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         ABSTRACT 

Living Polycondensation: Synthesis of Well-Defined Aromatic 

Polyamide-Based Polymeric Materials 

                                                                                                                                                           

                                             Mram Zaid Alyami 
 

               Chain growth condensation polymerization is a powerful tool towards the 

synthesis of well-defined polyamides. This thesis focuses on one hand, on the 

synthesis of well-defined aromatic polyamides with different aminoalkyl pendant 

groups with low polydispersity and controlled molecular weights, and on the other 

hand, on studying their thermal properties. In the first project, well-defined poly (N-

octyl-p-aminobenzoate) and poly (N-butyl-p-aminobenzoate) were synthesized, and 

for the first time, their thermal properties were studied. In the second project, ethyl4-

aminobenzoate, ethyl 4-octyl aminobenzoate and 4-(hydroxymethyl) benzoic acid 

were used as novel efficient initiators of ε-caprolactone with t-BuP2 as a catalyst. 

Macroinitiator and Macromonomer of poly (ε-caprolactone) were synthesized with 

ethyl 4-octyl aminobenzoate and ethyl 4-aminobenzoate as initiators to afford 

polyamide-block-poly (ε-caprolactone) and polyamide-graft-poly (ε-caprolactone) 

by chain growth condensation polymerization (CGCP). In the third project, a new 

study has been done on chain growth condensation polymerization to discover the 

probability to synthesize new polymers and studied their thermal properties. For this 

purpose, poly (N-cyclohexyl-p-aminobenzoate) and poly (N-hexyl-p-aminobenzoate) 

were synthesized with low polydispersity and controlled molecular weights.    
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Introduction 

 

              The polymeric materials have a remarkable impact in different applications. 

Over the years many synthetic polymers with different macromolecular architecture 

have been discovered1-7.This research is focused on one family of the synthetic 

polymers which are polyamides. Polyamides are well-known polymers which 

demonstrated positive growth in the global markets. Polyamides sales market are 

very popular for engineering plastics, fibers. Among them, aromatic polyamides 

(aramids) have attracted many researchers in the industrial and academic level due 

to the attractive physical (electrical, mechanical and thermal) and chemical 

properties8. Aramids considered one of the high-performance materials (HPM). 

Accordingly, to their superior thermal properties and mechanical resistance due to 

the amide linkages and the aromatic structure9. Aromatic polyamides (aramids) has 

some specific properties such as higher solvent resistant comparing to aliphatic 

polyamide and less sensitive to oxidation so that it were useful for advanced 

technologies9-14. As result of their properties aramids have  a remarkable impact in 

high technology applications such as luminescent and photosensitive materials, 

electrochromic, gas separation, optically active materials, fire-resistant 

materials,biomaterials8, electronic field, electrical field, automotive, bulletproof , high 

modulus fibers, fillers, and coatings due to high tensile strength and flame-resistant15-

19. Many research teams have done a remarkable effort to expand the aramid 

applications by incorporating functional groups in the polyamide backbone19.  
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1. Synthesis of Aromatic Polyamides (Aramids) 

 

        The general methods to synthesize aramids involve two reactions. First, the 

reaction of diacids chlorides with diamines at low temperature. Second,the direct 

condensation reactions in a solution of aromatic diacids with diamines at high 

temperatures as illustrated in (Figure 1) 9.  

 

 

 
Figure 1: Synthesis of aramids by polycondensation of aromatic dicarboxylic acids 
with aromatic diamines. Adapted from15. 
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1.2 Synthesis of Aromatic Polyamides by Step Growth 

Condensation Polymerization. 

 

                A Polycondensation reaction is an important method of polymerization 

which is a stepwise reaction between two functional groups with the elimination of a 

small molecule. Large numbers of synthetic and naturally polymers are obtained by 

step-growth polymerization (SGP) such as polyamides, polyethers, polyesters, 

polyurea, polyurethanes and polyimides. The most widely practiced procedure in 

polyamides synthesis is the classical step growth condensation polymerization (SCP). 

At high conversion in step growth condensation polymerization (SCP) the molecular 

weight distribution reaches to 2.0 and the molar mass is uncontrolled20. Carothers et 

al.  21 and Flory et al. 22established the basic principle of step-growth polymerization. 

This principle derived from statistical theory based on the assumption that all the 

functional groups of monomers and polymers present equal reactivity 23-25 which is 

inapplicable to some polycondensation when the change of substituent effects is 

induced by bond formation of the monomer which leads to faster reaction between 

the monomer and polymer chain end than the reaction between the monomers23, 25-

34. It is difficult to control the molecular weight of a polymer by step polymerization 

due to the reaction of monomers with each other , as well as the reactions of all kinds 

of oligomers with themselves and the reactions of those oligomers with monomers 20. 

In order to synthesize a polymer with low polydispersity and controlled molecular 

weight, polycondensation should proceed under a chain growth mechanism (in living 

polymerization manner)20.  
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         Synthesis of well-defined aromatic polyamide with controlled molar mass and 

narrow dispersity index by polycondensation in living manner will be discussed in 

the following chapters. 

1.3 Chain Growth Condensation Polymerization (CGCP) Based on 

the Substituent Effect 

1.3.1 Essential Principle 
  

          Living chain-growth polycondensation is based on suppressing the reaction 

between the monomers which leads to conventional polycondensation. By activation 

of the polymer end chain through substituent effect either inductive or resonance 

based on the substituent position on the monomer structure  meta-(m) or para-(p) 

respectively .This  substituent effect leads to deactivation of  the reaction between the 

monomers in order to prevent the self-condensation. Consequently, the monomer 

reacts with reactive species (initiator) which leads to change the reactivity of that 

monomer, as a result, another monomer would react with it as has been shown in 

(Figure 2) 20. 
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Figure 2. The basic principle of CGCP based in the Substituent Effect20. 

 

    

1.3.1.1 CGCP by the Resonance Effect 

 

                Chain growth polycondensation based on the substituent effect-assisted 

was first demonstrated by the polymerization of 4-(alkylamino) benzoic acid phenyl 

esters35. Polymerization of phenyl 4-(octylamino) benzoate was carried out in the 

presence of phenyl 4-nitrobenzoate (initiator) and 1.1 equiv of CsF, 18-crown-6 was 

used . The molecular weight and the molecular weight distributions were 

controlled35. 

             This polymerization mechanism was explained as follows. ''Deprotonation of 

the monomer 14 affords the amide anion 14’. As shown in the resonance structure of 

14’ and 14’’, the strongly electron-donating ability of the amide anion decreases the 

electrophilicity of the ester carbonyl group at the para position. This deactivation 



27 
 

 

suppresses the reaction between the monomers to prevent from the step-growth 

polymerization of 14’. In the presence of an initiator 15a, having a reactive ester 

carbonyl group due to the presence of an electron-withdrawing substituent at the 

para position, 14’ reacts with 15a to give 16. Because the amide linkage of 16 is a 

weakly electron-donating group and does not strongly deactivate the phenyl ester 

moiety at the para position, the ester carbonyl group of 16 has sufficient 

electrophilicity to react with another 14’. The polymer propagating group is activated 

in this manner, and the monomer 14’ reacts selectively with the polymer end to result 

in chain-growth polymerization''36. 

 

                                                                                                                                                 

Figure  3.  Proposed chain-growth condensation polymerization mechanism of 4-

(alkyl amino) benzoic acid phenyl esters by a resonance effect. Adapted from37. 

 



28 
 

 

           para-substituted phenylene monomers are applicable in CGCP based on the 

substituent Effect by the Resonance Effect. To a affords polyamides35, 38-41, 

polyesters42-45 and polyethers43-47with controlled molecular weight and narrow 

molecular weight distributions.   

 

1.3.1.2 CGCP by the Inductive Effect 
 

            para-substituted aromatic polymers have a strong intermolecular interaction 

which leads to weak solubility in organic solvents. In order to synthesize  well-defined 

aromatic polyamide with controlled molar mass, narrow dispersity index and higher 

solubility than para-substituted aromatic condensation polymers the polymerization 

of meta -substituted monomers has been used48. The inductive effect (+I effect) of a 

substituent in meta-substituted monomers assists in obtaining CGCP by suppressing 

the self-condensation. On another hand, para-substituted monomers through the 

resonance effect (+R effect) assists in obtaining CGCP. Through the +R effect, the 

anionic nucleophilic site of the para-substituted monomer deactivates the 

electrophilic site also in meta-substituted monomers by the inductive effect (+I 

effect), considering the acidity of benzoic acid derivatives. Based on the Pka values of 

m-nitro and p-nitro benzoic acid (PK a = 3.45, 3.44 respectively) shows that the –R 

effect is as strong as the –I effect49. Consequently, inductive effect of nucleophilic site 

of m-substituent monomers as strong as resonance effect at the para-position25. 
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Figure 4.  Proposed chain-growth condensation polymerization mechanism by 

inductive effect. Adapted from50.  

 

 
 

Table 1. Monomers based on the resonance effect48, 50-55. Adapted from25.   
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1.3.2 Polymer Architecture by CGCP Based on the Substituent 

Effects 
 

                The investigation of living anionic polymerization by Szwarc in 1956  56 

opened the way toward well-defined polymers with complex macromolecular 

architecture (block copolymers multi-blocks, comb, cyclic, dendritic, graft Copolymer, 

star, etc.)2, 7, 57-64.The discovery of chain growth condensation polymerization 

provides many macromolecular condensation architectures with low polydispersity 

and controlled molecular weight61, 65-70 To improve the rigidity and the solubility of 

poly benzamide we are taking advantage of living polymerization nature of CGCP and 

combine with different polymerization techniques such as ATRP, AROP, RAFT .These 

efforts have been done based on aromatic polyamides by three approaches:  

Macroinitiator (MI) approach, the coupling reaction of the polyamides with another 

polymer and sequential condensation chain polymerization71. 

                 

              1.3.2.1 Block Copolymers 

               Although, there are many reports discussing the synthesis of rigid or semi-

rigid block copolymers 72-82  the synthesis of polyamide-based block copolymer is still 

a challenging topic. The toughness of poly (p-benzamide), due to the intermolecular 

hydrogen bonding of amide bonds and π-π stacking of aromatic rings, can be changed 

by synthesizing a soluble block copolymer of poly (N-octyl-p-benzamide) and poly (p-

benzamide) (Figure 5).  
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Figure 5: Poly (N-octyl-p-benzamide)-poly (p-benzamide) block copolymer 
synthesis. Adapted from39. 
 

                    Several block copolymers such as polyamide-b-poly (ethylene glycol) 

(Figure 6), polyamide-b-poly (tetrahydrofuran) (Figure 7), polystyrene-b-

polyamide (Figure8) have been synthesized. 

 

 

 
 

 

 Figure 6: Polyamide-poly (ethylene glycol) block copolymer synthesis. Adapted 

from20. 
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Figure 7: Poly (tetrahydrofuran)-polyamide block copolymer synthesis. Adapted 

from20. 
 

 

 
        

Figure 8: Polystyrene-b-polyamide block copolymer synthesis. Adapted from20 . 
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1.3.2.2 Graft Copolymers 

      The synthesis of well-defined graft copolymers has attracted many researchers 

due to the special molecular shapes and application83-91. Polystyrene-grafted with 

well-defined poly (p-benzamide) has been prepared by the combination of radical 

polymerization and chain growth condensation polymerization (Figure 9). A well-

defined aromatic polyamide-grafted with poly (tetrahydrofuran) have been 

synthesized by CGCP of methyl 4-aminobenzoate macromonomers having poly 

(tetrahydrofuran) as side branches (Figure 10)92. 

 
         

Figure 9: Polystyrene-g- poly (p-benzamide) synthesis. Adapted from36. 
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Figure 10: Polyamide-g-poly (tetrahydrofuran) synthesis. Adapted from36. 

 

1.3.2.3 Star Polymers 

             Well-defined star polymer has attracted many researchers due to their 

interesting rheological properties and unique spatial shapes93. A various number of 

star condensation polyamides have been prepared by conventional 

polycondensation94-97. Based on the living polymerization nature in CGCP well-

defined star polymers have synthesized. (Figure 11) shows the well-defined star 

aromatic polyamide, homo, block and miktoarm star polymers of poly (N-octyl-m-

benzamide) and poly (N-H-m-benzamide) have also been synthesized (Figure 12). 
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 Figure 11:  Synthesis of well-defined star aromatic polyamide. Adapted from36. 

 
 

 

     Figure 12: Star poly benzamides .Adapted from 98. 
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1.4 Anionic Ring Opening Polymerization of ε-Caprolactone (ε-CL) 

 

              Anionic ring-opening polymerization of cyclic esters such as ε-caprolactone 

has been extensively studied due to the attractive properties including crystallinity, 

biodegradability, and biocompatibility which make them important powerful for 

different pharmaceutical, packing, and biomedical applications99, 100. (Figure 13) 

shows the polymerization of (ε-caprolactone). 

 

 

Figure 13: Anionic ring-opening polymerization of ε-caprolactone. Adapted from99. 
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1. Materials 

 

Chloroform (99.99% Fisher Chemical), Methanol(99.99% VWR PROLABO), 

Benzaldehyde (99% Fluka Analytical), Acetic Acid (99.9% Fisher Chemical), Octanal 

(99% SIGMA-ALDRICH), Chloroform-d for NMR (99.8% ACROS ORGANICS), Sodium 

Chloride (99.9% VWR PROLABO), Sodium bicarbonate (99.5% SIGMA-ALDRICH), 

Ammonium Chloride (100% VWR PROLABO) ,Magnesium sulfate ( >=99.5% SIGMA-

ALDRICH) ,Sodium hydroxide (>= 98% SIGMA-ALDRICH ), Ethyl p-aminobenzoate 

(MP Biomedicals,LLC CAS NO. 94-09-7) ,Sodium triacetoxyborohydride ( 97% 

SIGMA-ALDRICH ) ,Diethyl ether (99.5 %  VWR PROLABO),Ethyl acetate (99.5 %  

VWR PROLABO) , Tetrahydrofuran (THF) (99.70%VWR PROLABO) , Lithium 

bis(trimethylsilyl)amide solution 1.0 M in THF ( SIGMA-ALDRICH ), 4-Nitrobenzoyl 

chloride (>= 99.0% Fluka Analytical ), Ethyl 4-( butyl amino)benzoate (98% SIGMA-

ALDRICH ),Ethyl 3-aminobenzoate (SIGMA-ALDRICH ),Phosphazene base P4-t-Bu 

solution in 0.8 M in hexane (SIGMA-ALDRICH ),Sodium bis (trimethylsilyl) amide 

solution 1.0 M in THF (SIGMA-ALDRICH), Hexanal (98% Alfa Aesar) 

Cyclohexanecarboxaldehyde (97% SIGMA-ALDRICH), Phosphazene base (t-BuP2; 2 M 

solution in THF) were used as received without any further purification. 

Tetrahydrofuran (99.70%  VWR PROLABO ) was dried over Na and n-BuLi, ε-

caprolactone (Alfa Aesar; 99%) was stirred with CaH2 overnight and distilled under 

pressure, Toluene (99.70%  VWR PROLABO ) was dried over calcium hydride (CaH2) 

and distilled before use. 
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2. Monomer Synthesis 

 

         Ethyl 4-(butyl amino) benzoate was commercially available and used as received 

without any further purification. The 400 MHz 1H and 13C spectra are shown in 

(Figures 15 and 16). The synthesis of the other monomers has been done as given 

below.  

2.2. Synthesis of para-Monomers Ethyl 4-(Alkyl amino)benzoate. 

2.2.1 Synthesis of Ethyl 4-(Octyl amino)benzoate 
 

 

  Figure 14. Synthesis of ethyl 4-(octyl amino) benzoate. 

 

           The synthesis of ethyl 4-(octyl amino) benzoate was based on the reported 

synthesis of methyl 4-aminobenzoate. " Methyl 4-aminobenzoate (7.80 g, 50 mmol) 

and octanal (5.81 g, 45 mmol) were mixed in THF (100 ml), and sodium 

triacetoxyborohydride (16.3 g, 75 mol) and acetic acid (6.11 g, 100 mmol) were added 

to the reaction mixture. After the mixture was stirred at room temperature for 22 h, 

aqueous sat. NaHCO3 was added to the reaction mixture to make the solution slightly 

basic (pH =8), and then the mixture was extracted with ethyl acetate. The combined 
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organic layers were washed with brine and dried over anhydrous MgSO4. The solvent 

was removed under vacuum and the residue was purified by recrystallization from 

methanol to give 7.98 g of 1 (67%) as colorless crystals " 38 .Ethyl 4-aminobenzoate 

was used instead of methyl 4-aminobenzoate. The 400 MHz 1H and 13C spectra of 

ethyl 4-(octylamino) benzoate and ethyl 4-aminobenzoate are shown in (Figures 17, 

18) and (Figures 24, 25) respectively. 

 

 Figure 15. The 400 MHz 1H NMR spectra of ethyl 4-(butyl amino) benzoate in CDCl3 

as solvent at 35 °C. 
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Figure 16. The 400 MHz 13C NMR spectrum of ethyl 4-(butyl amino) benzoate in 
CDCl3 as solvent at 35 °C. 
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Figure 17. The 400 MHz 1H NMR spectra of ethyl 4-(octyl amino) benzoate and 
octanal in CDCl3 as solvent at 35 °C. 
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Figure 18. The 400 MHz 13C NMR spectrum of ethyl 4-(octyl amino) benzoate in CDCl3 

as solvent at 35 °C. 
 

2.2.2 Synthesis of Ethyl 4-(Hexyl amino) benzoate 

 

 

Figure 19. Synthesis of Ethyl 4-(hexyl amino) benzoate. 
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            The synthesis of ethyl 4-(octyl amino) benzoate was based on the reported 

synthesis of methyl 4-aminobenzoate. " Methyl 4-aminobenzoate (7.80 g, 50 mmol) 

and octanal (5.81 g, 45 mmol) were mixed in THF (100 ml), and sodium 

triacetoxyborohydride (16.3 g, 75 mol) and acetic acid (6.11 g, 100 mmol) were added 

to the reaction mixture. After the mixture was stirred at room temperature for 22h, 

aqueous sat. NaHCO3 was added to the reaction mixture to make the solution slightly 

basic (pH = 8), and then the mixture was extracted with ethyl acetate. The combined 

organic layers were washed with brine and dried over anhydrous MgSO4. The solvent 

was removed under vacuum and the residue was purified by recrystallization from 

methanol to give 7.98 g of 1 (67%) as colorless crystals " 38 ethyl 4-aminobenzoate 

was used instead of methyl 4-aminobenzoate and hexanal instead of octanal. The 400 

MHz 1H and 13C spectra of ethyl 4-(hexyl amino) benzoate and hexanal are shown in 

(Figures 20). 
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Figure 20. The 400 MHz 1H NMR spectra of ethyl 4-(hexyl amino) benzoate in CDCl3 

as solvent at 35 °C. 

2.2.3 Synthesis of Ethyl 4-(Cyclohexyl amino) benzoate 

 

 

 

Figure 21. Synthesis of ethyl 4-(cyclohexyl amino)benzoate. 

 

            The synthesis of ethyl 4-(octyl amino) benzoate was based on the reported 

synthesis of Methyl 4-aminobenzoate. "Methyl 4-aminobenzoate (7.80 g, 50 mmol) 

and octanal (5.81 g, 45 mmol) were mixed in THF (100 ml), and sodium 
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triacetoxyborohydride (16.3 g, 75 mol) and acetic acid (6.11 g, 100 mmol) were added 

into the reaction mixture. After the mixture was stirred at room temperature for 22 

h, sat. NaHCO3 was added to the reaction mixture to make the solution slightly basic 

(pH = 8), and then the mixture was extracted with ethyl acetate. The combined 

organic layers were washed with brine and dried over anhydrous MgSO4. The solvent 

was removed under vacuum and the residue was purified by recrystallization from 

methanol to give 7.98 g of 1 (67%) as colorless crystals"38 ethyl 4-aminobenzoate was 

used instead of methyl 4-aminobenzoate and cyclohexanal instead of octanal. The 400 

MHz 1H and 13C spectra of ethyl 4-(cyclohexyl amino) benzoate are shown in (Figures 

22). 

 

 

Figure 22. The 400 MHz 1H NMR spectra of ethyl 4-(cyclohexyl amino) benzoate in 

CDCl3 as solvent at 35 °C. 
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2.3 Synthesis of meta-Monomer Ethyl 3-(Alkyl amino) benzoate  

 2.3.1 Synthesis of Ethyl 3-(Hexylamino) benzoate 
 

 

Figure 23. Synthesis of ethyl 3-(hexyl amino) benzoate. 

 

            The synthesis of ethyl 3-(hexyl amino) benzoate was based on the reported 

synthesis of Ethyl 3-(Octyl amino) benzoate. "Into a solution of ethyl 3-

aminobenzoate (5.01 g, 30 mmol) in THF (80 ml) was added octanal (3.4 ml, 22 

mmol), acetic acid (1.0 ml, 17 mmol), and sodium triacetoxyborohydride (6.6 g, 31 

mmol), successively. The mixture was stirred at the room temperature for 5 h, and 

then the reaction was quenched with aqueous sat. NaHCO3 and the whole was 

extracted with ethyl acetate. The combined organic layers were washed with brine 

and dried over anhydrous MgSO4.The solvent was removed in a vacuum and the 

residue was purified by flash chromatography on silica gel (hexane/ethyl acetate = 

16/1) to give 3.98g of 1b as a white solid (66%)"48 where 1b is ethyl 3-(octyl amino) 

benzoate. Hexanal was used instead of octanal. The 400 MHz 1H and 13C spectra of 

ethyl 3-(hexyl amino) benzoate are shown in (Figures 26 and 27). 
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Figure 24. The 400 MHz 1H NMR spectra of ethyl 3-aminobenzoate in CDCl3 as solvent 

at 35 °C. 
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Figure 25. The 400 MHz 13C NMR spectrum of ethyl 3-aminobenzoate in CDCl3 as 

solvent at 35 °C. 
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Figure 26. The 400 MHz 1H NMR spectra of ethyl 3-(hexyl amino) benzoate in CDCl3 

as solvent at 35 °C. 
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Figure 27. The 400 MHz 13C NMR spectrum of ethyl 3-(hexyl amino) benzoate in 
CDCl3 as solvent at 35 °C. 
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2.3.2 Synthesis of Ethyl 3-(Benzyl amino) benzoate 
 

 

Figure 28. Synthesis of ethyl 3-(benzyl amino) benzoate. 

 

              The synthesis of ethyl 3-(benzyl amino) benzoate was based on the reported 

synthesis of Ethyl 3-(4-Methoxybenzylamino) benzoate (1h)."Into a solution of ethyl 

3-aminobenzoate (3.38 g, 21 mmol) in THF (100 ml) was added 4-methoxy-

benzaldehyde (2.20 ml, 18 mmol), acetic acid (0.80 ml, 14 mmol), and sodium 

triacetoxyborohydride (6.40 g, 30 mmol), successively. The mixture was stirred at 

room temperature for 20h, and then the reaction was quenched with aqueous sat. 

NaHCO3 and the whole was extracted with ethyl acetate. The combined organic layers 

were washed with water and brine and then dried over anhydrous MgSO4. The 

solvent was removed under vacuum and the residue was purified by flash 

chromatography on silica gel (hexane/ethyl acetate= 4/1) and then recrystallized 

from methanol to give 2.31 g of 1h as a white solid (45%)"48.Benzaldehyde was used 

instead of 4-methoxy-benzaldehyde. The 400 MHz 1H and 13C spectra of Ethyl 3-

(benzyl amino) benzoate are shown in (Figures 29, 30). 
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Figure 29. The 400 MHz 1H NMR spectra of ethyl 3-(benzyl amino) benzoate in CDCl3 

as solvent at 35 °C. 

 

 
Figure 30. The 400 MHz 1H NMR spectra of ethyl 3-(benzyl amino) benzoate in CDCl3 

as solvent at 35 °C. 



54 
 

 

2.4 General Procedure for The Homopolymerization of Ethyl 4-

(Butylamino) benzoate and Ethyl 4-(octyl amino) benzoate using 

LiHMDS base 

 

                The polymerization has taken place under dry argon by using double Schlenk 

line. In a flask 25 ml which equipped with a two-way stopcock, The reactor was 

heated under vacuum by a heat gun for three times after each time cooled down by 

vacuum, the reactor was purged with argon  then vacuum for three times. In 

standardized polymerization experiment, the reagents were added in the following 

order : 

               Dry Tetrahydrofuran (THF) 2ml then lithium bis (trimethylsilyl) amide 1.0 M 

LiHMDS (2, 26    ml, 2.26mmol).   The flask was cooled down to 0 OC by using ice bath 

under an argon gas with stirring for 10 min. A solution of 4-nitrobenzoyl chloride ( 

initiator) in dried tetrahydrofuran THF (   X g,  X  mmol ) was added   then a solution 

of Ethyl 4-(alkyl amino) benzoate monomers in dry in tetrahydrofuran THF (0.5 g , 

2.26  mmol) was added dropwise over one hour by using auto-injector under dry 

argon with stirring. The reaction mixture was stirred at 0 oC for 3 h and then the 

reaction mixture was quenched with aqueous sat. NH4Cl, followed by extraction with 

chloroform CHCl3 after that the organic layer was washed with 1 M NaOH and dried 

over anhydrous MgSO420. 
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2.4.1 Homopolymerization of Ethyl 4-(butyl amino) benzoate 

 

           The following homopolymerization of ethyl 4-(butyl amino) benzoate was 

performed in order to prepare aramids having well-defined molecular weights and 

narrow molecular weight distributions. 

 

 

 

Figure 31. The homopolymerization of ethyl 4-(butyl amino) benzoate. 

 
Table.2 The polymerization of ethyl 4-(butyl amino) benzoate, initiated by 4-
nitrobenzoyl chloride in the presence of 1.1 equivalent of LiHMDS in THF at 0 °C.The 
polymers were obtained quantitatively. 
 

      
      Series 

Time 
h 

Mn th 

g/mol 

a Mn GPC 

g/mol 

 
PDI 

HP101 3 5000 5710 1.3 

HP102 3 6000 6070 1.1 

HP103 3 7000 7160 1.2 

HP104 3 10000 12130 1.2 

HP105 24 5000 6000 2 

 

a) Determined by GPC based on polystyrene standards (eluent: CHCl 3). 
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Figure 32. The 400 MHz 1H NMR spectra of poly (N-butyl-p-aminobenzoate) 
(Mn=5k) in CDCl3 as solvent at 35 °C. 
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Figure 33. The 400 MHz 1H NMR spectra of poly (N-butyl-p-aminobenzoate) 
(Mn=6k) in CDCl3 as solvent at 35 °C. 
 

 



58 
 

 

 

 

Figure 34. The 400 MHz 1H NMR spectra of poly (N-butyl-p-aminobenzoate) 
(Mn=7k) in CDCl3 as solvent at 35 °C. 
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Figure 35. The 400 MHz 1H NMR spectra of poly (N-butyl-p-aminobenzoate) 
(Mn=10k) in CDCl3 as solvent at 35 °C. 
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Figure 36. The 400 MHz 1H NMR spectra of poly (N-butyl-p-aminobenzoate) (Mn=5k, 
24h) in CDCl3 as solvent at 35 °C. 
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Figure 37. GPC traces (eluent: CHCl3 at 35 o C) of poly (N-butyl-p-

aminobenzoate) (Mn=5k) obtained by living polycondensation 

polymerization in dry THF at 0 OC initiated by 4-nitrobenzoyl 

chloride and terminated with solutions of saturated aqueous 

ammonium chloride. 
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Figure 38. GPC traces (eluent: CHCl3 at 35 o C) of poly (N-butyl-p-

aminobenzoate) (Mn=6k) obtained by living polycondensation 

polymerization in dry THF at 0 OC initiated by 4-nitrobenzoyl 

chloride and terminated with solutions of saturated aqueous 

ammonium chloride. 
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Figure 39. GPC traces (eluent: CHCl3 at 35 o C) of poly (N-butyl-p-

aminobenzoate) (Mn=7k) obtained by living polycondensation 

polymerization in dry THF at 0 OC initiated by 4-nitrobenzoyl 

chloride and terminated with solutions of saturated aqueous 

ammonium chloride. 
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Figure 40. GPC traces (eluent: CHCl3 at 35 o C) of poly (N-butyl-p-

aminobenzoate) (Mn=10k) obtained by living polycondensation 

polymerization in dry THF at 0 OC initiated by 4-nitrobenzoyl 

chloride and terminated with solutions of saturated aqueous 

ammonium chloride. 
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2.3.1 Homopolymerization of Ethyl 4-(octyl amino) benzoate 

 

             The following homopolymerization of ethyl 4-(octyl amino) benzoate was 

performed in order to prepare aramids having well-defined molecular weights and 

narrow molecular weight distributions. 

 

Figure 41. The homopolymerization of ethyl 4-(octyl amino) benzoate. 

 

Table.3 The polymerization of ethyl 4-(octyl amino) benzoate, initiated by 4-
nitrobenzoyl chloride in the presence of 1.1 equivalent of LiHMDS in THF at 0 °C.The 
polymers were obtained quantitatively. 
 

 
Series 

Time 
h 

Mn th 

g/mol 

b Mn GPC 

g/mol 

 
PDI 

HP201 3 5000 4560 1.1 

HP202 3 6000 6030 1.2 

HP203 3 7000 7780 1.2 

HP204 3 8000 8800 1.1 

 

b) Determined by GPC based on polystyrene standards (eluent: THF). 
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Figure 42. The 400 MHz 1H NMR spectra of poly (N-octyl-p-aminobenzoate) (Mn=5k) 
in CDCl3 as solvent at 35 °C. 



67 
 

 

 

 

Figure 43. GPC traces (eluent: THF at 35 o C) of poly (N-octyl-p-

aminobenzoate) (Mn=5k) obtained by living polycondensation 

polymerization in dry THF at 0 OC initiated by 4-nitrobenzoyl 

chloride and terminated with solutions of saturated aqueous 

ammonium chloride. 
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Figure 44. The 400 MHz 1H NMR spectra of poly (N-octyl-p-aminobenzoate) (Mn=6k) 
in CDCl3 as solvent at 35 °C. 
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Figure 45. GPC traces (eluent: THF at 35 o C) of poly (N-octyl-p-

aminobenzoate) (Mn=6k) obtained by living polycondensation 

polymerization in dry THF at 0 OC initiated by 4-nitrobenzoyl 

chloride and terminated with solutions of saturated aqueous 

ammonium chloride. 
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Figure 46. The 400 MHz 1H NMR spectra of poly (N-octyl-p-aminobenzoate) (Mn=7k) 
in CDCl3 as solvent at 35 °C. 
 

 

 



71 
 

 

  

  

 Figure 47. GPC traces (eluent: THF at 35 o C) of poly (N-octyl-p-

aminobenzoate) (Mn=7k) obtained by living polycondensation 

polymerization in dry THF at 0 OC initiated by 4-nitrobenzoyl 

chloride and terminated with solutions of saturated aqueous 

ammonium chloride. 
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Figure 48. The 400 MHz 1H NMR spectra of poly (N-octyl-p-aminobenzoate) (Mn=8k) 
in CDCl3 as solvent at 35 °C.    
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Figure 49. GPC traces (eluent: THF at 35 o C) of poly (N-octyl-p-

aminobenzoate) (Mn=8k) obtained by living polycondensation 

polymerization in dry THF at 0 OC initiated by 4-nitrobenzoyl 

chloride and terminated with solutions of saturated aqueous 

ammonium chloride. 
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2.4 Macromonomer Synthesis 

2.4.1 Homopolymerization of ε-CL with t-BuP2 as a Catalyst 

Initiated by Novel Initiator Ethyl 4-aminobenzoate 

 

                The polymerization has taken place under dry argon in the gloves box, using 

a 100 ml glass reactor with a stopcock. (29.7 mg; 0, 18 mmol) of ethyl 4-

aminobenzoate was dissolved in 3 mL of dry toluene into the flame-dried reactor. 

Then 90 μL of t-BuP2; 2 M solution in THF (0.18 mmol of t-BuP2) was added. The 

system was stirred until both the initiator and the catalyst was completely dissolved. 

Then 0.88 mL of ε-CL (7.9 mmol) was added in an argon flow via a syringe to start the 

polymerization. The reaction was finally quenched after 22 h by addition of methyl 

iodide, and the solution was poured into cold methanol to precipitate the polymer. 

The white powder was then collected, dried in a vacuum. ε -CL was stirred with CaH2 

overnight and distilled under reduced pressure before the polymerization. Toluene 

was dried over calcium hydride (CaH2) and distilled before use99. Ethyl 4-

aminobenzoate was recrystallized from methanol before use. The 400 MHz 1H spectra 

of Poly (ε-CL) shown in (Figures 50). 

 

Figure 50. AROP of ε-CL with t-BuP2 as a catalyst initiated by the novel initiator (ethyl 
4-aminobenzoate). 
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Figure 51. The 400 MHz 1H NMR spectra of poly (ε-caprolactone) initiated by ethyl 
4- aminobenzoate in CDCl3 as solvent at 35 °C. 
 

     Mn th 
   g/mol 

       Mna GPC 

         g/mol 

     Mnb NMR 

        g/mol 

   PDI DPth Conversion % 

4519 11,930 3080 1.3 44 99 % 

 

Table.4 The polymerization of ε-caprolactone initiated by ethyl 4-aminobenzoate, in 
the presence of 1.1 equivalent of t-BuP2 as a catalyst in toluene at room temperature. 
 

a) Determined by GPC based on polystyrene standards (eluent: THF). 
b) Determined by 1H NMR.   
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2.5 Macroinitiator Synthesis  

2.5.1 Homopolymerization of ε-CL with t-BuP2 as a Catalyst 

Initiated by Novel Initiator Ethyl 4-(Octyl amino) benzoate 

 

               The polymerization has taken place under dry argon in a Schlenk-line, by 

using a 100 mL glass reactor with a stopcock. (49 mg; 0, 18 mmol) of ethyl 4-octyl 

aminobenzoate was dissolved in 3 ml of dry toluene into the flame-dried reactor. 

Then 90 μL of t-BuP2 in 2 M solution in THF (0.18 mmol of t-BuP2) was added. The 

system was stirred until both the initiator and the catalyst was completely dissolved. 

Then 0.88 ml of ε-CL (7.9 mmol) was added in an argon flow via a syringe to start the 

polymerization. The reaction was finally quenched after 22 h by addition of methyl 

iodide, and the solution was poured into cold methanol to precipitate the polymer. 

The white powder was then collected, dried in a vacuum. ε-caprolactone was stirred 

with CaH2 overnight and distilled under reduced pressure before the polymerization. 

Toluene was dried over calcium hydride (CaH2) and distilled before use 99. Ethyl 4-

octyl aminobenzoate was recrystallized from methanol before use. The 400 MHz 1H 

spectra of poly (ε-CL) shown in (Figures 53). 

 

Figure 52. AROP of ε-CL with t-BuP2 as a catalyst initiated by the novel initiator (ethyl 

4- octyl aminobenzoate). 
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Figure 53. The 400 MHz 1H NMR spectra of poly (ε-caprolactone) initiated by Ethyl 
4-Octyl aminobenzoate (Macroinitiator) in CDCl3 as solvent at 35 °C. 
 

     Mn th 

   g/mol 

    Mna GPC 

        g/mol 

    Mnb NMR 

        g/mol 

   PDI DP th Conversion %  

5022 11630 2740 1.1 44  100% 

 

Table.5 The polymerization of ε-caprolactone initiated by ethyl 4-octyl 
aminobenzoate, in the presence of 1.1 equivalent of t-BuP2 as a catalyst in toluene at 
room temperature. 
 

c) Determined by GPC based on polystyrene standards (eluent: THF). 
d) Determined by 1H NMR.   
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2.5.2 Homopolymerization of ε-CL with t-BuP2 as a Catalyst 

Initiated by Novel Initiator 4-(Hydroxymethyl) benzoic acid  

 

                  The polymerization has taken place under dry argon in the gloves box, by 

using a 100 mL glass reactor with a stopcock. (27 mg; 0.18 mmol) of 4-

(hydroxymethyl) benzoic acid was dissolved in 3 mL of dry THF into the flame-dried 

reactor. Then 90 μL of t-BuP2 in 2 M solution in THF (0.18 mmol of t-BuP2) was added. 

The system was stirred until both the initiator and the catalyst was completely 

dissolved. Then 0.88 mL of ε-CL (7.9 mmol) was added in an argon flow via a syringe 

to start the polymerization. The reaction was finally quenched after 44 h by addition 

of methyl iodide, and the solution was poured into cold methanol to precipitate the 

polymer. The white powder was then collected, dried in a vacuum. ε-CL was stirred 

with CaH2 overnight and distilled under reduced pressure before the polymerization. 

THF was dried over calcium hydride (CaH2) and distilled before use 99. 4-

(hydroxymethyl) benzoic acid was recrystallized from water before use. 

 

 Figure 54. AROP of ε-CL with t-BuP2 as a catalyst initiated by novel initiator  
4(hydroxymethyl) benzoic acid. 
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     Mn th 
   g/mol 

       Mne GPC 

         g/mol 

   PDI DPth 

5000 430 1.380 44 

 

Table.6 The polymerization of ε-caprolactone initiated by 4-(hydroxymethyl) 
benzoic acid ,  in the presence of 1.1 equivalent of  t-BuP2 as a catalyst in dry THF at 
room temperature. 
 

e) Determined by GPC based on polystyrene standards (eluent: THF).                    

2.6 Combination of Anionic Ring Opening Polymerization with 

Chain Growth Condensation Polymerization 

  2.6.1 Synthesis of Polyamide-graft-Poly (ε-caprolactone) 

 

               Polymerization was conducted on double Schlenk-line using a 100 ml glass 

reactor with a stopcock. The flask was dried by the flame and cooled by the vacuum. 

After that, purged with argon. Dry THF (0.5ml) was added into the reactor, the base 

(1M LiHMDS in THF) (0.40 mmol). The reactor was cooled to 0 oC  by ice bath under 

an argon with stirring for 10 min. A solution of 1-Chloro-4-nitrobenzene (initiator) 

(0.040mmol) in dry THF (0.2ml) was added into the reactor and then a solution of 

poly ε-caprolactone initiated by ethyl 4-aminobenzoate (Macromonomer) (0.40 

mmol) in dry THF (0.4 ml) was added dropwise over 1h with stirring under an argon 

atmosphere. The reaction mixture was stirred for 4 h. Then the reaction was finally 

quenched with aqueous saturated NH4Cl followed by extraction with chloroform. The 

organic layer was washed with 1M NaOH and dried over anhydrous MgSO4.After that, 

concentrated under vacuum51.  
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 Figure 55. Synthesis of polyamide-graft-poly (ε-caprolactone) by living 
polycondensation of the macromonomer poly (ε-caprolactone) initiated by the 
novel initiator (ethyl 4- aminobenzoate). 
  

 

Table 7. The living polycondensation of poly (ε-caprolactone) (the Macromonomer), 
initiated by 4-nitrobenzoyl chloride in the presence of 1.1 equivalent of LiHMDS in 
dry THF at 0 °C.  
 

     
   Series 

Time 

 h 

     Mn th 
      g/mol 

      DP Base: Mon. 
     ratio 

  a Mn GPC 

        g/mol 

    
      PDI 

   MC01          24     50000       10       1:1    7260      1.4 

   MC02          4     50000       10       2:1   10150      1.5 

b MC03          4     50000       10       2:1   26200      1.6 

 

a) Determined by GPC based on polystyrene standards (eluent: THF). 
b) MC03: Two monomers were used the Macromonomer (Poly ε-caprolactone) 

and ethyl 4-(octyl amino) benzoate. 
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2.6.2 Synthesis of Polyamide-block-Poly (ε- caprolactone) 

 

           Polymerization was conducted on double Schlenk-line using a 100 ml glass 

reactor with a stopcock. The flask was dried by the flame and cooled by the vacuum. 

After that, purged with argon. Dry THF (1ml) was added into the reactor, the base 

(1M LiHMDS in THF) (0.45mmol). The reactor was cooled to 0 oC  by ice bath under 

an argon with stirring for 10 min. A solution of Poly (ε-caprolactone) initiated by 

novel initiator ethyl 4-octyl aminobenzoate (Macroinitiator) (0.040 mmol) in dry THF 

(0.4ml) was added into the reactor and then a solution of ethyl 4-(octyl amino) 

benzoate (0.40mmol) in dry THF (0.6 mL) was added dropwise over 1h with stirring 

under an argon atmosphere. The reaction mixture was stirred for 4 h. Then the 

reaction was finally quenched with aqueous saturated NH4Cl followed by extraction 

with chloroform. The organic layer was washed with 1M NaOH and dried over 

anhydrous MgSO4.After that, concentrated under vacuum51.  

 

 

 

  Figure 56. Synthesis of polyamide-block-poly (ε-Caprolactone) by living 
polycondensation of the Macroinitiator poly (ε-Caprolactone) initiated by the novel 
initiator (ethyl 4-octyl aminobenzoate). 
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Table.8 Synthesis of polyamide by using poly (ε-caprolactone) (Macroinitiator) 

     Mn th 
   g/mol 

    Mn a GPC 

        g/mol 
   PDI DP 

5000 10900 1.1 22 

 

a) Determined by GPC based on polystyrene standards (eluent: THF). 

2.7 New Study on Chain Growth Condensation Polymerization of 

Aromatic Polyamide. 

2.7.1 Homopolymerization of Ethyl 4-(Cyclohexylamino) benzoate. 

 

                The polymerization of ethyl 4-(cyclohexyl amino) benzoate was conducted 

as mentioned earlier in 2.3. The 400 MHz 1H spectra of Poly (N-cyclohexyl-p-

aminobenzoate) is shown in (Figures 58), GPC traces is shown in (Figures 59). 

 
 

 

 
 

 

  Figure 57. The homopolymerization of ethyl 4-(cyclohexyl amino) benzoate. 
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Figure 58. The 400 MHz 1H NMR spectra of poly (N-cyclohexyl-p-amino) benzoate in 
CDCl3 as solvent at 35 °C. 
 

     Mn th 
   g/mol 

       Mna GPC 

         g/mol 

   PDI 

6000 7650 1.03 

 

Table.9 The polymerization of ethyl 4-(cyclohexyl amino) benzoate, initiated by 4-
nitrobenzoyl chloride in the presence of 1.1 equivalent of LiHMDS in THF at 0 °C. 
 

 

 

Figure 59.GPC traces (eluent: THF at 35 o C) of poly (N-cyclohexyl-p-
aminobenzoate).  
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2.7.2 Homopolymerization of Ethyl 4-(Hexyl amino) benzoate 

 

             The polymerization of ethyl 4-(hexyl amino) benzoate was conducted as 

mentioned earlier in 2.3. The 400 MHz 1H spectra of Poly (N-hexyl-p-aminobenzoate) 

is shown in (Figures 61), GPC traces is shown in (Figures 62). 

 

 

  Figure 60. The homopolymerization of ethyl 4-(hexyl amino) benzoate. 

 

 

Figure 61. The 400 MHz 1H NMR spectra of poly (N-hexyl-p-aminobenzoate) in CDCl3 

as solvent at 35 °C. 
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     Mn th 
   g/mol 

       Mna GPC 

         g/mol 

   PDI 

6000 7380 1.1 

 

Table.10 The polymerization of ethyl 4-(hexyl amino) benzoate, initiated by 4-
nitrobenzoyl chloride in the presence of 1.1 equivalent of LiHMDS in THF at 0 °C. 
 

a) Determined by GPC based on polystyrene standards (eluent: THF). 

 

 
 

Figure 62.GPC traces (eluent: THF at 35 o C) of poly (N-hexyl-p-aminobenzoate).  

2.8 Measurement and Instruments 

2.8.1 Gel permeation chromatography (GPC) 
 

Gel permeation chromatography (GPC) or size exclusion chromatography (SEC). A 

column is packed with small gel particles which have pores of variable size. Solvent 

fills the interstitial space as well as all the pores of the gel. The sample is dissolved, 

introduced into the column, and eluted, all with the same solvent. Small solute 

molecules diffuse freely into and through the gel pores; they permeate the gel. Same 
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species may be so large that they cannot enter the gel and thus are completely 

excluded: others are excluded from the smaller pores only. Since solvent flow occurs 

only in the space between the gel particles, the excluded larger molecules are flushed 

through the column first. Smaller molecules are delayed”101. Gel permeation 

chromatography (GPC) was used to give apparent number-average molecular weight 

(Mn, GPC) and disparities (Mw/Mn) based on PS standards. GPC which linked with RI 

and UV detection was performed in THF or CHCl3 at  35 °C  with a flow rate of 1 mL 

min-1 using two 7.8 mm × 300 mm (5 μm) Styragel columns (Styragel HR 2 and 

Styragel HR 4).  

 

2.8.2 Nuclear Magnetic Resonance (NMR) 

 

The 1H NMR and 13C NMR (400 MHz) measurements for this research were carried 

out on Bruker spectrometer (400 MHz) in CDCl3   as solvent at 35 °C .1H NMR spectra 

of solutions in CDCl3 were calibrated to the solvent signal (δH) at 7.24 ppm.  

2.8.3 Differential Scanning Calorimetry (DSC) 

 

DSC was used to determine the melting temperature (Tm). The samples were heated 

to 160 °C , then cooled to -150 °C and finally heated back to 160 °C with 

heating/cooling rate of     10 °C/min. DSC measurements for this research were 

carried out by using a Mettler Toledo DSC1  system in a nitrogen atmosphere.  
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2.8.4 Thermogravimetric analysis (TGA) 

TGA was used to determine the degradation temperature of the aromatic polyamide. 

The samples were heated to 500 oC. TGA measurements for this research were carried 

out by using a Mettler Toledo TGA/DSC1 system in a nitrogen atmosphere. 

 

 

 

 

 

 

 

 

 

 

 

 

 

                     

 

                  

 
                     

 

 

 

 

 

 

 

 

 

 

 



88 
 

 

 
 

 

 

 

 

 

Chapter 3 

RESULTS AND DISCUSSIONS 
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3.1 Chain Growth Condensation Polymerization of Ethyl 4-(Alkyl 

amino) benzoate 

3.1.1 Homopolymerization of Ethyl 4-(Butylamino) benzoate 

  

       Basically, the homopolymerization of ethyl 4-(butyl amino) benzoate was carried 

out by slow addition of ethyl 4-(butyl amino) benzoate in the presence of 4-

nitrobenzoyl chloride in dry THF into a solution of the LiHMDS at 0 OC and quenched 

with aqueous sat. NH4Cl. It is clear, from the results of the polymerization (Table 

2),the molecular weight distributions (MWD)of the poly(N-butyl-p-aminobenzoate) 

was quite narrow and close to a monodisperse distribution (PDI=1.1  - 1.3). The 

approach molecular weights were obtained from the GPC. Shows the molecular 

weights was controlled and close to the calculated molecular weights.  The 1H NMR 

spectrum of the poly(N-butyl-p-aminobenzoate) obtained shows the signals d which 

shifted to downfield on the polymer comparing to the monomers peaks additionally, 

aromatic peaks of polymers was clearly visible. There are some peaks (peaks with an 

asterisk) due to residual monomers which are overlapping with alkyl pendent group. 

 

 Figure 63.GPC traces (eluent: CHCl3 at 35 o C) of poly (N-butyl-p-aminobenzoate). 



90 
 

 

3.1.2 Homopolymerization of Ethyl 4-(Octyl amino) benzoate 

 

                 The polymerization of ethyl 4-(octyl amino) benzoate was carried out in dry 

THF in the presence of 4-nitrobenzoyl chloride in dry THF into a solution of the 

LiHMDS at 0 OC. The results of polymerization (Table 3) shows that controlled 

molecular weights were obtained and the molecular weight distributions (MWD)of 

the poly(N-octyl-p-aminobenzoate) was quite narrow and close to a monodisperse 

distribution (PDI=1.1 - 1.2). The 1H NMR spectrum of the poly(N-octyl-p-

aminobenzoate) obtained shows the signals d which shifted to downfield on the 

polymer comparing to the monomers peaks additionally, aromatic peaks of polymers 

was clearly visible. There are some peaks (peaks with an asterisk) due to residual 

monomers overlapping with alkyl pendent group on the polymer chains. 

 

 Figure 64.GPC traces (eluent: THF at 35 o C) of poly (N-Octyl-p-aminobenzoate). 
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3.2     Thermal Properties of Poly (N-octyl-p-aminobenzoate)                                                                       

and Poly (N-butyl-p-aminobenzoate) 

 

             The thermal properties of poly (N-octyl-p-aminobenzoate) and poly (N-butyl-

p-aminobenzoate) were investigated by TGA and DSC techniques. The thermal 

behavior data are summarized in (Table 6).  TGA traces shows two degradation 

temperatures in both poly (N-octyl-p-aminobenzoate) and poly (N-butyl-p-

aminobenzoate) in different molecular weights. The first degradation temperature in 

poly (N-octyl-p-aminobenzoate) and poly (N-butyl-p-aminobenzoate) refer to, the 

octyl and butyl degradation respectively and the second degradation temperature 

correspond to the polymer chains decomposition. DSC traces were used to determine 

the Tm of poly (N-octyl-p-aminobenzoate) and poly (N-butyl-p-aminobenzoate). 

Table 11.Thermal properties of poly (N-octyl-p-aminobenzoate) and poly (N-butyl-
p-aminobenzoate) by Thermogravimetric Analysis (TGA) and differential Scanning 
Calorimetry (DSC). 
 

Sample  Td1 Td2              Tm 

poly(N-butyl-p-aminobenzoate)    (Mn=5k) 160 300 55 

poly(N-butyl-p-aminobenzoate)    (Mn=6k) 160 300 55 

poly(N-butyl-p-aminobenzoate)    (Mn=7k) 160 300 55 

poly(N-octyl-p-aminobenzoate)    (Mn=5k) 160 330 75 

poly(N-octyl-p-aminobenzoate)    (Mn=6k) 160 310 75 

poly(N-octyl-p-aminobenzoate)    (Mn=7k) 160 360 75 
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 Figure 65.TGA of poly (N-butyl-p-aminobenzoate) (Mn=5k). 

 

                                  Figure 66.TGA of poly (N-butyl-p-aminobenzoate) (Mn=6k). 
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Figure 67.TGA of poly (N-butyl-p-aminobenzoate) (Mn=7k). 

 

Figure 68.TGA of poly (N-octyl-p-aminobenzoate) (Mn=5k). 
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Figure 69.TGA of poly (N-octyl-p-aminobenzoate) (Mn=6k). 

 

Figure 70.TGA of poly (N-octyl-p-aminobenzoate) (Mn=7k). 
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Figure 71.DSC of poly (N-butyl-p-aminobenzoate) (Mn=5k). 

                 

Figure 72.DSC of poly (N-butyl-p-aminobenzoate) (Mn=6k). 
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Figure 73.DSC of poly (N-butyl-p-aminobenzoate) (Mn=7k). 

 

Figure 74.DSC of poly (N-octyl-p-aminobenzoate) (Mn=5k). 
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Figure 75.DSC of poly (N-octyl-p-aminobenzoate) (Mn=6k). 

 

Figure 76.DSC of poly (N-octyl-p-aminobenzoate) (Mn=7k). 
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3.4 Homopolymerization of ε-CL with t-BuP2 as a catalyst initiated 

by Novel Initiators Ethyl4-aminobenzoate, Ethyl 4-(Octyl amino) 

benzoate and 4-(Hydroxymethyl) benzoic acid 

 

           Ethyl 4-aminobenzoate, ethyl 4-Octyl aminobenzoate and 4-(hydroxymethyl) 

benzoic acid were used as initiators for ROP of ε-CL.The conversion of ε-CL (Table 3 

and Table 4) indicate that the initiation efficiency of ethyl 4-aminobenzoate and ethyl 

4-Octyl aminobenzoate are practically efficient. The slight increasing of the 

polydispersity of poly (ε-caprolactone) initiated by ethyl 4-aminobenzoate 

comparing with poly (ε-caprolactone) initiated by ethyl 4-octyl aminobenzoate is 

probably due to the slow initiation or the transesterification reaction occurred 

between the polyester chains.4-(hydroxymethyl) benzoic acid has been used as an 

initiator for ε-CL. Oligomers have been obtained by using 4-(hydroxymethyl) benzoic 

acid to initiate ε-CL. The ε-CL oligomers precipitated into cold methanol were difficult 

to collect. Probably due to the low molecular weight. 

             

Figure 77.GPC traces (eluent: THF at 35 o C) of poly (ε-caprolactone) initiated by 
ethyl 4-aminobenzoate in dry toluene at room temperature. 
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Figure 78.GPC traces (eluent: THF at 35 o C) of poly (ε-caprolactone) initiated by ethyl 
4-octyl aminobenzoate in dry toluene at room temperature. 
 

Figure 79.GPC traces (eluent: THF at 35 o C) of poly (ε-caprolactone) initiated by 4-
(hydroxymethyl) benzoic acid in dry THF at room temperature. 

 3.5 Synthesis of Polyamide-grafted-Poly(ε-caprolactone) and 

Polyamide-block-Poly(ε-caprolactone) by Combination of Anionic 

Ring Opening Polymerization with Chain Growth Condensation 

Polymerization 

 

 The Synthesis of polyamide-graft-poly(ε-caprolactone) has been tried by 

using different condition. First, the polymerization of poly(ε-caprolactone) 

(Macromonomer) which was obtained   by using ethyl 4-aminobenzoate as an 



100 
 

 

initiator, was conducted in dry THF with LiHMDS as base 1:1 equvi. (Base: monomer) 

After 4h no change in the viscosity has been observed then the reaction mixture was 

quenched after 24h.GPC traces (Figure 82) shifted to lower molecular weight and 

NMR spectra figure 80 did not show polyamide peaks. Probably due to the base 

percentage was not enough to deprotonate the macromonomer as result of air or 

moisture also it could be a due to transesterification reaction occurred between the 

polyester chains. Worth to mention that during the macromonomer dropping there 

is particles precipitate in THF and dissolved when the reaction quenched with 

aqueous sat. NH4Cl (Figure 81) .At the second try, the polymerization was conducted 

with LiHMDS as base 2:1 equvi. (Base: monomer) after 4h the reaction mixture was 

quenched. GPC traces (Figure 82) was slightly shifted to higher molecular weight 

DMSO was used in the purification in order to dissolve the white particles which were 

difficult to collect the product to get the NMR .At the third try, a mixture of poly (ε-

caprolactone) (Macromonomer) and ethyl 4-octyl aminobenzoate (0.5:0.5) was used. 

The polymerization was conducted with LiHMDS as base 2:1 equvi. (Base: monomer). 

After, 4h the reaction mixture was quenched. Also, white particles were precipitated 

in THF during the monomer dropping. GPC traces (Figure 82) shifted to higher 

molecular weight probably due to Synthesis of polyamide-graft-poly (ε-

caprolactone). The future work is using the macromonomer with lower molecular 

weight.         



101 
 

 

 

Figure 80. The 400 MHz 1H NMR spectra of the polymer in CDCl3 as solvent at 35 °C 
obtained by CGCP of poly(ε-caprolactone) (Macromonomer) after 24h. 
 
 

 

Figure 81. A and B during the macromonomer dropping at first and last 5min. ,C 
once the reaction mixture was quenched with aqueous sat. NH4Cl, D after quenching 
with stirring for 1 min. 
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The synthesis of polyamide-block-poly (ε-caprolactone), poly (ε-

caprolactone) which was initiated by using ethyl 4-octyl aminobenzoate as a 

macroinitiator for ethyl 4-octyl aminobenzoate. The polymerization was conducted 

with LiHMDS as base 2:1 equvi. (Base: monomer).Also, white particles were observed 

after the macroinitiator was added. After 4h the reaction mixture was quenched. GPC 

traces (Figure 83) shifted slightly to lower molecular weight. Probably due to 

transesterification reaction occurred between the polyester chains or the high 

molecular weight of the macroinitiator.The polymerization condition needs more 

optimization to polyamide-block-poly (ε-caprolactone) synthesis. The future work 

for the polyamide-block-poly(ε-caprolactone) and polyamide-graft- poly(ε-

caprolactone) synthesis is using the macromonomer and the macroinitiator with low 

molecular weight. Because the essential purpose of using CGCP is synthesis polymer 

with low polydispersity and controlled molecular weight. It is known that with low 

molecular weight can be obtained better control of synthetic polymers. Thus, MI and 

MM with a high molecular weight is as bulky as an initiator or monomer probably due 

to that high molecular weight the reaction occurred between the monomers in the 

case of MI and transesterification reaction would be liable between the polyester 

chains in case of MM.  
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Figure 82: GPC traces (eluent: THF at 35 o C) of the CGCP of poly (ε-caprolactone) 
(macromonomer). 
 

 

 

 
Figure 83: GPC traces (eluent: THF at 35 o C) of the macroinitiator and CGCP of ethyl 
4-octyl aminobenzoate by using the macroinitiator. 
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3.6 New Study on Chain Growth Condensation Polymerization of 

Aromatic Polyamide 

3.6.1 The Polymerization of Ethyl 4-(Cyclohexyl amino) benzoate 

and Ethyl 4-(Hexyl amino) benzoate 

 

            The polymerization of ethyl 4-(cyclohexyl amino) benzoate and ethyl 4-(hexyl 

amino) benzoate was conducted. In order to study the effect of the influence of the 

pendant group on the aromatic polyamide synthesis by chain growth condensation 

polymerization. In this, part pendant groups with six carbon atoms (hexyl and 

cyclohexyl) were studied. The polymerization of ethyl 4-(hexyl amino)benzoate and 

ethyl 4-(cyclohexyl amino)benzoate was  carried out by slow addition of ethyl 4-

(hexyl amino)benzoate and ethyl 4-(cyclohexyl amino)benzoate in the presence of 4-

nitrobenzoyl chloride in dry THF  into a solution of the LiHMDS  at 0 OC and quenched 

with aqueous sat. NH4Cl .GPC traces (Figure 59, 62) shows the polymer signal with 

narrow polydispersity. The 1H NMR spectrum (Figure 58, 61) of the poly (N-

cyclohexyl-p-aminobenzoate) and poly (N-hexyl-p-aminobenzoate) obtained shows 

the signals d, y which shifted to downfield on the polymer comparing to the 

monomers peaks additionally, aromatic peaks of polymers was clearly visible. There 

are some peaks due to residual monomers. The thermal properties of poly (N-hexyl-

p-aminobenzoate) and poly (N-cyclohexyl-p-aminobenzoate) were investigated by 

TGA and DSC techniques. 
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Table 12. Thermal properties of poly (N-hexyl-p-aminobenzoate) and poly (N-
cyclohexyl-p-aminobenzoate) by Thermogravimetric Analysis (TGA) and differential 
Scanning Calorimetry (DSC). 
 

Sample  Td1 Td2              Tm 

poly(N-hexyl-p-aminobenzoate)    (Mn=6k) 190 310 90 

poly(N-cyclohexyl-p-aminobenzoate)    (Mn=6k) 230 ----- 80 

  

 

 

 

Figure 84: TGA traces of poly (N-hexyl-p-aminobenzoate). 
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                          Figure 85: TGA traces of poly (N-cyclohexyl-p-aminobenzoate). 

 

Figure 86: DSC traces of poly (N-cyclohexyl-p-aminobenzoate). 
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Figure 87: DSC traces of poly (N-hexyl-p-aminobenzoate). 
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Conclusion 
             

                      A very efficient living polycondensation has been used to synthesize well-

defined aromatic polyamides with different amino alkyl pendent groups. Hence, the 

ethyl 4-(alkyl amino) benzoate (alkyl=butyl, hexyl, and octyl) and 

(cycloalkyl=cyclohexyl) polymerizes with commercially available Lithium bis 

(trimethylsilyl) amide solution 1.0 M in THF as a base of this polymerization in the 

presence of 4-nitrobenzoyl chloride which is an initiator. Well-defined aromatic 

polyamides with low polydispersity and controlled molecular weights were obtained 

after only the reaction mixture washed with aqueous NaOH solution and then 

evaporated. The thermal properties of poly (N-butyl-p-aminobenzoate) and poly (N-

octyl-p-aminobenzoate) were studied for the first time. TGA data of poly (N-butyl-p-

aminobenzoate) and poly (N-octyl-p-aminobenzoate) in different molecular weights 

shows two degradation temperatures (Td1 = 160, Td2 =300). DSC data of poly(N-butyl-

p-aminobenzoate) and poly(N-octyl-p-aminobenzoate) in different molecular 

weights  shows the melting point (Tm = 55 , Tm = 75 respectively).TGA  data of poly(N-

hexyl-p-aminobenzoate) shows two degradation temperatures ( Td1 = 160 , Td2 = 310) 

however TGA data of poly(N-cyclohexyl-p-aminobenzoate) shows only one 

degradation temperature (Td = 160 ).Ethyl 4-aminobenzoate,ethyl 4-octyl 

aminobenzoate and 4-(hydroxymethyl) benzoic acid were used as novel initiators  of 

ε-CL with t-BuP2 as a catalyst.poly(ε-caprolactone)which  initiated by Ethyl 4-Octyl 

aminobenzoate and Ethyl 4-aminobenzoate were used as macroinitiator and 

macromonomer respectively for polyamide synthesis by CGCP. 
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 The synthesis of polyamide-block-poly(ε-caprolactone) and polyamide-grafted 

poly(ε-caprolactone) were studied. 

              The future work is to optimize the polymerization condition of polyamide-

block-poly(ε-caprolactone) and polyamide-graft-poly(ε-caprolactone) synthesis by 

synthesizing macroinitiator and macromonomer with low molecular weight because 

it is known that the low molecular weight lead to better control of chain growth 

condensation polymerization. Thus, MI and MM with a high molecular weight is as 

bulky as an initiator or monomer probably due to that high molecular weight the 

reaction occurred between the monomers in the case of MI and transesterification 

reaction would be liable between the polyester chains in case of MM.    
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