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ABSTRACT 

Polymers with long spacers often exhibit very low range of mesophase stability. The mesophase region must be 

wider enough in order to utilize their anisotropic nature during processing. For this purpose, the linking group, ie. 

the ester linkage, has been slightly modified by introducing a small fraction of additional amide linkage. By varying 

the amount of esteramide linkage in the polymer chain the range of mesophase stability has been found  to alter 

.Quantitative structure analysis of the polymers, have been carried out by FTIR spectroscopy. WAXD technique was 

used to understand the crystalline structure of the polymers. Liquid crystalline texture of the polymers 

wasestablished by the photomicrographs obtained from a polarizing microscope fitted with a hot stage. Thermal 

behavior and transition processes were investigated by TGA, DSC and a combination of DSC and optical 

microscopy. 
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1. INTRODUCTION 

Fully aromatic main-chain liquid crystalline polymers, such as poly (p-oxybenzoate) or poly(p-phenylene 

terephthalate) are intractable due to their high melting points and decomposition  before melting. Hence, less perfect 

structure having lower melting points and easier processibility were developed.The stability of the mesophase 

depends on the rigidity of the molecular chain which in turn related to the type of the mesogenand the spacer. 

According to Corradini and Vacetello[1] rigidity of the chains impart mesophase stabilization. Longer mesogenic 

unit increases the rigidity of the chain and stabilize the mesophase as well.For fixed mesogenic length longer 

flexible spacer favour the formation of an isotropic phase. Several approaches have been taken in an attempt to 

lower the transition temperature of the polymers to enable their processing at more convenient temperature. 

Reduction of the transition temperature of LCPs can be achieved by a number of ways. These modifications were 

used either individually or in combination. The replacement of rigid links in the polymer main chain by flexible 

groups, in order to reduce the rod like nature of the chains was suggested by Roviello and Sirigu [2] to be one of the 

effective modifications Incorporation of meta linkages has also been undertaken in order to obtain bent rigid units 

[3]. Copolymerisation of para-substituted monomers which differ in structure and length, use of rodlike arylene 

moieties of different length and /or shape (e.g. p-phenylene in conjugation with 2,6-naphthalene) or unsymmetrical 

substituted arylene moieties are the other methods adopted for reducing the transition temperature of LCPs [4]. 

Substitution on the flexible spacers generally causes changes similar to those produced by adding substituents to the 

mesogenic groups, therefore reduced transition temperature and reduced crystallinity are commonly observed [5]. 

On the other hand, incorporation of rigidity in to the main chain increases the interchain bonding which tends to 

increase crystalline phase stability and elevate the melting temperature of the polymer.The effect of replacement of 

an ester linkage with an amide linkage in thermotropic copolyesters was studied by Khan et al [6]. In the crystalline 

solid isomorphous replacement was found to occur and the amide group was found to enhance the stability of the 

mesophase and raise the transition temperature owing to strong interaction based on H−bonding . The melting 

temperature of polymers linked with ethers between the spacers and the mesogens are typically higher than those 

with esters. This is probably due to the fact that the ether linked polymer has a spacer two atoms shorter, with the 

absence of two carboxyl groups. Typically the clearing transitions of the ether linked polymer occur at higher 

temperatures. 

In the present study, in order to achieve a wider range of mesophase stability certain degree of rigidity in terms of 

amide linkage has been introduced in the polyesters. 

Structural organization and chemical composition of the polyesteramides have been determined by infrared 

spectroscopy. The traditional techniques employed for the mesophase characterization include X-ray diffraction, 

optical microscopy, thermo-optical analysis and thermal analysis. The results have been discussed with reference to 

the corresponding polyester samples. 
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2. EXPERIMENTAL  
All chemical used were of AnalaR grade.  

 

2.1. Synthesis of Monomers and Polymers  

In order to synthesize the polyesetrs, equimolar composition of predesigned monomers and p-hydroxy benzoic acid 

were used in the polycondensation process (7),presented in Scheme 1.While synthesizing polyesteramides with 

varying amide content, p-phenylenediamine was used in varying proportions along with phydroxy benzoic acid in 

the polycondensation process which is presented in Scheme3.  

 

2.2. Infrared Spectroscopy (IR)  
IR spectra of the samples were recorded on a Perkin-Elmer 1600 series FTIR spectrophotometer, 16 scans at a 

resolution of 4 cm
-1

were signal averaged. The sample was used in pelletized form with KBr. 

 

2.3. Optical microscopy  
Liquid crystalline texture of the polymers was identified by optical microscopy using crossed polars. A polarizing 

microscope ( LeitzLaborlux 12 pol S) fitted with Leitz MPS 46/52 photoauatomat was used for this purpose. The 

sample in powder from was taken over a glass slide and was kept on a hot stage above its melting temperature for 5 

minutes to destroy prior thermal history. A thin film was made out of it by pressing a cover slide on the molten 

sample. The glass slide was taken out of the hot stage and cooled to room temperature gradually.  

 

2.4. Thermo gravimetric analysis (TGA)  
TGA was done on a Perkin – Elmer 7 series Thermal Analysis system fitted with a data station. 10-15 mg sample 

was taken in an aluminium pan and the operation was carried out in nitrogen atmosphere. The sample was heated 

from 30
0
C to 500

0
C at a heating rate of 10

0
C / min. weight loss of the sample at different temperature was recorded. 

 

a. Differential scanning calorimetry (DSC)  

A Metler FP84 HT hot stage was used for this purpose. 510 mg sample was taken in an aluminium crucible and 

was heated above its melting temperature. It was kept there for 3 minutes to ensure complete melting and was then 

cooled to room temperature. The scanning rate was 20
0
C/min during the cycle.  

 

2.6. Wide angle X-ray diffraction (WAXD)  
X-ray diffraction pattern was obtained from a Philips X-ray Diffraction unit. CuKα  target and Ni filter were used and 

scattering angles (2θ) chosen were 0
0
to 33

0
.The degree of crystallinity and the corresponding d values were 

calculated. 

 

3. RESULTAND DISCUSSION 

3.1. Synthesis of Polymers 

Four polyester samples were synthesized following the polycondensation process mentioned in the literature [7]. 

 

The polyester  PIII was prepared using the following reaction sequence in Scheme1, 
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The amide linkage was introduced in the polymer at the time of synthesis. For this purpose p-phenylenediamine was 

used along with the other ingredients in the polycondensation reaction. The diol and diamine take part in the 

condensation process simultaneously in order to produce polymers containing both ester and amide linkages. 

Varying proportions of diol and diamine were used to achieve polyesteramides possessing varying percentage of 

ester and amide linkage which in turn exhibit different range of mesophase stability. 
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A very little amount of p−phenylenediamine was used in the reaction, varying in the range of 0.5 – 5.0% only, 

because above 5.0% amine addition, the polymers became so rigid that they were almost intractable. The results 

obtained in the physical and physico-chemical characterization studies of the modified polymers were surely to 

establish the positive effect of the presently discussed modification technique. 

Though all the four polyesters could be modified by the same technique, the modification of polyester PIII have been 

taken into consideration and properties of the polyesteramides obtained from PIII have only been discussed in the 

present study. The polyesteramides were produced following the route expressed in Scheme2. 
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Only the amount of p-phenylenediamine has been varied as 0.5%, 1.0%, 2.0%, 3.0%, 4.0% and 5.0%.The dosages of 

bisphenol A were altered accordingly. The polymers were precipitated, washed and dried and were made ready for 

the following characterization studies. 
 

3.2. Characterization of Polymers 

A comprehensive discussion has been made on the liquid crystalline properties of the polyesters and 

polyesteramides studied by various physical and physico-chemical characterization techniques. 
 

3.2.1. Infra-red Spectroscopy 

The FTIR spectraof the modified polymer shown in Figure 1, displays strong absorptions at 2940 cm
1

 and 730 cm
1

 

associated to the methylene spacers and aromatic rings.While comparing the IR spectrum of a typical 

polyestersamide with that of the corresponding polyester, much attention has to be paid on the changes observed in 

the carbonyl region. These bands are most sensitive to changes in the environment of the repeating units

with very low percentage of amide linkage, i.e. 0.5  1.0%, splitting of the carbonyl region into three distinct bands 

at 1760 cm
1

, 1734 cm
1

and 1690 cm
1

, assigned to a typical ester carbonyl. In addition to these carbonyl 

absorptions, another  band at 1648 cm
1

 started appearing, intensity of which was found to increase with increasing 

amount  of amide linkage in the polyesteramides. The assignment of the amide I, lower frequency level was due to 

the strong H –bond, offered by the amide groups. Polyesteramides with more than 1.0% amide linkage did not 

exhibit the carbonyl splitting for the ester groups. Only the higher frequency band at 1757 cm
1

 appeared as an 

identification of the ester carbonyl vibration. For CO stretching, a strong band at 1266 cm
1

 was found which was 

in support of the presence ofCOlinkage in the polymer. The amide II band located at 1546 cm
1

 was associated 

with the vibration mode of NHas well as contribution from the stretching motion of the COand CN bond. 

The shoulder at 1466cm
1

 was of mixed assignment, most likely due to methylene bending mode of phenylene 

related vibrations. It was then established that the modified polymers possessed both the ester and amide linkages in 

the main chain and the interactions existing in the molecule were prominent only above 1.0% amide introduction in 

the polymer chain.  
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Figure 1.  FTIR spectra for polyesteramide 

 

3.2.2. Optical Microscopy 

Liquid crystalline polymers are expected to retain their mesomorphic textures even in the solid films cast from their 

melts. Thin films of all the polyesteramides were studied under a polarizing microscope in crossed polarized light 

and were found to possess distinct textures, characteristic for the mesophases. The textures of the modified polymers 

i.e. the polyesteramides were investigated and compared to those of the parent polyesters. Because of their enhanced 

rigidity, the polymer chains pack themselves in rigid bundles and their liquid crystallinity were expected to be 

smectic in nature. All the polyestersamides with amide content varying from 0.5% 4.0%, exhibited liquid 

crystallinity and smectic specs were identified in their mesophases. Beyond 4.0% amide linkage the polyesteramides 

are so rigid that they could not be melt cast in thin films, hence could not be investigated optically. 

The textures of liquid crystalline polyesteramides exhibited several changes with increasing temperature 

corresponding to the various phase changes of the polymers. These phase transition processes with temperature have 

been studied optically by a combination of optical microscopy and DSC. The results will be discussed later. 

               
(a) (b) 

                  
                                             (c)                                                         (d) 

Figure 2.Optical micrographs of 

 a) Polyester PIII                                                                        b) Polyesteramide with 2% amide,  

c) polyesteramide with 3% amide and            d) polyesteramide with 4% amide  
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3.2.3.Thermogravimetric Analysis 
TGA has widely been used for studying thermal stability of materials. According to the TGA thermograms of the 

copolyesteramides, decomposition was found to start at about 350
0
C and was complete at around 500

0
C.To 

investigate the thermal decomposition of the polyesteramides in more detail, the temperature corresponding to 5, 10 

and 50% weight loss as well as the mass of the volatile products formed at 500
0
C were determined and are 

represented in Table 1.The polyesteramides were found to follow a degradation process similar to that of the parent 

polyesters when subjected to thermogravimetric analysis.It was evident from the thermograms that the initial rate of 

decomposition were enhanced considerably by the introduction of rigid amide linkage in the polymer chain. 5−10% 

weight loss took place at around 280
0
−307

0
C while for the parent polyester it was at 287−300

0
C.But on the later 

stage, i.e. for 10−50% weight loss, rates were less for the polyesteramides (within the temperature range of 

307−400
0
C) than the polyester (the temperature range is 337−396

0
C). The inflection in the thermograms appeared at 

around 240
0
C for the polyesteramides and according to Arnold [8] it was considered as the onset temperature for the 

decomposition of the polymers Hence, the polyesteramides would be subjected to a higher processing temperature 

compared to their parent polyester , for which the onset of decomposition occured at 225
0
C. 

The analysis of the thermal properties of polyesteramide shave been made by the help of their thermograms which 

are represented in Figure 3 

 
Figure 3.TGA thermogram for polyesteramide 

 

 

 

 

Table 1.Thermal decomposition data for polyester and polyesteramides 

Polymer         Temp. in
0
C at               Temp.in

0
C at              Temp. in 

0
C at          %decomposition        Onset of                                                                                                                                                                 

                    5% decomposition         10% decomposition      50% decomposition        at 500
0
C              decomposition,

0
C 

PIII                          281.5                            337.5                               396.0                           75.8                       225.0 

0.5% A                   280.3                           307.5                               395.0                            70.0                       242.5 

2.0% A                  286.3                            307.0                               405.5                             66.0                      250.0 

3.0% A                  276.0                            300.0                               400.0                             68.3                      240.0 

4.0% A                  280.0                            307.0                               407.5                            62.5                      237.5 

5.0% A                  275.5                            300.0                               380.0                            70.0                      230.0 

 

 

A: Amide content 
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3.2.4. Differential Scanning Calorimetry 
The calorimetric investigation of the thermal properties of liquid crystalline polymerswas made by using differential 

scanning calorimetry. Thermograms were recorded both in heating and cooling cycles. Presence of more than one 

endotherm in the thermograms revealed that the liquid crystal polymers undergo more than one phase transition 

processes while subjected to thermal treatment.The transition temperatures of the polyesteramides and the parent 

polyester are presented in Table 2. 

In order to enhance the mesophase range of polyester, certain amount of rigidity in terms of amide linkage was 

introduced in the polymer chain. An enhanced melting temperature and mesophase range would be expected due to 

higher degree of intermolecular H-bonding induced by the amide group in the polymer chain. Polyesteramide with 

5.0% amide linkage was found to decompose before their thermotropic liquid crystalline phase could be observed on 

melting. With only 0.5% amide, the polyesteramide started flowing at 147.1
0
C and randomization of the mesophase 

took place at 193.7
0
C. The mesophase stability region became wider enough by the introduction of a very small 

quantity of rigidity.By varying the amount of amide introduction, within the range of 0.5−4.0% in the polymer 

chain, one can alter the mesophase formation and range of mesophase stability.It was demonstrated by the 

thermograms of the polyesteramides having varying amount amide linkage, that the number of amide groups affects 

the thermotropic liquid crystalline properties of the polymers. Polyesteramide with 4.0% amide linkage, melted to 

form a mesophase and its randomization occurred at 221.2
0
C and 271.6

0
C respectively. But as its decomposition 

started at around 240
0
C, during processing it should be subjected to the temperature region which must lie below the 

onset temperature of degradation. Other intermediate polyesteramids were stable upto their isotropization 

temperature without any decomposition , hence their entire mesophase region could be utilized safely during 

processing. Phase transition processes including the crystallization steps were visualized by polarizing microscope 

fitted with a hot stage. The transition processes taking place only during heating cycles were diagrammatically 

represented in Figure 3.forpolyesteramide with 3.0% amide. 

 

 
Figure 4.DSC heating trace for polyesteramide with 3% amide 

 

Table 2. Thermal analysis data for polyester and polyesteramides 

Polymer     Mesophase transition                                           Isotropization 

                        Temperature, 
0
C                                             Temperature, 

0
C 

 

PIII                             140.4                                                                    161.6 

 

0.5% A                      147.1                                                                    193.7 

 

2.0% A                      183.0                                                                    221.9 

 

3.0% A                      192.0                                                                    229.4 

 

4.0% A                      221.2                                                                    271.6 

 

A: Amide content 
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3.2.5.Combined Optical and Thermal Analysis 

Texural changes upon heating and cooling for the polyesteramides were investigated by optical means and the 

micrographs were suggestive enough to describe their mesophase formation, clearing of the mesophase and 

reappearing of the crystallites. Melting of the mesophase started at 147
0
C for polyesteramide with 0.5% amide 

linkage and the crystalline molten mass passed into an ordinary liquid state at190
0
C. Upon cooling from this 

disordered phase, featureless grainy texture started reappearing at 154
0
C. Within 2−3 minutes the growth of the 

grains was almost complete and their flow became static.  

The smectic specs of polyesteramide with 2% amide linkage were identified in the flowing mass at 183
0
C, which 

were transformed into an isotropic melt at 220
0
C.The crystallites were found to grow again at 190

0
C when the 

molten mass was cooled from the isotropic state and on further cooling the flow became static. 

Polyesteramide with3% amide linkage smectic specs were identified at 202
0
C and on increasing temperature 

randomization of the ordered phase into an isotropic fluid state was found to occur at 229
0
C. When the polymer was 

cooled from the liquid state, ordered texture started developing at 120
0
C and the growth of the crystallites was 

complete within a few minutes. 

The formation of the mesophases and their randomization occurred at an elevated temperature compared to their 

parent polyester. The mesophase stability region increased by 20
0
−30

0
C in the polyesteramides because of the 

enhanced rigidity of the molecular chains due to the strong H-bonding of the amide groups. Transition processes for 

the polyesteramide with 3% amide linkage were displayed in Figure 4. 
 

           
           (a)                                                                (b) 

          
                                   (c)                                                                        (d) 
Figure 5.Texural changes of polyesteramide with 3% amide during heating and cooling, 
a)  Onset of mesophase at202

0
C, 

b) Transformation of mesophase into isotropic state at 229
0
C, 

c) Initiation ofcrystal growth at 120
0
C upon cooling  

d) Development of crystallites after 3 minutes at 120
0
C 

 

3.2.6. Wide Angle X-ray Diffraction 
In characterizing polyestreamides by WAXD, the change in interchain peaks and depression or disappearance 

/appearance of any peak corresponding to any phase due to modification, was determined from the d values for 

different crystal planes.The strong interchain peaks in the polyestreamide with 2.0% amide linkage were found at 

2θ= 18
0
 and 21.5

0
 which were shifted from 17.8

0
 and 21.8

0
 from the original polyester sample. For polyesteramide 

with 3.0% amide, characteristic interchain peaks at almost identical angles as the previous one were found. The 

crystals at these scattering angles were oriented 011 and 111 planes in the orthorhombic form. Other peaks with 

weak or medium intensities, found in the diffractogram for PIII were disappeared in polyesteramide X-ray patterns. 

Polyesteramide with4% amide linkage displayed a diffraction pattern exhibiting peaks at 2θ = 20
0
 and 19

0
 in 

addition to the peaks at 22
0
 and 18

0
. X-ray diffractograms for the polyestreamides shown in Figure 5.The degree of 
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crystallinity remained almost same for the modified polymers ( > 60%). The prime crystal orientation, i.e. along 

111planes, practically was unchanged in the polyesteramides, though few other orientations changed their direction. 

 
Figure 5. Wide-angle X-ray powder pattern for polyesteramide with a) 2% , b) 3% and c) 4% amide 

 

4. CONCLUSION 

The chain rigidity of the liquid crystal polyester (PIII) has been increased by the introduction of varying amount of 

amide linkage. All the polyesteramides exhibited smectic specs in their mesophase. An enhanced melting 

temperature and mesophase range have been achieved due to the higher degree of intermolecular H−bonding 

induced by the amide group in the polymer chain. The initial rate of decomposition was enhanced considerably in 

the polyesteramides. The degree of crystallinity remained almost same for the modified polymers. The prime crystal 

orientation was also unchanged. Modification by amide introduction did not cause much alteration in crystal 

structure of the polyesters.   
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