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Abstract 
 
 
Thermosetting resins find applications in many industries including transportation, communication, 

construction and leisure goods. An area that has immensely benefited by the advancement of 

thermosetting resins is aerospace. The current developments in composite materials finding 

applications in aerospace industry are centered on the advanced thermosetting resins viz; epoxy 

resins, bismaleimides, cyanate ester resins, polybenzoxazines, propargyl-terminated resins, etc,. The 

properties such as excellent mechanical strength, high glass transition temperature, low dielectric 

constant, excellent metal adhesion, and compatibility with carbon fiber reinforcements make these 

thermosets the material of choice. Furthermore, the ability to tune the properties via tailoring / 

proper selection of the precursor bisphenol functions as an additional asset. A variety of bisphenols 

have been synthesized till date in order to enrich the applications of these types thermosetting resins.  

Cyanate esters (CEs) form a family of new generation thermosetting resins. The chemistry 

and technology of CEs is relatively new and continue to evolve and enthuse researchers.  

The major goal the current research was to design and synthesize new CE monomers 

containing cycloaliphatic “cardo” group based on corresponding bisphenols and to study thermal, 

thermomechanical and moisture absorption behavior of polycyanurates derived therefrom. The 

driving force for the designing of new CE monomers was the development of corresponding 

polycyanurate with lower moisture absorption and therefore, the synthetic efforts were directed 

towards structural modifications by introducing i) cycloaliphatic moiety, ii) methyl groups ortho to 

cyanate functionality, and iii) alkylene spacer.  

One of the approaches for pursuing the goal involved making use of 3-pentadecyl phenol, 

which in turn is obtainable from cashew nut shell liquid (CNSL) –a renewable resource material. 

The dual phenolic/ alkenyl nature of CNSL makes it an ideal renewable raw material for the 

synthesis of water-resistant resins and polymers. The other approaches involved i) the use of 

commercially available p-cumyl phenol and β-naphthol as a starting materials to introduce 

cycloaliphatic “cardo” group and ii) the use of adipic acid as a starting material to incorporate 

alkylene spacer. 

Another objective of the study was to explore bisphenols containing cycloaliphatic “cardo” 

group to synthesize other types of thermosetting resins viz; epoxy resins, bismaleimides and 

propargyl ether resins (propargyl-terminated resins). 

The thesis has been divided into the following eight chapters. 

Chapter 1 deals with comprehensive review of literature on thermosetting resins with 

particular emphasis on cyanate ester resins, epoxy resins, bismaleimides and propargyl-terminated 

resins covering methods of synthesis, curing/processing, structure-property relationship, etc. 

Chapter 2 discusses scope and objectives of the present thesis. 
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Chapter 3 describes the synthesis of a variety of new CE monomers containing 

cycloaliphatic “cardo” group (Table 1, Sr. No. 2-9) and alkylene spacer (Table 1, Sr. No. 10)   viz; 

1,1-Bis(4-cyanatophenyl)cyclohexane (BPZCN),  

1,1-Bis(4-cyanatophenyl)-3-pentadecylcyclohexane (BPC15CN),  

1,1-Bis(4-cyanatophenyl)decahydronaphthalene (BPDCCN), 

  1,1-Bis(4-cyanato-3-methylphenyl)decahydronaphthalene  (DMBPDCCN), 

  1,1-Bis(4-cyanato-3,5-dimethylphenyl) decahydronaphthalene (TMBPDCCN),  

1,1-Bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane (BPPCPCN),  

1,1-Bis(4-cyanato-3-methylphenyl)-4-perhydrocumylcyclohexane (DMBPPCPCN),  

1,1-Bis(4-cyanato-3,5-dimethylphenyl)-4-perhydrocumylcyclohexane (TMBPPCPCN), and 

2,7-Bis(4-cyanatophenyl)-2,7-dimethyloctane (BPC6CN). 

The CE monomers and the intermediates involved in their synthesis were characterized by 

IR, 1H-NMR, and 13C-NMR spectroscopy. 

 Chapter 4 describes curing kinetics and processing of cyanate ester monomes. This chapter 

is divided into two sections; chapter 4A and chapter 4B.  

Chapter 4A focuses on the curing kinetics studies of selected CE monomers. The kinetics 

of curing of five cyanate esters viz; BPZCN, BPC15CN, BPDCCN, BPPCPCN and BPC6CN was 

studied under nonisothermal and isothermal mode employing copper acetylacetonate-nonylphenol 

catalytic system using DSC. The results obtained were compared with the cure kinetics of 

commercially available CE monomer- 2,2-bis(4-cyanatophenyl)propane (BPACN). The heat of 

catalyzed cure reaction of cyanate ester monomers under study was observed in the range 190 – 230 

kJ/mol which is in accordance with the reported values for BPACN (195 – 238 kJ/mol). The 

activation energy of catalyzed curing of cyanate ester monomers containing “cardo” group viz; 

BPZCN, BPC15CN, BPDCCN, and BPPCPCN under nonisothermal mode was lower (65 – 85 

kJ/mol) than that of BPC6CN (119 kJ/mol) and BPACN (116 kJ/mol) while the activation energy 

for catalyzed cure of CE monomers under isothermal mode was in the range 55 – 60 kJ/mol. 

In Chapter 4B, processing of CE monomers and characterization of polycyanurates derived 

therefrom is discussed. The storage modulus of cured BPZCN, BPC15CN and BPACN was 1.59 x 

109, 1.07 x 109 and 1.39 x 109 Pa, respectively. The glass transition temperature, as analyzed by 

DMTA, of cured resins followed the order BPZCN > BPACN > BPC15CN (302, 288 and 160 °C, 

respectively). The Tg of cured BPDCCN, BPPCPCN and BPC6CN was in the order BPDCCN > 

BPPCPCN > BPC6CN.  The T10 values, as analyzed by TGA, of cured network of cyanate ester 

monomers under study were in the range 410 – 435 °C indicating their good thermal stability. The 

percentage moisture absorption of polycyanurates followed the order BPC15CN < BPZCN < 

BPACN (0.7, 1.1, 1.5 %, respectively). 
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Chapter 5 describes the synthesis of epoxy resins starting from bisphenols containing 

cycloaliphatic “cardo” group viz; diglycidyl ether of 1,1-bis (4-hydroxyphenyl)cyclohexane 

(DGEBPZ)  and diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane 

(DGEBPC15). (Table 1, Sr. No. 11, 12) The epoxy equivalent weights of DGEBPZ and 

DGEBPC15, as determined by pyridine-HCl method, were 221 and 333 g/equiv., respectively. The 

activation energy of epoxy curing calculated by Coats-Redfern method under nonisothermal mode 

employing 4,4’-methylenedianiline as a curing agent was in the range 48-52 kJ/mol.  The storage 

modulus and the Tg of cured epoxy resins followed the order DGEBPZ > DGEBPA > DGEBPC15. 

The thermal degradation of cured epoxy resins under study when analyzed by TGA showed a single 

step degradation with T10 values in the range 340 – 375 °C. The percentage moisture absorption of 

cured epoxy resins followed the order DGEBPC15 < DGEBPZ < DGEBPA (1.8, 2.6, and 3.2 %, 

respectively).  

Chapter 6 deals with the synthesis of three new BMI monomers containing pendent flexible 

pentadecyl chain viz; 1,1-bis[4-(4-maleimidophenoxy)phenyl]-3-pentadecylcyclohexane, (BPC15 

BMI), 4,4’-bis(maleimido)-3-pentadecyldiphenylether (ODAC15BMI) and 1,3-bis(maleimido)-4-

pentadecylbenzene (MPDAC15BMI), (Table 1, Sr. No. 14-16), characterization of BMI monomers 

by FTIR, and NMR (1H and 13C-NMR) spectroscopic techniques, curing kinetics by DSC and 

thermal properties of cured resins by TGA. The melting points of new BMIs viz; 4,4’-bis 

(maleimido)-3-pentadecyldiphenylether (69-70 °C) and 1,3-bis(maleimido)-4-pentadecylbenzene 

(96-98 °C) were lower than that of 4,4’-bis(maleimido)diphenylether (177 °C) and 1,3-bis 

(maleimido)benzene (MPDABMI) (205 °C), respectively. The new BMIs viz; BPZBMI, (Table 1, 

Sr. No. 13), BPC15BMI, ODAC15BMI, and MPDAC15BMI were soluble in common organic 

solvents such as chloroform, dichloromethane, while ODABMI was insoluble in chloroform, and 

dichloromethane at 5 wt % solution. The curing kinetics of new BMIs was studied by using DSC 

under nonisothermal mode using Coats-Redfern method. The BMIs viz; BPZBMI, BPC15BMI and 

MPDAC15BMI exhibited comparatively a broader processing window (> 100 °C) than that of 

ODABMI and MPDABMI (~ 40 °C). The activation energy of BMI curing was observed in the 

range 103 – 131 kJ/mol for BPZBMI, ODAC15BMI, ODABMI and MPDAC15BMI. The cured 

network of all the BMIs under study showed a single stage decomposition with T10  values in the 

range 390 – 485 °C indicating their good thermal stability.  

Chapter 7 describes synthesis of bisprorgyl ethers viz; 1,1-bis[4-(2-propynyloxy) phenyl)] 

cyclohexane (BPZPT), 1,1-bis[4-(2-propynyloxy) phenyl)]-3-pentadecylcyclohexane (BPC15PT),  

1,1-bis[4-(2-propynyloxy) phenyl)]decahydronaphthalene, (BPDCPT),  1,1-bis[4-(2-propynyloxy) 

phenyl)]-4-perhydrocumylcyclohexane (BPPCPPT) and 2,2-bis[4-(2-propynyloxy) phenyl)]propane 

(BPAPT). (Table 1, Sr. No. 17-20). The activation energy of the curing reaction studied in 

uncatalysed nonisothermal mode using DSC was in the range of 141-154 kJ/mol by Kissinger 

method and 171-182 kJ/mol by Coats-Redfern method for all bispropargyl ethers under study. The 
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study indicated that the bispropargyl ether monomers possessing cycloaliphatic “cardo” group 

follows similar cure kinetics as that of bisphenol-A based bispropargyl ether. The T10  values of 

cured bispropargyl ethers containing “cardo” group were in the range 410 - 435 °C indicating good 

thermal stability of the cured network. However, the weight residue at 800 °C of cured bispropargyl 

ethers containing “cardo” group was lower (3-12 %) than that of cured network of BPAPT (32 %). 

Chapter 8 summarizes the results and describes salient conclusions of the investigations 

reported in the present thesis. 

Table 1 : Structure of various monomers synthesiszed in the present work. 

Sr.No. Category Name Structure 

1 
2,2-Bis(4-cyanatophenyl)propane     

                 (BPACN)  

2 1,1-Bis(4-cyanatophenyl) 
cyclohexane  (BPZCN) 

OCNNCO

 

3 
1,1-Bis(4-cyanatophenyl)-3-

pentadecylcyclohexane 

(BPC15CN)  

4 
1,1-Bis(4-cyanatophenyl ) 

decahydronaphthalene  
(BPDCCN) 

 

5 
1,1-Bis(4-cyanato-3-methyl 

phenyl)decahydronaphthalene  
(DMBPDCCN) 

 

6 
1,1-Bis(4-cyanato-3,5-dimethyl 
phenyl)decahydronaphthalene 

(TMBPDCCN) 

 

7 
1,1-Bis(4-cyanatophenyl)-4-
perhydrocumylcyclohexane 

(BPPCPCN) 

 

8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cyanate  

Ester 

Resins 

1,1-Bis(4-cyanato-3-methyl 
phenyl)-4-perhydrocumyl 

cyclohexane 

(DMBPPCPCN) 
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9 

1,1-Bis(4-cyanato-3,5-dimethyl 
phenyl)-4-perhydrocumyl 

cyclohexane 

(TMBPPCPCN) 

 

10 
2,7-Bis(4-cyanatophenyl)-2,7-

dimethyloctane 

(BPC6CN)  

11 
Diglycidyl ether of 1,1-bis(4-
hydroxyphenyl)cyclohexane 

(DGEBPZ)  

12 

Epoxy 
Resins Diglycidyl ether of 1,1-bis(4-

hydroxyphenyl)-3-
pentadecylcyclohexane 

(DGEBPC15)  

13 
1,1-Bis[4-(4- maleimidophenoxy) 

phenyl] cyclohexane 

(BPZBMI) 

O O

N N

O

O

O

O  

14 
1,1-Bis[4-(4- maleimidophenoxy) 
phenyl]-3-pentadecyl cyclohexane 

(BPC15BMI) 

O O

N N

O

O

O

O
C15H31  

15 
4,4’-Bis(maleimido)-3-pentadecyl 

diphenylether 

 (ODAC15BMI)  

16 

Bismale- 

imides 

1,3-Bis(maleimido)-4-
pentadecylbenzene 
(MPDAC15BMI) 

N

O

O
N

O

O

C15H31  

17 
2,2-Bis[4-(2-propynyloxy) 

phenyl)]propane 

 (BPAPT)  

18 
1,1-Bis[4-(2-propynyloxy) 

phenyl)] cyclohexane  

(BPZPT)  

19 
1,1-Bis[4-(2-propynyloxy) 

phenyl)]-3-pentadecylcyclohexane 
(BPC15PT) 

 

20 
1,1-Bis[4-(2-propynyloxy) 

phenyl)] decahydronaphthalene 

(BPDCPT) 
 

21 

Bispropar
-gyl  

Ethers 

1,1-Bis[4-(2-propynyloxy) 
phenyl)]-4-perhydrocumyl 

cyclohexane 

(BPPCPPT) 
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Glossary 
 

 

 

BMI Bismaleimide  

BPA Bisphenol-A  

BPACN Dicyanate of bisphenol-A 

CE Cyanate ester  

CNSL Cashew nut shell liquid 

DABA o,o’-Diallylbisphenol-A 

DCM Dichloromethane 

DEPT Distortionless enhancement by polarization transfer 

DGEBA Diglycidyl ether of bisphenol-A 

DMF N,N-Dimethyl formamide 

DMSO Dimethylsulphoxide 

DMTA Dynamic mechanical thermal analysis 

DSC Differential scanning calorimetry 

EEW Epoxy equivalent weight 

GPC Gel permeation chromatography 

MDA 4,4’-Methylenedianiline 

MPDABMI 1,3-Bis(maleimido)benzene 

NMP 1-Methyl-2-pyrrolidinone 

ODABMI 4,4’-Bis(maleimido)diphenylether 

PCC Pyridinium chlorochromate 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 
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1.1 Introduction 
The human life has been enriched by long and persevering studies from a host of motivated 

material scientists and engineers.  The rapid pace of advances in polymers, which are an 

important class of advanced materials, has been remarkable. Polymers are so well integrated 

into the fabric of society that we take a little notice of our dependence on them. This is truly the 

“polymer age”! The society benefits across the board- in health, medicine, clothing, 

transportation, housing, defense, energy, electronics, and so on. There is no doubt that synthetic 

polymers have large impacts on our daily lives.   

Goodyear’s (and Hancock in England) discovery of the vulcanization of natural rubber 

in 1839 could be construed as the first successful commercial product of polymer research. The 

plastic industry dates the beginning of synthetic polymers to the invention of thermosetting 

phenol-formaldehyde resin called Bakelite by Leo Baekeland in 1909. The wide variety of 

thermoset products viz; phenolic resins, amino resins, epoxy resins, unsaturated polyester 

resins, allyl resins, bismaleimides, cyanate ester resins, etc. were subsequently invented and 

commercialized using various reactive monomers and prepolymers (or polymers).  

  Thermosets, unlike thermoplastics, are permanently cross-linked networks which can 

not be reformed upon further application of heat and/or pressure. The curing (polymerization) 

is often activated thermally or by radiations. Uncured thermosets is a mixture of small reactive 

molecules; monomers. They may contain additives such as catalysts to promote or accelerate 

cure.  

The crosslinked network of thermosets can be formed in a number of ways, including: 

1. Condensation type polymerization by systems in which at least one of the monomers 

or oligomer precursors has functionality higher than two. The examples of this type of 

materials include silicone resins, aminoplastics, phenolics, cyanate ester resins, etc. 

2. The use of crosslinking species to form crosslinks between polymer molecules. The 

examples of this type of materials include epoxy resins where the crosslinking system 

includes a difunctional amine, anhydride, etc,.  

3. The addition polymerization of monomers containing two double (or triple) bonds. A 

few examples of this type of materials are allyl resins, acrylic resins, bismaleimides, 

benzoxazines, propargyl-terminated resins, etc,. 

Thermosets, in general, possess good dimensional stability, thermal stability, chemical 

resistance and electrical properties. They find a widespread use in several applications such as 

adhesives; primary and secondary structures in aerospace; countertops and floors for 

manufacturing facilities and homes; printed circuit boards, conductive polymer elements and 

encapsulation materials for electronic applications; and recreational products such as tennis 
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racquets, bicycle frames, golf clubs, fishing rods, etc,. The growing need for high use-

temperature matrix resins in fibre-reinforced composites in the aerospace industry has 

encouraged intensive research. Epoxy resins are currently by far the largest segment of 

thermosetting polymers which are used to make structural composites in the aerospace industry. 

Epoxies owe their wide usage to the ease of handling and processability. In circumstances 

where epoxies can not be used, higher temperature performance resins are needed and several 

other candidates e.g. bismaleimides, cyanate ester resins, polybenzoxazines, etc., are currently 

being investigated. 

The present chapter briefly summarizes the literature on thermosetting resins with 

particular emphasis on cyanate ester resins, epoxy resins, bismaleimides and propargyl-

terminated resins covering methods of synthesis, curing/processing, structure-property 

relationship, applications, etc. 

1.2 Cyanate ester resins 

The term ‘cyanate ester resins’ is used to describe both prepolymers and cured resins; the 

former containing reactive ring-forming cyanate functional groups1, 2. This family of 

thermosetting monomers and their prepolymers are esters of bisphenol and cyanic acid. 

Commercial monomers may be represented by the general structure illustrated in Figure 1.1 

where “R” may be a range of functional groups e.g. hydrogen atoms, methyl or allyl groups and 

the bridging group “X” may be simply an isopropylidene moiety or an extended aromatic or 

cycloaliphatic moiety, etc.   

O X

R

R

O

R

R

CC NN

 

Figure 1.1 General structure of cyanate ester monomers 

1.2.1 Synthesis of cyanate esters 

Though practical synthetic route to manufacturing cyanate esters was invented and developed 

at Bayer AG in the 1960s3, efforts were initialized in 1857 when Cloez4 attempted the synthesis 

of alkyl cyanates by reacting sodium alkoxides with cyanogen chloride. However, the products 

obtained by Cloez were mixtures containing mainly trialkyl cyanurates and dialkyl 

imidocarbonates. Theoretically, cyanate esters would be directly synthesized from cyanic acid 

(HOCN). However, as cyanic acid exists predominantly in the iso form, HNCO, the major 

product was an isocyanate5. Because of many discouraging results, the esters of cyanic acid 

were for many years considered to be ‘non-existent compounds’. 
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 The following methods have been listed as the most reasonable for the synthesis of 

cyanate esters. 6 

   (1)  Reaction of phenol or alcohol with cyanogen halide 

(2)  Thermolysis of thiatriazoles 

(3)  Dehydration of alkyl thiocarbamates, and 

(4)  Acylation and decomposition of alkyl-N-hydroxythiocarbamates  

Of these, the first two methods are practical and the remaining two are of historical 

importance. The reaction of cyanogen halide with an alcohol or phenol is by far the most 

widely used and successfully employed for the synthesis of aryl, alkyl and fluoroalkyl cyanate 

monomers. 

1.2.1.1 Synthesis of cyanate esters from phenol / alcohol and cyanogen halide     

Grigat and Putter (Bayer AG) 3, 7-9 reported the practically viable route for the synthesis of 

cyanate esters. The reaction involves the addition of a base, generally triethylamine to phenol-

cyanogen halide mixture at –30 to 10 °C. (Scheme 1.1) 

 

Scheme 1.1 : Synthesis of cyanate esters from phenol / alcohol and cyanogen halide 

 A large number of aryl cyanates were synthesized in excellent yields and were found to 

be remarkably stable. Triethylamine functions as a base of appropriate strength with solubility 

in organic solvents. At higher temperatures, Von Braun reaction10 competes with cyanate 

forming reaction producing diethylcyanamide; an undesirable by-product. In Von Braun 

reaction, a tertiary amine reacts with cyanogen bromide to form a disubstituted cyanamide and 

an alkyl bromide (Scheme 1.2).  

 

Scheme 1.2: Von Braun reaction 

For aliphatic amines, Van Braun reaction is reported to be vigorous and requires 

dilution and cooling. Diethylcyanamide is undesirable because, as a low volatile liquid 

contaminant in a cyanate prepolymer, it can cause voids by out-gassing under curing 

conditions.  The reports of Von Braun reaction 10, 11 indicate no examples for diethylcyanamide 

formation using cyanogen chloride.  

A large variety of solvents e.g. benzene, chloroform, dichloromethane, carbon 

tetrachloride, diethyl ether, acetone, methyl ethyl ketone, tetrahydrofuran, ethyl acetate, 

acetonitrile, etc., have been used for cyanate ester synthesis but there is some strategy to the 
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selection. When triethylamine base is being used, the triethyl ammonium halide salt will 

precipitate as the reaction progresses in the solvents such as benzene, diethyl ether, carbon 

tetrachloride and acetone. The purification may be conducted by distillation, crystallization or 

with a silica gel column chromatography.  

The method is not suitable for alkyl cyanates unless they are stabilized by halo 

substituents or by steric hindrance12. 

1.2.1.2 Synthesis of cyanate esters by thermolysis of thiatriazoles 

This route to synthesize organic cyanate esters was discovered independently and nearly 

simultaneously by Jensen and Holm13 and by Martin14 and was reported in 1960. 

The method involved decomposition of thiatriazoles (2) in ether solution at 20 °C 

leading to the formation of alkyl cyanates or aryl cyanates (4) in high yields. The thiatriazoles 

were prepared by thiocarbonylhydrazines (1) or chlorothioformates (3) route. (Scheme 1.3). 

 

Scheme 1.3 : Synthesis of cyanate esters by thermolysis of thiatriazoles 
 

1.2.1.3 Synthesis of cyanate esters by dehydration of alkyl thiocarbamates 

Alkyl cyanates were obtained by treatment of alkyl thiocarbamates with heavy metal oxides 

such as, HgO, Ag2O, etc., in ether solution at 0 °C (Scheme 1.4)15. However, the yield of alkyl 

cyanates was reported to be very poor (5%) and hence, the method is not of practical choice.  

         

Scheme 1.4 : Synthesis of cyanate esters by dehydration of alkyl thiocarbamates. 
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1.2.1.4 Synthesis of cyanate esters from alkyl-N-hydroxythiocarbamates 

Alkyl-N-hydroxythiocarbamates (5) on acylation undergo Lossen rearrangment to yield alkyl 

cyanates at room temperature 16 (Scheme 1.5 ). The yields are good and the preparation of alkyl 

cyanates by this method is considerably faster than that of thiatriazole route.  

 

Scheme 1.5 : Synthesis of cyanate esters by dehydration of alkyl-N-thiocarbamates 

1.2.2 Cyanate ester monomers 

The research efforts initiated by Celanese Corp. (Ciba-Geigy)17, 18, Dow Chemicals 19, 20 and 

Allied-Signal 21, utilizing chemically tailored bisphenols and polyphenols expanded the family 

of CE monomers. An excellent review on these has been provided by Shimp 22 and Snow 23. 

Table 1.1 presents a list of CE monomers of commercial importance with their trade names.  

Bisphenol A dicyanate (AroCy B-10, BPACN) was the first CE monomer to be 

commercialized. The cured resins of dicyanates AroCy F-10 (Fluorinated analogue of 

BPACN), RTX-366 and XU 71787 have remarkably low dielectric constant ( 2.66, 2.64 and 

2.80, respectively) and moisture absorption (1.8, 0.7 and 1.4, respectively). A trifuntional CE 

monomer REX-371/Primaset derived from low molecular weight novolacs, on curing results in 

a network with high Tg (320-350 °C). 22,23 
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Table 1.1 : List of commercial cyanate ester monomers with their trade names. 

Sr. 

No 
Cyanate Ester Monomers Trade Name 

1 
 

AroCy B-10 (Ciba) 

2 
 

AroCy F-10 (Ciba) 

3 
 

AroCy L-10 (Ciba) 

4 

 

AroCy M-10 (Ciba) 

5 
 

RTX-366 (Ciba) 

6 
 

AroCy T-10 (Ciba) 

7 

 

XU71787 (Dow) 

8 

 

REX-371 (Ciba) 

Primaset (Allied-Signal) 

 

1.2.3 Spectroscopic characterization of cyanate ester monomers 

The issue of purity and understanding the nature of impurity(ies) by spectroscopic 

investigations is important because some impurities (e.g. phenol, triethylamine, carbamate, 

diethylcyanamide, and residual solvent) either accelerate the polymerization exotherm or 

generate voids during processing. The methods that are found useful for identification / 

quantification of impurities are nuclear magnetic resonance spectroscopy24-27 ( both 13C and 15N 

NMR), infrared spectroscopy28-30 (IR), differential scanning calorimetry 31-33  (DSC), refractive 

index34, 35 (RI), high performance liquid chromatography 36, 37 (HPLC), and gel permeation 

chromatography 27,  36, 38 (GPC). 
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13C and 15N-NMR spectra were studied by many researchers 24-27, and the appropriate 

assignments were made. The impurities derived (i.e. carbamate, imidocarbonate and cyanurate) 

from reaction of the cyanate group may be identified from the corresponding 13C and 15N 

chemical resonance shifts as indicated in Table 1.2. 

Table 1.2 : Characteristic 13C and 15N NMR chemical shifts of functionalities associated     
                    with cyanate ester curing. 
 

Functionality 
13C Chemical Shift 

 ( TMS , δ ppm) 

15N Chemical Shift 

 ( Formamide,  δ ppm) 

Ar-OCN 109 52 

Ar-O-CO-NH2 156 - 40 

Ar-O-C(OR)=NH 159.5 43 

 

Ar-O-Triazine 

174 87 

 

IR spectroscopy has been very important tool for CE monomer identification, 

measurement of conversion to polymer and identification of hydrolysis products and impurities. 

The cyanate functional group is identified by a strong C≡N stretching band in the range 2200-

2300 cm-1 and a strong C-O-C stretch in the range 1160-1240 cm-1. The C≡N stretching is of 

considerable importance as it is used to quantify the conversion to prepolymer and cured 

polymer. 

1.2.4 Mechanism of cyanate ester polymerization  

Cyanate esters undergo thermal or catalytic polycyclotrimerization to give polycyanurates via 

typical step-growth network building process. Starting from low molecular weight monomers 

with at least two cyanate groups, the reacting system passes through a pregel state with a broad 

distribution of oligomers to reach the gel point at a certain value of the functional groups’ 

conversion. Finally, when nearly all functional groups have reacted, the system consists of one 

gaint macromolecule.  Generally, cyanate esters are cured with a transition metal catalyst or 

chelate catalyst in the presence of a hydrogen donor such as nonyl phenol (described in section 

1.2.5). The cyanate groups are believed to be coordinated through the metal ion to allow ring 

closure.39 Brownhill et al.40 reported that transition metal (e.g. Ti) co-ordinates with the 

nitrogen, enhancing the electrophilicity of the nitrile group for addition of another cyanate 

group to it (Scheme 1.6).  
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Scheme 1.6 : Mechanism of cyanate ester polymerization ( Brownhill et.al.40 ). 

 

Grener-Loustalot et al.41, 42 investigated the mechanism of polymerization of mono- and 

dicyanates by HPLC and spectroscopic methods (Scheme 1.7). It was found that in catalysed 

systems, iminocarbonates, diazacyclobutane intermediate (dimer) and carbamates were present 

in considerable proportions.The key product during cyclotrimerization of cyanates without 

adding a catalyst is an intermediate iminocarbonate.  
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Scheme 1.7 : Mechanism of cyanate ester polymerization (Loustalot et.al.42 ). 

1.2.5 Cure catalysis and cure kinetics 

Cyanate esters cure via cyclotrimerization reaction leading to the formation of highly stable, six 

membered triazine rings. The cyclization reaction can be induced thermally, but this reaction is 

slow and usually difficult to drive to high levels of conversion. The cure reaction is highly 

susceptible to catalysis. A small amount of impurities (e. g. H2O, ArOH, metal ions) (stemmed 

from monomer synthesis) catalyze the curing reaction. In fact, no reaction takes place if 

completely purified cyanate esters are heated36. For common aryl dicyanates, a wide variety of 

catalysts including transition metal corboxylates, acetyl acetonates, phenols, metal carbonyls, 

adventitious moisture, etc. have been found to be effective.43 - 45 The selection of catalyst 

system is governed by a number of factors, including the monomer type, the required pot-life 

and the type of processing method selected.  
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1.2.5.1 Catalysts for cyanate ester cure 

The rate of the cyclotrimerization reaction is catalyst dependent. By judicious choice of catalyst 

type and addition level, the rate of cure of cyanate esters may be varied.46 By far, the most 

common types of catalyst used for the aryl dicyanates are carboxylate salts and chelates of 

transition metal ions 43-45. The role of transition metal ions in the polymerization reaction is to 

facilitate the cyclization reaction of three cyanate monomer functionalities by formation of co-

ordination complexes 39. Used alone, the transition metal salts and chelates do not dissolve 

readily in molten cyanate ester monomer. This can result in the need for high temperatures 

and/or long cure times for complete curing. The presence of catalyst residue particles in the 

cured resins is also undesirable. For this reason, a co-catalyst is also added. The co-catalyst 

serves a dual purpose of acting as a solvent for the transition metal catalyst and completing ring 

closure of the triazine ring via hydrogen transfer.47  The most commonly used co-catalyst is 

alkyl phenol such as nonyl phenol. The other active hydrogen sources e.g. other alkyl phenols, 

bisphenols, alcohols, imidazoles or aromatic amines may be used, but nonyl phenol seems to be 

adequate for most purposes 44, 46, 47.  

The pot-life, gel time and total cure time of cyanate ester composition typically 

depends on the type and concentration of catalytic system employed. In general, the 

carboxylates show higher activity than the chelates. The choice of transition metals is very 

wide, but certain types of metal should be avoided. Tin, lead, antimony and titanium, can 

promote transesterification and hydrolysis reactions and are best avoided48, 49. Shimp 48 

compared the effect of six different metal acetylacetonates on cyanate ester cure and the 

properties of the cured resins. The preferred metal ions were ranked in the order Cu2+ = Co2+ > 

Zn2+ > Mn2+ > Fe3+ > Al3+. It was also shown that the choice of metal ions has a relatively 

minor effect on the degree of conversion. 

 Urea compounds have also been reported to be effective cure catalysts for cyanate ester 

resins 43, 44. The formulations have a good pot-life at room temperature and can be cured to a 

high conversion. Epoxy resins can also catalyse the cure of cyanate ester resins, wherein the 

catalytic effect is provided by hydroxyl groups 43, 44. 

The presence of alkyl phenol; a source of active hydrogen, not only improves mixing of 

catalyst with the resin but also has an advantageous effect on properties. With the optimum 

concentration of nonyl phenol co-catalyst, cured cyanate esters achieve higher levels of 

conversion than would otherwise be obtained. The cure rate is dependent on the mobility and 

concentration of active hydrogen species present. The majority of cured resin properties are not 

compromised by this increase, although the maximum glass transition temperature (Tg) and 

heat distortion temperature (HDT) are reduced as a result of the plasticizaion effect of 
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nonylphenol 50, 51. Although nonyl phenol is effective as a co-catalyst for the transition metal 

catalysts, it is relavtively ineffective on its own 39.  

1.2.5.2 Cure kinetics 

The kinetics of cyanate ester trimerization was investigated by several researchers 52-77 so as to 

understand the processing of CE resins.  Most of the work was carried out on the reaction of 

BPACN 50-57, 59, 64, 67-69, 74 . The reactions were carried out in bulk 55-62 or in solution 52-54, neat 55-

64, 71, 72, 75, 77 or in the presence of a catalyst 50-54, 63, 65, 67-70, 74.  

The quantitative detection of cyanate concentrations in the resin system facilitates 

monitoring the progress of curing. Various techniques (e.g. spectroscopic, calorimetric, etc) 

were employed to understand curing kinetics of CE monomers.  

Simon et.al30 described the details of the IR technique, including the initial peak height 

perturbation of the 2270 cm-1 peak. The characteristic C≡N stretching doublets at 2270 and 

2235 cm-1 of cyanate were compared with the side chain methyl C-H stretching at 2970 cm-1.  

The application of NMR spectroscopy to probe the cyanate –triazine reaction was first 

reported by Fang24 in 1990. NMR spectroscopy is the only method that provides both the 

conversion as well as the molecular weight data in single experiment without using internal 

standard. 15N-NMR spectroscopy is a reliable tool for cure monitoring of cyanate esters as the 

signals due to the OCN and triazine appear as two isolated signals.24-27  

Both Kohn et.al 78 and Bauer and coworkers79 proposed simultaneously colorimetric 

procedure to detect nanomolar quantities of cyanates in solution. In DSC, the methods based on 

residual heat (∆H) and Tg were used to monitor cyanate conversions. The conversion was 

calculated based on the ratio of enthalpy consumed to the total enthalpy available in the cyanate 

ester system for the residual heat method, whereas a predetermined Tg-conversion chart was 

used in Tg method 32, 33.  

Torsional braid analysis (TBA) is a dyanamic mechanical method that monitors the 

progress of polymerization by measuring the damping and frequency of a monomer-impregated 

braid.80, 81 The technique allows a wide temperature-range to be studied from which various 

transitions of non-volatile monomers can be monitored.  

Dyanamic mechanical analysis (DMA) is normally performed in a dynamic rheometer 

using a parallel plate configuration. A sinusoidal strain is applied to the sample disc and the 

resulting stress amplitudes and phase angles are measured by a strain-guage transducer from 

which the shear elastic modulus, shear viscous modulus and complex viscosity are obtained 

which can be used to monitor the cure process.82, 83 

The cure monitoring of cyanates by conventional dielectrometry using a parallel 

conducting plates cell or microdielectrometry has been reported.84,85 The microdielectrometry is 
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capable of measuring the dielectric loss factor rather than the loss tangent measured by 

conventional dielectrometry.  

Snow and Armistead86 published a detailed description on a dilatometer used for 

measuring the change in volume during the cure of BPACN. Measuring the change in refractive 

index with time at a constant temperature can provide kinetic data for the cyclotrimerization 

curing reaction. This technique is useful for assessing and controlling polymerization harzards 

associated with heating cyanate esters for dissolving polymeric components or applying 

catalysed formulations at elevated temperatures87.  

The progress of polymerization of cyanate resins can also be monitored 

turbidimetrically. The gradual addition of poor solvent into a solution of cyanate polymer will 

generate a turbid solution. The amount of poor solvent added to produce a constant turbidity is 

a sensitive function of conversion and molecular weight43.  

Apart from these, techniques like HPLC, UV, and dispersive fiber optic Raman 

Spectroscopy, were also reported to monitor cure conversion43-45 .  

 Although the mechanisms for the several catalysts and reaction conditions are different, 

Bauer et.al. stated some common facts 44: 

• The reaction of cyanate ester groups into cyanurates is almost completely selective 

with an enthalpic effect of ∆H ≈ -105 kJ/mol –OCN group. 

• Nearly full conversion of the functional groups can be achieved when working at 

sufficiently high temperatures.  

• A catalytically active species are formed during the process that gives the reaction an 

autocatalytic character.  

• The reaction rate is very sensitive to small impurities in the monomer or the added 

catalyst. 

• The overall kinetics can be described by simple equations regardless of the catalyst.  

On these lines, Bauer et. al. developed two different approaches.29,36,55 Simon and 

Gillham 58, 61 modified the kinetic scheme of Bauer et. al.29,36,55 and obtained: 

                                   2

2

2

1
)1()1( αααα

−+−= kk
dt
d                                        (1) 

where α is a fractional conversion of –OCN groups and k1 and k2 are rate constants for a 

second-order and a second-order autocatalytic reaction. With the help of this equation the 

reaction kinetics was described including the very early stages of the reaction. At higher 

temperature or higher catalyst concentration, a simple nth order kinetic equation (equation 2) 

was used to get a satisfactory description of the kinetics: 
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                                               nk
dt
d

)1( αα −=                                              (2) 

A first-order behavior was obtained for both the uncatalysed and the catalysed reaction. 

The rate constant k also includes the effects of catalysts and was found for the uncatalysed case 

to be proportional to the concentration of initial phenolic –OH groups29, 36, 55, 57.  Table 1.3 

summarizes  activation energies for different CE monomers calculated under isothermal curing 

mode (neat or catalyzed). 

Table 1.3: Activation energies for various cyanate ester monomers calculated by 
neat/catalysed isothermal curing kinetics. 
 

Sr. 
No Monomer Catalysed / Neat 

Activation  
Energy 

(kJ/mol) 
Reference 

Manganese octoate 76 50, 51 

Zinc octoate 80 50, 51 

Cobalt 
acetylacetonate 

104 50, 51 

Neat * 35[Ea1], 88 [Ea2] 64 

Neat # 42[Ea1], 89[Ea2] 64 

Copper 
acetylacetonate 

65[Ea1], 74[Ea2] 68 

Dibutyl tin dilaurate 69 73 

1 
 

Cobalt 
acetylacetonate 

69-71 74 

Zinc naphthanate 59[Ea1], 69[Ea2] 66 

Dibutyl tin dilaurate 66 73 

Neat 18[Ea1],24[Ea2] 72 

2 
 

Neat 60 77 

Neat 81[Ea1], 82[Ea2] 71 
3 

 
Neat 88[Ea1], 114[Ea2] 75 

Neat 92 63 

4 
 Copper naphthanate 54 63 

*   Air medium ,             [Ea1] Activation energy for rate constant k1 
 # Argon medium,          [Ea2] Activation energy for rate constant k2 
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1.2.6 Structure-property relationship 

The common characteristics associated with aryldicyanate monomers, their prepolymers and 

polycyanurates are summarized in Table 1.4. 

Table 1.4: Relationship between dicyanate structural units and characteristics of resulting 
polycyanurate network 
 

Structural Unit Characteristic 

Cyanate functionality 

Low toxicity 
Easy to process 
Reacts with epoxides 
Blends with thermoplastics 

Ring forming High service temperature 

-O- linkages Toughness 

Low crosslink density Toughness 

Low  polarity 
Low dielectric loss 
Low moisture absorption 

 

The unique chemistry of –OCN functionality and the aryl polycyanurate network 

formed after cure creates distinctive features which can be further enhanced by altering the 

polyphenol backbone structures.43, 88 The properties like Tg, dielectric constant, moisture 

absorption, fracture toughness, etc., can be altered by changing backbone structure. In the 

present section, the dependence of Tg, dielectric constant and moisture absorption on CE 

monomer structure is discussed.  

1.2.6.1 Glass transition temperature 

The glass transition temperature of cured network of commercial monomers varies in the range 

190-290 °C. Table 1.5 summarizes properties (Tg, dielectric constant and moisture absorption) 

of polycyanurates based on commercial CE monomers.   

 Through many studies, it has been observed that spacers play a major role in altering 

Tg of polycyanurate system. The introduction of aliphatic/flexible spacers is reported to act as 

effective diluent thereby reducing crosslink density (branching density) which reflects in 

decrease in Tg.23 The free volume of polycyanurate system also governs Tg.  Ortho-

methylation is reported to increase free volume, providing enough space rotation, results in 

lowering the Tg of polycyanurate network.23 The Tg of polycyanurates based on para-

substituted CE monomers is reported to be higher than that of meta-substituted counterparts.89 

           Apart from monomer structure, Tg of polycyanurate is also governed by conversion 63,90. 

Gillham et.al. 63, 90  revealed one-to-one relation between conversion and Tg. 
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Table 1.5: Properties of polycyanurates based on commercial CE  monomers *. 

Homopolymer properties 

Sr. 
No. Monomer Structure Trade Name Tg 

(°C) 

Dielectric 
constant 
(Dk at 1 
MHz) 

Moisture 
absorption 

(%) 

1 
 

AroCy B-10 289 2.91 2.5 

2 

 

AroCy M-10 252 2.75 1.4 

3 
 

AroCy F-10 270 2.66 1.8 

4 
 

AroCy L-10 258 2.98 2.4 

5 
 

RTX-366 192 2.64 0.7 

6 

 

Primaset PT 
270-

>350 
3.08 3.8 

7 

 

XU-71787 244 2.80 1.4 

        *  Data taken from reference 88. 

1.2.6.2 Dielectric constant 

A symmetrical arrangement of electronegative oxygen and nitrogen atoms around a central 

electropositive carbon atom in a polycynurate network contributes to lower dielectric loss 

properties. Furthermore, the presence of structural units which lower polarizibility per unit 

volume lowers the dielectric constant of polycyanurate network91. As can be inferred from the 

data presented in Table 1.5, dielectric constant  progressively decreased as the cyanurate 

structure is diluted with the hydrocarbon linking unit by increasing number of rings : Primaset 

PT (3.08) > AroCy B-10 (2.91) > RTX-366 (2.64). The fluorine substitution reduces 

polarizibility, and this effect is reflected in lower dielectric constants if dipoles are not 

generated. The polycyanurate of hexafluorobisphenol A dicyanate (Arocy F-10) therefore 
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shows lower dielectric constant as compared to bipshenol A dicyanate (Arocy B-10 ) 91. 

Molecular packing is one of the deciding factors for dielectric constant. The increase in free 

volume assists lowering dielectric constant. The ortho-substitution of methyl groups (Arocy M-

10) inhibits close ordered packing causing significant reduction in dielectric constant when 

compared with Arocy B-10. Ortho-Methylation of RTX-366 is also reported in lowering 

dielectric constant from 2.64 to 2.59 at 1 GHz 92. 

1.2.6.3 Moisture absorption 

The cyanurate ester linkage is very resistant to hydrolysis, withstanding hundreds of hours’ 

immersion in boiling water. As a class, cyanate ester hompolymers absorb less water at 

saturation than competing resins such as epoxies, BMIs, etc. From the data summarized in 

Table 1.5, it can be understood that hydrophobicity within the cyanate ester family can be 

increased by fluorination, οrtho-methylation and by the incorporation of bulky hydrocarbon 

units within the bisphenol structure. 

 

1.3 Epoxy resins 

Epoxy resins are an important class of polymeric materials, characterized by the presence of 

more than one three-membered ring known as the epoxy, epoxide, oxirane, or ethoxyline group 

(Figure 1.2). 

 

Figure 1.2 : Structure of oxirane ring 

The word “epoxy” is derived from the Greek prefix “ep,” which means over and 

between, and “oxy,” the combining form of oxygen93, 94. By strict definition, epoxy resins refer 

only to uncross-linked monomers or oligomers containing epoxy groups. However, in practice, 

the term “epoxy resins” is loosely used to include cured epoxy systems. The capability of the 

highly strained epoxy ring to react with a wide variety of curing agents under diverse 

conditions and temperatures imparts additional versatility to the epoxies. Recently, many 

research articles reflecting chemical versatility of the oxirane group and the range of 

applications of epoxy resins have been published95.  

1.3.1 Synthesis of epoxy resins 

The patent literature indicates that the synthesis of epoxy compounds was discovered as early 

as the late 1890s93. However, the commercial possibilities for epoxy resins were only 

recognized a few years later, simultaneously and independently, by the DeTrey Freres Co. in 

Switzerland96 and by the DeVoe and Raynolds Co.97 The significant development of the 



Chapter 1. Introduction and literature Survey 
 

 
University of Pune                                                                               National Chemical Laboratory  17

electronics and computer industries demanded higher performance epoxy resins and new epoxy 

resins were developed to satisfy the needs.  

1.3.1.1 Synthesis of epoxy resins by coupling reaction 

Most commercially important epoxy resins are prepared by the coupling reaction98-99 of 

compounds containing at least two active hydrogen atoms with epichlorohydrin followed by 

dehydrohalogenation (Scheme 1.8). A source of active hydrogen includes polyphenolic 

compounds, mono and diamines, amino phenols, heterocyclic imides and amides, aliphatic 

diols and polyols, and dimeric fatty acids.  

The most important intermediate in epoxy resin technology is the bisphenol A based 

liquid epoxy resins. These are prepared in a two-step reaction sequence starting from bisphenol 

A and epichlorohydrin. The first step is the base-catalysed coupling of bisphenol A and 

epichlorohydrin to yield a chlorohydrin. The dehydrohalogenation of the chlorohydrin 

intermediate with a stoichiometric amount of base affords the epoxy resin (glycidyl ether). The 

coupling is generally achieved employing caustic and phase transfer catalysts 100-107. 

 

Scheme 1.8: Synthesis of bisphenol A based epoxy resin. 

The coupling process is often accompanied with side reactions. The five common side 

reactions108-111 are as follows: 

The unavoidable hydrolysis of the oxirane ring (Scheme 1.9) gives a small amount 

(0.1–5%) of monohydrolyzed resin (MHR) or α-glycol. It has been reported that rates of epoxy 

resin curing with diamines can be dramatically increased by higher levels of MHR109. 

 

Scheme 1.9: Hydrolysis of epoxide ring 
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The incomplete dehydrochlorination (Figure 1.3) results in residual saponifiable or 

hydrolysable chloride: 

 

Figure 1.3: Incomplete dehydrochlorination 

The incomplete dehydrochlorination increases the level of hydrolyzable chloride in the 

resin, which affects the suitability for applications requiring superior electrical properties. In 

addition, hydrolyzable chlorides can affect reactivity by neutralizing basic catalysts such as 

tertiary amines.  

The abnormal addition of epichlorohydrin, i.e., abnormal phenoxide attack at the 

central carbon of epichlorohydrin (Scheme 1.10) results in an end group that is more difficult 

to dehydrochlorinate: 

 

 

Scheme 1.10 : Abnormal addition of epichlorohydrin 

The formation of bound chlorides by the reaction of epichlorohydrin with hydroxyl 

groups in the polymer backbone (Scheme 1.11) is one of the side reactions. 

 

 
Scheme 1.11 Reaction of epichlorohydrin with hydroxyl groups. 

 

1.3.1.2 Synthesis of epoxy resins by epoxidation reaction  

Epoxy resins based on epoxidized aliphatic or cycloaliphatic alkenes are produced by direct 

epoxidation of olefins by peracids112 (Scheme 1.12) 

 

 

Scheme 1.12: Synthesis of epoxy resins by epoxidation reaction 

The advantage of the method lies in the synthesis of pure epoxies (n=0). Pure 

diglycidyl ether of bisphenol A (Scheme 1.13) is a solid melting at 43 °C. 
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Scheme 1.13 : Synthesis of diglycidyl ether of bisphenol-A 

1.3.2 Commercial types of basic epoxies 

Today, the most widely used epoxy resin is produced from bisphenol A, and epichlorohydrin, 

known as conventional or DGEBA resin (structure A, Figure 1.4). These diglycidyl ethers of 

bisphenol A (and their higher molecular weight homologues) account for about 80-85 % of the 

total worldwide epoxy consumption. The other types of basic epoxies are brominated resins 

(structure B), cycloaliphatic resins (structure C), novolac resins (structure D) and phenoxy 

resins (structure E). 

Brominated epoxies are ignition-resistant compounds and are used extensively in the 

production of laminates for printed circuit boards. Novolac epoxies include primarily 

polyglycidyl ethers of phenol-formaldehyde or cresol-formaldehyde resins. When cured, these 

epoxies have better high temperature properties than conventional epoxy resins. Cycloaliphatic 

epoxy resins are usually non-glycidyl ethers which exhibit higher heat distortion temperatures, 

lower dielectric constants, and excellent weatherability. Phenoxy resins are higher-molecular-

weight polymers derived from epichlorohydrin and bisphenol A lacking terminal epoxy groups. 

1.3.3 Characterization of uncured epoxies 

Epoxies often contain isomers, oligomers, and other minor constituents. Liquid/solid epoxy 

resins are mainly characterized by epoxy content, viscosity, color, density, hydrolyzable 

chloride, and volatile content93,98,113. In addition, GPC, HPLC98,114-116 , IR117,  NMR118, etc.,  are 

performed to determine molecular weight, oligomer composition, functional groups, and 

impurities.  

The epoxy content of liquid resins is frequently expressed as epoxide equivalent weight 

(EEW) or weight per epoxide (WPE), which is defined as the weight in grams that contains 1 g 

equivalent of epoxide. A common chemical method of analysis for epoxy content is the titration 

of the epoxide ring by hydrochloric acid-pyridine in methanol 93, 119, 120.   



Chapter 1. Introduction and literature Survey 
 

 
University of Pune                                                                               National Chemical Laboratory  20

 

(A) 

 

(B) 

 

(C)  

 

(D) 

 

(E) 

Figure 1.4 : Commercial types of basic epoxies. 

The viscosity of epoxy resins is another important characteristic affecting handling, 

processing, and application of formulations. For example, high viscosity epoxy resins impede 

good mixing with curing agents, resulting in inhomogeneous mixtures, incomplete network 

formation, and poor performance. On the other hand, too low viscosity would affect application 

characteristics such as coverage and appearance. The viscosity of epoxy resins is typically 

determined using Cannon-Fenske capillary viscometer or a Brookfield viscometer.  

The presence of ionic hydrolyzable chlorides (HyCl) and total chlorides has been 

observed to affect electrical properties of epoxy molding compounds used in semiconductor 

encapsulation. These are determined by dehydrochlorination with potassium hydroxide solution 

under reflux conditions and potentiometric titration of the chloride liberated by silver nitrate. 

The solvent(s) employed and reflux conditions can influence the extent of dehydrochlorination 

and give different results. 93, 98 
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1.3.4 Curing of epoxy resins 

With the exception of the very high molecular weight phenoxy resins and epoxy-based 

thermoplastic resins, almost all epoxy resins are converted into solid, infusible, and insoluble 

three-dimensional thermoset networks by curing with appropriate cross-linkers (also called as 

hardners or curing agents). The selection of appropriate curing agent depends on the 

requirements of the application process techniques, pot-life, cure conditions, and ultimate 

physical properties. Epoxy resins contain two chemically reactive functional groups: epoxy and 

hydroxyl. Low molecular weight epoxy resins are considered difunctional epoxy monomers or 

prepolymers and are mostly cured via the epoxy group. However, as the molecular weight of 

epoxy resins increases, the epoxy content decreases, whereas the hydroxyl content increases. 

High molecular weight epoxy resins can cross-link via reactions with both the epoxy and 

hydroxyl functionalities, depending on the choice of curing agent and curing conditions.  

The reaction of the epoxy group involves the opening of the oxirane ring and formation 

of linear C-O bonds. This feature accounts for the low shrinkage and good dimensional stability 

of cured epoxies. It is the unique ability of the strained epoxy ring to react with a wide variety 

of reactants under many diverse conditions that gives epoxies their versatility121. It has been 

postulated that the highly strained bond angles, along with the polarization of the C-C and C-O 

bonds account for the high reactivity of the epoxide. Detailed discussions on the probable 

electronic configurations, molecular orbitals, bond angles, and reactivity of the epoxy ring are 

available in the literature122. The electron-deficient carbon can undergo nucleophilic reactions, 

whereas the electron-rich oxygen can react with electrophiles.  

1.3.4.1 Curing agents for epoxy curing 

Besides affecting viscosity and reactivity of the formulation, curing agents determine both the 

types of chemical bonds formed and the degree of crosslinking that will occur. These, in turn, 

affect the chemical resistance, electrical properties, mechanical properties, and heat resistance 

of the cured thermosets. Curing agents are either catalytic or coreactive. A catalytic curing 

agent functions as an initiator for epoxy resin homopolymerization or as an accelerator for 

other curing agents, whereas the coreactive curing agent acts as a comonomer in the 

polymerization process. The majority of epoxy curing occurs by nucleophilic mechanisms. The 

most important groups of coreactive curing agents are those with active hydrogen atoms, e.g, 

primary and secondary amines, anhydrides, phenols, thiols, etc,. Lewis acids, e.g, boron 

trihalides, and Lewis bases, e.g, tertiary amines, ionic liquids initiate catalytic cure. 

Primary and secondary amines and their adducts are the most widely used curing 

agents. Table 1.6 lists some commercial curing agents bearing amine functionality. It has been 

reported that primary amines react much faster than secondary amines. In general, the reactivity 
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of amines towards aromatic glycidyl ethers follows nucleophilicity order; aliphatic amines > 

cycloaliphatic amines > aromatic amines.123 Aliphatic amines cure aromatic glycidyl ethers at 

room temperature without accelerators, whereas aromatic amines require elevated 

temperature.124  

Table 1.6: Commercial amine functional curing agents used for epoxy curing 

Structure Name   

 Diethylenetriamine (DETA) 

 Triethylenetetraamine (TETA) 

 
Poly(oxypropylene diamine) 

 
Aminoethylpiperazine (AEP) 

 

Isophorone diamine (IPDA) 

 

1,2-Diaminocyclohexane (DACH) 

 

Bis(4-aminocyclohexyl)methane 

(PACM) 

 

4,4’-Diaminodiphenylmethane (MDA, 

DDM) 

 
4,4’-Diaminodiphenylsulfone (DDS) 

 

meta-Phenylenediamine (MPD) 

Anhydrides are some of the very first epoxy curing agents used, and remain a major 

class of curing agents used in heat-cured structural composites and electrical encapsulation. 

Epoxy–anhydride systems exhibit low viscosity and long pot-life, low exothermic heats of 

reaction, and little shrinkage when cured at elevated temperatures125. The low exothermic heat 
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generation is a unique attribute of anhydrides, making suitable for uses in large mass epoxy 

cures. Curing is slow at temperatures below 200 °C and is often catalysed by Lewis bases or 

acids. Post-cure is often needed to develop optimum properties. Cured epoxy–anhydride 

systems exhibit excellent thermal, mechanical, and electrical properties. Anhydrides are the 

widely employed curing agents for cycloaliphatic and epoxidized olefin resins. Numerous 

structurally different anhydrides can be used as epoxy curing agents. The most important 

commercial anhydrides are listed in Table 1.7. 

Table 1.7: Anhydride functional curing agents used for epoxy curing 

Structure Name  Structure Name 

 

Phthalic anhydride (PA) 

 

Tetrahydrophthalic 

anhydride  

(THPA) 

 

Hexahydrophthalic 

anhydride  

(HHPA)  

Methylhexahydro 

phthalic anhydride 

(MHHPA) 

 

Pyromellitic dianhydride  

(PMDA) 

Benzophenone-3,3’,4, 

4’-tetracarboxylic 

dianhydride 

(BTDA) 

Melamine–formaldehyde, urea–formaldehyde, and phenol–formaldehyde resins react 

with hydroxyl groups of high molecular weight epoxy resins to afford cross-linked networks.126 

 Polysulfide and polymercaptan compounds which contain terminal thiols react very 

slowly with epoxy resins at ambient temperature. However, when converted by a tertiary amine 

to a mercaptide ion, they are extremely reactive127. 

 Cyclic amidine curing agents are typically used in epoxy powder coating formulations 

and in decorative epoxy–polyester hybrid powder coatings.111 

Isocyanates react with epoxy resins via epoxy group to produce an oxazolidone 

structure128,129 or with a hydroxyl group to yield a urethane linkage.  

Cyanate esters can be used to cure epoxy resins to produce highly cross-linked 

thermosets with high modulus and excellent thermal, electrical, and chemical resistance 

properties. Cure involves oxazoline formation catalysed by metal carboxylates in addition to 

homopolymerization of both cyanate ester and epoxy 44.  
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The catalytic curing agents are a group of compounds that promote epoxy reactions 

without being consumed in the process. The frequently employed catalysts for epoxy 

homopolymerization are imidazoles130, substituted ureas131,132, tertiary amines133, quaternary 

phosphonium salts134, boron trihalide135 , etc., Photoinitiators used for epoxy curing include 

aryldiazonium salts (ArN2
+X− ), diaryliodonium salts (Ar2I

+X− ), and onium salts of Group VIA 

elements, especially salts of positively charged sulfur (Ar3S
+X− )136,137.  

1.3.4.2 Epoxy curing kinetics 

The epoxy curing process is an important factor deciding performance of cured epoxy network. 

Consequently, it is imperative to understand the curing process and its kinetics to design the 

proper cure schedule to obtain optimum network structure and performance.  A number of 

articles and reports on curing kinetics of epoxies are available in the literature112,123, 138-157. 

In the early stages of cure prior to gelation or vitrification, the epoxy curing reactions 

are kinetically controlled. In the region between gelation and vitrification (rubber region) the 

reaction can range from kinetic to diffusion controlled. 143, 144, 147 As curing proceeds, the 

viscosity of the system increases as a result of increasing molecular weight, and the reaction 

becomes diffusion-controlled and eventually is quenched as the material vitrifies144. After 

quenching, the cure conversion can be increased by raising the temperature. The time-

temperature-transformation (TTT) diagram is useful in understanding the cure kinetics, 

conversion, gelation, and vitrification of the curing thermoset 144, 147, 152. Understanding the 

gelation and vitrification characteristics of an epoxy/curing agent system is critical in 

developing the proper cure schedule / process to achieve optimum performance.  

Curing of epoxy resins using aromatic and aliphatic amines as curing agents proceeds 

with fairly low activation energy of 50–60 kJ/mol. 151-157  

In the literature, thermal curing kinetics of epoxy-amine system has been explained by 

two main forms; empirical and mechanical model. Kamal et. al.,142 suggested the semi-

empirical equation by considering autocatalytic feature of epoxy-amine reaction: 

                                               nm xxkk
t
x

)1)((
d

d
21 −+=                                                (3) 

where  ‘m’ and ‘n’ exponents represent the order of reaction. The reaction rate constants k1 and 

k2 depend on the temperature according to Arrhenius behaviour.  

 The second form; mechanistic model is based on mechanistic considerations and has 

been reviewed by several investigators123,149,152,154,155. The curing of epoxy with primary amine 

involves two principal reactions; the reaction between primary amine hydrogen and epoxy to 

form secondary amine, and the reaction between secondary amine hydrogen and epoxy to form 
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tertiary amine123(Scheme 1.14). Both reactions are found to be catalysed by the hydroxyl 

groups formed during the reaction.  

 

Scheme 1.14 : Reaction of epoxy group with amine functionality 

Horie et. al.123. derived the following scheme (Scheme 1.15) to describe the overall 

kinetics of the epoxide reaction with primary amine, taking into account the autocatalytic action 

of the hydroxyl groups generated during the reaction and assuming that some catalyst or 

impurity is initially present in the system: 

 

Scheme 1.15 :  Various reaction pathways for the reaction of  epoxy and amine 

where A1, A2 and A3 are primary, secondary and tertiary amine, respectively; E is the epoxy 

group; (HX)a is the pendant hydroxyl groups on the backbone of the reaction products; and 

(HX)0 is the initial catalyst or impurities.  The rate constants for the individual reactions are 

defined in the scheme. (HX)a and (HX)0 are assumed to act as catalysts with no net consumption 

by side reactions.  

 Considering these reactions, Gillham et. al.149 derived an equation expressing the 

reaction rate for an initial stoichiometric mixture of epoxy and amine assuming equal reactivity 

of all amine hydrogens.  

                                       )()1( 2 Bxxk
dt
dx

+−=                                           (4)                

where k = k1 e0 
2 / 2, B = k’1 c0 / k1 e0, and e0, c0 are the initial concentrations of epoxide groups 

and (HX)0 ,  respectively. Using the relation (4), the authors described reaction kinetics of 

epoxy-amine system.149 
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1.3.5 Structure-property relationship in epoxy resins. 

The cured epoxy system derives its properties mostly from a combination of cross-link density, 

monomer/hardener structure and the curing process. The factors determining the structure of 

cured resins and affecting the physical and mechanical properties are: 

1. Curing mechanism: type of functional groups of hardeners. 

2. Number of functional groups in resins and hardeners: density of crosslinking. 

3. Molar ratio of resin and hardener: density of crosslinking. 

4. Molecular structure of bridges between functional groups in resins and hardeners. 

5. Degree of curing, or curing conditions. 

There is a large body of specific structure/property relationship knowledge in the epoxy 

industry and literature, but only a few systematic treatments are available158-167. Most of the 

epoxy resin prepolymers in industrial use are diglycidyl ethers having two epoxy groups per 

molecule; a few tens of other epoxy resin prepolymers are also available in the market. On the 

other hand, more than one hundred hardeners are known. Therefore, the number of 

combinations of resins and hardeners is very high and, accordingly, it is hardly possible to 

describe all the properties (thermal properties, electrical properties, moisture absorption, 

mechanical properties, etc) of the cured resins with many different structures. The curing 

temperature and process strongly influence cross-link density, molecular architecture, network 

morphology, residual stress, and the ultimate performance 149, 152, 157, 168 .  

 

1.4  Bismaleimides 

Bismaleimide (BMI) resins are addition type polyimide resins produced from bismaleimide 

bearing reactive end cappers169.  

Rhone Poulenc deserves the honour of having recognized the potential of 

bismaleimides as building blocks for temperature resistant addition polyimides. Within a period 

of only ten years between 1964 and 1974, the research in the area of curable imide oligomers 

produced cure concepts through maleimide-, nadimide- and ethynyl-terminal groups. The 

general structure of a bismaleimide building block is shown in Figure 1.5. 

 

Figure 1.5: General structure of bismaleimides.  
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  Bismaleimides cure thermally through addition reaction to produce thermoset resins 

exhibiting high thermal and oxidative stability, good physical and mechanical properties, and 

low moisture absorption170-172. They have become one of the important high-performance 

thermosetting engineering plastics in various applications, such as multilayer printed circuit 

boards173-176, advanced composites for aerospace industries177,178, structural adhesives and 

potting resins.  

The bismaleimide prepared from 4,4’-diaminodiphenylmethane (Figure 1.6 ) has been 

the most widely used because of its high melt flow, relatively low curing temperature, and 

especially because of the commercial availability at low cost. 

 

Figure  1.6:  Structure of 1,1-bis(4-maleimidophenyl)methane 

1.4.1 Synthesis of bismaleimides. 

The preparation of maleimide monomers was reported way back in 1948 by Searle179,180. In 

1964, a patent was granted to Rhone Poulenc, France, for crosslinked polyimides obtained 

through the homo- and/or co-polymerization of bismaleimides181. A number of bismaleimide 

resins based on this chemical concept became commercially available through Rhone Poulenc 

and were promoted for their application in printed circuit boards and molding compounds. 

1.4.1.1 Synthesis of bismaleimides from diamines. 

A standard synthesis for N,N'-arylene bismaleimides is the cyclodehydration of diamine and 

maleic anhydride in  the presence of a catalyst182 (Scheme 1.16 )   

 

Scheme 1.16:  Synthesis of bismaleimides from diamines 

The yield of pure recrystallized BMI is usually 65-75 % when sodium acetate is 

employed as a catalyst. The side reactions which lead to the formation of isoimides, 

acetanilides, maleimide-acetic acid adducts and products with mixed functionalities are 

responsible for the relatively low yield of pure bismaleimide (Scheme 1.17). The 

cyclodehydration conditions such as temperature, type and concentration of catalyst and solvent 

influence the yield of these by-products183.  It is well documented that the isoimide is the 

kinetically favoured product and that isomerization yields the thermodynamically stable imide 
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when sodium acetate is used as the catalyst. High catalyst concentrations provide maleimides 

with low isoimide impurity. The mechanism by which the chemical imidization is thought to 

occur is shown in Scheme 1.17.  

 

Scheme 1.17: Base -catalysed cyclodehydration of N,N’-bismaleamic acid 

The first step in the dehydration reaction may be formation of the acetic acid-maleamic 

acid mixed anhydride. This species could loose acetic acid in one of the two ways. Path A 

involves participation by the neighboring amide carbonyl oxygen to eject acetate ion with 

simultaneous or subsequent loss of proton on nitrogen to form the isoimide. Path B involves 

loss of acetate ion assisted by the attack of nitrogen with simultaneous or subsequent loss of the 

proton on nitrogen to form the imide. If the cyclodehydration is executed in acetic anhydride in 

the absence of the base catalyst, isoimide is the main reaction product. At high temperatures 

with low catalyst concentration the formation of acetanilides is favored. Maleic anhydride and 

acetanilides may be formed directly from the mixed anhydride by an initial attack of the 

nitrogen on the acetate carbonyl, but this process would involve a seven membered ring 

transition state. Another base catalyzed side reaction is the formation of Michael adducts 

between the maleimide and the acetic acid present in the reaction mixture. In general, both the 

acetanilides and the Michael adducts are favored when high catalyst concentrations and high 

temperatures are used for the synthesis.  

It has always been the target to optimize the synthetic conditions in order to maximize 

the yield of pure bismaleimide by minimizing the side reactions. Low cyclization temperatures 
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were found to be advantageous and could be achieved with catalysts such as tertiary amines 184 

(in combination with metal salts), cobalt acetate185, triethyl amine186, and sodium carbonate187. 

Because of the various side reactions of the cyclodehydration, high cost for solvents, catalyst 

and cyclodehydration agent, researchers have been looking at more economic ways to 

manufacture bismaleimides. Efforts have been directed towards a catalytic cyclodehydration 

process via azeotropic distillation to avoid undesirable byproducts and to achieve improved 

yield of pure bismaleimide. The use of Lewis acid/base salts based on para-toluene sulfonic 

acid, sulfuric acid or trifluoroacetic acid and dimethylformamide (DMF), 1-methyl-2-

pyrrolidinone (NMP), etc., as bases provided high yields of high purity bismaleimide188. 

Dimethyldialkylammoniummethane sulfonate is also claimed as a useful catalyst189. Japanese 

workers have developed a process for N-substituted maleimides which comprises heating 

maleic anhydride and aromatic or aliphatic primary diamine in the presence of an ion exchange 

resin in an organic solvent at 50-160°C to effect cyclodehydration190.  

1.4.1.2 Synthesis of bismaleimides from acid / acid chloride 

This method of bismaleimide synthesis is based on the reaction of a functionalized 

monomaleimide such as maleimido benzoic acid or its acid halide with a polyfunctional 

monomer (dihydroxy compounds) or oligomer191-194 (Scheme 1.18 ). 

 

Scheme1.18 : Synthesis of bismaleimide by acid chloride route. 

The method is of choice for synthesizing bismeleimides with long flexible / rigid / 

polymeric backbone. 

1.4.2 Curing of bismaleimides 

The maleimido group can undergo a variety of chemical reactions. The reactivity of the double 

bond is a consequence of the electron withdrawing nature of the two adjacent carbonyl groups. 

The double bond is susceptible to homo- and co-polymerizations. The homopolymerization 

(curing) may be induced thermally or by free radicals or anions to give a network with high 

cross-link density via addition reaction195,196 (Scheme 1.19).  
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 The nucleophiles such as primary and secondary amines, aminobenzoic hydrazides, 

phenates, thiophenates, carboxylates, etc. can be copolymerized via classical Michael addition 

mechanism197,198. Bismaleimides undergo rapid and exothermic polymerization with hydrogen 

sulphide and polythiols199,200. 

 

Scheme 1.19: Homopolymerization of bismaleimides via addition reaction 

An important chemical reaction of the maleimide group is the “ENE” reaction with 

allylphenyl compounds201. The most attractive comonomer of this family is o,o’-diallyl 

bisphenol-A (DABA) particularly when tough bismaleimide resins are desired202. In the 

following section, homopolymerizaion of BMIs will mainly be discussed.  

Brown et. al.203-205 proposed a detailed mechanism for the polymerization of 

maleimides. The homopolymerization involves first an initiation or priming step in which there 

is thermally induced rupture of the double bond with the formation of biradical (Scheme 1.20). 

The biradical then rapidly adds to another monomer, furnishing two additional radicals, one 

active and the other inactive. The active radical adds to another monomer molecule, playing the 

role of reaction intermediate in the formation and growth of the network by radical 

polymerization. 

 



Chapter 1. Introduction and literature Survey 
 

 
University of Pune                                                                               National Chemical Laboratory  31

 

Scheme 1.20 : Mechanism of bismaleimide curing 

The maleimide group contains both donor and acceptor groups in the form of carbonyl 

and electrophilic double bond, respectively. Based on this, Hill et.al.206 suggested a donor-

acceptor mechanism for BMI curing. Initiation is much more likely to occur via a donor-

acceptor complex with the resulting formation of two separate radicals (Scheme 1.21) that can 

then undergo propagation reactions.  

 

 

Scheme 1.21: Donor-acceptor type mechanism 
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The curing of BMI depends essentially on the cure temperature and the duration of heat 

treatment.  The cure of BMI is generally accompanied by higher cure onset temperature 

(>150°C). High temperature (> 250 °C) is needed to bring about effective cross-linking. The 

use of radical initiators is reported to reduce cure temperature207-210. Use of eutectic mixture of 

BMIs considerably lowers cure onset temperature211. The purity of BMI monomer has marked 

effects on curing. It has been shown that impurities (inhibitors) in bismaleimides considerably 

increase cure onset temperature212-214. It was observed that the chemical structure of the 

skeleton between the two terminal meleimide functionalities affects zones of reactivity of BMI 

systems. The presence of electron withdrawing groups along the backbone decreases the 

reactivity215 while the presence of long chain doesn’t exert a significant influence on the 

polymerization rate216. The steric effects also play a vital role in the cure rate. The presence of 

alkyl group (s) at ortho to reactive maleimide functionality reduces the reactivity mainly due to 

steric hindrance thereby resulting into increase in the cure onset temperature217, 218.  

1.4.3 Cure Kinetics 

Various spectroscopic techniques and model monomer systems have been used to study the 

cure of BMI system. Much of this research is aimed at investigating the single overall rate 

constant for the cure process. These investigations have utilized techniques like IR195,219, 

NMR217,218 spectroscopy, DSC212-216,220-224, etc., to investigate kinetics of the cure process. The 

overall reaction rate of the polymerization is governed by (1) the reactivity of the maleic double 

bond and (2) by the mobility of the reactive sites in the system. The mobility of the reactive 

sites in the system is highly influenced by the viscosity of the medium and, finally, by the 

degree of cross-linking. In the beginning of the polymerization, the viscosity is low. With 

increasing conversions: the viscosity of the system increases rapidly and the mobility of the 

monomer molecules (and mobility of the reactive sites in the polymer) also will be 

hindered170,195.  

The cure process of bismaleimides follows autocatalytic first order kinetics. Table 1.8 

summarizes activation energies for curing of some commercially available BMI monomers.  
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Table 1.8 : Activation energies of curing of commercially available BMI monomers 

Bismaleimide Activation Energy (kJ/mol) Reference 

152 215 

77 221 

288  (Purity of BMI 95%) 223  

123 (Purity of BMI 99.6 %) 223 

137 215 

 120 221 

 

104 221 

 

82 223 

 

1.4.4 Thermal properties of bismaleimides 

The high crosslink density and the presence of rigid structures impart high Tg (>400 °C) to 

BMI resins195,207. The spacers play a major role in altering Tg of cured BMI resin. The 

introduction of aliphatic/flexible spacers is reported to act as effective diluent thereby reducing 

crosslink density (branching density) which reflects in decrease in Tg225. The Tg is also 

governed by cure conditions226. Table 1.9 summarizes Tg of some cured BMIs. 
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Table 1.9 : Glass transition temperature of cured bismaleimides 

Sr. 

No. 
Bismaleimide Tg (°C) Reference 

1 

 

479 227 

2 

 

409# 

478† 

227 

228 

3 

 

     > 400 ( n = 1) 

   395 ( n = 2) 

   390 (n = 3) 

375 (n = 4) 

225 

4 

 

406 (n = 3) 

402 ( n = 5) 

388 (n = 7) 

229 

5 

 

435 227 

6 

 

283 227 

7 

 

445 227 

# Cured at 250 °C / 10 h. 

† Cured at 300 °C / 3 h. 

 

1.5 Propargyl-terminated resins 

Acetylene-terminated monomers and polymers are gaining importance in view of the increased 

need for easily processable thermally stable polymers possessing improved performance under 

hot-wet conditions230. Their good attributes include; good thermal stability, low water 

absorption, good dielectric properties, low monomer sensitivity to boiling water, good solvent 

resistance and excellent physical and  mechanical properties231. Such polymers with a properly 

designed backbone could potentially serve as matrices in carbon-carbon composites, electronics 
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and optoelectronics and in various high-performance polymer composite structures for space 

applications232. Acetylene-terminated polymers were intensively studied as polymers offering 

promising applications in electronics and optoelectronics233,234. Acetylene-terminated 

monomers and polymers fall into two main categories, those terminated by arylacetylene and 

those by arylpropargyl-ether groups. Propargyl terminated resins (Figure 1.7) were proposed 

and evaluated as matrices for advanced polymeric composites. One of the key features of these 

systems is their ability to undergo curing through addition reaction of the acetylene groups, 

either linearly or via cyclization.  

 

Figure 1.7 : General structure of bispropargyl ethers 

 

1.5.1 Synthesis of bispropargyl ethers 

Hay et. al.235,236 reported the synthesis of bispropargyl ethers of dihydric phenols using 

propargyl halides (e.g. propargyl bromide). (Scheme 1.22) 

 

Scheme 1.22 : Synthesis of bispropargyl ethers 

The use of aqueous sodium hydroxide is reported to reduce reaction time from 72 h to 

2 h and the formation of side products, 3- and 3, 3’-propargylbisphenols via Claisen 

rearrangement 237 (Figure 1.8). The presence of these side products decrease the thermal 

stability and increase moisture absorption of the final thermoset. The use of phase transfer 

catalysts such as tetrabutylammonium bromide yields the product with high purity (> 99%) 

without side reactions238. 

  

Figure 1. 8  : Structures of side products formed by Claisen rearrangement. 
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1.5.2 Curing of propargyl terminated resins 

Polymerization of bispropargyl ethers involve initial Claisen rearrangement to 2-H-1-

benzopyran (chromene) groups which subsequently polymerize239-242. Depending on the curing 

conditions, bispropargyl ethers yield either linear polymer or cured network via 

cyclotrimerization231,235,236,243-245. For conferring thermal stability, cyclotrimerization is 

preferred to linear polymerization. Tungsten- and molybdenum-based metathesis catalyst 

systems (viz; WoCl4/Me4Sn, MoOCl4/Me4Sn and MoCl5/EtAlCl2) are found to promote linear 

polymerization while cyclotrimerization is favored using cyclopentyl cobalt dicarbonyl 

catalyst246-248.  

 

Scheme 1.23 : Chromene formation via Claisen rearrangement 

The rearrangement carried out in solution gives rise to a mixture of chromene (E) and 

its polymer and some amount of methyl benzofuran (D via B and C) as a secondary product. 

Thus, bispropargyl ethers on uncatalysed thermal polymerization in bulk give crosslinked 

bischromenes. The mechanism of polymerization (Scheme 1.24), was established by NMR 

spectroscopic studies240. 
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Scheme 1.24 : Curing reaction of bispropargyl ethers. 

The Claisen rearrangement and the subsequent polymerization are so exothermic that 

curing has to be carried out under controlled conditions, with a slow phase. B-staging of the 

resin is possible at 185 °C. B-staging also helps to avoid the otherwise excessive cure shrinkage 

(10–12%). The shrinkage of the B-staged material to the final network is below 1%. The final 

curing of propargyl resin is normally carried out at high temperature (typical case >200 °C/4 h). 

The post curing is carried out at > 260 °C 230. 

1.5.3 Kinetics of bispropargyl ether curing 

Nair et.al., 249-251studied the kinetics of uncatalysed curing of  various bispropargyl ethers 

(Table 1.10) using DSC.  
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The non-isothermal kinetic analysis of the cure reaction using four integral methods 

revealed that the presence of an electron-withdrawing group did not favor the cyclization 

reaction leading to formation of chromene, which precedes the polymerization, and is in 

agreement with the proposed polymerization mechanism. The higher activation energy of 

bispropargl ethers (Table 1.10, Sr. No. 2 and 3) was co-related with the electron withdrawing 

nature of carbonyl and sulfone groups, respectively. 

 Table 1.10: Activation energies of curing of bispropargyl ethers. 

Sr.No. Bispropargyl ethers 
Activation Energy 

(kJ/mol) 
Reference 

1. 153 249 

2. 
 

171 249 

3. 
 

213 249 

  

1.6 Applications of cyanate ester resins, epoxy resins and bismaleimides. 

Cyanate ester resins, epoxy resin, bismaleimides, propargyl-terminated resins possess 

high thermal and oxidative stability, good physical and mechanical properties, good dielectric 

properties with lower moisture absorption. The set of such properties make these a resin of 

choice for various applications. These applications are broadly categorized in Table1.11. 
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Table 1.11 : Applications of thermosetting resins 

Thermoset Applications Reference 

Aerospace  
Primary and secondary structures in military 
aircraft, radome applications, and satellite 
applications.  

43 - 45, 
252-254 

Electronics 

In the microelectronics industry for 
manufacturing high density, high speed multi-
layer boards. In photonics, as optical wave 
guides, and in nonlinear optics  

43,45, 88, 
91, 255,  

256 

Adhesion In various formulations for adhesion, structural 
film adhesives for microwave applications. 

88, 
257,258 

Cyanate Ester 
Resins 

Miscellaneous 

As heat resistant photoresists , in thin films, 
foams, friction materials with improved antifade 
properties as binder for rare earth magnetic 
powders, wave guides 

259-264 

Coatings 
Automotive primers in marine and industrial 
maintenance coatings, and metal container 
interior coatings.  

112, 265-
267 

Structural 

As electrical laminates for printed circuit boards, 
fiber-reinforced composites; manufacturing of 
automotive, aerospace, electrical, industrial, 
sports/recreation equipments. 
Engineering/structural adhesive in  many 
industries including aerospace, automotive, 
construction, electrical/electronic, transportation, 
dental, and consumer  

98, 99160, 
161, 268-

276. 

Civil 
Engineering, 
Flooring, and 
Construction 

Flooring for walk-in freezers, coolers, kitchens, 
and restaurants, electronics manufacturing 
plants, bridge expansion joints and to repair 
concrete cracks 

277-279 

Epoxy Resins 

Inks and 
Resists 

lithographic and flexographic inks followed by 
electronic inks and resists. 280 

Bismaleimides Multilayer printed circuit boards, advanced composites for 
aerospace industries, structural adhesives.  

173-178 
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1.7  Outlook 

Cyanate ester system has emerged as a new generation of thermosetting polymer, 

encompassing several characteristics required of an ideal high performance matrix. The salient 

feature of addition curing through cyclotrimerization without any volatile evolution is highly 

desired for their use in void-free composites. A literature survey revealed that CEs have the 

added advantages of attractive physical, electrical and mechanical properties. This system also 

shows much lower out-gassing and exhibit higher heat tolerance. Amongst various CEs, 

BPACN has penetrated well into the market due to its ease of synthesis, purification and 

storage. The attractive physical, mechanical and processing characteristics of cyanate systems 

predict that the coming years will witness their expansion as the matrix of choice in many 

critical engineering areas as this single system answers the majority of the serious problems 

faced by many of the other polymer matrices. 

Epoxy resins due to their unique features like excellent mechanical strength and 

toughness; outstanding chemical, moisture, and corrosion resistance; good thermal, adhesive, 

and electrical properties; no volatiles emission and low shrinkage upon cure; and dimensional 

stability have been servicing many areas since more than a century. The capability of the highly 

strained epoxy ring to react with a wide variety of curing agents under diverse conditions and 

temperatures adds additional versatility. With a massive list of available epoxies and number of 

possible new monomers, the system is expected to satisfy the need for better and better 

performance for many more years to come. 

Bismaleimides, as a class of addition-type polyimides were extensively investigated in 

late 1960s to furnish the increasing need of materials for high performance, high temperature 

resistant aerospace structural composite applications. Because of their easy availability, low 

price and outstanding thermomechanical and flammability behavior at elevated temperatures in 

the finally cured state, BMIs turned out to be a popular system. The resin formulations of 

bismaleimides derived from aromatic diamino compounds were used for castings, for 

prepregging and glass-fabric laminate fabrication for filament winding operations. However 

toughness and processing improvement needs more attention.  

Propargyl terminated resins would be potential competitors for epoxy resins for 

composites, adhesives and coatings and electronic applications after overcoming the problems 

associated with processing.  
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2.1 Scope and Objectives 

From the time of Baekeland to the present, the chemistry of polymers has been constantly dominated 

by the synthetic organic chemist’s viewpoint, whose focus is the synthesis of new polymeric 

materials. The synthesis of bisphenol-A, which is one of the darling monomers of polymer chemists, 

by the condensation reaction of acetone and phenol in 1891 by Danin1 could be considered as one of 

the major contributions of synthetic chemists towards polymer science. Since then, several 

bisphenols were introduced which formed the basis to synthesize a wide range of thermoplastics 

such as polyarylates, polycarbonates, polyethersulfones, polyetherketones, polyetherimides, and 

thermosetting resins viz; epoxy resins, cyanate ester resins, polybenzoxazines, phenolic resins, 

propargyl-terminated resins enriching  the applications of these polymers.  

The application of thermosetting resins has helped to boost many industries including 

transportation, communication, construction and leisure goods. An area that has immensely 

benefited from the advancement in thermosetting resins is aerospace, where the impact of these 

materials can be seen in the space programs, rocket motors, stealth military aircraft, commercial 

transport, and so on. Composites for the specific applications with desired properties are realizable 

through appropriate choice of the resin, reinforcement, and their perfect processing. The bulk of the 

research in aerospace composite materials centers on epoxy resins, bismaleimides, cyanate ester 

resins, propargyl-terminated resins, polybenzoxazines, etc. 

A) Cyanate ester resins: Cyanate ester (CE) resins, which were introduced in early 80’s have 

received considerable attention because of their outstanding performance with respect to resistance 

to fire and moisture, good mechanical strength, high glass transition temperature, low dielectric 

constant, radiation resistance, excellent metal adhesion, and compatibility with carbon fiber 

reinforcements.2-4 These highly desirable properties make CEs the preferred candidates as structural 

materials for high temperature applications in aerospace, insulation, microelectronics and adhesive 

industries.5-8 The versatility of their synthetic method made it possible to incorporate different 

structural moieties into CE monomer via appropriate selection of precursor bisphenols offering a 

good control over the physical, thermal and mechanical properties of the resins.    

The major limitations of most of the current CE resins are the necessity for B-stage 

processing, and the formation of inherently brittle polymers resulting from the highly crosslinked 

system. The quest for the development of improved polycyanurate system has been the driving force 

for the research in new monomers. The key properties that serve as a basis for identifying 

‘improved’ polycyanurate system include (1) ease of processing (2) high glass transition temperature 

(3) excellent mechanical properties such as elastic modulus and impact strength (4) low moisture 

absorption and (5) low dielectric constant.2-9  
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It has been reported that the introduction of alkylene spacers / cycloaliphatic moiety into CE 

monomer helps in lowering of moisture absorption10, albeit compromising thermal stability to some 

extent. Our synthetic efforts were thus directed towards structural modifications of CEs designed to 

introduce- 

i) (substituted) hydrophobic cycloaliphatic moiety, 

ii) methyl groups ortho to cyanate functionality. 

The major objective of the current research was to design and synthesize new cyanate ester 

monomers containing flexible alkyl chain and/or cycloaliphatic “cardo” group based on 

corresponding bisphenols which were in turn prepared from cheap and commercially available raw 

materials using simple organic transformations. Another objective was to study thermal, 

thermomechanical and moisture absorption behavior of polycyanurates derived therefrom.  

One of the approaches for pursuing the goal involved making use of 3-pentadecyl phenol,  

which in turn obtainable from cashew nut shell liquid (CNSL); –a renewable resource material. The 

dual phenolic/ alkenyl nature of CNSL makes it an ideal renewable raw material for the synthesis of 

water-resistant resins and polymers.11 The other approaches included the use of commercially 

available  p-cumyl phenol and β-naphthol as the starting materials for introducing hydrophobic 

cycloaliphatic “cardo” group into CE monomer. The new CE monomers containing cycloaliphatic 

“cardo” group were expected to result into polycyanurate system with lower moisture absorption. 

B) Epoxy resins: Epoxy resins in combination with graphite/glass and to a limited extent with 

organic reinforcements like aramids dominate in aerospace applications, printed circuit boards, 

semiconductor encapsulants, and adhesives.12-15 The attractive features of epoxies include ease of 

processing and handling convenience, good mechanical properties due to excellent adhesion to a 

variety of reinforcements, toughness, outstanding corrosion resistance, no volatiles emission and low 

shrinkage upon cure and low cost - a unique combination of properties generally not found in many 

plastic materials.  

However, the use of a conventional epoxy system has drawbacks due to excessive water 

absorption and residual stress, resulting in the propensity to microcrack when thermally cycled. The 

absorbed moisture acts as a plasticizer, deteriorating the thermal, mechanical and dielectric 

properties of cured resins.16,17 The moisture absorption causes lowering of Tg of a laminate material 

and may also cause ‘popcorn phenomenon’ when in contact with solder at a high temperature. 

Therefore, low moisture absorption is necessary for laminate materials.18 A search for an alternate 

epoxy resin system with lower dielectric properties, reduced moisture absorption and improved 

toughness has been one of the active areas of research in the recent past. 
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The objective of the study was to synthesize new epoxy resin(s) containing cycloaliphatic 

“cardo” group by the judicious selection of bisphenol(s) and to study thermal, thermomechanical 

and moisture absorption behavior of cured network derived therefrom. 

C) Bismaleimides: The addition-type polyimide systems are used as matrix resins, adhesives, and 

coatings for high performance applications in the aerospace and electronics industries.19-21 These are 

low molar mass, multifunctional monomers or prepolymers that carry additional curable terminal 

functions and imide functions in their backbone. Bismaleimides (BMIs), bisitaconimides, and 

bisnadimides are the versatile ones in this category. Of these, bismaleimides dominate the high 

temperature polymer scenario for aerospace applications.  

The brittleness of cured BMIs has been one of the problems. The introduction of flexible 

units such as siloxane, ether linkages, etc., as spacers is reported to reduce the crosslinking density 

of cured BMIs offering better toughening property.22-24 However, the melting temperature (Tm) of 

BMI monomers tends to increase with increasing molecular weight because the cohesive energy 

between molecules in the crystal state is large. This increase in melting point (greater than 150 °C) 

close to the onset temperature of curing induces a short gel time or short pot-life of the melt making 

the processing difficult.25  

It has been reported that the introduction of alkylene chain / spacers lowers the melting 

point of BMIs and improves solubility in common organic solvents.22,25-27 It was of interest to 

explore the use of 3-pentadecyl phenol as a starting material towards the synthesis of new BMI 

monomers with lower melting points and improved solubility in common organic solvents.  

D) Propargyl-terminated resins: Propargyl ether functional resins (also popularly known as 

propargyl-terminated resins) were developed as a potential hydrophobic substitute for epoxies in 

advanced composites, electronics, adhesives and coatings.28-30 The synthetic method of bispropargyl 

ethers makes it possible to tailor the properties by varying the monomer structure.  

It was of interest to synthesize new bispropargyl ethers based on bisphenols containing 

cycloaliphatic “cardo” group and to study the effect of incorporation of  cycloaliphatic “cardo” 

group on the cure kinetics of bispropargyl ethers.  
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Objectives of the present thesis: 

 Design and synthesis of new cyanate ester monomers containing cycloaliphatic “cardo” 

group or alkylene chain with systematic variation in the structure starting from 

corresponding bisphenols. 

 To investigate cure kinetics of selected cyanate ester monomers under nonisothermal and 

isothermal mode using DSC technique. 

 The processing of CE monomers and to study thermo-mechanical behavior and moisture 

absorption characteristics of cured polycyanurate network. 

 Synthesis and characterization of epoxies containing cycloaliphatic “cardo” group starting 

from corresponding bisphenols. 

 The curing of epoxies  using 4,4’-methylenedianiline (MDA) curing agent and to  study the 

thermal, thermo-mechanical and moisture absorption behavior  of  cured epoxy resins in 

order to study the effect of  incorporation of  cycloaliphatic “cardo” group into epoxy resins. 

 Synthesis and characterization of new bismaleimides starting from 3-pentadecylphenol and 

to study the kinetics of curing of bismaleimides 

 Synthesis and characterization of bispropargyl ethers based on bisphenols containing 

cycloaliphatic “cardo” group and to study the effect of  incorporation of cycloaliphatic 

“cardo” group on i) cure kinetics of bispropargyl ethers and ii) thermal properties of cured 

network. 
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3.1 Introduction 

One of the most important criteria that decide the final properties of a polycyanurate is the 

structure of cyanate ester (CE) monomer. By the appropriate selection of monomers, the 

properties of a polycyanurate could be tailored. The synthetic method introduced by Grigat et. 

al.1 for the synthesis of cyanate ester (CE) monomers made it possible to synthesize CE 

monomers with different structures. Since then, CE monomers containing different moieties 

viz; aliphatic, cycloaliphatic, fluoroaliphatic, ether linkage, siloxane, sulfone, sulfoxide, 

phosphine oxide, phosphazene, etc., were synthesized.2-13 

There are a plethora of CE monomers with structural variations that have been 

synthesized to date, and too large to be catalogued here. The CE monomers having relevance 

with the present work are summarized in Table 3.1 and Table 3.2. Table 3.1 summarizes CE 

monomers containing “cardo” group with/or cycloaliphatic moiety. CE monomers containing 

cycloaliphatic moiety results into polycyanurate with low moisture absorption, and low 

dielectric constant.12-15 CE monomers with flexible spacers are catalogued in Table 3.2. The 

incorporation of aliphatic spacer into CE monomer is known to result into polycyanurate 

network with lower crosslink density and improved mechanical properties.5,16  

In the present work, CE monomers containing cycloaliphatic “cardo” group and/or 

flexible linkage were designed and synthesized. For a new monomer synthesis, it was needed 

that the synthetic steps used were i) high yielding, ii) affording product with high purity and iii) 

using inexpensive starting materials. By taking these factors into account, starting from cheap, 

commercially available raw materials viz; 3-pentadecylphenol, β-naphthol, p-cumylphenol and 

adipic acid, a variety of new CE monomers (Table 3.3) were designed and synthesized. The 

new CE monomers containing cycloaliphatic “cardo” group were designed to result into 

polycyanurate system with lower moisture absorption.  These synthesized CE monomers were 

characterized using FT-IR, 1H-NMR and 13C-NMR spectroscopy.   
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Table 3.1: Literature examples of selected CE monomers containing “cardo” group with /  
                  or cycloaliphatic moiety 

Sr. No CE Monomer Reference 

1 

 

2, 3 

2 

 

2, 3 

3 

 

3 

4 
 

14 

5 

 

12, 15 

6 

 

17 

7 

 

18 

8 
 

19 

9 

 

3, 20 
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Table 3.2: Literature examples of selected CE monomers containing flexible spacers 

Sr. No CE Monomer Reference 

1  21 

2 
 

21 

3 
 

21 (n= 3,4), 

5 (n = 3,4,6,8,10) 

4  21 

5 

 

22 

6 
 

23 

7 

 

24 

8 

 

25 

9 

 

26 

10 
 

27 

11 
 

28 
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Table 3.3 : List of CE monomers synthesized in the present study. 

Sr. 

No 
CE Monomer Name 

1 

 

1,1-Bis(4-cyanatophenyl)-3-pentadecylcyclohexane 

(BPC15CN) 

2 

 

1,1-Bis(4-cyanatophenyl)decahydronaphthalene 

(BPDCCN) 

3 

 

1,1-Bis(4-cyanato-3-methylphenyl)decahydro- 

naphthalene  (DMBPDCCN) 

4 

 

1,1-Bis(4-cyanato-3,5-dimethylphenyl) decahydro- 

naphthalene (TMBPDCCN) 

5 

 

1,1-Bis(4-cyanatophenyl)-4-perhydrocumyl- 

cyclohexane (BPPCPCN) 

6 

 

1,1-Bis(4-cyanato-3-methylphenyl)-4-perhydro- 

cumylcyclohexane     (DMBPPCPCN) 

7 

 

1,1-Bis(4-cyanato-3,5-dimethylphenyl)-4-perhydro- 

cumylcyclohexane   (TMBPPCPCN) 

8 

 

1,1-Bis(4-cyanatophenyl)cyclohexane (BPZCN) 

9 
 

2,7-Bis(4-cyanatophenyl)-2,7-dimethyloctane 

(BPC6CN) 



Chapter 3. Synthesis and Characterization of Cyanate Ester Monomers 
 

 
University of Pune                                                                               National Chemical Laboratory  57

3.2 Experimental  

3.2.1 Materials 

3-Pentadecyl phenol, ruthenium-on-carbon (Ru/C) (5 wt.%) and 3-mercaptopropionic acid were 

purchased from Sigma-Aldrich Inc. USA. Acetone, chloroform,  cycloehxane, cyclohexanone, 

dichloromethane, ethylacetate, isopropanol, toluene, phenol, o-cresol, 2,6-dimethyl phenol, β-

naphthol, acetic acid, hydrochloric acid, triethylamine, potassium hydroxide, sodium 

bicarbonate, sodium chloride , sodium sulfate, celite and silica gel were procured from Merck 

India. Cyanogen bromide was purchased from SRL, India. p-Cumyl phenol was obtained from 

M/s Herdillia Chemicals, Mumbai.  

Pyridiniumchlorochromate (PCC) was prepared according to the procedure reported in 

the literature.29 

3.2.2 Characterization 

Melting points were determined by open capillary method and are uncorrected.  

Infrared spectra were recorded on Perkin-Elmer spectrum GX model at a resolution of 

4 cm-1
. 

 The spectra were recorded by depositing samples as solvent-cast thin films on sodium 

chloride cells.  

NMR spectra were recorded on Bruker NMR spectrophotometer (200 or 400 MHz) 

using CDCl3 or DMSO-d6 solvent.  

3.3 Preparations 

3.3.1 Synthesis of 1,1-bis(4-cyanatophenyl)-3-pentadecylcyclohexane  

3.3.1.1 Synthesis of 3-pentadecyl cyclohexanol from 3-pentadecyl phenol  

 3-Pentadecylphenol (40.35 g, 0.13 mol) was placed in a Parr reactor (300 mL capacity) and 

dissolved in isopropanol (150 mL). Ru/C (0.8 g, 2 wt%) was added.  Hydrogenation was 

carried out at 120 °C / 700 psi hydrogen pressure.  The reaction was continued until there was 

no further absorption of hydrogen (1.5 h). The catalyst was separated by filtering the reaction 

mixture through Whatman filter paper. Isopropyl alcohol was stripped off and the product was 

dried under reduced pressure.  

Yield: 40.6 g (98 %).  

MP: 44 - 46 °C. (Lit.: 45 - 48 °C).30 

IR (CHCl3, cm-1) : 3345 (-OH stretching). 
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1H-NMR (CDCl3):  δ (ppm), 3.98 - 4.11 (m, H (e) CH attached to OH), 3.49 – 3.63 (m, H (a) 

CH attached to OH), 1.25 – 1.69 (m, 37 H, CH2 and CH), 0.88 (t, 3 H, CH3). 

3.3.1.2 Synthesis of 3-pentadecyl cyclohexanone from 3-pentadecyl cyclohexanol  

Into a 2 L two-necked round bottom flask equipped with an overhead stirrer were added a 

finely ground mixture of pyridinium chlorochromate (32.25 g, 0.15 mol)-silica gel (32.25 g) 

and chloroform (300 mL). To the mixture, 3-pentadecyl cyclohexanol (31 g, 0.1 mol) dissolved 

in chloroform (300 mL) was added at 0 °C. The reaction mixture was stirred at 0 °C for 4 h and 

then filtered through a sintered funnel. The residue was washed several times with chloroform. 

All the washings were combined and concentrated to around 500 mL. The solution was then 

passed through a bed of celite-silica gel. Chloroform solution was washed with saturated 

solution of aqueous sodium bicarbonate (2 x 75 mL) followed by brine water (2 x 75 mL) and 

finally with water (75 mL),  dried over sodium sulfate, filtered and  the solvent was removed on 

a rotary evaporator to yield a white waxy solid. The product was purified by distillation at 60 - 

62 °C /0.02 mm Hg. 

Yield: 28.3 g (92 %).  

MP: 41°C. (Lit.: 41 °C).31 

IR (CHCl3, cm-1) : 1705 (C=O stretching). 

1H-NMR (CDCl3):  δ (ppm), 2.32 - 2.45 (m, 4H, CH2 α to C=O), 1.26 - 2.0 (m, 33 H, CH2 and 

CH), 0.88 (t, 3 H, CH3). 

3.3.1.3 Synthesis of 1,1-bis(4-hydroxyphenyl)-3-pentadecyl cyclohexane from 3-pentadecyl 

cyclohexanone and phenol   

Into a 250 mL three-necked round bottom flask equipped with an overhead stirrer and a gas 

inlet and outlet were added 3-pentadecyl cyclohexanone (21.56 g, 0.07 mol), phenol (39.48 g, 

0.42 mol) and 3-mercaptopropionic acid (0.6 mL, 7 mmol).  The reaction mixture was stirred at 

room temperature for 15 minutes. Anhydrous hydrogen chloride was bubbled through the 

reaction mixture. After 1 h, the reaction mixture solidified. The reaction mixture was dissolved 

in ethyl acetate (500 mL) and neutralized by washing with saturated solution of aqueous 

sodium bicarbonate  (3 x 75 mL) followed by washing with brine (3 x 75 mL) and finally with 

water (75 mL). The ethyl acetate solution was dried over sodium sulfate and filtered. Ethyl 

acetate was removed under reduced pressure on a rotary evaporator and finally at pump to 

obtain a pink solid which was washed with pet ether to remove excess phenol. The crude 

bisphenol was recrystallized using pet ether to afford a white crystalline solid.  

Yield:  33.45 g (70 %). 
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 MP: 104 °C. (Lit.104 °C).31, 32 

IR (CHCl3, cm-1) : 3290 (-OH stretching). 

1H-NMR (CDCl3):  δ (ppm),  7.11 (d, 2 H(e), Ar-H meta-to OH), 6.92 (d, 2 H(a), Ar-H meta-to 

OH), 6.70 (d, 2 H(e), Ar-H ortho- to OH), 6.58 (d, 2 H(a), Ar-H ortho-to OH),  4.77 (s, 1 H, 

OH), 4.70 (s, 1 H, OH), 1.13 – 2.48 (m, 37 H, CH2 and CH), 0.80 (t, 3 H, CH3). 

3.3.1.4 Synthesis of 1,1-bis(4-cyanatophenyl)-3-pentadecyl cyclohexane   

Into a 250 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

pressure equalizing dropping funnel and a thermowell were added cyanogen bromide (4.77 g, 

0.05 mol) and 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane (9.56 g, 0.02 mol). The 

reactants were dissolved in acetone (100 mL). To the reaction mixture, freshly distilled 

triethylamine (stored over KOH) (6.0 mL, 0.05 mol) diluted with acetone (10 mL) was added at 

–15 oC over a period of 30 minutes with a constant stirring. After the completion of addition, 

the reaction mixture was stirred at –15 oC for 3 h and then filtered through a sintered funnel. 

The residue was washed with acetone ( 2 x 15 mL). The filtrate was concentrated under 

reduced pressure at room temperature and then dissolved in dichloromethane (150 mL). The 

product was washed successively with 4% aqueous sodium chloride solution (3 x 25 mL) and 

water (2 x 25 mL). The dichloromethane solution was dried over sodium sulfate, filtered and 

concentrated on a rotary evaporator at room temperature under reduced pressure to yield a 

colorless viscous liquid which was purified by passing through a bed of silica gel-celite. The 

product solidified on freezing for 24 h. 

Yield: 8.76 g (83 %).  

MP: 46 - 48 °C. 

3.3.2 Synthesis of 1,1- bis-(4-cyanatophenyl)decahydronaphthalene 

3.3.2.1 Synthesis of decahydro-2-naphthol from β-naphthol 

β-Naphthol (40.0 g, 0.28 mol) was placed in a Parr reactor (300 mL capacity) and dissolved in 

isopropanol (120 mL). Ru/C (1.2 g, 3 wt %) was added.  Hydrogenation was carried out at 125 

°C/ 700 psi hydrogen pressure.  The reaction was continued until there was no further 

absorption of hydrogen (3 h). The reaction mixture was filtered through a Whatman filter 

paper. Isopropyl alcohol was stripped off and the compound was dried under reduced pressure 

to yield decahydro-2-naphthol as a semisolid compound. 

Yield: 36.4 g (85 %). 

IR (CHCl3, cm-1) : 3340 (-OH stretching). 
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1H-NMR (CDCl3): δ (ppm), 1.21 – 4.08 (m, CH2 and CH).  

3.3.2.2 Synthesis of 2-decalone from decahydro-2-naphthol  

Into a 5-L two-necked round bottom flask equipped with an overhead stirrer were added finely 

ground mixture of pyridinium chlorochromate (75.6 g, 0.35 mol)-silica gel (75.6 g) and 

chloroform (1 L). To the reaction mixture, decahydro-2-naphthol (35 g, 0.23 mol) dissolved in 

chloroform (1 L) was added at 0 °C.  The reaction mixture was stirred at 0 °C for 4 h and then 

filtered through a sintered funnel. The residue was washed several times with chloroform. All 

the washings were combined and the solution was concentrated up to around 1 L. The solution 

was then passed through a bed of celite-silica gel. Chloroform solution was washed 

successively with aqueous sodium bicarbonate solution (3 x 250 mL), brine (2 x 250 mL) and 

water (2 x 250 mL) and dried over sodium sulfate and filtered. Chloroform was removed on a 

rotary evaporator to yield a colorless liquid. The product was purified by distillation at 63-65 

°C / 0.03 mm Hg. 

Yield: 60.8 g (88 %).  

IR (CHCl3, cm-1) : 1716 (C=O stretching), 

1H-NMR (CDCl3), δ (ppm) : 1.21 – 2.33 (m, CH2 and CH).  

3.3.2.3 Synthesis of 1,1- bis-(4-hydroxyphenyl)decahydronaphthalene from 2-decalone 

and phenol  

 Into a 500 mL round bottom flask equipped with a magnetic stirring bar were added, 2-

decalone (10.7 g, 0.07 mol), phenol (26.3 g, 0.28 mol), 3-mercaptopropionic acid (0.6 mL, 7 

mmol), glacial acetic acid (20 mL) and hydrochloric acid (36%), (40 mL). The reaction mixture 

was stirred at room temperature for 5 days. The reaction was quenched by adding water (100 

mL). The solid obtained was filtered, and the residue was washed several times with water. The 

solid was dissolved in ethyl acetate (200 mL) and washed sequentially with an aqueous sodium 

bicarbonate solution (4 x 75 mL) , brine (3 x 50 mL), and water (3 x 50 mL). Ethyl acetate 

solution was dried over sodium sulfate and filtered. Ethyl acetate was removed under reduced 

pressure on a rotary evaporator and finally at pump to obtain a brown solid. The crude 

bisphenol was recrystallized using acetic acid to afford a white solid.  

Yield:  13.2 g (65 %).  

MP: 230 °C. (Lit. 230 °C).33 

IR (CHCl3, cm-1) : 3280 (-OH stretching). 
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1H-NMR (DMSO-d6), δ (ppm) : 9.13 (s, 1 H, OH), 9.07 (s, 1 H, OH), 7.12 (d, 2 H(e), Ar-H 

meta-to OH), 6.98 (d, 2 H(a), Ar-H meta-to OH), 6.69 (d, 2 H (e), Ar-H ortho- to OH), 6.59 (d, 

2 H (a), Ar-H ortho-to OH), 1.17 - 2.33 (m, 16 H, CH2 and CH).  

3.3.2.4 Synthesis of 1,1- bis-(4-cyanatophenyl)decahydronaphthalene  

Into a 100 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

pressure equalizing dropping funnel and a thermowell were added cyanogen bromide (8.5 g, 

0.08 mol) and 1,1- bis-(4-hydroxyphenyl)decahydronaphthalene (12.9 g, 0.04 mol). The 

reactants were dissolved in acetone (100 mL). To the reaction mixture, freshly distilled 

triethylamine (stored over KOH) (10.6 mL, 0.08 mol) diluted with acetone (10 mL) was added 

at –15 oC over a period of 20 minutes with a constant stirring. After the completion of addition, 

the reaction mixture was stirred for 3 h maintaining the temperature at –15 oC and then filtered 

through a sintered funnel. The residue was washed with acetone (3 x 25 mL). The filtrate was 

concentrated under reduced pressure at room temperature and then dissolved in 150 mL of 

dichloromethane. Dichloromethane solution was washed with 4% aqueous sodium chloride 

solution (3 x 50 mL) followed by washing with water (2 x 50 mL). The dichloromethane 

solution was dried over sodium sulfate, filtered and concentrated at room temperature under 

reduced pressure to yield a white powder. The product was recrystallized using cyclohexane. 

Yield:  18.9 g (93 %).  

MP: 120 - 121 oC. 

3.3.3 Synthesis of 1,1- bis-(4-cyanato-3-methylphenyl)decahydronaphthalene 

3.3.3.1 Synthesis of 1,1- bis-(4-hydroxy-3-methylphenyl)decahydronaphthalene 

Into a 500 mL round bottom flask equipped with a magnetic stirring bar were charged 2-

decalone (7.6 g, 0.05 mol), o-cresol (32 g, 0.3 mol), 3-mercaptopropionic acid (0.4 mL, 5 

mmol) and a mixture of hydrochloric acid (36%) (30 mL) and glacial acetic acid (15 mL). The 

reaction mixture was stirred at room temperature for 48 h. The solid obtained was dissolved in 

ethyl acetate (250 mL) and washed successively with aqueous sodium bicarbonate solution (3 x 

100 mL), brine (2 x 100 mL) and water (2 x 100 mL). Ethyl acetate layer was dried over 

sodium sulfate and filtered. Ethyl acetate was removed on a rotary evaporator under reduced 

pressure. Excess o-cresol was removed by distillation under reduced pressure and the crude 

product was purified by recrystallization using toluene.  

Yield: 8.5 g (50 %).  

MP: 170 oC. (Lit.:170 °C).33 

IR (CHCl3, cm-1) : 3320 (-OH stretching). 
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1H-NMR (DMSO-d6), δ (ppm):  6.91(d, 1 H(e), Ar-H ortho to CH3), 6.84 (d, 1 H(a), Ar-H 

ortho to CH3), 6.72 (d, 1 H, Ar-H para to CH3), 6.68 (d, 1 H, Ar-H para to CH3), 6.57(d, 2 H, 

Ar-H ortho- to OH), 2.10 (s, 3H (e), Ar-CH3), 2.06 (s, 3 H(a), Ar-CH3), 1.14 – 2.04 (m, 16 H, 

CH2 and CH).  

3.3.3.2 Synthesis of 1,1- bis-(4-cyanato-3-methylphenyl)decahydronaphthalene  

Into a 100 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

pressure equalizing dropping funnel and a thermowell were added cyanogen bromide (4.46 g, 

0.04 mol) and 1,1- bis-(4-hydroxy-3-methylphenyl)decahydronaphthalene (7.0 g, 0.02 mol). 

The reactants were dissolved in acetone (50 mL). To the reaction mixture, freshly distilled 

triethylamine (stored over KOH) (5.4 mL, 0.04 mol) diluted with acetone (10 mL) was added at 

–15 oC  over a period of 20 minutes with a constant stirring. After the completion of addition, 

the reaction mixture was stirred for 3 h maintaining the temperature at –15 oC and then filtered 

through a sintered funnel. The residue was washed with acetone (3 x 10 mL). The filtrate was 

concentrated under reduced pressure at room temperature and then dissolved in 

dichloromethane (100 mL). Dichloromethane solution was successively washed with 4% 

aqueous sodium chloride solution (2 x 25 mL) and water (3 x 25 mL). The dichloromethane 

solution was dried over sodium sulfate, filtered and concentrated on a rotary evaporator at room 

temperature under reduced pressure to yield a white powder. The product was recrystallized 

using cyclohexane. 

Yield: 7.2 g (90 %). 

 MP: 130-132 oC.  

3.3.4 Synthesis of 1,1- bis-(4-cyanato-3,5-dimethylphenyl)decahydronaphthalene 

3.3.4.1 Synthesis of 1,1- bis-(4-hydroxy-3,5-dimethylphenyl)decahydronaphthalene  

Into a 500 mL round bottom flask equipped with a magnetic stirring bar were charged 2-

decalone (7.6 g, 0.05 mol), 2,6-dimethylphenol (13.42 g, 0.11 mol), 3-mercaptopropionic acid 

(0.4 mL, 5 mmol) and a mixture of hydrochloric acid (36%) (30 mL) and glacial acetic acid (15 

mL). The reaction mixture was stirred at room temperature for 48 h. The solid obtained was 

dissolved in ethyl acetate (250 mL) and washed successively with aqueous sodium bicarbonate 

solution (3 x 100 mL), brine (2 x 100 mL) and water (2 x 100 mL). Ethyl acetate layer was 

dried over sodium sulfate and filtered. Ethyl acetate was removed on a rotary evaporator under 

reduced pressure. The crude product was purified by recrystallization using toluene.  

Yield: 11 g (60 %). 

MP: 222 °C. (Lit.: 222 °C ).33 
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IR (CHCl3, cm-1) : 3335 (-OH stretching). 

1H-NMR (DMSO-d6), δ (ppm): 6.94 (d, 2 H(e), meta to -OH), 6.84 (d, 2 H(a), Ar-H meta to -

OH), 4.43 (s, 2H, -OH), 2.23 (s, 6 H(e), Ar-CH3), 2.18 (s, 6 H(a), Ar-CH3), 1.25 – 2.11(m, 16 

H, CH2 and CH).  

3.3.4.2 Synthesis of 1,1- bis-(4-cyanato-3,5-dimethylphenyl)decahydronaphthalene 

Into a 100 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

pressure equalizing dropping funnel and a thermowell were added cyanogen bromide (4.46 g, 

0.04 mol) and 1,1- bis-(4-hydroxy-3,5-dimethylphenyl)decahydronaphthalene (7.56 g, 0.02 

mol). The reactants were dissolved in acetone (50 mL). To the reaction mixture, freshly 

distilled triethylamine (stored over KOH) (5.4 mL, 0.04 mol) diluted with acetone (10 mL) was 

added at –15 oC over a period of 20 minutes with a constant stirring. After the completion of 

addition, the reaction mixture was stirred for 3 h maintaining the temperature at –15 oC and 

then filtered through a sintered funnel. The residue was washed with acetone (3 x 10 mL). The 

filtrate was concentrated under reduced pressure at room temperature and then dissolved in 

dichloromethane (100 mL). Dichloromethane solution was washed with 4% aqueous sodium 

chloride solution (2 x 25 mL) followed by water  (3 x 25 mL). The dichloromethane solution 

was dried over sodium sulfate, filtered and concentrated on a rotary evaporator at room 

temperature under reduced pressure to yield a white powder. The product was recrystallized 

using cyclohexane. 

Yield: 7.7 g (90 %).  

MP: 145 - 146 oC.  

3.3.5 Synthesis of 1,1-bis(4-cyanatophenyl)-4-perhydrocumyl cyclohexane  

3.3.5.1 Synthesis of 4-perhydrocumyl cyclohexanol from p-cumyl phenol  

 p-Cumyl phenol  (40.0 g, 0.19 mol) was placed in a Parr reactor (300 mL capacity) and 

dissolved in isopropanol (120 mL). Ru/C (0.8 g, 2 wt %) was added.  Hydrogenation was 

carried out at 120 °C / 700 psi hydrogen pressure.  The reaction was continued until there was 

no further absorption of hydrogen (2 h). The catalyst was separated by filtering the reaction 

mixture through Whatman filter paper. Isopropyl alcohol was stripped off and the product was 

dried under reduced pressure to afford a white solid. 

Yield: 41.3 g (97 %),  

MP: 63 - 64 °C. (Lit.:63 - 64 °C).31, 34 

IR (CHCl3, cm-1) : 3275 (-OH stretching). 
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1H-NMR (CDCl3):  δ (ppm), 3.96 – 4.08 (m, H (e), CH), 3.47 - 3.57 (m, H (a) CH), 0.77 – 2.38 

(m, 20 H, CH2 and CH of cyclohexyl ring), 0.71 (s, 6 H, CH3). 

3.3.5.2 Synthesis of 4-perhydrocumyl cyclohexanone from 4-perhydrocumyl cyclohexanol 

 Into a 2-L two-necked round bottom flask equipped with an overhead stirrer were added a 

finely ground mixture of pyridinium chlorochromate (57.86 g, 0.27 mol) and silica gel (57.86 

g) and chloroform (500 mL). To the reaction mixture, 4-perhydrocumyl cyclohexanol (40 g, 

0.18 mol) dissolved in chloroform (500 mL), was added at 0 °C. The reaction mixture was 

stirred at 0 °C for 4 h and then filtered through a sintered funnel. The residue was washed 

several times with chloroform. All the washings were combined and concentrated to around 1 

L. The solution was then passed through a bed of celite-silica gel. Chloroform solution was 

successively washed with aqueous sodium bicarbonate solution (2 x 100 mL), brine (2 x 100 

mL) and water (2 x 100 mL) and dried over sodium sulfate and filtered. The solvent was 

removed by distillation to yield a white solid. The product was purified by distillation at 135 °C 

/ 0.02 mm Hg. 

Yield: 36.4 g (92 %).  

IR (CHCl3, cm-1) : 1720 (C=O stretching). 

MP: 88 - 89 °C. (Lit.: 88 - 89 °C).31, 34 

1H-NMR (CDCl3):  δ (ppm), 2.28 – 2.48 (m, 4H, CH2 α to C=O), 0.91 – 2.11 (m, 16 H, CH2 

and CH of cyclohexyl ring), 0.77 (s, 6 H, CH3). 

3.3.5.3 Synthesis of 1,1-bis(4-hydroxyphenyl)-4-perhydrocumylcyclohexane from 4-

perhydrocumyl cyclohexanone and phenol  

 Into a 250 mL three-necked round bottom flask equipped with a magnetic stirring bar and a gas 

inlet and outlet were added 4 -perhydrocumyl cyclohexanone (11.1 g, 0.05 mol), phenol (23.5 

g, 0.25 mol) and 3-mercaptopropionic acid (0.4 mL, 5 mmol). The reaction mixture was stirred 

at 40°C for 12 h. Anhydrous hydrogen chloride gas was bubbled through the reaction mixture. 

After 12 h, the reaction mixture solidified. The reaction mixture was dissolved in ethyl acetate 

(500 mL) and successively washed with an aqueous sodium bicarbonate solution (3 x 100 mL), 

brine (3 x 100 mL) and water ( 2 x 100 mL). The ethyl acetate solution was dried over sodium 

sulfate, and filtered. Ethyl acetate was removed by distillation under reduced pressure to obtain 

a brown viscous liquid which was washed with pet ether to remove phenol. The crude 

bisphenol was recrystallized using a mixture of toluene and pet ether (70/30, v/v) to afford a 

white, crystalline solid.  

Yield:  12.8 g (65 %).  
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MP: 185 oC. (Lit.: 185 °C ).31, 34 

IR (CHCl3, cm-1) : 3295 (-OH stretching). 

1H-NMR (CDCl3): δ (ppm), 7.06 (d, 2 H (e), Ar-H meta-to OH), 6.83 (d, 2 H (a), Ar-H meta-to 

OH), 6.71 (d, 2 H(e), Ar-H ortho- to OH), 6.59 (d, 2 H (a), Ar-H ortho-to OH), 4.55 (s, 1 H(e), 

OH), 4.49 (s, 1 H(a), OH), 0.90 - 2.64 (m, 20 H, CH2 and CH), 0.60 (s, 6 H, CH3). 

3.3.5.4 Synthesis of 1,1-bis(4-cyanatophenyl)-4-perhydrocumyl cyclohexane  

Into a 500 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

pressure equalizing dropping funnel and a thermowell were added cyanogen bromide (7.15 g, 

0.07 mol) and 1,1-bis(4-hydroxyphenyl)-4-perhydrocumylcyclohexane (12 g, 0.03 mol). The 

reagents were dissolved in acetone (150 mL). To the reaction mixture, freshly distilled 

triethylamine (stored over KOH) (9.3 mL, 0.07 mol) diluted with acetone (50 mL) was added at 

–15 oC over a period of 30 minutes with a constant stirring. After the completion of addition, 

the reaction mixture was stirred at –15 oC for 3 h and then filtered through a sintered funnel. 

The residue was washed with acetone (3 x 20 mL). The filtrate was concentrated on a rotary 

evaporator under reduced pressure at room temperature and then dissolved in dichloromethane 

(150 mL). The product was washed with 4% aqueous sodium chloride solution (3 x 50 mL) 

followed by water (2 x 50 mL). Dichloromethane solution was dried over sodium sulfate, 

filtered and concentrated on a rotary evaporator at room temperature under reduced pressure to 

yield a white powder. The product was recrystallized using cyclohexane. 

Yield: 11.3 g (85 %).  

MP: 109-111 oC. 

3.3.6  Synthesis of 1,1-bis-(4-cyanato-3-methylphenyl)-4-perhydrocumyl cyclohexane      

3.3.6.1 Synthesis of 1,1-bis-(4-hydroxy-3-methylphenyl)-4-perhydrocumyl  cyclohexane  

from 4-perhydrocumyl cyclohexanone and o-cresol  

 Into a 250 mL three-necked round bottom flask equipped with a magnetic stirring bar and a gas 

inlet and outlet were added 4-perhydrocumyl cyclohexanone (11.1 g, 0.05 mol), o-cresol (21.6 

g, 0.2 mol) and 3-mercaptopropionic acid (0.4 mL, 5 mol).  The reaction mixture was stirred at 

40 °C for 12 h. Anhydrous hydrogen chloride gas was bubbled through the reaction mixture. 

After 12 h, the reaction mixture solidified. The reaction mixture was dissolved in ethyl acetate 

(250 mL) and washed successively with an aqueous sodium bicarbonate solution (3 x 75 mL), 

brine (3 x 75 mL) and water (3 x 75 mL). The ethyl acetate solution was dried over sodium 

sulfate and filtered. Ethyl acetate was removed on a rotary evaporator under reduced pressure 

and finally at pump to obtain a brown viscous liquid which was washed with pet ether to 
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remove o-cresol. The crude bisphenol was recrystallized using toluene to afford a white 

crystalline solid.  

Yield:  16.2 g (77 %).  

MP: 189 oC. (Lit.: 189 °C).31 

IR (CHCl3, cm-1) : 3390 (-OH stretching). 

1H-NMR (CDCl3): δ (ppm), 7.05 (d, 2H, Ar-H), 6.93 (d, 1H, Ar-H) 6.83 (d, 1H, Ar-H), 6.72 (d, 

1H(e), Ar-H ortho- to OH), 6.60 (d, 1H(a), Ar-H ortho-to OH), 4.55 (s,  1H, OH), 4.49 (s, 1H, 

OH), 2.22 (s, 3 H(e), Ar-CH3), 2.17 (s, 3 H(a), Ar-CH3), 0.93 – 2.64 (m, 20 H, CH2 and CH), 

0.60 (s, 6 H, CH3). 

3.3.6.2 Synthesis of 1,1-bis-(4-cyanato-3-methylphenyl)-4-perhydrocumylcyclohexane  

Into a 250 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

pressure equalizing dropping funnel and a thermowell, were added cyanogen bromide (2.12 g, 

0.02 mol) and 1,1-bis-(4-hydroxyphenyl-3-methyl)-4-perhydrocumylcyclohexane (4.2 g, 0.01 

mol). The reactants were dissolved in acetone (50 mL). To the reaction mixture, freshly 

distilled triethylamine (stored over KOH) (2.8 mL, 0.02 mol) diluted with acetone (10 mL) was 

added at –15 oC over a period of 15 minutes with a constant stirring. After the completion of 

addition, the reaction mixture was stirred at –15 oC for 3 h and then filtered through a sintered 

funnel. The residue was washed with acetone (2 x 10 mL). The filtrate was concentrated on a 

rotary evaporator under reduced pressure at room temperature. The product was dissolved in 

dichloromethane (50 mL). Dichloromethane solution was washed with 4% aqueous sodium 

chloride solution (2 x 10 mL) followed by washing with water (3 x 10 mL). Dichloromethane 

solution was dried over sodium sulfate, filtered and concentrated on a rotary evaporator at room 

temperature under reduced pressure to yield a white powder. The product was recrystallized 

using cyclohexane. 

Yield: 4.2 g (90 %).  

MP: 144 - 146 oC. 

3.3.7 Synthesis of 1,1- bis-(4-cyanato-3,5-dimethylphenyl) -4-perhydrocumylcyclohexane 

3.3.7.1 Synthesis of 1,1- bis-(4-hydroxy-3,5-dimethylphenyl)-4-perhydrocumylcyclohexane 

from 4-perhydrocumylcyclohexanone and 2,6-dimethylphenol 

Into a 500 mL round bottom flask equipped with a magnetic stirring bar were charged 4-

perhydroxycumyl cyclohexanone (11.1 g, 0.05 mol), 2,6-dimethylphenol (13.42 g, 0.11 mol), 

3-mercaptopropionic acid (0.4 mL, 5 mmol) and a mixture of hydrochloric acid (35-36%) (30 
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mL) and glacial acetic acid (15 mL). The reaction mixture was stirred at room temperature for 

48 h. The solid obtained was dissolved in ethyl acetate (250 mL) and washed successively with 

aqueous sodium bicarbonate solution (3 x 100 mL), brine (2 x 100 mL) and water (2 x 100 

mL). Ethyl acetate layer was dried over sodium sulfate and filtered. Ethyl acetate was removed 

on a rotary evaporator under reduced pressure. The crude product was purified by 

recrystallization using toluene.  

Yield:  17.2 g (77 %).  

MP: 213 oC. (Lit.: 213 °C).34 

IR (CHCl3, cm-1) : 3390 (-OH stretching). 

1H-NMR (CDCl3): δ (ppm), 6.92 (d, 2 H(e), Ar-H meta to -OH), 6.77 (d, 2 H(a), Ar-H meta to 

OH) 4.47 (s, 1H, OH), 4.41 (s, 1 H, OH), 2.22 (s, 6H(e), Ar-CH3), 2.15 (s, 3 H(a), Ar-CH3 ) 

0.74 – 2.66 (m, 20 H, CH2 and CH), 0.60 (s, 6 H, CH3). 

3.3.7.2 Synthesis of 1,1- bis-(4-cyanato-3,5-dimethylphenyl)-4-perhydrocumylcyclohexane 

Into a 250 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

pressure equalizing dropping funnel and a thermowell were added cyanogen bromide (2.12 g, 

0.02 mol) and 1,1-bis-(4-hydroxyphenyl,3,5-dimethyl)-4-perhydrocumylcyclohexane (4.48 g, 

0.01 mol). The reactants were dissolved in acetone (50 mL). To the reaction mixture, freshly 

distilled triethylamine (stored over KOH) (2.8 mL, 0.02 mol) diluted with acetone (10 mL) was 

added at –15 oC over a period of 15 minutes with a constant stirring. After the completion of 

addition, the reaction mixture was stirred at –15 oC for 3 h. To the reaction mixture, water (25 

mL) was added and the precipitate was filtered. The residue was dissolved in dichloromethane 

(50 mL). Dichloromethane solution was washed with 4% aqueous sodium chloride solution (3 

x 10 mL) followed by washing with water (3 x 10 mL). Dichloromethane solution was dried 

over sodium sulfate, filtered and dichloromethane was evaporated on a rotary evaporator at 

room temperature under reduced pressure to yield a white powder. The product was 

recrystallized using acetone. 

Yield: 4.2 g (85 %). 

MP: 210 - 211 oC. 

3.3.8 Synthesis of 1,1-bis(4-cyanatophenyl)cyclohexane  

3.3.8.1 Synthesis of 1,1-bis(4-hydroxyphenyl)cyclohexane  from cyclohexanone and phenol  

Into a 500 mL three-necked round bottom flask equipped with an overhead stirrer and a gas 

inlet and outlet were added cyclohexanone (40 g, 0.4 mol), phenol (150.4 g, 1.6 mol) and 3-
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mercaptopropionic acid (3.3 mL, 0.04 mol). Anhydrous hydrogen chloride was bubbled 

through the reaction mixture at room temperature. After 1/2 h, the reaction mixture solidified. 

The reaction mixture was dissolved in ethyl acetate (500 mL) and washed successively with an 

aqueous sodium bicarbonate solution (4 x 100 mL), brine (2 x 100 mL) and water (2 x 100 mL) 

and ethyl acetate solution was dried over sodium sulfate and filtered. Evaporation of ethyl 

acetate on a rotary evaporator under reduced pressure yielded a pink solid. The product was 

washed with pet ether to remove phenol and the crude product was recrystallized using a 

mixture of toluene and pet ether (80/20, v/v) to afford a white solid.  

Yield:  75 g (70 %) 

MP: 190 - 191 °C. (Lit.  190-192 °C).35 

IR (CHCl3, cm-1) : 3280 (-OH stretching). 

1H-NMR (DMSO-d6 ): δ (ppm) 7.03 (d, 4 H, Ar-H meta to -OH), 6.72 (d, 4 H, Ar-H ortho to -

OH), 1.49 – 2.16 (m, 10 H, CH2 ). 

3.3.8.2 Synthesis of 1,1-bis(4-cyanatophenyl)cyclohexane  

Into a 1-L three-necked round bottom flask equipped with an overhead stirrer, a pressure 

equalizing dropping funnel and a thermowell were added cyanogen bromide (22.57 g, 0.22 

mol) and 1,1-bis(4-hydroxyphenyl)cyclohexane (26.8 g, 0.1 mol). The reactants were dissolved 

in acetone (500 mL). To the reaction mixture, freshly distilled triethylamine (stored over KOH) 

(29.7 mL, 0.22 mol) diluted with acetone (100 mL) was added at   –15 oC over a period of 30 

minutes with a constant stirring. After the completion of addition, the reaction mixture was 

stirred at –15 oC  for 3 h and then filtered through a sintered funnel. The residue was washed 

with acetone (100 mL). The filtrate was concentrated under reduced pressure at room 

temperature and then dissolved in dichloromethane (500 mL), washed with 4% aqueous sodium 

chloride solution (3 x 100 mL) followed by washing with water (2 x 75 mL) and dried over 

sodium sulfate and filtered. Dichloromethane solution was passed through a bed of silica gel-

celite and concentrated on a rotary evaporator at room temperature under reduced pressure to 

yield a white powder.  

Yield: 25 g (80 %).  

MP:  57 - 58 °C. (Lit. 58.5 - 59.5 °C).2  

IR (CHCl3, cm-1) : 2269 and 2240 (-OCN stretching). 

1H-NMR (CDCl3 ): δ (ppm) 7.31 (d, 4 H, Ar-H meta to -OH), 7.20(d, 4 H, Ar-H ortho to -OH), 

1.45 – 2.30 (m, 10 H, CH2 ). 
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3.3.9 Synthesis of 2,7-bis(4-cyanatophenyl)-2,7-dimethyloctane  

3.3.9.1 Synthesis of dimethyl adipate from adipic acid 

Into a single-necked 500 mL round bottom flask equipped with a reflux condenser and a 

magnetic stirring bar were added adipic acid (20 g, 0.14 mol), methanol (200 mL, molar 

excess), and concentrated sulphuric acid (1.0 g, 5 wt% based on adipic acid) and the reaction 

mixture was refluxed for 24 h. The excess methanol was distilled off and the reaction mixture 

was dissolved in ethyl acetate ( 100 mL). The ethyl acetate layer was washed successively with 

saturated aqueous solution of sodium bicarbonate (3 x 25 mL), brine (3 x 25 mL) and water (2 

x 25 mL). The ethyl acetate layer was dried over sodium sulfate, filtered and concentrated on 

rotary evaporator to afford a white product. 

Yield: 15 g (60%). 

MP : 174 °C. (Lit. 174 °C).36 

IR : 1740 (C=O), 1260 (-C-O-C-). 

3.3.9.2 Synthesis of 2,7-bishydroxy-2,7-dimethyloctane from dimethyl adipate 

Into a three-necked 250 mL round bottom flask equipped with a reflux condenser, a dropping 

funnel, a nitrogen-filled balloon, and a magnetic stirring bar were added dimethyl adipate (8.7 

g, 0.05 mol) and diethyl ether (20 mL). To the reaction mixture was added 2 M Grignard 

reagent [which was prepared from magnesium turnings (9.6 g, 0.2 mol), and methyl iodide 

(28.4 g or 5.75 mL, 0.2 mol) in dry diethyl ether (100 mL) at 0oC] very slowly ensuring that the 

temperature remains at 0oC. The reaction was continued for 12 h. After 12 h, the reaction 

mixture was refluxed for 1h, cooled and then poured into aqueous ammonium chloride solution 

(80 mL). The mixture was stirred for 30 minutes and then extracted with diethyl ether. Diethyl 

ether solution was dried over sodium sulfate, filtered, and concentrated on rotary evaporator. 

The crude compound was recrystallized using pet ether.  

Yield: 6.96 g (80 %). 

MP: 87oC. (Lit. 87 °C).36 

IR : 3360 (-OH). 

3.3.9.3 Synthesis of 2,7-bis(4-hydroxphenyl)-2,7-dimethyloctane from 2,7-bishydroxy-2,7-

dimethyloctane 

Into a 100 mL three-necked round bottom flask equipped with a magnetic stirring bar and a gas 

inlet-outlet were added 2,7-bishydroxy-2,7-dimethyloctane (3.48 g, 0.02 mol), phenol (11.28 g, 

0.12 mol) and 3-mercaptopropionic acid (0.2 mL, 2 mmol). Anhydrous hydrogen chloride was 
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bubbled through the reaction mixture at 50 °C. After 12 h, the reaction mixture was dissolved 

in ethyl acetate (75 mL) and washed successively with an aqueous sodium bicarbonate solution 

(4 x 25 mL), brine (2 x 25 mL) and water (2 x 25 mL) and ethyl acetate solution was dried over 

sodium sulfate and filtered. Evaporation of ethyl acetate on a rotary evaporator under reduced 

pressure yielded a pink solid. The product was washed with pet ether to remove phenol and the 

crude product was recrystallized using a mixture of toluene and pet ether (80/20, v/v) to afford 

a white solid.  

Yield:  4.33 g (66 %) 

MP: 137-138 °C. (Lit. 137-138 °C)36, 37.  

3.3.9.4 Synthesis of 2,7-bis(4-cyanatophenyl)-2,7-dimethyloctane  

Into a 250 mL three-necked round bottom flask equipped with a magnetic stirring bar, a 

pressure equalizing dropping funnel and a thermowell were added cyanogen bromide (2.39 g, 

0.02 mol) and 2,7-bis(4-hydroxyphenyl)-2,7-dimethyloctane (3.28 g, 0.01 mol). The reactants 

were dissolved in acetone (50 mL). To the reaction mixture, freshly distilled triethylamine 

(stored over KOH) (3.0 mL, 0.2 mol) diluted with acetone (10 mL) was added at –15 oC over a 

period of 15 minutes with a constant stirring. After the completion of addition, the reaction 

mixture was stirred at –15 oC for 3 h and then filtered through a sintered funnel. The residue 

was washed with acetone (2 x 10 mL). The filtrate was concentrated on a rotary evaporator 

under reduced pressure at room temperature and then dissolved in dichloromethane (50 mL), 

washed with 4% aqueous sodium chloride solution (3 x 20 mL) followed by washing with 

water (2 x 20 mL) and dried over sodium sulfate and filtered. Dichloromethane solution was 

passed through a bed of silica gel-celite and concentrated on a rotary evaporator at room 

temperature under reduced pressure to yield a white powder. 

Yield: 3.1 g (80 %).  

MP:  52 - 53 °C. 

3.4 Results and Discussion 

      3.4.1 Synthesis and characterization of cyanate ester monomers containing cycloaliphatic    

               “cardo” group. 

3.4.1.1 Synthesis and characterization of cyanate ester monomer starting from  

            3-pentadecylphenol. 

A new CE monomer viz; 1,1-bis(4-cyanatophenyl)-3-pentadecylcyclohexane, containing 

pendent flexible pentadecyl chain was synthesized starting from 3-pentadecylphenol which  in 

turn was obtained from cashew nut shell liquid making use of simple organic transformations 
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like hydrogenation, oxidation, acid-catalyzed condensation with phenol and cyanation. Scheme 

3.1 depicts the route followed for the synthesis of 1,1-bis(4-cyanatophenyl)-3-pentadecyl 

cyclohexane. 

 3-Pentadecylphenol was hydrogenated using 5 % Ru/C in a Parr reactor. The reduction 

of 3-pentadecyl phenol gives a mixture of cis- and trans-3-pentadecylcyclohexanol.30 3-

Pentadecylcyclohexanol was characterized by FT-IR, and 1H-NMR spectroscopy.  The 

disappearance of the band corresponding to aromatic C=C stretching (≈1600 cm-1) in FT-IR 

spectrum indicated the reduction of aromatic ring. The O-H stretching vibration was observed 

at 3335 cm-1.  The complete reduction of aromatic ring was further indicated by the 

disappearance of peaks corresponding to aromatic protons (in the region 6.65 - 7.18 ppm) in 
1H-NMR spectrum of 3-pentadecylcyclohexanol. 

Various reagents viz; high valent chromium, and manganese compounds, hypervalent 

iodine comounds, peracids or sodium hypochlorite,
 

H2O2, O2, and/air etc., have been reported to 

be efficient for the oxidation of alcohols to aldehydes and ketones.38 In the present study, 

pyridinium chlorochromate (PCC) was used for oxidation of 3-pentadecylcyclohexanol because 

of its easy and safe preparation as well as its utility for moderate to large scale oxidations. 

The oxidation of 3-pentadecylcyclohexanol to 3-pentadecylcyclohexanone was 

confirmed by the absence of hydroxyl band at 3335 cm-1 and by the appearance of 

characteristic carbonyl stretching at 1705 cm-1 in IR spectrum. 3-Pentadecylcyclohexanone was 

purified by distillation (60 - 62 °C / 0.02 mm Hg) so as to get rid of metal impurities like 

chromium; the presence of which in ppm level would affect curing reaction of cyanate ester.  

3-Pentadecylcyclohexanone was condensed with phenol using hydrogen chloride/3-

mercaptopropionic acid catalyst system to obtain 1,1-bis(4-hydroxyphenyl)-3-pentadecyl 

cyclohexane (BPC15). The role of 3-mercaptopropionic acid for this reaction has been 

investigated in detail by various researchers 39,40. When 3-mercaptopropionic acid is used in 

combination with other strong acids for the condensation, the rate and the selectivity for the 

formation of desired bisphenol (p,p’-isomer) increases. The formation of bisphenol BPC15 was 

confirmed by IR and 1H-NMR spectroscopy. IR spectrum showed a broad band at 3290 cm-1 

corresponding to hydroxyl stretching.   

The cyanation of bisphenol was carried out by following the protocol developed by 

Grigat and Putter 1, 2. The reaction involved the addition of triethylamine to bisphenol-cyanogen 

bromide mixture at -15 °C. The triethyl ammonium halide salt precipitated in acetone as the 

reaction progressed. The reaction temperature plays a crucial role since at higher temperatures, 
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Von Braun reaction is reported to compete with cyanate forming reaction producing 

diethylcyanamide; an undesirable by-product.  

1,1-Bis(4-cyanatophenyl)-3-pentadecylcyclohexane (BPC15CN) was characterized by 

FTIR, 1H-NMR, and 13C-NMR spectroscopy.  

 

Scheme 3.1 : Synthesis of 1,1-bis(4-cyanatophenyl)-3-pentadecylcyclohexane 
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Figure 3.1 represents IR spectrum of BPC15CN. IR spectrum indicated complete 

conversion of bisphenol as the hydroxyl O-H stretching band at 3290 cm-1 was absent.  The 

characteristic triple bond stretching in -OCN group was observed at 2270 cm-1 and 2240 cm-1.  

 

Figure  3.1 : IR spectrum of 1,1-bis(4-cyanatophenyl)-3-pentadecylcyclohexane 

Figure 3.2 illustrates 1H-NMR spectrum of BPC15CN. The monomer BPC15CN is not 

symmetrical about C2 axis between the two phenyl rings and this asymmetry results in different 

environment for the two phenyl rings. The pentadecyl chain substituent at cyclohexyl ring 

prevents ring inversion making thereby distinction between axial and equatorial phenyl rings 

possible. Aromatic protons a, a’ and b, b’ therefore showed separate sets of doublets. Generally, 

the protons of equatorial ring appear at lower field compared to the corresponding protons of 

axial ring. Aromatic proton labeled as a ( ortho to –OCN group of axial phenyl ring) showed a 

doublet at 7.18 ppm while the proton b’ (meta to –OCN group of equatorial phenyl ring) 

appeared as a doublet at 7.41 ppm. The proton a’ ( ortho to –OCN group of equatorial phenyl 

ring) and b ( meta to –OCN group of axial phenyl ring) appeared in the region 7.19 - 7.29 ppm 

as closely placed two doublets. The signals observed in the range 1.26 – 2.37 ppm could be 

attributed to the protons of methylene and methine groups of cyclohexyl ring and pentadecyl 

side chain. A triplet appeared at 0.88 ppm could be assigned to the protons of terminal methyl 

group.  

The aryl protons of BPC15CN were observed to have shifted downfield by ca. 0.3 - 0.4 

ppm as compared to the aryl protons of the precursor bisphenol BPC15 as a result of the 

incorporation of cyanate group. This is consistent with the observations in the literature.28,  41, 42. 
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Figure 3.2: 1H-NMR spectrum of 1,1-bis(4-cyanatophenyl)-3-pentadecylcyclohexane 
                        (CDCl3). 

 

Figure 3.3 represents 13C-NMR of spectrum of BPC15CN. The peak appeared at 

108.63 ppm corresponding to cyanate carbon confirmed the formation of BPC15CN. Aromatic 

carbons (b, b’ c, c’, d. d’ e, and e’) appeared in two sets confirming the presence of axial and 

equatorial phenyl rings. Aromatic carbons b, b’ (attached to cyanate group) appeared at 150.58 

(axial) and 150.72 (equatorial)  ppm. The signals corresponding to aromatic carbons c, c’ (ortho 

to cyanate group) were observed at 114.87 (axial) and 115.34 (equatorial) ppm. The peaks due 

to aromatic carbons d, d’ (meta to cyanate group) appeared at 128.03 (axial) and 129.83 

(equatorial) ppm. Aromatic carbons e, e’ ( para to cyanate group) showed signals at 144.09 

(axial) and 149.66 (equatorial) ppm. The spectroscopic data of BPC15 has been thoroughly 

discussed in the literature 31. The precursor bisphenol; BPC15 also showed the presence of 

distereotopic phenyl rings, which are magnetically non-equivalent.  
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Figure 3.3: 13C-NMR  spectrum of 1,1-bis(4-cyanatophenyl)-3-pentadecylcyclohexane  
                       (CDCl3) 

The assignments were further confirmed by 13C-DEPT spectrum (Figure 3.4). The 

peaks due to methine carbons (c , c’, d, d’ and h) and methyl carbon (o)  were observed in 

negative phase while the signals due to methylene carbons g, i, j, k, l, m and n were observed in 

positive phase. The peaks due to quaternary carbons (a, a’, b, b’, e, e’, and f) were absent.  

 

   Figure 3.4: 13C-DEPT NMR spectrum  of 1,1-bis(4-cyanatophenyl)-3-pentadecyl        
                       cyclohexane. (CDCl3) 
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3.4.1.2  Synthesis and characterization of cyanate ester monomers starting from  

           β- naphthol 

Three new CE monomers containing decahydronaphthalene moiety with systematic variation in 

the structure viz: 1,1-bis(4-cyanato phenyl)decahydronaphthalene (BPDCCN), 1,1-bis(4-

cyanato-3-methylphenyl)decahydronaphthalene (DMBPDCCN) and  1,1-bis(4-cyanato-3-5-

dimethylphenyl) decahydronaphthalene (TMBPDCCN) were synthesized starting from β-

naphthol as shown in Scheme 3.2. 

 

Scheme 3.2  : Synthesis of cyanate ester monomers starting from β-naphthol 

The precursor bisphenols viz; 1,1-bis(4-hydroxyphenyl) decahydronaphthalene 

(BPDC), 1,1-bis(4-hydroxy-3-methylphenyl)decahydronaphthalene (DMBPDC) and  1,1-bis(4-

hydroxy-3-5-dimethylphenyl) decahydronaphthalene (TMBPDC) were synthesized according 

to the reported procedure.33 

In the first step, β-naphthol was hydrogenated using 5 % Ru/C in a Parr reactor to 

afford decahydro-2-naphthol which was characterized by FTIR, and 1H-NMR spectroscopy.  

The absence of band corresponding to aromatic C=C stretching (≈ 1600 cm-1) in FTIR spectrum 

indicated the complete reduction of aromatic ring. The O-H stretching vibration was observed 

at 3340 cm-1.  The absence of peaks corresponding to aromatic protons in 1H-NMR spectrum 

also confirmed the complete reduction of β-naphthol into decahydro-2-naphthol. 

In the next step, decahydro-2-naphthol was oxidized to 2-decalone using PCC. The 

conversion was confirmed by the absence of hydroxyl band (3340 cm-1) and by the presence of 
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characteristic carbonyl stretching at 1716 cm-1 in FT-IR spectrum.  2-Decalone was purified by 

distillation (62 - 65 °C / 0.03 mm Hg).  

2-Decalone was then condensed with phenol, o-cresol and 2,6-dimethylphenol to 

obtain BPDC, DMBPDC and TMBPDC, respectively. The formation of these bisphenols was 

confirmed by IR and 1H-NMR spectroscopy.  

These bisphenols were then converted into corresponding cyanate esters BPDCCN, 

DMBPDCCN and TMBPDCCN using triethyl amine and cyanogen bromide (section 3.3.2 – 

3.3.4). 

BPDCCN was characterized by FT-IR, 1H-NMR and 13C-NMR spectroscopy. Figure 

3.5 shows FT-IR spectrum of BPDCCN. The characteristic C≡N stretchings were observed at 

2273 cm-1 and 2240 cm-1. 

 

Figure 3.5 : IR spectrum of  1,1-bis(4-cyanatophenyl)decahydronaphthalene.  

Figure 3.6 displays 1H-NMR spectrum of BPDCCN. As observed for the precursor 

bisphenol, the two phenyl rings are magnetically non-equivalent in case of BPDCCN. The 

aromatic protons (a, a’ b, and b’) therefore appeared as four sets of doublets. Aromatic proton; 

a  (ortho to –OCN group and axial phenyl ring) appeared as doublet at 7.25 ppm while a’ (ortho 

to –OCN group group and equatorial phenyl ring) displayed a doublet at 7.30 δ ppm. A doublet 

observed at 7.17 ppm could be assigned to aromatic proton b (meta to –OCN group and axial 

phenyl ring) while the doublet appeared at 7.43 ppm could be due to aromatic proton b’ (meta 

to –OCN group and equatorial phenyl ring). The peaks observed in the range 1.29 – 2.31 ppm 

could be due to methylene and  methine protons of decahydronaphthalene ring.  
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Figure 3.6 : 1H-NMR spectrum 1,1-bis(4-cyanatophenyl)decahydronaphthalene (CDCl3). 

Figure 3.7 represents 13C-NMR of spectrum of BPDCCN alongwith peak assignments. 

The peak corresponding to the carbon of cyanate functionality appeared at 108.62 ppm. 

Aromatic carbons b, b’ (attached to cyanate group) showed peaks at 150.50 (axial phenyl ring) 

and 150.60 (equatorial phenyl ring) ppm. The peaks due to aromatic carbons c, c’ (ortho to 

cyanate group) were observed at 115.20 (axial phenyl ring) and 115.27 (equatorial phenyl ring) 

ppm. Aromatic carbons d, d’ (meta to cyanate group) showed a signal at 127.95 (axial phenyl 

ring) and 129.59 (equatorial phenyl ring) ppm. The peaks observed at 143.98 and 149.50 ppm 

could be attributed to carbons para to cyanate group (labeled as e and e’) of axial and 

equatorial phenyl rings, respectively. The peaks appeared in the range 20.81 – 46.33 ppm could 

be due to aliphatic carbons of decahydronaphthalene moiety. The peak observed at 46.33 ppm 

could be due to the quaternary carbon f. The methine carbons labeled as i and n displayed peaks 

at 31.06 and 34.69 ppm, respectively. The peaks at 20.81, 25.81, 26.26, 28.11, 31.57, 31.76 and 

36.27 ppm could to due to methylene carbons marked as g, h, j, k, l, m, and o.   

 
    Figure 3.7 : 13C-NMR spectrum of 1,1-bis(4-cyanatophenyl)decahydronaphthalene      
                         (CDCl3) 
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The assignments were supported by 13C- DEPT NMR spectrum (Figure 3.8). The 

peaks due to quaternary carbons labeled as a, b, e, and f were absent. The peaks appeared in 

negative phase confirmed the assignments for methine carbons c, c’ d, d’, i, and n. The peaks 

due to methylene carbons g, h, j, k, l, m, and o observed in positive phase. 

 
 Figure 3.8: 13C- DEPT spectrum of 1,1-bis(4-cyanatophenyl)decahydronaphthalene      
                     (CDCl3). 
 

DMBPDCCN was characterized by FT-IR, 1H-NMR and 13C-NMR spectroscopy. 

Figure 3.9 represents FT-IR spectrum of DMBPDCCN. The characteristic C≡N stretching was 

observed at 2255 cm-1. The C≡N stretching peak in case of DMBPDCCN is not splitted into 

two well resolved peaks as was observed in BPDCCN (Figure 3.5), but appeared as two peaks 

merged together. Although, the splitting had been attributed to dimer complex formation43, the 

exact mechanism is not yet clearly understood. In case of alkyl cyanates, the splitting has been 

reported to be caused by a Fermi resonance between the 2240 cm-1 stretching and the first 

overtone of the C-O-C asymmetric stretching mode4,43. In case of aryl cyanates, the splitting is 

less well understood however, the lack of splitting in case of ortho-substituted (mono- and di-) 

aromatic cyanates, has been correlated to comparatively lower degree of freedom due to 

substitution.9,10 
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Figure 3.9 : IR spectrum of 1,1-bis(4-cyanato-3-methylphenyl)decahydronaphthalene 

1H-NMR spectrum of DMBPDCCN with assignments is presented in Figure 3.10. The 

signals corresponding to aromatic protons were observed in the range 7.04 – 7.39 ppm. The 

protons of methyl group attached to phenyl ring appeared as two singlets at 2.24 and 2.28 ppm. 

The peaks observed in the range 1.26 – 2.17 ppm could be assigned to –CH and –CH2 of 

decahydronaphthalene ring. 

 
Figure 3.10 : 1H-NMR spectrum of 1,1-bis(4-cyanato-3-methylphenyl)decahydro- 

                  naphthalene (CDCl3) 
 

Figure 3.11 shows 13C-NMR spectrum of DMBPDCCN with assignments. The signal 

corresponding to the carbon of cyanate functionality was observed at 109.0 ppm. The peaks due 

to aromatic carbons b, b’ (attached to cyanate group) could be observed at 149.40 (axial phenyl 

ring) and 149.53 (equatorial phenyl ring) ppm while the carbons g, g’ (attached to aromatic 

methyl group) showed a peak at 125.13 (axial phenyl ring) and 125.72 (equatorial phenyl ring) 

ppm. Aromatic carbons c, c’ (ortho to cyanate group) displayed signals at 114.06 (axial phenyl 

ring) and 114.35 (equatorial phenyl ring) ppm. Aromatic carbons d, d’ (meta to cyanate group 



Chapter 3. Synthesis and Characterization of Cyanate Ester Monomers 
 

 
University of Pune                                                                               National Chemical Laboratory  81

and para to –CH3) exhibited peaks at 129.65 (axial phenyl ring) and 131.22 (equatorial phenyl 

ring) ppm while aromatic carbons f, f’ (meta to cyanate group and ortho  to –CH3) displayed 

peaks at 126.13 (axial phenyl ring) and 126.80 (equatorial phenyl ring) ppm. The peaks 

observed at 143.94 and 149.29 ppm could be attributed to aromatic carbons para to cyanate 

group (marked as e and e’) from axial and equatorial phenyl rings, respectively. The peaks 

appeared in the range 20.80 – 46.06 ppm could be due to aliphatic carbons of 

decahydronaphthalene ring. The peaks corresponding to carbons of methyl groups labeled as h, 

h’ (attached to phenyl ring) being magnetically non-equivalent appeared separately at 15.46 

(axial phenyl ring) and 15.57 (equatorial phenyl ring) ppm. 

 
Figure 3.11 : 13C-NMR spectrum of 1,1-bis(4-cyanato-3-methylphenyl)decahydro- 

                 naphthalene (CDCl3) 
 
 

The assignments were also supported by 13C-DEPT spectrum. (Figure 3.12) The peaks 

due to quaternary carbons labeled as a, b, e, g, and i, were absent. The peaks appeared in 

negative phase confirmed assignments for methine carbons c, d, f, l, q, and methyl carbon h. 

The peaks due to methylene carbons j, k, m, n, o, p and r observed in positive phase. 
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Figure 3.12 : 13C-DEPT  NMR spectrum of 1,1-bis(4-cyanato-3-methylphenyl)decahydro- 
                               naphthalene (CDCl3) 

TMBPDCCN was characterized by FT-IR, 1H-NMR and 13C-NMR spectroscopy. 

Figure 3.13 illustrates FT-IR spectrum of TMBPDCCN. The characteristic C≡N stretching was 

observed as a broad peak at 2253 cm-1.  

 
Figure 3.13: IR spectrum of 1,1-bis(4-cyanato-3,5-dimethylphenyl)decahydronaphthalene 
 

1H-NMR spectrum of TMBPDCCN alongwith peak assignments is reproduced in 

Figure 3.14.  The protons of methyl groups attached to phenyl ring appeared as two singlets at 

2.34 and 2.38 ppm. Aromatic protons (a and a’) (meta  to cyanate group) displayed peaks at  

6.87 (axial phenyl ring) and 6.99 (equatorial phenyl ring) ppm. The signals corresponding to 

methine and methylene protons of decahydronaphthalene moiety appeared in the range 1.28 - 

2.22 ppm.  
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Figure 3.14 : 1H-NMR spectrum of 1,1-bis(4-cyanato-3,5-dimethylphenyl)decahydro-  
                       naphthalene (CDCl3) 
 

Figure 3.15 represents 13C-NMR spectrum of TMBPDCCN with peaks assignments. 

The peaks due to carbon of cyanate group appeared separately at 110.32 (axial phenyl ring) and 

110.36 (equatorial phenyl ring) ppm. In case of BPDCCN and DMBPDCCN, the distinction of 

peaks for a and a’ was not clear. In case of TMBPDCN, the di-substitution on phenyl ring 

restricts ring flipping to comparatively more extent and therefore, the carbon a, a’of –OCN 

group appeared separately. The peaks due to quaternary carbons labeled as b, b’, were observed 

at 149.17 (axial phenyl ring), and 150.32 ppm (equatorial phenyl ring), while the quaternary 

carbon marked as e and e’ exhibited peaks at 144.79 (axial phenyl ring), and 149.13 ppm 

(equatorial phenyl ring). The quaternary carbons designated as c and c’ exhibited peaks  at 

127.18 (axial phenyl ring) and 128.16 ppm (equatorial phenyl ring).  The signals observed at 

128.16 and 128.82 ppm could be due to the aromatic carbons d (meta to cyanate group, axial 

phenyl ring), and d’ (meta to cyanate group, equatorial phenyl ring), respectively. The aliphatic 

carbons of decahydronaphthalene ring showed peaks in the range 20.83 – 45.98 ppm. The peak 

appeared at 45.98 ppm could be assigned to the quaternary carbon marked as g. The signal 

corresponding to methine carbons (labeled as j and o) appeared at 34.74 and 31.53 ppm. The 

signals observed at 20.83, 25.83, 26.39, 28.29, 30.94, 31.91 and 36.15 ppm could be due to 

methylene carbons (h, i, k, l, m, n, and p,) of decahydronaphthalene ring. The carbons of 

methyl groups labeled as f, and f’ (attached to phenyl ring) appeared separately (being 

magnetically non-equivalent) at 15.98 (axial phenyl ring) and 16.08 (equatorial phenyl ring) 

ppm. 
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Figure 3.15 : 13C-NMR spectrum of 1,1-bis(4-cyanato-3,5-dimethylphenyl)decahydro-  
                      naphthalene (CDCl3). 

The assignments were further confirmed by 13C- DEPT NMR spectrum (Figure 3.16). 

The peaks due to quaternary carbons labeled as a, b, c, e, and g, were absent. The peaks 

appeared in negative phase confirmed assignments for methine carbons j and o, and methyl 

carbon f. The peaks due to methylene carbons h, i, k, l, m, n, and r were observed in positive 

phase. 

 

Figure 3.16 : 13C-DEPT NMR spectrum of 1,1-bis(4-cyanato-3,5-dimethylphenyl)  
                       decahydronaphthalene (CDCl3). 
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3.4.1.3 Synthesis and characterization of cyanate ester monomers starting from    

             p-cumylphenol 

Starting from p-cumylphenol, three new CE monomers with the systematic variation in the 

structure viz;  1,1-bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane (BPPCPCN), 1,1-bis (4-

cyanato-3-methylphenyl)-4-perhydrocumylcyclohexane (DMBPPCPCN) and 1,1-bis(4-

cyanato-3,5-dimethylphenyl)-4-perhydrocumylcyclohexane (TMBPPCPCN) were synthesized. 

The route followed for the synthesis of these monomers is depicted in Scheme 3.3. 

 

Scheme 3.3: Synthesis of cyanate ester monomers starting from p-cumylphenol 

The precursor bisphenols were derived starting from p-cumyl phenol by following the 

reported procedure.31, 34   

In the first step, p-cumylphenol was hydrogenated using 5 % Ru/C in a Parr reactor.    

4-Perhydrocumyl cyclohexanol was characterized by FTIR, and 1H-NMR spectroscopy. IR 

spectrum showed the absence of the band corresponding to aromatic C=C stretching (≈1600   

cm-1) indicating the complete reduction of aromatic ring. The O-H stretching vibration was 

observed at 3275 cm-1.  Furthermore, the absence of peaks corresponding to aromatic protons in 
1H-NMR spectrum indicated the complete reduction.  
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The oxidation of 4-perhydrocumyl cyclohexanol to 4-perhydrocumyl cyclohexanone 

was achieved using PCC. IR spectrum of 4-perhydrocumylcyclohexanone showed the absence 

of hydroxyl band at 3275 cm-1 and the presence of characteristic carbonyl stretching at 1720 

cm-1. 4-Perhydrocumylcyclohexanone was purified by distillation (135 °C / 0.02 mm Hg).  

4-Perhydrocumylcyclohexanone was condensed with phenol and o-cresol and in the 

presence of hydrogen chloride / 3-mercaptopropinic acid to afford 1,1-bis(4-hydroxyphenyl)-4-

perhydrocumylcyclohexane (BPPCP) and 1,1-bis(4-hydroxy-3-methylphenyl)-4-perhydro- 

cumylcyclohexane (DMBPPCP), respectively. For the synthesis of 1,1-bis(4-hydroxy-3,5-

dimethylphenyl-)-4-perhydrocumylcyclohexane (TMBPPCP), 4-perhydrocumylcyclohexanone 

was condensed with 2,6-dimethylphenol in the presence of hydrochloric acid-acetic acid 

mixture.  The formation of these bisphenols: BPPCP, DMBPPCP and TMBPPCP was 

confirmed by IR and 1H-NMR spectroscopy.  

These bisphenols were then converted into corresponding cyanate esters BPPCPCN, 

DMBPPCPCN and TMBPPCPCN as described in section 3.4.1.1.  

BPPCPCN was characterized by FT-IR, 1H-NMR and 13C-NMR spectroscopy. IR 

spectrum of BPPCPCN is reproduced in Figure 3.17. The stretching of C≡N was observed at 

2270 cm-1 and 2240 cm-1 as two well resolved peaks.  

 
Figure 3.17 : IR spectrum of 1,1-bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane 

Figure 3.18 represents 1H-NMR of BPPCPCN. As observed for the precursor 

bisphenol, the two phenyl rings are magnetically non-equivalent in case of BPPCPCN. The 

aromatic protons a, a’ b, and b’ therefore showed a separate set of doublets. The doublet 

corresponding to the aromatic proton ‘a’ ( ortho to –OCN group of axial phenyl ring) observed 

at 7.17 ppm while b’ (meta to –OCN group of equatorial phenyl ring) showed a doublet at 7.41 
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ppm. The peaks observed in the range 7.23-7.27 ppm could be assigned to aromatic protons a’ ( 

ortho to –OCN group, eqatorial) and b ( meta to –OCN group, axial). The peaks due to 

methylene and methine protons were observed in the range 0.93 – 2.70 ppm. The methyl 

protons displayed a singlet at 0.59 ppm.  

 

         Figure 3.18 : 1 H-NMR spectrum of 1,1-bis(4-cyanatophenyl)-4-perhydrocumyl   
                                cyclohexane 

Figure 3.19 illustrates 13C-NMR spectrum of BPPCPCN alongwith peak assignments. 

The peak due to carbon of cyanate functionality was observed at 108.58 ppm. The presence of 

magnetically non-equivalent phenyl rings was confirmed by the appearance of peaks due to 

aromatic carbons in two sets. Aromatic carbons labeled as b, b’ (attached to cyanate group) 

showed signals at 150.47 (axial phenyl ring) and 150.57 ppm (equatorial phenyl ring). The 

peaks due to aromatic carbons c, c’ (ortho to cyanate group) were observed at 114.77 (axial 

phenyl ring) and 115.22 ppm (equatorial phenyl ring). Aromatic carbons marked as d, d’ (meta 

to cyanate group) displayed peaks at 127.97 (axial phenyl ring) and 129.82 ppm (equatorial 

phenyl ring). The peaks observed at 143.78 and 149.51 ppm could be attributed to aromatic 

carbons para to cyanate group (marked as e and e’) of axial and equatorial phenyl rings, 

respectively. The peaks appeared in the range 20.26 – 45.46 ppm could be due to aliphatic 

carbons of cyclohexyl ring. The peaks due to quaternary carbons f and j could be observed at 

45.46 and 36.81 ppm, respectively. The methine carbons labeled as i and l exhibited peaks at 

43.80 and 43.30 ppm, respectively. The peaks appeared at 22.84, 26.76, 26.89, 27.17, and 37.43 

ppm could to due to methylene carbons marked as g, h, m, n and o. The peak corresponding to 

the methyl carbon marked as k appeared at 20.26 ppm. 
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        Figure 3.19 : 13 C-NMR spectrum of 1,1-bis(4-cyanatophenyl)-4-perhydrocumyl-   
                              cyclohexane (CDCl3). 

The assignments were further confirmed by 13C-DEPT spectrum (Figure 3.20). The 

peaks due to quaternary carbons labeled as a, b, e, f, and j were absent. The peaks appeared in 

negative phase confirmed assignments for methine carbons c, d, i, l and methyl carbon k. The 

peaks due to methylene carbons g, h, m, n and o were observed in positive phase.  

 

 Figure 3.20 : 13 C-DEPT NMR spectrum of 1,1-bis(4-cyanatophenyl)-4-perhydrocumyl-  
                           cyclohexane (CDCl3). 
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DMBPPCPCN was characterized by FT-IR, 1H-NMR and 13C-NMR spectroscopy. 

Figure 3.21 represents FTIR spectrum of DMBPPCPCN. The cyanate stretching band (2252 

cm-1) was not splitted into two well resolved modes as observed in case of BPPCPCN (Figure 

3.17) but appeared with a shoulder peak due to substitution at ortho position to cyanate group.  

 
Figure 3.21 : IR spectrum of 1,1-bis(4-cyanato-3-methylphenyl)-4-perhydrocumyl 

                              cyclohexane 
1H-NMR spectrum of DMBPPCPCN with peak assignments is presented in Figure 

3.22. The protons of methyl group (labeled as d, d’) attached to phenyl ring showed two 

singlets at 2.22 (axial phenyl ring) and 2.28 (equatorial phenyl ring) ppm. The peaks 

corresponding to aromatic protons marked as a, a’, b, b’, and c, c’ appeared in the range 7.01 – 

7.36 ppm. The peaks peaks appeared in the range 0.95 – 2.69 ppm could be due to methylene 

and methine protons of cyclohexyl rings. The singlet observed at 0.61 ppm could be attributed 

to methyl protons.  

 
Figure 3.22 : 1H-NMR spectrum of 1,1-bis(4-cyanato-3-methylphenyl)-4-perhydrocumyl   
                        cyclohexane (CDCl3) 
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Figure 3.23 represents 13C-NMR spectrum of DMBPPCPCN alongwith peak 

assignments. The signal corresponding to the carbon of cyanate functionality appeared at 

108.94 ppm. The peaks due to aromatic carbons b, b’ (attached to cyanate group) could be 

observed at 149.33 (axial phenyl ring) and 149.51 ppm (equatorial phenyl ring) while the peaks 

due to carbons g, g’ (attached to aromatic methyl group) were observed at 125.15 (axial phenyl 

ring) and 125.56 ppm (equatorial phenyl ring). Aromatic carbons c, c’ (ortho to cyanate group) 

displayed peaks at 113.90 (axial phenyl ring) and 114.20 ppm (equatorial phenyl ring). 

Aromatic carbons d, d’ (meta to cyanate group and para to –CH3) exhibited peaks at 129.70 

(axial phenyl ring) and 131.48 ppm (equatorial phenyl ring) while arotmatic carbons f, f’ (meta 

to cyanate group and ortho to –CH3) displayed peaks at 126.08 (axial phenyl ring) and 126.96 

ppm (equatorial phenyl ring). The peaks observed at 143.68 and 149.23 ppm could be attributed 

to aromatic carbons para to cyanate group (labeled as e and e’) of axial and equatorial phenyl 

rings, respectively. The peaks appeared in the range 22.90 – 45.19 ppm could be due to 

aliphatic carbons of perhydrocumyl ring. The methyl carbon marked as n showed a signal at 

20.26 ppm while carbons of methyl groups labeled as h, h’ (attached to phenyl ring) appeared 

separately at 15.39 (axial) and 15.52 (equatorial) ppm. 

 

Figure 3.23 : 13C-NMR spectrum of 1,1-bis(4-cyanato-3-methylphenyl)-4-perhydrocumyl   
                      cyclohexane (CDCl3) 
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The assignments were also supported by 13C-DEPT spectrum. (Figure 3.24) The peaks 

due to quaternary carbons labeled as a, b, g, e, i, and m were absent. The peaks appeared in 

negative phase confirmed assignments for methine carbons c, d, l, o, and methyl carbon h and 

n. The peaks due to methylene carbons j, k, p, q and r were observed in positive phase. 

 

         Figure 3.24: 13C-DEPT NMR spectrum of 1,1-bis(4-cyanato-3-methylphenyl)-4-  
                               perhydrocumylcyclohexane (CDCl3) 

TMBPPCPCN was characterized by FT-IR, 1H-NMR and 13C-NMR spectroscopy. 

Figure 3.25 represents FTIR spectrum of TMBPPCPCN. The cyanate stretching band (2250 

cm-1) was not splitted into two well resolved peaks as observed in BPPCPCN (Figure 3.17). 

 

Figure 3.25 : IR spectrum of  1,1-bis(4-cyanato-3,5-dimethylphenyl)-4-perhydrocumyl  
                      cyclohexane  
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Figure 3.26 represents 1H-NMR spectrum of TMBPPCPCN alongwith peak 

assignments. The protons of methyl group attached to phenyl ring (labeled as b, b’) appeared as 

two separate singlets (being magnetically non-equivalent) at 2.38 and 2.32 ppm. The peaks 

corresponding to aromatic protons marked as a, a’, appeared at 6.83 (axial phenyl ring) and 7.0 

(equatorial phenyl ring) ppm. The singlet observed at 0.61 ppm could be attributed to methyl 

protons. The protons of perhydrocumyl ring appeared in the range 0.87 – 2.64 ppm. The methyl 

protons labeled as f exhibited a singlet at 0.61 ppm. 

 
Figure 3.26 : 1H-NMR spectrum of  1,1-bis(4-cyanato-3,5-dimethylphenyl)-4-perhydro  
                      cumylcyclohexane (CDCl3) 
 

13C-NMR spectrum of TMBPPCPCN is shown in Figure 3.27 alongwith peak 

assignments. The di-substitution on phenyl ring restricts ring flipping to comparatively more 

extent than BPPCPCN (no substitution) and DMBPPCPCN (mono substitution). The peaks due 

to carbon of cyanate functionality therefore appeared at 110.26 (axial phenyl ring) and 110.31 

(equatorial phenyl ring) ppm. The peaks due to quaternary carbons b, b’, e and e’ could be 

observed in the range 144.56 – 150.28 ppm while the quaternary carbon c and c’ exhibited 

signals at 127.97 (axial phenyl ring) and 128.35 (equatorial phenyl ring) ppm.  The signals 

observed at 127.22 and 129.01 ppm could be due to aromatic carbons d (meta to cyanate group, 

axial phenyl ring), and d’ (meta to cyanate group, equatorial phenyl ring), respectively. The 

aliphatic carbons of perhydrocumyl ring showed peaks in the range 20.33 – 45.09 ppm. The 

quaternary carbons marked as g and k appeared respectively at 45.09 and 37.35 ppm. The 

signal corresponding to methine carbons labeled as j and m appeared at 43.52 and 43.82 ppm. 

The signals observed at 22.97, 26.78, 26.89, 27.20, and 37.35 ppm could be due to methylene 

carbons (h, i, n, o and p) of cyclohexyl ring. The methyl carbons marked as l displayed a signal 

at 20.33 ppm while carbons of methyl groups labeled as f, and f’ (attached to phenyl ring) 
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appeared separately (being magnetically non-equivalent) at 15.85 (axial phenyl ring) and 15.98 

(equatorial phenyl ring) ppm. 

 

Figure 3.27 : 13C-NMR spectrum of  1,1-bis(4-cyanato-3,5-dimethylphenyl)-4-perhydro  
                      cumylcyclohexane (CDCl3) 
 

The assignments were further confirmed by 13C- DEPT NMR spectrum (Figure 3.28). 

The peaks due to quaternary carbons labeled as a, b, c, e, g, and k were absent. The peaks 

appeared in negative phase confirmed assignments for methine carbons d, j, and m, and methyl 

carbons l and f. The peaks due to methylene carbons h, i, n, o, and p observed in positive phase. 

 

      Figure 3.28 : 13C-DEPT NMR spectrum of  1,1-bis(4-cyanato-3,5-dimethylphenyl)-4-  
                             perhydrocumylcyclohexane (CDCl3) 



Chapter 3. Synthesis and Characterization of Cyanate Ester Monomers 
 

 
University of Pune                                                                               National Chemical Laboratory  94

3.4.2 Synthesis and characterization of cyanate ester monomer containing alkylene   
         spacer. 
 
Starting from adipic acid, a new CE monomer containing alkylene spacer viz;  2,7-bis(4-

cyanatophenyl)-2,7-dimethyloctane (BPC6CN) was synthesized by following the route as 

outlined in Scheme 3.4. 

 
 

           Scheme 3.4: Synthesis of  2,7-bis(4-cyanatophenyl)-2,7-dimethyloctane 
 

Adipic acid, in the first step was esterified to obtain dimethyl adipate using sulfuric 

acid as a catalyst. The product dimethyl adipate was characterized by IR and 1H-NMR 

spectroscopy. The conversion of ester into tertiary alcohol can be best achieved by Grignard 

reaction. Dimethyl adipate was then converted into 2,7-bishydroxy-2,7-dimethyloctane using a 

Grignard reagent (methylmagnesium iodide) by following the procedure reported in the 

literature.44 The obtained crude product was recrystallized using pet ether.  2,7-Bishydroxy-2,7-

dimethyloctane was characterized by FTIR and 1H-NMR spectroscopy. The tertiary diol viz; 

2,7-bishydroxy-2,7-dimethyloctane was condensed with phenol in the presence of anhydrous 

hydrogen chloride and 3-mercaptopropionic acid to yield 2,7-bis(4-hydroxyphenyl)-2,7-
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dimethyloctane (BPC6). BPC6 was characterized by IR and NMR spectroscopy. Figure 3.29 

represents IR spectrum of BPC6. The vibration due to hydroxyl stretching was observed at 

3380 cm-1.  

 

Figure 3.29 : IR spectrum of 2,7-bis(4-hydroxyphenyl)-2,7-dimethyloctane 

Figure 3.30 represents 1H-NMR spectrum of BPC6 alongwith peak assignments.  

Aromatic protons labeled as b (ortho to –OH) exhibited a doublet at 6.74 ppm while aromatic 

protons marked as c (meta to –OH) displayed a doublet at 7.14 ppm. The signal at 4.85 ppm is 

due to protons of phenolic –OH group. A triplet centered at 1.45 ppm is assignable to 

methylene protons labeled as e while a multiplet in the range 0.86 – 0.98 ppm is due to 

methylene protons marked as f. The methyl protons designated as d displayed a singlet at 1.21 

ppm.  

     
Figure 3.30 :  1H-NMR spectrum of 2,7-bis(4-hydroxyphenyl)-2,7-dimethyloctane (CDCl3) 
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13C-NMR spectrum of BPC6 is reproduced in Figure 3.31.  The peaks corresponding 

to the quaternary aromatic carbons labeled as a and d appeared at 154.08 and 140.10 ppm, 

respectively. The aromatic carbon ortho to hydroxyl group (labeled as b) displayed a peak at 

114.46 ppm while the carbon meta to hydroxyl group (labeled as c) exhibited a peak at 126.26 

ppm. The peaks observed at 44.27 and 24.97 ppm could be assigned to methylene carbons 

labeled as g and h, respectively. The quaternary carbon marked as e exhibited a peak at 36.43 

ppm. The peak appeared at 28.74 is due to methyl carbons designated as f.  

 
        Figure 3.31 :  13C-NMR spectrum of 2,7-bis(4-hydroxyphenyl)-2,7-dimethyloctane     
                               (CDCl3 + DMSO-d6). 

BPC6 was converted into corresponding cyanate ester monomer BPC6CN by following 

the protocol developed by Grigat and Putter.1,2  The crude product obtained was purified by 

filtration column chromatography using dichloromethane. BPC6CN was characterized by IR 

and NMR spectroscopy. The characteristic -C≡N stretchings were observed at 2272 and 2240 

cm-1 in IR spectrum (Figure 3.32).  

 
Figure 3.32 : IR spectrum of 2,7-bis(4-cyanatophenyl)-2,7-dimethyloctane 
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1H-NMR spectrum of BPC6CN alongwith peak assignments is illustrated in Figure 

3.33.  Aromatic protons designated as a (ortho to cyanate group) exhibited a doublet at 7.19 

ppm while the protons meta to cyanate groups (marked as b) displayed a doublet at 7.33 ppm. 

The multiplets appeared in the range 0.76 – 0.98 and 1.4 – 1.6 ppm could be due to protons of 

methylene groups labeled as e and d, respectively. The singlet observed at 1.24 ppm could be 

assigned to protons of methyl groups.  

 
Figure 3.33: 1H-NMR spectrum of 2,7-bis(4-cyanatophenyl)-2,7-dimethyloctane (CDCl3) 
 

Figure 3.34 represents 13C-NMR of spectrum of BPC6CN alongwith peak 

assignments. The peak corresponding to the carbon of cyanate functionality appeared at 108.92 

ppm. The peaks due to quaternary aromatic carbon b, (attached to cyanate group) and e (para to 

cyanate group) appeared at 150.52 ppm and 148.47 ppm, respectively. The signals due to 

aromatic carbons c, (ortho to cyanate group) and d, (meta to cyanate group) were observed at 

114.58 ppm and 127.69 ppm, respectively. The peak observed at 44.36 ppm could be assigned 

to the quaternary carbon labeled as f (attached to phenyl ring). The carbons of methyl groups 

showed signal at 28.76 ppm. The methylene carbons labeled as h and i displayed peaks at 37.43 

and 25.11 ppm ,  respectively.  
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Figure 3.34 : 13C-NMR spectrum of 2,7-bis(4-cyanatophenyl)-2,7-dimethyloctane (CDCl3) 

 

The assignments were further confirmed by 13C- DEPT NMR spectrum (Figure 3.35). 

The peaks due to quaternary carbons labeled as a, b, e, and f were absent. The peak appeared in 

negative phase confirmed assignment for methyl carbons (g). The peaks due to methylene 

carbons h, and i, were observed in positive phase. 

 
 
Figure 3.35 : 13C-DEPT NMR spectrum of 2,7-bis(4-cyanatophenyl)-2,7-dimethyloctane   
                        (CDCl3) 
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3.5 Conclusions 
 

1. Seven new cyanate ester monomers containing cycloaliphatic “cardo” group viz; 1,1-bis 

(4-cyanatophenyl)-3-pentadecylcyclohexane, 1,1-bis(4-cyanatophenyl)decahydro 

naphthalene,1,1-bis(4-cyanato-3-methylphenyl)decahydronaphthalene,1,1-bis(4-cyanato-

3,5-dimethylphenyl)decahydronaphthalene, 1,1-bis(4-cyanatophenyl)-4-perhydrocumyl 

cyclohexane, 1,1-bis(4-cyanato-3-methylphenyl)-4-perhydrocumyl cyclohexane, 1,1-bis 

(4-cyanato-3,5-dimethylphenyl)-4-perhydrocumylcyclohexane were synthesized starting 

from commercially available raw materials. 

2. The melting points of cyanate ester monomers containing cycloaliphatic “cardo” group 

increased with the substitution of methyl group(s) at –ortho position to cyanate 

functionality. 

3. A new cyanate ester monomer containing alkylene spacer viz; 2,7-bis(4-cyanato phenyl)-

2,7-dimethyloctane  was synthesized. 

4. The cyanate ester monomers containing (substituted) cycloaliphatic “cardo” group 

showed the presence of magnetically non-equivalent distereotopic phenyl rings in the 

NMR spectra. 
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4A.1    Introduction 

Cyanate ester (CE) resins are an important class of thermosets that have grown rapidly in the past 

few years due to their unique combination of properties such as low dielectric constant, radar 

transparency, low moisture absorption, and superior adhesive properties. Relatively low curing 

temperatures and high thermal stability give CEs a distinct advantage over other resin systems such 

as phenolic resins, epoxy resin, bismaleimides, etc,.1 The cure reaction of CE monomers leading to 

the formation of polycyanureate networks is known to be catalyzed by a wide range of catalysts 

including transition metal carboxylates, acetyl acetonates, phenols, metal carbonyls, adventitious 

moisture, etc.2 Several studies have been devoted to the reaction catalysis and kinetics wherein the 

main focus has been on the evaluation of activation parameters for different CE monomers using 

various catalysts.3-12 The processability of the resin depends critically on the rate and extent of 

polymerization under the processing conditions.13 The performance of cured resin depends on the 

network structure which in turn depends on its sensitivity to the curing conditions. A comprehensive 

understanding of the mechanism and kinetics of curing can lead to optimal curing process.13 

Different techniques based on DSC14-17, FTIR18, NMR19-21, HPLC22, dynamic dielectric analysis23, 

dispersive fibre optical Raman Spectroscopy, etc.24 have been employed to follow cure reaction of 

cyanate ester resins. 

In order to obtain protocol to predict the cure profile for optimizing processing  conditions 

of  newly developed cyanate esters containing cycloaliphatic “cardo” group or alkylene spacer 

(section 3.4, chapter 3) , it was considered of importance to study the cure kinetics.   

The present work deals with the curing study of following CE monomers (Table 4A.1) in 

dynamic as well as isothermal mode using DSC.  

Table 4A.1 :  List of CE monomers used for curing study 

Sr. 

No. 
Structure Name 

1 
 

2,2-Bis(4-cyanatophenyl)propane (BPACN) 

2 

 

1,1-Bis(4-cyanatophenyl)cyclohexane (BPZCN) 

3 

 

1,1-Bis(4-cyanatophenyl)-3-pentadecyl 

cyclohexane (BPC15CN) 

4 

 

1,1-Bis(4-cyanatophenyl)decahydronaphthalene 

(BPDCCN) 
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Table 4A.1 continued… 

5 

 

1,1-Bis(4-cyanato-3-methylphenyl)decahydro 

naphthalene(DMBPDCCN) 

6 

 

1,1-Bis(4-cyanato-3,5-dimethylphenyl) 

decahydronaphthalene (TMBPDCCN) 

7 

 

1,1-Bis(4-cyanatophenyl)-4-perhydrocumyl 

cyclohexane (BPPCPCN) 

8 

 

1,1-Bis(4-cyanato-3-methylphenyl)-4-

perhydrocumylcyclohexane  

(DMBPCPCN) 

9 

 

1,1-Bis(4-cyanato-3,5-dimethylphenyl)-4-

perhydrocumylcyclohexane  

(TMBPCPCN) 

10 
 

 

2,7-Bis(4-cyanatophenyl)- 2,7-dimethyloctane 

(BPC6CN) 
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4A.2  Experimental 

4A.2.1 Materials 

Copper acetylacetonate, was purchased from Sigma-Aldrich Inc.USA. Nonyl phenol was obtained 

from M/s Herdillia Chemicals, Mumbai. The commercial monomer 2,2-bis(4-

cyanatophenyl)propane (BPACN) was received as a gift sample from Vikram Sarabhai Space 

Centre, Trivandrum , India. The CE monomers viz; 1,1-bis(4-cyanatophenyl)cyclohexane (BPZCN), 

1,1-bis(4-cyanatophenyl)-3-pentadecylcyclohexane (BPC15CN), 1,1-bis(4-cyanatophenyl)deca 

hydronaphthalene (BPDCCN), 1,1-bis(4-cyanato-3-methylphenyl) decahydronaphthalene 

(DMBPDCCN), 1,1-bis(4-cyanato-3,5-dimethylphenyl) decahydronaphthalene (TMBPDCCN), 1,1-

bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane (BPPCPCN), 1,1-bis(4-cyanatophenyl-3-

methyl)-4-perhydrocumylcyclohexane (DMBPPCPCN),  1,1-bis(4-cyanatophenyl-3,5-dimethyl)-4-

perhydrocumylcyclohexane  (TMBPPCPCN), and  2,7-bis(4-cyanatophenyl)-2,7-dimethyloctane 

were synthesized as described in chapter 3. Dichloromethane was of reagent grade quality and 

distilled over CaH2  before use.  

4A.2.2 Sample preparation 

From a standard stock solution of copper acetylacetonate (in dichloromethane), the required amount 

(0.11 mmol / mol CE monomer) was pipetted out and added to CE monomer. To the mixture, nonyl 

phenol (3 wt % based on CE monomer) was added and dichloromethane was evaporated on a rotary 

evaporator at room temperature under vacuum.   

4A.2.3 DSC analysis 

DSC measurements were performed on TA Instruments (Q10) supported by TA Universal Analysis 

software for data acquisition. Samples (5-7 milligrams) were sealed in hermetic aluminum pans and 

experiments were performed under a nitrogen flow of 50 mL / min. In nonisothermal studies, all the 

samples were subjected to a dynamic DSC scan at the heating rate of 10 °C/min. The total enthalpy 

of curing (∆HT) was determined from the area under the exothermic curve. The cure onset 

temperature (To) was considered as the intersect of slope of baseline and tangent of curve leading to 

peak of transition (Figure 4A.1).  

 

       Figure 4A.1: DSC thermogram illustrating the  cure onset temperature 
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The fractional conversion (α) of each sample at a given temperature in nonisothermal study 

was calculated from the relation25: 

 

                                          αT  = ∆Hf / ∆HT                                                                                                  (1) 

 

 where ∆Hf  is the fractional enthalpy at a given temperature and ∆HT , the total heat of reaction. 

Isothermal curing was carried out by holding samples at 170 °C, 180 °C, 190 °C, 200 °C, 210 °C 

and 220 °C for 45 - 60 minutes and then subjecting  to dynamic scan from 50 °C to 375 °C at 10 °C / 

min to determine the residual heat of reaction (∆Hres) (Figure 4A.2) . The fractional conversion of 

each sample (α) under isothermal mode was calculated from the relation5: 

 

                              α =  (∆Hiso  ) / (∆Hiso + ∆Hres )                                                    (2) 

 

where (∆Hiso) is the enthalpy of reaction at time “t” and  (∆Hiso + ∆Hres ) is the total enthalpy of the 

reaction. 

 

Figure 4A.2 :  Illustrative DSC thermograms of isothermal cure study. 

 

4A.3   Results and Discussion 

A series of new CE monomers (Table 4A.1) containing cycloaliphatic “cardo” moiety was 

synthesized as detailed in chapter 3. The curing kinetics of these monomers was studied in non-

isothermal and isothermal mode. A large number of qualitative studies have been reported on cure 

kinetics of BPACN and other CE monomers.3-12 However, to the best of our knowledge, no 

information on the curing and curing kinetics of BPZCN is available in the literature. 

 

4A.3.1 Non-isothermal curing kinetics  

Figures 4A.3 -  4A.6 show DSC curves (neat) of CE monomers under study. The data regarding 

onset temperature (To), peak temperature (Tp) and final temperature (Tf) of uncatalyzed curing from 

DSC curves are collected in Table 4A.2. 
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Figure 4A.3 : DSC curves of  neat CE monomers A) BPACN, B) BPZCN and C) BPC15CN 

 

 

 

         Figure 4A.4: DSC curves of neat CE monomers A) BPDCCN, B) DMBPDCCN and C)  
                              TMBPDCCN 
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Figure 4A.5: DSC curves of neat CE monomers A) BPPCPCN, B) DMBPPCPCN and C)   
                      TMBPPCPCN. 
 
 

 

Figure 4A.6: DSC curve of neat BPC6CN. 

 

Table 4A.2 summarizes cure characteristics of CE monomers under study. From the results 

presented in Table 4A.2, the change of melting point of CE monomer with the introduction of 

pendent flexible pentadecyl chain or methyl group can be observed.  The melting point of BPC15CN 

(47 °C) is lower than that of BPZCN (61 °C). This could be due to interference caused by C15 chain 

for the close packing of molecules. In case of BPDCCN, DMBPDCCN and TMBPDCCN the 

melting point increased with the subsequent addition of methyl group(s) at ortho to cyanate 

functionality. 
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Table  4A.2: DSC  characteristics of cyanate ester  monomers (neat). 

Cure 

Characteristics Sr. 

No. 

 

CE 

Monomer 

 

Structure 

 

Melting 

Point 

(°C)1 

To 

(°C) 

Tp 

(°C) 

Tf 

(°C) 

∆H 

(kJ/mol) 

1. BPACN 
CH3

CH3

NCO OCN

 
84 316 333 365 211 

2. BPZCN 

NCO OCN

 
61 278 308 353 235 

3. BPC15CN 

NCO OCN

C15H31  
47 268 315 370 249 

4. BPDCCN 

OCNNCO

 

121 298 318 360 242 

5. DMBPDCN 

OCNNCO
CH3 CH3

 

131 288 314 355 220 

6. TMBPDCCN 

OCNNCO
CH3

H3C

CH3

CH3

 

147 292 336 398 176 

7. BPPCPCN 

OCNNCO

 

107 260 306 365 204 

8. DMBPPCPCN 

OCNNCO
CH3 CH3

 

146 314 331 370 203 

9. TMBPPCPCN 

OCNNCO
CH3

H3C

CH3

CH3

 

213 230 308 391 144 

10. BPC6CN CH2C C
4

CH3

CH3

CH3

CH3

OCNNCO 56 295 328 372 198 

1   – From DSC melting endotherm 
To – Cure Onset Temperature 
Tp  – Peak Temperature 
Tf   – Final Cure Temperature 
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Similarly, in case of BPPCPCN, DMBPPCPCN and TMBPPCPCN, the melting point 

increased with subsequent addition of methyl group(s) at ortho to cyanate functionality. The melting 

point of BPC6CN (56 °C) is lower than that of BPACN (84 °C) due to the incorporation of flexible 

alkylene spacer between the reactive cyanate end groups. 

The enthalpy data for the most studied CE monomer; BPACN is reported in the range of 

195 - 238 kJ/mol by various researchers.26 Therefore, in the present study, no attempt was made to 

correlate the variation of ∆H with structure of dicyanate monomer. 

Figure 4A.3 (curve A) shows a melting endotherm at 84 °C and the uncatalysed monomer 

exhibits a cure onset (To) at 316 °C. It is known that no reaction occurs if absolutely pure BPACN is 

heated15. Therefore, in the absence of externally added catalyst, the reaction is believed to be 

catalyzed by residual hydrogen-donating impurities like phenols, moisture, etc. present in the 

sample. Since such trace impurities catalyze the curing reaction, in uncatalysed curing mode, the 

correlation of structure-based reactivity of the monomer becomes difficult. To swamp the effect of 

impurities, the kinetics of cure was studied under catalytic mode as is routinely done1, 8. A wide 

variety of different catalysts and catalyst types including transition metal carboxylates, acetyl 

acetonates, phenols, carbonyls, adventitious water, etc., have been found to be effective for curing of 

CE monomers. 1,2,13 (detailed in section 1.2.5, chapter 1). 

The present study was carried out employing copper acetylacetonate/ nonylphenol catalytic 

system since the percentage conversion with this system has been reported to be higher than other 

catalytic systems.13  The kinetics of curing was studied for BPACN, BPZCN, BPC15CN, BPDCCN, 

BPPCPCN and BPC6CN. The monomer was mixed with the catalyst by co-solvent 

(dichloromethane) technique. Evaporation of the co-solvent although caused phase separation of the 

catalyst, it dissolved in molten monomer prior to polymerization.  

 

Figure 4A.7 illustrates DSC curves of catalyzed curing of CE monomers. The curves for 

catalyzed monomers are not perfectly monomodal indicating inhomogeneosity of the samples. Since 

the apparent activation energy of the overall reaction is considered to be averages of the various 

reaction steps, this inhomogeneosity has no bearing on the overall kinetics of reaction to a large 

extent. The data on cure characteristics and the enthalpy of cure reaction (∆H) for different 

monomers at the heating rate of 10 °C/min are collected in Table 4A.3. 
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Figure 4A.7 : DSC curves of catalyzed CE monomers A) BPACN,  B)BPZCN, C)BPC15CN, D)     
                       BPDCCN, E)  BPPCPCN and F) BPC6CN. 
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Table 4A.3: Cure characteristics of  CE monomers (catalysed) 

Sr. 

No. 

CE 

Monomer 
Structure 

To 

(°C) 

Tp 

(°C) 

Tf 

(°C) 

αp 

(%) 

T60 

(°C) 

∆H 

(kJ/ 

mol) 

1. 

 

BPACN 

 

CH3

CH3

NCO OCN

 
238 272 336 53 272 217 

2. 

 

BPZCN 

 

NCO OCN

 
217 279 340 66 274 226 

3. 

 

BPC15CN 

 

NCO OCN

C15H31  
175 279 358 69 271 212 

4. 

 

BPDCCN 

 

OCNNCO

 

258 301 355 65 298 197 

5. 

 

BPPCPCN 

 

OCNNCO

 

180 246 356 44 260 202 

6. BPC6CN CH2C C
4

CH3

CH3

CH3

CH3

OCNNCO 223 296 370 62 295 

 

191 

 

αp   – Conversion at Peak Temperature 
T60 – Temperature at 60 % Conversion 
 

4A.3.1.1 Kinetics of cure 

The kinetics of catalyzed cure reaction of cyanate ester has been established to follow a classical nth 

order model as8: 

                                                        dα/dt = k1(1-α)n                                                                   (3)  

 

Under nonisothermal conditions, this rate expression takes the form: 

 

dα/dT = (A/φ)e –E/RT (1-α)n                                                       (4) 
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where, α is the fractional conversion at temperature T, following a heating rate ø. E is the activation 

energy and A the Arrhenius frequency factor. The order of reaction is n. Several authors have 

integrated the above equation using different approximations leading to integral equations. Some 

widely used methods include; Kissinger method27, Borchardt-Daniels method28, Ozawa method29, 

Coat-Redfern method30, Rogers method31 etc. Kissinger and Ozawa methods are independent of 

reaction order and make use of variation of temperature corresponding to maximum of DSC 

exotherm at different heating rates. Since the nature of catalyzed DSC curves (Figure 4A.7) of CE 

monomers under present study is not perfectly monomodal, the results obtained by Kissinger, 

Ozawa methods would have been erroneous. Therefore, activation parameters were calculated using 

Coats-Redfern equation30 (Equation 5): 

 

                                      ln{g(α)/T2} = ln{AR/φE)(1-2RT/E)}-E/RT                                              (5) 

 

where  g(α ) = [1-(1- α)1-n ] / (1-n); for n = 1, g(α ) = -ln(1-α); R is the gas constant. 

 The order of the reaction was found from the best fit plots of ln(g(α)/T2) vs 1/T for different 

values of n. The kinetic plots for the determination of n for all the monomers under study are 

represented in Figure 4A.8. 
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Figure 4A.8 : Coats-Redfern plot for determination of n A) BPACN,  B)BPZCN, C)BPC15CN,     
                       D) BPDCCN, E)  BPPCPCN and F) BPC6CN. 
 

The value of n for all monomers was found to be close to 1 over most of the conversion 

range. The kinetic parameters (E and A) were determined from the linear plots of ln(g(α)/T2) vs. 1/T 

(for n = 1). The calculated activation parameters are collected in Table 4A.4.  
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Table 4A.4 : Activation parameters of CE monomers by Coats-Redfern method 

Sr.  

No. 

CE 

Monomer 
Structure 

 
Activation Energy 

Ea (kJ/mol) 
 

 
Frequency 

Factor 
ln A (s-1) 

1. 

 

BPACN 

 

CH3

CH3

NCO OCN

 116 12.3 

2. 

 

BPZCN 

 

NCO OCN

 
77 2.59 

3. 

 

BPC15CN 

 

NCO OCN

C15H31  
85 5.49 

4. 

 

BPDCCN 

 

OCNNCO

 

68 2.41 

5. 

 

BPPCPCN 

 

OCNNCO

 

66 1.93 

6. 

 

BPC6CN 

 

CH2C C
4

CH3

CH3

CH3

CH3

OCNNCO 119 12.3 

 

 The activation energy of cyanate ester monomers containing cycloaliphatic “cardo” group 

viz; BPZCN, BPC15CN, BPDCCN and BPPCPCN as calculated by Coats-Redfern method in 

nonisothermal mode was in the range of 66 – 85 kJ/mol which is lower as compared to activation 

energy of BPACN. At this point of time, no explanation can be put forth for the observed higher 

activation energy and frequency factor of BPC15CN amongst the CE monomers containing 

cycloaliphatic “cardo” group. The activation energy and frequency factor of BPC6CN and BPACN 

are almost in the same range. The introduction of alkylene spacer shows practically no influence on 

the cure kinetics of BPACN. 

4A.3.2 Isothermal curing kinetics 

Isothermal DSC is a precise method for computing cure kinetics. The apparent activation energy of 

the reaction was obtained by Arrhenius plot of the shift factors used in the time-temperature 

superposition vs. reciprocal temperature as explained by Gillham et.al.5 No knowledge of the form 
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of the rate expression is needed to obtain the apparent activation energy, which is assumed to be that 

of the overall reaction:                                                                             

                                                                                                                                                           (6) 

 

where k0  is the preexponential frequency factor and E is the apparent activation energy for the 

overall reaction . The above equation 6 on integrating and rearranging can be represented as : 

                                                                                                                                                           (7) 

 

Since the left hand side of the equation 7 is considered to be only a function of conversion, 

some function of conversion α, F(α) can be substituted for the left hand side of the equation: 

                                                                                                                                                            (8) 

 

To construct a kinetically controlled curve, F(α) vs. ln time were superimposed at low 

conversion, to ensure being kinetically controlled regime with one of the curves being a reference 

curve at an arbitrary reference temperature. The horizontal shift factor, S(Tc) refers to the difference 

in ln time between two curves shifted at constant conversion:  

(9) 

 

where the subscript r pertains to the reference curve.  

Figure 4A.9 represents DSC isothermal curves (catalytic) of CE monomers at different 

temperatures ranging from 170 °C – 220 °C. Figure 4A.10 represents curves for fractional 

conversion (α) vs ln time at different temperatures for CE monomers.  
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Figure 4A.9: DSC isothermal curves of CE monomers at different temperatures;  
                    a)  BPACN,  b) BPZCN, c) BPC15CN, d) BPDCCN, e) BPPCPCN and f) BPC6CN. 
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Figure 4A.10 : Fractional conversion (α) vs ln Time at various temperatures for CE monomers                   
                          A) BPACN, B) BPZCN, C) BPC15CN, D) BPDCCN, E) BPPCPCN and  

F) BPC6CN. 
 

Figure 4A.11 represents superimposition of conversion curves by selecting a horizontal 

shift factor for each CE monomer. The basis for such a shift is the assumptions that i) the reaction is 

kinetically controlled in the shifted regime and ii) the reactions can be described by one activation 

energy5. Figure 4A.11 indicates that the reaction becomes diffusion controlled after around 50 % 

conversion. Below this conversion the experimental data for all cure temperature form a single 
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curve, whereas above this conversion, the curve starts to diverge and the conversion distinctly 

increases as the curing temperature increases.  

 

Figure 4A.11 : Fractional conversion (α) vs Shift factor + ln Time at various temperatures for   
                          CE monomers ; A) BPACN, B) BPZCN, C) BPC15CN, D) BPDCCN,   
                          E)  BPPCPCN and F) BPC6CN. 
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The activation parameters were calculated from a plot of shift factor vs reciprocal temperature 

(Figure 4A.12) and the data is collected in Table 4A.5. 

 

Figure  4A.12 : Arrhenius plots of Shift factor vs Reciprocal temperature for catalysed  CE    
                         monomers; A) BPACN B) BPZCN, C) BPC15CN, D) BPDCCN, E) BPPCPCN   
                         and F) BPC6CN. 
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     Table 4A.5 : Activation parameters of CE monomers by isothermal method 

Sr.  

No. 

CE 

Monomer 
Structure 

 
Activation 

Energy 
Ea (kJ/mol) 

 

 
Frequency 

Factor 
ln A (s-1) 

1. 

 

BPACN 

 

CH3

CH3

NCO OCN

 60 15.2 

2. 

 

BPZCN 

 

NCO OCN

 
60 15.5 

3. 

 

BPC15CN 

 

NCO OCN

C15H31  
58 14.6 

4. 

 

BPDCCN 

 

OCNNCO

 

53 13.6 

5. 

 

BPPCPCN 

 

OCNNCO

 

53 13.8 

6. 

 

BPC6CN 

 

CH2C C
4

CH3

CH3

CH3

CH3

OCNNCO 54 13.6 

 

The activation energy calculated using Coats-Redfern equation in nonisothermal mode is 

normally higher than isothermal value due to variance in the assumptions in both the methods. The 

activation energy of curing of all the cyanate ester monomers under study as obtained in isothermal 

mode are in the range of 53 – 60 kJ/mol.  The observed narrow range of activation energy and 

frequency factor of CE monomers under study indicate that the structural features such as 

incorporation of cycloaliphatic “ cardo ” group and introduction of alkylene spacer  has practically 

no influence on the catalytic cure kinetics in isothermal mode.  
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4A.4 Conclusions: 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

1. The kinetics of catalytic curing of five cyanate esters containing (substituted)(cyclo)aliphatic 

moiety viz; 1,1-bis(4-cyanatophenyl)cyclohexane, 1,1-bis(4-cyanatophenyl)-3-pentadecylcyclo- 

hexane, 1,1-bis(4-cyanatophenyl)decahydronaphthalene, 1,1-bis(4-cyanatophenyl)-4-perhydro- 

cumylcyclohexane, and 2,7-bis(4-cyanatophenyl)- 2,7-dimethyloctane was studied in non- 

isothermal and isothermal mode using DSC and the results were compared with the curing 

kinetics data of 2,2-bis (4-cyanatophenyl)propane. 

2. The heat of catalyzed cure reaction of cyanate ester monomers under study was observed in the 

range 190 – 230 kJ/mol which is in accordance with the reported values for 2,2-bis(4-cyanato 

phenyl) propane (195 – 238  kJ/mol) 

3. The activation energy for catalyzed cure of cyanate ester monomers  containing  cycloaliphatic 

“cardo”  group in nonisothermal mode was lower (65 – 85  kJ/mol) than that of 2,7-bis(4-

cyanatophenyl)- 2,7-dimethyloctane (119  kJ/mol) and 2,2-bis(4-cyanatophenyl)propane   ( 116 

kJ/mol). 

4. The activation energy for catalyzed cure of cyanate ester monomers  under study under 

isothermal mode was in the range 53 – 60 kJ/mol. 

5. The present cure kinetics study provided a protocol for the processing of synthesized cyanate 

ester monomers. 
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4B.1    Introduction 

Cyanate esters are amenable to processing by a large variety of conventional techniques such as by 

heating without any need for pressure leading to the formation of highly stable, six membered 

triazine rings (Figure 4B.1).1 The cyclization reaction can be induced thermally or catalytically. As 

thermally induced reaction is slow and usually difficult to drive to high levels of conversion, 

catalysts are commonly used. For common aryl dicyanates, a wide variety of catalysts have been 

employed. The selection of appropriate catalyst system is governed by a number of factors, 

including the monomer type, the required pot life and the type of processing method selected 

(section 1.2.5 chapter 1).  

 

Figure 4B.1: Formation of polycyanurate network 

The conversion of cyanate ester resins has important effects on a number of properties. It 

directly affects the physical and mechanical properties of cured resin. As expected, the cure 

temperature directly influences the degree of conversion. The cure temperature and post-cure 

conditions have an effect on properties other than just the Tg of the cured resin. The post-cure 

significantly increases the hot-wet flexural strength, although the moisture absorption is also 

increased.1 Apart from the degree of conversion, the above mentioned properties also vary with 

monomer structure. CE monomers (and polycyanurate network) with phenyl phosphine oxide, 

sulfone, carbonyl, ether and ether ketone, fluoromethylene, silicon, cycloaliphatic, cardo, etc., 

moieties into the CE backbone were synthesized to understand the effect of incorporation of these 

moieties on various properties such as thermal, mechanical, dielectric, hydrolytic, etc., of 

polycyanurate network.2-15  

Aiming towards polycyanurates exhibiting lower moisture absorption, various new cyanate 

esters containing cycloaliphatic “cardo” group or alkylene spacer were designed and synthesized (as 

described in section 3.4, chapter 3). It was therefore of interest to study the properties of 

polycyanurates of these monomers. The present work describes processing of CE monomers 
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containing i) cycloaliphatic “cardo” group and ii) alkylene spacer and characterization of cured 

network by DMTA, DSC, TGA and moisture absorption. 

4B.2 Experimental 

4B.2.1 Materials 

The CE monomers viz; 1,1-bis(4-cyanatophenyl)cyclohexane (BPZCN), 1,1-bis(4-cyanato phenyl)-

3-pentadecylcyclohexane (BPC15CN), 1,1-bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane 

(BPPCPCN), 1,1-bis(4-cyanatophenyl)decahydronaphthalene (BPDCCN), and 2,7-bis(4-

cyanatophenyl)-2,7-dimethyloctane (BPC6CN) were synthesized  and purified as described in 

chapter 3 (section 3.3 and 3.4). The commercial CE monomer 2,2-bis(4-cyanatophenyl)propane 

(BPACN) was received as a gift sample from Vikram Sarabhai Space Centre, Trivandrum , India. 

Copper acetylacetonate, was purchased from Sigma-Aldrich Inc.USA. Nonyl phenol was obtained 

from M/s Herdillia Chemicals, Mumbai.  Dichloromethane was of reagent grade quality (Merck, 

India) and was distilled over CaH2 before use. 

4B.2.2 Characterization 

Infrared spectra were recorded on Perkin-Elmer, Spectrum GX model at a resolution of 4 cm-1
. 

 The 

spectra were recorded by depositing samples as fine particulates dispersed in KBr.  

Differential scanning calorimetry (DSC) was conducted on a TA instrument (model Q 10) at 

the  heating rate of 10 °C / min with nitrogen flow of 50 mL / min.  

Thermogravimetric analysis (TGA) data were obtained using a TA instrument, (model Q 

5000) at the heating rate of 10°C / min under nitrogen.   

Dynamic mechanical thermal analysis (DMTA) was conducted on Rheometrics Scientific 

(model Mark IV) (UK) at the frequency of 1.0 Hz and the heating rate of 10°C /min in bending 

mode.  

Percentage moisture absorption was calculated by placing vacuum dried, pre-weighed 

samples in boiling water for 24 hours and calculating the percentage weight gain by equation:  

 

                      % Moisture absorption =  [(W/Wo) – 1] x 100                                              (1) 

 

where W is the weight of the sample after dipping in boiling water for 24 h and Wo is the 

initial weight of the sample which was dried in vacuum for 12 h at 100 °C. 
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4B.2.3 Curing 

The CE monomers were cured by employing copper acetylacetonate-nonylphenol catalyst system. 

The calculated amount of copper acetylacetonate (0.11 mmol / mol CE monomer) and nonyl phenol 

(3 wt % based on CE monomer) were added to CE monomer and the reaction mixture was degassed 

at 10 °C above the melting point of CE monomer for 10 minutes so as to remove entrapped air / 

moisture / solvent (if any). The molten mixture was transferred to a preheated mold and cured 

according to the curing schedule (Table 4B.1). The cured resins were slowly cooled (in order to 

avoid cracking due to sudden change in temperature) to ambient temperature, ejected from the mold 

and cut/polished wherever necessary for a uniform surface and thickness. 

4B.3 Results and Discussion 

It is well known that cyanate ester monomers are converted to a cured network by cyanate 

cyclotrimerization. The reaction occurs uncatalyzed at elevated temperatures and at lower 

temperatures with transition-metal/nonylphenol catalysts. Catalysts dissolved in nonylphenol 

significantly reduce the time and temperature needed for high cyanate conversions.  The cure cycle 

depends on the catalyst level. However, it is generally accepted that catalysts are useful for inducing 

early gelation only.1 In the present study, copper acetylacetonate/ nonylphenol catalytic system was 

employed.   

As mentioned earlier in chapter 4A, higher melting points of CE monomers viz; 1,1-bis(4-

cyanato-3-methylphenyl)decahydronaphthalene (DMBPDCCN), 1,1-bis(4-cyanato-3,5-dimethyl 

phenyl)decahydronaphthalene (TMBPDCCN), 1,1-bis(4-cyanato-3-methylphenyl)-4-perhydrocumyl 

cyclohexane (DMBPPCPCN)   and   1,1-bis(4-cyanato-3,5-dimethylphenyl)-4-perhydrocumyl 

cyclohexane (TMBPPCPCN) (131, 147, 146 and 213 °C, respectively) imposed difficulties for 

processing. In order to form a void free network, removing of entrapped air / moisture from molten 

CE monomer is necessary.1 The cyanate ester resins having higher melting points may undergo 

gelation during B-staging under catalytic conditions. The short gel time makes the processing 

difficult. Therefore, curing studies of CE monomers DMBPDCCN, TMBPDCCN, DMBPPCPCN 

and TMBPPCPCN were not pursued. However, Wang et.al.15 reported the curing of 

phenolphthalein-based CE monomers with higher melting points (>125 °C). The curing in that case 

was executed in neat conditions.  In the present study, the monomers BPZCN, BPC15CN, 

BPDCCN, BPPCPCN and BPC6CN (Table 4B.1) were cured and characterized. The properties of 

cured network were compared with that of BPACN resin.  

Since most of the cyanate esters are crystalline materials, in the majority of the cases the 

resins are B-staged so that they develop good tackiness. Since cyanate polymerization is 

accompanied by high heat of reaction, use of B-staged resin helps reduce the risk of highly 

exothermic, autocatalytic, and violent polymerization. The prepolymerization also reduces the risk 
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of melt flow during processing at higher processing temperatures.16 Hence, for CE monomers under 

study, prepolymerization was executed during early stage of curing. As with other thermosets, as a 

rule of thumb, high temperature cure for high conversion is applicable to cyanate esters as well. 

High conversion obligatorily warrants heating to high temperature (220-250 °C) irrespective of the 

catalyst level. In the present study, the post curing was carried out at 220 - 250 °C. Table 4B.1 

summarizes the cure schedule followed for the curing of CE monomers. The CE monomer BPACN, 

BPZCN and BPC15CN formed amber castings as represented in Figure 4B.2. 

 

Figure 4B.2 : Slabs of cured BPACN, BPZCN and BPC15CN network. 
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Table 4B.1 : Cure schedule of CE monomers. 

Curing Schedule 
Sr. 

No. 
Monomer Structure B-staging 

[temp (°C)/ 

time (min)] 

Curing 

[temp (°C)/ time 

(min)] 

Postcuring 
[temp (°C)/ 

time (min)] 

1. BPACN 
CH3

CH3

NCO OCN

 
100 / 120 

125 / 30 

150 / 30 

175 / 30 

200 / 60 

250 / 120 

2. BPZCN 

NCO OCN

 

80 / 120 

125 / 30 

150 / 30 

175 / 30 

200 / 60 

225 / 120 

3. BPC15CN 

NCO OCN

C15H31  

80 / 120 

110 / 60 

140 / 60 

180 / 60 

225 / 120 

4. BPDCCN 

OCNNCO

 

125 /120 

150 / 60 

175 / 30 

200 / 60 

250 / 120 

5. BPPCPCN 

OCNNCO

 

125 / 120 

150 / 60 

175 / 30 

200 / 60 

250 / 120 

6. BPC6CN CH2C C
4

CH3

CH3

CH3

CH3

OCNNCO 80 / 120 

125 / 30 

150 / 30 

175 / 30 

200 / 60 

250 / 120 

 

Qualitatively, the conversion can be checked by infrared spectroscopy.17  The peaks at 2270-

2240 cm-1 corresponding to -C≡N streching were not detected in IR spectrum (Figure 4B.3) of cured 

network confirming the conversion of cyanate monomer into polycyanurate. The appearance of 

broad band around 3300 cm-1 (corresponding to –OH stetching) is due to nonyl phenol which was 

added as a co-solvent for copper acetylacetonate.  
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Figure 4B.3 : IR spectra of polycyanurate network. 

4B.3.1 Dynamic mechanical thermal analysis 

DMTA is very useful tool to study the temperature profile of mechanical properties of neat resins. 

By this technique, Tg and other secondary transitions of the matrix which go undetected in other 

techniques like DSC can be clearly distinguished. The cured resins of BPACN, BPZCN and 

BPC15CN were subjected to DMTA analysis.  

As can be seen from Figure 4B.4, the storage modulus of BPZCN resin at 35 °C (1.59 x 109 

Pa) is higher than that of BPACN resin (1.39 x 109 Pa). The storage modulus (E’) of a solid material 

at room temperature provides a measure of material stiffness under shear deformation. The 

cycloaliphatic moiety appears more able to resist segmental motion and thus is capable of storing 

elastic energy resulting in a higher glassy modulus. In the glassy state, stiffness is related to changes 

in the stored elastic energy upon small deformation as the molecular segments resist motion. The 

higher storage modulus of BPZCN resin as compared with BPACN resin in glassy state could be 

due to more rigid network.  

As can be observed from Figure 4B.5, the height of the tan δ peak which is a measure of 

crosslinking density, is lower in case of BPZCN resin as compared to BPACN resin.  As tan δ is a 

ratio of viscous to elastic components, it can be surmised that the decreased height is associated with 

a lower segmental mobility and fewer relaxing species and thus is indicative of rigidity of network. 

Furthermore, from the narrow peak width at half height of cured BPZCN network it can be 

concluded that the range of temperatures at which different segments of network gain mobility have 

decreased. This implies more tighter packing of segments with decreased free volume in cured 

BPZCN resin. This explains observed higher Tg of BPZCN polycyanurate network. In case of 
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BPC15CN resin, the long C-15 alkyl chain impedes tight packing thereby increasing free volume. 

Due to higher segmental mobility and more number of relaxing species, the cured network of 

BPC15CN exhibits lower Tg than BPZCN and BPACN network. Table 4B.2 summarizes storage 

modulus (E’), and Tg (from tan δ curve) of cured cynate ester resins under investigations. 

 
Figure 4B.4 : Storage modulus of polycyanurate network 

 

 

Figure 4B.5 : Tan δ curves of polycyanurate network. 
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Table 4B.2: Dynamic mechanical analysis of cured CE resins. 

Sr. 

No. 
Sample 

Monomer 

Structure 

Storage 

Modulus E’ 

(@ 35 °C) 

(Pa) 

Tg  (°C) 

(Tan δ) 

 

1 

 

BPACN 
CH3

CH3

NCO OCN 1.39 x 10 9 288 

2 BPZCN 

 
NCO OCN

 

1.59 x 10 9 302 

3 BPC15CN 

 
NCO OCN

C15H31  

1.07 x 10 9 160 

 

4B.3.2 Thermal properties 

Thermogravimetric analysis is the most favored technique for the evaluation of the thermal stability 

of polymeric materials. It is especially useful in comparing the relative thermal stabilities of various 

polymers to establish structure-property relation. 

 Cyanate ester resins exhibit enhanced thermal stability due to the aromatic nature of s-

triazine ring. Nakamura et al.18 investigated a series of 40 substituted cyanate esters to demonstrate 

the effect of both molecular weight and the terminal functional groups on thermo-oxidative stability. 

The degradation products of unsubstituted polycyanurates consist mainly of carbon monoxide, 

carbon dioxide, hydrogen, compounds containing triazine moiety (cyanuric acid and its phenyl 

esters), phenol and bisphenols.3,18-20  

Figure 4B.6 illustrates the weight loss curves of polycyanurates when heated at 10 ° C / min 

in nitrogen. The relative thermal stabilities of the cured resins were compared by the temperature of 

10 % weight loss and char yield at 800 °C. 

All cyanate ester resins showed a single stage decomposition. The temperature at 10% 

weight loss was in the range 410 - 435 °C indicating their good thermal stability. Amongst the 

series, cured BPC15CN performs substantially worse with higher weight loss rates at temperatures 

from 400 °C to around 500 °C. The char yield at 800 °C in case of cured BPC15CN was observed to 

be 14 % which is lower than other resins in the series. The decreased thermal stability of cured 

BPC15CN can be correlated to the higher aliphatic content. The data showed that thermal stability 

of resins gets hampered by incorporation of cycloaliphatic “cardo” group.  



 
Chapter 4 (Part B). Processing  of Cyanate Ester Monomers 
 

 
University of Pune                                                                               National Chemical Laboratory  130

 

Figure 4B.6: TG curves of polycyanurates 

 

Figure 4B.7 represents weight loss of cured BPC6CN resin. The temperature of 10% loss of 

the cured BPC6CN (435 °) is practically same as that of cured BPACN (434 °C) indicating good 

thermal stability. However, the char yield at 800 °C for cured BPC6CN (17 %) is lower than that of 

cured BPACN (40 %). The decreased char yield value is due to higher aliphatic content of cured 

BPC6CN.  

The temperature of 10 % weight loss and the char yield at 800 °C are summarized in Table 

4B.3.  

 

 

Figure 4B.7: TG curve of BPC6CN polycyanurate. 
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    Table 4B.3 : Thermal characterization of CE resins 

Sr. No CE Resin Monomer Structure Tg (°C) T10 (°C) 

Char Yield 

at 

800 °C (%)

 

1. 

 

BPACN 
CH3

CH3

NCO OCN

 
288a 434 40 

 

2. 

 

BPZCN 

NCO OCN

 

302a 425 29 

 

3. 

 

BPC15CN 

NCO OCN

C15H31  

160a 413 14 

 

4. 

 

BPDCCN 

OCNNCO

 

260b 425 17 

5. BPPCPCN 

OCNNCO

 

252b 426 20 

 

6. 

 

BPC6CN CH2C C
4

CH3

CH3

CH3

CH3

OCNNCO

 
149b 435 17 

      a – from Tan δ cuve by DMTA 
      b – by DSC 
 

Figure 4B.8 represents DSC curves (showing glass transition temperature) of cured 

BPPCPCN, BPDCCN and BPC6CN network. Due to the presence of  alkylene spacer, the cured 

resin of BPC6CN exhibits comparatively lower Tg ( 149 °C) than that of polycyanurates of cardo 

containing CE monomers BPPCPCN ( 252 °C) and BPDCCN (260 °C). The Tg of cured BPACN 

and BPZCN could not be detected by DSC. The Tg data of cured BPPCPCN, BPDCCN and 

BPC6CN are summarized in Table 4B.3.  
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Figure 4B.8: DSC curves of cured BPPCPCN, BPDCCN and BPC6CN network 

 

4B.3.3 Moisture absorption 

The absorbed moisture acts as a plasticizer, damaging mechanical and dielectric properties of cured 

resins by the contribution of water molecules to polarization and energy dissipation. It may also 

cause ‘popcorn phenomenon’ when in contact with solder at a high temperature.20,21 The moisture 

absorption ionizes the ionic impurities (e.g. Cl−) and, therefore, corrodes the integrated circuits. 

Therefore, low moisture absorption is necessary for laminate materials.  

Table 4B.4 summarizes percentage moisture absorption of BPACN, BPZCN and BPC15CN 

polycyanurates after 24 h exposure to boiling water. The weight gain during exposure for cured 

BPC15CN is only about 50 % of that observed in BPACN resin. The incorporation of hydrophobic 

cycloaliphatic moiety into a cyanate ester backbone decreased moisture absorption. 

Table 4B.4: Percentage moisture absorption of polycyanurates 

CE Resin Monomer Structure 
Moisture Absorption 

(%) 

BPACN 
CH3

CH3

NCO OCN

 
1.5 

BPZCN 

NCO OCN

 

1.1 

BPC15CN 

NCO OCN

C15H31  

0.7 
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4B. 4 Conclusions: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. The cyanate ester monomers viz; 2,2-bis(4-cyanatophenyl)propane, 1,1-bis(4-cyanatophenyl) 

cyclohexane, 1,1-bis(4-cyanatophenyl)-3-pentadecylcyclohexane, 1,1-bis(4-cyanatophenyl) 

decahydronaphthalene, 1,1-bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane and 2,7-bis(4-

cyanatophenyl)-2,7-dimethyloctane were cured by employing copper acetylacetonate-nonyl 

phenol catalyst.  

2. The storage modulus of cured network of 1,1-bis(4-cyanatophenyl) cyclohexane was higher 

than that of  cured network of  2,2-bis(4-cyanato phenyl) propane and 1,1-bis(4-cyanatophenyl)-

3-pentadecylcyclohexane due to the presence of rigid cycloaliphatic “cardo”group. 

3. The T10 values of cured network of cyanate ester monomers under study were in the range 410 – 

435 °C indicating their good thermal stability.  

4. The percentage moisture absorption of polycyanurate of 1,1-bis(4-cyanatophenyl)-3-pentadecyl 

cyclohexane was lower than that of polycyanurate of  1,1-bis(4-cyanatophenyl)cyclohexane and 

2,2-bis(4-cyanato phenyl) propane due to comparatively higher hydrophobic content of the 

network. 
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5.1 Introduction 

Epoxy resins have been useful in the aerospace and electronics industries in the form of structural 

adhesives, advanced composite matrices, and packaging materials since their introduction in 1938 

by Pierre Castern;1-4 thanks to the combination of good thermal and dimensional stability, excellent 

chemical and corrosion resistance, high tensile strength and modulus, and ease of handling and 

processability. Depending upon the end application, a variety of epoxy resins with different 

properties are in use. The structure of the epoxy resin is one of the factors that dictate properties of 

the cured resin. The synthesis of new epoxies allows enormous diversity in the structure and 

essentially allows the structure to be customized at the molecular level. The availability of new 

epoxies thus provides a basis for the systematic design of the improved epoxy resins.  

The scientific endeavor has witnessed the development of novel epoxy resins that enhance 

the thermal, electrical and hydrolytic properties of epoxy thermosets finding applications in 

electrical and microelectronic devices5-8. Epoxy resins based on cycloaliphatic moiety have been one 

of the suitable epoxy systems for these applications. Cycloaliphatic epoxides9 in which the oxirane 

rings are fused to the rings of cycloaliphatic hydrocarbon are the most common epoxies in this 

category. Characterized by the saturated cycloaliphatic ring structure with no aromatic unsaturation, 

they have lower viscosity before curing; their cured resin exhibits the advantages of good dielectric 

properties and durable performance for outdoor use. However, some inherent features of the resin 

such as the relatively low glass transition temperature (Tg), inferior cracking-resistance when 

subjected to severe temperature and moisture environment, and low reactivity towards amine curing 

agents, may cause limitation to their application.  

A wide variety of epoxies with structural variations have been synthesized to date, and the 

examples are too large to present here. The epoxies bearing relevance with the present work are 

summarized here. Table 5.1 lists epoxies containing “cycloaliphatic / cardo” moiety. 

Erich and Bodnar10 studied the effect of cycloalkyl ring on the mechanical properties of 

epoxy resins. Diglycidyl ethers (Table 5.1) were cured using diethylene triamine (DETA) as a 

curing agent.  Diglycidyl ether of 9,9-bis(4-hydroxyphenyl)fluorene (DGEBF) was first synthesized 

by Korshak et al.11 The authors found that the cured resin (employing trimellitic anhydride or meta-

phenylenediamine as a curing agent) possessed good heat resistance and high thermal stability with 

high Tg. Further, Pearce et al. 12-15 reported a series of epoxy resins to study structure-property 

relation with respect to glass transition temperature, and thermal stability. The cured resins 

possessing “cardo” moiety exhibited higher Tg, higher thermal stability, higher char yield and 

higher oxygen index than that of epoxy resin based on diglycidyl ether of bisphenol A. A similar 

trend was also observed by Xu et al.16 where the authors reported the study on DGEBF epoxy resin 

using diaminodiphenylmethane (DDM) as a curing agent. Epoxy resins based on alkyl substituted 
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cycloalkyl moieties were reported by Muller and Franke17. Naphthyl moiety and cycloaliphatic 

based epoxy resin reported by Xu et al.18 exhibited higher Tg, lower thermal expansion coefficient, 

lower dielectric constant, and lower moisture absorption than DGEBPA. Su and Jing19 reported 

adamantane containing epoxy resin which resulted into a cured network with enhanced moisture 

resistance and dielectric properties. Recently, dicyclopentadiene-cresol containing epoxy resin was 

reported by Wang et al20.  

 Table 5.1: Epoxy resins containing “cycloaliphatic / cardo” moiety. 

 

Sr. 

No. 
Ar Reference 

1 

 

10 

2 

 

10 

3 

 

10 

4 

 

10 

5 

 

11-16 

6 

 

12-15 

7 

 

12-15 
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Table 5.1 continued… 

8 

 

12-15 

9 
 

12-15 

10 

 

12-15 

11 

 

12-15 

12 

 

17 

13 

 

18 

14 

 

19 

15 

 

20 

 

The present work discusses the synthesis and characterization of epoxy resins (Figure 5.1) 

starting from bisphenols containing cycloaliphatic “cardo” group viz; 1,1-bis(4-hydroxyphenyl)-3-

pentadecylcyclohexane and 1,1-bis (4-hydroxyphenyl)cyclohexane. The results of curing studies of 

these epoxies employing 4,4-methylenedianiline as a curing agent and characterization of cured 

epoxy resins by IR, DMTA, DSC, and TGA are also discussed to decipher the effect of pendent 

flexible pentadecyl chain on the properties of cured epoxy network.  
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Figure 5.1: Epoxy resins (a) diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecyl 
                    cyclohexane (b) diglycidyl ether of 1,1-bis(4-hydroxyphenyl)cyclohexane 

 

5.2 Experimental  

5.2.1 Materials 

Epichlorohydrin was purchased from Loba Chemie Pvt Ltd, India. Pyridine and hydrochloric acid 

(36-38%) were procured from Merck India. Phenolphthalein was purchased from S.D. Fine-Chem 

Ltd, India. 4,4’-Methylenedianiline (MDA) was generously gifted by M/s ABR Organics, Hydrabad, 

India. The diglycidyl ether of bisphenol A (DEGBPA) with epoxy equivalent weight 185 g/equiv.  

was obtained from Ciba-Geigy. 1,1-Bis(4-hydroxyphenyl)cyclohexane (BPZ) and 1,1-bis(4-

hydroxyphenyl)-3-pentadecylcyclohexane (BPC15) were synthesized as discussed in chapter 3 

(section 3.3). The solvents were of reagent grade quality and were used as received.  

5.2.2 Characterization 

Infrared spectra were recorded on Perkin-Elmer, spectrum GX model at a resolution of 4 cm-1
. 

 For 

monomers, the spectra were recorded by depositing samples as solvent-cast thin films on sodium 

chloride cells and resins as fine particulates dispersed in KBr.  

NMR spectra (1H and 13C) were recorded on Bruker NMR spectrophotometer (200 or 400 

MHz).  

Epoxy equivalent weight of epoxy resin was determined by pyridine-HCl method as 

reported in the literature21. The resin (1 g) was dissolved in HCl (20 mL, 6 N solution in pyridine), 

refluxed for 25 minute, cooled and titrated against standard (0.05 N) solution of NaOH in methanol. 

Epoxy equivalent weight (EEW) was calculated by relation;     

                                     EEW = W x 1000/ [(A-B) x N]                                                            (1) 
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Where W = Weight of epoxy resin (g) 

      (A-B) = Difference of blank and sample reading (mL) 

             N = Normality of NaOH 

DSC measurements were performed on TA Instruments (Q10) supported by TA Universal 

Analysis software for data acquisition. To understand the kinetics of curing under nonisothermal 

mode, samples (5-7 mg) were sealed in hermetic aluminum pans and experiments were performed 

under a nitrogen flow of 50 mL/ min. All the samples were subjected to a dynamic DSC scan at the 

heating rate of 10 °C/min. The enthalpy of curing ∆H was determined from the area under the 

exothermic curve. Cure onset temperature (To) was considered as the intersect of slope of baseline 

and tangent of curve leading to peak of transition. The fractional conversion (α) of each sample at a 

given temperature under nonisothermal condition was calculated from the relation: 

                                                       αT  = ∆Hf / ∆HT                                                                                                                      (2) 

 where ∆Hf  is the fractional enthalpy at that temperature and ∆HT , the total heat of reaction under 

nonisothermal mode.  

Thermogravimetric analysis (TGA) data was obtained using a TA instrument, (model Q 

5000) at the heating rate of 10°C / min under nitrogen.   

Dynamic mechanical thermal analysis (DMTA) was conducted on Rheometrics Scientific 

(model Mark IV) (UK) at a frequency of 1.0 Hz and the heating rate of 10°C /min in a bending 

mode.  

Percentage moisture absorption was tested by placing vacuum dried, pre-weighed samples 

in boiling water for 24 hours and calculating the % weight gain: 

                      % Moisture absorption =  [(W/Wo) – 1] x 100                                              (3) 

where W is the weight of the sample after dipping in boiling water for 24 h and Wo is the 

initial weight of the sample after drying in vacuum for 12 h at room temperature. 

5.2.3 Synthesis of epoxies. 

5.2.3.1 Synthesis of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane  

Into a 250 mL three-necked round bottom flask equipped with an overhead stirrer, a reflux 

condenser and a thermometer were added 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane (9.56 

g, 0.02 mol), epichlorohydrin (15.7 mL, 0.2 mol) and  water (0.1 mL).  To the reaction mixture, 

sodium hydroxide pellets (1.64 g, 0.04 mol) were added in portions. The first portion of sodium 

hydroxide (0.8 g) was added at room temperature and the reaction mixture was heated to 90 °C.  

When the reaction temperature was reached to 90 °C, another portion (0.84 g) of sodium hydroxide 

was added slowly so that the temperature does not exceed 100 °C. After the completion of addition, 
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the reaction mixture was heated at 90 °C for 30 minutes. Excess epichlorohydrin was distilled under 

reduced pressure. After the complete removal of epichlorohydrin, toluene (10 mL) was added to 

precipitate the salt formed and the solution was filtered under vacuum. The residue was washed with 

toluene (3 x 5 mL). All the washings were combined and toluene was distilled off under vacuum. 

Thus obtained viscous mass after heating at 150 °C under vacuum for 30 minutes, resulted into a 

slight yellow viscous resin.  

Yield: 12.5 g 

Epoxy equivalent weight: Experimental; 333 g/ equiv. 

5.2.3.2 Synthesis of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)cyclohexane  

Into a 500 mL three-necked round bottom flask equipped with an overhead stirrer, a reflux 

condenser and a thermowell fitted with a thermomether were added  1,1-bis(4-hydroxyphenyl) 

cyclohexane (26.8 g, 0.1 mol), epichlorohydrin (78.4 mL, 1 mol) and water (0.5 mL).  To the 

reaction mixture, sodium hydroxide pellets (8.2 g, 0.21 mol) were added in portions. The first 

portion of sodium hydroxide (1.3 g) was added at room temperature and the reaction mixture was 

heated to 90 °C.  When the reaction temperature was reached to 90 °C, another portion (1.3 g) of 

sodium hydroxide was added slowly so that the temperature does not exceed 100 °C. The process 

was repeated till the complete addition of sodium hydroxide in portions (4 x 1.4 g). After the last 

portion was added, the reaction mixture was heated at 90 °C for 30 minutes. Excess epichlorohydrin 

was distilled under reduced pressure. After the complete removal of epichlorohydrin, toluene (25 

mL) was added to precipitate the salt formed and the solution was filtered under vacuum. The 

residue was washed with toluene (3 x 10 mL). All the washings were combined and toluene was 

distilled off under vacuum. Thus obtained viscous mass after heating at 150 °C under vacuum for 30 

minutes, resulted into a slight yellow viscous resin.  

Yield: 43.5 g 

Epoxy equivalent weight: Experimental; 221 g/ equiv. 

5.2.4 Curing 

Epoxies viz; diglycidyl ether of bisphenol-A (DGEBPA), diglycidyl ether of BPZ (DGEBPZ) and 

diglycidyl ether of BPC15 (DGEBPC15) were cured using 4, 4’-methylenedianilline (MDA) as a 

curing agent. The calculated amount of epoxy resin and MDA were added and the mixture was 

stirred till homogenous. The mixture was then heated at 40 °C under vacuum for 10 minutes to 

remove entrapped air. In case of DGEBPC15, the mixture was heated at 80 °C for 20 minutes to 

form a homogenous mixture. This could be because of comparatively lower solubility of MDA in 

DGEBPC15. Thus obtained homogeneous samples were stored in a refrigerator before the DSC was 

performed so as to avoid any curing reaction. The curing of samples was carried out at 80 °C / 4 h 
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followed by postcuring at 150 °C / 2 h.  The cured samples were slowly cooled to the ambient 

temperature to avoid cracking. The cured resin castings were ejected from the mold and cut/polished 

wherever necessary for a uniform surface and thickness. 

5.3 Results and Discussion  

5.3.1 Synthesis of epoxies 

The synthesis of new monomers provides one of the promising approaches towards polymer 

backbone modification in order to achieve the desired properties. As an example, introduction of 

“cardo / cycloaliphatic” moiety has been reported to improve thermal, dielectric, and hydrolytic 

behavior of epoxy resins. 12-20 

In case of cyanate ester resins, it was observed that the introduction of cycloaliphatic 

“cardo” group results into polycyanurates with lower moisture absorption (chapter 4B section 

4B.3.3). It was therefore of interest to understand the effect of introduction of cycloaliphatic “cardo” 

group into epoxy resins. For this purpose, a new epoxy resin containing cycloaliphatic “cardo” 

group possessing pendent flexible pentadecyl chain was synthesized by a conventional one step 

procedure starting from corresponding bisphenol viz; 1,1-bis(4-hydroxyphenyl)-3-

pentadecylcyclohexane and epichlorohydrin as depicted in Scheme 5.1.  

 

 

Scheme 5.1: Synthesis  of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecyl  

                    cyclohexane 

 

The diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane was 

characterized by  FTIR, 1H-NMR and 13C-NMR spectroscopy. 

Figure 5.2 represents IR spectrum of DGEBCP15. The characteristic oxirane ring 

deformation was observed at 917 cm-1. 
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Figure 5.2 : IR spectrum of  diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecyl   

                     cyclohexane 

Figure 5.3 represents 1H-NMR spectrum of DGEBPC15.  The aromatic protons (d, d’, e and 

e’) appeared as a set of four doublets due to the presence of magnetically non-equivalent phenyl 

rings. The substitution of pentadecyl chain at cyclohexyl ring restricts the ring flipping thereby 

making the phenyl rings magnetically non-equivalent.  Aromatic protons ortho to epoxide group; d 

and d’ displayed a doublet at 6.74 (axial phenyl ring) and 6.86 (equatorial phenyl ring) ppm, 

respectively. Aromatic protons labeled as e, e’ (meta to epoxide group) exhibited doublets at 7.03 

(axial phenyl ring) and 7.23 ppm (equatorial phenyl ring). The protons (marked as c) of methylene 

group adjacent to ether linkage appeared as a multiplet in the range 3.90 - 4.15 ppm. The 

characteristic methine proton (labeled as b) of oxirane ring displayed a multiplet in the range 3.30 – 

3.36 ppm while methylene protons (designated as a) of oxirane ring showed multiplets in the region 

2.72 - 2.89 ppm. The peaks due to methine and methylene protons of cyclohexyl ring and pentadecyl 

chain were observed in the range 1.27 - 2.49 ppm. The triplet at 0.87 ppm could be assigned to 

proton ( r ) of methyl group.  
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Figure 5.3: 1H-NMR spectrum of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecyl-   

                    -cyclohexane (CDCl3)   

 

   13C NMR spectrum of DGEBPC15 alongwith peak assignments is reproduced in Figure 

5.4.  The peaks corresponding to the aromatic carbons (labeled as d, d’) attached to epoxide group 

appeared at 155.90 ppm (axial phenyl ring) and 155.95 ppm (equatorial phenyl ring). Aromatic 

carbons (e, e’) ortho to epoxide group showed peaks at 113.83 ppm (axial phenyl ring) and 114.19 

ppm (equatorial phenyl ring).  The signals at 138.23 ppm and 144.82 ppm could be due to aromatic 

carbons g ( para to epoxide group, axial phenyl ring) and g’ (para to epoxide group, equatorial 

phenyl ring), respectively. Aromatic carbons (f, f’) meta to epoxide group exhibited signals at 

127.04  ppm (axial phenyl ring) and 128.83 ppm (equatorial phenyl ring). The signals corresponding 

to the methylene carbons of epoxide group (labeled as c) and repeat unit (labeled as  o, q) appeared 

in the range 68.51 - 68.18 δ ppm. The methine carbon ‘p’ attached to hydroxyl group (repeat unit) 

was observed as a weak signal at 69.65 ppm. The assignment was confirmed from DEPT spectrum 

(Figure 5.5) by the appearance in negative phase. The methine carbon ‘b’ of oxirane ring was 

observed at 50.04 ppm which was also confirmed by DEPT spectrum.  The carbons labeled as h, i, j, 

k, l, and m were observed at 45.39, 44.20, 33.39, 26.68, 22.61 and 37.19 ppm. The assignments of 

‘h’ and ‘j’ were confirmed by DEPT spectrum. The signals at 29.28, 29.63, 29.97, 31.84, and 33.18 

ppm could be assigned to methylene carbons of pentadecyl chain. The peaks corresponding to the 

methyl carbon ‘n’ of pentadecyl chain appeared at 14.06  ppm.  
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Figure 5.4 : 13C-NMR spectrum of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecyl  

                     cyclohexane (CDCl3)   

 

 
Figure 5.5 : 13C-DEPT NMR spectrum of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-  

                     pentadecylcyclohexane (CDCl3)   

 

The epoxy equivalent weight of DGEBPC15 was found to be 333 g/ equiv. 
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 In order to understand structure-property relationship, epoxy resin containing cyclohexyl 

moiety was also synthesized starting from 1,1-bis(4-hydroxyphenyl)cyclohexane (Scheme 5.2).  

 
Scheme 5. 2: Synthesis of diglycidyl ether of 1,1-bis(4-hydroxyphenyl) cyclohexane 

                   

DGEBPZ was characterized by IR, 1H-NMR and 13C-NMR spectroscopy.  Figure 5.6 

represents IR spectrum of DGEBPZ. The characteristic oxirane ring deformation was observed at 

917 cm-1.  

 

Figure 5.6 : IR spectrum of  diglycidyl ether of 1,1-bis(4-hydroxyphenyl)cyclohexane 

 
1H-NMR spectrum of DGEBPZ is reproduced in Figure 5.7.  Aromatic protons ‘d’ (ortho to 

epoxide group) and ‘e’ (meta to epoxide group) appeared as doublet at 6.80 and 7.15 ppm, 

respectively. The protons (labeled as c) of methylene group adjacent to ether linkage exhibited a 

multiplet in the range 3.72 - 4.19 ppm. The proton (marked as b) of oxirane ring showed a multiplet 

in the range 3.28 - 3.34 ppm while protons (labeled as a) of methylene group displayed a multiplet in 

the range 2.53 - 2.90 ppm. The peaks observed in the range 1.49 - 2.20 ppm could be due the 

protons (f, g, h, i and j) of cyclohexyl ring.  
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Figure 5.7: 1H-NMR spectrum of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)cyclohexane    
                    (CDCl3) 
 

Figure 5.8 represents 13C-NMR spectrum of DGEBPZ. Aromatic carbons labeled as d, e, f 

and g appeared at 155.90, 127.98, 114.03 and 141.39, respectively. The methylene carbons of 

epoxide group and repeat unit (c, n, p) appeared in the range 68.22 - 68.51 ppm. The methine carbon 

‘o’ attached to hydroxyl group (repeat unit) was observed as a weak signal at 69.66 ppm. The 

assignments were confirmed by DEPT spectrum (Figure 5.9) by the appearance of peak in negative 

phase. The signal due to the methylene carbon ‘b’ of epoxide ring was observed at 50.04 ppm which 

was confirmed by DEPT spectrum.  The methylene carbon ‘a’ of epoxide ring exhibited a signal at 

44.60 ppm. The carbons of cyclohexyl ring showed peaks at 45.86 (h), 37.19 ( i, m),  26.24 (k), and 

22.74 (j, l) ppm.   

 
Figure 5.8: 13C-NMR spectrum of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)cyclohexane    
                    (CDCl3) 
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Figure 5.9: 13C-NMR  DEPT spectrum of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)  
                   cyclohexane  (CDCl3). 
 

The epoxy equivalent weight of DGEBPZ was found to be 221 g/ equiv. 

5.3.2 Non-isothermal curing kinetics of epoxy resins 

Curing kinetics of epoxy-amine system has been studied by several authors22-30. The curing kinetics 

of DGEBPC15, DGEBPZ and DGEBPA with MDA were examined by DSC in the present study. 

The DSC curves are represented in Figure 5.10.  

   
     Figure 5.10: DSC thermograms of epoxy resins (curing agent 4,4’-methylenedianiline) 
 

The higher Tg of DGEBPZ in uncured stage (Tg0 ) (14 °C) could be due to rigid cardo group 

while due to flexible C-15 alkyl chain, DGEBPC15 has lower Tg0 (-19 °C)  than DGEBPA (-13.0 

°C). In case of DGEBPC15, it was observed that the curing agent i.e. MDA needed comparatively 
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longer time for homogeneous mixing with DGEBPC15 (section 5.2.4).  The curing reaction which 

takes place during the mixing remains undetected by DSC and hence the DSC cure characteristics of 

DGEBPC15 were not compared with DGEBPA and DGEBPZ system. The curing of DGEBPA and 

DGEBPZ proceeds with the calorific value (∆H) 48 and 52 kJ/mol, respectively which are in 

agreement with the reported values.22-30 The DSC cure characteristics of epoxies under study are 

collected in Table 5.2.  

Table 5.2: Curing characteristics of epoxy resins 

Epoxy Resin Tg0 Ti (°C) Tp (°C) Tf (°C) 
∆ H 

(kJ /mol) 

DGEBPA -13.0 63 159 254 48 

DGEBPZ  14.0 54 147 257 52 

DGEBPC15 -19.0 67 184 295 17 

 

5.3.2.1 Kinetics of curing  

The kinetics of curing of epoxy resins has been established to follow a classical nth order model as: 

 

                                             dα/dt = k1(1-α)n                                                                   (4)  

 

Under nonisothermal conditions, this rate expression takes the form: 

 

                                              dα/dT = (A/φ)e –E/RT (1-α)n                                                            (5) 

 

where, α is the fractional conversion at temperature T, following a heating rate ø. E is the 

activation energy and A the Arrhenius frequency factor. The order of reaction is n.  

In present study, activation parameters were calculated using Coats-Redfern equation 

(Equation 6)31: 

 

                                    ln{g(α)/T2} = ln{(AR/φE)(1-2RT/E)}-E/RT                                             (6) 

 

where  g(α ) = [1-(1- α)1-n ] / (1-n); for n = 1, g(α ) = -ln(1-α); R is the gas constant. 

 The order of the reaction was found from the best fit plots of ln(g(α)/T2) vs. 1/T for different 

values of n. The kinetic plots for the determination of n for both the systems under study are shown 

in Figure 5.11. 
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Figure 5.11: Coats-Redfern plot for determination of order of reaction for  A) DGEBPA-MDA    

                  B) DGEBPZ-MDA 

 

The value of n for both epoxy systems was found to be very close to 1.5 within most of the 

conversion range. The kinetic parameters (E and A) were determined from the linear plots of 

ln(g(α)/T2) vs 1/T (for n = 1.5). The computed activation parameters are collected in Table 5.3. 

The activation energy of DGEBPA and DGEBPZ are almost in the same range. 

  

 

 

A 

B
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Table 5.3 : Activation parameters of  epoxy curing by Coats-Redfern method 

 
Monomer 

 

 
Activation Energy 

Ea (kJ/mol) 
 

Frequency Factor 
ln A (s-1) 

 
DGEBPA 

 
70 8.28 

 
DGEBPZ 

 
62 5.64 

 

5.3.3 Characterization of cured network 

Uncured epoxy resins are characterized by characteristic epoxide ring deformation at around 915 

cm-1 in IR spectroscopy23. The absence of this peak in the spectrum of cured resin confirms the 

conversion of epoxy into a crosslinked network.  IR spectra of cured DGEBPA, DGEBPZ and 

DGEBPC15 are shown in Figure 5.12. The absorption around 915 cm-1 was not detected in IR 

spectra of cured epoxy resins of DGEBPA, DGEBPZ and DGEBPC15. 

 
Figure 5.12 : IR spectra of cured epoxy resins; A) DGEBPA resin, B) DGEBPZ resin C)    
                      DGEBPC15 resin. 
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5.3.3.1 Dynamic mechanical thermal analysis 

Dynamic mechanical measurements were performed to analyze the storage modulus (E) and 

measuring glass transition of cured epoxy resins. Figure 5.13 represents storage modulus of cured 

DGEBPZ, DGEBPZ and DGEBPC15 network. As can be seen from the figure, the storage modulus 

(at 35 °C) of DGEBPC15 resin is less than that of DGEBPA and DGEBPZ resin. In case of 

DGEBPC15 network, the presence of long alkyl pentadecyl chain impedes tight packing of network 

which confers comparatively lower storage modulus. This can also be understood by lower crosslink 

density of the network.  

From the theory of rubber elasticity, the crosslink density of a cured polymer network can 

be determined by the following equation32, 33; 

                                               G =E’/3 = φυRT                                                                 (7) 

where G is the shear modulus, E’ is the storage modulus of the cured network in the rubbery 

plateau region above Tg ( Tg + 40 °C), φ is the front factor, R is the gas constant, T is the absolute 

temperature in Kelvin and υ is crosslink density also known as concentration of network chains 

(number of network chains per unit volume of the cured polymer). For most crosslinked polymers, 

the value of φ is assumed to be unity34-36. This equation holds good only for networks with low 

degrees of crosslinking. For highly crosslinked systems such as epoxies, another semiempirical 

equation (equation 8) results with better agreement between theory and experiment.37,38 

                                          log10 G = 7 + 293 υ                                                           (8) 

where G is in dynes/cm2 . The crosslink densities calculated by using equation 8 are collected in 

Table 5.4. 

 
Figure 5.13: Storage modulus of cured epoxy resins 
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Table 5.4: Dynamic mechanical properties of cured epoxy resins 

Epoxy resin 
Storage modulus  

at 35 °C  (Pa) 

Glass transition 

temperature# 

(°C) 

Storage modulus  at 

Tg + 40 °C 

(dynes/cm2) 

Crosslink density 

(mol / cm3) 

DGEBPA 2.25 x 10 9 139 5.03 x 10 8 4.2 x 10 -3 

DGEBPZ 2.45 x 10 9 173 1.92 x 10 8 2.8  x 10 -3 

DGEBPC15 1.09 x 10 9 125 0.97 x 10 8 1.7  x 10 -3 

 # from  tan δ curve 

The glass transition temperatures of thermosetting resins are strongly influenced by 

backbone rigidity of epoxy monomer, crosslink density and free volume. The introduction of rigid 

backbone such as cardo moiety into epoxy backbone increases glass transition temperature. Increase 

in free volume results into lowering of glass transition39. In the present study, Tg of cured network is 

measured from tan δ peak value (Figure 5.14). 

 
Figure 5.14: Tan δ curves of cured epoxy resins 

 
Due to higher segmental mobility and more number of relaxing species, the network of 

DGEBPC15 exhibits lower Tg than cured DGEBPA and DGEBPZ. 

5.3.3.2 Thermal Properties 

The thermo-oxidative stability of epoxy resins has been studied by many researchers 13, 40-45. Lee 40 

found water, phenol (largest component), isopropynyl phenol (major component), and isopropyl 

phenol (major component) as the initial degradation products of DGEBPA cured with MDA.  

Figure 5.15 represents the weight loss of cured resins of DGEBPA, DGEBPZ, and 

DGEBPC15 when heated at 10 ° C / min in nitrogen. The relative thermal stabilities of the cured 
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resins were compared by the temperature of 10 % weight loss and char yield at 800 °C. The 

temperature of 10 % weight loss and the char yield at 800 °C are tabulated in Table 5.5.  

 

 
Figure 5.15: TGA curves of cured epoxy resins 

 

Table 5.5: Thermal properties of cured epoxy resins 

Epoxy resin T10 (°C) 
Char Yield at 800 

°C (%) 

DGEBPA 374 16.3 

DGEBPZ 372 8.8 

DGEBPC15 341 0.8 

 

Cured DGEBPC15 performed substantially worst than DGEBPZ and DGEBPA, with higher 

weight loss rates at temperatures from 350 °C to around 450 °C. The temperature of 10 % loss was 

found to be 374 °C, 372 °C and 341 °C respectively for DGEBPA, DGEBPZ, and DGEBPC15 

cured epoxy network. The char yield at 800 °C in case of cured DGEBPC15 was observed to be 0.8 

% which is lower than that of cured DGEBPZ (8.8 %) and cured DGEBPA (16.3 %). The decreased 

thermal stability of cured DGEBPC15 could be due to higher aliphatic content. The data shows that 

thermal stability of resins gets hampered after incorporation of cycloaliphatic moiety. 
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5.3.3.3 Moisture absorption 

The moisture absorption seriously damages dielectric properties of a resin by the contribution of 

water molecules to polarization and energy dissipation46 . In case of cyanate ester resins, it was 

observed that incorporation of cycloaliphatic “cardo” group into a cyanate ester monomer resulted 

into polycyanurates with lower moisture absorption. In case of epoxy resins also, it was observed 

that after incorporation of cycloaliphatic “cardo” group, the percentage moisture absorption of cured 

epoxy resin decreases. Table 5.6 summarizes percentage moisture absorption of cured DGEBPA, 

DGEBPZ and DGEBPC15 resins after 24 h exposure to boiling water. The weight gain during 

exposure for cured DGEBPC15 is only about 50 % of that observed in cured DGEBPA resin.  

Table 5.6: Percentage moisture absorption of cured epoxy resins 

Epoxy resins Moisture Absorption (%) 

DGEBPA 3.2 

DGEBPZ 2.6 

DGEBPC15 1.8 
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5.4 Conclusions:  

1. Diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane and diglycidyl ether 

of 1,1-bis(4-hydroxyphenyl)cyclohexane containing cycloaliphatic “cardo” group were 

successfully synthesized from corresponding bisphenols by the reaction with epichlorohydrin 

and were characterized by IR and NMR spectroscopy. 

2. The diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane showed the 

presence of magnetically non-equivalent distereotopic phenyl rings in the NMR spectra. 

3. The epoxies in the present study were cured employing 4,4’-methylenedianiline as a curing 

agent and the properties of cured epoxy network were studied by DMTA, TGA and percent 

moisture absorption measurement.  

4. The activation energy of curing of epoxies calculated by Coats-Redfern method in 

nonisothermal mode was in the range 48-52 kJ/mol. 

5.  Both the storage modulus and Tg of cured epoxy resin of diglycidyl ether of 1,1-bis(4-

hydroxyphenyl)cyclohexane were higher than that of cured network of diglycidyl ether of 

bisphenol-A and diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane due 

to the presence of rigid cycloaliphatic “cardo” group. 

6. The thermal degradation of cured epoxy resins under study, as analyzed by TGA,  followed a 

single step degradation with T10 values in the range 340 – 375 °C. 

7. The cured network of diglycidyl ether of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane 

exhibited lower % moisture absorption than that of cured network of diglycidyl ether of 

bisphenol-A and diglycidyl ether of 1,1-bis(4-hydroxyphenyl)cyclohexane which could be 

ascribed to higher aliphatic content in the former. 

 

 

 

 

 

 

 

 

 

 

 

 



 
Chapter 5: Synthesis, Characterization and Curing of Epoxy Resins 
 

 
University of Pune                                                                               National Chemical Laboratory  156

References: 
 
1.  Lee, H; Neville, K. In Handbook of Epoxy Resins, 1967, McGraw Hill, New York. 
2.  May, C.; Tanaka, Y. Eds. Epoxy Resins Chemistry and Technology, 1988, 2nd ed, Marcel  
     Dekker, Inc, New York.   
3.   Bosch, A. Epoxy Resins, In Polymeric Materials Encyclopedia, Salamone J.C. Ed., 1996,  
      CRC Press, Boca Rathon, Vol 3, p 2246. 
4.   Pham, H; Marks, M. Epoxy Resins, In Encyclopedia of Polymer Science and Technology,  
       2004, 3rd Ed., Wiley Interscience, New Jersey, Vol 9, p 678. 
5.   Serra, A; Cadiz, V; Martinez, PA; Mantecon, A.  Angew. Makromol. Chem. 1986, 140, 113. 
6.   Mantecon, A.; Cadiz, V.; Serra, A.; Martinez, P. A. Eur. Polym. J. 1987, 23, 481. 
7.   Bucknall, C.B.; Gilbert, A.H. Polymer 1989, 30, 213. 
8.   Mormann, W.; Brocher, M. Macromol. Chem. Phys. 1998, 119, 1935 
9.   Batog, A.E.; Petko, I.P.; Penczek, P. Adv. Polym. Sci. 1999, 144, 49. 
10. Erich, W.; Bodnar, M.J.  J. Appl. Polym. Sci. 1960,  3, 296. 
11. Korshak, V.V.; Soloveva, L.K.; Kamenskh, I.V. Vysokomol Soedin A. 1971, 13, 150.   
12. Lin, S.C.; Pearce, E.M.  J. Polym. Sci.: Polym. Chem. 1979, 17, 3095.   
13. Lin, S.C.; Bulkin, B.J.; Pearce, E.M.  J. Polym. Sci.: Polym. Chem. 1979, 17, 3121. 
14. Chen, C.S.; Bulkin, B.J.; Pearce, E.M.  J. Appl. Polym. Sci. 1982, 27, 1177.   
15. Chen, C.S.; Bulkin, B.J.; Pearce, E.M.  J. Appl. Polym. Sci. 1982, 27, 3289. 
16. Dai, Z; Li, Y; Yang, S; Zong, C; Lu, X; Xu, J. J. Appl. Polym. Sci. 2007, 106, 1476.    
17. Muller, HP; Franke, J. (Bayer AG),  European Patent  0377909 A1, 1990.  
18. Xu, K.; Chen, M.; Zhang, K.; Hu, J. Polymer 2004, 45, 1133.  
19. Su, X.; Jing, X. J. Appl. Polym. Sci. 2007, 106, 737. 
20. Wang, T.; Wan, P.Y.; Yu, Q.P; Yu, M. Polym. Bull. 2008, 59, 787. 
21. Sorenson W. R.; Campbell T. W. Preparative Methods of Polymer Chemistry, 1961,  2nd Ed, Interscience  
     Inc., New York, p 309. 
22. Kamal, M.R. Polym. Eng. Sci., 1974, 14, 231.  
23. Pang, K.P.; Gillham, J.K. J. Appl. Polym. Sci., 1989, 37, 1969. 
24. Min, B.G.; Stachurski, Z.H.; Hodgkin, J.H. Polymer, 1993, 34, 4908.  
25. Vyazovkin, S.; Sbirrazzuoli, N. Macromolecules, 1996, 29, 1867.  
26. Pichaud, S.; Duteurtre, X.; Fit, A.; Stephan, F.; Maazouz, A.; Pascault, J.P. Polym. Int.  
      1999, 48, 1205. 
27. Perrin, F, -X.; Nguyen, T.M.H; Vernet, J.-L. Macromol. Chem. Phys., 2007, 208, 718.  
28. Liu, W.; Qiu, Q; Wang, J.; Huo, Z.; Sun, H. Polymer 2008, 49, 4399. 
29. Dai, Z.; Li, Y.; Yang, S.; Zhao, N.; Zhang, X.; Xu, J. Eur. Polym. J., 2009, 45, 1941.  
30. Marks, M.J.; Snelgrove, R.V. ACS Appl. Mater. Interaces., 2009, 1, 921.  
31. Coats, A.W.; Redfern, J.P. Nature 1964, 201, 68  
32. Tobolsky, A. V.; Carlson, D. W.; Indicator, N. J. Polym. Sci. 1961, 54, 175.  
33. Ferry, J. D. Visoelastic Proerties of Polymers 1980, Wiley, New York.  
34. Tobolsky, A. V.; Katz, D.; Thach, R.; Schaffhauser, R. J. Polym. Sci. 1962, 62,  S176.  
35. Takahama, T.; Geil, P.H. J. Polym. Sci. Polym. Lett. Ed. 1982, 20, 453.  
36. Hasegawa, G.; Fukuda, A.; Tonogi, S. J. Appl. Polym. Sci., 1989, 37, 3423.  
37. Nielsen, L.E. Mechanical Properties of Polymers and Composites,1974, Marcel Dekker, New York, Vol.1.  
38. Ward, I. M.; Hadley, D.W. An Introduction to the Mechanical Properties of Solid Polymers, 1993, Wiley,  
     New York.  
39. Prime R. B. In Thermal Characterization of Polymeric Materials. Turi, E.A. Ed. 1981, Academic, New   
      York, chapter 2 and chapter 5.  
40. Lee, L.H. J. Polym. Sci. A., 1965, 3, 859. 
41. Keeman, M.A.; Smith, D. A. J. Appl. Polym. Sci. 1967, 11, 1009. 
42. Cerceo, E. Ind. Eng. Chem. Prod. Res. Dev., 1970,  9, 96. 
43. Bishop, D.P. ; Smith, D. A. J. Appl. Polym. Sci. 1970, 14, 205. 
44. Theocaris, P.S.; Paipetis, A. S.; Tasngaris, J.M. Polymer 1974, 15, 441. 
45. Patterson-Jones, J. C. J. Appl. Polym. Sci. 1974, 19, 1539. 
46. Snow, A.W.; Buckley L.J. In Handbook of Low and High Dielectric Constant Materials and Their  
      Applications. Nalwa, H.S. Ed. 1999, Academic Press; New York, Vol. 1, Chap 4. 



 
 

    
 
 

 
   

 
 
 
 

Synthesis, Characterization and    
Curing Studies of Bismaleimides 

 
 
 
 
 
 
 

6 Chapter 



Chapter 6. Synthesis, Characterization and Curing Studies of Bismaleimides 
  

 
University of Pune                                                                               National Chemical Laboratory  157

6.1 Introduction 

Bismaleimides (BMIs) represent a class of addition-type polyimides comprising thermally 

curable monomers or oligomers and cured resins.1,2 The cured BMIs find applications in 

multilayered printed wiring boards for large scale computers, in carbon fiber composites for the 

aerospace industry, etc.3-8 One of the main reasons for the intense interest in BMIs is the ability 

to fabricate them with epoxy like processing conditions without evolution of void forming 

volatiles. The cured BMIs exhibit high glass transition temperature coupled with high 

modulus.2,9,10  

However, the higher melting points (greater than 150 °C) of BMI monomers, poor 

solubility of BMI monomers in common organic solvents and inherent brittleness of the cured 

resins limit their widespread applications to a great extent.11,12 The higher melting points (> 150 

°C) close to the onset temperature of curing induces a short gel time or short potlife of the melt 

making the processing difficult.  

To overcome these problems, various approaches such as developing new BMI 

monomers containing flexible units13-19, modification of BMI resins by using comonomers, etc., 

were attempted.20-22 It was observed that introduction of flexible spacers into BMI backbone 

lowers melting point of monomer and improves solubility in common organic solvents.23-33 

Barton et. al. 28 synthesized a series of BMI monomers having lower melting points (<100 °C). 

The authors observed that the purity of BMI monomers has marked effects on the thermal cure 

characteristics. Goldfrab et. al.17 synthesized a series of bismaleimides containing flexible units 

of variable length with different pendent groups and found that the breadth of cure window can 

be controlled by varying oxyalkylene linkage between reacting imide end groups without 

adversely affecting thermal properties of the cured network. Hsiao et.al.18,30 reported a series of 

BMI monomers containing ether bridges in order to study the effect of structure on the thermal 

properties of cured resins. The authors observed that increasing molecular weight between 

reactive end groups lowered melting points of BMIs leading to a sufficient temperature gap 

between melting point and cure onset. The introduction of ether linkage decreased Tg, and 

improved toughness of cured resins without compromising thermal stability to a large extent. 

Grenier-Loustalot et.al.29 studied the effect of BMI backbone on reactivity and observed that 

alkyl / bulky substitution at ortho position to maleimide ring decreases reactivity due to steric 

hindrance. The researchers also observed increase in melting point with increase in steric 

hindrance. Feng et. al.33 observed a decrease in melting point of BMI monomer with the 

introduction of alkylene spacer. Table 6.1 lists BMI monomers containing alkylene chain / 

ether unit and common BMIs with their melting points. 
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Table 6.1 : List of bismaleimide monomers containing alkylene chain / ether units 

Sr. 
No. Bismaleimide Melting Point 

(°C) Reference 

155-157 23 

157-158 24 1 
 160 (Purity: 95 %) 

163 (Purity: 99.3 %) 
25 

173-174 23 
2 

 176-178 26 

3 
 

205 18 

90-100 27 

4 

 93-100 28 

5 

 

130-132 (n = 2) 

98-100 (n = 4) 
17 

6 

 

53-54 (n = 2) 

48-49 (n = 3) 

46-47 ( n = 4) 

17 

7 
 

135 18 

8 
 

85 18 

9 
 

90 18 

10 

 

131 18 
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Table 6.1 continued….. 

11 
 

90 18 

12 

 

210 (R = -CH3) 

162 (R = -C2H5) 

221 (R = CH(CH3)2) 

29 

13 

 

136 30 

14 

 

45 31 

15 

 

137 32 

16 

 

101-103 (n = 5) 

138-142 (n = 6) 

75-78  (n = 7) 

123-126 (n = 8) 

33 

 

The objective of the present work was to synthesize new BMI monomers exhibiting 

lower melting point and solubility in common organic solvents. One of the approaches to 

improve solubility and processability of high temperature / high performance polymers is the 

introduction of flexible chains as pendant groups.34-38 The introduction of pendent groups 

disturbs structural regularity and hence impedes close packing of molecules which thus results 

into lowering of melting point. Thus, our synthetic research efforts were directed towards 

designing BMI monomers with asymmetry. The approach involved making use of    3-

pentadecyl phenol, which in turn is obtainable from cashew nut shell liquid (CNSL) –a 

renewable resource material. Considering the special structural features of 3-pentadecyl phenol, 

different strategies were developed to design and synthesize new bismaleimides. (Table 6.2, 

Sr. No. 1-3)  

The present work deals with the design and synthesis of three new BMI monomers 

(Table 6.2, Sr. No. 1-3) containing flexible pendent pentadecyl chain, characterization of BMI 
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monomers by FTIR, and NMR (1H and 13C NMR) spectroscopic techniques. The curing 

kinetics of new BMIs was studied by using DSC and thermal properties of cured resins were 

evaluated by TGA. To understand the effect of incorporation of flexible pendent pentadecyl 

chain into BMI structure, reference BMI monomers (Table 6.2, Sr. No. 4, 5) were also 

synthesized. 

Table 6.2: List of bismaleimide monomers synthesized in the present study. 

Sr. No Bismaleimide Monomer Name 

1 

 

1,1-Bis[4-(4- maleimidophenoxy)phenyl]-3-

pentadecyl cyclohexane 

2 

 

4,4’-Bis(maleimido)-3-pentadecyldiphenylether 

3 

 

1,3-Bis(maleimido)-4 -pentadecylbenzene 

4 

 

1,1-Bis[4-(4- maleimidophenoxy)phenyl] 

cyclohexane 

5. 

 

4,4’-Bis(maleimido)diphenylether 

6.2 Experimental  

6.2.1 Materials 

1,1-Bis(4-hydroxyphenyl)cyclohexane (BPZ) and 1,1-bis(4-hydroxyphenyl)-3-pentadecyl 

cyclohexane (BPC15) were synthesized as described in Chapter 3.  

Palladium-on-carbon (10 wt %), 3-pentadecyl phenol, and 4,4’-bis(amino)diphenyl 

ether (4,4’-oxydianiline),  were purchased from Sigma-Aldrich Inc. USA. Acetone, chloroform, 

dichloromethane, ethylacetate, toluene, phenol, acetic acid, hydrochloric acid, nitric acid, 

sulfuric acid, potassium hydroxide, triethylamine, sodium bicarbonate, sodium chloride, 

sodium dithionite, sodium nitrite, sodium sulfate, and silica gel were procured from Merck 

India. Sulfanilic acid (Fluka), 1-chloro-4-nitrobenzene, hydrazine hydrate (80%), maleic 

anhydride, methanesulfonyl chloride, N,N-dimethylformamide, potassium carbonate, 



Chapter 6. Synthesis, Characterization and Curing Studies of Bismaleimides 
  

 
University of Pune                                                                               National Chemical Laboratory  161

magnesium metal, and sodium acetate (Loba Chemie, India) were used as received. Absolute 

ethanol (Cympran Gludt BV, Belgium) was used as received.  

6.2.2 Characterization 

Melting points were determined by open capillary method and are uncorrected. 

Infrared spectra were recorded on Perkin-Elmer, spectrum GX model at a resolution of 

4 cm-1
. 

 The spectra were recorded by depositing samples as solvent-cast thin films on sodium 

chloride cells.  

NMR spectra were recorded on Bruker NMR spectrophotometer (200 or 400 MHz) 

using CDCl3 or DMSO-d6 as a solvent.  

DSC measurements were performed on TA Instrument (Q10) supported by TA 

Universal Analysis software for data acquisition. The samples (5-7 mg) were sealed in hermetic 

aluminum pans and experiments were performed under a nitrogen flow of 50 mL / min. The 

samples were subjected to a dynamic DSC scan at the heating rate of 10 °C/min. The enthalpy 

of curing ∆H was determined from the area under the exothermic curve. The cure onset 

temperature (To) was considered as the intersect of slope of baseline and tangent of curve 

leading to peak of transition. The fractional conversion (α) of each sample at a given 

temperature under nonisothermal conditions was calculated from the relation39: 

                                                 αT  = ∆Hf / ∆HT                                                                                                     (1) 

 where ∆Hf  is the fractional enthalpy at that temperature and ∆HT , the total heat of reaction 

under nonisothermal mode.  

Thermogravimetric analysis (TGA) data was obtained using a TA instrument, (model 

Q 5000) at a heating rate of 10°C / min under nitrogen atmosphere.  

6.3 Preparations  

6.3.1 Synthesis of 1,1-bis[4-(4- maleimidophenoxy)phenyl] -3-pentadecylcyclohexane 

6.3.1.1 Synthesis of 1,1-bis-[4-(4-nitrophenoxy)phenyl]-3-pentadecylcyclohexane 

Into a 500 mL two necked round bottom flask equipped with a nitrogen inlet, a reflux 

condenser and a magnetic stirring bar were placed 1,1-bis-(4-hydroxyphenyl)-3-

pentadecylcyclohexane  (9.56 g, 0.02 mol),  1-chloro-4-nitrobenzene (7.88 g, 0.05 mol), and 

DMF (150 mL). To the reaction mixture, potassium carbonate (8.28 g, 0.06 mol) was added 

and the reaction mixture was refluxed for 12 h under nitrogen atmosphere. The reaction mixture 

was cooled to room temperature and poured into water (500 mL). The crude product obtained 
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was filtered and the filtrate was washed with water (3 x 50 mL). The pale yellow solid was 

recrystallized using DMF.  

Yield: 10.82 g (75 %),  

MP: 79 - 80°C 

6.3.1.2 Synthesis of 1,1-bis-[4-(4-aminophenoxy)phenyl]-3-pentadecylcyclohexane. 

Into a 250 mL three necked round bottom flask equipped with a magnetic stirring bar, a 

nitrogen inlet, a reflux condenser and a dropping funnel were added 1,1-bis[4-(4-

nitrophenoxy)phenyl]-3-pentadecylcyclohexane (7.21 g, 0.01 mol), palladium-on-carbon (10 wt 

%) (0.14 g, 2 wt % based on dinitro compound) and absolute ethanol (50 mL). To the reaction 

mixture, hydrazine hydrate (80 %) (4 mL diluted with 5 mL of ethanol) was added dropwise 

over a period of 30 min at reflux temperature under nitrogen atmosphere. After the completion 

of addition, the reaction mixture was refluxed for 4 h. The reaction mixture was filtered while 

hot to remove palladium-on-carbon and the filtrate was cooled to room temperature. The 

colorless solid obtained was isolated by filtration and recrystallized using ethanol. 

Yield: 5.3 g (80 %),  

MP: 71°C. 

6.3.1.3 Synthesis of 1,1-bis[4-(4-maleimidophenoxy)phenyl]-3-pentadecylcyclohexane. 

Into a 100 mL two necked round bottom flask equipped with a magnetic stirring bar, a nitrogen 

inlet and a reflux condenser were placed  1,1-bis[4-(4-aminophenoxy) phenyl] -3-

pentadecylcyclohexane (2.52 g, 3.8 mmol), maleic anhydride (0.78 g,  8 mmol) and acetone (10 

mL). The reaction mixture was stirred at room temperature for 4 h and then refluxed for 1h. To 

the reaction mixture, were added acetic anhydride (3 mL) and sodium acetate (0.66 g, 8 mmol) 

and the mixture was refluxed for 6 h. The reaction mixture was cooled to room temperature, 

poured into water (75 mL) and extracted with ethyl acetate.  The ethyl acetate layer was 

successively washed with aqueous solution of sodium bicarbonate (3 x 25 mL), brine water (2 x 

25 mL) and water (2 x 25 mL). The ethyl acetate layer was dried over sodium sulfate, filtered, 

and  evaporated on rotary evaporator to afford a viscous product which was purified by column 

chromatography (Eluent: pet ether / ethyl acetate: 90 : 10, v/v). 

Yield: 1.52 g (50%).  

6.3.2 Synthesis of 4,4’-bis(maleimido)-3-pentadecyldiphenylether 

6.3.2.1 Synthesis of 4-amino-3-pentadecyl phenol 

Into a 500 mL three necked round bottom flask equipped with a reflux condenser, a 

thermowell, and a magnetic stirring bar  were placed 3-pentadecyl phenol (30.4 g, 0.10 mol), 
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potassium hydroxide (28.0 g, 0.50 mol), and ethanol (200 mL). To the reaction mixture was 

added diazonium chloride (synthesized as described below) at –5 °C. The resulting red dye 

solution was stirred for 2 h and then the temperature was raised to 75 °C. To the reaction 

mixture, a saturated solution of sodium dithionite (53.0 g, 0. 30 mol) was added over a period 

of 10 min and the reaction mixture was stirred for 30 min (color of reaction mixture changed 

from dark red to orange). To the reaction mixture, was then added acetic acid (18.0 g, 0.3 mol) 

diluted with water (20 mL) and the reaction mixture was refluxed for 1 h (color changed to pale 

tan). The reaction mixture was poured into water (2 L). The precipitated product was filtered 

and dried under reduced pressure at 50 °C. The crude product was purified by recrystallisation 

using toluene.  

[To prepare diazonium chloride of sulphanilic acid, sodium carbonate (11.7 g, 0.11 

mol,) and sulphanilic acid dihydrate (21.0 g, 0.10 mol) were dissolved in water (100 mL). To 

the reaction mixture, sodium nitrite (6.9 g, 0.10 mol) dissolved in water (20 mL) was added at 

15 °C. After the complete addition, the reaction mixture was poured on ice cold hydrochloric 

acid (36 %), (30 mL) and the resulting precipitate was allowed to settle down and filtered.] 

Yield: 25.0 g (79 %). 

MP: 104°C (Lit.: 105-106 °C).40 

IR (CHCl3, cm-1): 3460 and 3355 (–NH stretching), 3260 (-OH stretching). 
1H-NMR (CDCl3, δ ppm): 6.53 - 6.60 (m, 3H, Ar-H), 3.65 (broad s, 2H, -NH2), 2.43 (t, 2H, 

benzylic -CH2), 1.54 – 1.60 (m, 2H, -CH2 β to aromatic ring), 1.22 - 1.26 (m, 24H, -CH2 ), 0.87 

(t, 3H, -CH3). 

6.3.2.2 Synthesis of 4-(4’-nitrophenoxy)-2-pentadecylbenzenamine  

Into a 500 mL three necked round bottom flask equipped with a nitrogen gas inlet, a reflux 

condenser and a magnetic stirring bar were placed 4-amino-3-pentadecyl phenol (20.0 g, 62 

mmol), 1-chloro-4-nitrobenzene (9.87 g, 62 mmol),  potassium carbonate (9.53 g, 68 mmol) 

and DMF (100 mL). The reaction mixture was refluxed for 3 h under nitrogen atmosphere. The 

reaction mixture was cooled to room temperature and poured into water (1L). The precipitated 

product was filtered, dried and recrystallised using ethanol.  

Yield: 18.9 g (90 %). 

MP: 66-67 °C (Lit.: 67 °C).40 

IR (CHCl3, cm-1): 3350 (–NH stretching), 1535 (-NO2 asymmetric stretching), . 1340 (-NO2 

symmetric stretching), 1250 (-C-O-C- stretching). 
1H-NMR (CDCl3, δ ppm): 8.15 (d, 2H, Ar-H, ortho to –NO2), 6.94 (d, 2H, Ar-H, meta to –

NO2), 6.66 – 6.81 (m, 3H, Ar-H, pentadecyl substituted ring), 3.62 (s, 2H, -NH2), 2.45 (t, 2H, 
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benzylic -CH2), 1.56 – 1.64  (m, 2H, -CH2 β to aromatic ring), 1.22 - 1.26 (m, 24H,  -CH2 ), 

0.86 (t, 3H, -CH3). 

6.3.2.3 Synthesis of 4-(4’-aminophenoxy)-2-pentadecylbenzenamine  

Into a 250 mL three necked round bottom flask equipped with a dropping funnel, a reflux 

condenser, and magnetic stirring bar  were placed 4-(4’-nitrophenoxy)-2-pentadcyl 

benzenamine (10.0 g, 22 mmol), palladium-on-carbon (10  wt %) (0.2 g, 2 wt % based on nitro 

compound) and absolute ethanol (100 mL). To the reaction mixture, hydrazine hydrate (35 mL, 

diluted with 35 mL of absolute ethanol) was added dropwise over a period of 1 h at 80 °C. 

After the completion of addition, the reaction mixture was refluxed for 4 h. The reaction 

mixture was filtered while hot to remove palladium-on-carbon. The product precipitated on 

cooling and was isolated by filtration and recrystallised using ethanol. 

Yield: 8.38 g (90%). 

MP: 81°C (Lit.:  81 °C).40 

IR (CHCl3, cm-1): 3465 and 3370 (–NH stretching), 1235 (-C-O-C- stretching). 
1H-NMR (CDCl3, δ ppm): 6.72 – 6.82 (m, 4H, Ar-H), 6.63  (d, 3H, Ar-H, ortho to –NH2), 3.12 

(s, 4H, -NH2), 2.43 (t, 2H, benzylic -CH2), 1.54 – 1.61 (m, 2H, -CH2 β to aromatic ring), 1.22 - 

1.26 (m, 24H,  -CH2 ), 0.87 (t, 3H, -CH3). 

6.3.2.4 Synthesis of 4,4’-bis(maleimido)-3-pentadecyldiphenylether 

Into a 100 mL two necked round bottom flask equipped with a magnetic stirring bar, a nitrogen 

inlet and a reflux condenser were placed  4-(4’-aminophenoxy)-2-pentadecylbenzenamine (2.05 

g,  5 mmol), maleic anhydride (1.03 g, 10.5 mmol) and acetone (25 mL). The reaction mixture 

was stirred at room temperature for 4 h and then refluxed for 1h. To the reaction mixture were 

added acetic anhydride (6 mL) and sodium acetate (0.87 g, 11 mmol) and the mixture was 

refluxed for 6 h. The reaction mixture was cooled to room temperature and poured into water 

(150 mL). The solid obtained was washed with water (3 x 10 mL) and then with methanol (2 x 

10 mL). The crude product was purified by column chromatography (Eluent: pet ether / ethyl 

acetate: 80 : 20, v/v).  

Yield: 2.13 g (52 %).  

MP: 69 - 70 °C. 

6.3.3 Synthesis of 1,3-bis(maleimido)-4-pentadecylbenzene 

6.3.3.1 Synthesis of 1-methane sulfonyloxy-3-pentadecyl benzene  

Into a 500 mL two necked round bottom flask equipped with dropping funnel and an air 

condenser were added 3-pentadecylphenol (10 g, 32.8 mmol), triethyl amine (3.6 g, 36 mmol) 
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and dichloromethane (100  mL). To the reaction mixture, methanesulfonyl chloride (4.12 g, 36 

mmol) was added dropwise at 0 °C. After complete addition of methanesulfonyl chloride, the 

reaction mixture was stirred for 48 h. The reaction mixture was filtered and the organic layer 

was washed with saturated aqueous sodium chloride solution (2 x 50 mL) followed by washing 

with water (3 x 50 mL). The organic layer was dried over sodium sulfate and filtered. The 

evaporation of solvent on rotary evaporator afforded 1-methane sulfonyloxy-3-pentadecyl 

benzene. 

Yield: 9 g (96 %). 

MP: 58 °C (Lit .: 58 °C).40 

IR (CHCl3, cm-1): 1370 (-SO2 asymmetric stretching), 1125 (-SO2 symmetric stretching)  
1H-NMR (CDCl3, δ ppm): 7.34 (t, 1H, Ar-H, meta to mesyl), 7.05 – 7.16 (m, 3H, Ar-H), 3.12 

(s, 3H, -CH3, methyl of mesyl ester group), 2.62 (t, 2H, benzylic -CH2), 1.56 – 1.62 (m, 2H, -

CH2  β to aromatic ring), 1.21 - 1.28 (m, 24H,  -CH2  ), 0.87 (t, 3H, -CH3). 

6.3.3.2  Synthesis of pentadecyl benzene 

Into a 250 mL two necked round bottom flask equipped with an air condenser and a magnetic 

stirring bar were placed 1-methane sulfonyloxy-3-pentadecyl benzene (5 g, 13.6 mmol), 

palladium-on-carbon (0.5 g), magnesium metal (0.39 g, 16.3 mmol), ammonium acetate (14.7 

g, 191 mmol) and methanol (50 mL) and the reaction mixture was degassed by three vacuum / 

N2 cycles. The reaction mixture was stirred under nitrogen atmosphere at room temperature for 

1 h. After completion of the reaction, the reaction mixture was filtered and the filtrate was 

partitioned between dichloromethane (250 mL) and water (250 mL). The aqueous layer was 

extracted with dichloromethane (3 x 100 mL). The combined dichloromethane layer was 

washed with saturated aqueous sodium chloride solution (2 x 100 mL), followed by water (3 x 

100 mL). The organic layer was dried over sodium sulfate and filtered. Evaporation of solvent 

on rotary evaporator afforded pentadecyl benzene as a yellow liquid. The product was purified 

by column chromatography (Eluent: pet ether).  

Yield: 2.3 g (62 %) 

IR (CHCl3, cm-1): 2925 and 2850 (aliphatic C-H stretching), 1600 (aromatic C=C stretching) 
1H-NMR (CDCl3, δ ppm):  7.15 - 7.26 (m, 5H, Ar-H ), 2.59 (t, 2H, benzylic -CH2), 1.24 - 1.38 

(m, 26H,  -CH2 ), 0.87 (t, 3H, -CH3).  

6.3.3.3 Synthesis of 1,3-dinitro-4-pentadecylbenzene  

Into a 100 mL two necked round bottom flask equipped with a dropping funnel, a magnetic 

stirring bar and an air condenser were placed pentadecylbenzene (2.02 g, 7 mmol).  A mixture 

of fuming nitric acid (3 mL) and sulphuric acid (2 mL) was added drop-wise over a period of 
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10 min and the mixture was gently heated over a flame for 2 min. The reaction mixture was 

cooled and poured on ice-water. The solid obtained was filtered and washed with water (4 x 20 

mL).  The filtrate was dried under vacuum and recrystallized using methanol.  

Yield : 2.12 g (80%).  

MP: 51 °C (Lit .: 51 °C).41 

IR (CHCl3, cm-1): 1590 (aromatic C=C stretching), 1530 (-NO2 asymmetric stretching), 1345 (-

NO2 symmetric stretching). 
1H NMR (CDCl3, δ ppm):  8.72 (d, 1H, Ar-H), 8.33 (d, 1H, Ar-H), 7.54 (d, 1H, Ar-H), 2.97 (t, 

2H, benzylic -CH2), 1.25–1.38 (m, 26H, -CH2), 0.87 (t, 3H, -CH3). 

6.3.3.4 Synthesis of 4-pentadecylbenzene-1,3-diamine  

Into a 100 mL three necked round bottom flask equipped with a dropping funnel and a reflux 

condenser were added 1,3-dinitro-4-pentadecylbenzene (1.89 g, 5 mmol), palladium-on-carbon 

(10 wt %) (0.04 g, 2 wt % based on dinitro compound) and absolute ethanol (20 mL). The 

reaction mixture was heated to 70 °C and hydrazine hydrate (4 mL, diluted with 5 mL of 

absolute ethanol) was added drop-wise over a period of 15 min and refluxed for 6 h. The 

reaction mixture was filtered while hot. The product precipitated on cooling and was isolated 

by filtration and recrystallised using ethanol. 

Yield : 1.35 g (85 %). 

MP: 75 °C. (Lit.: 75 °C).41 

IR (CHCl3, cm-1): 3405, 3319 and 3209 (-N-H stretching), 1600 (aromatic C-C stretching). 

1H NMR (CDCl3, δ ppm):  6.79 (d, 1H, Ar-H), 6.12 (d, 1H, Ar-H), 6.06 (d, 1H, Ar-H), 3.30 

(broad s, 4H, -NH2) 2.38 (t, 2H, benzylic -CH2), 1.25 – 1.38 (m, 26H, -CH2), 0.88 (t, 3H, -CH3). 

6.3.3.5 Synthesis of 1,3-bis(maleimido)-4-pentadecylbenzene 

Into a 100 mL two necked round bottom flask equipped with a magnetic stirring bar, a nitrogen 

inlet and a reflux condenser were placed  4-pentadecylbenzene-1,3-diamine (0.95 g,  3 mmol), 

maleic anhydride (0.59 g, 6 mmol) and acetone (10 mL). The reaction mixture was stirred at 

room temperature for 4 h and then refluxed for 1h. To the reaction mixture, were added acetic 

anhydride (4 mL) and sodium acetate (0.49 g, 6 mmol) and the reaction mixture was refluxed 

for 6 h. The reaction mixture was cooled to room temperature and poured into water (100 mL). 

The solid precipitated was washed with water (3 x 10 mL) followed by methanol (2 x 10 mL). 

The product was purified by column chromatography (Eluent: pet ether : ethyl acetate: 80:20, 

v/v).  

Yield: 0.80 g (56 %).  

MP: 96 - 98 °C 
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6.3.4 Synthesis of 1,1-bis[4-(4- maleimidophenoxy)phenyl] cyclohexane 

6.3.4.1 Synthesis of 1,1-bis-[4-(4-nitrophenoxy)phenyl] cyclohexane 

Into a 500 mL two necked round bottom flask equipped with a nitrogen inlet, a reflux 

condenser and a magnetic stirring bar were placed 1,1-bis-(4-hydroxyphenyl)cyclohexane ( 

10.7 g, 0.04 mol), 1-chloro-4-nitrobenzene (14.2 g, 0.09 mol), and DMF (200 mL). To the 

reaction mixture, potassium carbonate (16.6 g, 0.12 mol) was added and the mixture was 

refluxed for 12 h under nitrogen atmosphere. The reaction mixture was cooled to room 

temperature and poured into water (700 mL). The product obtained was washed with water (4 x 

25 mL). The pale yellow solid was recrystallized using DMF.  

Yield: 15.9 g (78 %).  

MP: 133-134 °C (Lit.: 133.8 - 134.1 °C).42 

IR (CHCl3, cm-1): 1515 (-NO2 asymmetric stretching), 1345 (-NO2 symmetric stretching),  

1235 (C–O–C stretching). 
1H-NMR (CDCl3, δ ppm): 8.20 (d, 4H, Ar-H, ortho to –NO2), 7.35 (d, 4H, Ar-H),  7.01 (d, 8H, 

Ar-H, ortho to –O– linkage), 2.26 - 2.33 (m, 4H, -CH2 ), 1.48 - 1.68 (m, 6H, -CH2 ). 

6.3.4.2 Synthesis of 1,1-bis-[4-(4-aminophenoxy)phenyl]cyclohexane. 

Into a 250 mL three necked round bottom flask equipped with a magnetic stirring bar, a 

nitrogen inlet, a reflux condenser and a dropping funnel were added 1,1-bis[4-(4-

nitrophenoxy)phenyl) cyclohexane  (10.2 g, 0.02 mol), palladium-on-carbon (10 wt %) (0.204 

g, 2 wt % based on dinitro compound) and absolute ethanol (100 mL). To the reaction mixture, 

hydrazine hydrate (80%) (6 mL diluted with 10 mL of ethanol) was added dropwise over a 

period of 30 min at reflux temperature under nitrogen atmosphere. After the completion of 

addition, the reaction mixture was refluxed for 4 h. The reaction mixture was filtered while hot 

to remove palladium-on-carbon and the filtrate was cooled to room temperature. The colorless 

needles obtained were isolated by filtration and recrystallized using ethanol. 

Yield: 7.2 g (80 %),  

MP: 154-155 °C. (Lit,: 155 - 155.5 °C).42 

IR (CHCl3, cm-1): 3450, 3375 (-NH stretching), 1230 (C–O–C stretching). 
1H-NMR (CDCl3, δ ppm): 7.15 (d, 4H, Ar-H), 7.35 (d, 4H, Ar-H), 6.84 (d, 8H, Ar-H, ortho to –

O– linkage), 6.66 (d, 4H, Ar-H, ortho to –NH2), 3.35 (broad s, 4H, -NH2), 2.16 - 2.23 (m, 4H, -

CH2),  1.40 - 1.60 (m, 6H, -CH2 ). 
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6.3.4.3 Synthesis of 1,1-bis[4-(4-maleimidophenoxy)phenyl]cyclohexane. 

Into a 100 mL three necked round bottom flask equipped with a magnetic stirring bar, a 

nitrogen inlet, a reflux condenser and a dropping funnel were placed  1,1-bis[4-(4-

aminophenoxy) phenyl] cyclohexane (2.5 g, 5.6 mmol), maleic anhydride (1.18 g, 12 mmol) 

and acetone (20 mL). The reaction mixture was stirred at room temperature for 4 h and then 

refluxed for 1 h. To the reaction mixture were added acetic anhydride (5 mL) and sodium 

acetate (0.98 g, 12 mmol). The reaction mixture was refluxed for 6 h, cooled to room 

temperature and poured into water (150 mL). The product obtained was washed with water ( 3 

x 10 mL) and then with methanol (2 x 10 mL). The crude product was purified by 

recrystallization using methanol. 

Yield: 2.32 g (62 %).  

MP: 91 - 92 °C. 

6.3.5 Synthesis of 4,4’-bis(maleimido)diphenylether 

Into a 100 mL two necked round bottom flask equipped with a magnetic stirring bar, a nitrogen 

inlet and a reflux condenser were placed  4,4’- bis(amino)diphenylether (2.00 g,  10 mmol), 

maleic anhydride (1.96 g, 20 mmol) and acetone (25 mL). The reaction mixture was stirred at 

room temperature for 4 h and then refluxed for 1h. To the reaction mixture were added acetic 

anhydride (10 mL) and sodium acetate (1.64 g, 20 mmol) and the mixture was refluxed for 6 h. 

The reaction mixture was cooled to room temperature and poured into water (100 mL). The 

solid obtained was washed with water (4 x 10 mL) and then with methanol (2 x 10 mL).The 

product was recrystallized using methanol.  

Yield: 2.1 g (60 %). 

MP:  177 °C (Lit. 176 – 178 °C).26 

6.4 Results and Discussion 

6.4.1 Synthesis of 1,1-bis[4-(4- maleimidophenoxy)phenyl]-3-pentadecyl cyclohexane 

A new bismaleimide monomer, containing flexible pendent pentadecyl chain was synthesized 

(Scheme 6.1) starting from a bisphenol viz; 1,1-bis[4-hydroxyphenyl]-3-

pentadecylcyclohexane  [BPC15] which was in turn was synthesized starting from 3-

pentadecylphenol as described in chapter 3, section 3.3.1).  
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Scheme 6.1: Synthesis of 1,1-bis[4-(4- maleimidophenoxy)phenyl]-3-pentadecyl      
                     cyclohexane 

Starting from bisphenol BPC15, a dinitro compound; 1, 1-bis-[4-(4-nitrophenoxy) 

phenyl]-3-pentadecylcyclohexane (DNBPC15) was synthesized as detailed in section 6.3.1.1. 

The product was characterized by FTIR, and NMR (1H and 13C) spectroscopy.  

IR spectrum (Figure 6.1) of 1,1-bis-[4-(4-nitrophenoxy)phenyl]-3-pentadecyl 

cyclohexane displayed bands at 1517, 1344 and 1250 cm-1 corresponding to –NO2 asymmetric, 

–NO2 symmetric and Ar-O-Ar stretchings, respectively.  
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Figure 6.1: IR spectrum of 1,1-bis-[4-(4-nitrophenoxy)phenyl]-3-pentadecyl 

                             cyclohexane 
 

Figure 6.2 represents 1H-NMR spectrum of DNBPC15 alongwith peak assignments. 

The peaks corresponding to the aromatic protons (a and a’) ortho to nitro group appeared in the 

range 8.16 - 8.24 ppm. The protons labeled as d and d’ observed as doublets at 7.24 and 7.43 

ppm. The peaks due to aromatic protons b, b’, c and c’ were observed in the range 6.93 – 7.09 

ppm. The methylne and methine protons of cyclohexyl ring and pentadecyl chain exhibited 

peaks in the range 1.25 – 2.70 ppm. A triplet observed at 0.87 ppm was assigned to the methyl 

protons of pentadecyl chain.  

Figure 6.3 represents 13C-NMR of DNBPC15. The peaks corresponding to the 

quaternary aromatic carbons were observed at 163.14, 163.31 (d, d’), 152.25, 152.43 (e, e’), 

148.61, 142.56 (h, h’) and 142.49, 142.60 (a, a’) ppm.  The aromatic carbons b, b’ (ortho to 

nitro group) displayed peaks at 116.95 (axial phenyl ring) and 117.13 (equatorial phenyl ring) 

ppm while the aromatic carbons c, c’ (meta to nitro group) showed peaks at 125.79 (axial 

phenyl ring) and 125.81 (equatorial phenyl ring) ppm. The peaks observed at 119.94, 120.19, 

127.92 and 129.73 ppm could be assigned to the aromatic carbons labeled as f, f’, g and g’, 

respectively. The methylene and methine carbons of cyclohexyl ring and pentadecyl chain 

showed signals in the range 22.62 – 46.17 ppm. The terminal methyl carbon exhibited a peak at 

14.06 ppm. 
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Figure 6.2: 1H-NMR spectrum of   1, 1-bis-[4-(4-nitrophenoxy) phenyl]-3-pentadecyl   
                   cyclohexane (CDCl3). 
 

 
Figure 6.3: 13C-NMR spectrum of   1, 1-bis-[4-(4-nitrophenoxy) phenyl]-3-pentadecyl   
                   cyclohexane (CDCl3). 
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DNBPC15 was converted into the corresponding diamine viz; 1, 1-bis-[4-(4-

aminophenoxy) phenyl]-3-pentadecylcyclohexane (DABPC15) using hydrazine hydrate and 

palladium-on-carbon as a catalyst.  

The diamine DABPC15 was characterized by FTIR, 1H-NMR and 13C-NMR 

spectroscopy.  

Figure 6.4 represents IR spectrum of DABPC15. The peaks due to –NH stretchings 

were observed at 3470 and 3365 cm-1. The peak due to C-O-C stretching was observed at 1238 

cm-1. 

 

Figure 6.4: IR spectrum of 1,1-bis-[4-(4-aminophenoxy)phenyl]-3-pentadecyl 
                               cyclohexane. 
 

Figure 6.5 illustrates 1H-NMR spectrum of DABPC15 alongwith peak assignments. 

The protons (a, a’) ortho to amino group (which were observed in the range 8.16 – 8.24 ppm in 

the dinitro precursor DNBPC15) shifted upfield (6.62 – 6.70 ppm) due to the shielding effect of 

-NH2 group. The peaks observed in the range 6.73 – 6.91 ppm could be due to the aromatic 

protons labeled as b, b’ and c, c’. The aromatic protons marked as d, d’ exhibited doublet at 

7.05 ppm (axial phenyl ring) and 7.23 ppm (equatorial phenyl ring). The broad singlet observed 

at 3.57 could be assigned to the protons (k) of amino group. The methylene and methine 

protons of cyclohexyl ring and pentadecyl chain were observed in the range 1.25 – 2.60 ppm. 

The protons of terminal methyl group displayed a triplet at 0.88 ppm.  
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Figure 6.5: 1H-NMR spectrum of   1,1-bis-[4-(4-aminophenoxy)phenyl]-3-pentadecyl   
                    cyclohexane (CDCl3). 
 

13C-NMR spectrum of DABPC15 is represented in Figure 6.6 alongwith peak 

assignments. The quaternary aromatic carbon labeled as a’, a (attached to amino group) 

displayed signals at 116.50 and 116.78 ppm. The peaks due to quaternary aromatic carbons 

marked as d’, d, e’,e and h’ h were observed at 156.43, 156.54, 145.77, 142.77 and 139.21 ppm. 

The peaks due to methylene carbons and quaternary carbons of cyclohexyl ring and pentadecyl 

chain were observed in the range 22.67 – 45.64 ppm. The terminal methyl carbon of pentadecyl 

chain exhibited a signal at 14.11 ppm. 

 
Figure 6.6: 13C-NMR spectrum of   1,1-bis-[4-(4-aminophenoxy)phenyl]-3-pentadecyl   
                    cyclohexane (CDCl3). 
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The diamine DABPC15 was converted into 1,1-bis[4-(4- maleimidophenoxy) phenyl]-

3-pentadecyl cyclohexane (BPC15BMI) by following the procedure developed by Searl.43 

Initially, the diamine DABPC15 was reacted with maleic anhydride to give bismaleamic acid. 

The reaction was exothermic and proceeded with immediate precipitation of bismaleamic acid. 

The bismaleamic acid was cyclodehydrated in situ using acetic anhydride and sodium acetate to 

yield BPC15BMI.  

IR spectrum (Figure 6.7) of BPC15BMI showed a strong absorption at 1718 cm-1 due 

to C=O stretching of imide ring. 

 
Figure 6.7: IR spectrum of 1,1-bis[4-(4- maleimidophenoxy)phenyl]-3-pentadecyl    
                     cyclohexane. 
 

The bismaleimide was further characterized by NMR spectroscopy. Figure 6.8 

represents 1H-NMR spectrum of BPC15BMI. The peaks corresponding to the protons (a, a’) of 

imide ring were observed at 6.83 and  6.84  ppm as two separate singlets due to the presence of 

two magnetically non-equivalent phenyl rings. Aromatic protons ortho to imide rings (labeled 

as b and b’) exhibited signals in the range 7.30 – 7.35 ppm. The peaks corresponding to the 

protons marked as c, d, and e, were observed in the range 6.86 - 7.21 ppm. The methylene and 

methine protons of cyclohexyl ring and pentadecyl chain appeared in the range 1.24 – 2.65 

ppm. The protons of terminal methyl group displayed a triplet at 0.86 ppm.  
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Figure 6.8: 1H-NMR spectrum of 1,1-bis[4-(4- maleimidophenoxy)phenyl]-3-pentadecyl    
                     cyclohexane (CDCl3) 
 

13C-NMR spectrum of BPC15BMI is reproduced in Figure 6.9. The peaks 

corresponding to C=C of imide ring were observed at 134.10 ppm while carbonyl carbon of 

imide ring showed a signal at 169.54 ppm. The quaternary aromatic carbons (c and c’) attached 

to imide ring displayed peaks at 125.64 and 125.79 ppm while the peaks corresponding to the 

quaternary aromatic carbons attached to oxygen ( marked as f, f’ and g, g’) were observed at 

153.93, 154.12 and 156.92, 157.08 ppm, respectively. The peaks appeared in the region 118.75 

– 119.02 ppm could be due to aromatic carbons e, e’, h and h’. The peaks observed at 140.98 

and 147.30 ppm were assigned to the aromatic carbons j (axial phenyl ring) and j’ (equatorial 

phenyl ring) attached to cyclohexyl ring. The quaternary carbon ‘ k ’ (attached to two aromatic 

rings) showed a signal at 45.89 ppm. The peaks observed at 44.23, 37.63, 37.25, 33.16, 31.86, 

30.03, 29.63, 29.29, 26.74 and 22.62 ppm could be assigned to methylene carbons l, n, o, p of 

cyclohexyl ring and of methylne carbons of pentadecyl chain.   
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Figure 6.9: 13C-NMR spectrum of 1,1-bis[4-(4- maleimidophenoxy)phenyl]-3-pentadecyl   
                cyclohexane (CDCl3) 
 

The assignment of aromatic carbons was confirmed from 13C-DEPT spectrum (Figure 

6.11). Figure 6.10 illustrates overlay of aromatic region of 13C and 13C-DEPT spectrum. The 

peaks corresponding to aromatic quaternary carbons b, c, f, g, j, and k were absent in DEPT 

spectrum while peaks due to tertiary carbons (a, d, e, h , i and m) and methyl carbon ‘r’ 

appeared in negative phase. 

 
Figure 6.10: Stacked partial 13C and 13 C-DEPT NMR spectrum of 1,1-bis[4-(4- maleimido    
                    phenoxy)phenyl]-3-pentadecylcyclohexane (Aromatic region) 
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Figure 6.11: 13C-DEPT NMR spectrum of 1,1-bis[4-(4- maleimidophenoxy) phenyl]-3-   
                     pentadecylcyclohexane (CDCl3) 
 

6.4.2 Synthesis of 4,4’-bis(maleimido)-3-pentadecyldiphenylether 

Scheme 6.2 depicts route for the synthesis of 4, 4’-bis(maleimido)-3-pentadecyldiphenylether 

which comprised of four steps; diazotization, condensation, reduction and condensation. The 

diamino precursor viz; 4-(4’-aminophenoxy)-2-pentadecylbenzenamine was synthesized 

starting from 3-pentadecylphenol by following the procedure reported from our laboratory.44 

 In the first step, 4-amino-3-pentadecyl phenol was obtained by reaction of 3-

pentadecylphenol with diazotized sulfanilic acid and sodium dithionite. The structure of 4-

amino-3-pentadecylphenol was confirmed by FTIR, and 1H-NMR spectroscopy (section 

6.3.2.1). 

The second step involved condensation of 4-amino-3-pentadecyl phenol with 1-chloro-

4- nitrobenzene in the presence of potassium carbonate to yield 4-(4’-nitrophenoxy)-2- 

pentadecylbenzenamine. The product was purified by recrystallization using ethanol. The 

formation of 4-(4’-nitrophenoxy)-2-pentadecylbenzenamine was confirmed by FTIR, and 1H-

NMR spectroscopy (section 6.3.2.2).   

In the next step, the conversion of 4-(4’-nitrophenoxy)-2-pentadecylbenzenamine into 

4-(4’- aminophenoxy)-2-pentadecylbenzenamine was accomplished using hydrazine hydrate 
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and palladium-on-carbon. The synthesized dimaine was characterized by FTIR, and 1H-NMR 

spectroscopy (section 6.3.2.3).   

The condensation of diamine with maleic anhydride resulted instantaneous 

precipitation yielding bismaleamic acid which was in situ cyclodehydrated using acetic 

anhydride and sodium acetate to obtain 4, 4’-bis(maleimido)-3-pentadecyldiphenylether 

(ODAC15BMI) . 

 

Scheme 6.2 : Synthesis of 4,4’-bis(maleimido)-3-pentadecyldiphenylether 

The bismaleimide ODAC15 BMI was characterized by FT-IR and NMR spectroscopy. 

Figure 6.12 displays FTIR spectrum of ODAC15BMI. The absorption at 1717 cm-1 
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corresponding to C=O stretching of imide ring was observed. The absorption due to C-O-C 

stretching was observed at 1213 cm-1. 

 
Figure 6.12: IR spectrum of 4,4’-bis(maleimido)-3-pentadecyldiphenylether 

 

In 1H-NMR spectrum of ODAC15BMI (Figure 6.13), two singlets observed at 6.79 

and 6.80 ppm could be due to the  protons (a and a’) of imide ring. The peaks corresponding to 

the proton ‘f’, ortho to imide ring appeared in the region 7.23 – 7.27  ppm while peaks due to 

aromatic protons labeled as b, c, and e were observed in the region  6.96 – 7.08  ppm. The 

aromatic proton marked as d, meta to imido group (from aromatic ring with pentadecyl chain) 

exhibited peaks in the region 6.82 – 6.87 ppm. A triplet at 2.30 ppm was assigned to benzylic –

CH2 of pentadecyl group. The methylene protons β to aromatic ring exhibited a multiplet in the 

range 1.36 – 1.44 ppm while peaks due to remaining methylene protons of pentadecyl group 

appeared in the range 1.15 – 1.17 ppm. The methyl protons of pentadecyl chain displayed a 

triplet at 0.80 ppm. 

 
Figure 6.13: 1H-NMR spectrum of 4,4’-bis(maleimido)-3-pentadecyldiphenylether 

                             (CDCl3)  
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13C-NMR spectrum of ODAC15BMI alongwith assignments is reproduced in Figure 

6.14 and is in accordance with the structure.  The carbonyl carbons (b and b’), of imide ring 

exhibited peaks at 169.36 and 169.84 ppm while peaks due to olefinic carbon (a and a’), 

appeared at 134.0 and 134.18 ppm. The quaternary aromatic carbons c, c’ (attached to imide 

ring) displayed peaks at 124.59 and 126.39 ppm while the carbons f, f’ (attached to oxygen) 

exhibited signals at 155.89 and 157.32 ppm. The peak at 143.44 ppm could be assigned to the 

aromatic carbon marked as d’’. The peaks observed at 130.37, 127.55, 119.90, 119.39 and 

116.81 ppm could be assigned to aromatic carbons marked as d’, e, e’, d, and e’’, respectively. 

The methylene carbons of pentadecyl chain displayed peaks in the region 22.49 – 31.72 ppm 

while the terminal methyl carbon exhibited a signal at 13.96 ppm. 

 

Figure 6.14: 13C-NMR spectrum of 4,4’-bis(maleimido)-3-pentadecyldiphenylether  
                     (CDCl3)  
 

The assignments of aromatic carbons were further confirmed from 13C-DEPT 

spectrum. (Figures 6.15 and 6.16). The peaks corresponding to tertiary and methyl carbons 

appeared in negative phase, peaks due to methylene carbons appeared in positive phase while 

peaks corresponding to quaternary carbons were absent.  
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Figure 6.15: Stacked partial 13C and 13C-DEPT NMR spectrum of 4, 4’-bis(maleimido)-3  
                     pentadecyldiphenylether (Aromatic region). 

 

 

 

Figure 6.16: 13 C-DEPT NMR spectrum of 4,4’-bis(maleimido)-3-pentadecyldiphenylether  
                     (CDCl3) 
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6.4.3 Synthesis of 1,3-bis(maleimido)-4 -pentadecylbenzene (MPDAC15BMI) 

Starting from 3-pentadecyl phenol, a new bismaleimide monomer; 1,3-bis(maleimido)-4 –

pentadecylbenzene was synthesized in five steps. (Scheme 6.3). 

 In the first step, 3-pentadecylphenol was converted into 1-methyl sulfonyloxy-3-

pentadecylbenzene using methansulfonyl chloride. The product was characterized by IR and 
1H-NMR spectroscopy.  1-Methyl sulfonyloxy-3-pentadecylbenzene was converted into 

pentadecyl benzene using ammonium acetate, palladim-on-carbon and magnesium metal as 

reported earlier from our laboratory.41 The structure of pentadecylbenzene was cofirmed by IR 

and 1H-NMR spectroscopy (section 6.3.3.2). Pentadecylbenzene was nitrated to obtain 1,3-

dinitro-4-pentadecylbenzene using the mixture of sulfuric acid and fuming nitric acid. The 

product was recrystallized using methanol. The reduction of 1,3-dinitro-4-pentadecyl benzene 

into 4-pentadecylbenzene-1,3-diamine was achieved using hydrazine hydrate and palladium-

on-carbon as a catalyst. The synthesized diamine was characterized by IR, 1H-NMR 

spectroscopy (section 6.3.3.4).  

The conversion of diamine into bismaleimide; 1,3-bis(maleimido)-4-pentadecyl 

benzene (MPDAC15BMI) was accomplished by following the procedure developed by Searl.43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6. Synthesis, Characterization and Curing Studies of Bismaleimides 
  

 
University of Pune                                                                               National Chemical Laboratory  183

 

 

Scheme 6.3: Synthesis of 1,3-bis(maleimido)-4 -pentadecylbenzene 

The bismaleimide MPDAC15BMI was characterized by FT-IR and NMR 

spectroscopy. Figure 6.17 represents IR spectrum of MPDAC15 BMI. The intense peak at 

1722 cm-1 due to C=O stretching of imide ring was observed. 
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Figure 6.17: IR spectrum of 1,3-bis(maleimido)-4 –pentadecylbenzene. 

Figure 6.18 illustrates 1H-NMR spectrum of MPDAC15BMI alongwith peak 

assignments. The peak appeared at 7.44 ppm corresponds to aromatic protons marked as b and 

c. The aromatic proton labeled as d displayed a peak at 7.21 ppm. The protons of imide rings 

exhibited two separate singlets at 6.86 and 6.82 ppm. A triplet observed at 2.30 ppm could be 

due to benzylic –CH2 of pentadecyl chain (marked as e). The peaks corresponding to methylene 

protons of pentadecyl chain appeared in the range 1.24 – 1.62 ppm. The protons of terminal 

methyl group of pentadecyl chain displayed a triplet at 0.86 ppm. 

 

Figure 6.18: 1H-NMR spectrum of 1,3-bis(maleimido)-4 -pentadecylbenzene (CDCl3) 
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 13C-NMR spectrum of MPDAC15BMI is represented in Figure 6.19. The peak 

corresponding to carbonyl carbon (marked as b, and b’) of imide rings appeared at 168.97 and 

169.42 ppm while olefinic carbons (a and a’)  of imide rings exhibited peaks at 134.08 and 

134.29 ppm. The quaternary aromatic carbons (c and e) attached to imide rings showed a peak 

at 129.55 ppm while the signal corresponding to quaternary aromatic carbon (f) attached to 

pendent pentadecyl chain appeared at 140.70 ppm. The aromatic carbons labeled as h and g 

displayed signals at 126.05 and 125.63 ppm, respectively. The peaks appeared in the range 

22.56 – 31.78 ppm were be due to methylene carbons of pentadecyl chain. The peak observed 

at 14.01 ppm could be assigned to the terminal methyl carbon.  

The peak assignments were supported by 13C-DEPT spectrum (Figure 6.20 and 6.21) 

wherein the signals corresponding to methylene carbons appeared in positive phase while the 

peaks due to tertiary and methyl carbons appeared in negative phase. The signals due to 

quaternary carbons were absent. 

 

Figure 6.19: 13C-NMR spectrum of 1,3-bis(maleimido)-4 -pentadecylbenzene (CDCl3) 
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Figure 6.20: Stacked partial 13C and 13 C-DEPT NMR spectrum of 1,3-bis(maleimido)-4 – 
                      pentadecylbenzene (Aromatic region) 

 

 

Figure 6.21: 13C- DEPT NMR spectrum of 1,3-bis(maleimido)-4–pentadecylbenzene  
                     (CDCl3) 
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6.4.4 Synthesis of 1,1-bis[4-(4- maleimidophenoxy)phenyl]cyclohexane  

 In order to study the structure-property relationship, a bismaleimide containing 

cyclohexyl ring was synthesized using 1,1-bis(4-hydroxyphenyl)cyclohexane (which was in 

turn synthesized from cyclohexanone as described in chapter 3, section 3.3.8) by performing 

etherification, reduction and condensation reactions as depicted in  Scheme 6.4. 

 

Scheme 6.4 : Synthesis of 1,1-bis[4-(4- maleimidophenoxy)phenyl]cyclohexane 
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 The bismaleimide 1,1-bis[4-(4- maleimidophenoxy)phenyl]cyclohexane (BPZBMI) 

was characterized by FTIR, and NMR spectroscopy. IR spectrum (Figure 6.22) of BPZBMI 

showed a band at 1721 cm-1 corresponding to the stretching of C=O group (imide ring).  

 

Figure 6.22: IR spectrum of 1,1-bis[4-(4- maleimidophenoxy)phenyl]cyclohexane 
 

Figures 6.23, 6.24, and 6.25, respectively represent 1H-NMR, 13C-NMR and 13C 

(DEPT) NMR spectra alongwith peak assignmetns. All the assignments are in good agreement 

with the structure. 

 

Figure 6.23: 1H-NMR spectrum of 1,1-bis[4-(4- maleimidophenoxy)phenyl]cyclohexane  
                      (CDCl3) 
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Figure 6.24: 13C-NMR spectrum of 1,1-bis[4-(4- maleimidophenoxy)phenyl]cyclohexane     
                     (CDCl3) 

 

       Figure 6.25: 13C- DEPT NMR spectrum of 1,1-bis[4-(4- maleimidophenoxy)phenyl]  
                            cyclohexane (CDCl3). 

6.4.5 Synthesis of 4, 4’-bis(maleimido)diphenylether 

 Starting from commercially available 4, 4’-bis(amino)diphenylether, the bismaleimide 

viz; 4, 4’-bis(maleimido) diphenylether (ODABMI) was synthesized in order to understand the 

effect of pentadecyl chain on curing  and thermal properties of cured network of ODAC15BMI. 

(Scheme 6.5). 
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Scheme 6.5 : Synthesis of 4, 4’-bis(maleimido)diphenylether 

 The bismaleimide ODABMI was characterized by FTIR, and NMR spectroscopy 

(Figure 6. 26 - 6. 28). The spectroscopic data was in good agreement with the reported data23,30.  

 
Figure 6.26: IR spectrum of 4, 4’-bis(maleimido)diphenylether 

 
 

 

Figure 6.27: 1H-NMR spectrum of 4, 4’-bis(maleimido)diphenylether (CDCl3) 
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Figure 6.28: 13C-NMR  spectrum of 4, 4’-bis(maleimido)diphenylether (DMSO-d6) 
 

6.4.6 Solubility of bismaleimides 

The solubility of synthesized BMIs was tested in various organic solvents viz; chloroform, 

dichlormethane, DMSO, and DMF at 5 wt % concentration and the results are collected in 

Table 6.3. 

Table 6.3 : Solubility of bismaleimide monomers at 5 wt % concentration. 

Solvents Sr. 

No. 
Monomer Monomer Structure 

CHCl3 CH2Cl2 DMSO DMF 

1 ODABMI 
 

- - + + 

2 ODAC15BMI 
 

+ + + + 

3 BPZBMI + + + + 

4 BPC15BMI + + + + 

5 MPDAC15BMI 
 

+ + + + 

 
+: Soluble at room temperature.  
- : Insoluble at room temperature.  
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As compared to ODABMI, the pendent flexible pentadecyl chain containing analogue 

ODAC15BMI was observed to be soluble in common organic solvents such as chloroform, 

dichloromethane, etc., at 5 wt % concentration. Other BMI monomers viz; BPC15BMI, 

MPDAC15BMI were also soluble in chloroform, dichloromethane, etc,. The presence of C15 

alkyl chain interfered the tight packing of molecules as well as provided additional ‘handle’ for 

interaction with solvents.  

6.4.7 Kinetics of curing 

Due to the electron withdrawing nature of the two adjacent carbonyl groups, the double bond of 

imide group is susceptible towards homo- and copolymerization. The homopolymerization 

(curing) may be induced thermally or by free radicals / anions to give a network with high 

cross-link density via addition reaction.2,45 The cure process of bismaleimides follows 

autocatalytic first order kinetics. Different techniques viz; IR,45, 46 DSC,25,47-53 NMR,29,54 etc., 

are reported in the literature to study the curing process. 

In the present study, the kinetics of BMI curing was studied using DSC. The 

DSC thermograms of bismaleimides under study are shown in Figure 6. 29 
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      Figure 6. 29 : DSC thermograms of bismaleimides. (A)  ODABMI (B) BPZBMI (C)    
                              BPC15BMI (D) ODAC15BMI (E) MPDAC15BMI. 
 

Figure 6.29 (A) represents the DSC thermogram of curing process of ODABMI. The 

scan shows a sharp endotherm peak at 183 ° corresponding the melting point (176 - 177 °C 

observed by open capillary) followed by a curing exotherm with a peak maxima at 282 °C and 

heat of polymerization (∆H) 73 kJ / mol. Figure 6.29 (D) shows DSC scan of ODAC15BMI; 

the analogue of ODABMI with pentadecyl chain. The examination of DSC scan shows melting 

endotherm with a peak maxima at 78 °C (69 – 70 °C by open capillary). The thermogram 

shows two exotherms for curing wherin, the first exotherm shows the onset of curing (stage-I) 

at 128 °C and the curing then ceases at about 232 °C and then there is a considerable gap 

(around 30 °C) before the second curing (stage-II) onsets at 269 °C. Based on heat of 

polymerization data, the former curing exotherm contributes for about 65 % conversion while 

the latter corresponds to 35% conversion. 
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Figure 6. 30 : DSC thermograms of ODAC15BMI (A) 0 – 240 °C @ 10 °C/min, (B) 
quenched A and rescanned from 40 – 385 °C  @ 10 °C/min, (C) quenched B and 
rescanned from 40 – 385 °C  @ 10 °C/min 
 

This observation was confirmed by rescanning the sample from 40 °C to 385 °C after 

the first exhotherm was over (240 °C). (Figure 6.30 B). The rescan B does not show melting 

endotherm and exhotherm due to curing (stage-I), and shows the exhotherm due to curing 

stage-II. The third scan (40 - 385 °C) (Figure 6.30 C) shows no process. Moreover, the 

resinous nature of sample after curing stage-I was also confirmed by its insolubility in solvents 

(chloroform, dimethylsulfoxide) at room temperature and after heating as well, against the 

uncured monomer which was soluble in both the solvents at room temperature. Similar 

observations were reported by Barton et.al.28, 52 for different BMI monomers where the authors 

extensively studied such behavior. 

Figure 6.29 B and C represents DSC thermograms of BPZBMI and BPC15BMI 

curing, respectively. The cure process of BPC15BMI proceeds with two peaks, the former 

commencing at 130 °C comprises for about 1% conversion based on the values of heat of 

polymerization.  

The cure characteristics of all BMI monomers under study are collected in Table 6.4. 
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Table 6.4 : Cure profile of bismaleimides 

DSC Profile 
Sr. 
No. Bismaleimide 

Melting 
Point 
(°C)a 

Processing
Window 

(°C) To 
(°C) 

Tp 
(°C) 

Tf 
(°C) 

∆H 
(kJ/mol) 

1.  
(ODABMI) 

183 42 225 282 340 73 

2.  
(ODAC15BMI) 

78 50 

128 (I) 

269 
(II) 

158 (I) 

329 
(II) 

232 (I) 

383 
(II) 

119 

3.  
(BPZBMI) 

91 103 194 236 345 128 

4.  
(BPC15BMI) 

Viscous 
Liquid 

> 100 
(130) 
208 

247 340 134 

5.  
(MPDABMI) 

205b 40 245b 253b 350b 71b 

6.  
(MPDAC15BMI) 

98 132 230 290 348 85 

To – cure onset (initiation) temperature 

Tp – Maximum cure (peak) temperature 

Tf – Final cure temperature 

a    - From DSC melting endotherm 

b    - Data taken from reference 18. 

 

 The melting points of BMI monomers (ODAC15BMI, BPC15BMI and MPDAC15 

BMI) as can be seen from Table 6.4, are lower than that of corresponding BMI monomers 

without pentadecyl chain (ODABMI, BPZBMI and MPDABMI). This could be due the 

presence of pendent flexible pentadecyl chain which impedes the close packing of molecules. 

This lowering of melting points increased the range of processing window (between melting 

point and cure onset temperature) from ~ 40 °C (ODABMI, MPDABMI) to around 100 °C ( 

BPZBMI, BPC15BMI, MPDAC15BMI) with the exception of ODAC15BMI.  
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 The data for ∆H of BMI curing in the present case lies in the range of 73 – 134 kJ/mol.  

At this point of time, no explanation can be put forth for the observed variation of ∆H with the 

structure of BMI monomer, however, the range is in accordance with the reported values for 

other BMI monomers.18,28,30,48,49,52 

6.4.7.1 Nonisothermal cure kinetics 

In nonisothermal conditions, the rate of reaction can be expressed by equation 2: 

                                                 nRTEeA
dT
d

)1()/( αφα
−= −                                                       (2) 

where α is fractional conversion at temperature T, φ  is heating rate, E is activation energy, A is 

Arrhenius frequency factor, R is gas constant, and n is the order of reaction. 

 In the present case, cure kinetics was studied by employing Coats-Redfern equation55 

which is expressed as: 

                             ln{g(α)/T2} = ln{AR/φE)(1-2RT/E)}-E/RT                                          (3) 

where  g(α ) = [1-(1- α)1-n ] / (1-n); for n = 1, g(α ) = -ln(1-α). 

 To calculate kinetic parameters, fractional conversion ‘α’ was calculated from 

fractional enthalpy of reaction using equation 1. Kinetic plots of ln{g(α)/T2} against 1/T 

assuming different order of reaction (n = 0.5, 1, 1.5, 2, 2.5 and 3) were drawn using the Coats-

Redfern equation and the best fit furnished the order of reaction ‘n’. In all the cases, best fit was 

observed for n = 1. Figure 6. 31 shows plots of determination of order of reaction and curing 

parameters. The curing parameters (activation energy and Arrhenius frequency factor) were 

computed from slope and intersect of the plot with best fitting value of ‘n’. In case of 

ODAC15BMI two activations energies were calculated for stage-I and stage-II from plots D-I 

and D-II, (Figure 6.30), respectively. The activation energy of BPC15BMI was calculated for 

the conversion range > 1 % (shown by dotted lines, Figure 6.31 C). The kinetic parameters of 

the bismaleimide curing calculated from these curves are collected in Table 6.5.  
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Figure 6. 31: Determination of order of bismaleimide curing reaction by Coats-Redfern   
                       equation.  
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                     Table 6.5: Kinetic parameters of bismaleimide curing 

Kinetic Parameters 
Sr. No Monomer 

Ea (kJ/mol) ln A (s-1) 

1. 
 

110 

(137a, 120b) 
10.3 

2. 
 

121 (stage-I) 

131 (stage-II) 

21.2 (stage-I) 

12.9 (stage-II) 

3. 
 

110 12.7 

4. 
 

76 4.4 

5. 
 

103 9.3 

    a - Reference 49 

                   b - Reference 48 

 

6.4.8 Thermal stability of cured network 

The thermal degradation of cured BMIs is a function of the structure of the bridge between the 

succinimide rings formed during cure process. Stenzenberger et.al.56 studied the degradation 

pattern of cured BMIs with aliphatic and aromatic backbone and observed that the degradation 

proceeds preferably by cleavage of bond between nitrogen and aromatic carbon to yield 

amines, isocyanates, phenol, carbon monoxide, water, etc.  

Figure 6.32 shows the weight loss of cured ODABMI, BPZBMI, BPC15BMI, 

ODAC15BMI, and MPDAC15BMI heated at 10 ° C / min in nitrogen. The relative thermal 

stabilities of the cured BMIs were compared by the temperature of 10 % weight loss and char 

yield at 800 °C. The temperature of 10 % weight loss and the char yield at 800 °C are 

summarized in Table 6.6.  

All the cured BMIs showed a single stage decomposition. The temperature at 10% 

weight loss was in the range 390- 485 °C indicating good thermal stability of cured BMIs. The 

stability of cured BMIs was observed in the order; ODABMI > MPDAC15BMI 

>ODAC15BMI > BPZBMI > BPC15BMI. Amongst the series, cured BPC15BMI showed 

comparatively higher weight loss rate at temperatures from 400 °C to around 600 °C. The char 

yield at 800 °C in case of cured BPC15BMI was observed to be 25 % which is the lowest in the 
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series. The decreased thermal stability of cured BPC15BMI can be correlated to the higher 

aliphatic content. 

 

Figure 6.32 : TG curves of bismaleimides 

Table 6.6: Thermal properties of cured bismaleimides.  

Sr. No Cured Bismaleimide Monomer Structure T10 (°C) 
Char Yield at 800 

°C (%) 

1. ODABMIa 
 

485 53 

4. ODAC15BMIb 
 

440 41 

2. BPZBMIb 
 

415 32 

3. BPC15BMIb 
 

390 25 

5. MPDAC15BMIb 
 

455 39 

6. PDAC15BMIc 
 

500c 46.5 c 

a    -    cured at 180 °C/1h, 200 °C/1h, 250 °C/3 h. 

b    -    cured at 100 °C/1h, 180°C/1h, 250 °C/3 h. 

c    -    data taken from reference 18. 
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6.5 Conclusions: 

1. Three new bismaleimide monomers containing flexible pendent pentadecyl chain  viz; 

4,4’-bis(maleimido)-3-pentadecyldiphenylether, 1,1-bis[4-(4-maleimidophenoxy)phenyl] 

-3-pentadecylcyclohexane and 1,3-bis(maleimido)-4-pentadecylbenzene were 

synthesized  by the ring opening addition reaction of corresponding diamines with maleic 

anhydride followed by cyclodehydration of N,N-bismaleamic acids using acetic 

anhydride and sodium acetate and were characterized by IR, 1H-NMR and 13C-NMR 

spectroscopy. 

2. The melting points of bismaleimide  monomers containing pendent pentadecyl chain  viz; 

4,4’-bis(maleimido)-3-pentadecyldiphenylether (78 °C) and 1,3-bis(maleimido)-4-

pentadecylbenzene (98 °C) were lower than that of 4,4’-bis (maleimido)diphenylether 

(183 °C) and 1,3-bis(maleimido)benzene (205 °C), respectively.  

3. Due to lower melting points, the bismaleimide monomers containing pendent pentadecyl 

chain viz; 4,4’-bis(maleimido)-3-pentadecyldiphenylether, 1,1-bis[4-(4-maleimido 

phenoxy)phenyl]-3-pentadecylcyclohexane and 1,3-bis(maleimido)-4-pentadecyl- 

benzene exhibited larger processing window  (> 100 °C) than bismaleimide monomers 

viz; 4,4’-bis (maleimido) diphenylether and 1,3-bis(maleimido)benzene. 

4. 4,4’-Bis(maleimido)-3-pentadecyldiphenylether exhibited improved solubility pattern in 

common organic solvents such as chloroform, dichloromethane, etc., as compared to 

4,4’-bis (maleimido) diphenylether. 

5. The nonisothermal cure kinetics of five bismaleimides viz; 4,4’-bis (maleimido) 

diphenylether, 4,4’-bis(maleimido)-3-pentadecyldiphenylether, 1,1-bis[4-(4-maleimido 

phenoxy)phenyl]cyclohexane,1,1-bis[4-(4-maleimidophenoxy)phenyl]-3-pentadecyl 

cyclohexane and 1,3-bis (maleimido)-4-pentadecylbenzene was studied using DSC and 

the kinetic parameters were calculated using Coats-Redfern method. 

6. The cured network of all the bismaleimides under study showed a single stage 

decomposition with T10  values in the range of 390 – 485 °C indicating their good thermal 

stability. 
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7.1 Introduction  

Propargyl ether functional phenolic resins (also popularly known as propargyl-terminated resins) 

were developed as a potential hydrophobic substitute for epoxies in advanced composites, 

electronics, adhesives and coatings.1-4 The structural similarity of bispropargyl ether monomer to 

epoxies is useful for their preparation, processing and development of thermally stable polymers.1,2 

One of the key features of these systems is their ability to undergo curing through addition reaction 

of the acetylene groups, either linearly or via cyclization. The curing via cyclization involves initial 

Claisen rearrangement to 2-H-1-benzopyran (chromene) groups which subsequently polymerize5-8 

yielding a network with high thermal stability (Scheme 7.1). 

 

Scheme 7.1 : Polymerization of bispropargyl ethers 

The good attributes of cured bispropargyl ethers include; good thermal stability, low water 

absorption, good dielectric properties, low monomer sensitivity to boiling water, good solvent 

resistance and excellent physico-mechanical properties.  

The synthetic method of bispropargyl ethers makes it possible to tailor the properties by 

varying the structure of monomer. Bispropargyl ethers with various structural features have been 

reported.1-4, 9-15 The bispropargyl ether of bisphenol-A (BPAPT) remains to be the most widely 

studied monomer in this category. Dirlikov2 discussed the properties of cured resin based on 

bisphenol A in detail. The cured network exhibited high Tg (300 °C for cured samples and 360 °C 

for post-cured samples), high thermal stability (no weight loss when heated upto 380°C), low 

moisture absorption (1.2 wt %), low dielectric constant (2.77 at 10 MHz) and good mechanical 

properties. Apart from bisphenol-A based monomer, bispropargyl ethers with various functional 

groups such as, carbonyl, ether, fluroaliphatic, sulfone, etc., were also reported2,9. (Table 7.1) Nair 

et. al.10 investigated the kinetics of cure reaction of bispropargyl ethers based on bisphenol-A,  1,1-

bis(4-hydroxyphenyl) methanone (BPKPT) and  1,1-bis(4-hydroxyphenyl) sulfone (BPSPT). The 

thermal properties of cured resins of BPKPT and BPSPT were reported to be better than that of 

BPAPT. The cure temperature and activation energy for reaction was observed in the order BPAPT 



 
Chapter 7. Synthesis, Characterization and Curing Studies of Bispropargyl Ethers 
 

 
University of Pune                                                                               National Chemical Laboratory  204

< BPKPT < BPSPT. Toda11 reported synthesis of bispropargyl ether based on 1,1-bis(4-

hydroxyphenyl)cyclohexane, however, the curing and properties of cured network were not 

reported. Benicewicz et.al.12 synthesized a series of rigid rod bispropargyl ethers based on aromatic 

ester rigid cores and studied the effect of liquid crystallinity on cure behavior. Agag et. al.13,14 

synthesized propargyl-terminated monomers with benzoxazine backbone. The researchers 

synthesized linear polybenzoxazine via click reaction14.  

Table 7.1 : Literature examples of bispropargyl ethers 

Sr.No. Monomer  Reference 

2, 9 

1. 

 
10 

(R = C=O, SO2) 

2. 

 

11 

3. 

 

12 

4. 

 

13, 14 
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5. 

 

15 

 

The objective of the present work was to synthesize new bispropargyl ethers containing  

cycloaliphatic “cardo” group based on corresponding bisphenols and to study the effect of   

cycloaliphatic “cardo” group on the curing behavior of bispropargyl ethers. Thus, three new 

bispropargyl ethers (Table 7.2) were synthesized and characterized by FT-IR, 1H-NMR and 13C-

NMR spectroscopy. The cuing kinetics of the synthesized bispropargyl ethers was studied by DSC 

in nonisothermal mode and the thermal stability of the cured network was investigated by TGA. 

Table 7.2 : Bispropargyl ether monomers synthesized in the present work. 

Monomer Name 

 

1,1-Bis[4-(2-propynyloxy) phenyl)] cyclohexane  

(BPZPT) 

 

1,1-Bis[4-(2-propynyloxy) phenyl)]-3- pentadecyl 

cyclohexane 

(BPC15PT) 

 

1,1-Bis[4-(2-propynyloxy) phenyl)] decahydro- 

napthalene 

(BPDCPT) 

 

1,1-Bis[4-(2-propynyloxy) phenyl)]-4-perhydrocumyl- 

cyclohexane 

(BPPCPPT) 
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7.2 Experimental  

7.2.1 Materials 

Propargyl bromide (80 % w/w solution in toluene) was purchased from Sigma-Aldrich Inc.USA. 

Acetone, diethylether, methanol, potassium carbonate, and sodium sulfate were procured from 

Merck India. 2,2-Bis(4-hydroxyphenyl)propane (BPA) was generously gifted by GE, Bangalore, 

India. 1,1-Bis(4-hydroxyphenyl)cyclohexane (BPZ) 1,1-bis(4-hydroxyphenyl)-3-

pentadecylcyclohexane (BPC15), 1,1-bis(4-hydroxyphenyl)decahydro naphthalene (BPDC) and 1,1-

bis(4-hydroxyphenyl)-4-perhydrocumylcyclohexane (BPPCP) were synthesized as described in 

chapter 3 (section 3.3). The solvents were of reagent grade quality and were used as received.  

7.2.2 Characterization 

Melting points were determined by open capillary method and are uncorrected.  

Infrared spectra were recorded on Perkin-Elmer, spectrum GX model at a resolution of 4 

cm-1
. 

 The spectra were recorded by depositing samples as solvent-cast thin films on sodium chloride 

cells.  

NMR spectra were recorded on Bruker NMR spectrophotometer (200 or 400 MHz) using 

CDCl3 as a solvent.  

DSC measurements were performed on TA Instruments (Q10) supported by TA Universal 

Analysis software for data acquisition. The samples (5-7 mg) were sealed in hermetic aluminum 

pans and experiments were performed under a nitrogen flow of 50 mL / min. The samples were 

subjected to a dynamic DSC scan at the heating rates of 10 , 20, 30 and 40 °C/min. The enthalpy of 

curing ∆H was determined from the area under the exothermic curve. The cure onset temperature 

(To) was considered as the intersect of slope of baseline and tangent of curve leading to peak of 

transition. The fractional conversion (α) of each sample at a given temperature under nonisothermal 

conditions was calculated from the relation16: 

 

                                                             αT  = ∆Hf / ∆HT                                                                                                     (1) 

 

 where ∆Hf  is the fractional enthalpy at that temperature and ∆HT , the total heat of reaction under 

nonisothermal mode.  

Thermogravimetric analysis (TGA) data were obtained using a TA instrument, (model Q 

5000) at a heating rate of 10°C / min under nitrogen atmosphere.   
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7.3 Preparations 

A representative procedure for the preparation of 1,1-bis(4-hydroxyphenyl)-3-pentadecyl 

cyclohexane is described below 

Into a 100 mL single-necked round bottom flask equipped with a magnetic stirring bar and a 

pressure equalizing dropping funnel were added 1,1-bis(4-hydroxyphenyl)-3-pentadecyl 

cyclohexane (1 g, 2.1 mmol), potassium carbonate (0.86 g, 6.3 mmol) and acetone ( 20 mL). The 

reaction mixture was stirred at room temperature for 30 min. To the reaction mixture, propargyl 

bromide (0.64 mL, 4.3 mmol) diluted with acetone (5 mL) was added dropwise over the period of 10 

minutes. After completion of the addition, the reaction mixture was stirred for 12 h at room 

temperature and filtered. The residue was washed with acetone (5 mL). The filtrate was concentrated 

on rotary evaporator under reduced pressure and then dissolved in diethylether (15 mL), washed 

with water (2 x 5 mL) and dried over sodium sulfate and filtered. Diethylether was evaporated on a 

rotary evaporator and viscous liquid obtained was purified by filtration column. (Eluent: 

Chloroform) 

Yield:  1.07 g  (92 %). 

 A similar procedure was followed for the preparation of other bispropargyl ethers. The 

purification of crude bispropargyl ethers was achieved either by filtration column chromatography 

(Eluent : Chloroform) or by recrystallization using methanol. 

7.4 Results and Discussion 

The synthesis of bispropargyl ethers of dihydric phenols was reported by Hay et.al.17,18 The 

propargylation could be achieved using propargyl halide (e.g. propargyl chloride or propargyl 

bromide), in the presence of K2CO3 or aqueous sodium hydroxide. 1, 2, 17-19 The use of phase transfer 

catalyst such as tetrabutylammonium bromide has been reported to facilitate the reaction.20  

In the present study, all the bispropargyl ethers (Table 7.2) were synthesized starting from 

corresponding bisphenols and propargyl bromide in the presence of  K2CO3. 

Scheme 7.2 depicts the route followed for the synthesis of bispropargyl ethers. 
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Scheme 7.2: General scheme for the synthesis of bispropargyl ethers. 

7.4.1 Synthesis and characterization of 1,1-bis[4-(2-propynyloxy)phenyl)] cyclohexane    

         (BPZPT) 

Propargylation of BPZ was carried out by following the protocol developed by Dirlikov1. The 

product BPZPT was obtained with 94 % yield and was characterized by FTIR, 1H-NMR, and 13C-

NMR spectroscopy.  

Figure 7.1 represents IR spectrum of BPZPT. IR spectrum indicated complete conversion of 

bisphenol into bispropargyl ether as the O-H stretching band at 3290 cm-1 was absent. The 

characteristic ≡C-H absorption was observed at 3307 cm-1. The absorption owing to -C≡C- was 

observed at 2125 cm-1 as a weak band. The –C-O-C- stretching was observed at 1225 cm-1. 

     

              Figure 7.1 : IR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] cyclohexane 
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The structure of BPZPT was also confirmed by NMR spectroscopy (both 1H and 13C 

spectra). Figure 7.2 represents 1H-NMR spectrum of BPZPT. Aromatic protons ortho to 

propynyloxy group appeared as a doublet at 6.80 ppm while protons meta to propynyloxy group 

displayed a doublet at 7.11 ppm.  The methylene protons (labeled as b) were observed as a doublet 

at 4.56 ppm while protons corresponding to acetylene group exhibited a singlet at 2.43 ppm. The 

protons of cyclohexyl ring displayeded peaks in the range 1.43-2.15 ppm. 

 

 

Figure 7.2 : 1H-NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] cyclohexane (CDCl3) 

Figure 7.3 represents 13C NMR spectrum of BPZPT alongwith peak assignments. Aromatic 

carbon ‘d’ attached to oxygen of propynyloxy group appeared at 155.17 ppm while a carbon  ‘g’ 

attached to cyclohexyl ring displayed a signal at 141.78 ppm.  The peaks at 114.36 and 128.05 ppm 

referes to aromatic carbons ‘f’ and ‘e’, respectively.  The quaternary carbon ‘b’ exhibited a signal at 

78.77 ppm while the terminal methine carbon ‘a’ displayed a peak at 75.31 ppm. The methylene 

carbon marked as ‘c’ appeared at 55.69 ppm. Aliphatic carbons of cyclohexyl ring displayed peaks 

in the range 22.81 – 45.03 ppm. The assignments were also supported by 13C-DEPT spectrum 

(Figure 7.4) wherein the methine carbons labeled as a, f and e exhibited signals in positive phase 

while the peaks due to methine carbon marked as a and  methylene carbons labeled as c, i, j and k 

appeared in negative phase*. 
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Figure 7.3: 13C-NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] cyclohexane (CDCl3) 

 

 

Figure 7.4: 13C- DEPT NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] cyclohexane.  
                  (CDCl3) 
 
 
*Note: An unanticipated appearance of quaternary carbon labeled as b in DEPT spectrum could be due to comparatively 
higher coupling constant of –C-CH than –C=CH2 and –C-CH3. The JC-CH   value is in the order of 50 Hz while JC=CH2  and J 
C-CH3 are in the order of 5 Hz. The similar observations were observed in all the bispropargyl ethers studied in the present 
work. 
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7.4.2 Synthesis and characterization of 1,1-bis[4-(2-propynyloxy)phenyl)]-3-pentadecyl  

         cyclohexane (BPC15PT) 

1,1-Bis[4-(2-propynyloxy)phenyl)]-3-pentadecylcyclohexane was synthesized by the 

reaction of 1,1-bis(4-hydroxyphenyl)-3-pentadecylcyclohexane and propargyl bromide using K2CO3 

as depicted in Scheme 7.2. BPC15PT was characterized by FTIR, 1H-NMR, and 13C-NMR 

spectroscopy.  

Figure 7.5 represents IR spectrum of BPC15PT. The characteristic ≡C-H stretching was 

observed at 3311 cm-1. The absorption corresponding to -C≡C- was observed at 2121 cm-1 as a weak 

band. The absorption corresponding to –C-O-C stretching was observed at 1213 cm-1. 

 

Figure 7.5 : IR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)]-3-pentadecylcyclohexane 

BPC15PT was further characterized by NMR spectroscopy. Figure 7.6 represents 1H NMR 

spectrum of BPC15PT.  As explained earlier in chapter 3 (section 3.4.1.1), the pentadecyl chain 

substituted at cyclohexyl ring brings asymmetry to the cyclohexyl ring making the distinction 

between axial and equatorial phenyl rings.  Therefore, aromatic protons c and c’( ortho to 

propynyloxy group) appeared as two separate doublets at 6.74 ppm (axial ring ) and 6. 84 ppm 

(equatorial ring).  The protons d and d’ (meta to propynyloxy group) displayed doublets at 6.98 ppm 

(axial ring)  and 7.20 ppm (equatorial ring).  The methylene protons (b and b’) were observed at 

4.54 (attached to axial phenyl ring) and 4.61(attached to equatorial phenyl ring) ppm while protons a 

and a’ corresponding to acetylene group exhibited singlets at 2.42 and 2.46 ppm. The protons of 

cyclohexyl ring and pentadecyl chain displayed signals in the range 1.18 - 2.54 ppm. A triplet at 

0.81 ppm is due to protons of methyl group. 
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Figure 7.6: 1H-NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)]-3-pentadecylcyclohexane 

(CDCl3) 

 

Figure 7.7 represents 13C-NMR spectrum of BPC15PT. Aromatic carbons marked as d, d’, 

e, e’, f, f’, g and g’ appeared in two sets of four aromatic carbons confirming the presence of 

magnetically nonequivalent axial and equatorial phenyl rings. Aromatic carbons (d, d’) attached to 

propynyloxy group appeared at 155.23 (axial ring) and 155.35 (equatorial ring) ppm. Aromatic 

carbons (e, e’) ortho to propynyloxy group appeared at 114.02 (axial ring) and 114.80 (equatorial 

ring) ppm while aromatic carbons (f, f’’) meta to propynyloxy group were observed at 126.93 (axial 

ring) and 129.01 (equatorial ring) ppm. Aromatic carbons (g, g’) para to propynyloxy group were 

observed at 138.61 (axial ring) and 145.05 (equatorial ring) ppm. Carbons a, a’ and b, b’ of 

propynyloxy group were observed in the range 75.41 - 78.89 ppm. The terminal carbons (a, a’) of 

acetylene group exhibited peaks at 75.41 (axial ring) and 75.47 (equatorial ring) ppm while carbons 

b, b’ displayed peaks at 78.87 (axial ring) and 78.89 (equatorial ring) ppm.  The peak corresponding 

to methylene carbon of propynyloxy group appeared at 55.63 ppm. The carbons (-C-, -CH- and –

CH2-) of cyclohexyl ring and pentadecyl chain displayed signals in the ragne 22.86 - 45.75 ppm. 

The peak corresponding to the terminal methyl carbon of pentadecyl chain appeared at 14.23 ppm.  
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Figure 7.7: 13C-NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)]-3-pentadecylcyclohexane 
                     (CDCl3) 
 

 The 13C-DEPT spectrum of BPC15PT is represented in Figure 7.8.  The peaks 

corresponding to methine carbons marked as a, a’, e, e’, f, f’, j and z2 appeared in negative phase 

while the peaks corresponding to  methylene carbons c, c’, i, k-z1 were observed in positive phase.   

 

Figure 7.8: 13C-DEPT NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)]-3-pentadecyl   
                    cyclohexane (CDCl3). 
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7.4.3 Synthesis and characterization of 1,1-bis[4-(2-propynyloxy)phenyl)] decahydro  
          naphthalene (BPDCPT) 

Starting from 1,1-bis(4-hydroxyphenyl) decahydronaphthalene (BPDC),  1,1-bis[4-(2-

propynyloxy) phenyl)] decahydronaphthalene (BPDCPT) was synthesized (yield = 92%) as 

described in section 7.3. The product was characterized by FTIR, 1H-NMR, and 13C-NMR 

spectroscopy.  

IR spectrum of BPDCPT is reproduced in Figure 7.9. The ≡C-H, -C≡C-  and -C-O-C- 

stretching were observed at 3310, 2127, and  1217 cm-1 , respectively.  

 
Figure 7.9: IR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] decahydronaphthalene 

 

Figure 7.10 represents 1H-NMR spectrum of BPDCPT alongwith peak assignments. As 

observed for BPDC; the precursor bisphenol, the two phenyl rings are magnetically non-equivalent. 

Aromatic protons (c, c’, d and d’) therefore appeared as four sets of doublet. Aromatic protons c, c’ 

(ortho to propynyloxy group) displayed a doublet at 6.76 (axial phenyl ring) and 6.85 ppm 

(equatorial phenyl ring), respectively. The doublets corresponding to aromatic protons d, d’ (meta to 

propynyloxy group) were observed at 7.05 (axial phenyl ring) and 7.20 ppm (equatorial phenyl 

ring). The protons b and b’ appeared as two doublets at 4.55 and 4.60 ppm while protons a and a’ 

corresponding to acetylene group exhibited singlets at 2.42 (axial ring) and 2.46 (equatorial ring) 

ppm.  The peaks observed in the range 1.16-2.17 ppm are assignable to methine and methylene 

protons of decahydronaphthalene ring. 
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Figure 7.10 : 1H-NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] decahydronaphthalene     
                      (CDCl3) 

Figure 7.11 represents 13C-NMR spectrum of BPDCPT alongwith peak assignments. The 

formation of BPDCPT was confirmed by the characteristic peak at 55.65 and 55.69 ppm 

corresponding to methylene carbons (labeled as c and c’) of propynyloxy group. The peaks 

corresponding to aromatic carbons d, d’ (attached to propynyloxy group) appeared at 155.23 (axial 

ring) and 155.34 ppm (equatorial ring). Aromatic carbons e, e’ (ortho to propynyloxy group) 

displayed signals at 114.32 (axial phenyl ring) and 114.62 ppm (equatorial phenyl ring) while 

carbons meta to propynyloxy group (marked as f, f’) displayed signals at 127.16 (axial phenyl ring) 

and 128.82 (equatorial phenyl ring) ppm. The peaks observed at 138.66 and 145.24 ppm could be 

assigned to aromatic carbons (g, g’)  para to propynyloxy group. The carbons designated as a, a’ and 

b, b’ exhibited signals in the range 75.45 -78.91 ppm. The peaks due to methine and methylene 

carbons of decahydronaphthalene moiety appeared in the range 21.14 - 36.61 ppm.  

13C-DEPT spectrum (Figure 7.12) further confirmed the assignments. The signals 

corresponding to methine carbons a, a’, e, e’ f, f’ k and p appeared in negative phase  while the 

signals corresponding to methylene carbons c, c’ i, j, l, m, n, o, and q appeared in positive phase.  
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Figure 7.11 : 13C-NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] decahydronaphthalene     
                     (CDCl3) 
 

 
Figure 7.12 : 13C-NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] decahydronaphthalene     
                     (CDCl3) 
 
7.4.4 Synthesis and characterization of 1,1-bis[4-(2-propynyloxy)phenyl)]-4-perhydrocumyl  

         cyclohexane (BPPCPPT). 

1,1-Bis(4-hydroxyphenyl)-4-perhydrocumylcyclohexane (BPPCP), was propargylated as 

described in section 7.3 using propargyl bromide to afford  1,1-bis[4-(2-propynyloxy) phenyl)]-4-

perhydrocumylcyclohexane (BPPCPPT) in high yield (94 %) 

The product BPPCPPT was characterized by FTIR, 1H-NMR, and 13C-NMR spectroscopy.  
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Figure 7.13 represents IR spectrum of BPPCPPT. The ≡C-H and -C≡C- stretching 

vibrations were observed at 3311 and 2121 cm-1 , respectively. The stretching corresponding to        

–C-O-C- vibration was observed at 1217 cm-1. 

 
Figure 7.13 : IR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)]-4-perhydrocumyl  
                        cyclohexane 

Figure 7.15 represents 1H-NMR spectrum of BPPCPPT. Aromatic protons (c, c’, d and d’) 

being magnetically nonequivalent, appeared in four sets of doublets. Aromatic protons c and c’ 

(ortho to propynyloxy group) displayed doublets at 6.74 (axial phenyl ring) and 6.84 ppm 

(equatorial phenyl ring). Aromatic protons d and d’ (meta to propynyloxy group) appeared as 

doublets at 7.01 (axial phenyl ring) and 7.19 ppm (equatorial phenyl ring). The protons of methylene 

group (labeled as b and b’) exhibited doublets at 4.54 (axial phenyl ring) and 4.62 ppm (equatorial 

phenyl ring) while protons a and a’ corresponding to acetylene group exhibited singlets at 2.40 ( 

attached to axial phenyl ring ) and 2.44 ppm (attached to equatorial phenyl ring) ppm. The 

methylene and methine protons of cyclohexyl ring displayed peaks in the range 0.86 – 2.60 ppm. A 

singlet observed at 0.53 ppm is assignable to methyl protons. 



 
Chapter 7. Synthesis, Characterization and Curing Studies of Bispropargyl Ethers 
 

 
University of Pune                                                                               National Chemical Laboratory  218

 

Figure 7.14 : 1H-NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] -4-perhydrocumyl  
                        cyclohexane (CDCl3) 
 

13C-NMR spectrum of BPPCPT alongwith peak assignments is reproduced in Figure 7.15. 

The peaks appeared at 155.21, and 155.31 ppm could be assigned to aromatic carbons d, d’ (attached 

to propynyloxy group). The signals corresponding to aromatic carbons e, e’ (ortho to propynyloxy 

group) were observed at 114.29 (axial phenyl ring) and 115.02 ppm (equatorial phenyl ring). 

Aromatic carbons marked as f, f’ (meta to propynyloxy group) displayed peaks at 127.43 (axial 

phenyl ring) and 129.05 ppm (equatorial phenyl ring). The peaks observed at 138.48 and 145.27 

ppm could be due to aromatic carbons g, g’( para to propynyloxy group). The carbons a, and a’ of 

terminal acetylene group exhibited peaks at 75.28 (attached to axial phenyl ring) and 75.32 (attached 

to equatorial phenyl ring) ppm while carbons b, b’ displayed peak at 78.91 ppm. The carbons c and 

c’ displayed signals at 55.81 (attached to axial phenyl ring) and 55.88 ppm (attached to equatorial 

phenyl ring). The signals appeared in the range 23.28 - 44.89 ppm could be due to carbons (-C, -CH 

and –CH2) of perhydrocumylcyclohexyl moiety. The peak corresponding to methyl group appeared 

at 20.59 ppm.  
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Figure 7.15 : 13C-NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] -4-perhydrocumyl  
                        cyclohexane (CDCl3) 

The structure of BPPCPPT was also supported by 13C-DEPT NMR spectrum (Figure 7.16). 

The appearance of peaks corresponding to methine carbons a, a’, e, e’, f, f’, k and n and methyl 

carbon m in negative phase confirmed the assignments. The signals corresponding to methylene 

carbons c, c’, i, j, o, p and q were observed in positive phase. 

 

Figure 7.16 : 13C-DEPT NMR spectrum of 1,1-bis[4-(2-propynyloxy)phenyl)] -4-perhydro 
                     cumylcyclohexane (CDCl3) 
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7.4.5 Synthesis of 2,2-bis[4-(2-propynyloxy) phenyl)]propane (BPAPT) 

As a reference for studying structure-property relationship, a bispropargyl ether of 

bisphenol-A was synthesized. The product BPAPT was characterized by FTIR, 1H-NMR, and 13C-

NMR spectroscopy. Figure 7.17 represents IR spectrum of BPAPT while 1H-NMR, and 13C-NMR 

spectra are reproduced in Figure 7.18 and 7.19, respectively alongwith peak assignments. All the 

assignments are in good agreement with the reported data2. 

 
Figure 7.17 : IR spectrum of  2,2-bis[4-(2-propynyloxy) phenyl)]propane 

 

 
Figure 7.18: 1H-NMR spectrum of 2,2-bis[4-(2-propynyloxy) phenyl)]propane (CDCl3) 
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Figure 7.19 : 13C-NMR spectrum of 2,2-bis[4-(2-propynyloxy) phenyl)]propane (CDCl3) 

7.4.6 Cure kinetics of bispropargyl ethers 

The cure characterization of the bispropargyl ethers was studied by DSC analysis in nonisothermal 

mode. The DSC curves of bispropargyl ethers are represented in Figure 7.20.  

 

             Figure 7.20 : DSC thermograms of bispropargyl ethers containing cardo /     
                                    (cyclo)aliphatic moiety. 
   

Nair et.al10 studied the cure kinetics of bispropargyl ethers in catalyzed and uncatalyzed 

mode. The authors reported that in uncatalysed conditions, both the Claisen rearrangement and the 

subsequent curing reaction (Scheme 7.1) occur within a single exotherm in the range 200-350 °C. 
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Under catalytic conditions (AgBF4) the authors observed two separate exotherms for these two types 

of reactions. The exotherm representing Claisen rearrangement reaction occurred at around 125 °C 

and the second exotherm corresponding to curing started around 225 ° C.   

In the present case, the cure kinetics was studied in uncatalyzed conditions. From the DSC 

curves (Figure 7.20), it was observed that the cure onsets above 230 °C and reaches to completion 

around 350 °C with the total heat of curing in the range 410 – 465 kJ/mol. The melting point and the 

details of cure profiles of bispropargyl ethers BPAPT, BPZPT, BPC15PT, BPDCPT and BPPCPPT 

are collected in Table 7.3. 

Table 7.3 : Melting point and cure profile of bispropargyl ethers 

Melting Point 

(°C) 
DSC Profile Sr. 

No. 
Monomers 

A B To (°C) Tp (°C) Tf (°C) 

∆H 

(kJ/mol) 

1 
 

88  84-85 242 276 330 413 

2 
 

52  49-50 240 278 346 415 

3 

 

-10 
Not 

measured 240 280 313 454 

4 

 

62 
Not 

measured 240 277 325 435 

5 

 

72  71-72 237 277 348 464 

To – cure onset (initiation) temperature            A    - From DSC 
Tp – Maximum cure (peak) temperature           B    - By open capillary method 
Tf – Final cure temperature 

 

The activation parameters were calculated by two different methods viz; Kissinger method 

and Coats-Redfern method.  

7.4.6.1. Activation parameters using Kissinger method21 

This method is based on shift in maximum peak temperature and independent of the order of 

reaction. The activation parameters can be calculated using equation 2: 

                               

R
E

Td
Td

p

p −=
]/1[

)]/[ln( 2φ                                                                        (2) 
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where Tp is the maximum (peak) temperature of curing exotherm  ( in Kelvin), φ  is heating rate, E 

is the activation energy and R is the gas constant.  

 Figure 7.21 represents DSC thermograms of bispropargyl ethers under study at four 

heating rates viz; 10, 20, 30 and 40 °C / min. 

 

 

Figure 7.21 : DSC thermograms of bispropargyl ethers BPAPT, BPZPT, BPC15PT, BPDCPT     
                       and BPPCPPT at different heating rates. 
 
 
 



 
Chapter 7. Synthesis, Characterization and Curing Studies of Bispropargyl Ethers 
 

 
University of Pune                                                                               National Chemical Laboratory  224

Peak temperatures of curing of bispropargyl ethers at different heating rates are collected in Table 

7.4.  

Table 7.4: Peak temperatures of curing of bispropargyl ethers under study. 

Peak Temperature (°C ) At 
Heating Rate (°C / Min) Sr. 

No Monomer Structure 

10 20 30 40 

1. BPAPT 276 289 295 297 

2. BPZPT 
 

278 290 297 300 

3. BPC15PT 

 

280 292 299 303 

4. BPDCPT 

 

277 288 296 301 

5. BPPCPPT 

 

277 289 296 301 

 

 Activation energy E was calculated from the slope of the linear plot of ln [φ / Tp
2 ] against 1/ 

Tp.  The Kissinger plots for various bispropargyl ethers are represented in Figure 7.22 and activation 

energy and frequency factor calculated from the plot for bispropargyl ethers are collected in Table 

7.5. 
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Figure 7.22 : Kissinger plots for the determination of kinetic constants  

 

7.4.6.2 Activation parameters using Coat-Redfern method22 

Under nonisothermal conditions, the rate of reaction can be expressed by equation 3: 

                                               nRTEeA
dT
d

)1()/( αφα
−= −                                                    (3) 

where α is fractional conversion at temperature T, φ  is heating rate, E is activation energy, A is 

Arrhenius frequency factor, R is gas constant, and n is the order of reaction. 

 In the present study, Coats-Redfern equation22 (equation 4) was used to calculate the 

activation parameters.  

                             ln{g(α)/T2} = ln{AR/φE)(1-2RT/E)}-E/RT                                         (4) 

where  g(α ) = [1-(1- α)1-n ] / (1-n); for n = 1, g(α ) = -ln(1-α). 

 To calculate kinetic parameters, fractional conversion ‘α’ was calculated from fractional 

enthalpy of reaction using equation 1. The kinetic plots assuming different order of reaction (n = 0.5, 

1, 1.5, 2, 2.5 and 3) were constructed using the Coats-Redfern equation and the best fit furnished the 

order of reaction ‘n’. Figure 7.23 represents plots for the determination of order curing reaction of 

bispropargyl ethers under study.  
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Figure 7.23: Determination of order of curing reaction of bispropargyl ethers by Coats- 
                      Redfern equation.  
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 The kinetic constants of curing of bispropargyl ethers under study calculated from these 

curves are summarized in Table 7.5.  

        Table 7.5: Kinetic parameters of bispropargyl ether curing 

Kissinger Method Coats-Redfern Method Sr. 
No Monomer Structure 

Ea (kJ/mol) ln A (s -1) Ea (kJ/mol) ln A (s -1) 

1. BPAPT 154 23.33 182 26.81 

2. BPZPT 
 

151 22.69 176 25.78 

3. BPC15PT 

 

148 21.88 177 26.12 

4. BPDCPT 

 

141 20.55 171 24.54 

5. BPPCPPT

 

142 20.75 175 25.52 

 

The frequency parameters obtained from Kissinger method and Coats-Redfern method are 

in the same range for all the bispropargyl ethers under study and the difference is practically 

negligible. The values for activation energy computed using Coats-Redfern equation are normally 

higher than Kissinger method due to the variance in the assumptions in both the methods. The 

introduction of cycloaliphatic “cardo” group into bispropargyl ether practically does not alter the 

kinetics of cure (as compared to the kinetics of bispropargyl ether based on bisphenol-A). 

7.4.7 Thermal stability of cured network 

The cured resins of bispropargyl ether in general, possess good thermal stability. The stability has 

been reported to depend on the backbone (bisphenol)1,10.  

In the present case, the relative thermal stabilities of the cured resins were compared by 

comparison of the temperature of 10 % weight loss and char yield at 800 °C. Figure 7.24 represents 

weight loss of propargyl-terminated resins with respect to temperature. All the resins showed single 

stage decomposition. The temperature at 10 % weight loss was observed the range 410 - 448 °C 

indicating their good thermal stability.  
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Figure 7.24 : TG curves of propargyl terminated resins 

Amongst the series, the degradation of cured BPC15PT resin follows with higher weight 

loss rate in the temperature range from 450 °C to around 500 °C. The char yield at 800 °C in case of 

cured BPC15PT was observed to be 3 % which is lower than other resins. The lower thermal 

stability of cured bispropargyl ethers containing cyclocaliphatic moiety than that of bisphenol A 

based resins could be due to higher aliphatic content. The data indicates that incorporation of 

cycloaliphatic “cardo” group into bispropargyl backbone hampers the thermal stability of their cured 

resins.  The temperature of 10 % mass loss and the char yield at 800 °C are summarized in Table 

7.6. 

Table 7.6: Thermal characterization of propargyl terminated resins 

Sr. No Resin 
Monomer 

Structure 
T10 (°C) 

Char Yield at 

800 °C (%) 

1. BPAPT  448 32 

2. BPZPT 
 

433 12 

3. BPPCPPT 

 

424 7 

4. BPDCPT 

 

417 6 

5. BPC15PT 
 

410 3 
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7.5 Conclusions: 

1. Three new bispropargyl ethers viz; 

 i) 1,1-Bis[4-(2-propynyloxy) phenyl)]-3-pentadecylcyclohexane, 

ii) 1,1-Bis[4-(2-propynyloxy) phenyl)]decahydronaphthalene, and 

iii) 1,1-Bis[4-(2-propynyloxy) phenyl)]-4-perhydrocumylcyclohexane 

containing cycloaliphatic “cardo” group  were synthesized by reacting corresponding bisphenols 

with propargyl bromide in the presence of potassium carbonate using acetone as a solvent. 

2. The curing of all the bispropargyl ethers under present study occurred within a single exotherm 

in the temperature range 237 – 350 °C.  

3. The activation energy of the cure kinetics studied in uncatalysed nonisothermal mode using 

DSC was in the range of 141-154 kJ/mol by Kissinger method and 171-182 kJ/mol by Coats-

Redfern method for all bispropargyl ethers under study. The study indicated that the 

incorporation of cycloaliphatic “cardo” group into bispropargyl ether backbone practically does 

not affect the cure kinetics. 

4. T10  values of cured bispropargyl ethers containing cycloaliphatic  “cardo” group were in the 

range 410 - 435 °C indicating good thermal stability of the cured network. However,  the weight 

residue at 800 °C of cured bispropargyl ethers containing cycloaliphatic  “cardo” groups was 

lower than that of cured network of bispropargyl ether based on bisphenol-A due to higher 

aliphatic content. 

 

 

 

. 
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8.1 Summary and Conclusions 

Thermosetting resins viz; cyanate ester resins, epoxy resins, bismaleimides, propargyl-terminated 

resins, polybenzoxazines, etc., have been useful in many industries including aerospace, 

communication, construction, leisure goods and transportation. The properties such as excellent 

mechanical strength, high glass transition temperature, low dielectric constant, excellent metal 

adhesion, and compatibility with carbon fiber reinforcements make these thermosets useful in these 

applications. These properties can be further tuned via tailoring / proper selection of the precursor 

bisphenols. 

The major objective of the current research was to design and synthesize new cyanate ester 

(CE) monomers containing cycloaliphatic “cardo” group and/or flexible alkyl chain based on 

corresponding bisphenols. The new CE monomers were designed in order to result into 

polycyanurates with lower percentage moisture absorption by virtue of the presence of 

cycloaliphatic “cardo” group. The synthetic efforts were thus directed towards structural 

modifications by introducing i) cycloaliphatic “cardo” group, ii) methyl groups ortho to cyanate 

functionality, and iii) alkylene spacer.  

One of the approaches for pursuing the goal involved making use of 3-pentadecyl phenol, 

which in turn is obtainable from cashew nut shell liquid (CNSL) -a renewable resource material. The 

dual phenolic/ alkenyl nature of CNSL makes it an useful raw material for the synthesis of water-

resistant resins and polymers. The other approaches involved the use of commercially available p-

cumyl phenol and β-naphthol as a starting materials to introduce cycloaliphatic “cardo” group and 

adipic acid to incorporate alkylene spacer.  

Starting from these raw materials, a variety of bisphenols containing cycloaliphatic “cardo” 

group and/or alkyl chain were synthesized using simple organic transformations.  These bisphenols 

were then reacted with cyanogen bromide in the presence of triethylamine to yield corresponding 

CE monomers.  

Thus, cycloaliphatic “cardo” group containing CE monomers viz;  

1,1-Bis(4-cyanatophenyl)cyclohexane (BPZCN),  

1,1-Bis(4-cyanatophenyl)-3-pentadecylcyclohexane (BPC15CN),  

1,1-Bis(4-cyanatophenyl)decahydronaphthalene (BPDCCN),  

1,1-Bis(4-cyanato-3-methylphenyl)decahydronaphthalene (DMBPDCCN),  

1,1-Bis(4-cyanato-3,5-dimethylphenyl)decahydronaphthalene (TMBPDCCN),  

1,1-Bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane (BPPCPCN),  

1,1-Bis(4-cyanato-3-methylphenyl)-4-perhydrocumylcyclohexane (DMBPPCPCN) and  

1,1-Bis(4-cyanato-3,5-dimethylphenyl)-4-perhydrocumylcyclohexane (TMBPPCPCN) 

 were synthesized.  
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A new CE monomer containing alkylene spacer viz; 2,7-bis(4-cyanatophenyl)-2,7-

dimethyloctane (BPC6CN) was synthesized via corresponding bisphenol starting from adipic acid. 

Thus, total nine CE monomers were designed and synthesized. All the CE monomers except 

BPZCN, were synthesized for the first time.    

The CE monomers and the intermediates involved in their synthesis were characterized by 

IR, 1H-NMR, and 13C-NMR spectroscopy.  The melting point of BPC15CN was lower than that of 

BPZCN due to the presence of pendent flexible pentadecyl chain. The melting points of CE 

monomers containing “cardo” decahydronaphthalene moiety viz; BPDCCN, DMBPDCCN and 

TMBPDCCN and  “cardo” perhydrocumyl moiety viz; BPPCPCN, DMBPPCPCN, and 

TMBPPCPCN increased with the substitution of methyl group(s) at –ortho position to cyanate 

functionality. As compared to bisphenol-A based CE monomer; 2,2-bis(4-cyanatophenyl)propane, 

(BPACN), the melting point of BPC6CN was lower due to the incorporation of aliphatic spacer. 

The CE monomers containing substituted “cardo” group viz: BPC15CN, BPDCCN, 

DMBPDCCN, TMBPDCCN, BPPCPCN, DMBPPCPCN and TMBPPCPCN showed the presence 

of magnetically non-equivalent distereotopic phenyl rings in the NMR spectra. 

The kinetics of curing of five cyanate esters viz; BPZCN, BPC15CN, BPDCCN, BPPCPCN 

and BPC6CN was studied under nonisothermal and isothermal mode employing copper 

acetylacetonate-nonylphenol catalytic system using DSC. The results obtained were compared with 

the cure kinetics of BPACN. The heat of catalyzed cure reaction of cyanate ester monomers under 

study was observed in the range 190 – 230 kJ/mol which is in accordance with the reported values 

for BPACN (195 – 238 kJ/mol). The activation energy of catalyzed curing of cyanate ester 

monomers containing “cardo” group viz; BPZCN, BPC15CN, BPDCCN, and BPPCPCN under 

nonisothermal mode was lower (65 – 85 kJ/mol) than that of BPC6CN (119 kJ/mol) and BPACN 

(116 kJ/mol) while the activation energy for catalyzed curing of CE monomers in isothermal mode 

was in the range of 53 – 60 kJ/mol. 

The storage modulus of cured BPZCN, BPC15CN and BPACN was 1.59 x 109, 1.07 x 109 

and 1.39 x 109 Pa, respectively. The higher storage modulus of cured BPZCN than that of cured 

BPC15CN and BPACN could be due to the presence of rigid cycloaliphatic “cardo” moiety.  

The glass transition temperature, as analyzed by DMTA, of cured resins followed the order 

BPZCN > BPACN > BPC15CN (302, 288 and 160 °C, respectively). The lower Tg of cured 

BPC15CN could be due to the presence of flexible pentadecyl chain. The glass transition 

temperature of BPDCCN, BPPCPCN and BPC6BN followed the order BPDCCN > BPPCPCN > 

BPC6CN.  The lower Tg of cured BPC6CN could be due to the presence of aliphatic spacer.  

The T10 values, as analyzed by TGA, of the cured network of cyanate ester monomers under 

study were in the range 410 – 435 °C indicating their good thermal stability. 
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The percentage moisture absorption of polycyanurates followed the order BPC15CN < 

BPZCN < BPACN (0.7, 1.1, 1.5 %, respectively). The lower % moisture absorption of the cured 

network of BPC15CN was due to comparatively higher hydrophobic content.  

Encouraged by the results of cyanate ester resins, it was of further interest to synthesize 

epoxy resins based on bisphenols containing cycloaliphatic “cardo” group. Thus, the diglycidyl ether 

of 1,1-bis(4-hydroxyphenyl)cyclohexane (DGEBPZ) and  1,1-bis(4-hydroxy phenyl)-3-

pentadecylcyclohexane (DGEBPC15) were synthesized by the reaction of corresponding bisphenols 

with epichlorohydrin in the presence of  sodium hydroxide via coupling reaction. The synthesized 

epoxies were viscous in nature. The epoxy, DGEBPC15 was synthesized for the first time. The 

epoxy equivalent weights of DGEBPZ and DGEBPC15, as determined by pyridine-HCl method, 

were 221 and 333 g/equiv., respectively. 

The activation energy of epoxy curing calculated by Coats-Redfern method under 

nonisothermal mode employing 4,4’-methylenedianiline as a curing agent was in the range of 48-52 

kJ/mol.   

The storage modulus and the Tg of cured epoxy resins followed the order DGEBPZ > 

DGEBPA > DGEBPC15. The higher storage modulus and the Tg of cured DGEBPZ than that of 

cured network of DGEBPC15 and DGEBPA could be due to the presence of rigid “cardo” group.  

The percentage moisture absorption of cured epoxy resins followed the order DGEBPC15 < 

DGEBPZ < DGEBPA (1.8, 2.6, and 3.2 %, respectively). The lower % moisture absorption of cured 

DGEBPC15 resin was due to comparatively higher hydrophobic content. 

The synthesis of new bismaleimide (BMI) monomers was pursued in order to synthesize 

BMI monomers with lower melting points (< 150 °C) and improved solubility in common organic 

solvents such as chloroform, dichloromethane, etc. Considering the special structural features, the 

approach involved making use of 3-pentadecylphenol. The presence of pendent flexible pentadecyl 

chain was expected to bring asymmetry to BMI monomers and to provide additional ‘handle’ for 

interaction with solvents.  

Thus, new bismaleimide monomers viz; 1,1-bis[4-(4- maleimidophenoxy)phenyl]-3-

pentadecyl cyclohexane, (BPC15BMI), 4,4’-bis(maleimido)-3-pentadecyldiphenylether 

(ODAC15BMI) and 1,3-bis(maleimido)-4-pentadecylbenzene (MPDAC15BMI) were designed and 

synthesized by the ring opening addition reaction of corresponding diamines with maleic anhydride 

followed by cyclodehydration of N,N-bismaleamic acids using acetic anhydride and sodium acetate. 

To ascertain the effect of incorporation of pendent flexible pentadecyl chain into BMI monomer, the 

reference BMI monomers viz; 1,1-bis[4-(4- maleimidophenoxy)phenyl]cyclohexane, (BPZBMI) and 

4,4’-bis(maleimido)diphenylether (ODABMI)  were also synthesized. The BMIs viz; BPC15BMI, 

ODAC15BMI and MPDAC15BMI have been synthesized for the first time. The characterization of 
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BMI monomers and the intermediates involved in their synthesis was carried out by FTIR, and 1H 

NMR spectroscopic techniques.  

The melting points of new BMIs viz; 4,4’-bis(maleimido)-3-pentadecyldiphenylether (69-70 

°C) and 1,3-bis(maleimido)-4-pentadecylbenzene (96-98 °C) were lower than that of 4,4’-

bis(maleimido)diphenylether (177 °C) and 1,3-bis (maleimido)benzene (MPDABMI) (205), 

respectively due to the presence of pendent flexible pentadecyl chain.  

The BMIs viz; BPZBMI, BPC15BMI, ODAC15BMI, and MPDAC15BMI were soluble in 

common organic solvents such as chloroform and dichloromethane, while ODABMI was insoluble 

in these solvents at 5 wt % concentration.  

The curing kinetics of BMIs was studied by using DSC under nonisothermal mode using 

Coats-Redfern method. The curing of BPZBMI, BPC15BMI and MPDAC15BMI exhibited 

comparatively broader processing window (> 100 °C) than that of ODABMI and MPDABMI (~ 40 

°C). The activation energy of BMI curing was observed in the range 103 – 131 kJ/mol for BPZBMI, 

ODAC15BMI, ODABMI and MPDAC15BMI.  

The cured network of all the BMIs under study showed a single stage decomposition with 

T10  values in the range  390 – 485 °C indicating their good thermal stability.  

Bispropargyl ethers containing cycloaliphatic “cardo” group were synthesized by the 

reaction of corresponding bisphenols with propargyl bromide in the presence of potassium carbonate 

using acetone as a solvent in order to study the effect of cycloaliphatic “cardo” group on the curing 

behavior of bispropargyl ethers. Thus, five bispropargyl ethers viz; 1,1-bis[4-(2-propynyloxy) 

phenyl)] cyclohexane (BPZPT), 1,1-bis[4-(2-propynyloxy) phenyl)]-3-pentadecylcyclohexane 

(BPC15PT),  1,1-bis[4-(2-propynyloxy) phenyl)]decahydronaphthalene, (BPDCPT),  1,1-bis[4-(2-

propynyloxy) phenyl)]-4-perhydrocumylcyclohexane (BPPCPPT), and 2,2-bis[4-(2-propynyloxy) 

phenyl)]propane (BPAPT) were synthesized and were characterized by IR and NMR spectroscopy. 

BPAPT was synthesized as a reference monomer using bisphenol-A.  

 The activation energy of the curing reaction studied under uncatalysed nonisothermal mode 

using DSC was in the range 141-154 kJ/mol by Kissinger method and 171-182 kJ/mol by Coats-

Redfern method for all bispropargyl ethers under study. The study indicated that the bispropargyl 

ether monomers possessing cycloaliphatic “cardo” group followed similar cure kinetics as that of 

bisphenol-A based bispropargyl ether. 

 The T10  values of cured bispropargyl ethers containing cycloaliphatic “cardo” group were in 

the range 410 - 435 °C indicating good thermal stability of the cured network. However, the weight 

residue at 800 °C of cured bispropargyl ethers containing cycloaliphatic “cardo” group was lower 

(3-12 %) than that of cured network of BPAPT (32 %) due to higher aliphatic content. 
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 Overall, several new thermosetting resins such as cyanate ester resins, epoxy resins, 

bismaleimides and bispropargyl ethers containing cycloaliphatic “cardo” groups were designed and 

synthesized. The incorporation of hydrophobic cycloaliphatic “cardo” group into cyanate ester 

monomer or epoxy resin resulted into corresponding cured network with lower percentage moisture 

absorption albeit sacrificing thermal stability. The introduction of pendent flexible pentadecyl chain 

into bismaleimide monomer lowered their melting points hence aiding processing characteristics 

with broad processing window. The presence of cycloliphatic “cardo” group in bispropargyl ether 

monomer did not practically alter the cure kinetics compared to bisphenol-A based bispropargyl 

ether. 

8.2 Perspectives 

Thermosetting resins such as cyanate ester resins, epoxy resins, bismaleimides, propargyl-

terminated resins, etc., are of great interest in view of their excellent versatility in various 

applications. In this context, an understanding of the structure-property relationship is of significant 

contemporary interest. There is a continuing need to examine approaches to address the issues 

related to their impact resistance, dielectric constant, moisture absorption, etc. The present work on 

the synthesis and characterization of new thermosetting resins based on some bisphenols has opened 

up new avenues for the future work. 

 

 The primary focus of the current research was on the synthesis of new thermosetting 

resins such as cyanate ester resin, epoxy resins, bismaleimides and bispropargyl ethers. 

Detailed studies on blends of these systems with commercially available monomers and 

polymers and investigation of mechanical properties of their blends would yield useful 

information regarding the effect of cycloaliphatic “cardo” group or pendent flexible 

pentadecyl chain on mechanical properties. 

 

 The evaluation of dielectric properties of polycyanurates and epoxy resins containing 

cycloaliphatic “cardo” group along with pendent flexible pentadecyl chain prepared in the 

present study would be of prime importance. 

 

 A series of cyanate ester monomers by systematic variation of alkylene spacer could be 

synthesized starting from commercially available diacids such as octanedioic acid (suberic 

acid), decanedioic acid (sebacic acid), dodecanedioic acid, etc., to understand the effect of 

alkylene spacer on the properties such as mechanical, dielectric, thermal etc., of 

polycyanurates obtained therefrom. 
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 The rheological study of bismaleimide monomers synthesized in the present work would 

lead to better understanding of the effects of pendent flexible pentadecyl chain on the melt 

viscosity of monomers and their processing characteristics. 

 

 Bispropargyl ethers synthesized in present work serve as potentially useful monomers for 

the synthesis of polytriazoles containing cycloaliphatic “cardo” group via “click reaction” 

with the diazido monomers. 
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 Synopsis of the Thesis Entitled 

 

“New Thermosetting Resins Based on Some Bisphenols” 

 

Introduction: 

Advanced thermosetting polymers find an undisputed place in the design of polymer matrix 

composites (PMCs). High strength, light weight composite materials have helped in 

transforming many creative ideas into technical realities. The application of these materials 

has helped to boost many industries including transportation, communication, construction 

and leisure goods. An area that has immensely benefited from the boom in PMC technology 

is aerospace where the impact of these materials can be seen in the space program, rocket 

motors, stealth military aircraft, commercial transport, and so forth. PMCs constitute several 

vital components of satellites and launch vehicles ranging from motor cases and nozzle 

components in rocketry to systems like honeycomb structures, equipment panels, cylindrical 

support structures, pressurant bottles, solar array substrates, antennas, etc. Composites for 

specific applications with desired properties are realizable through correct choice of the resin, 

reinforcement, and their perfect processing. The bulk of the aerospace composite materials 

centers on epoxies in combination with graphite/glass and to a limited extent, with organic 

reinforcements like aramid. Their attractive features include ease of processing and handling 

convenience, good mechanical properties due to excellent adhesion to a variety of 

reinforcements, toughness, and low cost. Depending upon the end application, different 

varieties of epoxy resins are in use 1-4.  However, the use of a conventional epoxy system has 

drawbacks due to excessive water absorption and residual stress, resulting in the propensity to 

microcrack when thermally cycled. Epoxy resins are also not generally recommended for 

application in severe conditions due to poor hot/wet performance and high moisture 

sensitivity 5. For electrical/electronic applications, an alternate resin system with better 

dielectric properties and reduced moisture absorptivity will be preferred.  

Polyimides, with their service temperatures ranging from 200 °C to 280 °C, offer 

improved high temperature properties compared to epoxy systems. A number of polyimide 

systems that are well suited for use as matrix resins, adhesives, and coatings for high 

performance applications in the aerospace and electronics industries have been developed 6-8. 

Condensation polyimides are formed by a two-step process involving formation of a polyamic 

acid intermediate followed by it’s imidization. Thus, the processing times are much longer 

and require the application of high pressure for consolidation, due to evolution of water or 
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alcohol as condensation by-product. Major disadvantages of these systems include poor shelf-

life and processing difficulties 9. The matrix systems encompassing both processability and 

good thermo-mechanical profile are the addition-type polyimide systems. These are low 

molar mass, multifunctional monomers or prepolymers that carry additional curable terminal 

functions and imide functions in their backbone 10-12. Bismaleimides (BMIs), bisitaconimides, 

and bisnadimides are the versatile ones in this category. Of these, bimaleimides dominate the 

high temperature polymer scenario for aerospace applications. However, these polymers are 

extremely brittle. Tough compositions need blending with elastomers and/or chain extension 

using diamines. A recent development for tough BMI compositions is based on the blends 

with diamines, diallyl phenols, and with other bismaleimides 13-15. Several modified versions 

of BMIs are currently in use in the aerospace industry16. Variations of such addition type 

polyimides with nadic 16, paracyclophane 17, acetylene 18, and cyclobutene 19 terminals have 

also been reported. However, such systems also possess inherent difficulty in processing and 

need a solvent medium for impregnation and the curing (through a condensation reaction) 

requires high temperature. The release of volatiles during condensation cure of composites is 

not very desirable as it can result in blistering and void formation, leading to inferior 

laminates.  

Although phenolics cannot be substitutes for epoxies and polyimides, their 

composites still find a major market in non-structural components, particularly in thermo-

structural application in the aerospace industry. Good heat and flame resistance, ablative 

characteristics, and low cost are the hallmarks of phenolics which find numerous applications 

including aircraft interiors, automotive components, rocket nozzles, appliance moldings,     

etc 20-22. However, brittleness, poor shelf-life, and need for high pressure curing are the major 

shortcomings of phenolic resins in processing and for structural composite applications. 

Research attention is now focused on addition-curable phenolics 23, which are alternatives to 

condensation type phenolics, avoiding the need for high-pressure cure. To mention a few, 

polybenzoxazines and propargyl ether resins (also known as propargyl terminated resins) are  

newly emerged systems which possess much higher Tg than cure temperature, low water 

absorption, high char yield, low coefficient of thermal expansion and good mechanical 

properties. However, most of them require high cure temperature, posing processing 

difficulties. 

Against these backdrops, cyanate ester (CE) resins were developed as a compromise    

system 24-26. These thermoset resins encompass the processability of epoxy resins, thermal 

characteristics of bismaleimides, and the heat and fire resistance of phenolic resins. The 

importance of cyanate ester systems can be understood from the increasing research interest 

in this area which is evident in terms of a large number of publications and patents 24-26 . The 
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highly desirable properties like built-in toughness, good dielectric properties, radar 

transparency, and low moisture absorption make them the resin of choice for aforementioned 

applications 24-26. These distinctive features can further be enhanced by altering the CE 

backbone. The synthesis of new cyanate esters allows enormous diversity in the structure of 

the starting material and essentially allows the structure to be tailored at the molecular level. 

Although a large variety of CE monomers with various backbone structures and properties 

have been reported 27-34, scanty information is available on CE monomers containing 

cardo/cycloaliphatic moiety. CE monomer developed by Dow chemicals with trade name 

XU71787 35 and dicyclopentadiene based CE monomer (DCPDCY) reported by Wang et al.36 

are the two notable examples.  For thermoplastics, the incorporation of cardo moiety in the 

polymer backbone has been demonstrated to enhance Tg, mechanical properties, etc.37-39 

The objective of the present study was to design and synthesize cyanate ester 

monomers containing cardo moiety and to study thermal, thermomechanical and moisture 

absorption behavior of polycyanurates derived therefrom.   

Another objective of the study was to explore bisphenols containing cardo moiety to 

synthesize other types of thermosetting resins viz; epoxy resins, bismaleimides and propargyl 

ether resins (propargyl-terminated resins). 

With above objectives in mind, the following specific work was chosen for the thesis: 

Objectives of the present thesis: 

 Design and synthesis of cyanate ester monomers containing cardo / (cyclo)aliphatic 

moiety 

 To investigate cure kinetics of cyanate esters containing cardo / (cyclo)aliphatic 

moiety by DSC 

 Processing of CE monomers and characterization of cured polycyanurate network. 

 Synthesis, characterization and processing of epoxy resins. 

 Synthesis, characterization and curing studies of bismaleimides. 

 Synthesis, characterization and curing studies of bispropargyl ethers. 
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The thesis has been divided into the following eight chapters. 

Chapter 1: Introduction and Literature Survey 

 This chapter deals with comprehensive review of literature on thermosetting resins 

with particular emphasis on cyanate ester resins, epoxy resins, bismaleimides and propargyl-

terminated resins covering methods of synthesis, curing/processing, structure-property 

relationship, etc.  

 

Chapter 2: Scope and Objectives  

This chapter discusses scope and objectives of the thesis. 

 

Chapter 3: Synthesis and Characterization of Cyanate Ester Monomers 

This chapter describes: 

Synthesis of cyanate ester monomers containing cardo / (cyclo)aliphatic moiety (as listed 

in Table 1. ) 

  Table 1 : Cyanate Ester Monomers 

Sr.No Monomer Structure 

1 1,1-Bis(4-cyanatophenyl)cyclohexane 

NCO OCN

 

2 1,1-Bis(4-cyanatophenyl)-3-pentadecyl cyclohexane 

NCO OCN

C15H31  

3 1,1-Bis(4-cyanatophenyl)decahydronaphthalene 

NCO OCN
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  Table 1 continued….. 

4 1,1-Bis(4-cyanato-3-methylphenyl)decahydronaphthalene 

NCO OCN

CH3 CH3

 

5 
1,1-Bis(4-cyanato-3,5-dimethylphenyl) decahydro  

naphthalene 

NCO OCN

CH3 CH3

CH3 CH3

 

6 1,1-Bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane 

NCO OCN

CH3 CH3

 

7 
1,1-Bis(4-cyanatophenyl-3-methyl)-4-perhydrocumyl 

cyclohexane 

NCO OCN

CH3 CH3

CH3 CH3

 

8 
1,1-Bis(4-cyanatophenyl-3,5-dimethyl)-4-perhydrocumyl 

cyclohexane 

NCO OCN

CH3 CH3

CH3 CH3

CH3 CH3

 

9 2,7-Bis(4-cyanatophenyl)-2,7-dimethyloctane 

 

 

The monomers and the intermediates involved in their synthesis were characterized 

by IR, 1H-NMR, and 13C-NMR spectroscopy.  
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Chapter 4:      Curing Kinetics and Processing of Cyanate Esters 

This chapter is divided into two sections; 

Chapter 4 A: Curing Kinetics of Cyanate Ester Monomers 

 This section focuses on the studies dealing with curing kinetics of cyanate ester 

monomers containing cardo / (cyclo)aliphatic moiety viz;  

a)   1,1-Bis(4-cyanatophenyl)cyclohexane   

b)   1,1-Bis(4-cyanato phenyl)-3-pentadecylcyclohexane 

c)   1,1-Bis(4-cyanatophenyl)decahydronaphthalene, and 

d)   1,1-Bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane 

The kinetic parameters such as activation energy and Arrhenius frequency factor were 

computed under both nonisothermal and isothermal mode using differential scanning 

calorimetry (DSC). 

Chapter 4 B: Processing of Cyanate Ester Monomers 

 In this section, processing of CE monomers and characterization of polycyanurates 

derived therefrom is discussed. The following CE monomers were polymerized;  

a)  1,1-Bis(4-cyanatophenyl)cyclohexane   

b)  1,1-Bis(4-cyanato phenyl)-3-pentadecylcyclohexane 

c)  1,1-Bis(4-cyanatophenyl)decahydronaphthalene, and 

d)  1,1-Bis(4-cyanatophenyl)-4-perhydrocumylcyclohexane.  

Thermal and dynamic mechanical properties of polycyanurates of 1,1-bis(4-

cyanatophenyl) cyclohexane and  1,1-bis(4-cyanatophenyl)-3-pentadecylcyclohexane were 

discussed and compared with that of polycyanurate of 2,2-bis(4-cyanatophenyl)propane. 

 

Chapter 5:  Synthesis, Characterization and Curing of Epoxy Resins 

 This chapter describes  

I. Synthesis of epoxy resins starting from bisphenols containing cardo moiety viz; 

1,1-bis (4-hydroxyphenyl)cyclohexane and 1,1-bis(4-hydroxyphenyl)-3-

pentadecyl cyclohexane.  
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II. Curing/processing of these epoxies employing methylenedianiline as a curing 

agent and characterization of cured network by (DSC), thermogravimetric 

analysis and dynamic mechanical analysis. 

Chapter 6: Synthesis, Characterization and Curing Studies of Bismaleimides 

This chapter deals with  

I) Synthesis and characterization of bismaleimides (as listed in Table 2)  

Table 2 : Bismaleimides             

Sr. No Monomer Structure 

1 
1,1-Bis[4-(4- maleimidophenoxy)phenyl] 

cyclohexane 

OO

NN

O

O

O

O  

2 
1,1-Bis[4-(4- maleimidophenoxy)phenyl]-3-

pentadecylcyclohexane 

OO

NN

O

O

O

OC15H31  

3 4,4’-Bis(maleimido)-3-pentadecyldiphenylether O
NN

O

O O

O
C15H31  

4 1,3-Bis(maleimido)-4 -pentadecylbenzene NN

O

O

O

O
C15H31  

 

The monomers were characterized by IR, 1H-NMR, and 13C-NMR spectroscopy.  

II) Curing studies of these BMIs using DSC and studies on thermal stability of 

cured networks using TGA. 

 

Chapter 7: Synthesis, Characterization and Curing Studies of Bispropargyl Ethers 

 This chapter deals with  

I) Synthesis and characterization of bispropargyl ethers containing cardo moiety 

(listed in Table 3) 
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Table 3 : Bispropargyl Ethers 

Sr. No Monomer Structure 

1 1,1-Bis[4-(2-propynyloxy)phenyl)] cyclohexane 

O O

 

2 1,1-Bis[4-(2-propynyloxy)phenyl)]-3-pentadecylcyclohexane 

O O

C15H31  

3 1,1-Bis[4-(2-propynyloxy)phenyl)] decahydronaphthalene 

O O

 

4 
1,1-Bis[4-(2-propynyloxy)phenyl)]-4-perhydrocumyl 

cyclohexane 

O O

 

 

The monomers were characterized by IR, 1H-NMR, and 13C-NMR spectroscopy.  

II) Curing studies of these monomers and studies on the thermal stability of 

cured network using TGA. 

 

Chapter 8: Summary and Conclusions 

This chapter summarizes the results and describes salient conclusions of the 

investigations reported in the thesis. 
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