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Foreword 

The research work presented in this dissertation is divided into four chapters. Chapter 1 

describes the general synthetic chemistry, properties and applications of polyimides. It 

also contains the research plan designed for the synthesis of new diamine monomers, 

corresponding polyimides, copolyimides and polyimide nanocomposites. The 

experimental protocols followed for the synthesis of the aforesaid materials are explained 

in Chapter 2 of the dissertation. Chapter 3 involves the structural elucidations of 

synthesized compounds and polymers using techniques like fourier transform infrared 

(FTIR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, single crystal X-

ray diffraction analysis (SCXRD), wide-angle X-ray diffraction analysis (WAXRD), 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The 

properties of synthesized polyimides, copolyimides and polyimide nanocomposites are 

discussed in Chapter 4 and are summarized/correlated with respect to structure-property 

relationship. Whereas the concluding remarks related to synthesis, characterization and 

properties of developed polymers are given at the end under “Conclusions”. 
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Abstract 

Aromatic polyimides are materials of scientific and commercial interest due to their high 

thermal stability, excellent mechanical strength and stiffness at elevated temperatures, 

chemicals and radiation resistance etc. Owing to such worthy combination of 

aforementioned properties, these polymers have broad spectrum of applications in 

modern industries. These exceptional properties of polyimides are mainly dependent on 

their chemical structures hence, can be attuned as required. 

The prime objective of the dissertation was to tailor the properties of polyimides. The 

task was accomplished by implementing three different methodologies: i) structural 

modifications of monomers (diamine/dianhydride), ii) copolymerization, and iii) 

nanocomposite engineering. With respect to structural modifications, eight new diamine 

monomers were synthesized successfully having systematic and comparable variations in 

their structures. Their design involved the considerations of structure rigidity (having 

different contents of aromatic and aliphatic moieties) and catenation (different 

positioning of amino groups). These synthesized diamines were condensed with three 

different dianhydrides for the development of twenty four novel polyimides. Another 

series comprising of fifteen polyimides was prepared by using five structurally related 

commercial diamines to explore the influence of different side or pendant groups on the 

properties of resulting polyimides. The dianhydrides used in the project were selected to 

study the impact of different bridging groups, with respect to tailoring of properties. The 

new copolyimides were synthesized by simultaneous reaction of two different diamines 

(one of the synthesized diamine + 4,4ʹ-methylenedianiline) with the same dianhydride. 

The polyimide nanocomposites were engineered via incorporating Al2O3 and ZnO 

nanoparticles within the polyimide matrix at different loading levels.  

The spectroscopic techniques like FTIR and NMR (1H, 13C) were used for structural 

elucidations of dinitro compounds, diamine monomers, polyimides and copolyimides. 

The single crystal X-ray diffraction analysis of the synthesized dinitro and diamine 

compounds validated their proposed structures from the spectroscopic data and provided 

valuable information about their spatial orientations and inter/intra-molecular attractions. 

The incorporation of nanoparticles (Al2O3 and ZnO) inside the polyimide matrix was 

verified by WAXRD analysis while SEM and TEM microscopic techniques disclosed 

their homogenous distribution throughout the matrix. The properties of polyimides, 

copolyimides and polyimide nanocomposites were evaluated by dynamic and isothermal 

TGA (nitrogen and air atmospheres), DMTA (dynamic mechanical thermal analysis) and 
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WAXRD studies. 

Polyimides displayed significantly high thermal stability as their decomposition started 

around 400 °C and experienced a relatively small weight loss up to the temperatures of 

450-500 °C. Isothermal TGA revealed that the synthesized polyimides displayed 

substantially high thermal endurance at 400 °C i.e. capable to withstand elevated 

temperatures for long time. Their thermal performance was affected considerably as a 

function of monomer architect. The thermal stability/endurance of polyimides was also 

tailored by changing catenation of amino functionality and substituting different side or 

pendant groups in the diamine monomers. The nature of bridging group in the 

dianhydrides influenced the thermal behavior of obtained polyimides. The incorporation 

of 4,4ʹ-methylenedianiline (MDA) as co-monomer within the backbone of polyimides 

(copolymerization) resulted in substantial enhancement of their thermal stability and high 

temperature durability. The nanocomposites engineering also modified the properties of 

polyimide. 

The glass transition temperatures of polyimides exhibited an increasing trend with the 

methyl substitution on the benzene rings of MDA or replacement of its methylene 

hydrogens with -CF3 and 9-fluorenylidene moieties. However, it was decreased upon 

ethyl exchange on the benzene rings. The polyimides displayed storage modulus (Eʹ) 

above one GPa up to the temperature around 250 °C. The Al2O3 and ZnO nanoparticles 

increased the glass transition temperature of the polyimide matrix in concentration 

dependent manner up to the optimum level. WAXRD analysis revealed the semi-

crystalline to amorphous morphology of polyimides depending upon the monomer 

structure. The polyimides derived from 3,3ʹ,4,4ʹ-benzophenonetetracarboxylic 

dianhydride (BTDA) and para-catenated diamines displayed semi-crystalline behavior. 

However, it was decreased upon copolymerization and changed to amorphous while 

going from: para to meta/ortho or BTDA to ODPA/6FDA analogues (ODPA = 4,4ʹ-

oxydiphthalic anhydride and 6FDA = 4,4'-hexafluoroisopropylidenebisphthalic 

anhydride). 
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Overview of dissertation 

Advances in the modern technologies are focused on reducing the cost of most 

demanding industrial processes by replacing metal, ceramic or glass with plastics. In this 

respect, a variety of polymeric materials like poly(olefins, ethers, ketones, sulphones, 

esters, amides, imides etc.) have been developed. However, polyimides have received 

special attention of scientists and engineers in the aerospace, automobile, 

microelectronics, optoelectronics and other advanced manufacturing industries as 

coatings, foams, matrices, gas separation membranes etc. [1–3]. The broad spectrum 

applications of polyimides is attributed to excellent combination of several beneficial 

properties: exceptionally high thermal stability and glass transition temperature, excellent 

mechanical strength and stiffness at elevated temperatures [4,5], low dielectric constant 

and refractive index, good chemical, fire  and radiation resistance etc. [6–8]. These 

properties depend upon the chemical structure, composition, conformation, aggregation 

and inter/intra molecular interactions of polyimide chains, hence, can be improved further 

or attuned as required. This can be achieved through structural modifications of 

monomers so as to endow the polymer chains with new functionalities. A substantial 

amount of research has been carried out on the development of new monomers 

(dianhydride or diamine) imparting polyimides with unique features e.g. Troger’s base, 

cardo, carbazole or alicyclic moieties [9–12], special linkages like sulphone, siloxane, 

azomethine or thioether [13–16], high fluoride contents [17], bulky pendant groups [18], 

heterocyclic units (thiazole, benzimidazole, benzoxazole, pyridine) [19–21] etc. 

The copolymerization strategy i.e. the preparation of polymers from two/three different 

dianhydrides or diamines is also applied for tailoring the polyimide properties by 

manipulating composition, aggregation or interactions. For example, Eichstadt et al. used 

a combination of aliphatic, cycloaliphatic and aromatic diamines in various proportions 

with 2,2-bis(4-(3,4-dicarboxyphenoxy)phenyl)propane dianhydride (BPADA) and 

monitored the variation in thermal, mechanical and dielectric properties of resulting 

copolyimides [22]. Similarly, Qiu et al. regulated the gas permeation and selectivity 

performance of copolyimides derived from one dianhydride and three different diamines 

by adjusting the type of monomer and their composition [23]. 

Moreover, incorporation of inorganic metal oxide nanoparticles between polyimide 

chains is also reported by authors looking at further enhancing and adjusting their 

properties. The nanoparticles make use of their interactions with polyimide chains to 

amend the properties. Atabaki et al. improved the thermal stability, modulus and ultimate 
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strength of parent polyimides via fabrication of polyimide/TiO2 nanocomposites [24]. Lu 

et al. synthesized polyimide hybrids containing mixed metal oxides (silica and titania) 

and compromised the ratio of SiO2/TiO2 in polyimide matrix with the intention of 

developing the hybrid system for applications in optical or electrical industry [25]. 

The research presented in this dissertation is the extension of investigations regarding 

monomer architecture and composition alteration effects on the properties of resulting 

polyimides. The main objectives of the study were to tailor the properties of polyimides 

by: 

 designing new diamine monomers having different contents of aliphatic and 

aromatic units along with introducing kink in the structure through ortho and meta 

catenation instead of para, 

 selecting commercial diamines with comparative structures,  

 execution of copolymerization strategy and  

 nanocomposites synthesis. 

In this regard, new diamine monomers were designed: capable of imparting ether, 

methylene, ethylene, cyclohexane, phenyl and biphenyl moieties in the polymer system 

together with different positioning of the amine group on benzene ring i.e. ortho, meta 

and para. The commercially available diamines used were able to impart different side 

chain substituents and pendant groups in the structure: responsible for modification of 

polyimide properties. 

The themes of the project were to firstly improve the thermal stability of polyimides by 

increasing aromatic contents of polymer structure and secondly to influence the charge 

transfer complex formation between the polyimide chains to tailor the properties. The 

aromatic groups induce rigidity in the molecular structure, hence capable to improve the 

temperature resistance. Their contents inside the polymer backbone were varied through 

modifications in the structures of diamine monomers used for the synthesis of 

polyimides. The charge transfer complex is formed between the alternating electron-

acceptor (dianhydride) and electron-donor (diamine) moieties of polyimide chains which 

affects their properties. It was manipulated by controlling intermolecular interactions 

between polymer chains: discouragement via ortho/meta catenation and by steric 

hindrance of bulky substituents, disturbance by introducing co-monomer or facilitation 

through composite engineering. 
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The dissertation describes the:  

1. Synthesis of new diamine monomers.  

2. Preparation of polyimides by condensation of diamines (synthesized and 

commercial) with three different dianhydrides (BTDA, ODPA, 6FDA). 

3. Development of copolyimides via 4,4ʹ-methylenedianiline (co-monomer) 

incorporation in the backbone of afore-synthesized polyimides. 

4. Synthesis of polyimide/Al2O3 and polyimide/ZnO nanocomposites. 

5. Detailed investigations on the structures of monomers, polymers and composites 

by: fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) 

spectroscopic techniques, single crystal X-ray diffraction (SCXRD) analysis, 

scanning electron microscopic (SEM) and transmission electron microscopic 

(TEM) studies. 

6. Measurement of polyimides, copolyimides and polyimide nanocomposites 

properties by dynamic and isothermal thermogravimetric analysis (TGA) (under 

nitrogen and air atmospheres), dynamic mechanical thermal analysis (DMTA) and 

wide angle X-ray diffraction (WAXRD) technique. 

The results are summarized/presented with respect to the properties evaluation of 

individual polyimides along with correlating the effects of: i) variation in chemical 

structure of diamine and dianydride monomers, ii) copolymerization and iii) 

nanoparticles inclusion on the thermal stability, glass transition temperature and 

crystallinity of the parent polyimides. 
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Chapter 1 

Introduction and literature review 

1.1 Polyimides 

The functional group imide comprises of two carbonyl groups bonded with the nitrogen 

atom of primary amine as shown in Figure 1.1 and 1.2. The polymers containing 

repeating units of imide group in their backbone are known as polyimides.  

1.2 History of polyimides 

The first synthesis of polyimide was reported by Bogert and Renshaw in 1908 [26] when 

they observed the elimination of water from relatively stable compound “4-amino 

phthalic anhydride” upon heating instead of melting and unveiled the invention of 

polymolecular imide as shown in Figure 1.1a. However, the real emergence of 

polyimides as typical polymers started with the synthesis of first aliphatic-aromatic 

polyimides by Edward and Robinson in 1955 via melt fusion of aliphatic diamines with 

1,2,4,5-tetracarboxybenzene (tetra acids or diacid/diester) (Figure 1.1b) [27]. The only 

melt processing limitation of such polyimides drove their further development by using 

aromatic diamines and dianhydrides following two-step procedure through intermediate 

polyamic acid formation. Kapton® brand of polyimide (Figure 1.1c) prepared by this 

method was commercialized in early 1960s [28]. It showed excellent thermal stability as 

well as good mechanical and electrical properties with the significant potential for future 

industrial applications. Since then the growing interest in this family of special polymers 

has brought about a huge expansion of science and technology for such polymers and a  

                  

Figure 1.1 First polyimide synthesized from 4-amino phthalic anhydride (a), aliphatic-

aromatic polyimide synthesized via melt fusion (b) Kapton® polyimide (c). 
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vast variety of polyimides have been developed and reported in the literatures e.g. 

Kapton, Vespel, Upilex, Ultem, Matrimid etc. [29–33]. 

1.3 Classifications of polyimides 

Depending upon their structure, polyimides can be divided into two types: 

1. Linear polyimides 

2. Cyclic polyimides  

The linear polyimides contain imide moieties present in the straight chain while in cyclic 

polyimides imide group is part of cyclic unit in the polymer chain as shown in Figure 1.2.  

Cyclic form is also called aromatic heterocyclic polyimide as it consists of five 

membered imide unit (heterocyclic) and aromatic rings [34,35].  

Based on nature of monomers used in their synthesis, the cyclic polyimides are further 

classified into: 

a. Fully aliphatic polyimides 

b. Fully aromatic polyimides 

c. Semi-aromatic polyimides 

As the name suggests; fully aliphatic and fully aromatic polyimides are derived from 

monomers that are purely aliphatic or aromatic in nature. However, semi-aromatic 

polyimides contain both the aliphatic and aromatic units incorporated within the same 

polymer system (Figure 1.2) [36]. 

According to synthetic route, polyimides are segregated into: 

1. Condensation polyimides 

2. Addition polyimides 

When imide groups are formed by the condensation of monomers, the resulting polymers 

are termed as condensation polyimides. On the other hand, addition polyimides are 

obtained upon heating of oligomeric imide containing compounds or mixtures of 

compounds having reactive terminal groups [35]. 

The number of atoms involved in the formation of imide ring, placed the polyimides into:  

a. Five membered imide ring polyimides 

b. Six membered imide ring polyimides 

Most commonly polyimides contain five membered imide ring in their structure. 

However, six membered imide ring based polyimides (Figure 1.2) gained attention due to 

their relatively high chemical stability in acidic environments as compared to analogues 

five membered counterparts [28,37,38]. 

The experimental part of this dissertation describes the synthesis and characterization of: 
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cyclic, semi-aromatic, condensation polyimides containing five membered imide rings. 

 

Figure 1.2 Classifications of polyimides. 

1.4 Synthesis of polyimides 

In order to modify the properties of polyimides; different synthetic methods have been 

employed by various scientists and researchers. Some of those are listed below: 

1. Utilizing the Diels-Alder [39,40] and Michael addition reactions [41–43] 

2. From bishaloimides and bisnitroimides [44] 

3. Via palladium catalyzed carbon-carbon coupling reaction [45,46] 

4. From dialkyl halides and dimides [47] 

5. From dimides and diamines [48] 

6. From tetracarboxylic acids and diamines [44] 

7. From diamines and dithioanhydrides [49] 

8. From silylated diamines and dianhydrides [36,50]  

9. From dianhydrides and diisocyanates [51–53] 

10. From dianhydrides and diamines [54–58] 

The most widely adopted method for the synthesis of polyimides involves the reaction of 

dianhydrides with diamines following a classical two-step method. 

1.4.1 Classical two-step method 

The classical two-step method developed by DuPont scientists Endrey et al. [59] involves 

the formation of polyamic acid (pre-polymer) in the first step which is then 

cyclodehydrated (imidized) to final polyimide in the second step. A detailed description 
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of each phase is given below: 

1.4.1.1 Formation of polyamic acid 

Polyamic acid is formed by the condensation reaction of dianhydride and diamine in a 

polar aprotic solvent (DMF, DMAc, NMP) at or below room temperature. The reaction is 

completed in 24 hrs while molecular weight of polyamic acid depends upon various 

parameters like purity and reactivity of monomers, stoichiometric balance, exclusion of 

moisture, reaction temperature and choice of the solvent etc. The polyamic acid thus 

produced is fully soluble in the reaction solvent and can be casted on a suitable substrate 

for the preparation of polyimide films. 

Mechanism 

The formation of polyamic acid is initiated by the nucleophilic attack of the amine 

nitrogen on one of the carbonyl carbon of anhydride group, resulting in the formation of a 

charge transfer complex between the dianhydride and the diamine. The bonding between 

carbonyl carbon of dianhydride and nitrogen of diamine produces a cyclic intermediate 

with the shifting of pi electrons onto the oxygen as shown in Figure 1.3. The intermediate 

formed is short lived as the displaced electron pair on oxygen shifts back to reform 

carbonyl double bond along with simultaneous bond breaking to open the anhydride ring. 

This releases the central oxygen atom of cyclic intermediate to give “carboxylate” and 

“amide” leaving groups. However, if bond breaks between the nitrogen and carbon of 

anhydride ring then reaction is reversed and starting species i.e. amine and anhydride are 

produced. In the final step carboxylate group accepts proton from amine group and 

polyamic acid is formed [60]. The schematic presentation of the mechanism is illustrated 

in Figure 1.3. 

The formation of polyamic acid is a reversible process, therefore in order to achieve the 

high molecular weight polyamic acid, the rate of forward reaction must be faster than the 

reverse. The mechanism shown in Figure 1.4 is postulated for the backward reaction of 

polyamic acid to anhydride and amine [61]. The reverse reaction takes place by the 

transfer of carboxyl proton to adjacent amide group. Any condition or reagent with the 

potential to hinder this attack of carboxyl proton can decrease the rate of backward 

reaction and shift the equilibrium to the right. Polar aprotic solvents (DMAc, NMP) have 

this ability and they do this by the formation of hydrogen bonded complex with polyamic 

acid. The complexation model for NMP and a diamic acid suggested by Brekner et al. 

[62] is illustrated in Figure 1.5.  
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Figure 1.3 Mechanism of polyamic acid formation. 

 

Figure 1.4 Mechanism for backward reaction of polyamic acid to anhydride and amine. 

 

Figure 1.5 Complexation model for NMP and diamic acid. 
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This complexation of NMP with the amic acid not only stabilizes it, but also encourages 

the formation of high molecular weight polyamic acids. The complex withdraws the 

electron density from the carbonyls of the unreacted anhydride. Thus these carbonyls 

become more electrophilic and prone to nucleophilic substitution reaction. As a result, the 

molecular weight of polyamic acid is increased  [63]. In fact, it has been observed that 

more basic the solvent, greater the enhancement in polyamic acid formation. The rate of 

polyamic acid formation measured for 4-phenoxyaniline and phthalic anhydride 

increased with the solvent order of: tetrahydrofuran (THF) < acetonitrile < DMAc < m-

cresol [64]. 

1.4.1.2 Cyclodehydration of pre-polymer 

The polyamic acid is cyclodehydrated into the corresponding polyimide. The closing of 

the ring to form imide is also called imidization. 

Types of imidization  

There are three ways to achieve polyimides from polyamic acid:  

a. Thermal imidization 

b. Chemical imidization 

c. Solution imidization 

1.4.1.2.a Thermal imidization 

The thermal cyclodehydration is the most widely practiced procedure for the imidization 

up to date, particularly when the final product is desired in film or coating form. It 

involves the casting of polyamic acid solution onto a suitable substrate followed by 

gradual heating to affect the removal of solvent and dehydrative cyclization to obtain the 

polyimide. The heating is performed in a stepwise programmed manner depending upon 

the thermal stability and glass transition temperature of polymer e.g. typical heating cycle 

for PMDA-ODA (Kapton®) polyimide is the heating for one hour each at 100, 200 and 

300 °C. The thermal cyclization treatment consists of three stages [35]: 

1. The first stage covers the temperature up to 150 °C and most of the solvent is 

removed. 

2. The second phase ranges from 150 °C to 250 °C in which maximum imidization 

occurs and the generated water due to imidization is eliminated. 

3. The final stage starts above 250 °C in which the solvent is removed completely 

and imidization is fully accomplished. 

The rate of imidization is fast at the initial stage and tapers off slowly with the passage of 

time. At the start, the polyamic acid exists in the conformation which favors the 
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cyclodehydration (Figure 1.6 structure a). However, with the formation of rigid cyclic 

imide structure, the Tg increases dramatically resulting in lowering of chain mobility 

which hinders the conversion of unfavorable conformations (Figure 1.6 structure b) to the 

favorable one. Therefore, the imidizaion rate slows down significantly when the Tg 

approaches the reaction temperature. Moreover, solvent loss is also responsible for the 

inability to achieve reactive conformation along with chain stiffness effects due to the 

increase of Tg [60,65,66].  

 

Figure 1.6 Conformations of polyamic acid.  

Mechanism 

Thermal imidization is accomplished through the nucleophilic attack of amide nitrogen 

on the adjacent carbonyl carbon followed by the removal of water. The two possible 

mechanisms proposed by Harris for this reaction are shown in Figure 1.7 [64]. The main 

difference between these mechanisms is the time/point for loss of acid proton. The path 

one involves the proton loss from the carboxylic acid group after cyclization while 

second path involves the removal of proton from the carboxylic acid group followed by 

proton transfer from amide moiety prior to ring closure. Since the conjugate base of 

amide is more potent nucleophile than amide itself therefore ring closure should be faster 

in the latter case so second pathway is more likely [67]. 

1.4.1.2.b Chemical imidization 

The imide ring closure can also be achieved at the room temperature or slightly higher by 

using chemical reagents and the process is known as chemical imidization. Since the 

chemical reagents used for dehydration lowers the activation energy for ring closure, 

hence the transformation of polyamic acid to polyimide becomes feasible at relatively  
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Figure 1.7 Possible pathways of thermal imidization. 

lower temperature. Commonly used dehydrating agents are: acid anhydride (acetic 

anhydride, propionic anhydride, n-butyric anhydride, benzoic anhydride), acetyl chloride, 

and N,N-dicyclohexylcarbodiimide. The basic catalysts like pyridine and trialkylamines 

also play an important role in this process. These reagents affects the conversion to 

polyimide by the mechanisms shown in Figure 1.8, illustrating the use of acetic 

anhydride as dehydrating agent with pyridine and triethylamine as basic catalysts [35]. In 

case of pyridine: the formation of mixed anhydride intermediate generates the resonance 

structures amide and iminol. The subsequent cyclization of amide to polyimide (path A), 

or iminol to isoimide (path B) releases acetic acid or acetate ion. The amount of isoimide 

obtained is relatively low and this is ascribed to the higher nucleophilicity of negatively 

charged nitrogen than negatively charged oxygen. Furthermore, a substantial amount of 

isoimide thermally isomerizes to imide (path C). The path C is shown for simplicity; 

actually in this case, the isomerization takes place via back reaction which is apparently 

initiated by the nucleophilic attack of acetate ion on the isoimide. As a result,  the mixed 

anhydride is regenerated that cyclizes to imide via resonance structure amide [68–70]. 

The choice of basic reagent determines the path of reaction and formation of side 

products (isoimide). When pyridine is used as catalyst, it becomes difficult to avoid the 

formation of isoimide.  However, triethylamine (a strong base) dramatically minimizes 
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this possibility as it quaternizes the carboxylic acid group of polyamic acid  and generate 

the polyelectrolyte: polyamic acid-ammonium salt (Figure 1.8), which makes the reaction 

rate faster [35,71]. The main advantage of chemical imidization is the formation of more 

soluble polyimides since it involves the employment of low reaction temperatures that 

reduces the possibilities of cross-linking and branching, which occurs in other polyimide 

synthetic techniques. However, chemical imidization is less attractive for the commercial 

applications because of its process complexity and expensiveness. 

 

Figure 1.8 Chemical imidization mechanisms for different basic catalysts. 

1.4.1.2.c Solution imidization 

Polyamic acids can also be cyclodehydrated by solution imidization when the resulting 

polyimide is soluble in organic solvents at imidization temperatures. Solution imidization 

is an attractive method since it offers one pot synthesis of polyimides i.e. condensation of 

dianhydrides and diamines in high boiling solvent or mixture of solvents followed by 

cyclodehydration to imide rings at high temperatures between 180-200 °C where 

imidization proceeds rapidly. Most commonly used solvents are m-cresol, nitrobenzene, 

p-chlorophenol, trichlorobenzene, benzonitrile etc. The reaction progresses in the 

presence of an azeotropic solvent such as xylene, toluene, o-dichlorobenzene or 

cyclohexylpyrrolidone which removes the water liberated during the cyclization. 

Complete imidization can be achieved within 16 to 24 hours [61,72]. A well-known 

example of commercial polyimide developed by this procedure is General Electric’s 

Ultem, prepared by reacting dianhydride and diamine in o-dichlorobenzene. A reaction 

mechanism proposed by Kim et al. for the solution imidization method is shown in 

Figure 1.9 which is consistent with the second order, auto-acid-catalyzed nucleophilic 

acyl substitution [60,73] 
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An interesting feature of solution imidization is that it yields polyimides with high degree 

of imidization as no defective sites of polyamic acid (isoimide) were detected in the 

resulting polyimides. Thus, polyimides synthesized by this method possess different 

physical properties than those produced by thermal or chemical imidization routes. 

However, obstruction in direct processing of polyimides into final application and 

synthesis of only soluble polyimides are the major drawbacks of this method [67]. 

 

Figure 1.9 Mechanism of solution imidization. 

1.4.2 Factors affecting polyamic acid formation 

The following factors play important roles in determining the rate of reaction and 

molecular weight of polyamic acids: 

1.4.2.1 Effect of monomers 

The inherent characteristics of starting monomers and their purities play an important role 

in two-step polyimide synthesis. Using monomers of high purity may yield polyimides 

with higher molecular weights by avoiding some of the competing reactions. Moreover, 

since the mechanism of polyamic acid formation involves a nucleophilic attack of the 

amine group on the carbonyl carbon of dianhydride, therefore rate of reaction is expected 

to depend upon the electrophilicity of dianhydride and nucleophilicity of diamine. Higher 

the electron accepting property of dianhydride, the more susceptible it is to nucleophilic 

attack. Similarly, greater electron donating ability of diamine is responsible for its better 

tendency to attack.  Hence the choice of dianhydride and/or diamine affects the rate and 

molecular weight of polyamic acid formation. The measure of dianhydride’s 
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elctrophilicity is provided by its electron affinity (Ea) while nucleophilicity of diamine is 

correlated with the basicity (pKa) [61,67,74]. Electron affinity of common dianhydrides is 

listed in Table 1.1 and is influenced by the electronic environment of the anhydride 

carbonyl groups. The sulfone and carbonyl bridging groups decreased the electron 

density on the carbonyl carbon atoms of anhydride via delocalizing electrons through pi 

orbitals. Thus, Ea and reaction rate constant (log kr) for DSDA and BTDA are relatively 

higher than ODPA which possesses an electron donating bridging group (ether) [35,63]. 

Table 1.1 Electron affinity (Ea), basicity (pKa), and log rate constant (log kr) values for 

dianhydrides and diamines [63]. 

Dianhydride Code Ea (eV) Log kr* 

O

O

O

O

O

O  

PMDA 1.85 0.95 

O

O

O

O

O

O

S

O

O

 

DSDA 1.52 1.05 

O

O

O

O

O

O

C

O

 

BTDA 1.48 0.66 

O

O

O

O

O

O  

BPDA 1.21 0.13 

O

O

O

O

O

O

O

 

ODPA 1.18 -0.06 

Diamine Codes pKa Log kr** 

H2N NH2

 
p-PDA 6.08 2.12 

H2N O NH2

 
ODA 5.20 0.78 

H2N NH2

 
m-PDA 4.80 0.00 

H2N NH2

 
BPDA 4.60 0.37 

H2N C NH2

O

 
DAB 3.10 -2.15 

* Reaction with ODA       ** Reaction with PMDA 
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Similarly, direct relationship was established between basicity (pKa values) and rate 

constants (log kr), measured for a series of diamines reacted with PMDA (Table 1.1). The 

more basic diamines such as p-PDA and ODA (first two), displayed comparatively higher 

reaction rates. Moreover, the nature of bridging group also affected the nucleophilicity 

and acylation rate of diamine. Both the pKa and log kr of 4,4-diaminobenzophenone 

(DAB) were found relatively low owing to the presence of electron withdrawing carbonyl 

bridge [60,63]. 

However, extremely basic diamines e.g. aliphatic diamines are not a good choice for two-

step polyimide synthesis, due to their high tendency of salt formation at the polyamic 

acid stage as illustrated in Figure 1.10. The generated salt bond has the probability to 

make another amide bond and the resulting diamide can support crosslinking reaction to 

produce networks [68]. On the other hand, the diamines having very lower basicity find it 

difficult to undergo nucleophilic substitution reactions with the dianhydrides. Hodgkin 

suggested that the optimal diamine for two-step polyimide synthesis should have a pKa 

value of 4.5-6.0 (ideal basicity) [75].  

 

Figure 1.10 Salt formation between the diamine and amic acid. 

1.4.2.2 Sequence of monomer addition 

The order and mode of monomer addition during the synthetic process also influences the 

properties of final polyimide. In order to obtain polyimide with higher molecular weight, 

solid dianhydride is preferred to be added into the diamine solution. This is attributed to 

the solubility difference of monomers in polymerization solvent. Diamine can be rapidly 

dissolved in the solvent at room temperature, while dianhydride require more time for 

dissolution in diamine solution. This sequential procedure confers high molecular weight 

polyamic acid [76]. Orwoll et al. [77] ascribed this phenomenon to the interfacial 

condensation of crystalline dianhydride and diamine. Moreover, this order can minimize 

the chance of side products formed due to the reaction of dianhydride with water (if any 

in the solvent), along with reducing its competing reactions with other possible impurities 

from the solvents [78]. 
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1.4.2.3 Effect of solvent 

The basicity of the solvent used for the reaction has been found to affect the reaction rate 

and molecular weight of polyamic acid formation. In general, the polar aprotic amide 

solvent with basic nature such as DMAc and NMP increases the rate of forward reaction 

owing to the development of hydrogen bonding between the o-carboxyamide groups and 

solvent molecules. This type of acid-base interactions prevents the dissociation of 

carboxyl protons which are responsible for polyamic acid backward reaction to 

dianhydride and diamine as suggested earlier in section 1.4.1.1 (mechanism of polyamic 

acid formation). Ether solvents being less basic and less polar than amide solvents, lack 

this ability to form tight hydrogen-bonded complexes with the o-carboxyamide groups. 

Therefore, the reaction rate is slower in THF however; it generally increases as the 

solvent becomes more polar and more basic. A model compound study disclosed that the 

acylation rate increases in the order: THF < acetonitrile < DMAc < m-cresol [64]. 

1.4.2.4 Effect of temperature 

It has been observed that high molecular weight polyamic acids are produced at lower 

reaction temperatures [79,80]. This is not surprising considering the exothermic nature of 

polyamic acid formation. The influence of equilibration temperature on the molecular 

weight was tested systematically [81]. The task was accomplished by the preparation of 

polyamic acid at room temperature and then removing the aliquots for equilibrating 

individually at a particular temperature. After a fixed equilibration time, individual 

samples were imidized chemically and isolated for the GPC measurements to determine 

the molecular weights. The comparative examination of the data revealed a 

corresponding decrease in molecular weight with the increasing equilibration 

temperature. 

1.4.2.5 Side reactions 

Polyamic acid formation is not a simple reaction in fact; many potential pathways are 

possible to exist as side reactions besides the propagation reaction. The backward 

reaction of polyamic acid cannot be avoided completely. During synthesis, traces of 

water introduced along with the solvents and monomers can compete with diamine and 

causes hydrolysis of the anhydride end groups, converting them to dicarboxylic acids. 

This upsets the stoichiometric balance of amine and anhydride end groups. The o-

dicarboxylic acid is unreactive with the diamines under the conditions of polyamic acid  

synthesis, thus the molecular weight becomes limited [35,60]. 
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1.5 Properties of polyimides 

Polyimides have excellent combination of several beneficial properties which make them 

attractive candidates for many advanced technologies. Some of the important properties 

are described in the following: 

1.5.1 Thermal properties 

Thermal stability  

Thermal stability is the measure of resistance to degradation of a material in response to 

increasing temperature. Typical aromatic polyimides are considered thermally stable. In 

general, polyimides retain their structural integrity up to the temperature of 400 °C in the 

nitrogen atmosphere. The five membered imide ring and aromatic groups are 

undoubtedly the key features behind this exceptionally high thermal stability.  

Glass transition temperature (Tg) 

The temperature at which polymer chains start sliding over each other is termed as glass 

transition temperature (Tg). Due to their comparatively rigid structures, polyimides 

possess high glass transition temperatures. Tg of aromatic polyimides are relatively high, 

exceeding 300 °C for the rigid ordered type e.g. Kapton® brand of polyimides possesses 

Tg between 360-400 °C. 

Coefficient of thermal expansion (CTE) 

The coefficient of thermal expansion (CTE) of a material is defined as: its change in 

dimension per unit length per 1 °C rise in temperature. The CTE values of polyimides are 

relatively higher than those of inorganic materials. The polyimides have coefficient of 

thermal expansion in the range of 40-50 10-6 K-1. However, for SiO2, alumina and gold, 

CTE values are 4, 6 and 14 10-6 K-1 respectively. 

1.5.2 Mechanical properties 

The mechanical properties of polyimides are influenced by many factors such as: 

molecular architecture, synthetic procedure, molecular weight, heating history, viscosity, 

sample preparation and method of property determination. In general, polyimide films 

exhibit tensile strengths of 70-100 MPa and modulus values of 1.5-3.0 GPa. The 

elongation at breakage is in the range of 2 to 15% depending on the chemical structure. 

1.5.3 Electrical properties 

Dielectric constant (εʹ)  

The insulating ability of dielectric material is described by its dielectric constant (εʹ). A 

lower εʹ value stands for a higher insulating ability. The εʹ values for polyimides vary 

according to the structure, but typically ranges from 3.0 to 3.8. For comparison, the value 
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of a standard SiO2 insulator is higher with εʹ of 4.0. This feature makes polyimides 

commonly used for dielectric films. 

Dielectric strength 

It measures the ability of a material to withstand high voltages or the passage of 

significant amount of current without breakdown. Most polyimides have a dielectric 

strength of 105-106 V/mm. 

1.5.4 Adhesion 

Adhesion is the phenomenon which causes two materials to be held together. Polyimide 

films show good adhesion to different inorganic and metallic surfaces such as copper, 

silicon and aluminum. However, there are many factors affecting the adhesive features of 

polyimides. Insufficient interfacial wetting, high temperature, humidity or the presence of 

particulate contaminants can cause degradation of adhesion. 

Moreover, polyimides exhibit good radiation, chemical, creep and fire resistance. 

1.6 Why polyimides are so strong? 

The heterocyclic imide ring and aromatic groups are undoubtedly the key features behind 

the exceptional properties displayed by polyimides. However, alongside the specific 

chemical structure, the strong intermolecular interactions between the polyimide chains 

known as charge transfer complex formation and other short contacts (π-π, π-H, H-

bonding interactions) are another important factor for this type of polymers having 

incredible thermal and mechanical properties [35,82].  

1.6.1 Charge transfer complex (CTC) 

The polyimide chain is basically composed of alternating electron acceptor and electron 

donor moieties. The carbon atom in highly polarized carbonyl group is an electron 

deficient center which acts as an “acceptor” whereas, the nitrogen atom with excess 

electrons is an electron rich center which makes it “donor”.  The donor nitrogen atom 

lends some of its electron density while the acceptor i.e. carbonyl carbon withdraws this 

electron density. The strong interactions between these electron donor and electron 

accepter moieties in polyimide chains may direct them to stack in a regular order, 

allowing the nitrogen of one chain to interact with carbonyl carbon of adjacent chain (see 

Figure 1.11) and develop a high charge transfer complex (CTC) coefficient. This CTC is 

very strong and holds the polyimide chains so tightly close to each other that these are 

unable to move around freely and consequently display excellent above mentioned 

properties. This is so strong that sometimes it becomes necessary to make the polyimide a 

little softer to be processed [35]. 
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The formation of a charge transfer complex in the polypyromellitic diimides was firstly 

proposed by Kotov et al. in 1977 using UV spectroscopy [83]. They described that colour 

changes in these materials are attributed to CTC. In 1984 Fryd [84] suggested the CTC 

formation being an important reason for the high glass transition temperatures (Tg) of 

polyimides. The increased level of inter-chain attractions due to such interactions i.e. 

CTC were suggested to effectively increase the chain rigidity and hence the Tg. 

 

Figure 1.11 Charge transfer complex formation between polyimide chains. 

1.6.2 Short contacts 

When polyimide chains come close to each other due to charge transfer complex 

formation, other short contacts in the form of π-π interactions and/or π-H interactions 

(Figure 1.12a) [85] may also develop between the aromatic rings of polymer chains 

which also aids in holding them together. So, polyimides with higher degree of CTC and 

π-interactions will behave differently than those with lower ones, and these parameters 

are dependent on the structure of polymer backbone i.e. nature of monomers used. As a 

consequence polyimides derived from symmetrical monomers are expected to have 

higher CTC and π-interactions owing to efficient chain packing as compared to 



Chapter 1                                                                     

20 

 

unsymmetrical ones. Similarly, if a diamine monomer has electron withdrawing group in 

vicinity of amino group, it will lower its electron donating ability [8] and ultimately CTC 

formation will be reduced in polymer system and it can be increased vice versa. In this 

way, properties of polyimides can be tailored by controlling inter-chain interactions via 

modifying the structures of monomers used. 

Moreover, some polyimide systems may also develop hydrogen bonding between their 

chains provided availability of moieties capable of inducing such bonds. For example 

imidazole based polyimides possess such interactions as shown in Figure 1.12b [86].  

 

Figure 1.12 Illustrations of π-H interactions (a) and hydrogen bonding in polyimides (b). 

1.7 Structure-property relationship in polyimides 

The properties of polyimide, as in the case of general polymers, are mainly controlled by 

three fundamental characteristics: chemical structure, average molecular weight and 

molecular weight distribution [87]. The chemical structure is related to the chemical 

composition of repeating units and end groups i.e. nature of monomers used in their 

synthesis. It also covers the composition of any crosslinks, branches or defects in the 

structural sequence. The average molecular weight describes the average size of polymer 

chain while molecular weight distribution is related with the degree of regularity in the 

molecular size.  

The enormous literature is available describing the variations in physical, chemical and 

mechanical properties of polyimides by modifications in the structure and size of their 

backbone. This section involves the review of this literature with particular emphasis on 

the parameter related to the scope of this thesis i.e. effect of monomer structure on the 

properties of polyimides. 
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1.7.1 Effect of monomers on thermal stability 

Thermal stability of polyimides depends upon the nature of monomers (dianhydride and 

diamine) present in the polymer chain. The aliphatic or benzylic protons, hydroxyl groups 

and other thermally less stable functionalities (ether, ketone, sulphone, sulfinyl etc.) in 

monomers may decrease the thermal stability of resulting polyimides. However existence 

of aromatic moieties lead to increase in thermal stability. P. Thiruvasagam investigated 

the effect of variation in dianhydride structure on the properties of polyimides. The 

polyimides were obtained by reacting the diamine “5-(4-aminophenoxy)naphthalene-1-

amine” with five structurally different dianhydrides i.e. PMDA, BPDA, BTDA, ODPA 

and 6FDA. The dianhydride components in polyimides were found to be in order of 

decreasing stability as: 6FDA > PMDA > BPDA > BTDA > ODPA as determined from 

their T10 values [88]. The diamine structure has a greater influence on the thermal 

stability of polyimide as compared to the dianhydride structure. For a given dianhydride 

PMDA: thermal stability of polyimides was decreased with increase of oxyphenylene 

units in diamines as demonstrated by the data of Table 1.2  [89]. 

The symmetry and asymmetry in structure of monomers also affect the thermal resistance 

of polyimides. Monomers with symmetric structures induce regularity in polymer chains 

which leads to the increase in intermolecular interactions among them and consequently 

efficient chain packing. Thus polyimides derived from symmetric monomers display 

higher thermal stability than their asymmetric analogues (Table 1.3) [90]. The isomeric 

Table 1.2 Effect of diamine chain length on thermal stability [89]. 

Dianhydride Diamine T10 (°C) 

PMDA H2N NH2 
632 

PMDA H2N O NH2  614 

PMDA H2N O O NH2
 

604 

PMDA H2N O O O NH2 
588 

Table 1.3 Effect of diamine symmetry and asymmetry on thermal stability [90]. 

Dianhydride Diamine T5 (°C) Diamine T5 (°C) 

BTDA 
H2N S NH2

CF3

 

543 H2N S NH2

CF3

F3C  

552 

ODPA 
H2N S NH2

CF3

 

535 H2N S NH2

CF3

F3C  

555 
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monomers introduce asymmetry by generating kink in the structure through ortho or meta 

catenation instead of para, hence can affect the thermal stability of resulting polymers to 

a large extent. T5 of the polyimides based on isomeric dianhydrides increased in the order 

of 3,3ʹ- < 3,4ʹ- < 4,4ʹ- dianhydride [91,92]. 

1.7.2 Effect of monomers on glass transition temperature (Tg) 

The glass transition temperature increases with the increasing rigidity of polymer chains. 

The polymers having aromatic moieties (rigid) exhibit higher Tg than those containing 

aliphatic units. Although, chain stiffness is certainly the most important feature however, 

some other factors like chain-chain interactions, hydrogen bonding and chain packing 

efficiency affect the Tg substantially. Tamai et al. [93] studied the effect of diamine chain 

length on Tg of ODPA based polyimides (Table 1.4). It was found that the chain length of 

the diamine component significantly affected the Tg of final polyimide.  

The introduction of additional flexible linkages lowered the Tg of polymer. Another 

parameter revealed in Table 1.4 is that the para-amino substituted polyimides displayed 

significantly higher Tg than their meta-substituted analogues i.e. polyimide 1 & 5, 2 & 6, 

3 & 7, 4 & 8. However, with the change in position of amino substitution to ortho, this 

general rule was relaxed and the polyimides showed considerably higher Tg. Table 1.5 

illustrates the effect of isomeric attachment of diaminobenzophenone in a series of BTDA 

based polyimides with similar molecular weights. The tendency is for Tg to decrease as 

the polymer system goes from all para to all meta catenation. The unusually higher Tg of 

ortho-substituted polyimides is attributed to the strong dipolar attractions between the 

imide rings and the closely placed carbonyl moieties inherited from diamine [48, 94]. 

Table 1.4 Effect of diamine chain length and catenation on glass transition temperature 

[93]. 

Polyimide Dianhydride Diamine Tg °C) 

1 ODPA H2N NH2  326 

2 ODPA H2N O NH2 242 

3 ODPA H2N O O NH2  222 

4 ODPA H2N O O O NH2  204 

5 ODPA 
H2N NH2

 
261 

6 ODPA 
H2N O NH2

 
205 

7 ODPA H2N NH2O O

 
189 

8 ODPA H2N NH2O O O

 
181 
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Table 1.5 Effect of diamine isomeric attachment on the glass transition temperature [48]. 

Polymer generalized structure Amine attachment Tg (°C) 

N

O

N

OO

O

O

O
n
 

2,2ʹ 289 

2,3ʹ 259 

2,4ʹ 289 

3,3ʹ 264 

3,4ʹ 282 

4,4ʹ 293 

The highly dipolar bridging groups like “carbonyl” and “sulphonyl” imparted higher Tg 

than the non-polar “oxy” groups. Table 1.6 demonstrates this effect for the polyimide 

series derived from BTDA and various meta-linked diamines. This effect is correlated 

with increased level of inter-chain attractions in case of polar groups [64]. It can be 

concluded that the Tg of polyimides can be lowered by decreasing polymer chain rigidity 

through the introduction of flexiblizing/non-polar groups (oxo) or by reducing chain 

packing efficiency via meta catenation in the monomers. 

Table 1.6 Effect of bridging groups on the glass transition temperature [64]. 

Dianhydride Diamine Tg (°C) 

BTDA 
H2N O NH2

 
236 

BTDA H2N C NH2

O

 

255 

BTDA H2N S NH2

O

O

 

273 

1.7.3 Effect of monomers on crystallinity 

The crystallinity of polymers is characterized by their degree of crystallization ranging 

from zero (for a completely non crystalline polymer) to one (for a theoretically 

completely crystalline polymer). The increasing degree of crystallinity tends to make a 

polymer more rigid and it can also lead to greater brittleness. Polymer crystallinity is  

 strongly dependent upon the structure of monomers. A number of quantitative 

relationships are known between structure and polymer crystallinity. The para substituted 

polyimides appear to favor the crystallization whereas the ability of polymer to crystallize 

reduces upon meta substitution. The ortho substitution inhibits the crystallinity. This is 
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ascribed to the distortion of chain symmetry by ortho and meta substitutions which makes 

it harder for the chains to pack into the crystal lattice. Introduction of bulky pendant or 

bridging groups along the polymer backbone also inhibits the crystallinity and is actually 

the strategy often implemented for developing soluble polyimides. The nature of 

dianhydride used also contributes to the crystallizing potential of the polyimides. For 

most polyimides involving common dianhydrides, the ability to crystallize often goes 

with: BTDA > PMDA > BPDA ~ ODPA > 6FDA although some exceptions to this rule 

do exist [48,93,95]. 

1.7.4 Effect of monomers on dielectric constant 

In a polymer, the magnitude of the dielectric constant (εʹ) depends upon the number 

density of the polarizable units present in the system and their ability to orient with the 

oscillations of an applied alternating current field. Therefore, lower values of εʹ can be 

attained by minimizing polarizability of the polymer system. The objective can be 

achieved by avoiding the incorporation of polar bridging groups (C=O) or polar pendent 

groups (OH) along the polymer backbone, disrupting the symmetry, introducing free 

volume or by fluorination. The disruption of symmetry diminishes the inter-chain 

interactions. The introduction of free volume reduces the number of polarizable groups 

per unit volume. The free volume can be introduced by using monomers capable of 

inducing inefficient chain packing (ortho or meta catenation, bulky pendant groups or 

hinge atoms). The incorporation of -C(CF3)2- groups (fluorination) increases free volume, 

lowers electronic polarization and lets the dipole polarization unchanged [96]. 

Simpson and St Clair have reported the effect of polarizability, free volume and fluorine 

contents on the dielectric constant of various aromatic polyimides [97]. The results for a 

series of ODA containing polyimides are presented in Table 1.7 illustrating the effect of  

"kinks" induction in the polymer backbone on the εʹ. In each case, meta catenation of 

diamine lowered the εʹ as compared to the corresponding polyimides with para 

catenation. Another parameter i.e. change of εʹ as a function of dianhydride structure is 

also demonstrated in Table 1.7 with PMDA and 6FDA derivatives having the highest and 

lowest εʹ values respectively. The polyimides derived from 6FDA and 3,3'-ODA has 

large free volume owing to the bulky -CF3 groups and meta catenation of the diamine, 

thus giving the lowest value of the εʹ in the series. Also the carbonyl group being polar in 

nature leads to higher dielectric constant than the ether group in polyimides [98]. 

Hougham et al. studied the homopolymers developed by condensation of 6FDA with  

different fluorinated and non-fluorinated diamines and observed the decreasing trend of 
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dielectric constant with the increasing fluorine contents [99]. 

Table 1.7 Effect of dianhydride and diamine structure on dielectric constant [97]. 

Polymer generalized structure RN N

O

O

O

O

Ar

n

 

R 

Dielectric constant (εʹ) for Ar 

O

 O

 

 
3.22 2.84 

C

O

 

3.15 3.09 

O

 
3.07 2.99 

O O

 
3.02 2.88 

O OS

 

2.97 2.95 

F3C CF3

 

2.79 2.73 

1.7.5 Effect of monomers on optical properties 

Optical properties of polyimides also depend upon the nature of monomers present in the 

polymer chain. The optical loss of polyimides is primarily attributed to C-H overtone 

vibrational absorption together with light scattering by their ordered structures. The 

halogen substituents can reduce the C-H overtone vibrational absorption and 

consequently improve the optical properties of polyimides. Scattering loss can be reduced 

by the structural modifications via incorporation of non-planar and twisted structures in 

backbones to disturb the chain symmetry. Tohru Matsuursa and coworkers [100] 

investigated the optical properties of fluorinated polyimides  derived from 2,2ʹ-dimethyl-

4,4ʹ-diaminobiphenyl (DMDB) and 2,2'-bis(trifluoromethyl)-4,4ʹ-diaminobiphenyl 

(TFDB). They found that polyimides derived from DMDB had higher optical losses than 

TFDB based polyimides and TFDB/PMDA based polyimides displayed much higher 

optical losses than TFDB/6FDA polyimides (Table 1.8). It was observed that the optical 

loss of polyimide decreased upon the introduction of: either -C(CF3)2- moieties within the 

main chain of polyimide or trifluoromethyl (CF3) units on the biphenyl moiety as the side 
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groups. Reuter et al. [101] also reported the decrease in optical loss of polyimides with 

the increasing number of -C(CF3)2- groups. 

Chen and coworkers [102] found that nature of bridging group played an important role 

in optical loss of the polyimides due to the frequency shifting of the C-H overtones. They 

developed a series of polyimides from monomers containing different bridging groups 

like, -S-, -O-, -SO2-, and -CH2-. Their results revealed that the length of aromatic C-H 

bond became shorter with the increasing electron withdrawing ability of the neighboring 

bridge group. 

Table 1.8 Optical loss of PMDA and 6FDA derived polyimides [100]. 

Polyimide Optical loss (dB/cm) Polyimide Optical loss (dB/cm) 

PMDA/DMDB 36.0 PMDA/TFDB 4.3 

6FDA/DMDB 5.5 6FDA/TFDB 0.7 

1.8 Characterization of polyimides 

Many techniques are used to characterize polyimides, either in solution state i.e. 

polyamic acid or in solid form of cured polyimide. Some of these techniques relevant to 

the scope of this dissertation are summarized below: 

1.8.1 Structural characterization  

A number of structural changes take place during the formation of polyamic acid and 

subsequent imidization process. Several techniques like Raman, Fourier transform 

infrared, UV-visible and nuclear magnetic resonance (1H, 13C, 15N and 19F) spectroscopic 

studies have been used to understand the chemical transformations. The functional groups 

are conveniently determined with FTIR spectroscopic technique. The characteristic 

absorption bands are observed for the anhydride, amine, amic acid and imide moieties. 

Table 1.9 shows the absorption bands associated with each of these functionalities. The 

most frequently observed bands are around: 1780 and 1720 cm-1 ascribed to imide 

carbonyl stretching vibrations (asymmetrical and symmetrical respectively), 1380 cm-1 

(C-N stretching), 720 cm-1 (C=O bending). Moreover, the broad bands appearing around 

2900-3600 cm-1 (COOH, NH2) and 1660 cm-1 (amide carbonyl) are quite useful for 

qualitative assessment of imidization process i.e. conversion of amic acid to imide 

[60,103,104]. 

Although the FTIR spectroscopic technique can provide a lot of structural information at 

the later stages of imidization however, it cannot detect small amounts of uncyclized 
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amic acid groups due to low sensitivity. Hence, the NMR spectroscopic analysis can be 

effectively performed for the comprehensive monitoring of imidization process. The 

imide conversion can be evaluated from the disappearance of 1H NMR signal intensities 

of COOH protons. The 13C NMR spectroscopic study can also be used to follow the 

conversion of the polyamic acid to polyimide by examining the chemical shift intensity 

associated with COOH moiety which diminishes with the increasing conversion 

[105,106]. 19F NMR can be conducted on fluorine-containing polyimides [107] . 

Table 1.9 Infrared absorption bands of anhydride, amine, amic acid and imide moieties.  

Moiety Absorption (cm-1) Intensity  Origin 

Anhydride 1820 m C=O 

 1780 s C=O 

 720 s C=O 

Amine 3200-3400 two bands w NH2 asym. and sym. 

Amic acid 2900-3600 br., m COOH and NH2 

 

1669 

1660 amide I 

1550 amide II 

s 

s 

m 

C=O (COOH) 

C=O (CONH) 

C-NH 

Imide 1780 m C=O asym. stretch 

 1720 vs C=O sym. stretch 

 1380 s C-N stretch 

vs = very strong    s = strong   m = medium    w = weak 

1.8.2 Thermal stability  

The thermal stability of polyimides is analyzed by thermogravimetric analysis (TGA) 

either under nitrogen or air atmospheres using dynamic or isothermal TGA methods. The 

polymer weight loss is monitored as a function of temperature.  

1.8.3 Glass transition temperature  

The dynamic mechanical thermal analysis (DMTA) and differential scanning calorimetry 

(DSC) are routinely utilized to determine the Tg of polymers.  

1.8.4 Morphology 

Amorphous and crystalline nature of polyimides can be characterized by the wide angle 

X-ray diffraction analysis. Polymers which are crystalline in nature show sharp peaks 

while those which are amorphous in nature show broad peaks. Semi-crystalline polymers 

show peaks in between sharp and broad regions. 
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1.9 Applications of polyimides 

1.9.1 Electronics packaging 

The electronic devices like computers, cell phones, televisions etc. contain a large 

number of integrated circuit chips. When electrical power is supplied, each of these chips 

perform a particular operation that is transmitted as an electrical signal. The external 

circuitry connects the chips to each other and to output/input devices (mouse, keyboards, 

printers, displays etc.) and helps in achieving network communication. This structure 

which serves to inter-connect the chips is termed as electronic package. The high density 

of signal lines within the packaging demand them to be electrically insulated from each 

other. This requirement is fulfilled by depositing the layers of insulating material between 

the lines that can ensure the minimal electrical interaction amongst the signals traveling 

adjacent to each other [60]. The material having extremely low electrical conductivity 

provides the optimum insulation and it is consistent with the low dielectric constant. The 

materials with dielectric constants of less than 4.0 (value of the standard SiO2 insulator) 

have been recognized as being superior in electrical performance by the electronic 

industry. The aromatic polyimides e.g. Kapton-H has the dielectric constant value of 3.0 

(when dry), which has led to their extensive use as thin film insulators. Thus, the wholly 

aromatic polyimides exhibit ideal properties for microelectronics packaging applications. 

Polyimides were introduced into the field of electronic packaging in the early 1980’s. 

Since then these have been widely utilized. The dielectric constants of conventional 

polyimides are not low enough to meet the specifications of inter metal dielectric layers. 

Therefore, development of polyimides with lower dielectric constants has been under 

consideration in recent years [48]. This insulating property of polyimides can also be 

applied into passivation, buffer coating, junction coating, and alpha-ray shielding 

[64,108]. 

1.9.2 Optical waveguides 

An optoelectronic device converts the electrical signals to optical signals, then transport 

these signals through space and finally reconvert them back to electrical signals. The key 

requirements of the material to be used as optical waveguide are: low intrinsic absorption 

loss in the infrared communication region, high thermal stability, processability and 

flexible refractive index controllability [109]. The silica-based materials were the first 

one, used in the waveguide industry owing to their low optical loss, long term reliability 

and good manufacturing reproducibility. However, some problems associated with these 

materials have limited their application in waveguides such as: very high manufacturing 
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temperatures that can damage other components, difficulty in controlling refractive 

indices and their brittleness. Therefore, the polymeric materials have been investigated as 

replacement of silica based materials in the optical waveguides due to their light weight, 

good processability, flexibility and low cost [110]. Polyimides have been investigated as 

candidates for light waveguide applications owing to their excellent thermal stability 

together with outstanding dielectric and mechanical properties. Moreover, polyimides 

carry the advantage of attuning their properties further as required. For instance, it is 

recognized that the optical loss of polyimides at near-infrared wavelengths is mainly due 

to the C-H overtone vibration absorptions. This loss can be minimized considerably 

though the substitution of hydrogen with the fluorine atoms since the wavelength of the 

vibrational mode obtained from C-F bond is longer than that of C-H bond. Therefore, 

fluorinated polyimides are considered as the most suitable candidates for optical 

applications  [8,100,101,109,111].  

1.9.3 Gas separation membranes 

A significant amount of energy saving is possible if effective gas separations could be 

achieved through membrane technology instead of cryogenisis, pressure (vacuum) swing 

adsorption and chemical absorption processes which are more expensive [112]. Over the 

past few years, there has been a growing interest in the use of polyimides as membrane 

materials for gas separation purpose. Polyimides exhibit the desirable permselective 

characteristics related to the separation of gases (O2/N2, CO2/CH4, H2/N2 and H2/CH4). 

The permeability study of pyromellitic dianhydride and 4,4ʹ-oxydianiline (PMDA-ODA) 

based polyimide revealed that it had surprisingly high permeability to O2, CO2 and water 

vapors. However, there was no indication about its separation potential, whether it is 

sufficiently high enough to encourage the development of economically favorable 

processes using this material [64]. Therefore, an important objective in the development 

of new gas separation polymeric membranes is to combine high gas permeability with the 

high selectivity [113]. 

The factors governing gas permeability include total free volume and distribution of free 

volume. It is established that within the polymers of analogous series, an increase in free 

volume is directly related to increase in gas permeability and vice versa. Another 

important observation with respect to permeability and selectivity is that these are 

inversely related i.e. an increase in selectivity bring about a decrease in permeability [63].  

In this respect, many new polyimide structures have been developed (brominated 

polyimides, fluorinated polyimides, hyperbranched polyimides, polyimides containing: 
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indan structures,  noncoplanar structures and bulky pendant groups), with the objective of 

improving the performance (separation factors) of these polymers [51]. A rigid backbone 

structure and the steric effect of bulky groups tend to inhibit the efficient packing of 

polymer chains and thus resulting in high gas permeability but affecting permselectivity. 

However, the incorporation of fluorinated groups in the polyimide structure enhances the 

gas permeability without significantly sacrificing the permselectivity of CO2/CH4 

separations. In fact, the hexafluoroisopropylidene moiety -C(CF3)2- has been observed to 

increase both the permeability and selectivity. This is ascribed to reduction in polymer 

chain segmental mobility and inter-chain interactions along with increased free volume 

due to bulky -CF3 groups [63]. 

1.9.4 Aerospace 

The total system weight is one of the primary design drivers during development of an 

aircraft, rocket or orbital vehicle. This parameter has a direct effect on a vehicle’s range 

and payload capacity, performance and maneuverability, operational or launch costs, and 

in some cases mission feasibility. Therefore, the aerospace industry is continuously 

searching for lighter and stronger materials to incorporate in designs [114]. The 

researchers have met this challenge with polyimides predominantly, since these can be 

modified to meet specific requirements while maintaining their several advantageous 

properties like excellent thermal stability, good mechanical properties, hydrolytic 

stability, high breakdown voltage together with good chemical, radiation, fire, and 

corrosion resistance. A vast variety of structurally modified polyimides have been 

developed in this regard. In the 1970’s, NASA Lewis Research Center developed PMR-

15 polyimide which has been used to fabricate several engine components ranging from 

small compression-molded bearings to large structural autoclave-molded engine ducts 

used in the F404 engine of U.S. Navy F-18A Hornet [115–117]. The polyimide matrix 

composites have found applications in various aerospace structures such as rocket engine 

components, space launch propulsion systems, and advanced turbine engine applications 

[31]. The PMR-15 has been recognized as a leading polyimide matrix resin for carbon-

fiber reinforced composites used in aircraft engine components [114]. Polyimide foams 

are used in aerospace vehicles because of their improved toughness and reduced toxic 

fume/smoke generations. The foam's light weight is of great importance in wall and 

ceiling panels, sections of bulkhead along with thermal, vibrational and acoustical 

insulations [64,118,119].  
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1.9.5 Sensors 

A sensor is a device that measures a physical quantity and transforms it into a signal 

which can be read by an observer or instrument. The common sensors used in this day 

and age, convert the measurements of physical phenomenon into electrical signals. Most 

recently, the polyimide based sensor materials have received great attention owing to 

their: simple preparation method, excellent thermal stability and mechanical properties, 

chemical inertness, and high biocompatibility. The polyimide modified electrodes have 

been used in the fields of sensors and biosensors. For example, an electroactive specie 

“dopamine” is of much interest for chemists and neuroscientists. A loss of dopamine 

containing neurons may lead to some serious diseases such as Parkinsonism [120]. 

Therefore, concentration determination of this neurochemical is of prime importance. 

Ekinci and coworkers fabricated two different types of polyimide membranes (phosphine 

oxide and piperazine containing) for concentration determination of dopamine [121,122]. 

The pyrimidine-based polyimides films were found applicable to amperometric sensing 

of hydrogen peroxide [123,124]. Moreover, polyimide films are also used for glucose, 

gas, humidity and tactile sensing applications [125–129].  

1.9.6 Adhesives 

The phenomenon which causes two materials to be held together is termed as adhesion. 

An adhesive is the substance capable of holding two materials together in a functional 

manner through the surface attachment that resists separation. Natural adhesives 

(bitumen, tree pitches and beeswax) have been known since ancient times; however 

synthetic adhesives came out of the laboratory to replace natural adhesives in the 20th 

century. Major interest in the adhesive technology has risen during the second half of 20th 

century owing to the use of various adhesives in aerospace, military, and microelectronics 

applications. During development of new adhesives, the standardized tests are conducted 

in order to evaluate and compare various adhesion parameters. The most important 

criteria for the new adhesive are related with strength, toughness, fracture, and solvent 

resistance of the bonded joints. In this respect, aromatic polyimides are of significant 

importance as they possess a broad array of superior properties as mentioned before. 

These attractive properties have made them excellent candidates as adhesives that can 

meet the demands of microelectronics, military and aviation industries. Polyimides can 

be applied as adhesives in different forms e.g. films, powder dissolved in solvent, or 

polyamic acid  solution applied directly on the substrate surface [130]. The majority of 

the adhesive work regarding high performance polyimides has been done by workers at 
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NASA [131–134].  

1.10 Tailoring of properties 

In order to develop a material having the combination of desired properties for a specific 

application (thermal stability, mechanical properties, dielectric constant and/or optical 

properties), it is necessary to merge the properties of individual polyimide into one 

system. It is well-known that exceptional properties of polyimides depend upon chemical 

structure, composition, conformation, aggregation and inter/intra molecular interactions 

(Figure 1.11 & 1.12) of polyimide chains, hence can be improved further or attuned as 

required. The manipulation of properties can be achieved through: structural 

modifications, copolymerization or composite engineering. 

1.10.1 Structural modifications 

The structural modifications are aimed at incorporation of certain groups in polyimide 

chains that can influence the specific property of resulting polyimide. For instance, main 

disadvantage associated with the application of polyimide films in the optoelectronic 

industry is their yellowish nature (Upilex and Kapton give strong coloration from deep 

yellow to dark brown). This is attributed to the intermolecular charge transfer complex 

(CTC) formation between the alternating electron-donor (nitrogen) and electron-acceptor 

(carbonyl carbon) moieties in the polyimide chains inherited from diamines and 

dianhydrides respectively (Figure 1.11) [36,55]. It was prophesied that use of weak 

electron-donating diamines or weak electron-accepting dianhydrides will suppress these 

charge transfer interactions. Keeping this in mind, Liming Tao and coworkers prepared 

fluorinated polyimides from diamines bearing electron withdrawing trifluoromethyl 

substituents (lowering its electron-donating ability) and observed significantly enhanced 

optical transparency [8]. Semi-aromatic polyimides derived from the alicyclic 

dianhydride 1,2,4,5-cyclohexanetetracarboxylic dianhydride (weak electron-accepting) 

and different aromatic diamines also produced similar results [55].  

Polyimides with significantly enhanced thermal and mechanical properties were 

produced by the introduction of heterocyclic rings into the molecular backbone 

[135,136]. The molecular designing via introducing some sterically hindered, rigid, 

nonplanar, nonpolar structures (triphenylmethane, triphenylethylene or 

tetraphenylethylene) into the polymer backbone yielded polyimides with intrinsic 

low/ultralow dielectric constant values [137–139]. The triptycene based polyimides 

outperformed the Matrimid® polyimide in gas permeation performance. The CO2 and 

CH4 permeabilities of the 6FDA-1,4-trip_CF3 membrane were almost doubled while O2, 
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N2 and H2 permeabilities were tripled than that of the Matrimid® polyimide [140]. 

Much research has been carried out on the development of new monomers (dianhydride 

or diamine) capable of endowing resulting polyimides with: 

i. unique features e.g. Troger’s base [9,141], cardo [10], carbazole [11], 

benzoxazole [20], benzimidazole [142], thiazole [143], fluorenylidene [144], 

cycloaliphatic [145] or biphenyl moieties [146]  

ii. special linkages like sulphone [13], siloxane [14], azomethine [15], thioether [16], 

ether, ketone [147] or methylene [148]  

iii. high fluoride contents [17] or 

iv. kink in structure through ortho or meta catenation instead of para [149–152]. The 

isomeric monomers are capable of introducing asymmetry in the structure hence 

can affect the properties of resulting polymers to a large extent. 

1.10.2 Copolymerization 

The copolymerization is one of the most effective and general strategy which enables to 

develop the new material with intended properties through the connection of three/more 

structures with different chemical and physical properties in the same polymer chain. 

Polyimide containing three or more different types of monomers in its back bone is 

termed as copolyimide. Copolymerization, using either one dianhydride and two different 

diamines or one diamine and two different dianhydrides following the amic acid route, 

leads to a randomly segmented copolyimide with disordered chemical sequences (Figure 

1.13) [61,153]. This chemical disorder can affect the chain dynamics by disturbing the 

degree of inter-chain associations and entanglements. Hence, the properties of 

copolymers are influenced by this chemical disorder. 

 

Figure 1.13 Illustration of randomly segmented copolymer. 

Numerous literature is available involving the execution of copolymerization strategy to 

enhance/tailor the properties of polyimides [154,155]. Eichstadt et al. used a combination 

of aromatic, aliphatic and cycloaliphatic diamines in different proportions with 2,2-bis(4- 
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(3,4-dicarboxyphenoxy)phenyl)propane dianhydride (BPADA) and monitored the 

variation in thermal, mechanical and dielectric properties of the resulting copolyimides 

[22]. Qiu et al. regulated the gas permeation and selectivity performance of copolyimides 

derived from one dianhydride and three different diamines by adjusting the monomer 

choice and composition [23]. Hamciuc et al. reported reduction in temperature resistance 

with the increasing concentrations of amine-terminated oligodimethylsiloxane as co-

monomer in parent polyimide [156]. However, Vaganova et al. were able to improve the 

thermal stability via incorporation of 4,4ʹ-oxydianiline in the backbone of polyimides 

[21].  

1.10.3 Composite engineering 

1.10.3.1 Overview of composites 

Polymers are extensively used in every economic sector and the trend is rapidly growing. 

However in some cases, the properties of polymers are not sufficient enough to satisfy 

the specific requirements for a particular application. In these circumstances, use of 

additives (glass fibers, minerals or metallic fillers) has been considered a cheaper, faster 

and an easier way to modify the properties of polymers. Such polymer systems 

containing rigid fillers are known as polymer composites because they consist of at least 

two different phases. The fillers range in size from nanometers to millimeters. When 

filler particles have at least one dimension below 100 nm then the composites system is 

recognized as nanocomposite. With the change of particle size from macro to nano: the 

surface area per unit volume increases drastically and excellent properties of polymer 

nanocomposites are attributed to this large surface to volume ratio of the nano fillers 

[157]. Moreover, shape of nanoparticles (spherical, rod-like, flat etc.), level of uniform 

filler dispersion in the matrix, geometric arrangement of particles, and physical or 

chemical interactions of the nanoparticles with the host matrix affect the properties of 

nanocomposites. Polymer nanocomposites are capable of meeting or even exceeding the 

designed expectations. Therefore, they have received enormous attention both in 

academia and industry over the past few decades [158].  

1.10.3.2 Polyimide nanocomposites 

Many types of polymers have been used successfully as matrices to prepare 

nanocomposites e.g. polyethylene terephthalate, polystyrene, polycarbonate, polyamide 

etc. However, polyimide nanocomposites have enjoyed a lot of success in scientific 

research and industrial applications owing to the already exceptional properties of 

polyimide matrix which are enhanced further after composite synthesis. The addition of 
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nano-scaled fillers into the polyimide matrix has been found to enhance the overall 

performance of resulting nanocomposites by altering the thermal stability, glass transition 

temperature, mechanical strength, dielectric constant, gas barrier, flame resistance, 

electrical properties etc. However, the aforesaid properties of nanocomposites are not 

always improved. For example, if one property changed for the better, another property 

might change for the worse. Therefore, during designing of nanocomposites, this 

tendency should be taken into consideration and adjusted degree of modification should 

be applied to find the optimum balance of properties for the specific applications. 

The findings of few authors collected by synthesizing polyimide nanocomposites are 

reviewed from the literature. Juntao Wu and coworkers studied the influence of nano-

sized Al2O3 content on various properties of polyimide/Al2O3 nanocomposites and found 

that the incorporation of Al2O3 nanoparticles in the polyimide triggered an increase in 

Young’s modulus and electrical aging performance of hybrid films as compared to pure 

polyimide [159]. Rafiee and Golriz prepared polyimide nanocomposite films containing 

α-Fe2O3 nanoparticles and observed the enhanced thermal stability of these 

nanocomposites in comparison with pure matrix [160]. The existence of nano-sized ZnO 

particles in polyimides enhanced the fluorescence emission while sacrificing some of the 

thermal stability [161]. The addition of TiO2 nanoparticles in the polyimide matrix 

improved the charge stability of parent polyimides: representing the modification of 

polarization phenomenon after filling of nanoparticles [162]. TiO2 nanoparticles also 

increased the glass transition temperature (from 125 to 159 °C), modulus (from 2130 to 

2826 MPa) and ultimate strength (from 80 to 91 MPa) of host polyimide at 15% loading 

[24]. Dinari et al. investigated the gas separation properties of polyimides bearing ZnO 

nanoparticles. The permeation and selectivities of N2, O2, CH4, and CO2 gases through 

polyimide/ZnO hybrid membranes were increased in comparison with pure polyimide 

membrane [163].  

1.10.3.3 Interactions of nanoparticles with polyimides  

The properties of polymer nanocomposites depend upon the extent of physical or 

chemical interactions of the nanoparticles with the host matrix. Hsu et al. suggested that 

the exposed OH groups on the surface of nanoparticles can interact with imide groups 

(C=O) of polyimide through inter-chain hydrogen bonding to form physical cross-linking 

as illustrated in Figure 1.14. [164,165]. These interactions restrict the chain mobility and 

affect the charge transfer complex formation, resulting in alteration of the matrix 

properties. 
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Figure 1.14 Illustration of interaction between nanoparticles and polyimide chains. 

1.11 Research plan 

As described in section 1.10 (Tailoring of properties) of this dissertation that properties of 

polyimides can be attuned as required using different strategies like structural 

modifications, copolymerization and/or composite engineering. In this regard, research 

plan is divided into six parts:  

1. Designing of new diamine monomers.  

2. Selection of commercially available diamines.  

3. Selection of dianhydrides.  

4. Synthesis of polyimides. 

5. Synthesis of copolyimides. 

6. Synthesis of polyimide nanocomposites. 

1.11.1 Designing of new diamine monomers 

The new diamine monomers capable of imparting ether, methylene, ethylene, 

cyclohexane, phenyl and biphenyl moieties in the polyimide systems along with having 

different positioning of amine groups on the benzene rings (ortho, meta and para) are 

planned to synthesize. The rationale of the design is to study the structure-property 

relationship i.e. diamine architecture effect on the properties of the resulting polyimides. 

This designing of diamine monomers is classified into two categories for exploring the 

two different parameters that can affect polyimide properties: 

1. Diamines for properties comparison based on structure rigidity. 

2. Diamines for properties comparison based on catenation. 
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1.11.1.1 Diamines for properties comparison based on structure rigidity 

The theme of this class is to design diamines having different contents of aliphatic and 

aromatic units along with the presence and absence of cycloaliphatic moieties in their 

backbone. It includes four diamines labelled as C4AP, X4AP, B4AP and H4AP: 

structures shown in Figure 1.15. All of the diamines have same peripheral moiety i.e. 4-

aminophenoxymethylene, with central part changing from cyclohexane to phenyl, 

biphenyl and 1,4-bis(methoxy)benzene for C4AP, X4AP, B4AP and H4AP respectively. 

H2N O
H2
C

H2
C O NH2

H2N O
H2
C

H2
C O NH2

H2N O
H2
C

H2
C O NH2

H2N O
H2
C

H2
C O NH2

H2
C O O

H2
C

C4AP

X4AP

B4AP

H4AP

 

Figure 1.15 Structures of diamines for properties comparison based on structure rigidity. 

1.11.1.2 Diamines for properties comparison based on catenation 

These diamines are designed for exploring the properties of polyimides by introducing 

kink in their structure i.e. ortho and meta catenation of amino groups on phenyl rings 

with respect to ether linkage. The idea of this type of structural modification is driven 

from the fact that isomeric monomers are capable of introducing asymmetry in the 

structure hence can affect the properties of resulting polyimides to a large extent. This 

group also consists of four diamines labelled as X3AP, X2AP, B3AP, B2AP and their 

structures are shown in Figure 1.16. 

1.11.1.3 Synthetic protocol 

The synthesis of aforementioned diamine monomers involves the implementation of two 

different reaction pathways comprising different reactant precursors i.e. 

1. Synthesis of diamines from nitrophenols and dichlorides 

2. Synthesis of diamines from diols and 4-fluoronitrobenzene 

Both these approaches include the synthesis of precursor dinitro compounds by 

Williamson’s etherification reactions of the respective reagents in the first step. The 

second step involves the reduction of obtained dinitro compounds to corresponding  
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Figure 1.16 Structures of diamines for properties comparison based on catenation. 

diamines with Pd/C and hydrazine hydrate. The sketched illustrations of complete 

reaction pathways are presented in Scheme 1.1 and 1.2 respectively. 

1.11.1.3.1 Synthesis of diamines from nitrophenols and dichlorides 
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Scheme 1.1 Synthesis of diamines from nitrophenols and dichlorides. 
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1.11.1.3.2 Synthesis of diamines from diols and 4-fluoronitrobenzene 
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Scheme 1.2 Synthesis of diamines from diols and 4-fluoronitrobenzene. 

1.11.2 Selection of commercially available diamines 

The selection of commercially available diamines to be used in the project was made 

based on the objective to study the effect of various side or pendant groups on the 

properties of polyimides. In this regard, five different diamine compounds coded as 

MDA, DMA, DEA, HFA and 9FA are selected for the study taking the MDA as standard. 

Their structures, names and assigned labels are illustrated in Figure 1.17. These diamines 

differ from each other in a systematic manner with respect to side/pendant groups. For 

example, DMA and DEA are selected to monitor the effect of dimethyl and diethyl 

substitutions on benzene rings of MDA respectively. Similarly, HFA and 9FA will 

express the influence of methylene hydrogens replacement with hexafluoroiso-

propylidene [-(CF3)2-] and 9-fluorenylidene moieties as pendant groups. 
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Figure 1.17 Structures of commercial diamines used in the project. 

1.11.3 Selection of dianhydrides 

As described before in this dissertation: polyimides are synthesized by the condensation 

of diamines with dianhydrides and their properties are triggered by both of these 

monomers (section 1.4, 1.7 and 1.10.1). Therefore dianhydride selection is also another 

important aspect in structure-property studies of polyimides. The dianhydride selection 

for this project was done keeping in mind to explore the effect of bridging groups on the 

properties of resulting polyimides. The structures of three dianhydrides selected for the 

study are shown in Figure 1.18. These compounds differ from each other only in the 

nature of bridging groups which are supposed to engender alterations in the properties by 

influencing inter-chain interactions of polyimides. 
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Figure 1.18 Structures of dianhydrides used in the project. 
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1.11.4 Synthesis of polyimides 

The generalized reaction route for the synthesis of polyimides from dianhydrides and 

diamines is shown in Scheme 1.3. It is illustrating the formation of polyamic acid 

intermediate in the step 1 which is cyclodehydrated to final polyimide in the second step 

by the process known as thermal imidization. The synthesis of 39 structurally different 

polyimides was planned by this method using 3 dianhydrides and 13 diamines. The labels 

assigned to these polyimides representing their dianhydride and diamine ancestors are 

shown in Table 1.10. The labelling was done in a way that first letter represents the type 

 of dianhydride and remaining letters gives information about the diamine used in the 

preparation of polyimide. For example in case of polyimide BB4A, letter “B” is derived 

from dianhydride BTDA and remaining letters “B4A” are of diamine origin i.e. from 

B4AP.  
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 Scheme 1.3 Synthesis of polyimides.  
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Table 1.10 Labels of synthesized polyimides illustrating diamine and dianhydride 

monomers. 

1.11.5 Synthesis of copolyimides 

The preparation of 24 copolyimides was strategized by the simultaneous reaction of two 

different diamines with one dianhydride.  Scheme 1.4 is presenting the general reaction 

pathway for this purpose. 4,4ʹ-methylenedianiline (MDA) is used as a common co-

diamine for all the copolyimides. The labels assigned to these copolyimides are shown in 
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B2AP 
 

BB2A OB2A FB2A 

MDA  BMDA OMDA FMDA 

DMA 

 

BDMA ODMA FDMA 

DEA 

 

BDEA ODEA FDEA 

HFA 
 

BHFA OHFA FHFA 

9FA 

 

B9FA O9FA F9FA 
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Table 1.11 with letter “M” representing the presence of MDA. 
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Scheme 1.4 Synthesis of copolyimides. 

Table 1.11 Labels of synthesized copolyimides illustrating diamine and dianhydride 

ancestors. 

Diamine 

code 
Ar 

X 

C=O 

(BTDA) 

O 

(ODPA) 

-C(CF3)2- 

(6FDA) 

C4AP 
 

BMC4 OMC4 FMC4 

X4AP 
 

BMX4 OMX4 FMX4 

B4AP 
 

BMB4 OMB4 FMB4 

H4AP 
 

BMH4 OMH4 FMH4 

X3AP 
 

BMX3 OMX3 FMX3 

X2AP 
 

BMX2 OMX2 FMX2 

B3AP 
 

BMB3 OMB3 FMB3 

B2AP 
 

BMB2 OMB2 FMB2 
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1.11.6 Synthesis of polyimide nanocomposites 

The synthesis of polyimide nanocomposites involves the incorporation of Al2O3 or ZnO 

nanoparticles within the polyimide matrix of BTDA and MDA. The detailed synthetic 

protocol in this respect is shown in Scheme 1.5 while Table 1.12 is illustrating the 

composite label, type and concentration (%) of nanoparticles loading. 

 

Scheme 1.5 Synthesis of polyimide nanocomposites. 

Table 1.12 Labels of synthesized polyimide nanocomposites illustrating type and 

concentration (%) of nanoparticles incorporated. 

 

Dianhydride 

 

BTDA 

 

Diamine MDA 
 

Label Nanoparticle Concentration (%) 

BMDA-Al2O3-3% Al2O3 3 

BMDA-Al2O3-5% Al2O3 5 

BMDA-Al2O3-7% Al2O3 7 

BMDA-Al2O3-9% Al2O3 9 

BMDA-ZnO-3% ZnO 3 

BMDA-ZnO-5% ZnO 5 

BMDA-ZnO-7% ZnO 7 

BMDA-ZnO-9% ZnO 9 
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Chapter 2 

Experimental 

2.1 Materials 

All chemicals and reagents used for the synthesis of diamines, polyimides and 

copolyimides were of highest purity and were used as received. Potassium carbonate 

(anhydrous), 4-nitrophenol, 3-nitrophenol, 2-nitrophenol, α,α′-dichloro-p-xylene, 4,4′-

bis(chloromethyl)-1,1′-biphenyl, Hydroquinone-bis(2-hydroxyethyl)ether, 1,4-cyclohex-

anedimethanol, 4-fluoronitrobenzene and 4,4ʹ-methylenedianiline (MDA) were obtained 

from Sigma Aldrich. Palladium on activated carbon (5%), hydrazine hydrate (80%) and 

3,3ʹ,4,4ʹ-benzophenonetetracarboxylic dianhydride (BTDA) were purchased from VWR 

Canada. 4,4ʹ-oxydiphthalic anhydride (ODPA) and 4,4'-hexafluoroisopropylidene-

bisphthalic anhydride (6FDA) were procured from Akron Polymer Systems, USA. The 

diamines: 4,4'-methylenedianiline (MDA), 4,4'-methylenebis(2,6-dimethylaniline) 

(DMA), 4,4'-methylenebis(2,6-diethylaniline) (DEA), 4,4'-(hexafluoroisopropylidene) 

dianiline (HFA), and 4,4'-(9-fluorenylidene)dianiline (9FA) were purchased from Sigma 

Aldrich. The Al2O3 and ZnO nanoparticles (40-100 nm) were obtained from Nanophase 

Technologies Corporation and Alpha Aesar companies respectively. Anhydrous N,N-

dimethylacetamide (DMAc) solvent for the synthesis of polyamic acids was purchased 

from Sigma Aldrich while N,N-dimethylformamide (DMF), tetrahydrofuran (THF) and 

ethanol were obtained from various commercial sources. 

The utilization of pure reagents, monomers and solvents is of vital importance for the 

synthesis of high molecular weight polyimides. In  this respect, pure anhydrous solvents 

were assured by using standard solvent purification methods [166] and the synthesized 

diamine monomers were purified by recrystallization procedures. 

2.2 Drying of solvents 

2.2.1 N,N-dimethylformamide (DMF, boiling point = 153 °C) 

 N,N-dimethylformamide was purified by drying over calcium hydride for at least 12 

hours followed by distillation under reduced pressure using a vacuum pump. 

2.2.2. Tetrahydrofuran (THF, boiling point = 66 °C) 

THF was refluxed over sodium wire with a small amount of benzophenone as an 

indicator for dryness (which formed the purple sodium benzophenone ketyl). The solvent 

was distilled immediately prior to use. 

2.2.3 Ethanol (boiling point = 78 °C) 

 Absolute ethanol was dried by refluxing over magnesium turnings using iodine as an 
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indicator and distilled when colour of iodine was discharged. 

2.3 Analytical techniques and instrumentation 

2.3.1 Weighing of dianhydrides 

Labstar Mbraun glove box was used for weighing and addition of dianhydrides under dry 

and inert atmosphere of nitrogen to get rid of impurities (side products) due to its reaction 

with moisture. 

2.3.2 Thermal curing of polyamic acid 

VWR air circulating oven and Lindberg/Blue M furnace equipped with UP 150 controller 

were used for thermal curing of polyamic acid (pre-polymer). 

2.3.3 Melting temperatures 

Melting point temperatures of the synthesized monomers (dinitro precursors and diamine 

derivatives) were determined in a capillary tube using Gallenkamp Electrothermal 

melting point apparatus.  

2.3.4 Fourier transform infrared (FTIR) spectroscopic analysis 

Initial evaluation for verification of proposed structures of synthons was done by fourier 

transform infrared spectroscopy (FTIR). The FTIR spectra of monomers and polymers 

were recorded between 400-4000 cm-1 using Thermo Scientific Nicolet 6700 or Bruker 

Tensor 27 FTIR spectrophotometers. 

2.3.5 Nuclear magnetic resonance (NMR) spectroscopic analysis 

NMR spectral studies for structural elucidations of monomers, polyimides and 

copolyimides were done in deuterated DMSO-d6 at room temperature using a Bruker 

spectrometer operating at 500 MHz for 1H NMR and at 125 MHz for 13C NMR. 

2.3.6 Single crystal X-ray diffraction (SCXRD) analysis  

Single crystal X-ray diffraction (SCXRD) analyses were performed to get information 

about three dimensional geometry of synthesized monomers. These studies were carried 

out on Bruker Kappa Apex II CCD diffractometer using MoKα radiation (λ = 0.71073Å). 

The data were collected by scanning  and  in step of 0.5º in set of frames for complete 

data, with an exposure time of 60 seconds per frame. The data was corrected for Lorentz 

and polarization effects using the APEXII software and an empirical absorption 

correction was carried out using SADABS. The structures were solved using direct 

method and refined using the least square method incorporated into the Bruker APEXII 

suite [167]. 
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2.3.7 Dynamic thermogravimetric analysis (dynamic TGA) 

The dynamic thermogravimetric analyses were performed on TA Instrument Q500 at a 

heating rate of 20 °C/min up to a maximum temperature of 800 °C under nitrogen and air 

atmospheres separately to evaluate the thermal stability of polyimides, copolyimides and 

polyimide nanocomposites. The data was collected in terms of weight loss (%) as a 

function of temperature. The collected data was also analyzed with respect to derivative 

of the weight loss (%/oC) for differential thermogravimetric analysis (DTG). 

2.3.8 Isothermal thermogravimetric analysis (isothermal TGA) 

In order to assess the thermal endurance of the synthesized polyimides, copolyimides and 

polyimide nanocomposites: they were subjected to isothermal thermogravimetric analysis 

on TA Instrument Q500. For isothermal TGA, polymers were kept at 400 °C for 30 

minutes under the air atmosphere (ramping up at 50 °C/min from room temperature). The 

collection of data was done in terms of weight loss (%) as a function of time. 

2.3.9 Dynamic mechanical thermal (DMTA) analysis  

Dynamic mechanical thermal analysis (DMTA) was used to assess the behavior of 

polyimide and nanocomposite films at elevated temperatures. The measurements were 

recorded on a Rheometric scientific instrument Dynamic Mechanical Thermal Analyzer 

(DMTA) in the tensile mode at heating rate of 5 °C/min over a temperature range of 35-

400 °C under the air atmosphere (length: 10 mm, strain: 0.2%, initial static force: 0.4 N, 

static > dynamic force by 10.0%, minimum static force: 0.01 N). The values of tan δ and 

storage modulus versus temperature were recorded for each sample. 

2.3.10 Wide angle X-ray diffraction (WAXRD) analysis  

For gaining insight into the molecular packing preferences, monomers and polymers were 

characterized by wide angle X-ray diffraction analysis (WAXRD) at room temperature. 

WAXRD measurements were made on Bruker D8 FOCUS diffractometer using nickel-

filtered CuKα radiation (λ = 1.542Å, operating at 40 kV and 40 mA) between 2 theta 

range of 5-50° at an increment of 0.05° with scan speed of 3 sec/step. 

2.3.11 Scanning electron microscopy (SEM) 

The morphology of polyimide nanocomposites was investigated by scanning electron 

microscopy (SEM) using Field Emission Scanning Electron Microscope (FESEM) Leo 

1530 Gemini, Zeiss Germany. The samples for this study were prepared by stucking the 

polymer film samples vertically on the SEM stub with the help of conductive tap 

followed by sputtering with gold (three times). The gold coating was performed on 

Denton Vacuum Desk II XLS Sputter Coater under the inert atmosphere of argon. The 
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voltage used during the test was 7.00 kV. The images were taken at 10000 (1 µm) and 

80000 (200 nm) magnifications. 

2.3.12 Transmission electron microscopy (TEM) 

The dispersion of nanoparticles inside the polyimide matrix was evaluated with the 

transmission electron microscopy (TEM). For this purpose, samples were prepared by 

immersing the composite film samples in epoxy mixtures. It was then kept in oven at 50 

°C for curing of epoxy to produce solid blocks. The polyimide nanocomposite film 

containing epoxy blocks were used for cutting the thin slices (50-150 nm) on Leica EM 

UC6 Ultramicrotome with diamond knife. These slices were collected from water, placed 

on copper grids, and analyzed with Phillips CM10 100 kV Transmission Electron 

Microscope equipped with AMT HR 11 megapixel side mount camera. The images were 

taken at 100 nm, 500 nm and 2 micrometer scales. 

2.4 Synthesis of diamine monomers 

Two different strategies were executed for the synthesis of planned diamine monomers of 

research project as described in section 1.11.1.3. Both these approaches involve the 

synthetic protocols consisting of two-step pathways as shown in Schemes 1.1 and 1.2. 

The first stage involves the preparation of precursor dinitro compounds which are 

reduced to the corresponding diamines in the second step. The detailed description of 

each methodology will be discussed in the following sections 2.4.1 and 2.4.2 

respectively. 

2.4.1 Synthesis of diamines from nitrophenols and dichlorides 

2.4.1.1 Synthesis of dinitro precursors 

The dinitro compounds of this series were synthesized by Williamson’s etherification 

reactions of nitrophenols and dichlorides. The synthesis of 4,4'-bis((4-

nitrophenoxy)methyl)-1,1'-biphenyl (B4NP) is presented as an example for complete 

description of the procedure adopted for the preparation of these dinitro precursors. Since 

the same synthetic protocol was followed for the preparation of all members of this 

series, therefore synthesis of remaining compounds will be described briefly by citing 

only: type and stoichiometry of the reagents involved, along with amount of solvent used, 

in their respective sections. 

2.4.1.1.1 Synthesis of 4,4'-bis((4-nitrophenoxy)methyl)-1,1'-biphenyl (B4NP) [168] 

The synthesis of B4NP was accomplished by the reaction of 4,4′-bis(chloromethyl)-1,1′-

biphenyl with 4-nitrophenol (Williamson’s etherification). For this purpose, 11.13 g  4-

nitrophenol (80 mmol), 10.05 g 4,4′-bis(chloromethyl)-1,1′-biphenyl (40 mmol), 11.06 g  
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potassium carbonate anhydrous (80 mmol) and 120 mL of DMF were introduced in a 250 

mL two-necked round-bottom flask (prebaked on vacuum to remove any moisture; 

equipped with nitrogen tube, bubbler, reflux condenser and magnetic stirrer). The 

obtained mixture was heated at 120 °C for 16 hrs. The color of solution changed from 

yellow to dark brown with the passage of time. Then it was cooled to room temperature 

and poured into 800 mL of ice cold water. Light yellow precipitates appeared were 

filtered, washed thoroughly with water and rinsed with ethanol before drying. The 

product was obtained in 85% yield having melting point at 255 °C. 

2.4.1.1.2 Synthesis of 4,4'-bis((3-nitrophenoxy)methyl)-1,1'-biphenyl (B3NP) 

4,4'-bis((3-nitrophenoxy)methyl)-1,1'-biphenyl (B3NP) was prepared by using 11.13 g 3-

nitro phenol (80 mmol), 10.05 g 4,4′-bis(chloromethyl)-1,1′-biphenyl (40 mmol), 11.06 g 

potassium carbonate anhydrous (80 mmol) and 120 mL DMF. Yield = 84%, Melting 

point = 191°C. 

2.4.1.1.3 Synthesis of 4,4'-bis((2-nitrophenoxy)methyl)-1,1'-biphenyl (B2NP) 

The nature and stoichiometry of the reactants used for the synthesis of 4,4'-bis((2-

nitrophenoxy)methyl)-1,1'-biphenyl (B2NP) was: 2-nitrophenol = 11.13 g (80 mmol), 

4,4′-bis(chloromethyl)-1,1′-biphenyl = 10.05 g (40 mmol), potassium carbonate 

anhydrous = 11.06 g (80 mmol) and 120 mL DMF. Yield = 85%, Melting point = 223 °C. 

2.4.1.1.4 Synthesis of α,αʹ-bis(4-nitrophenoxy)-p-xylene (X4NP) [169] 

The synthesis of α,αʹ-bis(4-nitrophenoxy)-p-xylene (X4NP) was carried out by reacting 

11.13 g  4-nitrophenol (80 mmol) with 7.00 g α,α′-dichloro-p-xylene (40 mmol) in the 

presence of 11.06 g potassium carbonate anhydrous (80 mmol) and 70 mL DMF. Yield = 

83%, Melting point = 187 °C. 

2.4.1.1.5 Synthesis of α,αʹ-bis(3-nitrophenoxy)-p-xylene (X3NP) [170] 

For the preparation of α,αʹ-bis(3-nitrophenoxy)-p-xylene (X3NP), 11.13 g of 3-

nitrophenol (80 mmol), 7.00 g α,α′-dichloro-p-xylene (40 mmol) and 11.06 g of 

potassium carbonate anhydrous (80 mmol) were made to react in 70 mL DMF. Yield = 

82%, Melting point = 190 °C. 

2.4.1.1.6 Synthesis of α,αʹ-bis(2-nitrophenoxy)-p-xylene (X2NP) [171] 

The synthesis of α,αʹ-bis(2-nitrophenoxy)-p-xylene (X2NP) used 11.13 g 2-nitrophenol 

(80 mmol), 7.00 g α,α′-dichloro-p-xylene (40 mmol), 11.06 g potassium carbonate 

(anhydrous) (80 mmol)  and 70 mL DMF. Yield = 83%, Melting point = 165 °C. 

2.4.1.2 Synthesis of diamines 

The diamine derivatives of afore-synthesized dinitro precursors (section 2.4.1.1) were 



Chapter 2                       

50 

 

prepared by reducing them with Pd/C and hydrazine hydrate in ethanol or 

ethanol/tetrahydrofuran mixtures depending upon the structures of dinitro compounds. 

The solvent system of ethanol/tetrahydrofuran mixture was applied for the reduction of 

compounds from biphenyl series i.e. B4NP, B3NP and B2NP. However, only ethanol 

was used for the reduction of xylene derivatives (X4NP, X3NP and X2NP). The 

synthesis of 4,4'-bis((4-aminophenoxy)methyl) -1,1'-biphenyl (B4AP) is used to describe 

the synthetic process for the reduction of compounds form biphenyl series while α,αʹ-

bis(4-aminophenoxy)-p-xylene (X4NP) will explain the reduction of xylene derivatives. 

Again the synthesis of remaining diamines will be discussed briefly with respect to: type 

of dinitro precursor intended for reduction, amounts of reagents added in the reaction and 

solvent system applied. 

2.4.1.2.1 Synthesis of 4,4'-bis((4-aminophenoxy)methyl)-1,1'-biphenyl (B4AP) [168] 

For the synthesis of B4AP, a 500 mL two-necked round-bottom flask equipped with 

reflux condenser, bubbler and magnetic stirrer was charged with 2.0 g of the obtained 

dinitro compound B4NP (4.38 mmol), 0.10 g of Pd/C (5%) and 250 mL 

ethanol/tetrahydrofuran mixture (1:1). The resulting suspension was heated at 70 °C for 

30 minutes. Then 7 mL of hydrazine hydrate (80%) was added dropwise at this 

temperature over a period of 1 hr.  The reaction was continued with stirring at reflux 

temperature for 12 hrs. The resultant clear, darkened solution was filtered while hot 

(applying vacuum filtration method) to remove Pd/C, concentrated on rotary evaporator 

and cooled to get the solid product. The crude product was firstly washed with water to 

remove any trapped hydrazine and finally recrystallized from ethanol/tetrahydrofuran 

mixture to get 1.35 grams of B4AP (78% yield) having melting point at 215 °C. 

2.4.1.2.2 Synthesis of 4,4'-bis((3-aminophenoxy)methyl)-1,1'-biphenyl (B3AP) 

The nature of dinitro compound, stoichiometry of reagents and amount of solvent used 

for the preparation of 4,4'-bis((3-aminophenoxy)methyl)-1,1'-biphenyl (B3AP) was: 4,4'-

bis((3-nitrophenoxy)methyl)-1,1'-biphenyl (B3NP) = 2.0 g (4.38 mmol), Pd/C (5%) = 

0.10 g, hydrazine hydrate (80%) = 7 mL and ethanol/tetrahydrofuran mixture (1:1) = 250 

mL. Yield = 76 %, Melting point = 185 °C. 

2.4.1.2.3 Synthesis of 4,4'-bis((2-aminophenoxy)methyl)-1,1'-biphenyl (B2AP) 

The synthesis of 4,4'-bis((2-aminophenoxy)methyl)-1,1'-biphenyl (B2AP) was 

accomplished by reducing 2.0 g (4.38 mmol) of the 4,4'-bis((2-nitrophenoxy)methyl)-

1,1'-biphenyl (B2NP) with 0.10 g Pd/C (5%) and 7 mL hydrazine hydrate (80%) in 250 

mL ethanol/tetrahydrofuran mixture (1:1). Yield = 77 %, Melting point = 210 °C. 
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2.4.1.2.4 Synthesis of α,αʹ-bis(4-aminophenoxy)-p-xylene (X4AP) [169] 

For the synthesis of X4AP, 3.0 g (7.89 mmol) of the obtained dinitro compound (X4NP), 

0.10 g of 5% Pd/C and 80 mL ethanol were introduced into a 250 mL two-necked round-

bottom flask and the suspension was heated for 30 minutes at 70 °C. Then 10 mL of 

hydrazine hydrate (80%) was added dropwise at this temperature in 1 hr. The reaction 

was continued with stirring at reflux temperature for 12 hrs. The resulting clear, darkened 

solution was filtered while hot (applying vacuum filtration technique) to remove Pd/C, 

concentrated on rotary evaporator and cooled to get the solid product. The crude product 

was washed with water to remove any trapped hydrazine and finally recrystallized from 

ethanol. The diamine was obtained in 70% yield having melting point at 142 °C. 

2.4.1.2.5 Synthesis of α,αʹ-bis(3-aminophenoxy)-p-xylene (X3AP) [170] 

The synthesis of X3AP involved the use of: α,αʹ-bis(3-nitrophenoxy)-p-xylene (X3NP) = 

3.0 g (7.89 mmol), Pd/C (5%) = 0.10 g, hydrazine hydrate (80%) = 10 mL and ethanol = 

80 mL. Yield = 70 %, Melting point = 183 °C. 

2.4.1.2.6 Synthesis of α,αʹ-bis(2-aminophenoxy)-p-xylene (X2AP) [171] 

The α,αʹ-bis(2-aminophenoxy)-p-xylene (X2AP) was obtained by reducing 3.0 g (7.89 

mmol) α,αʹ-bis(2-nitrophenoxy)-p-xylene (X2NP) with 0.10 g Pd/C (5%) and 10 mL 

hydrazine hydrate (80%) in 80 mL ethanol. Yield = 71 %, Melting point = 124 °C. 

2.4.2 Synthesis of diamines from diols and 4-fluoronitrobenzene 

2.4.2.1 Synthesis of dinitro precursors 

The dinitro compounds belonging to this class were synthesized by reacting 4-

fluoronitrobenzene with the respective diols under the conditions of Williamson’s 

etherification reaction. 

2.4.2.1.1 Synthesis of 1,4-bis((4-nitrophenoxy)methyl)cyclohexane (C4NP) 

For the synthesis of 1,4-bis((4-nitrophenoxy)methyl)cyclohexane (C4NP), a 250 mL two-

necked round-bottom flask equipped with reflux condenser, nitrogen tube and magnetic 

stirrer (prebaked on vacuum to remove any moisture) was charged with 11.29 g 4-

fluoronitrobenzene (80 mmol), 5.77 g 1,4-cyclohexanedimethanol (40 mmol), 11.06 g 

potassium carbonate anhydrous (80 mmol) and 70 mL of DMF. The resulting mixture 

was heated at 120 °C for 18 hrs. The color of solution changed from yellow to dark 

brown with the passage of time. It was then cooled to room temperature and poured into 

800 mL of ice cold water to get the light yellow precipitates which were filtered, washed 

thoroughly with water and rinsed with ethanol before drying. Yield = 75 %, Melting 

point = 153 °C. 
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2.4.2.1.2 Synthesis of Hydroquinone-bis(2-(4-nitrophenoxy)ethyl)ether (H4NP) 

Hydroquinone-bis(2-(4-nitrophenoxy)ethyl)ether (H4NP) was prepared by the reaction of 

11.29 g 4-fluoronitrobenzene (80 mmol) with 7.93 g Hydroquinone-bis(2-

hydroxyethyl)ether (40 mmol) in the presence of 11.06 g  potassium carbonate anhydrous 

(80 mmol) and 70 mL DMF. The reaction was processed and worked out according to 

afore-described procedure in section 2.4.2.1.1 (synthesis of C4NP). Yield = 77 %, 

Melting point = 165 °C. 

2.4.2.2 Synthesis of diamines 

Alike the diamines synthesized from dinitro precursors of nitrophenols and dichlorides: 

these diamines were also prepared by the reduction of their corresponding dinitro 

compounds with Pd/C and hydrazine hydrate. 

2.4.2.2.1 Synthesis of 1,4-bis((4-aminophenoxy)methyl)cyclohexane (C4AP) 

The diamine 1,4-bis((4-aminophenoxy)methyl)cyclohexane (C4AP) was obtained by the 

reduction of C4NP, following the synthetic protocol adopted for the synthesis of X4AP 

(section 2.4.1.2.4), using 2 g (5.18 mmol) of dinitro compound (C4NP), 0.10 g of Pd/C 

(5%), 7 ml of hydrazine hydrate and 70 mL of ethanol. Yield = 69 %, Melting point = 

142 °C. 

2.4.2.2.2 Synthesis of Hydroquinone-bis(2-(4-aminophenoxy)ethyl)ether (H4AP) 

For the synthesis of H4AP, 2 g (4.54 mmol) of Hydroquinone-bis(2-(4-

nitoophenoxy)ethyl)ether (H4NP) was reduced with 0.10 g of Pd/C (5%) and 7 ml of 

hydrazine hydrate in 200 mL of ethanol/tetrahydrofuran mixture (1:1) according to the 

procedure described in section 2.4.1.2.1 (synthesis of B4AP). Yield = 70 %, Melting 

point = 153 °C. 

2.5 Synthesis of polyimides 

The newly designed afore-synthesized eight diamines (structures shown in Figure 1.15 

and 1.16) along with five commercial diamines (Figure 1.17) were condensed with three 

different dianhydrides (Figure 1.18) to develop 39 structurally different polyimides 

(Table 1.10). All the polyimides were synthesized following the classical two-step 

method illustrated in Scheme 1.3. The first step involves the reaction of diamine and 

dianhydride to obtain the pre-polymer i.e. polyamic acid solution which was then 

cyclodehydrated to the corresponding polyimide in the second step by the sequential 

programmed heating process known as thermal imidization. Since same procedure was 

adopted for the synthesis of all polyimides, therefore the synthesis of one polyimide 

labelled as BB4A is presented as an example for comprehensive explanation of the 
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synthetic process. The brand and stoichiometry of monomers involved in the synthesis of 

remaining polyimides are summarized in Table 2.1. 

2.5.1 Polyimide synthetic process description with the example of BB4A 

For the synthesis of polyimide BB4A, 0.396 g of diamine B4AP (1 mmol) and 5 mL 

DMAc were introduced in a 50 mL two-necked round-bottom flask (prebaked on vacuum 

to exclude any moisture; equipped with nitrogen tube and magnetic stirrer). The clear 

solution was obtained after complete dissolution of diamine. Then an equimolar amount 

of dianyhdride (BTDA, 0.322 g, 1 mmol) was added to this solution in small portions 

with continuous stirring. Precaution was taken by weighing and adding the BTDA in 

Labstar Mbraun glove box (having dry and inert atmosphere of nitrogen) in order to 

prevent the formation of side products (impurities) due to its possible reaction with 

moisture. The mixture was stirred for further 24 hrs at room temperature and a 

transparent, viscous polyamic acid solution was obtained. This polyamic acid solution 

was then casted on a clean aluminum weighing dish and cyclodehydrated to produce a 

fully imidized polyimide BB4A by curing with a programmed procedure: 70 °C (18 hrs 

for solvent removal in air circulating oven), 120 °C, 150 °C, 200 °C, 250 °C, 280 °C (1hr 

each in furnace). Finally, aluminum sheet was peeled off carefully in small pieces to get 

the polyimide film [168]. 

Table 2.1 The brand and stoichiometry of monomers for synthesis of polyimides. 

Sr. 

No. 

Polyimide 

Label 

Dianhydride (1 mmol) Diamine (1 mmol) 

Code Amount (g) Code Amount (g) 

1 BC4A BTDA 0.322 C4AP 0.326 

2 BX4A BTDA 0.322 X4AP 0.320 

3 BB4A BTDA 0.322 B4AP 0.396 

4 BH4A BTDA 0.322 H4AP 0.380 

5 OC4A ODPA 0.310 C4AP 0.326 

6 OX4A ODPA 0.310 X4AP 0.320 

7 OB4A ODPA 0.310 B4AP 0.396 

8 OH4A ODPA 0.310 H4AP 0.380 

9 FC4A 6FDA 0.444 C4AP 0.326 

10 FX4A 6FDA 0.444 X4AP 0.320 

11 FB4A 6FDA 0.444 B4AP 0.396 

12 FH4A 6FDA 0.444 H4AP 0.380 
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13 BB3A BTDA 0.322 B3AP 0.396 

14 BB2A BTDA 0.322 B2AP   0.396 

15 BX3A BTDA 0.322 X3AP 0.320 

16 BX2A BTDA 0.322 X2AP 0.320 

17 OB3A ODPA 0.310 B3AP 0.396 

18 OB2A ODPA 0.310 B2AP 0.396 

19 OX3A ODPA 0.310 X3AP 0.320 

20 OX2A ODPA 0.310 X2AP 0.320 

21 FB3A 6FDA 0.444 B3AP 0.396 

22 FB2A 6FDA 0.444 B2AP 0.396 

23 FX3A 6FDA 0.444 X3AP 0.320 

24 FX2A 6FDA 0.444 X2AP 0.320 

25 BMDA BTDA 0.322 MDA 0.198 

26 BDMA BTDA 0.322 DMA 0.254 

27 BDEA BTDA 0.322 DEA 0.310 

28 BHFA BTDA 0.322 HFA 0.334 

29 B9FA BTDA 0.322 9FA 0.348 

30 ODMA ODPA 0.310 MDA 0.198 

31 ODMA ODPA 0.310 DMA 0.254 

32 ODEA ODPA 0.310 DEA 0.310 

33 OHFA ODPA 0.310 HFA 0.334 

34 O9FA ODPA 0.310 9FA 0.348 

35 FMDA 6FDA 0.444 MDA 0.198 

36 FDMA 6FDA 0.444 DMA 0.254 

37 FDEA 6FDA 0.444 DEA 0.310 

38 FHFA 6FDA 0.444 HFA 0.334 

39 F9FA 6FDA 0.444 9FA 0.348 
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2.6 Synthesis of copolyimides 

The analogous copolyimides of above-synthesized polyimides (section 2.5) were 

prepared by the simultaneous condensation of two different diamines with one 

dianhydride according to Scheme 1.4. In this respect, diamine-1 i.e. 4,4ʹ-

methylenedianiline (MDA) was used as common co-monomer in all the copolyimides 

while changing the diamine-2 (from the synthesized diamines) and dianhydride 

sequentially. Herein, the detail of synthetic process is provided by explaining the 

preparation of representative copolyimide BMB4 whereas the type of monomers and 

their amounts taken for the synthesis of other copolyimides are given in Table 2.2. 

2.6.1 Synthesis of copolyimide BMB4 

With the purpose of synthesizing copolyimide BMB4, a 50 mL two-neck round-bottom 

flask (prebaked on vacuum to exclude any moisture; equipped with nitrogen tube and 

magnetic stirrer) was charged with 0.198 g of B4AP (0.5 mmol) and 0.099 g of 4,4ʹ-

methylenedianiline (MDA)  (0.5 mmol). Both the diamines were dissolved completely in 

5 mL DMAc to produce a clear solution. Then 0.322 g of BTDA (1 mmol) was added to 

this solution in small portions with continuous stirring inside the Labstar Mbraun glove 

box (having dry and inert atmosphere of nitrogen) for ruling out the possibility of 

impurities due to side reaction (BTDA with moisture). The mixture was kept on stirring 

for further 24 hrs at room temperature. The resultant copolyamic acid solution (pre-

polymer) was thermally imidized by casting on a clean aluminum weighing dish followed 

by curing with a programmed procedure: 70 °C (18 hrs for solvent removal in air 

circulating oven), 120 °C, 150 °C, 200 °C, 250 °C, 280 °C (1hr each in furnace) to 

produce copolyimide BMB4. Finally film was separated from aluminum [168].   

Table 2.2 The brand and stoichiometry of monomers for synthesis of copolyimides. 

Sr. 

No. 

Copolyimide 

Label 

Dianhydride 

(1 mmol) 

Diamine-1 

(MDA) 

(0.5 mmol) 

Diamine-2 

(0.5 mmol) 

Code Amount (g) Amount (g) Code Amount (g) 

1 BMC4 BTDA 0.322 0.099 C4AP 0.163 

2 BMX4 BTDA 0.322 0.099 X4AP 0.160 

3 BMB4 BTDA 0.322 0.099 B4AP 0.198 

4 BMH4 BTDA 0.322 0.099 H4AP   0.190 

5 OMC4 ODPA 0.310 0.099 C4AP 0.163 

6 OMX4 ODPA 0.310 0.099 X4AP 0.160 
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7 OMB4 ODPA 0.310 0.099 B4AP 0.198 

8 OMH4 ODPA 0.310 0.099 H4AP 0.190 

9 FMC4 6FDA 0.444 0.099 C4AP 0.163 

10 FMX4 6FDA 0.444 0.099 X4AP 0.160 

11 FMB4 6FDA 0.444 0.099 B4AP 0.198 

12 FMH4 6FDA 0.444 0.099 H4AP 0.190 

13 BMB3 BTDA 0.322 0.099 B3AP 0.198 

14 BMB2 BTDA 0.322 0.099 B2AP 0.198 

15 BMX3 BTDA 0.322 0.099 X3AP 0.160 

16 BMX2 BTDA 0.322 0.099 X2AP 0.160 

17 OMB3 ODPA 0.310 0.099 B3AP 0.198 

18 OMB2 ODPA 0.310 0.099 B2AP 0.198 

19 OMX3 ODPA 0.310 0.099 X3AP 0.160 

20 OMX2 ODPA 0.310 0.099 X2AP 0.160 

21 FMB3 6FDA 0.444 0.099 B3AP 0.198 

22 FMB2 6FDA 0.444 0.099 B2AP 0.198 

23 FMX3 6FDA 0.444 0.099 X3AP 0.160 

24 FMX2 6FDA 0.444 0.099 X2AP 0.160 

2.7 Synthesis of polyimide nanocomposites 

Polyimide nanocomposites were synthesized via incorporation of nanoparticles in the 

polyimide matrix of 3,3ʹ,4,4ʹ-benzophenonetetracarboxylic dianhydride (BTDA) and 4,4ʹ-

methylenedianiline (MDA). The schematic illustration of general synthetic procedure is 

shown in Scheme 1.5 and complete explanation is provided below: 

2.7.1 General procedure 

At the start, 0.198 g of MDA (1 mmol) was dissolved completely in 4 mL of N,N-

dimethylacetamide (DMAc) in a 50 mL two-necked round-bottom flask. The weighed 

amount of Al2O3 or ZnO nanoparticles (NP) (0.0514 g for 9% loading of nanoparticles) 

were added to this solution and sonicated for 1 hr to assist their dispersion. In this way, 

MDA-DMAc-NPs suspension was obtained; to which 0.322 g of BTDA (1 mmol) was 

added in small portions over the period of one hour with continuous stirring. The addition 

of BTDA was performed inside the Labstar Mbraun glove box (to avoid formation of 

impurities). This mixture was allowed to stir for 24 hrs at room temperature to get the 
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polyamic acid nanocomposite suspension. With the intent to get highly uniform 

dispersion of nanoparticles inside the matrix, the mixture was sonicated again for 3 hrs. 

After that, polyamic acid nanocomposite suspension was casted on a clean aluminum 

weighing dish and cyclodehydrated to fully imidized polyimide nanocomposite, by 

curing with a programmed procedure: 70 °C (18 hrs for solvent removal in air circulating 

oven), 120 °C, 150 °C, 200 °C, 250 °C, 280 °C (1hr each in furnace). Finally, the 

composite films were obtained by peeling off aluminum sheet. 

Following this procedure two series of polyimide nanocomposites comprising of four 

members each, were prepared via incorporation of Al2O3 or ZnO nanoparticles at 

different loadings (3%, 5%, 7%, 9%). Table 2.3 is illustrating the type, ratio (%) and 

amount of nanoparticles incorporated in polyimide nanocomposites. 

Table 2.3 The type, ratio (%) and amount of nanoparticles in polyimide nanocomposites. 

Sr. 

No. 

Composite 

Label 

Dianhydride 

(BTDA) 

(1 mmol) 

Diamine 

(MDA) 

(1 mmol) 

Nanoparticle 

 

Amount (g) Amount (g) Type Ratio (%) Amount (g) 

1 BMDA-Al2O3-3% 0.322 0.198 Al2O3 3 0.0161 

2 BMDA-Al2O3-5% 0.322 0.198 Al2O3 5 0.0274 

3 BMDA-Al2O3-7% 0.322 0.198 Al2O3 7 0.0391 

4 BMDA-Al2O3-9% 0.322 0.198 Al2O3 9 0.0514 

5 BMDA-ZnO-3% 0.322 0.198 ZnO 3 0.0161 

6 BMDA-ZnO-5% 0.322 0.198 ZnO 5 0.0274 

7 BMDA-ZnO-7% 0.322 0.198 ZnO 7 0.0391 

8 BMDA-ZnO-9% 0.322 0.198 ZnO 9 0.0514 
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Chapter 3 

Structural characterization 

The techniques like fourier transform infrared (FTIR) spectroscopy, nuclear magnetic 

resonance (NMR) spectroscopy and single crystal X-ray diffraction (SCXRD) analysis 

were used to verify the proposed structures of the synthesized products. The structural 

characterizations regarding monomers (dinitro precursors and diamine derivatives), 

polyimides, copolyimides and polyimide nanocomposites will be discussed separately in 

the following sections of this chapter. 

3.1 Characterization of dinitro precursors and diamine derivatives 

3.1.1 FTIR spectroscopic analysis 

The FTIR spectra of dinitro compounds exhibited characteristic absorption bands for 

nitro functionality around 1585 and 1340 cm-1 corresponding to asymmetric and 

symmetric stretches respectively. Formation of ether linkage was established by the 

presence of absorption peak near 1250 cm-1 which is attributed to C-O-C stretches. 

Absorption bands around 3100 cm-1 and 2900 cm-1 were assigned to aromatic and 

aliphatic C-H stretches respectively [170,171].  

The reduction of B4NP to B4AP was certified by the disappearance of NO2 absorption 

and appearance of typical N-H stretching bands for primary amines around 3400 and 

3300 cm-1 in the FTIR spectra of diamines [55,168]. The data acquired from FTIR 

spectroscopic technique is summarized in Table 3.1 while the FTIR spectra of 

representative dinitro compound B4NP and diamine B4AP are presented in Figure 3.1. 
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Figure 3.1 FTIR spectra of B4NP and B4AP. 
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Table 3.1 FTIR data (cm-1) of dinitro precursors and diamines. 

Code Ar-H CH2 NO2 NH2 C-O-C 

(Ether)   Asym. Sym. 

C4NP 3082 2925 1591 1338 - 1262 

X4NP 3081 2936 1589 1330 - 1260 

B4NP 3109 2942 1593 1337 - 1257 

H4NP 3111 2928 1594 1347 - 1259 

B3NP 3093 2922 1581 1353 - 1238 

B2NP 3077 2937 1579 1354 - 1252 

X3NP 3085 2883 1579 1347 - 1256 

X2NP 3114 2879 1580 1342 - 1253 

C4AP 3015 2916 - - 3387, 3295 1235 

X4AP 3036 2909 - - 3367, 3307 1236 

B4AP 3039 2930 - - 3377, 3315 1227 

H4AP 3058 2943 - - 3379, 3295 1238 

B3AP 3036 2927 - - 3433, 3345 1229 

B2AP 3051 2932 - - 3455, 3367 1234 

X3AP 3040 2875 - - 3445, 3321 1235 

X2AP 3056 2865 - - 3460, 3335 1233 

3.1.2 NMR spectroscopic studies 

1H NMR  

1H NMR spectroscopic technique supported the proposed structures of dinitro precursors 

and corresponding diamine derivatives. The data obtained is listed in Table 3.2 and 

structures showing numbering scheme of protons are given in Table 3.3. The 

representative 1H and 13C NMR spectra of compounds B4NP, B4AP and H4AP are 

presented in Figures 3.2-3.5 Aromatic protons resonated in their characteristic region 

between 8.25-6.15 ppm depending upon the position in backbone and nature of 

substituent present in their vicinity e.g. the protons of aromatic ring at ortho positions of 

nitro group resonated farthest downfield, which is attributed to deshielding engendered 

by electron withdrawing effect of NO2 group [55,170,171]. For instance, the ortho 

protons i.e. H3,5 of B4NP (Figure 3.2) displayed  resonance signals at 8.22-8.20 ppm 

[168]. The protons of cyclohexane ring (H8,9,10 of C4NP) showed peaks at 1.90-1.87 (H8), 
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1.59-1.55 (H9,10), and 1.12-1.08 (H9ʹ,10ʹ) ppm in the form of multiplets. The establishment 

of ether linkage was also certified by 1H NMR spectroscopic study as it displayed signals 

in the form of two proton singlets due to methylene protons (H7) around 5.30 ppm for 

dinitro compounds of biphenyl and xylene series (B4NP, B3NP, B2NP, X4NP, X3NP, 

X2NP). This signal of methylene protons was shifted upfield at 3.92 ppm for 

cyclohexane containing dinitro compound C4NP, attributed to replacement of benzene 

ring with cyclohexane. However, hydroquinone based dinitro precursor H4NP displayed 

two different multiplet signals at 4.44-4.42 ppm and 4.28-4.26 ppm corresponding to 

methylene groups labelled as CH2
7 and CH2

8 respectively (Table 3.3). These separate and 

multiplet signals could possibly be ascribed to more pronounced resonance effect of 4-

nitrophenoxy moiety on CH2
7 as compared to CH2

8. This behavior was also established 

by 1H NMR spectrum of H4AP (reductive derivative of H4NP) presented in Figure 3.5.  

The 1H NMR spectral analysis confirmed the reduction of dinitro precursors to diamines. 

The presence of amine functionality in the structures were approved by the advent of two 

proton  singlet signals around 4.60 ppm in the 1H NMR spectrum of diamines as shown 

in Figure 3.3, 3.5  (1H NMR spectrum of B4AP and H4AP). For ortho and meta catenated 

diamines (B3AP, B2AP, X3AP, X2AP), the signals for amine protons were shifted 

downfield around 5.00 ppm (Table 3.2), ascribed to different levels of resonance effect 

exerted by ether linkage. Interestingly, for B3AP these signals merged with methylene 

protons to display four proton multiplets at 5.06-5.04 ppm.  Moreover, an upfield shift in 

resonance signals for protons at ortho positions of nitro groups provided clear evidences 

in favor of nitro groups reduction to amines [55]. The H3,5 resonated at 8.22-8.20 ppm in 

case of B4NP, while for B4AP their signals were observed at 6.51-6.49 ppm (Figure 3.2 

and 3.3). Similarly, ortho protons of B3NP i.e. H2,4 displayed an upward transfer form  

7.82-7.80 ppm to 6.20-6.17 ppm. Furthermore, the methylene protons also exibited an 

upfield shift upon reduction of nitro groups (from 5.30 to 4.97 ppm for B4NP and B4AP). 

13C NMR 

13C NMR spectroscopic data is consistent with the structures of compounds as the 

characteristic signals for all the carbon atoms were observed in their respective regions as 

illustrated by the tabulated data in Table 3.2 and representative 13C NMR spectrum of 

diamine B4AP shown in Figure 3.4. The carbon atoms of aromatic rings displayed 

signals resonating between 165-101 ppm according to their location in the structure and 

nature of neighboring groups. The carbon atoms of the aromatic rings attached directly to 

electronegative oxygen and nitrogen atoms were strongly deshielded and their signals 
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Figure 3.2 1H NMR spectrum of B4NP [168]. 

 

Figure 3.3 1H NMR spectrum of B4AP [168]. 
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Figure 3.4 13C NMR spectrum of B4AP. 

 

Figure 3.5 1H NMR spectrum of H4AP. 
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Table 3.2 1H and 13C NMR data (ppm) of dinitro precursors and diamines. 

Codes 1H NMR 13C NMR 

C4NP 

 

8.18-8.16 (2H, d, H3,5, J = 9.15), 7.15-7.13 (2H, d, H2,6, J = 

9.15), 3.92 (2H, s, CH2), 1.90–1.87 (1H, m, H8), 1.59–1.55 (2H, 

m, H9,10), 1.12-1.08 (2H, m, H9ʹ,10ʹ) 

164.60 (C1), 141.15 (C4), 123.36 (C3,5), 115.51 (C2,6), 

74.03 (C7), 37.68 (C8), 26.18 (C9,10) 

C4AP 6.62-6.60 (2H, d, H2,6, J = 8.89), 6.48-6.46 (2H, d, H3,5, J = 

8.90), 4.58 (2H, s, NH2), 3.70 (2H, s, CH2), 1.84–1.82 (1H, m, 

H8), 1.53–1.49 (2H, m, H9,10), 1.05-1.01 (2H, m, H9ʹ,10ʹ) 

150.63 (C1), 141.73 (C4), 117.42 (C3,5), 115.25 (C2,6), 

73.85 (C7), 37.90 (C8), 26.60 (C9,10) 

X4NP 8.25-8.23 (2H, d, H3,5, J = 9.0), 7.52 (2H, s, H9,10), 7.26-7.24  

(2H, d, H2,6ʹ, J = 9.0), 5.29 (2H, s, CH2) 

164.16 (C1), 141.28 (C4), 140.72 (C8), 127.96 (C9,10), 

122.57 (C3,5), 116.38 (C2,6), 70.18 (C7) 

X4AP 7.40 (2H, s, H9,10), 6.74-6.72 (2H, d, H2,6, J = 8.81), 6.53-6.51 

(2H, d, H3,5, J = 8.81), 4.92 (2H, s, CH2), 4.63 (2H, s, -NH2), 

150.3 (C1), 142.6 (C4), 137.6 (C8), 128.0 (C9,10), 

116.2 (C3,5), 115.6 (C2,6), 70.0 (C7) 

B4NP  8.22-8.20 (2H, d, H3,5, J = 9.20), 7.71-7.70 (2H, d, H9,13, J = 

8.15), 7.56-7.54 (2H, d, H10,12, J = 8.15), 7.25-7.23 (2H, d, H2,6, 

J = 9.20), 5.30 (2H, s, CH2) 

163.60 (C1), 140.97 (C4), 139.53 (C8), 135.30 (C11), 

128.54 (C9,13), 126.85 (C10,12), 125.90 (C3.,5), 115.40 

(C2,6), 69.82 (C7) 

B4AP 7.65-7.64 (2H, d, H10,12, J = 8.25), 7.48-7.46 (2H, d, H9,13, J = 

8.25), 6.74-6.72 (2H, d, H2,6, J = 8.80), 6.51-6.49 (2H, d, H3,5, J 

= 8.80),  4.97 (2H, s, CH2), 4.60 (2H, s, NH2) 

149.60 (C1), 142.60 (C4), 139.08 (C8), 137.03 (C11), 

128.10 (C10,12), 126.54 (C9,13), 115.70 (C3,5), 114.86 

(C2,6), 69.41 (C7) 

H4NP 8.21-8.19 (2H, d, H3,5, J = 9.23), 7.20-7.18 (2H, d, H2,6, J = 

8.92), 6.85 (2H, s, H10,11), 4.44-4.42 (2H, m, CH2
7), 4.28-4.26 

(2H, m, CH2
8) 

164.17 (C1), 152.95 (C9), 141.44 (C4), 126.38 (C3,5), 

115.98 (C2,6), 115.60 (C10,11), 67.99 (C7), 66.94(C8) 

H4AP 6.91 (2H, s, H10,11), 6.70-6.69 (2H, d, H2,6, J = 8.70), 6.53-6.51 

(2H, d, H3,5, J = 8.85), 4.62 (2H, s, NH2), 4.19-4.17 (2H, m, 

CH2
8), 4.14-4.12 (2H, m, CH2

7) 

153.01 (C9), 150.06 (C1), 142.09 (C4), 115.93 (C3,5), 

115.68 (C2,6), 115.39 (C10,11), 67.42 (C8), 67.37(C7) 

B3NP  7.82-7.80 (2H, m, H2,4), 7.72-7.70 (2H, d, H9,13, J = 8.20), 7.60-

7.55 (3H, m, H5,10,12), 7.51-7.49 (1H, m, H6), 5.28 (2H, s, CH2) 

158.82 (C1), 148.74 (C3), 139.45 (C8), 135.53 (C11), 

130.73 (C5), 128.46 (C9,13), 126.81 (C10,12), 122.30 

(C6), 115.72  (C4), 109.06 (C2), 69.61 (C7) 

B3AP 7.70-7.68 (2H, d, H10,12, J = 8.20 ), 7.52-7.50 (2H, d, H9,13, J = 

8.20), 7.51-7.49 (1H, m, H6), 6.93-6.90 (1H, m, H5), 6.25-6.24 

(1H, m, H6), 6.20-6.17 (2H, m, H2,4), 5.06-5.04 (4H, m, H7, 

NH2) 

159.83 (C1), 150.49 (C3), 139.66 (C8), 137.27 (C11), 

130.05 (C5), 128.56 (C10,12), 127.12 (C9,13), 107.58 

(C4), 102.73  (C6), 100.83 (C2), 68.85 (C7) 

B2NP 7.88-7.86 (1H, m, H3), 7.72-7.70 (2H, d, H9,13, J = 8.19), 7.66-

7.62 (1H, m, H5), 7.54-7.52 (2H, d, H10,12, J = 8.16), 7.46-7.44 

(1H, m, H4), 7.13-7.10 (1H, m, H6), 5.35 (2H, s, CH2) 

150.80 (C1), 139.77 (C8), 139.42 (C5), 135.30 (C11), 

134.38 (C2), 128.04 (C9,13), 126.82 (C10,12), 124.96 

(C3), 120.80  (C4), 115.50 (C6), 70.04 (C7) 

B2AP 7.71-7.69 (2H, d, H10,12, J = 8.18), 7.59-7.57 (2H, d, H9,13, J = 

8.17), 6.91-6.89 (1H, m, H4), 6.72-6.68 (2H, m, H5,6), 6.53-6.50 

(1H, m, H3), 5.14 (2H, s, CH2), 4.75 (2H, s, NH2) 

145.71 (C1), 139.68 (C8), 138.45 (C2), 137.29 (C11), 

128.50 (C10,12), 127.11 (C9,13), 121.68  (C4), 116.62 

(C5), 114.64 (C3), 112.71 (C6), 69.44 (C7) 

X3NP  7.82-7.79 (2H, m, H2,4), 7.65-7.63 (1H, m, H5), 7.59-7.52 (3H, 

m, H6,9,10), 5.27 (2H, s, CH2) 

160.64 (C1), 152.37 (C3), 138.27 (C8), 130.43 (C5), 

128.27 (C9,10), 122.74 (C6), 114.28  (C4), 109.92 

(C2), 69.13 (C7) 

X3AP 7.42 (2H, s, H9,10), 6.92-6.87 (1H, m, H5 ), 6.22-6.20 (1H, m, 

H6), 6.17-6.15 (2H, m, H2,4), 5.06 (2H, s, CH2), 4.99 (2H, s, -

NH2) 

159.79 (C1), 150.46 (C3), 137.40 (C8), 130.02 (C5), 

128.01 (C9,10), 107.53 (C4), 102.66  (C6), 100.74 

(C2), 68.91 (C7) 

X2NP  7.90 (1H, m, H3), 7.68–7.63 (1H, m, H5), 7.50–7.44 (3H, m, H4, 

H9, 10), 7.16–7.11 (1H, m, H6), 5.33 (2H, s, CH2) 

151.2 (C1), 140.2 (C8), 136.3 (C5), 135.2 (C2), 128.7 

(C9,10), 125.5 (C3), 121.3 (C4), 116.4 (C6), 70.50 (C7) 

X2AP 7.51 (2H, s, H9,10), 6.89–6.86 (1H, m, H4), 6.70–6.68 (2H, m, 

H5,6), 6.55–6.49 (1H, m, H3), 5.09 (2H, s, CH2), 4.74 (2H, s, –

NH2) 

145.7 (C1), 138.4 (C8), 137.4 (C2), 128.2 (C9,10), 

121.6 (C4), 116.6 (C5), 114.6 (C3), 112.6 (C6), 69.5 

(C7) 
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Table 3.3 Numbering scheme for 1H and 13C NMR spectra of dinitro and diamine 

compounds. 

Code Numbering for 1H NMR Numbering for 13C NMR 

C4NP 

C4AP 

H2
CO

H2
C OX X

H3H2

H6 H5

H8

H9
H9'

H10
H10'

7

 

H2
CO

H2
C OX X

1

2 3

4

56

7

8

9

10

 

X4NP 

X4AP 

H2
CO

H2
C OX X

H3H2

H6 H5

H9

H10

7

 

H2
CO

H2
C OX X

1

2 3

4

56

7

8

9

10

 

B4NP 

B4AP 

H2
CO

H2
C OX X

H3H2

H6 H5

H9

H13

H10

H12

7

 

H2
CO

H2
C OX X

1

2 3

4

56

7

8

9

13

10

11

12

 

H4NP 

H4AP 

OO O OX X

H3H2

H6 H5

H10

H11

H2
C

H2
C

H2
C

H2
C

78

 

H2
CO

H2
C OX X

1

2 3

4

56

78

9

10

O
H2
CO

H2
C

11

 

B3NP 

B3AP 

H2
CO

H2
C O

H2

H6 H5

H9

H13

H10

H12

X X

H4

7

 

H2
CO

H2
C O

1

2 3

4

56

7

8

9

13

10

11

12

XX

 

B2NP 

B2AP 

H2
CO

H2
C O

X

H6 H5

H9

H13

H10

H12

H3

H4

X

7

 

H2
CO

H2
C O

1

2 3

4

56

7

8

9

13

10

11

12

XX

 

X3NP 

X3AP 

H2
CO

H2
C O

H2

H6 H5

H9

H10

X X

H4

7

 

H2
CO

H2
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were observed most downfield: C1 and C4 of B4AP resonated at 149.60 and 142.60 ppm 

respectively (Figure 3.4) [168]. The cyclohexane carbons displayed resonance signals at 

38 and 26 ppm for C8 and C9,10 respectively (C4NP and C4AP). The signals around 70 

ppm in the 13C NMR spectra of all the xylene, biphenyl and cyclohexane based 

compounds were assigned to carbon atoms of methylene moieties which is also consistent 

with formation of ether linkage in the structures. 

The successful conversion of NO2 group to NH2 functionality was also found supported 

from 13C NMR spectroscopic study on the account of upfield shift for ortho positioned 

carbon atoms (with respect to NO2/NH2 groups) in the 13C NMR spectrum of diamines as 

compared to dinitro precursors. This is attributed to electron donating effect of amine 

groups: opposed to electron withdrawing effect of nitro groups. In case of B4NP and its 

reductive counterpart B4AP, the carbon atoms C3,5 exhibited signal transfer from 125.90 

ppm to 115.70 ppm [168]. Similarly, the carbon atom at para position of NO2/NH2 also 

experienced an upward shift as a result of nitro groups reduction to amines. For examples 

C6 of B3NP-B3AP and C5 of B2NP-B2AP compounds displayed upfield shifts from 

122.30-102.73 ppm and 139.42-116.62 ppm respectively. These observations also 

supported the synthesis of diamines from their dinitro precursors. 

Like the 1H NMR, 13C NMR of H4AP also displayed the two separate signals for 

methylene carbons at 67.42 and 67.37 ppm assigned to CH2
8 and CH2

7 respectively. 

Hence, the 13C NMR spectroscopic study further strengthened the aforementioned 

extended resonance effect rationalization. 

3.1.3 Single crystal X-ray diffraction (SCXRD) analysis 

The single crystal X-ray diffraction analysis supported the findings of FTIR and NMR 

spectroscopic studies regarding structural elucidations thus, further verified the structures 

of synthesized compounds. The single crystals of these molecules were grown by slow 

evaporation of DMF, ethanol or ethanol/THF solvents. The crystallographic parameters 

for data collection and structure refinements are summarized in Table 3.4. The dinitro 

compound B4NP and its reductive derivative B4AP are selected as model compounds to 

explain the various parameters that can be explored with this technique. The molecular 

structures and spatial orientations of other compounds analysed by this technique are 

shown in Table 3.5. The ordered arrangement of atoms for each molecule shown in Table 

3.5 as refined from the SCXRD analysis confirmed the proposed structures hence, 

certified the successful synthesis of dinitro and diamine monomers. 
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3.1.3.1 SCXRD investigation of B4NP [168] 

The molecular structure, different orientations of benzene rings, intermolecular 

interactions and packing of the molecules in the asymmetric unit cell for B4NP are shown 

in Figure 3.6. The crystal structure refinement of B4NP (Figure 3.6a) obtained from the 

crystallographic data is confirming the proposed structure of aromatic dinitro compound 

derived from the spectroscopic data. The exploration of spatial orientations revealed that 

four phenyl rings are arranged in four different planes as shown in Figure 3.6b. The 

peripheral nitrophenoxy moieties are almost parallel to each other having an angle of 

4.41° between their planes (Figure 3.6b1 and 3.6b2). The Figure 3.6b3 illustrates that 

central biphenyl rings are making an angle of 32.54° with each other whereas inter-planar 

radius of one nitrophenoxy unit and adjacent benzene ring of biphenyl group is of 67.66° 

(Figure 3.6b4). The intermolecular interactions in the form of hydrogen bonds (N-O….H-

C) between oxygen atoms of nitro group and hydrogen of benzene rings were observed 

(Figure 3.6c) with bond distance ranging from 2.36 to 2.91Å (O6….H5A_i = 2.55Å). 

These interactions, plus the - interactions between the phenyl rings (C3….C24_d = 

3.395(3)Å) are responsible for linking the independent molecules in network of sheets 

and packing them according to Figure 3.6d. The B4NP crystal structure adopted the 

triclinic crystal system and low symmetry space group P-1 with only one 

crystallographically independent molecule per unit cell. 

3.1.3.2 SCXRD investigation of B4AP [168]  

Figure 3.7 illustrates the molecular structure, different orientations of the benzene rings, 

intermolecular interactions and packing of the molecules for B4AP. The ordered 

arrangement of the atoms in B4AP shown in Figure 3.7a is in agreement with the 

proposed structure hence confirming its successful synthesis. In this case two different 

conformations of B4AP with respect to planes of peripheral aminophenoxy moieties were  

observed (molecule A and B), illustrated in Figure 3.7b1 and 3.7c1. The first 

conformation of the centrosymmetric molecule B consists of three planes with two 

outlying aminophenoxy units exactly parallel to each other while the central biphenyl 

rings are present at 63.79° from these planes (Figure 3.7b2). On the other hand in the 

second conformation, the non-centrosymmetric molecule A, the one aminophenoxy 

group developed a tilt of 59.94° and went out of plane with respect to the other one 

(Figure 3.7c2), it came closer to the plane of biphenyl with separation of 11. 78° (Figure 

3.7c4). However, the inter-planar angle between the second aminophenoxy and the  
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Figure 3.6 (a-d) Molecular structure (a), orientations of benzene rings in molecule (b), 

intermolecular interactions (c) and packing diagram (d) of B4NP. 

biphenyl planes was still 63° (Figure 3.7c3).  

Interestingly, the central biphenyl rings which were out of planes in B4NP have come in 

one line for both conformations of B4AP. Moreover, two different types of hydrogen 

bonds i.e. amine-amine (N1A….H2AB_e = 2.47(2)Å) and amine-ether (O1A….H2AA_b  

= 2.45(2)Å)  along with C-H….π (C13A….H25A_b = 2.85Å) intermolecular interactions 

were observed for B4AP as shown in Figure 3.7d. It also demonstrates that outer chains 

representing the 1st conformation (molecule B) possess only amine-amine hydrogen 

bonding and C-H….π interactions while the inner chains representing 2nd conformation 

(molecule A) displayed amine-ether hydrogen bonding in addition to aforementioned 

short contacts. Hence it can be inferred that amine-ether hydrogen bonding could be 

responsible for the tilt of aminophenoxy moiety in molecule A of B4AP. The packing 

diagram of B4AP is presented in Figure 3.7e. The crystal structure of B4AP adopted 

monoclinic crystal system and a little higher symmetry in the space group P21/c with two 

crystallographically independent molecules per unit cell (note A and B). The molecule A 
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with the point symmetry C1 and the other B molecule has the symmetry Ci (refer to the 

cif). 

 

Figure 3.7 (a-e) Molecular structure of one of the two independent molecules (molecule 

A) (a),  orientations of benzene rings in centrosymmetric molecule B (b), orientations of 

benzene rings in non-centrosymmetric molecule A (c), intermolecular hydrogen bonding 

(amine-amine, amine-ether) and C-H….π interactions (d) and packing diagram (e) of 

B4AP. 
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3.1.3.3 SCXRD description of remaining compounds 

The remaining compounds analysed by single crystal X-ray diffraction technique 

adopted: monoclinic, triclinic and orthorhombic crystal systems with space groups 

varying from P-1, P21/c, Pna21, C2/c, P21/n or 𝑷1̅. Their spatial orientations were 

affected by the reduction of nitro groups to amines and also with the variations in 

structures. For instance, both the outlying 3-nitrophenoxy rings in B3NP were exactly 

parallel to each other (inter-planar angle of 0.00°), however, they developed a tilt of 2.69° 

upon reduction in B3AP as illustrated in graphics of Table 3.5. Same phenomenon was 

observed for X2NP and X2AP where inter planar angle of peripheral rings was changed 

from 0.00° to 67.63° (Table 3.5). However, these rings were exactly parallel to each other 

in meta and para analogues of X2AP i.e. X3AP and X4AP, although their angles with 

central phenyl ring were different (Table 3.5). On the other hand, among the diamine 

isomers of biphenyl series (B4AP, B3AP and B2AP), only centrosymmetric molecule B 

of B4AP have exactly parallel outer aminophenoxy rings. Another parameter observed 

for these compounds was that B4AP and B3AP exhibited planar biphenyl rings in 

contrast to B2AP in which these were at an angle of 17.17° (Table 3.5).  

SCXRD analysis of C4AP revealed that cyclohexane has adopted chair conformation in 

its structure as illustrated by molecular structure and spatial orientations shown in Table 

3.5. In this case, peripheral 4-aminophenoxy rings exhibited inter-planar angle of 20.09°. 

The different types of intermolecular interactions or short contacts (C-H….π, N-H….π, 

N….H-N, O….H-C, O….H-N, C-H….H-C) observed in these compounds are shown in 

Figure 3.8. These attractions link the independent molecules in network of sheets and 

pack them according to Figure 3.6d and 3.7e. Moreover, these type of interactions in 

diamine monomers will also trigger the properties of resulting polyimides by 

affecting/encouraging the inter-chain charge transfer complex (CTC) formation in such 

polymers (described earlier in section 1.6 of this dissertation).     
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Table 3.4 Single Crystal XRD data and structure refinements for dinitro and diamines.  

Code B4NP [168] B4AP [168] B3NP B3AP B2AP 

Emp. formula C26 H20 N2 O6 C26 H24 N2 O2 C26 H20 N2 O6 C26 H24 N2 O2 C26 H24 N2 O2 

Formula wt. 456.44 396.47 456.44 396.47 396.47 

Temperature 296 K 296 K 296 K 296 K 296 K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system triclinic monoclinic triclinic orthorhombic monoclinic 

Space group P-1 P21/c P-1 Pna21 P21/c 

Unit cell 

dimensions 

a = 6.72(2) Å 

b = 11.40(2) Å 

c = 14.80(3) Å 

α = 86.67(15)° 

β = 85.76(16)° 

γ = 74.95(16)° 

a = 23.08(4)Å 

b = 5.72(1) Å 

c = 23.21(4) Å 

α = 90° 

β = 94.98(12)° 

γ = 90° 

a = 6.68(1) Å 

b = 7. 70(1) Å 

c = 11.03(2) Å 

α = 94.05(13)° 

β = 91.66(12)° 

γ = 104.90(12)° 

a = 8.62(2)Å 

b = 5.88(1)Å 

c = 40.25(7)Å 

 

a = 14.99(6)Å 

b = 17.91(6)Å 

c = 7.87(3) Å 

α = 90° 

β = 100.36(2)° 

γ = 90° 

Volume (Å3) 1091.34(4) 3056.29(9) 545.847(15) 2040.43(7) 2077.18(13) 

Z 2 6 1 4 4 

F(000) 476 1260 238 840 840 

Crystal size 

(mm3) 

0.02 x 0.08 x  

0.22 

0.02 x  0.08 x  

0.28 

0.02 x  0.16 x  

0.17 

0.13 x  0.24 x  

0.24 

0.01 x  0.25 x  

0.47 

CCDC No. 1580555 1580556 - - - 

Code X4AP [169] X3AP [170] X2NP [171] X2AP [171] C4AP 

Emp. formula C20 H20 N2 O2 C20 H20 N2 O2 C20 H16 N2 O6 C20 H20 N2 O2 C20 H26 N2 O2 

Formula wt. 320.38 320.38 380.35 320.38 326.43 

Temperature 173(2) K 150(2) K 150(2) K 150(2) K 296 K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system monoclinic monoclinic monoclinic triclinic monoclinic 

Space group C2/c P21/c P21/n 𝑷1̅ P21/c 

Unit cell 

dimensions 

a = 40.86(6) Å 

b = 5.46(8) Å 

c = 7.77(15) Å 

α = 90° 

β = 100.47(14)° 

γ = 90° 

a = 9.32(3) Å 

b = 17.86(6) Å 

c = 10.14(4) Å 

α = 90° 

β = 95.22(6)° 

γ = 90° 

a = 7.42(4) Å 

b = 11.78(6) Å 

c = 9.73(5) Å 

α = 90° 

β = 90.82(10)° 

γ = 90° 

a = 8.75(6) Å 

b = 10.15(7) Å 

c = 11.03(8) Å 

α = 64.82(10)° 

β = 68.04(10)° 

γ = 77.84(10)° 

a = 15.57(3) Å 

b = 5.85(1) Å 

c = 19.79(3) Å 

α = 90° 

β = 90.21(13)° 

γ = 90° 

Volume (Å3) 1705.6(5) 1679.5(10) 850.00(8) 821.28(10) 1801.33(5) 

Z 4 4 2 2 4 

F(000) 720 680 396 340 704 

Crystal size 

(mm3) 

0.32 x 0.28 x 

0.25 

0.38 x 0.18 x 

0.15 

0.37 x 0.21 x 

0.17 

0.60 x 0.24 x 

0.21 

0.01 x 0.16 x 

0.39 

CCDC No. 795267 1048113 1056786 1056787 - 
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Table 3.5 Molecular structures and spatial orientations of dinitro and diamine 

compounds: refined from single crystal X-ray diffraction analysis. 

Code Molecular structure Orientations of benzene and cyclohexane rings 

B3NP 

 

      

B3AP 

 

 

B2AP 

 

 

X4AP 

 

                

X3AP 
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Code Molecular structure Orientations of benzene and cyclohexane rings 

X2NP 

 

              

X2AP 

 

 

C4AP 

 

 

Chair conformation 
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Figure 3.8 Intermolecular interactions (C-H….π, N-H….π, N….H-N, O….H-C, O….H-

N, C-H….H-C, N-H….H-N) observed in diamine monomers via SCXRD analysis. 

3.1.4 Simulated and experimental powder XRD 

The single crystal X-ray diffraction analysis (SCXRD) was also used for structural 

verification of synthesized compounds via comparison of powder X-ray diffractograms 

(simulated and experimental). For this study, simulated patterns were calculated from 

CIF files using Mercury software while experimental diffractograms were determined by 

analysing the powder samples of compounds on wide angle X-ray diffractometer. The 

representative and comparative, simulated and the experimental diffractograms for 

B4NP, B4AP, B3AP and B2AP are shown in Figure 3.9. The obtained simulated and 

experimental plots are depicting reasonable matching with each other hence, providing 

further evidences in favour of successful synthesis of these compounds in high purity 

[168,170]. 
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Figure 3.9 (a-d) Simulated and experimental wide angle X-ray diffractograms for B4NP 

(a), B4AP (b), B3AP (c), and B2AP (d). 

3.2 Characterization of polyimides and copolyimides 

3.2.1 FTIR spectroscopic analysis 

FTIR spectroscopic technique was applied for the structural elucidation of the 

synthesized polyimides and their corresponding copolyimides both at the 

polyamic/copolyamic acid stage (pre-polymer) and after imidization. In the pre-polymer, 

appearance of absorption bands around 1630-1650 cm-1 (attributed to amide and 

carboxylic acid carbonyl groups) are supporting the condensation of diamines with 

dianhydrides. Moreover, OH and NH groups of amic acid displayed broad absorption 

bands in their typical region of 3100-3600 cm-1. The conversion of pre-polymers to final 

polyimides and copolyimides was confirmed by: i) disappearance of OH, NH bands, ii) 

shifting of carbonyl vibrations towards higher frequency i.e. from 1640 to 1720 cm-1 in 

the characteristic symmetric stretches region of imide group, iii) appearance of 

asymmetric stretching bands of imide moiety at 1780 cm-1 and iv) presence of C-N-C 
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absorptions at 1370 cm-1 [54,55,172]. FTIR data for the polyimides and copolyimides 

(before and after imidization) is listed in Table 3.6 and 3.7 separately. The representative 

FTIR spectra of polyimide FB4A [168] and copolyimide BMB3 at polyamic acid stage 

and after imidization are presented in Figure 3.10, 3.11 respectively. 

 

Figure 3.10 (a,b) FTIR spectra of FB4A at polyamic acid stage (a) and after imidization 

(b) [168]. 

 

Figure 3.11 (a,b) FTIR spectra of BMB3 at polyamic acid stage (a) and after imidization 

(b). 

3.2.2 1H NMR spectroscopic studies 

Further evidences supporting the polymer structures were collected from NMR 

spectroscopic technique. The 1H NMR spectra of all the polymers were recorded at 

polyamic/copolyamic acid stage since the final polymers (polyimides and copolyimides) 

were found insoluble. Formation of polyamic acid was firmly established by the presence 

of signals for amide and carboxylic acid protons around 10 and 13 ppm respectively 

[173]. Moreover, absence of any signal around 4.60 ppm corresponding to amine protons  
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Table 3.6 FTIR data (cm-1) of polyimides. 

Polymer OH, NH C=O C=O C-N Polymer OH, NH C=O C=O C-N 

Before Imidization After Imidization (Imide)  Before Imidization After Imidization (Imide) 

BC4A 3479 1637 1717, 1779 1377 FB3A 3487 1639 1731, 1787  1376 

BX4A 3462 1635 1719, 1778 1375 FB2A 3516 1647 1727, 1790 1381 

BB4A 3515 1627 1717, 1776 1375 FX3A 3478 1658 1717,1781 1368 

BH4A 3486 1628 1713, 1776 1372 FX2A 3491 1653 1720, 1785 1372 

OC4A 3456 1626 1713, 1777 1375 BMDA 3534 1625 1721, 1778 1368 

OX4A 3534 1630 1718, 1777 1377 BDMA 3487 1628 1719, 1779 1370 

OB4A 3498 1629 1718, 1777 1374 BDEA 3476 1629 1725, 1779 1369 

OH4A 3487 1624 1717, 1776 1375 BHFA 3489 1654 1724, 1784 1371 

FC4A 3479 1632 1724, 1784 1379 B9FA 3475 1653 1721, 1779 1367 

FX4A 3485 1629 1725, 1785 1375 OMDA 3535 1627 1721, 1778 1368 

FB4A 3507 1627 1725, 1785 1375 ODMA 3509 1629 1718, 1777 1370 

FH4A 3490 1630 1726, 1784 1378 ODEA 3512 1627 1719, 1780 1370 

BB3A 3537 1637 1715, 1778 1375 OHFA 3496 1628 1721, 1782 1372 

BB2A 3523 1638 1713, 1776 1376 O9FA 3506 1630 1720, 1777 1368 

BX3A 3463 1654 1714,1773 1372 FMDA 3506 1634 1723, 1781 1371 

BX2A 3496 1645 1717, 1778 1375 FDMA 3464 1633 1721, 1779 1370 

OB3A 3486 1632 1718, 1777 1376 FDEA 3493 1642 1722, 1782 1372 

OB2A 3503 1630 1718, 1777 1378 FHFA 3513 1632 1725, 1782 1375 

OX3A 3463 1654 1714,1773 1372 F9FA 3493 1638 1720, 1779 1372 

OX2A 3508 1656 1717, 1778 1377      

Table 3.7 FTIR data (cm-1) of copolyimides. 

Polymer OH, NH C=O C=O C-N Polymer OH, NH C=O C=O C-N 

Before Imidization After Imidization (Imide)  Before Imidization After Imidization (Imide) 

BMC4 3496 1635 1717, 1776 1374 BMB3 3464 1656 1717, 1776 1375 

BMX4 3468 1632 1716, 1778 1370 BMB2 3476 1648 1719, 1777 1373 

BMB4 3509 1627 1720, 1777 1373 BMX3 3437 1645 1718, 1772 1371 

BMH4 3485 1638 1718, 1778 1371 BMX2 3486 1650 1718, 1774 1372 

OMC4 3478 1628 1718, 1777 1370 OMB3 3492 1643 1720, 1779 1368 

OMX4 3541 1632 1715, 1778 1371 OMB2 3541 1639 1719, 1779 1368 

OMB4 3494 1629 1720, 1779 1369 OMX3 3525 1650 1715, 1776 1372 

OMH4 3469 1632 1717, 1775 1375 OMX2 3487 1637 1718, 1777 1370 

FMC4 3503 1645 1725, 1784 1379 FMB3 3493 1635 1726, 1784 1374 

FMX4 3497 1643 1722, 1780 1375 FMB2 3531 1641 1725, 1784 1375 

FMB4 3512 1628 1725, 1784 1374 FMX3 3462 1652 1714, 1782 1372 

FMH4 3521 1637 1718, 1779 1372 FMX2 3506 1649 1718, 1780 1373 

(observed in the spectrum of diamines e.g. B4AP, Figure 3.3) approved the consumption 

of amino groups due to its reaction with dianhydride. The protons of aromatic rings 

displayed signals in their typical region between 8.21-6.74 ppm conforming to their 

locations in the polymer backbone and nature of groups present in their vicinity. Two 
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proton singlet signals around 5.10 ppm detected in the spectra of polyamic acids (except 

derivatives of C4AP and H4AP) are accredited to methylene groups in the structure 

inherited from xylene and biphenyl precursors (Figure 3.12). The polyamic acids derived 

from C4AP and H4AP displayed these signals slightly upfield, around 3.78 ppm and 4.23 

ppm correspondingly (attributed to presence of cyclohexane and additional ether moieties 

in the respective structures). 

As expected, 1H NMR spectra of copolyamic acids representing xylene and biphenyl 

series, showed two signals due to methylene protons: around 5.10 and 3.86 ppm which 

are authenticating the presence of two different types of CH2 moieties in the polymer 

chains acquired from two different diamines i.e. B4AP and MDA in case of copolyimide 

BMB4 (Figure 3.13), hence confirming the preparation of copolyimide. Among these 

signals, methylene protons of MDA resonated upfield [168,170]. Similarly, copolyimides 

BMC4 and BMH4 displayed these signals at 3.75 ppm (C4AP), 3.85 ppm (MDA) and 

4.25 ppm (H4AP), 3.85 ppm (MDA). Moreover, the splitting of amide proton signals (10 

ppm) in case of copolyamic acid (Figure 3.13) as compared to polyamic acid (Figure 

3.12) supported the existence of two different types of amide moieties in the structure.  

The data collected by 1H NMR spectroscopic study of polyamic acids and copolyamic 

acids is summarized in Table 3.8 and 3.9 separately. The representative 1H NMR spectra 

of polyimide BB4A and copolyimide BMB4 (at polyamic and copolyamic acid stage) 

with the assignment of protons are shown in Figure 3.12 and 3.13 respectively. 
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Figure 3.12 1H NMR spectrum of BB4A at polyamic acid stage. 

 

Figure 3.13 1H NMR spectrum of BMB4 at copolyamic acid stage [168]. 
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Table 3.8 1H NMR spectroscopic data (ppm) of polymers at polyamic acid stage. 

Polymer COOH Amide Ar-H CH2 

BC4A 13.30 10.35-10.30 8.18-6.90 3.77 

BX4A 13.39 10.34-10.30 8.18-6.98 5.08 

BB4A 13.33 10.40-10.36 8.21-7.03 5.15 

BH4A 13.33 10.36-10.31 8.19-6.92 4.24 

OC4A 13.12 10.27-10.22 8.08-6.90 3.78 

OX4A 13.21 10.23-10.17 8.02-6.92 5.10 

OB4A 13.13 10.25-10.23 7.99-7.00 5.14 

OH4A 13.17 10.18-10.15 8.10-6.91 4.23 

FC4A 13.34 10.37-10.33 8.12-6.91 3.79 

FX4A 13.41 10.36-10.32 8.06-7.00 5.10 

FB4A 13.32 10.38-10.34 8.04-6.99 5.12 

FH4A 13.31 10.33-10.30 8.05-6.90 4.22 

BB3A 13.45 10.49-10.46 8.20-6.76 5.11 

BB2A 13.43 10.37-10.34 8.18-6.89 5.12 

BX3A 13.40 10.48-10.45 8.20-6.74 5.07 

BX2A 13.39 10.33-10.29 8.14-6.90 5.10 

OB3A 13.40 10.44-10.40 8.13-6.75 5.10 

OB2A 13.37 10.31-10.26 8.10-6.91 5.13 

OX3A 13.42 10.46-10.38 8.03-6.74 5.09 

OX2A 13.24 10.30-10.25 8.08-6.87 5.11 

FB3A 13.39 10.43-10.39 8.14-6.78 5.12 

FB2A 13.32 10.31-10.28 8.13-6.86 5.12 

FX3A 13.53 10.52-10.46 8.09-6.76 5.09 

FX2A 13.38 10.35-10.30 8.10-6.90 5.10 
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Table 3.9 1H NMR spectroscopic data (ppm) of copolymers at copolyamic acid stage. 

Polymer COOH Amide Ar-H CH2 

(synthesized 

diamine) 

CH2  

(MDA) 

BMC4 13.32 10.34-10.25 8.17-6.88 3.75 3.85 

BMX4 13.29 10.39-10.30 8.19-6.66 5.08 3.84 

BMB4 13.38 10.43-10.33 8.18-7.00 5.12 3.86 

BMH4 13.35 10.40-10.34 8.17-6.90 4.25 3.85 

OMX4 13.30 10.35-10.27 8.07-6.73 5.10 3.85 

OMB4 13.09 10.31-10.23 7.98-7.02 5.14 3.87 

FMX4 13.25 10.33-10.23 8.05-6.75 5.08 3.84 

FMB4 13.35 10.39-10.31 8.09-7.00 5.15 3.86 

BMB3 13.45 10.44-10.35 8.20-6.82 5.13 3.85 

BMB2 13.35 10.40-10.31 8.15-6.93 5.12 3.86 

BMX3 13.42 10.52-10.43 8.23-6.79 5.15 3.89 

BMX2 13.36 10.34-10.25 8.20-6.70 5.10 3.87 

OMB3 13.28 10.26-10.18 8.12-6.91 5.12 3.86 

OMX3 13.32 10.36-10.31 7.99-6.74 5.09 3.87 

FMB3 13.29 10.31-10.23 7.98-7.02 5.14 3.87 

FMX3 13.46 10.50-10.46 8.04-6.78 5.12 3.89 

3.3 Characterization of polyimide nanocomposites 

3.3.1 Wide angle X-ray diffraction (WAXRD) analysis 

WAXRD is most commonly used technique to investigate the nanocomposite structure, 

owing to its easiness. Therefore, incorporation of Al2O3 or ZnO nanoparticles inside the 

polyimide matrix was evaluated with wide angle X-ray diffraction analysis. The 

comparative WAXRD diffractograms of pure polyimide matrix BMDA and polyimide 

nanocomposites (BMDA-Al2O3-9% and BMDA-ZnO-9%) at 9% loading of nanoparticles 

are shown in Figure 3.14. The appearance of diffraction peaks corresponding to Al2O3 at 

2 theta values = 32°, 46° confirmed their presence in the matrix [174]. While ZnO 

nanoparticles verified their existence by displaying characteristic signals positioned at 2 

theta = 32°, 34°, 36° and 48° which were in good agreement with the zincite phase of 

ZnO (International Center for Diffraction Data, JCPDS 5-0664)  [175,176]. The pure 

polyimide BMDA did not displayed these peaks which supported the successful synthesis 

of polyimide/Al2O3 and polyimide/ZnO nanocomposites. 
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Figure 3.14 WAXRD diffractograms of BMDA, BMDA-Al2O3-9%, and BMDA-ZnO-

9%. 

3.3.2 Scanning electron microscopic (SEM) studies 

Scanning electron microscopy was used to check the distribution of nanoparticles inside 

the polyimide matrix. The cross sectional SEM micrographs of polyimide 

nanocomposites at 5% loading of nanoparticles (BMDA-Al2O3-5% and BMDA-ZnO-

5%), at 200 nm and 1 µm magnification scales are shown in Figure 3.15. These graphics 

illustrate that both type of nanoparticles (Al2O3, ZnO) are homogeneously dispersed 

throughout the polyimide matrix. The size of the nanoparticles in the matrix corresponds 

to that of primary particle size (40-100 nm), except few agglomerates [177]. 

3.3.3 Transmission electron microscopic (TEM) studies 

The dispersion of nanoparticles in the polyimide matrix was further evaluated by 

transmission electron microscopy. The representative transmission electron micrographs 

of polyimide BMDA/Al2O3 and BMDA/ZnO nanocomposites at 5% loading of 

nanoparticles and different magnification scales (100 nm, 500 nm, 2 µm) are shown in 

Figure 3.16. Like SEM, the TEM also authenticated the uniform distribution of Al2O3 and 

ZnO nanoparticles throughout the polyimide matrix along with very few agglomerates 

(see 2 microns images of Figure 3.16). TEM further explored the shape of nanoparticles: 

Al2O3 nanoparticles were found to exhibit spherical geometry while ZnO nanoparticles 

showed flat/disk-like morphology (see 100 nm images in Figure 3.16). TEM further 
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revealed that size of the nanoparticles agrees with primary particle size i.e. between 40-

100 nm. The very few larger clusters in images of Figure 3.16 are attributed to 

agglomerate formation due to grouping of more than one nanoparticles [164,177]. 

It is often observed that nanoparticles tend to form larger agglomerates in the polyimide 

matrices if they are used without their surface modification. However, in this case both 

SEM and TEM techniques have illustrated the uniform distribution of unmodified Al2O3 

and ZnO nanoparticles. It can be inferred that experimental protocol followed for the 

synthesis of BMDA/Al2O3 and BMDA/ZnO nanocomposite systems, provided efficient 

dispersion of nanoparticles throughout the polyimide matrix. A plausible reason is the 

ease of nanoparticles distribution in lower molecular weight polyamic acid formed at 

earlier stages of reaction processing. 

 

Figure 3.15 Scanning electron micrographs (SEM) of BMDA-Al2O3-5% and BMDA-

ZnO-5% composites at 200 nm and 1 µm magnification scales. 
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Figure 3.16 Transmission electron micrographs (TEM) of BMDA-Al2O3-5% and 

BMDA-ZnO-5% composites at different magnification scales (100 nm, 500 nm and 2 

µm). 
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Chapter 4 

Properties of polyimides, copolyimides and polyimide nanocomposites 

This chapter describes the property evaluation of the synthesized polyimides, 

copolyimides and polyimide nanocomposites with respect to thermal stability, thermal 

endurance, glass transition temperature, storage modulus and crystalline behavior. 

4.1 Thermal stability 

Three different types of thermogravimetric analysis (TGA) were performed to study the 

thermal behavior of polymers: 

i) Dynamic temperature scan under nitrogen 

ii) Dynamic temperature scan under air 

iii) Isothermal TGA under air 

The prime objective of these measurements is to evaluate the performance of developed 

polyimides under specific conditions, related to their applications with high thermal 

stability. Most often polymer system failed because of extended exposure at temperatures 

at which short term exposure (few minutes) would not necessarily cause severe 

degradation. 

Moreover, the present study also demonstrates the effects of variation in chemical 

structure of monomers on the thermal stability of newly synthesized polyimides. In this 

regard, the studies of thermal stability are discussed with respect to following: 

a) Effect of diamine structure rigidity 

b) Effect of dianhydride bridging groups 

c) Effect of diamine catenation 

d) Effect of side and pendant groups of diamines 

4.1.1 Effect of diamine structure rigidity 

This section explains the thermal behavior of polyimides synthesized from diamines 

labelled as C4AP, X4AP, B4AP and H4AP (structure shown in Figure 1.15). Each type 

of thermogravimetric analysis for these polyimides is discussed below separately: 

4.1.1.1 Dynamic temperature scan under nitrogen 

For the evaluation of thermal stability in nitrogen atmosphere, the change in weight of 

polymers was recorded by increasing the temperature from 50-800 °C at a rate of 20 

°C/minute. The data was analyzed in terms of weight loss (%) for thermogravimetric 

analysis (TGA) and the derivative of weight loss (%/oC) for differential 

thermogravimetric analysis (DTG) as a function of temperature. The values of 

temperatures (°C) at two different weigh losses i.e. 5% and 10% denoted as T5 and T10 
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were measured.  From an application point of view, it is unlikely that a resin would retain 

considerable integrity after it has undergone 10% of weight loss.  

The synthesized polyimides displayed substantial thermal stability as decomposition 

started around 400 °C and they showed a relatively small weight loss up to 450 °C. The 

reason of such high thermal stability is mainly attributed to the presence of imide rings 

and aromatic groups especially biphenyl units in polymer chains [36,178]. The 5% 

weight loss temperature (T5) for polyimides was observed in the range of 424-516 °C 

while T10 was found between 442-549 °C. Char yield i.e. residual weight (%) at 800 °C 

(R800) measured were found between 30-61%.  

The comparison of T5, T10 and R800 (Table 4.1) along with representative TGA and DTG 

graphics of Figure 4.1a and 4.1b respectively, revealed that polyimides BB4A and BX4A 

(derived from diamines B4AP and X4AP correspondingly) displayed higher thermal 

stability than BC4A and BH4A (C4AP and H4AP derivatives). For instance, polyimide 

BH4A displayed 5% weight loss (T5) at 435 °C while it was increased to 481 °C for 

BB4A. Similarly, T10 observed an increase from 451-519 °C and R800 from 45-61% for 

BH4A and BB4A respectively. 

The polyimide BX4A displayed T5 at 464 °C, T10 at 509 °C and R800 of 60%. The 

substitution of benzene ring of diamine X4AP with cyclohexane in C4AP yielded 

polyimide BC4A with lower temperature resistance as compared to BX4A. The T10 was 

decreased from 509 to 472 °C and R800 from 60 to 45%. This is attributed to replacement 

of thermally stable aromatic unit (benzene) with cycloaliphatic moiety i.e. cyclohexane 

(more prone to degradation) [179]. However, incorporation of another benzene ring in 

X4AP to synthesize biphenyl containing diamine B4AP produced polyimide BB4A with 

superior thermal stability i.e. T5 and T10 displayed the rise from 464 to 481 °C and 509 to 

519 °C respectively. These results justified the above explanation that aromatic groups 

are responsible for increase in temperature resistance [36]. Moreover, insertion of oxy-

methylene moieties in X4AP to obtain hydroquinone based diamine H4AP led to 

remarkable lowering in thermal stability of resulting polyimide BH4A in comparison 

with reference polyimide BX4A. In this case, T5 and T10 were decreased from 464-435 

°C and 509-451 °C correspondingly. Herein, the lowering of thermal stability is ascribed 

to additional, thermally less stable “methylene” and “oxy” groups. The dissociation 

energy of aliphatic C-H bond is lower than that of aromatic C-H bond therefore, 

polymers having aliphatic units in their backbone usually exhibit inferior thermal stability 

than the aromatic ones [36,180]. Moreover, the polyimides containing points of high 
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electron density i.e. electron rich/donating moieties in their backbone are reported to 

display inferior thermal stability than analogous electron withdrawing ones [181,182].  

An interesting feature of cyclohexane containing polyimide BC4A, as observed from 

TGA and DTG plots of Figure 4.1a and 4.1b is that its initial degradation started at higher 

temperature as compared to analogous polyimide BX4A. However, after the onset of 

degradation, its decomposition rate was much faster. The ODPA and 6FDA based 

polyimides of C4AP (OC4A, FC4A) displayed similar results. Such behavior was further 

complemented by: i) dynamic temperature scan under air (section 4.1.1.2, Figure 4.1c,d) 

and ii) isothermal TGA studies (section 4.1.1.3, Figure 4.3b) where BC4A showed 

delayed but faster degradation. A plausible reason for this behavior is the presence of 

cyclohexane in the chair conformation as observed by molecular structure shown in Table 

3.5 refined from single crystal X-ray diffraction analysis. It can be prophesized that the 

chair conformation facilitated the polymer chains in efficient packing which masked the 
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Figure 4.1 (a-d) Dynamic TGA (a,c) and DTG (b,d) graphics of polyimides illustrating 

the effect of diamine structure rigidity on thermal stability (N2/Air, 20 °C/min). 
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internal portion of polymer from heat, hence delayed the degradation. This supposition 

was found supported from wide angle X-ray diffraction analysis discussed in section 4.3 

as polyimide derived from cyclohexane containing diamine i.e. BC4A displayed highest 

crystallinity as shown in Figure 4.19a. 

The shapes of TGA curves shown in Figure 4.1a and differential peaks in DTG plots of 

Figure 4.1b suggested multistep thermal degradation mechanisms for these polyimides. It 

is also evident form these DTG plots that polyimides BB4A and BX4A showed 

maximum degradation around 600 °C while BC4A and BH4A displayed most of the 

decomposition at much lower temperature i.e. around 450-500 °C. 

The polyimides of these diamines obtained from 6FDA and ODPA dianhydrides also 

produced the same pattern of thermal behavior (Table 4.1) like that of BTDA hence, 

further supplemented the TGA findings. 

These results are inferred as: architecture of diamine monomer used in polyimide 

synthesis played an important role in determining their thermal stability. More 

specifically, aromatic moieties were responsible for increase in thermal stability of 

polyimides while aliphatic units led to lowering of temperature resistance. Greater the 

content of aromatic units in the polyimide structure, higher was its thermal stability. The 

nucleophilic groups like “oxo” engendered degradation of polyimides at lower 

temperatures. 

In literature, polyimides synthesized from 6FDA and 8FBPODMA [183] (a biphenyl 

containing ether based diamine) displayed T5 and T10 at 481 °C and 507 °C respectively 

whereas these values for FB4A (6FDA-BB4A) are 516 °C and 549 °C correspondingly. 

This data demonstrates that FB4A polyimide developed in this project exhibit higher 

thermal stability and hence better potential to be used as high temperature resistant 

material. 

4.1.1.2 Dynamic temperature scan under air 

The effect of variation in diamine structure (in terms of rigidity) on the thermal stability 

of synthesized polyimides was also explored by changing the atmosphere from nitrogen 

to air with the same conditions of dynamic TGA under nitrogen (20 °C/minute, 50-800 

°C). All the polyimides belonging to this series showed the similar pattern to that of 

dynamic temperature scan under nitrogen atmosphere i.e. displayed the same order of  

thermal stability: BB4A > BX4A > BC4A > BH4A as illustrated by TGA curves shown 

in Figure 4.1c and T10 values in Table 4.1. Furthermore, BC4A again displayed higher 

initial degradation temperature and faster decomposition rate in comparison with BX4A 
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(Figure 4.1c,d). Hence dynamic temperature scan under air further verified the thermal 

behavior/pattern of polyimides observed under nitrogen atmosphere. However, it was 

found that decomposition rate of polymers was slower in air between 400-550 °C in 

comparison of nitrogen atmosphere as illustrated by representative TGA and DTG 

graphics of polyimide BC4A and OB4A  in Figure 4.2a,b and 4.2c,d respectively 

[147,168,170,184]. The Yang et al. observed this sort of behavior for DSDA based 

polyimides and ascribed this to further stabilization by crosslinking in air induced by free 

radicals produced during the decomposition process [147]. Moreover, slight shift of T10 

values for B4AP and X4AP derived polyimides towards higher temperature in Table 4.1 

also supported this observation. For OB4A, T10 were increased from 496 to 513 °C. This 

shift in T10 was not prominent for C4AP and H4AP derivatives. This could be explained 
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Figure 4.2 (a-d) Dynamic TGA (a,c) and DTG (b,d) graphics demonstrating the 

influence of atmosphere on thermal behavior of polyimides derived from synthesized 

diamines (N2/Air, 20 °C/min). 
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on the basis of their lower thermal stability; hence 10% weight loss was achieved at 

lower temperatures i.e. before 475 °C (Table 4.1).  

However, air accelerated the degradation of polymers above 550 °C which is evident 

from higher intensity of DTG curves under air as compared to nitrogen after this 

particular temperature as shown in Figure 4.2b,d [184]. As a result char yields at 800 °C 

(R800) were reduced (from 54 to 24% for OB4A). All the polyimides prepared from 

C4AP and H4AP diamines, together with 6FDA derivatives of B4AP and X4AP (FB4A 

and FX4A) were decomposed completely in air as no residue was left at 800 °C. 

Like the thermogravimetric analysis under nitrogen, TGA and DTG curves under the air 

atmosphere shown in Figure 4.1c,d are also suggesting multistep degradation 

mechanisms for these polyimides. The DTG plots of Figure 4.1d are depicting the 

maximum decomposition temperatures (Tmax) for B4AP and X4AP based polyimides 

around 600 and 800 °C, while for C4AP and H4AP derivatives; Tmax are around 450-500 

°C and 600-700 °C.  

Table 4.1 Dynamic TGA data showing the effect of diamine structure rigidity and 

atmosphere on thermal stability of polyimides. 

Polyimide T5 (°C) T10 (°C) R800 (%) 

N2 Air N2 Air N2 Air 

BB4A 481 482 519 529 61 24 

BX4A 464 465 509 519 60 15 

BC4A 460 462 472 474 45 0 

BH4A 435 433 451 451 45 0 

OB4A 459 474 496 513 54 24 

OX4A 458 460 491 500 52 12 

OC4A 452 453 474 472 30 0 

OH4A 431 430 448 450 37 0 

FB4A 516 525 549 553 57 0 

FX4A 493 495 538 545 55 0 

FC4A 455 456 469 470 34 0 

FH4A 424 424 442 443 35 0 

                       T5    = Temperature at 5% weight loss.   T10 = Temperature at 10% weight loss.  

                       R800 = Residual weight (%) at 800 °C. 
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4.1.1.3 Isothermal TGA under air 

Dynamic TGA discussed above (under nitrogen and air) showed that polyimides 

maintained their structural integrity at high temperatures (350-400 °C). However the 

practical use of polymeric materials for specific application requires the knowledge of 

their thermal lifetime at certain operating temperatures. This can be predicted by 

subjecting the materials to accelerated aging (at temperatures higher than the temperature 

of use) and monitoring the changes in property of interest (mechanical property, electrical 

property, weight loss) with the passage of time. In order to assess the thermal endurance 

of synthesized polyimides, isothermal thermogravimetric analyses were performed. 

During these experiments, the temperature of the system was increased from room 

temperature to the selected isothermal point at 50 °C/min. The materials were subjected 

to this constant temperature for 30 minutes under the air atmosphere while recording the 

change in weight (%) as function of time. The selection of temperature for this study was 

based on the previous investigation i.e. dynamic TGA and also by analyzing polyimide 

BB4A isothermally at three different temperatures (350, 400 and 450 °C), serving as a 

reference material. Figure 4.3a shows that no weight loss was observed during isothermal 

treatment at 350 °C for 30 minutes. However, some weight loss was detected at 400 °C 

which was more significant at 450 °C. Therefore, 400 °C was selected as suitable 

temperature for comparing samples. Data obtained is summarized in Table 4.2 and 

comparative iso-thermograms are shown in Figure 4.3b-d.  

The results of this study complemented the dynamic TGA findings: 1) the degradation of 

polyimides started around 400 °C, 2) the B4AP based polyimide i.e. BB4A is thermally 

most stable, 3) polyimide synthesized from H4AP (BH4A) have least temperature 

resistance and 4) polyimide BC4A displayed delayed degradation but faster 

decomposition rate after onset in comparison to BX4A as demonstrated by isothermal 

TGA curves shown in Figure 4.3b.  

The weight loss at the start of experiment i.e. till 4 minutes or 200 °C is accredited to 

trapped moisture [168,170]. This was confirmed by subjecting sample BB4A to a 

subsequent temperature run under the same conditions, after 12 hrs of first run: results are 

shown in Figure 4.3c [168]. Polyimides BX4A (Figure 4.3d), BC4A and BH4A also 

produced similar results (Table 4.2). 

Moreover, the shape of curves in Figure 4.3b suggested that most of the weight loss 

observed was at the start of experiments i.e. between 5-15 minutes. However the 

decomposition rate decreased as time progressed. A plausible reason is the cleavage of 
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terminal groups of polymer chains at the early stages resulting in the evolution of CO, 

CO2, H2O, CH4 along with formation of thermally stable products like aromatic 

hydrocarbons, amines and/or nitriles. These have been observed by other authors using 

TGA/FTIR/MS techniques to investigate the mechanism of polyimide degradation [185]. 

After terminal groups have reacted, the disintegration of internal portion of polymer 

chains is reduced at this temperature. The results of Figure 4.3c,d supported these 

justifications as rate of thermal decomposition (slope) was slower in the second run as 

compared to first one since end groups were consumed already during first run. This is 

interpreted as further stabilization of the polyimides by maintaining at the temperatures 

below the onset of thermal decomposition for longer periods of time. Such observations 

reveal that the curing procedure of polyimides and copolyimides prepared here could be 

optimized for additional improvements in thermal stability [168,170]. 
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Figure 4.3 (a-d) Isothermal TGA graphics of polyimides illustrating the temperature 

optimization (a), effect of diamine structure rigidity on thermal endurance (b) and 

evaluation of trapped moisture (c,d) (Air, ramp at 50 °C/min, isothermal at 400 °C). 
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Table 4.2 Isothermal TGA data illustrating the effect of diamine structure rigidity on 

thermal endurance of polyimides. 

Polymer W15 (%) W25 (%) W35 (%) 

BB4A-350 1.00 1.17 1.30 

BB4A-400 (BB4A-400-R1) 2.38 3.09 3.56 

BB4A-450 5.72 7.29 8.18 

BX4A-400 (BB4A-400-R1) 3.22 4.02 4.56 

BC4A-400 (BB4A-400-R1) 2.14 3.28 4.34 

BH4A-400 (BB4A-400-R1) 6.90 11.45 13.58 

OB4A-400 3.40 4.35 4.95 

FB4A-400 2.36 2.90 3.24 

OX4A-400 4.76 5.95 6.64 

FX4A-400 2.94 3.57 3.97 

BB4A-400-R2 2.34 2.69 2.97 

BX4A-400-R2 2.42 2.73 3.00 

BC4A-400-R2 1.62 2.62 3.55 

BH4A-400-R2 2.39 3.21 3.78 

W15   = Weight loss (%) after 15 minutes of experiment. 

W25   = Weight loss (%) after 25 minutes of experiment. 

            W35   = Weight loss (%) after 35 minutes of experiment. 

4.1.2 Effect of dianhydride bridging groups 

The afore-discussed polyimides were synthesized by reacting diamines C4AP, X4AP, 

B4AP and H4AP with three dianhydrides, differing in their bridging groups i.e. BTDA, 

ODPA and 6FDA (structures shown in Figure 1.18). The thermogravimetric analyses of 

resulting polyimides discussed above (section 4.1.1) explained the effect of diamine 

structure rigidity on thermal stability. Herein, the TGA results are summarized to monitor 

the effect of variation in dianhydride bridging group on the temperature resistance of 

polyimides. The interpretation of TGA and DTG curves shown in Figure 4.4a-c, 

isothermal plots of Figure 4.4d and comparison of T5 and T10 in the tabulated data of 

Table 4.1 for B4AP and X4AP based polyimides revealed that 6FDA derivatives are 

thermally most stable while ODPA analogues have lowest temperature resistance; both 

under nitrogen and air atmospheres. The T5 values of FB4A = 516 °C, BB4A = 481 °C 

and OB4A = 459 °C (under N2) established the thermal stability order for dianhydrides 

as: 6FDA > BTDA > ODPA [146,168].  

The polyimides of C4AP and H4AP origin displayed slightly different behavior as 
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illustrated by comparative TGA graphics shown in Figure 4.4e,f. The TGA thermograms 

of all three dianhydride ancestors almost overlapped with each other till around 500 °C or 
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Figure 4.4 (a-f) Dynamic TGA (a,c,e,f), DTG (b) and isothermal TGA (d) graphics 

demonstrating the influence of dianhydride bridging groups on thermal stability of 

polyimides developed from synthesized diamines (dynamic TGA = N2/Air, 20 °C/min) 

(isothermal TGA = Air, ramp at 50 °C/min, isothermal at 400 °C). 
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70% weight loss and segregated after that: with BC4A and BH4A showing most residual 

masses at 800 °C. 

Since the thermal performances of polyimides were affected with the change of 

dinahydride units, therefore it can be concluded that nature of bridging groups in 

dianhydrides has a role to play in determining the temperature resistance of polyimides. 

4.1.3 Effect of diamine catenation 

In addition to the parameters of structure rigidity (section 4.1.1) and dianhydride bridging 

groups (section 4.1.2): another factor of “diamine catenation” was taken into 

consideration regarding tailoring the thermal behavior of polyimides via structural 

modifications of monomers. This section covers the systematic results of 

thermogravimetric analysis for polyimides obtained from newly designed ortho-, meta- 

and para-catenated diamines categorized in two series: 

1. Biphenyl based diamines: B4AP, B3AP, B2AP (Figure 1.15, 1.16)  

2. Xylene based diamines: X4AP, X3AP, X2AP (Figure 1.15, 1.16) 

Like the thermal studies accomplished for monitoring the effect of diamine structure 

rigidity and dianhydride bridging groups, these polyimides were also subjected to three 

different types of thermogravimetric analyses: 

4.1.3.1 Dynamic TGA under nitrogen 

The results obtained by thermogravimetric analyses (under nitrogen) of polyimides 

prepared for exploring the catenation effect of amino group on thermal stability are 

summarized in Table 4.3. The representative TGA and DTG plots are shown in Figure 

4.5a-c. It was observed that onset of thermal degradation shifted to lower temperatures 

with the change in position of amine group from para to meta to ortho (Figure 4.5a,b). 

The T5 and T10 values were lowered from 458 to 436 to 420 °C and 491 to 467 to 452 °C 

for xylene based polyimides OX4A, OX3A and OX2A respectively. Similarly, for 

biphenyl analogues of ODPA, T5 was shifted from 459 to 449 to 423 °C corresponding to 

OB4A, OB3A and OB2A (Table 4.3). However, polyimides BB4A and BB3A displayed 

almost similar behavior till 600 °C/80% weight loss as illustrated by Figure 4.5c. These 

polymers (BB4A, BB3A) also displayed similar pattern upon dynamic temperature 

scanning under air (section 4.1.3.2, Figure 4.5d). The polyimide FX3A in this series 

displayed anomalous behavior as its thermal stability was lower than FX2A (ortho 

analogue) and also from BX3A (BTDA derivative). This anomaly was also noticed for its 

copolyimide FMX3 in the following section 4.1.5 (Table 4.8) [170]. A plausible reason 

could be the different levels of chain packings in these polymers (may be more poorly 
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packed) in comparison with ortho catenated analogues which exposed their inner portions 

more effectively and quickly to heat. In the literature, Hsiao et al. reported the T10 = 640 

°C for BPDA/p-PDA and 618 °C for BPDA/m-PDA polyimides i.e. decrease of 22 °C 

with the change in catenation of amino group from para to meta for phenylenediamine 
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Figure 4.5 (a-f) Dynamic TGA (a,c,d,e) and DTG (b,f) plots of polyimides representing 

the impact of diamine catenation (a-d) and atmosphere (e,f) on thermal stability (N2/Air, 

20 °C/min). 
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[89]. Similarly, the lowering of T5 from 593 to 515 °C upon shifting of amino group from 

para to ortho is recorded by Behniafar et al. [186].   

The lowest thermal stability of polyimides derived from ortho-catenated diamines could 

possibly be ascribed to maximum surface of polyimide exposed to heat due to voids 

produced in the structure owing to kink of ortho-catenation. Since the twist of meta 

position is less effective than ortho, therefore its thermal stability is higher than ortho but 

lower than para where there is no possibility of such interference.  

Similar to the polyimides synthesized from para positioned diamines X4AP, B4AP 

(discussed in section 4.1.1): the meta- and ortho-catenated analogues also displayed 

multistep degradation mechanisms as suggested by different peaks in representative DTG 

Table 4.3 Dynamic TGA data showing effect of diamine catenation and atmosphere on 

thermal stability of polyimides. 

Polymer T5 (°C) T10 (°C) R800 (%) 

N2 Air N2 Air N2 Air 

BB4A 481 482 519 529 61 24 

BB3A 483 486 517 522 65 33 

BB2A 434 436 480 485 65 18 

BX4A 464 465 509 519 60 15 

BX3A 460 466 498 506 62 14 

BX2A 425 429 465 470 62 11 

OB4A 459 474 496 513 54 24 

OB3A 449 452 488 497 55 20 

OB2A 423 428 459 473 61 13 

OX4A 458 460 491 500 52 12 

OX3A 436 438 467 481 52 14 

OX2A 420 426 452 464 57 9 

FB4A 516 525 549 553 57 0 

FB3A 485 490 525 536 58 0 

FB2A 438 438 486 495 56 0 

FX4A 493 495 538 545 55 0 

FX3A 425 431 466 478 48 0 

FX2A 453 455 495 504 50 0 

         T5    = Temperature at 5% weight loss.    T10 = Temperature at 10% weight loss. 

                        R800 = Residual weight (%) at 800 oC. 
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plots of Figure 4.5b. However, their Tmax was shifted from ~600 °C to 450-500 °C. 

4.1.3.2 Dynamic TGA under air 

The data presented in Table 4.3 corresponding to dynamic temperature scan under the air 

atmosphere is complementing the findings of dynamic TGA under nitrogen that diamine 

catenation from para-meta-ortho decreased the thermal stability of polyimides. It also 

certified the similar behavior of BB4A-BB3A polyimides as demonstrated by relative 

TGA plots presented in Figure 4.5d. The TGA and DTG curves illustrated in Figure 4.5e 

and 4.5f are depicting that decomposition of polyimides was slowed down by air between 

the temperature range of 400-550 °C in comparison to nitrogen atmosphere. Hence, the 

similar observations of section 4.1.1.2 were further verified from these results. Moreover, 

all the 6FDA derived polyimides were decomposed completely in air (Table 4.3). 

4.1.3.3 Isothermal TGA under air 

The isothermal TGA also confirmed that polyimides obtained from diamines having 

amino groups at para positions with respect to ether linkage are thermally most stable 

while ortho isomers are the least. The representative isothermal TGA graphics of BB4A-

BB3A-BB2A and BX4A-BX3A-BX2A shown in Figure 4.6a and 4.6b respectively are 

validating this statement as BB4A and BX4A displayed less weight loss after the same 

exposure at 400 °C. Polyimide BB4A lost only 3.56% weight after 35 minutes of 

experiment (W35). However, for ortho-catenated analogue BB2A, W35 was raised to 

9.40%. Similarly W35 values for BX4A and BX2A were found to be 4.56% and 11.61% 

correspondingly (Table 4.4). Furthermore, identical slopes of isothermal TGA curves for 

BB4A and BB3A shown in Figure 4.6a are again confirming their same thermal behavior 

as observed during dynamic TGA under nitrogen and air atmospheres (section 4.1.3.1, 

Figure 4.5c and section 4.1.3.2, Figure 4.5d). The detailed explanation of isothermal 

TGA is already provided in section 4.1.1.3 (describing initial weight loss till 4 minutes 

due to trapped moisture and most of the weight loss between 5-15 minutes due to 

terminal groups cleavage in the beginning of experiment). 

The interpretation of TGA studies with respect to diamine catenation effect on thermal 

behavior revealed that thermal performance was affected considerably with the changing 

position of amino group in diamine monomer. Hence, thermal stability of polyimides can 

be tailored to the desired one via these types of structural modifications. 
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Figure 4.6 (a,b) Isothermal TGA  plots of polyimides representing the impact of diamine 

catenation on thermal endurance (Air, ramp at 50 °C/min, isothermal at 400 °C). 

Table 4.4 Isothermal TGA data displaying effect of diamine catenation on thermal 

endurance of polyimides. 

Polymer W15 (%) W25 (%) W35 (%) 

BB4A-400 2.38 3.09 3.56 

BB3A-400 2.79 3.52 4.02 

BB2A-400 6.85 8.61 9.40 

BX4A-400 3.22 4.02 4.56 

BX3A-400 3.88 4.76 5.39 

BX2A-400 8.72 10.75 11.61 

W15   = Weight loss (%) after 15 minutes of experiment. 

W25   = Weight loss (%) after 25 minutes of experiment. 

W35   = Weight loss (%) after 35 minutes of experiment. 

4.1.4 Effect of side and pendant groups of diamines 

Variation in thermal stability of polyimides due to different substituents in diamine 

structure is presented in this section. It describes the thermal behavior of polyimides 

developed from commercial diamines labelled as MDA, DMA, DEA, HFA, 9FA 

(structures shown in Figure 1.17). For this study, MDA was selected as reference diamine 

while DMA and DEA were used to check the effect of hydrogen atoms replacement with 

methyl and ethyl groups respectively, on the benzene rings of MDA. On the other hand, 

HFA and 9FA illustrated the effect of methylene hydrogens substitution with 

trifluoromethyl (-CF3) and 9-fluorenylidene moieties correspondingly. 

It was observed that substitution of benzene hydrogens with methyl groups led to decline 

in thermal stability and it decreased further with ethyl exchange as illustrated by 
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comparative TGA and DTG plots of BMDA, BDMA and BDEA in Figure 4.7a and 4.7b 

respectively. The temperature at 10% weight loss (T10) was lowered from 572 to 542 to 

527 °C for BMDA, BDMA and BDEA correspondingly (Table 4.5). This is attributed to 

introduction and increased levels of thermally less stable aliphatic moieties in the 

structures [18,36,148,180]. However, substitution of methylene hydrogens with 9-

fluorenylidene unit (cardo moiety) in case of 9FA substantially enhanced the temperature 

resistance of the resulting polyimides (Figure 4.7c,d). The T5 of 9FA derivative B9FA 

was increased from 540 to 565 °C in comparison with its MDA analogue BMDA. This 

improved thermal stability is attributed to the incursion of high temperature resistant 

cardo moiety together with conversion of secondary carbon of methylene to quaternary 

carbon in the backbone of polyimides (see Figure 1.17). The comparison of TGA and 

DTG curves for BMDA and BHFA in Figure 4.7c and 4.7d correspondingly, shows that 

onset of thermal degradation was delayed by substitution of methylene hydrogen atoms 

with trifluoromethyl groups. This was also verified by results of isothermal TGA 

described below in this section (Figure 4.9a) where BHFA displayed less weight loss 

(high thermal endurance) in comparison with BMDA after the same interval of 

isothermal exposure at 400 °C. However, once the decomposition started then it 

proceeded much quickly than BMDA which is evident from higher intensity of DTG 

curve for BHFA (Figure 4.7d). A plausible reason for such behavior is the high 

electronegativity of fluorine atom that resulted in higher strength of C-F bond as 

compared to C-H at temperatures around 400-500 °C. The bond energies for C-F and C-

H bonds are 485 and 411 kJ mol-1 respectively. Furthermore, the strong electron 

withdrawing nature of –CF3 groups also contributed to the higher thermal stability of 

fluorine based polyimides. Since the polyimides having electron-withdrawing moieties in 

their diamine component have been reported to exhibit high thermally stability than those 

containing electron-donating ones [181,182]. 

The shapes of TGA curves and DTG plots suggested one step thermal degradation 

mechanisms for MDA, HFA and 9FA derivatives (Figure 4.7c,d) while two and three 

step pathways for DEA and DMA based polyimides respectively (Figure 4.7a,b). 

These polyimides prepared from commercial diamines displayed different thermal 

behavior as compared to those developed from newly synthesized diamines (section 

4.1.1, 4.1.2 and 4.1.3) in terms of: i) thermal stability order of dianhydrides and ii) 

variation in degradation pattern under nitrogen and air atmospheres. The comparison of 

T5 and T10 given in Table 4.5 along with representative TGA graphics shown in Figure 
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4.8a suggested the following thermal stability order for dianhydrides: BTDA > ODPA > 

6FDA under the nitrogen atmosphere [54]. The thermogravimetric analysis performed in 

air also complemented this sequence (Figure 4.8b, Table 4.6). However, polyimides of 

synthesized diamines displayed the order: 6FDA > BTDA > ODPA (section 4.1.2) [146].  

These observations suggested that in addition to molecular structure, many other factors 

like spatial orientations of monomers, degree of inter-chain attractions, and parameters 

facilitating or discouraging efficient chain packing etc. may combine collectively to 

determine the thermal stability of particular polyimide. Moreover, these polyimides 

showed lower temperature resistance under air atmosphere in comparison with nitrogen 

[54,187] as represented by TGA and DTG graphics of Figure 4.8c,d whereas, the other 

polyimides showed higher thermal stability in air between 400-550 °C (section 4.1.1.2, 

Figure 4.2a-d and section 4.1.3.2, Figure 4.5e,f) [147,184]. 
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Figure 4.7 (a-d) Dynamic TGA (a,c) and DTG (b,d) thermograms of polyimides 

showing the variation in thermal stability by different: side (a,b) and pendant (c,d) groups 

(N2, 20 °C/min). 



Chapter 4                                            

101 

 

100 200 300 400 500 600 700 800

50

60

70

80

90

100

(a)

W
e
ig

h
t 

(%
)

Temperature (°C)

 BMDA-N
2

 OMDA-N
2

 FMDA-N
2

  

100 200 300 400 500 600 700 800

0

20

40

60

80

100

(b)

W
e

ig
h

t 
(%

)

Temperature (°C)

 BMDA-Air

 OMDA-Air

 FMDA-Air

 

100 200 300 400 500 600 700 800

10

20

30

40

50

60

70

80

90

100

(c)

W
e

ig
h

t 
(%

)

Temperature (°C)

 BMDA-N
2

 BMDA-Air

  

100 200 300 400 500 600 700 800

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

(d)

D
e
ri
v
. 

W
e
ig

h
t 

(%
/°

C
)

Temperature (°C)

 BMDA-N
2

 BMDA-Air

Figure 4.8 (a-d) Dynamic TGA (a-c) and DTG (d) plots illustrating the effects of: 

dianhydride bridging groups (a,b) and atmosphere (c,d) on thermal stability of polyimides 

prepared from commercial diamines (N2/Air, 20 °C/min). 

Table 4.5 Dynamic TGA data of polyimides showing the effect of side and pendant 

groups on thermal stability. 

Polymer T5 (°C) T10 (°C) R800 (%) Polymer T5 (°C) T10 (°C) R800 (%) 

BMDA 540 572 62 OHFA 538 558 55 

BDMA 509 542 67 O9FA 560 585 70 

BDEA 496 527 67 FMDA 524 552 57 

BHFA 541 561 55 FDMA 461 515 51 

B9FA 565 588 72 FDEA 479 518 56 

OMDA 530 562 58 FHFA 530 546 47 

ODMA 492 529 63 F9FA 539 559 64 

ODEA 479 516 66     

                      T5    = Temperature at 5% weight loss       T10 = Temperature at 10% weight loss 

                      R800 = Residual weight (%) at 800 oC 
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Table 4.6 Dynamic TGA data demonstrating the effect of atmosphere on thermal 

stability of polyimides derived from MDA. 

Polymer T5 (°C) T10 (°C) R800 (%) 

N2 Air N2 Air N2 Air 

BMDA 540 532 572 561 62 15 

OMDA 530 529 562 560 58 5 

FMDA 524 523 552 543 57 0 

                    T5    = Temperature at 5% weight loss         T10 = Temperature at 10% weight loss 

                    R800 = Residual weight (%) at 800 oC 

Isothermal TGA supported the findings of dynamic TGA. The isothermal TGA graphics 

of Figure 4.9a are verifying the lower thermal stability/endurance of polyimides BDMA 

and BDEA as compared to relevant BMDA: inferred from their higher weight loss (%) 

after 35 minutes of experiment (W35). W35 at 400 °C was highest for BDEA which 

suggested its lowest thermal stability (Table 4.7) as revealed by dynamic TGA. 

Moreover, the lower values corresponding to W35 for BHFA demonstrated its lesser 

degradation at 400 °C in comparison with BDMA (Figure 4.9a) as observed during 

dynamic TGA (Figure 4.7c,d). Unexpectedly, polyimide B9FA displayed more weight 

loss than BMDA. A plausible reason for such behavior is the higher moisture absorption 

or high proportion of terminal groups for B9FA (explained earlier in section 4.1.1.3). 

This supposition was supported by isothermal plots of 450 °C shown in Figure 4.9b 

where initially (till 14 minutes), B9FA curve was below the BMDA. But with the passage 

of time, it preceded BMDA which suggested lower degradation of B9FA at 450 °C. 
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Figure 4.9 (a,b) Isothermal TGA  plots of polyimides illustrating the effect of side and 

pendant groups of diamines on thermal endurance (Air, ramp at 50 °C/min, isothermal at 

400 °C). 
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Table 4.7 Isothermal TGA data displaying the effect of side and pendant groups of 

diamine on thermal endurance of polyimides. 

Polymer W15 (%) W25 (%) W35 (%) 

BMDA-350 2.07 2.09 2.12 

BMDA-400 2.24 2.42 2.56 

BMDA-450 3.42 4.28 4.93 

BDMA-400 3.76 4.31 4.76 

BDEA-400 6.02 7.46 8.46 

BHFA-400 1.71 1.89 2.01 

B9FA-400 2.72 2.93 3.06 

B9FA-350 2.35 2.47 2.53 

B9FA-450 3.34 3.77 4.09 

W15   = Weight loss (%) after 15 minutes of experiment. 

W25   = Weight loss (%) after 25 minutes of experiment. 

                                           W35   = Weight loss (%) after 35 minutes of experiment. 

The findings of TGA study to check the effect of side and pendant groups of diamines on 

thermal performance of polyimides are concluded to the fact that different substituents in 

the structure of diamine effectively played their part in governing the thermal stability of 

resulting polyimides. More specifically, the attachment of aliphatic side groups or chains 

made polyimide more prone to thermal degradation and ultimately lowered the thermal 

stability. However, modifications with substituents leading to conversion of secondary 

carbon atom to quaternary one and introduction of thermally stable cardo moiety (9-

fluorenylidene) in the backbone resulted in substantial enhancement of thermal stability. 

4.1.5 TGA of copolyimides 

With respect to tailoring of polyimide properties, the sections 4.1.1-4.1.4 described the 

effects of structural modifications on thermal stability. Herein, the results related to 

execution of copolymerization strategy for modifying the temperature resistance of 

polyimides are explained. All the synthesized copolyimides were subjected to dynamic 

temperature scan under the nitrogen atmosphere while only the selected samples were 

analyzed by dynamic TGA under air and isothermal TGA. 

4.1.5.1 Dynamic TGA under nitrogen 

The results obtained by dynamic TGA under nitrogen atmosphere are summarized in 

Table 4.8 whereas the representative TGA and DTG graphics are shown in Figure 4.10 

and 4.11. The dynamic temperature scan of copolyimides disclosed that thermal stability 
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of polyimides was enhanced by the incorporation of MDA in their backbone. The TGA 

and DTG plots illustrated in Figure 4.10a-d are clearly depicting that degradation of 

copolyimides is starting at higher temperatures as compared to their corresponding 

polyimides. Furthermore, the shifting of T5 and T10 values for copolyimides towards 
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Figure 4.10 (a-f) Dynamic TGA (a,c-f) and DTG (b) thermograms elucidating the 

improvement in thermal stability of polyimides by copolymerization (N2/Air, 20 °C/min). 
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higher temperatures in comparison with corresponding polyimides (Table 4.1, 4.3, 4.8) 

also proved their higher thermal stability. For polyimide OB4A and its respective 

copolyimide OMB4: T5 and T10 were increased from 459-496 °C, 496-530 °C 

respectively [168]. Overall for copolyimides, T5 ranged between 435-538 °C, T10 from 

459-572 °C and R800 was found to be 46-63%. 

Similar to the thermal behavior displayed by the polyimides of C4AP, X4AP, B4AP, and 

H4AP (section 4.1.1), their copolyimides also exhibited the same behavior and thermal 

stability order: OMB4 > OMX4 > OMC4 > OMH4 as suggested from their T5 values of 

496, 472, 459 and 439 °C respectively (Figure 4.1a,b and 4.11a,b). Moreover, the DTG 

graphic shown in Figure 4.11b is depicting the delayed degradation of cyclohexane 

containing copolyimide OMC4 in comparison with OMX4 as observed during TGA of 

related polyimides (BC4A, Figure 4.1a,b). Similarly, copolyimides developed from para- 
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Figure 4.11 (a-d) Dynamic TGA (a,c) and DTG (b,d) plots of copolyimides illustrating 

the effects of: diamine structure rigidity (a,b) and catenation (c,d) on thermal stability 

(N2, 20 °C/min). 
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catenated diamines are thermally more stable whereas ortho analogues are the least i.e. 

BMB4 > BMB3 > BMB2 as evident from Figure 4.11c,d. Hence, these results certified 

the TGA studies of polyimides regarding the effect of diamine structure rigidity (section 

4.1.1) and catenation (section 4.1.3).  

Table 4.8 Dynamic TGA data of copolyimides under nitrogen atmosphere representing 

the effect of diamine structure rigidity and catenation on thermal stability. 

Polymer T5 (°C) T10 (°C) R800 (%) Polymer T5 (°C) T10 (°C) R800 (%) 

BMB4 499 538 61 BMB3 477 524 60 

BMX4 487 536 62 BMB2 444 505 62 

BMC4 456 481 53 BMX3 498 546 63 

BMH4 457 475 54 BMX2 461 515 57 

OMB4 496 530 61 OMB3 472 517 60 

OMX4 472 510 58 OMB2 435 481 60 

OMC4 459 478 46 OMX3 463 501 58 

OMH4 439 459 47 OMX2 442 484 56 

FMB4 538 572 60 FMB3 502 533 56 

FMX4 492 530 55 FMB2 444 522 53 

FMC4 466 485 46 FMX3 454 498 49 

FMH4 - - - FMX2 461 518 53 

T5    = Temperature at 5% weight loss T10 = Temperature at 10% weight loss 

R800 = Residual weight (%) at 800 oC 

4.1.5.2 Dynamic TGA under air 

The combined data of dynamic TGA under the nitrogen and air atmospheres for selected 

polyimides is presented in Table 4.9 in order to compare the thermal behavior of 

particular polyimide under different atmospheres. It was observed that T5 and T10 

followed an increasing trend with the change of atmosphere from nitrogen to air. For 

example, in case of copolyimide BMB4, T5 was increased from 499-515 °C while T10 

experienced the upsurge of 24 °C from 538-562 °C [168]. The comparative TGA and 

DTG plots of OMB4 under nitrogen and air atmospheres shown in Figure 4.12a,b are 

illustrating that air slowed the decomposition of copolyimides between 430-600 °C and 

accelerated above 600 °C. As a result char yields were reduced (from 61 to 27% for 

OMB4). Similar studies of polyimides developed from the synthesized diamines 

produced the same results (section 4.1.1.2 and 4.1.3.2). Hence, the thermal behaviors of 

polyimides were again verified. Furthermore, the dynamic TGA under air also confirmed 
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the improvement in thermal stability of polyimides by copolymerization as demonstrated 

by Figure 4.10e,f. 
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Figure 4.12 (a,b) Dynamic TGA (a) and DTG (b) plots of copolyimides illustrating the 

variation in thermal behavior with change of atmosphere from nitrogen to air (N2/Air, 20 

°C/min). 

Table 4.9 Dynamic TGA data of copolyimides presenting the effect of atmosphere on 

thermal stability. 

Polymer T5 (°C) T10 (°C) R800 (%) 

N2 Air N2 Air N2 Air 

BMB4 499 515 538 562 61 27 

BMX4 487 493 536 541 62 18 

BMC4 456 458 481 491 53 5 

BMH4 457 457 475 478 54 17 

OMB4 496 511 530 557 61 27 

FMB4 538 552 572 583 60 0 

                   T5    = Temperature at 5% weight loss T10 = Temperature at 10% weight loss  

                   R800 =  Residual weight (%) at 800 oC 

4.1.5.3 Isothermal TGA under air 

Isothermal TGA of copolyimides complemented the findings of dynamic TGA: i) 

copolyimides are thermally more stable than corresponding polyimides as they showed 

less weight loss after the same exposure at isothermal temperature of 400 °C (Figure 

4.13a,b), ii) B4AP derivative (BMB4) is thermally most stable while H4AP (BMH4) is 

the least as suggested from W35 values (Figure 4.13c, Table 4.10), iii) para-catenated  
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diamines yielded polyimides with highest thermal stability (Figure 4.13d), iv) polyimides 

obtained from ortho positioned diamines have lowest thermal stability than meta and para 

analogues (Figure 4.13d). 

The slopes of curves in Figure 4.13c are portraying that decomposition of BMH4 

proceeded at faster and uniform rate whereas for other related copolyimides (BMB4, 

BMX4, BMC4), it slowed down with the passage of time. The detailed explanation of 

isothermal TGA is provided before in section 4.1.1.3 (describing the initial weight loss 

till 4 minutes due to trapped moisture and most of the weight loss between 5-15 minutes 

owing to terminal groups cleavage in the beginning of experiment). 

Thermogravimetric analysis of copolyimides established that copolymerization strategy 

can be affectively executed when improvement in thermal stability/endurance is intended, 

provided the selection of suitable co-monomer (less inclined to thermal degradation in 
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Figure 4.13 (a-d) Isothermal TGA graphics of copolyimides illustrating the effects of: 

copolymerization (a,b), structure rigidity (c) and catenation (d) on thermal endurance 

(Air, ramp at 50 °C/min, isothermal at 400 °C). 
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comparison with host monomers hence, capable of enhancing thermal stability). These 

results further verified the previous findings that structure rigidity and catenation can 

control the thermal performance of polyimides. 

Table 4.10 Isothermal TGA data of copolyimides displaying the influence of structure 

rigidity and catenation on thermal endurance. 

Polymer W15 (%) W25 (%) W35 (%) 

BMB4-400 (BMB4-400-R1) 2.20 2.62 2.91 

BMB4-400-R2 1.82 2.04 2.23 

BMX4-400 3.24 3.70 4.01 

BMC4-400 3.56 4.95 5.86 

BMH4-400 2.72 4.59 6.19 

BMB3-400 3.17 3.64 3.97 

BMB2-400 4.53 5.65 6.21 

BMX3-400 3.92 4.45 4.67 

BMX2-400 4.59 5.64 6.19 

OMB4-400 2.69 3.24 3.59 

FMB4-400 2.19 2.52 2.76 

W15   = Weight loss (%) after 15 minutes of experiment. 

W25   = Weight loss (%) after 25 minutes of experiment. 

W35   = Weight loss (%) after 35 minutes of experiment. 

4.1.6 TGA of polyimide nanocomposites 

The polyimide nanocomposites were synthesized with the intention of modification in 

polyimide properties. This section explains the results regarding the variation in thermal 

stability of polyimide matrix after incorporation of nanoparticles. The data collected by 

dynamic temperature scan under nitrogen atmosphere is summarized in Table 4.11. It was 

observed that the introduction of Al2O3 nanoparticles (40-100 nm) improved the thermal 

stability of parent polyimide matrix BMDA (Figure 4.14a,b). At 9% loading of 

nanoparticles: T5 was increased from 540-548 °C while T10 was enhanced from 572-578 

°C [159,188]. This improved thermal stability is ascribed to high heat conductivity of 

Al2O3 nanoparticles which will transfer the heat quickly from one region to the 

surrounding hence, preventing the polyimide structure from the damage by heating 

concentration [174]. However, addition of ZnO nanoparticles (40-100 nm) led to 

lowering in temperature resistance of BMDA as illustrated by TGA and DTG plots of 

Figure 4.14c,d respectively along with tabulated data in Table 4.11. In this case T5 and 
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T10 were decreased from 540-462 °C and 572-513 °C respectively at 9% loading level. 

Hsu et al. also observed the similar thermal behavior of BTDA-ODA/ZnO nanohybrid 

films i.e. thermal stability of polyimide matrix BTDA-ODA was diminished upon 

incorporation of ZnO nanoparticles. They attributed this dramatic decrease to two 

reasons: metallic-compound-induced oxidation that can degrade polyimide oxidatively, 

and the desorption of the organic molecules adsorbed at the surface of ZnO nanoparticles 

[164]. The shapes of TGA and DTG plots shown in Figure 4.14 suggested one step 

degradation mechanisms for BMDA and BMDA/Al2O3 nanocomposites while two-step 

pathways for BMDA/ZnO nanocomposites. 

Since, Al2O3 nanoparticles enhanced the thermal stability, therefore only 

polyimide/Al2O3 nanocomposites were subjected to isothermal TGA and results are 

presented in Figure 4.15 and Table 4.12. It is clearly evident form these isothermal TGA 

plots that polyimide/Al2O3 nanocomposites displayed less weight loss after same length 
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Figure 4.14 (a-d) Dynamic TGA (a,c) and DTG (b,d) plots demonstrating the effect of 

nanoparticles incorporation on thermal performance of polyimide matrix BMDA (N2, 20 

°C/min). 
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Table 4.11 Dynamic TGA data of polyimide nanocomposites illustrating the variation in 

thermal stability after nanoparticles insertion. 

Polymer T5 (°C) T10 (°C) R800 (%) 

BMDA 540 572 62 

BMDA-Al2O3-3% 542 574 63 

BMDA-Al2O3-5% 542 573 64 

BMDA-Al2O3-7% 543 574 65 

BMDA-Al2O3-9% 548 578 67 

BMDA-ZnO-3% 455 500 62 

BMDA-ZnO-5% 462 512 63 

BMDA-ZnO-7% 467 517 63 

BMDA-ZnO-9% 462 513 66 

T5    = Temperature at 5% weight loss. T10 = Temperature at 10% weight loss. 

          R800 = Residual weight (%) at 800 oC. 

of exposure at 400 °C in comparison with parent polyimide matrix BMDA. The BMDA-

Al2O3-9% exhibited only 1.88% weight loss after 35 minutes of experiment (W35) as 

compared to 2.56% for BMDA (Table 4.12). These results are also depicting the higher 

thermal stability of polyimide/Al2O3 nanocomposites hence, validating the dynamic TGA 

studies.  

The TGA studies of polyimide nanocomposites suggested that thermal stability of 

polyimides can be tailored/controlled by nanoparticles: either by their nature or 

concentration. 
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Figure 4.15 Isothermal TGA plots of BMDA and BMDA/Al2O3 nanocomposites 

showing improvement in thermal endurance by nanoparticles incorporation (Air, ramp at 

50 °C/min, isothermal at 400 °C). 



Chapter 4                                            

112 

 

Table 4.12 Isothermal TGA data of polyimide/Al2O3 nanocomposites expressing the 

impact of Al2O3 nanoparticles on thermal endurance. 

Polymer W15 (%) W25 (%) W35 (%) 

BMDA-400 2.24 2.42 2.56 

BMDA-Al2O3-3%-400 1.74 1.95 2.09 

BMDA-Al2O3-5%-400 1.70 1.90 2.03 

BMDA-Al2O3-7%-400 1.62 1.83 1.98 

BMDA-Al2O3-9%-400 1.54 1.75 1.88 

W15   = Weight loss (%) after 15 minutes of experiment. 

W25   = Weight loss (%) after 25 minutes of experiment. 

W35   = Weight loss (%) after 35 minutes of experiment. 

4.2 Dynamic mechanical thermal analysis (DMTA) 

4.2.1 DMTA of polyimides 

Thin films of polyimides were obtained by thermal imidization of polyamic acid under 

controlled conditions and their stiffness was determined at high temperatures using 

dynamic mechanical thermal analysis (DMTA). Results are summarized in Table 4.13 

while comparative mechanical damping (tan δ) and storage modulus (Eʹ) graphics are 

shown in Figure 4.16 and 4.17 respectively. Maximum peak temperature of tan δ was 

considered as the glass transition temperature (Tg). The polyimides developed from 

commercial diamines were used for this study since the films of polyimides prepared 

from synthesized diamines were too brittle and not suitable for thermal mechanical 

analysis. These are divided into two sets based on diamine monomer in order to monitor 

the effect of structure/Tg relationship:  

i) MDA-DMA-DEA 

ii) MDA-HFA-9FA.  

For set one: it was noticed that substitution of benzene hydrogens of MDA with methyl 

groups in case of DMA, triggered an increase in Tg as illustrated by comparative tan δ 

curves for FMDA and FDMA shown in Figure 4.16a. The MDA based polyimide FMDA 

displayed Tg at 314 °C while for DMA analogue (FDMA), it was increased to 324 °C. 

This is attributed to higher steric hindrance of methyl groups in comparison with 

hydrogen atoms, which hindered the rotation between the benzene and imide rings. 

Interestingly, the replacement of methyl groups with ethyl units led to massive reduction 

in Tg rather than further increase, and even lower than reference MDA based polyimides. 

The Tg of FDEA was observed at 296 °C i.e. 28 °C lower than FDMA and 18 °C lower 
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than FMDA. This reduction in Tg upon replacement of ortho-dimethyl groups with ortho-

diethyl is also reported by Lin et al [189]. This is ascribed to increase in free volume in 

the polymer system caused by the ethyl groups since they occupy more space than methyl 

[190]. The increased free volume reduced the inter-molecular attractions and chain 

packing which are responsible for lowering in Tg [191]. Similarly, other polyimides 

derived from DEA i.e. BDEA and ODEA also displayed the same results (Table 4.13).  

In case of set two: replacement of methylene hydrogens of MDA with -CF3 and 9-

fluorenylidene groups for HFA and 9FA diamines respectively, increased the Tg of 

resulting polyimides as demonstrated by values of tabulated data in Table 4.13 along with 

DMTA graphic presented in Figure 4.16b. The glass transition temperatures were 

increased from 314 to 323 to 407 °C for FMDA, FHFA and F9FA respectively. This 

incremental effect is highly pronounced for 9FA based polyimides which is ascribed to 

the highest steric hindrance engendered by 9-fluorenylidene (cardo) moiety. 

The secondary relaxation peaks observed at high temperatures around 350 °C for DEA 

(Figure 4.16e) and near 400 °C for DMA, HFA (Figure 4.16a,b) based polyimides may 

be attributed to synergistic stiffening effects of dimethyl, diethyl or hexafluoromethyl 

substituted structures with dianhydride partners [82]. 

The dianhydride structures affected the glass transition temperatures of polyimides as 

well. The polyimides derived from 6FDA displayed highest Tg as illustrated by Figure 

4.16c-e: accredited to bulky -CF3 groups present in the structure inherited from 6FDA. 

These groups hindered/restricted the rotation of polyimide chains around each other 

hence increased the Tg [192]. On the other hand, the lowest Tg observed for ODPA based 

polyimides is interpreted by the presence of additional flexible ether linkages in the 

polymer structure due to ODPA [54,146,172,186]. 

Figure 4.17a-c revealed that all the polyimides displayed storage modulus (Eʹ) above 1 

GPa up to the temperature around 250 °C. The storage modulus decreased sharply near 

the glass transition temperatures.  

The results of DMTA can be inferred that nature and/or style of substituents (side or 

pendant) can effectively control the relaxation behavior or glass transition temperature 

(Tg) of polyimides. The substituents capable of inducing more steric hindrance will be 

more efficient in increasing Tg. Similarly, functional groups that can provoke higher 

degree of inter-chain interactions will increase the Tg to a great extent. 
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Figure 4.16 (a-e) Comparative tan δ curves of polyimides illustrating the impacts of: side 

(a), pendant (b) and bridging groups (c-e) on glass transition temperature (Air, 5 °C/min). 
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Figure 4.17 (a-c) Comparative storage modulus (Eʹ) curves of polyimides with different: 

side (a), pendant (b) and bridging groups (c) (Air, 5 °C/min). 

Table 4.13 DMTA data of polyimides showing variation in Tg and storage modulus with 

the modification of diamine substituents. 

Polymer Tg 
 (°C) Eʹ50 (GPa) Polymer Tg 

 (°C) Eʹ50 (GPa) 

BMDA 293 2.28 OHFA 317 1.62 

BDMA 315 2.24 O9FA 381 1.45 

BDEA 284 2.20 FMDA 314 1.80 

BHFA 320 2.18 FDMA 324 1.80 

B9FA 395 2.10 FDEA 296 1.78 

OMDA 290 1.70 FHFA 323 1.78 

ODMA 310 1.68 F9FA 407 1.66 

ODEA 279 1.62    

Tg     =  Glass transition temperature. Eʹ50   =  Storage modulus at 50 °C. 
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4.2.2 DMTA of polyimide nanocomposites 

The incorporation of nanoparticles inside the polyimide matrix engendered an increment in 

its glass transition temperature. This is illustrated by comparative tan δ curves shown in 

Figure 4.18a (Al2O3) and Figure 4.18b (ZnO) along with Tg values summarized in Table 

4.14. At 5% loading of nanoparticles: Al2O3 increased the Tg of matrix from 293 °C to 

357 °C whereas ZnO enhanced it to 384 °C, suggesting that latter nanoparticles are more 

proficient in improving Tg. The enhancement in Tg is attributed to the inter-chain 

connections through imide carbonyls and exposed OH groups on the surface of 

nanoparticles as shown in Figure 1.14 [164]. This physical cross linking restricted the 

chain mobility and engendered an increase in Tg of polyimide system. The increasing 

trend was continued with the increasing concentrations of nanoparticles until the 

optimum level (5% for Al2O3 and 7% for ZnO). After that further addition of 

nanoparticles led to lowering in Tg. A plausible reason for such behavior is that 

nanoparticles remained uniformly distributed inside the matrix until the optimal 

concentration. However, after the particular loading level, nanoparticles possibly formed 

agglomerates by interacting with each other rather than matrix [177,193]. 

From the afore-described results, it can be conveniently concluded that glass transition 

temperature of polyimide matrix can easily be regulated through nanoparticles. This can 

be achieved either by the type of nanoparticle selected or varying the concentration of 

particular nanoparticle. 
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Figure 4.18 (a,b) Comparative tan δ curves showing the influence of nanoparticles Al2O3 

(a) and ZnO (b) incorporation on glass transition temperature of parent polyimide matrix 

BMDA (Air, 5 °C/min). 
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Table 4.14 Mechanical damping (tan δ) data of polyimide nanocomposites showing 

variation in Tg with the increasing concentrations of nanoparticles. 

Polymer Tg 
 (°C) Polymer Tg 

 (°C) 

BMDA 293 BMDA 293 

BMDA-Al2O3-3% 335 BMDA-ZnO-3% 341 

BMDA-Al2O3-5% 357 BMDA-ZnO-5% 384 

BMDA-Al2O3-7% 348 BMDA-ZnO-7% 403 

BMDA-Al2O3-9% 331 BMDA-ZnO-9% 394 

Tg     =  Glass transition temperature 

4.3 Wide angle X-ray diffraction (WAXRD) analysis 

In order to gain insight into the molecular packing preferences, all the polymers 

(polyimides, copolyimides, polyimide nanocomposites) were characterized by wide angle 

X-ray diffraction analysis (WAXRD) in the region of 2θ = 5–50° at room temperature. 

WAXRD diffractograms of BC4A, BX4A, BB4A and BH4A shown in Figure 4.19a are 

characteristic of semi-crystalline polyimides. The resulting crystalline portion is 

attributed to contribution of different planes of benzene rings in the structures of 

diamines (see Figure 3.7b, 3.7c, Table 3.5) along with short contacts in the form of C-

H….π, C-H….O or C-H….H-C interactions (see Figure 3.7d, 3.8) observed by SCXRD 

analysis as discussed earlier in section 3.1.3 [168]. The highest crystallinity observed for 

BC4A could possibly be ascribed to chair conformation adopted by cyclohexane as 

shown in Table 3.5, which assisted in efficient chain packing of corresponding polymers. 

However, the lowest crystallinity of BH4A is accredited to the presence of higher 

aliphatic contents together with additional flexible “oxy” groups in the structure. Among 

the B4AP and X4AP derivatives, the planar biphenyl moiety (Figure 3.7b, 3.7c) is 

responsible for more crystalline nature of polyimide BB4A in comparison with BX4A. In 

general, the presence of biphenylene moiety in the backbone produces rigid-rod polymer 

with high crystallinity [194].  

The morphology of polyimides was transformed from semi-crystalline to amorphous with 

the change in positioning of amino group (diamine monomer) from para to meta and 

ortho as illustrated by comparative WAXRD diffractograms of BB4A-BB3A-BB2A 

presented in Figure 4.19b. Similar to these observations, Hsiao et al. noticed a drastic 

decrease in crystallinity of polyimides with the change in position of amino groups in 

diamine from para to meta for phenylene diamine [89]. A credible justification is the 

restriction/hindrance in polymer chain packing due to kink produced by meta and ortho 
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catenation of amino group  [88,150]. 

The Figure 4.19c is demonstrating the effect of dianhydride bridging groups on the 

polymer packing preference. It is evident that polyimide prepared from BTDA (BB4A) is 

more crystalline in nature than OB4A and FB4A. This is attributed to more efficient 

packing of polymer chains in case of BB4A due to the presence of dipolar carbonyl 

moieties in the benzophenone unit of BTDA which assisted closer chain packing by 

increasing inter-chain attractions. The lower crystallinity of OB4A is ascribed to the extra 

flexible ether group present in structure acquired from ODPA. The amorphous nature of 

6FDA derivative (FB4A) can be explained on the basis of steric hindrance generated due 

to bulky -CF3- groups of 6FDA that restricted the closer chain packing [54,168,172].  

It was revealed by WAXRD plots of polyimides synthesized from commercial diamines 

illustrated in Figure 4.19d that insertion of different side and pendant groups on MDA did 

not significantly changed the packing behavior of polyimide chains. Moreover, 

copolymerization with MDA led to the reduction of crystallinity as illustrated by 

representative WAXRD plots of polyimide BB4A and its respective copolyimide BMB4 

shown in Figure 4.19e [168] along with BX4A, BMX4 presented in Figure 4.19f. The 

WAXRD diffractograms of polyimide matrix and corresponding polyimide 

nanocomposites (BMDA, BMDA-Al2O3-9%, BMDA-ZnO-9%) shown in Figure 3.14 

depicted that morphology of parent polyimide BMDA was not affected by the 

incorporation of nanoparticles. 

The observations of WAXRD analysis revealed that structures of monomers involved in 

the synthesis can disturb the packing preference of polymer chains. The monomers 

having kink/twist in their structure (ortho- or meta-catenated) can pass that to polymer 

and ultimately constrain the efficient packing of polymer chains over each other hence, 

engendering amorphous behavior. The nature of bridging groups can also play their part 

in determining the crystalline behavior of polyimides either by facilitating or 

discouraging efficient chain packing via increasing or decreasing inter-chain attractions.  
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Figure 4.19 (a-d) WAXRD diffractograms illustrating the effects of: structure rigidity 

(a), catenation (b), bridging groups (c), side and pendant groups (d), and 

copolymerization (e,f) on morphology of polyimides. 



 

119 
 

Conclusions 

The tailoring of polyimide properties was effectively achieved by structural modifications 

of monomers, execution of copolymerization strategy and nanocomposites engineering. 

In case of structural modification: eight new diamine monomers possessing systematic 

variation in their backbone were synthesized successfully. These newly synthesized 

diamines were used for developing twenty four novel polyimides by condensing with 

three different dianhydrides. The fifteen polyimides were prepared from five structurally 

associated commercial diamines. The new copolyimides of synthesized diamines were 

developed by using MDA as co-diamine. The two series of polyimide nanocomposites 

comprising of four members each were synthesized by the addition of Al2O3 and ZnO 

nanoparticles at different concentrations. 

The syntheses of diamines were accomplished by a two-step procedure through dinitro 

intermediate and following reduction to diamine. The development of polyimides 

involved the preparation of pre-polymer (polyamic acid) by condensation of a diamine 

with dianhydride followed by its cyclodehydration to final polyimide through thermal 

imidization. The structural elucidations of the synthesized dinitro precursors, diamine 

monomers, polyimides and copolyimides were carried out by FTIR and NMR (1H and 

13C) spectroscopic techniques. The single crystal X-ray diffraction analysis of dinitro and 

diamine compounds confirmed their structures from the spectroscopic data and provided 

valuable information about the spatial orientations and inter/intra-molecular attractions 

that was helpful in explaining the packing preferences of resulting polyimide chains. The 

SEM and TEM microscopic methods illustrated the uniform distribution of nanoparticles 

throughout the matrix at 5% loading level. The TEM technique disclosed the spherical 

geometry of Al2O3 nanoparticles while flat/disk-like morphology for ZnO. 

The polyimides displayed substantial thermal stability as decomposition started around 

400 °C and they showed a relatively small weight loss up to the temperatures of 450-500 

°C. It was further established from the TGA results that architecture of diamine 

monomers used in the synthesis of polyimides played an important role in determining 

their thermal stability. The aromatic moieties were responsible for the increase in thermal 

stability of polyimides while aliphatic units led to lowering of temperature resistance. 

Greater the content of aromatic units in the polyimide structure, higher was its thermal 

stability. The nucleophilic group “oxy” engendered degradation of polyimides at lower 

temperatures. The isothermal TGA for these polyimides supported the findings of 

dynamic TGA since thermal endurance was also improved by increasing aromatic 
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moieties in the backbone and vice versa. Likewise, the addition of “oxy” functionality in 

the structures decreased the durability of polyimides at elevated temperatures. The para-

catenated isomers of the diamine monomers produced polyimides with higher thermal 

stability/endurance whereas it was decreased successively while going from para-meta-

ortho analogues. The attachment of aliphatic side groups or chains (methyl/ethyl) in the 

diamines made resulting polyimides more prone to thermal degradation. The 

modification with substituent leading to the conversion of secondary carbon to quaternary 

one resulted in enhancement of thermal stability and durability. The polyimides of 

synthesized diamines derived from 6FDA displayed highest thermal stability while it was 

lowest for ODPA and in-between for BTDA derivatives, both under nitrogen and air 

atmospheres. The insertion of MDA as co-diamine within the backbone of polyimides led 

to improvement in their thermal performance. The air slowed the decomposition of 

polyimides and copolyimides (developed from synthesized diamines) between the 

temperature range of 400-600 °C in comparison with nitrogen, and accelerated 

disintegration above 600 °C. The incorporation of Al2O3 nanoparticles within the 

polyimide matrix triggered an increase in thermal stability and thermal endurance. 

However, the introduction of ZnO nanoparticles caused lowering in temperature 

resistance of the same matrix. 

The DMTA studies revealed that: i) substitution of benzene hydrogens of MDA with 

methyl groups, ii) replacement of methylene hydrogens of MDA with trifluoromethyl/9-

fluorenylidene moieties or iii) incorporation of nanoparticles within the polyimide matrix, 

increased the Tg of resulting polyimide or polyimide nanocomposite systems. The 

exchange of benzene hydrogens (MDA) with ethyl groups resulted in lowering of 

polyimide Tg. Moreover, the bridging groups in dianhydrides also affected the Tg of 

polyimides. Both the Al2O3 and ZnO nanoparticles increased the Tg of polyimide matrix 

in concentration dependent manner with ZnO being more efficient than Al2O3. The 

polyimides displayed storage modulus (Eʹ) above 1 GPa up to the temperature around 

250 °C. It decreased sharply near the glass transition temperature and exhibited structure 

dependent behavior. 

The WAXRD analysis exposed the semi-crystalline behavior of polyimides based on 

structure rigidity, displaying variations by alterations in structure, with cyclohexane 

containing being most crystalline. The morphology of polyimides was transformed from 

semi-crystalline to amorphous with the change in positioning of the amino group 

(diamine monomer) from para to meta/ortho. The polyimides prepared from BTDA 
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were more crystalline in nature than OB4A and FB4A. The copolymerization with MDA 

led to the reduction of crystallinity.  

Overall this research has fulfilled the scope of dissertation that the properties of 

polyimides can be tailored/controlled to desired ones either by: i) modifying structures of 

monomers (dianhyride/diamine), ii) executing copolymerization strategy, or iii) 

nanocomposites engineering. The synthesized polymers (polyimides, copolyimides, 

polyimide nanocomposites) have the excellent potential to be used as high temperature 

resistant materials for applications under severe conditions where excellent thermal 

stability is desired for the extended periods.  
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Future perspectives 

The gas separation performance evaluation of synthesized polyimides would be 

interesting since the gas permeation and separation properties are affected by ortho, meta 

and para catenation of amino groups owing to different packing preferences of polyimide 

chains. Surface modification of metal oxide nanoparticles have attracted a great deal of 

attraction, attributed to advantage of improved dispersion of nanoparticles. The silane 

coupling agents are very useful reagents in this respect. The extension of this research 

work to the development of polyimide nanocomposites using silane modified 

nanoparticles would be an effective strategy for developing polyimides with desired 

properties. Moreover, the incorporation of nanoparticles, covalently linked in polyimide 

chain, using Si-OH terminated polyimide chain might be an exciting prospect. 
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