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ABSTRACT 

Aniline Black, a polymer containing p-benzoquino-

diimine groups, 

electrochemically by 

salts showed the 

was synthesized chemically or 

the oxidation of aniline. The polymer 

conductivity of 10-1-10-3 ohm-1cm-1 • 

Polymers containing anthroquinodiimine units were also 

prepared by polycondensations. The syntheses of model 

compounds containing p-benzoquinodiimine were attempted. 

Multiazobisphenol monomers were synthesized. 4,4'

(3,3'-Dimethyl-4,4'-biphenylenebisazo) bisphenol 7, 4,4'

[azobis(p-phenyleneazo)] bisphenol 8, and 4,4'-(2-methoxy-

1,4-phenylenebisazo) bisphenol 10 displayed liquid crystal 

(l.c.) properties, while model derivatives of 7, 8, and 

4,4'-(4,4'-stilbenebisazo) bisphenol 9 did likewise. 

Monomers and derivatives of 4-[(4-hydroxyphenyl)azo]-1-

naphthol 5, and 4,4'-[oxybis{p-phenyleneazo)] bisphenol6 

showed no l.c. behavior. 

New thermotropic polyesters based on these 

multiazobisphenols were synthesized. Sebacates of 5, 6, 7, 

8, and 10 showed l.c. behavior, while polymers based on 

isophthalic or 5-t-butylisophthalic acid did not do so. 

Polyformals were also synthesized from these monomers, only 

ix 



that of 4 showed weak 1.c. behavior. 

x 

The correlation 

between the 

tractabilities, 

structure of these polymers and their 

electrical properties, liquid crystal 

behaviors was studied. 

Polymers and copolymers containing p-azoary1ene and 

p-azoxyary1ene groups were synthesized by oxidative 

coupling of various aromatic diamines. Films were cast 

directly from the reaction mixtures or from the polymer 

solution. The films were n-doped by sodium naphtha1ide or 

p-doped by iodine. They 'showed electrical conductivities 

of 10-4 to 10-5 ohm-1cm-1 • 

AB monomers containing dipolar p-pheny1eneazo 

groups were synthesized: 4-(4-hydroxy-2-methoxyphenylazo) 

benzoic acid 21, 4-[4-(4-hydroxy-2-methoxypheny1azo)-2-

methoxypheny1azo] benzoic acid 22, and 4-(4-hydroxy-2-

metho~ypheny1azo)-3-nitrobenzoic acid 23. The monomers were 

polymerized by direct po1ycondensations. The polyester 

synthesized from 21 formed a red, transparent film. A 

po1ymethacry1ate containing dipolar p-pheny1eneazo groups 

in the side chains was also prepared by the free radical 

polymerization of 1-[3-methoxy-4-(p-nitropheny1azo)

phenoxy]hexy1 methacrylate 28. 



CHAPTER 1 

INTRODUCTION 

During the past few years there has been intense 

research activity in the design, synthesis and 

characterization of new polymeric materials, namely 

electrically conducting polymers, 1 thermotropic liquid 

crystal polymers2 and nonlinear optical polymers. 3 It has 

been widely supposed that these new materials would be able 

to have practical applications in this high-tech, modern 

age. 

These three types of organic polymers share the 

same characteristics of the structures. That is, they all 

have rigid rod-like structures with delocalized n 

electrons. Multiple p-phenyleneazo groups 1 possess these 

properties. 

1 

This research is mainly based on this structure. The p

phenyleneazo units can be incorporated into various polymer 

backbones, such as polyesters, ,polyformals, and 

polyazoarylenes. New polymeric materials (hopefully in the 

form of films) possessed conducting, liquid crystalline, or 

1 



2 

nonlinear optical property, therefore, can be synthesized. 

In addition to that, these polymers will then possess 

various degrees of conjugation and "hardness" (different 

length of rigid units and soft parts in the polymer 

backbones). The correlation between the structure of these 

polymers and their tractabilities, electrical properties, 

liquid crystal behaviors can then be studied. Moreover, the 

properties of monomers and polymers can also be compared. 

Aniline Black, a compound containing p-

benzoquinodiimine groups, represents another class of 

conjugated polymers. Its structure, electrical properties 

will also be studied. 

Electrically conducting Polymers 

organic Metals 4 

Most of the organic solids are electrical 

insulators. It was not until 1972 that the first organic 

metal was found; Cowan and co-workers 5 reported that single 

crystals of the salt 

tetracyanoquinodimethane) 

conductivity. 

TTF 

TTF-TCNQ (tetrathiafulvanene-

showed metal-like electrical 

TeNa 



3 

The conductivity in TTF-TCNQ is highly anisotropic, it is 

about 500 (ohm-cm)-l in the stack direction at room 

temperature, and increases as temperature decreases until a 

maximum conductivity of 10 (ohm-cm)-l is reached at 59°K. 

Many other charge transfer complexes and radical-ion salts 

were also found to show high electrical conductivity.4,6,7 

Charge transfer complex of TTF-TCNQ is formed by a 

patrial transfer of charge from electron donor (TTF) to 

electron acceptor (TCNQ) as shown below: 

D+ / \ A 

D / \ A-

D + A --------> Dot ••. Ao~ D / \ A 

D+ / \ A-

D / \ A-

D+ / \ A 

Therefore, the donor stack consists of a mixture of 

positively charged and neutral molecules while the acceptor 

stack consists of a mixture of negatively charged and 

neutral molecules. It has been demonstrated that the charge 

transport proceeds independently along the two stacks (i.e. 

by electrons in the acceptor stack and by holes in the 

donor stack). 



4 

Conjugated Polymers 

In addition to the quasi-one dimensional organic 

charge transfer salts, polymers with conjugated n-electron 

backbones also display unusual electronic properties. In 

1971, Shirakawa and Ikeda8 were able to prepare 

polyacetylene films by polymerization of acetylene on the 

surface of a highly concentrated Zieglar-Natta catalyst 

solution. The interest in polyacetylene was enhanced in 

1977 when MacDiarmid and Heeger9 discovered that these 

films could be doped by electron donors or acceptors to the 

metallic regime (=1000 ohm-1cm-1 ). 

The fact that the conductivity of doped 

polyacetylene is comparable to the highest values achieved 

in those of highly ordered organic charge transfer crystals 

is significant since it demonstrates that the high degree 

of disorder which is present in polyacetylene and most 

other polymers does not necessarily preclude high 

conductivity. Another breakthrough occurred in 1979 when 

Baughman, etc. 10 found that poly(p-phenylene) could also be 

doped to high conductivity. It demonstrated that 

po1yacetylene is not unique and led to a number of new 

aromatic conducting polymers, including poly(p-pheny1ene 

su1fide),11,12 po1y(p-pheny1ene viny1ene),13 po1ypyrro1e14 

and poly thiophene. 15 These AsF5-doped polymers compared 

with conventional materials are shown in Figure 1. 



I 
I 

Metals 

I 
I 
I 
I 

Semi-

Conductivity g-lcm-1 

CU--)-- 106 

Ga--) 

-TTF-TCNQ 
I Polyphenylene 
I Polypyrrole-

1 ~ J. I 
Polyacetylene I 

I ... 

5 

conductors 
I 
I Si--) Polyphenylenesulfide 
I 
I 
I 
I 
I 
I Br--) 

Insulators 

Polystyrene 

Fig. 1. Conductivity Scale Comparing Doped Polymers With 
Conventional Materials 

However, these polymers are highly unstable or not 

processible. In order to utilize the attractive properties 

of polymers (light weight, being able to process such 

materials in the form of films, foils or fibers), the 

synthes~s of stable electrically conducting, fabricable 

polymers remains as an important goal of current polymer 

science. 
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Doping 

The conductivity (0) of semiconductors depends on 

the concentration of charge carriers (n), their charge (e), 

and mobility (~) according to the following equation: 

o=ne}J. 

Although conjugated organic polymers have backbone 

structures well suited to conduction (i.e. high carrier 

mobility), they are insulators in their pure (undoped) 

state. This is because the concentration of charge carriers 

is very low at normal temperature due to the relatively 

large band gaps present in these polymers. 

However, the concentration of charge carriers can 

be increased by the so-called "doping" process. This is 

accomplished by oxidation or reduction of conjugated 

polymers with electron ac~eptors or donors, respectively. 

Radical anion (electron) or radical cation (hole) is 

produced in the polymer chains by providing an electron 

(reduction) or removal of an electron (oxidation). The high 

conductivity is then caused by the transport of these 

charge carriers (interchain and intrachain). 

p-Doping. p-Type doping is most commonly 

accomplished by exposure of the sample to vapors of 

oxidizing agents, such as iodine, 9 bromine, 16 ASFS,9 and 

SbFS.17 Salts containing oxidizing cations N02+' NO+, Ag+, 

and Fe+3 , such as N02SbF6,18 NOPF6,19 and AgCl04,20 can be 
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used as dopants in solutions. Protonic acids such as 

H2S04,19 HCI0419 and CIS03H21 have also been used. 

The chemical structures of some dopant species were 

reported. Iodine and bromine were shown to exist as I-, I3-

and Br-, Br3- in doped polymers. While the dopant anion of 

the salt, N02+SbF6- or NO+BF4-' remains intact, the actual 

electron transfer occurs between N02+ or NO+ and the 

polymer. AsFS is a very strong dopant, it has been 

suggested that AS2FI0-' AsF6-' HAsF6-' or even HAsFSOH may 

be present in doped polyacetylene. The nature of protonic

acid dopants is not yet clear; the subject is complicated 

by the fact that these dopants are also strong oxidizing 

agents. 

n-Doping. n-Type doping is usually carried out in 

sodium naphthalide-THF solution. 22 During the process, the 

naphthalide radical anion reduces the polymer and Na+ is 

incorporated into the polymer as the counter ion. 

Electrochemical doping. Both p- or n-type doping 

can be achieved by the electrochemical process. 23 ,24,2S In 

this process, a polymer film is used as the anode (for p

type) or cathod (for n-type) in an electrolyte solution, 

such as aqeuous KI or BU4NCI04 in CH2Cl2 with a 

counterelectrode. A sufficient voltage is applied for the 

oxidation or reduction to occur. As the polymer is oxidized 

or reduced, the anion I- or cation K+ diffused into the 

polymer to maintain charge balance. 
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Electrochemical doping is'convenient. Doping level 

can be precisely controlled by the number of coulombs of 

current passed. Electrochemical doping also provided the 

basis for the application of conducting 

rechargeable batteries. 23 ,25,26 

Aniline Black 

Historical Background 

Black has been known 

polymers in 

for over 100 Aniline 

years. 27 ,28,29 It is one of the oldest synthetic organic 

dyes. Oxidation of aniline with dichromate, persulfate, 

chlorate, etc., in the presence of copper, iron, or 

vanadium catalysts gives aniline black which is a black 

polymer containing substantial amounts of the following 

structure. 

The conductivity of the various products varies between 

10-13 and 102 ohm-l cm-1 . 30 ,31 Although it was reported to 

be intractable powder, modern methods may make it 

processible. A reinvestigation of its synthesis, structure 

and properties is long overdue. 
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Chemical oxidation. In 1911, Green and Woodhead32 

proposed that oxidation of aniline led to the formation of 

four intermediate stages, leucoemeraldine, protoerneraldine, 

emeraldine, nigraniline, and pernigraniline, according to 

the degree of oxidation: 

Leucoemeraldine 

Protoemeraldine (monoquinonoid stage) 

o-NH«J-N~N=(d=NH 

Emeraldine (diquinonoid stage) 

Nisraniline (triquinonoid stage) 

Pernigraniline (tetraquinonoid stage) 

~{N-F\-.~t-.!-F\.-N H 
'Ui \::::/"~,\:::/ 
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Further oxidation of nigraniline in the presence of aniline 

led to aniline black: 

Pernigraniline 

Anodic electrooxidation. Aniline Black can also be 

prepared by electrooxidation. 33 ,34 Recently, Diaz and 

LOgan35 found that polyaniline film was tormed on the 

platinum electrode by continuously cycling the potential. 

Only powder was formed when a constant potential was 

applied. 

Polycondensation. In 1966, Manassen and Khalif36 

reported that p-phenylenediamine was condensed with 1,4-

cylcohexanedione in the presence of sodium acetate and 

glacial acetic acid, and the resulting polymer was 

subsequently dehydrogenated when heated in air to produce 

aniline black. 

+ o=()=o AcONa 
) 

AcOH 

-2H 
hea ~) -fO-N={J=N-3;;-
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Present Work 

The so-called "aniline black" prepared by these 

workers was not well characterized. In order to utilize the 

interesting property of aniline black, it is necessary to 

characterize its structrue using modern techniques, such as 

elemental analysis, 1H NMR, 13c NMR, solid state NMR, and 

high resolution IR. Powerful solvents, such as 

hexafluoroisopropanol, dimethyl acetamide, hexamethyl 

phosphoramide, and trifluoromethanesulfonic acid, may make 

it soluble and therefore fabricable. 

In this study, aniline black was prepared 

chemically by the literature methods. Different starting 

materials and solvents were also used. The resulting 

products were characterized. 

Electrooxidation of various aromatic amines was 

performed in order to obtain free standing conducting film. 

Moreover, the resulting product was compared to those 

prepared chemically. 

Model compounds. Syntheses of various model 

compounds and bisphenol monomers containing 

benzoquinodiimine unit were attempted. The bisphenol 

monomers were intended to be polymerized 

tractable polyesters. 

to produce 
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Liguid Crystal Polymers 

Historical Survey 

Liquid crystal (l.c.) behavior was first found by 

Reinitzer37 in 1888. He noticed that cho1estery1 benzoate, 

on melting, formed a colorful opaque liquid which, when 

further heated, disappeared and an isotropic liquid is 

formed. Since then, anisotropic structural ordering i~ 

fluid phase has been of great interest to chemists and 

physicists. 

Liquid crystals are classified as either lyotropic 

or thermotropic, depending on the principal way by which 

the order of the parent state is destroyed. Lyotropic 1.c. 

are prepared by dissolving a solid in a solvent, while 

thermotropic l.c. can be observed directly on heating a 

solid (enantiotropic) or can be seen only upon supercooling 

the isotropic melt below the melting temperature 

(monotropic). 

Thermotropic I.e. are further classified as 

nematic, smectic, and cholesteric as illustrated in Figure 

2. The nematic l.c. state is of relatively low order in 

which the molecules are arranged in a parallel but not 

lateral order. The smectic state is a much more highly

ordered state in which the molecules are arranged in both a 

parallel and a lateral order. The cholesteric state is a 

special form of the nematic state; in which the molecules 
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are chira1 giving rise to an asymmetric helical packing of 

molecular "sheets" due to the spontaneous twist resulting 

from molecular chirality. 

Nematic 

Smectic A 

I I I I I I 
I I I I I I 
I I I I I I 
I I I I I / 
Smectic C 

/ / / / I / 
II I I II 

I II I I 

\ \ \ \ \ 
\\ \ \\ \ 

\ \ \\ \ 

Cholesteric 

Fig. 2. A Schemetic Representation of Molecular Structures 

of Thermotropic Liquid Crystals 

Compounds forming small molecule 1.c. usually have 

the following structure: 

These compounds usually have aromatic nuclei that are 

polarizable, planar and rigid rod-like. The center group X 

usually contains either a multiple bond, conjugated double 

bonds or a dimerization of carbonyl groups. Weak polar 

groups of A and B enhance liquid crystallinity. 
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The ability of polymers to exist in l.c. state was 

first proposed by Flory38 in 1956. The first synthetic 

polymer found to have useful lyotropic l.c. properties is 

Du Pont's Kevlar, poly(p-phenylene terephthalamide)39. 

o 0 
/I _ II 

----I[-C--O-C-N~NH-3;;-

High-modulus, high-strengh fibers can be spun from l.c. 

solution. 

Thermotropic l.c. polymers 

Thermotropic l.c. polymers can be classified into 

the following three types (Figure 3): 

(i) rigid mesogenic units in the polymer side chains 

(ii) rigid mesogenic units in the polymer main chain 

(iii) totally mesogenic units 

(i) 

(ii) 

(iii) 

mesogenic unit) 

Fig. 3. A Schemetic Representation of the Thermotropic 
Liquid Crystal Polymers 
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In the first type, the pendant mesogenic units are 

connected to the polymer main chain (usually vinyl, 

methylvinyl or siloxane based) by flexible spacers (usually 

methylene groups). An example40 is shown below: 

CH 3 
I 

-f-CH 2-C-3::
I n 

CO O+C H 2tO-o-C 00 -OR 

In the second type, the mesogenic units in the polymer main 

chain are linked by the flexible spacers (methylenes or 

siloxanes) as shown below: 41 ,42 

000 0 

-f-~-o-~~-o-~-o-O-~-O~CHei;O-"J-

An example of the third type is shown in the following: 43 
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This type of l.c. polymers often hus quite high solid

mesophase transition temperature and is insoluble in most 

of organic solvents. Sometimes the temperature is so high 

that it decomposes before exhibiting a transition from the 

crystal to the I.e. state. 

Characterization of thermotropic l.c. 

polymers. 44 L.c. state can often be observed visually by 

puting a sample in between two microslides on a Fisher

Johns melting point apparatus. When l.c. melts are sheared 

or stirred, the sample appears to be turbid, opalescent. 

When viewed through a hot-stage polarizing microscope, the 

l.c. sample is often highly birefringent. The appearance of 

the texture is usually dependent on the type of mesophases 

(nematic, smectic or cholesteric) present. 

The differential scanning calorimeter (DSC) is 

another useful 

behavior, in 

thermotransition 

instrument for characterization l.c. 

which 

from 

the melting temperature 

crystal to mesophase) and 

(tm, 

the 

clearing temperature (ti, thermotransition from mesophase 

to isotropic melt) can be recorded for main-chain 1.c. 

polymers, while only tg (glassy state to l.c. state) and ti 

are observed for amorphous side-chain l.c. polymers. 

Applications of l.c. pOlymers. L.c •. compounds 

have been widely used in digital displays, watches and 

calculators. 45 Polymers which showed l.c. behavior have 
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been described as a new state of matter. 46 They can have 

similar applications. Moreover, these polymers can be 

injection-moulded or melt-spinning in the 1.c. state to 

form materials with unusually high strength and stiffness. 

Azo Compounds 

Historical background 

Azo compounds are the most common organic dyes. 

Among the methods for producing aromatic azo compounds, 

diazotization and coupling are of outstanding 

significance. 47,48, 49 In the first step, diazotization is 

carried out by allowing sodium nitrite to react on an 

aqueous solution of the aromatic amine in mineral acid at a 

temperature of = 0°, as shown in the following equation: 

Ar-NH2 + 2 HX + NaN02 

Usually 2.5 equivalents of mineral acid are essential for a 

smooth reaction. The lower the basicity of the arylamine to 

be diazotized, the greater must be the usage of the acid. 

Any excess of nitrite can be detected with potassium 

starch-iodide paper (instantaneous blueing) and can be 

destroyed with urea. It is offen difficult to dissolve 

amines containing 

(zwitterion) in an 

diazotized, according 

sulfonic or carboxylic groups 

acid medium. Such amines can be 

to the so-called "indirect method", 
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by dissolving the amine with the addition of a small amount 

of base, followed by sodium nitrite; the mixture is then 

added to the acid. Diazotization can also be carried out in 

organic solvents. 

In the second step, coupling, the diazonium salt 

can react with phenol in basic media or with aromatic amine 

in acidic or neutral media. Coupling usually occurs at the 

para position of phenols or amines. However, if aniline is 

used as the coupling reagent, the "~r-N=N-NH-<p" product is 

also formed. 

Aromatic diamines can be used for tetrazotization 

in which both amino groups are diazotized. Tetrazotization 

is more difficult for the highly reactive phenylene-

diamines; the reaction usually is done in a strong acid. 

Applications of polymers 
containing azo groups 

Multiple azo groups are often present in the azo 

dyes. These highly conjugated compounds are of great 

interest for conducting polymers as well as liquid crystal 

polymers. 

Interest in highly conjugated polymers containing 

azo groups has been generated recently because of their 

possible use as conductors or semiconductors.. Besides 

poly(p-azophenylene) (see page 21), azopolymers containing 

stilbeneSO and azomethineS1 were synthesized and their 
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electrical properties were examined by Kossmehl and Wallis 

in 1982. 

---}1 --f{}-N::~CH::C~CH::C~ 

NH2 -o-N::~NH2 + OHC-o-CHO 

--~) ----to-N::~N=CH-o-CH::~ 

Polymers based on stilbene derivatives, tolanes and 

aromatic polyimines have been reported to display 

thermotropic l.c. properties. However, although the p

phenyleneazo link is known to favor l.c. behavior in small 

molecules, it has only recently been briefly reported to 

cause l.c. polymer formation. 52 ,53,54 

In addition to the applications described above, 

polymers containing azo chromophore 

usefulness as self-colored polymers. 55 

Present Work 

Multiazobisphenol monomers. 

multiple p-aryleneazo groups were 

also found their 

Monomers containing 

synthesized by 
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diazotization and coupling or tetrazotization and coupling. 

These monomers have the following general structure. 

Ho-O-N::N-Rr-N::~OH 

Diacetate, diisobutyrate and dimethyl ether derivatives of 

the monomers were also synthesized. The ability of these 

small molecules to form charge transfer complexes with 

oxidizing agents or reducing agents as well as their liquid 

crystal behaviors were investigated. 

Polymers Containing p-Aryleneazo Groups. 

isophthalates, poly-5-t-butylisophthalates, and 

Poly

poly-

sebacates were synthesized by the reaction of the multiazo 

bisphenol monomers with isophthaloyl chloride, 5-t

butylisophthaloyl chloride and sebacoyl chloride, 

respectively, using interfacial polymerizations. 

Aromatic formals have come into attention 

recently.56 Polyformals containing p-aryleneazo groups were 

also prepared from this monomers by solution 

polycondensation. 

The correlation between the structure- of these 

various polymers and their tractabilities, electrical 

properties and liquid crystal behaviors was investigated. 
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They also mentioned that polymer films were cast directly 

from the polymerization solution, although they did not 

elaborate. It was not until recently that poly(p-

azophenylene) powder synthesized by this method was doped 

by iodine and showed a conductivity of 10-4 ohm-1cm-1 • 60 ,61 

It should be noted, however, that elemental analyses were 

not reported by these workers. 

Although aromatic polymers containing all-

conjugated system show high electrical conductivity upon 

doping, almost all of these polymers synthesized chemically 

are intractable powders. How to fabricate these aromatic 

polymers into useful form of films remaines as an important 

goal. A reinvestigation of the reported film-forming poly

(p-azoarylenes) is worthwhile. 

Present Work 

Synthesis and doping of poly(p-azoarylene) films. 

various polyazoarylenes were synthesized by oxidative 

coupling of aromatic diamings according to Back & Black's 

method. The structure of the polymers was studied by 

elemental analyses and IR spectra. Films were cast by 

various methods. The films were doped both by an oxidizing 

agent and a reducing agent, their electrical conductivities 

were examined. 
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Dipolar Polymers (Nonlinear Optical polymers) 

Historical background 

Organic molecules containing conjugated electronic 

systems with donor and acceptor substituents are highly 

dipolar as shown below: 

These dipolar molecules also show high nonlinear optical 

effects. 2 When an electromagnetic field interacts with a 

medium consisting of these molecules, the field polarizes 

the molecules. These, in turn, act as oscillating dipoles 

broadcasting electromagnetic field. In this medium, the 

induced polarization P is a nonlinear function of the 

applied field E as shown in the following equation: 

Dipolar polymers 

electrons have been of 

with strongly de localized n 

recent interest. 62,63 These 

potential polymeric nonlinear optics offer the advantage of 

thin-film fabrication for enormous 

communications, 

devices. 

laser scanning, 

applications in optical 

and control function 
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Our Perspective 

Polyesters containing highly dipolar units have 

been shown to possess nonlinear optical . e." 
propert~es.uoz 

Polyesters containing multiple p-phenyleneazo groups have 

strongly delocalized n electrons. The introduction of a 

donor substituent to these polymers along with an acceptor 

substituent or the existing azo group would make them 

highly dipolar as shown below: 

Polymers containing these dipolar units in the main chain 

or in the side chains would have a potential usefulness as 

nonlinear optical materials. 

Polyesters containing dipolar p-phenyleneazo units 

in the main chain. A,B type monomers containing methoxy or 

nitro substituents in p-phenyleneazo groups were prepared 

by diazotization and coupling. These monomers were 

polymerized by novel direct polycondensations. 

Comblike polymethacrvlates containing dipolar p

phenyleneazo units in the side chains. The olefin monomer 

was prepared by a multi-step synthesis. This monomer was 

polymerized by free radical polymerization. 



CHAPTER 2 

RESULTS 

Aniline Black 

Chemical Oxidation32 

Emeraldine was prepared by the oxidation of aniline 

in the presence of H202 and FeS04 according to Green's 

method. 

G-NH2 
H202 , feS04 
-----------)~ Emeraldine 

HCl, H20 
0-50 C 

The black powdery product was partially soluble in DMAc, 

DMSO, CF3co2H and mostly soluble in H2S04' ClSo3H. The 

unneutralized emeraldine salt showed conductivity of 10-1-

10-3 ohm-1cm-1 • Emeraldine in the base form did not show 

any conductivity. Although not always successful, 

conducting films were occasionally cast by dissolving the 

powder in CF3co2H or ClS03H and subsequently evaporating 

the solvent. 

25 
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It should" be noted that, in one case, an excess of 

H20 2 was used and the resulting product failed to show any 

conductivity. 

Polycondensation 

Polycondensation of p-phenylenediamine and 1,4-

cyclohexanedione. Several methods were used for this 

reaction. Manassen's method was repeated; in which p-

phenylenediamine was condensed with 1,4-cyclohexanedione in 

the presence of sodium acetate and glacial aectic acid. 

o=()=o AcONa ) 

AcOH 

The product 2 was a brown powder which turned green after 

two days; it is only slightly soluble in H2S04. 

Mazurek, a co-worker of the author, had been able 

to prepare polymer film by performing this reaction in the 

solvent, acetic acid, and the catalyst, acetoxysilane 

(CH3COOSiMe3)' using a Kugelrohr apparatus. This method was 

repeated and a brown red film was obtained initially. When 

heated further, it turned green. However, no apparent 

difference was observed when the reaction was carried out 

without the presence of acetoxysilane. IR spectra were also 

identical. Presumably, acetoxysilane was not required for 
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the formation of the film. The film was not soluble in all 

of the solvents. IR showed strong N-H stretch peak at 3359 

cm-1 and c=o peak at 1710 em-1 • The elemental analysis was 

not satisfactory (calc'd: C 78.26, H 6.52, N 15.22, found: 

C 69.53, H 6.19, N 12.54). The film did not conduct either. 

Different solvents were introduced to this reaction 

in an attempt to prepare purer product. When ethanol was 

used as the solvent, the IR spectrum still showed the 

presence of carbonyl and N-H groups. Nevertheless, neither 

c=o peak nor N-H peak was found when the reaction was done 

in the solvent, o-chlorophenol; the blue product also had a 

better elemental analysis (calc'd: C 78.26, H 6.52, N 

15.22; found: C 74.64, H 5.30, N 13.96). The product was 

partially soluble in H2S04' DMSO, o-chlorophenol. 

Polycondensation of p-phenylenediamine and anthra-

guinone. p-Phenylenediamine was condensed with 

anthraquinone using o-chlorophenol as the solvent and 

acetic acid as the catalyst. A black insoluble powder 3 was 

produced. It should be noted, however, that no reaction 

occurred in the absence of the acid catalyst. 

=§= RcOH 
H2N-{}-NH2 + o 0 ) 

\ I. 
O-Chlorophenol 

3 
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No carbonyl group was found in the IR and an inconsistent 

carbon analysis was found. During the reaction, some of the 

product formed as flakes on the bottom of the flask. It is 

interesting to note that when the flake was treated with 

AgBF4 for 2 days, its surface became shining with silvery 

luster, and showed conductivity of =10-4 ohm-1cm-1 ; IR also 

indicated the presence of BF4- ion. 

2,5-Dichloro-p-phenylenediamine was used in 

substitution for p-phenylenediamine. Stronger acid, H2S04 

or CH3S03H, was needed for the reaction to occur. The 

product was black and only partially soluble in H2S04. The 

elemental analysis also showed a large deviation in carbon. 

In another reaction, benzoquinone was attempted to 

condense with p-phenylenediamine in o-chlorophenol; the 

reaction mixture turned black immediately, presumably a 

charge transfer complex was formed. 

Anodic Electrooxidation 

A black conducting film was formed on the platinum 

electrode by electrooxidation of aniline in O.lM H2S04 

aqueous solution accordig to Diaz's method. 35 However, the 

film could not be removed from the electrode. When the 

reaction was allowed to continue for another 3 hr., black 

powder was formed. IR spectrum of the powders showed strong 

peaks at 1124 and 619 cm-1 , indicating the presence of 

S04-2 ion •. The film on the platinum electrode was rinsed 
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several times with NaOH and soaked overnight, it became 

brittle and lost the conductivity. 

2,6-Dimethylanilil.le was used in substitution for 

aniline under the same condition; the current went down 

sharply after the platinum electrode was coated by a very 

thin pink film and no more deposit was formed. 

Diaz et al. 6S have shown that various types of the 

films of polypyrrole salts with good mechanical quality and 

conductivity of 100 S/cm may be obtained, if the 

electrooxidation is carried out in acetonitrile solutions 

of tetrabutylammonium salts (Bu4N+X-) with X-=BF4-' PF6-' 

AsF6-' Cl04-' etc. Wegner, et al. 66 have further shown that 

polypyrrole films of good mechanical strength and low 

temperature dependence of the conductivity can be obtained 

by performing the electrooxidation in aqueous solution of 

pyrrole and n-alkylsulfate or n-alkylsulfonate salts (e.g. 

C12H2SS04Na, C10H21S03Na). 

It appeared appropriate to apply the above two 

techniques to aniline. Thus aniline was electrooxidized in 

acetronitrile solutions of various tetrabutylammonium salts 

(i.e. BU4NBF4, BU4NCl04, BU4NHso4,' BU4NI, BU4NCl). 

Generally, a black deposit was formed slowly on the 

electrode, the current went down, and the solutions turned 

red-brown or yellow. Electrooxidation of aniline in 

CH3(CH2)110S03Na aqueous solution caused the formation of 

loosely attached black powders on the electrode. 
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Model Compounds 

The preparations of small molecules containing p

benzoquinodiimine were attempted, these cOmpounds not only 

can be used as the model compounds for the polymers, those 

containing bisphenol end groups can. also be incorporated 

into a polyester. 

Attempted condensation of p-anisidine and 1.4-

cyc1ohexanedione. p-Anisidine was attempted to condense 

with 1,4-cylcohexanedione in various solvents, such as 

ethanol, acetonitrile, and decalin with or without the 

presence of catalyst by azeotropic distillation. IR and NMR 

of the products indicated either no reaction or the 

formation of a mixture which could not be separated. 

Attempted condensation of p-anisidine and 

benzoquinone. p-Anisidine was attempted to condense with 

benzoquinone in the solvent, acetonitrile or toluene. In 

either reactions, black powders were obtained. Vacuum 

sublimation of the products caused the recovery of the 

starting materials, presumbly a charge transfer complex was 

formed. 

Attempted condensation of p-aminopheno1 and 1.4-

cyc1ohexanedione. The reaction was carried out in the 

solvents, such as o-ch1oropheno1, ethanol, or acetonitrile. 

Commonly, a mixture of the products was obtained. 
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Synthesis of N,N'-dichlorobenzoquinodiimine. N,N'

Dichlorobenzoquinodiimine was synthesized by i.ntroduction 

of an aquous p-phenylenediamine solution to bleach. A light 

yellow crystalline compound was produced. 2,S,N,N'-

Tetrachlorobenqoquinodiimine was also propared by the 

oxidation of 2,S-dichloro-p-phenylenediamine using the same 

method. 

NaDel) 

NaDCI ) 

Attempted condensation of 

CIN==Q=NCI 

CI 

CIN ) >=NCI 

CI 

N,N'-dichlorobenzo-

9uinodiimine and phenol. In 1962, Gies67 reported that N

chloro-N'-phenyl benzoquinodiimine readily condensed with 

phenol: 

+ ~ }-OH 
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It appeared that N,N'-dichlorobenzoquinodiimine 

would undergo a difunctional analogous reaction to give a 

bisphenol monomers containing benzoquinodiimne: 

Cl~NCl + 2 ~ }-OH 

-x~ Ho-Q--N=O=~OH 

However, unfortunately the reaction was not successful. The 

reaction was done in an aqueous dioxane solution in the 

presence of a base, Na2C03, at various temperatures; none 

gave consistent results. Similar results were obtained 

using 2,5,N,N'-tetrachlorobenzoquinodiimine. 

Polyesters and Polyformals Containing p-Aryleneazo Groups 

Multiazobisphenol Monomers 

Monomers containing p-aryleneazo groups were 

synthesized by diazotization & coupling, tetrazotization & 

coupling, and repeated diazotization & coupling. They are 

collected in Table 1 and are discussed in the following: 

Diazotization and coupling. 4-[(4-Hydroxyphenyl)

azo]-l-naphthol 5 was prepared by diazotization of p

aminophenol in the presence of sodium nitrite and aqueous 

hydrochloric acid, the resulting diazonium salt was 

subsequently coupled with l-naphthol in an aqueous NaOH 

solution. A green, black powder was produced. 
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Table 1. Synthesized Azobisphenol Monomers 

Monomer Structure 

4 Ho-{}-ttN-{)-OH 

5 Ho-{}-N::~OH 
1\ !J 

6 Ho-{}-ttN-Q-O--Q-ttN-{)-OH 

7 Ho-{}-N:::r-q;N::N-{)-OH 
H3C H3 

8 H o-{}-N::N-{)-ttN-{)-N::N-{)-O H 

9 Ho-{}-N::N-{)-CH::CH-{}-N::N-{)-o H 

-------- ----------------------------------



~ NaN02 \ H ~ll +C'-
H 0 \:::./ NHe 0 r ,... "==.I I"e • 

o-OH 
0) 

NaOH, 0° 

Hel, 0 -

Ho-(}-N::N-C)-OH 
o 

5 
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Under the same condition, p-aminophenol was diazotized and 

coupled with phenol to give black p-azobisphenol 4. 

Tetrazotization and coupling. 4,4'-[Oxybis-(p-

phenyleneazo)]bisphenol 6 was synthesized by 

tetrazotization of 4,4'-oxydianiline, followed by coupling 

of the resulting bisdiazoniurn salt with two equivalents of 

phenol as follows: 

6 

By using the same method, 4,4'-(3,3'-dimethyl-4,4'

biphenylene-bisazo)bisphenol 7, 4,4'-[azobis(p-phenylene-
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azo)] bisphenol 8, and 4,4'-(4,4'-stilbenebisazo) bisphenol 

9 were also prep~red from the corresponding aromatic 

diarni:n.s: • 

-->~. 7 

--~) 8 
> 

H2 N-o-CH::CH-{}-NH2 --~~ > 9 

Repeated diazotization 

Methyl-1,4-phenyleneazo)bisphenol 

and coupling. 4,4'-(2-

10 was prepared by 

diazotization of p-aminophenol and coupling with m-

anisidine, the resulting amine 11 was subsequently 

diazotized and coupled with phenol to give the red-brown 

product. 

DCH3 

HG-(}-N=N-t}-NH2• Hel 

11 

OCH3 

O-NH2 
--~---) 

0° 

NaND OCH3 
___ 2_>oHG-(}-N =N-t}-N2 +C 1-

HC1, 0 -

~OH OCH3 

----> HG-(}-N=N*N=N-o-OH 
NaOH, 0° 

10 
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In an attempt to synthesize oligomeric multiazo 

compounds, 11 was repeatedly diazotized and coupled with m-

anisidine as shown in the following scheme. Unfortunately, 

the pure product could not be isolated. 

11 
NaNOe 

Hel, 0° > 

Derivatives of the Monomers 

Diacetate, diisobutyrate, and dimethyl ether 

derivatives of the monomers were synthesized as discussed 

in the following: 

Diacetates. Treatment of 5 with an excess of 

acetyl chloride in pyridine afforded a light yellow 

diacetate derivative 5-OAc. 

5 ) 
pyridine 

5-0Rc 

Diacetates of monomers 6 and 7 were also prepared. 
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Diisobutyrates. Diisobutyrates of monomer 6 and 7 

were prepared by treating the monomers with isobutyryl 

chloride in pyridine. 

o 
II 

6 CCHCHa 
~Ha 

6-0iBu 

Dimethyl ethers. Dimethyl ether derivatives of 

monomer 6 and 7 were synthesized by the reactions of the 

monomer and dimethyl sulfate in an aqueous NaOH solution. 

7 

7-0Me 

L.C. Properties of Monomers and Their Derivatives 

The thermotransition temperatures of monomers and 

derivatives are listed in Table 2. 
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Table 2. Thermotransition temperatures of 

Azobisphenol Monomers and Their Derivatives 

Monomer mp,oe diacetate mp,oe 

5 dec. 180 5-0Ac 133 

6 dec. 260 6-0Ac 246 

7 tm 227 ti 250 7-0Ac tm 194 dec. 295 
(l.c. ) (l.c.) 

8 tm 276 dec. 286 8-0Ac tm 268 dec. 285 
(l.c. ) (1.c.) 

9 >300 9-0Ac tm 294 dec. 340 
(1.c.) 

10 tm 99 dec. 136 
(l.c. ) 

Table 2. • •• continued 

Diisobutyrate mp,oe Dimethyl ether mp,oe 

6-0iBu 

7-0iBu 

237 

tm 165 dec. 281 
(1.c.) 

As shown in Table 2, 

diacetates of 7, 8, and 9, 

dimethyl ether of 7 possess l.c. 

6-0iBu 228 

7-0iBu tm 142 dec. 298 
(1.c.) 

monomers of 7, 8, and 10, 

diisobutyrates of 7, and 

character. They all showed 

nematic textures under polarizing microscope. The 

photomicrographs of 7-0Ac and 10 are shown in Figure 4. 
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Fig. 4. 
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a 

c 

Photomicrograph of the small molecules: (a) 10, 

taken at 130°C (b) 7-0Ac, taken at 196°C (c) 7-

OAc, taken at 280°C (magnification of 320X). 
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Attempted preparation of charge transfer complexes. 

Monomers of 6, 7, 10 and derivatives of 7-0Ac, 7-0Me were 

dissolved in acetonitrile and a solution of 12, TTF, NOBF4' 

or TCNQ was added. Neither deep color nor precipitate was 

observed, indicating no charge transfer complex was formed. 

Monomers of 4, 5, and 6 were 

Polyesters 

Polyisophthalates. 

polymerized with isophthaloyl chloride by interfacial 

polymerization in a blender: 

5 + 
ClC0"C(COCl 

I~ 
~ 

5-1 

CH!Cl! ) 

NaOH, HeO 
(n-Bu4NHS04) 

n 

The solubility, inherent viscosity, and melting 

point of poly-isophthalates were listed in Table 3. 

Table 3. Poly-isophthalates and Their Properties 

ninh* 
Poly-isophthalates solubility 0.5q/dl,30°C mp,oC 

4-1 H2 SO4 >300 

5-1 TFA. H2SO4 0.05 >300 

6-1 TFA, H2SO4 0.07 >300 

TFA: trifluoroacetic acid *solvent: H2SO4 
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Pol¥-S-t-butylisophthalates. As indicated in Table 

3. The molecular weight of poly-isophthalates was low, and 

the m.p. was high. In order to increase the tractability of 

the polymers, S-t-butylisophthaloyl chloride was used in 

substitution for isophthaloyl chloride. t-Butyl group was 

introduced as a "softener" to offset the structural 

regularity of the polymers, as a result, the solubilities 

of the polymers in the reaction mixture increased. 

6 + CICOyCOCl 
1'-.: 
~ 

CH2C1 2 ) 

NaOH J H20 

o 0 
II II 

[~~o-Q-~~~Wc--+-J -
X n 

6-tBuI 

The synthesized poly-S-t-butylisophthalates and 

their properties are collected in Table 4. 
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Table 4. Poly-5-t-butylisophthalates and Their properties 

polymers 

4-tBuI 

5-tBuI 

6-tBuI 

7-tBuI 

8-tBuI 

Solubility 

H2S04 

CHC13' etc. 

CHC13, etc. 

TFA, H2S04 

H2S04 

ninh 
0.5q/dl.30 0 (solvent} 

0.17 (CHC13) 

0.56 (CHC13) 

0.19 (H2S04) 

mp.OC 

>300 

dec. 323 

dec. 398 

dec. 333 

>300 

5-tBuI and 6-tBuI are soluble in chloroform; their 

molecular weight were determined by size exclusion 

chromatography to be 14,000 and 35,000, respectively. 

poly-sebacates. As shown in Table 4, although the 

molecular weight of the polymers increased, the m.p. was 

still high, indicating the polymers were still rigid. It 

appeared that an aliphatic acid was necessary to further 

soften the polymers, and therefore, result in the possible 

formation of l.c. polymers. Accordingly, sebacoyl chloride 

was incorporated into the polymers as the so-called 

"flexible spacers". The results were listed in Table 5. 

7 + 
o 0 
II II 

c 1 C~CH2+CC 1 ) 

o 0 

-t-a-O-N:~~JL..CH~ 
H3T bH3 

l n 

7-Seb 
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Table 5. Poly-sebacates snd Their Properties 

ninh 
Pol:2:-sebacates Solubilit:2: 0.551Ldl,30 o mE·oc 

5-Seb CHC13, etc. 0.22 (CHCI3) tm 98, dec.16S 
(1.c.) 

6-Seb TFA, H2SO4 0.12 (H2SO4) tm 245, dec.278 
(l.c. ) 

7-Seb TFA, H2SO4 0.12 (H2SO4) tm 160, dec.2S0 
(1.c. ) 

8-Seb TFA, H2SO4 0.09 (H2SO4) tm 244, dec.2S9 
(1.c.) 

lO-Seb CHC13, etc. 0.14 (CHCI3) tm 108, dec.240 
(1.c.) 

As indicated in Table 5, all the poly-sebacates 

showed liquid crystal behavior, and their textures under 

polarizing microscope were determined to be nematic. 

Photomicrographs of 7-seb and 8-seb are shown in Figure 5. 

Polyformals 

Polyformals which have only one short methylene 

group linked between two rigid azoarylene units should 

possess the intermediate properties between poly-5-t-butyl

isophthalates and poly-sebacates. Hence, they provided 

good models for complete studies of structure-property 

relationship of various polymers containing p-azoarylene 

groups. Polyformals were synthesized by solution 
-

polycondensation of the monomers and dichloromethane in the 

solvent NMP and the catalyst n-Bu4N1 according to the 

literature method. 56 
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a 

Fig. 5. Photomicrograph of the polymers: (a) 7-Seb, taken 

at 180°C (b) 7-Seb, taken at 200°C (c) 8~Seb, 

taken at 250°C (magnification of 320X). 
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7 + NMP, NaOH 
) 

[ ] 
n 

7-M 

The synthesized polyformals and their properties 

were illustrated in Table 6. 

Table 6. Polyformals and Their Properties 

Polyformals Solubility 0,5g/dl,30o m.p.oC 

5-M TFA, DMAc, NMP 0.52 (H2S04) soft at 200 

6-M TFA, H2S04 0.16 (H2S04) dec. 317 

7-M H2S04 0.21 (H2S04) soft 239 dec.260 

On a hot-stage polarizing microscope, polymer 7-M 

looked like nematic at >239°C, but the sample did not flow. 

Attempted doping of polymer films. Polymer films 

of 5-tBuI and 6-tBuI were exposed to iodine vapors for 

several days and film of 7-M was put into sodium 

naphthalide-THF solution for several hours. None showed 

color change or conductivity. 
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Poly (p-azoarylenes) 

Method 

Polyazo polymers and copolymers were synthesized by 

oxidative coupling of aromatic diamines in the presence of 

oxygen and cuprous chloride according to the literature 

method reported by Bach and Black. 58 ,59 The reactions were 

performed in a solvent pair, pyridine and N,N'-dimethyl

acetamide (1:4), both at room temperature and at slightly 

elevated temperature (60-90 D e) • In the case 

copolymerization, equal moles of the monomers were used. 

The general scheme of the polymerization is shown below: 

02' Cuel 
----------------> 

Pyr/DMAc 
---+--Ar-N=N--~]~n----

Ar: v ,0-0-0 
o-c H::C H--{) 

The results are listed in Table 7. 

of 



12 

13 

14 

15 

16 

17 

18 

19 

20 

Table 7. Synthesized Poly(p-azoarylenes) and their 
Properties 

polyazoarylene 

47 

Color ninh 
(0.5 g/dl, 30°C) 

black 

yellow-brown 0.72 

brown 0.17 

N::N-3n- black 0.79 

-+O-CH::C t+-(}-N::N-3n- black 0.64 

black 0.28 

copolymer of 13 and 15 black 0.41 

copolymer of 14 and 15 red-brown 0.28 

copolymer of 15 and 16 black 0.30 
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Among these azopolymers, 12, 13, 14, and 17 were 

reported by Bach and Black previously. The azo structure of 

the polymers suggested by them predominates, but direct 

elemental analyses shows the presence of oxygen. 

Presumably, some of the azo links were further oxidized to 

azoxy, even when the reaction was done at room temperature. 

The presence of the azoxy groups was also evidenced in the 

IR spectra which showed peaks at = 1300 cm-1 • All the 

homopolymers except 12 showed consistent analyses when the 

percentage of oxygen was taken into account (100%). The 

inconsistent elemental analysis of 12 may be due to side 

reactions which were caused by the higher reactivity of p

phenylenediamine. Accordingly, the earlier conclusions are 

suspect. 

Attempted deoxygenation. It was reported that 

azoxy compounds could be reduced to azo compounds either by 

PC1368 or NaBH4.69 Thus, we tried to remove oxygen from the 

polymers by PC13 or NaBH4. The attempts were not 

successful, although in some cases the amount of oxygen was 

reduced. Because of the limited solubility of the polymers, 

the deoxygenations were performed in heterogeneous 

solutions. This caused the difficulty in removing oxygen 

completely. 
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Solubility 

When the polymerizations were performed at room 

temperature, the pol~ruers were 

such as trifluoroacetic acid, H2S04' and CH3S03H, after 

several days. The polymers were less soluble when the 

reactions were done at elevated temperature. They were 

soluble only in hot H2S04 or CH3S03H. These solutions 

remained homogeneous when cooled. A poly-salt solution was 

evidenced by the viscosity-

concentration curve (Figure 6), where poly-electrolyte 

behavior is evident. 

~I.II 
4.0 ,. 

. '" 

2.0-~1l 

x 

. 
0:15 0.5 Ilda 

Fig. 6. Inherent Viscosity-Concentration Curve of 
Polymer 15 in CH3S03H 

Film Casting 

Films of all the azopolymers and copolymers were 

cast by several methods as described in Experimental 
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section. The colors of the films ranged from deep red to 

black, depending on thickness. Films of copolymers are more 

flexible, stronger, and can be drawn (;5%) and oriented on 

a hot bar. 

Doping and Electrical Conductivity 

The films were n-doped by a reducing agent, sodium 

naphthalide-THF solution, and p-doped by an oxiding agent, 

iodine vapors. The doping apparatus and procedure are 

described in Experimental section. 

The undoped films are insulators. Upon doping, the 

films became semiconducting, gernally showing 

conductivities of 10-4 - 10-5 ohm-1cm-1 (either p-type or 

n-type). When exposed to air, the conductivity decreased to 

10-6 - 10-7 ohm-1cm-1 in several days for n-doped films and 

in several hours for p-doped films. 

In a four-probe method of conductivity measurement, 

a rectangular polymer film (ca. 2 cm x 0.5 cm) was attached 

to four parallel platinum wires using a graphite cement 

(Electrodag 502); a current (I) was then applied across the 

outer two electrodes and the potential drop (Vsample ) 

across the inner electrodes was measured. In practice, (I) 

was determined by measuring the potential drop (Vref.) 

across a reference resistor (Rref.) according to Ohm's Law. 

Vref. 
I-

Rref. 
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Thus, the resistance of the sample (Rsample ) could be 

calculated. 

R-

The resistivity 

following equation: 

R= 

vsample 

I 

was then 

A 

determined by using the 

where L is the lengh between the inner two electrodes, and 

A is the cross section of the sample (sample width was 

measured using a micrometer). The reciprocal of f is the 

electrical conductivity 0. 

Reactions of Azopolymer Films 

In an effort to increase the flexibility of 

azopolymer films; polymer 17 was treated with sodium 

naphthalide-THF solution in a glove bag, the rinsed film 

was then put into a solution of C12H25Br or trimethylsilyl 

chloride in THF in a vacuum tube for one day. After the 

reaction, the film was washed repeatedly with THF. IR of 

the film clearly showed the strong absorption of ~he 

aliphatic C-H stretch at 2922 or 2930 cm-1 , respectively, 

indicating the film has reacted with C12H25Br or (CH3)3SiCl 

as follows: 

Na.Naph 
--~--Ar-N=N--]~ -------> ---+[Ar-N=N--P' Na+ 

C12H25Br 
--------> ---+--Ar-N=N ]x 
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However, no obvious change in the appearance of the film 

was observed. Other azopolymer films showed similar 

results. 

Dipolar polymers 

Dipolar p-phenyleneazo units were incorporated into 

either the main chain of polyesters or the side chains of a 

polymethacrylate. 

Polyesters containing Dipolar p-Phenyleneazo 
Units in the Main Chain 

Synthesis of the monomers. AB monomer, 4-(4-

hydroxy-2-methoxyphenylazo)benzoic acid 21, containing a 

methoxy substituent in the p-phenylenenazo group was 

prepared by diazotization of p-aminobenzoic acid and 

coupling with m-methoxy phenol. 

OCH3 

~OH OCH3 

----o~) H02C--O-N=~OH 
NaOH, 0 

21 

Monomer 22, 4-[4-(4-hydroxy-2-methoxyphenyl)-2-

methoxyphenylazo]benzoic acid, containing two azo units was 



53 

also synthesized by repeated diazotization and coupling as 

shown in the following equation. 

) 

NaOH, 0° 
) 

OCH3 OCH3 

H02C---O-~N=~OH 
22 

Monomer 23, 4-(4-hydroxy-2-methoxyphenylazo)-3-

nitrobenzoic acid, containing methoxy and nitro 

sUbstituents in the p-phenyleneazo group was synthesized 

similarly by diazotization of 4-amino-3-nitro benzoic acid, 

followed by coupling with m-methoxyphenol. That the 

diazotization was carried out in the solvent DMAc was 

because of the limited solubility of 4-amino-3-nitrobenzoic 

acid in the aqueous solution. 

) 
) 

Nne 

H02C--d-N:::~OH 
OCH 3 

23 
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Attempted chain extension. In an effort to prepare 

chloroform soluble polyesters, a hexamethylene flexible 

spacer was tried to be incorporated into monomer 21 as 

follows: 

OCH3 

H02~OH 
21 

Unfortunately, the second step was difficult, and only a 

small amount of the product was once obtained. 

Polymerization. Monomer 21 was polymerized by the 

direct polycondensation in the presence of triphenyl 

phosphine and hexachloroethane in pyrid~e according to 

Ogata's method. 70 

21 
Ph3P, C2 C1 6 . > 
pyridine 

o OCH3 

[ IJ~~o-Jl--n-
24 
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A red-brown powder 24 was produced. DSC showed the 

polymer had tg 141 0 and decomposed at 322 Q
• Inherent 

viscosity was determined to be 0.18. A red, transparent 

film was cast by dissolving the powder in trifluroacetic 

acid, followed by evaporating the solvent at room 

temperature. 

Monomer 23 did not polymerize by Ogata's method. 

Another novel direct polycondensation using TsCl/ DMF as 

the catalyst was used. 71 

TsCl/DMF 
23 ) 

pyridine 

o OCH3 

[ . IJ-q-rc4j-o ]n 
N02 

25 

A black polymer 25 was obtained by the reaction of the 

monomer and TsCl/DMF in pyridine. Inherent viscosity was 

0.13. Only a brittle film can be cast from trifluoroacetic 

acid. 

Monomer 22 could not be polymerized either by 

Ogata's method or Tscl/DMF, presumably, due to-the rigid 

nature of the monomer molecule. 



Comblike Polymethacrylate Containing Dipolar 
p-Phenyleneazo Units in the Side Chains 
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Polymers Containing p-phenyleneazo units in the 

side chains have been shown to possess l.c. behavior. 

Nonlinear optical property of a guest dipolar dye molecule 

in a host side-chain l.c. polymer has been studied. 72 It 

appeared that the incorporation of a dipolar azo unit 

directly into polymer side chains would produce polymers 

which have l.c. property as well as nonlinear optical 

effect. 

Synthesis of the monomer. The methacrylate monomer 

28, 1-[3-methoxy-4-(p-nitrophenylazo)phenoxy]-hexyl 

methacrylate, was prepared by 

according to the following scheme: 

a multi-step synthesis 

) 
E tOH, NaOH, NaI 

pyridine 

OCH3 

D2N -{)-n=~O-kH2TOH 
27 

CH3 OCH
3

_ 

<R-HcH2To-O-N=N-{}-N02 
o 

28 
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L.c. properties of the small molecules. All the 

intermediates and the monomer showed liquid crystal , 

behavior as illustrated in Table 8. 

Table 8. Thermotransition Temperatures ~f the Compounds 
containing Dipolar p-Phenyleneazo Groups· by DSC 

two 

compounds 

26 

27 

28 

transition temperatures °C 

tm 154 ti 174 (l.c.) 

tm 146 ti 212 (l.c.) 

tm 73 ti 152 (l.c.) 

Differential Scanning Calorimetry clearly showed 

peaks, indicating both melting and clearing 

temperatures. DSC thermograms of 27 and 28 are shown in 

Figure 7. 

polymerization. The monomer was polymerized by free 

radical polymerization using AIBN as an initiatior • 

28 
. AlBN ) 

Toluene 

29 
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Fig. 7. DSC thermograms of (a) 27 (b) 28. 
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Polymer 29 was only partially soluble in most of 

the solvents, film could not be cast. It showed tg at aaoe 
and decomposed at 255 y c on DSC; only weak liquid crystal 

behavior was observed at the temperature >160 o e on a hot

stage polarizing microscope. 



CHAPTER 3 

DISCUSSION 

Aniline Black 

Chemical Oxidation 

The observation that the resulting emeraldine 

product does not conduct, when an excess of H202 is used, 

is consistent with the conduction mechanism proposed by 

MacDiarmid et al. 73 ,74 They suggested that the conducting 

nature of aniline black was caused by protonation of 

partially oxidized polyaniline; several resonance forms, 

therefore, could be shown: 

60 
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Thus, when po1yani1ine is fully oxidized, protonation is 

not sufficient to dope the polymer; no resonance form could 

be shown. 

+ + + + 
~N ON~N F\ N-V
~H - H'==.rH \d H~ 

Aniline black synthesized by this method has better 

solubility and elemental analysis than the product prepared 

by other methods at higher temperature. Presumably it is 

necessary to do the reaction at low temperature to prevent 

the formation of side reactions; moreover, the oxidizing 

agent H202 left no impurity after the reaction and only 

very amall amount of the catalyst FeS04 was used, so that a 

clean product could be obtained. The problem that films 

could not always be cast may be due to the broad molecular 

weight distribution. 

Polycondensation 

Although polymer film was prepared by a modified 

technique of Manassen's method of polycondensation of p-

phenylenediamine and cyclohexanedione in the solvent 

glacial acid, it did not give consistent characterization. 

The elemental analysis was not satisfactory and the IR 

spectrum showed the presence of N-H and c=o groups. The 

film did not conduct either. 
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The black powder obtained by using ethanol as the 

solvent and acetic acid as the catalyst showed a similar IR 

spectrum. According to these results, side reactions have 

occurred. A possible species 30 formed by the side 

reactions is shown below: 

30 

The formation of films indicated a high polymer was 

produced, so that the only way which could expain the 

presence of carbonyl groups was p-phenylenediamine attacked 

cyclohexanedione on the ring by an unknown mechanism. 

Moreover, side reactions might be catalyzed by acids. 

In another experiment, the reaction was done in the 

solvent o-chlorophenol without the pre~ence of acids; 

better results were obtained. IR showed no c=o peak and a 

very weak N-H peak. Elemental analysis was also more 

consistent. 

The possible formation of species 30 was further 

supported by the polycondensation of p-phenylenediamine and 

anthraquinone in the presence of o-chlorophenol and acetic 

acid. No carbonyl group was observed in IR, despite the 
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reaction was done in the presence of the acid catalyst. The 

positions next to carbonyl groups were blocked in 

anthraquinone. The same result was observed for the 

reaction of 2,5-dichloro-p-phenylenediamine and 

anthraquinone. In this reaction, a stronger acid catalyst, 

H2S04 or CH3S03H, was needed for the reaction to occur due 

to the less reactive diamine by virtue of the electron 

withdrawing Cl substituents. 

The observation that the flakes formed from the 

polyco!1ci~nsation of p-phenylenediamine and anthraquinone 

conducted after the treatment of AgBF4 suggested that the 

flakes were doped. The presence of BF4- peaks in IR, and 

the fact that the conductivity was eventually lost proved 

that the conductivity was not caused by the deposit of 

silver. 

Polycondensation of p-phenylenediarnine and 

benzoquinone was complicated by the formation of charge 

transfer complex and Michael addition side reaction. 

Electrooxidation 

IR spectrum of the powder obtained by the 

electrooxidation of aniline in aqueous H2S04 solution 

showed similar peaks to those of the product from chemical 

oxidation, except that, it also showed the strong peaks of 

S04-2 ion at 1124 cm-1 • This observation further suggests 

that it is the salt of aniline black that is conducting. 
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The reason that oxidation of 2,6-dimethylaniline 

was difficult may be due to its steric hindrance. 

Electrooxidation of aniline in the presence of 

acetonitrile and various tetrabutylamonium salts were not 

successful. The conductivity of black deposits formed on 

the electrode apparently was low as evidenced by the sharp 

drop of the current. The polymer could no longer be formed; 

instead, small molecules were generated in the solution as 

evidenced by the color changes. It should be noted that 

these solutions were either neutral or basic. The 

observation that aniline could not undergo analogous 

reaction of pyrrole further suggests that their conduction 

natures are different. It has been shown65 that polypyrrole 

film formed on the electrode is immediately oxidized in 

situ and incorporated the counter anion X- of the 

supporting electrolyte in order to achieve charge 

neutrality; thus, the conducting species is a cation 

radical on carbon atoms similar to that of polyacetylene: 
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On the other hand, the conducting species of aniline black 

is protonated emeraldine as discussed previously: 

As a result, while conducting polypyrrole can be prepared 

in neutral or basic acetonitrile solution, conducting 

aniline black can only be formed in an acidic solution. 

Wegner's electrooxidation of pyrrole in the 

presence of soap is to utilize the long chain counter ion to 

improve film flexibility. The same problem occurred to 

aniline when the analogous reaction was done in a neutral 

solution. 

Model Compounds 

No satisfactory results could be obtained from the 

condensation of cyclohexanedione and p-anisidine or p-

aminophenol in a variety of solvents with or without the 

use of the acid catalyst. Generally, TLC showed a mixture 

of several compounds and IR showed the presence of carbonyl 

groups, indicating the formation of dimers or side 

products. 
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Starting materials were usually recovered from the 

condensation of benzoquinone and p-anisidine indicating the 

formation of the charge transfer complex. 

N,N'-dichlorobenzoquinodiimine. In the preparation 

of N,N'-dichlorobenzoquinodiimine, it is required to add p-

phenylenediamine aqueous solution slowly to the bleach. 

when the addition was done in reverse, the oxidized p-

phenylenediamine reapidly reacted with other p-

phenylenediamine to form a brown foam. 

The reason that N,N'-dichlorobenzoquinodiimine did 

not undergo a difunctional analogous reaction with phenol 

is probably because that the iminium cation 32 obtained 

from the reaction of 31 with one equivalent of phenol is 

stabilized by the electron donating hydroxyl group through 

resonance effect as shown in the following equation. 

Therefore, further reaction with phenol is not accessible. 

Cl~NCl 
31 

) 

+ V-0H 

o-OH 
-X--1 Ho-(}-~N-{}-OH 



Polyesters and Polyformals Containing 
p-Aryleneazo Groups 

Synthesis of the Monomers 
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In general, the bisphenol monomers were obtained as 

indicated by the literature or were synthesized by standard 

procedures involving aryldiazonium ion coupling. 75 Although 

most of these compounds were reported in the literature 

(476 , 577 , 678 , 779 , 880 , g81), none (except 4) offered 

detailed procedures, elemental analyses, or melting points. 

Diazotization and coupling were generally carried 

out at low temperature due to the instability of diazonium 

salts. However, tetrazotization of o-tolidine was performed 

at room temperature because o-tolidine was not soluble in 

acidic aqueous solution at o°C. The process usually gave a 

high yield. Azobisphenol 4 was partially soluble in water, 

resulting in its low yield. The products were purified by 

repeated recrystallizations from suitable solvents. The 

purity of the monomers was determined by TLC, IR, NMR, and 

elemental analysis. Purer product of 4,4'-[azobis(p-

phenyleneazo)]bisphenol 8 was obtained by using HBF4 

instead of HCI, the resulting precipitate of tetrazonium 

salt was isolated and the subsequent coupling was done in 

an aqueous acetonitrile solution. 

Tetrazotization of p-phenylenediamine in aqueous 

HCl caused the formation of foams, presumably due to the 

-~.-----------~- ------
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highly reactive diazonium salt. According to the 

literature, the reaction had to be done in concentrated 

H2S04. However, pure product could not be obtained by this 

method in an effort to prepare 4,4'-(1,4-phenylenebisazo) 

bisphenol. 

Aniline was not a good coupling reagent, it usually 

caused the formation of 33. 

cpNH2 ------------> Ar-N=N-NH-~ 33 

CPNH21 H+ 

Ar-N=N-cpNH2 

34 

Although it was shown82 that 33 could be rearranged in the 

presence of HCl to give 34, pure procuct could not be 

isolated in our work. However, arylamine was produced 

directly by coupling with m-anisidine, presumably, the 

electron donating methoxy group increased the reactivity at 

the para position of phenol. 

In the effort to prepare oligomeric multiazQ 

compounds, although pure product could not be obtained, the 

crude products showed an interesting appearance, green with 

metallic luster. 
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Derivatives and Their Properties 

Derivatives of the bisphenol monomers are mostly 

new compounds, they were synthesized not only for acting as 

model compounds of the polymers, but also for caping the 

labile OH groups in order to study their 1.c. and 

electrical properties. That the colors of the derivatives 

were lighter than those of the monomers was due to the lack 

of ability to form the tautomers. 

L.c. properties. As shown in the Results section 

while monomers and derivatives of 7 and 8 displayed l.c. 

properties, monomers and derivatives of 5 and 6 showed no 

l.c. behavior. Presumably, the bulky naphthol group in 5 

and the soft oxy linkage in 6 disrupt the structural 

regularity or rigidity, therefore, the molecules could not 

be arranged in mesophase order. 

Derivatives of the monomers displayed lower melting 

point and had better l.c. behavior; they showed very large 

mesophase range (>100°). These compounds commonly 

decomposed before they reached the clearing temperature. 

While m.p. of monomer 9 was too high to show l.c. behavior, 

the diacetate derivative did so. 
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Polymerization and Properties of Polymers 

All the polyesters were synthesized by interfacial 

polYmerization. In order to efficiently mix the two phases, 

a blender was used for the reactions. In some reactions, a 

phase transfer catalyst BU4NHS04 was introduced. 

The bisphenol monomers were first polymerized with 

aromatic diacids which would provide n electrons needed for 

electrical conducting. Although terephthaloyl chloride 

would have given a better model for conducting polymers, it 

was avoided in order not to produce intractable material; 

isophthaloyl chloride was used instead. Nevertheless, 

polymers were still precipitated out early in the reactions 

and low molecular weights of poly-isophthalates were 

obtained as evidenced by the inherent viscosity. 

In an effort to prevent the polymers from 

precipitating out prematurely, a bulky t-butyl group was 

introduced to the polymers. As indicated in Table III, the 

molecular weight was effectively increased. The solubility 

was also improved; some of the polymers were soluble in 

chloroform. In spite of that, these poly-S-t-butyliso

phthalates still had high melting points; they all 

decomposed at >300°C. This problem was resolved by using an 

aliphthatic diacid chloride, sebacoyl chloride. The "soft" 

octamethylene units effectively lowered the melting points 

of the polymers. 



Polyformals were synthesized differently 
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by 

solution polycondensations; high yields were obtained. They 

showed lower solubilities than those of poly=sebacates and 

poly-S-t-butylisophthalates, as a result of the short 

flexible spacer and structural simplicity. They also showed 

intermediate melting points between those of poly-S-t

butylisophthalates and poly-sebacates. 

structure-L.C. Properties 
Relationship of Polymers 

We have synthesized new thermotropic liquid crystal 

polyesters based on multiazobisphenols. Polyformals were 

also synthesized from these monomers. The polymers were 

fusible and soluble in organic solvents, and hence were 

processable. They represent a novel class of polymers. 

Thermotropic l.c. behavior was found for the poly

sebacates of 5, 6, 7, 8 and 10. On the other hand, no l.c. 

properties were displayed by any of the poly-isophthalates 

or poly-S-t-butylisophthalates. Weak l.c. behavior was seen 

for the polyformal of 7. 

These results agree with the generally accepted 

idea that extended rod-like character is required for l.c. 

behavior. Only the sebacate group, with its ability to 

adopt the trans, planar, extended zig-zag form, ~eet this 

criterion. The phthalate residue, as well as the methylene 

formal units, lead to kinks in the chain. These disrupt the 
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propensity for l.c. character shown by the monomeric 

bisphenols and their simple derivatives. 

Structure-L.C. Properties Relationship 
Between Polymers and Monomers 

As discussed above, although monomers and 

derivatives of 7 and 8 showed l.c. character, their poly

isophthalates and poly-S-t-butylisophthalates did not do 

so. On the other hand, monomers and derivatives of 5 and 6 

did not show l.c. behavior while their poly-sebacates did 

so; this could be explained as that the rigidity of the azo 

units increased as they were incorporated and restricted in 

polymer chains, and thus the molecules could be arranged 

into mesophase order. 

Electrical properties of polymers. The 

observations that films could not be doped suggested that 

the "hopping" of n electrons in polymer chains was 

interrupted by the ester linkages; this was also evidenced 

by the light colors of polymers. Although polyformals 

showed darker colors than those of polyesters, they could 

not be doped either. 

Poly (p-azoarylenes) 

Oxidative Coupling 

The oxidative coupling of aromatic diamines that 

gives azopolymers is a catalytic process, the cupric-
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cuprous redox couple serving as the catalyst. The reaction 

was suggested58 to consist of a multistep sequence of 

electrcn=transfer, coupling and catalyst 

reoxidation, as illustrated in Table 9 for a monoamine. 

Table 9. The Mechanism of Oxidative Coupling of Aromatic 
Diamines 

4. 2Ar-NH·CuI CI 

5. Ar-NH-NH-Ar 

6. 4CuI Cl + 02 + H2O 

-H20 -------> Ar-NHoCuICI 

> A~-NH-NH-Ar + 2cuCI 

[0] 
> Ar-N=N-Ar 

> 4 CuII(OH)Cl 

Complex 
formation 

Electron 
transfer 

Coupling 

Catalyst 
reoxidation 

The reaction mixture turned dark immediately after 

cuprous chloride was added. After the reaction, a viscous 

polymerization solution was generally obtained. In some 

cases, the mixture became gel-like. 

The effects of reaction temperature. All the 

reactions were initially performed at slightly elevated 

temperature. But in one instance, the reaction mixture was 
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refluxed with oxygen gas bubbling through; it was found 

that the elemetal analysis had large deviation and showned 

high percentage of oxygen. presumably, a large number of 

azoxy linkages was formed due to vigorous reaction. In an 

effort to reduce the content of oxygen, all the reaction 

were repeated at room temperature. It was found that 

oxygen percentage and inherent viscosity were similar to 

those of the polymers prepared at slightly elevated 

temperature. However, the solubility was improved, as this 

result, the films could be cast at r.t. by dissolving the 

powder in trifluoroacetic acid. 

Purity of the Films 

The films cast from the reaction mixture were 

almost as pure as those cast from CF3C02H solution as 

evidenced by the elemental analyese of polymer 17 shown in 

Experimental section. Only 0.1% of '~opper was found. The 

presence of sulfur in the films cast from CH3S03H even 

after washing with base suggested that a reaction had 

occurred between the film and the solvent due to heating. 

Doping and Electrical Conductivity 

Both n-doped and p-doped films were not stable in 

air. Similar to most of the conducting polymers, they were 

sensitive to moisture and oxygen. Nevertheless, unlike 

polyacetylene, the n-doped films could be handled in air; 
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conductivity after 2 or 3 

n-doped films was more 

stable than the p-doped films may be due to the fact that 

reduction is easier than oxidation for these azopolymers. 

Unlike polyaniline, the azopolymers could not be ' 

doped by any of the acids. The films cast from CF3C02H or 

CH3S03H failed to show any conductivity even before washing 

with the base. This result further supports the unique 

structure of emeraldine, its ability to form several 

resonance forms is the reason that it can be doped by 

acids. 

Reactivity of the Monomers 

Bach and Black suggested that the reactivity of a 

given diamine in oxidative coupling to form azopolymers was 

strongly dependent on the availability of the lone electron 

pair on the amino 

electron fransfer. 

coupling generally 

nitrogen atom for complex formation and 

In other words, the rate of oxidative 

increased with increasing relative 

basicity of the amines. 

However, the basicity of the amines did not match 

the inherent viscosity of the polymers they reported, as 

well as the data we obtained. Moreover, it is also not 

consistent with our observations during the reactions. 

4,4'-Diaminostilbene and o-tolidine usually showed high 

reactivity; sometimes the reaction mixture became gel-like. 
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On the other hand, polymerization of p-phenylenediamine or 

4,4'-thiodianiline was not yet complete even after longer 

reaction time, as evidenced by the color of the filtrate 

during extraction. 

Accordingly, we suggest tha·t the stability of free 

radicals produced in step 3 is important as well. 

The high reactivity of diaminostilbene and 0-

tolidine is caused by the favored formation of the free 

radical, which is stabilized by the reasonance effect: 

In summary, the reactivity of the diamines in 

oxidative coupling not only depends on the basicity 

(inductive effect) but also on the resonance effect. This 

assumption is further supported by the result that 

oxidative coupling of tetramethyl-p-phenylenediamine, which 

has high basicity, afforded little polymer. 

Consequently, the above suggestion can also explain 

the incorrect elemental analysis of polyazophenylene. Side 

reactions are caused by the instability of free radical 35; 

thus, species 35 is further oxidized to lose one electron 

by virtue of the electron donating amino groups, the 

resulting cation can then undergo electrophilic aromatic 
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substitution at position 1 or 2. In the case of 

substitution at position 1, ammonium is elimiated. 

H2N-o-NH 

35 

Polyaniline can also be produced by the oxidation 

of p-phenylenediamine according to the mechanism proposed 

by Corbett83 for the formation of indoaniline dye. 

Indoaniline wa.s prepared by the oxidation of a mixture of 

p-phenylenediamine and phenol in the presence of oxygen or 

ferric cyanide, as shown in the following scheme: 

HNVNH 

H2N -o-N=C)=O f-( ----

I n d 0 c.\r1 iIi n e 

\ 

Q-OH 

H2N-{)- NH-{)-OH 

36 
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Oxidation of p-phenylenediamine gives benzoquinodiimine 

which was protonated and coupled with phenol to afford 36, 

which in turn was oxidized by another benzoquinodiimine to 

produce indoaniline. 

Accordingly, oxidation of p-phenylenediamine can 

undergo similar reaction; protonated benzoquinodiimine 

reacts with p-phenylenediamine and ammonium is eliminated 

to afford 37, which leads to the formation of polyaniline. 

-NH3 ) 

--~) ) 

) Polyaniline 

Dipolar Polymers Containing p-Phenyleneazo Groups 

Dipolar Monomers and Polyesters 

The electron donating methoxy group was 

incorporated into monomer 21 by using a suitable coupling 

reagent, m-methoxyphenol, to react with the diazonium salt 

obtained from p-aminobenzoic acid. 
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The dipolar character of monomer 21 is shown above by the 

electron shifts, where hydroxy and methoxy groups are the 

electron donors, while azo and carboxyl group are the 

electron acceptors. IR shows the shift of carbonyl group to 

lower frequency at 1680 cm-1 , indicating that the electrons 

are de localized into carboxylic acid. 

It appeared resonable that the polarity of the 

monomer would increase by introducing more methoxy and azo 

groups. Thus, we also synthesized monomer 22. 

Electron withdrawing nitro group was also 

incorporated into monomer 23 by using a starting material 

containing nitro substituent 4-amino-3-nitrobenzoic acid. 

As illustrated previously by the electron shifts, the nitro 

group was introduced at the right position to help pull the 

electrons. 

Although it was assumed that monomer 22 and 23 

would have higher dipolarity by virtue of more methoxy, azo 

or the nitro substituent, contrarily, IR spectra show the 

absorption of carbonyl groups at higher frequency (1694 

cm-1 ) than that of monomer 21. The polymers synthesized 
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from these monomers also show a similar observation. 

Consequently, the above assumption may not be true. 

However, polymer 25 does show an interesting black color; a 

further investigation of its electrical properties would be 

worthwhile. 

Dipolar Polymethacrylate 

In the synthesis of the monomer, the second step 

was the most difficult one; the reaction was very slow, 

presumably due to the s~able phenoxide ion by the resonance 

effect: 

o 

Ho-~--oN::~OH 

As listed in Table VI, all the small molecules show 

l.c. character. In contrast to the multiazobisphenol 

monomers, these compounds showed clearing temperatures 

prior to decomposition temperatures. 



CHAPTER 4 

CONCLUSION 

Small molecules and polymers containing rigid rod

like p-benzoquinodiimine or p-phenyleneazo group have been 

studied. Although a polymer containing p-benzoquinodiimine 

units (emeraldine) could be conveniently doped to form a 

environmentally stable conducting polymer; most of the 

reactions involving benzoquinodiimine were complicated, 

that is, clean products were usually difficult to obtain; 

side reactions occurred due to the facile attack on 

benzoquinodiimine by other species. On the other hand, 

small molecules and poly-sebacates containing p

phenyleneazo units showed interesting liquid crystal 

behavior; moreover, poly (p-azoarylenes) formed 

semiconducting polymer films. 

Although poly(p-azoarylenes) did not show very high 

conductivity, they represent one of the few aromatic 

conducting polymers in the form of films. 

According 

polyazoarylenes, 

to our results from the 

polyesters, polyformals 

doping of 

and small 

molecules, a long conjugated system is required for an azo 

compound to be conducting. 
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CHAPTER 5 

EXPERIMENTAL 

Reagents 

All tht starting materials and reagents used were 

commercially available except 5-t-bytylisophthalic acid 

which was obtained from the industry; the chemicals were 

purified when necessary; aniline was distilled under 

vacuum; p-phenyleneidamine was sublimed under reduced 

pressure; 1,4-cyclohexanedione was recrystallized from 

cylcohexane; 4,4'-oxydianiline and 4,4'-azodianiline were 

recrystallized from acetone/water; 4,4'-diaminostilbene 

hydrochloride was neutralized by sodium hydroxide and 

recrystallized from acetone/water. 

Solvents 

All the solvents used were reagent grade, and were 

dried if necessary: acetonitrile was distilled over P2oS; 

THF was pre-dried with NaOH pellets and distilled over 

LiAlH4 before using; pyridine and N,N'-dimethylacetamide 

were distilled over NaOH and stored over molecular sieve. 

Toluene was distilled over sodium. 

82 
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Instrumentation 

1H and 13c NMR spectra were taken on a 60 MHz 

varian EM 360L or 250 MHz Bruker WM 250 spectrometer. 

Infrared spectra were recored on a Perkin-Elmer 983 

spectrometer. Melting points were obtained from a Thomas-

Hoover capillary melting point apparatus. Molecular weights 

of the polymers were estimated by gel permeation 

chromatography (columns, DuPont Zorbax PSM-300S, DuPont 

Zorbax PSM-60s, IBM 10 ~ pore; detector, Spectra-physics 

8200 UV (254 nm) Detector; p-luent, chloroform. Inherent 

viscosity was determined using a Ostwald type viscometer in 

a constant temperature bath. Elemental analyses were 

performed by Desert Ana1ytics, Tucson, Arizona. 

Charaterization of the Liguid Crystalline 
Compounds and Polymers 

The thermal transition temperatures were recorded 

on a Perkin-Elmer DSC 4 or DSC 2 at a heating rate of 

20°C/min. under nitrogen atmosphere. The optical textures 

were observed on a hot-stage (Mettler FP-2 ,FP-82 or 

Thomas) polarizing microscope (Leitz, Ortho1ux or Thomas) 

at a magnification of 320X. 

Conductivity Measurement 

Samples of the polymer powders were prepared by 

compressing the powders into pellets. Electrical 
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conductivity of the films and the pellets was monitored 

using a four-probe method according to the electronic 

schematic digram reported by Wnek84 and a Multimeter (Fluke 

8024B). Electrical contacts to the samples were made with 

Electrodag (Acheson Electrodag 502). The method of the 

four-probe measurement for the films is discussed in 

Chapter 2; and van der Pauw's method was used for the 

pellets. 85 

Aniline Black 

Preparation of Emeraldine 

To a stirred solution of 5 g (0.054 mole) of 

aniline, 16 ml of hydrochloric acid, and 250 ml of water in 

a 500 ml beaker in an ice bath was added 7 ml of H202 (30%) 

and 0.06 g of FeS04' The reaction mixture was stirred for 

one hr., and subsequently stored in a refrigerator for 24 

hr. After that, a 

on a funnel, 

black precipitate was formed, collected 

and washed repeatedly with water. The 

precipitate was then neutralized with NH40H, extracted with 

entanol in a Soxhlet extractor, and dried under vacuum to 

give 1.4 g (28%) of emeraldine: IR (KBr) 1590,1504,1307, 

1166,S31 cm-1 • Anal. Calcd for C12HSN2: C,SO.OO; H,4.44; 

N,15.56. Found: C,77.29; H,4.35; N,14.98. 



Polycondensation of p-phenylenediamine 
and 1,4-cyclohexanedione 
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Polymer film. A solution of 0.56 g (5 mmole) of 

cyclohexanedione in 5 ml of glacial acetic acid was mixed 

with a solution of 0.54 g (5 mmole) of p-phenylenediamine 

in 5 ml of glacial acetic acid. The mixture was charged 

into a "u" shape flask of a Kugelrohr distillation 

apparatus; and heated to 90u under slightly reduced 

pressure for 20 min. During this period, the solvent was 

evaporated and a dark red-brown film was formed; the film 

was subsequently heated to 100°C for one hour. The 

resulting blue-green film was then removed from the flask. 

mp >300 °C; IR (film) 3359,3026,2943,1710.1607,1504,1260, 

1169,1011,829 cm-1 • Anal. Calcd for C12H12N2: C,78.26; 

H,6.52; N,15.22. Found: C,69.53; H,6.19; N,12.54. 

Polymer powder. To a stirred solution of 0.56 9 (5 

mmole) of cyclohexanedione in 20 ml of o-chlorophenol in a 

three-necked round bottom flask equipped with a condenser, 

an addition funnel and a nitrogen inlet was added a 

solution of 0.54 g (5 mmole) of p-phenylenediamine in 0-

chlorophenol. The mixture was then refluxed for 24 hr. 

under N2 atmosphere. After the reaction, the resulting blue 

suspension was poured into methanol; the blue precipitate 

was isolated, washed repeatedly with methanol, dried under 

vacuum to give 0.81 g (86%) of polymer 2. IR (KBr) 3382, 
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1594,1504,1295,1153,814 cm-1 • Anal. Calcd for C12H12N2: 

C,78.26; H,6.52; N,15.22. Found: C,74.64; H,5.30; N,13.96. 
T _ ___ ~ ..... ______ ~~ __ _~ ..... ___ , _. ___ •• __ ...:1 

.... u au .... '-u...... ... ... a .... '- ........ u, ""'-uau ........ 'IVa"" u,"" ....... as a solvent 

and acetic acid as a catalyst, a black powder was produced. 

IR (Kar) 3418,1703,1644,1634,1614,1504,1260,1106,822 cm-1 . 

Polycondensation of p-Phenylenediamine 
and Anthraquinone 

To a solution of 1.08 g (10 mmole) of p-

phenylenediamine and 2.08 g (10 mmole) of anthraquinone in 

50 ml of o-chlorophenol was added a few drops of acetic 

acid. The reaction mixture was refluxed f0r 2 days; and the 

black precipitate was formed, isolated, and extracted with 

ethanol to give 2.3 g (82%) of polymer 3: mp >300°C; IR 

(KBr) 3128,1599,1556,1538,1504,1151,818 cm-1 • Anal. Calcd 

for C20H12N2: C,85.71; H,4.29; N,10.00. Found: C,62.43; 

H,3.79; N,11.42. 

In an analogous reaction, 2,6-dichloro-p-

phenylenediamine was used in sUbstitution for p-

phenylenediamine, and sulfuric acid or methanesulfonic acid 

was used for the catalyst. Yield 74%; mp>300°C; IR (KBr) 

1614,1504, 1155,824,748 cm-1 • Anal. Calcd for C20H10N2C12: 

C,68.76; H,2.86; N,8.02. Found: C,48.47; H,2.97; N.9.09. 

Anodic Electrooxidation of Aniline 

A 0.05 M aqueous electrolyte solution of aniline in 

0.1 M H2S04 was prepared in a 1.00 ml beaker. The 
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electrooxidation was performed using platinum electrodes as 

the working electrode and counter electrode, and seE as a 

reference electrode. A thin black film was formed on the 

working electrode within one hour by sweeping the potential 

continuously between 0-1.3 V. The reaction was allowed to 

continue for another 3 hr., black powders were formed on 

the electrode instead. IR (KBr) 1556,1454,1301,1239,1124, 

805,619 cm-1 • 

N,N'-Dichlorobenzoquinodiimine 

To a stirred solution of 250 ml of bleach was added 

a solution of 2.5 g (0.023 mole) of p-phenylenediamine in 

water. A white precipitate was immediately formed. The 

precipitate was isolated, and recrystallized from glacial 

aectic acid to give 3.4g (84%) of yellow powders: mp 132-

135°C; IR (KBr) 3073,1560,1540,1308,1119,846,675 cm-1 i 1H 

NMR (CDCl3) S 7-7.8 (m). 

2,6,N,N'-Tetrachlorobenzoquinodiimine was prepared 

similarly as described above. Yellow needles; yield 82%; mp 

124-126°C. IR (KBr) 3075,1565,1344,1229,1036,874,718 cm-1 ; 

1H NMR (CDCl3) S 7.8 (s). 

Polyesters and Polyformals Containing 
p-Aryleneazo groups 

Synthesis of Multiazobisphenol Monomers 

4-[(4-Hydroxyphenyl)azo]-1-naphthol 5. To a 

stirred solution of 4.36 g (0.04 mole) of p-aminophenol in 
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water was added 12 ml (0.14 mole) of concentrated HCl. The 

mixture was then cooled in an ice bath and a solution of 

2.9 g (0.0404 mole) of sodium nitrite was added. The 

mixture was tested for the presence of free nitrous acid 

with potassium iodide-starch paper after 15 min. To a 

stirred solution of 7.2 9 (0.05 mole) of 1-naphthol and 4.8 

g (0.12 mole) of sodium hydroxide in ice-water was added 

the above mixture in a period of 30 min. The reaction 

micture was then stirred for 1 hr. The resulting greenish 

brown suspension was acidified with dilute HCl and cooled. 

The green precipitate was collected on a funnel, dried, and 

recrystallized from benzene to give 9 g (86%) of 5: dec. 

190°C; IR (KBr) 3440,1588,1509,1472,1238,827,760 cm-1 ; 1H 

NMR (CD3COCD3) 57-8 (m); 13c NMR (CD3S0CD3) 5 160.0 (C), 

156.7 (C), 147.9 (C), 146 (C), 139.5 (C), 127.4 (CH), 

125.3 (CH), 124.4 (CH), 122.7 (CH), 115.9 (CH), 113.1 (CH), 

108.4 (CH). Anal. Calcd for C16H12N202: C,72.73; Ht 4.55; 

N,10.61. Found: C,72.24; H,4.25; N,8.32. 

Azobisphenol 4 was prepared similarly as described 

above by using phenol as the coupling reagent; the crude 

product was recrystallized from toluene to give a black 

powder: yield 30%; mp 215°C (lit. mp 218°C); IR (KBr) 

3194,1591,1504,1252,1154,833 cm-1 ; H1 NMR (CD3COCD3) 5 6.9, 

7.1 (d, 4H), 7.7, 7.9 (d, 4H). 
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4,4'-(3,3'-Dimethyl-4,4'-bipheny1enebisazo) 

bispheno1 7. To a stirred solution of 8.48 9 (0.04 mole) 

of to1idine in water was added 16.8 ml (0.2 mole) of 

concentrated HC1. The mixture was cooled to room 

temperature and a solution of 5.84 9 (0.0808 mole) of 

sodium nitrite was added. The mixture was tested for the 

presence of free nitrous acid with potassium iodide-starch 

paper after 30 min. To a stirred solution of 9.36 9 (0.1 

mole) of phenol and 5.6 9 (0.14 mole) of sodium hydroxide 

in ice-water was added the above mixture in a period of 30 

min. The reaction mixture was then stirre~ for 1 hr. The 

resulting yellowish brown suspension was acidified with 

dilute HC1. The yellow-brown precipitate was collected on a 

funnel, dried, and recrystallized from toluene to afford 

14.06 9 (83%) of brown needles: IR (KBr) 3270,1600,1505, 

1250,1145,835 cm-1 ; 1H NMR (CD3COCD3)' 0 2.7, (s, 6H), 7-8 

(m, 14H). Anal. Ca1cd for C26H22N402: C,73.93i H,5.21j 

N,13.27. Found: C,73.18j H,5.20j N,12.67. 

4,4'-[Oxybis(p-phene1eneazo)] bisphenol 6 was 

prepared analogously as described above by using 4,4'

oxydiani1ine as the starting material. The crude product 

was recrystallized from glacial acetic acid to give 85% of 

6: yellow-brown powder; dec. 260°Ci IR (KBr) 3447,1587, 

1492,1270,1243,846 cm-1 i 1H NMR (CD3COCD3) 0 7-8 (m). Anal. 

Cac1d for C24H18N403: C,70.24; H,4.39i N,13.66. Found: 

C,69.92; H,4.34i N,13.49. 



90 

4,4'-[4,4'-stilbenebisazo)bisphenol 9 was prepared 

similarly as above by using 4,4'-diaminostilbene hydro-

chloride as the starting material. The crude product Was 

recrystallized from glacial acetic acid to give 80% of 9: 

dark green; mp>300°C; IR (KBr) 3286,1589,1497,1244,1151,848 

cm-1 • Anal. Calcd for C26H20N402: C,74.29; H,4.76; N,13.33. 

Found: C,73.13; H,4.36; N,12.77. 

4,4'-[Azobis(p-phenyleneazo)]bisphenol 8. 4,4'-

Azodianiline was diazotized by sodium nitrite and 

fluoboric acid (49%) as described previously; the resulting 

diazonium tetrafluoborate salt was isolated and dissolved 

in acetronitrile, which was then coupled with phenol. The 

crude product was washed repeatedly with hot 95% ethanol to 

afford 42% yield of 8: dark green; IR (KBr) 3300,1600,1505, 

1255,1150,860 cm-1 • Anal. Calcd for C24H18N602: C,68.25; 

H,4.27; N,19.91. Found: C,67.52; H,4.15; N,19.33. 

4-[(4-HydroxyPhenyl)azo]-3-methoxyaniline] 

hydrochloride 11. To a stirred solution of 10.9 g (0.1 

mole) of p-aminophenol in water was added 21.4 ml (0.25 

mole) of HC1. The mixture was then cooled in an ice bath 

and a solution of 6.9 g (0.1 mole) of sodium nitrite was 

added. The mixture was tested for the presence of free 

nitrous acid with potassium iodide-starch paper after 15 

min. To the above solution was added 18.45 g (0.15 mole) of 

m-anisidine dropwise. The reaction mixture was then stirred 
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for 1 hr. The resulting precipitate was isolated and 

extracted with benzene in a Soxhlet extractor for 48 hr. to 

4,4 i -(2-Methoxy-1,4-phenylenebisazo) bisphenol 10. 

4-[(4-Hydroxyphenyl)azo]-3-methoxyaniline hydrochloride 11 

was diazotized and coupled with phenol as described 

previously. The crude product was recrystallized from 

benzene to give red-brown powders: yield 30%; IR (KBr) 

3269,1588,1504,1463,1244,839 cm-1 ; 1H NMR (CD3COCD3) 0 4.05 

(s, 3H), 7-8 (m, 11H); 13C NMR (CD3COCD3) 0 126.0 (CH), 

117.8 (CH), 116.7 (CH), 106.5 (CH), 56.6 (CH3). Anal. C~lcd 

for C19H16N403: C,65.52; H,4.60; N,16.09. Found: C,63.50; 

H,4.30; N,15.54. 

Diacetates of Multiazobisphenols 

5-0Ac. To a solution of 0.132 g (0.5 mmole) of 4-

(4-hydroxyphenyl)azo-1-naphthol 5 in pyridine was added an 

excess of acetyl chloride dropwise. The reaction mixture 

was then stirred at room temperature for 30 min. The 

resulting yellow suspension was poured into water. The 

yellow precipitate was isolated, washed repeatedly with hot 

95% ethanol to give 0.17 g (100%) of 5-0Ac: light yellow; 

mp 133°C; IR (KBr) 1757,1595,1495,1213,1155,849,766 em-1 . 

1H NMR (CDC13) 0 2.4 (s, 3H), 2.6 (s, 3H), 7-8.3 (m, 10H). 

Anal. Calcd for C20H16N204: C,68.97; H4.60; N,8.05. Found: 

C,68.76; H,4.66; N,7.84. 
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The data for other diacetates synthesized similarly 

are listed below: 

6-0Ac. Light ---., .. _ .... 
YI;.L..L.UWi yield as%; mp IR (KEr) 

1755,1590,1490,1248,1146,853 cm-1 . 1H NMR (CDCl3) 0 2.4 (s, 

6H), 7-8.1 (m, 16H). Anal. Calcd for C28H22N405: C,68.02; 

H,4.45; N,11.34. Found: e,GS.07; H,4.26; N,11.40. 

7-0Ac. Orange; yield 93%; IR (KBr) 1753,1600,1494, 

1210,838 cm-1 ; 1H NMR (CDCl3) 0 2.3 (s, 6H), 7-8 (m, 14H). 

Anal. Calcd for C30H26N404: C,71.15; H,4.14; N,11.07. 

Found: C,71.20; H,4.87; N,10.97. 

8-0Ac. Brown; yield 82%; IR (KBr) 1757,1587, 

1493,1368,1211,1145,1102,1012,913,858 cm-1 . Anal. Calcd for 

C28H22N604: C,66.40; H,4.35; N,16.60. 

H,4.05; N,16.70. 

Found: C,66.40; 

9-0Ac. Yellow-brown; yield 85%; IR (KBr) 1758,1664. 

1587,1493,1370,1215,1195,1151,848 cm-1 • Anal. Ca1cd for 

C30H24N404: C,71.43; 

H,4.74; N,11.06. 

H,4.76; N,ll.ll. Found: C,70.48; 

Diisobutyrates of Mu1tiazobisphenols 

7-0iBu. To a stirred solution of 0.211 g (0.5 

mmole) of 4,4'-{3,3'-dimethyl-4,4'-biphenylenebisazo) 

bispheno1 7 in pyridine was added an excess of isobutyryl 

chloride. The reaction mixture was then refluxed for 10 hr. 

The resulting mixture was poured into water, extracted with 

chloroform and the organic layer was separated, dried, 
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solvent evaporated, and crystallized from 95% ethanol to 

give 0.09 g (32%) of 7-0iBu: orange; IR (KBr) 2990,2950, 

1755,1588,1495,1203,1128,875,832 -1 em -i (CDC13' 0 

1.3-1.7 (m,14H), 2.8 (s, 6H), 7-8.5 (m, 14H). Anal. Calcd 

for C34H34N40s: C,72.60i H,6.0s; N,9.96. Found: C,72.17; 

H,s.67; N,9.68. 

6-0iBu was prepared similarly as above: yellow; 

yield 44%; mp 237°C; IR (KBr) 2969,1756,1587,1491,1270, 

1147,1099,843 cm-1 . Anal. Calcd for C32H30N40s: C,69.82; 

H,5.4s; N,10.18. Found: C,68.12; H,s.30; N,10.s1. 

Dimethyl ethers of Multiazobisphenols 

6-0Me. To a stirred solution of 0.406 g (1 mmole) 

of 4,4'-[oxybis(p-phenyleneazo)] bisphenol 6, 0.4 g (10 

mmole) of sodium hydroxide and a catalytic amount of 

tetrabutylammonium hydrogensulfate in water was added an 

excess of dimethyl sulfate. The reaction mixture was 

refluxed for 2 hr. The resulting precipitate was filtered, 

washed repeatedly with hot ethanol, and dried to give 0.40 

g (91%) of 6-0Me: light yellow; mp 228°C; IR (KBr) 1600, 

1582,1492,1271,1247,1149,1104,1028,844 cm-1 ; 1H NMR (CDC13) 

o 4.2 (s, 6H), 7-8.5 (m, 16H). Anal. Calcd for C26H22N403: 

C,71.23; H,s.02; N,12.79. Found: C,70.46; H,4.84; N,12.46. 

7-0Me was prepared similarly as above: orange; 

yield 91%; IR (KBr) 1600,1s81,1497,1248,i140,102s,838 cm-1 ; 

IH NMR (CDC13) 0 2.7 (s, 6H), 3.8 (s, 6H), 6.8-8.0 (m, 
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14H). Anal. Calcd for C28H26N402: C,74.67; H,5.78; N,12.44. 

Found: C,74.35; H,5.62; N,12.50. 

5-t-Butylisophthaloyl chloride 

A 6.66 g (0.03 mole) of 5-t-butylisophthalic acid 

was mixed with 12.48 g (0.06 mole) of phosphorus 

pentachloride in a round bottom flask equipped with a gas 

trap. The mixtrue was then heated to 100°C for 45 min.; and 

hydrogen chloride gas was given off. After the gas stopped 

bubbling, the reaction was complete and the mixture was 

distilled under reduced pressure (0.25 mm-Hg); POCl3 was 

first collected at 100°C, followed by the collection of the 

product at 125-130°C. The product was crystallized at room 

temperature to give 4.9 g of (63 %) of 5-t-butyl

isophtha1oyl chloride: mp 40-43°C. 

Po1y-5-t-butylisophthalates 

6-tBuI. A solution of 0.13 g (0,5 mmole) of 5-t

buty1isophthaloyl chloride in 20 ml of CH2Cl2 was 

introduced into a blender. To this was added a solution of 

0.205 g (0.5 mmole) of 4,4'-[oxybis(p-phenyleneazo)] 

bisphenol 6 and 0.041 g (1.01 mmole) of sodium hydroxide in 

25 ml distilled water. The mixture was stirred for 15 min. 

The resulting mixture was then poured into 400 ml of 

methanol with stirring. The yellow precipitate was filtered 

with suction, washed repeatedly with methanol and dried in 
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a vacuum to give 0.25 g (84 %) of 6-tBuI: ye 1 10'''' ; dee. 

IR (KBr) 3470,2970,2910,1740,1580,1480,1235, 

1180,740,700 
_1 cm .... Anal. Calcd 

H,4.70; N,9.40. Found: C,70.05; H,4.34; N,8.29. 

The data for other poly-5-t-butylisophthalates 

synthesized similarly are shown below: 

5-t-BuI. Yellow; yield 80%; dec. 323°C; IR (KBr) 

3450,2995,1745,1595,1495,1195,725 cm-1 • Anal. Caled for 

C,74.67; H,4.85; N,6.22. Found: C,73.47; 

H,4,78; N,5.22. 

7-t-BuI. Yellow; yield 82%; dee. 333°C; IR (KBr) 

3434,2961,1742,1598,1493,1321,1186,1143,1097,846,744 em-1 . 

Anal. Calcd for C38H32N404: C,75.00; H,5.26; N,9.21. found: 

C,73.91, H,5.74; N,9.25. 

8-t-BuI. Dark brown; yield 68%; mp >300°C; IR 

(KBr) 3442,2961,1741,1590,1493,1187,1145,1100,856,740 cm-1 • 

9-t-BuI. Brown; yield 58%; mp >300°C; IR (KBr) 

3450,2980,1740,1590,1490,1195,840,720,700 cm-1 • 

poly-sebacates 

Poly-sebacates were prepared similarly by 

interfacial polymerization using sebaeoyl ehloride as the 

diaeid chloride. Their data are listed below: 

5-Seb. Yellow; yield 97%; IR (KBr) 2926,2851, 

1757, 1703, 1590, lS'72, 1494, 1202,1116,849,766 em-1 . Anal. 
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Calcd for C26H26N204: C,72.56; H,6.05; N,6.51. Found: 

C,69.45; H,6.20; N,4.89. 

6-Seb. Yellow; yield 70%; IR (KBr) 3459,2927,1755, 

1584,1488,1239,1145,843 cm-1 • Anal. Calcd for C34H32N405: 

C,70.83; H,5.56; N,9.72. Found: C,69.80; H,5.48; N,9~96. 

7-Seb. Red-yellow; yield 60%; IR (KBr) 2940,1753, 

1703,1598,1189,1143,846 cm-1 • Anal. Calcd for C36H36N404: 

C,73.47; H,6.12; N,9.52. Found: C,71.68; H,6.23; N,8.37. 

8-Seb. Brown; yield 68%; IR (KBr) 3390,2927,1755, 

1593,1504,1254,1213,1134,856 

C34H32N604: C,69.39; H,5.56. 

H,4.97; N,15.54. 

N,14.29. 

Anal. Calcd for 

Found: C,66.92; 

lO-Seb. Orange; yield 97%; IR (KBr) 2931,1757,1590, 

1494,1195,1119,848 cm-1 • Anal. Calcd 

C,67.70; H,5.84; N,10.89. Found: C,65.11; H,5.62; N,8.99. 

Polyformals 

7-M. Into a 50 ml round bottom flask equipped with 

a magnetic stirrer and a reflux condenser were added 0.422 

g (1 mmole) of 4,4'-(3,3'-dimethyl-4,4'-bipheny1ene-bisazo) 

bisphenol 7, 3 ml of 

methylpyrrolidone, 0.09 

dichloromethane, 10 ml of N-

g (2.02 mmole) of NaOH and 0.738 g 

(2 mmole) of n-tetrabutylammonium iodide. The mixture was 

refluxed under nitrogen for 24 hr. After cooling, the 

resulting mixture was poured into 300 ml of methanol with 



97 

stirring, and neutralized with dilute acetic acid. The red

orange precipitate was then filtered, washed repeatedly 

with methanol and dried nuder vaCUwT! to give 0.4 g (92 %) 

of 4-M: red-orange; IR (KBr) 1595,1493,1205,1143,995,837 

cm-1 • Anal. Calcd for C27H22N402: r.,74.Ei5; H,5.07; N,12.90. 

Found: C,73.68; H,4.95; N,12.08. 

The data for other polyformals are shown below: 

5-M. Red; yield 97%; IR (KBr) 3060,2950,1680,1572, 

1496,1217,1008,838,764 cm-1 • Anal. Calcd for C17H12N202: 

C,73.91; H,4.35; N,10.14. Found: C,72.01; H,4.59; N,9.44. 

6-M. Yellow; yield 97%; IR (KBr) 1579,1486,1237, 

1205,1147,1005,841 

C,71.09; H,4.27; N,13.27. Found: C,70.45; H,4.15; N,12.98. 

Poly(p-azoarylenes) 

Polymerization Procedure 

To a solution of 0.01 mole of aromatic diamine in 

10 ml of pyridine and 40 ml of N,N'-dimethylacetamide was 

added 0.5 g of cuprous chloride. An oxygen ballon was then 

attached to the reaction vessel. The reaction mixture was 

stirred for several hours, both at room temperature and at 

slightly elevated temperature. The resulting viscous 

mixture was then poured into 500 ml of distilled water. The 

precipitate was filtered, extracted first with 95% ethanol, 

then with acetonitrile in a Soxhlet extractor for 3 days, 
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dried under vacuum in a drying pistol to give 95-100 % 

yield of azopolymer. 

The IR data for the poly(p-azoarylenes) 

by the above method are shown below: 

12. IR (KBr) 3332,3200,1597,1504,1299,833 em-1 • 

Anal. Caled for C6H4N: C,69.23; H,3.85; N,26.92. Found: 

C,55.26; H,3.14; N,20.29; 0,6.45. 

13. IR (KBr) 1581,1406,1236,1145,842 em-1 • Anal. 

Caled for C12H8N20: C,73.47; H,4.08; N,14.29; 0,8.16. 

Found: C,71.22; H,4.09; N,13.65; 0,10.03. 

14. IR (KBr) 3450,3354,1617,1581,1493,1475,1077, 

1007,835 em-1 • Anal. Ca1ed for C12H8N2S: C,67.92; H,3.78; 

N,13.21. Found: C,64.14; H,3.84; N,11.66. 

15. IR (Film) 3378,2910,1597,1504,1266,1191,820 

em-1 • Anal. Caled for C14H12N2: C,80.77; H,5.77; N,13.46. 

Found: C,77.96; H,5.58; N,13.17; 0,3.15. 

16. IR (KBr) 3350,1596,1504,1301,1209,1143,857 

em-1 • Anal. Caled for C6H4N2: C,69.23; H,3.85; N,26.92. 

Found: C,61.83; H,3.50; N,22.68; 0,12.38. 

17. IR (Film) 3350,1587,1516,1308,1163,844 em-1 . 

Anal. Caled for C14H10N2: C,81.55; H,4.86; N,13.59. Found: 

(powder) C,77.16; H,4.72; N,12.85; 0,5.19; (film cast from 

reaction mixture) C,75.73; H,S.17; N,12.47; 0,5.45; 

Cu,0.10. 
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18. IR (KBr) 3443,3346,3046,2921,1581,1486,1304, 

1235,1144,874,842 cm-1 • 

1;. IR (KBr) 3394,3046,2920,1581,1470,1295,1219, 

1181,1074,820 crn-1 • 

20. IR (Film) 3364,3030,2910,1680,1595,1514,1270, 

1175,825 cm-1 • 

Film Casting 

Films of polymer 15-20 were cast both from the 

polymerization solution and from the solution obtained by 

dissolving the isolated polymer powders in trifluoroacetic 

acid. The solvents were evaporated at room temperature or 

slightly elevated temperature. The films were purified by 

extracting with acetonitrile and ethanol for several days. 

A brittle film of 13 was cast from CF3co2H. 

Films of polymer 13,14 and 15 were also cast from 

CH3so3H solution. The solvent was evaporated by heating. 

The films were black, with metallic luster. Although the 

films were washed with aqueous NaOH solution to remove 

CH3S03H, the elemental analyses still showed the presence 

of sulfur. 

n-Type Doping 

A piece of azopolymer film was put into one side of 

a two-arm vacuum tube, to the film was introduced a 

solution of sodium naphthalide in THF under N2 atmosphere 
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described previously to give 5.3 g (97%) of 21: yellow; 

dec. 264°C; IR (KBr) 3300,2820,1680,1600,1523,1260,1161, 

1104,835,770 cm-I ; 

8.S(m, 7H). Anal. Calcd for C14H12N204: C,61.76; H,4.41; 

N,10.29. Found: C,61.46; H,4.30; N,10.0S. 

4-[4-(4-Hydroxy-2-methoxyphenylazo)-2-methoxy-

phenylazo] benzoic acid 22. A 2.74 g (0.02 mole) of 4-

aminobenzoic acid was diazotized and coupled with m-

anisidine as described previously. 

A 1.35 g(3.8 mmole) of the resulting crude 4-(4-

amino-2-methoxyphenylazo) benzoic acid hydrofluoborate was 

dissolved in N,N'-dimethylacetamide; the solution was then 

diazotized and subsequently coupled with m-methoxy phenol 

in aqueous sodium hydroxide; the resulting mixture was 

acidified; precipitate isolated; and recrystallized from 

80% of ethanol twice to afford 0.98 g (64%) of 22: red-

hrnwni dec. 268-270°C; IR (KBr) 3390,1694,1599,1504,1272, 

1146,1100,865,837,775 

3H), 4.05 (s, 3H), 

C21H18N405: C,62.07; 

H,4.46; N,13.33. 

1H 

6.3-8.3 (rn , 

NMR (CD3COCD3) 0 3.9 (s, 

10H). Anal. Calcd for 

H,4.43; N,13.79. Found: C,61.14; 

4-(4-Hydroxy-2-rnethoxyphenylazo)-3-nitrobenzoic 

acid 23. A 9.1 g (0.05 mole) of 4-arnino-3-nitrobenzoic 

acid was diazotized in the solvent, N,N'-dimethylacetamide/ 

water, and coupled with rn-methoxyphenol according to the 
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standard procedure. The resulting crude product was 

recrystallized from 80% ethanol twice to give 9.8 g (62%) 

of 23: yellow-brown; dec. 279°C; IR (KBr) 3223,1694,1614, 

1486,1219,1178,1159,815,751,100 cm-1 • 1H NMR (CD3COCD3) 0 

3.9 (s, 3H), 6.3-8.5 (m, 6H). Anal. Calcd for C14H11N306: 

C,53.00; H,3.47; N,13.25. Found: C,52.64; H,3.52; N,13.69. 

Polymerization 

24. A 50 ml three-necked round bottom flask 

equipped with a magnetic stirrer; a reflux condenser, and a 

nitrogen inlet was flushed with dry N2 and charged with 10 

ml of pyridine, 1.09 g (4 mmole) of 4-(4-hydroxy-2-

methoxyphenylazo)benzoic acid 21, and 1.05 g (4 mmole) of 

triphenylphosphine. To this mixture was added 0.95 g (4 

mmole) of hexachloroethane with stirring. The mixture was 

then refluxed for 10 hr., and subsequently poured into 

methanol; the resulting precipitate was isolated and dried 

under vacuum to afford 0.8 g (74%) of 24: red-brown; tg 

141 Q C, dec. 322°C; ninh 0.18; IR (KBr) 3439,1730,1600,1486, 

1240,1151,1059 cm- 1 • Anal. Calcd for C14H10N203: C,66.14; 

H,3.94i N,11.02. Found: C,65.80; H,3.71; N,10.SS. 

2S. A pyridine (5 ml) solution of toluenesulfonyl 

chloride (6 mmole) was maintained at room temperature for 

30 min. A solution of 0.63 g (2 mmole) of 4-(4-hydroxy-2-

methoxyphenylazo)-3-nitrobenzoic acid 23, 6 ml of pyridine, 
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and 2.5 ml 01 N,N'-dimethylformamide was preheated at 120°C 

for 5 min. To this mixture was added drop by drop the above 
__ ., •• .&-~ __ ...::1 •• _: __ 
;:01.l.1."" ... .1.I.IU u."".L.1.U':::f a "'3n _.:_ "''''''_ JU ................ .IIC 

reaction mixture was then refluxed under nitrogen 

atmosphere for 2 days, and subsequently poured into water; 

the precipitate was filtered, extracted with ethanol in a 

Soxhlet extractor, and dried under vacuum to give 0.35 g 

(56%) of 25: black; dec. 249°C; ninh 0.13; IR (KBr) 

3438,1744, 1612,1536,1486,1233,1094 em-I. Anal. Calcd for 

C14H9N3IS: C,56.19; H,3.01; 

H,2.99; N,14.84. 

N,14.05. Found: C,57.68; 

Dipolar Polymethacrylate Containing p-Azophenylene Groups 

Synthesis of 1-[3-Methoxy-4-
(p-nitrophenylazo)phenoxy]hexyl methacrylate 

3-Methoxy-4-(p-nitrophenylazo)-phenol 26. 

stirred solution of 1.86 g of (0.015 mole) 

To a 

of m-

methoxyphenol and 1.00 g (0,025 mole) of sodium hydroxide 

in ice-water was added a solution of 2.37 g (0.01 mole) of 

p-nitrobenzenediazonium tetrafluoborate in acetonitrile. 

The reaction mixture was then stirred for 2 hr. The 

resulting dark red suspension was acidified with dilute HCl 

and cooled; the precipitate was isolated, and 

recrystallized from 70 % ethanol to give 2.5 g (93%) of 26: 

red-brown; IR (KBr) 1591,1516,1336,1259,1206,1161,110S,854 

cm-1 ; 1H NMR (CD3COCD3) S 3.85 (d, 3H), 6.3-8.5 (m, 7H). 
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Anal. Calcd for C13H11N304: C,57.14; H,4.03; N,15.38. 

Found: C,56.98; H,3.78; N,16.1S. 

6-[3-Methoxy-4-(p-nitrophenylazo)phefioxy]-1-hexanol 

27. To a stirred solution of 2.7 9 (0.01 mole) of 26, 100 

ml of 95% ethanol and 1.2 9 (0.03 mole) of sodium hydroxide 

in a three-necked round bottom flask epuipped with a 

magnetic stirrer, a dropping funnel, and a reflux condenser 

was added 1.5 9 (0.01 mole) of sodium iodide. The mixture 

was then heated at reflux temperature for 15 min.; followed 

by the slow addition of 2.74 9 (0.02 mole) of 6-chloro-1-

hexanol. The reaction was stopped after refluxing for 3 

days; the solvent was removed using a rotary evaporator. 

The residue was dissolved in dichloromethane; extracted 

repeatedly with 5 % sodium hydroxide; the organic layers 

were combined and dried with sodium sulfate. The solvent 

was evaporated under vacuum and the crude product was 

recr.ystallized from ethanol/H2o to give 2.3 9 (62%) of 27: 

red-brown; IR (KBr) 2931,1597,1494,1455,1291,1251,1204, 

1168,1029,856,808 cm-1 ; 1H NMR (CDC13) 5 1-2 (m, 8H), 

3.4-4.3 (m,7H), 6.4-8.6(m, 7H). Anal. Calcd for C19H23N30S: 

C,61.13; H,6.17; N,11.26. Found: C,62.34; 'H,6.20; N,11.64. 

1-[3-Methoxy-4-(p-nitrophenylazo)phenoxy]hexyl 

methacrylate 28. To a stirred solution of 0.6 9 (1.4 

mmole) of 27 in 30 ml of pyridine in a round bottom flask 

fitted with a condenser was added an excess of methacryloyl 
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chloride. The reaction mixture was refluxed for 10 hr.; 

after the reaction, the solvent was removed by vacuum 

distillation. The residue was taken up in dichloromethane, 

extracted with water, and the organic layer was dried with 

sodium sulfate. The solvent was evaporated and the crude 

product was recrystallized from acetone/H20 to give 0.63 g 

(89%) of 28: red; IR (KBr) 2936,1714,1678,1597,1456,1293, 

1251,1204,1167,1114,1031,858,831,810 cm-1 ; 1H NMR (CDCL3) 5 

1-2 (m, 11H), 3.5-4.3 (m, 7H), 6.4-8.6 (rn, 9H). Anal. Calcd 

for C23H27N306: C,62.59; H,6.12; N,9.52. Found: C,63.46; 

H,6.06; N,9.10. 

Polymerization of 1-[3-Methoxy-4-
(p-nitrophenylazo)-phenoxy]hexyl methacrylate 

To a stirred solution of 0.4 9 (0.9 mmole) of 28 in 

20 ml of dried toluene in a round bottom flask equipped 

with a condenser and a nitrogen inlet was added a catalytic 

amount of AIBN. The reaction mixture was then refluxed 

under nitrogen atmosphere for 5 hr., the resulting 

suspension was poured into methanol. The precipitate was 

isolated, washed repeatedly with hot ethanol, dried under 

vacuum to give 2.9 9 (73%) of 29: red; IR (KBr) 2940,1721, 

1596,1461,1250,1166,1112,804 

C23H27N306: C,62.59; H,6.12; 

H,6.09; N,9.25. 

N,9.52. 

Anal. Calcd for 

Found: C,63.50; 
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