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ABSTRACT

Six new triphenylamine-containing aromatic diacid monomers, 4,4'-dicarboxy-4"-
isopropyltriphenylamine, Ma, 4,4'-dicarboxy-2'4"-dimethyltriphenylamine Mb, 4,4'-
dicarboxy-4"-ethyltriphenylamine, Mc, 4,4’-dicarboxy-4”-phenoxy triphenylamine,
Md, 4,4'-dicarboxy-4"-(N-pyrrolyltriphenylamine Me, 4,4'4".4™-(1,4-phenylene
bis(azanetriyl)) tetrabenzoic acid, Mf, were successfully synthesized via the aromatic
nucleophilic fluoro displacement reaction of 4-fluorobenzonitrile with aniline-
derivatives using sodium hydride as the base, followed by alkaline hydrolysis of the
dinitrile intermediates (la, Ib, Ic, Id , le, If). A series of poly(amine-amide)s were
prepared by the direct phosphorylation polycondensation from the newly synthesized
diacid monomers with various aromatic diamines. FTIR, 'H and *C NMR
spectroscopic techniques were used to identify the chemical structures of the dicyano
intermediate, the carboxylic acid monomer and the resultant poly(amine-amide)s
containing the triphenylamine moieties. These aromatic poly(amine-amide)s were found
to be readily soluble in a variety of organic solvents and could afford strong and tough
films via solution casting. They exhibited excellent thermal stability with 10% weight
loss temperatures in the range of (401.2 - 577.4) °C as recorded by TGA and high glass
transition temperatures between 234.5 - 292.6°C. In dilute N-methyl pyrrolidone (NMP)
solution, these polymers exhibited a medium to strong UV-Vis absorption bands at the
range 305 - 363 nm and photoluminescence in the blue region at 429 ~ 488 nm. Cyclic
voltammetry of the poly(amine-amide)s films cast onto an ITO-coated glass substrate in
dry acetonitrile (CH3CN) containing 0.1 M of tetrabutylammonium perchlorate
(BusAINH4CIO,4) as an electrolyte exhibited one oxidation half-wave redox couples
(E1p) at 1.13 - 1.27 V vs Ag/AgCl, and revealed electrochromic characteristics with a
color change from pale yellow to blue at applied potentials switched between 0.0 and

1.6 V at scan rate 0.1 V. The obtained values of the HUMO and LUMO energy levels



of the currently synthesized transporting materials were in the range of 5.52 - 5.66 eV

and 2.44 - 2.62 eV respectively with band gap of values of 3.04 - 3.15 eV.



ABSTRAK

Enam monomer baharu trifenilamina yang mengandungi diasid aromatik, 4,4'-
dikarboksi-4"-isopropiltrifenilamina, Ma, 4,4'-dikarboksi-2'4"-dimetiltrifenilamina Mb,
4.4'-dikarboksi -4"- etiltrifenilamina Mc, 4,4'- dikarboksi-4"-fenoksi-trifenilamina, Md,
4,4'-dikarboksi-4"-(N-pirrolil)trifenilamina, Me, 4,4,4",4"-(1,4-fenilena bis (azanetriyl ))
asid tetrabenzoik, Mf, telah berjaya disintesis melalui tindak balas penyesaran
nukleofilik fluoro aromatik 4-fluorobenzonitril dengan derivatif anilina menggunakan
natrium hidrida sebagai bes, diikuti dengan hidrolisis beralkali bagi perantaraan dinitril
(la, b, Ic, Id, le, If). Satu siri poli(amina—amida) telah disediakan melalui
polikondensasi pemfosforilan langsung daripada monomer diasid baharu yang telah
disintesis dengan pelbagai diamina aromatik. Teknik spektroskopi FTIR, *H dan *C
NMR telah digunakan untuk mengenal pasti struktur kimia bagi perantara disiano,
monomer asid karboksilik dan poli(amina-amida) yang mengandungi moieti
trifenilamina. Poli(amine-amida) aromatik ini didapati mudah larut dalam pelbagai
pelarut organik dan mampu memberi tipisan yang kuat dan kukuh melalui acu-bentuk
larutan. Polimer ini mempamerkan kestabilan terma yang baik dengan suhu 10%
kehilangan berat melebihi 401.2 - 577.4 °C seperti dicatatkan oleh TGA dan suhu kaca
peralihan yang tinggi antara 234.5 - 292.6°C. Dalam larutan cair N-metil pirrolidon
(NMP), polimer ini mempamerkan jalur penyerapan UV-Vis yang sederhana ke kuat
pada julat 305 - 363 nm dan fotoluminescens di kawasan biru pada 423 ~ 488 nm.
Voltammetri kitaran bagi tipisan poli(amina-amida) yang di’acu-bentuk” pada substrat
kaca saduran-ITO dalam asetonitril kering yang mengandungi 0.1 M
tetrabutilammonium perklorat (TBAP) sebagai elektrolit mempamerkan pengoksidaan
separuh-gelombang pasangan redoks (Ei») pada 1.13 — 1.27 V vs Ag/AgCl, dan
menunjukkan ciri-ciri elektrokromik dengan perubahan warna dari kuning pucat kepada

biru di keupayaan gunaan ditukarganti antara 0.0 dan 1.6 V pada kadar imbasan 0.1 V.



Nilai yang diperolehi bagi aras tenaga HUMO dan LUMO untuk bahan pengangkutan
yang disintesis ini ialah dalam lingkungan 5.52 - 5.66 eV dan 2.44 - 2.62 eV masing-

masing dengan ruang jalur bernilai 3.04 - 3.15 eV.
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CHAPTER 1: INTRODUCTION
1.1. Introduction

Aromatic polyamides are considered to be high-performance polymeric materials due to
their superior thermal stability, good mechanical properties and chemical resistance which
makes them useful for advanced technologies. They are finding increasing demand for use
as advantageous replacements for metals or ceramics in currently used goods, or even as
new materials in novel technological applications. They are also known as difficult
processing materials because of high melting or glass transition temperatures and limited
solubility in most organic solvents [1-4].

To overcome these limitations, polymer-structure modification becomes necessary such as
introduction of bulky, packing-disruptive groups into the polymer backbone [5-8]. It has
been demonstrated that aromatic polyamides containing three-dimensional, propeller-
shaped triphenylamine (TPA) unit had good solubility in organic solvents while retaining
high thermal stability [9-11]. Furthermore, TPA-based polymers are widely used as the
hole-transport layer in electroluminescence (EL) devices, besides exhibiting interesting
electrochromic behavior [12-18].

Fabrication of an EL device with high performance, long durability, and low driving
voltage can be effectively achieved with a multilayer sandwiched structure. To balance the
injection and transport of both holes and electrons, hole and electron-transporting layers
are often used. Triarylamine derivatives have been used as hole transport materials for use
in multilayer organic EL devices due to their relatively high mobility and their low
ionization potentials [19, 20]. The feaslbility of utilizing spin-coating and ink-jet printing
processes for large-area EL devices and possibilities of various chemical modifications (to
improve emission efficiencies and allow patterning) make polymeric materials containing

triarylamine units very attractive [21]. In order to optimize the hole injection and transport



properties of classical emissive polymers like poly(p-phenylenevinylene)s (PPV) or
poly(9,9-dialkylfluorenes) (PF), there have been several reports on PPV and PF derivatives
involving hole-transporting units such as TPA groups in the emissive m-conjugated main
chains [22] or grafting them as side chains in a polymer [23] or end-capping them onto the

polymer chain-ends or the outer surface of dendritic wedges [24].

1.2. Research Objective

The aim of this work is to descrlbe the synthesis and properties of new aromatic

poly(amine-amide)s containing TPA moieties which has potential to be used as

transporting materials in light emitting devices. The research objectives are to :

1. synthesize monomers and new poly(amine-amide)s via phosphorylation
polycondensation reaction.

2. confirm the structures by FTIR, *H and *C NMR spectroscopic techniques.

3. characterize of the thermal and spectral properties were measured for these
poly(amine-amide)s.

4.  investigate the redox behavior of the poly(amine-amide)s by cyclic voltammetry.

1.3. Thesis Outline

Chapter 1 includes an introduction of aromatic polyamides. Research objectives and thesis

outline.

Chapter 2 describes background and literature review of aromatic polyamides as hole-
transport layer, which is widely used as electron acceptors in polymer light emitting
devices (PLEDs). Main methods of synthesizing polyamides also are included. Special
applications of the aromatic polyamides are explained in detail. An important subject was
explained in this chapter about improvement of optical properties of polyamides in
(PLED)s. Finally, this chapter explains the behavior of polyamides in polymer light

emitting devices (PLEDs).



Chapter 3 describes the light-emitting device (LED) as lighting source and types of these
devices. Comparison of organic and inorganic devices are also demonstrated. Description
of polymer organic light emitting devices (POLEDs) is simple compared to more organic
layers of electro and hole transporting materials being sandwiched between two electrodes.
The operation of organic transporting materials according to the energy band diagrams
depends on the mechanism of the energy transfer from host to dopant. This chapter
clarified how the organic light emitting diodes (OLEDs) are fabricated in different
methods. Advantages and applications of organic light-emitting devices together with
photophysical and photochemical processes that are encountered in the field of organic

light emitting devices are expressed.

Chapter 4 describes all the experimental procedures of synthesis starting with
intermediates, carboxylic monomers and final polymers. All characterization techniques

which were carried out and instruments used are explained in detail as well.

Chapter 5 discusses the results including solubility, thermal, optical and electrochemistry

properties data.

Chapter 6 presents the concluding results of the research with recommendations to the
future work. Appendices indicate the supplementary data which are related with

experimental and result data.



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW
2.1. Aromatic Polyamides
2.1.1. Aromatic Polyamide Synthesis

There are three main methods to prepare polyamides:

2.1.1.1. Low -temperature Solution Method
This method is most known for the preparation of aromatic polyamides. It is carried out by
the reaction of diacid dichlorides with diamines at low temperatures (Figure 2-1). The
solvents used are polar aprotic solvents like N,N-dimethylformamide (DMF),
N,N-dimethylacetamide (DMAQ), N-methyl-2-pyrrolidone (NMP), and
hexamethylphosphoramide (HMPA).
It is often used with salts such as NaCl, CaCl,, or a mixture of salt as solubility promoters
because the cations interact with the amide groups, reducing the strength of hydrogen
bonds.
Poly(p-phenylene terephthalamide) (PPPT) and poly(m-phenylene isophthalamide) (PMPI)
are prepared commercially by condensation of p-phenylenediamine (PPD) and
terephthaloyl dichloride (TPC) or m-phenylenediamine (MPD) and isophthaloyl dichloride
(IPC) using NMP as the solvent and CaCl, as the ionic component. The low temperature
solution method is generally preferred when the diacid dichloride can be easily obtained
from the corresponding aromatic diacid. Generally, the number-average molecular weight
M, of aromatic polyamides are in the range of (1 - 10) x 10° g/mol, which is typical of
condensation polymers. The polydispersity of the polymers obtained by this method is
approximately two for lower molecular weight polymers and nearer to three for polymers
with weight-average molecular weights My, > 35 x 10° g/mol.
The polycondensation reaction can also be carried out in a two-phase system at room
temperature, via the interfacial polymerization [25]. The diamine and the acid dichloride

monomers are dissolved in water and a water-immisclble solvent, respectively. A base and



a surfactant are usually added to the agueous media. The mixture of immisclble solutions,
upon rapid stirring, gives rise to a polymer precipitate in seconds. The reaction is

extremely fast and occurs in the interface on the organic solvent side.
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Figure 2-1: Reaction of diacid dichloride with diamine

2.1.1.2. High-temperature Solution Method

The direct condensation between aromatic diacids and diamines can be used (Figure 2-2)
if the diacid dichloride cannot be obtained from the corresponding aromatic diacid or is not
in good quality, i.e., if it has much moisture and is heat sensitive. The method was
developed by Yamazaki et al. [26], and it is still not used for commercial purposes. Again,
high purity monomers are required and an extra drawback is the side reactions that occur at
the high temperatures used. Thus, to obtain an aromatic polyamide with side chains
containing sensitive functional groups by this method, it is important to verify the absence
of side reactions in the polymerization conditions. This can be carried out by the prior
preparation of model compounds.

Recent efforts on polycondensation have been carried out under high temperature solution
methods by replacing organic solvents by more environmentally friendly versions.
Following this approach, the mixture of solvents used in the usual low-temperature
polycondensation (DMF, DMA, NMP) and in the Yamazaki polyamidation method (NMP

and pyridine) can be replaced by ionic liquids. The ionic liquids have high thermal



stability, low vapor pressure, are highly polar, and have a high dielectric constant, which
makes them suitable to dissolve the aromatic polyamides. Thus, friendly aromatic
polyamides have been prepared using ionic liquids with triphenylphosphite (TPP) to
promote the direct condensation of the acid and amide groups and thus avoiding the use of
harmful solvents like pyridine and NMP, and to promote the reaction of diacid and

diamines at low temperatures [27-35].
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Figure 2-2: Reaction of diacid with diamine

2.1.1.3. Alternative Polymerization Methods
There are a wide set of synthetic methods used to prepare aromatic or aliphatic—aromatic
amide bonds. The reaction of diacids with diisocyanates Figure 2-3 in the presence of
tetrabutylammonium bromide (TBAB) as a molten ionic liquid under microwave
irradiation conditions has been employed and was compared with polymerization in

traditional solvent like N-methyl-2-pyrrolidone (NMP) [36].

HOOC COOH ? O h H
TBAB c C-N—R-N
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Figure 2-3: Reaction of diacid with diisocyanate



To prepare insoluble thermosetting resins for matrix components of fiber reinforced
plastics (FRP), palladium-catalyzed carbonylation-polycondensation from dihaloaryl

compounds and aromatic diamines has been used [37, 38] as shown in Figure 2-4.

BrBr+H2N—< >-o—< >—N Hy——» Pd-catalyst || OQ u H H}
Base Solvent n

Figure 2-4: Palladium-catalyzed carbonylation-polycondensation reaction

2.1.2. Types of the Aromatic Polyamides

2.1.2.1. Optically Active Polyamides
It is obvious that many natural products are optically active. Many compounds have the
same property such as drugs which are derived from natural sources. Many natural
polymers, such as proteins, DNA, and polysaccharides, are also optically active. So the
design, characterization and preparation of chiral polymers are of great interest [39, 40].
Optically active polymers (OAPS) are known to be employed in many applications. These
include assembling chiral media for asymmetric synthesis, chiral liquid crystals in
ferroelectrics, chiral stationary phases for resolution of enantiomers in chromatographic
techniques, nonlinear optical devices and etc. [37].
Earlier researchers [41, 42] have synthesized pendant polyisophthalamides with a side L-
isoleucine core group by using aromatic conventional high-temperature solution method
using different catalysts (dibutyltin dilaurate: DBTDL, pyridine, triethylamine (TEA), or
no catalysts). The best results were obtained with DBTDL. All polymers showed optical
rotation [a], which verified their optical activity. Polymers prepared by different methods
showed different optical rotations and this fact was attributed to the dependence of the
optical rotation on the overall structure and regularity of the resulting polymer chains.

Surprisingly, polymers of the same chemical structure polymerized by the same method



with different catalysts resulted in different values of [a], i.e., the [a]D? is —28.5 and
+28.5 for P1 and P2 polymers obtained by employing DBTDL as catalyst (Figure 2-5).
However, the bulkiness of the pendant aliphatic substructure influences the polymer
properties, resulting in fairly soluble materials having a low thermal stability (5% weight

lost around 210-250°C).
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Figure 2-5: Synthesis of pendant polyisophthalamides

The authors claimed that since these polymers are optically active and have amino acids in
the polymer architecture, they are likely biodegradable, and therefore classified as
environmentally friendly polymers.

In a similar work, OAPs, specifically polyisophthalamides having a pendant L-alanine
(Figure 2-6), (P3, P7) or methionine (P4) and phthalimide groups have been prepared
under conventional heating by microwave methods using ionic liquids as solvents [43-45].
The microwave heating was clearly more efficient than classical thermal heating. The
polymers exhibited decomposition temperatures greater than 300°C (T4s between 270 and
380°C) and Tgs between 113 and 208°C. The limiting oxygen index (LOI) was estimated
for P16 using the van Krevelen and Hoftyzer equation [46] (LOI = 17.5 x 0.4CR, where

CR is the char yield obtained by TGA), and was greater than 35, thus classifying the



polymers as self-extinguishing. In a similar fashion, OAPs derived from 5-(2-phthalimidyl-
3-methylbutanoylamino)isophthalic acid or (2S)-4-[(4-methyl-2-phthalimidylpentanoyl
amino)benzoylamino]isophthalic acid and aromatic diamides (P5, P6) were descrlbed and
characterized. In this line, P8, depicts similar polymer structures containing a pendant
perbromophthalimidyl moiety, giving optically active flame retardant polyamides as
products. The [a]D* values ranged from —75.8 to —122.4°C, Tgs from 197 to 236°C, and
the LOIs were over 65%. The authors expanded the study of these kinds of materials to
other bulky pendant structures, P9, where the polyamides showed moderate T410 s ranging

from 340 to 385 "C, and T,s over 180 "C.
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Figure 2-6: Structures of polyisophthalamides having a pendant L-alanine and methionine

2.1.2.2. Luminescent and Electrochromic Polyamides
Luminescent materials have the characteristic of light-emitting phenomena. There are
different types of luminescence, such as electroluminescence (EL) or photoluminescence

(PL) phenomena. When these materials are exposed to an electric current or absorption of



photons, re-radiation will occur [47,48]. Besides having luminescent properties, the film
formation properties and outstanding mechanical properties of aromatic polyamides make
them applicable for the production of polymer light-emitting diodes (PLEDs). Some
luminescent materials also show electrochromism (EC), a phenomenon in which materials
exhibit a reversible change in optical properties when they are oxidized and reduced.
Electrochromic materials are now being used in different applications like mirrors,

displays, windows and earth-tone chameleon materials [49].

2.1.3. Improvement of Optical Properties of Polyamides

Improvements on the properties of polyamides containing the TPA-based monomer have
been carried out by Hsiao et al. [50] by insertion of bulky groups such as 1,3,4-oxadiazole,
naphthyl, phenyl and tert-butyl groups.

The optical properties of the polyamides containing tert-butyl groups were investigated by
UV-vis and PL spectroscopy. The polymers showed strong UV-vis absorption bands at 314
- 361 nm in DMA solution, and their PL spectra exhibited emission peaks around 421 -
430 nm, which is in the blue region. The electrochemical (EC) characteristics were also
measured, and when increasing the potential from 0 to 1.10 V, the characteristic
absorbance pea at 356 nm for polyamide decreased gradually. The film color became
green. The polyamides had high T4 values between 282 and 302°C, and decomposition
temperature ranged from 458 to 498°C, while char yields were greater than 60%

additionally.

2.1.3.1. Polyamides with Fluorinated and Chlorinated Substituents
The presence of fluoro and chloro groups in the polymer structures makes them resistant to
flame, solvents, acid, and bases, which is desirable for a number of applications. Moreover,
the trifluoromethyl group CF3, plays an important role in achieving good solubility and
electrical and dielectric performance. Sheng et al. [51] have reported on fluorinated

aromatic polyamides derived from an asymmetric monomer, 2-(4-trifluoromethylphenoxy)
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terephthaloyl chloride, polymerized with various aromatic diamines (Figure 2-7). The
resultant polyamide was amorphous and readily soluble in polar aprotic solvents, and some
were soluble in THF upon heating. They gave flexible and tough films upon casting. The
Ty values ranged from 222 to 294 °C, and their decomposition temperature values were
greater than 442°C in nitrogen. Moreover, the films were highly transparent, as measured in

terms of UV-vis absorption cut-off wavelength (330-371 nm).
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Figure 2-7: Halogenated polyamides

2.1.3.2. Polyamides with Bulky Pendant Groups
Most research efforts are currently focused on the chemical modification of the
composition of these materials with the objective of improving their processing ability and,
more specifically the solubility in organic solvents. The incorporation of bulky pendant
groups can provide beneficial effects for solubility, because this approach produces a
separation of chains, a weakening of hydrogen bonding, and a lowering of chain packing

with a gain of free volume, which decrease the Tys (Figure 2-8). On the contrary, bulky

11



side groups also restrict molecular mobility, so that the overall observable effect is an

increase in Tgs.
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Figure 2-8: Improvement of optical properties of PLEDs using bulky groups

2.1.3.3. Polyamides with Segmented Blocks
Segmented block polymers contain alternating blocks, or segments, having distinct
chemical entities of different properties, and usually include hard and soft segments. The
soft segments contrlbute to the flexibility, while the hard segments, which are glassy or
semicrystalline, serve as physical or virtual crosslinking points. The mechanical and
thermal properties of polymers depend on the chemical nature and proportion of the hard
segment. The softening temperature or melting point increasing with the number of

physical crosslinks between the hard segment chains.

2.1.3.4. Unclassified Polyamide Structures
This section of unclassified polyamides is included to accommodate recent discoveries.
Kubota et al [37]. prepared rigid biphenyl-containing aramids via a one-step procedure
from dihalobiphenyl and aromatic diamine by palladium-catalyzed carbonylation

polycondensation as shown in Figure 2-9. Parameters such as base, solvent, palladium-

12



phosphine catalyst, and CO pressure had a significant impact on the average molecular
weight for the polyamides formed from the reaction of 2,7-dibromo-9,10-
dihydrophenanthrene and 4,4-diaminodiphenyl ether. Under optimum conditions, the
polyamide was obtained in 99% yield and had a high molecular weight (M,, = 128x103)

with the thermal stability for thermal decomposition T410 varied between 450 and 470 °C.

E'E'+ t"@}i@w copacatayst | . i _| 4
uaamaut\':"t

Figure 2-9: Unclassified polyamide structures

2.1.4. Behavior of Polyamides in PLEDs
Many researches have been carried out in the preparation of blue light-emitting polymers
because blue light can be converted to green or red using proper dyes, which means a blue
PLED alone is capable of generating all colors, while green or red cannot emit blue light.
As a result, the 1,3,4-oxadiazole rings are promising chemical moieties for introduction
into the polymer backbone or in the pendant structure as these rings have an electron-with
drawing character, which facilitates the injection and transport of electrons [52,53]. The
polyamide derived from the diamine with TPA group reveal excellent electrochromic
contrast and coloration efficiency, changing color from the pale yellowish neutral, to
green, and then to the blue oxidized forms during positive scanning potentials from 0.0 to
1.2 V. The incorporation of bulky naphthyl groups into the polymer side of the
electrochromic materials resulted in lighter-colored polymers, thus enhancing the
coloration efficiency at higher contrasts [54]. The most widely studied EC polyamides are
polymers with a triphenylamine moiety, a well-known high-efficiency chromophore. Since
the one-electron oxidation product of triphenylamine is not stable due to the para-para tail-

to-tail coupling, which yields tetraphenylbenzidine and resulting in the lost of two protons
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per dimer, monomers containing electron-rich para TPA moieties have been prepared as
substitutes on the pendant phenyl ring, thus providing stable radical cations upon oxidation

[55-57].

2.1.5. Aromatic Poly(amine-amide)s in Light Emitting Devices

Aromatic poly(amine-amide)s are an important type of hole transporting materials (HTMs)
which are widely used as an electron donator in light emitting devices (LEDs) or polymer
light emitting devices (PLEDs). They have relatively high mobility and low ionization
potentials (IP) [58-63] and are easily oxidized to form stable radical cations [2]. Aromatic
polyamides are well accepted as high-performance polymeric materials for their excellent
mechanical properties, high thermal stability, and good chemical resistance [64]. The use
of conjugated polymers in the polymer light-emitting devices (PLEDSs) has received a great
deal of concern in the industry because of several appealing advantages. The most
efficient devices using PLEDs is an architecture with a thin-film multilayer structure
consisting of a hole-transporting layer, an emitting layer and an electron-transporting layer
sandwiched between two metal electrodes [65]. Charge carriers (holes and electrons) are
injected separately from the anode and cathode, recombine in the emitting layer and thus
emit light between two electrodes [66].

Many emitting materials have been designed and used in LEDs. However, high-
performance light emitting ones are rare because of the intrinsic wide band-gap required
for such materials. Many hole transporting materials have been tried for light-emission

[67].

2.1.6. Commercial Promatic Polyamides
The simplest and best known commercial aromatic polyamides are poly(p-phenylene
terephthalamide) (PPPT) and poly(m-phenylene isophthalamide) (PMPI) as shown in
Figure 2-10. Both can be transformed using their solutions, by wet spinning into flame to

form cut-resistant, and high tensile strength synthetic fibers or they can be cast into
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varnishes or enamels yielding similar properties. The transformed materials have
applications in advanced fabrics, coatings and fillers, as advanced composites in the
aerospace and armament industry, as asbestos substitutes, electrical insulation, bullet-proof
body armor, industrial filters, and protective and sport clothing, etc.

As a result, recent basic and applied researches have focused on enhancing their process
ability and solubility in order to broaden the scope of the technological applications of
these materials. There is currently a huge research effort directed toward exploiting the
special high performance characteristics of the polyamides to obtain electro- or
photoluminescent materials, reverse osmosis, gas or ion-exchange membranes, optically
active (OA) materials, nanocomposites, etc. with superior thermo mechanical
performances.

The first commercial para oriented polyamide was poly(p-benzamide) (PPBA) (‘Fiber B).
It was replaced in the market by (PPPT) in 1970 under the trade name of “‘Kevlar.

Their synthesis was performed by polycondensation method at low temperatures in a
solution of terephthaloyl dichloride (TPC) and p-phenylenediamine (PPD) in
hexamethylphosphoramide (HMPA). After that, the solvent was successfully replaced by
an N-methyl-2-pyrrolidone (NMP) in CaCl, as an agent system. The PPPT has a high-
performance properties due to its chemical structure. Its aromatic structure and all-para
substitutions cause stiffness-like macromolecules with a high contact energy and a high
crystallization tendency due to the very favorable intramolecular hydrogen bonds. PPPT
fibers can be transformed into materials and composites having superior thermal and
mechanical resistance. Because of that reason, all aromatic polyamides with all-meta
orientation in the phenylene ring, such as PMPI, have less linear structures and low in its
contact energy and crystallization tendency. Thus, PMPI is a high-performance polymer,
with high thermal and mechanical resistances. Because of that reason, all aromatic

polyamides with all-meta orientation in the phenylene ring, such as PMPI, have less linear
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structures and a concomitant reduction in its cohesive energy and crystallization tendency.
Thus, PMPI is a high-performance polymer, with high thermal and mechanical resistances.
The copolymerization of terephthaloyl dichloride (TPC) with PPD and 3,4-
diaminodiphenyl ether (ODA) gives rise to a relatively soluble polymer, ODA/PPPT as
shown in Figure 2-10, commercialized under the trade name of Technora since 1987. The
asymmetry of the monomer ODA and the copolymerization give rise to a less ordered
material with lower adhesive energy.

The properties of the commercial aromatic polyamides fibers (crystal lattice parameters,
density, equillbrium moisture content, tensile properties at a room and at an elevated
temperatures, thermal properties and chemical resistance) and the properties of the
commercial aramid films were well summarized by Gallini [68], Ozawa and Matsuda

[69], Tanner et al. [70] and Yarn. Table 2-1 descrlbes the summary of these properties.

poly (m-phenylene isophthalamide) (PIMPI) poly (p-phenylene terephthalamide) (PPPT)
Tradenames: Nomex®, Phenylon®, Conex®, Tradenames: Kevlar®, Twaron®,
Teijinconex®, KM-21®, Durette®, Apyeil® Vniivlon®, Arenka®
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Tradename: Technora®

Figure 2-10: Structures of (PPPT) and (PMPI)
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Table 2-1: Properties of commercial aromatic polyamide fiber

Property of Polymer PMPI PPPT ODA/PPPT
Density (g/cm®) 1.38 1.44 1.39
Water uptake (%), at 65% RH 5.2 3.9 4.0
Thermal propertiesTg ('C) 275 - -
Tn (C) 365 d° >500 d* >500 d*
T4 (C, in Np) 400-430 520-540 500
Tensile properties” - - -
Strength (GPa) 0.59 - 0.86 29-3.0 -3.4
Modulus (GPa) 79-121 70-112 72
Elongation (%) - - -
Crystallinity Highly Highly Highly oriented
crystalline crystalline but less
Crystalline
(higher
flexibility of the
copolymer chain
and loose
crystalline
structure)
Flammability (L.O.1.) 29 29 -5

a: Decomposes (d)

b: The comparison of the mechanical properties of oriented fibers with the properties
reported for synthtic poleyamides, usually obtained from unoriented films obtained by
casting, is not usually straightforward
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CHAPTER 3: POLY ORGANIC LIGHT EMITTING DIODES (POLEDs)
Worldwide total energy consumption is steadily growing every year, especially with the
recent increase of small mobile electronics. In order to satisfy both the limited energy
resource problem and the environmentally clean energy issue, there have been continuous
efforts to harvest natural energy sources such as water, wind, and sunlight. Also, highly
energy-efficient rechargeable batteries such as Li-ion batteries and fuel/solar cells are
intensively under investigation to meet the modern sustainable energy initiatives [71-73].
On the other hand, low electrical power consuming electronic devices are also expected to
potentially reduce the demands of the energy grid. Therefore, the research which involves
a high efficiency and low power consuming electronics becomes a high demand.

It was reported that approximately 22% of the total electricity consumed in the United
States is transformed into lighting, and it is estimated that as much as 1,000 terawatt-hours
(TWh) of electricity will be consumed by lighting by the year of 2025 [74]. If there were a
lighting source that could convert the electrical energy into the vislble light with 50%
conversion efficiency, it would save energy consumption in the US by approximately 620
billion kilowatt-hours per year, which can eliminate about 70 nuclear plants on the US soil
[75]. The common incandescent light bulb, for example, which was invented in the
nineteenth century by heating a filament over 3000°C, has a power conversion efficiency
(PCE) as low as 5% (i.e. 95% of electrically supplied energy is lost as a heat). As a
comparison, the fluorescent tube, another common light source which excites a coated
phosphor by discharging gas, has a better PCE reaching as much as approximately 20%
corresponding to a high power efficiency (#P) up to 100 Im/W at a room temperature
(~25°C). However, fluorescent tubes contain some amounts of mercury which is an
environmentally hazardous material and also typically have 40 ~ 60 Im/W at elevated

temperatures of operation (around 35°C) [76].
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Solid-state lighting (SSL) is a highly energy-efficient light-emitting device (LED) based on
semiconducting materials. Conventional LEDs are comprised of inorganic semiconductors;
mostly group Ill-nitride, which have direct band gaps, converting the electrical energy
directly into the vislble light with less indirect energy losses. Although almost 100%
internal quantum efficiency could be achieved using inorganic LEDs [77], there are still a
few issues such as high material and fabrication cost, low color rendering index (CRI) for
white light sources and device scalability. Nevertheless, the inorganic LED market has
been increasing at an enormous rate in the last few years [78].

Organic light-emitting devices (OLEDs) convert the electrical power into light by using the
organic semiconductors such as small molecule or polymer semiconducting materials.
Since their first introduction by Tang and Vanslyke in 1987 at Eastman Kodak [79], an
extensive research has been conducted mong in academia and industry to achieve high
efficiency and stable OLEDs. Compared to inorganic LEDs, OLEDs can be cheaper, easily
scalable, and even tunable in electrical/optical properties, suggesting an excellent next-
generation light source for either flat panel displays or SSL. However,a low efficiency and
device stability are the most important issues for OLEDs in order to replace most existing
light sources in the world. The classic power efficiencies and current progress of several
white light sources including inorganic and organic LEDs are shown in Figure 3-1, and the
power efficiency of white OLEDs (WOLEDs), demonstrated in this work without coupling

enhancement methods, is also indicated by the red star [80].

19



200 ¥

Y White LED -
]

= Lamp )
L cn [}
o 150 i r
3 i ’
5 b
o Linear ! ,'
!

2 - Fluorescent —8 /
@ et — h '
E = 4 '
3 anr e A
- 100 n— = ’
= X ) - 2 '
> ¥ i i
g HID / e I
o2 Low High - r

/ - i r
E Wattage Watloge f ,,l"’ Com pact "
== _ / T Fluorescent *
3 J o ) )
o " s - f White
c 50 o __—-"’ ]
= > - OLED
g e !
3 7 ¢ Panel

Halogen ! )
Incandescent o " - = L ]
& -
— -

0
Figure 3-1: Historical and predicted power efficiencies for various light sources [81]

3.1. Use of Poly Organic Light Emitting Diodes (POLEDSs)
Use of POLEDs began in the 1960s with a single-layer device configuration where the
light-emitting crystal was placed between two liquid electrode . After ten years, Tang and
Van Slyke [81] reported superior device performance using two thin layers of amorphous
organic compounds sandwiched between a transparent hole-injecting anode and a
reflective electron-injecting cathode. Shortly afterwards Adachi et al [82]. reported a three-
layer structure with separate layers for a hole and electron transport, and an emissive layer

where recombination would occur, making fabrication of multicolor OLEDs possible .

3.2. POLEDs Structure
Organic Light Emitting Diodes (OLEDs) [83] are electroluminescent display devices
made out of stacked organic thin films sandwiched between two metal electrodes. The total
thickness of an OLED is less than 500 nm (for a typical OLED architecture) making it the
most compact flat panel display on the market. Unlike LCD displays, OLED displays do

not require any back lighting and can operate in broader temperature ranges. OLED
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displays are lighter, brighter, have wider viewing angles (160°), faster response time, and
low turn on voltages compared to the LCD displays [Tullo 2006]. The operation of OLEDs
relies on molecular excitation and radiative relaxation (or decay) of conjugated organic
molecules (chromophores). When a voltage is applied across the OLED, the luminescent
(fluorescent or phosphorescent chromophores) within the emissive layer get promoted to
the excited state of the specific chromophore by recombination of opposite charge carriers.
Radiative relaxation of the excited chromophore back to the ground state results in the
generation of photons with energies defined by the chromophores electronic structure. An
efficient pathway of obtaining pure colored emission in OLEDs is accomplished by
choosing the correct host-dopant system, where a proper energy match between the host
and dopant allows for energy transfer to the emissive species thus allowing for pure RGB,
white or IR emission.

The assembly of POLEDs is simple in that one or more organic layers of electro and hole
transporting materials are sandwiched between two electrodes which is transparent as

shown in Figure 3-2.

Cathode

Spactt

Electron Transporting Laver ETL ———

Emissive Laver EML

-+

Hole Transporting Layer HTI

Anode —— |

Figure 3-2: General structure of POLED [84]

3.2.1. Electron-Injector Electrode (EIE) (cathode)
Traditionally, a pure metal or an alloyed metal with a low work function and high optical

reflective surface is preferred as a cathode, such as (Al), (Ca) or Mg-Ag alloy , MgF, [85,
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86]. Most of these electrode materials are too reactive to be suitable as electron injecting
electrodes, However, in order to overcome this reactivity, most reserchers are currently
using co-evaporated or Al composite electrodes [87]. A series of alkali metal (Li*, Na*, K*,
Rb*, and Cs") acetates and metal fluorides were also be used [88]. Bilayer devices typically
have an organic buffer layer used as an electron transporter which helps in several ways;
(i) it moves the recombination region away from the cathode to minimize emission
quenching, (ii) it reduces the injection barrier height between the cathode and the EML,
and (iii) it confines the holes and improves the probability of recombination with the

electrons, thus resulting in a higher light output.

3.2.2. Hole Blocking/Exciton Blocking Materials (HBMs/EBMs)

For a high efficiency OLEDs, a good balance of charges and their recombination in the

emissive layer is important. Varying the transport materials, their thicknesses and location
can be adjusted to optimize the device efficiency. Introduction of a hole blocking layer or
an exciton blocking layer can significantly enhance recombination of carriers by blocking
the holes in the emissive region [89]. Blocking materials used for hole blocking should
have a good electron transporting capability and a deep HOMO level to prevent the
leakage of holes by posing as a barrier for their transport. The compound 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP) which chemical structure shown in Figure 3-3 has
been used as a hole blocker with a higher electron mobility than Tris-(8-
hydroxyquinoline)aluminum (Alg3) (~5.2 x 10* cm?Vs™) and HOMO-LUMO levels of -
6.5 eV and -3.0 eV respectively see Figure 3-4. Starburst shaped perfluorinated phenylene,
(C60F42-X shaped or C60F42-Y shaped) structures, have also been used as a hole
blockers/exciton blockers and an electron transporters owing to their low lying LUMOs
and HOMOs, lower sublimation temperature, and thermal and chemical stability from

strong C-F bonds [90, 91].
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Figure 3-3: Chemical structures some hole blockers/exciton blocking materials

3.2.3. Electron-Transport Materials/Layer (ETMS/ETL)

Most organic semiconductors (small molecules or polymers) tend to have a hole mobility
higher than their electron mobility [92] that electron rich moieties should be present. An
order for a molecule to transport electrons, the molecule should have the following
properties; (i) a suitable electron affinity and ionization potential (LUMO and HOMO
levels) relative to the emitter allowing efficient injection of electrons from the cathode. (ii)
high electron mobility (ne > 10° cm? V' s'), to move the recombination zone away from
the cathode. (iii) high glass transition temperatures (T4) and thermal stability to prevent
operation-induced crystallization which leads to poor device stability and reduced lifetime
[82]. The electron transport in amorphous organic molecules occurs by carrier hopping
between spatially localized states [93].

Electron transport (n-type) materials have an electron-poor conjugated-electron systems.
Common examples of these materials are quinoxaline-containing structures, such a 5,5,6,6-

tetraphenyl-Z-diquinoxaline  (TPDQ), and metal complexes, such as tris(8-
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hydroxyquinolate) aluminum(lll) (Algs). An electron transporting molecule, tris [3-(3-
pyridyl)mesityl]borane (3TPYMB) was recently developed by Tanaka [94]. These
materials transport negative charge because they are more easily reduced and are difficult
to oxidize. Few good examples of n-type materials have been investigated; however,
several researchers are investigating structural modification of existing materials to create
electron-poor conjugated electron systems, such as poly(p-phenylenevinylene) (PPV)
derivatized with cyano-substituents that withdraw electrons from this polymer's conjugated
backbone. The oxadiazole molecule 2-(4-(biphenyl)-5-(4-tert-butylphenyl)1,3,4 -
oxadiazole (PBD) was first used as an electron transporter by Adachi et. al. [95]. Due to its
low T, crystallization of thin films over time led to reduced device lifetimes. Later, this
problem was overcome by blending PBD in PPV based electroluminescent polymers at 20

wit% concentrations [96]. Figure 3-4 shows some common ETMs.
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Figure 3-4: Some common electron-transport materials (ETMs)
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3.2.4. Emissive Materials (EMs)
EMs layer is the most important region in OLED components and the layer where the
holes and the electrons recombine typically consists of molecules that have high
photoluminescence efficiency. The emissive layer in high efficiency OLEDs is a mixture
of a matrix molecule (host) doped with phosphorescent emissive dopants (guest) in small

concentrations, commonly known as a host-guest system [97-99] as shown in Figure 3-5.

Vacuum Level (2) (h) (C)
o]

LUMOGuest 1 GUEST STHOST
LUMOGuest

v

T1 GUEST]
HOMOGuest

HOMOHost

Sn SD

poor energy transfer Efficient energy transfer

Figure 3-5: Energy level relationships and energy transfers in a host-guest system:
avorable HOMO-LUMO level alignment (b) Poor energy transfer anism G—T1H) (c)
Efficient energy transfer (T1G—S0) in phosphorescent host-guest systems [100].

The emissive layer (EML) should consist of molecules capable of transporting both holes
and electrons equally so that the injected charges can move through the layer to
recombine and emit photons. Host materials are required to have a wide band-gap for
exothermic energy transfer to the emissive dopant, good hole and electron conduction and
a higher triplet energy level than the guest [100]. Most of the hosts are suitable for green
and red triplet emitters that have small band-gaps, but achieving high efficiency with blue

phosphorescent emitters requires a host with a wider band-gap and also a triplet energy >
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2.7eV. Several carbazole based host molecules, such as 4,4’-bis(9-carbazolyl)-biphenyl
(CBP), N,N’-dicarbazolyl-3,5-benzene (mCP) and more recently 4,4’-bis(9-arbazolyl)-
2,2’-dimethylbiphenyl (CDBP), with the highest triplet energy (~3.0 eV) known for
carbazole based hosts have been used to demonstrate the importance of exciton
confinement with a higher host triplet energy and a larger band gap [101] structures of

which are shown in Figure 3-6.
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Figure 3-6: Some commonly known compounds as a host-guest system

3.2.5. Hole Transport Materials (HTMs)
A good hole transporting material is a molecule rich in © electrons which transports
positively charged carriers holes. The common characteristic of all hole transporting
materials is their electron donating” capability. These materials capable to provide a
conductive pathway for the holes to transport into the emissive layer to recombine with
electrons injected from the cathode, transported by the (ETM) to generate photons. HTMs
are easily oxidizable and typically have shallow HOMO levels, between -5.0 ev and -6.0
eV. These molecules should also have a low LUMO level, that it can prevent electrons

from migrating to the anode under an external applied field. These materials should
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possess high thermal and thin film morphological stabilities. The most commonly used
HTMs are the triarylamine family [100]. The best performing triarylamines with a
biphenyl backbone are N,N’-(3-methylphenyl)-1,1’-biphenyl-4,4’-diamine (TPD) and 4,4’-
bis [N-(1-naphthyl-1)-N-phenyl-amino]-biphenyl (a-NPD) because of their availability in
high purity, good electrochemical and thermal stabilities, good film-forming properties and
adequate hole mobilities for OLED applications [102 ]. Chemical structure of these

materials is shown in Figure 3-7.
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Figure 3-7: Chemical structure of some HTMs

To modified these materials, several studies perform by Shirota et al. [103] lead to
synthesis of amorphous molecular materials, introduction of bulky and heavy substituents
in order to enlarge molecular size for attaining and increasing the T4 by incorporating a
rigid moiety or a molecular intermolecular hydrogen bonding site into non-planar
molecules and by increasing the molecular materials synthesized as multi using for
example: 4,4’,4”-tris(3-methylphenylphenylamino)-triphenylamine (m-MTDATA) and
4,4’ 4”-tri(N-carbazolyl)triphenylamine (TCTA). These two compound are commonly
used starburst hole transporting materials which are also used as hole injection materials
[104] and 1,1-bis [(di-4-tolylamino)phenyl]cyclohexane (TAPC) as a hole transporter as
well as an electron and exciton blocker. Figure 3-8 shows some of the structures of these

materials.
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TAPC

Figure 3-8: Some starburst hole transporting materials

3.3. Energy Band Diagrams of OLEDs Operation
Figure 3-9 (a)-(d) illustrate the energy band diagrams for the operation processes of the
OLED. The OLED is simplified as a single organic layer structure with the anode and the
cathode at both electrical contacts. Fermi levels (Ef) are not aligned before the electrical
contact by anode and cathode as shown in Figure 3-9 (a). After the electrical contact, there
is an equillbrium state with aligned Er. However, a charge injection into the organic layer

is still not preferable due to the built-in potential barrier shown in Figure 3-9 (b).
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Figure 3-9: Schematic energy band diagrams about OLEDs operation. For simplicity,
single organic layer is assumed between two electrodes; (a) before the electrical contact,
(b) after the electrical contact, (c) with the applied voltage bias through both electrodes,
charge carriers are ready to be injected at V=Vbi, and (d) charge carriers are finally
injected into the organic layer at V>Vbi, forming excitons and emitting the light.

When the voltage bias is applied to the electrodes, charge carriers are ready to be injected
into the organic layer at V=Vbi as shown in Figure 3-9 (c), and finally injected to the
organic layer at V>Vbi as shown in Figure 3-9 (d). The holes move upward through the
HOMO level and electrons transport downward through the LUMO level of the organic
layer, respectively. Once the charge carriers meet each other in the organic layer, they
become energetically bound each other (Columbic interaction), form excitations, and

generate light-emission through the radiative relaxation in the organic layer.
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3.4. Operation-base of POLEDs
Hole injection occurs when one electron is removed from the HOMO of hole-transporters,
resulting in a positively charged radical cation. Similarly, the electron transport layer is
expected to transport electrons from the cathode. The electron transport process adds one
electron into the LUMO of electrontransporters, making the ETL molecule a negatively
charged radical anion (Figure 3-10). The emission from this OLED device comes from the
green emitter, Alg3. This is due to the fact that Alg3 has a smaller HOMO-LUMO energy
gap compared with diamine, resulting in preferential energy transfer from diamine to Alg3.

LUMO Energy Levels

"] N\
HTL {éﬁ' S

@ Cathode
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; =
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Figure 3-10: The energy diagram of a double heterostructure device. Holes (red circles)
and electron (blue circles) are injected from their respective electrodes into the HOMO and
LUMO of the organic molecules. The holes and electrons migrate along the interface,
forming an exciton at that interface and radiative decaying through the emission of a
photon.

Additionally, diamine transports holes faster than Alg3 transports electrons, therfore the
excitons (a loosely bound hole and electron pair) are generated within the Alg3 layer, near
the diamine/Alg3 interface. One of the drawbacks of using Alg3 pistine film as emissive
layer, is the severe self-quenching of excitons in the pistine film. This problem can be

overcome by doping an emissive dye into the ETL, thus creating a new layer called the

light emitting layer (EML) [105].
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Inside of the EML, energy will transfer readily from the host to a dopant with a smaller
optical gap resulting in an efficient emission from the dopant (Figure 3-11). The self-
guenching of excitons is also suppressed by lowering the concentration of excitons and
thus device efficiency is improved. An additional benefit of doping is to control emission

colors of OLEDs by doping different emissive dyes [106].
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Figure 3-11: Energy diagram of an OLED with HTL, EML (containing host (orange) and
dopant (green) energy levels) and ETL.

3.5. Energy Transfer in OLEDs

There are two distinct mechanisms for the energy transfer from host to dopant: Forster
mechanism or Dexter electron exchange. In the Dexter electron exchange (Figure 3-12),

the exciton hops directly between molecules in a concerted energy transfer (ET).
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Figure 3-12: Dexter energy transfer from host to dopant

This is a short-range process dependant on the overlap of molecular orbitals of neighboring
molecules. It also preserves the symmetry of the host and dopant pair. Thus, a triplet—
singlet energy transfer is not possible by a Dexter mechanism. A change in spin-symmetry
is possible if the host exciton breaks up and reforms on the dopant by incoherent electron
exchange [107]. However, this process is considered to be relatively unlikely as it requires
the dissociation of the host exciton, which in most molecular systems has a binding energy
of 1 eV [107].

The Forster energy transfer process relies on the electrostatic interaction between a host

and dopant molecule (Figure 3-13).

FER W

Host Dopant Host Dopant

Figure 3-13: Forster energy transfer from host to dopant
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In this mechanism, an excited host molecule with oscillating dipoles creates an
electromagnetic disturbance. When a dopant molecule in the ground state comes in the
vicinity of this electromagnetic disturbance, due to coulombic interaction, the dopant starts
oscillating at the same frequency as the oscillating dipole of the host. This energy transfer
from the host to the dopant occurs through dipole-dipole coupling between the transition
dipole moments of the excited host and the ground state dopant. In the process, as the
excited host relaxes to the ground state, it transfers the energy to the dopant via coulombic
interaction. The Forster energy transfer process may occurs in long distances (up to 100A)
and does not require any physical contact between the orbitals of the host and the dopant

molecules.

3.6. Fabrication of OLEDs
Organic Light Emitting Diodes (OLEDs) are most commonly fabricated in a bottom-
emitting configuration where the anode material, stack of organic molecules and a metal
cathode are sequentially deposited on a transparent substrate such as glass. The photons
generated by the recombination of holes and electrons exit through the glass substrate. For
high performance, reproduclbility and reliability of OLEDs is extremely critical to
optimize and carefully control all process conditions. These processes include thorough
cleaning procedures for substrate preparation, monitoring and controlling organic layer
thicknesses as well as composition, proper encapsulation methods and a complete protocol

for measuring the optical and electrical characteristics of the OLEDs.

3.6.1. Substrate Preparation
The commonly used substrates are glass (borosilicate or aluminosilicate glass) and plastic
films such as polyethylene terephthalate (PET) or polyethylene naphthalate (PEN), based
on the application and requirements [100]. Typically, plastic films are used for large-area,

flexible display or lighting panels because they are light-weight and inexpensive. Roll-to-
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roll printing of polymer LEDs (PLEDs) has been demonstrated by the OLED research
team at General Electric [108] as shown in Figure 3-14.
Large-display OLED panels have also been fabricated on glass substrates for residential

and commercial lighting.

Figure 3-14: One of the first examples of a roll-to-roll PLED on plastic

3.6.2. Device Fabrication

Depending on the size of the organic molecules which are used for the thin film growth
OLEDs can be divided into two types; small-molecule OLEDs (SMOLEDSs) and polymer
OLEDs (PLEDs). Small molecule is defined by a molecular weight approximately less
than 1000 g/mol, whereas polymer has long and complicated structures with the molecular
weight approximately more than 1000 g/mol. There have been many different methods to
grow organic thin films such as vacuum thermal evaporation (VTE), spin-coating, organic
vapor jet printing, spraying method, inkjet printing, and even a roll-to-roll processing.
Among those methods, the VTE is commonly used to fabricate SMOLEDs, whilst the
spin-coating is most widely used for research into PLEDs.

Figure 3-15 (a) illustrates the VTE system in which a sufficient amount of electrical
current through the source boat heats up and sublimes organic materials in a vacuum

environment. The ballistic molecular thin film deposition is possible with tens of
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centimeter scale mean free path under typical chamber pressure of 10° ~ 107 Torr. A
quartz crystal monitor (QCM, coated with a thin gold layer) provides accurate film
thickness control up to the 0.1 A/s. Figure 3-15 (b) schematically shows the spin-coating
process where polymer materials are completely dissolved in a specific solvent and
dropped onto the substrate in order to evenly disperse the polymer solution. A thermal
annealing process is typically required to completely evaporate the solvent residue after
spin-coating. The thickness of a polymer thin film can be accurately controlled by
adjusting the spin speed and the polymer concentration. The VTE has an advantage for
fabricating OLEDs with multilayered structure and doped layers, whereas the spin-coating

method is more cost-efficient than the VTE.
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Figure 3-15: Schematic illustration of organic thin film growth processes; (a) a vacuum
thermal evaporation (VTE) and (b) a spin-coating methods.

3.7. Advantages of Organic Light-Emitting Devices
There are many advantages to organic Light-Emitting Materials. Firstly, organic materials
are more cost-effective than inorganic semiconductors due to the nearly unlimited
synthetic abundance of organic materials and the thinner film thickness, typically ~ 100 nm
thick. Secondry, organic thin films can be easily deposited using various simple fabrication
methods such as vacuum thermal evaporation (VTE), spin-coating, inkjet printing

[109,110] and even roll-to-roll process [111-117] compared to the typical inorganic thin
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film growth methods such as molecular beam epitaxy (MBE), chemical vapor deposition
(CVD) [118] and pulsed laser deposition (PLD). Thirdly, the extremely thin film thickness
and flexibility of organic materials make OLEDs suitable for flexible device applications
as shown in Figure 3-16 [119].

OLEDs also have excellent display performances such as a fast response time, a wide
viewing angle, a high contrast and low power consumption compared to the properties of

their main competitor, liquid crystal display (LCD).

Figure 3-16: Examples of flexible OLEDs applications, (a) Flexible OLEDs by Universal
display corporation, (b) Flexible OLEDs on garments.

3.8. Applications of Organic Light-Emitting Devices
There are two major application areas in OLEDSs. The first application area is the flat panel
display device where OLEDs competes with the LCD and the other area is the next
generation Solid-State-Lighting SSL source which could ultimately replace fluorescent

tubes. Both of applications can be currently found in the commercial consumer market.

3.8.1. Flat Panel Display
There are many different types of display devices such as the cathode ray tube (CRT), the
plasma display panel (PDP) and the liquid crystal display (LCD). The LCD is the most

prevalent display device up to now, but the demand for the OLED display is tremendously
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growing due to the excellent light-emitting qualities compared to the LCD. The short
radiative lifetime (typically from a few to thousand nanoseconds) of organic materials can
provide much faster response time, compared to the slow response time of the LCD, which
typically takes milliseconds to rotate the liquid crystal cell. The wide viewing angle (nearly
180°) of OLEDSs, which is one of the most important requirements for the mobile display
devices is also another important advantage. The first commercialized 11” OLED display,
XEL-1 was released by Sony in 2007 as shown in Figure 3-17 (a), followed by recent 4"
active-matrix OLED (AMOLED) by Samsung mobile display (SMD) as shown in Figure
3-17 (b). Although the relatively small-size of OLED displays have been introduced to the
market up to now, such large-size prototype OLED TVs (31" and 40"”) have also been
continuously introduced in the consumer electronics show (CES) as shown in Figure 3-17
(c). Recently, Sony and Samsung demonstrated 3-dimensional (3-D) display devices based
on the LCD/PDP as shown in Figure 3-17 (d). However, it is expected that the OLEDs
would be more compatible in realizing the 3-D images due to their fast response time in

making different images.

Figure 3-17: Various OLEDs display applications: (a) 11" OLED display, (Sony, XEL-
1), (b) 4" active-matrix OLED display (Samsung Mobile Display, SMD), (c¢) 31" OLED
TV (SMD, prototype), (d) 3-D TV based on a LCD display (SMD).
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3.8.2. Solid-State-Lighting
The OLED lighting market is not as large yet as displays, but expected to grow
significantly by 2015 [120]. The requirement for the white light source for the lighting is
somewhat different than that for the display; higher brightness condition (luminance,
L=1,000 cd/m? for the lighting vs. L = 100 cd/m? for the display), good color rendering
index (CRI) of at least 70, matching of Commission Internationale de 1“Eclairage (CIE)
coordinates similar to that of a blackbody radiator, which is on the Planckian locus, and a

correlated color temperature (CCT) between 2500 K and 6000 K.

Figure 3-58: Various OLEDs lighting applications

The adjustment of these various light-emitting properties for the efficient white light
source can be easily tailored by selectively choosing different light-emitting organic
molecules and optimizing the device structure of the OLEDs, consequently resulting in a

wide range of the white light emissions such as warm or cool Figure 3-18 shows various
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OLED lighting products introduced by Novaled, General Electric (GE), Philips, and
Osram.

3.9. Electronic transitions of OLEMSs
Most of the theories used to express photophysical and photochemical processes that are
encountered in the field of organic light emitting devices were developed as early as in the
1920’s [121-123]. Some items are required to understand and explain electronic
transitions: fluorescence, phosphorescence, intersystem crossing, and internal conversion
in organic materials.

3.9.1. Luminescence of OLEMs
Luminescence occurs from the emission of light when an electron in an excited electronic
state moves to the lower energy vlbrational bands of the ground state So. In the organic
molecules, the absorption of UV or vislble light causes excitation of the electron from
occupied low energy orbital to a higher energy, unoccupied molecular orbital. This
transition lead the production of a photon with lower energy and this phenomenon is
known as photoluminescence [124]. On the other side, the electroluminescence is an
electrical recombination of electrons and holes results in the formation of the excited

electronic state of the molecular species.

3.9.2. Fluorescence and phosphorescence
Fluorescence and phosphorescence absorption of a photon (~10-15 sec) occure in an
external magnetic field. A molecular beam of this configuration can be resolved in three
different states because there are three posslble alignments of the two unpaired spins
resulting in a triplet state, denoted as T1, T2, etc. Electrons are electrically charged
particles that generate a magnetic angular momentum by spinning around an axis, known

as electron spin S, as shown in Figure 3-19.
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Figure 3-19: Vectorial representations of an electron’s spin magnetic moment,
an UP and a DOWN orientation along an arbitrary Z axis

Based on the quantum mechanics, the two allowed orientations which describe the spin
angular momentum are +1\2h and -1\2h along an arbitrary Z axis, representing the “UP”
and the “DOWN?” vector or (o) and (B), respectively. To understand the electron spin in
triplet and singlet states, consider a two electron system, 1 and 2, with their corresponding
spin vectors S; and S,, respectively as shown in Figure 3-20. The spin quantum number,
S, in the triplet state is equal to 1 giving rise to three values of magnetic quantum number
Ms = (1, 0, -1) and S=0 results in Ms = 0 for the singlet state. The spin vectors are in
opposite directions and out-of-phase, whereas for a corresponding triplet state, the spin

vectors are in-phase and the resultant along the x-y plane is non-zero [125].

ex:

L < e 3
(a) Ms=1 (b) in-phase, Ms=0 (©)Ms=-1  (d) out-of-phase, Ms=0

Figure 3-20:Vectorial representation of the three triplet states (a, b and c) with magnetic
quantum number Ms = (1, 0 and -1) and a singlet state (d), with up and down spin vectors
represented by (a) and (P) respectively.
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CHAPTER 4: EXPERIMENTAL

4.1. Materials
4-isopropylaniline (Merck), 2,4-dimethylaniline (Acros), 4-phenoxyniline (Merck), 4-(1H-
pyrrol-1-yl)aniline (Acros), 4-fluorobenzonitrile (Acros), 60% sodium hydride (NaH)
(Fluka), N,N-dimethylformamide (DMF) (Acros), potassium hydroxide (KOH) (Fluka),
ethanol (Merck) and acetic acid (Merck), hydrochloric acid (Merck), p-phenylenediamine
(Merck), 1,5-diaminonaphthalene (Fluka), pyridine (Merck), triphenylphosphite (Fluka),
calcium chloride (Merck), N-methylpyrrolidone (NMP) (Fluka) were purchased from

commercial sources and without further purification.

4.2. Characterization Methods and Instruments
The prepared compounds (intermediates, monomers and polyamides) were characterized
by the following techniques:

4.2.1. Fourier Transform Infrared Analysis (FTIR)
Infrared spectroscopy is an important analytical instrument to identify and study the
presence of functional groups in a molecule and verify a pure compound or specific
impurities in a compound. FTIR spectra were recorded on a Perkin Elmer FTIR RX1
spectrometer at room temperature with 4 scans from 4000 to 400 cm™ and resolution of 4
cm™. A small sample was placed over ATR cristal and maximum pressure applied using

the slip-clutch mechanism.

4.2.2. Uv-vis Absorption and Photoluminescence (PL) spectra
UV-vis absorption was recorded in dilute NMP solutions (10°M) on a Cary 60 UV-vis
spectrophotometer and photoluminescence spectra was detected by a Cary Eclipse

spectrometer.
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4.2.3. Nuclear Magnetic Resonance (*H-NMR and **C-NMR)

Nuclear Magnetic Resonance is a powerful analytical tool that allows molecular structure
characterization including relative configuration, relative and absolute concentrations, and
even intermolecular interactions.

Samples were dissolved in a deuterated solvent at a concentration of around 10 mg mL™
for '"H-NMR and 100 mg mL™ for *C-NMR. The *H-NMR and *C-NMR spectra were
recorded using a JEOL INM-LA 400, JNM-ECA 400 and Bruker Avance 400
spectrometers at 400 MHz and 100 MHz, respectively. The chemical shifts were
referenced against TMS as O ppm, and the deuterated solvents; chloroform-d1 (CDCls)
showed a typical peak at & value of 7.26 ppm for *H-NMR and 77 ppm for *C-NMR.
Also, dimethylsulfoxide-ds (DMSO) showed a peak at 2.42ppm, 3.55ppm for *H-NMR and
77 ppm for *C-NMR due to traces of CHCIl; and DMSO in the deuterated solvents

respectively.

4.2.4. Differentlal Scanning Calorimetry (DSC)

Differential scanning calorimetry is a powerful analytical technique used to determine the
glass transition temperature (Tg). Tgy is defined as a change in the heat capacity as the
polymer matrix passes from the glass state to the rubber state. In other words, the Ty is the
softening region of a plastic. In fact, it refers to the amorphous region of semicrystalline
materials or to amorphous materials whereby the materials becomes flexible as it is heated
due to the molecular motion. When a material is heated to this point and beyond, molecular
motion around single bonds suddenly becomes significantly easier.

The glass transition demonstrates a thermodynamic second-order transition because at the
T, there is a heat capacity jump, but this increment of the heat capacity take places in a
range of temperature not at a definite temperature [126]. In DSC, Ty is represented
graphically in the thermal curve as a shift in the baseline. An amorphous polymer does not

exhibit crystallization temperature (T;) or melting point (T). DSC thermograms in
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nitrogen atmosphere were obtained with a Perkin Elmer Pyris 6 DSC analyzer callbrated
with indium at a scan rate of 20°C min™ in a temperature range of 35 to 350°C. For the
poly(amine amide) samples about 8-10 mg of sample were weighed and encapsulated in
standard aluminum sample pans. The same empty pan was utilized as a reference. The first
scan was to remove the thermal history of the sample. Thermal data were acquired based

on the second heating run.

4.2.5. Thermogravimetry Analysis (TGA)
Thermogravimetry analysis (TGA) is used for determining the thermal stability of a
substance as a technique that is defined the weight change of a material heated at a
controlled rate recorded as a function of temperature or time on a thermobalance (a
sensitive balance) as the sample temperature is increased in an inert atmosphere or in air.
Such analysis is based on a high degree of accuracy in three measurements: weight,
temperature, and temperature change. Data are recorded as a thermogram of weight versus
temperature referred to as the thermogravimetry (TG) curve and a plot of the weight loss
against temperature which is referred as the derivative thermogravimetric curve or (DTG).
As many weight loss curves look similar, a derivative weight loss curve can be used to tell
the point at which weight loss is most apparent. This is known as non-isothermal TGA.
The non-isothermal technique should be used when the degradation temperature is
unknown [127]. Thermal stability studies are the major application of TGA; however TGA
is capable of determining the composition of materials, decomposition temperatures,
activation energy and oxidative stability as well. Weight loss may result from evaporation
of residual moisture, component or solvent. However, at higher temperatures weight loss is
obtained from polymer decomposition. In this study, the thermal stability of macromers
and synthesized copolymers were carried out using a Perkin Elmer Pyris 6 system under a
steady flow of nitrogen atmosphere 20 mL min™ at a heating rate of 20°C min™ from 50 to

800°C. The sample weight used was between 10 - 18 mg.
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4.2.6. Electrochemical Properties

Cyclic voltammetry was conducted with the use of a three-electrode cell in which ITO

(polymer film area of about 1.0 cm x 1.0 cm) was used as a working electrode. A platinum

wire was used as an auxiliary electrode. All cell potentials were taken with the use of a

simple electrode Ag/AgCl and KCI as a reference electrode. Ferrocene was used as an

external reference calibration (+ 0.48 V vs. Ag/AgCl).

4.3. Synthesis of Monomers (Ma-Mf)

All the monomers (Ma-Mf) and polymers (Pal — Pf1 and Pa2 — Pf2) synthesized in this

work are shown in Table 4.1.

Table 4-1: Synthesized monomers and polyamides

Monomers Aryldiamines Polyamides
_ Pal
Ma p-phenylene diamine
1,5-diamine naphthalene Paz
. Pbl
Mb p-phenylene diamine
1,5-diamine naphthalene Pb2
L Pcl
M p-phenylene diamine
1,5-diamine naphthalene Pe2
p-phenylene diamine Pdl
Md 1,5-diamine naphthalene Pd2
p-phenylene diamine Pel
Pe2
Me 1,5-diamine naphthalene
p-phenylene diamine Pf1
Mt 1,5-diamine naphthalene Pf2
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4.3.1 General Synthesis of Intermediates (la-1f):

Figure 4.1 shows the synthesis of intermediates la-If and their structures.
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Figure 4-1: (a) Synthesis of intermediates (la-1f) (b) structures of the intermediate
products (la-If)

4.3.1.1. Synthesis of 4, 4’-dicyano-4-isopropyltriphenylamine (1a)
A mixture of 1.40 g (0.02 mol) of sodium hydride and 80 mL of DMF was stirred at room
temperature for about 30 min. To the mixture, 2.70 g (0.02 mol) of 4-isopropylaniline and
4.84 g (0.02 mol) of 4-fluorobenzonitrile were added in sequence. The mixture was heated

with stirring at 120°C for 24 h under nitrogen and then precipitated into 150 mL of cold
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water [128, 129]. The products were filtered and recrystallized from ethanol to give a pale
yellowish solid. (3.43 g, yield: 51%), mp = 185-188°C, FTIR: 2211.4 cm™ (C=N).'H
NMR(400 MHz, CDCls.d;, & ppm): 7.44-7.49(d, 4H, Hg), 7.19-7.23 (d, 2H, H,), 7.05-7.07
(d, 4H, Hc), 6.99-7.01(d, 2H, Hy), 2.84-2.94 (m, 1H, Hcy), 1.20-1.28 (d, 6H, Hcpa).
BCNMR(400 MHz, CDCls-d;, & ppm): 150.20 (Cs), 147.47(C,), 105.38 (Cg), 118.92 (Cc=
N), 122.54 (Cs), 126.93 (C), 128.21 (C3), 133.40 (C7), 142.38 (Cy), 33.62 (Cch), 23.84

(Ccha).

4.3.1.2. Synthesis of 4, 4’-dicyano-4"-2,4-dimethylaniline (1b)
The product was filtered and recrystallized from ethanol to give a pale yellowish solid.
(2.31 g, yield: 71.5%), m.p = 146-48°C, FTIR: 2222.4 cm™ (C=N). 'H NMR(400 MHz,
CDCls-d1, & ppm): 7.67-7.73 (d, 4H, H), 7.49-7.53 (m, 1H, H,), 7.09-7.13- (m, 5H, Hy,q),
7.00-7.06 (m, 1H, H.), 2.14-2.18 (s, 3H, Hcns'), 1.23-1.29 (m, 3H, Heng). *C-NMR (400
MHz, CDCls-d;, 8 ppm): 150.22 (C;), 143.41 (C3), 138.68 (C;), 136.91 (Cs), 135.22 (Cy),

134.06 (Cy), 121.81 (C4), 120.51 (Cg), 119.19 (Cs), 118.60 (Ccn), 108.36 (C1o).

4.3.1.3. Synthesis of 4, 4’-dicyano-4"- 2-ethylaniline (Ic)
Pale yellowish solid. (2.81 g, yield: 77.5%), m.p = 110-112°C, FTIR: 2219 cm™ (C==N).
'H-NMR(400 MHz, CDCls-d1, & ppm): 7.62-7.60 (d, 4H, Hy), 7.31-7.43 (m, 3H, Hapo),
7.05-7.20 (dd, 5H, Heg), 2.34-2.39 (q, 2H, Her), 0.96-0.99 (t, 3H, Hchs), “*C-NMR (400
MHz, CDCls-d;, & ppm): 150.48 (C;), 142.97 (Ce), 135.38-135.31 (Cy5), 134.04 (Co),
131.34 (Cy), 130.59 (Cs), 129.06 (Ca4), 122.33 (Cg), 120.54 (Ccn), 105.51 (Cio), 24.46

(Cchz), 13.86 (Cch).

4.3.1.4. Synthesis of 4, 4’-dicyano-4"-phenoxytriphenylamine (I1d)
Pale yellowish solid (1.92 g, yield: 62%), m.p = 140-142 C°, FTIR: 2213.4 cm(C=N).
'H NMR(400 MHz, CDClz-dy, & ppm): 7.09-7.13 (t, 1H, H,), 7.31-7.35 (t, 2H, Hy), 6.92-

6.96 (d, 2H, He), 7.00-7.09 (M, 2H, H¢cq), 7.44-7.50 (d, 4H, Hy). *C-NMR (400 MHz,
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CDCls-dy, & ppm): 124.04 (Cy), 129.93 (Cy), 119.41 (C3), 156.24 (C4), 150.11 (Cs), 119.86
(Co), 128.63 (C;), 139.55 (Cg), 150.44 (Co), 122.24 (Cio), 133.51 (C11), 105.60 (Cip),

118.87 (Ccn).

4.3.1.5. Synthesis of 4, 4’-dicyano-4”-(1H-pyrrol-1-yl)triphenylamine (le)
Pale yellowish solid. (2.72 g, yield: 76%), m.p = 148-150°C, FTIR: 2219.4 cm-1 (C==N).
'H NMR(400 MHz, CDCls-d;, 5 ppm): 7.44-7-56 (d, 4H, Hy), 7.30-7.40 (d, 2H, Hy), 7.07-
7.17 (d, 2H, He), 7.02-7.07 (d, 4H, H.), 6.97-7.02 (t, 2H, Hy), 6.24-6.35 (t, 2H, H,). *C-
NMR (400 MHz, CDCI3-d;, § ppm): 150.03(C7), 142.32 (Cg), 138.84 (Cs), 133.69 (Cy),
128.04 (Cs), 122.92 (Cs), 122.05 (Ca), 119.24 (C,), 118.85 (Ccn), 111.03 (Cy), 106.12

(C1o).

4.3.1.6. Synthesis of 4, 4', 4", 4'**-(1,4-phenylenebis(azanetriyl))tetrabenzonitrile(If)
Pale yellowish solid. (3.2 g, yield: 88%), m.p = 150-152°C, FTIR: 2222 cm™ (C=N). 'H
NMR(400 MHz, CDCl3-d;, & ppm): 7.58-7.66 (d, 8H, H¢), 7.00-7.08 (d, 8H, Hy), 6.82-6.86
(s, 4H, H,). *C NMR(400 MHz, CDCl3s-dy, & ppm): 159.22 (Cs), 138.21 (C»), 135.88 (Cy),

134.48 (Cs), 119.69 (C4), 118.22 (Ccn), 108.04 (Co).
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4.3.2. General Synthesis of Monomers (Ma-Mf)

The monomers (Ma-Mf) were synthesized via the route as shown in the Figure 4-2.

(a)
1. KOH, H50, Et OH )
}CC—Q—}C—Q—CN - HOOC—Q’Z\ OCOOH
| 2. HCI ‘
Ar Ar
(Ia) -(If) (Ma) -(MI)
(b)

EODCON@CDDH
HOOC n@—cooﬁ
CH, HOOC N COOH

CH.CH,
CHa

HzC H CHs Mb Mc

HOOC ‘{}Ti@*;ﬁ{: {\}%b@cooiooca g«::r:) oH
%j @ 3 —@N O

& nY

Md Me M

CO0H

Figure 4-2: (a) Synthesis of monomers (Ma -Mf), (b) structures of the synthesizied
monomers (Ma-Mf)

4.3.2.1. Synthesis of 4 ,4’-dicarboxy-4"-isopropyltriphenylamine (Ma)
A mixture of 15.5 g of potassium hydroxide and 6.74 g (0.02 mol) of the dinitrile
compound (la) in 60 mL of ethanol and 60 mL of distilled water was stirred at about
100°C until no further ammonia was generated. The time taken to reach this stage was
about 24 h. The solution was cooled, and the pH value was adjusted by dilute hydrochloric
acid to near 3. The yellowish precipitate formed was collected by filtration, washed
thoroughly with water. Recrystallization from acetic acid gave pale yellow crystals (6.0 g,
80% vyield); mp = 268—270°C, FTIR: 1681 cm™ (C=0), 2987 cm™ (O-H). *H NMR(400
MHz, DMSO-ds, & ppm): 7.81-7.83 (d, 4H, Ha), 7.26-7.28 (d, 2H, Hy), 7.04-7.06 (d, 2H,

Hp), 7.00-7.02 (d, 4H, Hc), 2.85-2.91 (m, 1H, Hcy), 1.15-1.20 (d, 6H, Hepa), 12.62-12.78
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(br, 2H, Heoon).**C NMR(400 MHz,DMSO-dg, & ppm): 166.83 (COOH), 150.44 (Cs),
145.82 (Cy), 143.22 (C4), 130.97 (C7), 128.01 (C3), 124.42 (C,), 126.56 (Cg), 121.86 (Cq),

23.81 (CH), 23.81 (CHy).

4.3.2.2. Synthesis of 4,4’-dicarboxy-4-2,4-dimethylriphenylamine (Mb)

Pale yellow crystals (7.3 g, 94.18% vyield), m.p.= 276-278 C°, FTIR: 1683 cm™ (C=0),
2710-3321 cm™ (O-H). *H NMR (400 MHz, DMSO-dg, & ppm): 12.73-12.89 (s, 2H,
Hcoow), 7.95-8.01 (d, 4H, He), 7.80-7.84 (m, 1H, H,), 7.12-7.17 (d, 4H, Hg), 6.92-6.98 (d,
1H, Hp), 6.98-7.05(d, 1H, Hc), 2.06-2.12 (s, 3H, Hcps), 1.16-1.26 (s, 3H, Hcng). =C
NMR(400 MHz, DMSO-dg, & ppm): 166.88 (Ccoon), 149.86 (C;), 143.47 (Cs3), 132.00
(Ce), 131.11 (Cy), 129.00 (Cy), 128.02 (Cg), 122.04 (C4), 126.76 (C1o), 120.29 (Cs), 118.98

(Ce), 33.15 (Cena), 23.99 (Ceng).

4.3.2.3. Synthesis of 4,4’-dicarboxy-4"’- 2-ethyltriphenylamine (Mc)
The synthesis of this compound was the same to that for Ma. The pale yellow crystals
(3.40 g, 94.2% vyield) ; m.p.= 273-275°C, FTIR: 1680 cm™ (C=0), 2713-3332 cm™ (O-H).
'H NMR(400 MHz, DMSO-de, & ppm):12.68-12.84 (s, 2H, Hcoon), 7.75-7.88 (d, 4H, Hy),
7.31-7.42 (M, 3H, Hap,), 7.07-7.17 (d, 5H, He ), 2.34-2.28 (g, 2H, Hc), 0.96-0.91 (t, 3H,
Hers). *C NMR(400MHz, DMSO-dg, & ppm): 166.81 (Ccoon), 150.86 (C;), 143.25 (Cs),
131.20 (Cy), 131.03 (Cs), 132.18 (Cs), 128.50 (Cy), 128.34 (Cs), 128.17 (C4), 126.33 (C1o),

122.16 (Cs), 23.15 (Cchs), 13.23 (Ccha).

4.3.2.4. Synthesis of 4, 4’-dicarboxy-4"-phenoxytriphenylamine (Md)
Pale yellow crystals (4.8 g, 80% yield); m.p.= 215—218°C, FTIR: 1670 cm™ (C=0), 3370
cm™ (O-H). 'H NMR (400 MHz, DMSO-ds, & ppm): 11.16-11.32 (s, 2H, Hcoor), 7.82-
7.89 (d, 4H, Hy), 7.40-7.44 (t, 2H, Hyp), 7.19-7.50 (M, 3H, Ha,c), 7.01-7.07 (M, 8H, Heay).

3C NMR(400 MHz, DMSO-ds, & ppm): 166.66 (Ccoon), 156.09 (Cs), 145.322 (Cy),
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155.09 (C,), 140.52 (Cs), 130.77 (C1y), 129.94 (Cy), 128.41 (C7), 124.49 (Ca), 123.60 (C12),

121.46 (Cyo).

4.3.2.5. Synthesis of 4,4’-dicarboxy-4-(1H-pyrrol-1-yl)triphenylamine (Me)
Pale yellow crystals (7.3 g, 89% yield); m.p.= 229-232°C, FTIR: 1681 cm™ (C=0), 2700-
3300 cm™ (O-H). *H NMR (400 MHz, DMSO-dg, & ppm): 11.17-11.33 (s, 2H, Hcoon),
7.85-7.90 (d, 4H. Hy), 7.35-7.39 (t, 2H, Hy), 7.23-7.25 (d, 2H, Hy), 7.60-7.67 (d, 2H, H,),
7.05-7.14 (d, 4H, He), 6.25-6.32 (t, 2H, H.). *C NMR(400 MHz, DMSO-ds, & ppm):
166.85 (Ccoon), 150.25 (C7), 142.59 (Cs), 137.25 (Cs), 131.05 (Cg), 127.77 (Cs), 124.65

(Cio), (122.02 Cg), 120.91 (Cy), 118.99 (Cy), 110.64 (Cy).

4.3.2.6. Synthesis of 4,4°,4”°,4°*’-(1,4-phenylenebis(azanetriyl))tetrabenzoic acid (Mf)
Pale yellow crystals ( 6.8 g, 90% yield); m.p.= 287—290°C, FTIR: 1682 cm™ (C=0), 3378
cm™ (O-H). *H NMR (400 MHz, DMSO-dg, & ppm): 12.15-12.31 (s, 2H, Hcoor), 7.87-
7.94 (d, 8H, Hc), 7.00-7.08 (d, 8H, Hp), 6.50-6.54 (s, 4H, H,). **C NMR(400 MHz, DMSO-
de): 166.78 (Ccoon), 158.34 (Cs), 137.14 (C,), 134.78 (C;), 133.04 (Cs) 123.30 (Ce),

118.12 (Ca).
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4.3.3. General Synthesis of Polyamides
Polyamides (Pal-Pfl) and (Pa2-Pf2) were synthesized via the routes as shown in Figure

4-3.

HOOC @}‘c@cmﬁ

Pyridine TPP [ Y Og :
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Figure 4-3: Synthetic route of the polyamides

4.3.3.1. Synthesis of poly(amine amide) (Pal)
The synthesis of poly(amine amide) (Pal) is used as an example to illustrate the general
synthetic routes. The typical procedure is as follows. A mixture of 1.14 g (3 mmol) of the
dicarboxylic acid monomer (Ma), 0.324 g (3 mmol) of p-phenylenediamine, 0.4 g of
calcium chloride, 4.5 mL of triphenyl phosphite (TPP), 1.5 mL of pyridine, and 4.5 mL of
N-methyl-2-pyrrolidone (NMP) was heated with stirring at 105°C for 3 h. The resulting
viscous polymer solution was poured slowly into 300 mL of stirring methanol giving rise
to a stringy, fiber-like precipitate that was collected by filtration, washed thoroughly with
hot water and methanol, and dried at 80°C for 24 h. The inherent viscosity of the obtained
poly(amine amide) was 0.62 dL/g, measured at a concentration of 0.5 g/dL in DMAc. The

IR spectrum exhibited characteristic amide absorption bands at 3309.39 cm™ (N-H
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stretching), and 1644 cm™ (amide carbonyl). *H NMR (400 MHz, DMSO-ds, & ppm):
10.20-10.26 (S, 1H, Hyh.co), 8.00-8.08 (d, 4H, Hg), 7.70-7.80 (s, 4H, He), 7.34-7.33 (d,
2H, Ha), 7.18-7.23 (d, 4H, H.), 6.54-6.63 (d, 2H, Hy), 3.15-3.23 (m, 1H, Hcy), 2.03-2.10 (s,
6H, Herg). °C NMR(400 MHz,DMSO-ds, & ppm): 166.74 (NHCO), 150.44 (Cs), 145.82
(C4), 143.22 (C,), 131.83 (Cy), 130.97 (C7), 128.23 (C3), 124.12 (C,), 126.12 (Cg), 121.76

Cs), 120.02 (C10), 32.91 (Ccp), 23.81 (Cers).

4.3.3.2. Synthesis of Poly(amine amide) (Pb1)
The inherent viscosity of the obtained (Pbl) was 0.66 dL/g, measured at a concentration of
0.5 g/dL in DMAc. The (IR) spectrum exhibited characteristic amide absorption bands at
3304 cm™ (N-H stretching) and 1644 cm™ (amide carbonyl). *H NMR(400 MHz, DMSO-
ds, & ppm): 10.23-10.31 (s, 1H, Hynco), 8.05-7.90 (d, 5H, He), 7.68-7.82 (s, 4H, Hy), 6.95-
7.55 (s, 6H, Hapg), 6.74-6.56 (s, 1H, Hc), 1.92-2.02 (s, 3H, Hcuz), 1.16-1.26 (s, 3H,
Hers). *C NMR(400 MHz,DMSO-ds, 8 ppm): 166.89 (Cco-nn), 149.97 (C-), 142.89 (Cs),
131.91 (Cy), 131.21 (C4), 129.04 (Cy), 128.34 (Cg), 126.45 (C1o), 125.22 (C11), 123.17 (Ca),
120.17 (Cs), 118.12 (Cs), 117.23 (C12), 33.45 (Cchs), 23.24 (Cchsy).

4.3.3.3. Synthesis of Poly(amine amide) (Pcl)
The inherent viscosity of the obtained poly(amine amide) was 0.63 dL/g, measured at a
concentration of 0.5 g/dL in DMAc. The IR spectrum exhibited characteristic amide
absorption bands at 3314 cm™ (N-H stretching) and 1644 cm™ (amide carbonyl). *H
NMR(400 MHz, DMSO-ds, & ppm): 10.20-10.26 (S, 1H, Hynco), 7.98-7.83 (S, 1H, Hs.),
7.40-7.34(S, 1H, Hg), 7.13-6.73 (S, 1H, Hpeq), 2.01-2.11 (S, 1H, Hcyp), 0.88-0.95 (S, 1H,
Hehs). *C NMR(400 MHz, DMSO-dg, & ppm): 166.82(Cconn), 150.12(C7), 142.89(Cy),
131.20 (C,), 131.03(Cs), 131.91(Ce), 129.17(C,), 128.89(C3), 127.16(C4), 126.12(C1o),

125.32(Cyy), 122.23(Cs), 121.18(C12), 26.45(Cepz), 13.43(Cera).
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4.3.3.4. Synthesis of Poly(amine amide) (Pd1)
The inherent viscosity of the obtained poly(amine amide) was 0.42 dL/g. The IR spectrum
exhibited characteristic amide absorption bands at 3376 cm™ (N-H stretching) and 1648
cm™ (amide carbonyl). *H NMR(400 MHz, DMSO-ds, & ppm): 10.19-10.09 (s, 1H, Hy.
co), 7.86-7.98 (d, 4H, Hy), 7.67-7.77 (s, 4H, Hy), 7.37-7.45 (t, 1H, H,), 7.14-7.22 (t, 2H,
Hp), 7.02-7.14 (m, 10H, Hc,qe1).*C NMR(400 MHz, DMSO-dg, & ppm): 166.95 (Cconn),
157.70 (Ci4), 156.37 (C4), 149.45 (Cs), 148.63 (Ci3), 150.89 (Co), 142.61 (Cs), 131.08
(C11), 130.25 (C;), 128.77 (Cy), 124.57 (C,), 123.88 (Ciz), 121.76 (Cyp), 120.00 (Cs),

119.12 (Cg).

4.3.3.5. Synthesis of Poly(amine amide) (Pel)
The inherent viscosity of the obtained poly(amine amide) was 0.46 dL/g. The (IR)
spectrum exhibited characteristic amide absorption bands at 3373 cm™ (N-H stretching)
and 1648 cm™ (amide carbonyl). *H NMR(400 MHz, DMSO-dg, & ppm): 10.18-10.30 (s,
1H, Hnhc=0), 7.93-8.05 (d, 4H, H¢), 7.73-7.62 (m, 8H, Hgcp), 7.32-7.40 (d, 2H, Hg), 7.11-
7.24 (d, 2H, He), 6.24-6.43 (s, 2H, Ha). *C NMR(400 MHz, DMSO-dg, & ppm): 164.68
(Cconn-), 150.05 (C7), 143.11 (Cg), 138.12 (C3), 134.75 (Cy1), 130.06 (Co), 127.16 (Cs),

124.18 (Cyp), 122.34 (Cg), 120.60 (C12), 118.09 (C4), 118.42 (Cy), 110.49 (Cy).

4.3.3.6. Synthesis of Poly(amine amide) (Pf1)
The inherent viscosity of the obtained poly(amine amide) was 0.43 dL/g. The IR spectrum
exhibited characteristic amide absorption bands at 3264 cm™ (N-H stretching) and 1647
cm™ (amide carbonyl). *H NMR(400 MHz, DMSO-dg, 8 ppm): 10.25-10.36 (s, 1H, Hnn-
co), 8.04 8.16 (s, 8H, Hc), 7.74-7.84 (s, 4H, Hy), 7.42-7.24 (d, 8H, Hp), 6.55-6.67 (s, 4H,
H.) . *C NMR(400 MHz, DMSO-dg, & ppm): 164.94 (Cconn), 158.75 (C3), 145.26 (C5),

135.43 (C»), 131.35 (Cy), 130.52 (Cs), 122.74 (Cs), 121.15 (Cs), 118.93 (Ca).
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4.3.3.7. Synthesis of Poly(amine amide) (Pa2)
The inherent viscosity of the obtained poly(amine amide) was 0.75 dL/g, measured at a
concentration of 0.5 g/dL in DMAc. The IR spectrum exhibited characteristic amide
absorption bands at 3364cm™ (N-H stretching) and 1647 cm™ (amide carbonyl). *H
NMR(400 MHz, DMSO-dg, 6 ppm): 10.38-10.44 (s, 1H, Hnwh-co), 7.99-7.97(d, 2H, Hy),
7.84-7.82(d, 4H, Hy), 7.45-756 (s, 2H, H¢), 7.35-7.40 (d, 2H, Hy), 7.29-7.27(d, 2H, He),
7.15-7.13(d, 4H, H), 7.03-7.01(d, 2H, Hp), 1.92-1.84(m, 1H, Hcy), 1.21-1.19(d, 6H, Hchs).
3C NMR(400 MHz, DMSO-dg, & ppm): 166.56 (Ccont), 150.47 (Cs), 145.68 (C,), 143.46
(Cy), 131.76 (Cy), 130.36 (C7), 128.33 (C3), 127.40 (C,), 126.11 (Cg), 125.98 (C13), 125.68

(C11), 121.86 (Ce), 110.77 (Ci2), 104.24 (C1o), 32.82 (Ccn), 23.87 (Cen).

4.3.3.8. Synthesis of Poly(amine amide) (Pb2)
The inherent viscosity of the obtained poly(amine amide) was 0.67 dL/g, measured at a
concentration of 0.5 g/dL in DMAc. The IR spectrum exhibited characteristic amide
absorption bands at 3364cm™ (N-H stretching) and 1648 cm™ (amide carbonyl). *H
NMR(400 MHz, DMSO-dg, & ppm): 10.41-10.50 (s, 1H, Hyw.co), 8.07-8.21(s, 6H, Hep),
7.94-7.88 (d, 2H, Hg), 7.55-7.24 (d, 2H, Hy), 7.20-7.06 (d, 6H, Hapq), 6.68-6.64 (d, 2H,
Hc), 1.98-1.76 (s, 3H, Hcns), 1.23-0.92 (s, 3H, Heng). *C NMR(400 MHz, DMSO-ds, &
ppm): 166.86 (Cconn), 150.54(C), 143.73 (Cs3), 132.71 (Cyy), 131.75 (Cy), 131.12 (Cy),
130.76 (C,), 128.58 (Cg), 126.67 (Cyg), 125.87 (Cys), 124.77 (Ci3), 122.57 (Cy4), 121.82

(Cs), 118.82 (Cg), 110.23 (C1a), 107.63 (C12), , 33.07 (Ccra), 23.65 (Ceng)-

4.3.3.9. Synthesis of Poly(amine amide) (Pc2)
The inherent viscosity of the obtained poly(amine amide) was 0.88 dL/g, measured at a
concentration of 0.5 g/dL in DMAc. The IR spectrum exhibited characteristic amide

absorption bands at 3357 cm™ (N-H stretching) and 1648 cm™ (amide carbonyl). *H

NMR(400 MHz, DMSO-ds, & ppm): 10.38-10.48 (s, 1H, Hnrico), 8.12-8.08 (s, 7H, Hai),
7.88-7.86 (d, 2H, Hp), 7.64-7.50 (d, 2H, Hg), 7.19-7.00(d, 5H, He ), 6.66-6.64 (d, 1H,
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Hp), 2.06 (Q, 1H, Hcpp), 0.97 (t, 1H, Heps). *C NMR(400 MHz, DMSO-ds, & ppm):

165.92 (Cconn), 150.24 (C7), 142.56 (Cg), 132.05 (Cs), 131.85 (Cy), 131.24 (Cyy), 130.86
(Co), 131.12 (Cy), 130.76 (Cs), 128.58 (Ca), 126.56 (Cyg), 124.06 (Cis), 121.77 (Cya),

118.57 (Cs), 110.32 (C14), 106.81 (C12), 26.43 (Ccra), 13.63 (Cona).

4.3.3.10. Synthesis of Poly(amine amide) (Pd2)
The inherent viscosity of the obtained poly(amine amide) was 0.65 dL/g, measured at a
concentration of 0.5 g/dL in DMAc. The IR spectrum exhibited characteristic amide
absorption bands at 3372 cm™ (N-H stretching) and 1646 cm™ (amide carbonyl). *H
NMR(400 MHz, DMSO-ds, 5 ppm): 10.34-10.44 (s, 1H, Hnr.co), 8.10-8.07 (M, 4H, Hy),
7.93-7.91 (d, 2H, Hy), 7.61-7.56 (t, 2H, Hy), 7.45-7.41 (m, 3H, Ha,), 7.26-7.17 (m, 8H,
Hhte), 7.11-7.09 (d ,2H ,Hg) .*C NMR(400 MHz, DMSO-ds , & ppm): 165.63 (Cconn),
156.54 (C4), 150.59 (Cs), 149.71 (Cs), 141.25 (Cg), 131.97 (Cy3), 130.21 (Cy1), 129.57(C5),
128.30 (C,), 125.49 (Cis), 124.23 (Cy), 123.77 (C1p), 121.94 (Cyo), 120.77(Cy7), 120.07

(Cs), 118.88 (Cs), 111.82 (Cys), 107.87 (Cya).

4.3.3.11. Synthesis of Poly(amine amide) (Pe2)
The inherent viscosity of the obtained poly(amine amide) was 0.66 dL/g, measured at a
concentration of 0.66 g/dL in DMAc. The IR spectrum exhibited characteristic amide
absorption bands at 3370 cm™ (N-H stretching) and 1646 cm™ (amide carbonyl). *H
NMR(400 MHz, DMSO-dg, & ppm): 10.40-10.49 (s, 1H, Hyp.co), 8.12-7.94 (m, 6H, Hs)),
7.69-7.65 (M, 6H, Hycp), 7.39-7.22 (M, 8H, Hyeg), 6.25-6.34 (s, 2H, Ha). *C NMR(400
MHz, DMSO-ds , & ppm): 166.06 (Cco-nn), 150.08 (C7), 143.59 (Cs), 137.45 (C11), 134.85
(Cs), 130.13 (Cy), 128.84 (Cyo), 127.74 (Cy3), 124.56 (Cs), 122.77 (Cy), 121.12 (C4), 119.57

(Cg), 119.14 (Cy5), 111.23 (C14), 108.21 (Cy), 103.34 (C12).
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4.3.3.12. Synthesis of Poly(amine amide) (Pf2)
The inherent viscosity of the obtained poly(amine amide) was 0.71 dL/g, measured at a
concentration of 0.71 g/dL in DMAc. The IR spectrum exhibited characteristic amide
absorption bands at 3370 cm™ (N-H stretching) and 1644 cm™ (amide carbonyl). *H
NMR(400 MHz, DMSO-dg, & ppm): 10.47-10.58 (s, 1H, Hn.co), 8.23-8.21 (d, 8H, Hy),
8.12-7.88 (d, 2H, He), 7.73-7.59 (d, 2H, Hy), 7.18-7.12 (d, 2H, Hy), 7.18-7.38(d, 8H, Hp),
6.70-6.77 (s, 4H, H,). *C NMR(400 MHz, DMSO-dg, & ppm): 165.90 (Cco-nn), 159.34
(Cs), 134.62 (C5), 132.30 (C,), 130.78 (Cs), 126.02 (Cy), 122.45 (Cg), 119.60 (C41), 119.09

(C4), 118.69 (C10), 115.67 (Cs), 131.80 (Cy).
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CHAPTER 5: RESULTS AND DISCUSSION
5.1. Monomer synthesis
The new aromatic dicarboxylic acids having alkyl and aryl substituted triphenylamine units
(Ma-Mf), were synthesized by the amination reaction of the substituted aromatic amines
(a-f) with 4-fluorobenzonitrile in the presence of NaH as a strong base and DMF as a polar
solvent followed by the alkaline hydrolysis of the dicyano intermediates (la-If)
respectively. In this study, 4-isopropylaniline (a) is used as an example for the discussion
of this synthesis as shown in Figure 5-1 (a) 4,4’-dicarboxy-4"-isopropyltriphenylamine
(Ma) was synthesized by the amination reaction of 4-isopropylaniline with 4-
fluorobenzonitrile. The resultant intermediate dicyano compound (la) was hydrolyzed by

an alkaline medium to produce the monomer (Ma) as shown in Figure 5-1 (b).

e o g oo

1. KOH. H,0, Ehanul
\'F 2-HCl

HAC" "CHs HaCH"CHa HaC*§{"CHa
(a) {a) ®) (Ma)

Figure 5-1: Synthesis routes of (a) intermediate la and (b) its monomer Ma

The reaction starts via the aromatic nucleophilic fluoro-displacement reaction of 4-
fluorobenzonitrile with aniline-derivatives using sodium hydride as the base as shown in
Figure 5-2 (a). This is followed by phenylation hydrolysis of the dinitrile intermediates Ia,

Ib, Ic, Id, le, If as shown in Figure 5-2 (b).

The amine group with nonbonding electrons of the aromatic amine functions as the
nucleophile and attacks the carbon atom of C-F of the aromatic fluoride, displacing the

fluoride and creating the new C-N bond. In the acid/base reaction, the base (excess amine)
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deprotonates the positive N (ammonium) center creating the phenylation product, which is
a secondary amine. The tertiary aromatic amine is produced by the same way. In the next
step, the nitrile tertiary aromatic amine hydrolyses to the carboxylic compound in alkaline
medium in three different steps:

Step 1: An acid/base reaction to activate the nitrile, protonation makes it more
electrophilic. The O from water functions as the nucleophile attacking the electrophilic C
in the C=N, with the electrons moving towards the positive center.

Step 2: An acid/base reaction to deprotonate the oxygen that comes from the water
molecule. The remaining task is tautomerisation at N and O centers, then protonating the N
to give -NH,.

Step 3: The electrons of an adjacent O is used to neutralize the positive charge at N and
form the m bond in the C=O. Finally an acid/base reaction and deprotonation of the
oxonium ion gives the carbonyl in the amide intermediate which will form the acid.

The other nitrile tertiary aromatic amines similarly undergo hydrolysis to form carboxylic

derivatives thus giving the overall dicarboxylic compounds.
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Figure 5-2: Reaction mechanism of (a) the aromatic nucleophilic fluoro-displacement
reaction and (b) the hydrolysis of nitrile intermediate to the carboxylic compound

59



Table 5-1 shows the structures of synthesized monomers with their melting points and

yields.

Table 5-1: Synthesized Monomers and their Structures

Monomer structures Monomers codes | m.p (°C) Yield %
0
Il I
HO-C— }—N—( >—C—CIH
@ Ma 268—270 80
HaC “5~CHa
? P
HO'C@NOC'OH
©CH3‘ Mb 276—278 | 94
CHg"
I I
H0-t— SN~ )—C-om
@mzcm Mc 273—275 | 94
f 7
Ho—CONOGOH
: Md 215—218 80
-
I I
Ho—cONOc—OH
; Me 229—232 89
N
\_/
;
ot AT
O
1y Clceon Mf 287—290 | 90
I
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5.2. Characterization of the synthesized monomers

5.2.1. FTIR spectra of synthesized monomers
The FTIR spectroscopic technique was used to identify the chemical structures of the
intermediate dicyano compound (la) and the dicarboxylic acid monomer (Ma). Table 5-2

shows all the FTIR data for synthesized intermediates and their monomers.
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Figure 5-2: FTIR spectra of compound Ma (a) before and (b) after hydrolysis

The FTIR spectra of compound la gave a cyano group characteristic band at 2221 cm™
(C=N stretching) as shown in Figure 5-3 (a). After hydrolysis, the cyano group absorption

peak disappeared, and the carboxylic acid group showed a typical carbonyl absorption
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band at 1678 cm™ (C=0 stretching) together with the appearance of

2700- 3400 cm™ (O-H stretching) (Figure 5-3 (b)).

Table 5-2: FTIR data of the intermediates and its monomers

broad bands around

|- structure I | ven M- structure M 1 von | Veo
ne— )N H—cn 0 .
HO‘C‘@’N‘@’C—OH
© la | 2211 © Ma | 2981 | 1681
HeC ™l "CHa HaC~C~CH,
O O
ne—_ >N~ )—en I i
. HO'CONOC'OH
©CH3 Ib | 2222 QCHg' Mb | 2710 | 1683
oH’ 3321
ne—_ YN~ )—cn . .
Ho-c—<_H»—N—__)—c-om
@CHZCHs Ic | 2219 CH,CH; | Mc | 2855 | 1680
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5.2.2. NMR spectrum of synthesized monomers
Structures of compounds (la) and (Ma) were also confirmed by high-resolution NMR
spectra. In *H-NMR spectrum as shown in Figure 5-4 (a), intense doublet peaks, at 7.44-
7.49 (d, 4H, Hy) and 7.05-7.07 (d, 4H, H.) were obtained due to four phenylene protons (d)
and (c) respectively which appeared together with a doublet peak at 7.19 - 7.23 (d, 2H, Ha)
due to two protons of (a) and another doublet peak at 6.99 - 7.01 (d, 2H, Hy) for two
protons of (b). A multiplet peak of one proton is assigned to CH at 2.84 - 2.94 (m, 1H,
Hcu) and a doublet peak of six protons of the two methyl groups (2CHs) at 1.20 - 1.28 (d,
6H, Hcns). The **C NMR spectra as shown in Figure 5-4 (b) confirmed that the chemical
shifting of C-atoms and that the cyano groups were completely converted into the
carboxylic acid groups by the disappearance of the resonance peak for the cyano carbon at

118.92 ppm and by the appearance of the carboxylic peak at 166.8 ppm.

a
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b CHs
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Figure 5-3: NMR spectrum of compound la and its molecular structure (a) *H and

(b)13c
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Figure 5-5 (a) exhibits a very broad singlet peak due to the proton of carboxylic group
which is hardly observable because of the replacement of hydrogen atoms of (COOH) by
deuterium of DMSO solvent, and formation of H-bonding.

Other important evidence of this change is the shifting of the carbon resonance signals of
Cg adjacent to the cyano or carboxyl group. The Cg of dinitrile (1a) resonated at a higher
field (105.4 ppm) than the other aromatic carbons because of the anisotropic shielding by
the m-electrons of C=N. After hydrolysis, the resonance peak of Cg shifted to a lower field
(126.56 ppm) because of the lack of an anisotropic field (Figure 5-5 (b)). Monomers (Md
and Me) and their intermediates have the same NMR character peaks to Ma except they
have different peaks assigned to the phenoxy and N-pyrool groups respectively. The triplet
peaks 7.09-7.13 (t, 1H, Hy), 7.31-7.35 (t, 2H, Hy), and multiplet peak of 7.00-7.09 (m, 8H,
Hscq) respectively are assigned to the a, b, c, d, f hydrogen atoms of the phenoxy ring in
the Id intermediate and peaks 7.40-7.44 (t, 2H, Hp), 7.19-7.50(m, 3H, H,¢) are due to a, b,

¢ hydrogen atoms in the phenoxy ring of the Md monomer as shown in the Table 5-3.
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Figll;re 5-4: NMR spectrum of compound (Ma) and its molecular structure (a) *H and
(b)~C
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Table 5-3: 'H NMRdata of the synthesized monomers

Monomer structure Code (0) / ppm
9 c d Cﬁ Ha: 7.26-7.28
Ho—c—< >—N‘< >*C—OH Hy: 7.04-7.06
b H.: 7.00-7.02
a Ma Hq: 7.81-7.83
HaC~G™CH, Hacoon :12.62-12.78
Hey @ 2.85-2.91
Hochs: 1.16-1.26
¢ Q H,: 7.80-7.84
HO‘CONOC‘OH Hy: 6.92-6.98
CHg H.: 6.98-7.05
My Hq: 7.12-7.17
CH3" Hchs o 1.16-1.26
Hchs @ 2.06-2.12
HZCOOH :12.73-12.89
(IDI e Hapc: 7.31-7.42
Ho-c—<_ )N C-oH Hea © 7.07-7.17
d CH,CHs Mc Hs: 7.75-7.88
(o a HCHzi 2.34-2.28
b Hocoon @ 12.68-12.84
: c d € Hac:  7.19-7.50
Ho—c—< >—N‘< >*C—OH Hy: 7.40-7.44
b© Hegs: 7.01-7.07
a Md Hy: 7.82-7.89
é Hacoon : 11.16-11.32
: e CI? H.: 6.25-6.32
HO-C@N@C-OH Hy: 7.35-7.39
d He: 7.60-7.67
¢ Me Hq: 7.23-7.25
N He: 7.05-7.14
b e
a;\ /; Hs  7.85-7.90
Hcoon: 11.17-11.33
o ¢ 9 H.: 6.50-6.54
I C—OH Hy:  7.00-7.08
- b b
HOC ) aa He: 7.87-7.94
Mf Hcoon : 12.15-12.31
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Table 5-4: *C NMR data of synthesized monomers

Monomer structure

Code

(%) / ppm

Ma

143.22(Cy)
128.01(Cs)
150.44(Cs)
130.97(C;) 23.81(CH)
126.56(Cg) 23.81(CH3)
166.83(COOH)

124.42(C,)
145.82(Cy)
121.86(Cs)

Mb

131.11(C,) 128.02(Ce)
129.00(C,) 149.86(C-)
143.47(Cs) 118.98(Cs)
122.04(C,) 132.00(Co)
120.29(Cs) 126.76(Cyo)
33.15(Cerzr)  23.99(Cenz)

Mc

131.20(C,) 128.50(C»)
128.34(Cs) 128.17(Cy)
131.03(Cs) 143.25(Ce)
150.86(C;) 122.16(Cs)
132.18(Cs) 126.33(Cyo)
3.23(Cens)  23.15(Ccra)
166.81(Ccoor)

Md

145.322(Cy) 129.94(C»)
118.78(Cs) 124.49(Cy)
140.52(Cs) 119.66(Cs)
128.41(C;) 156.09(Cs)
155.09(Ce) 121.46(C10)
123.60(C12)

166.66(Ccoor) 130.77(Cyy)

Me

110.64 (C;)  118.99(C,)
137.25(C3)  120.91(C,)
127.77(Cs) 142.59(Ce)
150.25(C;) 122.02(Cs)
131.05(Ce) 124.65(C1o)
166.85(Ccoor)

O 5

Q
I —
ol g dre
N@NO
HO‘C©/ CI%_OH

') (0]

Mf

134.78(C,) 137.14(Cy)
158.34(C3) 118.12(Cy)
133.04(Cs) 123.30(Ce)
166.78(Ccoo|-|)

With reference to le and Me compounds which have N-pyrrole ring, the hydrogen peaks in
le compound are triplet and doublet peaks 6.29 (t, 2H, Hy), 7.33 (d, 2H, Hy) respectively

because of a and b hydrogen atoms of pyrrole ring. After converting of le intermediate to
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its monomer, the peaks of a and b H- atoms are 6.29 (t, 2H, H,), and 7.64 (t, 2H, Hy)

respectively.

5.3. Poly(amine amide)s synthesis

As mentioned earlier, the most common methods for the preparation of aromatic
polyamides are the reaction of diacid chlorides with diamines at low temperatures or direct
condensation reactions in solution of aromatic diacids with diamines at high temperatures.
The solvents used are polar aprotic solvents and salts are often used as solubility promoters
because the cations interact with the amide groups to decrease the strength of the interchain
hydrogen bonds. Triphenylphosphite (TPP) and pyridine are also used as condensing
agents to promote condensation reaction.

Table 5-5 shows the codes of the synthesized poly(amine amide)s in this study. A series of
new aromatic poly(amine amide)s with aryltriphenylamine (ATPA) units were prepared by
the direct polycondensation reactions of the dicarboxylic acid monomers with various
aromatic diamines (p-phenylenediamine, 1,5-diaminenaphthalene) using
triphenylphosphite (TPP) where pyridine and CaCl, act as condensing agents as mentioned
in the Experimental (Figure 4-5). All the polymerizations proceeded homogeneously
throughout the reaction and afforded clear, highly viscous polymer solutions. These
polymers precipitated in a tough, fiber-like form when the resulting polymer solutions

were slowly poured out into methanol with stirring.
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Figure 5-5: Synthetic routes of poly(amine-amide)s (Pal and Pa2)

These poly(amine amide)s were obtained in almost quantitative yields (55 - 60)% with the
inherent viscosity T)in, Values in the range of 0.42 - 0.81 dL/g as shown in Table 5-5. All

the polymers can be solution-cast into flexible and tough films.

Table 5-5: Synthesized poly(amine amide) codes

monomer diamine polymer viscosity diamine polymer viscosity

code code code (dL/g)  code code (dL/g)
Ma 1 Pal 0.62 2 Pa2 0.75
Mb 1 Pbl 0.66 2 Pb2 0.67
Mc 1 Pcl 0.63 2 Pc2 0.81
Md 1 Pdl 0.42 2 Pd2 0.65
Me 1 Pel 0.46 2 Pe2 0.48
Mf 1 Pfl 0.43 2 Pf2 0.48

68



5.3.1. FTIR spectra of synthesized poly(amine amide)s
Structural features of these poly(amine-amide)s were verified by FTIR spectra based on
characteristic absorption bands observed around 3309 (N-H stretching) and 1644 cm™
(C=0 stretching of amide group) for polymer, Pal. Figure 5-7 (a) and (b) illustrate a
typical FTIR spectra of the representative poly(amine amide)s Pal and Pa2 respectively.

Table 5-6 shows FTIR data of the synthesized poly(amine amide)s.
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Figure 5-7: FTIR spectra of the representative poly(amine amide) (a) Pal and (b) Pa2
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Table 5-6: FTIR data of the Poly(amine amide)s

Poly(amine amide) structure Code R NH- CO-
stretch stretch
(cm™) (cm™)
OO |
©\ / " Pal Hsc/E\CHs 3309 1644
R
H OO é
© :an Pa2  [mC), CHa | 3264 1647
R
O OHOA
J[c <N;rCHS- == an Pb1 3302 1647
CH3"
OO
H
©CH3' “"1Ln Pb2 3268 1647
CH3"
O OO
ch ierCHzCHC - Nt' Pcl 3319 1648
3
e SN
@CHZCHa Ht‘ Pc2 3263 1648
E ook :
© n | pd1 c@ 3376 1649
R ’ a
HO O 0
H
Nan Pd2 ;@ 3372 1647

-

R
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I D H H
TC‘@*N‘@‘C'N‘@*N%ﬂ |
Pel N 3262 1647
ba\Q
R
L OO |
H
© Nt Pe2 b@ 3254 1647
R

NONO H. | Pl ] 3264 1647
n

CL@ Q—(I:I'I\Il' !
0D, %1

- 3264 1647

5.3.2. NMR spectra of the synthesized poly(amine amide)s

'H and *C NMR techniques were used to characterize the synthesized polyamides in
DMSO-dg. Assignments of each proton and the spectra agree well with the proposed
molecular structure of polyamides as shown in the Figures 5-8 (a,b), 5.9 (a,b) and 5-10
(a,b).

In *H NMRspectrum, the broad proton peaks of the dicarboxylic monomer groups located
at 12.62 - 12.78 ppm were completely absent after polymerization Meanwhile, there is an
appearance of singlet peak at a higher field region at 10.20 - 10.26 ppm and 10.38 - 10.46
ppm which is ascribed to the amide group —'Oé—H— proton of the resultant poly(amine
amide)s Pal and Pa2 respectively. The doublet peaks in the regions of 7.18 - 7.23 ppm and
8.00 - 8.08 ppm are assigned to the four protons ¢ and d in the triphenyl amine group

respectively. The signals in the region of 7.70 - 7.80 ppm are attributed to four equivalent
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protons e of the phenylene diamine group. As for Pa2, two doublet peaks at 7.29 - 7.27
ppm attributed to protons e and g was observed together with triplet peak signal at 7.45 -
756 ppm assigned to the two protons f in naphthalene segment.The signals 7.34 - 7.33 ppm
and 6.54 - 6.63 ppm of the two doublet peaks are assigned to the protons in the positions a
and b respectively. Finally, the doublet peak of the six protons of two methyl groups at
2.03 - 2.10 ppm and multiplet peak of CH group appears in the region (3.15-3.23 ppm) as

shown in Figures 5-8 (a) and 5-9 (a).

§ B> TQS H-{ HH -
i O "

N N Koy cHs
_. H20 DMSO

e < I
EH- d|1 lj L_,b }||I
I JUw J\en LA

2.5 s

Figure 5-8: NMR-spectrum of poly(amine amide), Pal, in DMSO-ds (a) *H and (b) **C

Figures 5-8 (b) and 5-9 (b) show the *C NMRspectra of Pal and Pa2 respectively. The
main peak at the most downfield region at 166.74 ppm is due to the carbon atom in the
amide carbonyl group of the polyamide. These carbon atoms have higher chemical shifting
because of the sp® resonance between carbonyl group attached to a highly electronegative
nitrogen atom. The first ring of the TPA exhibited *3C NMRpeaks, assigned to carbon
atoms 1, 2, 3, and 4 at the regions 143.22, 124.12, 128.23 and 145.82 ppm respectively.

The second ring have four peaks of carbon atoms at the regions 150.44, 121.76, 130.97 and
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126.12 ppm. The Cy atom has a peak at the region 131.83 ppm and four equivalents Cy
atoms have a signal at 120.02 ppm. New peaks in Pa2 are assigned to Cgy at 131.76 ppm
and atoms 104.24 (Cy), 125.98 (Ci3), 110.77 (C12) and 125.68 (Cy1) in the naphthalene
segment.

Poly(amine amide)s Pb1, Pb2, Pcl, and Pc2 have same NMR characters except peaks of
groups on the ring of triphenylamine. In Pbl and Pb2 'H NMR spectra there are two
singlet peaks of protons of methyl groups CH3’ and CH3” at regions 1.16 - 1.26 ppm and
1.92 - 2.02 ppm respectively. Peaks at 23.65 ppm and 33.07 ppm are the signals of *C
NMR peaks assigned to the same methyl groups. With respect to Pcl and Pc2, there are
two *H NMR peaks assigned to CH, protons of ethyl group with a tetra peak at chemical
shift of 2.01 - 2.11 ppm and **C NMR peak signal at 26.45 ppm. CHj3 protons have triplet
peak at 0.88 - 0.95 ppm in *H NMR and in **C NMR peak appeared at region 13.43 ppm.
New peaks in Pd1l and Pd2 are due to phenylene protons of phenoxy group which have
two doublet peaks, one of H. at the region 6.92 - 6.99 ppm and other of Hy, at signal 7.14 -
7.22 ppm. The last peak is a triplet peak of H, at 7.37 - 7.45 ppm. Phenoxy group in Pal
and Pa2 have three *C NMR peaks of carbons numbered C; C, and C; with chemical
shifts of 124.57, 128.77 and 120.00 ppm respectively. *H NMR peaks of pyrrole group in
Pe2 are singlet peak of proton (a) at signal 6.24 - 6.43 ppm and peak assigned to proton (b)
peak mixed with multiplet peaks b, g ,c at region 7.73 - 7.62 ppm. Two *C NMR peaks

assigned to C; and C; at signal 110.49 ppm and 118.42 ppm respectively.
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Figure 5-9: NMR-spectra of synthesized poly(amine amide) (Pa2) in DMSO-dg; (a) *H
and (b) °C

Finally, 'H NMR peaks of Pf1, Pf2 are singlet peaks assigned to 4 protons in position (a)
in region 6.55 - 6.67 ppm and two doublet peaks attributed to 8 protons at region 7.24 -
7.42 ppm of H, and 8 protons at region 8.04 - 8.16 ppm of H.. Another singlet peak is
assigned to 8 protons in position (d) at region 7.74-7.84 ppm as shown in Figure 5-10. On
the other hand, new peaks in the naphthalene segment of Pf2 are observd as doublet peak
at 7.18-7.16 ppm of Hg and triplet peak at 8.12-7.84 ppm of H..Another doublet peak at
region 7.63-7.59 ppm is assigned to Hy. **C NMRpeaks in the naphthalene segment of Pf2
are 134.62 ppm (C;), 115.67 ppm (Csg), 126.02 ppm (Cy), 118.69 ppm (Cyo) and 119.60

ppm (C11) as shown in Figure 5-11 (a), (b).
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Figlljsre 5-10 NMR-spectra of synthesized poly(amine amide) (Pf1) in DMSO-ds. (a) 1H and
(b) ~C
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Figure 5-11: NMR-spectra of synthesized poly(amine amide) (Pf2) in DMSO-ds.(a) *H
and (b) *3C
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Table 5-7: *H NMR data of Synthesized Poly(amine amide)s

Poly(amine amide)s structure

code

R

'"H NMR shift (3) ppm

Q TH ee o
OO0,
b cd
a

Pal

A ch
HaC y ~'3

NH:10.20-10.26 H,: 7.34-7.33
H,: 6.54-6.63 H,: 7.18-7.23
Hy: 8.00-8.08 H,: 7.70-7.80
Hep :3.15-3.23  Hepg: 2.03-2.10

Pa2

/ ~N
H;C |1| CHs

NH:10.38-10.44 H,: 7.29-7.27

H,: 7.35-7.40
Hy: 7.03-7.01

Hy: 7.45-756
Hg: 7.99-7.97

H.: 7.15-7.13  Hey @ 1.92-1.84

Hgy: 7.84-7.82

Heps: 1.21-1.19

Pbl

NH:10.23-10.31
H.: 6.74-6.56
H¢ 7.68-7.82
HCHg':1.16'1.26

Haoq: 7.17-7.23
H,: 8.05-7.90
Hepg:1.92-2.02

Pb2

NH:10.41-10.50
Ha,b,d: 7.20-7.06
Hf: 7.55-7.24

Hep: 8.07-8.21
He: 6.68-6.64
Hy: 7.94-7.88

Pcl

NH:10.20-10.26
Hy,.: 7.98-7.83

Hp,eq: 7.13-6.73
Hcys: 0.88-0.95

Hg,.: 7.40-7.34
Hepp: 2.01-2.11

Pc2

NH:10.38-10.48
Hf,avi: 8.12-8.08
H,: 6.66-6.64
H,: 7.88-7.86

Hyro: 7.64-7.50
He,a: 7.19-7.00

Pd1

NH:10.19-10.09
Heger7.02-7.14
H,: 7.37-7.45

Hy: 7.86-7.98
Hy: 7.14-7.22
Hy: 7.67-7.77

Pd2

NH:10.34-10.44
Hh'f,e:7.26'7.17
Hgi: 8.10-8.07
Hj: 7.93-7.91

Ho: 7.34-7.33

Hp:
Hyq:

7.61-7.56
7.11-7.09

Pel

NH:10.18-10.30
H,: 6.24-6.43
Hgep: 7.73-7.62

Hq
He
Hs

1 7.32-7.40
1 7.11-7.24
1 7.93-8.05

Pe2

NH:10.40-10.49
H,: 6.25-6.34
Hb,c,h: 7.69-7.65

Haeg: 7.39-7.22

Hs;

1 8.12-7.94

77



OH d_ H NH: 10.25-10.36 H,: 8.04 8.16
Q c__ I ! Ha: 7.34-7.33 Hq: 7.74-7.84
CN N
C‘@ aa bg n Hy: 7.42-7.24
NONQ i
, -
‘LCQ/ Q-NON]\ Pfl
I ! n
o OH
OH de NH:10.20-10.26  Hg: 7.18-7.12
Q AN f H,: 6.70-6.77 H.: 8.12-7.88
CN H
c—@ a Q .} Hy: 7.18-7.38 He: 7.73-7.59
N@N NT H.: 8.23-8.21
10 Ceen) G
OH
Q)N

Table 5-8: *C NMR data of synthesized poly(amine amide)s

Poly(amine-amide)s structure code R *C NMR shift (3) ppm
0 O 1 o C=0: 166.74
J[CON@C-N@% Ci14322  Cy12412  Cyi128.23
3 | C,:145.82
23 pal | Cs:150.44 Cq12176  C;:130.97
R HiC |y CHa | C4:126.12
Coi131.83 Cyp:120.02  Cgy:32.91
CCH3:23.81
i o o g:(l)3:1 ;iG'SG C,:129.04
_ o 1- . 2. .
J[CON@C N 1 H | C1:142.89C,:123.17
o ) N]L Co | C5:150.47C4:121.86 C,:130.36
1 2 1 | Pa2 [Hc CHal o106 11
R Cy:131.76 Cy:104.24 Cy;:125.68
C1211077
C1312598 CCH3282 CCH32387
o o4 9y C=0: 166.89
Jr(':' \ @QEN@N ]L Ci114322 Cp12176 Cyl124.12
0 C.:130.97
4@%3' Cs:120.17  Cq128.34  C;:149.97
Yt Pbl| - Cy118.12
CHy Coi131.91  Cy0:126.45 C;y:125.22
Cpp:117.23
Copig:23.24 Copgr:33.45
: a C=0 :166.86 C,:131.12 C,:130.76
K Cs14373  C,12257 Cyi121.82
J[CON@&C N 1 H Cs12858 C;:150.54 Cy118.82
4@043' = N]L Col31.75  Cy:126.67 Cyp:132.71
S 1 w1 | P2 - C1:107.63 Cy3:124.77 Cp,:110.23
CHg" C15:125.87 Ccpa:23.65 Ccpz:33.07
: oy H -C=0: 166.82 C,:131.20 C,:129.17
< > {:0}0 ) 1<i>_ Cs128.89  C,:127.16 Cy:131.03
c \ cN N]Ln Pcl Cs:142.89
5 CH,CH3 - C150.12  Cgl22.23 Cy1131.91
N2 C0:126.12
8 Cy:125.32  Cyp1121.18
Corpi2645  Consi13.43
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-C=0: 165.92

C1:131.85 C,131.12 C;:130.76
Q C,:128.58
JfO 4@ Cs:132.05  Cq:14256  C;:150.24
CHZCHg ]L Pc2 | - Cq:118.57
Cy:130.86 C40:126.56 C;;:131.24
C1,:106.81
Ci3:121.77 C1,:110.32 Cy5:124.06
CCH2:26.43CCH3:13.63
” 0 -C=0: 165.63
| Ci:124.23  C,:128.30 C3:120.07
J[ ey @l 0 | c.15654
@ O N]L C@ C;:14971  C.:118.88 C;:129.57
5 5 | Pd2 |, Ce:141.25
R a C915059 01012194 01113021
C12:123.77
Ci3:123.77 C14:107.87 Cy5:125.49
Cis:111.82
C17:120.77
-C=0: 164.68
8 0 C1:110.49  C,:118.42 C51138.12
Jr('{ N@mg_:@,:+ A | ciieos
5 n N/ |Csl27.16 Cu14311 C:150.05
4 Pel | 1 C:122.34
?’R C913006 C1012418 01113475
C1212060
C 9 C=0 :166.06
! C1:108.21  C;122.77 C31134.85
J[CJ@C'N 8 H | cet2rn2
13 NJ‘ N C512456 0514359 C715008
w1 | Pe2 | )| 11957
R 1 C913013 01012884 01113745
C1210334
C1312774 C1411123 01511914
C=0:164.94
C1:131.35  C,:135.43 C;:158.75
C,:118.93
Cs:130.52  Cql22.74 C;:145.26
Pfl - Cy:121.15
C=0: 165.90
C1:131.80  C,:132.30 C;:159.34
C,:119.09
Cs:130.78  Cgi122.45 C;:134.62
Pf2 - Cy:115.67

Cy:126.02  Cy0:118.69 C44:119.60
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5.4. Solubility

The qualitative solubility properties of the synthesized poly(amine-amide)s in several

organic solvents at 10% (w/v) are summarized in Table 5-9. All the polymers exhibited

excellent solubility in polar organic solvents NMP, DMF, DMSO and DMAc. The

enhanced solubility can be attributed to the presence of the triarylamine unit.

Polymers Pa2, Pb2, Pc2, Pd2, Pe2 and Pf2, have more solubility than others because the

more bulky pendant naphthalene group chromophores in the repeating unit leads to the

increase in free volume in the polymer chains that allow more solvent to come in.

Furthermore, they are more flexible. The excellent solubility makes these polymers

convenient to be processed to articles by spin-coating.

Table 5-9: Solubility of Aromatic Polyamides

Polymer 1inn (dL/g) Solvents

Code NMP DMAc DMF DMSO m-Cresol THE CHCI;
Pal 0.62 ++ ++ ++ + - - -
Pb1l 0.66 ++ ++ ++ ++ - - -
Pcl 0.63 ++ ++ ++ ++ - - -
Pd1l 0.42 ++ ++ ++ ++ - - -
Pel 0.46 ++ ++ ++ ++ - - -
Pf1 0.43 ++ ++ ++ ++ - - -
Pa2 0.75 ++ ++ ++ ++ + - -
Pb2 0.67 ++ ++ ++ ++ + - -
Pc2 0.88 ++ ++ ++ ++ + - -
Pd2 0.65 ++ ++ ++ ++ + - -
Pe2 0.66 ++ ++ ++ ++ + - -
Pf2 0.71 ++ ++ ++ L+t + - -

++: soluble at room temperature, +: soluble on heating, -: insoluble even on heating.
a: viscosity measured at a polymer concentration of 0.5 g/dL in DMAc at 30°C.
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5.5. Thermal properties

DSC and TGA were used to investigate the thermal properties of all the synthesized
poly(amine-amide)s, the thermal behavior data of these poly(amine-amide)s are
summarized in Table 5.10. They showed high glass transition temperatures (Tg), in the
range of 292.6 - 234.5°C as determined by DSC. Figures 5.12 (a), (b), (c) and (d) show
DSC of synthesized poly(amine-amide)s Pal, Pa2, Pbl andPf2 respectively.

The T4 values of these poly(amine-amide)s generally decreased with decreasing stiffness
of the diamine component. Therefore polymers with phenylene diamine exhibited low T
value due to less rigidity than polymers with 1,5-diamine. Table 5-10 shows that the
lowest Ty value (234.5°C) of poly(amine amide) (Pcl) can be explained in terms of the
flexibility and high rotation of its diamine moiety in the main chain (Figure 5-12 (c)).
Poly(amine amide) Pf2 exhibited the highest T, value (292.6°C ) in this series of polymers
because of the presence of four rigid 1,5-diamine naphthalene component leading to
increase in amide links as shown in Figure 5-12 (d).

It can be summarized that the glass transition (T4) of all polyamides with more aromatic
rings have higher Tgy than others with low aromatic rings. Polyamides with higher stiff
diamine components have higher Ty Polyamides with more amide links have higher Ty

(Table 5-10).
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Figure 5-12: DSC of poly(amine amide)s (a) Pal, (b) Pa2, (c) Pc1, (d) Pf2



The thermal degradation behavior of the poly(amine amide)s at a heating rate of 20°C in
nitrogen atmosphere has been investigated by TGA analysis. The minimum onset
temperature at which the polymers started to degrade was 313.6°C up to 460.3°C. Figure
5.13 (a) and (b) show the TGA curves of poly(amine amide)s (Pal) and (Pa2) respectively.
The decomposition temperatures (Tgy) at 5% and 10% weight losses are given in Table 5-
10. All the poly(amine-amide)s exhibited good thermal stability with insignificant weight
loss up to 400°C in nitrogen. The 5% weight-loss temperatures in nitrogen were recorded
in the range of 340.4 - 554.2 °C and 401.2 - 577.4°C for 10% weight-loss. Polymers with
1,5-diamine naphthalene exhibited higher thermal stability compared to phenylene diamine

due to their high aromatic content which results from naphthalene rings.
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Figure 5-13: TGA of poly(amine-amide)s (a) Pal, (b) Pa2, (c) Pf1, (d), Pf2

On the other hand, four amides links in Pf1 and Pf2 polyamides lead to more cross-linking

in the chain of the polymer relative to other polyamides which will increase the thermal
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stability of polymers Pfl and Pf2 as shown in Figure 5-13 (c) and (d). All polymers

revealed residual yields in nitrogen of more than 60% at 800°C. Table 5-10 summarizes

the relation between structures of the synthesized polyamides and their thermal stabilities.

From the above results, the thermal stability order of the synthesized polyamides is:

Pf2 > Pfl > Pd2 > Pd1 > Pe2 > Pel > Pa2 > Pal > Pb2 > Pb1l > Pc2 > Pcl

Table 5-10: Structures and thermal properties of the synthesized polyamides

poly(amine amide s structure code
ly(ami ide) d R T, TGA
Te5% | Tq 10%
I (I)I".l H (|:
C N )-C-N—=< )N A e
l 1L“ Pal |S“H "°| 25500 |438.13 | 518.23
R
J[@QN@@E o |
_ A
© t:]L Pa2 |HC\[ CHs|  260.85 | 44511 | 524.22
n
R
Q H H
Il 1N )
C NOC‘N N
Jr ©CH3. t Pb1 - 248.32 |355.12 | 512.10
CH3"
I ||_|.-| h
J[C > on H1 | pp2 25445 |386.64 | 516.16
S=aans CHE RN E CR S
CH3"
O O” HO ]L
@CHZ% Pc1 ] 23451 |340.35 | 401.22
Jf”O O
CHZCHS t]L Pc2 | - 24046 |351.14 | 506.21
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I |
c— >—N‘< >’C‘N‘< >’N
Jr 1L” Pd1 c@ 277.72 | 480.54 | 538.20
b
R a
Jr‘l? atve i S 5
Cc N C-N H
© Nan Pd2 ;@ 281.32 | 496.34 | 540.34
R a
e S S Ry S I
© Pel 5—7 271.28 | 470.54 |530.20
R
f 1 H ,\l,
c—~ >—N‘< >’C‘N
Jr H% Pe2 b@ 276.20 | 48154 |534.21
R n
B tvor,
N@N H. | Pfl 288.79 | 531.54 |551.23
L Aavai
o) OH
OH
Jr@ Q’g’{‘ H
[
N@N Y Nlﬂ Pf2 292.62 | 554.21 | 577.42
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Table 5-11: Thermal behavior data of the synthesized poly(amine-amide)s

Polymer Onset T, Onset Ti5% T910%  Char.
Code  ('O° (O (O  (OF (O (%
(Pal) 253.3 255.0 332.2 438.1 518.2 62
(Pa2) 262.8 260.8 392.2 4451 5242 64
(Pbl) 242.0 248.3 335.4 355.1 5121 63
(Pb2) 256.9 254.4 386.0 386.6 516.1 64
(Pcl) 241.3 234.5 331.6 340.3 401.2 64
(Pc2) 251.1 240.4 398.1 351.1 506.2 64
(Pdl) 2613 2777 4321 4805 5382 67
(Pd2) 271.4 281.3 449.1 496.3 540.3 67
(Pel) 251.7 271.2 422.1 470.5 530.2 67
(Pe2) 269.9 276.2 436.1 481.5 534.2 67
(Pf1) 274.7 288.7 451.3 531.5 551.2 65
(Pf2) 294.6 292.6 460.3 5542 5774 67

a: onset temp, recorded by DSC.
b: The midpoint temperature of baseline shift on the subsequent DSC trace (from 30 to

350) °C at heating rate 20 °C/min ) was defined as Tj.

c: Onset temperature of the degradation polymer

d: Decomposition temperature at which a 5% or 10% weight loss was recorded by TGA
at a heating rate of 20 °C/min.
e: Residual weight percentages at 800°C under nitrogen flow.

5.6. Optical properties

The optical properties of the synthesized poly(amine amide)s were investigated by UV-Vis

and photoluminescence spectroscopy (PL). The results are summarized in Table 5-12.
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Table 5-12: Optical properties of the poly(amine amide)s

Polymer  Aaps max Aabs ONSet ApL
Code (nm)a (nm)a (nm)b
Pal 355 403 438
Pa2 328 397 431
Pbl 354 400 437
Pb2 318 395 430
Pcl 353 405 436
Pc2 320 395 429
Pd1 363 399 446
Pd2 355 407 440
Pel 360 399 447
Pe2 351 405 442
Pfl 313 399 488
Pf2 305 403 486

a: UV-vis absorption measurements in NMP (1 x 107> M).

b: PL spectra measurements in NMP (1 x 10 > M).
The dilute solutions of these poly(amine amide)s in concentrations of 10°M in NMP (N-
Methyl-2-pyrrolidone) exhibited strong UV-Vis absorption bands in the range of 305-363
nm assignable to the (n-m*) transitions resulting from the conjugation between the aromatic
rings and nitrogen atoms in the triphenylamine and (n-n*) transitions in the triphenylamine
and the naphthalene chromosphere [130].
Many molecules absorb ultraviolet or vislble light. Absorbance is directly proportional to
the path length, b, and the concentration, c, of the absorbing species. Beer's Law states that:
A = ebc, where e is a constant of the proportionality or known as the absorptivity.
Electrons in a sigma or pi bonding orbital that are excited to the corresponding anti
bonding orbital requires energy in the range of 200-700 nm of the UV-Vis spectra as

shown in Figure 5-14.
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Figure 5-14: Possible electronic transitions of p, s and n electrons

Polyamides with 1,5-naphthalene diamine have lower UV-Vis Az max absorption than

that with phenylene diamine because they have (n-z*) electronic transitions and more (-
7*) transitions from additional 1,5-naphthalene so they require more absorbance energy for
transition than polyamides with phenylene diamine (Figure 5-15). Polyamides with high

max wavelength (Aas max) require low absorption energies.

Refering to Figure 5-14, polyamides Pal, Pbl and Pcl have (n-n*) and (m-r*) transition
band into TPA group so they have max absorbance in approximate wave length.
Polyamides Pa2, Pb2 and Pc2 also showed approximate values also but polyamides Pd1,
Pel, Pd2 and Pe2 have max absorbance shifted to higher wave lengths because of the
electron withdrawing groups and the resonance of phenoxy (-0-Ph) into Pd1, Pd2 and (N-
pyrrole) into Pel, Pe2.

The lowest UV-vis A, max observed at 313 nm and 305 nm in polyamides Pf1 and Pf2

respectively is attributed to the presence of one excess nitrogen atom. Incorporation of a
high conjugated N-phenyl and phenyl groups into the backbones of these polyamides leads
to a requirement of more UV-Vis absorption energies for these transitions (Figure 5-15).
The effect of the substituent groups, CH3CH,-, CH3-CH-CH3; and -CHjs in the rings of the

triphenyl groups are unobservable.
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Figure 5-15 shows that polyamides with phenylene groups have peaks with two separate
tops resulting from (n-n*) and (m-m*) transition band while polyamides with 1,5-

naphthalene have incorporated peak tops because of the more (n-n*) transitions.
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Figure 5-15: UV-vis absorption of poly(amine amide)s in 10° M NMP

Polyamide spectra in NMP solution showed PL emission bands around 429 - 488 nm in the
blue region (Figure 5-16). The PL spectra in the blue region can be explained from the

decreased intra and inter molecular electronic interactions. The bulky crank of triphenyl
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group is effective in decreasing charge transfer formation within or between polymer

chains through steric hindrance.
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Figure 5-26: Photoluminescence of poly(amine amide)s with a concentration

of 10° M in NMP.
Polyamides Pal, Pbl and Pcl have approximate PL values but additional 1,5-naphthalene
in polyamides Pa2, Pb2 and Pc2 increases the excitation of n-electrons which leads to the
decreases of the Ap_ Of these polyamides. Polyamides Pel and Pdl have electron
withdrawing groups which lead to the decreased excitation of p-electrons resulting in an
increase in the Ap.. Polyamides Pd2 and Pe2 have low s, values. Pfl and Pf2 have the
highest PL wavelength due tothe low excitation of n and n-electrons in phenyl and 1,5-

naphthalene which have more benzene rings, thus leading to higher diffusion of electrons
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(n and m-electrons) into benzene rings. Therefore, the PL will have a low energy and a high

wavelength (Ap,).

5.7. Electrochemical Properties

The redox behavior of poly(amine amide)s was investigated by cyclic voltammetry (CV)
where the cast films on an ITO-coated glass substrate as a working electrode and dry
acetonitrile containing 0.1 M of tetrabutylammonium perchlorate (BusNH4Cl Oy4) as an
electrolyte. All the poly(amine amide)s showed one reversible oxidation redox couple.
Figure 5-18 shows a typical cyclic voltammetry curve for poly(amine amide) (Pal)
recorded at a scanning rate of 0.1 V/s at the oxidation half-wave potential of E;, = 1.13 V
in the oxidative scan corresponding to the removal of two electrons from the nitrogen
atoms at triarylamine structure in each repeating unit to yield stable delocalized poly(amine
amide)®* [131]. Because of the electrochemical stability of the films and a good adhesion
between the polymer and ITO substrate, the polyamide (Pal) exhibited a good reversibility
of electrochromic characteristics as shown by sixteen continuous scans between 0.0 - 1.60
V changing the color from original pale yellowish to blue (Figure 5-18). The energy of the
HOMO and LUMO levels of the corresponding poly(amine amide)s can be determined
from the oxidation half-wave potential E;/, and the onset absorption wavelength of the UV-
Vis absorption (Aqs Onset) of the solution [132]. The results are listed in Table 5-13. The
external ferrocene/ferrocenium (Fc/Fc*) redox standard Ei, was 0.41 V vs Ag/AgCl in

CHsCN, and the HOMO energy for the Fc/Fc* standard was 4.80 eV.

92



Table 5-13:_Electrochemical properties of the poly(amine-amide)s

Polymer Ey,V Aabs; ONSet  Eromo®  Erumo®  Eromo-Lumo’
Code vs. Ag/AgCl  (hm) eV) (eV) gap (eV)
Pal 1.13 403 5.52 2.44 3.08
Pa2 1.13 397 5.51 2.39 3.12
Pbl 1.11 400 5.50 2.40 3.10
Pb2 1.09 395 5.48 2.35 3.15
Pcl 1.10 405 5.49 2.43 3.06
Pc2 1.09 395 5.48 2.33 3.15
Pd1 1.18 403 5.57 2.49 3.08
Pd2 1.19 399 5.58 2.47 3.11
Pel 121 405 5.60 2.54 3.06
Pe2 1.20 399 5.59 2.55 3.04
Pfl 1.25 407 5.64 2.60 3.04
Pf2 1.27 407 5.66 2.62 3.04

a: The HOMO energy levels were calculated from cyclic voltammetry and were

referenced to ferrocene/ferrocenum couple (4.8 eV).
b: ELumo =Eromo — Egap-

c: Energy gap data

Optical band energy can be calculated by the equation:

E

1242
gap ;‘..abs. onset

where 1242 is a constant, Aqs Onset is the onset wavelength which can be calculated by

intersection of two tangents on the absorption edges as shown in Figure 5-17.
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Figure 5-37: Uv-Vis absorption spectrum of polyamide (Pal) in (10° M) NMP
Therefore, the HOMO energy for Pal can be calculated as follows:

Evomo = [E1o— Eup(ref) +4.8] eV o2

where Ey, is the oxidation half-wave potential which can be determined from the relation:
E12 = (Bred + Eox) 12 iene e e e 3

where Eeq and Ex are the potentials of cathode and anode respectively.

Ei. (ref.) is the external standard oxidation energy of ferrocene/ferrocenium ion couple
under the same experimental conditions. Its value is 0.41 V versus Ag/AgCl in CH3CN.
From application of equations 1, 2, 3 above:

Evz = (Ered + Eox) /2

Eyp = 0.95V +1.31V/21.13V

Enomo = [EL/2 - EL/2(ref.) +4.8] eV = [1.13V - 0.41V +4.8] eV
Enomo = 5.52 eV

Eqgap = 1240/Aonset = 1240/403 = 3.08 eV

Exomo - Egap = ELumo

ELumo = 5.52—3.08 = 2.44 eV
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Table 5-13 shows that the HOMO energy values of polyamides Pal, Pa2, Pbl, Pb2 and
Pc2 are lower and have approximately similar values because the triarylamine in each
repeating unit has electron donating alkyl groups (CH3-CH-CHg3, CHs, -CH,-CHgs). These
alklyl groups help to stabilize the (polyamine-amide)®* which is the result of the removal
of two electrons from a nitrogen atom in each repeating unit in the backbone of the
polyamides. Therefore these polyamides require a low energy of oxidation (considering
that other amide moiety nitrogen atoms have approximately the same effect). Polyamides
Pd1, Pd2, Pel and Pe2 require higher energy of oxidation because they have electron
withdrawing groups (-O-Ph) and (-N-py) which lead to a decrease in the stability of
(polyamine-amide)®* in each unit. On the other hand, polyamides Pf1 and Pf2 have one
excess nitrogen atom in each unit of its backbone which means it requires a higher energy

ooxidation than the other polyamides.
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Figure 5-18: Cyclic voltammograms of (a) Ferrocene as reference and (b) the cast film of
poly(amine amide) (Pal) on the indium-tin oxide(ITO)-coated glass substrate in CH3;CN
containg 0.1 M TBAP, with a scan rate of 0.1 V/s
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CHAPTER 6: CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

6.1 Conclusion

A series of new poly(amine-amide)s bearing triphenylamine units in the polymer main
chain have been successfully prepared from a newly synthesized aromatic derived
triphenylamine dicarboxylic acid, 4,4'-dicarboxy-4"-triphenylamine with two different
aromatic diamines by phosphorylation polyamidation technique. All the polymers
exhibited excellent solubility in polar organic solvents because of the incorporation of
triarylamine and 1,5-diamine naphthalene in the backbones of these polyamiedes. This
excellent solubility makes these polymers convenient to process into articles by spin-
coating.

All the poly(amine-amide)s were amorphous with high a glass transition temperature (Ty)
in the range of 292.6 - 234.5°C and exhibited excellent thermal stability. Polymers with
phenylene diamine exhibited low Ty value due to the less rigidity than compred to the
polymers with 1,5-diamine. Poly(amine amide) Pf2 exhibited the highest T4 value of
292.6°C in this polymer series because of the presence of four rigid 1,5-diamine
naphthalene component leading to the increase in amide links. Polymers with 1,5-
diaminenaphthalene exhibited a higher thermal stability compared to those with phenylene
diamine due to their high aromatic content. Polymers Pf1, Pf2 exhibited a higher thermal
stability at the 551.2 and 577.4°C respectively, because due to the high amide groups
which lead to the increase of rigidity. The order of thermal stability of the synthesized
polyamides is:

Pf2 > Pfl > Pd2 > Pd1 > Pe2 > Pel > Pa2 > Pal >Pb2 > Pbl > Pc2 > Pcl.

The optical properties of the synthesized poly(amine-amide)s were investigated by UV-Vis
and photoluminescence spectroscopy. The poly(amine-amide)s in concentration of 10° M

in NMP exhibited strong UV-Vis absorption bands at the range of 305 - 363 nm which is
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assigned to the (n-n*) and (n-n*) transitions resulting from the conjugation between the
aromatic rings, nitrogen atoms and the benzene rings.

Polyamides with 1,5-naphthalene diamine have lower UV-Vis A4s max absorption
compared to those with phenylene diamine because they have (n-n*) electronic transitions
and higher (m-n*) transitions from additional 1,5-naphthalene moiety. Therefore they
require more absorbance energy for transition. The lowest UV-Vis Aqps max of 305 nm and
313 nm in polyamides Pf1 and Pf2 respectively are attributed to the presence of one excess
nitrogen atom. Incorporation of highly conjugated N-phenyl and phenyl groups the
backbones of these polyamides lead to the requirement of more UV-Vis absorption
energies for these transitions.

Polyamide spectra in NMP solution showed photoluminescence (PL) emission bands at
around 429-488 nm in the blue region. Polyamides Pal, Pbl and Pcl have higher PL
values but the additional 1,5-naphthalene group in polyamides Pa2, Pb2 and Pc2 increase
the excitation of m-electrons which lead to a decrease of the Ap_ Of these polyamides.
Polyamides Pel, Pe2, pd1 and Pd2 have withdrawing groups which lead to decrease in the
excitation of p-electrons while the Ap_ increased. Finally Pfl and Pf2 have the highest PL
wavelength due to the more benzene rings which lead to the higher diffusion of electrons
(n and =m-electrons) in benzene rings. Therefore the PL shows a low energy and a high
wavelength (Ap,).

All the poly(amine amide)s showed one reversible oxidation redox couple recorded at a
scanning rate of 0.1 V/s; the color changed from original pale yellowish to blue. The
energy of the HOMO and LUMO levels of the poly(amine-amide)s were determined from
the half-wave oxidation (Ej) and the onset absorption wavelength of the UV-Vis
absorption Egps. Thus, these triphenylamine-containing polyamides can be applied in

electroluminescent devices as hole-transporting or blue-light-emitting polymeric materials.
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The HOMO energy values of polyamides Pal, Pa2, Pbl, Pb2 and Pc2 are lower and have
approximately the same values because the triarylamine in each repeating unit has electron
donating alkyl groups (CH3-CH-CH3, CHjs, -CH»-CHg3). Polyamides Pd1, Pd2, Pel and
Pe2 require higher energy of oxidation because they have electron withdrawing groups (-
O-Ph) and (-N-Py) respectively which lead to the decrease in stability of the (polyamine-
amide)®" in each unit. Polyamides Pf1 and Pf2 have one excess nitrogen atom in each unit
of its backbone which means that it requires a higher energy of oxidation compared to the

other polyamides.

6.2. Suggestion for future work
In the synthesis of dicyano triphenylamine the starting materials (aromatic amines) can be
chosen from groups that can increase the stability of the positive ion containing free

electron which is result of one electron from the nitrogen atom in the triarylamine. This
will produce positive ion with a free electron, [poly(amine-amide)]™ in each backbone unit

of the polymer. The stable positive free radical ion unit could form reversible oxidation
redox couple with a good separate potential. The ion (polyamine amide)®* produces a green
color between the main yellowish and blue colors.

Other suggestion includes the synthesis of dicarboxylic monomers. From the literature, the
oxadiazoles are good to be used as electron-transport materials/layer (ETMsL). Thus it

could convert the synthesized dicarboxylic monomer to oxadiazoles compounds.
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APPENDICES

Appendix A: FTIR spectra for synthesized compounds
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Appendix B: *H and **C- NMR spectra for synthesized compounds
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Appendix C: DSC thermograms for the synthesized polyamides
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Appendix D: TGA thermograms for the synthesized polyamides
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