hexyl group is inert moiety for inter- and
intramolecular interaction such as hydrogen bonding and protonation. In addition, the
increasing of crystallinity, which is proportional to self-quenching absorption, might be
the reason for inadequate emission efficiencies for A-BTT and S-BTT. However, all
results of our devices thus indicated that benzotriazatruxenes containing alkyl group

(i.e. hexyl) could potentially be used as a hole transporting layer (HTL) in OLED.

LUMO

ITO

(Anode)
HOMO

Figure 3.40 Hlustration of our fabricated devices

The voltage-luminance and voltage-current density characteristics of the
devices are shown in Figure 3.41 and summarized in Table 3.4. Device 4 exhibited the
best performance with a maximum luminance of 5,481 cd m-2 at 13.6 V, a turn-on
voltage of 2.6 V and external efficiency of 0.61% which is better than TPD, a
commercially available HTL. This is possibly attributed to the fact that device 4 has
charge balance better than the other three devices due to a small energy barrier between
S-BTT-C6 and ITO. Moreover, it should be suggested that S-BTT-C6 containing Cs-
symmetric point group might be attributed to this rotational relaxation in hole hopping

which drastically related to low reorganization energy. In comparison with asymmetric
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triazatruxene containing hexyl group (A-BTT-C6), the alternative greater relaxation
process might be taken place in solid states for poor emission efficiency, indicated a
maximum luminance of 3,953 cd m-2 at 15.4 V, a turn-on voltage of 5.1 V and external
efficiency of 0.57%. Additionally, symmetric compounds could exhibit prominent
emission intensity owing to smaller energy loss in transition process and their molecular
robustness [74, 75]. Not only symmetry of the molecule but the blocking of the excited
electrons from the cathode to anode also might be the reason for the better hole
transporting property as LUMO level of S-BTT-C6 is higher than A-BTT-C6 (Table
3.1). Therefore, hole transporting efficiencies of these compounds depend on the
symmetry of the molecule and substituent at N-position which can be related to

rotational relaxation and their crystallinities, respectively.

Table 3.4 Electroluminescent properties of device 1-5

Device | HTL EML | Vor® | Lma | Jma | PE® | % EQE® Af

- J "f' 4
14009 | Device 5with TPD g0
| —=— —— Device 4 with S-BTT-C6 b
& 12004 . . Device 3 with A-BTT-C6 j:crﬁj i
Device 2 with S-BTT A S PR
< 10004 Device 1 with A-BTT 107 g
E ‘ gg,aﬁjﬁ B
T 8004 E ’ <
.": i [ | 1 02 u
n " c
5 600 - o g
o ] y =
- /
3 400 iy L 10" 3
| . 1 . :
= i . s
o 200 - -
0 . e — 1 ("
0 2 8 10 12 14

Voltage (V)

Figure 3.41 Current density and luminance vs. voltage (J-V-L) characteristic of
device 1-5
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1 ABTT | Algs | NNA| NA [NA| NA | NA | NA

2 SBTT | Algs | NNA| N/A | 18 | NJ/A | NA | NA
A-BTT- 3953 061 | 057

3 Algs | 5.1 1098 528
C6 (15.4) (6.0) | (10.8)
S-BTT- 5481 355 | 0.61

4 Algs | 2.6 833 528
C6 (13.6) (3.0) | (9.6)
1161 162 | 0.90

5 TPD | Algs | 3.4 186 534
(13.4) 4.2) | (4.4

N/A = Not available

¥Turn-on voltage (V). "Maximum luminance (cd m) (at applied potential V). ‘Current
density (mA cm2). 9Photoluminuous efficacy (Im W) (at applied potential V)
®External efficiency (%) (at applied potential V). "Maximum emission wavelength (nm).

CHAPTER 4
CONCLUSIONS
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Unfortunately, the development of n-type FET is not successful for perylene-
benzimidazole derivatives because of their own poor solubility. The purification and
solution-deposition process could not be conducted. Unlike benzimidazole, four
derivatives of symmetrical and asymmetrical benzotriazatruxene with and without a
hexyl substituent at the N-position were synthesized from the commercially available
1H-benzo[g]indole and subjected to a comparative evaluation of the photophysical and
hole transporting properties. All benzotriazatruxene derivatives were dissolved easily
in common organic solvents. However, FET efficiencies of annealing and non-
annealing devices composing of A-BTT and S-BTT film were almost unable to be
measured because of their severe morphology of the fabricated film as shown in DFM
image.

On the other hand, as HTL in OLED, the results revealed that their quantum
efficiencies and hole transporting properties were exclusively depended on substituent
at the N-position of benzotriazatruxenes. The compound without a hexyl group (A-BTT
and S-BTT) exhibited the poor quantum yield, while those compounds with hexyl
group or alkyl groups (A-BTT-C6 and S-BTT-C6) possessed high quantum
efficiencies and also hole transporting properties. It was proposed that quantum yields
of these compounds strongly depend on the self-quenching of exciton from
fluorophores benzotriazatruxene. Furthermore, Cz-symmetric point group slightly
affect quantum yield. The compound without Cs-symmetric point group (A-BTT-C6)
exhibited the high quantum yield due to smaller rotational relaxation and their packing
pattern. Unlike quantum yield, compound containing Cz-symmetric point group (S-
BTT-C6) showed the superior hole transporting property with maximum luminance of
5,481 cd m2at 13.6 V and a low turn-on voltage of 2.6 V.
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Figure A. 43 'H-NMR spectrum of 1,7-dibromo-N,N-diphenyl-perylene-3,4,9,10-
tetracarboxylic diimide (DB-PTCDI-PH)
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Figure A. 52 MALDI-TOF mass spectrum of 6,13-dihydro-5H-
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Figure A. 53 'H-NMR spectrum of 12,19-dihydro-5H-benzo[i]benzo[6,7]indolo[3,2-
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Figure A. 55 MALDI-TOF mass spectrum of 12,19-dihydro-5H-
benzo[i]benzo[6,7]indolo[3,2-a]benzo[6,7]indolo[3,2-c]carbazole (S-BTT)
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Figure A. 57 *C-NMR spectrum of 5,6,13-trihexyl-6,13-dihydro-5H-
benzo[i]benzo[6,7]indolo[2,3-a]benzo[6,7]indolo[2,3-c]carbazole (A-BTT-C6)



Figure A. 58 MALDI-TOF mass spectrum of 5,6,13-trihexyl-6,13-dihydro-5H-
benzo[i]benzo[6,7]indolo[2,3-a]benzo[6,7]indolo[2,3-c]carbazole (A-BTT-C6)
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Figure A. 59 *H-NMR spectrum of 5,12,19-trihexyl-12,19-dihydro-5H-
benzo[i]benzo[6,7]indolo[3,2-a]benzo[6,7]indolo[3,2-c]carbazole (S-BTT-C6)
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Figure A. 60 *C-NMR spectrum of 5,12,19-trihexyl-12,19-dihydro-5H-
benzo[i]benzo[6,7]indolo[3,2-a]benzo[6,7]indolo[3,2-c]carbazole (S-BTT-C6)

Figure A. 61 MALDI-TOF mass spectrum of 5,12,19-trihexyl-12,19-dihydro-5H-
benzo[i]benzo[6,7]indolo[3,2-a]benzo[6,7]indolo[3,2-c]carbazole (S-BTT-C6)
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Figure A. 62 DI-GC-MS spectrum of N-ethyl-benzo[g]indole
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Figure A. 63 DI-GC-MS spectrum of N, N, N-triethyl-benzotriazatruxene (S-BTT-C2)
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Figure A. 64 DI-GC-MS spectrum of N-hexyl-benzo[g]indole
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Figure A. 65 DI-GC-MS spectrum of brominated N-hexyl-benzo[g]indole
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Figure A. 67 Molar absorption coefficient plot of A-BTT in THF
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Figure A. 68 Molar absorption coefficient plot of S-BTT in THF
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Figure A. 69 Molar absorption coefficient plot of A-BTT-C6 in THF
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Figure A. 70 Molar absorption coefficient plot of S-BTT-C6 in THF
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