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Chapter 1: General Introduction

CHharTER 1

1.1 Green chemistry

In 20™ century, the world’s food supply has met an explosive expansion because of the
development of chemicals that protect crops and enhance growth. In virtually every arena and
every aspect of material life — transportation, communication, clothing, shelter, etc.- chemistry
has resulted in an improvement, not merely in the trappings of life, but also in the quality of the
lives of the billions of individuals who now inhabit the planet [1]. However, in another aspects,
these almost unbelievable achievements have come at a price, the tool that the manufacture, use,
and disposal of synthetic chemicals have taken on human health and the environment. To solve
this problem, the new concept of chemistry, Green chemistry, was born.

Green chemistry is defined as environmentally benign chemical synthesis, alternative synthetic
pathways for pollution prevention, benign by design: these phrases all essentially describe the
same concept. Green chemistry is the utilization of a set of principles that reduces or eliminates
the use or generation of hazardous substances in the design, manufacture and application of
chemical products [1]. From this concept, there is an interest and almost a grand challenge for
chemists to develop new products, processes, and services that achieve the necessary social,
economical, and environmental objectives [2]. Furthermore, green chemistry and green
engineering should bring about changes in the hazard of a product at the most fundamental level,
that is, the molecular level [3] and have the power to impact on the entire life cycle of a product

or process [4], and make it more environmentally safe and sustainable society [5].
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1.2 Environmentally friendly plastics

Plastics are widely used, economical materials characterized by excellent all-round properties,
easy molding and manufacturing. The main parts of plastics are coming from petroleum-based
polyolefins. These conventional plastics such as polyethylene, polypropylene, polystyrene,
poly(vinyl chloride) and poly(ethylene terephthalate) were very stable, and not readily degraded
in the ambient environment. As a result, environmental pollution from synthetic plastics has been
recognized as a large problem. For example, statistics published by the United States
Environmental Protection Agency in 2011 indicated that, before recycling, approximately 250
million tons of municipal solid waste was generated in the United States in that year, of which
12.7% was composed of plastics [6]. This amount will be increasing year by year than the
previous report in 2003 [7]. Secondly, disposal non-degradable plastic bags adversely affect sea-
life and wild animals. It is widely accepted that the use of long-lasting polymers in products with
a short life-span, such as engineering applications, packaging, catering, surgery, and hygiene, is
not adequate. Moreover, incineration of plastic waste presents environmental issues as well since
it yields toxic emissions (e.g., dioxin), and carbon dioxide effects global warming. Material
incineration is also limited due to the difficulties to find accurate and economically viable outlets
[8]. In this meaning, built for the long haul, these polymers seem inappropriate for applications in
which plastics are used for short time periods and then disposed [9]. Unexpectedly in the near
future, however, oil peak will come to our society, and then the research and development of the
oil substitution which involved with the plastic development is urgently required.

The good answer to solve these problems is plastics having high degree of degradability in
nature. This kind of plastic is called at bio-degradable plastics. Biodegradable plastics are seen by

many as a promising solution to this problem because they are environmentally-friendly.
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Environmentally-friendly polymers originating from renewable starting materials and recyclable
by biodegradation are significant with respect to “carbon minus” which is a next-generation
concept of carbon neutral where the carbon concentration in the earth atmosphere is kept constant.

However the author claims that the already warmed earth must be cooled by reducing the carbon
dioxide concentration. Here one possible method is proposed; 1) the use of the resources from the
biomass containing the carbons immobilized as a result of the photosynthesis, 2) the development
of high-performance materials such as aromatic polymers which can be used as a high-
performance and functional plastics for a long term, and 3) the recycling of materials by a
microbe converting into the original resources. By this method, the immobilized carbons will be
cycled in the material systems, differently from biofuel easily throwing back carbons into the

atmosphere (Figure 1-1).

Metabolites
Starch Glucose

;;\
Streptomyces grlseus

Plant Monomer

degradation
polymerization

Polymer

co,

Figure 1-1. The concept of carbon minus system.
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For instance, polyhydroxyalkanoates (PHA) and lactic acid, raw materials for poly(lactic acid)
(PLA), can be produced by fermentative biotechnological processes using agricultural products
and microorganisms [10-12]. Biodegradable plastics offer a lot of advantages such as increased
soil fertility, low accumulation of bulky plastic materials in the environment (which invariably
will minimize injuries to wild animals), and reduction in the cost of waste management.
Furthermore, biodegradable plastics can be recycled to useful metabolites (monomers and
oligomers) by microorganisms and enzymes.

However some aliphatic bio-based polyesters, such as poly(hydroxyalkanoate)s [13],
poly(butylenes succinate) [14], and so on [15], did not show performances high enough for
application in the engineering plastic field. Improvements in durability and performance have
been shown by Ecoflex™ (Figure 1-2) [16] and Biomax'™ (Figure 1-3) [17], but the
environmental toxicity and availability of terephthalic acid are problematic. Poly (lactic acid)s
(PLASs) have been remarkably well developed because of their high mechanical strength [18].
However, it was estimated that these polyesters will only replace a small percentage of the non-
degradable plastics currently in use, due to their poor level of thermoresistance. As a result, high-
performance environmentally friendly polymers originating from and degradable into natural
molecules are urgently required to improve human life. Generally, the introduction of an aromatic
component into the thermoplastic polymer backbone is an efficient method to intrinsically
improve the material performance, because the backbone has strong rigid component and strong
interchain interaction. In this meaning, many non-degradable engineering plastics have rigid
conjugated rings, such as benzene, benzoxazole, benzimidazole, benzothiazole [19]. For example,
poly(p-phenylene-2,6-benzobisoxazole) exhibited ultrahigh strength/high modulus properties
because they had a rigid-rod structure to exhibit liquid crystal phase [20]. The polymer is able to

obtain from 3-amino-4-hydroxybenzoic acid (3,4-AHBA) derived from microorganism

-4-



Chapter 1: General Introduction

Streptomyces griseus as a precursor for several secondary metabolites [21-24]. 3,4-AHBA is a
renewable, functional benzene derivative with three substitutents of amino, carboxyl, and
hydroxyl groups. In this research the author prepared a couple of environmentally friendly,
functional polymers using a bioderived resource 3,4-AHBA in order to contribute the

establishment of carbon-minus society.

(@)
O O O O

%—@—%OfOH%OWCHﬁH;

(b)
)

Figure 1-2. Ecoflex® is BASF corporation’s product completely biodegradable and compostable

-~

Before 2 weeks later 4 weeks later

plastic. It is ideal for trash bags or disposable packaging as it decomposes in compost within a
few weeks or in soil without leaving any residues. (a) The structure of Ecoflex®. Generally, it
contained terephthalic acid, 1,4-butanediol, adipic acid to get Aliphatic-Aromatic random
copolymer. (b) The picture of Ecoflex®, and (c) The bio-degradation test of Ecoflex® film in soil

at 55 °C compost. After 4 weeks, almost all Ecoflex® film decomposed by nature.

The pictures were cited by http://www.japan.basf.com/apex/Japan/Japan/ja/content/BASF-

Japan/1.2_Products_and_Industries/1.2.2_Plastics-JPN/1.2.2.2_Bioplastics.
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Figure 1-3. Biomax® is Dupont corporation’s product biodegradable and compostable plastic.
(@) The structure of Biomax®. Generally, poly(buthylene succinate) could separate three
copolymers, in X = 2, y = 4 case, it formed poly(buthylene succinate/terephthalate), x =y = 4 case,
it formed poly(butylenes adipate/terephthalate), x = 4, y = 2, it formed poly(ehylenee
adipate/terephthalate). (b) The bio-degradation test of Biomax® product in soil. After 27 weeks,

some parts of Biomax® product decomposed by nature.

The  pictures and  information were cited Dby  http://takahara.ifoc.kyushu-
u.ac.jp/%E8%ACY%IBY%E7%BEY%AIY%EBY%B3%87%E6%96%99/%E3%82%B0%E3%83%AA
%E3%83%BC%E3%83%B3%E3%82%B1%E3%83%9F%E3%82%B9%E3%83%88%E3%83%

AA%E3%83%BC/GCH18.pdf.
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1.3 Molecular design of bio-based monomers
1.3.1 Wholly aromatic amino acids

A combination of gene disruption and identification of compounds accumulated in disruptants
showed that 3-amino-4-hydroxy benzoic acid (3,4-AHBA) is an intermediate of grixazone. The
shikimate pathway, including seven enzymatic steps for production of chorismate via shikimate
from phosphoenolpyruvate and erythrose-4-phosphate, is common in various organisms for the
biosynthesis not only of aromatic amino acids but also of most biogenic benzene derivatives.

However, 3,4-AHBA turned out to be a benzene derivative that is biosynthesized by a novel,
simple enzyme system [21-24]. Two genes, gril and griH, were found to be responsible for the
biosynthesis of 3,4-AHBA; the two genes confer the in vitro production of 3,4-AHBA even on
Escherichia coli. In vitro analysis showed that Gril catalyzes aldol condensation between two
primary metabolites, L-aspartate-4-semialdehyde and dihydroxyacetone phosphate, to form a C-;
product, 2-amino-4,5-dihydroxy-6-one-heptanoic aicd-7-phosphate, which is subsequently
converted to 3,4-AHBA by GriH. This pathway is independent of the shikimate pathway,
representing a novel, simple enzyme system responsible for the synthesis of a benzene ring from
the C3 and C,4 primary metabolites. 3,4-AHBA appears to be reduced by the action of GriC and

GriD in an ATP-dependent way to form 3,4-AHBAL [25-26].
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Figure 1-4. The biosynthetic pathway leading to the products, 3,4-AHBA and 3,4-AHBAL.

1.4 Outline of research

The main objective of this PhD study is to synthesize and characterize novel functionality bio-
based polymers from 3,4-AHBA derivatives. This thesis included 5 chapters:

CHAPTER 2, “Synthesis of m-conjugated bio-based polymer from bio-aniline and its
solvatochromism”

The author synthesized bio-based aniline, poly(3-amino-4-hydroxybenzoic acid) (poly(3,4-
AHBA)), by electro-polymerization. The polymer has high solubility in common solvents,

compared to polyaniline, due to the polar side groups such as carboxyl and hydroxyl. The
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polymers showed various chromic behaviors based on the salvation and ionization of the side
groups, and gave a flexible film with a conductivity as high as that of semiconductor.

CHAPTER 3, “Syntheses of thermotropic liquid crystalline copolymers derived from wholly
aromatic amino acids and their polarized photoluminescence”

The author synthesized a novel thermotropic liquid crystalline polymers poly{3-benzylidene
amino-4-hydroxybenzoic acid (3,4-BAHBA)-co-trans-4-hydroxycinnamic acid (4HCA: trans-
coumaric acid)} (P(3,4-BAHBA-co-4HCA)), was synthesized by the thermal polycondensation
of 4HCA and 3,4-BAHBA, which was synthesized by a reaction of 3,4-AHBA with
benzaldehyde. When the 4HCA compositions of P(3,4-BAHBA-co-4HCA)s were above 55
mol%, the copolymers showed a nematic, liquid crystalline phase. DSC measurements of the
copolymers showed a high glass transition temperature more than 100 °C, sufficient for use as
engineering plastics. Furthermore, the copolymers showed photoluminescence in an N-
methylpyrrolidone (NMP) solution under ultraviolet (UV) light with a wavelength of 365 nm.
Oriented film of P(3,4-BAHBA-co-4HCA) with a 4HCA composition of 75 mol% emitted
polarized light, which was confirmed by fluorescent spectroscopy equipped with parallel and
crossed polarizers. Oriented films of the thermotropic liquid-crystalline (LC) polymer P(3,4-
BAHBA-co-4HCA) with a 4HCA composition of 75 mol% were prepared by shearing the LC
melt. X-ray analyses indicated that the main chains were oriented perpendicularly to the shear
direction, and the rigid benzylidene amino side chains were parallely oriented. Furthermore, the
oriented film showed polarized emission in which the analyzer rotation changed the fluorescent

color when the polarizer was set perpendicular to the orientation direction.
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CHAPTER 4, “Syntheses of novel polybenzobisoxazoles from symmetric n-conjugated azine
compounds”

The author synthesized polybenzobisoxazole (PBO) from 3,4-AHBA derivatives. The
preparation of new functional ©-conjugated PBO precursors and PBOs was 3,4-AHBZL-TC PHA,
3,4-AHBZL-IC PHA, 3,4-AHBZL-FC PHA and 3,4-AHBZL-TC PBO, 3,4-AHBZL-IC PBO,
3,4-AHBZL-FC PBO from symmetric monomer, N,N’-Bis-(3-amino-4-hydroxy-benzylidene)-
hydrazine (3,4-AHBZL). The new synthesis concept gave soluble PBO precursors having an
imine and phenolic OH group. The FT-IR and TGA measurements revealed the conversion of the
prePBO to PBO upon heating at 250 °C for 24h under vacuum in 3,4-AHBZL-IC PHA and 3,4-
AHBZL-FC PHA and 300 °C for 24h under vacuum in 3,4-AHBZL-TC PHA. Especially 3,4-
AHBZL-TC PBO film showed thermal resistivity of T1o 552 °C under nitrogen. Furthermore, 3,4-
AHBZL-TC PBO, 3,4-AHBZL-IC PBO, and 3,4-AHBZL-FC PBO showed photoluminescence
in a concentrated sulfuric acid under ultraviolet (UV) light with a wavelength of 365 nm.

The author synthesized and developed photofunctional, thermalstable polymers from bio

monomer 3,4-AHBA.

-10-
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Chapter 2: Synthesis of z-conjugated bio-based polymer from bio-aniline and
its solvatochromism

CHAPTER 2

2.1 Introduction

High-functional bio-based polymers attract researchers’ attention in the field of low-
carbonization in materials development [27]. 3-Amino-4-hydroxybenzoic acid (3,4-AHBA),
which is produced by a microorganism Streptomyces griseus as a precursor for several secondary
metabolites [21-24], is a renewable, functional benzene derivative with three substitutents of
amino, carboxyl, and hydroxyl groups. 3,4-AHBA is noteworthy in terms of not only the
chemical structure but also possible mass-availability from S. griseus that has mass-produced a
wide variety of materials such as antibiotics (streptomycin), parasiticides, herbicides, and
pharmacologically active substances including antitumor agents and immunosuppressants [28].
Then a patent on the syntheses of polybenzoxazole from 3,4-AHBA extracted from S. griseus
claimed the usefulness of its renewable resources for the bio-based polymer [29]. Here the author
propose a new application of 3,4-AHBA as a functional aniline derivative with two acidic groups.
Polyaniline (PANI) is a family of n-conjugated polymers that represents one of the oldest
electroconductive synthetic materials [30-32]. The applications of the n-conjugated polymers are
getting wider and wider in fields such as electrode materials [33,34], light emitting diodes [35],
supercapacitors [36], biosensors [37], optical sensors [38,39], rechargeable batteries [40-43],
microelectronics [44-46], optical displays [47,48], electrochromic devices [49], recordable optical
disks [50], electrochemical actuator [51-54], antistatic coatings, and electromagnetic shielding

materials [55,56].

However, PANI application is limited due to poor solubility and processability and intractable

nature [57]. To overcome these problems, the author focused on PANI analogue poly(3,4-

-11-



Chapter 2: Synthesis of z-conjugated bio-based polymer from bio-aniline and
its solvatochromism

AHBA) which is expected to show high solubility in polar solvents such as water due to its two
polar groups, and might show conductivity and solvatochromism. Then 3,4-AHBA can be used in
terms of not only a novel resource for soluble w-conjugated polymers but also a renewable

monomer for high-functional bio-based polymers.

2.2 Experimental Section

2.2.1 Materials

3,4-AHBA (Kanto chemical, Co. Inc.) and HCI (Kanto chemical, Co. Inc.) were used as

received. All other chemicals were used as procured.

2.2.2 Synthesis of poly(3,4-AHBA)

The synthetic method of poly(3,4-AHBA) is shown below. 3,4-AHBA 0.65 mmol (Kanto
chemical, Co. Inc.) was stirred to dissolve in 1 M HCI (10 ml; Kanto chemical, Co. Inc.) at 30 °C
(Figure 1). The reaction solution was soaked by two platinum plates, and carried out at a voltage
of 1.5 V by using dc bench supply (KIKUSUI PMC 35-1). The author confirmed the

electrodeposition of poly(3,4-AHBA) on anode platinum.

2.2.3 Structural analysis

Fourier transform infrared spectrum (FT-IR) of the 3,4-AHBA and its polymer were recorded
on a Perkin-Elmer Spectrum One spectrometer using a diamond-attenuated total reflection (ATR)

accessory.

-12-
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2.2.4 Molecular weight measurement

The weight and number average molecular weight (M,, and M,) of the polymer was analyzed by
gel permeation chromatography (GPC) in N,N-dimethylformamide (DMF) at 40 °C using a
Shodex GPC-101 system with two TSK gel columns KD-803 and KD-807 (pullulan standard;
Shodex-P82).

2.2.5 Ultraviolet-visible (UV-vis) spectroscopy

UV-vis spectra of the polymer solutions were recorded by UV-vis spectroscopy (Perkin Elmer
Lambda 25 UV/VIS Spectrometer). For the sample preparation of halochromic measurement,
electrodeposited film was washed in distilled water, and dissolved using ultrasonic bath.
However, a small amount of the insoluble substance appeared in this solution and was removed
by filtration to obtain clear polymer solutions. The solutions of the polymer were first added to
HCI aqg of pH 2, and then the author adjusted pH by NaOH aq using a digital pH meter (HM-25R,;
DKK-TOA CORPORATION).

2.3 Results and discussion

2.3.1 Synthesis

The polymer synthesis of poly(3,4-AHBA) was carried out by the electro-polymerization
method according to a similar procedure detailed in the preparation of PANI [58]. From this
method, the author observed the dark green polymer film electrodeposited on anode platinum
(Inset picture; Figure 2-1). In solubility test, poly(3,4-AHBA) had higher solubility in various
solvents such as distilled water (D.W.), ethanol, acetone, DMF, dimethyl sulfoxide (DMSQO) and
N-methylpyrrolidone (NMP) (Table 2-1). When compared with PANI [59], it was soluble in only

-13-
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DMF, DMSO, and NMP. Then the solubility studies indicated that hydroxyl and carboxyl groups
in 3,4-AHBA units in the polymers imparted good solubility into the PANI backbone.

The average molecular weight of poly(3,4-AHBA) was measured in DMF by GPC. Poly(3,4-
AHBA) showed high molecular weight such as M,, values of 11000 (M,/M, = ca. 1.0).

OH OH OH OH OH
15V H H
NH — =2V
2 In HCI N N N N>
n
HO HO HO HO HO
o 0 0 o) 0

3-amino-4-hydroxybenzoic acid Poly(3-amino-4-hydroxybenzoic acid)
(3,4-AHBA) Poly(3,4-AHBA)

Figure 2-1. The electropolymerization scheme of 3,4-AHBA. The inset picture is the deposited
film of poly(3,4-AHBA).

Table 2-1. Solubility of polymers with various compositions

3,4-AHBA/PANI (mol%) D.W. Ethanol Acetone DMSO DMF NMP
PANI - - - ++ ++ ++
Poly(3,4-AHBA) ++ ++ ++ ++ ++ ++

++: soluble, -: insoluble
D.W.: Distilled water, DMF: N,N-Dimethyl formamide, DMSO: Dimethyl sulfoxide,
NMP: N-methylpyrrolidone

The PANI is also used same polymerization condition as shown in poly(3,4-AHBA) above.

-14-
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2.3.2 FT-IR spectrum

The FT-IR spectrum of the polymer is shown in Figure 2-2. The assignment was confirmed

from the literature [60-62]. The characteristic peak of the stretching vibrations of C=C (quinoid

rings) and C=C (benzenoid rings) are observed at 1598 cm™ and 1550 cm™, respectively. In

addition the band observed at 3018 cm™and 1696 cm™ can be assigned to the O-H and C=0

stretching vibrations.

Poly(3,4-AHBA)

3018 1696
Vo-H Vc=0

AN

1550
1598 vc-cOf benzenoid rings

ve-c Of quinoid rings

Ve

3500

3000 2500 2000 1500 1000
Wavenumber (cm1)

Figure 2-2. FT-IR spectrum of poly(3,4-AHBA).

-15-
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2.3.3 Halochromism

Since poly(3,4-AHBA) was soluble in various polar solvents and has pH-responsive groups, the
halochromic behavior of the poly(3,4-AHBA) was investigated. Poly(3,4-AHBA) solution
showed a halochromic pattern different from that of PANI [63-65]. Poly(3,4-AHBA) solution
showed brown in pH 3-6, but became almost black around pH 6-7 and gradually changed into
dark brown in pH 7-12 (Figrue 2-3). Quinoid absorption appeared at 550 nm in UV-vis spectrum
of poly(3,4-AHBA) in acidic solutions, which may indicate that the polaron structure was hardly
formed in HCI function presumably due to the steric hindrance of side chains. However the
spectrum remarkably changed at pH 7 and polaron band appeared (Figure 2-3b). The polaron
peak was gradually broadened with increasing from pH 7 to pH 12. Then the author can consider
the self-doping of the polymer by carboxylate anion occurred around pH 6-7 (Figure 2-3c). The
self-doping phenomenon was also shown in another polyaniline having sulfonates in polaron

band transitions [66].

-16-
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Figure 2-3. Halochromism of poly(3,4-AHBA) solution. (a) Pictures showing halochromic
behaviors of poly(3,4-AHBA) solution. (b) UV-vis spectra of poly(3,4-AHBA) solution at
different pH. (c) Schematic chemical structure change of poly(3,4-AHBA) with halochromism in

the solution.

-17-



Chapter 2: Synthesis of z-conjugated bio-based polymer from bio-aniline and
its solvatochromism

2.3.4 Solvatochromism

Solvatochromic behavior of poly(3,4-AHBA) electrodeposition film was studied as wrote below.
When the film was dissolved in HCI ag/ethanol, the solution was brown but 10 min later changed
into green. When solvents such as acetone, DMF, NMP, DMSO, and distilled water (5 ml) were
added into this green solution (5 ml), the solution kept green in acetone, but changed into brown
in DMF and DMSO while into pink in NMP and distilled water as shown in Figure 2-4. The UV-
vis spectra of the poly(3,4-AHBA) in the prepared solutions the author measured (Figure 2-4),
showing quinoid and polaron absorption at about 520 nm and 660 nm, respectively. When DMF,
NMP, DMSO, and distilled water were used, polaron band became weak but quinoid band
became strong. This is a solvatochromic behavior [62,66]. That is to say self-doped conducting
poly(3,4-AHBA) induced polaron band transitions by solvent addition and the polaron band
disappear after de-doping. From the fact that no dedoping occurred by acetone addition with the
lowest polarity of the solvents used in this experiment, the author considered that interaction of
the polar solvents with carboxylate groups of 3,4-AHBA units may induce the dedoping.

Finally the author tried to make a film of doped poly(3,4-AHBA) but the self-supporting film
was not prepared. Then author used hydroxypropylcellulose as a supporter which is mixed with
poly(3,4-AHBA) in acetone. The cast film was prepared by drying the acetone solution. The film
was green and transparent (Figure 2-5), and showed a conductivity (2.3x10™ S/cm) as high as

that of semiconductors.
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Figure 2-4. Solvatochromic behavior of poly(3,4-AHBA). (a) Photos of various solutions. (b)

UV-vis spectra of various solutions (D.W. means distilled water).
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Figure 2-5. Semiconductor bio-based film prepared by casting acetone solution containing

poly(3,4-AHBA) and hydroxypropylcellulose (supporter).

2.4 Conclusion

Poly(3,4-AHBA) showed higher solubility than PANI. Halochromism of poly(3,4-AHBA)
showed different patterns from that of PANI. Especially, poly(3,4-AHBA) indicated noticeable
color changes around pH 5-7. From the results of UV-vis spectra of the polymer solutions, it was
suggested that the polymers including 3,4-AHBA units show self-doping effects by carboxylic
acids. Further the polar solvent addition rendered the polymers undoped accompanying by the
chromism. Thus the author first prepared novel functional bio-based polymers with chromism

based on the n-conjugation structure change.
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CHAPTER 3

3.1 Introduction

The development of bio-based polymers is significant for the establishment of a low-carbon
society. Although various bio-based polymers have been developed, almost all of them were
aliphatic polyesters which generally have no specific function [27]. These aliphatic bio-based
polyesters can be used in the category of commodity plastics, but the widespread use of bio-
based polymers is very difficult to achieve given the severe competition with the commodity
plastics currently in use. The functionalization of bio-based polymers is very important for
applications in advanced fields. For example, liquid crystalline polymers, which consist of
aromatic component, have been used in several fields [67-69] because the molecular
arrangement can be regulated by altering the temperature, concentration, electric field,
magnetic field, and other factors [70-76]. Because liquid crystalline (LC) polymers are easily
oriented at the molecular level to create materials with ultrahigh-strength, a high modulus, and
other orientation-related functions [77,78]. However wholly aromatic LC polymers have
rarely been synthesized from bio-derived monomers, but have gained recognition in the field
of sustainability science for many natural LC polymers such as DNA [79,80], RNA [81],
hemoglobin S (HbS) [82], F-actin [83], and polysaccharides [84,85]. We have already
reported the polymerization of trans-4-hydroxycinnamic acid (4HCA: p-coumaric acid) as a
phytomonomer, which exists in plant cell walls as an intermediate metabolite of lignin and is
produced by photosynthetic bacteria [86]. Furthermore, 4HCA can also be synthesized by the
enzymatic conversion of tyrosine via direct deamination [87]. The 4HCA homopolymer
(P4HCA) is a main chain type of rigid homopolymer without a side chain, and showed
thermotropic LC properties, whereas conventional polymers did not show thermotropic
properties without the copolymerization of more than two monomers [88]. Therefore, 4AHCA

is expected to show strong mesogenicity to give its copolymers thermotropic properties, and
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thus far the author investigated the copolymer characteristics such as LC behavior, LC-
induced photoreactivity, oriented cell extension on their LC fibers, and various bio-based
copolymers with a liquid crystalline nature [88-94]. If 4HCA is copolymerized with a
biomonomer containing a chromophore, then new bio-based materials showing LC-related
photoemission may be prepared. In this study, the author reports the synthesis and
characterization of the copolymer poly{3-benzylidene amino-4-hydroxybenzoic acid (3,4-
BAHBA)-co-trans-4-hydroxycinnamic acid (4HCA: trans-coumaric acid)} (P(3,4-BAHBA-
co-4HCA)). 3,4-BAHBA is a functional biomonomer synthesized by the reaction of
benzaldehyde (a biochemical) with 3-amino-4-hydroxybenzoic acid (3,4-AHBA), which can
be extracted from Streptomyces griseus, a microorganism suitable for the mass-production of
various biomolecules [21-24]. 3,4-BAHBA has a Schiff-based moiety showing visible light
absorption and rigid components, and the LC copolymers derived from 4HCA and 3,4-
BAHBA had a polarized fluorescence function [95]. The polarized fluorescence is due to the
orientation of fluorescent molecules with thermotropic LC properties [77,78] and is attractive
in the various fields of not only photonics, but also photosynthetic biology [96-99] and

astronomy [100-102].

In this chapter, the author reports the relationship between the structural ordering and the
photoreaction of P(3,4-BAHBA-co-4HCA)s of various compositions. Second the author
further investigated the polarized fluorescence properties of oriented films of P(3,4-BAHBA-
co-4HCA), and discovered unique properties, i.e., the fluorescent color change of the oriented

films by changing the analyzer direction.
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3.2 Experimental section
3.2.1 Materials

3,4-AHBA (Kanto chemical, Co. Inc.) and 4HCA (Kitamura Chemicals, Co. Ltd.)
monomers were used as received. Acetic anhydride (Kanto chemical, Co. Inc.) was used as an
acetylation agent and disodium hydrogen phosphate (Kanto chemical, Co. Inc.) as a
polymerization catalyst were used as received. DMSO-dg (Sigma-Aldrich Co.) used as an

NMR solvent was also used as received.
3.2.2 Synthesis of 3,4-BAHBA

A mixture of 3,4-AHBA (3.0 g) and benzaldehyde (30 ml) was heated at 150 °C to create a
homogeneous liquid, which was stirred for 1 hour under nitrogen in an oil bath. After this
reaction, the mixture was cooled to room temperature, and the yellow crystals were filtered,
washed with ethanol, and vacuum-dried overnight at room temperature. Yield: 2.6 g (55 %),
mp: 237 °C. IR (in cm™): 1664 (vc=0), 1625 (vc=n) (Figure 3-4). *H-NMR (400 MHz, DMSO-
ds, 5, ppm, TMS): 12.59 (s, 1H, COOH, H®), 9.88 (s, 1H, OH, HY, 8.75 (s, 1H, CH=N, H",
8.06 (dd, J = 7.4, 1.6 Hz, 2H, aryl, H%), 7.73 (d, J = 2.0 Hz, 1H, aryl, H?%), 7.70 (dd, J = 8.4,
2.0 Hz, 1H, aryl, H%), 7.57-7.50 (m, 3H, aryl, H" and H'), 6.97 (d, J = 8.0 Hz, 1H, aryl, H")
(Figure 3-1). *C-NMR (100 MHz, DMSO-dg, 8, ppm, TMS): 167.3 (COOH, C?), 160.7 (CN,
c"), 155.3 (aryl, C?), 138.1 (aryl, C%), 136.2 (aryl, C"), 131.6 (aryl, C"), 129.1 (aryl, C'), 129.1
(aryl, C%), 128.7 (aryl, C¥), 122.1 (aryl, C), 120.6 (aryl, C°), 116.0 (aryl, C") (Figure 3-2). ESI
FT-ICR MS [M+H]": 242.08133, Calcd. for C14H1o2NOs: 242.08117. [M+Na]™: 264.06324,
Calcd. for C14H11NO3Na: 264.06311.
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Figure 3-1. *H-NMR spectrum of 3,4-BAHBA.
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Figure 3-2. ?C-NMR spectrum of 3,4-BAHBA.

-25-



Chapter 3: Syntheses of thermotropic liquid crystalline copolyesters derived from wholly aromatic amino acids and

their polarized photoluminescence

3.2.3 Syntheses of P(3,4-BAHBA-c0o-4HCA)s

The copolymer with a 4HCA in-feed composition of 50 mol% was prepared as follows.
Monomers of 3,4-BAHBA (2.1 mmol) and 4HCA (2.1 mmol) were stirred at 150 °C for 3
hours in the presence of 5 ml acetic anhydride as a condensation reagent and disodium
hydrogen phosphate as a catalyst for the transesterfication. After 3 hours, the reactants were
stirred at an elevated temperature of 180-200 °C for 30 min to distill acetic acid, and then
vacuumed at 1.7 Torr at 200 °C for 15 min until the reaction mixture became too viscous to
stir further. After this reaction, the product was dissolved in DMF and purified by
reprecipitation over methanol, filtered, washed with methanol and vacuum-dried overnight at
80 °C. The yield was 59%. The copolymers with other 4HCA compositions were prepared by

an analogous procedure.
3.2.4 Structural analyses

Fourier transform infrared spectra (FT-IR) of 3,4-BAHBA, 4HCA, and its polymer were
recorded on a Perkin-Elmer Spectrum One spectrometer using a diamond-attenuated total
reflection (ATR) accessory. *H and **C NMR spectra were measured in a DMSO-ds solution
by an NMR spectrometer (Bruker, Avance 111) at 400MHz. *H and **C NMR spectra chemical
shifts in parts per million (ppm) were recorded downfield from 2.5 ppm and 39.5 ppm using

DMSO as an internal reference.

Fourier transform ion cyclotron resonance mass spectra (FT-ICR MS) with an electrospray
ionization system (ESI) were recorded on a Solari X, Bruker Daltonics Inc. A methanol
solution of 3,4-BAHBA was prepared as a specimen by a 50-fold dilution of a saturated

solution.
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3.2.5 Molecular weight measurement

Number- and weight-average molecular weights (M, and M,,) were determined by gel
permeation chromatography at 40 °C (GPC JASCO GULLIVER SERIES UV-970; column,
Shodex GPC KF-801 and KF-802; eluant, DMF), and calibrated with polystyrene standards at

a flow rate of 1.0 ml/min.
3.2.6 Observation of thermotropic properties by crossed polarizing microscope

The phase transition of P(3,4-BAHBA-co-4HCA)s was observed by crossed-polarizing
microscopy. The samples were sandwiched between two glass plates, and heated at a rate of
10 °C/min by a METTLER TOLEDO FP82HT Hot Stage (Greifensee, Switzerland). The
melting temperature (Tn) and the liquid crystalline phase were observed directly by
microscopy. The thermotropic behavior was also confirmed by differential scanning
calorimetry (DSC) measurements (EXSTAE6100; Seiko Instruments Inc, Chiba, Japan) at a
scanning ratio of 10 °C/min from 50 to 250 °C in a nitrogen atmosphere. The T, of the new
compound 3,4-BAHBA was measured by DSC. The Ty and T of the copolymers were
obtained from the DSC curves of the second heating cycle. Thermal degradation was also
analyzed by thermogravimetric analysis (TGA; SSC/5200 SII Seiko Instruments Inc.) by

heating from 50 to 750 °C at a rate of 10 °C/min under a nitrogen atmosphere.
3.2.7 Wide angle X-ray diffraction (WAXD) measurement

The relationship between the molecular orientation and crystal structure of P(3,4-BAHBA-
co-4HCA)s with 4HCA composition of 75 mol% was analyzed by WAXD with a graphite
monochromatized CuKa radiation beam focused via a 0.3 mm pinhole collimator with a flat
20X 20 cm? imaging plate (IP) detector of 1900 X 1900 pixels (Rigaku, R-AXIS llc). The
orientation of the fibers was established from the LC melt state. The fiber was set in its axis

perpendicularly in front of a X-ray beam collimator.
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3.2.8 Photoluminescence of solutions

Photoluminescence excitation and emission spectra of the polymer solutions were obtained
with a spectrophotometer. The polymer concentration in NMP was 0.1 g/l. P(3,4-BAHBA-co-
4HCA)s solutions with 4HCA compositions of 75 and 100 mol% were filtered because they

were partially soluble in NMP.

3.2.9 Photoluminescence of oriented film

Figure 3-3 illustrates the optical train used for the photoluminescence dichroism
measurements, which was performed using a fluorophotometer (FP-6500; Jasco Instruments
Inc, Japan). The samples were mounted on a glass slide, and were heated by a Hot Stage. Just
above the T, glass plates were used to sandwich the sample on the arrowed direction, and
they were super-cooled to room temperature to create an oriented film coating the glass. The

author then inserted the film between the polarizer and the analyzer.

Polarizer
A
—>
Y Detect
Xe lamp etector
A K
Sample\ i v \ /\/\
'P Analyzer

v

Figure 3-3. Optical train used for the photoluminescence experiments. The
polarizer was placed behind the excitation shutter into the light path, and the
analyzer was placed in front of the emission shutter, where the arrows indicate the
polarizing and analyzing directions. Although the picture shows a parallel
direction of the arrows, the polarizer and analyzer both could be rotated. The
polarizer and analyzer can rotate.
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3.3 Results and discussion
3.3.1 Syntheses

The monomer 3,4-BAHBA was synthesized by the reaction of 3,4-AHBA with
benzaldehyde. The preparation of the copolymer P(3,4-BAHBA-co-4HCA)s was performed
according to Jin’s method [103]. Table 3-1 shows the synthetic conditions and copolymer
compositions of the P(3,4-BAHBA-co-4HCA)s. A mixture of 3,4-BAHBA and 4HCA was
stirred at 150 °C. The solution was yellow and transparent initially, but when the temperature
increased to 180-200 °C to evaporate the acetic acid, the solution changed to a slightly brown
color and began to show increased viscosity. The author stopped the reaction when the
reaction mixture became too viscous to stir further. The purified products were obtained as an
ocher powder, which was dissolved in concentrated sulfuric acid (H,SO,) and
pentafluorophenol. When the 4HCA ratio was 50 mol% or lower, the copolymers were
dissolved in various solvents such as tetrahydrofuran (THF), N,N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSQO), N-methylpyrrolidone (NMP), and chloroform (Table 3-2). The

incorporation of 3,4-BAHBA into the PAHCA increased the solubility of the copolymers.

Scheme 3-1. Synthesis of 3,4-BAHBA

o] @ o]
HzN:I::]/J\OH N <C:>%CHO 150 °C - N:I::j/J\OH
HO -H20 HO
3-amino-4-hydroxybenzoic acid benzaldehyde 3-benzylidene amino-4-hydroxybenzoic acid
(3,4-AHBA) (3,4-BAHBA)
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Scheme 3-2. Synthesis of P(3,4-BAHBA-c0-4HCA)

0 (@]
X (CH3C0),0, Na,HPO
OH + OH 3 20, Nas 4
HO 200 °C, in vacuo

3,4-BAHBA 4-hydroxycinnamic acid
(4HCA)

.

HO

O
| O S
N n
m "0
4[0
Poly(3-benzylidene amino-4-hydroxybenzoic acid-co-4-hydroxycinnamic acid)

P(3,4-BAHBA-co-4HCA)

Table 3-1. Synthesis conditions of P(3,4-BAHBA-co-4HCA)

3,4-BAHBA/4HCA® 3,4-BAHBA 4HCA 3,4-BAHBA/4HCA" Yield
(mol%) (mmol) (mmol) (mol%) (%)
100/0 2.1 0 100/0 37
75/25 2.1 0.69 66/34 55
50/50 2.1 2.1 53/47 59
25/75 2.1 6.2 38/62 73
0/100 0 3.0 0/100 85

& The numbers refer to the molar percentage of in-feed composition.
®Molar ratios were estimated by *H-NMR spectra.
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Table 3-2. Solubility of monomers and copolymers

P(3,4-BAHBA-co-4HCA)

Solvents 3,4- 4HCA 3,4-BAHBA/4AHCA (mol%)
BAHBA
100/0  75/25 50/50  25/75  0/100

Methanol + ++ - - - - -

Ethanol + ++ - - - - -
Acetone + ++ +- +- +- +- +-
THF ++ ++ ++ ++ ++ +- +-
DMF ++ ++ ++ ++ ++ +- +-
DMAC ++ ++ ++ ++ ++ +- +-
NMP ++ ++ ++ ++ ++ +- +-
DMSO ++ ++ ++ ++ ++ +- +-
TFA ++ + ++ ++ ++ +- +-
H,SO, ++ ++ ++ ++ ++ ++ ++
Pentafluorophenol ++ ++ ++ ++ ++ ++ ++

H,O - - - - - - -

Chloroform - - ++ ++ ++ - -

Toluene - - - - - - -

Hexane - - - - - - -

++: soluble at r.t., +-: partly soluble, -: insoluble, +: soluble only by heating.
THF: Tetrahydrofuran, DMF: N,N-Dimethylformamide, DMAc: N,N-Dimethylacetamide,
NMP: N-methylpyrrolidone, DMSO: Dimethyl sulfoxide, TFA: Trifluoroacetic acid.

Figure 3-4 shows the FT-IR spectra of the monomers and copolymers. IR peaks assigned to
the double bonds (ve=c: 1626, 1633, and 1635 cm™), azomethine (ve-n: 1625, 1632, 1633 cm”
1, and aromatic ring (vp-o: 1599, 1600, and 1601 cm™) appeared in the spectra for the
monomers of 3,4-BAHBA and 4HCA and for the polymers of P(3,4-BAHBA), P4AHCA, and
P(3,4-BAHBA-co-4HCA). On the other hand, the carboxyl IR peaks observed in the spectra
of the monomers of 3,4-BAHBA (vc-o: 1664 cm™) and 4HCA (ve-o: 1668 cm™) disappeared
in those copolymers. Instead, the IR peaks assigned to the ester groups (vc=o: 1733, 1736, and
1737 cm™) appeared, indicating the conversion of the carboxylic acids to esters. The

shoulders of P(3,4-BAHBA) (1676 cm™) and P(3,4-BAHBA-co-4HCA) (1672 cm™) would be
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assigned to the terminal carboxyl groups. Figure 3-5 shows a representative ‘H-NMR
spectrum of P(3,4-BAHBA-co-4HCA) with a 4HCA composition of 50 mol% in DMSO-ds.
Multiple peaks in the region of the chemical shift of 6 = 8.74 ppm (azomethine proton), & =
8.12-8.13 ppm (aromatic protons), & = 7.83-7.95 ppm (aromatic protons and f-CH), & = 7.12-
7.67 ppm (aromatic protons), and 6 = 6.85-6.94 ppm (a-CH) were assigned. Additionally, the
author note that the vicinity of the attributed “c” proton in the *H-NMR was the NH peak at
the end of P(3,4-BAHBA-co-4HCA) chains whose molecular weights were not so high
according to the results of GPC study. The compositions of 4HCA in the copolymers were
calculated by the integral ratios for peak area of (a) and (b) (Table 3-1). ‘H-NMR
spectroscopy in DMSO-dg demonstrated the incorporation of both monomers into the polymer
backbone, and the 4HCA composition in copolymer can be estimated by the integration ratio
of the aromatic proton signals of the individual units. The results are summarized in Table 3-1.
The monomer composition in the feed was close to the monomeric unit composition in the

copolymers, indicating the successful formation of the copolymers.
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Figure 3-4. FT-IR spectra of the monomers and polymers.
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Figure 3-5. 'H-NMR spectrum of P(3,4-BAHBA-co-4HCA) with a 4HCA
composition of 50 mol% 4HCA in DMSO-dg.

The average molecular weights of the P(3,4-BAHBA-c0o-4HCA)s were measured in DMF by
GPC (Table 3-3). P(3,4-BAHBA) and P(3,4-BAHBA-co-4HCA)s with in-feed 4HCA
compositions of 25 and 50 mol% showed a single peak in the GPC on indicating M,, values of
6900, 7900, and 7200, respectively (M\/M, = ca. 1.5). The molecular weights of the other
copolymers with higher 4HCA compositions were not measured because of their low
solubility in DMF. However, the author expected their molecular weights to be similar to
those of P(3,4-BAHBA) and P(3,4-BAHBA-co-4HCA)s with in-feed 4HCA compositions of
25 and 50 mol%, because the viscosity of their concentrated H,SO, solution was similar.
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Table 3-3. Monomer composition and molecular weight of P(3,4-BAHBA-co-4HCA)s

3,4-BAHBA/4HCA (mol%) M, M, MM,
100/0 4500 6900 1.5
75/25 4800 7900 1.6
50/50 4900 7200 1.5

3.3.2 Liquid crystalline properties

The thermotropic properties were investigated by crossed-polarizing microscopic
observation and TGA/DSC measurements (Figure 3-6, Table 3-4). The glass transition
temperatures, Tq, of the copolymers ranged between 125 °C and 135 °C whereas the melting
temperature, T, ranged between 215 °C and 220 °C. The 10% weight-loss temperature, Ty,
ranged between 300 °C and 350 °C. The Tq values of the copolymers were higher than that of
the values of degradable bio-based polymers reported thus far [104]. Moreover the P(3,4-
BAHBA-co-4HCA)s have good heat resistance properties for using as engineering

thermoplastics.
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Figure 3-6. TGA and DSA thermogram of P(3,4-BAHBA).
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Table 3-4. Thermal analysis data of P(3,4-BAHBA-c0o-4HCA)s

3,4-BAHBA/4HCA T, T T, 7. Tio’
(mol%) 9] 9] (°C) (°C) O
100/0 135 NY 184 - 300
75/25 130 N’ 212 - 315
50/50 125 220 217 - 315
25/75 N¢ 215 204 298 345
0/100 N¢ 220 215 280 350

8Ty and T, were measured by DSC upon a second heating under nitrogen (10 °C/min). " T
and T, were measured by polarizing microscope (10 °C/min). © T1o were measured by TGA

under nitrogen (10 °C/min). ¢ N = transition did not occur.

Tq: glass transition temperature, Tr: melting temperature, Tic: recrystallization temperature,

T10: 10% weight-loss temperature.

Figure 3-7 shows the phase diagram of P(3,4-BAHBA-co-4HCA)s of various compositions.
These results indicated that in P(3,4-BAHBA-co-4HCA)s with the 4HCA compositions of 55
mol% and higher, a schlieren texture with two and four brushes could be observed (inset
picture). Since the brush lines were accompanied by point defects, the LC was identified as
the nematic phase. Unexpectedly, the nematic fluid also solidified at 300 °C on average,
showing a transformation of its microscopic texture from the schlieren to crystalline needles.
This phenomenon was also found in our previous study on PAHCA homopolymer [88], and
the author thought that the crystallization was caused by a post-reaction such as acetyl group
additions to double-bonds. As a whole, the phase diagram showed that the melting point of

the copolymers can be controlled by a change in the composition, while retaining their liquid
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crystalline properties. In addition, one can see that the high percentage of 4HCA (low
percentage of 3,4-BAHBA) in the composition resulted in liquid crystalline copolymers,

although P(3,4-BAHBA) is not a liquid crystalline homopolymer.
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(b) 25/75 at 254 °C  (c) 0/100 at 220 °C

Figure 3-7. Phase diagram of P(3,4-BAHBA-co-4HCA)s of various compositions. The inset
pictures are crossed-polarizing photomicrographs of P(3,4-BAHBA-co-4HCA) with a 4HCA
composition of (a) 60 mol% at 256 °C, (b) 75 mol% at 254 °C, and (c) 100 mol% at 220 °C
[88] .

To elucidate the molecular orientation effects on the fluorescence of the polymer oriented
film and fiber were investigated. An oriented film of the copolymer was prepared by

following procedure: the polymer was sandwiched between two glass plates, and the cover at
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250 °C, mechanical orientation of the sample was demonstrated by shearing [72,105]. After
that supercooled to room temperature to fix the orientation state of the film on the glass. The
orientation of the fiber was established from the melt state at 250 °C. Right photos of Figures
3-8a and 3-8b show crossed-polarizing microscopic images taken under cross-nicol. The
transmitting light through the samples demonstrate the clear orientation of the films and fibers.
If a first-order retardation plate (A = 530 nm) was inserted into the light path, left photos of
Figure 3-8a and 3-8b were obtained. The birefringence was positive, as evidenced by both the
subtractive birefringence (orange color) in the film running from the upper left to the lower
right, and by the additive birefringence (blue color) in the shearing direction from the upper
right to the lower left. These results indicated the orientation direction of polymer chains in

the fibers should be same with that in the films.

(a)

analyzer analyzer

" / 70 polarizer

Scale bars: 200 pm

polarizer
/110 shear _ Y FENNSSPTT) pm

Figure 3-8. Crossed-polarizing optical microscope images of P(3,4-BAHBA-co-4HCA) with
a 4HCA composition of 75 mol% in the image taken at 250 °C. (a) An image of the oriented
film prepared by shearing at 250 °C and super cooling to room temperature. (b) An image of
the fiber of P(3,4-BAHBA-co-4HCA) with a 4HCA composition of 50 mol% at 250 °C. The
left images were taken under a first-order retardation plate (530 nm), and the right image
without the plate. The Z’-axis means the direction of first-order retardation plate which is

parallel to the shear direction.
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3.3.3 WAXD study

To investigate the molecular orientation and crystalline structure, the author performed
wide-angle X-ray diffraction (WAXD) studies on the copolymer. Although the author tried to
take WAXD image of the oriented film, it was pretty difficult because the sample was too thin.
Then the oriented fibers were used for WAXD study (Figure 3-9a). As illustrated below the
image, four diffraction arcs marked as d1, d2, d3, and ds at diffraction angles (20) of 18.4,
23.9, 27.8, and 28.8° corresponding to d-spacings of 0.48, 0.37, 0.32, and 0.31 nm were
observed. As discussed in the previous paper of PAHCA crystals, the diffractions of
20 =10.3° (d0) [88], d1 and d3 were assigned to the hexagonal arrangement and the spacing
of d2 approximates to one half of the length (0.40 nm) of the 4HCA unit [88]. Unexpectedly,
however, the satellite diffractions of dO were absent. In these reasons, the reciprocal spacings
of diffractions of d0, d1, and d3 for the copolymer with a 4HCA composition of 75 mol%
were 0.116 [88], 0.208, and 0.313 nm™, respectively, with an approximate relation of 1:13:17,
respectively 1/d1g0:1/d110:1/d210. Thus these diffractions could be assigned to the main chain,
presumably arranging hexagonally with a distance of 0.96 nm [88-90]. As for ds, the
diffraction arcs did not locate on the equatorial or meridian line, or correspond with any
diffraction of the 4AHCA homopolymer crystal, suggesting that the diffraction may be related
with 3,4-BHABA residues whose side chains protrude out almost perpendicularly to the
polymer backbones. As a consequence, the polymer main-chains aligned perpendicularly to
the fiber axis whereas the 3,4-BHABA side-chains arranged almost parallely, as illustrated in
Figure 3-9(c). Figure 3-9(b) shows the azimuthal scanning diagrams in which d2 gave a
distinct diffraction peak around 90° (0° is indicated in the illustration below the WAXD image
in Figure 3-9(a). From this diagram, the orientation degree was estimated as 0.64 using the
equation (180-B)/180, where B (= 65°) refers to the summation of the azimuthal angles of the
full width at half of the maximum of diffraction arc [72]. This value is in the range typical of

nematic liquid crystals, meaning the formation of the film with a good orientation which was
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unable in the previously-prepared lower M,, polymers. The crystalline degree was estimated
as 14% from the area ratio of the crystalline peaks to the entire area in the 20 range between
10-40° (Figure 3-10). Since oriented crystalline domains were formed from the nematic melt,
the non-crystalline ones should be in the oriented nematic glass state. Thus the WAXD
analyses suggest the positive birefringence of the film as well as the fiber confirmed in
polarized microscopy (Figure 3-8b) suggests that the copolymer adopted a perpendicular

orientation to the shear direction (fiber direction of Figure 3-9c).

@ (b)
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Figure 3-9. Structural analysis of P(3,4-BAHBA-co-4HCA) fiber with a 4HCA composition
of 75 mol%. (a) Wide angle X-ray diffraction (WAXD) image of an oriented fiber of the
copolymer, which was spun from the nematic state. The schematic illustration below the
image is shown in order to clarify the location of the diffraction arcs, since the resolution of
the image shown here became too low. (b) WAXD diagram of the azimuthal scanning around
diffraction arcs of d2 with a 20 = 23.9° of the illustration a. (c) Schematic illustration of the

copolymer chain arrangement in the fiber.
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Figure 3-10. Peak deconvolution analysis to determine the degree of crystallization. The

peaks correspond with Figure 3-9.

3.3.4 Photoluminescence of solutions

The photograph shown in Figure 3-11 demonstrated the visual photoluminescence of the
P(3,4-BAHBA-c0-4HCA)s in an NMP solution at a concentration of 0.1 g/L. Those solutions
were transparent and faint yellow, but emitted various colors depending on the copolymer
composition when ultraviolet (UV) light (A = 365 nm) was irradiated. In order to quantify
these colors, the author recorded the photoluminescence spectra. Figure 3-12 shows the
photoluminescence excitation spectra (left), and emission spectra (right), and Table 3-5 shows
the photoluminescence excitation Amax (€X), and emission Amax (em) of P(3,4-BAHBA-co-
4HCA)s of various molar ratios. From Figure 3-12, one can see that the P(3,4-BAHBA-co-

4HCA) with a 4HCA composition of 75 mol% showed the highest intensity of all of the
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samples prepared here. The wavelength of the excitation peaks of the P(3,4-BAHBA-co-
4HCA) with a 4HCA composition of 75 mol% ranged between those of both homopolymers,
whereas the wavelength of the emission peak was almost the same as the P4HCA
homopolymers. This phenomenon implies that the 3,4-BAHBA units play the role of an
antenna for light energy with a wide wavelength range, and transmit this energy into the
4HCA units to emit strongly. As a consequence, the P(3,4-BAHBA-co-4HCA)s have

photoluminescence properties.

(i) (iii) |v).

e B !

Figure 3-11. Digital photograph of an NMP solution of P(3,4-BAHBA-co-
4HCA)s under 365 nm UV light excitation. (i) 100/0, (ii) 75/25, (iii) 50/50, (iv)
25/75, (v) 0/100 in molar ratios.
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Figure 3-12. Photoluminescence excitation spectra (left), and emission spectra
(right) of P(3,4-BAHBA-co-4HCA)s of various molar ratios.

Table 3-5. Photoluminescence excitation Amax (€X), and emission Amax (em) of P(3,4-BAHBA-

c0-4HCA)s
3,4-BAHBA/4HCA Amax (€X) (nm) Amax (€M) (nm)
100/0 402 484
75/25 388 487
50/50 378 468
25/75 374 466
0/100 362 459
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3.3.5 Photoluminescence of films

The fluorescence spectra of orientation films of P(3,4-BAHBA-co-4HCA)s with the 4HCA
compositions of 75 and 100 mol% were measured while changing the directions of the
polarizer and analyzer [Figure 3-13(a-b)]. When the polarizer and analyzer directions are both
parallel to the film orientation, the emission intensity is the highest. Otherwise, if one of the
polarizers or analyzers was perpendicular to the sample orientation, then the intensities were
very low. It is noteworthy that even if the polarizer and analyzer direction was parallel, the
intensity was low in the film orientation direction perpendicular to either unit. This result
supports simple reflection based on a mirror effect of the sample would be insufficient. The
emission intensities at 469 nm in the copolymers with the 4HCA compositions of 75 and 100
mol% were 23 and 30, respectively. From these intensity data, The author normalized the
emission intensity per 4HCA unit to 0.31 and 0.30, suggesting that the 3,4-BAHBA units
slightly enhanced the intensity of polarized light from the 4HCA units, even a shortened

4HCA continuous segment.
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Figure 3-13. Photoluminescence spectra of P(3,4-BAHBA-co-4HCA) orientation
films with the 4HCA compositions of (a) 75 mol% and (b) 100 mol% under a
polarizer and analyzer irradiated at 374 nm with excited light. The table at the
bottom shows direction of the polarizer, sample and analyzer.

Prior to the polarized emission study, we analyzed the photoluminescence spectrum for the
representative sheared film P(3,4-BAHBA-c0o-4HCA) with a 4HCA composition of 75%
without the polarizer or analyzer. Figure 3-14a shows a spectrogram including two broad
peaks around 470 nm and 530 nm on the downward-sloping base line. The peak around 530
nm was assigned to emission of 3,4-BAHBA units because the 3,4-BAHBA homopolymer
film showed emission peaks around 530 nm. On the other hand, the peak around 470 nm
might be assigned to overlapped emission of both units of 4HCA and 3,4-BAHBA because
both homopolymers showed emission peaks around 470 nm. Figure 3-14b and 3-14c show the
photoluminescence spectra of the sheared film recorded with the analyzer and polarizer. The

polarizer was placed in the light path before the sample, and the analyzer was placed in the
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light path between the sample and the detector. The polarizer direction was changed from 0°
to 90°, where 0° refers to a direction parallel to the shear direction of the film, and 90° is
perpendicular. In both results of Figure 3-14b and 3-14c, the fluorescence intensity decreased
with an increase in the angle (Figure 3-19a and Figure 3-20a, respectively), and showed its
maximum at 0°, which was parallel to the orientation direction of the polymer side chains.
This result means that the emissions from oriented films of the copolymer were efficient when
the w-electrons of the 3,4-BAHBA side chains were efficiently excited by the light polarized

parallel to the side chains (to the shear direction).

Next, both the polarizer and analyzer were placed together. Figure 3-15a shows the
photoluminescence spectra recorded under the condition of a 0° analyzer while rotating the
polarizer. Similar to the abovementioned Figure 3-14b and 3-14c results, the
photoluminescence intensity decreased with increasing the angles from 0° to 90° (Figure 3-
19¢). However, as shown in Figure 3-15b, the photoluminescence spectra recorded under the
condition of a 90° analyzer showed low intensities almost independent on polarizer angles
regardless of the polarizer angle (Figure 3-19e). This phenomenon indicates that the
fluorescent light from the 3,4-BAHBA side groups was polarized to be blocked by the 90°

analyzer.

Finally, the polarized emission behavior of the copolymer film was studied under the
conditions of the polarizer being fixed at 0° or 90° and the analyzer being rotated. When the
polarizer was fixed at 0° similar results to Figure 3-15a were obtained as shown in Figure 3-
16a and Figure 3-20c. On the other hand, the unique results were obtained when the polarizer
was fixed at 90° (Figure 3-16b). While the luminescent emission around 470 nm increased its
intensity after changing the analyzer direction from 0° (crossed nicol) to 90° (parallel nicol),
the emission around 530 nm decreased. The emission around 470 nm was derived from
4HCA and 3,4-BAHBA emissions in the main chains, whereas the emission around 530 nm

was derived from the 3,4-BAHBA side groups as mentioned above. After the n-electrons of
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main chains excited by the polarized light in the direction of 90°, the 3,4-BAHBA side groups
emitted around 530 nm most efficiently under cross-nicol condition, which suggests that
energy transfer from polymer main chains to the 3,4-BAHBA side groups occurred (Figure 3-
17). It is noted that the glass substrate showed no fluorescence under these polarimetric

condition.

To confirm the generality of such a unique phenomenon, we used homopolymers and other
copolymers with 4HCA compositions of 25 and 50 mol%. Figure 3-19b and 3-19d show that
the emission wavelength (3,4-BAHBA) was almost constant around 530 nm even when the
polarizer was rotated. This phenomenon indicates that the 3,4-BAHBA emission in side
groups was more efficient than that of 4HCA and 3,4-BAHBA in main chains. Besides the

3,4-BAHBA emission was controlled by the analyzer direction 0° or 90°.

As shown in Figure 3-20, the emission wavelength became shorter by changing the analyzer
direction from parallel to perpendicular to the 3,4-BAHBA side chain, regardless of the
polarizer condition and 3,4-BAHBA composition in copolymers. This phenomenon suggests
that 3,4-BAHBA emission intensity was lowered by changing the analyzer direction and main
chain emission became effective to overlap with 3,4-BAHBA emission. As shown in Figures
3-18b, 3-18c, and 3-18d, 3,4-BAHBA homopolymer and the copolymers showed similar
unique tendency to Figure 3-16b and the energy transfer in oriented films occurred. However
4HCA homopolymer showed only negligible fluorescence (Figure 3-18e) and 3,4-BAHBA
could play an important role in the polarized emission. Owing to higher composition of 3,4-
BAHBA, the intensity change of the 530 nm peak was clearer than Figure 3-16b, and then
isosbestic point was clearly detected at 510 nm, indicating that the phenomenon occurred as a
result of opposite intensity change of two peaks from main chains and 3,4-BAHBA side
chains emissions. In another point of view, the peak red-shift by polarizer direction change
from perpendicular to parallel to the sheared direction. Thus, the fluorescent color was

changed by changing the analyzer rotation from 0° to 90°.
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Figure 3-14. (a) Photoluminescence spectra of the sheared film P(3,4-BAHBA-c0-4HCA)
with a 4HCA composition of 75 mol%, recorded a) without polarizer or analyzer, b) under
polarizer which was placed into the light path before the sample, but no analyzer was used,
and c¢) under analyzer which was placed into the light path between the sample and a
fluorescence detector, but no polarizer was used. The polarizer and analyzer direction
changed from an angle of 0° to 90°, where 0° refers to a direction parallel to the shear

direction, whereas 90° refers to the perpendicular.
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Figure 3-15. Photoluminescence spectra of the sheared film P(3,4-BAHBA-co-4HCA) with a
4HCA composition of 75% under both a polarizer and an analyzer, where the polarizer
direction changed from 0° to 90° while the analyzer direction was fixed at an angle of a) 0°,
and b) 90°. The positions of polarizer and analyzer, and the angle standard of them were the

same with those in Figure 3-14.
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Figure 3-16. Photoluminescence spectra of the sheared film P(3,4-BAHBA-c0o-4HCA) with a
4HCA composition of 75% using both the polarizer and analyzer. (a) The polarizer was fixed
at 0°, and the analyzer rotated from 0° to 90°. (b) The polarizer was fixed at 90° and the
analyzer rotated from 0° to 90°. Inset pictures of (b) indicated the emission color at 90° and at

0°. The positions of polarizer and analyzer, and the angle standard of them were the same with

those in Figure 3-14.
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Figure 3-17. Schematic illustration of polarized emission behavior when the polarizer was
fixed but the analyzer was rotated under the condition of Figure 5. a) 3,4-BAHBA side groups
emitted more efficiently than 4HCA main chain by 0° excitation. b) 4HCA main chain was
efficiently excited by 90° irradiation but 3,4-BAHBA side chain emitted under 0° analyzer,

presumably due to the energy transfer from 4HCA to 3,4-BAHBA.
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Figure 3-18. (a) The plots of photoluminescence emission Amax Of polymers against analyzer

angle (0). (b-e) Photoluminescence spectra of the sheared films of (b) P(3,4-BAHBA), P(3,4-

BAHBA-co-4HCA) with a 4HCA composition of (c) 25 mol%, (d) 50 mol%, and (e) P4AHCA

recorded under the same polarimetry condition with Figure 3-16.
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Figure 3-19. Change in photoluminescence intensity and emission wavelength of the sheared

film of P(3,4-BAHBA), P(3,4-BAHBA-co-4HCA)s with 4HCA compositions of 25 mol%, 50

mol%, and 75 mol% when the polarizer was rotated from 0° to 90°. The polarizer was placed

into the light path before the sample. The polarizer direction changed from 0° to 90°, where 0°

refers to a direction parallel to the shear direction, whereas 90° refers to the perpendicular. In

(i), no analyzer was used. In (ii), the analyzer was fixed at 0° (parallel to the shear direction).

In (iii), the analyzer was fixed at 90° (perpendicular to the shear direction). The emission

intensities at 530 nm normalized as percentage of the intensity at a 0° analyzer (a, c, €). The

emission Anmax Values (b,d,f).
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Figure 3-20. Change in photoluminescence intensity and emission wavelength of the sheared
film of P(3,4-BAHBA), P(3,4-BAHBA-c0-4HCA)s with 4HCA compositions of 25 mol%, 50
mol%, and 75 mol% when the analyzer was rotated from 0° to 90°. The analyzer was placed
into the light path between the sample and a fluorescence detector. The analyzer direction
changed from 0° to 90°, where 0° refers to a direction parallel to the shear direction, whereas
90° refers to the perpendicular. In (i), no polarizer was used. In (ii), the polarizer was fixed
at 0° (parallel to the shear direction). In (iii), the polarizer was fixed at 90° (perpendicular to
the shear direction). The emission intensities at 530 nm normalized as percentage of the

intensity at a 0° analyzer (a, c, €). The emission Amax values (b,d,f).
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3.4 Conclusion

In order to prepare new functional bio-based polymers with LC properties, poly{3-
benzylidene amino-4-hydroxybenzoic acid (3,4-BAHBA)-co-trans-4-hydroxycinnamic acid
(4HCA: trans-coumaric acid)} (P(3,4-BAHBA-c0o-4HCA)) was synthesized by a thermal
polycondensation of 4HCA and 3,4-BAHBA, which was synthesized by a reaction of 3-
amino-4-hydroxybenzoic acid (3,4-AHBA) with benzaldehyde. When the 4HCA
compositions of P(3,4-BAHBA-co-4HCA)s were above 55 mol%, the copolymers showed a
nematic liquid crystalline phase due to the mesogenic effects of the continuous 4HCA units.
The oriented samples of fibers and films were successfully processed, which both showed
positive birefringence. The fiber of the copolymer with a 4HCA composition of 75 mol%
showed a clear X-ray image, indicating that the main chains were oriented perpendicularly to
the fiber axis. These results of birefringence and XRD study suggest the main chains in the
films also oriented perpendicularly to the shear direction. The copolymers in an NMP solution
showed photoluminescence under 365 nm, and the corresponding oriented films of P(3,4-
BAHBA-c0-4HCA)s with a 4HCA composition of 75 mol% emitted polarized light, as
confirmed by fluorescent spectroscopy equipped with paralleled and crossed polarizers.
Furthermore, the oriented film showed polarized emissions and color change dependent on the
angle of the analyzer rotation with the polarizer perpendicular to the shear direction. This
phenomenon is very important for developing advanced photonic devices using light emitting
diodes [106-116], organic lasers [117-121], and could be exhibited from LC oriented
polymers with fluorescent moieties in both the main-chain and the side-chains. In addition,
the fluorescent color change exhibited by liquid crystalline moieties is useful for potential
applications such as memory devices, fluorescent sensors, security materials, and information
displays [122-131]. Thus, the author prepared new, rigid-rod oligomers with LC-related
photoemission properties derived from aromatic structures in biomolecules available from

microorganisms.
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CHarTER 4

4.1 Introduction

Conjugated polymers attracted considerable attention from the scientific field such as electronic
and optoelectronics [132-134]. Their structure consists of alternating single and double bonds.
(Figure 4-1) In this system, on giving external stimuli such as doping reactions, it showed
conductivity or luminescent properties, i.e. poly(acetylene) [135]. In this meaning, conjugated
polymer system could be applied for light-emitting diodes and thin film transistors [136,137].
Compared with the traditional inorganic LEDs, the conjugated polymer-based LEDs have many
advantages such as color-controllability, bendability, and easy-fabrication. Among all the existing
conjugated polymers, polybenzoxazole family, “poly(p-phenylene benzobisoxazole) (PBO) and
poly(2,5-benzoxazole) (ABPBO)” have been studied since the early 1980s (Figure 4-2) [20, 138-
143]. PBOs showed higher modulus and strength than DuPont’s Kevlar, [poly(p-
phenyleneterephthalamide) (PPTA)] [144], and excellent mechanical properties, thermo-stability
and environmental stability. This is because the n-conjugated and rigid structure of PBOs brings
about many outstanding optical properties as well as mechanical properties and thermal stability.
Recently, many conjugated polybenzoxazoles have been synthesized and their optical and

electronic properties have been investigated in detail [145-149].

Typically, PBOs are prepared by condensation polymerization using a strong acid such as
poly(phosphoric acid) (PPA) [138,139], which formed liquid crystalline phases during
polymerization at concentrations above 5 wt% [20]. After condensation, PBO films were
fabricated from a PPA solution. However, it has difficultly of removal of the residual PPA, only

acid by using as the solvent for PBO, and deterioration of the mechanical property [150].
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To overcome this problem, the fabrication of PBO films is the fabrication of precursor films
followed by conversation to PBO films [151-155]. In this approach, PBO is made by two steps by
soluble in an organic solvent PBO precursor, poly(hydroxyl amide), is required, and followed by
thermal cyclodehydration reaction. It is similar to the fabrication of polyimide films from a

polyamic acid solution [156].

In this chapter, the author reports the synthesis of the novel aromatic symmetric precursor
polymer by starting from 3,4-AHBA derivatives and the stepwise cyclization from precursor to
PBO under different thermal conditions. The author further investigated the Fourier transform
infrared (FT-IR) spectroscopy, nuclear magnetic resonance (NMR), and thermogravimetric

analysis.

Figure 4-1. The structure of t-conjugated polymer, polyacetylene.

KO e

Figure 4-2. The typical structure of poly(p-phenylene benzobisoxazole) (PBO) and poly(2,5-
benzoxazole) (ABPBO).
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4.2 Experimental section
4.2.1 Materials

3-nitro-4-hydroxybenzaldehyde (3,4-NHBAL), terephthaloyl dichloride (TC), isophthaloyl
dichloride (IC), 2,5-furandicarboxylic acid (FA) were purchased from TCI. TC and IC were
purified by recrystallization from n-hexane and the 3,4-NHBAL and FA were used as received.
Methanol (MeOH), dichloromethane (DCM), hydrazine monohydrate, thionyl chloride (SOCI,),
N,N-dimethylacetamide, dehydrated (DMAc) were purchased from Kanto chemicals, and used as
received. Palladium-activated carbon (Pd 5%) was purchased from Kanto chemicals, and used as

received. DMSO-dg (Sigma-Aldrich Co.) used as an NMR solvent was also used as received.
4.2.2 Synthesis of N,N’-Bis-(3-nitro-4-hydroxy-benzylidene)-hydrazine (3,4-NHBZL)

3,4-NHBAL (5.0 g) was dissolved in 150 ml DCM to create a homogeneous liquid, which was
stirred at room temperature under nitrogen. In this homogeneous solution, hydrazine
monohydrate (0.8 ml, 16 mmol) was slowly added one drop by syringe. A yellow solid of
compound was getting when adding hydrazine monohydrate. After 3 hours, the product was
filtered and washed with dichloromethane. The resultant solid was dried under vacuum, yield: 4.4
g (89%), mp: 275 °C. IR (in cm™):3268 (vo.n) 1664 (vc=o), 1626 (vc-n), 1533, 1372, 1327(ve-noz)
(Figure 4-4). *H-NMR (500 MHz, DMSO-ds, 5, ppm): 11.67 (s, 1H, OH, H¢), 8.68 (s, 2H, CH=N,
HY), 8.35 (d, J = 2.0 Hz, 2H, aryl H%), 8.03 (dd, J = 8.7, 2.0 Hz, 2H, aryl H"), 7.23 (d, J = 8.7 Hz,
2H, aryl, H®) (Figure 4-5). **C-NMR (125 MHz, DMSO-ds, &, ppm): 159.7 (CN, C?), 154.4 (aryl,
C®), 137.1 (aryl, C%), 133.8 (aryl, CY), 125.8 (aryl, C), 125.2 (aryl, C"), 119.8 (aryl, C") (Figure 4-
6). The results of HSQC and HMBC are shown in Figure 4-7 and Figure 4-8.

-58-



Chapter 4: Syntheses of novel polybenzobisoxazoles from symmetric z-conjugated azine compounds

Scheme 4-1. Synthesis of 3,4-NHBZL
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OoN CHO DCM O2N N ,Nv@
D/ + NHpNH, ﬁ N NO,
r.t.
HO HO
3-nitro-4-hydroxybenzaldehyde Hydrazine N,N'-Bis-(3-nitro-4-hydroxy-benzylidene)-hydrazine (3,4-NHBZL)
(3,4-NHBAL)

Figure 4-3. The image of 3,4-NHBZL.
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Figure 4-4. The FT-IR spectrum of 3,4-NHBZL.
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Figure 4-6. *C-NMR spectrum of 3,4-NHBZL.
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4.2.3 Synthesis of N,N’-Bis-(3-amino-4-hydroxy-benzylidene)-hydrazine (3,4-AHBZL)

3,4-NHBZL (4 g) and Pd/C were suspended in 400 ml MeOH. H, gas was passed into the
mixture. After 5h the reaction mixture dissolved in methanol. The mixture was filtered, washed
with methanol to separate Pd/C and filtrate was evaporated to get occur color powder. The
resultant solid was dried under vacuum, yield: 1.7 g (55%), mp: 259 °C. IR (in cm™): 3376 (vni2),
3294 (vo.n), 1664 (vc-o0), 1625 (ve=n) (Figure 4-10). *H-NMR (500 MHz, DMSO-ds, &, ppm):
9.64 (s, 1H, OH, H®), 8.38 (s, 2H, CH=N, HY), 7.17 (d, J = 1.8 Hz, 2H, aryl H?), 6.86 (dd, J = 8.1,
1.9 Hz, 2H, aryl HY), 6.72 (d, J = 8.0 Hz, 2H, aryl, H%) (Figure 4-11). ®C-NMR (125 MHz,
DMSO-dg, 8, ppm): 160.6 (CN, C?), 147.4 (aryl, C%), 137.0 (aryl, C%), 125.7 (aryl, C"), 119.3
(aryl, CY%, 114.0 (aryl, C"), 112.0 (aryl, C%) (Figure 4-12). The results of DEPT 45, DEPT 90,
DEPT135, HSQC, HMBC are shown in Figure 4-13, Figure 4-14, Figure 4-15, Figure 4-16,
Figure 4-17. ESI FT-ICR MS [M+H]": 271.11578, Calcd. for C14H11N4Os: 271.11168.

Scheme 4-2. Synthesis of 3,4-AHBZL

~ MeOH H,N X /Nﬁ
O2N NS NO, 2 NS NH,
H, gas, r.t.
HO HO

N,N'-Bis-(3-nitro-4-hydroxy-benzylidene)- N,N'-Bis-(3-amino-4-hydroxy-benzylidene)-
hydrazine (3,4-NHBZL) hydrazine (3,4-AHBZL)

-

Figure 4-9. The image of 3,4-AHBZL.
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Figure 4-10. The FT-IR spectrum of 3,4-AHBZL.
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Figure 4-11. "H-NMR spectrum of 3,4-AHBZL.
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Figure 4-12. *3C-NMR spectrum of 3,4-AHBZL.
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Figure 4-13. 45°-DEPT NMR spectrum of 3,4-AHBZL.
-64-



Chapter 4: Syntheses of novel polybenzobisoxazoles from symmetric z-conjugated azine compounds

g fc DMSO

160.3445 Q)
— 119.0435
7
7

a Cc
e g
HO r
200 ‘ ' ‘ ' 150 ' ‘ ‘ ‘ 100 ' ‘ ' ‘ 50 0 [ppm]
Figure 4-14. 90°-DEPT NMR spectrum of 3,4-AHBZL.
g 9le DMSO
| I b
HN g S p 2 d
9
HO™Y
I . J
200 150 ' ‘ ‘ ‘ 100 ' ‘ ‘ ‘ 50 ‘ ‘ ' ' 0 [ppm]

Figure 4-15. 135°-DEPT NMR spectrum of 3,4-AHBZL.
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4.2.4 Syntheses of PBO precursors
PBO precursor synthesis from 3,4-AHBZL and TC

A typical preparation of 3,4-AHBZL-TC poly(hydroxyl amide) (PHA) precursor proceeds as
follows. Under a nitrogen atmosphere, 3,4-AHBZL (0.20 g) was dissolved in DMAc solution (0.5
ml) and then cooled to 0 °C. TC (0.15 g) was also dissolved in DMAc solution (0.5 ml) under a
nitrogen atmosphere at room temperature. TC DMACc solution was slowly added to the solution
of 3,4-AHBZL. After addition of TC, the mixture was stirred at room temperature for 48h. The
solution was poured into 20 ml of methanol to produce a precipitate, which was filtered. The
obtained solid was dried at room temperature overnight in a vacuum that produced an ocher color
powder. yield: 0.24 g (82%). IR (in cm™): 1635 (vc=0), 1537(8n.n) (Figure 4-18 (a)). *H-NMR
(400 MHz, DMSO-dg, 6, ppm): 10.57 (s, 2H, OH, Hf), 9.78 (s, 2H, amide, H°), 8.64 (s, 2H,
CH=N, H%, 8.27 (m, 2H, aryl-H?%), 8.14 (s, 4H, aryl-H*), 7.58 (m, 2H, aryl-H®), 7.06 (d, 2H, aryl-
H®) (Figure 4-18 (c)).

Scheme 4-3. Synthesis of 3,4-AHBZL-TC PHA
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N,N'-Bis-(3-amino-4-hydroxy-benzylidene)- Terephthaloyl dichloride (TC)
hydrazine (3,4-AHBZL)

j DMAc
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4 N SN N
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HO n
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3,4-AHBZL-TC PHA
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PBO precursor synthesis from 3,4-AHBZL and IC

A typical preparation of 3,4-AHBZL-IC poly(hydroxyl amide) (PHA) precursor proceeds as
follows. Under a nitrogen atmosphere, 3,4-AHBZL (0.2 g) was dissolved in DMAc solution (0.5
ml) and then cooled to 0 °C. IC (0.15 g) was also dissolved in DMAc solution (0.5 ml) under a
nitrogen atmosphere at room temperature. IC DMACc solution was slowly added to the solution of
3,4-AHBZL. After addition of IC, the mixture was stirred at room temperature for 48h. The
solution was poured into 20 ml of methanol to produce a precipitate, which was filtered. The
obtained solid was dried at room temperature overnight in a vacuum that produced an occur color
powder. yield: 0.19 g (65%). IR (in cm™): 1646 (vc=0), 1530 (8n.n) (Figure 4-19 (a)). *H-NMR
(400 MHz, DMSO-dg, 6, ppm): 10.54 (s, 2H, OH, Hf), 9.80 (s, 2H, amide, H®), 8.69 (m, 1H, aryl-
HP), 8.60 (s, 2H, CH=N, H%), 8.28 (s, 2H, aryl-H?), 8.19 (m, 2H, aryl- H? ), 7.70 (m, 2H, aryl-HP),

7.57 (m,1H, aryl-HP), 7.06 (d, 2H, aryl- H®) (Figure 4-19 (c)).

Scheme 4-4. Synthesis of 3,4-AHBZL-IC PHA
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PBO precursor synthesis from 3,4-AHBZL and FC

2,5-Furandicarbonyl chloride (FC) was prepared wrote below [157]. 0.12 g of 2,5-
Furandicarboxylic acid (FA), 1.1 ml of SOCI, was introduced into a round bottom flask fitted
with a condenser and a magnetic stirrer, and the mixture was refluxed at 80 °C for 3h with
constant stirring. After the reaction, the bottom was cooled to room temperature. The excess of
SOCI;, was removed under vacuum at room temperature and collected in a trap cooled with liquid
nitrogen and concentrated sodium hydroxide trap. This product was directly used for PBO

precursor synthesis.

Scheme 4-5. Synthesis of FC

o) @] @]
o 0O SOCl, o

HO  \ / ©OH 80 °C o/ d

2,5-Furandicarboxylic acid (FA) 2,5-Furandicarbonyl chloride (FC)

A typical preparation of 3,4-AHBZL-FC poly(hydroxyl amide) (PHA) precursor proceeds as
follows. Under a nitrogen atmosphere, 3,4-AHBZL (0.2 g) was dissolved in DMAc solution (0.5
ml). FC prepared above was also dissolved in DMAc solution (0.5 ml) under a nitrogen
atmosphere and then cooled to 0 °C. 3,4-AHBZL DMACc solution was slowly added to the
cooling FC solution. After addition of the solution of 3,4-AHBZL DMACc, the mixture was stirred
at room temperature for 48h. The solution was poured into 20 ml of methanol to produce a
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precipitate, which was filtered. The obtained solid was dried at room temperature overnight in a
vacuum that produced an occur color powder. yield: 0.23 g (79%). IR (in cm™): 1653 (vc=o),
1531 (8n-+) (Figure 4-20 (a)). *H-NMR (400 MHz, DMSO-ds, 8, ppm): *H-NMR (400 MHz,
DMSO-ds, 5, ppm): 10.72 (s, 2H, OH, H"), 9.86 (s, 2H, amide, H%), 8.62 (s, 2H, CH=N, H?, 8.20
(m, 2H, aryl-H%), 7.60 (m, 2H, aryl-H%), 7.42 (s, 2H, furan-H"), 7.07 (d, 2H, aryl-H°) (Figure 4-20

(©)).

Scheme 4-6. Synthesis of 3,4-AHBZL-FC PHA
OH 0 0
M@ °
HZNDA\N’N X NH, i car N/
HO
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4.2.5 Syntheses of PBOs
Preparation of 3,4-AHBZL-TC PBO film from 3,4-AHBZL-TC PHA

100 mg of 3,4-AHBZL-TC PHA in 2 ml of DMACc filtered through a 0.5 um PTFE membrane
filter was cast on a glass substrate. The obtained film was dried at 60 °C for 1h and then at 100 °C
for 1h. The film was peeled off the glass substrate by immersing the substrate in water. The
obtained film was dried at 80 °C for 4h under vacuum and subsequently heated in a vacuum at

200 °C for 1h, 250 °C for 1h, 300 °C for 24h.

Scheme 4-7. Synthesis of 3,4-AHBZL-TC PBO
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3,4-AHBZL-TC PHA 3,4-AHBZL-TC PBO

Preparation of 3,4-AHBZL-I1C PBO film from 3,4-AHBZL-IC PHA

100 mg of 3,4-AHBZL-IC PHA in 2 ml of DMACc filtered through a 0.5 um PTFE membrane
filter was cast on a glass substrate. The obtained film was dried at 60 °C for 1h and then at 100 °C
for 1h. The film was peeled off the glass substrate by immersing the substrate in water. The
obtained film was dried at 80 °C for 4h under vacuum and subsequently heated in a vacuum at

200 °C for 1h, 250 °C for 24h.
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Scheme 4-8. Synthesis of 3,4-AHBZL-IC PBO
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Preparation of 3,4-AHBZL-FC PBO film from 3,4-AHBZL-FC PHA

100 mg of 3,4-AHBZL-FC PHA in 2 ml of DMACc filtered through a 0.5 um PTFE membrane
filter was cast on a glass substrate. The obtained film was dried at 60 °C for 1h and then at 100 °C
for 1h. The film was peeled off the glass substrate by immersing the substrate in water. The
obtained film was dried at 80 °C for 4h under vacuum and subsequently heated in a vacuum at

200 °C for 1h, 250 °C for 24h.

Scheme 4-9. Synthesis of 3,4-AHBZL-FC PBO
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4.2.6 Measurements

Fourier transform infrared spectra (FT-IR) of 3,4-NHBZL, 3,4-AHBZL, and its polymer were
recorded on a Perkin-Elmer Spectrum One spectrometer using a diamond-attenuated total
reflection (ATR) accessory. *H and **C, HSQC, HMBC NMR spectra were measured in a
DMSO-ds solution by an NMR spectrometer (Bruker, Avance III) at 500MHz. *H and “*C,
HSQC, HMBC. NMR spectra chemical shifts in parts per million (ppm) were recorded downfield
from 2.5 ppm and 39.5 ppm using DMSO as an internal reference.’>*C-NMR spectra were
recorded at an NMR spectrometer (Bruker, Avance I1l) at 500 MHz at a frequency of 125 MHz

by using complete decoupling or DEPT (distortionless enhanced by polarization transfer) mode.

Fourier transform ion cyclotron resonance mass spectra (FT-ICR MS) with an electrospray
ionization system (ESI) were recorded on a Solari X, Bruker Daltonics Inc. A methanol solution

of 3,4-AHBZL was prepared as a specimen.
4.2.7 Molecular weight measurement

Number- and weight-average molecular weights (M, and M,,) were determined by JASCO gel
permeation chromatograph (GPC) system equipped with KD-803 and KD-807 (Shodex) as the
column at 40 °C, and calibrated with pullulan standards at a flow rate of 1.0 ml/min by eluant as

DMF.
4.2.8 Thermal Analysis

Thermal degradation was analyzed by thermogravimetric analysis (TGA; SSC/5200 SII Seiko
Instruments Inc.) by heating from 50 to 750 °C at a rate of 10 °C/min under a nitrogen

atmosphere.
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4.2 .9 Photoluminescence of solutions

Photoluminescence excitation and emission spectra of the PBO solutions were obtained with a

spectrophotometer. The polymer concentration in concentrated sulfuric acid was 5 mg/I.

4.3 Results and discussion
4.3.1 Syntheses and characterization of PBO precursors (prePBOs)

The monomer 3,4-NHBZL was synthesized by the reaction of 3,4-NHBAL with hydrazine.
After that the monomer 3,4-AHBZL was reduced by the hydrogenation reaction from nitro group
of 3,4-NHBZL. Similar to polyimides, most PBOs are insoluble in common organic solvents.
[152] In this study, the author chose two step reaction about synthesis of a soluble PBO precursor
followed by the fabrication of PBO films according to Nakashima’s method. [153-155] The
precursor of PBO, 3,4-AHBZL-TC PHA, 3,4-AHBZL-IC PHA, and 3,4-AHBZL-FC PHA were
synthesized by the condensation reaction of 3,4-AHBZL with TC, IC, FC as shown in Scheme 4-
3, 4-4, 4-6. The obtained polymer powders were characterized by FT-IR spectroscopy. As shown
in Figure 4-18 (a), 4-19 (a), and 4-20 (a), characteristic peaks of the amide bonding (1635 and
1537 cm™, 1646 and 1530 cm™, 1653 and 1532 cm™, C=0 stretching mode and N-H bending
mode, respectively) due to the prePBO were observed, which clearly indicated the progress of the
polycondensation reaction. It is important to note that the 3,4-AHBZL-TC PHA, 3,4-AHBZL-IC
PHA, and 3,4-AHBZL-FC PHA exhibited an excellent solubility in common organic solvents
such as DMF and DMAc. The good solubility of the 3,4-AHBZL-TC PHA, 3,4-AHBZL-IC PHA,
and 3,4-AHBZL-FC PHA allowed author to characterize it using GPC in DMF and *H-NMR in

DMSO-dg as the solvent. The GPC and *H-NMR results were shown below. The molecular
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weights of the 3,4-AHBZL-TC PHA, 3,4-AHBZL-IC PHA, and 3,4-AHBZL-FC PHA were
measured in DMF by GPC with a pullulan standard. It showed M, = 6200, 9900, 62000, M, =
18000, 35000, 190000, and M/M, = 2.9, 3.5, 3.0, respectively. The thermogravimetric analysis
(TGA) of the 3,4-AHBZL-TC PHA, 3,4-AHBZL-IC PHA, and 3,4-AHBZL-FC PHA were
conducted at a heating rate of 10 °C min™ under flowing nitrogen, and as shown by the black line
in Figure 4-18 (b), 4-19 (b), 4-20 (b), the 10% weight loss was observed at around 221, 250 and
300 °C. The 'H-NMR spectra of 3,4-AHBZL-TC PHA, 3,4-AHBZL-IC PHA, and 3,4-AHBZL-
FC PHA were presented in Figure 4-18 (c), 4-19 (c), 4-20 (c) with a good assignment of each
resonance. The peaks due to the hydroxyl, amide, and imine protons are observed at 10.57
(broad), 9.78 (singlet), 8.64 (singlet) in Figure 4-18(c), 10.54 (broad), 9.80 (singlet), 8.60
(singlet) in Figure 4-19 (c), and 10.72 (broad), 9.86 (singlet), 8.62 (singlet) in Figure 4-20 (c),

respectively. These results indicated that the prePBO reaction was proceeded in each polymer.
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Figure 4-18. (a) FT-IR spectrum of 3,4-AHBZL-TC PHA. (b) TGA curve of 3,4-AHBZL-TC

PHA (10 °C min™ in N,). (c) *H-NMR spectrum of 3,4-AHBZL-TC PHA. Inset photo: The
powder of 3,4-AHBZL-TC PHA.
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Figure 4-19. (a) FT-IR spectrum of 3,4-AHBZL-IC PHA. (b) TGA curve of 3,4-AHBZL-IC

PHA (10 °C min™ in N). (c) *H-NMR spectrum of 3,4-AHBZL-IC PHA. Inset photo: The
powder of 3,4-AHBZL-IC PHA.
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Figure 4-20. (a) FT-IR spectrum of 3,4-AHBZL-FC PHA. (b) TGA curve of 3,4-AHBZL-FC

PHA (10 °C min™ in N,). (c) *H-NMR spectrum of 3,4-AHBZL-FC PHA. Inset photo: The

powder of 3,4-AHBZL-FC PHA.
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4.3.2 Preparation and characterization of prePBO films and PBO films

One of the advantages of 3,4-AHBZL-TC PHA, 3,4-AHBZL-IC PHA, and 3,4-AHBZL-FC
PHA are the high processability due to its good solubility. The good solubility can allow the
author to fabricate its films from the solution-cast method. A DMAc solution of the 3,4-AHBZL-
TC PHA, 3,4-AHBZL-IC PHA, and 3,4-AHBZL-FC PHA were cast on a glass substrate, and
then the obtained film was peeled off the glass substrate by immersing it in water as described in
the Experimental Section. As shown in Figure 4-21 (a), 4-22 (a), and 4-23 (a), the obtained free-
standing films were bright orange color. The obtained films were heated at 80 °C for 4h under
vacuum and subsequently heated in a vacuum at 200 °C for 1h, 250 °C for 24h of 3,4-AHBZL-IC
PHA, 3,4-AHBZL-FC PHA. In 3,4-AHBZL-TC PHA film case, final two steps were changed at
250 °C for 1h, 300 °C for 24h under vacuum. After heating, the author observed the films were
changing dark brown color. The formation of the PBO films from prePBO films upon heating
was monitored by FT-IR (Figure 4-21 (c), 4-22 (c), and 4-23 (c)). It was revealed that the C=0
peaks at 1643, 1648, 1648 cm™ (amide) decreased during heating and C=N peaks at 1616, 1623,
1631 cm™ appeared in 3,4-AHBZL-TC PHA film, 3,4-AHBZL-IC PHA film and 3,4-AHBZL-
FC PHA film. The thermogravimetric analysis (TGA) of each films about the 3,4-AHBZL-TC
PHA, 3,4-AHBZL-IC PHA, 3,4-AHBZL-FC PHA, 3,4-AHBZL-TC PBO, 3,4-AHBZL-IC PBO,
and 3,4-AHBZL-FC PBO were conducted at a heating rate of 10 °C min™ under flowing nitrogen,
and as shown by the black line in Figure 4-21 (b), 4-22 (b), and 4-23 (b), the 10% weight loss
was observed at around 355, 261 and 303 °C in prePBO and 552, 375 and 378 °C in PBO. All of
the PBOs exhibited good thermal resistance; especially 3,4-AHBZL-TC PBO exhibited the

highest thermal stability with a T1o of 552 °C.

-79-



Chapter 4: Syntheses of novel polybenzobisoxazoles from symmetric z-conjugated azine compounds

(a) , e (©)
: 300 °C

(b) —
e
100 X 3,4-AHBZL-TC PHA
S
>, 80 “‘—~\\\\\\\\\\\\\“ g
.E ©
‘s 60 'E
: 2
%’40 ©
(S} ~
= 20
0 . . . . . .
50 150 250 350 450 550 650 750 L L L L L )

Temperature (°C) 2000 1800 1600 1400 1200 1000
Wavenumber (cm-1)

Figure 4-21. Photographs of free-standing 3,4-AHBZL-TC PHA (left) and 3,4-AHBZL-TC PBO
(right) films. (b) TGA curves of the 3,4-AHBZL-TC PHA film (black line) and 3,4-AHBZL-TC
PBO film (red line). (c) FT-IR spectra of 3,4-AHBZL-TC PHA film (black line) and after heating

at 300 °C (red line) are displayed as a comparison.
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Figure 4-22. Photographs of free-standing 3,4-AHBZL-IC PHA (left) and 3,4-AHBZL-IC PBO
(right) films. (b) TGA curves of the 3,4-AHBZL-IC PHA film (black line) and 3,4-AHBZL-IC
PBO film (red line). (c) FT-IR spectra of 3,4-AHBZL-IC PHA film (black line) and after heating

at 250 °C (red line) are displayed as a comparison.
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Figure 4-23. Photographs of free-standing 3,4-AHBZL-FC PHA (left) and 3,4-AHBZL-FC PBO
(right) films. (b) TGA curves of the 3,4-AHBZL-FC PHA film (black line) and 3,4-AHBZL-FC
PBO film (red line). (c) FT-IR spectra of 3,4-AHBZL-FC PHA film (black line) and after heating

at 250 °C (red line) are displayed as a comparison.
4.3.3 Photoluminescence of solutions

The photograph shown in Figure 4-24 demonstrated the visual photoluminescence of the
(i) 3,4-AHBZL-TC PBO, (ii) 3,4-AHBZL-IC PBO, (iii) 3,4-AHBZL-FC PBO in a concentrated
sulfuric acid at a concentration of 5 mg/L. Those solutions were transparent and faint yellow, but
emitted blue light depending on each PBOs when ultraviolet (UV) light (A = 365 nm) was
irradiated. In order to quantify these colors, the author recorded the photoluminescence spectra.
Figure 4-25 shows the photoluminescence excitation spectra (left), and emission spectra (right),
and Table 4-1 shows the photoluminescence excitation Amax (€X), and emission Amax (em) of (i)

3,4-AHBZL-TC PBO, (ii) 3,4-AHBZL-IC PBO, and (iii) 3,4-AHBZL-FC PBO. From Figure 4-
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25 and Table 4-1 can see each PBOs show photoluminescence. This phenomenon implies that the
3,4-AHBZL-TC PBO, (ii) 3,4-AHBZL-IC PBO, and (iii) 3,4-AHBZL-FC PBO which having
long m-conjugation units play the role of photoluminescence emission. As a consequence, these

three kinds of PBOs have photoluminescence properties.

Figure 4-24. Digital photograph of an conc. sulfuric acid of (i) 3,4-AHBZL-TC PBO,
(i) 3,4-AHBZL-IC PBO, (iii) 3,4-AHBZL-FC PBO under 365 nm UV light
excitation.
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Figure 4-25. Photoluminescence excitation spectra (left), and emission spectra (right)
of (i) 3,4-AHBZL-TC PBO, (ii) 3,4-AHBZL-IC PBO, and (iii) 3,4-AHBZL-FC PBO.

Table 4-1. Photoluminescence excitation Amax (€X), and emission Amax (em) of (i) 3,4-AHBZL-TC
PBO, (ii) 3,4-AHBZL-IC PBO, (iii) 3,4-AHBZL-FC PBO.

Polymer Excitation Max (hm) Emission Max (nm)
(i) 3,4-AHBZL-TC PBO 365 435
(ii) 3,4-AHBZL-IC PBO 317 407
(iii) 3,4-AHBZL-FC PBO 392,414 453
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4.4 Conclusion

The author prepared new prePBO and PBO series, 3,4-AHBZL-TC PHA, 3,4-AHBZL-IC PHA,
3,4-AHBZL-FC PHA and 3,4-AHBZL-TC PBO, 3,4-AHBZL-IC PBO, 3,4-AHBZL-FC PBO
from m-conjugated novel 3,4-AHBA derivative symmetric monomer N,N -Bis-(3-amino-4-
hydroxy-benzylidene)-hydrazine (3,4-AHBZL). Polymerization of the 3,4-AHBZL and
dichloride gave a soluble PBO precursors having an imine and phenolic OH group structure. The
FT-IR and TGA measurements revealed the conversion of the prePBO to PBO upon heating at
250 °C for 24h under vacuum in 3,4-AHBZL-IC PHA, 3,4-AHBZL-FC PHA and 300 °C for 24h
under vacuum in 3,4-AHZL-TC PHA. Especially 3,4-AHBZL-TC PBO film showed thermal
resistivity of Tip 552 °C under nitrogen. Furthermore, 3,4-AHBZL-TC PBO, 3,4-AHBZL-IC
PBO, and 3,4-AHBZL-FC PBO showed photoluminescence in a concentrated sulfuric acid under
ultraviolet (UV) light with a wavelength of 365 nm. Here the author chose FC because it could
prepare from 2,5-furandicarboxylic acid. Additionally 2,5-furandicarboxylic acid was
nonpetroleum monomer which derived from hydroxymethylfurfural. Then the author prepared
novel bio-based polybenzobisoxazole. Thus, the author prepared new, bio-based
polybenzobisoxazole with photoemission properties derived from long rigid aromatic m-

conjugated structures.
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CHaAPTER B

Conclusive remarks

This thesis described the preparation of novel functional polymers derived from wholly aromatic

amino acid, 3-amino-4-hydroxy benzoic acid (3,4-AHBA).

Chapter 2, the author prepared bio-based polyaniline, poly(3-amino-4-hydroxybenzoic acid)
(poly(3,4-AHBA)), by electro-polymerization. Poly(3,4-AHBA) has higher solubility in
common solvents, compared to polyaniline, due to the polar side groups such as carboxyl and
hydroxyl. The polymers showed various chromic behaviors such as ‘“Halochromism” and
“Solvatochromism”. From Halochromism, it showed color changes in poly(3,4-AHBA) solution
around pH5-7. From the results of UV-vis spectra of the polymer solutions, it was suggested that
the polymers including 3,4-AHBA units show self-doping effects by carboxylic acids. Further the
polar solvent addition rendered the polymers undoped accompanying by the chromism. Thus the
author first prepared novel functional bio-based polymers with chromism based on the r-

conjugation structure change.

Chapter 3, the author prepared new functional bio-based liquid crystalline polyesters, poly{3-
benzylidene amino-4-hydroxybenzoic acid (3,4-BAHBA)-co-trans-4-hydroxycinnamic acid
(4HCA: trans-coumaric acid)} (P(3,4-BAHBA-c0-4HCA)). When the 4HCA compositions of
P(3,4-BAHBA-c0-4HCA)s were above 55 mol%, the copolymers showed a nematic liquid
crystalline phase due to the mesogenic effects of the continuous 4HCA units. X-ray analyses of
the fibers indicated that the main chains were oriented perpendicularly to the shear direction, and
the rigid benzylidene amino side chains were parallely oriented. The copolymers in an NMP
solution showed photoluminescence under 365 nm, and the corresponding oriented films of

P(3,4-BAHBA-c0o-4HCA)s with a 4HCA composition of 75 mol% emitted polarized light, as
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confirmed by fluorescent spectroscopy equipped with paralleled and crossed polarizers.
Furthermore, the oriented film showed polarized emissions and color change dependent on the
angle of the analyzer rotation with the polarizer perpendicular to the shear direction. Thus, the
author prepared new, rigid-rod oligomers with LC-related photoemission properties derived from

aromatic structures in biomolecules available from microorganisms.

Chapter 4, the author prepared new functional w-conjugated PBOs and PBO precursor, 3,4-
AHBZL-TC PHA, 3,4-AHBZL-IC PHA, 3,4-AHBZL-FC PHA and 3,4-AHBZL-TC PBO, 3,4-
AHBZL-IC PBO, 3,4-AHBZL-FC PBO by 3,4-AHBA derivative symmetric monomer N,N -Bis-
(3-amino-4-hydroxy-benzylidene)-hydrazine (3,4-AHBZL). The new synthesis concept gave
soluble PBO precursors having an imine and phenolic OH group. The FT-IR and TGA
measurements revealed the conversion of the prePBO to PBO upon heating at 250 °C for 24h
under vacuum in 3,4-AHBZL-IC PHA, 3,4-AHBZL-FC PHA and 300 °C for 24h under vacuum
in 3,4-AHZL-TC PHA. Especially 3,4-AHBZL-TC PBO film showed thermal resistivity of Ty
552 °C under nitrogen. Furthermore, these three kinds of PBOs showed photoluminescence in a
concentrated sulfuric acid under ultraviolet (UV) light with a wavelength of 365 nm. Thus, the
author prepared new, bio-based polybenzobisoxazoles with photoemission properties derived

from long rigid aromatic r-conjugated structures.

From these works, the author designed new w-conjugated polymer systems from 3,4-AHBA as a
renewable resource. 3,4-AHBA is very simple structure which can create new materials and
possible mass-availability from S. griseus. Normally the nature compound had very difficult
structure and difficult to create new materials. However, it could play an important part in
environmental problems and new design from nature. From this study the author hopes the
biomass resource can play an important role as a chemical breakthrough to replace not only
petroleum-based polymers but also apply for liquid crystalline materials, photo functional

advanced materials, super engineering plastics, and so on.
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