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Abstract 

 

 

 

Step-growth polymerization continues to receive intense academic and industrial attention 

for the preparation of polymeric materials used in a vast array of applications. In recent 

years much of the focus in step-growth polymers has been in the area of high performance 

polymers. High performance / high temperature polymers such as polyimides, polyamides, 

polyesters, etc. are of considerable interest because of their excellent mechanical and high-

temperature properties. A large number of high performance polymers have been 

synthesized in the academic and industrial research laboratories. However, most of them 

usually exhibit very low solubilities and melting points far above their thermal 

decomposition temperatures, which limits their widespread applications. There are several 

reports describing approaches to improve the processability of high performance/ high 

temperature polymers by making use of structurally modified monomers.  

The main objective of the present research was to design and synthesize processable high 

performance polymers such as polyimides and polyesters by making use of difunctional 

monomers containing pendent flexible alkyl chain or bulky “cardo” group. Another 

objective was to evaluate the applications of selected polymers as alignment layers for 

liquid crystal display devices and membrane materials for gas separation.  

Thus, our synthetic research effort was directed towards structural modifications designed 

to aid improved processability to the polymers. New bisphenols and diamines containing 

substituted cyclohexylidene moiety were synthesized starting from cashew nut shell liquid 

(CNSL), a renewable resource material and p-cumylphenol by simple reaction sequences. 

These difuntional monomers provide the structural characteristics needed for the 

improvement of properties such as processability and specific properties like pretilt angle 

and gas permeability.  

A detailed investigation of spectral and X-ray crystallography data of difunctional 

monomers containing substituted cyclohexylidene moiety showed the presence of 

distereotopic phenyl rings which are magnetically non-equivalent. 

 i 
 



A series of polyesters and polyimides  containing pentadecylcyclohexylidene moiety was 

synthesized from respective bisphenol (BPC15) and diamine (BAC15). Polyesters were 

synthesized by two-phase interfacial polycondensation whereas polyimides were 

synthesized by one-step high temperature solution polycondensation. Medium to high 

molecular weight polyesters and polyimides soluble in common organic solvents were 

obtained.  Polyesters derived from BPC15 exhibited constitutional isomerism which has its 

origin in the distereotopic nature of BPC15. The incorporation of pentadecyl chain along 

the polymer backbone substantially decreased the glass transition temperature of 

polyesters and polyimides. The depression in glass transition temperature of pendant 

pentadecyl chain containing polyesters and polyimides demonstrated the “plasticizing” 

ability of pentadecyl chain.  

A series of copolyesters and copolyimides containing pentadecylcyclohexylidene moiety 

were synthesized. Glass transition temperature of copolyesters and copolyimides 

decreased with the increasing content of BPC15 or BAC15, respectively. All of the 

(co)polyesters and (co)polyimides exhibited high thermal stabilities. A large window 

between glass transition and polymer degradation temperature was observed. This gives an 

opportunity for these (co)polymers to be melt-processed or compression molded.  

Preliminary experiments for using copolyimides containing pentadecylcyclohexylidene 

moiety as alignment layer for liquid crystal display were carried out. Pretilt angles in the 

range 2.51-2.75o were observed which is adequate for display applications.  

A series of new polyesters with a systematic variation of methyl and /or bromo substituent 

on phenyl rings was synthesized from bisphenols containing bulky perhydrocumyl 

cyclohexylidene “cardo” group by two-phase interfacial polycondensation technique.  

Moderate to high molecular weight polyesters soluble in common organic solvents were 

obtained. The presence of constitutional isomerism in polyesters containing substituted 

cyclohexylidene moieties was established by detailed NMR spectral analysis. The glass 

transition temperature of polyesters derived from isophthalic acid chloride were lower than 

their terephthalic acid chloride derived analogues. The effect of symmetric and 

asymmetric substitution of bisphenol rings on the polymer properties was studied. The 

utility of perhydrocumyl cyclohexylidene containing polyesters as membrane materials for 

gas separation was demonstrated.  

 ii 
 



A series of polyimides and polyetherimides was synthesized from perhydrocumyl 

cyclohexylidene containing diamines and commercial dianhydrides by one-step high 

temperature solution polycondensation in m-cresol. 

Application of organo-soluble polyimides containing perhydrocumyl cyclohexylidene 

moiety as alignment layer for liquid crystal display was evaluated in brief. A pretilt angle 

of 2.43° was observed for polyimide synthesized from BAPCP and BTDA, which is 

adequate for display applications.  

Overall,  polymer processability / solubility was improved by the incorporation of pendant 

pentadecyl chain via internal “plasticization”. The incorporation of bulky perhydrocumyl 

substituted cyclohexylidene “cardo” group resulted into polyimides and polyesters with 

improved solubility in common organic solvents and higher thermal properties. 
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Chapter 1. Introduction and Literature Survey 

 
1.1 Introduction 

 
The use of polymers is widespread in modern society, and their applications continue to 

grow. Many of the important advances in the polymeric materials involve imparting 

desirable properties through the control of polymer structure. In recent years much of the 

focus has been in the area of high performance polymers (HPPs), in which tailoring 

polymer structure to give specific set of properties is paramount. It has been observed that 

high performance, like beauty, is in the eye of the beholder, its definition changing with 

context. Indeed, although HPPs can be broadly defined as materials that exhibit properties 

superior to those of state-of-the-art materials, many scientists and technologists prefer 

more specific definitions. Such definitions may refer to materials, which exhibit not only a 

unique combination of properties (e.g., high strength, high stiffness and high impact 

resistance, high resistivity, low dielectric constant, excellent chemical and solvent 

resistance, and low flammability and smoke generation, etc.) superior to those of state-of-

the-art materials but also better elevated temperature behavior.  

Many of the currently used HPPs have their roots in the research and development work in 

the 1960s. Then, as now, the aerospace industry was a significant driving force behind the 

development of new materials for demanding environments and it remains their largest 

user. The most prolific decade for HPPs was 1960-1970 where most thermally stable 

heterocyclic rings were incorporated within polymers. The drive during the early part of 

this era was directed primarily towards thermal stability; little attention was paid to 

processability. 1970s saw the commercialization of several HPPs. In the 1980s, work 

focused on exploring ways to make polymers more processable and on developing more 

cost-effective routes to convert them into various useful forms.  

The research continues in many other areas such as microelectronics (photoresists, 

interlayer dielectrics), alignment films for liquid crystal display devices, electroactive 

actuators and devices, optical fiber waveguides, proton exchange membranes for fuel 

cells, separation/barrier materials, etc. 

Polyimides, polyamides polyamideimides and aromatic polyesters are the important 

classes of high performance polymers. The high regularity and high rigidity of the 

backbones of HPPs result in strong chain-chain interactions, high crystallinity, high 
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melting points and low solubility. Thus, processing of HPPs is often difficult. In order to 

increase processability and systematically understand HPPs, a wide variety of modified 

HPPs have been synthesized. Several approaches have been used (Figure 1.1) to modify 

HPPs including: (1) the insertion of flexible spacers between the rigid units; (2) the 

insertion of bent or ‘crankshaft’ units along the aromatic backbones to form random or 

alternative copolymers; and (3) the appending of bulky side groups or flexible side chains 

to the aromatic backbones.  

O

O O
OO

O O
OO

O O
OO

Rod-like polymers

1) Introduction of flexible spacers

3) Introduction of bulky side groups or flexible side chains

2) Introduction of bent or crank shaft units

 
Figure 1.1: Approaches for improving processability of high performance polymers. 

 

This chapter will discuss some topics relevant to this dissertation, including common 

synthetic chemistry and methods used to prepare polyimides and polyesters, important 

characteristics and their applications.  
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1.2 Polyimides 

 

Polyimides are a class of polymers containing a heterocyclic imide unit  

 
in the polymer backbone  

Historically, the first report concerning polyimides was made by Bogert and Renshaw in 

1908.1 However, only in the early 1960s were polyimides successfully introduced as 

commercial polymeric materials (Kapton) by DuPont.2 Since that time, an impressive 

variety of polyimides have been synthesized and reported in the literature.3-7 

Polyimides are important, both scientifically and commercially, because of their 

combination of outstanding key properties, including thermal, thermo-oxidative stability, 

high mechanical strength, high modulus, excellent electrical properties, and superior 

chemical resistance. Therefore, in spite of their general difficulty in processing and high 

cost, polyimides are widely used as matrix resins, adhesives, coatings, printed circuit 

board and insulators for high performance applications in the aerospace, automotive, 

electrical, electronics and packaging industries. 

 

1.2.1 Synthesis of polyimides 
 
The design and the synthetic pathway are important constituents in the development of 

high performance polyimide materials. Polyimides are generally derived from the step or 

condensation reaction of organic diamines and tetracarboxylic dianhydrides. In this 

section, the fundamental aspects and new developments in the chemistry of polyimide 

synthesis will be discussed. 
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1.2.1.1 Classical two-step method via poly(amic acid)s 

 

The classical synthetic pathway pioneered at DuPont de Nemours and Co. to cope with the 

infusibility and insolubility of aromatic polyimides is still the most popular technique for 

the preparation of polyimides. As shown in Scheme 1.1, with the example of Kapton 

synthesis, this preparative approach consists of the formation of soluble, and thus 

processable, poly(amic acid) (PAA) precursors from diamines and tetracarboxylic 

dianhydrides, followed by the conversion of PAAs to the desired polyimide via  

imidization. 

O

O

O

O

O

O

OH2N NH2+

RT, Dry DMAC

poly(amic acid)

n

O

O

O

O

NHHN O

HO OH

H2O-

ONN

O

O

O

O n
 

Scheme 1.1: Preparation of Kapton polyimide. 

 

a) Formation of poly(amic acid)s 

 

The formation of poly(amic acid) is achieved via the reaction of a dianhydride  and a 

diamine in a dry aprotic solvent at or below room temperature. The reaction mechanism 

involves the nucleophilic attack of the amino group on the carbonyl carbon of  the 

anhydride group, followed by the opening of the anhydride ring to form an amic acid 
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group. In this equilibrium reaction, the forward reaction is often much faster than the 

reverse reaction. The acylation reaction of amine is an exothermic reaction.8 The forward 

reaction in a dipolar solvent is a second-order reaction and the reverse reaction is a first-

order reaction. Therefore, the equilibrium is favored at low temperature and high 

monomer concentration to form high molecular weight poly(amic acid).9  The reactivity of 

the monomers is an important factor governing the rate of amic acid formation. It is 

expected that the nucleophilicity of the amino nitrogen atom of the diamine and the 

electrophilicity of the carbonyl group of the dianhydride are important factors in this 

process. However, structure of the diamine seems to influence the rate of the acylation 

reaction more than the variation in dianhydride.10
 The high nucleophilicity of the diamine 

results in high reactivity. The reactivity of diamines correlates well with their basicities 

(pKa) as expressed by Hammett relation.11
 However, very high basic diamines, e.g. 

aliphatic diamines, have an unfortunate tendency to form ionic salts with the carboxyl 

group of the formed amic acid linkage, while the protonation of the amine group prevents 

its reaction with the anhydride. Thus, these diamines are not suited for this preparative 

pathway. On the other hand, diamines of very low basicity have poor nucleophilic ability 

and thus do not react well with dianhydrides. It has been suggested that an optimal 

diamine should have a pKa of 4.5-6.12
 The effect of the reactivities of anhydrides is 

manifested by the fact that the reaction rate increases with increasing affinity for the 

electron by the dianhydride. Earlier investigators13
 quantified electron affinity (Ea) for 

various dianhydrides by polarographic measurements and demonstrated that the rate of an 

acylation reaction of 4,4’-diaminodiphenyl ether and a model compound, 4-aminodiphenyl 

ether, was closely correlated with these Ea values. In addition to the inherent 

characteristics of the monomers, the properties of the solvent utilized are also critical. For 

example, the use of polar aprotic solvents that can form strongly hydrogen-bonded 

complexes with the carboxyl group, plays a major role in driving the equilibrium to amic 

acid. Dimethyl sulfoxide (DMSO), N,N-dimethylacetamide (DMAc), N,N-

dimethylformamide (DMF) and 1-methyl-2-pyrrolidinone (NMP) are the solvents most 

generally used. The rate of poly(amic acid) formation measured for phthalic anhydride and 

4-phenoxyaniline increased with solvent in the order of tetrahydrofuran (THF) 

<acetonitrile < DMAc.14
 

Several minor, but important, reactions also occur during poly(amic acid) formation. 

These side reactions may become significant under certain conditions, particularly when 
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the acylation reaction of the diamine is relatively slow because of low monomer reactivity 

or low monomer concentration. In addition to the amic acid propagation route, five 

additional potential reaction pathways are possible and are illustrated in Scheme 1.2 Their 

relative rate constants are listed in Table 1.1.15 The formation of poly(amic acid) is an 

equilibrium reaction determined by acylation (k1) and deacylation (k-1) reactions. The 

latter is also described as an intramolecular acidolysis, forming an anhydride. Poly(amic 

acid)s are known to undergo hydrolytic degradation even at ambient temperatures. When 

poly (amic acid)s are in solution, a small amount of the anhydride is always present in an 

equilibrium concentration. However small, it plays an important role in the hydrolytic 

degradation of poly(amic acid). In the presence of water, the anhydride group is 

hydrolyzed to form an ortho dicarboxylic group as shown in (3). The reaction is driven by 

the enhanced nucleophilicity of the water in a dipolar aprotic solvent and by the strong 

acid-base interaction of the material with the dipolar solvent. The effects of water on the 

molecular weight of poly(amic acid)s during polymerization, and the effect of added water 

on the molecular weight of poly(amic acid)s in solution, are well documented.16 It should 

be noted that water formed in situ by the imidization of amic acid, as shown by equation 

(2), is important. Even if the rate of imidization, and therefore the formation of water, is 

relatively low at ambient temperatures, it is still significant enough to cause a gradual 

decrease in molecular weight over a long period of time. For example, Frost and Kesse17
 

studied aging of a 11% DMAc solution of pyromellitic dianhydride-4,4’-diaminodiphenyl 

ether (ODA) poly(amic acid) at 35°C. After 21 days, approximately 20% of the amic acid 

was converted to the imide, generating the corresponding amount of water, which was 

equivalent to having 0.19% water in the solvent. When long-term storage is necessary, 

poly(amic acid) solutions should be kept refrigerated to maintain the properties essential to 

further processing. 
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Scheme 1.2:  Major reaction pathways involved in poly(amic acid) synthesis.15
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Table 1.1:  Relative rate constants for reactions pathways involved in poly(amic 

acid)  synthesis (Scheme1.2).15 

Reaction Rate constant (s-1)* 

Propagation (k1) 0.1-0.5 

Depropagation (k-1) 10-5-10-6 

Spontaneous imidization (k2) 10-8-10-9 

Hydrolysis (k3) 10-1-10-2 

Isoimide formation (k4)  

Diamide formation (K5)  

Isomerization (k6)  

*Rate constants are estimated for a typical polymerization at ca. 10 wt.% concentration, 

i.e. 0.5M. 

 

b) Thermal imidization of poly(amic acid)s 

 

The first pathway for the cyclization of an amic acid moiety into an imide involves gradual 

heating of the PAA to 250-350°C, depending upon the stability and the glass transition 

temperature of the polymer. The events occurring during the heating include evolution of 

solvent and dehydrative cycloimidization. The imidization is accomplished through 

nucleophilic attack of the amide nitrogen on the acid carbonyl carbon with elimination of 

water. Scheme 1.3 shows two amic acid cyclization mechanisms proposed by Harris.8 The 

main difference between the two mechanisms is when the loss of the amic acid proton 

occurs. Harris suggested that mechanism 2 is more likely, since the conjugated base of the 

amic acid is a more potent nucleophile than the amide. On the other hand, extremely small 

amide dissociation constants and the demonstrated effectiveness of acid catalyzed 

reactions10,18,19
 tend to support mechanism-1. 

Thermal imidization is particularly effective for the preparation of thin materials such as 

films, coatings, fibers, and powders because it allows the diffusion of the by-product and 
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the solvent without forming bristles and voids. The problem of film cracking as a result of 

shrinkage stress can be avoided by carefully controlling the curing profile. A typical 

heating schedule includes a stage below 150°C, followed by a relatively rapid temperature 

ramp to a second stage above the Tg of the resulting polyimide. The majority of the 

solvent is slowly driven off in the first stage, while imidization essentially occurs in the 

second stage, where curing shrinkage stress is releasable.15
 Such a heating cycle allows the 

conversion of polyamic acid to polyimide with degree of imidization of about 92-99%, 

and this is considered to be the maximum that can be achieved via thermal imidization. 

Further heating at 300°C or higher does not result in 100% conversion because of the so-

called “kinetic interruption” effect.8 It should be noted that the hydrolytically unstable 

residual amic acid units resulting from kinetic interruption are considered as defect sites. 

Their presence at concentrations of 1-8% in the resulting polyimide can noticeably reduce 

hydrolytic stability. This is particularly evident for the rigid-rod like polyimides, for which 

full imidization is considered the most difficult to achieve.3 
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Scheme 1.3: Possible imide formation mechanisms.8 
 

Another important consideration of thermal imidization is the occurrence of side reactions. 

Compared with polyimides produced from solution imidization, bulk thermal imidization 

results in polyimides of significantly different properties as a result of these side reactions. 

A partially reversible decrease in molecular weight in the early stage of imidization was 
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observed as a result of the depolymerization reaction. This effect has been monitored in 

insoluble polyimide, by both changes in their mechanical properties during imidization 

and by temporary appearance of the anhydride carbonyl absorption band near 1860 cm-1
 

between 100-250°C.20-22 Evidence of this effect was later verified by measuring the 

molecular weight of the soluble polymer at different stages of the thermal imidization.23
 

The molecular weight gradually regained at high temperature. The side reactions 

associated with thermal imidization can also lead to some form of crosslinking.24
 Amine- 

terminated model imide compounds were monitored by Raman spectroscopy while 

heating.25,26
 The appearance of Raman absorption at 1665 cm-1

 (C=N) confirmed that 

imide-imine conversion was occurring, which was predicted by a proposed crosslink 

reaction mechanism27
 involving the attack of terminal amino groups to imide carbonyl 

groups, with the resulting formation of imine. A study by Schulze et. al,28 however, 

showed that the imine bond formation is only significant when small amine-terminated 

species were present. The probability of imine formation decreased with the chain length. 

Side reactions also include isoimide formation, which thermally isomerizes to the normal 

imide at later stages. 

 

c) Chemical imidization of poly(amic acid)s 

 

The second pathway of cyclodehydration of amic acid to imide involves the use of a 

chemical dehydrating agent to promote ring closure reactions in temperature ranges of 20-

80°C, which is effective for either soluble or insoluble polyimides.29,30
 Commonly used 

reagents include acid anhydrides in the presence of tertiary amines. Among the 

dehydrating agent used were acetic anhydride, propionic anhydride, n-butyric anhydride, 

benzoic anhydride, as well as others. The amine catalysts used include pyridine, 

methylpyridine, lutidine, N-methylmorpholine, trialkylamines and others. 

The outcome of the reaction can be very different depending on the type of dehydrating 

agent used, the monomer components of poly(amic acid)s, and the reaction temperature. 

For example, in the presence of trialkylamines with high pKa       (>10.65), high molecular 

weight polyimides were obtained. On the other hand, the use of a less basic tertiary amine 

resulted in the formation of polyimides with lower molecular weight. Different results, 

however, were obtained for heteroaromatic amines. Despite their lower basicity, high 

molecular weight polymers were formed when pyridine, 2-methylpyridine and 
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isoquinoline (5.2 < pKa < 5.7) were used as catalysts.29

 The use of acetyl chloride as a 

dehydrating agent afforded isoimides.31 The use of N,N-dicyclohexylcarbodiimde (DCC) 

also resulted in essentially quantitative conversion of amic acid to isoimides.32 On the 

other hand, a mixture of imide and isoimide was formed when pyridine was used as the 

catalyst.33
 However, when pyridine was replaced with triethylamine, isoimide formation 

was practically eliminated, which also resulted in a significantly faster reaction rate. In 

examining the conversion of benzophenone tetracarboxylic dianhydride/9,9- 

fluorenedianiline based poly(amic acid) to the corresponding soluble polyimide, it was 

found that the cyclizing agent is most effective when employing 4-9 moles per repeat unit 

of the poly(amic acid). Increasing the temperature from 20°C to 100°C decreased the 

reaction time from 15 h to 2 h to achieve complete imidization.34 

A kinetic study of chemical imidization process has resulted the mechanism shown in 

Scheme 1.4.15, 35 A mixed anhydride intermediate is formed by the reaction of the amic 

acid linkage with acetic anhydride, which is promoted by the presence of a base. The 

mixed anhydride can further tautomerize from the amide to the iminol form. The amide 

tautomer cyclizes to the imide (pathway A), the thermodynamically favored product, 

whereas the iminol tautomer yields the kinetically favored isoimide form (pathway B). 

Although isoimides are known to thermally isomerize to imides (pathway C), in this case, 

isomerization occurs via the back reaction. This back reaction is apparently initiated by the 

nucleophilic attack of the acetate ion on the isoimide.36 Such behavior is consistent with 

the fact that a stronger amine, such as triethylamine, promotes acetate formation, and thus 

increases the back reaction that results in exclusive imide formation. 

 
Scheme 1.4: Mechanism involved in chemical dehydration of amic acid.15,35 
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In contrast to thermal imidization, the chemical imidization of poly(amic acid)s occurs 

without the depolymerization reaction, and thus the molecular weight of the polymer 

remains constant.37 However, chemical imidization is less attractive for commercial 

applications because of the expense and process complexity. 

 

d) High temperature solution imidization of poly(amic acid)s 

 

Polyimides resulting from solid state thermal imidization often demonstrate insolubility, 

infusibility and thus poor processability.38
 To overcome these drawbacks, high temperature 

solution imidization has been successfully utilized.10,39,40 Cyclodehydration is conducted 

by heating a poly(amic acid) solution in a high boiling solvent at temperatures of 160-

200°C, in the presence of an azeotropic agent. Compared with bulk thermal imidization, 

the lower process temperatures and greater mobility in solution ensured the avoidance of 

degradation and side reactions. 

Studies10,41
 were conducted investigating the kinetics and mechanisms of the solution 

imidization process. Second order kinetics were determined by monitoring amic acid 

concentrations using non-aqueous titration and an acid-catalyzed imidization mechanism 

was suggested. It was clearly demonstrated by 2D-1H NMR and intrinsic viscosity 

measurements that the poly(amic acid) chain cleaved to form anhydride and amine end 

groups at the initial stage of the reaction. As the reaction proceeded, the end groups 

recombined or the chains “healed” to form polyimides of higher molecular weight. 

 

1.2.1.2 One-step high temperature solution synthesis of polyimides 

 

Soluble polyimides can also be prepared via a one-step high temperature solution 

polycondensation of tetracarboxylic dianhydrides and diamines. In this process, the 

dianhydride and diamine monomers are heated in a high boiling solvent, or a mixture of 

solvents, at temperature in excess of 140°C, which permits the imidization reaction to 

proceed rapidly. Commonly used solvents are dipolar aprotic amide solvents, 

nitrobenzene, benzonitrile, α-chloronaphthalene, o-dichlorobenzene, trichlorobenzenes, 

and phenolic solvents such as m-cresol and chlorophenols. Toluene, o-dichlorobenzene, 1-

cyclohexyl-2-pyrrolidinone (CHP) are often used as cosolvents to remove the water 

resulting from condensation via azeotroping.42-45 Unlike the methods described earlier, the 
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preparation of a high molecular weight poly(amic acid) is not required for this procedure. 

Imidization can still proceed via an amic acid intermediate. However, the presence of the 

amic acid group is relatively small during polymerization because it is short-lived at high 

temperatures and either rapidly imidizes or converts to amine and anhydride. The kinetic 

profile consists of second-order amic acid formation and first- or second-order imide 

formation with amic acid formation as the rate-limiting step.46,47 Under such conditions, 

steady-state approximation can be applied to the amic acid formation and the entire 

process can be expected to follow second-order kinetics. However, this predicted behavior 

is observed only at low conversions (< 30%) and is likely to be complicated by increased 

molecular weight at higher conversions. In much of the literature, the reaction was shown 

to be catalyzed by acid.48,49
 Kreuz et al.,50 however, observed that thermal imidization of 

poly (amic acid)s could be catalyzed by tertiary amines. High temperature solution 

polymerization in m-cresol could be achieved in the presence of high boiling tertiary 

amines, e.g., using quinoline as the catalyst. Dialkylaminopyridines and other tertiary 

amines were effective catalysts in neutral solvent such as dichlorobenzene.51-53 The rate of 

imidization achieved via one-step high temperature solution synthesis was essentially 

complete, or 100%. No “defect sites,” of either amic acid or isoimide type, were detected 

in the resulting polymers, which can likely account for the differences in the physical 

properties observed between polyimides produced by solution synthesis and those 

obtained by the conventional two-step technique.42,54  Another advantage of the high 

temperature solution method is that it allows high molecular weight polyimides to be 

prepared from monomers with sterically or electronically-hindered groups that would 

otherwise be hard to successfully polymerize via the two-step route. Polyimides whose Tm 

is ≤ 300°C or whose Tg is ≤ 250°C can be prepared by one-step melt polycondensation 

using the extrusion molding method.55 

 

1.2.1.3 Other synthetic routes to polyimides 

 

1.2.1.3.1 Polyimides via derivatized poly(amic acid) precursors 

 

As discussed in Section 1.2.1.1 solutions of poly(amic acid)s are susceptible to hydrolytic 

degradation. This process breaks down the molecular weight of the amic acid and resulting 

polyimide.56 It is believed that hydrolysis occurs through the acid-catalyzed formation of 
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an anhydride, as shown in Scheme 1.5,15

 rather than through direct hydrolysis of the amide 

linkage. To prevent this, efforts have been made to derivatize the amic acid to exclude the 

proton transfer from the acid group. 

 
Scheme 1.5: Postulated mechanism for amic acid back reaction to anhydride and 

amine. 

The simplest way to eliminate the proton transfer step is to neutralize the acid group with a 

base, such as a tertiary or a secondary amine, to form a polymeric salt.50 However, the 

viscosity of the solution is very high due to the presence of ionic polymer chains. 

Alternatively, a more complex approach involves converting the acid group into either an 

amide or ester moiety. The ortho-carboxylic group in poly (amic acid)s can be chemically 

modified to either an ester or an amide moiety. The ester and amide derivatives of 

poly(amic acid)s are stable, unable to form caboxylate anion which prevents the creation 

of degradation intermediate (reaction 1 in Scheme 1.5). Poly(amic ester)s can be isolated 

by precipitation without degradation and can be stored for an indefinite period at ambient 

temperatures. Such stability is highly desirable for some applications, such as 

microelectronics. In the preparation of photosensitive polyimides, the photocurable 

functionality is usually incorporated through derivatizing the poly(amic acid) to poly(amic 

ester). 

The preparation of derivatized poly(amic acid)s can be achieved by one of two general 

pathways: 1) Formation of the poly(amic acid) followed by derivatization of the ortho-

carboxylic acid groups along the polymer backbone; and 2) Derivatization of the monomer 

and subsequent activation to allow the monomer to enter a polymer forming reaction to 

yield the desired polymer. Conversion of esters of poly(amic acid) to polyimides readily 

proceeds thermally but at a slower rate and generally requires a temperature significantly 
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higher than 200°C. The increased imidization temperature regime offers a wider 

processing window. 

 

1.2.1.3.2 Polyimides via polyisoimide precursors 

 

In general, polyisoimides are significantly more soluble and possess lower melt viscosities 

and lower glass transition temperatures than the corresponding polyimides, mainly 

because of their lower symmetry and structural irregularity.57
 These features make it 

possible to prepare rigid rod-like polyimides using soluble and processable 

polyisoimides.58 Polyisoimides are formed from the corresponding poly(amic acid), using 

a dehydrating agent, such as trifluoroacetic anhydride, in conjunction with triethylamine. 

N, N-Dicyclohexylcarbodiimide (DCC) and acetyl chloride by themselves were reported 

to form polyisoimides from poly(amic acid)s in high yield.31,32,59 A polyisoimide can 

easily be converted to the corresponding polyimide via thermal treatment at >250°C. 

Alternately, polyisoimides have been reacted with alcohol to produce poly(amic ester)s, 

which could then be thermally converted to polyimides.60 On treatment with amines, 

polyisoimides likewise give poly(amic amide)s quantitatively. Poly(amic amide)s were 

also thermally converted to polyimides.61  

 

1.2.1.3.3 Polyimides from diester-acids and diamines (Ester-acid route) 

 

Synthesizing polyimides via the ester-acid route involves derivatizing the anhydrides to 

ester-acid and subsequently allowing the diamines to react, which yields the desired 

poly(amic acid) and polyimide. Polyimides are frequently synthesized via the ester-acid 

monomer route because this process is relatively tolerant of water in solvents and 

reactors.61,63 In the initial stage of esterification, the dianhydride is simply refluxed in an 

excess of alcohol. It should be noted that the rate is greatly enhanced by addition of an 

amine catalyst, e.g., triethylamine, which acts as an acid acceptor. Once the excess alcohol 

has been evaporated, the resulting diester diacid is then reacted in solution with a suitable 

diamine to form a poly(amic acid). A polar, aprotic solvent is needed for the similar reason 

as for poly(amic acid) route. The polyimide is obtained by thermal or high temperature 

solution imidization described earlier. Previously, it was thought that that the mechanism 

of amic acid formation from diester-diacid and diamine proceeds by the nucleophilic 
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attack of ester carbonyl by amine resulting in poly(amic acid) with the elimination of 

alcohol. However, it was later discovered that the anhydride functional group was formed 

at elevated temperatures in situ from the ortho ester-acid.62-64 The anhydride then reacts 

with the diamine to yield a poly(amic acid). 

 

1.2.1.3.4 Polyimides from tetracarboxylic acids and diamines 

 

This synthetic route for producing aliphatic-aromatic polyimides with high molecular 

weight involves combining aromatic tetracarboxylic acids and aliphatic diamines to form 

salts, similar to the synthesis of nylon via nylon salts. The salts are thermally imidized 

under high pressure at temperatures above 200°C to form polyimides (Scheme 1.6). It 

should be pointed out that the intermediate poly(amic acid)s are not detected during the 

polycondensation stage. Rather, it appears that the imidization and formation of poly(amic 

acid)s takes place at the same time. This means that the imidization rate is very fast.65 
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Scheme 1.6: Polyimide synthesis from tetracarboxylic acid-amine salt. 

 

In the one-step melt polymerization of polyimides, it is advantageous to use 

tetracarboxylic acids because high molecular weight poly(amic acid) intermediates of very 

high melt viscosities are not formed during the initial heating stage. Another advantage of 

using tetracarboxylic acids is their stability and ease of purification. Many of them can be 

readily recrystallized from hot water. 
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1.2.1.3.5 Polyimides from dianhydrides and diisocyanates 

 

It has long been known that phthalic anhydride reacts with aromatic and aliphatic 

isocyanates to give n-aryl - and n-alkylphthalimides,66 respectively. The reaction of 

aromatic diisocyanates with dianhydrides has been utilized to synthesize polyimides.67-79 

Reaction of isocyanate with anhydride involves formation of  a 7-membered  cyclic 

intermediate (Scheme1.7).77,79 This intermediate is believed to split off carbon dioxide 

when heated to form 5-memebered imide rings. 

High molecular weight polyimides have been synthesized by reacting blocked isocyanates 

with anhydrides.80  
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Scheme 1.7: Polyimide synthesis from dianhydrides and diisocyanates via an imide-
anhydride seven-membered intermediate 
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1.2.1.3.6 Polyetherimides via nucleophilic aromatic substitution reactions 

 

Aromatic nucleophilic substitution of bishalo- and bisnitro- substituted aromatic ketones 

and sulfones with bisphenolates can produce polyetherketones81
 and polyethersulfones,82

 

respectively. Aromatic halo- and nitro-groups are also strongly activated by imide groups 

toward nucleophilic aromatic substitution83-86
 with anhydrous bisphenol salts in polar 

aprotic solvents. The polymer chain is generated by the formation of successive aromatic 

ether bonds. A general synthetic pathway is depicted in Scheme 1.8(a). Halo- and nitro-

substituted imides are more reactive than the corresponding sulfones and ketones. This is 

due to the fact that the phthalimide ring is not only activated by the additional carbonyl 

group, but the two carbonyl groups are locked in a coplanar conformation with the phenyl 

ring, providing more effective resonance. Because of the favorable carbonyl conformation, 

the Meisenheimer type transition state is stabilized by the effective delocalization of the 

negative charge as shown in Scheme 1.8(b).87 

This process is commercially being used by GE, for the production of ULTEM®, a 

polyether imide. 
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Scheme 1.8: Synthesis of polyetherimides by nucleophilic aromatic substitution (a) 
and delocalization of negative charge in Meisenheimer transition state in imide 
system (b).87 

 

 

 18



 
 
 

  
1.2.1.3.7 Other routes to polyimide formation  

 

Many other polyimide preparation methods have been reported in addition to the 

aforementioned routes. Due to the improved stability and solubility of derivatized PAAs, a 

number of techniques have been developed to form alkyl esters,88-92
 silyl esters,93,94

 and 

ammonium salts95,96
 of PAAs, all of which can be thermally cyclized to form polyimides. 

The alkyl esters are formed from the reaction of an ester-acid chloride and the silylated 

esters are formed in the reaction of N,N’-bis(trialkylsilyl) diamines with various 

dianhydrides. The ammonium salts of PAA’s can be formed by reaction with a secondary 

or tertiary amine. The resulting polyelectrolyte can then be dispersed in an aqueous 

medium and used to fabricate carbon fiber composites.96 Polyimides can also be prepared 

by Diels-Alder97-100
 and Michael101,102 cycloaddition reactions. Palladium103-105 (Scheme 

1.9) and nickel106 catalyzed carbon-carbon coupling reactions have also been reported in 

the literature. Thin films of polyimides for microelectronic applications have been 

prepared by vapor-phase polymerization of PMDA and ODA7a, 107. Solventless synthesis 

of polyimids via amonomeric salt has been carried out with aromatic dianhydrides and 

aliphatic diamines108. Though the polyamic acid, intermediate of polyimide, is moisture 

sensitive, the reports are available for use of water as a solvent for polyimide synthesis,109a, 

b which might be possible by formation of stable polyamic acid salt, as evidenced by Imai 

et al.109c   
 

 
Scheme 1.9: Synthesis of polyimides by Pd-catalyzed carbon-carbon coupling 
reaction.103 

 

1.2.2 Structure-property relationship in aromatic polyimides 

 

The properties of polyimides, as for polymers in general, are governed by three 

fundamental characteristics: chemical structure, average molecular weight and molecular 

weight distribution.110 The chemical structure relates to the chemical composition of the 

repeat unit and the end groups. It also encompasses the composition of any branches, 
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crosslinks or defects in the structural sequence. The average molecular weight describes 

the average polymer chain size. The molecular weight distribution relates to the degree of 

regularity in the molecular size.  

Extensive literature has been published describing alterations in the structure and the size 

of the polyimide backbone and how these changes affect the physical and mechanical 

properties111 and in this section we will discuss the relationships between structure and 

properties such as thermal transitions and optical and dielectric properties. 

 

1.2.2.1 Glass transition and solubility 

Interchain interactions define the solubility and processability of polymers. In case of 

polyimides these interactions are basically charge transfer complexes formed between 

polyimide chains. To address the interchain interactions in polyimides, electron affinity of 

dianhydrides and ionization potential of diamines should be taken into consideration. 

Polyimide derived from dianhydride with highest electron affinity and diamaine with 

lowest ionization potential will have strongest interchain interactions. The strongest 

inetrchain interaction leads to polymers with high Tg and low solubility.6 

Different methods have been studied to reduce the chain interactions or to promote better 

interactions between solvent and polymeric chains. 

1. Reactants with asymmetric structures (meta instead of para-catenation).6, 112a 

2. Reactants with flexible links (O, CH2, etc) which disrupt conjugation and increase 

the chain flexibility. 6, 112a 

3. Introduction of polar groups in the repeating units.112b-c 

4. Introduction of bulky substituents.4,6,7-9, 112a 

The general effects of these approaches are summarized in Table 1.2 

Table 1.2 Effect of chemical structure on solubility and glass transition 

Structure modification Solubility Tg References 

o, m verses p attachment 
  

6, 112a 

Flexible links 
  

6,112a 

Polar groups 
  

112d,e 

Bulky substituents 
  

4, 6, 7-9, 112a 
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1.2.2.2 Optical properties 

As for the other polymeric materials, amorphous polyimides exhibit a good transparency. 

Colorless polyimides can be obtained by minimizing the electronic conjugation or charge 

transfer complexes. Typical approaches include a) use of fluorinated diamines or 

dianhydrides, b) introduction of bulky “cardo” groups along the polymer backbone, etc. In 

addition to fluorinated and cardo polyimides, semiaromatic polyimides were synthesized 

from cycloaliphatic dianhydrides and aromatic diamines. Various cycloaliphatic 

dianhydrides and diamines have been synthesized to obtain colorless polyimides. UV 

cutoff of the polyimides derived from cycloaliphatic dianhydrides is around 320 nm with 

higher transmittance of light.  

Controlling the refractive index of colorless polyimides is an important requireminet for 

optical waveguides. It is performed by the copolymerization of fluorinated dianhydride 

with  a mixture of fluorinated and nonfluorinated diamine. Refractive index of the polymer 

increases when the molar fraction of nonfluorinated diamine increases, which leads to 

undesirable optical loss. Use of chlorinated diamines instead of non fluorinated diamines 

showed increase in refractive index without optical loss. 

 

1.2.2.3 Dielectric properties and moisture uptake 

The chemical requirements leading to a low dielectric constant (below 3) and low moisture 

uptake are the same which were discussed in Section 1.2.2a and 1.2.2b. Substitutents like 

fluoroalkyl, fluoroalkoxyl or cardo groups allow the dielectric constant to drop to 2.6-2.7. 

The moisture uptake is also minimized for these polymers. Similar results were obtained 

with cycloaliphtic imides but with low thermal stability.4,6,7-9, 110,112a 

 

1.2.3 Applications of  polyimides 

 

The list of polyimide applications is unending and it still keeps growing with the 

increasing demands of growing technologies.  

Polyimides find applications as alignments layers for liquid crystal displays. In the 

following section sampling of literature will be reviewed with particular emphasis on 

liquid crystal alignment properties of polyimides. A brief introduction of liquid crystal 

displays (LCDs) and alignment layers for LCDs is provided followed by summary of 

literature on use polyimides for this application. 
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1.2.3.1 Liquid crystal displays 

 

Liquid crystals displays (LCDs) are a passive display technology. This means they do not 

emit light; instead, they use the ambient light in the environment. By manipulating this 

light, they display images using very little power. This has made LCDs the preferred 

technology whenever lower power consumption and compact size are critical. Few of the 

LCDs applications involve, laptop computers, camcorders, portable TVs, etc.  

Liquid crystal (LC) is an organic substance that has both a liquid and a crystal molecular 

structure. In this liquid, the rod-shaped molecules are normally in a parallel array, and an 

electric field can be used to control the molecules. Most LCDs today use type of liquid 

crystal called Twisted Nematic (TN). A Liquid Crystal Display (LCD) consists of two 

substrates that form a “flat bottle” that contains liquid crystal mixture. The inside surfaces 

of the bottle or cell are coated with a polymer that is rubbed in one direction to align the 

molecules of liquid crystals, which is called as an alignment layer. The LC molecules 

align on the surface in the direction of buffing. For TN devices, the two surfaces are 

buffed orthogonal to one another, forming a 90° twist from one surface to the other 

(Figure 1.2). 

 
Figure 1.2:    Structure of twisted nematic display in normally white mode (off-state). 

This helical structure has the ability to control light. A polarizer is applied to the front and 

an analyzer/reflector is applied to the back of the cell. When randomly polarized light 

passes through the front polarizer it becomes linearly polarized. It then passes through the 

front glass and is rotated by the liquid crystal molecules and passes through the rear glass. 

If the analyzer is rotated 90° to the polarizer, the light will pass through the analyzer and 

be reflected back through the cell. The observer will see the background of the display, 

which in this case is the silver gray of the reflector. 
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The LCD glass has transparent electrical conductors plated onto each side of the glass in 

contact with the liquid crystal fluid and they are used as electrodes. These electrodes are 

made of Indium-Tin Oxide (ITO).  When an appropriate drive signal is applied to the cell 

electrodes, an electric field is set up across the cell. The liquid crystal molecules will rotate 

in the direction of the electric field. The incoming linearly polarized light passes through 

the cell unaffected and is absorbed by the rear analyzer. The observer sees a black 

character on a sliver gray background (Figure 1.3). When the electric field is turned off, 

the molecules relax back to their 90° twist structure. This is referred to as a positive image, 

reflective viewing mode. Carrying this basic technology further, an LCD having multiple 

selectable electrodes and selectively applying voltage to the electrodes, a variety of 

patterns can be achieved.114 

 
Figure 1.3: Structure of twisted nematic display in normally white mode (on-state). 

 

 The alignment layers not only align the liquid crystal molecules unidirectionally, but they 

also generate a slight tilt to the molecules (Figure 1.4). Either end of liquid crystal 

molecules may rise when the voltage is applied if the molecules lie flat on the surface.  

The slight tilt, thus, results in a fast response to the applied voltage. The angle between the 

axis of the liquid crystal molecules and the alignment layer is called pretilt angle.  
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Figure 1.4:  Alignment and pretilt of liquid crystal molecules. 

 

1.2.3.2 Polyimides for LCD application 

 

Rubbed polymer films are used in flat-panel displays to control the alignment of liquid 

crystals in contact with the polymer, a phenomenon first discovered by Maugin in 1911.115 

Polyimide and polyamideimide films have been used as alignment layers in LCDs because 

of their good adhesive properties, insulation ability and orientational ability. A solution of 

poly(amic acid) is first spin coated on to a ITO glass plate. The resulting film is cured at 

150 to 250°C to form a thin polyimide layer. With soluble polyimides, a thin film is spin 

coated onto a ITO glass plate and baked to evaporate solvent at relatively low temperature. 

The polyimide surface is then repeatedly rubbed in the same direction with a cotton, silk 

or velvet cloth. When liquid crystal molecules are placed on this layer, they will align in 

the same direction as the rubbing direction. The actual tilt angle obtained is a function of 

polymer ordering on the surface, the resulting surface energy, the nature of the cloth used 

to buff the surface and the amount of buffing work. In addition to these variables, each of 

the hundreds of commercial liquid crystal formulations interact differently with a given 

surface. In general, however, the single most important factor determining the value range 

of the tilt angle is the intrinsic character of the polymer used to control this angle. 

Berreman proposed that liquid crystal molecules are oriented and a pretilt induced by 

small mechanical grooves.116 Uchida proposed that the alignment of polyimide chains 

induced the pretilt.117 

The pretilt angle is critically important to the manufacture of LCDs. For most standard 

twisted nematic (TN) LCDs (off = white) a small pretilt angle of 2-3° is enough, which 

can be generated by simply rubbing several commercial polyimide films. For more 

sophisticated supertwisted nematic (STN) LCDs higher tilt angles of greater than 5° are 
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required because of the higher twist angles in the liquid crystal molecules.118 There are, 

however, other LCD applications which require lower tilt angles of less than 2° while 

maintaining good and stable alignment properties. For example, normally black LCDs (off 

= black) require tilt angles lower than that achieved using conventional polyimides.119 

The effect of several alignment layer chemical structures on pretilt angles generated were 

determined by Nozaki and coworkers.120 High pretilt angles were obtained with 1) high 

level of imidization, 2) rigid tetracarboxylic anhydride moiety and 3) uneven distribution 

of fluorine atoms in polymer film. It has been also found that the orientation of polyimide 

film on thin layer surface played an important role in aligning liquid crystal molecules on 

the surface. 

Liu et al121 in their study of molecular design of liquid crystal alignment polyimide layer 

(LCAL) showed that LCAL should have flexible moieties in the polymer backbone and 

some long-chain alkyl groups should be introduced into the main chain or as the side chain 

so as to raise the LC pretilt angle. Polyimides derived from aliphatic diamines with 

different lengths and BPDA, displayed odd even effect. The higher pretilt angle in the 

range 3-6° were obtained with polymers containing even-numbered aliphatic segments. 

However, lower pretilt angles of 0.5° were obtained with polyimides containing odd-

numbered segments (Figure 1.5).122  
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Recently, series of polyimides with side chains containing the mesogens has been 

prepared.127-128 In this case the mesogen is supposed to act together with LCs in their 

alignment.  

The thermal requirements in the case of LCDs are not stringent and therefore the use of 

polyimides derived from alicyclic monomers129-130 and monomers with alkyl groups have 

gained importance.131-134 

 

Aerospace industry has been and still continues to be the major user of polyimides in 

various forms, such as, adhesives, coatings, matrix for composites, etc. Polyimides are 

used in the electronics field in the areas such as wafer fabrication, adhesion, chip 

packaging and assembly.135-142 They can be used as optical waveguides in optoelectronic 

devices.143  

 

 26



 
 
 

  
1.3  Polyesters 

 

Polyesters are polymers with recurring ester groups                    as an integral part of the 

main polymer chain.   

C O
O

The reaction of aromatic dicarboxylic acids and diphenols was first noted by Conix144 in 

1957. The literature on polyarylates based on aromatic dicarboxylic acids is extensive. 

Before the production of first commercial aromatic polyester, U-polymer (a polyarylate 

based on bisphenol A and tere/isophthalates) by Unitica, in 1974, 140 different chemical 

compositions of polyarylates were listed.145  

Polyarylates have found applications in wide variety of areas by virtue of their attractive 

electrical and mechanical properties. However, polyarylates are generally difficult to 

process because of their limited solubility in organic solvents and high glass transition and 

melting temperatures.  The melt viscosity of BPA-based polyesters is noted to be high and 

thus it’s injection mouldability is considered to be a limitation. Therefore, a great deal of 

effort has been expended to try to improve processability of polyarylates.  

 

1.3.1  Synthesis of Polyesters 

 

High molecular weight aromatic polyesters are prepared by two chemical routes. 

1. Acid chloride route 

2. Transesterification route 

 

1.3.1.1 Acid chloride route 

 

This route is generally applicable and mostly used for the synthesis of polyarylates. The 

diacids are converted into diacid chlorides followed by condensation with diphenols. The 

reaction can be performed by three different processes 

 

1.3.1.1.1 Interfacial polycondensation 

 

The interfacial process for the preparation of polyarylates was first described by 

Eareckson146 and Conix.144 Basically, the interfacial polymerization involves the reaction 

of dialkali metal salt of a diphenol with diacid chloride(s) in systems such as water-
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dichloromethane or water-chlorobenzene. The acid chloride, which can be either aliphatic 

or aromatic is dissolved in the water-immiscible organic phase and is reacted with the 

aqueous alkaline bisphenolates under high speed stirring. Aliphatic diols do not form 

alcoholate ions in aqueous solutions and are, therefore, not suitable monomers for the 

preparations of polyesters by interfacial technique.  

Since reaction takes place at the interface or near the interface, factors such as stirring 

speed, the relative volume of organic and aqueous phases, monomer concentrations and 

the nature and concentration of phase transfer catalyst exert a marked influence on 

reaction kinetics and on the resulting polymer yield and molecular weight147b, c. Phase 

transfer catalyst (PTC) facilitates the transportation of phenolate ions in the organic phase 

and can also act as a surfactant, which increases the total interfacial area and consequently 

overall reaction rate147b, d.  

A typical phase -transfer catalyzed interfacial polycondensation is shown in Scheme 1.10. 

 

Q+1O-1 O-1Q+1

  Bisphenol           +       Q
+1X -1

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

 Q
+1X -1

AQUEOUS PHASE

ORGANIC PHASE

Q+1O-1 O-1Q+1

n Diacid chloride

+

Polyarylate

Ar

Ar' COXXOC
C Ar'

O

OH C

O

O Ar O H

Ar OHOH NaOH Ar NaX

 
Scheme 1.10: Phase-transfer catalyzed interfacial polycondensation. 

 

The basic function of PTC is to transfer the anions of the reacting salt into the organic 

medium in the form of ion pairs. These ion pairs react with chloride ions in the organic 

phase producing the desired product. The regenerated PTC is transferred back into the 

aqueous medium.147,148 The most commonly used PTC’s are benzyltriethyl-ammonium 

chloride (BTEAC), tetraethylammonium chloride (TEAC), tetramethylammonium 
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chloride (TMAC), benzyltriphenyl phosphonium chloride (BTPPC), 15-crown-5 (15-C-

15), and 18-crown-6 (18-C-6). 

The choice of organic solvent is very important in interfacial polycondensation. It is 

advantageous that polyarylate formed during the polymerization should remain in the 

solution form to obtain the high molecular weight polymers. The precipitation of polymer 

lowers the reaction rates, hence, low molecular weight polymers are obtained.  

In constrast to polyesterification carried out in  homogeneous media, the maximum 

molecular weight is not necessarly obtained at the equimolar ratio of reactants. The actual 

optimum stoichiometric ratio depends on the rate of diffusion of individual reactants to the 

reaction zone. The synthesis of high molecular weight polyesters have been reported for 

diacid chloride-bisphenol stoiciometric ratios ranging between 0.58 and 2, depending on 

reactants and experimental conditions.148b, c  

Interfacial polymerization is commercially applied the synthesis of bisphenol-A polyester 

such as Unitika’s U-polymer. 

 

1.3.1.1.2 Low temperature solution polycondensation 

 

Low temperature solution polycondensations are generally run at room temperature or 

between -10°C to +30°C. Polyarylates are synthesized by the reaction of equivalent 

amounts of a diacid chloride and a dihydroxy compound in an inert solvent such as THF 

or dichloromethane in the presence of tertary amines such as triethyl amine or pyridine, 

which plays a role of both reaction actalyst and HCl acceptor.  This synthetic method is 

also termed acceptor-catalytic polyesterification.150b,c Scheme1.11 depicts the synthesis of 

polyester from bisphenol-A and terephthalic acid chloride/ isophthalic acid chloride. 

OHHO ClOC
COCl+

R3N HCl-

O
C
O C

O
O

n

+ R3N HCl.

Bisphenol Diacid chloride

Polyarylate  
Scheme 1.11: Solution polycondensation of bisphenol and diacid chloride. 
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High molecular weight polyarylates are successfully synthesized in pyridine alone or in 

combination with a tertiary amine in an inert organic solvent.144,146,150-152 

  

1.3.1.1.3 High temperature solution polycondensation   

 

The polycondensation of a diacid chloride with a bisphenol without an acid acceptor is 

slow at room temperature. The rate of polycondensation increases with increasing 

temperature. The high temperature solution polycondensation is carried out at elevated 

temperatures (~2000C) in an inert high boiling solvent. The high boiling solvents used are 

nitrobenzene or o-dichlorobenzene.153 The o-dichlorobenzene and pyridine system is the 

most effective one to produce the polymer with high molecular weight.154 Polyarylates are 

also prepared in good yields at 215-2200C in dichloroethylbenzene.155,156 No acid acceptor 

is needed because the evolved hydrogen chloride is continuously removed from the system 

with the aid of an inert gas. A wide variety of other solvents are useful and include 

chlorinated benzenes (tetrachlorobenzene), chlorinated biphenyls or diphenylethers, 

chlorinated naphthalenes, as well as non-chlorinated aromatics such as terphenyl, 

benzophenones, dibenzylbenzenes,and the like. 

 

1.3.1.2 Transesterification route 

 

Transesterification reactions can be carried out by reaction of, 

1) Diphenyl ester of an aromatic dicarboxylic acid and bisphenol157-161, 

2) Aromatic dicarboxylic acid and diacetate derivative of bisphenol144,162-164, 

3) Dialkylester of dicarboxylic acid and diacetate derivative of bisphenol165-167, 

 

1.3.1.3 Miscellaneous routes for polyester synthesis 

 

Various routes other than the routes mentioned above have been used for polyester 

synthesis. Phenol silyl ether route demonstrated by Kricheldorf168-171, direct esterification 

route using activated diacid intermediate172-181, palladium-catalyzed carbonylation of  

aromatic dihalides with bisphenols182-185, are few of them. 
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1.3.2 Structure-property relationship in polyesters  

 

Effect of monomer structure on the polyester properties has been reviewed.145,165 

Structure-property relationship in view of gas separation will be discussed in this Section. 

 

1.3.2.1 Gas separation 

 

Gas separation using polymeric membranes was first reported by Mitchell in a study with 

hydrogen and carbon dioxide mixture in 1831.186 Thomas Graham, in 1866, made next 

important step in understanding the permeation process. He postulated that permeation is a 

three step process: the solution of the gas flows onto the upstream (high-pressure) surface 

of the membrane, gas diffuses through the membrane and finally, gas evaporates from the 

downstream (low-pressure) surface of the membrane.187 This early description of gaseous 

transport is considered to be the basis for today’s “solution-diffusion model”, which is 

used to explain many membrane separations.  

The separation of oxygen and nitrogen from air, and hydrogen from carbon monoxide, 

methane or nitrogen are large consumers of energy in the chemical processing industry. In 

general, purified gases are more valuable than arbitrary mixtures of two or more 

components since pure components provide the option of formulating an optimum mixture 

for particular applications.  

Energy-intensive compression of feed system is often needed to provide the driving force 

for permeation in membrane based separations. In their simplest ideal forms, membranes 

appear to act as molecular scale filters that take a mixture of two gases, A and B, into the 

feed port of the module and produce a pure permeate containing pure A and a 

nonpermeate containing pure B (Figure 1.6). Real membranes can approach the simplicity 

and separation efficiency of such idealized devices, but generally complex recycling of 

some of the permeate or nonpermeate stream may be needed because perfect selection of  

A and B molecules cannot be achieved in a single pass. 

 31



 
 
 

  

 
Figure 1.6: Generalized representation of an ideal membrane separation process. 

 

Solution-diffusion membranes rely on the thermally agitated motion of chain segments 

comprising the polymer matrix to generate transient penetrant-scale gaps that allows 

diffusion from upstream to the downstream face of the membrane. By varying the 

chemical nature of the polymer one can change the size distribution of the randomly 

occurring gaps to retard the movement of one species while allowing the movement of the 

other. If one could perfectly control this distribution, a true molecular sieving process 

would occur and infinite selectivity would be achieved. The essential impossibility of such 

a situation is suggested by kinetic diameter data of various important penetrants (Table 

1.3). The ability to regulate the distribution of transient-gap sizes in solution diffusion 

membrane is achieved by the use of molecules with highly hindered segmental motions 

and packing. Typically these materials are amorphous and are referred to as glassy 

polymers.  

 

Table 1.3: Minimum kinetic diameter of various penetrants.188 
Penetrant He H2 NO CO2 O2 N2 CO CH4 C2H4 Xe C3H8 

Kinetic diameter 

(Å) 

 

2.6 

 

2.89 

 

3.17 

 

3.3 

 

3.46 

 

3.64 

 

3.76 

 

3.8 

 

3.9 

 

3.96 

 

4.3 

 

Permeation is a function of two parameters: the solubility constant, S, and the diffusion 

coefficient, D. The solubility constant is a thermodynamic term based on specific 

polymer-penetrant interactions and condensability of the penetrant. The diffusion 

coefficient is a kinetic term referring to the movement of gas molecules inside the polymer 

matrix.189 The diffusion coefficient determines “how frequently, on a time-averaged basis, 

a hole of sufficient volume appears next to the gas penetrant, enabling it to jump further 

through the membrane”.190 
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The permeability coefficient of penetrant molecule A (PA) can be expressed in terms of the 

mean diffusion coefficient (DA) and the solubility coefficient (SA)191,192 

AAA SDP ×=  

The permeability coefficient of penetrant molecule A (PA) through a dense polymer 

membrane, having an effective membrane thickness of l , can be derived from the steady 

state flux, FA 

p
lFP AA ∆×=  

where, ∆P is the partial pressure difference between the upstream and downstream 

pressure of penetrant molecules A across the membrane. Several methods have been 

devised to determine the permeability coefficient of gases through membranes and, thus, a 

number of different units have been used to express the permeability coefficient. The 

permeability coefficient is expressed in units of Barrers, where 1 Barrer is 10-10
• [ cm3 

(STP) • cm/cm2
• s • cmHg ]. 

The selectivity, α(A/B) or the so-called separation factor, of a dense polymer 

membrane between two penetrant gas molecules A and B is the ratio of the permeability 

coefficients of both penetrant gases. When the downstream pressure is negligible relative 

to the upstream pressure and when strong interactions between the polymer and both 

penetrant molecules are not observed, α(A/B)  is almost equal to 

the “ideal” separation factor, α(A/B)∗. This ideal separation factor can be decomposed into 

contributions of solubility selectivities (SA/SB) and diffusivity selectivities (DA/DB). 

Therefore, 















==

SB
SA

DB
DA

PB
PAα  

The solubility selectivity (SA/SB) is determined primarily by the difference in inherent 

condensability between both penetrant molecules A and B and by their interactions with 

the membrane boundary. The diffusivity selectivity (DA/DB) is determined by the ability of 

the polymer matrix to function as size and shape selective media through segmental 

mobility and intersegmental packing factors. In the absence of strong polymer-penetrant 

interactions, the diffusivity selectivity tends to be the major factor in the separation 

process. For commonly available polymers, it has been found that the permeability 
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coefficient and the selectivity are interdependent. Higher gas permeability coefficients are 

usually accompanied by lower selectivities, and vice versa.  

Usually the gas transport properties behavior is analyzed and correlated to the polymer 

properties such as glass transition temperature (Tg), d-spacing and fractional free volume 

(FFV). The d-spacing, the average distance between adjacent segmental backbones is 

determined by X-ray diffraction analysis and can be used as an index of “openness” of 

polymer matrix. The FFV takes into account the specific and occupied volumes and 

generally seems to give better representation of the “non-occupied space” in the polymer 

available for transport than does the d-spacing. 

 

1.3.2.2  Aromatic polyesters for gas separation 

 

A major objective in macromolecular science is to properly design and optimize the 

polymeric repeat unit, since this allows one to selectively tailor certain material properties. 

Gas permeation science investigates inter- and intra-chain interactions of the polymer with 

respect to penetration by gas molecules, and on the microscopic level it is a sensitive 

probe to slight modifications in molecular structure. 

There is a general relationship reported in the literature that as the permeability of gas A 

increases, its selectivity decreases.193 This behavior is easily understood if the matrix is 

capable of tightly packing since the free volume, or unoccupied space, is reduced thereby 

decreasing its ability to transport permeants. Concurrently, the same material shows an 

improved “sieving” or higher selecting ability between gases of different sizes, shapes and 

electronic environments. While this general trend is true of polyesters, as well as most 

other polymers, there is a continuing goal to synthesize materials which can 

simultaneously achieve both higher permeability and higher selectivity, or which can 

attain higher permeability with only a slight reduction in selectivity.  

Several researchers have reported on the differences observed by the varying the monomer 

linkages from meta to para.194-197 It has been found that meta-catenation tends to decrease 

permeability and increase selectivity due to impeded intra- and inter-segmental motion. 

The gas permeabilities of various polyarylates have been studied by several researchers. 

The representative examples of polyesters used for gas separation are given in Table 1.4 
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Table 1.4: Representative examples of polyesters used for gas permeation 

measurements 

No Polyester Reference
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O C
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1.5.3 Applications of polyarylates 

 

Polyarylates are excellent in their UV stability and suggests utility in exterior glazing, 

solar energy collectors, transparent signs, automotive lenses, lighting housing, safety lamp 

housings, transparent lamp diffusers, traffic lights, etc. They find applications in the field 

of electronics as electrical connectors and capacitors. Additional suggested applications 

include bearings, bushings, heater element holders, high temperature valves, and ball joint 

seals in automotive industry.  

 

The foregoing description reveals that polyimides and aromatic polyesters constitute an 

extremely promising examples of high performance polymers, which have been 

successfully put to use in many branches of emerging technologies where properties such 

as high heat resistance, mechanical strength, photostability, electrical insulation, barrier 

properties, etc. are needed. 

The knowledge of characteristic features of the formation of polyimides and aromatic 

polyesters and the relation between their structure and properties has led to enormous 

prospects for specific design of the polymer chain and hence for imparting a set of desired 

properties to such polymers. 
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Chapter 2.  Scope and Objectives 
 
 
 

 
From the time of Carothers to the present, the chemistry of step-growth polymerization has 

been constantly dominated by the synthetic organic chemist’s viewpoint, whose focus is the 

synthesis of new polymer materials. This is probably one of the points that contrast it the most 

with the chemistry of the polymerization of unsaturated monomers, where physical chemists 

have played a much more substantial role. The fact that the chemistry of step-growth 

polymerization has long been the province of synthetic organic chemists is not difficult to 

explain. On the one hand, condensation reactions are among the most classic and most 

thoroughly investigated reactions in organic chemistry, and it so happens that 

polycondensation simply involves stepwise condensation reactions of difunctional monomers. 

On the other hand, the temptations have been strong for organic chemists to design new 

polymers by assembling various organic compounds to see what they would be.  

Step-growth polymerization continues to receive intense academic and industrial attention for 

the preparation of polymeric materials used in a vast array of applications. In recent years 

much of the focus in step-growth polymers has been in the area of high performance 

polymers. High performance / high temperature polymers such as polyimides, polyamides, 

polyesters, etc. are of considerable interest because of their excellent mechanical and high-

temperature properties.1-8 A large number of high performance polymers have been 

synthesized in the academic and industrial research laboratories. However, most of them 

usually exhibit very low solubilities and melting points far above their thermal decomposition 

temperatures, which limits their widespread applications. There are several reports describing 

approaches to improve the processability of high performance/ high temperature polymers by 

making use of structurally modified monomers.9-20 These approaches include (1) introduction 

of flexible segments or groups into the polymer backbone which reduces chain stiffness, (2) 

introduction of bulky side groups which help in the separation of polymer chains and hinder 

the molecular packing and crystallization, (3) use of enlarged monomers containing angular 

bonds which suppress coplanar structures, (4) use of 1,3-disubstituted monomers instead of 
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1,4-disubstituted ones, and / or asymmetric monomers which lower regularity and molecular 

ordering, and (5) attachment of flexible chains as pendant groups.  

Using the above-mentioned chemical functions, a wide variety of monomers have been 

prepared and used to synthesize processable high performance polymers. The development of 

high performance / high temperature polymers either matching different processability 

requirements or exhibiting new, specific properties is the driving force for the research in new 

monomers. The research efforts during the last three decades to develop new monomers has 

enriched the chemistry of high performance polymers to such an extent that it would be 

difficult to find another field of macromolecular chemistry where the investigations have 

produced a similar variety of new species with wide range of properties.  

It is reported that the use monomers that bear pendent flexible groups greatly reduces strong 

molecular interactions of stiff-chain aromatic polymers, producing an effective chain 

separation effect. In general, such pendent groups not only bring about improved solubility 

but also help lower the melting and glass transition temperatures via “internal 

plasticization”.14,18   

The introduction of bulky “cardo” groups is known to reduce the strong molecular interaction 

of stiff-chain aromatic polymers, producing an effective chain separation effect and lowering 

the cohesive energy density, thereby improving the solubility of these polymers. Additionally, 

the presence of bulky “cardo” group causes the lowering of polymer chain’s torsional 

mobility and generally an increment of the glass transition temperature.4,10,11,16,19-25  

Thus, our synthetic research effort was directed towards structural modifications designed to 

disturb regularity and chain packing thus providing better processability / solubility to the 

polymers. The major goal of the present research was to improve polymer processability and 

towards this goal two approaches were investigated. The first approach involves improving 

polymer processability via internal plasticization, whereas, second approach involves  

improvement of polymer solubility by incorporation of bulky “cardo” groups. 

Plasticization normally involves the incorporation of a low molecular weight plasticizer, 

which improves polymer flow and processability. In internal plasticization, the plasticizer is 

chemically attached to or incorporated in the polymer backbone.26-29  
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It was of interest to design and synthesize new monomers containing flexible alkyl chain or 

bulky “cardo” group starting from cheap, commercially available raw materials. Cashew nut 

shell liquid (CNSL), a renewable resource material, contains compounds having 15 carbon 

alkyl /alkenyl chain, which are useful in various aspects of chemical industry.30-33  The 15 

carbon chain could be exploited for the internal plasticization. p-Cumylphenol, a cheap raw 

material used as endcapping agent for polycarbonate resins34 can be used to synthesize bulky 

"cardo" group containing monomers. 

The first objective of this research was to develop a synthetic scheme that would allow the 

introduction of pendant pentadecyl chain as plasticizing group or bulky “cardo” group into the 

high performance polymers such as polyimides and polyesters. The approach involved 

synthesis of  bisphenol and diamine containing pendant pentadecyl chain starting from CNSL 

and bisphenols and diamines containing bulky “cardo” group starting from p-cumylphenol. 

By relatively easy and inexpensive chemical routes, these monomers could be prepared that 

provide the structural characteristics needed for the improvement of processability. 

The second objective of this research was to synthesize and characterize polyimides and 

polyesters containing pendent pentadecyl chain or bulky “cardo” group. In order to investigate 

the effect of incorporation of pendent pentadecyl chain on the properties of polymers, 

properties, such as solubility, thermal transitions and heat resistance were evaluated and 

compared with control polymers without alkyl or “cardo” groups. For this study, polymers 

such as polyimides and polyesters were synthesized and characterized, thus, permitting the 

establishment of a reliable structure-property relationship.  

It is well known that polymer solubility and in-turn processability can be improved via 

copolymerization.1,35 Therefore, it was of interest to study the effect of pentadecyl chain 

containing bisphenol and diamine as a comonomer on the properties of copolyesters and 

copolyimides, respectively. It was of further interest to vary the comonomer content 

systematically to investigate the amount of comonomer required for aiding  

processability/solubility to copolymers.  Based on these objectives the following specific 

problems were chosen for the present work. 

 

 51



1. Design and synthesis of difunctional monomers such as bisphenol and diamine 

starting from CNSL. 

2.  Design and synthesis of difunctional monomers such as bisphenols with 

systematic variation of substitutents on phenyl rings and a diamine starting from p-

cumylphenol. 

3. Synthesis of polyesters and polyimides containing pendant pentadecyl chain from 

respective bisphenol and diamine and study the effect of pentadecyl chain on the 

polymer properties. 

4. Synthesis of (co)polyesters and (co)polyimides from comonomers containing 

pentadecyl chain and study the effect of comonomer content on polymer properties 

/ processability.  

5. Synthesis of polyesters, polyimides and polyetherimides containing bulky “cardo” 

group from respective bisphenol and diamine and study the effect of incorporation 

of bulky “cardo” group on polymer properties.  

6. Study the applications of selected (co)polyimide as alignment layers for liquid 

crystals.   

7. Evaluation of polyesters containing bulky “cardo” group as membrane materials 

for gas separations and investigate the effect of different substituents on aromatic 

rings of bisphenol on the gas permeation properties of the polyesters. 
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Chapter 3 Synthesis and Characterization of Condensation Monomers 

 
 
3.1 Introduction 

 

One of the most important criteria that decides the final properties of a polymer is the 

structure of monomers and by selecting suitable monomers existing properties of a 

polymer could be tailored.1-3 Therefore, in the synthesis of polymer the first step 

constitutes the synthesis of desired monomers, which can give rise to polymers with 

expected / targeted properties. 

In the area of high performance polymers such as polyimides, polyamides, polyesters, etc., 

a large number of difunctional monomers have been synthesized in the past three decades 

with a view to overcome the traditional processing problems caused by the limited 

solubility and poor processability of these polymers. Efforts devoted to incorporating the 

structural features that improve processability have led to an outstanding enrichment of the 

chemistry of high performance polymers, and have allowed the opening of new 

investigations and application areas for these polymers.4, 5  

In the present work, new monomers viz. bisphenols and diamines were designed and 

synthesized starting from cheap, commercially available raw materials, viz., cashew nut 

shell liquid and p-cumylphenol.  

 

3.1.1 Cashew Nut Shell Liquid (CNSL): 

 

Renewable organic resources continue to be in the common interest of both academic and 

industrial laboratories at all the times. The topic has attained a renewed interest for reasons 

of economy and environmental friendliness and contributes well to green chemistry 

practices. Among the renewable resources, cashew nut shell liquid (CNSL), a by-product 

of the cashew processing industry, is available abundantly worldwide (1,25,000 tpa).  

Cashew nut is a product of cashew tree, Anacardium occidentale.6 Cashew nut shell liquid 

(CNSL) occurs as a greenish-yellow viscous liquid in the soft honeycomb of the shell of 

the cashew nut. Cashew nut consists of an ivory colored kernel covered by a thin brown 

membrane (testa) and enclosed by an outer porous shell, the mesocarp which is about 3 

mm thick with a honeycomb structure, where CNSL is stored (Figure 3.1). CNSL is 
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abundantly available in many parts of the world, such as, India, Brazil, Bangladesh, 

Tanzania, Kenya, tropical regions of Africa and South-East and Far-East Asia. 

Traditionally, a number of methods are employed to extract the oil from the nuts. Hot oil 

bath method where raw nuts are passed through a bath of hot CNSL at 180-200°C, 

roasting method, are commonly used ones. Few reports are available on using steam 

distillation, solvent extraction, supercritical extraction using a mixture of CO2 and 

isopropyl alcohol for extraction of CNSL.  

 
 

Figure 3.1 Nut of Cashew 

 

Industrial grade CNSL is reddish brown in color. CNSL constitutes about 20-25% of the 

weight of cashew. Naturally occurring CNSL contains mainly four compounds; cardanol, 

cardol, anacardic acid and 2-methyl cardol (Figure 3.2). Components of CNSL are 

themselves mixture of four constituents differing in side-chain unsaturation, namely,  

monoene, diene, triene and saturated  one.  

 
Figure 3.2 Constituents of CNSL 
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Commercial grade CNSL contains hardly any anacardic acid because of decarboxylation 

during roasting process, which converts anacardic acid to cardanol. Unsaturated 15- 

carbon chain and phenolic moiety in CNSL has offered a variety of possibilities for the 

synthetic chemist. Many reactions of CNSL such as, hydrogenation, polymerization, 

sulfonation, nitration, halogenation, etherification, esterification, epoxidation, 

phosphorylation, etc. have been documented in various patents and journal articles.7-10 

Considerable attention from polymer scientists throughout the world is devoted to utilize 

CNSL’s potential attributes as a substitute for petrochemical derivatives and has found use 

in phenolic resins in break lining, surface coatings, adhesives, foundry resins, laminates, 

rubber compounding, additives, etc. Of late, CNSL has been used in preparation of many 

specialty materials such as liquid crystalline polyesters, nanotubes, cross-linkable 

polyphenols, polyurethanes and range of other specialty polymers and additives8.  

Considering special structural features of cardanol and need for finding better 

opportunities for an appropriate utilization for this material, novel strategies can be 

developed to design specialty / high performance polymers from cardanol.  

 

3.1.2 p-Cumylphenol 

 

p-Cumylphenol or 4-(1-metyl-1-phenylethyl)phenol, a important member of alkylphenol 

family is produced by the alkylation of phenol with α-methyl styrene under acid catalysis. 

The principal by-products from the production of p-cumylphenol result from the 

dimerization and intramolecular alkylation of α-methyl styrene to yield substituted 

indanes. p-Cumylphenol is purified by either fractional distillation or crystallization from 

suitable solvent.  

The major use of p-cumylphenol is as a chain terminator for polycarbonates. The other 

uses of p-cumylphenol include the production of phenolic resins and specialty surfactants.  

 

Alkyl phenols undergo variety of chemical transformations, involving the hydroxyl group 

or the aromatic nucleus that convert them to value added products.  
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3.2 Experimental 

3.2.1 Materials  

 

p-Cumylphenol (Herdilia Chemicals Ltd., India), p-chloronitrobenzene,  p-

fluorocyanobenzene, 2,6-dimethylphenol, 10% Pd/C, 5% Ru/C, 3-mercaptopropionic acid 

(3-MPA) and CaH2 (Aldrich Chemicals) were used as received. Aniline hydrochloride, 

calcium chloride, sodium sulfate, sodium bicarbonate, potassium carbonate, potassium 

hydroxide, sodium hydroxide, hydrazine hydrate, bromine, acetic acid, HCl, H2SO4 and 

HNO3 (S.D. Fine Chem., India) were used as received. Cyclohexanone, m-cresol, o-cresol, 

tetrahydrofuran, methanol, ethanol, 2-propanol, dichloromethane, chloroform, ethyl 

acetate, hexane, toluene and N,N-dimethlyformamide (DMF)   (S.D. Fine Chem., India) 

were of reagent grade and were purified prior to use according to reported procedures12. 

Pyridiniumchlorochromate (PCC) was prepared according to the procedure reported in the 

literature13.  

Cardanol was obtained by the vacuum distillation of cashew nut shell liquid at 

220°C/1mm Hg. (Lit. bp 230-235°C/3-4 mm Hg).14 

 

3.2.2 Measurements 

 
Melting points were determined by open capillary method and are uncorrected. 

FTIR spectra were recorded on a Perkin-Elmer Spectrum GX spectrophotometer in KBr 

pellet or in chloroform. 

HPLC analysis was performed on Waters Modular System consisting of three 515 pumps, 

717 auto sampler, 996-photodiode array detector, 2410 RI detector controlled by 

Millenium 32 software. Column used was Zorbax RP-C8. 

All of the NMR spectra were recorded on a Bruker 200, 400 or 500 MHz spectrometer at 

resonance frequencies of 200, 400 or 500 MHz for 1H and 50, 100 or 125 MHz for 13C 

measurements using CDCl3 as a solvent.  

Single crystal X-ray diffraction measurements were carried out on Bruker SMART APEX 

CCD diffractometer with Mo Kα radiation at room temperature and fine focus tube with 

50kV and 30 mA. All the data were corrected for Lorentzian, polarization and absorption 

effects. SHELX-97 (ShelxTL)15 was used for structure solution and full matrix least 
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squares refinement on F2. Hydrogen atoms were included in the refinement as per the 

riding model. 
 
  
3.3 Synthesis 

3.3.1 Synthesis of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane 

3.3.1.1 Synthesis of 3-pentadecylphenol 

 

Side chain of the cardanol was reduced according to fallowing procedure. 

Cardanol (500 g, 1.64 mol) obtained from cashew nut shell liquid was distilled twice 

under reduced pressure and hydrogenated in the presence of 5%Pd/C (1.5 g) catalyst at 

70°C in a Parr autoclave under 600 psi hydrogen pressure. When no more hydrogen 

absorption was noticed, the hydrogenation was stopped. The product was filtered and 

recrystallized from hexane (40-60°C) to obtain 3-pentadecylphenol.Yield: 480 g (97%) 

m.p.: 50-51°C (Lit. m.p.: 50-51°C).16 

 

3.3.1.2 Synthesis of 3-pentadecylcyclohexanol 

 

3-Pentadecylphenol (80 g, 0.26 mol) dissolved in isopropanol (300 ml) was hydrogenated 

using 5% Ru/C (2.4 g) as the catalyst in a Parr reactor at 125oC and at hydrogen pressure 

of 1000 psi. At the end of the reduction, the catalyst was filtered off and isopropanol was 

distilled off to obtain 3-pentadecyl cylohexanol.  Yield, 79.90 g (98%), m.p. 46-49°C (Lit. 

m.p. 45-48°C)17  

 

3.3.1.3 Synthesis of 3-pentadecylcyclohexanone 

 

Into a 1 liter round bottom flask equipped with a mechanical stirrer was added a finely 

ground  mixture of PCC (97 g, 0.45 mol) and silica gel (97 g, 100-200 mesh). To this 

mixture, dichloromethane (600 mL) was added, the suspension was stirred and 3-

pentadecylcyclohexanol (50 g, 0.22 mol) was added in small portions at room temperature. 

The reaction mixture darkened (30 min) and the stirring was continued for 4 h. The 
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reaction mixture was filtered through a short column of celite and silica gel. The filtrate 

was concentrated under reduced pressure to obtain a solid. The solid was dissolved in 

ethyl acetate (300 mL) and washed with water (2 × 200 mL) followed by washing with 

saturated aqueous sodium chloride (2 × 200 mL). The organic layer was dried over 

anhydrous sodium sulfate, filtered and ethyl acetate was removed at a rotary evaporator. 

The residue obtained was recrystallized from methanol; yield, 46.68 g (94%), m.p. 44°C 

(Lit. m.p. 43°C)17 

 

3.3.1.4 Synthesis of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane 

 

Into a 250 ml three-necked round bottom flask fitted with a magnetic stirrer bar, a HCl dip 

tube and a reflux condenser connected to a scrubber were placed 3-

pentadecylcyclohexanone  (20 g, 0.06 mol), phenol (36.62 g, 0.38 mol) and 3-MPA (0.1 

mL). Dry HCl was bubbled into the reaction mixture at room temperature. The reaction 

mixture became solid at the end of 1 h. The reaction mixture was dissolved in ethyl acetate 

(600 mL) and neutralized by washing with aqueous sodium bicarbonate solution (3 × 200 

mL) followed by washing with water (2× 200 mL). The organic layer was dried over 

sodium sulfate, filtered and ethyl acetate was distilled off. The product was crystallized 

two times from a mixture of hexane and toluene (9:1, v/v); yield, 21.72g (70%), m.p. 

104°C (Lit. m.p. 104°C).10 

 

3.3.2 Synthesis of 1,1-bis(4-hydroxyphenyl)cyclohexane 

 

Into a 500 ml three-necked round bottom flask fitted with a magnetic stirrer bar, a HCl dip 

tube and a reflux condenser connected to a scrubber were placed cyclohexanone  (10 g, 

0.10 mol), phenol (57.52 g, 0.61 mol) and 3-MPA (0.2 mL). Dry HCl was bubbled into the 

reaction mixture at room temperature. The reaction mixture became solid at the end of 2 h. 

The reaction mixture was dissolved in ethyl acetate (1 lit) and neutralized by washing with 

aqueous sodium bicarbonate solution (3 × 300 mL) followed by washing with water (2× 

300 mL). The organic layer was dried over sodium sulfate, filtered and ethyl acetate was 

distilled off to obtain a viscous liquid. Upon addition of pet-ether (1 lit) white solid 
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separated out which was crystallized twice from a mixture of pet-ether and benzene 

(80:20, v/v). Yield 18.32 g (67%), m.p. 190°C (Lit. m.p. 186°C)18 

 

3.3.3 Synthesis of 1,1-bis(4-hydroxyphenyl)-3-methylcyclohexane 

 

3-Methylcyclohexanol was synthesized from by reduction of m-cresol which upon 

oxidation yielded 3-methylcyclohexanone following the procedure reported for 3-

pentadecylcyclohexanone (Section 3.3.1). 3-Methylcyclohexanone was used for the 

synthesis of 1,1-bis(4-hydroxyphenyl)-3-methylcyclohexane.  

Into a 250 ml three-necked round bottom flask fitted with a magnetic stirrer bar, a HCl dip 

tube and a reflux condenser connected to a scrubber were placed 3-methylcyclohexanone   

(11.2 g, 0.10 mol), phenol (56.4 g, 0.60 mol) and 3-MPA (0.2mL). Dry HCl was bubbled 

into the reaction mixture at room temperature. The reaction mixture became solid at the 

end of 2 h. The reaction mixture was dissolved in ethyl acetate (600 mL) and neutralized 

by washing with aqueous sodium bicarbonate solution (3× 200 mL) followed by washing 

with water (2× 200 mL). The organic layer was dried over sodium sulfate, filtered and 

ethyl acetate was distilled off. The product was recrystallized from toluene, yield 22.3 g 

(82%), m.p. 168°C. 

 

3.3.4 Synthesis of 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane 

 

Into a 250 mL round bottom flask equipped with a magnetic stirring bar and a reflux 

condenser were placed 3-pentadecylcyclohexanone (10 g, 0.032 mol), aniline 

hydrochloride (12.44 g, 0.096) and  freshly distilled aniline (46 g, 0.48 mol). The reaction 

mixture was refluxed for 24 h. The reaction mixture was neutralized by adding 100 mL of 

1 N aqueous sodium hydroxide. The organic layer was separated and washed with water 

(3× 20 mL) and excess aniline was distilled off. The resinous mass was crystallized from 

ethanol to yield colorless needles, yield 5.4 g (35%), m.p. 106-108°C. 
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3.3.5 Synthesis of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl cyclohexane 

3.3.5.1 Synthesis of 4-(1-cyclohexyl-1-methyl ethyl) cyclohexanol  

 

p-Cumylphenol (40 g, 0.19 mol) dissolved in isopropanol (150 ml) was hydrogenated 

using 5 % Ru/C (1.2 g) as catalyst in a Parr reactor at 175oC and at hydrogen pressure of 

1400 psi. At the end of the reduction the catalyst was filtered off and filtrate with blakish 

tinge was passed through a short column of silica gel (100-200 mesh) to obtain colorless 

solution. Isopropanol was distilled off and the residue was treated with 10% NaOH 

solution (100 ml) at reflux for 2 h. The reaction mixture was extracted with 

dichloromethane (400 mL). The dichloromethane solution was washed with water (3× 100 

mL), separated, dried over anhydrous sodium sulfate and filtered. The dichloromethane 

was distilled off to obtain a viscous liquid, which solidified on prolonged standing; yield, 

53.6 g (85%).  

 

3.3.5.2 Synthesis of 4-(1-cyclohexyl-1-methyl ethyl) cyclohexanone 

 

Into a 1 lit round bottom flask equipped with a mechanical stirrer was added a finely 

ground  mixture of PCC (97 g, 0.45 mol) and silica gel (97 g, 100-200 mesh). To this, 

dichloromethane (600 mL) was added, the suspension was stirred and 4-(1-cyclohexyl-1-

methyl ethyl)cyclohexanol (HPCP) (50 g, 0.22 mol) was added in small portions at room 

temperature. The reaction mixture darkened (30 min) and the stirring was continued for 4 

h. The reaction mixture was filtered through a short silica gel column. The filtrate was 

concentrated under vacuum to obtain a solid. The solid was taken up in ethyl acetate (400 

mL), washed with water (2× 100 mL) followed by washing with saturated aqueous sodium 

chloride (2× 100 mL) and water (1× 100 mL). The organic layer was dried over anhydrous 

sodium sulfate, filtered and ethyl acetate was removed on a rotary evaporator. The residue 

obtained was recrystallized from methanol; yield, 44.59 g (90%), m.p. 86°C. 
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3.3.5.3 Synthesis of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl cyclohexane  

 

Into a 100 ml three-necked round bottom flask fitted with a magnetic stirrer bar, a HCl dip 

tube and a reflux condenser connected to a scrubber were placed 4-(1-cyclohexyl-1-methyl 

ethyl) cyclohexanone (10 g, 0.05 mol), phenol (25.38 g, 0.27 mol) and 3-MPA (0.1 mL). 

Dry HCl was bubbled into the reaction mixture at room temperature. The reaction mixture 

became solid at the end of 2 h. The reaction mixture was dissolved in ethyl acetate (250 

mL) and neutralized by washing with aqueous sodium bicarbonate solution (3× 50 mL)  

followed by washing with water (3× 50 mL). The organic layer was dried over sodium 

sulfate, filtered and ethyl acetate was distilled off. The product was recrystallized from  

toluene; yield, 12.71 g (72%), m.p. 197°C 

 

3.3.6 Synthesis of 1,1-bis(4-hydroxy-3-methylphenyl) -4-perhydrocumyl cyclo-

hexane  

 

Into a 100 ml three-necked round bottom flask fitted with a magnetic stirrer bar, a HCl dip 

tube and a reflux condenser connected to a scrubber were placed cyclohexanone 4-(1-

cyclohexyl-1-methyl ethyl) (10 g, 0.05 mol), o-cresol (29.16 g, 0.27 mol) and 3-MPA 

(0.1ml). Dry HCl was bubbled into the reaction mixture for 24 h at 45°C. The reaction 

mixture was dissolved in ethyl acetate (250 mL) and neutralized by washing with aqueous 

sodium bicarbonate solution (3× 50 mL)  followed by washing with water (3× 50 mL). 

The organic layer was dried over sodium sulfate, filtered and ethyl acetate was distilled 

off. The product was recrystallized from a mixture of pet-ether and benzene (80/20, v/v); 

yield, 13.24 g (70%), m.p. 189°C 

 

3.3.7 Synthesis of 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-perhydrocumyl 

cyclohexane  

 

Into a 100 ml round bottom flask containing 15 mL HCl/acetic acid mixture (2:1, v/v),  4-

(1-cyclohexyl-1-methyl ethyl)cyclohexanone (10 g, 0.05 mol) and 2,6-dimethylphenol 

(10.98 g, 0.09 mol) were stirred for seven days at room temperature. The reaction mixture 
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was dissolved in ethyl acetate (150 mL) and neutralized by washing with aqueous sodium 

bicarbonate solution (3× 40 mL)  followed by washing with water (2× 40 mL). The 

organic layer was dried over sodium sulfate, filtered and ethyl acetate was distilled off. 

The product was recrystallized from hexane, yield 12.1 g (60 %), m.p. 213°C 

 

3.3.8 Synthesis of 1,1-bis(4-hydroxy-3,5-dibromophenyl) -4-perhydrocumyl 

cyclohexane  

 

Into a 100 ml round bottom flask equipped with a magnetic stirring bar, were placed 1,1-

bis(4-hydroxyphenyl) -4-perhydrocumyl cyclohexane (5.0 g, 0.012mol) and ethanol (20 

mL). The reaction mixture was maintained at 10°C. To the reaction mixture bromine (7.99 

g, 0.05 mol) was added dropwise over a period of 30 min and reaction mixture was stirred 

for additional 30 minutes. The reaction mixture was refluxed for 1 h and 10 ml of water 

was added and refluxion was continued for 30 min. The reaction mixture was cooled to 

room temperature and solid formed was separated by filtration. The crude product 

obtained was recrystallized from ethanol, yield 7.22 g (80 %), m.p. 220°C. 

 

3.3.9 Synthesis of 1,1-bis(4-hydroxy-3-methyl-5-bromophenyl)-4-perhydro-cumyl 

cyclohexane  

 

Into a 100 ml round bottom flask equipped with a magnetic stirring bar, were placed 1,1-

bis(4-hydroxy-3-methylphenyl) -4-perhydrocumyl cyclohexane (5 g, 0.012mol) and 

methanol (20 mL). The reaction mixture was maintained at 10°C. To the reaction mixture, 

bromine (4.02 g, 0.025 mol) was added dropwise over a period of 30 min and reaction 

mixture was stirred for additional 30 minutes. The reaction mixture was refluxed for 1 h 

and 10 ml of water was added and refluxion  was continued for 30 min. The reaction 

mixture was cooled to room temperature and solid formed was separated by filtration. The 

crude product was recrystallized from methanol, yield 5.50 g (80 %), m.p. 204°C. 
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3.3.10 Synthesis of 1,1-bis(4-aminophenyl) -4-perhydrocumyl cyclohexane 

 

Into a 250 mL round bottom flask equipped with a magnetic stirring bar and a reflux 

condenser were placed cyclohexanone 4-(1-cyclohexyl-1-methyl ethyl) (10 g, 0.045 mol), 

aniline hydrochloride (17.51 g, 0.135) and  freshly distilled aniline (62 mL, 0.675 mol). 

The mixture was refluxed for 24 h. The reaction mixture was neutralized by 1 N aqueous 

sodium hydroxide (100 ml). The organic layer was washed with water (3 x 20 mL) and 

excess aniline was distilled off. The crude product obtained was recrystallized from 

ethanol to yield colorless plates, yield 8.8 g (50%), m.p. 186-188°C. 

 

3.3.11 Synthesis of 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per-hydrocumyl               

cyclohexane 

3.3.11.1 Synthesis of 1,1-bis[4-(4-nitrophenoxy)phenyl]-4-per-hydrocumyl cyclo-

hexane  

 

In a 250 mL round bottom flask equipped with a magnetic stirrer, a nitrogen inlet and a 

reflux condenser were placed 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl cyclohexane 

(10 g, 0.026 mol), p-chloronitrobenzene (8.19 g, 0.052 mol) and   anhydrous DMF (90 

mL). To the reaction mixture potassium carbonate (7.75g, 0.056 mol) was added and the 

reaction mixture was refluxed under the stream of nitrogen for 10 h. The reaction mixture 

was then cooled to room temperature and poured into 600 mL of water. The solid 

separated was filtered and washed with water. The crude product was recrystallized from 

DMF to give yellow crystals; yield, 15.20 g (94%), m.p. 189°C.   

 

3.3.11.2 Synthesis of 1,1-bis[4-(4-aminophenoxy)phenyl]-4-per-hydrocumyl cyclo-

hexane  

 

Into a 250 mL three necked round bottom flask equipped with a magnetic stirrer, a 

nitrogen inlet and a reflux condenser were placed 1,1-bis[4-(4-nitrophenoxy)phenyl)-4-

per-hydrocumyl cyclohexane (10.14 g, 0.016 mol), 10 wt% Pd/C  (0.2 g) and ethanol (100 

mL). To the reaction mixture hydrazine hydrate (6 mL) was added dropwise over a period 

of 1 h at reflux temperature under inert atmosphere. After completion of hydrazine hydrate 
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addition, the mixture was refluxed for additional 4 h. The solid separated out. To the 

reaction mixture 15 mL of THF was added to dissolve the solid and refluxion was 

continued for additional 2 h. The reaction mixture was filtered while hot to remove Pd/C 

and  THF was removed at rotary evaporator. After cooling, colorless needles were isolated 

by filtration; yield, 7.24 g (80%), m.p. 165-166°C. 

 

3.3.12 Synthesis of 1,1-bis[4-(4-carboxyphenoxy)phenyl)]-4-per-hydrocumyl 

cyclohexane  

3.3.12.1 Synthesis of 1,1-bis[4-(4-cyanophenoxy)phenyl)]-4-per-hydrocumyl cyclo-

hexane  

 
Into a 250 mL round bottom flask equipped with a magnetic stirring bar, a Dean–Stark 

trap and a condenser were placed 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 

cyclohexane (5g, 12.6 mmol), DMF (35 mL) and toluene (25 mL). To the reaction mixture 

anhydrous potassium carbonate (3.52 g, 25.2 mmol) was added . The suspension was 

heated to reflux and water was removed by azeotropic distillation with toluene. After 

complete removal of water, the residual toluene was distilled off. The reaction mixture 

was cooled to about 60°C and p-fluorobenzonitrile (3.09 g, 0.025 mol) was added. The 

reaction mixture was refluxed for 6 h and then cooled to room temperature and was poured 

into 500 mL of water. The precipitated white powder was collected by filtration, 

thoroughly washed with water and dried. The crude product was purified by 

recrystallization from acetonitrile; yield, 6.43 g (85%) m.p. 148-149°C. 

 

3.3.12.2 Synthesis of 1,1-bis[4-(4-carboxyphenoxy)phenyl)]-4-per-hydrocumyl cyclo-

hexane  

 

Into a 100 mL round bottom flask equipped with a magnetic stirring bar and a reflux 

condenser were placed 1,1-bis[4-(4-cyanophenoxy)phenyl)]-4-per-hydrocumyl 

cyclohexane (5 g, 8.4 mmol), potassium hydroxide (4.41 g, 84 mmol), ethanol (30 mL), 

and water (30 mL). The reaction mixture was refluxed for 72h. The resulting clear solution 

was filtered while hot to remove any insoluble impurities and was cooled to room 

temperature. The filtrate was acidified with concentrated HCl to PH = 2. The precipitated 
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white powder was isolated by filtration, washed repeatedly with water, and dried under 

vacuum at 150°C for 12 h; yield, 5.1 g (96%), m. p. 245°C.  

 

3.4 Results and Discussion 

 

3.4.1 Synthesis and characterization of 1,1-bis(4-hydroxyphenyl)-3-

pentadecylcyclohexane 

 

Bisphenols are an important class of chemicals and/or intermediates for the preparation of 

industrially useful epoxy resins, polycarbonates, polyesters, polyether sulfones, 

polyetherketones, etc. Bisphenols are usually synthesized by the acid-catalyzed 

condensation of aldehydes or ketones with phenols. The properties of the end polymers 

depends on the structure of the bisphenol. There is a wide scope to design new bisphenol 

molecules by varying either aldehyde/ ketone or phenol. A variety of aldehydes/ or 

ketones have been used for synthesis of bisphenols. Bisphenols synthesized from cyclic 

ketones yielded polymers with improved thermal and mechanical properties. However, 

cyclohexanone derived bisphenols yielded polyesters with poor processability. The 

substitution on the cyclohexyl ring, is one of the approaches for achieving processable 

polymers.  

The present work mainly deals with the substituted cyclohexylidene containing polymers. 

Cyclohexanone is synthesized by oxidation of cyclohexanol, which is obtained by the 

reduction of phenol.  Alkyl substituted cyclohexanones can be derived from alkyl phenols. 

Cardanol, a renewable resource material obtained from cashew nut shell liquid, is a  

source of long chain alkenyl phenol which can take part in variety of reactions. 

A new bisphenol monomer containing 3-pentadecylcyclohexylidene moiety was designed 

and synthesized from cardanol making use of simple organic transformations like 

hydrogenation, oxidation and acid-catalyzed condensation with phenol. 

Scheme 3.1 depicts the route for the synthesis of 1,1-bis(4-hydroxyphenyl)-3-

pentadecylcyclohexane (BPC15). The synthesis of BPC15 involved four steps.  
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Scheme 3.1 Synthesis of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane 

 

In the first step, 3-pentadecylphenol was prepared by the catalytic hydrogenation of 

freshly distilled cardanol in the presence of 5% Pd/C catalyst. The product obtained was 

recrystallized from petroleum ether (60-80°C) and was characterized by FTIR and 1H 

NMR spectroscopy. FTIR spectrum showed absorption band at 3342 cm-1, corresponding 

to –OH stretching.  

Several researchers have studied the catalytic hydrogenation of cardanol at normal and 

elevated temperatures with different catalysts like nickel, Raney nickel, etc.16,17 Effect of 

hydrazine hydrate on the reduction of cardanol was studied by Bhople et al and the 

products were compared to those obtained by catalytic hydrogenation. It was observed that 

increase in the molar ration of hydrazine hydrate to cardanol (more than 1:15) gave better 

reduction of cardanol.19 In the present study, Pd/C was used for high yields and reusability 

of the catalyst. 

In the second step, 3-pentadecyl phenol was hydrogenated using 5% Ru/C to get 3-

pentadecylcyclohexanol. Transition metal catalysts such as Ni, Pd, Co, Rh, Pt, Ru, etc can 

also be used for the hydrogenation of phenols.20-24 After complete reduction reaction 

mixture was filtered and the catalyst was recovered. The filtrate had slight blackish tinge, 

which could be mainly because of the fine carbon powder. The filtrate was passed through 

short column of silica gel (100-200 mesh) to obtain colorless solution. The evaporation of 

solvent under reduced pressure yielded 3-pentadecylcyclohexanol as white solid.  
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The reduction of 3-pentadecyl phenol gives cis- and trans-3-pentadecylcyclohexanols.17 

3-Pentadecylcyclohexanol was characterized by FTIR, 1H NMR and 13C-NMR 

spectroscopy.  

The disappearance of the band at 1600 cm-1 corresponding to aromatic C=C stretching 

indicates the reduction of aromatic ring. The O-H stretching vibration was observed at 

3334 cm-1.  

The complete reduction of aromatic ring was further indicated by the disappearance of 

peaks corresponding to aromatic protons in the region 6.65-7.18 ppm in 1H NMR 

spectrum (Figure 3.3). The two isomers can be distinguished by 1H-NMR spectroscopy as 

proton ‘a’ and ‘e’ appear at 3.35 and 4.04 ppm, respectively. 

 

Figure 3.3 1H-NMR spectrum of 3-pentadecylcyclohexanol 
13C-NMR spectrum of 3-pentadecylcyclohexanol with partial assignments is presented in 

Figure 3.4. The assignment for the pentadecyl chain is not given because of the 

complexity of the system. The spectrum indicates the presence of cis and trans isomers. 

The carbon number 1 from cis isomer was observed at 70.94  ppm, where as carbon 1’ 

from trans isomer was observed at 66.90 ppm. Carbon 3 and 3’ were observed at same 

chemical shift value (31.56 ppm). The terminal CH3 from pentadecyl chain appeared at 

14.05 ppm. However, isomer separation and detailed spectral analysis was not carried out 

as it was outside the scope of present work. 
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Figure 3.4 13C-NMR spectrum of 3-pentadecylcyclohexanol 

 

The oxidation of alcohols to aldehydes and ketones is fundamental reaction in organic 

synthesis. Since the first experiment in 1820 by Davy who oxidized ethanol with air over a 

platinum catalyst, various reagents have been reported which include, high valent 

chromium, and manganese compounds25, hypervalent iodine comounds26, m-CPBA or 

sodium hypochlorite with TEMPO,27 etc. From the standpoint of the green and sustainable 

chemistry cleaner catalytic systems for oxidations have been in demand.28 Recently metal-

catalyzed oxidations of alcohols using clean and cheap oxidants such as H2O2, O2, and/air 

have been investigated.29-32 

In the present study, pyridinium chlorochromate (PCC) was used for oxidation of 3-

pentadecylcyclohexanol because of the easy and safe preparation as well as the its 

demonstrated utility for moderate to large scale oxidations.13   

In the third step 3-penatdecyl cyclohexanol was oxidized to 3-pentadecyl cyclohexanone 

using PCC. The reaction mixture turned dark brown in color within 30 min. After the 

completion of reaction, the reaction mixture was filtered through short column of celite 

and silica gel to get colorless filtrate. The solvent was distilled off and solid was dissolved 

in ethyl acetate and washed with water followed by brine. It is known that the presence of 

metal impurities in the final polymer can lead to the degradation of polymer chain and 

deteriorate the mechanical properties of polymer. Therefore care was taken to eliminate 

the presence of metal residue. 3-Pentadecylcyclohexanone was crystallized from methanol 

to get white solid.  
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3-Pentadecylcyclohexanone was characterized by FTIR and 1H-NMR spectroscopy. FTIR 

spectrum showed the absence of band at 3300 cm-1 corresponding to hydroxyl group and 

appearance of characteristic band for the carbonyl stretch at 1705 cm-1.   
1H NMR spectrum of 3-pentadecylcyclohexanone is reproduced in Figure 3.5, which 

shows absence of peaks at 3.56 and 4.04 ppm, corresponding to ‘a’ and ‘e’ protons of 3-

pentadecylcyclohexanol. 

 

 

Figure 3.5 1H-NMR spectrum of 3-pentadecylcyclohexanone 

 

In the fourth step, 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane (BPC15) was 

prepared by condensation of 3-pentadecyl cyclohexanone with phenol using hydrogen 

chloride/3-mercaptopropionic acid catalyst system. The role of 3-mercaptopropionic acid 

for this reaction has been investigated in detail by various researchers.33,34 When 3-

mercaptopropionic acid is used in combination with other strong acids, for the 

condensation, the rate and the selectivity for the formation of desired bisphenol (p,p-

isomer) is increased. Under these conditions the reaction was complete within one hour. 

The pink colored solid mass was dissolved in ethyl acetate and was washed with sodium 

bicarbonate solution and water. Ethyl acetate was removed under reduced pressure to get 

resinous mass. The excess phenol was removed by washing with hexane and crude BPC15 

was crystallized two times from hexane toluene mixture (9:1 v/v). Unlike bisphenol-A, 

which forms a crystalline 1:1 adduct with phenol, BPC15 does not crystallize as 1:1 adduct 

with phenol. The purity of BPC15 was monitored by high performance liquid 
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chromatography. HPLC trace for BPC15 is reproduced in Figure 3.6. The purity of BPC15 

was found to be >99.9 %.  

 

Figure 3.6 HPLC trace of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane 

 

BPC15 was characterized by FTIR, 1H and 13C NMR spectroscopy.  

FTIR spectrum of BPC15 (Figure 3.7) showed broad band at 3291 cm-1 corresponding to –

OH group. 

 

Figure 3.7 FTIR spectrum of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane 
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1H NMR spectrum of BPC15 along with assignments is presented in Figure 3.8. 

Detailed study of 1H and 13C NMR spectra showed the presence of distereotopic phenyl 

rings, which are magnetically non-equivalent. BPC15 is not symmetrical about a C2 axis 

between the two phenyl rings and this results in different environments for two phenyl 

rings. Because of this, the aromatic rings showed four doublets in 1H NMR spectrum and  

two sets of four aromatic shifts in 13C spectrum as compared to only one set for 

symmetrical bis-phenols. The substitutent on the cyclohexyl ring prevents the ring 

inversion of cyclohexyl ring and axial and equatorial phenyl groups can hence be 

distinguished.  

 

 

Figure 3.8  1H-NMR spectrum of 1,1-bis(4-hydroxyphenyl)-3-
pentadecylcyclohexane 

 

The protons of axial and equatorial phenyl rings can be distinguished. Two sets of 

doublets are observed in the region of 6.57 – 7.12 ppm. Protons meta to hydroxy of 

equatorial phenyl ring appeared at 7.11 ppm, while those for axial ring appeared at 6.92 

ppm. Protons ortho to hydroxy of equatorial phenyl ring appeared at 6.70 ppm while those 

of axial ring appeared at 6.58 ppm. These assignments are based on the 2D NOESY 

experiement. The two hydroxyl protons appeared as two well resolved singlets at 4.77 and 

4.70 ppm. Axial and equatorial protons of cyclohexyl rings appeared at different chemical 

shift values. Generally, the equatorial protons are found to appear at a lower field 

compared to the corresponding axial proton. A combination of COSY, NOESY and 13C-
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1H HETCOR experiments have been used for the complete assignments of the protons. 

Two dimensional COSY, NOESY and 13C-1H HETCOR spectra are reproduced in Figure 

3.9, 3.10 and 3.11, respectively.  

 

 

 

Figure 3.9 COSY spectrum of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane 

 

  

Figure 3.10 NOESY spectrum of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane 
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Figure 3.11 1H-13C HETCOR spectrum of 1,1-bis(4-hydroxyphenyl)-3-
pentadecylcyclohexane 
 
The protons of carbon 2 and 6 can be assigned unambiguously on the basis of their NOE’s 

to the aromatic protons c and c’. The equatorial protons of carbon 2 and 6 are expected to 

be at a lower field compared to their axial counterparts. 

Axial proton of carbon number 6 and equatorial protons of carbon number 4 and 5 

appeared as multiplet in the region 1.69 – 1.59 ppm. Axial protons for carbon number 2, 3 

and 4 appeared as mutiplet in the region 1.36 – 1.32 ppm. Methylene protons of alkyl 

chain appeared in the region  1.21 – 1.12 ppm as broad multiplet. Axial proton of carbon 

number 4 and terminal methyl protons of alkyl chain appeared as distorted triplet and a 

multiplet in the region 0.90– 0.78 ppm.  

The CH2 group α to the terminal methyl group of alkyl chain and α to the cyclohexyl ring 

can be easily identified from the COSY spectrum and appear at 1.21 and 1.12 ppm 

respectively. The former one showed cross peak to the terminal CH3 while the latter 

attached to the cyclohexyl ring shows cross peak to the axial proton of carbon 3, which 

made it possible to assign the axial proton of carbon 3. The multiplet centered at 0.9 ppm  

showed correlations to proton at ~ 1.59 ppm . The HETCOR experiment showed that these 

protons are attached to the same carbon at 33.09 ppm. These two protons also showed 

strong NOE. Moreover, a weak cross peak between equatorial proton of carbon 2 and 

equatorial proton of carbon 4 at ~1.59 ppm also confirms the assignment of carbon 4 and 

its protons.  

A clear cut assignment of various protons and carbons can be made from the spectra 

recorded from C6D6 solution which gave better dispersion of the various cyclohexyl 
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protons except for axial proton attached to carbon 4 which was very close to the terminal 

CH3 group. Partial 1H NMR spectrum of BPC15 in C6D6 is reproduced in Figure 3.12. 

Equatorial protons of carbon 2 and 6 have been resolved as two doublets and appear at 

2.51 and 2.49 ppm, respectively.  

 

Figure 3.12 Partial 1H-NMR spectrum of 1,1-bis(4-hydroxyphenyl)-3-
pentadecylcyclohexane in C6D6 

 
13C NMR spectrum of BPC15 along with assignments is presented in Figure 3.13. 

Equatorial phenyl ring carbons appeared downfield compared to their axial phenyl ring 

partners. Carbons attached to hydroxyl group appeared as two peaks at 153.07 and 153.01 

ppm for equatorial and axial phenyl rings, respectively. Carbons para to hydroxyl group 

appeared at 144.78 and 138.19 ppm. Carbons meta to hydroxyl group appeared at 129.15 

and 127.35 ppm, where as carbons ortho to hydroxyl group showed signal at 115.20 and 

114.78 ppm. Aliphatic carbons were observed at higher field. Carbon  1, 2, 6, 3, 4 and 5 

appeared at 45.59, 44.46, 37.73, 33.56, 33.35 and 22.85 ppm, respectively. Terminal CH3 

of alkyl chain showed signal at 14.07 ppm. All these assignments were made and 

confirmed with two dimensional NMR experiments. 

 

Figure 3.13 13C-NMR spectrum of 1,1-bis(4-hydroxyphenyl)-3-pentadecyl-
cyclohexane 
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X-ray crystallography provided unequivocal assignment of both chemical structure and 

configuration of cyclohexane ring.  

Colorless single crystals of BPC15 were grown from benzene solution. The X-ray crystal 

data for BPC15 is given in Table 3.1.  

Table 3.1. X-Ray crystal data for 1,1-bis(4-hydroxyphenyl)-3-pentadecyl-
cyclohexane 
 
Formula C33 H50 O2 
Formula weight 478.73 
Crystal color Colorless plates 
Crystal size (mm3) 0.70 x 0.62 x 0.23 
Lattice parameters 

a (Å) 
b (Å) 
c (Å) 
α (deg)  
β (deg)  
γ (deg) 
V (Å3) 

 
6.966(1) 
9.927(2) 
21.791(4) 
87.897 (4) 
83.038(4) 
84.867(4) 
1489.1(5) 

Crystal system triclinic 
Space group P¯ 1 
Z 2 
Calculated density (mg m-3) 1.068  
µ (mm-1) 0.061 
No. of measured reflections 14522 
No. of observed reflections 5232 
R 0.0480 
Rw 0.0944 
 
Table 3.2 Analysis of potential hydrogen bonds in 1,1-bis(4-hydroxyphenyl)-3-
pentadecylcyclohexane crystals 
 

Donor---H· · · Acceptor H· · · A D· · · A  D-H· · · A (°) 

1 O(1) ---H(1) · · · O(2)i 1.9578 2.7457 160.87 

1 O(2) ---H(2) · · · O(1)ii 1.9237 2.7020 158.12 
 
Equivalent position code 
i = 1-x,2-y,-z 
ii= 1+x,-1+y,z 
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The ORTEP drawing of  BPC15 is shown in Figure 3.14a. Selected bond length and bond 

angle values are listed in Appendix-1. As is clearly seen from Figure 3.14a, the alkyl 

chain of the molecule is in all-trans conformation. The torsion angles observed for the 

alkyl chain region are all in the neighborhood of 180° and are fully in agreement with 

above observation. Packing diagram for BPC15 is presented in Figure 3.14b.  The BPC15 

molecules are packed head-to-head (and tail-to-tail) similar to arrangement in stacked 

bilayers. The O-H· · ·O hydrogen bonds between the head groups (phenolic -OH) of 

opposite layers of the bilayer are most likely the driving force for this arrangement (Table 

3.2). The alkyl chains of the adjacent molecules are in van der Waals contacts, with a 

distance of 6.592 Å. The hydrogen bonding pattern observed in the crystal lattice of BPC15 

is depicted in Figure 3.14b. Figure 3.14b gives a picture of molecular packing together 

with the hydrogen bonds between the hydroxyl groups in opposite layers. Each hydroxyl 

group is involved in two hydrogen bonds, one as hydrogen bond donor and other as 

hydrogen bond acceptor. From Figure 3.14b, it is clear that O-H· · ·O hydrogen bonds 

form four-member ring structure.  
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Figure 3.14a ORTEP diagram for 1,1-bis(4-hydroxyphenyl)-3-pentadecyl-
cyclohexane. Ellipsoids are drawn at 50% probability level. 
 

 

 
 
 
 
 

Figure 3.14b Packing diagram for 1,1-bis(4-hydroxyphenyl)-3-pentadecyl-
cyclohexane molecules 
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3.4.2 Synthesis and characterization of 1,1-bis(4-hydroxyphenyl)cyclohexane 

Cyclohexanone has been exploited for synthesis of various value added chemicals and 

polymers via various organic transformations. Cyclohexanone has been condensed with 

phenol and substituted phenols to get cyclohexylidene containing bisphenols. In the 

present, study bisphenol based on  cyclohexanone was synthesized to compare the 

properties of polyesters derived from cyclohexylidene containing bisphenols and 

substituted cyclohexylidene containing bisphenols. 

Scheme 3.2 outlines route for synthesis of 1,1-bis(4-hydroxyphenyl)cyclohexane (BPC).  

 

O OH

+ HCl, MPA
OHHO

BPC  

Scheme 3.2 Synthesis of 1,1-bis(4-hydroxyphenyl)cyclohexane 

Cyclohexanone was reacted with excess phenol in the presence of HCl and 3-MPA. The 

solid product obtained at the end of reaction was dissolved in ethyl acetate and neutralized 

by sodium bicarbonate solution followed by water wash. Ethyl acetate was distilled off 

under vacuum to obtain resinous mass. Upon addition of pet-ether white solid was 

separated out. The crude product was crystallized twice from mixture of pet-ether and 

benzene (8:2, v/v). 

 BPC was characterized by FTIR, 1H and 13C NMR spectroscopy.  

FTIR spectrum exhibited a broad absorption band at 3282 cm-1 corresponding to –OH 

stretching. 
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Figure 3.15  1H-NMR spectrum of 1,1-bis(4-hydroxyphenyl)cyclohexane in CD3OD 

1H NMR spectrum of BPC (Figure 3.15) showed a set of doublets for aromatic protons. 

Since cyclohexyl rings undergoes ring inversion the axial and equatorial phenyl rings are 

in equilibrium and spectrum appears as that of symmetrical bisphenols. Doublet at 6.90 

ppm corresponds to the protons ortho to hydroxyl group, whereas protons meta to 

hydroxyl group appears at 6.51 ppm. Unlike in case of substituted cyclohexanone derived 

bisphenol (BPC15), aliphatic region showed only two broad peaks. Protons attached to 

carbon number 2 and 6 appeared as a broad peak at 2.02 ppm and those attached to carbon 

number 3, 4 and 5 appeared at 1.34 ppm.    
13C NMR spectrum of BPC along with individual carbon assignments is presented in 

Figure 3.16, which confirmed the symmetric nature of BPC molecule. 

  

Figure 3. 16 13C-NMR spectrum of 1,1-bis(4-hydroxyphenyl)cyclohexane in CD3OD 
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3.4.3 Synthesis and characterization of 1,1-bis(4-hydroxyphenyl)-3-

methylcyclohexane 

The synthesis of 1,1-bis(4-hydroxyphenyl)-3-methylcyclohexane (BPC1) was undertaken 

for two reasons. a) to understand the effect of alkyl substitutent at position three of 

cyclohexyl ring on the 1H-NMR spectral shifts of cyclohexylidene containing bisphenols 

and b)  to check the effect of methyl substitution on the solubility of aromatic polyesters 

derived therefrom.  

Scheme 3.3 outlines the route for synthesis of BPC1.  

BPC1

OH

OHHO

HCl, MPA

OH

O

82%

Ru/C, H2

125oC, 1000 psi

OH

96%

(O) PCC

93%

CH3

CH3CH3CH3

 

Scheme 3.3 Synthesis of 1,1-bis(4-hydroxyphenyl)-3-methylcyclohexane 

 

BPC1 was synthesized starting from 3-methylphenol by the hydrogenation to get 3-

methylcyclohexanol, which was oxidized to 3-methylcyclohexanone. 3-

Methylcyclohexanone was condensed with excess phenol in presence of HCl and 3-MPA 

as discussed in Section 3.4.1.  

BPC1 was characterized by FTIR, 1H and 13C-NMR spectroscopy.  

FTIR spectrum showed a broad absorption band at 3275 cm-1 corresponding to –OH 

stretching.  
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1H-NMR spectrum exhibited upfileld shift of the axial proton of carbon four of cyclohexyl 

ring as observed in case of BPC15 and was confirmed by the two dimensional NMR 

spectroscopy. Axial proton of carbon 4 of BPC1 and BPC15 appeared at 0.89 and 0.86 

ppm, respectively. 
1H and 13C NMR spectra for BPC1 along with assignment are presented in Figure 3.17 and 

3.18, respectively.  

  

 

Figure 3.17 1H-NMR spectrum of 1,1-bis(4-hydroxyphenyl)-3-methylcyclohexane 
in CD3OD 
 

 

Figure 3.18 13C-NMR spectrum of 1,1-bis(4-hydroxyphenyl)-3-methylcyclohexane 
in CD3OD 
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3.4.4 Synthesis and characterization of 1,1-bis(4-aminophenyl)-3-

pentadecylcyclohexane 

Diamines constitute a highly significant class of starting materials in the manufacture of a 

variety of polymers such as polyimides, polyamides, polyazomethines, polyurethanes, 

polyureas, etc. Various methods have been developed for the preparations of amines such 

as, replacement of halogen atom of alkyl or aryl halide by amino group, reduction of nitro 

compounds, alkaline hydrolysis of isocyanates, etc. Another method for the syntheis of 

diamines is to react aldehydes or ketones with aniline.35-37   

Scheme 3.4 depicts route for synthesis of 1,1-bis(4-aminophenyl)-3-

pentadecylcyclohexane (BAC15) 

The reaction of aniline with 3-pentadecyl cyclohexanone in the presence of aniline 

hydrochloride under reflux condition yielded BAC15.   

BAC15

C15H31

NH2H2N

+

NH2

C15H31

O
Aniline hydrochloride

 

Scheme 3.4 Synthesis of 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane 

The structure of the BAC15 was confirmed by FTIR, 1H and 13C-NMR spectroscopy. FTIR 

spectrum (Figure 3.19) of BAC15 showed  absorption bands at 3412 and 3338 cm-1 

indicating the presence of primary amino group. 
1H NMR spectrum (Figure 3.20) of BAC15 showed the presence of four doublets in the 

aromatic region indicating the nonequivalent nature of the phenyl rings as in case of 

BPC15.  Aliphatic protons of BAC15 exhibited similar pattern as that of BPC15. Axial 

proton of carbon 4 of BAC15 appeared at 0.88 ppm along with terminal CH3 of pentadecyl 

chain. The equatorial protons of carbon 2 and 6 appeared down field at 2.51 and 2.53 ppm, 

respectively. The axial protons of carbon 6 and equatorial protons of carbon 4 and 5 

appeared as multiplet in the region 1.74-1.61 ppm. Axial protons for carbon 2, 3 and 4 

appeared as multiplet in the region 1.43-1.37 ppm. Methylene protons of alkyl chain 
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appeared as broad multiplet centered at 1.26 ppm.13C-NMR spectrum (Figure 3.21) 

showed two sets of four aromatic shifts.     

 

Figure 3.19 FTIR spectrum of 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane 

 

 

Figure 3.20 1H-NMR spectrum of 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane 
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Figure 3.21 13C-NMR spectrum of 1,1-bis(4-aminophenyl)-3-pentadecyl-
cyclohexane 
 
3.4.5 Synthesis and characterization of bisphenols derived from p-cumylphenol 

Desired polymer properties can be achieved by careful deign of the monomers. 

Introduction of the cardo groups into the polymer backbone has led to a valuable set of 

properties: the combination of increased thermal stability with an increased solubility in 

organic solvents because of specific contribution of the cardo group. p-Cumylphenol is 

commercially available raw material. Substituted cyclohexanone can be derived from p-

cumylphenol through simple organic transformations and which can be used for the 

synthesis of various cardo monomers. 

Five new bisphenol monomers with systematic variation in structure were designed and 

synthesized starting from p-cumylphenol to understand the structure property relationship 

of the polyesters. Following five bisphenols were designed and synthesized. 

1,1-Bis(4-hydroxyphenyl) -4-perhydrocumyl cyclohexane 

1,1-Bis(4-hydroxy-3-methylphenyl) -4-perhydrocumyl cyclohexane 

1,1-Bis(4-hydroxy-3,5-dimethylphenyl) -4-perhydrocumyl cyclohexane 

1,1-Bis(4-hydroxy-3,5-dibromophenyl) -4-perhydrocumyl cyclohexane 

1,1-Bis(4-hydroxy-3-methyl-5-bromophenyl) -4-perhydrocumyl cyclohexane 

Systematic variation in the bisphenol molecule was achieved using simple organic reaction 

sequences.  

Scheme 3.5 depicts route for the synthesis of five new bisphenols starting from p-

cumylphenol. 
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PCP

OH

Ru/C, H2

150oC, 1400 psi
PCC(O)

OH

HPCP HPCP-K

O

OH
R'R

+

O
OHHO

R R

R'R'H+

R = R' = H
R = H, R' = CH3
R = R' = CH3  

OHHO
R R

R'R'

R = R' = H
R = H, R' = CH3

Br2 Br2

OHHO
Br Br

BrBr

OHHO
Br Br

CH3H3C

 

Scheme 3.5 Synthesis of bisphenols starting from p-cumylphenol 

p-Cumylphenol was used as a starting material for the synthesis of 4-(1-cyclohexyl-1-

methylethyl)cyclohexanone, hereafter will be referred as perhydrocumylcyclohexanone.  

In the first step p-cumylphenol was hydrogenated using Ru/C as a catalyst in Parr reactor 

using isopropanol as solvent. The reaction was stopped when hydrogen absorption had 

ceased.  The catalyst was filtered off and filtrate with blackish tinge was passed through 

short column of silica gel (100-200 mesh) to obtain colorless solution. Solvent was 
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distilled off at reduced pressure and the residue was treated with 10% NaOH at reflux 

temperature for 2 hours. The reaction mixture was extracted in dichloromethane and 

washed with water to ensure the complete removal of any unreacted p-cumylphenol. 

Solvent was distilled off to obtain viscous liquid, which got partially crystallized on 

prolonged standing. Serijan et. al.38 separated the solid and crystallized it from petroleum 

ether. The solid obtained melted over a temperature range of 80-90°C and inferred to be 

one of the geometric isomer of 4-(1-cyclohexyl-1-methylethyl)cyclohexanol, hereafter will 

be referred as perhydrocumylcyclohexanol.    The product was characterized by FTIR and 

NMR spectroscopy. FTIR spectrum (Figure 3.22) showed the absence of C=C stretch 

corresponding to aromatic ring around 1600 cm-1 and showed a band at 3275 cm-1 

corresponding to hydroxyl stretching.   

 

Figure 3.22 FTIR spectrum of perhydrocumylcyclohexanol 

Two isomers can be distinguished by 1H-NMR spectroscopy as proton ‘a’  and ‘e’ appear 

at 3.52 and 4.02 ppm, respectively (Figure 3.26). However, isomer separation and detailed 

analysis was not carried out as it was beyond the scope of work. 
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Figure 3.23 1H-NMR spectrum of perhydrocumylcyclohexanol 

 

In the second step, perhydrocumylcyclohexanol was oxidized using PCC. The reaction 

could be monitored by FTIR spectroscopy. FTIR spectrum (Figure 3.24) showed the 

presence of C=O stretch at 1720 cm-1and absence of hydroxyl band around 3300 cm-1. 1H-

NMR spectrum (Figure 3.25) showed the absence of protons adjacent to hydroxyl at  3.52 

and 4.04 ppm.  
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Figure 3.24 FTIR spectrum of perhydrocumylcyclohexanone 
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Figure 3.25 1H-NMR Spectrum of perhydrocumylcyclohexanone 

 

3.4.5.1 Synthesis and characterization of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 

cyclohexane 

1,1-Bis(4-hydroxyphenyl) -4-perhydrocumyl cyclohexane (BPPCP) was prepared by the 

hydrogen chloride-3MPA catalyzed condensation of perhydrocumylcyclohexanone  with 

phenol. BPPCP was crystallized twice from toluene. Unlike bisphenol-A, which forms a 

crystalline 1:1 adduct with phenol, BPPCP does not crystallize as 1:1 adduct with phenol. 

The purity of BPPCP was confirmed by HPLC, and was found to be >99.9% (Figure 

3.26). 

 

Figure 3.26 HPLC trace of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl cyclo-
hexane 
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BPPCP was characterized by FTIR, 1H  and 13C NMR spectroscopy.   

FTIR spectrum of BPPCP showed a broad band at 3296 cm-1 corresponding to –OH 

stretching. 
1H NMR spectrum showed the presence of distereotopic phenyl rings, which are 

magnetically non-equivalent. BPPCP is not symmetrical about a C2 axis between the two 

phenolic rings and this results in different environments for two phenyl rings. Because of 

this, the aromatic rings showed four doublets  in 1H NMR spectrum and two sets of four 

aromatic shifts in  13C spectrum as compared to only one set for symmetrical bisphenols 

(eg., BPC Figure 3.15 and 3.16). The substitutent on the cyclohexyl ring prevents the ring 

inversion of cyclohexyl ring and making possible the distinction between axial and 

equatorial phenyl rings.  
1H NMR and 13C NMR spectra along with the assignments are presented in Figure 3.27 

and 3.28, respectively. Assignments for aromatic protons were easy and straightforward as 

compared to aliphatic protons. The presence of two substituted cyclohexyl rings 

complicate the assignment of the spectrum. Two dimensional NMR experiments were 

designed and the assignments to each proton could be made possible. These proton 

assignments were used for assigning individual carbons. COSY, NOESY and 1H-13C 

HETCOR spectra for BPPCP are reproduced in Figure 3.29, 3.30 and 3.31, respectively. 

TOCSY Spectrum (Figure 3.32) made it possible to identify protons of two cyclohexyl 

rings. 

 

Figure 3.27 1H NMR spectrum of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 
cyclohexane in CD3CN 
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Figure 3.28 13C NMR spectrum of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 
cyclohexane 

 
 

Figure 3.29 COSY spectrum of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 
cyclohexane 
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Figure 3.30 NOESY spectrum of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 
cyclohexane 

Figure 3.31 1H-13C-HETCOR spectrum of 1,1-bis(4-hydroxyphenyl) -4-
perhydrocumyl cyclohexane 
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Figure 3.32 Partial TOCSY spectrum of 1,1-bis(4-hydroxyphenyl) -4-perhydro-
cumyl cyclohexane 
 

 94



 
 
 
   

The structure of BPPCP was further detailed by single-crystal X-ray analysis.  

Single crystals of BPPCP were grown from ethanol solution. The X-ray crystal data for 

BPPCP is given in Table 3.3. 

Table 3.3  X-Ray crystal data for 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 
cyclohexane 
 
Formula (C27H36O2).CH3CH2OH  
Formula weight 438.63 
Crystal color Colorless 
Crystal size (mm3) 0.38 x 0.27 x 0.05 
Crystal system Monoclinic 
Lattice parameters 

a (Å) 
b (Å) 
c (Å) 
β (°)  
V (Å3) 

 
6.4260(8) 
36.529(5) 
12.247(1) 
115.974(2) 
2584.4(5) 

Space group P21/c 
Z 4 
Calculated density (mg m-3) 1.127 
No. of measured reflections 15815 
No. of observed reflections 3713 
R 0.0563 
Rw 0.1396 
Theta range for data collection 2.16 to 23.28 ° 
Completeness to theta = 23.28 99.7% 
 
Table 3.4 Analysis of potential hydrogen bonds in 1,1-bis(4-hydroxyphenyl) -4-
perhydrocumyl cyclohexane 
 

Donor---H· · · Acceptor H· · · A D· · · A  D-H· · · A (°) 

1 O(1) ---H(1) · · · O(2)i 1.92 2.739 176 

1 O(2) ---H(2) · · · O(3)ii 1.80 2.604 168 

2 O(3) ---H(3) · · · O(1)iii 2.01 2.791 159 

Equivalent position code 
i = 1-x,y,1+z 
ii= 1-x,2-y,1-z 
ii= 1-x,2-y,2-z 
 
The ORTEP drawing of BPPCP is shown in Figure 3.33a and packing diagram is 

presented in Figure 3.33b. Selected bond length and bond angle values are listed in 
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Appendix-2. As can be seen from crystal data in Table 3.3 and Figure 3.33, ethanol 

molecule has been crystallized along with BPPCP. Generally, crystallization begins with 

solute-solvent aggregates that contain solute-solute, solute-solvent and solvent-solvent 

interactions. The entropic gain in eliminating solvent molecules from these aggregates into 

the bulk solution, and the simultaneous enthalpic gain in forming stable solute species that 

contain robust supramolecular synthons, provides adequate driving force for nucleation 

and crystallization with the result that most (85%) organic crystals are unsolvated. 

However, when solvent molecules are attached to solute molecules in a multi-point 

manner via either strong (O/N-H···O) or weak (C-H···O) hydrogen bonds, the extrusion of 

solvent from aggregates into the bulk may become sufficiently disadvantageous from an 

enthalpic viewpoint with the result that the solvent remains an integral part of nucleating 

crystal.39  Multi-point recognition with strong hydrogen bonds between ethanol and 

BPPCP molecules might have facilitated the retention of ethanol molecule in BPPCP 

crystals (Table 3.4).  
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Figure 3.33a ORTEP diagram for 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 
cyclohexane along with solvent molecule (ethanol). Ellipsoids are drawn at 50% 
probability level. 
 

 
 

Figure 3.33b Packing diagram for 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 
cyclohexane. 
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The nature of solvated crystal was further confirmed by DSC and TGA. The DSC 

measurement of the BPPCP crystals grown from ethanol solution shows endothermic 

transition at 132°C and this can be accounted for the loss of ethanol molecule, which was 

further quantified with thermogravimetric analysis. DSC curve (Figure 3.34) of BPPCP 

exhibits two endothermic transitions, one at 132°C (loss of ethanol molecule) and second 

at 198°C (melting). 

 

Figure 3.34 DSC curve for 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 
cyclohexane 
 
3.4.5.2 Synthesis and characterization of 1,1-bis(4-hydroxy-3-methylphenyl) -4-

perhydrocumyl cyclohexane 

1,1-Bis(4-hydroxy-3-methylphenyl) -4-perhydrocumyl cyclohexane (DMBPPCP) was 

synthesized by hydrogen chloride/3-MPA-catalyzed condensation of 

perhydrocumylcyclohexanone with o-cresol as reported in Section 3.4.6a. The purity of 

monomer was checked by HPLC, and was found to be >99.9% (Figure 3.35). 
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Figure 3.35 HPLC trace of 1,1-bis(4-hydroxy-3-methylphenyl) -4-perhydrocumyl 
cyclohexane 
 
BPPCP was characterized by FTIR, 1H  and 13C NMR spectroscopy.  

FTIR spectrum of DMBPPCP showed a broad band at 3388 cm-1 corresponding to –OH 

stretching. 
1H and 13C NMR spectra of DMBPPCP along with assignments are presented in Figure 

3.36 and 3.37, respectively. 

 

 

Figure 3.36 1H NMR spectrum of 1,1-bis(4-hydroxy-3-methylphenyl) -4-
perhydrocumyl cyclohexane 
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Figure 3.37 13C NMR spectrum of 1,1-bis(4-hydroxy-3-methylphenyl) -4-
perhydrocumyl cyclohexane 
 

3.4.5.3 Synthesis of 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-perhydrocumyl 

cyclohexane 

1,1-Bis(4-hydroxy-3,5-dimethylphenyl) -4-perhydrocumyl cyclohexane (TMBPPCP) was 

synthesized by hydrogen chloride-catalyzed condensation of 

perhydrocumylcyclohexanone with 2,6-dimethyl phenol in HCl/acetic acid mixture (2:1, 

v/v). The solid mass formed at the end of reaction was dissolved in ethyl acetate and was 

washed with aqueous sodium bicarbonate followed by water. Ethyl acetate was removed 

under reduced pressure and crude product was crystallized from hexane to yield white 

crystals of TMBPPCP. The purity of monomer was checked by HPLC and was found to 

be >99.9 %(Figure 3.38). 
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Figure 3.38 HPLC trace of 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-
perhydrocumyl cyclohexane 
 
TMBPPCP was characterized by FTIR, 1H and 13C NMR spectroscopy. 

FTIR spectrum of TMBPPCP showed broad band at 3389 cm-1 corresponding to –OH 

stretching.  
1H and 13C NMR spectra of TMBPPCP along with assignments are presented in Figure 

3.39 and 3.40, respectively. 

 

 

Figure 3.39 1H NMR spectrum of 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-
perhydrocumyl cyclohexane 
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Figure 3.40 13C NMR spectrum of 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-
perhydrocumyl cyclohexane  
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The structure of TMBPPCP was further detailed by single-crystal X-ray analysis. 

Single crystals of TMBPPCP were grown from slow cooling of hexane solution. The X-

ray crystal data for TMBPPCP is given in Table 3.5. 

Table 3.5  X-Ray crystal data for 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-
perhydrocumyl cyclohexane 
 
Formula C31H44O2 
Formula weight 448.66 
Crystal color Colorless 
Crystal size (mm3) 0.55 x 0.24 x 0.06 
Lattice parameters 

a (Å) 
b (Å) 
c (Å) 
α (deg)  
β (deg)  
γ (deg) 
V (Å3) 

 
7.082(2) 
11.467(3) 
17.163(4) 
91.024(4) 
96.414(4) 
101.090(4) 
1358.1(6) 

Crystal system Triclinic 
Space group P¯1 
Z 2 
Calculated density (mg m-3) 1.097 
No. of measured reflections 13076 
No. of observed reflections 4791 
R 0.0575 
Rw 0.1554 
Theta range for data collection 1.81 to 25 deg 
Completeness to theta = 23.28 99.7% 
 
Table 3.6 Analysis of potential hydrogen bonds in 1,1-bis(4-hydroxy-3,5-
dimethylphenyl) -4-perhydrocumyl cyclohexane 

Donor---H· · · Acceptor H· · · A D· · · A  D-H· · · A (deg) 

1 O(1) ---H(1) · · · O(2)i 2.25 2.93 140 

1 O(2) ---H(2) · · · O(1)ii 1.98 2.79 169 

Equivalent position code 
i = 1-x,1-y,-z 
ii= x, 1+y,z 
 
Selected bond length and bond angle values are listed in Appendix-3. The ORTEP 

drawing of TMBPPCP is shown in Figure 3.41a and packing diagram is presented in 

Figure 3.41b. As can be seen from Figure 3.41b, TMBPPCP forms intermolecular 
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hydrogen bonds (Table 3.6). Molecules of TMBPPCP are arranged in head-to-head 

fashion forming one dimensional tapes, which are arranged in translation modes in two 

dimensions.   

 

 

Figure 3.41a ORTEP diagram for 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-
perhydrocumyl cyclohexane. Ellipsoids are drawn at 50% probability level 
 

 
Figure 3.41b Packing diagram for 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-
perhydrocumyl cyclohexane. 
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3.4.5.4 Synthesis and characterization of 1,1-bis(4-hydroxy-3,5-dibromophenyl) -4-

perhydrocumyl cyclohexane and 1,1-bis(4-hydroxy-3-methyl-5-bromophenyl) 

-4-perhydrocumyl cyclohexane  

Bromo-substituted bisphenols, namely, 1,1-bis(4-hydroxy-3-methyl-5-bromophenyl) -4-

perhydrocumyl cyclohexane (DDBPPCP) and 1,1-bis(4-hydroxy-3,5-dibromophenyl) -4-

perhydrocumyl cyclohexane (TBrBPPCP) were synthesized by reacting DMBPPCP and 

BPPCP, respectively with bromine. Higher electron density at the two o-positions with 

respect to the phenolic –OH group of the phenyl ring provides the favorable condition for 

electrophilic substitution.  

DDBPPCP and TBrBPPCP were characterized by FTIR, 1H and 13C NMR spectroscopy. 

FTIR spectra of DDBPPCP and TBrBPPCP exhibited a broad band at 3507 and 3493 cm-1 

respectively, corresponding to –OH stretching. 
1H and 13C NMR spectra of DDBPPCP along with assignments are presented in Figure 

3.42 and 3.43, respectively.  
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Figure 3.42 1H NMR spectrum of 1,1-bis(4-hydroxy-3-methyl-5-bromophenyl) -4-
perhydrocumyl cyclohexane 
 
 

 

Figure 3.43 13C NMR spectrum of 1,1-bis(4-hydroxy-3-methyl-5-bromophenyl) -4-
perhydrocumyl cyclohexane 
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1H and 13C NMR spectra of TBrBPPCP alongwith assignments are presented in Figure 

3.44 and 3.45, respectively.  

 

Figure 3.44 1H NMR spectrum of 1,1-bis(4-hydroxy-3,5-dibromophenyl) -4-
perhydrocumyl cyclohexane 
 

 

 

Figure 3.45 13C NMR spectrum of 1,1-bis(4-hydroxy-3,5-dibromophenyl) -4-
perhydrocumyl cyclohexane 
 
Structure of TBrBPPCP was further detailed by single-crystal X-ray analysis. 

Single crystals of TBrBPPCP were grown from chloroform solution. The X-ray data and 

ORTEP diagram for TBrBPCP is given in Table 3.7 and Figure 3.46, respectively.  
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Table 3.7 X-Ray crystal data for 1,1-bis(4-hydroxy-3,5-dibromophenyl) -4-
perhydrocumyl cyclohexane 
 
Formula C27H32Br4O2 
Formula weight 708.17 
Crystal color Colorless 
Crystal size (mm3) 0.38 x 0.27 x 0.05 
Lattice parameters 

a (Å) 
b (Å) 
c (Å) 
α (deg)  
β (deg)  
γ (deg) 
V (Å3) 

 
9.5008(12) 
11.1074(14) 
14.4104(18) 
69.656(2) 
76.670(2) 
76.803(2) 
1369.0(3) 

Crystal system Triclinic 
Space group P¯1 
Z 2 
Calculated density (mg m-3) 1.718 
No. of measured reflections 11162 
No. of observed reflections 3941 
R 0.0389 
Rw 0.0969 
Theta range for data collection 1.98to 23.32 deg 
Completeness to theta = 23.28 99.2% 

 

Figure 3.46 ORTEP diagram for 1,1-bis(4-hydroxy-3,5-dibromophenyl) -4-
perhydrocumyl cyclohexane. Ellipsoids are drawn at 50% probability level 
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3.4.5.5 Conformational analysis of 1,1-bis(4-hydroxy-3,5-dibromophenyl) -4-

perhydrocumyl cyclohexane 

Three possible conformations of TBrBPPCP were investigated by the B3LYP nonlocal 

density functional with extended 6-31G(d,p) basis set for studying the conformational 

energies. The Gaussian 98 A.11.1 program suit was used for all quantum chemical 

computations. The three possible conformations of TBrBPPCP were optimized using 

density functional theory (DFT).  

Three conformers, equatorial-equatorial (1a), equatorial-axial (1b) and axial-equatorial 

(1c) based on the orientations of two cyclohexyl rings in TBrBPPCP were studied (Figure 

3.47)  

 

R

R

R

R

R

R

1a 1b

1c

Br

Br

OHR =

 

 

 

Figure 3.47 Conformers of 1,1-bis(4-hydroxy-3,5-dibromophenyl) -4-
perhydrocumyl cyclohexane 
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The geometry optimized parameters of 1a were in excellent agreement with the single 

crystal X-ray data of TBrBPPCP. Some small differences were observed in the geometry 

of the bonds connecting two cyclohexyl rings. The data is presented in Table 3.5 along 

with X-ray data. The bond lengths and bond angles with marginal deviation are 

highlighted in table. 

 
Table 3.8 Bond lengths and bond angles for 1,1-bis(4-hydroxy-3,5-
dibromophenyl) -4-perhydrocumyl cyclohexane and its B3LYP/6-31G** level 
geometry optimized structure 1a 
 
Bond length TBrBPPCP 1a Bond angle TBrBPPCP 1a 

Br1-C9 1.894 1.904 Br1-C9-C8 119.3 119.4 
Br2-C11 1.896 1.919 Br1-C9-C10 118.0 118.9 
Br3-C15 1.905 1.919 Br2-C11-C10 117.4 117.6 
Br4-C17 1.901 1.904 Br2-C11-C12 120.0 119.9 
O1-C10 1.351 1.349 Br3-C15-C14 118.7 119.8 
O2-C16 1.364 1.349 Br3-C15-C16 118.6 117.6 
C1-C2 1.544 1.557 Br4-C17-C16 119.1 119.0 
C1-C6 1.541 1.552 Br4-C17-C18 119.2 119.4 
C1-C7 1.545 1.547 O1-C10-C9 119.2 119.9 
C1-C13 1.549 1.547 O1-C10-C11 124.9 123.8 
C2-C3 1.532 1.541 O2-C16-C15 123.4 123.9 
C3-C4 1.532 1.544 O2-C16-C17 119.6 119.9 
C4-C5 1.538 1.543 C2-C1-C6 106.4 106.0 
C4-C19 1.565 1.576 C2-C1-C7 108.4 108.2 
C5-C6 1.523 1.535 C2-C1-C13 113.3 113.3 
C7-C8 1.391 1.399 C1-C2-C3 114.6 115.4 
C7-C12 1.397 1.403 C6-C1-C7 111.3 111.8 
C8-C9 1.379 1.393 C6-C1-C13 110.8 110.4 
C9-C10 1.379 1.400 C1-C6-C5 113.7 113.1 
C10-C11 1.394 1.404 C7-C1-C13 106.7 107.2 
C11-C12 1.371 1.386 C1-C7-C8 123.2 123.3 
C13-C14 1.397 1.403 C1-C7-C12 119.6 119.3 
C13-C18 1.381 1.400 C1-C13-C14 118.4 119.5 
C14-C15 1.388 1.387 C1-C13-C18 123.1 123.3 
C15-C16 1.375 1.404 C2-C3-C4 111.6 112.6 
C16-C17 1.379 1.400 C3-C4-C5 107.1 108.1 
C17-C18 1.389 1.393 C3-C4-C19 115.4 114.5 
C19-C20 1.536 1.546 C5-C4-C19 115.2 114.1 
C19-C21 1.531 1.546 C4-C5-C6 110.4 111.8 
C19-C22 1.566 1.578 C4-C19-C20 108.0 109.7 
C22-C23 1.540 1.548 C4-C19-C21 109.7 109.9 
C22-C27 1.525 1.547 C4-C19-C22 110.2 109.6 
C23-C24 1.529 1.538 C8-C7-C12 117.1 117.4 
C24-C25 1.506 1.533 C7-C8-C9 120.8 121.4 
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C25-C26 1.516 1.533 C7-C12-C11 120.8 120.7 
C26-C27 1.531 1.537 C8-C9-C10 122.7 121.7 

   C9-C10-C11 115.9 116.3 
   C10-C11-C12 122.6 122.5 
   C14-C13-C18 118.2 117.2 
   C13-C14-C15 119.5 120.8 

   C13-C18-C17 120.9 121.6 
   C14-C15-C16 122.8 122.6 
   C15-C16-C17 117.0 116.2 
   C16-C17-C18 121.6 121.6 
   C20-C19-C21 109.7 107.7 
   C20-C19-C22 110.2 110.1 
   C21-C19-C22 109.0 109.8 
   C19-C22-C23 113.9 114.4 
   C19-C22-C27 115.8 114.2 
   C23-C22-C27 107.6 108.7 
   C22-C23-C24 112.3 112.0 
   C22-C27-C26 112.2 112.3 
   C23-C24-C25 111.2 112.1 
   C24-C25-C26 111.2 110.8 
   C25-C26-C27 110.9 111.5 
 

Fully optimized structures 1a, 1b and 1c were used for the energy comparison. As shown 

in Figure 3.48, the geometry optimized conformation 1a (equatorial-equatorial) is the 

lowest energy structure. The equatorial-axial conformation 1b is higher by 5.7 kcal/mol, 

whereas, the axial-equatorial conformation 1c is higher by 6.1 Kcal/mol relative to that of 

1a. The observed differences between energies of the conformers 1b and 1c are marginal. 

There exists a possibility of equilibrium between all these conformers in solution. The 

axial-axial conformation, which was not feasible to calculate in B3LYP/6-31G** basis 

level, presumably is the highest energy conformation. 
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Figure 3.48 Energy comparison graph for conformers of 1,1-bis(4-hydroxy-3,5-

dibromophenyl) -4-perhydrocumyl cyclohexane  

 

3.4.6 Synthesis and characterization of 1,1-bis(4-aminophenyl) -4-perhydrocumyl 

cyclohexane 

1,1-Bis(4-aminophenyl) -4-perhydrocumyl cyclohexane (BAPCP) was synthesized 

according to the procedure reported in Section 3.4.4.  

Scheme 3.6 depicts the route for synthesis of BAPCP.  

NH2H2NO

+

NH2
Aniline hydrochloride

 

Scheme 3.6 Synthesis of 1,1-bis(4-aminophenyl) -4-perhydrocumyl cyclohexane 

BAPCP was characterized by FTIR, 1H and 13C NMR spectroscopy.  

FTIR spectrum showed absorption bands at 3445 and 3361 cm-1 indicating the presence of 

primary amino group. 
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1H and 13C NMR spectra of BAPCP along with assignments are reproduced in Figure 3.49 

and 3.50, respectively. 

 

Figure 3.49 1H-NMR spectrum of 1,1-bis(4-aminophenyl) -4-perhydrocumyl 
cyclohexane 

 

Figure 3.50 13C-NMR spectrum of 1,1-bis(4-aminophenyl) -4-perhydrocumyl 
cyclohexane 
 
The structure of BAPCP was further detailed by single crystal X-ray analysis.  
Single crystals of BAPCP were grown from ethanol solution. The X-ray crystal data and 

ORTEP diagram for BAPCP is given in Table 3.9 and Figure 3.51, respectively. 
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Table 3.9 X-ray crystal data for 1,1-bis(4-aminophenyl) -4-perhydrocumyl 
cyclohexane 
Formula C27H38N2 
Formula weight 390.59 
Crystal color Colorless 
Crystal size (mm3) 0.55 x 0.24 x 0.06 
Lattice parameters 

a (Å) 
b (Å) 
c (Å) 
β (deg)  
V (Å3) 

 
6.387(8) 
11.159(1) 
15.781(2) 
97.921(2) 
1114.0(2) 

Crystal system Monoclinic 
Space group P21 
Z 2 
Calculated density (mg m-3) 1.164 
No. of measured reflections 111548 
No. of observed reflections 3221 
R 0.0309 
Rw 0.0796 
Theta range for data collection 1.30 to 23.33 deg 
Completeness to theta = 23.28 99.8% 
Selected bond length and bond angle values are listed in Appendix-4. 

 

Figure 3.51 ORTEP diagram for 1,1-bis(4-aminophenyl) -4-perhydrocumyl cyclo-

hexane. Ellipsoids are drawn at 50% probability level 
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3.4.7 Synthesis and characterization of 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per-

hydrocumyl cyclohexane 

Scheme 3.7 outlines the route for synthesis of 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per-

hydrocumyl cyclohexane (BAPPHC). The intermediate 1,1-bis[4-(4-

nitrophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane (BNPPHC), was prepared by 

nucleophilic chloro displacement of p-chloro nitrobenzene with BPPCP in the presence of 

K2CO3. The reaction was carried out in DMF at reflux temperature for10 h. At the end of 

reaction, the reaction mixture was cooled to room temperature and was poured in excess 

water. Yellow solid obtained was collected by filtration and was crystallized from DMF to 

get yellow crystals of BNPPHC. The diamine, BAPPHC was obtained in high purity and 

high yield by reduction of BNPPHC using hydrazine hydrate and Pd/C catalyst in 

refluxing ethanol.  

OHHO

+

NO2

Cl

K2CO3
OO

NO2O2N

OO

NH2H2N

Pd/C, H2

 

Scheme 3.7 Synthesis of 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per-hydrocumyl 

cyclohexane 
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Both, BNPPHC and BAPPHC were characterized by FTIR, 1H and 13C NMR 

spectroscopy. 

Figure 3.52 shows FTIR spectrum of BNPPHC and BAPPHC. BNPPHC showed 

absorption bands at 1515 and 1343 cm-1 corresponding to asymmetrical and symmetrical 

stretching of nitro group. BAPPHC exhibited absorption bands at 3448, 3369 cm-1 (N-H 

stretching) and 1619 cm-1 (N-H deformation) corresponding to primary amine. Both 

BNPPHC and BAPPHC showed absorption band at 1236 and 1245 cm-1, respectively 

corresponding to C-O-C stretching. 

 

 

Figure 3.52 FTIR spectrum of 1,1-bis[4-(4-nitrophenoxy)phenyl)]-4-per hydro-
cumyl cyclohexane  and 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per hydrocumyl 
cyclohexane 
 
1H NMR spectrum of BNPPHC and BAPPHC along with assignments are presented in 

Figure 3.53 
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Figure 3.53 1H NMR spectra of 1,1-bis[4-(4-nitrophenoxy)phenyl)]-4-per 
hydrocumyl cyclohexane  and 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per hydro-
cumyl cyclohexane 
 

Peaks corresponding to aromatic protons 22, 22’ortho to nitro and amino group appeared 

at 8.19 and 6.65 ppm, respectively. The upfield shift of protons 22 and 22’ in case of 

BAPPHC because of shielding effect of amino group confirms the complete reduction of 

BNPPHC.  
13C NMR spectrum of BNPPHC and BAPPHC along with assignments are presented in 

Figure 3.54 
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Figure 3.54 13C NMR spectra of 1,1-bis[4-(4-nitrophenoxy)phenyl)]-4-per 
hydrocumyl cyclohexane  and 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per hydrocumyl 
cyclohexane 
 
Carbons, 22 and 20 of BAPPHC showed signal at 116.17 and 139.09 ppm, respectively, 

where as those of BNPPHC showed signal at 125.85 and 163.35 and 163.23 ppm 

respectively. The upfield shift of the aromatic carbon resonances, especially for the 

carbons ortho and para to the amino groups were observed in BAPPHC because the 

resonance effect caused by the electron donating amino groups. All the spectroscopic data 

agreed with the proposed structure.  

The structure of the diamine was further detailed by single-crystal X-ray analysis. The X-

ray crystal data for BAPPHC is given in Table 3.10.  
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Table 3.10 X-Ray crystal data for 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per 
hydrocumyl cyclohexane 
 
Formula C39H46N2O2 
Formula weight 574.78 
Crystal color Colorless, needles 
Crystal size (mm3) 0.27 x 0.17 x 0.08 
Lattice parameters 

a (Å) 
b (Å) 
c (Å) 
α (°)  
β (°)  
γ (°) 
V (Å3) 

 
6.5665(6) 
12.415(1) 
21.193(2) 
104.513(2) 
93.657(2) 
102.196(2) 
1622.3(3) 

Crystal system Triclinic 
Space group P¯1 
Z 2 
Calculated density (mg m-3) 1.177 
No. of measured reflections 15370 
No. of observed reflections 5676 
R 0.0773 
Rw 0.1529 
Theta range for data collection 1.74 to 25 ° 
Completeness to theta = 23.28 99.3% 
 
Table 3.11 Analysis of potential hydrogen bonds in 1,1-bis[4-(4-
aminophenoxy)phenyl)]-4-per hydrocumyl cyclohexane 

Donor---H· · · Acceptor H· · · A D· · · A  D-H· · · A (°) 

1 N(1) ---H(1B) · · · O(2)i 2.28 3.07 152 

Equivalent position code 
i = -x,-y,1-z 
 

Selected bond distances and bond angles are listed in Appendix-5. The ORTEP drawing 

of BAPPHC is sown in Figure 3.55a and packing diagram is presented in Figure 3.55b. 

As can be seen from Figure 3.55b, BAPPHC forms intermolecular hydrogen bonding 

between symmetry related molecules with primary amine and ether group. (Table 3.11)   
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Figure 3.55a ORTEP diagram for 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per 
hydrocumyl cyclohexane. Ellipsoids are drawn at 50% probability level 
 

 
Figure 3.55b Packing diagram for 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per 
hydrocumyl cyclohexane. 
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3.4.8 Synthesis and characterization of 1,1-bis[4-(4-carboxyphenoxy)phenyl)]-4-
per-hydrocumyl cyclohexane  

 
Scheme 3.8 depicts the route for synthesis of 1,1-bis[4-(4-carboxyphenoxy)phenyl)]-4-per 

hydrocumyl cyclohexane (BCPPHC). The intermediate 1,1-bis[4-(4-

cyanophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane (BCyPHC),  was obtained from 

nucleophilic fluoro displacement of p-fluorobenzonitrile with potassium salt of BPPCP. In 

a typical procedure potassium salt of BPPCP was prepared in situ by reaction of BPPCP 

with K2CO3 in refluxing DMF. p-Fluorobenzonitrile was added to the reaction mixture and 

refluxion was continued for 6 h. At the end of reaction, the reaction mixture was cooled to 

room temperature and was poured in excess water. White solid obtained was collected by 

filtration and was crystallized from acetonitrile to get colorless needles.  The intermediate 

BCyPHC was then readily converted into BCPPHC by alkaline hydrolysis.  

OO

OO
K2CO3

F

CN

+

OHHO CNNC

KOH

COOHHOOC

 

Scheme 3.8 Synthesis of 1,1-bis[4-(4-carboxyphenoxy)phenyl)]-4-per-hydrocumyl 

cyclohexane 
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Both, BCyPHC and BCPPHC were characterized by FTIR, 1H and 13C NMR 

spectroscopy.  

Figure 3.56 shows  FTIR spectrum of intermediate BCyPHC and BCPPHC. BCyPHC 

showed absorption band at 2228 cm-1 corresponding to C≡N stretching, which was not 

observed in BCPPHC, indicating complete hydrolysis of nitrile group. BCPPHC showed 

strong absorption at 1689 cm-1
 corresponding to C=O stretching. Both BCyPHC and 

BCPPHC exhibited absorption band at 1245 and 1244 cm-1, respectively corresponding to 

C-O-C stretching.  

 

Figure 3.56 FTIR spectra of 1,1-bis[4-(4-cyanophenoxy)phenyl)]-4-per hydrocumyl 
cyclohexane  and 1,1-bis[4-(4-carboxyphenoxy)phenyl)]-4-per hydrocumyl 
cyclohexane 
 
1H NMR spectra of BCyPHC and BCPPHC along with assignments are presented in 

Figure 3.57  
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Figure 3.57 1H NMR spectra of 1,1-bis[4-(4-cyanophenoxy)phenyl)]-4-per 
hydrocumyl cyclohexane  and 1,1-bis[4-(4-carboxyphenoxy)phenyl)]-4-per 
hydrocumyl cyclohexane 
 

Peaks corresponding to the aromatic protons 22 and 22’ ortho to nitrile and carboxylic 

group appeared at 7.58 and 7.97 ppm, respectively. The down field shift of  protons 22 and 

22’ in case of BCPPHC because of stronger inductive effect of carboxylic groups confirms 

the complete hydrolysis of BCyPHC. 
13C NMR spectra of BCyPHC and BCPPHC along with assignments are presented in 

Figure 3.58  
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Figure 3.58 13C NMR spectra of 1,1-bis[4-(4-cyanophenoxy)phenyl)]-4-per 
hydrocumyl cyclohexane  and 1,1-bis[4-(4-carboxyphenoxy)phenyl)]-4-per 
hydrocumyl cyclohexane 
 

Peaks corresponding to carbons 23 and 23’, adjacent to nitrile and carboxylic group, 

appeared at 105.81, 105.68 and 124.40, 124.28 ppm, respectively. The up field shift of 

carbons 23 and 23’ in case of BCyPHC was mainly because of the anisotropic shielding by 

the π electrons of C≡N group.  A peak corresponding to carbon of C≡N group appeared at 

118.82 ppm, where as carbonyl carbon appeared at the farthest downfield at the frequency 

of 167.55 ppm. All the spectroscopic data agreed with the proposed structure.  
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3.5 Conclusions 

 

1. Cashew nut shell liquid and p-cumylphenol were successfully utilized for the 

synthesis of value added monomers via simple organic reaction sequences. 

2. Two new difunctional monomers viz., 1,1-bis(4-hydroxyphenyl)-3-

pentadecylcyclohexane and 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane were 

synthesized from CNSL. 

3. Five new bisphenols and 1,1-bis(4-aminophenyl) -4-perhydrocumyl cyclohexane 

were synthesized from p-cumylphenol. 

4. Two new ether containing difunctional monomers viz., 1,1-bis[4-(4-

aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and 1,1-bis[4-(4-

carboxyphenoxy)phenyl)]-4-per-hydrocumyl cyclohexane were synthesized starting 

from p-cumylphenol. 

5. All the monomers were characterized by spectral techniques and were of high purity. 

6. Whenever suitable crystals could be obtained, X-ray crystallography provided 

unequivocal assignment of chemical structure. 

7. All the monomers containing substituted cyclohexylidene moiety showed the 

presence of distereotopic phenyl rings, which are magnetically non-equivalent. 

8. New difunctional monomers are potentially useful for the synthesis of host of 

processable high performance polymers. 
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Chapter 4. Synthesis and Characterization of Processable High Performance 

Polymers Containing Cyclohexylidene Moiety with Flexible Pentadecyl 

Substituent 

 
 
4.1 Introduction 
 

Aromatic polyimides and polyesters are important examples of high performance 

polymers. High thermal stabilities, solvent resistance and good mechanical properties of 

these polymers makes them possible to meet the demands of the modern industry in the 

areas of aviation, automobile, electronics, etc. However, high regularity and rigidity of the 

backbone of these polymers poses a challenge for their processing. Several approaches 

have been adapted to improve the processability of polyimides and polyesters.1-5 Of the 

many approaches attempted to improve processability of high performance polymers, 

introduction of “cardo” groups (pendant loops) into rigid polymer backbone has resulted 

in greater success.6-11  

Another approach of interest is introduction of flexiblizing linkages either in the backbone 

or as pendant group, both of which lead to improved solubility/processability.12-14 When 

the flexiblizing group is appended to the polymer chains it is referred to as an “internal 

plasticizer” which can also act as a bound solvent. The pendant flexibling groups affect the 

polymer properties leading to reduction in melt viscosity, lowering the temperature of 

second order transition (Tg) and elastic modulus. 

The methylene units in the side chains cause lowering in the glass transition temperature 

by providing more number of rotational degrees of freedom and relative ease of rotational 

mobility.12 Pendadecyl-substituted cyclohexylidene containing monomers were deigned 

and synthesized starting from cashew nut shell liquid (CNSL), a renewable resource 

material via simple organic transformations (Chapter 3). It was of interest to study the 

effect of pentadecyl chain on the polymer solubility/processability. 

A series of (co)polyesters and (co)polyimides was synthesized by reacting bisphenol and 

diamine containing pentadecyl cyclohexylidene moiety with diacid chlorides and 

commercial dianhydrides, respectively.  
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Polyesters and polyimides were characterized by inherent viscosity measurements, 

solubility tests, FTIR, 1H-NMR, 13C-NMR spectroscopy, X-ray diffraction, 

thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). 

Polyimides were studied by UV-visible spectroscopy. Copolyimides were evaluated for 

pretilt angle measurements.   

4.2 Experimental 
 
4.2.1 Materials 
 
1,1-Bis(4-hydroxyphenyl)-3-pentadecylcyclohexane (BPC15), 1,1-bis(4-hydroxyphenyl) 

cyclohexane (BPC), 1,1-bis(4-hydroxyphenyl)-3-methylcyclohexane (BPC1) and  1,1-

bis(4-aminophenyl)-3-pentadecylcyclohexane (BAC15) were synthesized as described in 

Chapter 3. The dianhydrides, pyromellitic dianhydride (PMDA), 3,3’,4,4’-biphenyl 

tetracarboxylic dianhydride  (BPDA), 3,3’,4,4’-benzophenonetetracarboxylic dianhydride 

(BTDA), 3,3’,4,4’-oxydiphthalic anhydride (ODPA) and 4,4’-(hexafluoro 

isopropylidene)diphthalic anhydride (6-FDA), all received from Aldrich, USA, were 

sublimed before use. 4,4’-Oxydianiline (ODA) (Aldrich, USA) was sublimed before use. 

Bisphenol-A and benzyltriethylammonium chloride (BTEAC), both received from 

Aldrich, USA were used as received. Dichloromethane and m-cresol, both from S. D. Fine 

Chem., India were dried and distilled according to the reported procedure.15 

Isophthalic acid chloride and terephthalic acid chloride were synthesized from isophthalic 

acid and terephthalic acid, respectively using excess thionyl chloride in the presence of 

pyridine as a catalyst and were purified by distillation under reduced pressure.  

 
4.2.2 Measurements 
 
Inherent viscosity of polymers was measured with 0.5 % (w/v) solution of polymer in 

either chloroform or phenol/tetrachloroethane (60/40, w/w) at 30±0.1oC using an 

Ubbelhode suspended level viscometer. 

 Molecular weight of polyesters were measured on Thermofinnigan make gel permeation 

chromatograph (GPC), using the following conditions: Column - polystyrene-

divinylbenzene (105 Å to 50 Å), Detector - RI, room temperature. Polystyrene was used as 

the calibration standard.  Polymer sample (5 mg) was dissolved in 5 ml chloroform and 

filtered through 0.2 µ SS-filter.    
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FTIR spectra were recorded using polymer films on a Perkin-Elmer Spectrum GX 

spectrophotometer. 

NMR spectra were recorded on a Bruker 200, 400 or 500 MHz spectrometer at resonance 

frequencies of 200, 400 or 500 MHz for 1H and 50, 100 or 125 MHz for 13C measurements 

using CDCl3 as a solvent.  

Thermogravimetric analysis was performed on Perkin-Elmer TGA-7 system at a heating 

rate of 10°C / minute under nitrogen atmosphere. Sample weight taken was ~5 mg. 

DSC was carried out on TA Instruments DSC Q10, at a heating rate of 10°C / minute in 

nitrogen atmosphere. 

X-Ray diffraction patterns of polymers were obtained on a Rigaku Dmax 2500 X-ray 

diffractometer at a tilting rate of 2° / minute. Dried polymer films or powder was used for 

X-ray measurements. 

 

4.2.3 Cell preparation for pretilt angle measurement 
 
Indium tin oxide (ITO) coated glass (25 mm x 25 mm) was obtained from M/s Merck, 

Germany. The ITO coated glass substrate was thoroughly washed successively with soap 

solution, deionised water and ethanol followed by drying. A 1 wt. % solution of 

copolyimide derived 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane, 4,4’-oxydianiline 

and BPDA was prepared in tetrachloroethane.  Spin coating of polyimide was performed 

using a Karl Süss CT-62 spin coater (5 s at 1000 rpm, 40 s at 5000 rpm) on the ITO side. 

After spin coating, the substrate was heated at 100° C for 10 minutes.  

The liquid crystal E7, a mixture consisting of 50.6 % 4’-pentylcyanobiphenyl (5CB), 25.2 

% 4’-heptylcyanobiphenyl (7CB), 17.8 % 4’-octyloxycyanobiphenyl (8OCB), and 6.4 % 

4’-pentylcyanoterphenyl (5CT), (TN/I = 60° C, ρ = 1.06 g/cm3, ε// = 19 and ε⊥ = 5.2, and 

n = 0.225) was obtained from M/s Merck Ltd., Germany. 

Electro-optical cells were constructed using ITO-coated glass coated with the polyimide 

substrate. Polyimide surface was rubbed uniformly with a velvet cloth.  A twisted nematic 

cell was constructed by placing the two substrates orthogonal to each other with respect to 

their rubbing direction. The cells were secured with UV curable glue (Norland UV Sealant 

91) having 18 µm spacers.  The cells were filled with liquid crystal material E7, by 

capillary action at 80°C, which is 20°C above the nematic-isotropic transition temperature 

of the liquid crystal. 
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Electro-optical characteristics were investigated using DMS 703 display measuring system 

(Autronic-Melchers GmbH). A square wave was used to drive the cells for the dynamic 

response measurements at 1000 Hz. The pretilt angle was measured directly using the 

crystal rotation method (Autronic, TBA 107).16 

 

4.3 Synthesis of (co)polyesters and (co)polyimides containing  pentadecyl-
cyclohexylidene moiety 
 

4.3.1 Synthesis of polyesters from 1,1-bis(4-hydroxyphenyl)-3-
pentadecylcyclohexane and terephthalic acid chloride / isophthalic acid 
chloride 
 

A representative procedure for synthesis of polyesters is described below. 

Into a 100 ml two-necked round bottom flask equipped with a high-speed mechanical 

stirrer and an addition funnel, were placed 1,1-bis(4-hydroxyphenyl)-3-

pentadecylcyclohexane (BPC15) (2.39 g, 5 mmol) and 1M NaOH (10.2 mL). Thereafter, 

BTEAC (30 mg) was added to the reaction mixture and the flask was cooled to 10 oC. A 

solution of terephthalic acid chloride (1.02 g, 5 mmol) dissolved in dichloromethane (12 

mL) was added in one lot to the reaction mixture and the mixture was stirred vigorously at 

2000 rpm for 1 h. The aqueous layer was decanted and the organic layer was diluted with 

additional 15 mL of dichloromethane. The polymer solution was precipitated in excess 

methanol and the precipitated polymer was filtered and washed several times with water 

and then with methanol. The polymer was dried at 60oC under reduced pressure for two 

days.  

A similar procedure was followed for the synthesis of other polyester.  

 

4.3.2 Synthesis of copolyesters from 1,1-bis(4-hydroxyphenyl)-3-
pentadecylcyclohexane and BPA with terephthalic acid chloride 

  
A representative procedure for synthesis of copolyesters is described below. 

Into a 100 ml two-necked round bottom flask equipped with a high-speed mechanical 

stirrer and an addition funnel, were placed BPA (1.08 g, 4.75 mmol), BP-C15 (0.12 g, 0.25 

mmol) and 1M NaOH (10.2 mL). Thereafter, BTEAC (30 mg) was added to the reaction 

mixture and flask was cooled to 10 oC. A solution of terephthalic acid chloride (1.02 g, 5 

mmol) dissolved in dichloromethane (12 mL) was added in one lot to the reaction mixture 
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and the mixture was stirred vigorously at 2000 rpm for 1 h. The aqueous layer was 

decanted and the organic layer was diluted with additional 15 mL of dichloromethane. The 

polymer solution was precipitated in excess methanol, the precipitated polymer was 

filtered and washed several times with water and then with methanol and dried at 80oC 

under reduced pressure for two days.  

A similar procedure was followed for the synthesis of other copolyesters.  

 
4.3.3 Synthesis of polyimides from 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane 

and commercial dianhydrides 
  
Polyimides were synthesized by one-step high temperature solution polymerization in m-

cresol. A representative procedure for the synthesis of polyimides is described below. 

Into a 50 mL three-necked round bottom flask equipped with a magnetic stirring bar, 

nitrogen inlet and a guard tube, 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane (0.48 g, 

1 mmol) was added and dissolved in 6 mL of freshly distilled m-cresol. To the 

homogeneous solution, PMDA (0.22 g, 1 mmol) was added in portions at room 

temperature. The reaction mixture was heated to 80oC and was stirred for 1 h. The 

temperature was then raised to 200oC and reaction mixture was stirred for 6 h at that 

temperature. The polymerization reaction was performed under gentle stream of nitrogen 

and the water formed during imidization was continuously removed with a stream of 

nitrogen. After 6 h, reaction mixture was cooled to room temperature and was added to 

excess methanol. The precipitated polymer was washed with methanol to remove m-cresol 

and was dried at 100oC for 24 h under reduced pressure.  

 

4.3.4 Synthesis of copolyimides from 1,1-bis(4-aminophenyl)-3-
pentadecylcyclohexane and 4,4’-oxydianiline with biphenyltetracrboxylic 
dianhydride 

 
Copolyimides were synthesized by one-step high temperature solution polymerization in 

m-cresol. A representative procedure for the synthesis of copolyimides is described below. 

Into a 50 mL three-necked round bottom flask equipped with a magnetic stirring bar, 

nitrogen inlet and a guard tube, 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane (0.24 g, 

0.5 mmol) and  4,4’-oxydianiline (0.10 g, 0.5 mmol) were added and dissolved in 6 mL of 

freshly distilled m-cresol. To the homogeneous solution, BPDA (0.29 g, 1 mmol) was 
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added in portions at room temperature. The reaction mixture was heated to 80oC and was 

stirred for 1 h. The temperature was raised to 200oC and the reaction mixture was stirred 

for 6 h at that temperature. The polymerization reaction was performed under gentle 

stream of nitrogen and the water formed during imidization was continuously removed 

with a stream of nitrogen. After 6 h, reaction mixture was cooled to room temperature and 

was added to excess methanol. The precipitated polymer was washed with methanol to 

remove m-cresol and was dried at 100oC for 24 h under reduced pressure.  

 
4.4 Results and Discussion 
 
 
4.4.1 Synthesis and characterization of polyesters from 1,1-bis(4-hydroxyphenyl)-3-

pentadecylcyclohexane and terephthalic acid chloride / isophthalic acid 
chloride 

 
Aromatic polyesters are well known for their high thermal stabilities and mechanical 

properties.1,4,7 Different kinds of polyesters have been synthesized over the past decades 

from various types of diacid chlorides and diols. Polyester derived from isophthalic acid 

and terephthalic acid with bisphenol-A have been commercialized. However, they are 

difficult to process because of the rigid polymer backbone.   Much attention has been paid 

to improve the processability of polyesters by design of new monomers.  

In the present study, 3-pentadecylcyclohexylidene containing polyesters were synthesized 

to study the effect of incorporation of flexible pentadecyl chain on the polymer properties.  

Polyesters containing unsubstituted cyclohexylidene and methyl-substituted 

cyclohexylidene were synthesized for comparison purpose.  

The interfacial polycondensation using phase transfer catalyst is a very effective method 

for the synthesis of aromatic polyesters.17-20 In the present work, polyesters were 

synthesized by interfacial polycondensation with a solution of diacid chloride in 

dichloromethane and aqueous solution of sodium salt of bisphenols using BTEAC as the 

phase transfer catalyst.  

Scheme 4.1 illustrates the synthesis of polyesters from diacid chlorides and bisphenols. 
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Scheme 4.1 Synthesis of polyesters from bisphenols and terephthalic acid chloride / 

isophthalic acid chloride  

 

The results of polymerizations are summarized in Table 4.1 and 4.2. Polymerization 

reactions based of BPC15 proceeded in a homogeneous manner and polyesters did not 

phase out of the reaction medium. However, polyesters derived form BPA, BPC and BPC1 

phased out of the reaction medium.  
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Table 4.1 Synthesis of polyesters from 1,1-bis(4-hydroxyphenyl)-3-
pentadecylcyclohexane and terephthalic acid chloride / isophthalic acid chloride 
 

Polyester Bisphenol Diacid 
chloride 

Yield (%) ηinh (dL/g)a 

P-1 BPC15 TPC 97 1.45 

P-2 BPC15 IPC 96 0.66 

a:  ηinh  was measured with 0.5% (w/v) solution of polyester in chloroform at  30±0.1oC. 
 
Table 4.2 Synthesis of polyesters from BPA, BPC and BPC1 with terephthalic 
acid chloride / isophthalic acid chloride  
 

Polyester Bisphenol Diacid 
chloride 

Yield (%) ηinh (dL/g)a 

P-3 BPA TPC 95 1.23 

P-4 BPA IPC 95 0.90  

P-5 BPC TPC 96 0.60 

P-6 BPC1 TPC 97 0.35  

P-7 BPC1 IPC 96 0.35 
a: ηinh was measured with 0.5% (w/v) solution of polyester in phenol/tetrachloroethane (60/40, 
w/w) at  30±0.1oC. 
 
The inherent viscosities of polyesters were in the range 0.35 – 1.45 dL/g.  

BPC15 derived polyesters were soluble in chloroform and the results of GPC 

measurements on polyesters are presented in Table 4.3.  

 
Table 4.3 GPC data for polyesters derived from 1,1-bis(4-hydroxyphenyl)-3-
pentadecylcyclohexane and terephthalic acid chloride / isophthalic acid chloride  
  

Molecular weighta Polyester Bisphenol Diacid 
chloride  

Mn Mw 

Polydispersity 
index 

Mw/Mn 

P-1 BPC15 TPC 58,350 200,000 3.4 

P-2 BPC15 IPC 53,380 111,340 2.1 
a measured by GPC in chloroform, polystyrene was used as a calibration standard. 
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Number average molecular weights (Mn) for terephthalic acid chloride and isophthalic 

acid chloride- based polyesters were 58,350 and 53,380 with polydispersity index of 3.4 

and 2.1, respectively. Inherent viscosity and GPC data indicated the formation of 

reasonably high molecular weight polymers. However, the molecular weight values 

provided by GPC should not be taken as absolute as the calibration of GPC was carried 

out using polystyrene standards.  

Tough, transparent and flexible films of polyesters derived from BPC15 could be cast from 

chloroform solutions. 

4.4.1.1 Structural characterization 
 
The formation of polyesters was confirmed by FTIR, 1H-NMR and 13C-NMR 

spectroscopy.  

FTIR spectrum of polyester derived from BPC15 and terephthalic acid chloride is 

reproduced in Figure 4.1. Ester carbonyl band was observed at 1741 cm-1 
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Figure 4.1 FTIR spectrum of polyester derived form 1,1-bis(4-hydroxyphenyl)-3-

pentadecylcyclohexane and terephthalic acid chloride  
1H and 13C-NMR spectra of polyester derived from BPC15 and terephthalic acid chloride 

along with assignments are shown in Figure 4.2. 
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1H-NMR spectrum of polyester (P-4) 

13C-NMR spectrum of polyester (P-4) 
Figure 4.2 1H and 13C-NMR spectra of polyester derived from BPC15 and 

terephthalic acid chloride 
1H-NMR spectrum of polyester derived form BPC15 and terephthalic acid chloride (P-4) 

showed the presence of three peaks at 8.26, 8.23 and 8.20 ppm for terephthalic acid ring 

protons.  Terephthalic acid ring protons in 4-cumylphenyl terephthalate (a model 

compound for polyester derived from BPA terephthalic acid), exhibited a singlet at 8.31 

ppm as studied by the 1H-NMR (300 MHz) spectroscopy indicating that all the four 

protons of terephthalic acid moiety are magnetically equivalent. (Figure 4.3).21  
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Figure 4.3 Partial 1H-NMR and 13C NMR spectra of  4-cumylphenyl terephthalate 

at 300 MHz21 

 
13C-NMR spectrum for polyester derived from BPC15 and terephthalic acid chloride 

showed two ester carbonyl peaks at 164.25 and 164.20 δ ppm indicating the two different 

environments for the carbonyl carbons. 4-Cumyl phenyl terephthalate exhibited only one 

peak at 163.37 ppm corresponding to carbonyl carbon.  

It was observed that, all the polyesters derived from terephthalic acid chloride and 

substituted cyclohexylidene containing bisphenols, discussed in this thesis showed the 

similar pattern of proton and carbon NMR signals. A detailed discussion on the origin of 

three peaks for terephthalic protons is presented in Chapter 5. 
1H-NMR and 13C-NMR spectra of polyester derived from BPC15 and isophthalic acid 

chloride along with assignments is reproduced in Figure 4.4.  
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1H-NMR spectrum of polyester (P-5) 

13C-NMR spectrum of polyester (P-5) 
Figure 4.4 1H and 13C-NMR spectra of polyester derived from 1,1-bis(4-
hydroxyphenyl)-3-pentadecylcyclohexane and isophthalic acid chloride 
 
Three different types of protons c, d and e can be distinguished for isophthalic moiety in 
1H-NMR spectrum of polyester derived from BPC15 and isophthalic acid chloride. The 

most deshielded proton ‘c’ is located at 8.98 ppm as a split triplet. The magnetically 

equivalent protons ‘d’ exhibited multiplet in the region 8.46-8.40 ppm as compared to 

doublet of doublet in case of 4-cumylphenyl isophthalate.  Multiplet in the region 7.69-

7.61 ppm was observed for proton ‘e’ as compared to the triplet in case of 4-cumylphenyl 

isophthalate. Comparison of 1H-NMR spectra of isophthalate parts for polyester derived 

from isophthalic acid chloride and BPC15 with 4-cumylphenyl isophthalate is given is 

Figure 4.5.   The origin of the multiplicity of the peaks centered around 8.43 and 7.65  
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ppm might be in the different magnetic environment experienced by these protons because 

of the axial equatorial phenyl rings of the bisphenol unit.  

 

Figure 4.5 Comparison of partial 1H-NMR spectra of 4-cumylphenyl isophthalate 
with polyester derived from isophthalic acid chloride and BPC15 

 

As in case of polyester derived from BPC15 and terephthalic acid chloride, 13C-NMR 

spectrum of the polyester derived from BPC15 and isophthalic acid chloride showed two 

signals for carbonyl of ester linkage at 163.98 and 163.90 δ ppm, indicating the two 

different environments for carbonyl carbons. 

All the above observations suggest the presence of constitutional isomers for the 

substituted cyclohexylidene containing polyesters. The different constitutional isomers can 

be formed by the way bisphenol and diacid chloride monomers condense with each other. 

It can be predicted that axial and equatorial phenyl rings in the bisphenol molecule can 

enchain with isophtahilc acid chloride or terephthalic acid chloride in the following 

manner resulting in the observed NMR splitting patterns. 

Axial---- Diacid------ Axial  

Equatorial-----Diacid-----Equatorial 

Axial-----Diacid------Equatorial 

Equatorial------Diacid-----Axial 

 

 

 

 

 140



4.4.1.2 Solubility measurements 
 

Solubility of polyesters was tested in various organic solvents at 3 wt % concentration and 

the data is summarized in Table 4.4.  

Table 4.4 Solubility data of polyesters derived from bisphenols and terephthalic 
acid chloride / isophthalic acid chloride  
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P 1 BPC15 TPC ++ ++ ++ ++ − − − ++ 

P 2 BPC15 IPC ++ ++ ++ + − − − ++ 

P 3 BPA TPC − − − − − − − − 

P 4 BPA IPC − − − − − − − − 

P 5 BPC TPC − − − − − − − − 

P 6 BPC1 TPC − − − − − − − − 

P 7 BPC1 IPC − − − − − − − − 

++ soluble at room temperature, + soluble on heating, − insoluble 
 

Polyesters derived from BPA and terephthalic acid chloride / isophthalic acid chloride 

were insoluble in all the solvents tested. BPC15-based polyesters were soluble in all the 

organic solvents tested except for amide solvents. The insolubility of BPC15-based 

polyesters in amide solvents could be due to presence of long aliphatic chain. It is well 

known that amides are not good solvents for polyolefins.  One of the approaches for 

improving the solubility is introduction of bulky cardo group along the polymer backbone. 

However, polyester derived from BPC and terephthalic acid chloride (P-5) was insoluble 

in all the organic solvents tested. The cyclohexyl ring is conformationaly flexible and 

undergoes chair-boat transformation, allowing polymer chains to pack better.22  

Consequently, cyclohexyl-containing polymers have lower free volume, as demonstrated 

by gas transport properties,23 and reduces their solubility. 
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Polyesters were synthesized from BPC1 to the check the effect of methyl substitution on 

the solubility. Both the polyesters derived from terephthalic acid chloride and isophthalic 

acid chloride with BPC1 were insoluble in all the organic solvents tested. This 

demonstrated that the methyl substitution is not large enough to impart solubility in 

common organic solvents. On the other hand, the presence of C15 alkyl chain disrupted the 

packing of polymer chains, as well as provided the additional ‘handle’ for interaction with 

solvents.   

 
4.4.1.3 X-Ray diffraction studies 
 
Wide-angle X-ray diffraction patterns of polyesters are reproduced in Figure 4.6. 

 

Figure 4.6 X-Ray diffraction patterns of polyesters derived from bisphenols and 
terephthalic acid chloride / isophthalic acid chloride 
 

 Polyesters derived from BPA, BPC and BPC1 with terephthalic acid chloride (P-3, P-5 

and P-6, respectively) showed sharp peaks, which could be attributed to their partially 

crystalline nature. This was reflected in their poor solubility behavior. However polyester 

derived from BPC1 and isophthalic acid chloride showed only amorphous hollow. X-Ray 

diffraction patterns for polyesters derived from BPC15 and terephthalic acid chloride / 

isophthalic acid chloride (P-1 and P-2) showed absence of sharp peaks. The broad 

amorphous hollow was observed for these polyesters, which could be mainly because of 

the presence of long pentadecyl chain, which hinders the packing of the polymer chains 
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making them amorphous. This was reflected in their improved solubility in common 

organic solvents. 

 
4.4.1.4 Thermal properties  

 
In the present study, thermal stability of polyesters was determined by thermogravimetric 

analysis (TGA) at a heating rate of 10oC /minute under nitrogen. TG curves of polyesters 

containing cyclohexylidene and substituted cyclohexylidene moiety are shown in Figure 

4.7.  

 
Figure 4.7 TG curves of polyesters derived from bisphenols and terephthalic acid 

chloride  / isophthalic acid chloride  

 

The initial decomposition temperature (IDT) and the decomposition temperature at 10% 

weight loss (T10) for polyesters are given in Table 4.5. T10 for polyesters derived from 

BPA and terephthalic acid chloride and isophthalic acid chloride was 495 and 490oC, 

respectively. T10 for polyesters derived from BPC and BPC1 with that of terephathalic acid 

chloride was 480 and 471oC, respectively. T10 for polyesters derived from BPC15 and 

terephthalic acid chloride and isophthalic acid chloride were 451 and 439oC, respectively 

An examination of the data for polyesters indicates that there was a marginal decrease in 

the thermal stability of polyesters containing pentadecyl chain (Figure 4.7).  
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Table 4.5 Thermal properties of the polyesters derived from bisphenols and 

terephthalic acid chloride / isophthalic acid chloride  

 

Polyester Bisphenol Diacid 
chloride 

IDT 

(oC) 

T10 

(oC) 

Tg 

(oC) 

P-1 BPC15 TPC 438 451 94 

P-2 BPC15 IPC 428 439 74 

P-3 BPA TPC 487 495 234 

P-4 BPA IPC 475 490 190 

P-5 BPC TPC 475 480 N.D. 

P-6 BPC1 TPC 460 471 263 

P-7 BPC1 IPC 476 478 218 
 N.D. = not detected 
 
Glass transition (Tg) temperature of polyesters was evaluated by differential scanning 

calorimetery (DSC). Tg values were obtained from second heating scans of polyester 

samples at a heating rate of 10oC / minute. DSC curves for polyesters are shown in Figure 

4.8 and Tg values are given in Table 4.5. Tg values of polyesters derived from BPC15 with 

that of terephthalic acid chloride and isophthalic acid chloride were 94 and 74oC, 

respectively. Tg values of polyesters derived from BPC1 with terephthalic acid chloride 

and isophthalic acid chloride were 263 and 218oC, respectively. Glass transition 

temperature of polyester derived from BPC and terephthalic acid chloride could not be 

detected under the present experimental conditions. All these observations clearly indicate 

that there is remarkable drop in glass transition temperature of polyesters by the 

incorporation of long pentadecyl chain. The incorporation of long pentadecyl chain as a 

pendant group could act as an “internal plasticizer” which can help in reduction of Tg of 

polyesters. 
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Figure 4.8 DSC curves of the polyesters derived from bisphenols and terephthalic 
acid chloride / isophthalic acid chloride  
 

  

4.4.2 Synthesis and characterization of copolyesters from 1,1-bis(4-hydroxyphenyl)-

3-pentadecylcyclohexane and BPA with terephthalic acid chloride 

 
Copolymerization is one of the approaches for improving the solubility and in-turn 

processability of polymers.1 Polyester derived form BPA and terephthalic acid chloride is 

insoluble in common organic solvents. It was of interest to study the effect of 

incorporation of varying mol% of BPC15 on the properties of polyesters derived from BPA 

and terephthalic acid chloride.  

High molecular weight copolyesters were synthesized from combination of BPA, BPC15 

and terephthalic acid chloride by phase transfer-catalyzed interfacial polycondensation 

(Scheme 4.2) in the presence of BTEAC as the phase transfer catalyst. The results of 

copolyester synthesis are summarized in Table 4.6 
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Scheme 4.2  Synthesis of aromatic copolyesters based on BPC15 and BPA with 
terephthalic acid chloride 
 
The synthesis of polyester P-1, P-9 and P-10 proceeded in homogeneous manner, whereas 

polyester P-3, P-8 and P-11 phased out of reaction mixture. Homopolyesters P-1 and P-3 

synthesized in Section 4.3.1, were used for comparison.  

 Table 4.6 Synthesis of copolyesters from BPC15 and BPA with terephthalic acid 
chloride 
 

Polyester BPA 

mol% 

BPC15 
mol% 

BPC 
mol% 

Yield (%) ηinh (dL/g)a 

P-1 0 100 0 97 1.07 

P-3 100 0 0 95 1.23 

P-8 95 5 0 96 1.74 

P-9 90 10 0 95 2.40 

P-10 85 15 0 96 1.50 

P-11 85 0 15 97 0.62 

a:  ηinh was measured with 0.5% (w/v) solution of polyester in phenol/tetrachloroethane (60/40, 
w/w) at  30±0.1oC 
 
Inherent viscosities of the copolyesters were in the range 0.62 to 2.40 dL/g indicating the 

formation of medium to high molecular weight copolyesters. The number average and 

weight average molecular weight for copolyester P-10 containing 15 mol % of BPC15 
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were, 25,870 and  99,150 respectively with polydispersity index of 3.8, as determined by 

GPC.   

Tough, transparent and flexible film of copolyester containing 15 mol % of BPC15 could 

be cast from chloroform solution. 

 

4.4.2.1 Structural characterization 
 
The formation of copolyesters was confirmed by FTIR, 1H-NMR and 13C-NMR 

spectroscopy.  

FTIR spectrum of polyester (P-10) derived from BPC15 and BPA with terephthalic acid 

chloride is shown in Figure 4.9. Ester carbonyl band was observed at 1741 cm-1
.   
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Figure 4.9 FT-IR spectrum of copolyester derived from BPC15 and BPA with 
terephthalic acid chloride (P-10) 

 
Composition of copolyester P-10 containing 15 mole % of BPC15 was determined from 
1H-NMR spectrum (Figure 4.10) and it matches with the monomer feed ratio. For 

calculating the composition of copolyester the integration of terephthalic ring protons were 

compared with that of the two cyclohexyl ring protons at 2.4 ppm.   
13C-NMR spectrum of copolyester P-10 along with assignments is reproduced in Figure 
4.11 
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Figure 4.10 1H-NMR spectrum of copolyester derived from BPC15 and BPA with 
terephthalic acid chloride (P-10) 
 
 

 
Figure 4.11 13C-NMR spectrum of copolyester derived from BPC15 and BPA with 
terephthalic acid chloride (P-10) 
 
4.4.2.2 Solubility measurements 
 
Solubility of copolyesters was tested in various organic solvents at 3 wt % concentration 

and data is summarized in Table 4.7  
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Table 4.7 Solubility data of copolyesters derived from BPA and BPC15 with 
terephthalic acid chloride 
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P-3 100 0 0 − − − − − − − − 

P-8 95 5 0 + − + − ++ + − ++ − − − 

P-9 90 10 0 ++ ++ ++ + − ++ ++ − − 

P-10 85 15 0 ++ ++ ++ ++ ++ ++ − − 

P-1 0 100 0 ++ ++ ++ ++ ++ ++ − − 

P-11 85 0 15 − − − − − − − − 

++ soluble, + soluble on heating, + − swelling, − insoluble 

The systematic increment in the mol % of BPC15 showed that 10 mol % of BPC15 was 

sufficient to impart solubility to copolyester in common organic solvents. Copolyester 

containing 15 mol % of BPC15 was soluble in all the solvents tested except amide solvents.  

Copolyester of BPA with terephthalic acid chloride containing 15 mol % of BPC was 

synthesized to compare its solubility behavior with that of BPC15 derived copolyesters. 

However, copolyester containing BPC was not soluble in any of the organic solvents 

tested.  

 
4.4.2.3 X-Ray diffraction studies 
 
X-Ray diffraction patterns of copolyesters derived from BPA and BPC15 with terephthalic 

acid chloride are shown in Figure 4.12. As is reported in literature, polyester derived from 

BPA and terephthalic acid chloride (P-3) is  partially crystalline in nature.  Copolyesters 

containing 5 and 10 mol % of BPC15 showed presence of crystalline peaks whereas, 

copolyester containing 15 mol % of BPC15 showed no sharp peaks, indicating the 

amorphous nature.  However, copolyester containing 15 mol% BPC exhibited crystalline 

peaks (Figure 4.12). This clearly indicates that the pentadecyl chain is responsible for 

disrupting chain regularity and packing in case of copolyester containing 15 mol% BPC15 
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Figure 4. 12  X-ray diffraction patterns of copolyesters derived from BPC15 and 
BPC with terephthalic acid chloride. 
 
4.4.2.4 Thermal properties  
 
Thermal stability of the copolyesters was determined by thermogravimetric analysis 

(TGA) at a heating rate of 10oC /minute under nitrogen. TG cures of copolyesters are 

shown in Figure 4.13.  

 

Figure 4.13  TG curves of copolyesters derived from BPA and BPC15 with 
terephthalic acid chloride 
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The initial decomposition temperature (IDT) and the decomposition temperature at 10% 

weight loss (T10) for copolyesters are given in Table 4.8. IDT for copolyesters containing 

BPC15 were in the range 441-466oC while T10 values were in the range 451-465 oC. 

Observation of data indicated that there is a marginal decrease in the thermal stability of 

copolyesters compared to that of polyester derived from BPA and terephthalic acid 

chloride. 

 
 

Table 4.8 Thermal properties of the copolyesters derived from BPA and BPC15 with 
terephthalic acid chloride 
 

Polyester BPA 

mol % 

BPC15 

 mol % 

BPC 

mol % 

IDT 

(oC) 

T10 

(oC) 

Tg 

(oC) 

P-1 0 100 0 439 451 94 

P-3 100 0 0 485 498 234 

P-8 95 5 0 466 465 212 

P-9 90 10 0 451 450 206 

P-10 85 15 0 441 451 188 

P-11 85 0 15 428 439 N.D 

 N.D. – not detected 
 

Glass transition (Tg) temperature of copolyesters was determined by differential scanning 

calorimetery (DSC). Tg values were obtained from second heating scans of polyester 

samples at a heating rate of 10oC / minute. DSC curves are shown in Figure 4.14 and Tg 

values are given in Table 4.8.  

Tg of copolyesters decreases with the increase in the BPC15 content. This is mainly due to 

the presence of pentadecyl chain, which could act as an “internal plasticizer” and increases 

the chain mobility thus decreasing Tg of copolyesters. 
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Figure 4.14  DSC curves of copolyesters derived from the BPA and BPC15 with 
terephthalic acid chloride 
 
4.4.3 Synthesis of polyimides from 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane 

and commercial dianhydrides 

  

Polyimides exhibit outstanding mechanical and electrical properties, exceptional thermal 

and termooxidative stability, and excellent solvent resistance. These properties make them 

highly desirable for high-performance applications. However, their use in some 

applications is hampered due to their poor processability. Considerable research has been 

carried out aimed at developing polyimides that are processable in their imide form. 

Earlier polyimide research concentrated on modifying the dianhydride or diamine moiety 

to either increase solubility or to reduce glass transition temperature. The approach varied 

from phenylating the dianhydride for improved solubility, to changing backbone 

catenation to lower the Tg. 

The goal of this present study was to improve polyimide processability via “internal 

plasticization”. Plasticization normally involves the incorporation of a low-molecular-

weight plasticizer, which improves polymer flow and processability. In internal 

plasticization, the plasticizer is chemically attached to or incorporated in the polymer 
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backbone. It was postulated that the introduction of long alkyl chains along the polymer 

backbone would disrupt intermolecular interactions and allow the backbone more freedom 

for flow during processing.  

New diamine containing alkyl chain, 1,1-bis(4-aminophenyl)-3-pentadecylcyclohexane 

(BAC15), was synthesized starting from cashew nut shell liquid as described in Chapter 3. 

Alkyl chain containing monomers are known to reduce glass transition temperature via 

“internal plasticization”. Five new polyimides were synthesized by one-step high 

temperature solution polycondensation of BAC15 with five commercial dianhydrides in m-

cresol at 200°C (Scheme 4.3). Boiling m-cresol is known to be excellent reaction medium 

allowing for rather clean polycondensations.24-26 All the polymerization reactions 

proceeded in a homogeneous manner. The results of synthesis of polyimides are 

summarized in Table 4.9.  
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Scheme 4.3 Synthesis of polyimides from 1,1-bis(4-aminophenyl)-3-
pentadecylcyclohexane and commercial dianhydrides 
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Table 4.9 Synthesis of polyimides from 1,1-bis(4-aminophenyl)-3-
pentadecylcyclohexane and commercial dianhydrides 
 

Molecular 

Weightb 

Polymer Dianhydride Yield, 

% 

ηinh,  

dL/g 

Mn Mw 

Polydispersity 

indexb 

Mw/Mn 

PI-1 PMDA 95 0.33 16,500 34,500 2.1 

PI-2 BPDA 97 0.40 31,900 81,700 2.5 

PI-3 BTDA 95 0.40 18,000 56,000 3.1 

PI-4 ODPA 94 0.33 14,700 28,500 1.9 

PI-5 FDA 94 0.30 17,100 35700 2.5 

a:  ηinh  was measured with 0.5% (w/v) solution of polyimide in chloroform at  30±0.1oC. 
b: measured by GPC in chloroform, polystyrene was used as  the calibration standard. 

The inherent viscosity values were in the range 0.30-0.40 dL/g. The results of GPC 

measurements on polyimides in chloroform are presented in Table 4.7. Number average 

molecular weights were in the range  14,700 to 31,900 with polydispersity index in the 

range  1.9-3.1. Inherent viscosity values and GPC data indicates the formation of medium 

to high molecular weight polymers. However, the molecular weight values provided by 

GPC should not be taken as absolute as the calibration of GPC was carried out using 

polystyrene standards. 

Tough, transparent, and flexible films of polyimides could be cast from their chloroform 

solutions. 

 

 

4.4.3.1 Structural characterization 

 
The formation of polyimides was confirmed by FTIR, 1H-NMR and 13C-NMR 

spectroscopy. FTIR spectrum of polyimide derived from BAC15 and BPDA is shown in 

Figure 4.15. The complete imidization was confirmed by the absorption bands at 

approximately 1775, 1721, 1371 and 739 cm-1 due to symmetric C=O, asymmetric C=O, 

C-N stretching and imide ring deformation, respectively. These wavelengths corresponded 
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to previously reported imide ring absorptions.27-30 Complete cyclization was also evident 

by the lack of amide C=O (1640 cm-1) and N-H (1550 cm-1) absorption bands.31,32  

Representative 1H-NMR and 13C-NMR spectra of BAC15 based- polyimide along with 

assignments are given in Figure 4.16 and 4.17 respectively. As in case of BPC15 derived 

polyesters, phenyl rings of BAC15 retained their axial and equatorial identity. However, 

complex nature of the spectrum made detailed spectral analysis difficult. 
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Figure 4.15 FT-IR spectrum of polyimide derived from BAC15 and BPDA (PI-2) 
 

 
Figure 4.16 1H-NMR spectrum of polyimide derived from 1-bis(4-aminophenyl)-3-
pentadecylcyclohexane and BPDA (PI-2) 
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Figure 4.17 13C-NMR spectrum of polyimide derived from 1-bis(4-aminophenyl)-3-
pentadecylcyclohexane and BPDA (PI-2) 
 
4.4.3.2 Solubility measurements 

 

Solubility of polyimides was tested in various organic solvents at 3 wt % concentration 

and data is summarized in Table 4.10.  

Table 4.10 Solubility data of polyimides synthesized from 1-bis(4-aminophenyl)-3-
pentadecylcyclohexane and commercial dianhydrides 
 

Polymer CHCl3 TCE ODCB THF m-Cresol NMP DMAC 

PI-1 ++ ++ ++ ++ ++ ++ + − 

PI-2 ++ ++ ++ ++ ++ ++ + − 

PI-3 ++ ++ ++ ++ ++ ++ + − 

PI-4 ++ ++ ++ ++ ++ ++ + − 

PI-5 ++ ++ ++ ++ ++ ++ + − 

++ soluble, + − swelling 

BAC15-based polyimides were soluble in all the organic solvents tested. The good 

solubility in a number of solvents is attributed to the “cardo” cyclohexyl group along with 

long pentadecyl chain. In case of DMAc, polyimides showed swelling and this could be 

due to the presence of hydrophobic alkyl group. It is reported in literature that polyimides 
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derived from 1,1-bis(4-aminophenyl)cyclohexane were insoluble in almost all the solvents 

tested except tetrachloroethane.33  The presence of C15 alkyl chain disrupted the packing of 

polymer chains, as well as provided the additional ‘handle’ for interaction with solvents 

resulting into improved solubility behavior of BAC15 derived polyimides. 

 

4.4.3.3 X-Ray diffraction studies 

 
X-Ray diffraction patterns of polyimides are shown in Figure 4.18. All polyimides were 

amorphous in nature. The presence of pentadecyl chain along with cyclohexyl “cardo” 

group hindered the packing of the polyimide chains. The amorphous nature of these 

polyimides was also reflected in their excellent solubilites in common organic solvents. 

 

Figure 4.18 Wide-angle X-ray diffraction patterns of polyimides derived from 1-
bis(4-aminophenyl)-3-pentadecylcyclohexane and commercial dianhydrides 
 

4.4.3.4 Thermal properties  

In the present study, thermal stability of polyimides was determined by thermogravimetric 

analysis (TGA) at a heating rate of 10oC /minute under nitrogen. TG curves for polyimides 

are shown in Figure 4.19. The initial decomposition temperature (IDT) and the 

decomposition temperature at 10% weight loss (T10) for polyimides are given in Table 

4.11. IDT for polyimides was in the range 487-499°C.  T10 values for polyimides were in 
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the range 493-513°C indicating their high thermal stabilities. Despite the presence of 

aliphatic chain along the polymer backbone, these polyimides exhibited high thermal 

stability with the advantage of being soluble. 

 
Figure 4.19 TG curves of polyimides derived form 1-bis(4-aminophenyl)-3-
pentadecylcyclohexane and commercial dianhydrides 
 

Table 4.11 Thermal properties of polyimides derived from 1-bis(4-aminophenyl)-
3-pentadecylcyclohexane and commercial dianhydrides 
 

Polyimide Dianhydride IDT 

(oC) 

T10 

(oC) 

Tg 

(oC) 

P-1 PMDA 487 493 191 

P-2 BPDA 498 513 209 

P-3 BTDA 499 512 178 

P-4 ODPA  495 503 161 

P-5 FDA 499 509 165 

 

DSC curves of polyimides are reproduced in Figure 4.20. The Tg values of polyimides 

were in the range 161-209 oC. The Tg values decreased in the following order.  BPDA > 

PMDA > BTDA > FDA > ODPA.  Polyimide derived from BPDA and BAC15 showed 

highest Tg in the series, which could be attributed to the rigid nature of BPDA. The lowest 

Tg value observed for ODPA containing polyimide could be attributed to the presence of 
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flexible ether linkage along the polymer backbone. Like in case of polyesters (Section 

4.3.1.4), presence of long pentadecyl chain is responsible for the reduction of  polyimide 

glass transition temperature substantially. Pentadecyl chain acts as an “internal plasticizer” 

aiding the processability to the polyimides.  

 

Figure 4.20 DSC curves of polyimides derived from the 1,1-bis(4-aminophenyl)-3-
pentadecylcyclohexane and commercial dianhydrides 
 
Polyimides derived from 1,1-bis(4-aminophenyl)cyclohexane (BAC) and commercial 

dianhydrides exhibited glass transition temperature in the range 293-305 oC. Comparison 

of glass transition temperatures of polyimides derived from BAC15 and 1,1-bis(4-

aminophenyl)cyclohexane shows that there is a depression in Tg by introduction of 

flexible pentadecyl chain along the polymer backbone indicating it’s plasticizing effect. 

Polyimides were stable up to 493-513 oC in nitrogen atmosphere. A large window between 

glass transition and degradation temperature was observed. This gives an opportunity for 

these polyimides to be melt processed or compression molded. 

 

4.4.3.5 Optical properties 

 
Strong absorption of wholly aromatic polyimides in the ultraviolet to visible range, 

sometimes becomes a serious obstacle in practical uses. For example, the visible 

absorption of polyimide films is unfavorable in some applications such as flexible solar 

radiation protectors, alignment layers in liquid crystal display devices, optical wave-guides 

for communication interconnectors and optical half-wave plates for planar light wave 
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circuits. However, most of the conventional polyimides show considerable coloration due 

to charge-transfer complexation between alternating electron-donor (diamine) and electron 

acceptor (dianhydride) moieties.34 St. Clair et al.35,36 investigated the structure-coloration 

relationship in a number of polyimides and have shown that the modifications that result 

in a lowering of charge-transfer complexation generally lead to polyimides with a low 

color intensity. The fluorine containing monomers have gained particular importance in 

the synthesis of optically transparent polyimides since polyimides synthesized from them 

are highly soluble, colorless and thermally stable.36a Some alicyclic monomers have also 

been investigated for the synthesis of optically transparent polyimides.36b-c But the 

polyimides synthesized from them exhibit lower thermal stability. An effective approach 

for lowering the color of polyimides has been to use diamines and dianhydrides having 

pendant alkyl groups which minimize electronic interactions between polymer chains.36d-e  

In the present study, the optical transparencies of polyimide films having thickness of  ~10 

µm were determined by transmission UV-visible spectroscopy. Figure 4.21 shows UV-

visible spectra of BPC15-based polyimides.  

 
Figure 4.21 UV-vis absorption spectra of polyimide films derived from 1,1-bis(4-
aminophenyl)-3-pentadecylcyclohexane and commercial dianhydrides 
 

The cut off wavelength (absorption edge, λo), and % transmittance at 500 nm (the solar 

maximum) are given in Table 4.12. Polyimide derived from BAC15 and 6-FDA showed 

the maximum transparency. In the case of all polyimides, the transmissions of light started 

below 400 nm and were found to be optically transparent. Polyimides showed cut off 

wavelength (λo) between 344 and 379 nm which were lower than the commercially 

available polyimide Kapton with λo of 414 nm. 
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The % transmittance for the polyimides was in the range of 67-82 %. The order of the 

transparency based on % transmittance at 500 nm is PMDA < BPDA < BTDA < ODPA < 

6-FDA. The high optical transparency could be attributed to the pentadecyl substituted 

cyclohexylidene moiety along the polymer backbone, which might hinder the packing of 

polymer chain and thus minimize the formation of charge transfer complexes. The highest 

transmittance of the 6-FDA based polyimide is because of the bulky CF3, which   

minimizes  the CTC formation between the polymer chains through steric hindrance. The 

low polarizability of the fluorine and fluorinated groups also weakens the intermolecular 

interactions leading to high optical transmittance.36f 
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Table 4.12 Optical properties of polyimides derived from 1,1-bis(4-aminophenyl)-

3-pentadecylcyclohexane and commercial dianhydrides 
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4.4.4 Synthesis of copolyimides from 1,1-bis(4-aminophenyl)-3-

pentadecylcyclohexane and 4,4’-oxydianiline with biphenyltetracrboxylic 

dianhydride 

One of the approaches used in the modification of polyimides in order to achieve a 

combination of desired properties such as, solubility, thermal stability and mechanical 

properties is to merge the properties of different polyimides into one system. Such a 

modification in properties can be achieved through copolymerization or blending. 

Copolymerization is particularly attractive since tailoring properties of the resulting 

polymers is possible even on molecular levels. Random copolyimides are synthesized by 

the reaction of a single dianhydride with two or more diamines or by the reaction of a 

single diamine with two or more dianhydrides.37,38 Copolymerizaion is the most general 

and powerful tool used for systematically modifying the properties of commercial 

polymers.39  

Encouraged by the results on the improvement of processability of homopolyimides 

derived from BAC15 and rigid dianhydrides (Section 4.4.3), a study was undertaken to 

improve the processability of polyimide derived from 4,4’-oxydianiline (ODA) and 

BPDA, which is known to be insoluble in its imide form.  

 Three different copolyimides from BAC15 and ODA were synthesized with BPDA 

(Scheme 4.4) in order to determine the effect of different amounts of the BAC15 on 

solubility and thermal properties. The results of copolyimide synthesis are summarized in 

Table 4.13. All polymerization reactions proceeded in a homogeneous manner. Inherent 

viscosities of copolyimides were in the range  0.56 – 1.4 dL/g.  
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Scheme 4.4 Synthesis of copolyimides from BAC15 and ODA with BPDA  
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Table 4.13: Synthesis of copolyimides from BAC15 and ODA with BPDA 

Molecular Weight Polymer  BAC15, 

mol % 

ODA, 

mol % 

Yield, 

% 

ηinh 
a 

dL/g Mn Mw 

PDI 

Mw/Mn 

PI-2 100 0 97 0.40 31,900 81,700 2.5 

PI-6 0 100 93 - - C - C - 

PI-7 25 75 94 1.4b -C - C - 

PI-8 50 50 96 1.03 130320 232210 1.8 

PI-9 75 25 95 0.56 79540 158070 2.0 
 a:  ηinh  was measured with 0.5% (w/v) solution of copolyimide in chloroform at  30   ± 0.1oC. 
b:  ηinh  was measured with 0.5% (w/v) solution of copolyimide in tetrachloroethane at  30   ± 0.1oC 
C: (co)polyimides were not soluble in chloroform. 
 
Copolyimides with the composition 25/75 and 50/50 mol % (ODA:BAC15) were soluble 

in CHCl3 and were used for GPC analysis. The results of GPC measurements are 

presented in Table 4.13. Number average molecular weights of PI-8 and PI-9 were 

130320 and 79,540 with polydispersity index 1.8 and 2.0, respectively. Inherent viscosity 

and GPC data indicates the formation of reasonably high molecular weight polymers. 

However, the molecular weight values provided by GPC should not be taken as absolute 

as the calibration of GPC was carried out using polystyrene standards. 

Tough, transparent, and flexible films of the copolyimides could be cast from their 

chloroform solutions.  

 
4.4.4.1 Structural characterization 

 
The formation of copolyimides was confirmed by FTIR, 1H-NMR and 13C-NMR 

spectroscopy.  

A representative FTIR spectrum of copolyimide derived from BAC15 with ODA and 

BPDA is represented in Figure 4.22. The complete imidization was confirmed by the 

absorption bands at approximately 1775, 1721, 1373 and 739 cm-1 due to symmetric C=O, 

asymmetric C=O, C-N stretching and imide ring deformation, respectively. These 

wavelengths corresponded to previously reported imide ring absorptions.27-30 In 
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addition to the imide bands  C− O −C absorption band was observed at 1241 cm-1 

indicating the presence of ODA moiety along the polymer backbone.  

Representative 1H and 13C-NMR spectrum of copolyimide along with assignments are 

reproduced in Figure 4.23 and 4.24, respectively.  
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Figure 4.22 FT-IR spectrum of copolyimide derived from BAC15 and ODA with 
BPDA (PI-9) 

 
Figure 4.23 1H-NMR spectrum of the copolyimide derived from BAC15 and ODA 
with BPDA (PI-9) 
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Figure 4.24 13C-NMR spectrum of the copolyimide derived from BAC15 and ODA 
with BPDA (PI-9) 
 
 
4.4.4.2 Solubility measurements 
 
Solubility of copolyimides was tested in various organic solvents at 3 wt% concentration 

and  data is summarized in Table 4.12. All the copolyimides were soluble in the range of 

solvents tested.  

 

Table 4.14 Solubility data of the polyimides derived from BAC15 and ODA with 

BPDA 

Polymer DCM CHCl3 TCE ODCB THF m-Cresol NMP DMAC 

PI-6 − − − − − − − − − − − − − − − − 

PI-7 + − + − ++ ++ + − + + − + − 

PI-8 ++ ++ ++ ++ + − ++ ++ + − 

PI-9 ++ ++ ++ ++ ++ ++ ++ + − 

PI-2 ++ ++ ++ ++ ++ ++ ++ + − 

++ soluble, + soluble on heating, + − swelling, − insoluble 

The base polyimide PI-6, synthesized from BPDA and ODA was insoluble in all the 

solvents tested. The presence of pentadecyl chain provided the “handle” for interaction 

with solvent and thus aided the solubility to the resultant copolyimides.  
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4.4.4.3 X-Ray diffraction studies 

 
X-Ray diffraction patterns of copolyimides along with homopolyimide (PI-6) are 

reproduced in Figure 4.25. Polyimide derived from BPDA and ODA (PI-6) exhibited 

crystalline-like diffraction peaks seated on an amorphous halo over an angle range of 10-

30°. This indicates that BPDA-ODA polymer has good molecular chain orientation and 

packing order. This might result from the high packing efficiency of rotational planer 

dianhydride phenyl rings in the BPDA-ODA main chain.40 In contrast to this WAXD 

patterns of  copolyimides exhibited only featureless amorphous halos and this might be 

due to the presence of BAC15 molecule with  “cardo” cyclohexyl group along with long 

pentadecyl chain  which might hinder the packing of polyimide chains.  

 

Figure 4.25 Wide angle X-ray diffraction patterns for copolyimides derived from 1,1-
bis(4-aminophenyl)-3-pentadecylcyclohexane and BPDA 
 
4.4.4.4 Thermal properties  

 
In the present study, thermal stability of copolyimides was determined by 

thermogravimetric analysis (TGA) at a heating rate of 10oC /minute under nitrogen. TG 

curves for copolyimides are reproduced in Figure 4.26. Initial decomposition temperature 

(IDT) and the decomposition temperature at 10% weight loss (T10) for copolyimides are 

given in Table 4.15. The 10% weight loss occurred in the range  475-500oC indicating 

high thermal stability. Incorporation of long pentadecyl chain reduced the thermal 
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stability, but the values are still acceptable for the applications in the areas such as 

microelectronics, displays devices, etc.  

 
Figure 4.26  TG curves of copolyimides derived from BAC15 and ODA with BPDA 
 
Table 4.15 Thermal properties of copolyimides derived from BAC15 and ODA 
with BPDA 
 

Polyimide BAC15, 

mol % 

ODA,  

mol % 

IDT, 

(oC) 

T10, 

(oC) 

Tg, 

(oC) 

PI-6 0 100 584 621 320a 

PI-7 25 75 431 500 254 

PI-8 50 50 440 475 237 

PI-9 75 25 463 489 216 

PI-2 100 0 498 513 209 

  a: value taken from reference 41 
 
 
Glass transition (Tg) temperature of copolyimides was determined by differential scanning 

calorimetery (DSC). Tg values were obtained from second heating scans of copolyimide 

samples at a heating rate of 10oC / minute. Although the DSC thermogram of control 

polyimide, PI-6 did not contain any noticeable baseline shifts, the polymer was previously 

reported to have a Tg of 320°C. The Tgs of copolyimides, which could be detected, with 

DSC, decreased as their BAC15 content increased. (Figure 4.27). Lower glass transition 
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temperatures of and polyimides demonstrated the plasticization effect of the pentadecyl 

chain. It has been reported that as the plasticizer content increases the free volume of the 

polymer increases which eventually decreases the glass transition temperature.42 This has 

resulted in substantial decrease in the glass transition temperature as seen in Figure 4.28.  

 
Figure 4.27 DSC curves of copolyimides derived from BAC15 and ODA with BPDA 
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Figure 4.28 Glass transition temperature vs mol% of BAC15 for copolyimides derived 

from BPDA with ODA and BAC15 

 

 169



4.4.4.5 Optical properties 

 
In the present study, optical transparencies of copolyimide films having thickness of  ~14 

µm were determined by transmission UV-visible spectroscopy. Figure 4.29 shows UV-

visible spectra of BPC15 derived copolyimides. The cut off wavelength (absorption edge, 

λo), and % transmittance at 500 nm (the solar maximum) are given in Table 4.16. The cut 

off wavelength and % transmission at 500 nm was in the range 380-391 and 74-82 %, 

respectively.  The presence of pentadecyl chain in BAC15 derived copolyimides might 

hinder the packing of polymer chains thus minimizing the formation of charge transfer 

complexes. 

 
Figure 4.29 UV-vis absorption spectra of copolyimide films derived from BAC15 
and ODA with BPDA 
 
Table 4.16 Optical properties of the copolyimides derived from BAC15 and ODA 
with BPDA 
 

Polyimide λo, 

nm 

% Transmittance, 

at 500 nm 

PI-7 380 74 

PI-8 391 82 

PI-9 391 79 
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4.5 Pretilt angle and electro-optical characteristics of copolyimide derived from 1,1-

bis(4-aminophenyl)-3-pentadecylcyclohexane and 4,4’-oxydianiline with 

biphenyltetracarboxylic dianhydride 

 
One of the objectives of the present study was to use pentadecyl chain containing 

polyimides as the alignment layers for liquid crystal displays. All (co)polyimides 

synthesized were used for testing pretilt angles. 

The liquid crystal cells were prepared as described in section 4a.2.3 and the measurements 

were done by crystal rotation method.16 The pretilt angle was then calculated from the 

obtained incident angle. 

However, measurements could not be carried out with homopolyimide samples as 

swelling of the polyimides was observed in liquid crystals. Taking into consideration the 

excellent solubilities of polyimides (Table 4.8), alkylcyano biphenyls (liquid crystal used 

in the present study) in their isotropic state can cat as a solvent for polyimides. A similar 

observation was reported by  Lee, et. al.43 in case of polyimides containing pendant 

octadecyloxy chain.    

Figure 4.30 shows photographs of the twisted nematic cell between crossed and parallel 

polarizers made from copolyimide derived from BAC15 and ODA (50:50 mol%) with 

BPDA (PI-8). Uniform alignment of liquid crystals was observed. This opens the route for 

these polyimide to be used as an alignment layer for liquid crystal displays.  The pretilt 

angles were in the range 2.51-2.75o, which is adequate for display applications. Low LC 

pretilt angle is particularly attractive for In-Plane-Switching or twisted-nematic LCD 

modes. Organo-soluble polyimides are desirable as their processing temperature is low – a 

feature particularly important for low temperature poly-silicon-thin-film transistor-liquid 

crystal display (TFT-LCD) processes. 43,44 
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 (c) (b)(a)  
 
Figure 4.30: Twisted nematic cell made from polyimide PI-8. 
(a) cell between crossed polarizers (b) cell between parallel polarizers (c) cell at 450 
between crossed polarizers. 
 
Figure 4.31 (a) shows a typical transmittance-voltage curve for normal incidence of the 

twisted nematic cell.  A typical switching curve is observed, with a switching voltage of 

nearly 3 V.  Response and relaxation time of the twisted nematic cell is shown in Figure 

4.31b, a switching time of 65 ms was observed at 5 V.  In the OFF state, due to the 18 µm 

cell thickness black flow effect is visible in the graph. 
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Figure 4.31 A)Electro-optical characteristics of copolyimide orientaion layer 
B) Response and relaxation times for copolyimide orientation layer from the non-
select to the select state (5V) at a frequency of 1000 Hz 
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4.6 Conclusions 

 

1. A series of new polyesters and polyimides containing pendant pentadecyl chain were 

synthesized from BPC15 and BAC15, respectively. 

2. Moderate to high molecular weight polyesters and polyimides with excellent 

solubilites in organic solvents were obtained. 

3. A detailed NMR analysis of the polyesters derived from BPC15 and terephthalic acid 

chloride / isophthalic acid chloride exhibited presence of constitutional isomerism 

owing to different enchainment of axial and equatorial phenyl rings of BPC15 with that 

of acid chloride. 

4. Wide angle X-ray diffraction patterns exhibited that polyesters and polyimides 

containing pendant pentadecyl chain were amorphous in nature. 

5. The pentadecyl side chain along the polymer backbone was effective in lowering the 

Tg values of polyesters and polyimides.  

6. T10 values of the polyesters and polyimides were above 439oC, indicating their high 

thermal stabilities.  

7. Copolyesters and copolyimides were synthesized form various amounts of pentadecyl 

cyclohexylidene containing monomers and commercially available monomers. The 

incorporation of 10-15 mol % of BPC15 was sufficient to impart solubility to 

copolyester in common organic solvents.  

8.  Copolyester containing 15 mol % of BPC15 and all the copolyimides were amorphous 

in nature as indicated by their wide angle X-ray diffraction patterns. 

9. The Tg of copolyesters and copolyimides decreased with the increasing content of 

BPC15 and BAC15, respectively. 

10. Copolyimides exhibited pretilt angles in the range 2.51-2.75o, which opens the route 

for these organo-soluble copolyimides to be used as alignment layers for liquid crystal 

displays. 

11. Overall, internal plasticization effect of the pentadecyl chain was shown to be effective 

in achieving processable polyimides and polyesters. 
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Chapter 5 Synthesis and Characterization of Processable High Performance 

Polymers Containing Cyclohexylidene Moiety with Bulky 

Perhydrocumyl- Substituent 

 

 

5.1 Introduction 

 

One of the prominent approaches to address the processability issue of high performance 

polymers is the incorporation of “cardo” groups along the polymer backbone,1-16 which 

not only improves the processability but also retains the high thermal properties of 

polymers. However, in many instances the incorporation of cyclohexylidene “cardo” 

group alone is not sufficient for improving the processability of these polymers. The 

substitution of bulky groups such as  t-butyl or phenyl on cyclohexylidene group has 

resulted into improved solubility of high performance polymers.15,17  

In view of the above, monomers containing perhydrocumyl-substituted cyclohexylidene 

moiety were synthesized starting from p-cumylphenol, a cheap commercial raw material 

using simple organic reactions (Chapter 3). 

The objective of the present work was to synthesize a series of polyesters, polyimides and 

polyetherimides containing perhydrocumyl substituted cyclohexylidene moiety and to 

study the effect of its incorporation on the polymer properties. 

Polyesters, polyimides and polyetherimides were characterized by inherent viscosity 

measurements, gel permeation chromatography (GPC) solubility tests, FTIR, 1H-NMR, 
13C-NMR spectroscopy, X-ray diffraction, thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC). Polyimides and polyetherimides were studied by 

UV-visible spectroscopy. 

Polyesters containing perhydrocumyl substituted cylohexylidene moiety were tested for 

gas permeability measurements. The effect of substitutents (CH3, Br) on all positions ortho 

to both hydroxyl groups in the bisphenol and the influence of diacid structure on the gas 

separation properties is discussed.  

Polyimides were evaluated for pretilt angle measurements. 
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5.2 Experimental 

 
5.2.1 Materials 

 
1,1-Bis(4-hydroxyphenyl) -4-perhydrocumyl cyclohexane (BPPCP), 1,1-bis(4-hydroxy-3-

methylphenyl) -4-perhydrocumyl cyclohexane (DMBPPCP), 1,1-bis(4-hydroxy-3,5-

dimethylphenyl) -4-perhydrocumyl cyclohexane (TMBPPCP), 1,1-bis(4-hydroxy-3,5-

dibromophenyl) -4-perhydrocumyl cyclohexane (TBrBPPCP), 1,1-bis(4-hydroxy-3-

methyl-5-bromophenyl) -4-perhydrocumyl cyclohexane (DDBPPCP), 1,1-bis(4-

aminophenyl) -4-perhydrocumyl cyclohexane (BAPCP) and 1,1-bis[4-(4-

aminophenoxy)phenyl)]-4-perhydrocumyl cyclohexane (BAPPHC), were synthesized as 

described in Chapter 3. The dianhydrides, pyromellitic dianhydride (PMDA), 3,3’,4,4’-

biphenyl tetracarboxylic dianhydride  (BPDA), 3,3’,4,4’-benzophenonetetracarboxylic 

dianhydride (BTDA), 3,3’,4,4’-oxydiphthalic anhydride (ODPA) and 4,4’-(hexafluoro 

isopropylidene)diphthalic anhydride (6-FDA), all received from Aldrich, USA, were 

sublimed before use. Benzyltriethylammonium chloride (BTEAC), received from Aldrich, 

USA was used as received. Dichloromethane and m-cresol, both from S. D. Fine Chem., 

India were dried and distilled according to the reported procedure.18  

Terephthalic acid chloride and isophthalic acid chloride were synthesized from 

terephthalic acid and isophthalic acid, respectively using excess thionyl chloride in the 

presence of pyridine as a catalyst and were purified by distillation under reduced pressure. 

 

5.2.2 Measurements 

 

Inherent viscosity of polymers was measured with 0.5 % (w/v) solution of polymer in 

CHCl3 or tetrachloroethane at 30 ± 0.1oC using an Ubbelhode suspended level viscometer. 

Molecular weight of polyesters were measured on Thermofinnigan make gel permeation 

chromatograph (GPC), using the following conditions: Column - polystyrene-

divinylbenzene (105 Å to 50 Å), Detector - RI, room temperature. Polystyrene was used as 

the calibration standard.  The polyester sample (5 mg) was dissolved in 5 ml chloroform 

and filtered through 0.2 µ SS-filter.    

FTIR spectra were recorded using polymer films on a Perkin-Elmer Spectrum GX 

spectrophotometer. 
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NMR spectra were recorded on a Bruker 200, 400 or 500 MHz spectrometer at resonance 

frequencies of 200, 400 or 500 MHz for 1H and at 50, 100 or 125 MHz for 13C 

measurements using CDCl3 as a solvent.  

Thermogravimetric analysis was performed on Perkin-Elmer TGA-7 system at a heating 

rate of 10oC / minute under nitrogen atmosphere. Sample weight taken was ~5 mg. 

DSC was carried out on TA Instruments DSC Q10, at a heating rate of 10oC / minute in 

nitrogen atmosphere. 

X-Ray diffractograms of polymers were obtained on a Rigaku Dmax 2500 X-ray 

diffractometer at a tilting rate of 2o / minute. The measurements were carried on solution 

cast films.  

Cells for pretilt angle measurements were prepared according to the procedure described 

in Chapter 4, Section 4.2.3. 

 

5.2.2.1 Film preparation for gas permeability measurement 

 

Polyester films of 30-40 µm thickness, used for permeability studies were obtained by 

casting from chloroform solution for each polymer. Three percent solution of polymer was 

prepared in chloroform and the solution was filtered through a 10 µm filter to remove any 

particulates. The clear polymer solution was poured into a clean glass disc (diameter 7.5 

cm). The chloroform was evaporated slowly at room temperature. The films were removed 

and were subsequently dried at 100°C for seven days under reduced pressure.  

The density of polyester films of thickness 100 µm was determined by floatation method 

at 40±0.1°C using aqueous potassium carbonate solution. Minimum six samples of each 

polyester were used for density determinations and the obtained values were averaged. 

With the density, specific free volume and fractional free volume (FFV) was calculated by 

Van Krevelen’s method.27 

 

5.2.2.2 Measurement of gas permeability 

 
In the present work, the variable volume method was used to determine permeability of 

He, N2 and O2.28 The purity of the gases used was minimum 99 %.  The permeability 

measurements were carried out at 35±0.1oC and upstream pressures of 10 Kg/cm2 while 
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maintaining permeate side at ambient pressure. The schematic diagram of the permeation 

apparatus is given in Figure 5.1   

 

 

Figure 5.1: Schematic diagram for gas permeability measurement 

(a: Gas cylinder; b: Inlet valve; c: Pressure gauge; d: Outlet valve; e: Thermostat; 
f: Permeation cell; g: ‘O’ ring; h: Membrane; i: Calibrated flow meter). 
 

The permeation cell was opened and circular coupon (size: 49 mm) of membrane was 

mounted in the cell. An O-ring was placed on the top of membrane (vacuum grease was 

applied to the O-ring to ensure the leak-proof assembly).  The cell was fixed with inlet 

(connected to the gas cylinder and a pressure gauge) and outlet tubing and tightened.  

Using the regulator knob and the inlet valve, the pressure was adjusted in the cell while 

keeping the exhaust closed. Gas was flushed through the outlet valve seven to eight times 

in the system to ensure the removal of earlier gas to the maximum possible extent. The 

flow meter was attached to the permeate side through a flexible pipe. A desired pressure 

was applied to the upstream side of the cell while outlet valves were kept closed.  

The amount of gas permeated per unit time was recorded after a certain period of time.  

The readings were continued till enough data generated to ensure the equilibrium had 
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reached (depends on the gas used and membrane mounted in the cell).  The initial and 

final pressure on the gauge was also recorded while taking the readings.  The gas 

permeability was calculated for each reading using the equation given below and the 

consistent data was averaged.  

At the end of the experiment, cell was depressurized and disconnected from the cylinder.   
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∆p was recorded in psi, P is the gas permeability in barrer  

From the permeability coefficients obtained by the equation (1), the ideal separation 

factor for different pairs of gases was calculated. 

 

5.3 Synthesis of polyesters, polyimides and polyetherimides containing bulky 

perhydrocumyl substituted cyclohexylidene group  

 
5.3.1 Synthesis of polyesters from bisphenols containing perhydrocumyl 

cyclohexylidene and terephthalic acid chloride / isophthalic acid chloride  

 

A representative procedure for synthesis of polyesters is described below. 

Into a 100 ml two-necked round bottom flask equipped with a high-speed mechanical 

stirrer and an addition funnel were placed 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl 

cyclohexane (1.96 g, 5 mmol) and 1M NaOH solution (10.2 mL). Thereafter, BTEAC (30 

mg) was added to the reaction mixture and the flask was cooled to 10°C. A solution of 

terephthalic acid chloride (1.02 g, 5 mmol) in dichloromethane (12 mL) was added in one 

lot to the reaction mixture and the mixture was stirred vigorously at 2000 rpm for 1 h. The 

aqueous layer was decanted and the organic layer was diluted with additional 15 mL of 

dichloromethane. The polymer solution was precipitated in excess methanol. The 

precipitated polymer was filtered and washed several times with water and then with 

methanol and dried at 80oC for 24 h under reduced pressure.  

A similar procedure was followed for the synthesis of other polyesters.  
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5.3.2 Synthesis of polyimides from 1,1-bis(4-aminophenyl) -4-perhydrocumyl 

cyclohexane and commercial dianhydrides 

 

Polyimides were synthesized by one-step high temperature solution polymerization in m-

cresol. A representative procedure for the synthesis of polyimides is described below. 

Into a 50 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

nitrogen inlet and a guard tube, 1,1-bis(4-aminophenyl)-4-perhydrocumyl cyclohexane 

(0.39 g, 1 mmol) was added and dissolved in freshly distilled m-cresol (6 mL). To the 

homogeneous solution, PMDA (0.22 g, 1 mmol) was added in portions at room 

temperature. The reaction mixture was heated to 80oC and was stirred for 1 h. The 

temperature was then raised to 200oC and the reaction mixture was stirred for 6 h at that 

temperature. The polymerization reaction was performed under gentle stream of nitrogen 

and the water formed during imidization was continuously removed with a stream of 

nitrogen. After 6 h, reaction mixture was cooled to room temperature and was added to 

excess methanol. The precipitated polymer was washed with methanol to remove m-cresol 

and was dried at 100oC for 24 h under reduced pressure.  

 

5.3.3 Synthesis of polyetherimides from 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per-

hydrocumyl cyclohexane and commercial dianhydrides 

 

Polyetherimides were synthesized by one-step high temperature solution polymerization in 

m-cresol. A representative procedure for synthesis of polyetherimides is described below. 

Into a 50 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

nitrogen inlet and a guard tube, 1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per-hydrocumyl 

cyclohexane (0.58 g, 1 mmol) was added and dissolved in freshly distilled m-cresol (6 

mL). To the homogeneous solution, BPDA (0.29 g, 1 mmol) was added in portions at 

room temperature. The reaction mixture was heated to 80oC and was stirred for 1 h. The 

temperature was then raised to 200oC and the reaction mixture was stirred for 6 h at that 

temperature. The polymerization reaction was performed under gentle stream of nitrogen 

and the water formed during imidization was continuously removed with a stream of 

nitrogen. After 6 h, reaction mixture was cooled to room temperature and was added to 

excess methanol. The precipitated polymer was washed with methanol to remove m-cresol 

and was dried at 100oC for 24 h under reduced pressure.  
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5.4 Results and Discussion 

 

5.4.1 Synthesis and characterization of polyesters from perhydrocumyl 

cyclohexylidene containing bisphenols and terephthalic acid chloride / 

isophthalic acid chloride 

 

Scheme 5.1 illustrates the synthesis of polyesters from diacid chlorides and bisphenols. 

In the present study, polyesters were prepared by interfacial polycondensation with a 

solution of diacid chloride in dichloromethane and aqueous solution of sodium salt of 

bisphenols using BTEAC as the phase transfer catalyst. The results of polymerization are 

summarized in Table 5.1. 
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Scheme 5.1 Synthesis of polyesters from perhydrocumyl cyclohexylidene 
containing bisphenols and terephthalic acid chloride / isophthalic acid chloride. 
 
All the polymerizations proceeded in a homogeneous manner. The inherent viscosities of 

the polyesters were in the range   0.51 – 0.86 dL/g. 

The results of GPC measurements on polyesters are presented in Table 5.2. Number 

average molecular weights (Mn) were in the range 17,390 to 141,400 with polydispersity 

index in the range 1.7-3.7. Inherent viscosity and GPC data indicates the formation of 

reasonably high molecular weight polymers. However, the molecular weight values 

 184



provided by GPC should not be taken as absolute as the calibration of GPC was carried 

out using polystyrene standards.  

Tough, transparent and flexible films of polyesters could be cast from chloroform 

solutions of polyesters.  

 

Table 5.1: Synthesis of polyesters from perhydrocumyl cyclohexylidene 
containing bisphenols and terephthalic acid chloride / isophthalic acid chloride 
 
Polyester Diacid chloride Bisphenol Yield (%) ηinh (dL/g) 

P-1 TPC BPPCP 95 0.62 

P-2 TPC DMBPPCP 95 0.60 

P-3 TPC TMBPPCP 96 0.57 

P-4 TPC TBrBPPCP 97 0.62 

P-5 TPC DMDBrBPPCP 96 0.60 

P-6 IPC BPPCP 97 0.51 

P-7 IPC DMBPPCP 98 0.52 

P-8 IPC TMBPPCP 97 0.64 

P-9 IPC TBrBPPCP 97 0.51 

P-10 IPC DMDBrBPPCP 96 0.86 

 a: ηinh  was measured with 0.5% (w/v) solution of polyester in chloroform at  30   ± 0.1oC. 
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Table 5.2: GPC data of polyesters derived from perhydrocumyl cyclohexylidene 
containing bisphenols and terephthalic acid chloride / isophthalic acid chloride 
 

Molecular 

weight 

Polyester  Diacid 

chloride 

Bisphenol 

Mn Mw 

PDI  

Mw/Mn 

P-1 TPC BPPCP 26450 93060 3.4 

P-2 TPC DMBPPCP 17390 42050 2.4 

P-3 TPC TMBPPCP 23780 42615 1.8 

P-4 TPC TBrBPPCP 23760 41140 1.7 

P-5 TPC DMDBrBPPCP 37610 100000 2.6 

P-6 IPC BPPCP 21300 45400 2.1 

P-7 IPC DMBPPCP 28300 58250 2.1 

P-8 IPC TMBPPCP 41430 154700 3.7 

P-9 IPC TBrBPPCP 40100 92890 2.3 

P-10 IPC DMDBrBPPCP 141400 291400 2.1 

 a : measured by GPC in chloroform, polystyrene was used as the calibration standard. 

 

5.4.1.1   Structural characterization 

 

The formation of polyesters was confirmed by FTIR, 1H-NMR and 13C-NMR 

spectroscopy. FTIR spectra of polyesters derived from BPPCP and terephthalic acid 

chloride and isophthalic acid chloride are reproduced in Figure 5.2. The C=O absorption 

was observed at 1743.37 and 1743.80 cm-1for polyesters derived from BPPCP and 

terephthalic acid chloride  and isophthalic acid chloride, respectively. The effect of 

substitutents on the bisphenol molecule has been reflected in the shift of C=O absorption 

frequencies. The C=O stretching frequencies are given in Table 5.3. In case of the 

dimethyl and tetramethyl substitution, +I effect was more pronounced which decreased the 

force constant of the carbonyl group and hence there was decrease in the wave-number of 
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the absorption band. The presence of tertrabromo substitution displayed –I effect and the 

C=O absorption was observed at higher wave-number. In case of dibromo dimetyl-

substituted polyesters, absorption shifted to the lower wave-number as compared to that of 

tetrabromo-substitued polyesters. This can be attributed to the +I effect of methyl group. 

In general, polyesters derived from ispophthalic acid chloride showed C=O absorption at 

slightly higher wave-number than corresponding polyestres derived from that of 

terephthalic acid chloride. 
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Figure 5.2: IR spectra (Film) of polyesters derived from BPPCP and terephthalic 
acid chloride / isophthalic acid chloride 

 
 
Table 5.3 C=O Absorption frequencies for polyesters derived from 
perhydrocumyl cyclohexylidene containing bisphenols and terephthalic acid chloride 
/ isophthalic acid chloride 

 

Polyester C=O stretch  

cm-1 

Polyester 

 

C=O stretch 

cm-1 

P-1 

P-2 

P-3 

P-4 

P-5 

1743 

1740 

1740 

1759 

1750 

P-6 

P-7 

P-8 

P-9 

P-10 

1744 

1743 

1744 

1760 

1751 
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1H-NMR and 13C-NMR spectra of polyesters derived from perhydrocumyl 

cyclohexylidene containing bishenol (BPPCP) and terephthalic acid chloride and 

isophthalic acid chloride are reproduced in Figure 5.3 and 5.6, respectively.  

  

(a)1H NMR Spectrum of Polyester P-1 

(b)13C NMR Spectrum of polyester P-1 

Figure 5.3: 1H-NMR and 13C-NMR spectra of polyester derived from BPPCP and 
terephthalic acid chloride 
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1H-NMR spectrum of polyester derived from BPPCP and terephthalic acid chloride 

(Figure 5.3), exhibited three peaks in the region 8.33-8.28 ppm for terephthalic acid 

protons. In case of symmetrical diols terephthalic acid protons gives a single peak. To 

check whether it was a due to spin-spin coupling (J coupling) or three independent 

singlets, 1H-NMR spectrum was recorded at three different magnetic field strengths viz, 

200, 400 and 500 MHz. It was observed that as the filed strength increased the separation 

between terephthalic ring signals increased, whereas, the doublet for protons “a” of 

bishenol phenyl ring (J coupling) remained unchanged (Figure 5.4). This indicates that the 

terephthalic moiety experiences different environments based on the way BPPCP has 

condensed with diacid chloride. There is a possibility of four types of constitutional 

isomerism  

 Axial-------Diacid-------Axial 

 Axial-------Diacid-------Equatorial 

 Equatorial-----Diacid-----Axial 

 Equatorial-----Diacid-----Equatorial. 

As there is not much change in chemical shift difference between axial-equatorial and 

equatorial-axial isomers the protons of these terephthalic rings are undistinguishable under 

the recording conditions. At higher magnetic field strengths these protons might give 

separate signals.  

 
Protons of terephthalic acid  

 
Protons of BPPCP at 7.47 ppm 

Figure 5.4: Partial 1H-NMR spectrum of polyester P-1 at three different magnetic 
field strengths viz, 200, 400 and 500 MHz 

 

The high-resolution 13C NMR spectrum of P-1 showed two sets of four aromatic shifts for 

bisphenol phenyl ring carbons as that in case of monomer (BPPCP) (Chapter 3, Figure 

3.27), which indicates that the axial and equatorial identity of the phenyl rings is retained 
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in polymer. This was expected to show some effect on the terephthalic acid carbons. The 

quaternary carbon of the terephthalic acid ring, carbon no. 6 in Figure 5.3b showed four 

peaks at 133.91, 133.94, 133.96 and 133.99 ppm. Terephthalic acid carbons experience 

four different environments arising from constitutional isomerism. Carbon no. 7 of 

terephthalic acid ring appears as two closely separated peaks, which indicates that these 

carbons are also experiencing different environments.  

Based on the 1H and 13C NMR analysis polyester derived from BPPCP and terephthalic 

acid chloride following microstructure could be proposed. Figure 5.5 shows the 

microstructure for polyester derived from BPPCP and terephthalic acid chloride, where 

terephthalic carbonyl is attached to either to axial-axial, equatorial-equatorial, axial-

equatorial or equatorial-axial phenyl rings of BPPCP. 

 

Figure 5.5: Microstructure of polyester derived from BPPCP and terephthalic acid 
chloride 
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(a)1H-NMR spectrum of polyester P-6 

 
(b)13C-NMR spectrum of polyester P-6 

Figure 5.6: 1H-NMR and 13C-NMR spectra of polyester derived from BPPCP and 
isophthalic acid chloride 
 

NMR analysis of all the polyesters synthesized exhibited the retention of axial and 

equatorial identity of phenyl rings of bisphenol monomer. Partial 13C NMR spectra along 

with the assignment for polyesters are reproduced in Figure 5.7. 
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Figure 5.7 Partial 13C-NMR spectra of polyesters synthesized from bisphenols 
containing perhydrocumyl cyclohexylidene group with terephthalic acid chloride / 
isophthalic acid chloride 
 
 
5.4.1.2   Solubility measurements 

 

Solubility of polyesters was tested in various organic solvents at a 3 wt % concentration 

and data is summarized in Table 5.4. All the polyesters were readily soluble in chlorinated 

hydrocarbons such as dichloromethane, chloroform and tetrachloroethane, as well as in m-

 192



cresol and THF. These are typical solvents for amorphous polyarylates.19 Polyesters 

derived from perhydrocumyl cyclohexylidene containing bisphenols generally had better 

solubility than polyesters derived from bisphenol-A and cyclohexylidene bisphenol 

(Chapter 4, section 4.4.1). The solubility of these polyesteres is attributed to the reduction 

in both polymer chain packing and regularity by the introduction of bulky pendant 

perhydrocumyl cyclohexylidene group. Like other common polyesters, the perhydrocumyl 

cyclohexylidene containing polyesters were practically insoluble in polar aprotic solvents 

like DMF, DMSO, etc.  

 

Table 5.4: Solubility data of polyesters derived from perhydrocumyl cyclohexylidene 
containing bisphenols containing and terephthalic acid chloride / isophthalic acid 
chloride 
 

Po
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D
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H

C
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O
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C
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TH
F 

D
M

F 

D
M

SO
 

   P-1 TPC BPPCP ++ ++ ++ ++ ++ − − 

   P-2 TPC DMBPPCP ++ ++ ++ ++ ++ − − 

   P-3 TPC TMBPPCP ++ ++ ++ ++ ++ − − 

   P-4 TPC TBrBPPCP ++ ++ ++ ++ ++ − − 

   P-5 TPC DMDBrBPPCP ++ ++ ++ ++ ++ − − 

   P-6 IPC BPPCP ++ ++ ++ ++ ++ − − 

  P-7 IPC DMBPPCP ++ ++ ++ ++ ++ − − 

P-8 IPC TMBPPCP ++ ++ ++ ++ ++ − − 

  P-9 IPC TBrBPPCP ++ ++ ++ ++ ++ − − 

   P-10 IPC DMDBrBPPCP ++ ++ ++ ++ ++ − − 

++: soluble ;  −: insoluble 
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5.4.1.3   X-Ray diffraction studies 

 

X-Ray diffractograms of polyesters derived from perhydrocumyl cyclohexylidene 

containing bisphenols and terephthalic acid chloride and isophthalic acid chloride are 

shown in Figures 5.8. X-Ray diffraction patterns showed that polyesters were 

predominantly amorphous in nature. All polyesters exhibited two broad but distinct 

diffraction peaks. Two distinct WAXD peaks have been reported for the polymers with 

pendant phenyl rings or aromatic connector groups such as polystyrene,20,21 fluorene 

bisphenol and phenolphthalein isophthalates,22 and poly(2,6-diphenyl-1,4-phenylene 

oxide)23,24 and have been attributed to pendant or connector group “stacking”. Since such 

“stacking” is impossible in the current polyesters, the secondary diffraction peaks must 

have some other origin. A similar observation was made by Paul et al.25                      

 

 

 

 

 

Figure 5.8: X-Ray diffraction patterns of polyesters derived from perhydrocumyl 
cyclohexylidene containing bisphenols and terephthalic acid chloride /  isophthalic 
acid chloride 
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5.4.1.4 Thermal properties 

 

In the present study, thermal stability of the polyesters was determined by 

thermogravimetric analysis (TGA) at a heating rate of 10oC /minute under nitrogen. TG 

curves of polyesters are shown in Figure 5.9. The initial decomposition temperature (IDT) 

and the decomposition temperature at 10% weight loss (T10) for polyesters are given in 

Table 5.5. IDT for polyesters derived from terephthalic acid chloride and isophthalic acid 

chloride were in the range of 434-477°C. The temperature for 10% weight loss for these 

polyesters was in the range 435-485°C. T10 for polyester derived from BPC and 

terephthalic acid chloride was 480°C (Chapter 4, Table 4.4) and the examination of data 

in Table 5.5 shows that the introduction of bulky perhydrocumyl cyclohexylidene group 

into polyester backbone retained their desirable high thermal stability. 

  

Figure 5.9: TG curves of polyesters derived from perhydrocumyl cyclohexylidene 
containing bisphenols with terephthalic acid chloride / isophthalic acid chloride 
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Table 5.5: Thermal properties of polyesters derived from perhydrocumyl 
cyclohexylidene containing bisphenols and terephthalic acid chloride / isophthalic 
acid chloride 
 

Polyester IDT (°C) T10(°C) Tg(°C) 

P-1 CC
OO

OO

n 

477 485 254 

P-2 CC
OO

OO
CH3CH3

n 

453 465 232 

P-3 CC
OO

OO
CH3CH3

CH3H3C

n  

450 453 267 

P-4 CC
OO

OO
BrBr

BrBr

n  

434 440 293 

P-5 CC
OO

OO
CH3CH3

BrBr

n  

434 435 288 

P-6 

n

C
O

OCO
O

 

469 477 213 

P-7 

n

CO
O

C O
O CH3 CH3 458 470 201 

P-8 

n

CO
O

C O
O CH3 CH3

CH3H3C

454 462 240 

P-9 

n

CO
O

C O
O Br Br

BrBr

450 438 272 

P-10 

n

CO
O

C O
O CH3 CH3

BrBr

431 440 256 

IDT : initial decomposition temperature 
T10    : Temperature at 10 % weight loss 
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Glass transition (Tg) temperature of the polyesters was evaluated by differential scanning 

calorimetery (DSC). Tg values were obtained from second heating scans of polyester 

samples at a heating rate of 10oC / minute. DSC curves are reproduced in Figure 5.10 and 

5.11 and Tg values are given in Table 5.5. The Tg values were in the range 232-293°C. 

The glass transition temperature of the polyesters derived from terephthalic acid chloride 

are higher than their isophthalic acid chloride derived analogues. A review of studies on 

spatial configuration effects for a variety of polymers suggests that a higher Tg for para 

structure is a general phenomenon.26,29 The lower glass transition temperatures of 

polyesters derived from isophthalic acid chloride than the corresponding polyesters 

derived from terephthalic acid chloride could be attributed to their more conformational 

freedom of the main chains than the para-linked polymers.  

The effect of the symmetric and unsymmetric substitution of the bisphenol rings was 

observed on the Tgs of polyesters. In case of dimethyl substitution (P-2 and P-7) because 

of the asymmetric nature the decrease in Tg as compared to unsubstituted bisphenol (P1 

and P-5) was observed. Tg increases with tetramethyl substitution (P-3 and P-8). It appears 

that symmetric bulky substitution retards the long-chain motions in polymer molecule. 

The presence of bulky, polar bromo-substitutent further increased the Tg of polyesters (P-

4 and P-9), whereas, unsymmetric dimethly dibromo containing polyesters (P-5 and P-10) 

showed  lower Tg than that of tetrabromo-substituted ones. Tg followed the following 

trend in both terephthalic acid chloride  and isophthalic acid chloride derived polyesters. 

DMBPPCP < BPPCP < TMBPPCP < DDBPPCP < TBrBPPCP 
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Figure 5.10:  DSC curves of polyesters derived from perhydrocumyl cyclohexylidene 
containing bisphenols and terephthalic acid chloride  

 

Figure 5.11  DSC curves of polyesters derived from perhydrocumyl cyclohexylidene 
containing bisphenols and isophthalic acid chloride 
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5.4.2 Gas permeability studies of polyesters derived from bisphenols containing 

perhydrocumyl cyclohexylidene moiety and terephthalic acid chloride / 

isophthalic acid chloride. 

 

Gas separation using membrane technology is useful for a variety of applications, such as 

hydrogen recovery from reactor purge gas, nitrogen and oxygen enrichment, water vapor 

removal from air, stripping of carbon dioxide from natural gas, etc. Finding new 

membrane materials with high permeability and permselectivity has been an active 

research field for several years. Recent studies indicate that the packing density, the 

segmental motion of polymer chains and gas-polymer interactions are dominant factors 

that affect gas transport properties. High permeability is primarily related to high free 

volume, while significant increase in gas permselectivity may be due to restricted 

segmental motion. On the basis of this one can design new polymers to combine two 

favorable factors, thus preparing polymers with both high gas permeability and high 

permselectivity.     

A review of gas permeability studies revealed that, relative to numerous papers on the 

polymer gas transport properties at room temperature, in recent years, research studies on 

high-temperature gas separation are rather rare. However, from viewpoint of energy 

saving, in some cases, e.g. “C1 chemistry”, it is desirable for the membrane separation 

process to be operated at the highest allowable temperature, so that the purge streams from 

synthesis gas production can be regulated in composition and recycled without extensive 

cooling and reheating prior to recycling to the reactor. Therefore it is necessary to have the 

polymers with high glass transition temperature so that they can be used for the membrane 

separation applications at high temperatures. 

Gas separation properties of glassy polymer membranes depend to a large extent on the 

class of polymer used in the separation process and polyimides, polyamideimides, 

polycarbonates, polysulfones, polyetherketones, aromatic polyesters, etc. have been used 

for the gas separation processes. Aromatic polyesters offer several advantages over other 

condensation polymers. The variety of available monomers is much larger and polymer 

synthesis is relatively straightforward. Aromatic polyesters have high glass transition 

temperatures and good film forming properties. Previous studies have shown that the 

aromatic polyesters have high level of permselectivity at moderate levels of permeability. 
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Some possible disadvantages of aromatic polyesters include low solubility in organic 

solvents necessary for film casting and tendency to crystallize. Careful molecular design 

of the polymer structure can help minimize these difficulties. 

Introduction of the bulky perhydrocumyl cyclohexylidene group along the polymer 

backbone has resulted in improved solubility of polyesters. The polyesters containing 

bulky perhydrocumyl cyclohexylidene group exhibited high glass transition temperature. 

Thus, these polymers are potentially good candidates for gas separation processes. 

The results on the gas permeability and structure-property relationship in case of 

polyesters derived from bulky perhydrocumyl cyclohexylidene bisphenols with various 

substituents and isophthalic acid chloride / terephthalic acid chloride are presented in this 

section. 

 

5.4.2.1 Gas permeability analysis 

 

The two series of polyesters based on bisphenols containing bulky perhydrocumyl 

cyclohexylidene moiety with isophthalic acid chloride / terephthalic acid chloride were 

studied for the gas permeation measurements. The physical and thermal properties of 

polyesters are listed in Table 5.6  As seen from X-ray diffraction patterns (Figure 5.8), all 

the polyesters are amorphous in nature and crystallinity effects on the physical and 

transport properties can be eliminated.  
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Table 5.6 Physical and thermal properties of polyesters derived from perhydrocumyl 
cyclohexylidene containing bisphenols and terephthalic acid chloride / isophthalic 
acid chloride. 
 

 Polyester Tg(°C) d-Spacing

(Å) 

Density 

(g/cc) 

FFV 

P-1 CC
OO

OO

n 

254 5.6 
1.1227 

0.350 

P-2 CC
OO

OO
CH3CH3

n 

232 5.7 
1.1232 

0.333 

P-3 CC
OO

OO
CH3CH3

CH3H3C

n  

267 6.0 
1.0656 

0.361 

P-4 CC
OO

OO
BrBr

BrBr

n  

293 4.6 
1.4745 

0.383 

P-5 CC
OO

OO
CH3CH3

BrBr

n  

288 5.5 
1.2356 

0.391 

P-6 

n

C
O

OCO
O

 

213 5.4 1.1518 0.333 

P-7 

n

CO
O

C O
O CH3 CH3

 

201 5.6 1.1502 0.317 

P-8 

n

CO
O

C O
O CH3 CH3

CH3H3C

 

240 6.0 1.1078 0.335 

P-9 

n

CO
O

C O
O Br Br

BrBr

 

272 4.4 1.4873 0.377 

P-10 

n

CO
O

C O
O CH3 CH3

BrBr

 

256 5.4 1.2527 0.383 

 

The data in Table 5.6 shows polyesters derived from terephthalic acid chloride exhibit 

slightly higher values of d-spacing and FFV than that of isophthalic acid chloride derived 

polyesters. 
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In case of tetrabromo-substituted polyesters d-spacing values are smaller than 

corresponding nonbrominated polyesters. While polar attractions between bromine atoms 

would tend to draw the polymer chains closer together, the large size of bromine atom as 

compared with hydrogen opposes this effect and makes this d-spacing result highly 

unlikely, if not impossible. It appears that average chain d-spacing determined from 

WAXD may not be representative of the actual chain spacings in these brominated 

materials. The high X-ray scattering ability of the bromine atom as compared with other 

atoms in these polymers is probably responsible for of the above noted anomalies.  

In all cases polyesters derived from terephthalic acid chloride had higher FFV compared to 

their isophthalic acid chloride derived analogues. The FFV of tetramethyl-substituted 

polymers is higher than those of unsubstituted ones, while that of dimethyl-substituted 

polymers is lowest in the series. This compares well with literature data for dimethyl 

substituted polyesters and polysulfones.25,30  The FFV for dibromo dimethyl substituted 

polymers is higher than that of tetramethyl substituted ones and is identical to that 

calculated for tetrabromo-substituted polyesters. These results indicate that asymmetrically 

substituted monomers pack more efficiently while symmetrically substituted polymers 

pack less efficiently. This observation is supported by the higher density of the dimethyl 

substituted polyesters as compared to their tetramethyl substituted analogs.  

Pure gas permeability coefficients for three gases and ideal selectivities for gas pairs are 

given in Table 5.7    
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Table 5.7 Permeability coefficients and ideal selectivieties for polyesters derived 
from perhydrocumyl cyclohexylidene containing bisphenols and terephthalic acid 
chloride / isophthalic acid chloride at 35±0.1°C and at 10 kg/cm2 
 

P  

(barrera) 

No Polyester 

He N2 O2 

α(He/N2) α(He/O2) α(O2/N2) 

P-1 BPPCP TPC 23.3 0.59 2.52 39.4 9.2 4.3 

P-2 DMBPPCP TPC 22.0 0.33 1.58 66.7 13.9 4.8 

P-3 TMBPPCP TPC 47.3 1.37 5.79 34.6 8.2 4.2 

P-4 TBrBPPCP TPC 30.5 0.55 2.86 55.3 10.7 5.2 

P-5 DDBPPCP TPC 42.7 0.85 4.1 50.1 10.4 4.8 

P-6 BPPCP IPC 21.1 0.34 1.63 61.4 12.9 4.7 

P-7 DMBPPCP IPC 19.4 0.21 1.06 91.3 18.3 5.0 

P-8 TMBPPCP IPC 42.9 0.83 3.88 51.9 11.0 4.7 

P-9 TBrBPPCP IPC 28.6 0.36 2.15 78.7 13.3 5.9 

P-10 DDBPPCP IPC 31.1 0.46 2.43 68.3 12.8 5.3 

 a: Barrer = 10-10
• [ cm3 (STP) • cm/cm2

• s • cmHg ] 
 
Permeability coefficients of the polyesters derived from terephthalic acid chloride were 

higher than that of the corresponding polyesters based on isophthalic acid chloride. 

Several investigators have reported that the polymers containing meta substituted 

phenylene rings have higher packing density and lower permeability to gas as compared to 

the polymers containing para substituted phenylene rings.26,29,31,32  The permeability 

coefficients for the symmetric polyimide PMDA-4,4’ODA are reported to be about twice 

that of asymmetric PMDA-3,3’-ODA polymer, while the permselectivity for the 

asymmetric polymer is almost twice that of symmetric material.33 The lower permeability 

and higher selectivity of meta-linked polymers may be the result of hindered rotation 

about the meta-connected linkage.  These results are in qualitative agreement with the 

lower d-spacing and FFV values for the isophthalic acid containing polyesters.   The 
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He/N2 selectivity has increased by almost 60% for BPPCP-IPC as compared to BPPCP-

TPC. 

The effect of the dimethyl substitution onto the phenylene rings of bisphenols is very 

similar to the effect of meta bond connection of these rings. In both cases, the asymmetric 

polyester consistently have lower permeabilites and higher selectivities than their 

symmetric counter parts. This effect appears to arise from both intermolecular and 

intramolecular factors. The unsymmetric polyesters are more well packed in the glassy 

state than their symmetric counter parts; thus, they have lower FFV and permeability. 

 Amongst the series of polyesters studied in the present work, TBrBPPCP-IPC exhibited 

highest selectivities for O2/N2 and He/N2. Tetramethyl substituted polyesters have 

permselectivities similar to their unsustitued analogue but at higher levels of permeability. 

Paul et. al. have reported similar observations for polyesters derived from substituted 

bisphenol-A and isophthalic acid chloride.25  

All of the substituted polyesters in this study exhibited either higher permeability, higher 

selectivity, or both than their unsubstitued analogue.  

Thus, utility of perhydrocumyl cyclohexylidene containing polyesters as membrane 

materials for gas separation was demonstrated. 
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5.4.3 Synthesis and characterization of polyimides from 1,1-bis(4- aminophenyl) -4-

perhydrocumyl cyclohexane and commercial dianhydrides 

 
The typical approaches to improve the solubility of aromatic polyimides without sacrifice 

in their excellent properties are, 1) the insertion of flexible spacers between the rigid units; 

2) the insertion of bent or ‘crankshaft’ units along the polymer backbone and 3) the 

appending of bulky side groups or flexible side chains along the polymer backbone.  

In the present study, bulky perhydrocumyl cyclohexylidene group was introduced along 

the polymer backbone to improve the processability of  polyimides. 

In this work, five new polyimides were synthesized by one-step high temperature solution 

polycondensation of newly synthesized 1,1-bis(4-aminophenyl)-4-perhydrocumyl 

cyclohexane with five commercial dianhydrides in m-cresol (Scheme 5.2).  

m  Cresol
200o C

-

NH2H2N

Ar
C
O

N

O
C

O
C

N

O
C

n

Ar
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O

O
C

O
C

O

O
C

+

Ar = 
, , , ,

C
O

O C
CF3

CF3

PI-1                 PI-2                          PI-3                        PI-4                            PI-5        
Scheme 5.2 Synthesis of polyimides from 1,1-bis(4- aminophenyl)-4-perhydrocumyl 
cyclohexane and commercial dianhydrides 
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The dianhydrides used in the present study were PMDA, BTDA, BPDA, ODPA and 6-

FDA. In a typical experiment, the diamine was dissolved in freshly distilled m-cresol and 

equimolar quantities of dianhydride was added in portions. The reaction temperature was 

raised to 80°C and the homogeneous solution was stirred for 1 h. The temperature was 

raised to 200°C and the reaction mixture was stirred for 6 h. The polymerization reaction 

carried out under the gentle flow of nitrogen. The water formed during the imidization was 

removed with the stream of nitrogen. 

All the polymerizations proceeded in homogeneous manner. The results of synthesis are 

summarized in Table 5.8 

 

Table 5.8 Synthesis of polyimides from 1,1-bis(4- aminophenyl)-4-perhydrocumyl 
cyclohexane and commercial dianhydrides 
 

Polyimide Dianhydride Yield (%) ηinh (dL/g)a Film quality 

       PI-1 PMDA 95 0.40 Flexible 

       PI-2 BTDA 95 0.44 Flexible 

       PI-3 BPDA 96 0.66 Flexible 

       PI-4 ODPA 97 0.45 Flexible 

       PI-5 6-FDA 97 0.35 Flexible 
a: ηinh  was measured with 0.5 % (w/v) solution of polyimide in TCE at 30±0.1°C 
 
Inherent viscosities were in the range 0.35 to 0.66 dL/g indicating the formation of 

medium to high molecular weight polyimides. Polyimide PI-5 synthesized from BAPCP 

and 6-FDA was found to be soluble in chloroform.  The number average and weight 

average molecular weights for PI-5 were 51,800 and 1,03,780 respectively with a 

polydispersity index of 1.8 as determined by GPC.  

Tough, transparent, and flexible films of polyimides could be cast from their TCE 

solutions. 
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5.4.3.1 Structural characterization 

 
The formation of polyimides was confirmed by FTIR spectroscopy. As an example, FTIR 

spectrum of polyimide derived form BAPCP and 6-FDA is reproduced in Figure 5.12. 

The complete imidization was confirmed by the absorption bands at 1785, 1728, 1372 and 

721 cm-1, due to symmetric C=O, asymmetric C=O, C-N stretching and imide ring 

deformation, respectively. These absorption peaks corresponded to previously reported 

imide ring absorptions. Complete cyclization was also evident by the lack of amide C=O 

(1640 cm-1) and N-H (1550 cm-1) peaks.  

 
Figure 5.12 FTIR spectrum of polyimide derived from 1,1-bis(4- aminophenyl)-4-
perhydrocumyl cyclohexane and 6-FDA (PI-5) 
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1H-NMR and 13C-NMR spectra of PI-5 along with assignments are reproduced in Figure 

5.13 

(a)1H-NMR spectrum of polyimide PI-5 

(b)13C NMR spectrum of polyimide PI-5 

 

Figure 5.13 1H and 13C-NMR spectra of polyimide derived from 1,1-bis(4- 
aminophenyl)-4-perhydrocumyl cyclohexane and FDA (PI-5) 
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5.4.3.2 Solubility measurements 

 
Solubility of polyimides was tested in various organic solvents at 3 wt % concentration 

and data is summarized in Table 5.9. BAPCP-based polyimides were soluble in organic 

solvents such as TCE, m-cresol, NMP and ODCB. The literature solubility data for 

polyimides derived from 1,1-bis(4-aminophenyl)cyclohexane, a diamine containing 

unsubstituted cyclohexane ring, showed that the polyimides were not soluble in common 

organic solvents, viz, NMP, m-cresol, CHCl3, etc.14 That is, introduction of the bulky 

perhydrocumyl cyclohexylidene group would have decreased the inter-chain interaction of 

the rigid aromatic polyimides, which resulted in improvement of the solubility. Polyimide 

derived from BAPCP and 6-FDA was soluble in chloroform, and this can be attributed to 

both bulky perhydrocumyl cyclohexylidene group and hexafluoroisopropylidene linkage 

along the polymer backbone. 

 

Table 5.9 Solubility data of polyimides derived from 1,1-bis(4- aminophenyl)-4-
perhydrocumyl cyclohexane and commercial dianhydrides. 
 

Polymer  TCE m-Cresol ODCB NMP DMF DMAC CHCl3 

P-1 + + + − + + + + + − + − − − 

P-2 + + + + + + + + + − + − − − 

P-3 + + + + + + + + + − + − − − 

P-4 + + + + + + + + + − + − − − 

P-5 + + + + + + + + + − + − + + 

+ + soluble at room temperature, + − swelling, − − insoluble 

 

5.4.3.3 X-Ray diffraction studies 

 
X-Ray diffraction patterns of polyimides are shown in Figure 5.14. All the polyimides 

were amorphous in nature. The presence of bulky perhydrocumyl cyclohexylidene group 

might hinder the packing of the polyimide chains. The amorphous nature of the 

polyimides was also reflected in their improved solubilities. 
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Figure 5.14 X-ray diffraction patterns of polyimides derived from 1,1-bis(4- 
aminophenyl)-4-perhydrocumyl cyclohexane and commercial dianhydrides 
 

5.4.3.4 Thermal properties  

 
In the present study, thermal stability of polyimides was determined by thermogravimetric 

analysis (TGA) at a heating rate of 10oC /minute under nitrogen. TG curves for polyimides 

are shown in Figure 5.15. The initial decomposition temperature (IDT) and the 

decomposition temperature at 10% weight loss (T10) for polyimides are presented in Table 

5.10. IDT for polyimides was in the range of 475-495oC. T10 values of polyimides were in 

the range 480-511 oC indicating the high thermal stability.  Despite the presence of 

alicyclic group along the polymer backbone, these polyimides showed high thermal 

stability with the advantage of being soluble in common organic solvents. 
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Figure 5.15 TG curves of polyimide derived from 1,1-bis(4- aminophenyl)-4-
perhydrocumyl cyclohexane and commercial dianhydrides. 
 

Table 5.10 Thermal properties of polyimides derived from 1,1-bis(4- 
aminophenyl)-4-perhydrocumyl cyclohexane and commercial dianhydrides 
 

Polyimide IDT, °C T10,  °C Tg, °C 

PI-1 475 480 N.D. 

PI-2 478 482 294 

PI-3 495 511 310 

PI-4 484 505 288 

PI-5 495 509 292 

N.D.- not detected 

DSC curves for the polyimides are reproduced in Figure 5.16. The Tg values of 

polyimides were in the range 288-310oC. Polyimide PI-1 derived from BAPCP and 

PMDA did not show the glass transition temperature. The Tgs decrease in the following 

order.  BPDA > BTDA > FDA > ODPA. The highest value of Tg of 310oC is obtained for 

polyimide derived from BPDA in the series, which could be attributed to the more rigid 

nature of BPDA. Polyimide derived from BAPCP and ODPA exhibited the lowest glass 

transition temperature of 288 oC in the series of polyimides, which could be attributed to 

the presence of flexible ether linkage along the polymer backbone. 

 The comparison of the literature values for Tg of polyimides containing unsubstituted 

cyclohexane moiety, derived from 1,1-bis(4-aminophenyl)cyclohexane (BACH) indicates 
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that the glass transition temperature is almost in the same range. The values of glass 

transition temperature for polyimides derived from BACH with BTDA, ODPA and 6-FDA 

are 305, 290 and 293oC, respectively.14 

 

Figure 5.16 DSC curves of polyimides derived from 1,1-bis(4- aminophenyl)-4-
perhydrocumyl cyclohexane and commercial dianhydrides 
 

5.4.3.5 Optical properties 

 

In the present study the optical transparencies of selected polyimide films having thickness 

of  ~15 µm were determined by transmission UV-visible spectroscopy. Figure 5.17 shows 

UV-visible spectra of BAPCP derived polyimides.  
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Figure 5.17 UV-vis absorption spectra of polyimide films derived from 1,1-bis(4- 
aminophenyl)-4-perhydrocumyl cyclohexane and commercial dianhydrides 
 

The cut off wavelength (absorption edge, λo), and % transmittance at 500 nm (the solar 

maximum) are given in Table 5.11. Polyimide derived from BAPCP and 6-FDA showed 

the maximum transparency (84%) and this can be attributed to the bulky perhydrocumyl 

cyclohexylidene and hexafluroisoropylidene group along the polymer backbone which 

might decrease the intermolecular interactions and minimize the formation of charge 

transfer complexes. All these polyimides exhibited the cut off wavelength (λo)  between 

334-381 nm, which were better than the commercially available polyimide Kapton with 

onset wavelength at 414 nm. 

 213



Table 5.11 Optical properties of polyimides derived from 1,1-bis(4- aminophenyl)-4-

perhydrocumyl cyclohexane and commercial dianhydrides 

Polyimide λo 
nm 

% Transmittance at 
500 nm 
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5.4.4 Pretilt angle and electro-optical characteristics of polyimides derived from 

1,1-bis(4-aminophenyl) -4-perhydrocumyl cyclohexane and commercial 

dianhydrides 

The liquid crystal cells were prepared as described in section 4.2.3 and the measurements 

were done by crystal rotation method.35 The pretilt angle was then calculated from the 

obtained incident angle. 

Uniform alignment of liquid crystals was observed. This opens the route for these 

polyimides to be used as an alignment layer for liquid crystal displays.  The pretilt angles 

obtained were in the range 0.20-2.43, which is adequate for display applications. Low LC 

pretilt angle is particularly attractive for In-Plane-Switching or twisted-nematic LCD 

modes. Organo-soluble polyimides are desirable as their processing temperature is low – a 

feature particularly important for low temperature poly-silicon-thin-film transistor-liquid 

crystal display (TFT-LCD) processes. 36,37 

Figure 5.18 (a) shows a typical transmittance voltage curve for normal incidence of the 

twisted nematic cell. A typical switching curve is observed with a switching voltage of 

nearly 3 V. Response and relaxation time of the twisted nematic cell is shown in Figure 

5.18 (b), a switching time of about 50-60 ms was observed at 5 V. In the OFF state, black 

flow effect is visible in the graph because of the 18 µm thick cell.   
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Figure 5.18 (a) Electro-optical characteristics of polyimide orientation layer  (b) 
Response and relaxation times for polyimide orientation layer from the non-select to 
select state (5V) at a frequency of 1000 Hz 
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5.4.5 Synthesis and characterization of polyetherimides from 1,1-bis[4-(4-

aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and commercial 

dianhydrides 

One of the approaches to improve the processability of the polyimides is the introduction 

of the flexible ether (-O-) linkages.1-5 Polyimides containing ether and imide linkage in 

their backbone are referred as polyetherimides. The well-known example of the 

commercial polyetherimide is Ultem, by General Electric.  

Scheme 5.3 depicts synthesis of polyetherimides from 1,1-bis[4-(4-

aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane (BAPPHC) and commercial 

dianhydrides. In the present study, three commercial dianhydrides, viz, BPDA, ODPA and 

6-FDA were used for the synthesis of polyetherimides.  
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Scheme 5.3 Synthesis of polyetherimides form 1,1-bis[4-(4-aminophenoxy)phenyl)]-
4-per-hydrocumyl cyclohexane and commercial dianhydrides 

 
Polymerization was carried out by one-step high temperature solution polycondensation in 

m-cresol. In a typical experiment, BAPPHC was dissolved in freshly distilled m-cresol at 
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room temperature and BPDA was added in small portions. Reaction mixture was heated to 

80°C and stirred fro 1 h. The temperature was raised to 200°C and reaction mixture was 

stirred for 6 h. The reaction was performed under the gentle flow of nitrogen and water 

formed during imidization was removed with the stream of nitrogen. At the end of 6 h, the 

reaction mixture was cooled to room temperature and was precipitated in excess methanol. 

The fibrous polymer obtained was dried in vacuum.  

All the polymerizations proceeded in homogeneous manner. The results of 

polymerizations are summarized in Table 5.12.  

 

Table 5.12 Synthesis of polyetherimides from 1,1-bis[4-(4-aminophenoxy)phenyl)]-
4-per-hydrocumyl cyclohexane and commercial dianhydrides 
 

Molecular Weightb Polyetherimide Dianhydride Yield 

% 

ηinh  

dL/g Mn Mw 

PDIb 

Mw/Mn 

PEI-1 BPDA 96 0.94 59460 140760 2.4 

PEI-2 ODPA 96 0.66 49670 107090 2.2 

PEI-3 FDA 94 0.66 57100 122530 2.1 

a:  ηinh  was measured with 0.5% (w/v) solution of polyetherimide in chloroform at  30 ±0.1oC  
b: measured by GPC in chloroform, polystyrene was used as the calibration standard 
 

Inherent viscosity values of the polyetherimides were in the range 0.66-0.94 dL/g. All the 

polyimides synthesized were soluble in chloroform and were used for GPC analysis. The 

results of GPC measurements on polyetherimides are presented in Table 5.12. Number 

average molecular weights (Mn) were in the range 49670 - 59460 with polydispersity 

index in the range 2.1-2.4. Inherent viscosity and GPC data indicate the formation of 

reasonably high molecular weight polymers. However, the molecular weight values 

provided by GPC should not be taken as absolute as the calibration of GPC was carried 

out using polystyrene standards. 

Tough, transparent, and flexible films of polyetherimides could be cast from their 

chloroform solutions. 
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5.4.5.1 Structural characterization 

 
The formation of polyetherimides was confirmed by FTIR, and 1H-NMR spectroscopy. A 

representative FTIR spectrum of polyetherimide derived from BAPPHC with BPDA is 

reproduced in Figure 5.19. Absorption bands at approximately 1775, 1721, 1375 and 739 

cm-1 due to symmetric C=O, asymmetric C=O and C-N stretching and imide ring 

deformation, respectively confirmed the formation of imide linkages. These wavelengths 

corresponded to previously reported imide ring absorptions. In addition to the imide 

bands, C− O −C absorption band was observed at 1242 cm-1 indicating the presence of 

ether linkage along the polymer backbone.  

 
Figure 5.19 FT-IR spectrum of polyetherimide derived from 1,1-bis[4-(4-
aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and BPDA (PEI-1) 
 
A representative 1H-NMR spectrum of polyetherimide (PEI-1) along with assignments is 

reproduced in Figure 5.20  
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Figure 5.20 1H-NMR spectrum of polyetherimide derived from 1,1-bis[4-(4-
aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and BPDA (PEI-1) 
 

5.4.5.2 Solubility measurements 

 
Solubility of polyetherimides was tested in various organic solvents at 3 wt % 

concentration and data is summarized in Table 5.13. BAPPHC-based polyetherimides 

were soluble in common organic solvents such as chloroform, TCE, m-cresol, NMP and 

ODCB. That is, introduction of the bulky perhydrocumyl cyclohexylidene group and 

flexible ether linkage has decreased the inter-chain interaction of the rigid aromatic 

polyimides, which resulted in improvement of the solubility. All of the polyetherimides 

were soluble in chloroform, unlike the polyimides without ether linkage (data in Table 

5.9). This can be attributed to the presence of the flexible ether linkage along the polymer 

backbone.  

 

Table 5.13 Solubility data for polyetherimides derived form 1,1-bis[4-(4-
aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and commercial 
dianhydrides 
 

Polyetherimide CHCl3 TCE ODCB m-Cresol NMP DMF DMAC

PEI-1 + + + + + + + + + + + − + − 

PEI-2 + + + + + + + + + + + − + − 

PEI-3 + + + + + + + + + + + − + − 

+ + soluble, + − swelling 
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5.4.5.3 X-Ray diffraction studies 

 
X-Ray diffraction patterns of polyetherimides are shown in Figure 5.21. All 

polyetherimides were amorphous in nature. This could be attributed to the presence of 

perhydrocumyl cyclohexylidene along the polymer backbone, which might hinder packing 

of the polyimide chain. The amorphous nature of polyimides was also reflected in their 

improved solubilities. 

 

 

Figure 5.21 Wide angle X-ray diffractograms of polyetherimides synthesized form 
1,1-bis[4-(4-aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and commercial 
dianhydrides 
 

5.4.5.4 Thermal properties  

 
In the present study, thermal stability of polyetherimides was determined by 

thermogravimetric analysis (TGA) at a heating rate of 10oC /minute under nitrogen. 

Figure 5.22 shows TG curves for polyetherimides.  

 221



 

Figure 5.22 TG curves of polyetherimides derived from 1,1-bis[4-(4-
aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and commercial 
dianhydrides 
 

The initial decomposition temperature (IDT) and the decomposition temperature at 10% 

weight loss (T10) for polyetherimides are given in Table 5.14. IDT for polyetherimides 

was in the range 483-489oC. T10 values were in the range 505-518 oC, indicating high 

thermal stability of polyetherimides. The polyetherimide derived from 6-FDA and 

BAPPHC showed the highest T10 in the series. Despite the presence of alicyclic group and 

ether linkage along the polymer backbone, these polyetherimides showed high thermal 

stability with the advantage of being soluble. 

 

Table 5.14 Thermal properties of polyetherimides derived from 1,1-bis[4-(4-
aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and commercial 
dianhydrides 
 
Polyetherimide IDT, °C T10,  °C Tg ,°C 

       PEI-1 483 480 249 

       PEI-2 489 505 234 

       PEI-3 495 508 260 

 

DSC curves for polyetherimides are reproduced in Figure 5.23. The Tg values of 

polyimides were in the range 234-260oC. The Tgs decrease in the following order, 6-FDA 

> BPDA > ODPA.  
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Figure 5.23  DSC curves of polyetherimides derived from 1,1-bis[4-(4-
aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and commercial 
dianhydrides 
 

5.4.5.5 Optical properties 

In the present study optical transparencies of polyetherimide films of thickness ~10 µm 

were determined by transmission UV-visible spectroscopy. Figure 5.24 shows UV-visible 

spectra of the BAPPHC derived polyetherimides.  

 

Figure 5.24 UV-visible absorption spectra of polyetherimides derived from 1,1-
bis[4-(4-aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and commercial 
dianhydrides 
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The cut off wavelength (absorption edge, λo), and % transmittance at 500 nm (the solar 

maximum) are given in Table 5.15. In the case of all polyetherimides, the transmission of 

light started below 400 nm. Polyetherimide derived from BAPPHC and 6-FDA showed 

the maximum transparency (84%) and this could be attributed to the bulky perhydrocumyl 

cyclohexylidene and hexafluroisoropylidene group along the polymer backbone which 

might decrease the intermolecular interactions and thus minimize the formation of charge 

transfer complexes. All these polyetherimides have cut off wavelength between 321-372 

nm, which were better than the commercially available polyimide Kapton with onset 

wavelength at 414 nm.  

 
Table 5.15 Optical properties of polyetherimides derived from 1,1-bis[4-(4-
aminophenoxy)phenyl)]-4-per-hydrocumyl cyclohexane and commercial 
dianhydrides 
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5.5 Conclusions: 

 

1. A series of polyesters with moderate to high molecular weights was synthesized by 

interfacial polycondensation of bisphenols containing perhydrocumyl cyclohexylidene 

moiety and terephthalic acid chloride / isophthalic acid chloride.  

2. A detailed NMR analysis of polyesters revealed the presence of constitutional 

isomerism resulting from the different enchainment of the phenyl rings of bisphenol 

monomer along the polymer chain. The axial and equatorial identity of the phenyl 

rings of bisphenol monomer was retained in the polymer backbone. 

3. All polyesters were readily soluble in chlorinated hydrocarbons such as 

dichloromethane, chloroform and tetrachloroethane, as well as in m-cresol and THF. 

Perhydrocumyl cyclohexylidene containing polyesters exhibited better solubility than 

those derived from bisphenol-A or cyclohexylidene bisphenol. Tough, transparent and 

flexible films of perhydrocumyl cyclohexylidene containing polyesters could be cast 

from chloroform solutions. 

4. The T10 for polyesters were in the range 435-485°C indicating the high thermal 

stability of polyesters. 

5. The Tg values were in the range 232-293°C. The glass transition temperature of the 

polyesters derived from terephthalic acid chloride were higher than their isophthalic 

acid chloride derived analogues. Tg of polyesters was dependant on the nature of 

substituent on the bisphenol rings, which followed the following trend. 

DMBPCP<BPPCP<TMBPPCP<DDBPPCP<TBrBPPCP. 

6. The gas permeability studies on the polyesters containing bulky perhydrocumyl group 

revealed following  

- meta-Linked polyesters exhibited lower permeabilites and higher 

permselectivities than their para-linked analogues 

 - Dimethyl substitution of each of the bisphenol phenyl rings (TMBPPCP) 

increases polymer permeability retaining permselectivity of the unsubstituted 

polymer analogues. 

- Tetrabromo substituted polyesters exhibited highest permselectivities.  

7. A series of polyimides was synthesized from BAPCP and commercial dianhydrides by 

one-step high temperature solution polycondensation in m-cresol. Polyimides with 

moderate molecular weight were obtained. 

 225



8. Polyimides were soluble in organic solvents such as, TCE, m-cresol, NMP and ODCB. 

Polyimide derived from BAPCP and 6-FDA was soluble in chloroform. Tough, 

transparent and flexible films of polyimide could be cast from their TCE solutions. 

9. All polyimides exhibited high thermal stabilities and their T10 values were in the range 

480-511oC.  

10. A pretilt angle of 2.43o was observed for polyimide derived from BAPCP and BTDA. 

This opens the route for this organosoluble polyimide to be used as an alignment layer 

for liquid crystal displays. 

11. Polyetherimides synthesized from BAPPHC and commercial dianhydrides exhibited 

good solubility in organic solvents, high thermal stabilities (T10 values in the range 

480-508oC) and high optical transmittance.  
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Chapter 6. Summary and Conclusions 
 

 

 

The main objective of the present research was to design and synthesize processable high 

performance polymers such as polyimides and polyesters by making use of difunctional 

monomers containing pendent flexible pentadecyl chain or bulky perhydrocumyl 

cyclohexylidene group. Another objective was to study the applications of selected 

(co)polyimides  as alignment layers for liquid crystal display devices. Polyesters containing 

bulky perhydrocumyl cyclohexylidene moiety with a systematic variation of methyl and /or 

bromo substituent on bisphenol rings were evaluated as membrane materials for gas 

separations. 

Two new difunctional monomers containing pendant pentadecyl chain, namely, 1,1-bis(4-

hydroxyphenyl)-3-pentadecylcyclohexane (BPC15) and 1,1-bis(4-aminophenyl)-3-pentadecyl-

cyclohexane (BAC15) were synthesized starting from CNSL, a commercially available, 

inexpensive and renewable resource material. 

Eight new difunctional monomers containing bulky perhydrocumyl substituted 

cyclohexylidene moiety were synthesized starting from p-cumylphenol, a commercially 

available raw material. 

Thus, total of ten new difunctional monomers were designed and synthesized starting from 

commercially available raw materials via simple reaction steps.  

All the new monomers and intermediates involved in their synthesis were characterized by a 

combination of chemical and spectroscopic techniques, including NMR and single crystal X-

ray crystallography. Whenever suitable crystals could be obtained, X-ray crystallography 

provided unequivocal assignments of chemical structure.  

A detailed investigation of spectral and X-ray crystallography data of difunctional monomers 

containing substituted cyclohexylidene moiety showed the presence of distereotopic phenyl 

rings, which are magnetically non-equivalent. Both diamine and bisphenol molecules are not 

symmetrical about a C2 axis between two phenyl rings. The phenyl rings of both diamine and 

bisphenol molecules lie in different plane and axial and equatorial phenyl rings could be 

distinguished. 1H NMR spectra exhibited two sets of doublets and 13C NMR spectra exhibited 
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four sets of carbon signals in the aromatic region originating from axial and equatorial phenyl 

rings.  

A series of polyesters and polyimides  containing pentadecyl substituted cyclohexylidene 

moiety was synthesized from BPC15 and BAC15, respectively. Polyesters were synthesized by 

two-phase interfacial polycondensation whereas polyimides were synthesized by one-step 

high temperature solution polycondesation. Medium to high molecular weight polyesters and 

polyimides soluble in common organic solvents were obtained.  Polyesters derived from 

BPC15 exhibited constitutional isomerism, which has its origin in the distereotopic nature of 

BPC15. Glass transition temperatures (Tg) of the polyesters derived from BPC15 and 

terephthalic acid chloride and isophthalic acid chloride are 94 and 74°C, respectively. The Tg 

values of polyimides derived from BAC15 were in the range 161-209°C. A comparison of the 

glass transition values with that of polyesters derived from BPC1 and polyimides derived from 

BAC clearly indicated the substantial decrease in the Tg of pentadecyl substituted 

cyclohexylidene containing polymers. The depression in glass transition temperature of 

pendant pentadecyl chain containing polyesters and polyimides demonstrated the 

“plasticizing” ability of pentadecyl chain.  

Encouraged by the results of homopolymers, it was of interest to synthesize copolymers with 

a systematic variation of pentadecyl substituted cyclohexylidene containing monomers and 

study the effect of comonomer content on the final copolymer properties. High molecular 

weight copolyesters and copolyimides containing pentadecyl substituted cyclohexylidene 

moiety were synthesized. The Tg  of copolyesters and copolyimides decreased with the 

increasing content of BPC15 or BAC15, respectively. All of the (co)polyesters and 

(co)polyimides exhibited high thermal stabilities. A large window between glass transition 

and polymer degradation temperature was observed. This gives an opportunity for these 

(co)polymers to be melt-processed or compression molded.  

Preliminary experiments for using copolyimides containing pentadecyl substituted 

cyclohexylidene moiety as alignment layer for liquid crystal display were carried out. Pretilt 

angles in the range 2.51-2.75o were observed which is adequate for display applications.  

A series of new polyesters with a systematic variation of methyl and /or bromo substituent on 

phenyl rings was synthesized from bisphenols containing bulky perhydrocumyl 
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cyclohexylidene “cardo” group by two-phase interfacial polycondensation technique.  

Moderate to high molecular weight polyesters soluble in common organic solvents were 

obtained. The presence of constitutional isomerism in polyesters containing substituted 

cyclohexylidene moieties was established by detailed NMR spectral analysis. All the 

polyesters were amorphous in nature as indicated by their wide angle X-ray diffraction 

patterns.  Polyesters containing perhydrocumyl cyclohexylidene moiety had T10 values in the 

range 435-485°C indicating high thermal stabilities. The glass transition temperature of 

polyesters derived from isophthalic acid chloride were lower than their terephthalic acid 

chloride derived analogues, which is due to their more conformational freedom of the main 

chains than that in case of  para-linked polymers. Symmetric and asymmetric substitution of 

bisphenol rings had a effect on Tg values of polyesters. The Tg values of polyesters followed 

the following trend. DMBPCP<BPPCP<TMBPPCP<DDBPPCP<TBrBPPCP. 

The utility of perhydrocumyl cyclohexylidene containing polyesters as membrane materials 

for gas separation was demonstrated. Polyesters derived from isophthalic acid chloride 

exhibited lower permeabilities and higher permselectivities than their terephthalic acid 

chloride derived analogues. The systematic variation of methyl and bromo substituent on 

phenyl rings revealed that the incorporation of polar groups within polymer structures which 

inhibit free volume collapse help in increasing gas permeability and permselectivity.  

A series of polyimides was synthesized from perhydrocumyl cyclohexylidene containing 

diamine and commercial dianhydrides by one-step high temperature solution 

polycondensation in m-cresol. Organo-soluble polyimides with inherent viscosity values in 

the range 0.35-0.66 dL/g were obtained. All the polyimides were amorphous in nature as 

indicated by their wide angle X-ray diffraction patterns. Polyimides exhibited high thermal 

stabilities and their T10 values were in the range 480-511°C. Optical transmittance of  

polyimides containing perhydrocumyl substituted cyclohexylidene moiety indicated the good 

optical transparency. The maximum transparency of 84% was observed for polyimide derived 

from BAPCP and 6-FDA at 500 nm. 

Application of organo-soluble polyimides containing perhydrocumyl cyclohexylidene moiety 

as alignment layer for liquid crystal display was evaluated in brief. A pretilt angle of 2.43° 
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was observed for polyimide synthesized from BAPCP and BTDA, which is adequate for 

display applications.  

A series polyetherimides was synthesized from BAPPHC and commercial dianhydrides by 

one-step high temperature solution polycondensation in m-cresol. Polyetherimides exhibited 

good solubility in common organic solvents, high thermal stabilities (T10 values in the range 

480-508°C) and high optical transmittance. 

Overall, the polymer processability / solubility was improved by the incorporation of pendant 

pentadecyl chain via internal “plasticization”. The incorporation of bulky perhydrocumyl 

substituted cyclohexylidene “cardo” group resulted into polyimides and polyesters with 

improved solubility in common organic solvents and higher thermal properties.  

 

Perspectives 

 

High performance / high temperature polymers such as polyimides and polyesters are of great 

interest in view of their excellent versatility in various applications. In this context an 

understanding of the structure-property relationship in high performance polymers is of 

significant contemporary interest. There is a continuing need to examine approaches to 

address the issues related to their limited solubility in common organic solvents and poor 

processability. 

The present work on synthesis of new difunctional monomers starting from CNSL and p-

cumylphenol has expanded the range of condensation monomers available for preparation of a 

host of high performance polymers, viz. polyethersulfones, polyetherketones, polyamides, 

polyazomethines, polyhydrazides, polyoxadiazoles,  polybenzoxazoles, etc.   

There are several interesting experiments that could be a continuation of this project.  

Diamines synthesized in the present work could easily be converted into diisocyanates which 

by themselves represent valuable monomers for synthesis of polyurethanes, polyureas, etc.  

It is well known that the molecular motions in polymer bulk play an important role in 

governing the transport properties of the polymers. A detailed DMA study would provide an 

additional insight into the factors governing molecular motions and transport properties of 

polyesters and their interrelationship.  
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Polyimides, as a class represent good dielectric materials. Efforts are being made to develop 

polyimides with lower dielectric constants than conventional polyimides. Polyimides 

synthesized in the present work are expected to possess lower dielectric constant by virtue of 

the presence of aliphatic moieties in their backbone. Studies in these directions would be 

worthwhile.    

 

 

 

 



Appendix 1 
 
a) Bond distances of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane in angstroms 
 
          Atom1 Atom2                 Distance           Atom1 Atom2                 Distance 

            O (1)-C(10)                    1.385(3)              C(7)-C(12)                    1.399(3)  
            O(2)-C(16)                     1.385(3)             C(8)-C(9)                      1.392(3)  
            C(1)-C(13)                    1.532(3)              C(9)-C(10)                    1.377(3) 
            C(1)-C(7)                      1.541(3)              C(10)-C(11)                  1.360(3)  
            C(1)-C(6)                      1.547(3)              C(11)-C(12)                  1.373(3)  
            C(1)-C(2)                      1.555(3)              C(13)-C(14)                  1.379(3)  
            C(2)-C(3)                      1.535(3)              C(13)-C(18)                  1.388(3)  
            C(3)-C(4)                      1.523(3)              C(14)-C(15)                  1.382(3)  
            C(3)-C(19)                    1.524(3)              C(15)-C(16)                  1.376(3)  
            C(4)-C(5)                      1.529(3)             C(16)-C(17)                  1.362(3)  
            C(5)-C(6)                      1.530(3)             C(17)-C(18)                  1.400(3)  
            C(7)-C(8)                      1.386(3)             C(19)-C(20)                  1.522(3)  
 
b) Bond angles of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane in degrees 
 
 
       Atom 1      2      3                      Angle           Atom 1      2      3                      Angle 

            C(13)-C(1)-C(7)             110.8(2)              C(11)-C(10)-C(9)            120.1(2)  
            C(13)-C(1)-C(6)             112.28(19)              C(11)-C(10)-O(1)           117.8(2)  
            C(7)-C(1)-C(6)               109.67(19)              C(9)-C(10)-O(1)             122.1(2)  
            C(13)-C(1)-C(2)             109.09(19)              C(10)-C(11)-C(12)          120.4(2)  
            C(7)-C(1)-C(2)               108.51(18)              C(11)-C(12)-C(7)            122.1(2)  
            C(6)-C(1)-C(2)               106.3(2)              C(14)-C(13)-C(18)          116.0(2)  
            C(3)-C(2)-C(1)               113.37(18)              C(14)-C(13)-C(1)            120.8(2)  
            C(4)-C(3)-C(19)              112.2(2)              C(18)-C(13)-C(1)            123.1(2)  
            C(4)-C(3)-C(2)                108.8(2)              C(13)-C(14)-C(15)          122.7(2)  
            C(19)-C(3)-C(2)              112.44(18)              C(16)-C(15)-C(14)          119.9(2) 
            C(3)-C(4)-C(5)                112.0(2)              C(17)-C(16)-C(15)          119.5(3)  
            C(4)-C(5)-C(6)                111.7(2)             C(17)-C(16)-O(2)           123.1(3)  
            C(5)-C(6)-C(1)                 114.2(2)             C(15)-C(16)-O(2)           117.4(3)  
            C(8)-C(7)-C(12)               115.9(2)             C(16)-C(17)-C(18)          119.8(2)  
            C(8)-C(7)-C(1)                 123.2(2)              C(13)-C(18)-C(17)          122.0(2) 
            C(12)-C(7)-C(1)               120.9(2)              C(20)-C(19)-C(3)            114.5(2) 
            C(7)-C(8)-C(9)                 122.4(2)              C(21)-C(20)-C(19)          116.4(2) 
            C(10)-C(9)-C(8)              119.1(2)               
 
 
 



Appendix 2 
 

a) Bond distances of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl cyclohexane in 
angstroms 
          Atom1 Atom2                 Distance           Atom1 Atom2                 Distance 

            O(3)-C(29)                    1.448(4)              C(10)-C(11)                1.367(4)  
            C(28)-C(29)                  1.469(6)             C(11)-C(12)                1.377(3)  
            O(1)-C(10)                   1.376(3)             C(13)-C(18)                   1.380(3)  
            O(2)-C(16)                   1.370(3)             C(13)-C(14)                   1.382(3)  
            C(1)-C(7)                     1.534(3)              C(14)-C(15)                   1.381(3)  
            C(1)-C(13)                   1.535(3)              C(15)-C(16)                   1.371(3)  
            C(1)-C(6)                     1.541(3)              C(16)-C(17)                   1.371(3)  
            C(1)-C(2)                     1.545(3)              C(17)-C(18)                   1.376(3)  
            C(2)-C(3)                     1.520(3)              C(19)-C(21)                   1.535(3)  
            C(3)-C(4)                     1.526(3)             C(19)-C(20)                   1.538(3)  
            C(4)-C(5)                     1.529(3)              C(19)-C(22)                   1.556(3)  
            C(4)-C(19)                   1.557(3)              C(22)-C(27)                   1.511(4)  
            C(5)-C(6)                     1.515(3)             C(22)-C(23)                   1.519(3)  
            C(7)-C(8)                    1.380(3)              C(23)-C(24)                   1.507(4)  
            C(7)-C(12)                   1.388(3)              C(24)-C(25)                   1.502(4) 
            C(8)-C(9)                     1.379(3)              C(25)-C(26)                   1.498(4)  
            C(9)-C(10)                   1.370(3)             C(26)-C(27)                   1.520(4) 
 
b) Bond angles of 1,1-bis(4-hydroxyphenyl) -4-perhydrocumyl cyclohexane in degrees 
 
       Atom 1      2      3                      Angle           Atom 1      2      3                      Angle 

            O(3)-C(29)-C(28)             109.9(4)             C(18)-C(13)-C(1)             123.88(19)  
            C(7)-C(1)-C(13)               108.04(17)              C(14)-C(13)-C(1)             120.47(19)  
            C(7)-C(1)-C(6)                 111.02(18)              C(15)-C(14)-C(13)           123.1(2)  
            C(13)-C(1)-C(6)               111.24(17)              C(16)-C(15)-C(14)           119.6(2)  
            C(7)-C(1)-C(2)                 108.31(17)              O(2)-C(16)-C(15)             123.0(2)  
            C(13)-C(1)-C(2)               112.85(18)              O(2)-C(16)-C(17)             118.1(2)  
            C(6)-C(1)-C(2)                 105.37(17)              C(15)-C(16)-C(17)            118.9(2)  
            C(3)-C(2)-C(1)                 115.51(18)              C(16)-C(17)-C(18)            120.5(2)  
            C(2)-C(3)-C(4)                  112.22(19)              C(17)-C(18)-C(13)            122.4(2)  
            C(3)-C(4)-C(5)                 106.92(17)              C(21)-C(19)-C(20)            107.7(2)  
            C(3)-C(4)-C(19)               114.98(18)              C(21)-C(19)-C(22)            110.18(19)  
            C(5)-C(4)-C(19)               114.73(17)              C(20)-C(19)-C(22)            109.11(19)  
            C(6)-C(5)-C(4)                 112.38(18)             C(21)-C(19)-C(4)              109.33(18)  
            C(5)-C(6)-C(1)                 114.08(18)             C(20)-C(19)-C(4)              109.76(19)  
            C(8)-C(7)-C(12)               115.7(2)              C(22)-C(19)-C(4)              110.67(18)  
            C(8)-C(7)-C(1)                 123.00(19)              C(27)-C(22)-C(23)             107.7(2)  
            C(12)-C(7)-C(1)               121.2(2)              C(27)-C(22)-C(19)             115.1(2)  
            C(9)-C(8)-C(7)                 122.2(2)              C(23)-C(22)-C(19)             113.7(2)  
            C(10)-C(9)-C(8)               120.3(2)              C(24)-C(23)-C(22)            113.2(3)  
            C(10)-C(9)-H(9)               119.9              C(25)-C(24)-C(23)             110.8(3)  
            C(11)-C(10)-C(9)             119.2(2)              C(26)-C(25)-C(24)              110.2(3)  
            C(11)-C(10)-O(1)             118.4(2)              C(25)-C(26)-C(27)              112.3(3)  
            C(9)-C(10)-O(1)               122.5(2)              C(22)-C(27)-C(26)              112.7(3)  
            C(10)-C(11)-C(12)           119.9(2)            C(14)-C(13)-C(1)               120.47(19) 
            C(18)-C(13)-C(14)           115.5(2)  
            C(11)-C(12)-C(7)             122.6(2)   

 
 



Appendix 3 
 

a) Bond distances of 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-perhydrocumyl 
cyclohexane in angstroms 
 
          Atom1 Atom2                 Distance           Atom1 Atom2                 Distance 

            O(1)-C(10)                   1.3892(18)              C(11)-C(29)                 1.503(3)  
            O(2)-C(16)                   1.3933(18)             C(13)-C(18)                  1.388(3)  
            C(1)-C(7)                     1.546(2)              C(13)-C(14)                  1.387(2)  
            C(1)-C(2)                     1.544(2)              C(14)-C(15)                  1.393(2)  
            C(1)-C(6)                     1.545(2)              C(15)-C(16)                  1.390(3)  
            C(1)-C(13)                   1.549(2)              C(15)-C(30)                  1.502(3)  
            C(2)-C(3)                     1.534(2)              C(16)-C(17)                  1.393(3)  
            C(3)-C(4)                     1.536(2)              C(17)-C(18)                  1.397(2)  
            C(4)-C(5)                     1.538(3)              C(17)-C(31)                   1.506(3) 
            C(4)-C(19)                   1.570(2)              C(19)-C(20)                   1.543(3)  
            C(5)-C(6)                     1.525(2)              C(19)-C(21)                   1.552(3)  
            C(7)-C(12)                   1.383(3)              C(19)-C(22)                   1.555(3)  
            C(7)-C(8)                     1.397(2)              C(22)-C(27)                   1.527(2)  
            C(8)-C(9)                     1.394(2)              C(22)-C(23)                   1.540(2)  
            C(9)-C(10)                   1.386(3)              C(23)-C(24)                   1.504(3) 
            C(9)-C(28)                   1.511(2)              C(24)-C(25)                   1.506(3) 
            C(10)-C(11)                 1.385(2)              C(25)-C(26)                   1.519(3) 
            C(11)-C(12)                 1.405(2)              C(26)-C(27)                   1.511(3) 
 
b) Bond angles of 1,1-bis(4-hydroxy-3,5-dimethylphenyl) -4-perhydrocumyl cyclohexane  
in degrees 

       Atom 1      2      3                      Angle           Atom 1      2      3                      Angle 

            C(7)-C(1)-C(2)               109.50(12)              C(18)-C(13)-C(14)           116.85(15) 
            C(7)-C(1)-C(6)               112.00(15)              C(18)-C(13)-C(1)             122.67(14)        
            C(2)-C(1)-C(6)               104.67(12)              C(14)-C(13)-C(1)             120.37(16) 
            C(7)-C(1)-C(13)             108.28(11)              C(13)-C(14)-C(15)           123.00(18) 
            C(2)-C(1)-C(13)             111.52(15)              C(16)-C(15)-C(14)           117.88(16)  
            C(6)-C(1)-C(13)             110.88(12)              C(15)-C(16)-O(2)             117.40(16)  
            C(3)-C(2)-C(1)               113.50(12)              C(15)-C(16)-C(17)           121.63(15)  
            C(2)-C(3)-C(4)                113.86(15)             O(2)-C(16)-C(17)             120.84(17)  
            C(3)-C(4)-C(5)                110.59(12)              C(16)-C(17)-C(18)           117.75(17)  
            C(3)-C(4)-C(19)              112.87(15)              C(13)-C(18)-C(17)           122.87(16)  
            C(5)-C(4)-C(19)              113.14(12)              C(20)-C(19)-C(21)           108.46(17)  
            C(6)-C(5)-C(4)                113.63(13)             C(20)-C(19)-C(22)           110.48(15)  
            C(5)-C(6)-C(1)                112.39(15)              C(21)-C(19)-C(22)           108.70(18)  
            C(12)-C(7)-C(8)               116.46(14)              C(20)-C(19)-C(4)             108.28(17)  
            C(12)-C(7)-C(1)               123.43(14)              C(21)-C(19)-C(4)             109.80(13)  
            C(8)-C(7)-C(1)                 120.10(15)              C(22)-C(19)-C(4)             111.08(12)  
            C(9)-C(8)-C(7)                 122.75(16)              C(27)-C(22)-C(23)           108.17(14)  
            C(10)-C(9)-C(8)               118.11(15)              C(27)-C(22)-C(19)           115.04(17)  
            C(10)-C(9)-C(28)             121.25(15)              C(23)-C(22)-C(19)           114.72(13)  
            C(8)-C(9)-C(28)               120.59(16)              C(24)-C(23)-C(22)           112.68(15) 
            C(9)-C(10)-C(11)             121.94(14)              C(23)-C(24)-C(25)            112.3(2)  
            C(9)-C(10)-O(1)              120.73(14)              C(24)-C(25)-C(26)            110.22(17)  
            C(11)-C(10)-O(1)            117.31(16)              C(27)-C(26)-C(25)             112.08(18)  
            C(10)-C(11)-C(12)           117.51(16)              C(26)-C(27)-C(22)            113.2(2) 
           C(7)-C(12)-C(11)             123.22(15)          
 



 
Appendix 4 

 
a) Bond distances of 1,1-bis(4-aminophenyl)-4-perhydrocumyl cyclohexane in angstroms 
 
          Atom1 Atom2                 Distance           Atom1 Atom2                 Distance 

            N(1)-C(10)                    1.396(2)              C(11)-C(12)                   1.377(2)  
            N(2)-C(16)                    1.391(2)             C(13)-C(18)                   1.378(2) 
            C(1)-C(7)                     1.536(2)              C(13)-C(14)                   1.391(2)  
            C(1)-C(13)                    1.537(2)              C(14)-C(15)                   1.369(2)  
            C(1)-C(2)                     1.543(2)              C(15)-C(16)                   1.388(3) 
            C(1)-C(6)                     1.544(2)              C(16)-C(17)                   1.374(2)  
            C(2)-C(3)                     1.519(2)              C(17)-C(18)                   1.384(2)  
            C(3)-C(4)                     1.526(2)              C(19)-C(20)                   1.530(2)  
            C(4)-C(5)                     1.528(2)              C(19)-C(21)                   1.539(2)  
            C(4)-C(19)                    1.556(2)              C(19)-C(22)                   1.563(2)  
            C(5)-C(6)                     1.523(2)              C(22)-C(27)                   1.518(2)  
            C(7)-C(8)                     1.380(2)              C(22)-C(23)                   1.540(2)  
            C(7)-C(12)                    1.385(2)              C(23)-C(24)                   1.508(3)  
            C(8)-C(9)                     1.383(2)              C(24)-C(25)                   1.501(3)  
            C(9)-C(10)                    1.373(2)              C(25)-C(26)                   1.497(3)  
            C(10)-C(11)                   1.382(3)              C(26)-C(27)                   1.517(3)  
 
b) Bond angles of 1,1-bis(4-aminophenyl) -4-perhydrocumyl cyclohexane in degrees 
 
       Atom 1      2      3                      Angle           Atom 1      2      3                      Angle 

            C(7)-C(1)-C(13)               107.81(11)              C(18)-C(13)-C(1)             124.78(13)  
            C(7)-C(1)-C(2)                107.05(11)              C(14)-C(13)-C(1)             119.43(14)  
            C(13)-C(1)-C(2)              112.89(12)              C(15)-C(14)-C(13)           122.70(16)  
            C(7)-C(1)-C(6)                111.72(12)              C(14)-C(15)-C(16)           120.92(15) 
            C(13)-C(1)-C(6)              110.87(12)              C(17)-C(16)-C(15)           117.08(15)  
            C(2)-C(1)-C(6)                106.49(11)              C(17)-C(16)-N(2)             121.70(18)  
            C(3)-C(2)-C(1)                115.53(12)              C(15)-C(16)-N(2)             121.22(16)  
            C(2)-C(3)-C(4)                111.89(13)             C(16)-C(17)-C(18)           121.52(16)  
            C(3)-C(4)-C(5)                106.86(11)              C(13)-C(18)-C(17)           122.05(16) 
            C(3)-C(4)-C(19)              114.43(12)              C(20)-C(19)-C(21)           108.60(15)  
            C(5)-C(4)-C(19)              115.81(12)              C(20)-C(19)-C(4)             110.09(13)  
            C(6)-C(5)-C(4)                111.37(12)              C(21)-C(19)-C(4)             108.27(13)  
            C(5)-C(6)-C(1)                 114.36(12)              C(20)-C(19)-C(22)           109.01(14)  
            C(8)-C(7)-C(12)               115.85(15)              C(21)-C(19)-C(22)           109.57(12)  
            C(8)-C(7)-C(1)                 124.55(14)              C(4)-C(19)-C(22)             111.26(12)  
            C(12)-C(7)-C(1)               119.54(14)              C(27)-C(22)-C(23)           109.73(13)  
            C(7)-C(8)-C(9)                 122.34(15)              C(27)-C(22)-C(19)           114.12(12)  
            C(10)-C(9)-C(8)               120.96(16)              C(23)-C(22)-C(19)           113.12(14)  
            C(9)-C(10)-C(11)             117.50(16)              C(24)-C(23)-C(22)           114.38(16)  
            C(9)-C(10)-N(1)               121.37(18)              C(25)-C(24)-C(23)           111.88(15)  
            C(11)-C(10)-N(1)             121.08(17)              C(26)-C(25)-C(24)           109.85(15)  
            C(12)-C(11)-C(10)           120.98(16)              C(25)-C(26)-C(27)            111.23(17)  
            C(11)-C(12)-C(7)             122.27(16)              C(26)-C(27)-C(22)             113.12(14)  
            C(18)-C(13)-C(14)           115.70(14)  
 
 
 
 



 
Appendix 5 

 
a) Bond distances of 1,1-bis[4-(4-aminophenoxy)phenyl]-4-per-hydrocumyl cyclohexane 
in angstroms  
 
          Atom1 Atom2                 Distance           Atom1 Atom2                 Distance 

            O(1)-C(10)                    1.378(4)              C(7)-C(8)                        1.387(4)  
            O(1)-C(28)                    1.390(5)              C(7)-C(12)                      1.393(4)  
            O(2)-C(16)                    1.385(3)              C(12)-C(11)                    1.391(4)  
            O(2)-C(34)                    1.400(4)              C(11)-C(10)                    1.372(5)  
            N(1)-C(31)                    1.411(7)              C(10)-C(9)                      1.375(5)  
            N(2)-C(37)                    1.396(4)             C(9)-C(8)                        1.386(4)  
            C(1)-C(7)                      1.538(4)              C(13)-C(18)                    1.392(4)  
            C(1)-C(13)                    1.547(4)              C(13)-C(14)                    1.394(4)  
            C(1)-C(2)                      1.548(4)              C(18)-C(17)                    1.382(4)  
            C(1)-C(6)                      1.552(4)              C(17)-C(16)                    1.383(4)  
            C(2)-C(3)                      1.525(4)              C(16)-C(15)                    1.371(4)  
            C(3)-C(4)                      1.536(4)              C(15)-C(14)                    1.382(4)  
            C(4)-C(5)                      1.538(4)              C(28)-C(29)                     1.351(5)  
            C(4)-C(19)                    1.566(4)              C(28)-C(33)                     1.385(7)  
            C(5)-C(6)                      1.526(4)             C(33)-C(32)                     1.410(9)  
            C(19)-C(20)                  1.535(4)              C(32)-C(31)                     1.342(8)  
            C(19)-C(21)                  1.538(4)              C(31)-C(30)                     1.325(6)  
            C(19)-C(22)                  1.562(4)              C(30)-C(29)                     1.369(5)  
            C(22)-C(23)                  1.528(4)              C(34)-C(35)                     1.367(4)  
            C(22)-C(27)                  1.536(4)              C(34)-C(39)                     1.372(5)  
            C(27)-C(26)                  1.517(4)              C(39)-C(38)                     1.374(5)  
            C(26)-C(25)                   1.508(4)             C(38)-C(37)                     1.372(5) 
            C(25)-C(24)                   1.519(4)             C(37)-C(36)                     1.371(5)  
            C(24)-C(23)                    1.518(4)             C(36)-C(35)                     1.374(4)  
 
 
 



b) Bond angles of 1,1-bis[4-(4-aminophenoxy)phenyl]-4-per-hydrocumyl cyclohexane in 
degrees 
 
       Atom 1      2      3                      Angle           Atom 1      2      3                      Angle 

            C(10)-O(1)-C(28)            117.1(3)              C(11)-C(10)-O(1)              116.6(3)  
            C(16)-O(2)-C(34)            119.4(2)              C(9)-C(10)-O(1)                124.5(4)  
            C(7)-C(1)-C(13)              109.5(2)              C(10)-C(9)-C(8)                119.9(3)  
            C(7)-C(1)-C(2)                112.3(2)              C(9)-C(8)-C(7)                  123.0(3)  
            C(13)-C(1)-C(2)              109.0(2)              C(18)-C(13)-C(14)            116.2(3)  
            C(7)-C(1)-C(6)                110.8(2)              C(18)-C(13)-C(1)              120.8(2)  
            C(13)-C(1)-C(6)              109.3(2)              C(14)-C(13)-C(1)             123.0(2)  
            C(2)-C(1)-C(6)                105.8(2)              C(17)-C(18)-C(13)           122.6(3)  
            C(3)-C(2)-C(1)                114.1(2)              C(18)-C(17)-C(16)           119.4(3)  
            C(2)-C(3)-C(4)                112.5(2)             C(15)-C(16)-C(17)           119.6(3)  
            C(3)-C(4)-C(5)                107.9(2)              C(15)-C(16)-O(2)            116.0(3)  
            C(3)-C(4)-C(19)              113.9(2)              C(17)-C(16)-O(2)            124.4(3)  
            C(5)-C(4)-C(19)              115.1(2)              C(16)-C(15)-C(14)           120.3(3)  
            C(6)-C(5)-C(4)                111.7(2)             C(15)-C(14)-C(13)           121.9(3) 
            C(5)-C(6)-C(1)                113.3(2)             C(29)-C(28)-C(33)           117.7(5)  
            C(20)-C(19)-C(21)          108.7(3)              C(29)-C(28)-O(1)            120.5(4)  
            C(20)-C(19)-C(22)          108.7(2)              C(33)-C(28)-O(1)            121.8(4)  
            C(21)-C(19)-C(22)          109.9(2)              C(28)-C(33)-C(32)           119.4(5)  
            C(20)-C(19)-C(4)            109.8(2)              C(31)-C(32)-C(33)           121.1(5) 
            C(21)-C(19)-C(4)            108.9(2)              C(30)-C(31)-C(32)           118.1(6)  
            C(22)-C(19)-C(4)            110.8(2)              C(30)-C(31)-N(1)            122.5(7)  
            C(23)-C(22)-C(27)          107.6(2)              C(32)-C(31)-N(1)            119.5(6)  
            C(23)-C(22)-C(19)          115.6(2)              C(31)-C(30)-C(29)           123.1(5)  
            C(27)-C(22)-C(19)          114.8(2)              C(28)-C(29)-C(30)           120.7(4) 
            C(26)-C(27)-C(22)          111.8(2)              C(35)-C(34)-C(39)           119.5(3)  
            C(25)-C(26)-C(27)           111.7(3)              C(35)-C(34)-O(2)            119.0(3)  
            C(26)-C(25)-C(24)           111.0(3)             C(39)-C(34)-O(2)            121.2(3)  
            C(23)-C(24)-C(25)              112.1(3)              C(34)-C(39)-C(38)           120.2(3)  
            C(24)-C(23)-C(22)             111.9(3)              C(37)-C(38)-C(39)           121.1(3)  
            C(8)-C(7)-C(12)                 115.6(3)              C(36)-C(37)-C(38)           117.7(3)  
            C(8)-C(7)-C(1)                  120.5(3)              C(36)-C(37)-N(2)             121.4(3)  
            C(12)-C(7)-C(1)                123.8(3)              C(38)-C(37)-N(2)             120.9(3)  
            C(11)-C(12)-C(7)              122.0(3)              C(37)-C(36)-C(35)           122.0(3)  
            C(10)-C(11)-C(12)            120.6(3)             C(34)-C(35)-C(36)           119.5(3) 
            C(11)-C(10)-C(9)              119.0(3)  
 



 

 

Synopsis of the Thesis Entitled 

“Synthesis of Processable High Performance Polymers” 

Introduction: 

Plastics are nowadays clearly the material of choice in all applicational sectors. The 

relative growth of plastics in the last three decades compared to other materials has been 

phenomenal. Every day we can see the results of innovative plastics technology-technology 

which creates opportunities for manufacturers and designers to meet new performance and 

environmental challenges. Modern industry demands advanced materials and products 

engineered to have special properties that guarantee performance in certain applications. In 

this respect, high performance polymers (HPPs) have been explored extensively to meet these 

demands. HPPs can be broadly defined as materials that exhibit unique combination of 

properties (e.g., strength, high stiffness and impact resistance, high resistivity, low dielectric 

constants, chemical and solvent resistance, etc.) superior to those of state-of-the-art materials 

along with better elevated temperature behavior. Many of the important advances in the 

polymeric materials involve imparting desirable properties through the control of polymer 

structure.  

Aromatic polyimides, polyamides and polyesters are important classes of high 

performance polymers.1-10 The high regularity and high rigidity of the backbones of HPPs 

result in strong chain-chain interactions, high crystallinity, high melting points and low 

solubility. The processing of HPPs is therefore more challenging. Recently, synthetic research 

in the area of HPPs has been directed towards the improvement of their processability.11-14 

Of the many approaches attempted to improve processability of high performance 

polymers, introduction of “cardo” groups (pendant loops) into rigid polymer backbones has 

resulted in much success.15 The introduction of cardo groups along the polymer backbone has 

been shown to impart greater solubility as well as better mechanical and thermal properties. 

These “cardo” groups could be alicyclic or aromatic in nature. The alicyclic groups, viz., 

cycloalkyl, norbornyl, adamantyl, etc., have been studied in the literature.16 The alicyclic 

groups, along with the improvement in processability of polymers impart lighter color, lower 



dielectric constants,17 and better gas barrier properties18 without significantly affecting 

thermal stability. The simplest cardo group is cyclohexyl group and it can be introduced into 

the polymer backbone easily. Monomers containing “cardo” cyclohexyl groups can be easily 

synthesized and polymerized to get cyclohexyl-cardo containing HPPs. Cyclohexyl ring is 

conformationally flexible and  undergoes chair-boat transformations, allowing polymer chains 

to pack better.19 Consequently, cyclohexyl-containing polymers have lower free volumes, 

which reduces their solubility / processability. The substitution on cyclohexyl ring hinders the 

packing of polymer chains, which leads to better processability. Therefore, it is desirable to 

have substituted cyclohexyl rings to get processable HPPs. Substitutent can be alkyl,20 aryl,16 

etc. The bulky substitutent like t-butyl,21 hinder the packing of polymer chains giving them 

more free volume which in-turn improves processability. If the length of linear alkyl group 

increases, it acts as an internal plasticizer,22 thus aiding the processability.  

 The approach adapted in the present work for the synthesis of processable HPPs 

involves synthesis of difunctional monomers containing cyclohexylidene moiety with (1) 

flexible pentadecyl, and (2) bulky perhydrocumyl  substituents. Flexible pentadecyl chain 

containing monomers were synthesized for improving polymer processability via internal 

plasticization allowing polymer chains more freedom for flow during processability. The 

monomers containing bulky perhydrocumyl substitutent were targeted for improving 

processability of resulting polymers by increasing free volume.  Thus, various difunctional 

monomers were designed and synthesized by relatively inexpensive chemical routes with an 

objective to obtain processable HPPs with specific properties such as high pretilt angle, good 

gas permeability and lower dielectric constant.  The aim of the present investigation was to 

synthesize processable high performance polymers by incorporating flexible alkyl chain 

(pentadecyl) or bulky perhydrocumyl – substituted cyclohexylidene moiety and to establish a 

structure-property relationship. 

 With above objectives in mind, the following specific work was chosen for the thesis. 

Objectives of the present thesis: 

1. Synthesis of bisphenols and diamines containing substituted cyclohexylidene moiety 

starting from commercially available chemicals, viz., cashewnut shell liquid (CNSL) 

and p-cumyl phenol. The substituents were flexible alkyl chain (pentadecyl) or bulky 

perhydrocumyl group  



2. Synthesis and characterization of high performance polymers such as aromatic 

polyesters, polyimides, etc., containing cyclohexylidene moiety with flexible alkyl 

(pentadecyl)- substituent. 

3. Synthesis and characterization of high performance polymers such as aromatic 

polyesters, polyimides, polyetherimides, containing cyclohexylidene moiety with 

bulky perhydrocumyl- substituent.  

4. To study the effect of flexible alkyl or bulky perhydrocumyl groups on the solubility 

and thermal properties of cyclohexylidene -containing high performance polymers. 

5. To evaluate a few selected polymers as materials for alignment layers for liquid 

crystals, and as membrane materials for gas separation. 

 

The thesis has been divided into the following six chapters. 

 

Chapter I: Introduction 

A comprehensive review of literature on high performance polymers, viz., aromatic polyesters 

and polyimides, covering methods of synthesis, structure-property relationship and 

applications is presented. 

 

Chapter 2: Scope and Objectives 

This chapter discusses scope and objectives of the thesis 

 

Chapter 3: Synthesis and Characterization of Condensation Monomers 

This chapter describes  

i. Synthesis of bisphenol and diamines containing cyclohexylidene moiety with a 

flexible pentadecyl- substituent, starting from CNSL – a renewable resource 

material. 

ii. Synthesis of bisphenols and diamines containing cyclohexylidene moiety with 

bulky perhydrocumyl- substituent, starting from p-cumyl phenol – a commercially 

available chemical. 



The difunctional monomers and intermediates involved in their synthesis were characterized 

by IR, 1H-NMR, and 13C–NMR. Some of the difunctional monomers were characterized by 

single crystal X-Ray diffraction analysis.  

 

Chapter 4: Synthesis and Characterization of Processable High Performance 

Polymers Containing Cyclohexylidene Moiety with Flexible Pentadecyl- 

Substituent 

This chapter describes 

i. Synthesis and characterization of  (co)polyesters, and (co)polyimides, containing 

cyclohexylidene moiety with flexible pentadecyl- substitutent. 

ii. Evaluation of selected polymers as alignment layers for liquid crystals. 

 

Chapter 5: Synthesis and Characterization of Processable High Performance 

Polymers Containing Cyclohexylidene Moiety with Bulky Perhydrocumyl- 

Substituent 

This chapter describes  

i. Synthesis and characterization of polyesters, polyimides and polyetherimides 

containing cyclohexylidene moiety with bulky perhydrocumyl- substituent. 

ii. Evaluation of selected polymers as alignment layers for liquid crystal displays, 

interlayer dielectric materials and as membrane materials for gas separation 

studies. 

 

Chapter 6: Summary and Conclusions 

This chapter summarizes the results and salient conclusions of the investigations reported in 

this thesis. 
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