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ABSTRACT

Bio-materials are of great significance for sustainable development of society due to the restriction of
fossil fuel-based resources. Tremendous efforts have been focusing on developing bio-based materials
have comparable performance with fossil fuel-based materials. Work in this thesis described the syntheses
and characterizations of bio-based polybenzazoles with high thermal resistance and dielectric
performance.

In chapter 2, conventional 2,5-polybenzoxazole and new 2,6-polybenzoxazole were synthesized from
bioderived 3-animino-4-hydroxylbenzoic acid and 4-amino-3-hydroxylbenzoic acid respectively. There is
no significant difference between there thermal resistance in homopolymer state. However, after
copolymerized with polybenzimidazole, in the same molar composition, 2,6-polybenzoxazole-co-
polybenzimidazole presents an obvious higher thermal decomposition temperature than 2,5-
polybenzoxazole-co-polybenzimidazole, the highest 10% mass loss temperature reaches 740 °C, the
obtained copolymer can be used to fabricate pliable film, suggesting this copolymer is promising to be
utilized as thermoresistant materials.

In chapter 3, polybenzothiazole was synthesized from bio-based resources for the first time. The
precursor monomer 4-amino-3-mercaptobenzoic acid was synthesized from bio-derived 4-aminobenzoic
acid, and the obtained monomer was copolymerized with PBI and obtained a series of copolymers. The
thermoresistance and dielectric properties were characterized. The copolymer presents an increasing
thermal stability as increasing the amount of PBI, this is probably due to existence of hydrogen bond
elevated the thermal stability. Besides, polybenzothialzole-co-polybenzimidazole presents dielectric
around 3, lower than most of the dielectric polymers. This is probably due to the low-polar structure of
thiazoles, enhanced the dielectric performance of the copolymers.

In chapter 4, terpolymer poly{benzimidazole-b-(benzoxazole-r-amide)} with a block structure was
synthesized with a stepwise terpolymerization of 3 monomers. The obtained terpolymers present ultrahigh
thermal resistance, and the thermoresistance increases with the increasing molar compositions of
polyamide, the mechanism of this was revealed by DFT calculation, the result indicate that the
appropriate amount incorporation of polyamide can impede the resonance effect and thus increase the
molecular interaction enthalpy, as a result, the thermal stability is enhanced, the high thermoresistance is
attributed to the hydrogen bonds. Besides, the dielectric constant of the terpolymers vary within 2.4 to 3,
showing an outstanding dielectric performance. Considering the high performance in both thermal and
dielectric properties, the terpolymer was successfully utilized as a coating material for copper coil,

indicating the terpolymer is promising to be used as thermostable insulating materials.

Keywords: polybenzazoles, thermoresistance, low-k, copolymer, terpolymer, H bond
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General introduction



CHAPTER 1. General introduction

Chapter 1

1.1 Plastic

Plastics are perfect substitutes for metals, glasses and wood products. As a series of
synthetic or semi-synthetic materials, plastics always have polymers as the main
ingredient, making it possible for them to be processed complicatedly and intricately to
meet the increasing demands for industry. Plastics are well known due to the unique
properties, for instance, adaptability, they can be easily compressed, extruded or
moulded into objects of any shapes; lightweight, plastics are much lighter than other
materials in the same volume; durability, plastics are more capable of enduring rough
operation compared with woods; flexibility, plastics are elastic and easy to proceed;
low-cost, they are inexpensive to produce.' These properties have led widespread use
all over the world.

Generally, plastics are produced by human industrial system from the precursor material
derived from fossil fuel-based chemicals--petroleum and gas. The crude resources such
as oil is proceeded to obtain the precursor monomers such as ethylene and propylene,
and these monomers can be polymerized to obtain polyethylene (PE) and polypropylene
(PP), which are representative plastics widely used in various applications. However,

during the production, many raw materials are converted in vain to thermal energy and
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carbon dioxide, which leads to a great waste and greenhouse effect. Besides the low
energy efficiency, the sustainability is threatened due to the depletion of fossil fuel, the
petroleum is consuming at a speed of approximately 36 million barrels per year and will
run out in 40 years.5®

For the sustainable development and high effectively use of petroleum source, it is of
great significance to develop plastic materials that are eco-friendly and can be obtained
from recycled sources.

1.2 Bioplastics

As is discussed above, fossil fuel-based plastics are no longer available due to resources
depletion, which has become an urgent problem to be settled, attracting increasing
concern over global. In order to achieve the sustainable development, it is necessary to
build a recycling society that can take full advantages of the unlimited natural resources.
Bio-plastics are plastic materials that obtained from natural renewable biomass
resources, such as botanical sawdust, straw, maize starch, vegetable fat and oil food
waste, and bacterial derivatives, have been considered to be a promising candidate for
replacing the fossil-fuel plastics (petro-based plastics). 1°

Bioplastics can be obtained from natural resources through many ways. Some of them

are obtained via the direct processing of naturally produced bio-polymers, mainly
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including 2 types: polysaccharides, such as alginate, chitosan, starch and starch;
proteins, such as gelatin, gluten protein etc. bioplastics can also be obtained via
chemical synthesis from sugar and the derivatives such as lipids (animal and vegetable
oils, fats), lactic acid and etc. -4

The largest advantage of bioplastics is their sustainability. The resources for producing
bioplastic will never deplete as long as the plants and bacteria are photosynthesizing and
storing energy (Figure 1.1). Besides, some bio-based plastics are degradable and
recyclable, which is distinct properties that conventional petroleum-based plastics don’t
possess. With the depletion of petroleum, renewable bioplastics play a more and more

important role in the future. *°

CO2 ) ) General products
% biological Bottle, box, film, fibers, etc.

@ resources i -
9 ﬂ .

s ety i
| :> Bioplastics )
=

. Durable products
) Electronics automobile.etc.

Starch, cellulose, etc.

Figure 1.1. Bioplastics obtained from nature.
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1.2.1 Polysaccharides-based bioplastics

The most representative bioplastic is thermoplastic starch, which is widely applied and
account for 50% in the market.'®!" The preparation of this material is simple, it can be
obtained via gelatinizing starch and further solution casting, which are feasible chemical
experiments that can be operated at simple condition. Pure starch is strongly humidity
absorbing and therefore a good candidate as the material for producing drug capsules in
the pharmaceutical industry. However, pure starch polymer is restrained in applications
for its high brittleness and thus plasticizer (e.g. glycol, sorbitol) is added so that starch
based bioplastics can be processed to satisfy, the resulting starch-based bio polymer
materials is able to be tailored for the specific purpose through adjusting the type and
amount of the addictive plasticizers. Besides, due to the high operability, processing
techniques (e.g. extraction, injection molding, solution casting, compression molding)

for petro-based plastics is also available for starch biopolymer materials. The

/DH /DH /DH
s “ )
N e ey -0 ey 0
HO—S\—", O . L0 =
HDjX-"ﬁ/’"ﬁ HO —\"N"‘ HO L’?‘b"DH
OH OH OH
n

Figure 1.2. Molecular structure of polysaccharide



CHAPTER 1. General introduction

characteristic of the obtained material is highly impacted by the amylopectin/ amylose
compositions, high amylopectin ratio results a stronger mechanical flexibility and
operability while high amylose ratio leads a polymer with lower processibility (Figure
1.2).

Starch-based polymers composite are usually made through blending with some
decomposable polymers. The composites such as Ecoflex/starch, polylactic acid/starch
are widely applied for industrial purpose, for example, starch bioplastics are widely
used for packaging, they are not only endurable in use and also highly degradable and
ecofriendly for the environment.16-2°

Besides starch-bioplastics, cellulose-based plastics are also an important number of
polysaccharides-bioplastics. Cellulose acetate, nitrocellulose, and their derivatives
constitute the cellulose bioplastics. In spite of the excellent mechanical properties,
cellulose is rarely solely used for packaging due to the high price, instead, they often
work as addictive for other material such as starch to form a blend with improved
mechanical performance, the resulting blend can be a good candidate for packaging
material due to the mechanical properties and low price.?*2°

Other polysaccharides (e.g. chitosan, alginate) based plastics are also well investigated

for industrial usages.?® Chitosan can be processed into designed shape by the
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conventional techniques due to the high processibility, especially film form, chitosan
exhibits a high film forming ability in solution casting. Researches indicate that the
addition of chitosan to other plastics can increases the service life of plastics.
Considering it is the second most abundant polysaccharides on earth, chitosan is perfect
alternative for packaging material. Alginate shows the alike properties and can be
processed into plastic form, when blending with restrained amounts of plasticizers or
water, alginate is highly processible. 27-2°

1.2.2 Protein-based plastics

Protein-based plastics is considered to be available in the future (Figure 1.3). Raw
material can be easily obtained for nature, for example the casein and gluten of wheat
exhibit excellent properties for making biopolymers. Besides, soy protein is also

investigated as the source for making bioplastics.3%2 This kind of protein has a long

Figure 1.3. Proteins is one of the resources of bio plastics.
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history to be utilized in plastic production, for instance, Ford industry made a body-

panels from soy protein-based bioplastics for automobiles. However, protein-based

plastics are restrained in use up to now due to the strong water sensitivity and high cost.

1.2.3 Aliphatic bioplastics

Aliphatic bioplastics is the aliphatic polymer materials possesses a aliphatic backbone.

Generally, aliphatic bioplastics are aliphatic polyesters, mainly including polylactic acid

(PLA), polyhydroxyvalerate (PHV), poly-3-hydroxybutyrate (PHB), polyamide (PA) etc.

PLA is a kind of transparent bioplastic derived from corn or glucose, it is alike to

conventional fossil fuel-based plastics such as PS. PLA is sustainable and biodegradable

but inferior to the conventional plastics in impact strength. PHB is a polyester that

produced when processing maize starch, glucose or wastewater with bacteria. It has

analogous properties with some other polyhydroxyalkanoates and distinguishes

primarily by its physical properties that melting point of PHB comes higher than 130

degrees Celsius. Polyamide 11 is a kind of biopolymer derived from natural oil. PA11l is

different from the regular bioplastics, it is an important member of the nylon family,

formed through the polycondensation of 11-aminoundecanoic acid, which is obtained

from castor beans. Due to the outstanding thermo-mechanical performance (melting

point: 180-190 °C, elongation at break: 300-400%), PA 11 is widely utilized in varies of
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fields such as electrical, coatings, aerospace transportation etc. 2336

In spite of the small amounts of usages in the market compared with the fossil fuel
plastic, the researches on bioplastics continues. Bioplastics constitute less than 1% of
the entire plastics manufactured and applied worldwide due to the high cost and
relatively low thermo-mechanical properties compared with the conventional fossil fuel-
based plastics. Giving the sustainability of material, it is of great significance to explore
the bioplastic with high thermo-mechanical performance. 374

1.3 High thermoresistant polymers

High thermoresistant plastics are a specialized and rapidly growing segment of the
plastics market. Thermoresistant polymers have been widely used in various of fields,
among all the application, the aerospace presents the main impetus for the research and
development of this type of material. Preparations and explorations of high
thermoresistant polymer have been lasting for decades, but difficulties have been
encountered in the process, such as the insolubility of thermoresistant polymers,
relatively constrained market and high cost for the products. The progress has been
heavily limited by the imperative requirements, the solubility and processibility. 13254041
Generally, polymers with high thermal stability tend to convey a chemical structure that

is not soluble or fusible, and therefore the modifications on the structure are performed
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to achieve the fabrication.*> As a result, only few of the polymers have been fully
investigated and commercially available. To our best knowledge, in the past decades,
there is little novel high thermal resistant polymers have been synthesized or developed
with completely new structure. most of the works concentrate on the improvements or
modifications on polymers with known structures, making them easier to be processed
and fabricated with less loss on the thermal stability. However, in spite the efforts, the
thermal stability of polymers is not significantly enhanced through the present measures.
404346 Gijving the difficulties in development of high thermal resistant polymer
materials, the polymers with high thermal resistance must meet the following
requirements: the first is the retention of mechanical performance, high softening
temperature and high glass transition temperature. The second is the high resistance to
thermal degradation, and the third is the high resistance when exposed to chemical

attack, such as oxidation, hydrolysis.

Table 1.1. Bond energies of various chemical bonds (KJ/mol).

C-S 273 C-N 307 C-H 416 P-O 528 C= 609
B-H 294 Si-H 319 C-F 428 P-C 580 C=N 617

Si-C 328 Si-N 437 Ti-O 672
C-C 340 Si-O 445 B-O 777
Cc-0 361
C-B 374
B-N 386
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Generally, glass transition temperature (Tg) is domaining the maximum heat resistance
of polymer material in most practical usage. Tg is able to be improved by enhance inter
molecular forces between chains.*”° The most known approach is to incorporating
extra polar side groups into the molecular backbone. For example, the glass transition
temperature of atactic polypropylene is approximately -20 degree Celsius, however,
after introduction of -CN, the glass transition of polyacrylonitrile increases to about 105
degrees. H-bond is increased the chances to happen by chemical crossing-linking of the
inter polymer chains.>® Other approaches are mainly to optimize the regularity of
polymer chains and thus increases the crystallinity, in this case, the thermal resistance
can be elevated but the polymer chain become more rigid. 53

Chemical bond strength is greatly influencing the thermal resistance. To obtained a
higher thermal stability, the constitution of bonds with weak strength should be avoided
or reduced to the minimum amount. Table 1.1 shows the chemical bond strength of the
most common bonds, if solely emphasis the bond strength, it tends to occur the
concentration of developing inorganic materials instead of organic polymer materials. In
essence, the stronger is the bond, the more likely not offset by chemical attack in the
process of relatively low activation energy reactions, such as oxidative cleavage or
hydrolytic reactions. Siloxanes are the most known compound with a complete

10
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inorganic backbone present the example of the dangers of concentrating on bond energy
and excluding the other factors. In polysiloxane the Si-O bond energy is 445 kJ/mol and
that of the Si-C is 328 KJ/mol, Si-C would therefore be expected to cleave more
preferentially than Si-O and eliminate the alkyl. However, in practice, Si-O bond
cleaves more preferentially and results in the formation of cycle product with low
molecular weight, this is because this is the reaction that more energetically
supported%-°4°5,

The properties of the model compounds give the other pointers to thermostable
structures. The drawback is that, from the behavior of the compounds, it is hard to
predict the effects brought by the degradation happened in the polymer chains. In a
strict chemical sense, a complete chemical compound is extremely difficult to be
prepared as polymer. Apart from the problems of molecular weight and its distribution,
the polymer chain is possibly end up with different functional groups, special
configurations, branching structure, the existence of impurities resulted from initiator
chemicals, side products etc. 455

Therefore, to obtain a compound with high thermal stability, the following factors can
be taken into account in the perspectives of chemistry:

I The strong bonds should be used as much as possible.

11
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il The easy paths for the rearrangement reactions should be avoided.

iii  Resonance should be adapted in the structure to the maximum.

iv_ All the rings in the structure should be arranged in normal angles.

v Molecular weight should be as higher as possible.

Among all the conditions, (i) is seldom the dominating one. Most chemical bonds have
enough strength to give sufficient stability provided that the only possible
decomposition mechanism involved bond break as the first step, and that this step is not
followed by the small simple fragments elimination, which is a chain reaction.>?> Almost
all the configuration systems break down owing to operative less energetic mechanism,
refers to condition (ii). Resonance stabilization (iii) is always positive because it leads
to larger consumption of energy at bond capture and if bond angles are normal (iv), then
once the natural structure angles which fixes the atoms in close proximity is broken, it is
possible that the bond healing would occur as long as the excess energy was dissipated
in the molecular.>*%758 In polymer configuration, skeletal atoms are required to link in
the chain by multiple routes to ensure that the chain will not be cleaved in a capture of
one single angle bond. It must be emphasized that all these conditions mentioned really
involved in a perfect structural unit in isolation. In fact, a ideal structure seldom does a
polymer attain due to the interactions between or within molecules. Nevertheless, the

12
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data is clear enough for the conclusions drawn relating polymer structure with its
thermal resistance. %962

Chains consist of para-linked rings tend to present the highest thermoreisitance, such
structures also bring the highest softening points, the lowest solubility, as well. To
appropriately compromise the stability and fabrication, meta-structured units are often
introduced to replace a part or all of the para linked-rings. Rings with hydrogen
substituents often give the optimum thermal resistance. Substitution of hydrogen by any
other function group or atom usually results in reduction in polymer thermal stability.
Hydrogen substituent often become more active at elevated temperatures in oxidizing
atmospheres.%! In thermostability criteria, the weight loss results obtained are to a
degree impacted by experimental parameters and also by polymer features listed as
follows:

i. Molecular weight. The effect of degradation depends on whether initiation of
breaking down is preferentially occurred at chain ends, or at the point of defect and
irregularity. It also depends on whether initiations are followed by the
depolymerization of the polymer chains.

ii. Chain branching. An appropriate amount of branches bring little effect, but
stability decrease as the number increases to a certain degree.

13
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iii. Cross-linking. Just as branching, some amount of crosslinking bring a slight

influence, but decrease as the amount increases

iv. Crystallinity. The degree of crystallinity has a great impact on the thermo-

oxidative stability.

v. Trace impurities. Impurities can be very deleterious for the stability, they always

bring with reduction in stability due to various reasons.

vi. Structural changes as the degradation proceeds. This can be accounted for changes

observed in the apparent whole activation energy for breaking down during the

process of a reaction.

Generally, aromatic polymers tend to exhibit higher thermal resistance, which is usually

gained from the introduction of aromatic chains instead of aliphatic chains in their

molecular backbone (Figure 1.4). This change restrained the mobility of the molecular

chain and on the meanwhile, 2 chemical links are required to be broken for a complete

Break
AROMATIC CHAIN
Break
ALIPHATIC CHAIN R R / R R

Figure 1.4. lllustration of bond breaking.

chain break, as a result, more energy is demanded, and the aromatic chain can endure a
14
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higher temperature compared with the aliphatic chain.*-63-6¢

1.4 Low-k material

Low-k material is the material having small relative dielectric constant, which is usually
used as an index for dielectric performance of materials.®” The application of low-k
material is one of important strategies for the continued scaling of microelectronic
devices, colloquially referred to the extension of Moore's law. In electronic digital
circuit boards, conducting parts is separated from another by insulating dielectric
materials, to avoid the short circuit which possibly cause severe damage to the digital
circuit. 8"t The development of microstructure chip request a densely stacked electric
component, where an adverse influence to the performance of devices may advent due
to the crosstalk or charge build up as the dielectrics thinning to a degree. Instead of
conventional silicon dioxide, a low-k polymer material with the same size requests a
lower parasitic capacitance, which brings faster speed in switching and lower heat
dissipation.’

Tremendous efforts have been made in the development of polymer low-k dielectrics
from 1990s. In spite of the wide use of inorganic silicon dielectrics, organic low-k

materials show significant advantages, such as low-cost, higher solution processability,

15
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easy to process and fabrication, and possible modification on the polymer chemical
structure to attain the requested material properties. Previously, several polymeric
materials, such as SILK (k = 265 Dow Chemical), polyimide (PI),
polybenzobisoxazole and polysilsesquioxane have been developed as low-k dielectric
materials. However, the k value needs to be further reduced for the wide range
applications, many works have been done on the reduction of the k values. The most
common approach to reduce the k value is to introduce the nanosized air voids (with a k
value of approximately 1.0) into the low-k polymer materials.”>"* The k value of such
porous polymer materials can be less than 1.5. (25—31) However, the introduction of
nanosized air voids is too complicated to perform, it is difficult to control, and
expensive. Furthermore, these operation results adverse impact on the polymer materials,
the size, structure and nanopores distribution would greatly affect the texture
homogeneity and thermal stability of low-k polymer materials.” Besides, in this method,
too much nanosized pores in the bulk will also case a damage in polymer mechanical
properties and promote the moisture absorption, which often result in deterioration to
low dielectric properties during further processing and applications.”® Therefore, the
development of flexible high-performance intrinsic low-k or ultralow-k polymer
materials remains a great challenge in the microelectronics industry.

16
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1.5 Objectives

Polybenzazoles are series of polymer material with high thermal stability, they are
known as thermoresistant materials, such as fire-fight clothes. Most of the
polybenzazoles are made from petroleum-based resources up to now. However, the
fossil fuel is depleting with an increasing speed and will run out in tens of years, it is
significant to explore the approaches to synthesize polybenzazoles for natural resources.
In this research, natural bio-based resources are adopted to synthesize polybenzazoles
with ultrahigh thermal resistance and excellent dielectric performance.

In chapter 1, copolymer polybenzimidazole-co-polybenzoxazole was synthesized via
the copolymerization of 3,4-diaminobenzoic acid and 4-aimino-3-hydroxyl benzoic acid,
which was obtained from bio-resources for the first time. The copolymers were
synthesized with various composition and the thermal stabilities was characterized.
Compared with the same copolymer synthesized from 3-amino-4-hydroxyl benzoic acid,
the new synthesized one exhibited higher thermal stability.

In chapter 2, copolymer polybenzothiazoles was synthesized from bio-derived resources,
which is the first time to successfully synthesize polybenzothiazoles from bio-derived
monomer. the precursor monomer of the polymerization—4-amino-3-mercaptobenzoic

acid was synthesized from bio derived 4-aminobenzoic acid through series of chemical

17
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reactions. After copolymerized with 3,4-diaminobenzoic acid, copolymer
polybenzothiazole-co-polybenzimidazole was obtained and showed excellent dielectric
performance with a dielectric constant around 3 and a volume resistivity high that 10

Q/cm.

In chapter 4, terpolymer PBI-co-PBO-co-PA was designed and synthesized from bio
derived monomers with ultrahigh thermal resistance and low dielectric constant. In the
experiment, regular synthesis—simple polymerization of monomers failed to give a
polymer that can be used to fabricate films, this problem was solved by stepwise
polymerization of monomer: a prepolymerization of 3,4-diaminobenzoic acid and
followed by the addition of 3-amino-4-hydroxyl benzoic acid and 4-aminobenzoic acid.
The resulting polymers succeeded in film fabrication, ultrahigh thermal resistance and
low dielectric constant were shown by the obtained films. The mechanism of the high
thermal resistance was attributed to the appropriate incorporation of PA which enhanced

the interchain interaction energy of hydrogen bonds according to the DFT calculation.

18
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CHAPTER II
Syntheses and characterization of bio-based poly{benzoxazole-co-benzimidazole} with high thermal
resistance

Chapter 11
2.1 Introduction

Bio-based plastics with high performance is of great significance for environmental
sustainability.’®"® Fossil fuel-based polybenzimidazole is well known as commercially
available material Celazole®, having ultrahigh thermal stability and mechanical
performance.® 2,5-polybezimidazole (PBI), a polybenzazole has the similar structure
with Celazole® is synthesized from precursor monomer 3,4-diaminobenzoic acid
(DABA) which can be obtained by the modification of 3-amino-4-hydroxylbenzoic acid
(3,4-AHBA) derived from Streptomyces griseus.’® Bio-based PBI shows outstanding
thermal resistance with a 10% weight loss temperature higher than 700 °C, however,
PBI fails to present an outstanding dielectric performance due to the conductive

imidazole rings which have high polarizability.2

HZN@ polymerization /N
N
HoN COOH H n

3,4-diaminobenzoic acid (DABA) polybenzimidazole
(PBI)
HO copolymerization @
HoN : COOH
3-amino-4-hydroxyl poly(benzoxazole-co- ben2|m|dazole
benzoic acid (3,4-AHBA) 2,5-PBO-co-PBI

Figure 2.1. Synthetic routine of PBI and its copolymer PBO-co-PBI.
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To solve this problem, 2,5-polybenzoxazole (2,5-PBO) is introduced into PBI backbone
to form copolymer 2,5-PBO-co-PBI through the copolymerization of DABA and 3,4-
AHBA (Figure 2.1).”° The utilization of non-polar ring-type linkages to connect the
aromatic rings is the strategy to design the molecular with low dielectric constant (low-
k). PBO have a structure containing aromatic heterocycles, which have no polar
functional groups or active protons on the structure, it is hence intended as perfect low-k

material. 2,5-PBO-co-PBI has relatively lower structural polarizability than PBI and

p-Aminobenzoic Ui,
acid-producing bacteria

.
6 Gene transfer, culture

\ Colony inoculation Glucose feed

f—’ b O

Preculture
Main culture

Figure 2.2. The production of 4,3-AHBA (performed in KAO company).
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therefore present a dielectric constant of approximately 2 to 3, this is an excellent
dielectric performance prior to most of material available in the market. However, due
to the incorporation of 2,5-PBO, the copolymer showed a weakened thermal stability
compared with PBI, making the copolymer inferior in thermoresistance,’®8-83
Therefore, it is important to find approaches to optimize the thermal stability of 2,5-
PBO to make a highly thermostable copolymer.

A monomer 4-amino-3-hydroxyl benzoic acid (4,3-AHBA) provide by KAO company
offers an approach to solve the problem (Figure 2.2). 4,3-AHBA is the precursor
monomer of 2,6-polybenzoxazole (2,6-PBO), which has an analogous structure with
2,5-PBO, can be used to copolymerize with DABA and synthesize copolymer 2,6-PBO-
co-PBI, in spite of the similar structure, the difference in heterocycles is worthy to
explore.

2.2 Experimental section

2.2.1 Materials

AHBA (purity: > 97%) in both types were purchased from TCI, 4,3-AHBA is partially
provided by KAO company. DABA (purity: 98%), 4-aminobenzoic acid (PABA)
(purity: > 99%), sodium hydroxide (NaOH) (purity: > 98%) were purchased from TCI

(Tokyo Chemical Industry). Poly (phosphoric acid) (PPA) (purity: 85%) was obtained
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from Sigma-Aldrich. Methane sulfonic acid (MSA) (purity: > 98%) and trifluoroacetic

acid (TFA) (purity: > 98%) were supplied by Wako pure chemical Industries, Ltd. pH

test paper, supplied by Macherey-Nagel GmbH & Co. KG, Diren, Germany). Copper

wire were purchased from SENKO Co., Ltd. All the solvents and reagents in this

research were used as received without any further processing or purification.

2.2.2 Syntheses

2.2.2.1 Monomers

AHBA (6.0g, 39.2 mmol) was dispersed in 30 mL methanol and kept stirring.

Hydrochloric acid (12 N) was added drop wise to the suspension until DABA was

completely dissolved, after the color changed from pink to dark red, kept stirring at

room temperature for 4 h. The yellow salt of AHBA dihydrochloride (AHBA-HCI) was

obtained via solvent evaporation (yield: (5.4g, 94%). AHBA hydrochloride (AHBA-HCI)

salt were obtained following the same method as of AHBA.

2.2.2.2 Homopolymers

2,6-PBO, 2,5-PBO homopolymer and 2,6-PBO-co-2,5-PBO copolymer were

synthesized through the polycondensation in polyphosphoric acid (PPA) as shown in

Scheme 2.1, Scheme 2.2 and Scheme 2.3. The preparation of 2,6-PBO was described

blow as a representative synthetic procedure. 25 g of PPA was taken to a three-necked
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round-bottomed flask with a magnetic stirrer and heated at 100 °C for 1 h in a nitrogen

gas atmosphere to remove any traces of moisture. Subsequently, AHBA-HCI (1134.0

mg, 6.00 mmol) was added to the flask, and the contents were stirred continuously for 1

h until all the moisture was eliminated, and the monomeric solids were completely

dissolved in the reaction system. The mixture was then successively heated at 160 °C,

180 °C, and 200 °C for 4 h each, and ultimately at 220 °C for 12 h, during which the

color of the solution changed from red to dark brown. The resultant solution was

dispersed in water and stirred for 12 h to remove PPA; subsequently, a brown solid was

obtained on filtration. After drying under vacuum, the solid was ground into a powder

and suspended in deionized water. Then, 1M NaOH was slowly added, and the solution

was stirred until the pH of the solution reached 7.0, and it was maintained for 1 h. The

solid was collected by filtration and dried under vacuum to obtain a brown powder

(601.8 mg, 5.4 mmol) as the final product with a yield of 85%.

2.2.2.3 Copolymers

The copolymers were synthesized via the copolymerization of 4,3-AHBA and DABA,

Molar compositions (mol%) of PBO-PBI are 10-90, 20-80, 30-70, 40-60, 50-50 and 60-

40, respectively. The synthetic methods are the same as the preparation of PBO
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homopolymers. The synthesis of the PBO-co-PBI in the composition (mol%) of 20-80

is described below as a representative synthetic procedure (Scheme 2.4). Herein, 25 g of

PPA was taken to a three-necked round-bottomed flask with a magnetic stirrer and

heated at 100 °C for 1 h in a nitrogen gas atmosphere to remove any traces of moisture.

Subsequently, AHBA-HCI (226.8 mg, 1.20 mmol), DABA -HCI (1080.0 mg, 4.80 mmol)

were added to the flask, and the contents were stirred continuously for 1 h until all the

moisture was eliminated, and the monomeric solids were completely dissolved in the

reaction system. The mixture was then successively heated at 160 °C, 180 °C, and

200 °C for 4 h each, and ultimately at 220 °C for 12 h, during which the color of the

solution changed from red to dark brown. The resultant solution was dispersed in water

and stirred for 12 h to remove PPA; subsequently, a brown solid was obtained on

filtration. After drying under vacuum, the solid was ground into a powder and

suspended in deionized water. Then, 1M NaOH was slowly added, and the solution was

stirred until the pH of the solution reached 7.0, and it was maintained for 1 h. The solid

was collected by filtration and dried under vacuum to obtain a brown powder (621.0 mg,

5.4 mmol) as the final product with a yield of 89%. An analogous synthetic process was

performed for 2,5-PBO-co-PBI copolymers (Scheme 2.5) and each of the 2,6-PBO-co-

PBI with other molar ratios.
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2.2.3 Film fabrication

100 mg PBO-co-PBI (mol%: 20-80) was dispersed in 3 mL TFA and 2 drops of MSA
mixture solution. After stirring at 60 degree for 24 hours, the copolymer completely
dissolved in the acid and form a dark brown solution. The solution was taken by dropper
and distributed in silicon plate homogenously and dry at room temperature for 12 h to
evaporate the TFA.

Subsequently, the dried film was put in water for 12 h to remove the resident MSA.
Finally, the film was taken out from water and sandwiched by silicon plate and dried
under vacuum for 12 h to obtain a brown film

2.2.4 Measurements

Fourier transform infrared (FT-IR) spectra of terpolymers were recorded in a Perkin-
Elmer Spectrum with a diamond-attenuated total reflection (ATR) accessory. The
wavenumber range was set as 4000 to 400 cm™®. Solid-state 3C NMR CP/TOSS (Total
Suppression of Spinning Sidebands) spectra of the terpolymer were recorded with a
Bruker Advance III spectrometer operating at 500 MHz. Terpolymer samples were filled
into 7 mm diameter zirconia rotor with a Kel-F cap and then spun at 8 kHz. The contact
time and the period between successive accumulations were set as 2 s and 5s
respectively. The total number of the scans was set as 25000.
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Thermo-gravimetric analysis (TGA) curves of the terpolymers were recorded using a
HITACHI STA7200. In a platinum crucible, the samples (5mg) were placed and heated
under a nitrogen atmosphere to 800 °C with a heating rate of 10 °C/min. The 5% mass
loss temperature (Tgs) and 10% mass loss temperature (Tq10) of the samples were taken
as indices of the thermal decomposition temperatures.

The stress-stain curves of the terpolymers were recorded via tensile mode mechanical
tests using an Instron-3365 mechanical tester instrument at room temperature. Samples
were shaped into a rectangular film with a length of 40 mm, width of 7 mm and a

thickness of 15 pm. The elongation speed was set as 0.4 mm/min.

2.3 Result and discussions

2.3.1 PBOs comparisons:

Homopolymer 2,5-PBO and 2,6-PBO were synthesized from 3,4-AHBA and 4,3-AHBA
respectively, copolymer of them was also synthesized as a reference for the comparison.

The synthetic routines are listed as follows.

PPA Ny PPA N,
H2N 180 C 12h 220 C 12h
n
HO COOH

Scheme 2.1. Synthetic pathway of homopolymer 2,6-PBO.
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PPA N, PPA N,

HO 180 C 12h 220 C 12h
D O Ul
HoN COOH

Scheme 2.2. Synthetic rout of homopolymer 2,5-PBO.

PPA N,
HZND\ ]@\ . Hon)L
n + N
H
HO COOH COOH H (0]

an

PPA N, N
220 C 12h %0 </
N 0
N m
L

Scheme 2.3. Synthetic rout of 2,6-PBO-co-2,5-PBO

Table 2.1. Thermal decomposition temperatures of PBOs.

Tas (°C) Td10 (°C)
2,5-PBO 651 675
2,6-PBO 651 671
Copolymer PBO 651 671

The resulting polymers were characterized the thermal stability in TGA, as is shown in

Table 2.1 and Figure 2.3. All the polymers show a Tgs of 651 °C and the Tq10 around

670 °C, indicating the PBO of 2 types have the similar thermal stability.
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105
100 “
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85 1 Co-PBO
80 -
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70 4

Sample mass (%)

60

0 200 400 600 800
Temperature (°C)

Figure 2.3. TGA curves of PBOs.

2,5-PBO 2,6-PBO Copolymer PBO
unde? visible ’ g .
light ,
under UV =
light -

K -

Figure 2.4. The film images of PBOs.

2,5-PBO, 2,6-PBO and their copolymer were checked the solubility in various solvents.

3 kinds of polymer exhibit completely the same solubility according to the result (Table
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Table 2.2. The result of solubility measurement of PBOs.

Formic TFA Formic
DMSO DMAc¢ DCM  H,S0, acid TFA MSA MSA acid
TFA
2,6-PBO - - - + + + + + 4
2,5-PBO - - - + + + + + +
Copolymer PBO - - - + + + + + +
+ soluble + Partially soluble - insoluble

2.2). They are completely insoluble in regular organic solvent, but soluble in strong acid,

interestingly, they are partially soluble in formic acid, making it possible to fabricate

film  without strong acid.

Film fabrications were conducted with formic acid or TFA as solvent. 2,6-PBO is

successfully fabricated into film but too brittle to scratch form the plate, 2,5-PBO and

copolymers failed to fabricate a complete film, which split into fragments after the

solvent is dried. All type of PBOs are hard to be casted into a pliable film, indicating

they are almost impossible to characterize film properties or be utilized in any

applications. Therefore, it is important to explore the approach to make a polymer able

to be fabricated into film.
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2.3.2 Copolymer PBO-co-PBI
In order to fabricate a ductile film, 4,3-AHBA and 3,4-AHBA was copolymerized with
DABA, to synthesize copolymer 2,6-PBO-co-PBI and 2,5-PBO-co-PBI, respectively.

The synthetic routines are shown as below:

O] [HoN
PPA N, Ho
H2N:©\ :@\ 180°C 12h
n + N
H
HO COOH COOH N I Olm
Of |H2N PPA N,
HO 220012h
N
N Olm
H n

Scheme 2.4. The synthetic routine of copolymer 2,6-PBO-co-PBI.

O| |H2N
PPA N,
HO H2N 180 C 12h
n ' m
HoN COOH HoN COOH im
H O |HaN PPA N,
N 220 C 12h
N
HO Olm m
n

Scheme 2.5. The synthetic routine of copolymer 2,5-PBO-co-PBI.

I

The copolymer 2,6-PBO-co-PBI in serval compositions were fabricated into films, the

images of film are shown in Figure 2.5, judging from the film state, the film durability

decreases with the increasing amount of 4,3-AHBA incorporated into the copolymers,

when PBO amount is lower than 20% in the mol composition, ductile film can be
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obtained. A complete film cannot be fabricated if the 4,3-AHBA composition is higher

than 50%.

The synthesized copolymers (2,6-PBO-co-PBI and 2,5-PBO-co-PBI) were further

compared in thermal stabilities. their 5% and 10% thermal decomposition temperature

were taken as the index of the stability (Table 2.1). Interestingly, the copolymer 2,6-

PBO-co-PBI showed a relatively higher thermal stability than copolymer 2,5-PBO-co-

PBI, this is completely different from the situation of PBO homopolymers (Figure 2.2).

According to the data obtained, in the same molar compositions, 2,6-PBO-co-PBI

showed a significant higher Tqg10 and Tgs values.

Figure 2.5. The film images of copolymer 2,6-PBO-co-PBI in various
composition (mol %): a. 10/90; b. 20/80; ¢.40/60; d. 50/50.
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Table 2.3. Tgs and Taiovalues of 2 copolymers.

2, 6-PBO-co-PBI 2, 5-PBO-co-PBI
PBO ratios T35 (°C) T410(°C) T35(°C) T410(°C)
10 638 653
20 613 696 601 664
30 640 742
40 620 668 593 640
50 612 666 574 614
60 599 649 578 613
® Ty100f 2,6-PBO-co-PBI @ Ty100f 2,5-PBO-co-PBI
m Ty of 2, 6-PBO-co-PBI 8 Tysof 2,5-PBO-co-PBI
a’///
740 -
720 -
700 - .
O 680
g ¢ .
5 660 - ®
@
g 640 | ¢
£ - &
'2 -
620 - n
i ] ] 2]
600 -
] H
580 -
. B .
I Fivd 1 ' 1 ' 1
20 40 50 60

PBO composition (%)
Figure 2.6. Comparison of thermal decomposition temperatures of 2,6-
PBO-co-PBI and 2,5-PBO-co-PBI.
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2.4 Conclusion

Homopolymer 2,5-PBO and 2,6-PBO and their copolymer with PBI were synthesized

from bio-derived monomers 3,4-AHBA and 4,3-AHABA. There is no significant

difference in thermal stability between the homopolymers, both types of PBO showed a

Tas of 651 °C and Tq10 of approximately 671 °C. However, after copolymerized with

PBI, an obvious difference in thermal decomposition temperatures occurred between the

2 types of copolymers. 2,6-PBO-co-PBI exhibit higher thermal stability than another

copolymer. The films were successfully fabricated by the copolymer 2,6-PBO-co-PBI,

and the higher molar composition of PBI tends to present more durable film.
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Chapter 111

3.1 Introduction

Bio-polybenzazoles are series of polymers with high thermomechanical
performance.®+& Polybenzazoles possess a highly conjugated backbone constructed by
benzene rings and hetero rings, endow the polymers strong molecular stability.
Conventional polybenzimidazoles and are well known as highly commercial
thermoplastic material celazole and Zylon, respectively, in the market.>>*® In our
laboratory, 2,5-polybenzimidazole (PBI) and 2,5-polybenzoxazole (PBO) are
synthesized using monomers derived from bio resources, they have analogous structures
with celazole and Zylon but exhibit prior thermal resistance than conventional celazole
PBIs and Zylon PBOs. However, both polymers show drawbacks due to the structures.
PBI present a 10% weight loss temperature higher than 700 degrees, but its dielectric
constant is characterized higher than 3.2,”° which is too high to be utilized as thermal
insulating material, this is because the imidazole rings have secondary amine in its
structure, the proton on the secondary amine make the structure conductive.™® In
contrast, PBO shows low dielectric constant because of the low structural polarizability
because of the existence of oxazole rings in the backbone, but PBO tend to present a
relatively lower thermal stability in comparison with PBI, the 10% weight loss
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temperature about 600 °C, which makes it inferior in thermoresistant materials.®
Therefore, it is significant to explore a new polymer with novel structure integrating
both thermal stability an d dielectric performance.

As a member of polybenzazoles, polybenzothiazole (PBT) is not well investigated so far
due to the low applicability that PBT polymer is hard to be used to fabricate a film 838
PBT has the analogous molecular structure with PBO, but significant difference occurs
between them due to the thiazoles. Thiazoles are member of the azoles, heterocycles
that include imidazoles and oxazoles.®”# Thiazole is a functional group, oxazoles are
related compounds, with sulfur replaced by oxygen. Thiazoles are also structurally
similar to imidazoles, with the thiazole sulfur replaced by nitrogen. Thiazole rings are
planar and aromatic, they are characterized by larger pi-electron delocalization than the
corresponding oxazoles and have therefore greater aromaticity. This aromaticity cab be
evidenced by the chemical shift of the ring protons in proton NMR spectroscopy,
showing a stronger diamagnetic ring current. Considering the higher aromaticity brings
stronger structural resonance,®® which results higher stability, PBT polymer can be
expected greater thermal stability than PBO. Besides, compared with PBI, the structure
of PBT has lower polarizability due to the absence of proton in thiazole rings, PBT can
theoretically be expected to show lower dielectric constant.?® Therefore, PBT is
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synthesized as a polymer integrated both low dielectric constant and high thermal
resistance.

In this research, PBT is synthesized from bio monomers and its copolymers with PBI is
synthesized. The resulting copolymers present a high thermal stability as well as high

elongation after light modifications.

3.2 Experimental section

3.2.1 Materials

The following reagents was used: 3, 4-AHBA, was purchased (TCI Tokyo, Japan).
Methanol, acetone, hexane, trifluoroacetic acid (TFA), N, N-dimethylacetamide
(DMAC), potassium dichromate (K2COgz), potassium hydroxide (KOH), hydrochloric
acid (HCI), methanesulfonic acid (MesSO3zH), phosphorus(V)oxide (P2Os), sulfuric acid
(H2S04), dimethylsulfoxide (DMSO) and dimethylsulfoxide/d6 (NMR solvent) were
purchased from Kanto chemicals Co. Inc. Palladium-charcole(5%) from Sigma-Aldrich
Polyhosphoric acid (PPA), 2-bromoisobutylamide, and 3, 4-diaminobenzoic acid (3,4-
DABA) were purchased from TCI (Tokyo, Japan). All the chemicals were used for their

particular purpose as received.
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3.2.2 Synthesis of monomers

HoN HOOC S HOOC SH
NaSCN /> NH;CI Conc.HCI
Br, HCI N KOH
COOH NH,

PABA 3,4-BTCA 4,3-AMBA

Scheme 3.1. synthesis of monomer 4-amino-3-mercaptobenzoic acid (AMBA) from
bio-based para aminobenzoic acid.

AMBA was synthesized though the synthetic pathway shown in Scheme 3.1. 4-
aminobenzoic acid (274 mg, 2 mol) and NaSCN (178.4 mg, 2.2 mmol) were added
to a 100-mL round bottled flask and degassed to remove the moisture, after degassed,
inside the bottle was kept nitrogen gas atmosphere, then, methanal (10mL) was added to
the flask using a syringe to dissolve ABA and NaSCN, the reaction system was cooled
to =5 °C and added bromine (35mg, 2.2 mmol) was added dropwise. The reaction
mixture was kept stirring for 2 h and then filtered to obtain a white precipitate. The
precipitate was then washed by water to form a white solid. Subsequently, the solid was
heated and refluxed in HCI solution (15mL, 1M) for 1 h, filtered while hot to give a
clear solution, to the solution was added concentrated hydrochloric acid (5 mL).
ultimately, the resulting solution was placed in a refrigerator to form a white precipitate,
after filtration, white solid was obtained.

KOH (41 g, 0.73 mol) was dissolved in water (60 mL), and then added to the product of

the previous step (31 g, 0.14 mol), heated to reflux at temperature of 130-135 °C; after
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cooling, concentrated hydrochloric acid (approximately 45 mL) was added into the
mixture, and placed in the refrigerator for 30 min, filtered, then washed with water to
give the crude product, which was recrystallized from methanol to give pure yellowish
target product.

3.2.3 Polymer syntheses

HS H o 1S
H,N
2 PPA N
+ — N
140-180°C 16h N
H,N COOH HyN COOH

H,N Ol
n
DABA 4,3-AMBA
H o| [HS N
N PPA N 74
H

N 180-220°C 8h 7 S

HoN S m N m
n H

PBI-co-PBT

Scheme 3.2. Synthetic routine of copolymer PBT-co-PBI.

The PBT-co-PBI molar compositions are 90%-10%, 80%-20%, 70%-30%, 60%-40%

and 50%-50% respectively. The synthesis of copolymer with a molar ratio of 80%-20%

was described as a representative synthetic procedure (Scheme 3.2). Herein, 30 g of

PPA was added to a 3-necked round-bottomed flask with a magnetic stirrer and heated

at 100 °C for 1 h in a nitrogen gas atmosphere to remove any traces of moisture. Then,

DABA (1080 mg, 4.8 mmol) and AMBA (203 mg, 1.2mmol) were added to the flask

and keep stirring for 1 h to remove the eliminate the moisture. After the monomeric

solids were completely dissolved in the reaction system, the mixture was then
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successively heated at 180 °C, and 200 °C for 6 h each, and ultimately at 220 °C for 12
h, during which the color of solution turned from red to dark brown, the viscosity
increased significantly. The mixture was dispersed in water and continuously stirred for
12 h to remove the PPA. Subsequently, the mixture was filtered to obtain a brown solid,
the resultant solid was ground into powder and dispersed into deionized water. Then,
1M NaOH was added to the solution dropwise while stirring until the pH reach 7.0.
Finally, after filtration and dried under vacuum, a solid (808 mg) with a dark yellow
color was obtained with a yield of 83%. The copolymers of other molar ratios were

synthesized using an identical method.
3.2.4 Film fabrication

The cast of PBI-co-PBT (100.0 mg, 0.3 mmol) was made over TFA solution (2 mL)
containing 1 drop of MSA on a silicon substrate. After drying at 25 °C, the film was
scratched off the substrate and then immersed in deionized water for 24 h to remove the
residual acid. The self-standing film was successfully fabricated, and the film was
further dried at 80 °C for 12 h.

3.2.5 Measurements

Fourier transform infrared (FT-IR) spectra of terpolymers were recorded in a Perkin-
Elmer Spectrum with a diamond-attenuated total reflection (ATR) accessory. The

wavenumber range was set as 4000 to 400 cm™. Solid-state 3C NMR CP/TOSS (Total
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Suppression of Spinning Sidebands) spectra of the terpolymer were recorded with a

Bruker Advance III spectrometer operating at 500 MHz. Terpolymer samples were filled

into 7 mm diameter zirconia rotor with a Kel-F cap and then spun at 8 kHz. The contact

time and the period between successive accumulations were set as 2 s and 5s

respectively. The total number of the scans was set as 25000.

The viscosity of terpolymer was measured through a viscometer SIBATA 026300-3.

Conc. sulfuric acid (H2SO4) was used as a solvent. Thermo-gravimetric analysis (TGA)

curves of the terpolymers were recorded using a HITACHI STA7200. In a platinum

crucible, the samples (5mg) were placed and heated under a nitrogen atmosphere to

1000 °C with a heating rate of 10 °C/min. The 5% mass loss temperature (Tqs) and 10%

mass loss temperature (Tqi0) of the samples were taken as indices of the thermal

decomposition temperatures.

The stress-stain curves of the terpolymers were recorded via tensile mode mechanical

tests using an Instron-3365 mechanical tester instrument at room temperature. Samples

were shaped into a rectangular film with a length of 40 mm, width of 7 mm and a

thickness of 15 um. The elongation speed was set as 0.4 mm/min.

The electrical resistivity of the terpolymer films was measured using a digital

megohmmeter (DSM-8104 HIOKI) at 25 °C. External electromagnetic noise was
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shielded by a Faraday cage during the measurement. Through conductive

rubber electrodes with a guard electrode, two terminal methods were adopted to apply

1kV DC electric voltage to the film which had dimensions of 40 x40 mm. The

formulapy = (S/t) xRm was used to calculate the volume resistivity pyv (Q cm),

where S is the area of the electrode, t represents the thickness of the film.

The crystallinity was investigated using an X-ray diffractometer (SmartLab; Rigaku

Corp., Akishima, Japan). Wide-angle X-ray diffraction (WAXD) patterns was checked

from the facade of the film with a graphite-moznochromatized Cu Ka radiation beam

generated at 100 mA and 40 kV.

The measurement of dielectric constant of the terpolymer films were carried out in an

LCR meter (HIOKI 1IM3536) at 20 °C with a frequency of 1 MHz. The measurement

was carried out by two terminals method with an applied electric potential of 1.0 V. The

film was sandwiched between two electrodes with a constant pressure of 86 kPa and the

sample holder was set in a Faraday cage. The relative dielectric constant (k) was

calculated via the formula of kr = Cd/koA, where C is the capacitance, d is thickness of

film, A is the cross-sectional area of film and ko is the dielectric constant in vacuum

(=8.854x10"12 F/m).
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3.3 Result and Discussions

3.3.1 Structure confirmation

Monomer AMBA is successfully synthesized and the structure is confirmed by ‘H
proton NMR and *C NMR. All the peaks are perfectly attributed in both spectroscopy.
The structure of PBT-co-PBI is confirmed by **C solid-state NMR (CPTOSS). The
measurement of copolymer in composition (mol%) is taken a representative of the
copolymer in all mol compositions. All the signals appear with in the chemical shift of
40 to 200 ppm as is shown in Figure 3.2. The signal in 95 ppm is attributed to the
benzene ring carbons of the PBI and PBT, so are the broad signal in about 116 ppm. The

signal in approximately 148 ppm is attributed to the benzene carbons bonded with

7,4,6,3

| ' | v | ' | ' I ' 1 ' | ' | ' 1 '
220 200 180 160 140 120 100 80 60 40
Chemical shift (ppm)

Figure 3.2. 13C solid-state NMR spectroscopy (CPTOSS) of PBT-co-PBI.
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hetero rings and the carbon shared by hetero and benzene rings. The signal appears in

about 167 ppm is attributed to the carbons in thiazole and imidazole hetero rings

connected the nitro atoms. Finally, the one in about 188 ppm is attributed to the hetero

atoms bonded with benzene rings.

3.3.2 Thermal properties

The thermal resistance is characterized by thermal gravimetric analysis (TGA). 5% and

10% weight loss temperature (Tqs and Tq10) are taken as indexes for the measurements.

As is shown in Figure 3.3, Tgs and Tq10 Show regular changes with the changes of
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Figure 3.3. Tas and Tq10 of copolymer PBT-co-PBI.

52



polymer compositions. Tgs varies within the range of 653 °C to 686 °C. the highest is

shown by PBT-co-PBI of 90-10 mol% composition while the lowest temperature

presented by 50-50 mol% compositions. Tgs increases with the increasing amount of

PBI. Ta10 presents the same trend with Tas. Ta10 Changes within the temperature range of

733 to 769 °C, the highest is shown by the copolymer with the composition of 90-10

mol% and the lowest one shown in the composition of 50-50 mol%. Like Tgs, Tdio

shows a trend that increases with the increasing amount of PBI. This is presumably due

to the hydrogen bond of PBI brings positive influence on the thermal stability of

copolymers. The thermoresistance is heavily influence by 2 factors, one is the hydrogen

bonding brought by PBI, and another is the strong aromaticity of PBT thiazoles, the

thermal stability linearly decreases with the deceasing amount of PBI, indicating that

the hydrogen bonding is probably the dominating factor to the thermal stability.

3.3.3 Dielectric properties

The dielectric constant (k) of the synthesized PBI-co-PBT films was characterized, the

result is shown in Figure 3.4a. After drying at 100 deg for 12 h, the k of PBI-co-PBT

varies from 3.2 to 2.8, decreases as increasing the molar composition of PBT. PBI-co-

PBT in 50-50 mol% composition presents the lowest k value, indicating the copolymer

film in this composition has the highest dielectric performance, this is presumably due
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Figure 3.4. Dielectric constant (a) and volume resistivity (b)of PBT-co-
PBI film in various compositions.

to the low polarizability of thiazoles of polybenzothiazoles, which is not as conductive
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as imidazoles owing to the absence of proton in the thiazole rings. The k value increased
to an extent when the film is not dying, this is due to the water effect of water absorbed
in the films,

which probably increases the conductivity of film. Films in the entire molar
compositions present a dielectric constant around 3, which is much lower than most of
the commercially available polymer materials such as polyvinyl chloride (k = 4),
indicating the copolymers can be utilized as great low-k material. High resistivity is
shown in films of all compositions after drying, the values reach 10** Q-cm (Figure
3.4b), however, when water is absorbed, the resistivity decrease to approximately 103
Q-cm, indicating water brings the negative effect on film volume resistivity.

3.3.4 Mechanical properties.

PBT-co-PBT series of copolymers present low mechanical performance due to the high

rigidity of polymer backbone. For example, PBT-co-PBI (20/80) shows a mechanical

i ~— _—
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Doping MSA doped
> PBI-co-PBT film

Methanesulfonic

Figure 3.5. The illustration of film doping in MSA.
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strength of 32 MPa and an elongation at break of 10%, suggesting the film is extremely
brittle to utilized as a film in most application. In order to solve this problem, the film is
doped by MSA to optimize the mechanical performance (Figure 3.5). As is shown in

Figure 3.6a, after doping, mechanical strength decreased to 21 MPa while the fil m

a
Before doping
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@ 20 -
& 20
=
w
w
o .
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b

Straining

Figure 3.6. a. stress-strain curves of PBT-co-PBI film before
and after doping by MSA; b. the images of straining film.

56



presents an elongation at break of 151%, approximately 15 times the value of pristine
film. The film sample under stress-strain measurement is shown in Figure 3.6b, the film
is extremely pliable under strain, indicating the mechanical optimization is successful. f
3.4 Conclusion

AMBA is synthesized from bio-derived monomer PABA, and the structure is confirmed
by NMA. PBT-co-PBI series of copolymers are successfully synthesized via the
copolymerization of AMBA and DABA, the obtained film showed an ultrahigh thermal
stability, thermal decomposition temperatures decrease when increase the ratios of PBT,
the highest 10% weight loss temperature reaches 760 degrees, higher than most organic
materials, even comparable with some inorganic materials. Copolymer films in all
compositions present high dielectric performance with dielectric constant around 3 and
volume resistivity higher than 10 Q-cm in dry state. The elongation of films can be
optimized via doping experiment. The elongation at break of film in 20/80 mol%
composition reaches 150%, indicating the copolymer can be used as high performance

thermostable insulating films.
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Chapter IV

4.1 Introduction

Bio-based polymer materials developed from natural resources are sustainable and
reliable, and therefore an ideal alternative to petroleum-based polymer materials.'~
Bio-based materials, such as poly(lactic acid) (PLA) and polyhydroxybutyrates (PHB),
have been developed and used for various applications.>®” However, as most bio-based
polymer materials have low thermal resistances and poor electric functions, they cannot
be applied as engineering plastics that need to function in extreme conditions, such as in
aerospace and electric vehicles, and high-power engines.3

Bio-based polybenzimidazole (PBI), which exhibits excellent thermal resistance, has
been previously synthesized from 3,4-diaminobenzoic acid (DABA) via the Smiles
rearrangement of the hydroxyl group of fermented 3-amino-4-hydroxybenzoic acid
(AHBA).*12 In addition, poly(benzimidazole-co-amide) (PBI-co-PA) was synthesized
by introducing amide groups to increase the processability of the polymer. Interestingly,
it was found that the thermal decomposition temperature of PBI-co-PA increased with
the incorporation of a small amount of PA (up to 15 mol%), in spite of the low
degradation temperature of the PA units. Another PBI copolymer, poly(benzimidazole-

co-benzoxazole) (PBI-co-PBO) was synthesized through the copolymerization of
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DABA with AHBA. This copolymer exhibited excellent low dielectric constant (low-k)
performance; however, its thermal stability and processability were not optimized.'?
Therefore, the development of a PBI derivative as a processable polymer material with
outstanding thermal resistance and low-k performance remains a significant
challenge.%14-16

In this work, we design a series of PBI derivatives possessing improved thermal,
mechanical and dielectric properties, by incorporating aramid and benzoxazole
components into PBI. Among these derivatives, a terpolymer of appropriate
composition exhibits a significant low k, as well as an ultrahigh thermodegradation
temperature that is much higher than those of conventional polymers, including PBI and
PBO.
4.2 Experimental section
4.2.1 Materials
AHBA (purity: > 97%), DABA (purity: 98%), 4-aminobenzoic acid (PABA) (purity: >
99%), and sodium hydroxide (NaOH) (purity: > 98%) were purchased from TCI (Tokyo
Chemical Industry). Poly (phosphoric acid) (PPA) (purity: 85%) was obtained from
Sigma-Aldrich. Methane sulfonic acid (MSA) (purity: > 98%) and trifluoroacetic acid
(TFA) (purity: > 98%) were supplied by Wako pure chemical Industries, Ltd. pH test
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paper, supplied by Macherey-Nagel GmbH & Co. KG, Diren, Germany). Copper wire
were purchased from SENKO Co., Ltd. All the solvents and reagents in this research
were used as received without any further processing or purification.

4.2.2 Syntheses

4.2.2.1 Monomers

DABA used in this work was synthesized from AHBA, which was obtained from
nonedible cellulosic biomass. In the synthetic pathway, Smiles rearrangement was
adopted to change the hydroxyl group into amine group, the specific synthesis
information was reported in previous research.'* DABA (6.0g, 31.5 mmol) was
dispersed in 30 mL methanol and kept stirring. Hydrochloric acid (12 N) was added
drop wise to the suspension until DABA was completely dissolved, after the color
changed from pink to dark red, kept stirring at room temperature for 4 h. The pink salt
of DABA dihydrochloride (DABA-2HCI) was obtained via solvent rotary-evaporation
(yield: 5.4g, 94%). AHBA hydrochloride (AHBA-HCI) and PABA acid hydrochloride
(PABA-HCI) salts were obtained following the same method as of DABA.

4.2.2.2 Simple terpolymerization

To synthesize the terpolymer, a simple polymerization reaction was performed, in which
DABA-2HCI, AHBA-HCI, and PABA-HCI were simultaneously added to the reaction
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system. The terpolymers were synthesized in PBI-PBO-PA compositions (mol%) of

70-30-0, 70-27-3, 70-21-9, 70-15-15, 70-9-21, 70-3-27 and 70-0-30, respectively.

The synthesis of the terpolymer with a composition (mol%) of 70-21-9 is described

below as a representative synthetic procedure. Herein, 25 g of PPA was taken in a three-

necked round-bottomed flask with a magnetic stirrer and heated at 100 °C for 1 h in a

nitrogen gas atmosphere to remove any traces of moisture. Subsequently, DABA -HCI

(940.8 mg, 4.20 mmol), AHBA-HCI (239.4 mg, 1.26 mmol), and PABA-HCI (93.9 mg,

0.54 mmol) were added to the flask, and the contents were stirred continuously for 1 h

until all the moisture was eliminated, and the monomeric solids were completely

dissolved in the reaction system. The mixture was then successively heated at 160 °C,

180 °C, and 200 °C for 4 h each, and ultimately at 220 °C for 12 h, during which the

color of the solution changed from red to dark brown. The resultant solution was

dispersed in water and stirred for 12 h to remove PPA; subsequently, a brown solid was

obtained on filtration. After drying under vacuum, the solid was ground into a powder

and suspended in deionized water. Then, 1M NaOH was slowly added, and the solution

was stirred until the pH of the solution reached 7.0, and it was maintained for 1 h. The

solid was collected by filtration and dried under vacuum to obtain a brown powder
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(601.0 mg, 5.16 mmol) as the final product with a yield of 86%. An analogous synthetic
process was performed for each of the terpolymers with other molar ratios.

4.2.2.3 Stepwise terpolymerization

Terpolymers were also synthesized using another method. The terpolymers were
synthesized having the same BI-BO-A molar compositions with the simple
terpolymerization. The terpolymer in composition of 70-21-9 (mol%) is described
below as a representative synthetic procedure. Pre-polymerization of DABA was
performed to prepare the polybenzimidazole homopolymer at the first synthetic step of
the terpolymer, poly(benzimidazole-block-benzoxazole-random-aramid) (P(BIl-b-BO-
A)). Further, 25 g of PPA was taken in a three-necked round-bottomed flask with a
magnetic stirrer, and heated at 100 °C for 1h in a nitrogen gas atmosphere to remove
any traces of moisture. Then, DABA -HCI (940.8 mg, 4.2 mmol) was slowly added to
PPA, and the suspension was stirred for 1h. The temperature was then raised to 180 °C,
and stirring was continued for another 1h to increase the viscosity, which indicated the
polymerization of DABA to some extent.!® Subsequently, the reaction system was
cooled to 100 °C, and AHBA-HCI (239.4 mg, 1.26 mmol), and PABA-HCI (93.9 mg,
0.54 mmol) were added to the flask. The contents were stirred continuously for 1 h until
all the moisture was removed and the monomeric solids were completely dissolved in
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the reaction system. The mixture was then heated successively at 160 °C, 180 °C, and
200 °C for 4 h each and ultimately at 220 °C for 12 h, during which the color of the
solution changed from red to dark brown. The resulting liquid was poured into water
and stirred for 12 h to remove PPA; subsequently, a brown solid was obtained on
filtration. After drying under vacuum, the solid was ground into a powder and
suspended in deionized water. Subsequently, 1M NaOH (10%) was slowly added with
stirring until the pH of the solution reached 7.0; it was maintained for 1 h. The solid was
collected by filtration and dried under vacuum, and a brown powder (643.0 mg, 5.52
mmol) was obtained as the final product, with a yield of 92%. An analogous synthetic
process was performed for each of the terpolymers with other molar ratios.

4.2.3 Measurements

Fourier transform infrared (FT-IR) spectra of terpolymers were recorded in a Perkin-
Elmer Spectrum with a diamond-attenuated total reflection (ATR) accessory. The
wavenumber range was set as 4000 to 400 cm™. Solid-state 3C NMR CP/TOSS (Total
Suppression of Spinning Sidebands) spectra of the terpolymer were recorded with a
Bruker Advance III spectrometer operating at 500 MHz. Terpolymer samples were filled
into 7 mm diameter zirconia rotor with a Kel-F cap and then spun at 8 kHz. The contact
time and the period between successive accumulations were set as 2 s and 5s
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respectively. The total number of the scans was set as 25000.

The viscosity of terpolymer was measured through a viscometer SIBATA 026300-3.

Conc. sulfuric acid (H2SO4) was used as a solvent. Thermo-gravimetric analysis (TGA)

curves of the terpolymers were recorded using a HITACHI STA7200. In a platinum

crucible, the samples (5mg) were placed and heated under a nitrogen atmosphere to

1000 °C with a heating rate of 10 °C/min. The 5% mass loss temperature (Tgs) and 10%

mass loss temperature (Tqi0) of the samples were taken as indices of the thermal

decomposition temperatures.

The stress-stain curves of the terpolymers were recorded via tensile mode mechanical

tests using an Instron-3365 mechanical tester instrument at room temperature. Samples

were shaped into a rectangular film with a length of 40 mm, width of 7 mm and a

thickness of 15 um. The elongation speed was set as 0.4 mm/min.

The electrical resistivity of the terpolymer films was measured using a digital

megohmmeter (DSM-8104 HIOKI) at 25 °C. External electromagnetic noise was

shielded by a Faraday cage during the measurement. Through conductive

rubber electrodes with a guard electrode, two terminal methods were adopted to apply

1kV DC electric voltage to the film which had dimensions of 40 x40 mm. The
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formulapy = (S/t) xRm was used to calculate the volume resistivity pv (Q cm),

where S is the area of the electrode, t represents the thickness of the film.

The crystallinity was investigated using an X-ray diffractometer (SmartLab; Rigaku

Corp., Akishima, Japan). Wide-angle X-ray diffraction (WAXD) patterns was checked

from the facade of the film with a graphite-monochromatized Cu Ka radiation beam

generated at 100 mA and 40 kV.

The measurement of dielectric constant of the terpolymer films were carried out in an

LCR meter (HIOKI 1IM3536) at 20 °C with a frequency of 1 MHz. The measurement

was carried out by two terminals method with an applied electric potential of 1.0 V. The

film was sandwiched between two electrodes with a constant pressure of 86 kPa and the

sample holder was set in a Faraday cage. The relative dielectric constant (k) was

calculated via the formula of k.= Cd/koA, where C is the capacitance, d is thickness of

film, A is the cross-sectional area of film and ko is the dielectric constant in vacuum

(=8.854x102 F/m).

The coating experiment was performed using the copper wire with a diameter of 0.6

mm. In Figure 4.9a, the assembled mini motor is powered by 2 batteries of 1.5 V. In

Figure 4.9c, two copper wires coated with terpolymer were connected with a sample

holder made of strainless-steel in a parallel circuit. An electrical potential of 10 .0 V was
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applied to the circuit using a dc power supply (PWR200MH KIKUSUI). Both copper
wires were approximately 8.0 cm long, therefore the electric current flowed could be
same for both wires. The electric current flowed in the main circuit was measured to be
16.0 A.

4.2.4 Theoretical Calculations

To understand thermal stability of the terpolymer, we made several trimer models
(Table 4.2) and evaluated their interaction enthalpies of the H-bonds between molecular
chains theoretically, following our previous study:'* All the DFT simulations were
carried out using Gaussian 16.18 To properly describe the charge transfer relevant to the
H-bonds, CAM-B3LYP was chosen as the exchange-correlation functional,® associating
with the cc-pVQZ basis set.?® A basis-set superposition error was reduced by applying

the counterpoise correction to optimize each of the geometries.?
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Scheme 4.1. Synthetic pathway of terpolymers from three aminobenzoic acid derivatives through
simple polymerization. Inset: picture of cast film.
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Scheme 4.2. Synthetic pathway of P(BI-b-BO-A) from three aminobenzoic acid derivatives

through stepwise polymerlzatlon
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Figure 4.1. Images of the solution casted film of terpolymer. a Pristine, b origami-folded, and

¢ unfolded films.
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4.3 Results and discussions

4.3.1 Syntheses

At first, the terpolymers were synthesized in bulk by a simple polymerization method.
Although the polymerization mixture became viscous and the reaction appeared
successful, casting of the resulting polymers did not produce self-standing films, as can
be seen from the photograph in the inset of Scheme 4.1. If the macromolecular
backbone is too rigid, processing becomes difficult in some cases. Considering the good
processability of PBI, as shown in previous reports,®'® it was hypothesized that the
continuous structure of benzimidazole units might be effective for film preparation.
Therefore, a stepwise method was adopted for the synthesis; at first, the
polybenzimidazoles were synthesized for short-range polymerization; then, the
monomers for PBO and PA were added and successively polymerized to produce
poly(BI-b-BO-A), as shown in Scheme 4.2. The cast of poly(Bl-b-BO-A) (100.0 mg,
0.2 mmol) was made over TFA solution (3 mL) containing 2 drops of MSA on a silicon
substrate. After drying at 25 °C, the film was scratched off the substrate and then
immersed in deionized water for 12 h to remove the residual acid. The self-standing
film was successfully fabricated, and the film was further dried at 80 °C for 12 h
(Figure 4.1a). The film was pliable enough to be folded into the shape of an origami
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Figure 4.2. FT-IR spectra of terpolymer in various molar compositions.
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Figure 4.3. Solid-state 13C CP/TOSS NMR spectra of terpolymers in 70—

21-9 (mol%) prepared by a simple polymerization and a stepwise

polymerization method.
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airplane (Figure 4.1b); after unfolding, it did not tear or break (Figure 4.1c).

The structures of the polymers were confirmed by Fourier Transform-Infrared (FT-
IR) and **C solid-state Nuclear Magnetic Resonance (NMR) spectroscopies. In the FT-
IR spectra (Figure 4.2), for terpolymer in all the ratios, distinct C=N, C=C, and C-N
absorption peaks were observed at approximately 1690 cm?, 1590 cm® and 1380 cm?
respectively. Besides, the C=0 absorption peaks gradually showed at approximately 1745 ¢cm
and became stronger as PA ratio increasing from 0 to 30%, but the C-O peaks became weaker
and vanished ultimately because of the decreasing composition of PBO. In the solid-state
NMR spectrum (Figure 4.3), six distinct signals in the range of 100 to 180 ppm and
some very broad signals between 190 and 220 ppm were detected. The signal at 167
ppm was assigned to oxazole carbon (marked as 5), and the signal at 160 ppm contained
the imidazole carbon (marked as 1) among others. Very broad signals in the range of
190 to 220 ppm were assigned to amide carbonyl carbons that connect Bl and BO to A.
The other signals were assigned to the benzene carbons. The close resemblance between
the solid-state NMR spectra of the polymers synthesized via simple and stepwise
polymerization, suggested that they had analogous structures. The NMR signal from the
carbon marked as 4 (Cs), is expected to be sensitive to the presence of neighboring units
such as BI, BO, and A. Therefore, the broadness of this signal for the polymer prepared
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by simple polymerization can be attributed to the presence of all the three neighboring

units around Ca. In contrast, the sharper C4signal detected for the polymer prepared by

stepwise polymerization can be explained by the PBI block formation.

The molecular weight of the polymers could not be evaluated by chromatography owing

to their poor solubility in popular solvents. However, the inherent viscosities (7inn) of

the polymers were evaluated in a solution of concentrated sulfuric acid to compare their

degrees of polymerization, as described in Table 4.1. The inherent viscosities of

terpolymers synthesized by stepwise polymerization (7in 1) ranged from 1.24 to 1.89

dL/g, which are much higher than those of the terpolymers synthesized by simple

polymerization (7inn2: 0.64-0.84 dL/g). DABA possesses a high polymerizability owing

to the reactive functional groups of o-diamine. The higher values of #inn 1 compared to

n7inh 2 are responsible for the formation of the pliable film from P(BI-b-BO-A) (Figure

4.1). In addition, #inn decreases with a decrease in the amount of PBO (and increase in

PA) for both types of terpolymers. This can be attributed to the higher amine reactivity

due to the presence of the o-hydroxy groups.
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Table 1. Thermal and mechanical properties of bio-based terpolymers.

Polymer : b b c c c ‘
composition  Tgs T o y E Miont (Tinn2)
(%) Q) _ (©) (MPa) (%) (GPa) (dL/g)
70-30-0 638 703 80+1.5 2.3x0.1 3.48 1.89 (0.84)
70-27-3 634 701 76+3.2 3.2+0.2 2.38 1.75(0.78)
70-21-9 624 707 76+1.0 5.1+0.1 1.49 1.65 (0.77)
70-15-15 637 716 74+£1.4 6.7+0.1 1.23 1.38 (0.78)
70-9-21 658 736 72+1.2 8.6+0.1 0.84 1.30 (0.75)
70-3-27 675 758 63+1.7 10.3+0.1 0.61 1.28 (0.74)
70-0-30 686 763 48+1.6 12.0+0.2 0.40 1.24 (0.64)

a) Terpolymers in varying compositions of PBO and PA, in which PBO varied from 30% to 0 while
PA composition varied from 0 to 30%. PBI composition were fixed at 70%. b) Thermal property
indices, measured by TGA at nitrogen atmosphere. 5% and 10% weight loss thermal decomposition
temperatures (Tqs and Tai0). ¢) Mechanical properties o, 7, and E measured by stress-strain tensile
test refer to tensile strength at break, strain at beak, and Young's modulus, respectively. d) ninny refers
to inherent viscosity of terpolymer synthesized by stepwise polymerization, while #in2 shown in

parentheses refers to inherent viscosity of terpolymer synthesized via regular polymerization.

4.3.2 Thermal properties

The thermal stabilities of the terpolymers synthesized by stepwise polymerization were

estimated using Thermogravimetric Analysis (TGA) under a nitrogen gas atmosphere.

According to the thermograms obtained (Figure 4.4a), none of the terpolymers were

found to exhibit any significant loss of mass up to ~520 °C; mass loss started occurring

at approximately 550 °C. Significant mass losses were observed with an increase in

temperatures up to 1000 °C. Interestingly, the completion of thermal degradation was

not detected below 1000 °C, and the residue yields were still higher than 69 wt%. The

thermal decomposition temperatures Tqgs and Tq10 for P(BI-b-BO-A) of all compositions
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have been listed in Table 4.1 and plotted against the PA compositions in Figure 4.4b.
Both Tas and Tq10 were almost constant for low mole percentages of PA. However,
beyond a critical PA composition of 9 mol%, they gradually increased with increasing
mol% of PA. Terpolymers having 30 mol% of PA showed the highest Tgs and Taio
values of 686 °C and 763 °C, respectively. This can be attributed to the occurrence of
inter-chain hydrogen bonds between the imidazoles and primary amines, which increase
in number with the increase in relative mol% of PA compared to benzoxazoles. Overall,
the terpolymers were found to exhibit ultrahigh thermal stability, and a Tq10 of ~760 °C,
which is the highest value reported so far for plastic films, and is comparable to the
melting points of light metals such as aluminum and magnesium.

The burning characteristics of the terpolymers were investigated using a
combustion test, in which a terpolymer film with a composition of 70%-21%-9% was
taken as the representative terpolymer and a polyethylene film was used as the reference.
Unlike that for the polyethylene film, no obvious flame was visible during the burning
of the terpolymer film (Figure 4.4c). In addition, the ignition of the terpolymer film was
qguenched immediately after removal from the fire, and no dripping of the material was
observed during the entire test, suggesting that the terpolymer film is extremely flame-
retardant.
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To elucidate the mechanism of thermal stability of the terpolymer, the interaction
enthalpy of the hydrogen bonds (H-bonds) between its molecular chains was
investigated via density functional theory (DFT) calculations. Several trimer models
comprising three units of 2-phenylbenzimidazole (2Bl), 2-phenylbenzoxazole (2BO),
and benzanilide (BA) were used to simulate the polymer chains. Since PBI had the
highest composition (70 mol%) in our terpolymers, the interaction enthalpy of the
hydrogen bonding between imidazole N-H (model 1) and imidazole N (model 2) were
calculated in detail. The results have been presented in Table 4.2. The interaction
enthalpy for H-bonding between the two BI primary models was calculated to be
—13.32 kcal/mol, which was higher than that calculated for any other combination of B,
BO and BA primary models (entries 1-5). The results indicate that the H-bonding
between two imidazole rings is the strongest of the five combinations. Next, the models
were extended to trimers with Bl as the central unit. In a previous work from our group,
the H-bonding between two models of BI-BI-BI was found to be very weak (with an
interaction enthalpy of —4.77 kcal/mol), presumably due to the lowered reactivity of
both N-H and -N= by resonance stabilization in the long z-conjugation (entry 6).%3
However, the incorporation of BA in either one of the two trimer models was found to
increase the H-bond interaction enthalpies (entries 7-10). In the present study, it was
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observed that the H-bonding was strengthened by the incorporation of BO and BA on

both sides of the central BIl. The interaction enthalpy between the two trimer models of

BA-BI-BA (entry 11) was estimated to be —14.13 kcal/mol, which is slightly higher than

that of entry 1, owing to the limitation of resonance stabilization, and the possible

induction effects due to the substitution with BA. For BO-BI-BO and BO-BI-BA, the

H-bonding enthalpies were calculated to be —13.57 kcal/mol and —13.80 kcal/mol,

respectively. The absolute values of the H-bonding interaction enthalpies were found to

increase with increase in the amount of incorporated PA, indicating an elevation in the

interaction enthalpy of the H-bond due to the incorporation of PA into PBI chain,

thereby increasing the thermal stability.
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Table 4.2. Interaction enthalpy values of H-bond in various models.

entry Monomerl Monomer?2 Ir;:]irr]aacltri;n
(H-donor) (H-acceptor) (kcal/mol)
1b BI BI -13.32
2P BI BO -9.23
3P BI BA -10.24
4b BA BO -9.23
5P BA BA -6.85
62 BI-BI-BI BI-BI-BI -4.77
72 BA-BI-BI BI-BI-BI -10.58
g2 BI-BI-BI BA-BI-BI -10.01
92 BI-BI-BA BI-BI-BI -12.46
10° BI-BI-BI BI-BI-BA -12.68
11° BA-BI-BA BA-BI-BA -14.13
12° BO-BI-BO BO-BI-BO -13.57
13° BO-BI-BA BO-BI-BA -13.80

a)H-bonding enthalpy calculated via DFT theory. b) H-bonding enthalpy

calculated via DFT theory in previous work.
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Figure 4.4. Thermal characterization of terpolymers. a TGA curves of terpolymers with
various compositions. b Tgs and Tq10 Of terpolymers of different compositions. ¢ Burning
photographs depicting the burning terpolymer (left) and polyethylene (right).

b o5
70-30-0.70-273 7021 PBI-PBO-PA (mol %)
80 /\/,- 70-15-15 20 o 5 804 e
"] -
i ® °
// 70-3-27 75
®
601 7d Lo - ®
z L 70-0-30 £ 704
/‘/ e =
E / /—-"—.—-— - 65
% 404 // é 65 4 °
‘m;' o 60 -
204 33
‘;() -
®
0 T r T T T T 45 Ay r . r T v .
0 2 4 GS ) (%/) 10 12 14 0 5 10 15 20 25 30
train (%

PA compositions (mol %)
Figure 4.5. Mechanical properties of terpolymers. a Stress-strain curves of terpolymers. b Tensile

stress and strain values in different PA compositions.
79



Chapter IV
Design of biopolybenzazole exhibiting low dielectric constant and ultrahigh thermoresistance

4.3.3 Mechanical properties

The mechanical properties of the terpolymer films synthesized by stepwise

polymerization were investigated using the stress—strain analysis (Figure 4.5a). The

tensile strength at break (o), strain at break (¢), and Young’s modulus (E) were evaluated

therefrom. The stress—strain curves showed a consistent increase of stress with strain up

until the breakage point, corresponding to the maximum permissible strain (strain at

break or & Table 4.1). The values of the mechanical properties showed regular

variations with the molar compositions of PA (Figure 4.5b). With the increase in mole%

of PA, the value of strain at break increased from 2.3% to 12.0%, while the tensile

strength decreased from 80 MPa to 48 MPa, and the Young’s modulus decreased from

3.48 GPa to 0.40 GPa. The terpolymers with higher mol% of PA exhibited higher & and

lower E values, presumably due to their greater abundance of non-heterocyclic PA

components that are expected to be more flexible than the heterocyclic PBO

components.

4.3.4. Dielectric properties

Dielectric measurements were performed using the films obtained from P(BI-b-BO-A)

synthesized by stepwise polymerization. The thicknesses of the terpolymer films were

maintained between 7.0 to 10.0 um for the dielectric measurements. The values of the
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different parameters obtained from these measurements, for the terpolymer films of
different compositions, have been listed in Table 4.3. Figure 4.6a shows the volume
resistivity for dried P(BI-b-BO-A) films as a function of PA composition. The volume
resistivity for terpolymer with a PA mole composition (rea) of 3 % was equal to that for
P(BI-b-BO) (rpa=0) at approximately 6.22x10 Qcm and it significantly increased to
1.24x10% Qcm at rpa=9%, suggesting that the terpolymer changed to highly insulative.
However, it suddenly decreased to 2.67x10'° Qcm at rpa=15%, showing that the
terpolymer transforms to a low insulator where the resistivity is more than an order of
magnitude lower than that of P(BI-b-BO) (rra=0). At a region above 15%, the volume
resistivity was independent of the PA composition. This drastic change in volume
resistivity in the vicinity of rpa=10% is considered to be a structural transition with
nano- or submicron- scale although there was no remarkable change in the appearance
or transparency of the films. The structural transition was confirmed through X-ray
diffraction shown in Figure 4.7. In electrically heterogeneous materials, even if
morphologically uniform, the bulk electrical resistivity is strongly dominated by the
local resistivity. Therefore, it can be considered that the low resistivity at rpa>15% was
caused by the occurrence of a continuous phase with low resistivity having a wide
distribution of resistance in a highly insulative matrix.?#?> On the contrary, it can be
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considered that the significant increase in the resistivity at rpa<9% is due to an

electrically homogeneous and high resistivity phase rapidly develops in the whole bulk

of terpolymer by incorporating PA and reducing PBO. Thus, in order to understand the

complex behavior of the volume resistivity, it is necessary to consider the electrical

homogeneity of the resulting terpolymers.

Figure 4.6b shows the relative dielectric constant at 1 MHz for dried P(BI-b-BO-A)

films as a function of PA ratio. The dielectric constant seems to have increased

monotonously with the PA ratio although there was some variation. PBO units have a

rigid aromatic backbone, resulting in a low mobility of charge in response to electric

field, and the lower polarizability of the oxazoles contributed to the lower dielectric

constant values for the terpolymers with higher mol% of PBO (and lower mol% of PA).

It is shown below that the dielectric constant has to be considered for electrical

uniformity in the same way as the resistivity. The observed dielectric constant kops for a

dielectric substance consisting of several components with different dielectric property

can be explained as the following equation when a parallel connection of capacitances is

hypothesized,

1 Z Pn
=)= (1
kobs - kn ( )
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, where k, and ¢n represent the relative dielectric constant and the fraction of each
component. For the terpolymer system studied here, the observed dielectric constant Kops

can be explained as,

1 ¢pp n (1 — @ppr)(1 —7pa) n (1 — @pp1)TpPa

kObS B kPBI kPBO kPA

(2)

, Where kpgi, kego, kea are the relative dielectric constant for neat PBI, PBO, and PA. ¢pai

is the volume fraction of PBI, and rpa stands for the PA ratio. The experimental data was

fitted by eq. (2) using a synthesis condition of gpe =0.7 and a measured value of ke

=3.4. The result of fitting is represented as the broken red line in Figure 4.6b and

showed that the dielectric constant for PBO and PA was calculated to be 2.0 and 1.3,

respectively. The dielectric constant for a neat PBO film after drying was measured to

be 1.9, which was close to the value obtained by the fitting. However, the value of

dielectric constant for PA is extremely low. Therefore, it is clearly that the observed

dielectric constant cannot be explained by the parallel model of capacitors in eq. (2).

The degree of crystallinity was clearly dropped off at 9%<gpa<15% (Figure 4.7),

therefore, it was considered that the dielectric property is strongly affected by a
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structural transition in local similarly to the volume resistivity.

Figure 4.8 shows a plot of the dielectric constant versus 1% thermal degradation
temperature (Tq1) of the obtained terpolymers alongside other commercially available
polymer materials. Generally, polymer materials with low dielectric constants show
relatively low thermal resistance, while those with higher dielectric constants exhibit
higher thermal resistance. For example, polypropylene (PP), polystyrene (PS), and
poly(butyl methacrylate) (PBMA) which have low dielectric constant values (2.2, 2.6,
and 2.7 respectively), also have low Tq values (310, 375, and 350 °C respectively).242°
In contrast, polymers like polyphenylene sulfide (PPS), polyimide (Kapton™), and
polyether ether ketone (PEEK), which exhibit high thermal resistance with high T
values (495, 500, and 525 °C respectively), also have relatively high dielectric constant
values (3.8, 3.3, and 3.4, respectively)®°-5. Compared to the aforementioned polymers,
Zylon exhibits a relatively low dielectric constant and a high thermal resistance,
presumably due to the effects of its benzoxazole structure.®®3” The lowest dielectric
constant among the terpolymers synthesized in the present work was found to be 2.4,
which is extremely low compared to that of different commercially available polymer
materials. Considering its outstanding thermal resistance, we can conclude that this
terpolymer exhibits the best performance among all the polymers that have been
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compared. Overall, the P(BI-b-BO-A) films can be considered reliable as

thermoresistant insulators that can withstand ultrahigh operating voltages.

Table 4.3. Dielectric property indices of the terpolymers having various compositions.

Polymers d? kP pve
(PBI-PBO-PA %) (um) (Q-cm)
70-30-0 7.0 2.6 6.22E+11
70-27-3 8.0 2.4 6.63E+11
70-21-9 10.0 3.0 1.24E+14
70-15-15 6.0 2.6 2.67E+09
70-9-21 7.0 2.8 3.67E+10
70-3-27 8.0 2.9 5.12E+10
70-0-30 9.0 3.2 4.09E+10

a) Thickness b) Dielectric constant; ¢) Volume resistivity.
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Figure 4.6 Dielectric properties of terpolymers. a Volume resistivity and b relative dielectric
constant at 1 MHz for dried P(BI-b-BO-A) films of different PA compositions. The broken
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4.3.5 Coating

A coating experiment was conducted to investigate the applicability of the obtained

P(BI-b-BO-A) as an insulator. For this, a solution of P(BI-b-BO-A) ( mol% composition

of 70-15-15) in TFA (70 mg/3mL) was prepared, and a spiral coil of copper wire was

soaked in it for 2 mins. On removing from the solution and drying in air, a thin layer of

the polymer was coated onto the surface of the copper wire (Figure 4.9a). To

investigate its dielectric performance, the coil of copper wire coated with P(Bl-b-BO-A)

was equipped with a magnet to assemble a mini motor model (Figure 4.9b). The coil

rotated successfully after being powered on, indicating that the coating layer functioned

as an insulator. In addition, the thermal resistance of the P(BI-b-BO-A)-coated copper

wire was compared with commercial copper wire (polyurethane enameled copper wire)

by simultaneously applying a direct current (16 A, 10 V). Since the electric circuit is

parallel and the length of the copper wires is same, the electric current and the resultant

Joule heat should be the same for both samples. When the current was gradually

increased, the commercial copper wire started giving off smoke while the P(BI-b-BO-

A)-coated one remained stable (Figure 4.9¢). Both coils were observed using SEM to

check the condition of their surfaces after the experiment. The coating layer of the

commercial copper wire presented a significant amount of damage (Figure 4.9d),

whereas no significant damage was observed in the P(BI-b-BO-A) coating layer
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(Figure 4.9e). Thus, we can confirm that P(BI-b-BO-A) works as a thermostable

insulating coating material.

it

= Soaking =

 w— Drying
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Commercially
available copper wire

Terpolymer coated
copper wire

HM D7.9 x150 500 pm

HM D7.8 x150 500 um

Figure 4.9. a Process of coating copper wire with terpolymer P(BI-b-BO-A). b
Running experiment of motor, where the coil was assembled by a P(BI-b-BO-A)
coated copper wire. ¢ Voltage applied across the copper wires in direct current
mode (upper: commercially available copper wire, lower: terpolymer coated
copper wire). d SEM image of commercially available copper wire after applying
voltage. e SEM image of terpolymer coated copper wire after applying voltage.
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4.4 Conclusions

A series of bio-based terpolymers P(Bl-b-BO-A) having different molar compositions of

PBI, PBO and PA were successfully synthesized through a stepwise polymerization

procedure, which involved the pre-polymerization of DABA followed by an additional

terpolymerization with AHBA and PABA; as the simple polymerization method using

all three monomers together was unsuccessful. The terpolymers thus prepared exhibited

outstanding thermal, mechanical, and dielectric properties. For 30 mol% of PA, the Td10

reached ~760 °C, which is the highest reported for any petroleum- or bio-based plastic

developed so far, and is comparable to the melting temperature of light metals. DFT

calculations of the hydrogen bonding enthalpy between imidazole rings revealed how

the inter-chain interactions within the polymer were strengthened by incorporating PA,

which could be the reason for such ultrahigh thermoresistance of the prepared

terpolymers. The highest tensile strength and strain at break for the terpolymers were

found to reach up to 80 MPa and 12%, respectively, which were regulated by the molar

composition of the individual monomers. The strain at break increased regularly with

increase in mol% of PA. The lowest dielectric constant was found to be 2.4, which is

much lower than that of most commercially available thermoresistant insulators, and

comparable to that of inorganic materials such as silica. Among all the compositions,
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the terpolymer in composition of 70-15-15 (mol%) exhibited a Tqi0 of 710 °C and a
dielectric constant of 2.6, the appropriate amount of oxazole groups of PBO decreased
the polarizability and the H-bond brought by PA increased the thermal stability, thus
synergistically balanced the thermal stability and low-k performance and was
considered to the most extraordinary one in all the compositions. Therefore, P(Bl-b-BO-
A) can be useful as an excellent insulating material for coating purposes, as was also
confirmed from our coating experiment. Overall, we can conclude from all our results
that the bio-based P(BI-b-BO-A) terpolymers have great potential to be utilized as

coating materials for high power coil of high-speed electric vehicles, in the future.
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Chapter V

5.1 General conclusions

Polybenzazoles series of polymers are successfully synthesized from bio-derived
resources and the properties of them are characterized. The distinct structure endowed
these polymers extremely high thermoresitance and relatively outstanding dielectric
performance.

In chapter 2, PBO-co-PBI series of copolymers present different variation in thermal
stability from the homopolymers. 2,6-PBO-co-PBI exhibit higher thermal stability than
another copolymer. The films were successfully fabricated by the copolymer 2,6-PBO-
co-PBI, and the higher molar composition of PBI tends to present more durable film.

In chapter 3, Monomer AMBA and copolymer PBT-co-PBl were successfully
synthesized, the mechanical, thermal and dielectric properties of the copolymers was
characterized. The obtained film showed an ultrahigh thermal stability, thermal
decomposition temperatures decrease when increase the ratios of PBT, the highest 10%
weight loss temperature reaches 760 degrees, higher than most organic materials, even
comparable with some inorganic materials. Copolymer films in all compositions present
high dielectric performance with dielectric constant around 3 and volume resistivity
higher than 10 Q- cm in dry state. The elongation of films can be optimized via doping
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experiment. The elongation at break of film in 20/80 mol% composition reaches 150%,

indicating the copolymer can be used as high performance thermostable insulating films.

In chapter 4, terpolymer with a block structure was synthesized through a stepwise

polymerization procedure, which involved the pre-polymerization of DABA followed

by an additional terpolymerization with AHBA and PABA, as the simple polymerization

method using all three monomers together was unsuccessful. The terpolymers thus

prepared exhibited outstanding thermal, mechanical, and dielectric properties. For 30

mol% of PA, the Ta10 reached ~760 °C, which is the highest reported for any petroleum-

or bio-based plastic developed so far, and is comparable to the melting temperature of

light metals. DFT calculations of the hydrogen bonding enthalpy between imidazole

rings revealed how the inter-chain interactions within the polymer were strengthened by

incorporating PA, which could be the reason for such ultrahigh thermoresistance of the

prepared terpolymers. The highest tensile strength and strain at break for the

terpolymers were found to reach up to 80 MPa and 12%, respectively, which were

regulated by the molar composition of the individual monomers. The strain at break

increased regularly with increase in mol% of PA. The lowest dielectric constant was

found to be 2.4, which is much lower than that of most commercially available

thermoresistant insulators, and comparable to that of inorganic materials such as silica.
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Therefore, P(Bl-b-BO-A) can be useful as an excellent insulating material for coating
purposes, as was also confirmed from our coating experiment. Overall, we can conclude
from all our results that the bio-based P(BI-b-BO-A) terpolymers have great potential to
be utilized as coating materials for high power coil of high-speed electric vehicles, in

the future.
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