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Abstract 

Renewable resources have been used to produce polymers since the advent of 

polymer science, and in fact were the primary focus of research until the 1940’s. Around 

the period of Second World War, the developments in the field of ‘petro refinery’ gave 

great boost to the industrial production of synthetic polymers.  Beginning in the 1990’s, 

however, there was general acceptance that petroleum was finite, and development of a 

‘bio refinery’ concept as a source for energy, chemicals, and organic materials came into 

prominence. 

It has been recognized that lignin- one of the three main components of non-edible 

lignocellulose biomass-is a renewable feedstock with great potential.  As a matter of fact, 

lignin is considered as a ‘’sleeping giant’’ capable of serving as a potential source of 

sustainable raw material for fuels and chemicals. The most attractive feature of lignin is 

that it is the most abundant renewable resource of aromatics on the earth. 

Around 70 million tonnes of lignin is produced annually as a by-product of paper 

and pulp industries in the world. The depolymerisation of lignin yields various phenol 

derivatives such as vanillin, syringaldehyde, vanillic acid, syringic acid, syringol, 

guaiacol, ferulic acid, eugenol, etc. There are limited numbers of reports which describe 

the use of lignin-derived aromatics as starting materials for the synthesis of aromatic step-

growth polymers. Therefore, design and synthesis of difunctional monomers and 

polymers from lignin-derived aromatics is an attractive proposition. 

The overall objective of the present thesis was to design and synthesize 

difunctional monomers using bio-based chemicals as starting materials and utilize these 

difunctional monomers for the synthesis of step growth polymers. To achieve these goals, 

23 new difunctional monomers viz. bisphenols, diacids, diisocyanates, diacylhydrazides, 

dialdehydes, diols and hydroxyl acyl azides were synthesized starting from lignin-derived 

aromatics. Aromatic polyesters, aromatic polycarbonates, poly(ether urethane)s, aromatic 

poly(amide imide)s and  aromatic polyimides were synthesized from appropriate 

difunctional monomers. The thesis work has been presented in the following chapters: 

 Chapter 1 gives a brief literature survey concerning synthesis of monomers and 

polymers from renewable resources with particular focus on cashew nut shell liquid 

(CNSL), furan derivatives, and lignin. The literature references concerning step growth 

polymers based on bio-derived monomers are also indicated.  

Chapter 2 describes scope and objectives of the thesis.  
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Chapter 3 deals with the design and synthesis of a library of difunctional 

monomers viz. diisocyanates containing oxyalkylene linkage, diisocyanates containing 

biphenylene linkage, ω-hydroxyalkyleneoxy benzoyl azides, bisphenols containing 

pendant furyl group, bisphenol containing oxadiazole ring, , -diacyl hydrazides 

containing oxyalkylene linkage, 3,3’-diacyl hydrazide containing biphenylene linkage, 

dialdehyde containing ester linkage and diols containing ester linkage. The difunctional 

monomers and intermediates involved in their synthesis were characterized by FT-IR, 
1
H 

NMR and 
13

C NMR spectroscopy. Some of the monomers and intermediates were 

characterized by HRMS and single crystal X-ray diffraction analysis. 

  Chapter 4 is divided into three sections.  

Chapter 4a describes synthesis of poly(ether urethane)s by the polymerization of 

new bio-based aromatic diisocyanates viz. 1,3-bis(4-isocyanato-2-

methoxyphenoxy)propane and 1,3-bis(4-isocyanato-2,6-dimethoxyphenoxy)propane with 

potentially bio-based aliphatic diols viz. 1, 10-decanediol and 1, 12-dodecanediol. The 

chemical structures of poly(ether urethane)s were confirmed by FT-IR, 
1
H NMR and 

13
C 

NMR spectroscopy. Inherent viscosities and number average molecular weights (  
̅̅ ̅̅ ) of 

poly(ether urethane)s were in the range 0.58-0.68 dLg
-1

 and 32,100-58,500 g mol
-1

, 

respectively indicating formation of reasonably high molecular weight polymers. 

Poly(ether urethane)s exhibited 10 % weight loss in the temperature range 304-308 
o
C. 

The glass transition temperatures (Tg) of poly(ether urethane)s were in the range 49-74 
o
C 

and were dependent both on the number of methylene units in the diols and the number of 

methoxy substituents on the aromatic rings of diisocyanate component.  

Chapter 4b deals with poly(ether urethane)s based on bio-derived A-B monomers 

viz. ω-hydroxyalkyleneoxy benzoyl azides which were self-polycondensed to afford 

polymers. Poly(ether urethane)s exhibited reasonably high molecular weights (ηinh = 

0.41–0.69 dL g
-1

 and   
̅̅ ̅̅ , (GPC) = 20,000–40,400 g mol

-1
) and film forming characteristics. 

The chemical structures of poly(ether urethane)s were confirmed by FT-IR, 
1
H NMR and 

13
C NMR spectroscopy. Poly(ether urethane) films exhibited 80.2–87.6% transmittance at 

800 nm.  Poly(ether urethane)s showed 10 % weight loss temperature and Tg values in the 

range 320–340 
o
C and 40–70 

o
C, respectively. Tg values of poly(ether urethane)s were 

dependent both on length of oxyalkylene spacer and number of methoxy substituents on 

aromatic ring. 
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Chapter 4c describes polyurethane-based organogel. The polyurethane based on 

A-B monomer viz. 4-((11-hydroxyundecyl)oxy)-3-methoxybenzoyl azide exhibited 

thermoreversible gelation at ambient temperature in polar organic solvents such as 

tetrahydrofuran (THF), N,N-dimethylformamide (DMF), N,N-dimethylacetamide 

(DMAc), N-methyl-2-pyrrolidone (NMP) and dimethyl sulfoxide (DMSO). DMF was 

selected as a solvent for detailed study of the phenomenon of organogelation. The 

gelation behaviour of polyurethane in this solvent was attributed to the combined effect of 

hydrophobic interactions and N-H···O hydrogen bonding. Gel-sol-gel phase transitions 

were studied by inverted vial method, DSC and rheology. The results of these studies 

indicated that the network formed in gel sample was reversible. DSC and rheology studies 

showed gel-sol transition at 56
 o

C and 57 
o
C, respectively for polyurethane gel in DMF (3 

wt. % concentration). The utility of polyurethane-based organogel was demonstrated as a 

gel electrolyte for quasi-solid state dye-sensitized solar cells. Results showed better 

incident photon conversion efficiency (6.2%) for polyurethane gel electrolyte compared 

to the corresponding liquid electrolyte (DMF, 4.5%) and the stability was retained for 12 

days. 

Chapter 5 is divided into three sections.  

Chapter 5a deals with synthesis of a series of new aromatic polyesters based on 

bio-based bisphenols containing pendant furyl group viz. 4, 4’-(furan-2-

ylmethylene)bis(2,6-dimethoxyphenol) (BPF-1) and 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol) (BPF-2)   and aromatic dicarboxylic acid chlorides viz. isophthaloyl 

chloride, terephthaloyl chloride and 2,5-furan dicarboxylic acid chloride. Aromatic 

polyesters were obtained by interfacial polycondensation using benzyltriethylammonium 

chloride (BTEAC) as a phase transfer catalyst. The chemical structures of polyesters were 

confirmed by FT-IR, 
1
H NMR and 

13
C NMR spectroscopy which confirmed that the furyl 

groups were unaffected under the applied reaction conditions. Polyesters showed   
̅̅ ̅̅  in 

the range 28,000-45,000 g mol
-1

. Tg of polyesters were in the range 160-214 
o
C. 

Mechanical properties of polyesters were analyzed by tensile testing. Young’s modulus 

and elongation at break were in the range 1.66-2.38 GPa and 15.5-56.2 %, respectively 

which qualify them to be useful as structural materials in several applications. 

Chapter 5b describes new aromatic (co)polycarbonates prepared by 

polycondensation of bisphenol containing pendant furyl group viz. 4,4'-(furan-2-

ylmethylene)bis(2-methoxyphenol) (BPF-2) or varying composition of BPF-2 and 

bisphenol-A with triphosgene. (Co) polycarbonates showed inherent viscosity in the range 
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0.50-0.72 dLg
-1

 and   
̅̅ ̅̅  obtained from GPC, were in the range 29,800-44,800 g mol

-1
. 

(Co)polycarbonates could be cast into tough, transparent and flexible films from 

chloroform solution. By analysing triad sequence distribution using expanded 
13

C NMR 

spectra, it was found that the microstructure for all the copolycarbonates were random. X-

Ray diffraction studies indicated amorphous nature of (co)polycarbonates. 

(Co)polycarbonate showed Tg values in the range 136-147 
o
C. Mechanical properties of 

(co)polycarbonates were studied by tensile testing. (Co)polycarbonates showed high 

Young’s modulus (1.49 to 1.54 GPa) and yield strength (56 to 57.7 MPa), indicating good 

mechanical behaviour of bio-based (co)polycarbonates. A significant drop in % 

elongation at break was observed upon incorporation of bisphenol containing furyl group 

in (co)polycarbonates, indicating compromise on the ductility characteristics. 

Chapter 5c describes preliminary studies on recyclable crosslinked aromatic 

polyesters and polycarbonates. Thermally reversible crosslinked polymers were prepared 

by reaction of furan functionalized polycarbonates/polyesters with bismaleimides viz. 

1,1’-(methylenedi-1,4-phenylene)bismaleimide (BMI) and 1,8-bis(maleimido)-triethylene 

glycol (TEG). The resulting crosslinked polymers were characterized by solubility tests, 

and tensile testing. The crosslinked polymers were recycled twice without observing any 

significant deterioration of their mechanical properties.  

Chapter 6 is divided into two sections.  

Chapter 6a  deals with synthesis of a series of new poly(amide imide)s by 

polycondensation of bio-based diacylhydrazide monomers viz. 4,4'-(propane-1,3-

diylbis(oxy))bis(3-methoxybenzohydrazide) (DVHzC-3) and 4,4'-(propane-1,3-

diylbis(oxy))bis(3,5-dimethoxybenzohydrazide) (DSHzC-3) with three commercially 

available aromatic dianhydrides viz. 3,3’,4,4’-oxydiphathalic anhydride (ODPA), 

pyromellitic dianhydride (PMDA) and 3,3’,4,4’-biphenyltetracarboxylic dianhydride 

(BPDA) via two-step thermal imidization method. Poly(amide imide)s showed inherent 

viscosity in the range 0.44-0.56 dLg
-1 

and exhibited good solubility in organic solvents 

such as NMP, DMAc, DMSO, pyridine, m-cresol, etc. Poly(amide imide)s could be cast 

into transparent, flexible and tough films from their DMAc solution. Poly(amide imide)s 

showed 10 % weight loss in the temperature range 340- 364 
o
C indicating their 

satisfactory thermal stability. Tg values of poly(amide imides)s were measured by DSC 

and DMA which were in the range 201-223 
o
C and 214-248 

o
C, respectively. Higher Tg 

values were observed for DSHzC-3 -based poly(amide imide)s  compared to DVHzC-3 

based ones. To understand the molecular mechanism responsible for higher Tg of DSHzC-



Abstract 

 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017  v 
 

3-based poly(amide imide), molecular dynamics simulation technique was used. The 

chain rigidity emerged out to be the dominant factor for observed higher Tg. 

 Chapter 6b illustrates the synthesis of partially bio-based polyimides based on 

5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl and aromatic dianhydrides viz 4,4’-

biphenyltetracarboxylic dianhydride (BPDA), 3,3’,4,4’-benzophenonetetracarboxylic 

dianhydride (BTDA), 4,4’-oxydiphthalic anhydride (ODPA) and 4,4’-

(hexafluoroisopropylidene) diphthalic anhydride (6-FDA). The structures of polyimides 

were characterized by FT-IR, 
1
H NMR and 

13
C NMR spectroscopy. Inherent viscosities 

and   
̅̅ ̅̅  of polyimides were in the range 0.30-0.40 dLg

-1
 and 25,100-32,200 g mol

-1
, 

respectively. Tg values of biphenylene containing polyimides were in the range 262-329 

o
C and the values were dictated by the rigidity of the dianhydride used in the synthesis. 

T10 values of polyimides were in the range 459-473 
o
C indicating their good thermal 

stability. 

Chapter 7 summarizes the results, salient conclusions and future prospect of the 

work reported in this thesis.  
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Glossary 

CNSL Cashew nut shell liquid 

PET Polyethylene terephthalate 

Tg Glass transition temperature 

T10 10% Decomposition  temperature 

Tm Melting transition 

NaHCO3 Sodium bicarbonate 

TLC Thin layer chromatography 

KOH Potassium  hydroxide 

NaOH Sodium hydroxide 

PU Polyurethane 

PEU Poly(ether urethane)s 

DBTDL Dibutyl tin dilurate 

LMWOG Low molecular weight organogelators 

DSSC Dye sensitized solar cells 

SEM Scanning electron microscopy 

LiCl Lithium chloride 

J-V Current-voltage 

Voc Open circuit voltage 

Jsc Short circuit current 

PTC Phase transfer catalyst 

TPC Terephthalic acid chloride 

IPC Isophthalic acid chloride 

FDCA 2,5-Furan dicarboxylic acid 

FDAC 2,5-Furan dicarboxylic acid chloride 

BPA 2,2-Bis(4-hydroxyphenyl)propane or bisphenol-A 

BPF-1 4, 4’-(Furan-2-ylmethylene)bis(2,6-dimethoxyphenol) 

BPF-2 4,4'-(Furan-2-ylmethylene)bis(2-methoxyphenol) 

PE Polyester 

PC Polycarbonate 

BMI 1,1’-(Methylenedi-1,4-phenylene)bismaleimide 

TEG 1,8-Bis(maleimido)-triethylene glycol 

BTEAC Benzyltriethylammonium chloride 
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ODA 4,4’-Oxydianiline 

BPDA 3,3’,4,4’-Biphenyl tetracarboxylic dianhydride 

ODPA 4,4’-Oxydiphthalic anhydride 

6-FDA 4,4’-(Hexafluoro isopropylidene)diphthalic anhydride 

PAI Poly(amide imide) 

MD Molecular dynamics 

DSHC-3 4,4'-(Propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzohydrazide) 

DVHC-3 4,4'-(Propane-1,3-diylbis(oxy))bis(3-methoxybenzohydrazide) 

BDI 5,5'-Diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl   

PI Polyimide 

NMP N-Methyl-2-pyrrolidone 

DMAc N,N-Dimethylacetamide 

DMF N,N-Dimethylformamide 

THF Tetrahydrofuran 

CHCl3 Chloroform 

ηinh Inherent viscosity 

GPC Gel permeation chromatography 

Mn Number average molecular weight 

Mw Weight average molecular weight 

WAXD Wide angle X-ray diffraction 

TGA Thermogravimetric analysis 

DSC Differential scanning calorimetry 
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1.1 Introduction 

It is difficult to imagine modern human life without the use of polymers. 

Polymers/plastics are one of the most commonly used materials for modernization of the 

world as well as to fulfil basic human needs such as food, clothing, health, shelter, 

transportation, etc. It is estimated that worldwide production of polymers has exceeded 

311 million tonnes in 2014
1
 and demand of polymers is increasing continuously along 

with increasing population and modernization of the world.   

Generally, polymers are prepared by two common methods: chain-growth 

polymerization and step-growth polymerization. Step growth polymers are found as 

thermoplastics as well as thermosets. The prominent examples of thermoplastic polymers 

are linear polyesters, polycarbonates, poly(arylene ether)s, polyamides, polyimides and 

polyurethanes and examples of thermosets are epoxy resins, cyanate esters, 

polybenzoxazines, and crosslinked polyurethanes. Step-growth polymers have received 

tremendous demand for diverse applications, depending on their properties 
2–5

. 

Polyesters, for example, have been extensively used in various fields such as 

clothing, packaging, and coating applications. Furthermore, fully aromatic polyesters are 

known as engineering plastics because of their excellent mechanical, thermal and 

electrical properties and find applications in the automotive, aviation and electrical 

industries
6,7

. Polycarbonates are tough and transparent materials and are mostly used in 

windshields, safety helmets, bulletproof glass, etc
8
. In addition, aliphatic polycarbonates 

are used for bio-medical applications due to their biodegradability, low-toxicity and good 

bio-comparability
9–11

. Aliphatic polyamides are widely used in clothing, fibers, 

packaging, membranes, carpets and so on
12,13

 and the well-known class of aliphatic 

polyamide is Nylon
14,15

. Aromatic polyamides and polyimides have outstanding 

properties such as thermo-oxidative stability, excellent mechanical and electrical 

properties and they find applications in gas separation membranes, polyelectrolytes, fuel 

cells, photoresists, liquid crystal alignments, electroluminescent devices, electrochromic 

materials, nanomaterial composites, blending applications, vapour phase depositions, and 

polymer memory materials
16–20

. Polyurethane is the only class of versatile polymers 

which is found in thermoplastic, thermoset and elastomer materials. Polyurethanes are 

widely used in flexible foams, elastomeric materials, coatings, and adhesives
21–25

.  

The starting materials used for the synthesis of step-growth polymers such as 

polyesters, polycarbonates, polyamides, polyimides and polyurethanes are predominantly 

prepared from fossil resources, which are non-renewable
26–28

. Fossil resources are the 
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major source of fuels and industrial chemicals. Polymer industry consumes fossil 

resources to the tune of 7 %
29

.  However, complete dependence on petroleum resources is 

at risk because of its inexplicable limitations such as increasing pollution level and health 

hazards, continuous depletion of crude oil, gas emission, disposal, and non-

recyclability
27,30–34

.  

 Over the last several years, number of researchers have investigated new 

difunctional monomers from alternative sources viz. renewable resources. A variety of 

bio-based difunctional monomers and polymers have been reported based on agricultural 

products such as monosaccharides, starch, cellulose, fatty acids, lactic acid, natural amino 

acids and so on
35–42

. Research programs are being ubiquitously administered for 

escalating need in the form of the increased funds for production of biomass-derived 

chemicals and polymers by the concerned Organizations and Institutions (e.g. EU, 

UNIDO, INCU, etc.) and the private industries
43

. These efforts have been reflected in the 

form of rising number of scientific journals, papers, reviews, patents, books and 

conferences (Figure 1.1) as well as in the form of commercial products with maximum 

renewable carbon content. The selected examples of commercial renewable polymers are 

listed in Table 1.1. 

 

 

Figure 1.1 Number of publications in each year on keyword ‘bio-based polymers’ 

(Source: Web of Science) 



Chapter 1                                                                                               Introduction and Literature Survey 

 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   3 
 

Table 1.1 List of selected commercialized bio-based polymers
44–50

 

Sr. No. Renewable Resource Polymer Class Brand Name 

1 Castor oil Polyamide Rilsan 

2 Castor oil Thermoplastic polyurethane Pearlthane 

3 Starch Poly(trimethylene terephthalate) Sorona 

4 Starch Polyester Hytrel 

5 Starch Polyethylene I'm green™ 

6 Starch Polylactic acid Biomax 

7 Starch Copolyamide Ultramid 

8 Hemi-cellulose Poly(ethylene furanoate)  

 

One of the main concerns in the large scale production of bio-based polymers is 

the utilization of edible feedstocks viz. sugars, starches, and vegetable oils. Firstly, they 

compete with food for their feedstock and/or fertile land and directly affect on food 

prices. Secondly, their potential availability is limited by the amount of fertile soil and the 

yield per hectare. These issues have motivated academic and industrial researchers to 

develop new bio-based monomers and polymers from non-edible resources such as 

lignocellulose, CNSL and so on
51–56

. Sustainable production of bio-based polymers can 

be achieved from such resources without affecting food supply chain.    

The current research efforts in the field of preparation of renewable polymers are 

focused on two strategies: a) synthesis of bio-based polymers containing 100 % 

renewable carbon content and ii) synthesis of bio-based polymers containing partial 

renewable carbon content. The industrial transition from fossil-based chemicals towards 

renewable resource-based chemicals is quite challenging and would not be possible 

without interdisciplinary approach
26,57

.  

The production of commodity chemicals from biomass is not necessarily atom 

efficient and does not take advantage of the range of functionalities Nature has to offer. 

Introducing these functionalities starting from conventional petrochemicals is not trivial 

and requires a number of synthetic steps, resulting in lower atom efficiency and lower 

yields compared to renewable monomers. Therefore, natural compounds should be used 

with minimal alteration to provide monomers which give rise to novel polymers with 

differentiated properties. 
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Most of the bio-based polymers are aliphatic and/or cyclo-aliphatic in nature
58,59

. 

An extensive work has been carried out on the use of isosorbide and its derivatives as 

monomers for the synthesis of a range of polymers such as polyesters, polyamides, 

polyurethanes, etc
60

. It is to be noted that polymers based on aliphatic monomers have 

limited applications due to their poor mechanical properties, lower thermal stability and 

low glass transition temperature
61–63

. On the other hand, aromatic/semi-aromatic 

polymers exhibit good thermo-mechanical properties with additional superior properties 

such as rigidity, hydrophobicity, and fire resistance
20,64

. Semi-aromatic polyesters such as 

poly(ethylene terephthalate) (PET) exhibit excellent thermomechanical and barrier 

properties and around 24 million tonnes of PET was produced worldwide in 2015
52

. 

Aromatic polyimides like Kaptonhave superior thermo-mechanical properties and 

chemical resistance and are used for high performance applications
64

. Bisphenol-A is one 

of the notable aromatic monomers used for the synthesis of diverse classes of polymers 

such as polycarbonates, polyesters, polyetherketones, polyethersulfones, cyanate esters 

and epoxy resins. The global annual production of BPA has reached up to 5.4 million 

tonnes in 2015
52

. All these aromatic/semi-aromatic polymers and monomers are currently 

industrially prepared from petroleum resources. Therefore, it is of interest to design 

aromatic/semi-aromatic monomers and polymers from renewable resources.      

The thesis focuses on the study of the utilization of non-edible renewable 

resources as starting materials for synthesis of difunctional monomers and polymers 

therefrom. The aliphatic bio-based monomers and polymers have already been reviewed 

in the literature
65,66

. The present chapter deals with the general introduction to renewable 

resources useful as starting materials for synthesis of aromatic difunctional monomers 

and step growth polymers. Specifically, the chapter gives a brief survey on the monomers 

and polymers derived from aromatic renewable resources viz. hemi-cellulose, lignin and 

cashew nut shell liquid (CNSL)
26,51–53,67–69

.  

1.2 Aromatic step growth monomers starting from renewable resources 

The major sources of aromatic chemicals from renewable resources are cashew 

nut shell liquid (CNSL) obtained as a by-product of cashew industry, and lignocellulose-

obtained from wood
51,54–56,67,70–75

.  

1.2.1 CNSL-based step-growth monomers 

Cashew nut shell liquid (CNSL) is a greenish-yellow viscous liquid in the soft 

honeycomb of the shell of the cashew nut. CNSL is a by-product of cashew processing 
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industry and is abundantly available (In 2013, 44,50,000 metric tons per year), in many 

parts of the world especially Brazil, India, Bangladesh, Kenya, Tanzania, Mozambique, 

South-East and Far-East Asia, and tropical regions of Africa
76–82

. A number of methods 

are applied for the extraction of oil from cashew nut shell, among them two popular 

methods are 1) cold processed CNSL- oil extracted by using solvents such as benzene, 

toluene, petroleum hydrocarbon solvents or alcohols
78,83

 or supercritical extraction of the 

oil using a mixture of CO2 and isopropyl alcohol
84,85

. The major components of cold-

processed CNSL are anacardic acid (60–70%) and cardol (20–25%) 2) Hot processed 

CNSL- this method produces cardanol (60–70%) and cardol (20–25%) as major 

products
55,56,86,87

 Chemical composition of industrial grade CNSL is shown in Figure 1.2.  

 

Figure 1.2 Chemical composition of industrial grade CNSL  

 Amongst the component of CNSL oil, anacardic acid is highly toxic in nature and 

exhibits medicinal properties such as antimicrobial and antitumour activities, enzyme 

inhibitor for tyrosinase and acetytransferase. Industrial CNSL rarely contains anacardic 

acid because the anacardic acid gets converted into cardanol by decarboxylation while 

roasting at high temperature
56,88,89

. 

            CNSL has been found to be interesting renewable resource for polymer synthesis 

due to the presence of unsaturated 15- carbon chain and phenolic moiety. As one can 

imagine, this entails that all organic chemistry around phenol and unsaturation could be 

used for modification of CNSL (Figure 1.3). The long aliphatic chain (15-carbon) 

provides hydrophobicity as well as processability for polymers synthesized from CNSL-

based chemicals
56

. 
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Figure 1.3 Reactive sites of cardanol 

 A number of difunctional monomers such as diamines, diacids, diols, 

diacylhydrazides, dialdehydes, etc have been reported from cardanol
55,56,70

. A series of 

step growth polymers such as polyimides, polyamides, poly(azomethine)s, poly(amide 

imide)s, poly(ester imide)s, polyesters, polyhydrazides, poly(1,3,4-oxadiazole)s, etc. have 

been synthesized from cardanol-based difunctional monomers. The list of selected 

monomers derived from CNSL is presented in Table 1.2.  

Table 1.2 CNSL-based difunctional condensation monomers 

 

Sr.N

o 

Monomers Polymers 
Ref. 

1 

    

Polycarbonates, 

(Co)polyesters 
90

, 
91

 

2 

 

Poly(arylene ether)s, 

Polyurethanes 

92
 

93,94
 

3 

      

(Co)polyesters, 

Poly(arylene ether)s, 

Poly(ether ether ketone)s 

95–98
 

 

 

Polycarbonate 
99

 

4 

 

- 100
 

 

5 

 

Epoxy resins 
101
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6 

     

Polyimides, Polyamides 

and Polyazomethines 

102–

104
 

7 

     

Polyimides and  

Polyamides 
105

 
105

 

8 

    

Polyimides, Polyamides 

Polyazomethines 
105

 
106

 

9 

 

(Co)polyimides 
95,107

 

10 

 

Poly(amide imide)s 
108

 

11 

 

Polyimides 109
 

12 

 

Polyamides and 

Polyimides 
110

 

13 

 

Polyamides 111
 

14 

 

Poly(ester imide)s 
112

 

15 

 

Poly(amide imide)s, 

Polyhydrazides and 

Poly(1,3,4-oxadiazole)s 

113–

115
 

16 

 
 

Polyhydrazides and 

Poly(1,3,4-oxadiazole)s 
92

 

17 

 

Poly(m-phenylenevin 

ylene)s
 

116
 

18 

 

Polyesters 
 117–

119
 

 

Cardanol, which is a major constituent of CNSL, has been amply demonstrated to 

be an attractive bio-based starting material for the synthesis of various types of 

difunctional monomers. These difunctional monomers are a welcome addition to the 

existing portfolio of difunctional condensation monomers and represent useful 

(co)monomers for the synthesis of step-growth polymers with attractive processability 

characteristics. The cardanol-based polymers bear pendent C-15 chains, which disturbs 

the interchain packing of the polymers and enhances chain mobility. The incorporation of 

pendent C-15 chain in aromatic step growth polymers resulted in significant 

improvements in the solubility characteristics of polymers and processability of various 

polymer classes, viz. aromatic polyimides, aromatic polyamides, aromatic polyesters and 

so on
55,56,91,92,111–114,120

. 
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1.2.2 Lignocellulose 

Lignocellulose biomass is extremely attractive due to its abundant availability and 

economic viability compared to food crops. Lignocellulose is a mixture of three 

components viz. cellulose, hemi-cellulose, and lignin and their proportion is dependant on 

the source
73,121–125

 (Figure 1.4). 

 

 

Figure 1.4 Composition of lignocellulose (Figure reproduced from H. Kobayashi 

and A. Fukuoka, Green Chem., 2013, 15, 1740. © 2014 Royal Society of Chemistry)
71

 

Cellulose is a fibrous polysaccharide material containing linear chains of several 

hundreds to thousands β (1→4) D-glucose (C6H10O5)n units. It is tough, water-insoluble 

and important substrate of primary cell wall of plant. Cellulose is mainly used for paper 

and textile products. It comprises approximately 40-50 % of the dry weight of plant 

material. Major source of renewable carbon present in the biosphere is in the form of 

cellulose and therefore production of fuels and value added chemicals from cellulose is of 

paramount importance
126

.  

Hemi-cellulose is a random and amorphous structure with approximate 

composition 23-32 % of the total dry weight of plant. Hemi-cellulose is the second most 

abundant polymer present in the biosphere which is made up of several heteropolymers 

including xylan, glucuronoxylan, arabinoxylan, galactomannan, glucomannan, and 

xyloglucan. The heteropolymers of hemicelluloses are composed of pentoses viz. xylose 

and arabinose and hexoses viz. mannose, glucose, and galactose. The pentoses and 

hexoses are potential starting materials for the synthesis of various furan derivatives
126–

129
.   
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Lignin is an aromatic crosslinked polymeric material, present in the internal part 

of plant cell wall. Lignin is an amorphous polymer containing three major components 

viz. coniferyl alcohol, sinapyl alcohol, and coumaryl alcohol
74,130–132

. 

 1.2.2.1 Step growth monomers based on furan derivatives 

Furan is a heterocyclic aromatic compound containing five membered ring. 

Furfural and 5-hydroxymethylfurfural (HMF) are well known starting materials for the 

synthesis of various renewable monomers and polymers. Furfural can be prepared from 

hemi-cellulose based pentose sugars by using strong acid catalyst such as sulphuric acid 

and hydrochloric acid (Figure 1.5). Further, HMF is also produced from hexose sugars 

and polysaccharides using similar process for furfural synthesis.  

 

 

Figure 1.5 Synthesis and transformation of furans 

HMF is used for the synthesis of 2,5-furan dicarboxylic acid (FDCA), which is 

structurally mimic of the world’s largest output dicarboxylic acid i.e. terephthalic acid. 

According to the ranking published by U.S. Department of Energy of the top twelve 

chemicals that can be produced from sugars, FDCA is second on the list. Terephthalic 

acid can be potentially replaced by FDCA for the synthesis of aliphatic-aromatic 

polyesters
133–140

.   
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In addition to the furan-derived polyester, other polymers like furan derived 

polyamides have properties comparable to that of Kevlar
141

. Polyurethanes derived from 

furan-based monomers have thermoplastic elastomeric properties that enable formation of 

high graphinic residue on pyrolysis
142,143

. Conjugated polymers and oligomers starting 

from furan-based monomers have good electronic conductivity on doping, photo- and 

electroluminescence and photo-cross-linking ability. Another advantage of furan 

containing polymers is to make smart polymer such as self-healing, and thermo-reversible 

polymers by click chemistry. Furan and some of its derivatives undergo Diels-Alder 

reaction which is a well known click reaction where furans act as diene
144–153

.   

Diphenolic acid and bisphenols were prepared from levulinic acid, which is one of 

the top-ten platform chemicals, obtained from hemi-cellulosic waste
154,155

. The list of 

selected monomers derived from hemi-cellulosic biomass is presented in Table 1.3 

Table 1.3 List of selected hemi-cellulose-based monomers 

Difunctional monomers  Polymers Ref. 

   

Polyesters, 

Polyamides, 

Polyurethanes 

141,142,

156–158
 

   

Polyesters 

 159
 

      

Polyamides, 

Polyesters, 

Polyhydrazides,  

Poly(1,3,4-

oxadiazole)s, 

Polyazomethines 

160–164
 

 

Polyurethanes, 

Polyesters 
165

 

 

NR 
166,167
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Poly(furyl 

alcohol) 

168
 

 

 
 

AA monomer for 

DA 

polymerization by 

combination of 

furan and 

vegetable oil 

 

169
 

          

Diels-Alder 

polycondensation 

to form 

polyadducts 

170
 

 
 

AB monomer for 

DA 

polymerization 
169

 

 

Polyesters, 

Polycarbonates, 

Polyurethanes 171
 

, ,  

Polyesters, 

Polycarbonates, 

Polyurethanes, 

Polyamides, 

Polyacetals 

172
 

 

Polyurethanes 
173

 

 

Polyesters, 

Polycarbonates 
154,174–

176
 

NR; not reported 

1.2.2.2 Aromatic difunctional monomers based on lignin 

‘Lignin’ is the term derived from Latin word ‘lignum’ which means ‘wood’. 

Anselme Payen first reported the reaction of wood with nitric acid and caustic soda and 

found two compounds, one is cellulose and other is called as incrusting material later 

which was named as lignin
177

 (Figure 1.6). It is the second largest abundant natural 
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polymer after cellulose and contributing around 30% of all non-fossil renewable carbon 

content on the earth
73,178–183

. Approximately 70 million tonnes of lignin is produced 

annually in the world as a by-product of paper and pulp industries and most of the lignin 

is utilized to generate energy in the plant. This material, which has been ignored in the 

past, is now being considered as a valuable resource
54,132,184

. Additionally, based on 

interesting functionalities and properties, lignin offers perspective for higher value-added 

application such as polymer, carbon fiber, additive, food packaging, energy storage, 

biomedical applications and so on
185–193

.   

1.2.2 .2.1 Chemical structure and physical properties of lignin 

Lignin is a highly cross-linked amorphous aromatic polymer and is present around 

the hemicelluloses and cellulose in annual crops and trees. Lignin provides 

hydrophobicity, good strength, and structural support to woody plant. It also acts as a 

physical barrier to protect plant from pathogens and insect pest
73,194

. Lignin is complex 

polyphenols compound and exact structure of lignin is not clear till now. Many authors 

predicted probable structure of lignin. A representative structure of lignin reported by 

Brunow et al.
195

 is shown in Figure 1.6. 

 

Figure 1.6 A hypothetical native structure of lignin 

Lignin contains three phenylpropanes viz. syringyl, guaiacyl, and p-

hydroxyphenyl units, originating from their respective monolignols viz. sinapyl alcohol, 

coniferyl alcohol, and coumaryl alcohol
54,178,180,196–198

 (Figure 1.7).      
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Figure 1.7 Structure of monolignols of lignin 

Lignin is amorphous polymer and shows two local mode relaxation viz. glass 

transition temperature (Tg) and decomposition temperature (T10). Tg values of lignin vary 

widely depending on the molecular weight, method of isolation, water content and 

thermal history. Goring
199

 firstly reported Tg of different lignins, which is in the range of 

127-277 
o
C. Irvine

200
 examined Tg of lignin isolated from different plant species as well 

as by different isolation methods and values were found in the range 90-150 
o
C. Thermal 

degradation of lignin is complex process due the presence of various oxygen-based 

functionalities. Lignin decomposes over broad range of temperature, first degradation 

starts due to the dehydration of hydroxyl moiety of benzylic group. Thereafter, second 

degradation takes place between 150-300 
o
C because of α-, β- aryl-alkyl-ether linkages. 

Finally, remaining part of lignin degrades at high temperature (500-700 
o
C) and 30-50 % 

char yield remained
54,201,202

.  

The isolation of various important components from the plant biomass is of great 

interest. A variety of processes have been reported to isolate lignin. However, the ideal 

standard procedure for the isolation of lignin does not exist yet. Each method produces 

different grades of lignin in terms of their physio-chemical properties and purity. Various 

methods have been used for the isolation of lignin such as kraft pulping process, sulfite 

pulping process, alkaline pulping process, organosolv pulping process and so on
130,203–209

. 

1.2.2.2.2 Chemical modification of lignin 

Lignin is found in variety of structures based on the source and isolation process. 

In spite of these differences, two common functionalities are present in all the structures 

of lignin i.e. phenolic and phenylpropane hydroxyl groups. These functionalities of lignin 

provide an opportunity for further chemical modifications. The modification of lignin is 

carried out either by reaction on hydroxyl/phenol group or fragmentation of lignin into 

small aromatic molecules. Due to the presence of hydroxyl/phenol functionality, lignin 

can be directly used as a macromonomer for the synthesis of polyesters, polyurethanes, 
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epoxy resins, etc. Several research groups across the world have investigated and 

reviewed the possibility of conversion of lignin into useful aromatic compounds
131,179,210–

222
. Pyrolysis (thermolysis), hydrogenolysis, gasification, hydrolysis under supercritical 

conditions, and chemical oxidation are the common thermochemical methods studied for 

the depolymerization of lignin. These depolymerisation methods convert lignin to 

gaseous hydrocarbons, volatile liquids and substituted aromatics such as phenols, 

guaiacol, catechol, vanillic acid, syringic acid, vanillin, syringol, eugenol, ferulic acid, 

etc
210,223–229

 (Figure 1.8).  

 

Figure 1.8 Building-blocks obtained from depolymerization of lignin 

The proportion of aromatics depends on the depolymerisation method and source 

of lignin. In recent years, some approaches demonstrated selective depolymerisation of 

lignin for synthesis of phenol derivatives. For example, organosolv lignin was 

depolymerised using CO2/acetone/water supercritical fluid system at temperatures of 

300−370 °C under 10 MPa pressure to produce syringol and guaiacol as major products 

along with other aromatic products
230–232

.  Considerable attention from polymer 

scientists throughout the world is devoted to utilize lignin-derived aromatics to the 

replacement for petrochemical derivatives and has found use in many areas. Recently, 

lignin-derived aromatics have been used in the preparation of various polymers such as 
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polyesters, polycarbonates, polyurethanes, polyamides, epoxy resins, cyanate esters, 

etc
52,233

. The list of selected monomers based on lignin-derived aromatics is presented in 

Table 1.4.  

Table 1.4 List of selected lignin-based monomers 

Sr. 

No 

Monomer 
Polymer Ref 

1 

 

Epoxy resins 51 

2 

 

Epoxy resins 234 

3 

 

Epoxy resins 75,235 

4 

 

Epoxy resins 75 

5 

 

NR 69 

6 

 

NR 69 

7 

 

NR 69 
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8 

 

ADMET 

Polymerization 
38,236 

9 

 

ADMET 

Polymerization 

38,236,2

37 

10 

 

ADMET 

Polymerization 
 

11 

 

ADMET 

Polymerization 
237,238 

12 

 

ADMET 

Polymerization 
239 

13 

 

ADMET 

Polymerization 
239 

14 

 

Oxidative Coupling 240 

15 

 

NR 69 

16 

 

Polyesters, 

Poly(vanillin 

oxalate) 

241 

17 

 

NR 69 

18 NR 69 
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19 

 

NR 234 

20 

 

Cyanate esters 242,243 

21 

 

Cyanate esters 

Polycarbaonate 
244 

22 

 

Polyesters 245 

23 

 

Poly(carbonate 

amide)s 
246 

24 

 

Poly(carbonate 

amide)s 
246 

25 

 

Poly(vanillic acid)s 247 

26 

 

Polyesters 248 

27 

 

Poly(vanillic acid) 

Polyesters 
247,248 

28 

 

Polyesters 249,250 
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29 

 

Poly(carbonate 

amide)s 
246 

30 

 

NR 69 

31 

 

NR 69 

32 

 

Polyesters 38 

33 

 

Polyesters 241 

34 

 

Poly(anhydride 

ester) 
251 

35 

 

Polyesters 252 

36 

 

Poly(azomethine), 

Electrochemical 

polymerization, 

Polyacetals 

237,253 

37 

 

Phenolic resins 254 

38 Benzoxazines 255 
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39 

 

Benzoxazines 255,256 

40 

 

Benzoxazines 257 

41 

 

Cyanate esters 242 

42 

 

Conjugated 

Polymer 
258 

NR-Polymers not reported 

Lignin-derived aromatics offer many functionalities such as phenolic, carboxylic, 

formyl, hydroxyl, amine, cyclic carbonates, allyl, propargyl, thiol, epoxy, etc by chemical 

transformation. Lignin-derived aromatic monomers could, in principle, replace 

petroleum-based monomers such as bisphenol-A, styrene, terephthalic acid, etc. Lignin-

derived polymers have wide range of applications such as high performance materials, 

sensing, bio-medical applications, etc. The in-built methoxy groups in the lignin-derived 

aromatics significantly affect on mechanical properties of the polymers by decreasing the 

crystallinity.  

1.3 Summary 

 Step-growth polymerization continues to receive intense academic and industrial 

attention for the preparation of polymeric materials used in a vast array of 

applications. 

 In recent years, the utilization of renewable, non-edible, inexpensive, and 

abundantly available materials for the synthesis of value added chemicals and 

monomers have received significant attention.  
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 Lignocellulose and CNSL are the major sources of renewable aromatic monomers 

useful for the synthesis of aromatic/semi-aromatic step-growth polymers. 

 Lignin is the most abundant aromatic polymer, which is made up of three 

repeating units namely, sinapyl alcohol, coniferyl alcohol, and coumaryl alcohol. 

Depolymerisation of lignin yields various aromatics such as phenols, guaiacol, 

catechol, vanillic acid, syringic acid, vanillin, syringol, eugenol, ferulic acid, etc. 

A wide range of step-growth polymers have been synthesized starting from lignin-

derived aromatics. Still, there is a scope to explore potential use of lignin-derived 

aromatics for the synthesis of difunctional monomers and step-growth polymers 

therefrom.  
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Since Carother’s classical discovery of synthesis of polyester and polyamide
1,2

, 

the chemistry of step-growth polymerization has been dominated by synthetic organic 

chemists in terms of synthesis of new difunctional monomers and polymer forming 

reactions. Step-growth polymerization processes have been enjoying strong academic and 

industrial interest for the synthesis of polymeric materials with tunable properties
3
. Step-

growth polymers have played important role in industries for the preparation of materials 

of daily use as well as advanced materials. The prominent examples of industrially 

important step-growth polymers are polyesters, polycarbonates, polyamides, 

polyurethanes, polyimides, polysulfones, polyetherketones, epoxy resins, cyanate esters, 

etc
3–5

. The monomers used for the preparation of step-growth polymers are generally 

synthesized starting from organic chemicals which are mostly derived from fossil 

resources viz. natural gas, petroleum and coal. Almost all organic chemicals can be 

derived from seven basic building blocks, namely, syngas, ethylene, propylene, butanes, 

butylenes, butadiene and BTX (mixture of benzene, toluene and xylene) which are mostly 

obtained from fossil resources. Due to the rapid depletion of fossil fuels, the search for 

alternate resources for organic chemicals and monomers has come to forefront
6,7

.  

From the history to the present, human beings have always relied on the 

application of various bio-polymers such as cellulose, plant fiber, jute, flax, ramie, silk, 

cotton, natural rubber, animal skin, etc
8
. However, most of these polymers have 

limitations in terms of inferior property profile compared to polymers based on fossil 

resources
9–12

. Therefore, there is an urgent need to develop low cost and scalable bio-

based polymers with potential to replace present petroleum-derived polymers. In recent 

years, significant efforts have been made concerning the synthesis of polymers using 

various bio-based starting materials such as cellulose, starch, monosaccharides, fatty 

acids, lactic acid, natural amino acids, and so on
13–15

. These efforts have been reflected in 

the form of increased number of patents, publications, books as well as commercial 

products such as polylactic acid from starch, polyamide from castor oil 

(Rilsanthermoplastic polyurethane Pearlthane, Soronaand polyester derived 

from sugar (HytrelThe major concern with some of these polymers is the utilization 

of edible resources such as starch, vegetable oils or sugars as starting materials which 

strongly affect the food supply chain and create ethical issues. Additionally, most of these 

polymers are aliphatic in nature. In general, aliphatic polymers possess poor 
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thermomechanical properties and are not suitable for high performance or engineering 

applications
10,16,17

.  

The prominent non-edible resources of aromatic chemicals are lignin and cashew 

nut shell liquid (CNSL)
18

. Lignin is the second most abundant material containing 

renewable carbon after cellulose on the earth. Lignin consists of three monolignols 

including coumaryl alcohol, syringyl alcohol, and coniferyl alcohol. Lignin can be 

isolated from lignocellulose material by various methods such as kraft pulping, 

lignosulfate pulping, organosol pulping, soda pulping, etc
7
. Kraft pulping is the most 

common method for lignin isolation. Around 70 million tonnes of lignin is produced 

worldwide as a by-product of pulp and paper industries and most of the lignin is utilized 

to generate energy. Only ~ 2% of lignin is currently being utilized for the synthesis of 

chemicals, polymers, etc
19,20

. A range of polymers such as polyurethanes, epoxy resins, 

phenolic resins, etc have been synthesized using modified or unmodified lignin as a 

macromonomer
7,20–22

.   

 The attractiveness of lignin originates from the presence of substituted aromatics 

in the polymeric form that yield valuable aromatic chemicals on selective 

depolymerisation. Different strategies that have been applied for depolymerisation of 

lignin include pyrolysis, hydrogenolysis, hydrolysis and enzymatic reactions. The lignin-

based aromatics include phenol, guaiacol, catechol, vanillic acid, syringic acid, vanillin, 

syringol, eugenol, ferulic acid, etc
7
. The proportion of these aromatics depends on the 

depolymerisation method and the source of lignin. These lignin-derived aromatics have 

been utilized in the past as valuable starting materials for synthesis of monomers useful in 

the preparation of polycarbonates, polyesters, poly(ether ester)s, polyacetals, 

polyurethanes, (meth)acrylic polymers, epoxies, polybenzoxazines, cyanate ester resins, 

etc
23–25

. 

Although there is voluminous literature available on the applications of lignin, 

many areas remain uncovered. Notably, the utilization of lignin in the field of step-growth 

polymers has not been fully exploited. Thus, design and synthesis of difunctional 

condensation monomers for step-growth polymers based on lignin-derived aromatics 

could be an attractive proposition.  

The overall objective of the present thesis was to synthesize of difunctional 

monomers based on lignin-derived phenolic derivatives viz. vanillic acid, syringic acid, 

vanillin, guaiacol and syringol and their utilization for the synthesis of step growth 

polymers. The following graphic (Figure 2.1) suitably illustrates the theme of the thesis. 
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Figure 2.1 The theme of the thesis 

 

The difunctional monomers were designed in such a way that they possess one or more of 

the structural features such as: i) the presence of flexible oxyalkylene linkage, ii) kinked 

structure, iii) the presence of pendant furyl group and iv) the presence of naturally gifted 

methoxy substituents. Thus, the specific objectives of the present thesis are: 

1. Design and synthesis of aromatic diisocyanates and diacylhydrazides containing 

oxyalkylene linkage. 

2. Design and synthesis of aromatic diisocyanates and diacylhydrazides containing 

biphenylene linkage. 

3. Design and synthesis of A-B type monomers viz. -hydroxyalkyleneoxy benzoyl 

azides 

4. Design and synthesis of bisphenols containing pendant furyl group 

5. Design and synthesis of bisphenol containing oxadiazole group 

6. Design and synthesis of diacids, diol and dialdehyde containing ester linkage 

7. Synthesis of step-growth polymers viz. poly(ether urethane)s, aromatic polyesters, 

aromatic polycarbonates, aromatic poly(amide imide)s and aromatic polyimides 

8. To investigate the effect of methoxy substituents on the polymer properties such as 

solubility characteristics, thermal, and mechanical properties 

9. Synthesis of recyclable crosslinked aromatic polycarbonates and aromatic polyesters 

using furan-maleimide Diels-Alder chemistry 
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3.1 Introduction 

The structure of a monomer is the most important parameter which decides the 

final properties of a polymer. With the judicious selection of appropriate combination 

of monomers, the properties such as thermo-mechanical and processing characteristics 

of step-growth polymers could be tailored
1–3

. In this context, a variety of difunctional 

monomers such as diacids, bisphenols, dialdehydes, diisocyanates, diamines, diols, etc 

have been designed and synthesized with an objective to modify the properties of step 

growth polymers
4
. The cost, availability, renewability, carbon footprint, etc. are the 

important factors which should be considered in the design of new monomers. 

Currently, most of the starting materials used for the synthesis of difunctional 

monomers are derived from fossil resources
5,6

. However, the use of fossil resources for 

the synthesis of monomers and polymers is insecure because of their finite stocks, non-

renewability and environmental issues
7–9

.   

As a result of these issues, a paradigm shift in the chemical infrastructure 

towards a sustainable production and use of chemical intermediates needs to be 

established. The possible solutions have been presented in the concepts of Anastas and 

Warner, who also postulated the 12 principles of green chemistry. An important aspect 

of these principles is the use of renewable feedstocks to provide chemical building 

blocks, intermediates and reagents
10

. A great deal of attention has been paid recently 

both in industrial and academic laboratories to exploit biomass as a raw material for 

energy and chemical production which bears several advantages such as an 

ecologically benign production and the “renewability” of the resources in contrast to 

the continual depletion of coal and petroleum
7,8,11

.  

Over the last few years, a large numbers of monomers and polymers have been 

reported from renewable resources such as cellulose, monosaccharides, fatty acids, 

starch, natural amino acids, etc. Some bio-based monomers and polymers have been 

commercialized
8,12–14

. However, applications of these bio-based polymers are limited 

due to their aliphatic nature which makes them weak in their thermomechanical 

properties
15,16

.  

A limited number of examples of aromatic/semi-aromatic monomers and 

polymers have been commercialized from bio-based chemicals
17–19

. The significant 
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sources of bio-based aromatic monomers are lignin, furan derivatives, 

pentadecylphenol, terpene, eugenol, 4-aminophenylalanine, etc
20–26

.  

Lignin is the non-edible abundant source of aromatics and is a by-product of 

paper and pulp industries. Phenolic moiety of lignin-derived aromatics offers a variety 

of possibilities for the synthetic chemist. A numbers of monomers and polymers based 

on lignin-derived aromatics have been documented in various patents and papers
21,22,27

. 

In the present work, new bio-based aromatic monomers of AA type viz. 

bisphenols, diisocyanates, diacids, diols, dialdehydes, diacylhydrazides and of AB type 

viz. hydroxyl acylazides were designed and synthesized starting from lignin-derived 

aromatics (Figure 3.1). 

 

Figure 3.1 New difunctional monomers synthesized in the present work starting from 

lignin-derived aromatics  
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3.2 Experimental 

3.2.1 Materials 

Vanillic acid (97 %), syringic acid (95 %), guaiacol (98 %), syringol (99 %), vanillin 

(99 %), 1,3-dibromopropane (99 %), 1,4-dibromobutane (99 %), 1,5-dibromopentane 

(98 %), iodomethane, 1-bromopentane (80 %), 6-chlorohexanol (96 %), furfural (99 

%), methyl furfural (99 %). Laccase from Trametes versicolor (0.5 U/mg), 2,5-

furandicarboxylic acid (95 %), succinyl chloride (95 %) and dibutyltin dilaurate 

(DBTDL) (95 %) were purchased from Sigma-Aldrich. 11-Bromoundecanol was 

purchased from Across Organics. Sodium borohydride, sodium acetate (NaOAc), 

pyridine, thionyl chloride, sodium azide, hydrazine hydrate, acetic anhydride, sodium 

sulphate, potassium carbonate, sodium hydroxide, hydrochloric acid, dichloromethane 

sulphuric acid, sodium hydroxide, potassium carbonate, hydrochloric acid, sulphuric 

acid, ethyl chloroformate, triethyl amine and solvents were purchased from Thomas 

Baker, Mumbai and were used as received. Toluene, N-methyl-2-pyrrolidone (NMP) 

and N,N-dimethylformamide (DMF) were dried over calcium hydride and distilled 

prior to use. 

3.2.2 Characterization  

Melting points were recorded on Electrothermal MEL-TEMP apparatus.  

FT-IR spectra were recorded on a Perkin-Elmer Spectrum GX spectrometer.  

1
H and 

13
C NMR spectra were recorded on a Bruker-AV 200, 400, 500 MHz 

spectrometer using DMSO-d6 or CDCl3 (TMS as an internal standard) as solvents. 

High resolution mass spectroscopy (HRMS) was used to determine exact mass of 

monomers/intermediates and spectra were recorded on a Thermo Scientific Q-

Exactive, Accela 1250 pump.  

X-Ray intensity data measurements were carried out on a Bruker SMART APEX II 

CCD diffractometer with graphite-monochromatized (MoK= 0.71073Å) radiation. 

The X-ray generator was operated at 50 kV and 30 mA. A preliminary set of cell 

constants and an orientation matrix were calculated from three sets of 36 frames. Data 

were collected with  scan width of 0.5° at different settings of   and 2 with a frame 

time of 10 secs keeping the sample-to-detector distance fixed at 5.0 cm. The X-ray 

data collection was monitored by APEX2 program (Bruker, 2006).
 
All the data were 

corrected for Lorentzian, polarization and absorption effects using SAINT and 
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SADABS programs (Bruker, 2006). SHELX-97 was used for structure solution and 

full matrix least-squares refinement on F
2
.  

3.3 Synthesis 

 3.3.1 Synthesis of diisocyanates containing oxyalkylene linkage. 

3.3.1.1 General procedure for synthesis of ,-dicarboxylic acids containing 

oxyalkylene linkage. 

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser, a nitrogen inlet and an addition funnel were charged, vanillic/syringic acid 

(20 mmol), sodium hydroxide (50 mmol) and water (100 mL). The reaction mixture 

was refluxed for 1 h and then ,-dibromoalkane (24 mmol) was added drop wise 

over a period of 30 min and the heating was continued for 24 h. The reaction mixture 

was washed with ethyl acetate and aqueous layer was acidified with aqueous 

hydrochloric acid (3 M). The precipitate was filtered and dried under vacuum at 60 
o
C 

for 24 h. The product was recrystallized from aqueous ethanol. 

3.3.1.1.1 Synthesis of 4,4’-(propane-1,3-diylbis(oxy))bis(3-methoxybenzoic acid) 

Yield 72 %; Melting point- 259 
o
C; 

1
H NMR (200 MHz, DMSO-d6, δ/ppm): 2.19-2.25 

(m, 2H), 3.79 (s, 6H), 4.19 (t, 4H), 7.08 (d, 2H), 7.44 (d, 2H), 7.54 (dd, 2H); 
13

C NMR 

(50 MHz, DMSO-d6, δ/ppm) 28.5, 55.5, 65.0, 112.0, 112.1, 123.1, 123.2, 148.4, 151.8, 

167.1, 

 3.3.1.1.2 Synthesis of 4,4'-(butane-1,4-diylbis(oxy))bis(3-methoxybenzoic acid) 

Yield 69 %; Melting point- 220 
o
C; 

1
H NMR (200 MHz, DMSO-d6, δ/ppm) 1.88-1.92 

(m, 4H), 3.79 (s, 6H), 4.11 (t, 4H), 7.04 (d, 2H), 7.44 (d, 2H), 7.55 (dd, 2H), 12.61 

(br.s, 2H); 
13

C NMR (50 MHz, DMSO-d6, δ/ppm) 25.4, 55.5, 68.0, 111.8, 112.1, 

122.9, 123.1, 148.4, 152.0, 167.1 

3.3.1.1.3 Synthesis of 4,4'-(pentane-1,5-diylbis(oxy))bis(3-methoxybenzoic acid) 

Yield 70 %; Melting point- 244 
o
C;

 1
H NMR (200 MHz, DMSO-d6, δ/ppm): 1.56-1.75 

(m, 2H), 1.75-1.88 (m, 4H), 3.79 (s, 6H), 4.05 (t, 4H), 7.04 (d, 2H), 7.44 (d, 2H), 7.54 

(dd, 2H), 12.66 (br.s, 2H),; 
13

C NMR (50 MHz, DMSO-d6, δ/ppm): 22.2, 28.3, 55.5, 

68.2, 111.9, 112.1, 122.8, 123.2, 148.4, 152.0, 167.1 

3.3.1.1.4 Synthesis of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzoic acid) 



Chapter 3                                                                                  Step Growth Monomers from Lignin…. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   41 
 

Yield 70 %; Melting point- 266 
o
C; 

1
H NMR (200 MHz, DMSO-d6, δ/ppm): 1.92-2.01 

(m, 2H), 3.79 (s, 12H), 4.13 (t, 4H), 7.21 (s, 4H), 12.93 (br.s, 2H); 
13

C NMR (50 MHz, 

DMSO-d6, δ/ppm): 30.6, 55.9, 69.8, 106.4, 125.7, 140.5, 152.7, 167.0 

3.3.1.1.5 Synthesis of 4,4'-(butane-1,4-diylbis(oxy))bis(3,5-dimethoxybenzoic acid) 

Yield 67 %; Melting point- 263 
o
C; 

1
H NMR (200 MHz, DMSO-d6, δ/ppm): 1.62-1.71 

(m, 4H), 3.81 (s, 12H), 3.92 (t, 4H), 7.22 (s, 4H), 12.93 (br.s, 2H); 
13

C NMR (50 MHz, 

DMSO-d6, δ/ppm): 26.2, 55.9, 72.2, 106.6, 125.8, 140.6, 152.9, 167.0 

3.3.1.1.6 Synthesis of 4,4'-(pentane-1,5-diylbis(oxy))bis(3,5-dimethoxybenzoic acid) 

Yield 73 %; Melting point- 211 
o
C; 

1
H NMR (200 MHz, DMSO-d6, δ/ppm): 1.56-1.73 

(m, 6H), 2.92 (br.s, 2H), 3.81(s, 12H), 3.92 (t, 4H), 7.22 (s, 4H);
 13

C NMR (50 MHz, 

DMSO-d6, δ/ppm): 21.7, 29.3, 55.9, 72.4, 106.5, 125.7, 140.6, 152.8, 167.0 

3.3.1.2 General procedure for synthesis of ,-dicarboxylic acyl azides containing 

oxyalkylene linkage. 

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser, an argon inlet and an addition funnel were charged, ,-dicarboxylic acid 

(20 mmol) and a mixture of tetrahydrofuran : water (3:1, v/v) (100 mL). The reaction 

mixture was cooled to 0 
o
C and the solution of triethyl amine (12 g, 120 mmol) in 

tetrahydrofuran (20 mL) was added drop wise over a period of 15 min. To the reaction 

mixture, ethylchloroformate (12.8 g, 120 mmol) was added dropwise over a period of 

10 min and stirred for 2 h. The solution of sodium azide (7.8 g, 160 mmol) in water 

(30 mL) was added dropwise over a period of 10 min and mixture was stirred at 0 
o
C 

for 2 h and then at room temperature for 4 h.  Ice cold water (250 mL) was added 

gradually to the reaction mixture and solid was precipitated out. The precipitate was 

filtered and washed with water. Then the product was dissolved in dichloromethane 

and washed with water (150 mL), dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure at 25 
o
C to afford a white solid.  

3.3.1.2.1 Synthesis of 4,4’-(propane-1,3-diylbis(oxy))bis(3-methoxybenzoyl azide) 

Yield 78 %; IR (KBr): 2140, 1680 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 2.36-

2.48 (m, 2H), 3.90 (s, 6H), 4.31 (t, 2H), 6.93 (d, 2H), 7.51 (d, 2H), 7.66 (dd, 2H);
 13

C 

NMR (50 MHz, CDCl3, δ/ppm): 28.8, 56.0, 65.3, 111.7, 111.8, 123.4, 123.9, 149.2, 
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153.6, 171.6; HRMS (ESI): m/z calculated for C19H18N6O6 (M+Na), 449.1180; 

found,449.1162.  

3.3.1.2.2 Synthesis of 4,4'-(butane-1,4-diylbis(oxy))bis(3-methoxybenzoyl azide) 

Yield 80 %; IR (KBr): 2143, 1686 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 1.95-

2.15 (m, 4H), 3.89 (s, 6H), 4.20 (t, 2H), 6.89 (d, 2H), 7.51 (d, 2H), 7.66 (dd, 2H);
 13

C 

NMR (50 MHz, CDCl3, δ/ppm): 25.7, 55.9, 68.5, 111.3, 111.6, 123.1, 123.9, 149.0, 

154.0, 171.7; HRMS (ESI): m/z calculated for C20H20N6O6 (M+Na), 463.1342; found, 

463.1360  

3.3.1.2.3 Synthesis of 4,4’-(pentane-1,5-diylbis(oxy))bis(3-methoxybenzoyl azide) 

Yield 75 %; IR (KBr): 2143, 1677 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 1.64-

1.74 (m, 2H), 1.91-2.01 (m, 4H), 3.91(s, 6H), 4.12 (t, 2H), 6.87 (d, 2H), 7.53 (d, 2H), 

7.65 (dd, 2H); 
13

C NMR (50 MHz, CDCl3, δ/ppm): 22.5, 28.6, 56.0, 68.7, 111.4, 111.8, 

123.1, 124.0, 149.1, 153.8, 171.7; HRMS (ESI): m/z calculated for C21H22N6O6 

(M+Na), 477.1493 ; found, 477.1474  

3.3.1.2.4 Synthesis of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzoyl azide) 

Yield 81 %; IR (KBr): 2146, 1684 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 2.11-

2.24 (m, 2H), 3.83 (s, 12H), 4.32 (t, 4H), 7.25 (s, 4H); 
13

C NMR (50 MHz, CDCl3, 

δ/ppm): 31.1, 56.1, 70.7, 106.6, 125.3, 143.0, 153.1, 171.8; HRMS (ESI): m/z 

calculated for C21H22N6O8 (M+Na), 509.1391 ; found, 509.1393 

3.3.1.2.5 Synthesis of 4,4'-(butane-1,4-diylbis(oxy))bis(3,5-dimethoxybenzoyl azide) 

Yield 78 %; IR (KBr): 2145, 1684 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 1.93-

1.99 (m, 4H), 3.87 (s, 12H), 4.13 (t, 4H), 7.28 (s, 4H); 
13

C NMR (50 MHz, CDCl3, 

δ/ppm): 25.8, 55.5, 71.8, 106.1, 125.3, 140.1, 152.4, 166.6; HRMS (ESI): m/z 

calculated for C22H24N6O8 (M+H), 501.1728; found, 501.1620  

3.3.1.2.6 Synthesis of 4,4'-(pentane-1,5-diylbis(oxy))bis(3,5-dimethoxybenzoyl azide) 

Yield 83 %; IR (KBr): 2143, 1684 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 1.60-

1.86 (m, 6H), 3.88 (s, 12H), 4.08 (t, 4H), 7.28 (s, 4H); 
13

C NMR (50 MHz, CDCl3, 

δ/ppm): 21.9, 29.7, 56.1, 73.3, 106.6, 125.2, 142.8, 153.2, 171.7; HRMS (ESI): m/z 

calculated for C23H26N6O8 (M+H), 515.1885; found, 515.1779 

3.3.1.3 General procedure for synthesis of ,-diisocyanates containing oxyalkylene 

linkage. 
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Into a 100 mL two-necked round bottom flask equipped with a reflux 

condenser and a nitrogen inlet were charged, ,-diacyl azide (4.69 mmol) and dry 

toluene (25 mL). The reaction mixture was heated at 80 
o
C for 8 h. The toluene was 

removed under reduced pressure at 60 
o
C and white solid compound was obtained.   

3.3.1.3.1 Synthesis of 1,3-bis(4-isocyanato-2-methoxyphenoxy)propane 

Yield 83 %; Melting point- 136 
o
C; IR (KBr): 2292 cm

-1
; 

1
H NMR (400 MHz, CDCl3, 

δ/ppm): 2.27-2.39 (m, 2H), 3.83 (s, 6H), 4.21 (t, 4H), 6.63 (dd, 4H), 6.84 (d, 2H); 
13

C 

NMR (50 MHz, CDCl3, δ/ppm): 29.2, 56.0, 66.0, 108.8, 113.9, 116.6, 124.2, 126.5, 

146.4, 150.0; HRMS (ESI): m/z calculated for C19H18N2O6 (M+H), 371.1238; found, 

371.1249. 

3.3.1.3.2 Synthesis of 1,4-bis(4-isocyanato-2-methoxyphenoxy)butane 

Yield 78 %; Melting point- 90 
o
C; IR (KBr): 2290 cm

-1
; 

1
H NMR (400 MHz, CDCl3, 

δ/ppm): 2.0-2.06 (m, 4H), 3.83 (s, 6H), 4.04 (t, 4H), 6.61 (d, 2H), 6.65 (dd, 2H), 6.80 

(d, 2H); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 25.8, 55.9, 68.8, 108.7, 113.3, 116.5, 

124.1, 126.1, 146.4, 149.8; HRMS (ESI): m/z calculated for C20H20N2O6 (M+Na), 

407.1219; found, 407.1228 

3.3.1.3.3 Synthesis of 1,5-bis(4-isocyanato-2-methoxyphenoxy)pentane 

Yield 81 %; Melting point- 93 
o
C; IR (KBr) : 2284 cm

-1
; 

1
H NMR (200 MHz, CDCl3, 

δ/ppm): 1.60-1.69 (m, 2H), 1.84-1.98 (m, 4H), 3.84 (s, 6H), 4.01 (t, 4H), 6.61 (d, 2H), 

6.65 (dd, 2H), 6.78 (d, 2H); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 22.5, 28.9, 56.0, 

69.1, 108.7, 113.4, 116.5, 124.1, 126.2, 146.5, 149.9; HRMS (ESI): m/z calculated for 

C21H22N2O6 (M+Na), 421.1370; found, 421.1369  

3.3.1.3.4 Synthesis of 1,3-bis(4-isocyanato-2,6-dimethoxyphenoxy)propane 

Yield 87 %; Melting point- 105 
o
C; IR (KBr): 2268 cm

-1
; 

1
H NMR (400 MHz, CDCl3, 

δ/ppm): 2.12-2.19 (m, 2H), 3.79 (s, 12H), 4.16 (t, 4H), 6.31 (s, 4H); 
13

C NMR (50 

MHz, CDCl3, δ/ppm): 30.8, 56.1, 70.9, 102.2, 128.8, 153.4, 153.8; HRMS (ESI): m/z 

calculated for C21H22N2O8 (M+Na), 453.1268; found, 453.1272 

3.3.1.3.5 Synthesis of 1,4-bis(4-isocyanato-2,6-dimethoxyphenoxy)butane 

Yield 88 %; Melting point- 60 
o
C; IR (KBr): 2280 cm

-1
 

1
H NMR (400 MHz, CDCl3, 

δ/ppm): 2.87-2.9 (m, 4H), 4.76 (s, 12H), 4.96 (t, 4H), 7.27 (s, 4H); 
13

C NMR (50 MHz, 
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CDCl3, δ/ppm): 26.4, 56.1, 73.1, 102.3, 124.4, 128.7, 135.3, 153.8; HRMS (ESI): m/z 

calculated for C22H24N2O8 (M+Na), 467.1425; found, 467.1424. 

3.3.1.3.6 Synthesis of 1,5-bis(4-isocyanato-2,6-dimethoxyphenoxy)pentane 

Yield 85 %; Melting point- 62 
o
C; IR (KBr): 2288 cm

-1
; 

1
H NMR (200 MHz, CDCl3, 

δ/ppm): 1.60-1.67 (m, 2H), 1.74-1.84 (m, 4H), 3.81 (s, 12H), 3.94 (t, 4H), 6.31 (s, 4H); 

13
C NMR (50 MHz, CDCl3, δ/ppm): 22.0, 29.7, 56.1, 73.4, 102.2, 124.4, 128.7, 135.4, 

152.8; HRMS (ESI): m/z calculated for C23H26N2O8 (M+H), 459.1762; found, 

459.1704. 

3.3.2 Synthesis of 3,3’-diisocyanates containing biphenylene linkage 

3.3.2.1 Synthesis of dimethyl 6,6'-dihydroxy-5,5'-dimethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylate 

Into a 2 L two-necked round bottom flask were charged methyl vanillate (15 g, 

82.3 mmol), NaOAc buffer (1800 mL, 0.1 M, pH 5.0) and acetone (200 mL). The 

solution was saturated with O2 for 5 min. Laccase from Trametes versicolor (124 mg) 

was added and the reaction mixture was stirred at room temperature for 24 h. The 

precipitate was filtered off and the product was dried overnight at 90 °C. 

Yield 89 %; IR (KBr): 1716, 3432 cm
-1

;
1
H NMR (200 MHz, CDCl3, δ/ppm): 3.80 (s, 

6H), 3.89 (s, 6H), 7.45 (s, 4H), 9.68 (br. s, 2H);
13

C NMR (50 MHz, CDCl3, δ/ppm): 

51.7, 56.0, 110.9, 119.2, 124.5, 125.4, 147.6, 149.3, 166.1; HRMS ESI
+
: (M+H)

+
 m/z 

calculated for C18H19O8: 363.1074, found: 363.1071. 

3.3.2.2 General procedure for synthesis of dimethyl 6,6'-alkoxy-5,5'-dimethoxy-[1,1'-

biphenyl]-3,3'-dicarboxylate 

Into a 500 mL two-necked round bottom flask equipped with a reflux 

condenser and an argon inlet were charged, dimethyl 6,6'-dihydroxy-5,5'-dimethoxy-

[1,1'-biphenyl]-3,3'-dicarboxylate (8 g, 22.0 mmol), potassium carbonate (12.2 g, 88.3 

mmol) and N,N-dimethylformamide (100 mL). The reaction mixture was heated at 100 

o
C for 1 h and then alkyl iodide/bromide (55.2 mmol) was added and heating was 

continued for 12 h. The reaction mixture was poured into ice cold water (1000 mL). 

The precipitate was filtered, dried and dissolved in dichloromethane (100 mL). The 

dichloromethane solution was washed with water (2 x 500 mL), dried over anhydrous 

sodium sulfate, filtered, and concentrated under reduced pressure. The crude product 
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was purified by column chromatography using pet ether: ethyl acetate (70:30 v/v) as 

an eluent to afford a white solid. 

3.3.2.2.1 Synthesis of dimethyl 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylate  

Yield 95 %; IR (KBr): 1725 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 3.72 (s, 6H), 

3.89 (s, 6H), 3.96 (s, 6H), 7.58 (d, 2H), 7.63 (d, 2H); 
13

C NMR (50 MHz, CDCl3, 

δ/ppm): 52.1, 56.0, 60.8, 113.0, 125.0, 125.1, 131.7, 150.9, 152.4, 166.6; HRMS ESI
+
: 

(M+H)
+
 m/z calculated for C20H23O8: 391.1387, found: 391.1383. 

3.3.2.2.2 Synthesis of dimethyl 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-

dicarboxylate 

Yield 91 %; Melting point- 44 
o
C; IR (KBr): 1728 cm

-1
; 

1
H NMR (200 MHz, CDCl3, 

δ/ppm): 0.76 (t, 6H), 1.03-1.11 (m, 8H), 1.39-1.53 (m, 4H), 3.85 (t, 4H), 3.88 (s, 6H), 

3.93 (s, 6H), 7.60 (d, 2H), 7.62 (d, 2H); 
13

C NMR (50 MHz, CDCl3, δ/ppm): 13.9, 

22.3, 27.8, 29.7, 52.0, 56.0, 73.3, 112.7, 125.3; HRMS ESI
+
: (M+H)

+
 m/z calculated 

for C28H39O8: 503.2639, found: 503.2619. 

3.3.2.3 General procedure for synthesis of 6,6'-dialkoxy-5,5'-dimethoxy-[1,1'-

biphenyl]-3,3'-dicarboxylic acid 

Into a 500 mL two-necked round bottom flask equipped with a reflux 

condenser were charged dimethyl 6,6'-alkoxy-5,5'-dimethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylate (30 mmol), sodium hydroxide (6 g, 150 mmol), methanol (100 mL) and 

water (100 mL). The reaction mixture was refluxed for 12 h and then excess methanol 

was removed under reduced pressure. The solution was diluted with water and 

acidified with aqueous hydrochloric acid (3M). The precipitate was filtered and dried 

in vacuum oven at 60 
o
C for 4 h and then recrystallized from aqueous ethanol. 

3.3.2.3.1 Synthesis of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-dicarboxylic acid 

Yield 95 %; IR (KBr): 1671 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 3.61 (s, 6H), 

3.91 (s, 6H), 7.38 (d, 2H), 7.57 (d, 2H), 12.95 (s, 2H); 
13

C NMR (50 MHz, CDCl3, 

δ/ppm): 55.8, 60.2, 112.9, 124.1, 125.9, 131.3, 150.0, 152.1, 166.8; HRMS ESI
+
: 

(M+Na)
+
 m/z calculated for C18H18O8 Na: 385.0894, found: 385.0892. 

3.3.2.3.2 Synthesis of 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-

dicarboxylic acid 
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Yield 94 %; Melting point- 222 
o
C; IR (KBr): 1672 cm

-1
; 

1
H NMR (200 MHz, CDCl3, 

δ/ppm): 0.69 (t, 6H), 0.90-1.09 (m, 8H), 1.32-1.42 (m, 4H), 3.80 (t, 4H), 3.88 (s, 6H), 

7.41 (d, 4H), 7.55 (d, 2H), 12.88 (s, 2H); 
13

C NMR (50 MHz, CDCl3, δ/ppm):13.8, 

21.7, 27.3, 29.1, 55.8, 72.4, 112.7, 124.4, 125.5, 131.6, 149.5, 152.3, 166.8 

3.3.2.4 General procedure for synthesis of 6,6'-dialkoxy-5,5'-dimethoxy-[1,1'-

biphenyl]-3,3'-dicarbonyl diazide 

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser, an argon inlet and an addition funnel were charged, 6,6'-dialkoxy-5,5'-

dimethoxy-[1,1'-biphenyl]-3,3'-dicarboxylic acid (20 mmol) and a mixture of 

tetrahydrofuran: water (3:1 v/v) (100 mL). The reaction mixture was cooled to 0 
o
C 

and the solution of triethyl amine (12 g, 120 mmol) in tetrahydrofuran (20 mL) was 

added drop wise over a period of 15 min. To the reaction mixture, ethylchloroformate 

(12.8 g, 120 mmol) was added dropwise over a period of 10 min and stirred for 2 h. 

The solution of sodium azide (7.8 g, 160 mmol) in water (30 mL) was added dropwise 

over a period of 10 min and the reaction mixture was stirred at 0 
o
C for 2 h and then at 

25 
o
C for 4 h.  Ice cold water (250 mL) was added gradually to the reaction mixture 

and solid was precipitated out. The precipitate was filtered and washed with water. The 

product was dissolved in dichloromethane (200 mL) and washed with water (150 mL), 

dried over anhydrous sodium sulfate, filtered, and concentrated under reduced pressure 

at 25 
o
C to afford a white solid.  

3.3.2.4.1 Synthesis of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-dicarbonyl diazide 

Yield 80 %; IR (KBr): 2143, 1680 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm):3.75 (d, 

6H), 3.96 (d, 6H), 7.55 (s, 2H), 7.61 (s, 2H); 
13

C NMR (50 MHz, CDCl3, δ/ppm): 55.9, 

60.8, 112.5, 124.9, 125.5, 131.4, 152.1, 152.5, 171.5; HRMS ESI
+
: (M+H)

+
 m/z 

calculated for C18H17N6O8: 413.1204, found: 413.2663. 

3.3.2.4.2 Synthesis of 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-

dicarbonyl diazide 

Yield 84 %; IR (KBr): 2145, 1678 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 0.77 (t, 

6H), 1.03-1.13 (m, 8H), 1.43-1.50 (m, 4H), 3.89 (t, 4H), 3.94 (s, 6H), 7.60 (s, 4H); 
13

C 

NMR (50 MHz, CDCl3, δ/ppm):13.9, 22.2, 27.8, 29.7, 56.0, 73.5, 112.3, 125.2, 125.4, 

131.9, 151.9, 152.8, 171.7; HRMS ESI
+
: (M+H)

+
 m/z calculated for C26H33O6N6: 

525.2456, found: 525.2436. 
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3.3.2.5 General procedure for synthesis of 5,5'-diisocyanato-3,3'-dimethoxy-2,2'-

bis(alkoxy)-1,1'-biphenyl 

Into a 100 mL two-necked round bottom flask equipped with a reflux 

condenser and a nitrogen inlet were charged, 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-

3,3'-dicarbonyl diazide (1.9 g, 4.69 mmol) and dry toluene (25 mL). The reaction 

mixture was heated at 80 
o
C for 8 h. The toluene was removed under reduced pressure 

at 60 
o
C and white solid compound was obtained.   

3.3.2.5.1 Synthesis of 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl  

Yield 85 %; Melting point- 95 
o
C; IR (KBr): 2268 cm

-1
; 

1
H NMR (200 MHz, CDCl3, 

δ/ppm):3.54 (d, 6H), 3.78 (d, 6H), 6.47 (s, 2H), 7.61 (s, 2H); 
13

C NMR (50 MHz, 

CDCl3, δ/ppm): 56.0, 60.8, 108.7, 118.7, 124.5, 128.6, 132.3, 144.6, 153.2; HRMS 

ESI
+
: (M+H)

+
 m/z calculated for C18H17 N2O6: 357.1081, found: 357.1079.  

3.3.2.5.2 Synthesis of 5,5'-diisocyanato-3,3'-dimethoxy-2,2'-bis(pentyloxy)-1,1'-

biphenyl 

Yield 88 %; IR (KBr): 2260 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm):0.69 (t, 6H), 

0.92-1.09 (m, 8H), 1.29-1.42 (m, 4H), 3.80 (t, 4H), 3.88 (s, 6H), 7.41 (d, 2H), 7.55 (d, 

2H), 12.88 (br.s, 2H); 
13

C NMR (50 MHz, CDCl3, δ/ppm): 13.9, 22.2, 27.8, 29.7, 56.0, 

73.5, 109.0, 118.9, 125.0, 128.3, 131.0, 146.2, 153.6; HRMS ESI
+
: (M+H)

+
 m/z 

calculated for C26H33N2O6: 468.2260, found: 468.2230.  

3.3.3 Synthesis of A-B type monomers  

3.3.3.1 Procedure for synthesis of methyl vanillate and methyl syringate  

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser and an argon inlet were charged vanillic acid or syringic acid (50 mmol), 

sulphuric acid (1 mL) and methanol (100 mL). The reaction mixture was refluxed for 

10 h. After completion of reaction, excess methanol was removed under reduced 

pressure. The reaction mixture was dissolved in dichloromethane (100 mL). The 

dichloromethane solution was washed with water (2  100 mL), dried over anhydrous 

sodium sulfate, filtered, and concentrated under reduced pressure. The crude product 

was filtered through short bed of silica column using pet ether: dichloromethane as an 

eluent to afford white solid. 

3.3.3.1.1 Synthesis of methyl 4-hydroxy-3-methoxybenzoate  
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Yield 95 %; Melting point- 64
 o

C (lit 63-64)
28

; IR (KBr): 1692 cm
-1

; 
1
H NMR (200 

MHz, CDCl3, δ/ppm): 3.90 (s, 3H), 3.95 (s, 3H), 6.05 (s, 1H), 6.94 (d, 1H), 7.56 (d, 

1H), 7.66 (dd, 1H); 
13

C NMR (50 MHz, CDCl3, δ/ppm):   51.88, 56.01, 111.76, 114.08, 

122.18, 124.14, 146.18, 150.05, 166.87; HRMS (ESI) calculated for C9H10O4 (M +H), 

183.0657; found, 183.0652. 

3.3.3.1.2 Synthesis of methyl 4-hydroxy-3,5-dimethoxybenzoate  

Yield 94 %; Melting point- 107 
o
C (lit. 105-107 

o
C)

29
; IR (KBr): 1685 cm

-1
; 

1
H NMR 

(200 MHz, CDCl3, δ/ppm): 3.89 (s, 3H), 3.93 (s, 6H), 5.99 (s, 1H), 7.32 (s, 2H);  
13

C 

NMR (100 MHz, CDCl3, δ/ppm): 52.06, 56.37, 106.59, 121.01, 139.15, 146.58, 

166.83; HRMS (ESI) calculated for C10H12O5 (M+Na), 235.0582; found, 235.0577. 

3.3.3.2 General procedure for synthesis of -hydroxyalkyleneoxy benzoic acid methyl 

esters  

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser and an argon inlet were charged, methyl vanillate/ methyl syringate (40 

mmol), potassium carbonate (22.1 g, 160 mmol) and N,N-dimethylformamide (100 

mL). The reaction mixture was heated at 100 
o
C for 1 h and then 11-bromoundecanol 

or 6-chlorohexanol (48 mmol) was added and heating was continued for 12 h. The 

reaction mixture was poured into ice cold water (250 mL). The precipitate was filtered 

and dissolved in dichloromethane (100 mL). The dichloromethane solution was 

washed with water (2 x 100 mL), dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure. The crude product was purified by column 

chromatography using pet ether: ethyl acetate as an eluent to afford white solid. 

3.3.3.2.1 Synthesis of methyl 4-((6-hydroxyhexyl)oxy)-3-methoxybenzoate  

Yield 87 %; Melting point- 62 
o
C; IR (KBr): 3367, 1714 cm

-1
; 

1
H NMR (400 MHz, 

CDCl3, δ/ppm): 1.41-1.53 (m, 4H), 1.57-1.64 (m, 2H), 1.84-1.91 (m, 2H), 3.65 (t, 2H), 

3.89 (s, 3H), 3.91 (s, 3H), 4.07 (t, 2H), 6.87 (d, 1H), 7.53 (d, 1H), 7.64 (dd, 1H); 
13

C 

NMR (100 MHz, CDCl3, δ/ppm):
  

25.45, 25.72, 28.88, 32.55, 51.91, 56.0, 62.75, 

68.80, 111.35, 112.27, 122.37, 123.49, 148.78, 152.52, 166.90; HRMS (ESI) 

calculated for C15H22O5 (M+Na), 305.1359; found 305.1348.  

3.3.3.2.2 Synthesis of methyl 4-((11-hydroxyundecyl)oxy)-3-methoxybenzoate  

Yield 80 %; Melting point- 45 
o
C; IR (KBr): 3382, 1717 cm

-1
; 

1
H NMR (200 MHz, 

CDCl3, δ/ppm): 1.27-1.99 (m, 18H), 3.64 (t, 2H), 3.89 (s, 3H), 3.92 (s, 3H), 4.07 (t, 
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2H), 6.88 (d, 1H), 7.54 (d, 1H), 7.66 (dd, 1H); 
13

C NMR (100 MHz, CDCl3, δ/ppm):   

25.7, 25.8, 29.3, 29.4, 29.5, 32.7, 51.9, 56.0, 62.9, 68.9, 111.3, 112.2, 122.2, 123.5, 

148.7, 152.5, 166.9; HRMS (ESI) calculated for C20H32O5 (M+Na), 375.2147; found 

375.2142.  

3.3.3.2.3 Synthesis of methyl 4-((6-hydroxyhexyl)oxy)-3,5-dimethoxybenzoate  

Yield 92 %; Melting point- 42 
o
C; IR (KBr): 3382, 1714 cm

-1
; 

1
H NMR (400 MHz, 

CDCl3, δ/ppm): 1.37-1.59 (m, 6H), 1.71-1.76 (m, 2H), 3.63 (t, 2H), 3.86 (s, 6H), 3.88 

(s, 3H), 4.01 (t, 2H), 7.27 (s, 2H); 
13

C NMR (100 MHz, CDCl3, δ/ppm): 25.4, 25.5, 

29.9, 32.6, 52.1, 56.1, 62.8, 73.3, 106.8, 124.8, 141.4, 153.1, 166.7; HRMS (ESI) 

calculated for C16H24O6 (M+Na), 335.1465; found, 335.1452.  

3.3.3.2.4 Synthesis of methyl 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoate  

Yield 78 %; Melting point- 81 
o
C; IR (KBr): 3412, 1708 cm

-1
; 

1
H NMR (200 MHz, 

CDCl3, δ/ppm): 1.26-1.75 (m, 18H), 3.64 (t, 2H), 3.89 (s, 6H), 3.91 (s, 3H), 4.03 (t, 

2H), 7.29 (s, 2H);
 13

C NMR (50 MHz, CDCl3, δ/ppm):    25.6, 29.2, 29.3, 29.4, 29.4, 

32.7, 52.0, 56.1, 62.8, 73.4, 106.8, 124.7, 141.5, 153.1, 166.7; HRMS (ESI) calculated 

for C21H34O6 (M+Na), 405.2253; found, 405.2248.  

3.3.3.3 General procedure for synthesis of -hydroxyalkyleneoxy benzoic acids  

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser were charged, -hydroxyalkyleneoxy benzoic acid methyl ester (30 mmol), 

sodium hydroxide (6 g, 150 mmol), methanol (100 mL) and water (100 mL). The 

reaction mixture was refluxed for 12 h, and excess methanol was removed under 

reduced pressure. The solution was diluted with water and acidified with aqueous 

hydrochloric acid (3M). The precipitate was filtered and dried in vacuum oven at 60 
o
C 

for 4 h and then recrystallized from aqueous ethanol. 

3.3.3.3.1 Synthesis of 4-((6-hydroxyhexyl)oxy)-3-methoxybenzoic acid  

Yield 78 %; Melting point-131 
o
C (129-130 

o
C)

30
; IR (KBr): 3354, 1685 cm

-1
; 

1
H 

NMR (200 MHz, DMSO-d6, δ/ppm): 1.37-1.43 (m, 6H), 1.70-1.75 (m, 2H), 3.37 (t, 

2H), 3.80 (s, 3H), 4.01 (t, 2H), 4.35 (t, 1H), 7.03 (d, 1H), 7.44 (d, 1H), 7.53 (dd, 1H), 

12.64 (br. s, 1H); 
13

C NMR (50 MHz, DMSO-d6, δ/ppm): 25.3, 25.4, 28.7, 32.5, 55.5, 

60.7, 68.3, 111.9, 112.2, 122.8, 123.3, 148.5, 152.1, 167.2; HRMS (ESI): m/z 

calculated for C14 H20 O5 (M+Na)
+
, 291.1111 ; found, 291.1203. 
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3.3.3.3.2 Synthesis of 4-((11-hydroxyundecyl)oxy)-3-methoxybenzoic acid  

Yield 94 %; Melting point- 110 
o
C; IR (KBr):3326, 1683 cm

-1
; 

1
H NMR (200 MHz, 

DMSO-d6, δ/ppm): 1.25-1.39 (m, 16H), 1.70-1.76 (m, 2H), 3.36 (t, 2H), 4.01 (t, 2H), 

4.32 (br. s, 1H), 7.03 (d, 1H), 7.42 (d, 1H), 7.53 (dd, 1H), 12.62 (br. s, 1H); 
13

C NMR 

(100 MHz, DMSO-d6, δ/ppm):   25.5, 25.5, 28.6, 28.8, 29.0, 29.1, 32.6, 55.5, 60.7, 

68.2, 111.8, 112.1, 122.9, 123.2, 148.4, 152.0, 167.2; HRMS (ESI) calculated for 

C19H30O5 (M+Na), 361.1993; found 361.1985. 

3.3.3.3.3 Synthesis of 4-((6-hydroxyhexyl)oxy)-3,5-dimethoxybenzoic acid  

Yield 75 %; Melting point- 82 
o
C; IR (KBr): 3306, 1683 cm

-1
; 

1
H NMR (400 MHz, 

DMSO-d6, δ/ppm): 1.24-1.44 (m, 2H), 1.54-1.69 (m, 4H), 3.39 (t, 2H), 3.81 (s, 6H), 

3.91 (t, 2H), 4.33 (t, 1H), 7.22 (s, 2H), 12.90 (br. s, 1H); 
13

C NMR (100 MHz, DMSO-

d6, δ/ppm): 25.3, 29.7, 32.6, 55.9, 60.7, 72.5, 106.6, 125.7, 140.7, 152.8, 167.0; HRMS 

(ESI) calculated for C15H22O6 (M+Na), 321.1316; found, 321.1309. 

3.3.3.3.4 Synthesis of 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoic acid  

Yield 96 %; Melting point- 81 
o
C; IR (KBr): 3317, 1688 cm

-1
; 

1
H NMR (400 MHz, 

DMSO-d6, δ/ppm): 1.13-1.44 (m, 16H), 1.55-1.71 (m, 2H), 3.36 (t, 2H), 3.80 (s, 6H), 

3.90 (t, 2H), 4.31 (br. s, 1H), 7.22 (s, 2H); 
13

C NMR (50 MHz, DMSO-d6, δ/ppm): 

25.3, 25.5, 28.7, 29.0, 29.0, 29.1, 29.6, 32.5, 55.9, 60.7, 72.4, 106.6, 125.6, 140.6, 

152.8, 166.9; HRMS (ESI) calculated for C20H32O6 (M+Na), 391.2099; found 

391.2091. 

3.3.3.4 General procedure for synthesis of -hydroxyalkyleneoxy benzoyl azides  

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser, an argon inlet and an addition funnel were charged -hydroxyalkyleneoxy 

benzoic acid (20 mmol) and a mixture of tetrahydrofuran : water  (3:1, v/v) (50 mL). 

The reaction mixture was cooled to 0 
o
C and the solution of triethyl amine (6 g, 60 

mmol) in tetrahydrofuran (15 mL) was added dropwise over a period of 15 min.  To 

the reaction mixture, ethylchloroformate (6.4 g, 60 mmol) was added dropwise over a 

period of 10 min. and stirred for 2 h. The solution of sodium azide (3.9 g, 80 mmol) in 

water (25 mL) was added dropwise over a period of 10 min. and the mixture was 

stirred at 0 
o
C for 2 h and then stirring was continued at room temperature for 4 h. Ice 

cold water (200 mL) was added gradually to the reaction mixture to obtain white solid. 

The crude product was dissolved in dichloromethane and washed with water (2  100 
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mL). The dichloromethane solution was dried over anhydrous sodium sulfate, filtered 

and concentrated under reduced pressure at 25 
o
C to afford a white solid. 

3.3.3.4.1 Synthesis of 4-((6-hydroxyhexyl)oxy)-3-methoxybenzoyl azide  

Yield 80 %; Melting point- 74 
o
C; IR (KBr): 3286, 2152, 1681 cm

-1
; 

1
H NMR (200 

MHz, CDCl3, δ/ppm): 1.50-1.64 (m, 6H), 1.83-1.96 (m, 2H), 3.67 (t, 2H), 3.92 (s, 3H), 

4.1 (t, 2H), 6.88 (d, 1H), 7.53 (d, 1H), 7.66 (dd, 1H); 
13

C NMR (100 MHz, CDCl3, 

δ/ppm): 25.5, 25.7, 28.8, 32.6, 56.1, 62.8, 68.9, 111.3, 111.8, 123.0, 124.0, 149.1, 

153.9, 171.7; HRMS (ESI) calculated for C14H19N3O4 (M+Na), 316.1273; found, 

316.1268.  

3.3.3.4.2 Synthesis of 4-((11-hydroxyundecyl)oxy)-3-methoxybenzoyl azide  

 Yield 76 %; Melting point- 89 
o
C; IR (KBr): 3231, 2153, 1676 cm

-1
; 

1
H NMR (400 

MHz, CDCl3, δ/ppm): 1.29-1.58 (m, 18H), 1.83-1.90 (m, 2H), 3.64 (t, 2H), 3.92 (s, 

3H), 4.08 (t, 2H), 6.87 (d, 1H), 7.51 (d, 1H), 7.66 (dd, 1H); 
13

C NMR (100 MHz, 

CDCl3, δ/ppm): 25.7, 25.8, 28.8, 29.3, 29.4, 29.4, 29.5, 32.7, 56.0, 63.0, 69.1, 111.2, 

111.7, 122.9, 124.0, 149.1, 154.0, 171.7; HRMS (ESI) calculated for C19H29N3O4 

(M+Na), 386.2056; found, 386.2050. 

3.3.3.4.3 Synthesis of 4-((6-hydroxyhexyl) oxy)-3,5-dimethoxybenzoyl azide  

Yield 78 %; Melting point- 44 
o
C; IR (KBr): 3282, 2155, 1682 cm

-1
; 

1
H NMR (200 

MHz, CDCl3, δ/ppm): 1.43-1.83 (m, 8H), 3.68 (t, 2H), 3.91 (s, 6H), 4.07 (t, 2H), 7.37 

(s, 2H); 
13

C NMR (50 MHz, CDCl3, δ/ppm): 25.4, 25.5, 30.0, 32.7, 56.2, 62.9, 73.5, 

106.8, 125.3, 143.0, 153.3, 171.8; HRMS (ESI) calculated for C15H21N3O5 (M+Na), 

346.1379; found, 346.1373. 

3.3.3.4.4 Synthesis of 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoyl azide  

 Yield 75 %; Melting point- 57 
o
C; IR (KBr): 3440, 2155, 1688 cm

-1
; 

1
H NMR (400 

MHz, CDCl3, δ/ppm): 1.25-1.37 (m, 12H), 1.40-1.49 (m, 2H), 1.53-1.62 (m, 2H), 1.71-

1.78 (m, 2H), 3.65 (t, 2H), 3.89 (s, 6H), 4.06 (t, 2H), 7.28 (s, 2H); 
13

C NMR (100 

MHz, CDCl3, δ/ppm): 25.7, 29.3, 29.4, 29.5, 29.5, 30.0, 32.7, 56.2, 63.0, 73.7, 106.7, 

125.2, 143.0, 153.3, 171.8; HRMS (ESI) calculated for C20H31N3O5 (M+Na), 

416.2161; found, 416.2156. 

3.3.4 Synthesis of furyl containing bisphenols 

3.3.4.1 General procedure for synthesis of furyl containing bisphenols 
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      Into a 500 mL two necked round bottom flask equipped with a reflux condenser, an 

addition funnel and a magnetic stirring bar were charged guaiacol or syringol (64.93 

mmol ) and 20% aqueous NaOH (5% by weight based on guaiacol or syringol) at 

room temperature. Furfural/ methyl furfural (32.40 mmol) was added dropwise with 

stirring. The reaction mixture was stirred at room temperature for 4 h and then heated 

at 100 
o
C for 4 h. The reaction mixture was cooled to room temperature and diluted 

with cold water (500 mL) with stirring. The solution was neutralized with dilute 

hydrochloric acid. The precipitated product was separated out by filtration and washed 

with cold water. The product was dissolved in dichloromethane (200 mL) and the 

solution was dried over anhydrous sodium sulphate, filtered and dichloromethane was 

removed under reduced pressure at room temperature. The product was recrystallized 

from ethanol: water to afford solid product. 

3.3.4.1.1 Synthesis of 4, 4’-(furan-2-ylmethylene)bis(2,6-dimethoxyphenol) 

Yield 82%; Melting point- 125 
o
C; 

1
H NMR (500 MHz, CDCl3, δ/ppm): 3.81 (s, 12H) 

5.31 (s, 1H) 5.45 (br. s, 2H) 5.94 (d, 1H) 6.31-6.33 (m, 1H) 6.39 (s, 4H) 7.39 (br.s, 

1H); 
13

C NMR (125 MHz, CDCl3 δ/ppm): 50.6, 56.2, 105.4, 108.1, 110.1, 132.8, 

133.5, 141.8, 146.8, 156.9; HRMS ESI
+
: (M+Na)

+
 m/z calculated for C21H22O7Na: 

409.1264, found: 409.1258. 

3.3.4.1.2 Synthesis of 4,4'-(furan-2-ylmethylene)bis(2-methoxyphenol) 

Yield 58%; Melting point- 145 
o
C; 

1
H NMR (500 MHz, CDCl3, δ/ppm): 3.81 (s, 6H) 

5.32 (s, 1H) 5.54 (br. s, 2H) 5.91(d, 1H) 6.30-6.32 (m 1H) 6.64 (dd, 2H) 6.68 (d, 2H) 

6.85 (d, 2H) 7.38 (br.s, 1H);
 13

C NMR (50 MHz, CDCl3 δ/ppm): 50.3, 55.9, 108.6, 

110.2, 113.2, 119.9, 121.0, 122.5, 137.7, 140.7, 142.1, 146.5, 150.9, 155.6, 155.8; 

HRMS ESI
+
: (M+Na)

+
 m/z calculated for C19H18O5Na: 349.1046, found: 349.1043. 

3.3.4.1.3 Synthesis of 4,4'-((5-methylfuran-2-yl)methylene)bis(2,6-dimethoxyphenol) 

Yield 85%; Melting point- 118 
o
C; 

1
H NMR (200 MHz, CDCl3, δ/ppm): 2.26(s, 3H), 

3.80 (s, 12H), 5.25 (s, 1H), 5.50 (s, 1H), 5.76 (d, 1H), 5.88 (d, 1H), 6.40 (s, 4H);
 13

C 

NMR (50 MHz, CDCl3 δ/ppm): 13.5, 50.7, 56.2, 105.5, 105.8, 108.9, 133.0, 133.4, 

146.8, 151.3, 155.0; HRMS ESI
+
: (M+Na)

+
 m/z calculated for C22H24O7Na: 423.1410, 

found: 423.1414. 

3.3.5 Synthesis of oxadiazole containing bisphenols 

3.3.5.1 Synthesis of 4-acetoxy-3-methoxybenzoic acid 
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Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser, an argon inlet and an addition funnel were charged, vanillic acid (5 g, 29 

mmol), acetic anhydride (10 mL, 98 mmol) and sulphuric acid (1 mL). The reaction 

mixture was heated to 70 
o
C for 2 h.  Ice cold water (250 mL) was added gradually to 

the reaction mixture and solid was precipitated out. The precipitate was filtered and 

washed with water. The crude product was recrystallized from water: ethanol mixture. 

Yield 96%; Melting point- 144 
o
C; 

1
H NMR (400 MHz, DMSO-d6, δ/ppm): 2.28 (s, 

3H); 3.86 (s, 3H), 7.20 (dd, 1H), 7.58 (d, 1H), 7.60 (d, 1H), 13.08 (s, 1H); 
13

C NMR 

(50 MHz, DMSO-d6, δ/ppm): 20.4, 55.9, 113.1, 122.2, 123.1, 129.5, 143.0, 150.8, 

166.7, 168.2. 

3.3.5.2 Synthesis of (hydrazine-1,2-dicarbonyl)bis(2-methoxy-4,1-phenylene) diacetate 

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser, an argon inlet and an addition funnel were charged, 4-acetoxy-3-

methoxybenzoic acid (1.5 g, 3.6 mmol) and thionyl chloride (3 mL, 41 mmol). The 

reaction mixture was refluxed for 3 h, and then excess thionyl chloride was distilled 

out. To the reaction mixture, NMP (7 mL) was added and the reaction mixture was 

cooled to 0 
o
C. The solution of hydrazine hydrate (0.1 mL, 1.8 mmol) in NMP (3 mL) 

was added drop wise over a period of 15 min and stirring was continued for 1 h at 25 

o
C.  Ice cold water (250 mL) was added gradually to the reaction mixture and solid 

was precipitated out. The precipitate was filtered and washed with water.  

Yield 85%; Melting point- 176 
o
C; 

1
H NMR (200 MHz, DMSO-d6, δ/ppm): 2.29 (s, 

6H), 3.86 (s, 6H), 7.25 (d, 2H), 7.54 (dd, 2H), 7.64 (d, 2H), 10.59 (s, 2H);
 13

C NMR 

(50 MHz, DMSO-d6 δ/ppm): 20.4, 56.0, 111.8, 120.2, 123.0, 131.2, 142.1, 150.8, 

165.1, 168.3 

3.3.5.3 Synthesis of (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-4,1-phenylene) diacetate 

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser, an argon inlet and an addition funnel were charged, (hydrazine-1,2-

dicarbonyl)bis(2-methoxy-4,1-phenylene) diacetate (1 g, 24 mmol) and thionyl 

chloride (10 mL). The reaction mixture was refluxed for 2 h and excess thionyl 

chloride was removed under reduced pressure. The solid product was recrystallized 

from acetone. 
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Yield 90 %; Melting point- 189 
o
C; 

1
H NMR (200 MHz, DMSO-d6, δ/ppm): 2.31(s, 

6H), 3.93 (s, 6H), 7.37 (d, 2H), 7.76 (dd, 2H), 7.80 (d, 2H);
 13

C NMR (50 MHz, 

DMSO-d6, δ/ppm): 20.4, 56.2, 110.7, 119.7, 121.9, 124.1, 142.3, 151.5, 163.7, 168.2. 

3.3.5.4 Synthesis of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-methoxyphenol) 

Into a 100 mL single-necked round bottom flask equipped with a magnetic 

stirring bar were charged, (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-4,1-

phenylene)diacetate (1 g, 2.5 mmol ), sodium hydroxide (0.65 g, 16 mmol) and 

methanol (50 mL). The reaction mixture was stirred for 4 h at room temperature and 

excess methanol was removed under reduced pressure. The solution was diluted with 

water and acidified with aqueous hydrochloric acid (3M). The precipitate was filtered 

and dried in vacuum oven at 80 
o
C for 10 h and then recrystallized from aqueous 

ethanol. 

Yield 93 %; Melting point- 210 
o
C; 

1
H NMR (200 MHz, DMSO-d6, δ/ppm): 3.89 (s, 

6H), 6.96 (d, 2H), 7.56 (br. s, 4H), 9.95 (br. s, 2H);
 13

C NMR (100 MHz, DMSO-d6, 

δ/ppm): 55.8, 110.0, 114.5, 116.0, 120.5, 148.1, 150.3, 163.7.; HRMS ESI
+
: (M+H)

+
 

m/z calculated for C16H15N2O5: 315.0975, found: 315.0792. 

3.3.6 Synthesis of , -diacyl hydrazides containing oxyalkylene linkage. 

3.3.6.1 General procedure for synthesis of , -diester containing oxyalkylene 

linkages 

Into a 250 mL two-necked round bottom flask equipped with a reflux 

condenser and an argon inlet were charged, methyl vanillate or methyl syringate (40 

mmol), potassium carbonate (22.1 g, 160 mmol) and DMF (100 mL). The reaction 

mixture was heated at 100 
o
C for 1 h and then 1, 3-dibromopropane (20 mmol) was 

added and heating was continued for 12 h. The reaction mixture was poured into ice 

cold water (250 mL). The precipitate was filtered and dissolved in dichloromethane 

(100 mL). The dichloromethane solution was washed with water (2 x 100 mL), dried 

over anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. The 

crude product was purified by column chromatography using pet ether: ethyl acetate as 

an eluent to afford white solid. 

3.3.6.1.1 Synthesis of dimethyl 4,4'-(propane-1,3-diylbis(oxy))bis(3-methoxybenzoate) 

Yield: 80 %; Melting point-158
 o

C; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 2.35-2.48 (m, 

2H), 3.90 (s, 6H), 4.30 (t, 2H), 6.94 (d, 2H), 7.54 (d, 2H), 7.64 (dd, 2H).
 13

C NMR (50 



Chapter 3                                                                                  Step Growth Monomers from Lignin…. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   55 
 

MHz, CDCl3, δ/ppm):
  
28.9, 52.0, 56.0, 65.4, 111.5, 112.3, 122.8, 123.4, 148.9, 152.2, 

166.8. 

3.3.6.1.2 Synthesis of dimethyl 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoate) 

Yield: 76 %; Melting point-120
 o

C; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 2.12-2.24(m, 

2H), 3.83 (s, 12H), 3.91 (s, 6H), 4.30 (t, 4H), 7.27 (s, 4H); 
13

C NMR (50 MHz, CDCl3, 

δ/ppm): 31.4, 52.5, 56.4, 71.0, 107.1, 125.2, 141.9, 153.4, 167.1. 

3.3.6.2 General procedure for synthesis of , -acyl hydrazides containing 

oxyalkylene linkage 

Into a 500 mL two necked round bottom flask equipped with a magnetic stirrer 

and a reflux condenser were placed , -diester (28 mmol) and ethanol (100 mL). 

Hydrazine hydrate (98 %) (28 g, 56 mmol) was added dropwise over a period of 15 

min and the reaction mixture was refluxed for 12 h. The reaction mixture was cooled 

to room temperature and the precipitate was filtered, dried and recrystallized from 

water: ethanol mixture.  

3.3.6.2.1 Synthesis of 4,4'-(propane-1,3-diylbis(oxy))bis(3-methoxybenzohydrazide) 

Yield: 90 %; Melting point 208
 o

C; 
1
H NMR (200 MHz, DMSO-d6, δ/ppm): 2.16-2.22 

(m, 2H), 3.79 (s, 6H), 4.16 (t, 4H), 4.42 (s, 4H), 7.04 (d, 2H), 7.41 (d, 2H), 7.43 (dd, 

2H), 9.63 (s, 2H); 
13

C NMR (50 MHz, DMSO-d6, δ/ppm): 28.6, 55.6, 64.9, 110.5, 

112.2, 120.1, 125.7, 148.4, 150.2, 165.6; HRMS ESI
+
: (M+H)

+
 m/z calculated for 

C19H25N4O6: 405.1769, found: 405.1768. 

3.3.6.2.2 Synthesis of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzohydrazide) 

Yield: 97 %; Melting point- 222
 o

C; 
1
H NMR (200 MHz, DMSO-d6, δ/ppm): 1.87-2.0 

(m, 2H), 3.76 (s, 12H), 4.09 (t, 4H), 4.47 (s, 4H), 7.15 (s, 4H); 
13

C NMR (50 MHz, 

DMSO-d6, δ/ppm): 30.6, 55.9, 69.8, 104.4, 128.2, 138.9, 152.7, 165.4; HRMS ESI
+
: 

(M+H)
+
 m/z calculated for C21H29N4O8: 465.1980, found: 465.1975. 

3.3.7 Synthesis of 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-

dicarbohydrazide 
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Into a 250 mL two-necked round bottom flask equipped with a magnetic 

stirring bar, a nitrogen inlet, an addition funnel and a reflux condenser were charged, 

dimethyl 6,6'- dimethyl 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-

dicarboxylate (5 g, 10 mmol), and ethanol (10 mL). Hydrazine hydrate (1 g, 20 mmol) 

(80%) was added dropwise to the reaction mixture over a period of 15 min and 

refluxed for 12 h. The precipitate was filtered and dried in vacuum oven at 60 
o
C for 4 

h and then recrystallized from aqueous ethanol. 

Yield 84 %; Melting point- 98 
o
C; IR (KBr): 3300, 1630 cm

-1
; 

1
H NMR (200 MHz, 

CDCl3, δ/ppm): 0.7 (t, 6H), 0.95-1.06 (m, 8H), 1.34-1.40 (m, 4H), 3.76 (t, 4H), 3.86 (s, 

6H), 4.46 (s, 4H), 7.32 (d, 2H), 7.52 (d, 2H), 9.71 (s, 2H) ; 
13

C NMR (50 MHz, CDCl3, 

δ/ppm): 13.9, 22.2, 27.8, 29.7, 55.9, 73.3, 111.1, 121.5, 131.9, 149.2, 152.9, 153.0, 

167.9; HRMS ESI
+
: (M+H)

+
 m/z calculated for C26H39N4O6: 503.2864, found: 

503.2845. 

3.3.8 Synthesis of bis(4-formyl-2-methoxyphenyl) succinate 

Into a 250 mL three-necked round bottom flask fitted with an addition funnel, a 

magnetic stirrer bar and a nitrogen inlet were charged vanillin (1.96 g, 12.9 mmol), 

pyridine (1.56 mL, 19.3 mmol) and chloroform (100 mL). After stirring at 0 
o
C for 2 h, 

succinyl chloride (0.99 g, 6.45 mmol) in chloroform (7 mL) was added dropwise over 

30 min and the reaction mixture was stirred at room temperature for 12 h. The 

chloroform solution was washed with water (2 x 100 mL), dried over anhydrous 

sodium sulphate, filtered, and concentrated under reduced pressure. The crude product 

was purified by column chromatography using pet ether: ethyl acetate as an eluent to 

afford white solid. 

Yield 81 %; Melting point- 137 
o
C; IR (KBr): 2942, 2830, 2723, 1558, 1704 cm

-1
; 

1
H 

NMR (200 MHz, CDCl3, δ/ppm): 3.08 (t, 4H), 3.88 (s, 6H), 7.23 (d, 2H), 7.46 (dd, 

2H), 7.50 (d, 2H), 9.94 (s, 2H);
13

C NMR (100 MHz, CDCl3, δ/ppm): 28.9, 56.1, 110.9, 

123.3, 124.6, 135.3, 144.7, 151.9, 169.5, 190.9; HRMS ESI
+
: (M+H)

+
 m/z calculated 

for C20H18O8: 387.1080, found: 387.1250. 

3.3.9 Synthesis of bis(4-(hydroxymethyl)-3-methoxyphenyl) succinate  

Into a 100 mL three-necked round bottom flask fitted with an addition funnel, a 

magnetic stirrer bar and a nitrogen inlet were charged bis(4-formyl-2-methoxyphenyl) 

succinate (1.9 g, 5 mmol) and tetrahydrofuran (100 mL). After stirring at 0 
o
C, sodium 

borohydride (586 mg, 15.5 mmol) in tetrahydrofuran (5 mL) was added dropwise over 
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15 min and stirring was continued at 0 
o
C for 3 h. After completion of reaction, 

tetrahydrofuran was evaporated under reduced pressure at 30 
o
C. The residue was 

dissolved in ethyl acetate, washed with water (2 x 100 mL), dried over anhydrous 

sodium sulphate, filtered, and concentrated under reduced pressure. The crude product 

was purified by column chromatography using pet ether: ethyl acetate as an eluent to 

afford white solid. 

Yield 96 %; Melting point- 126 
o
C; IR (KBr): 3533, 1743 cm

-1
; 

1
H NMR (200 MHz, 

CDCl3, δ/ppm):3.05 (t, 4H), 3.82 (s, 6H), 4.66 (s, 4H), 6.89 (d, 2H), 7.0 (d, 2H), 7.04 

(d, 2H); 
13

C NMR (50 MHz, CDCl3, δ/ppm): 29.0, 55.9, 64.9, 113.3, 122.2, 123.8, 

126.0, 139.5, 151.1, 170.0; HRMS ESI
+
: (M+Na)

+
 m/z calculated for C20H22O8Na: 

413.1198, found: 413.1207. 

3.3.10 General procedure for synthesis of diacid containing ester linkage 

Into a 250 mL three-necked round bottom flask fitted with an addition funnel, a 

magnetic stirrer bar and a nitrogen inlet were charged vanillic acid/ syringic acid (60 

mmol), triethyl amine (13 mmol) and chloroform (100 mL). After stirring at 0 
o
C for 2 

h, the solution of 2,5-furandicarboxylic acid chloride (30 mmol) in chloroform (5 mL) 

was added dropwise over 30 min and the reaction mixture was stirred at room 

temperature for 12 h. After completion of reaction, chloroform was removed under 

reduced pressure and the residue was dissolved in water (100 mL) and acidified with 

dilute hydrochloric acid (3M). The resulting diacid was filtered and dried at 70 
o
C for 

10 h under reduced pressure.  

3.3.10.1 Synthesis of 4,4'-((furan-2,5-dicarbonyl)bis(oxy))bis(3-methoxybenzoic acid) 

Yield 84 %; IR (KBr): 2960, 1780, 1706 cm
-1

; 
1
H NMR (200 MHz, DMSO-d6, δ/ppm): 

3.86 (s, 12H), 7.44 (d, 2H), 7.65 (dd, 2H), 7.68 (d, 2H), 7.81 (s, 2H), 13.18 (s, 2H); 
13

C 

NMR (50 MHz, DMSO-d6, δ/ppm): 56.1, 113.4, 121.2, 122.3, 123.1, 130.3, 141.8, 

145.5, 150.6, 154.9, 166.6; HRMS ESI
+
: (M+Na)

+
 m/z calculated for C22H16O11Na: 

479.0584, found: 479.0583. 

3.3.10.2 Synthesis of 4,4'-((furan-2,5-dicarbonyl)bis(oxy))bis(3,5-dimethoxybenzoic 

acid) 

Yield 82 %; IR (KBr): 2964, 1783, 1700 cm
-1

; 
1
H NMR (200 MHz, DMSO-d6, δ/ppm): 

3.86 (s, 12H), 7.36 (s, 4H), 7.84 (s, 2H);
 13

C NMR (50 MHz, DMSO-d6, δ/ppm): 55.9, 
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109.2, 128.3, 139.2, 150.9, 150.8, 155.3, 168.3; HRMS ESI
+
: (M+Na)

+
 m/z calculated 

for C24H20O13Na: 539.0802, found: 539.1031. 

3.4 Results and discussion 

3.4.1 Synthesis and characterization of diisocyanate monomers 

Aromatic diisocyanates are useful class of monomers in polymer industry, as 

they find applications in the synthesis of various step-growth polymers such as 

polyurethanes, polyureas, polyimides, polyamides and so on. More than 90% market 

of diisocyanates is captured by aromatic diisocyanates. The most commonly used 

aromatic diisocyanates viz. toluene diisocyanate and methylenediphenyl diisocyanate 

are obtained from petroleum-derived chemicals. 

 The reports on synthesis of aromatic diisocyanates based on bio-derived 

chemicals are scanty expect for furan derivatives viz. 2,5-diisocyanatofuran, bis(5-

isocyanatofurfuryl)ether, diisocyanates containing difurylalkane moieties and CNSL-

based diisocyanates
20,26,31,32

 

Diisocyanates are usually synthesized by reaction of phosgene with diamine or 

its salt. However, the high toxicity and gaseous nature of phosgene has generated 

interest to develop new phosgene-free routes for the synthesis of diisocyanates. In 

order to avoid use of phosgene, phosgene equivalents such as triphosgene or 

diphosgene have been used for the synthesis of diisocyanates
33–35

. Additionally, some 

lab-scale phosgene-free methods are known in the literature such as Curtius, Hofmann 

and Lossen rearrangement
36

.  

In the present work, new aromatic diisocyanate monomers containing 

oxyalkylene/biphenylene linkage were designed and synthesized starting from lignin-

derived aromatics.   

3.4.1.1 Synthesis and characterization of new diisocyanate monomers containing 

oxyalkylene linkage  

Scheme 3.1 depicts the route for synthesis of diisocyanates containing 

oxyalkylene linkage. The synthesis of diisocyanates involved three steps. In the first 

step, diacids were prepared by o-alkylation of vanillic/syringic acids with α, ω-

dibromoalkane viz. 1,3-dibromopropane, 1,4-dibromobutane, or 1,5-dibromopentane in 

the presence of sodium hydroxide. The product in each case was recrystallized from 

water-ethanol mixture and was characterized by 
1
H NMR and 

13
C NMR spectroscopy. 



Chapter 3                                                                                  Step Growth Monomers from Lignin…. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   59 
 

1
H NMR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzoic 

acid) is shown in Figure 3.2. A singlet appeared at 12.93 ppm corresponds to acid 

proton ‘a’. The aromatic protons ‘b’ showed a singlet at 7.21  ppm and methylene 

protons ‘c’ attached to the ether linkage exhibited a triplet at 4.13  ppm. The methoxy 

protons ‘d’ attached to aromatic rings showed a singlet at 3.82  ppm and methylene 

protons ‘e’ appeared as a multiplet over the range 1.92-2.01  ppm. 
13

C NMR 

spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzoic acid) along with 

assignments is shown in Figure 3.3 

 

Scheme 3.1: Synthesis of diisocyanates containing oxyalkylene linkage 

 

Figure 3.2 
1
H NMR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoic acid) in DMSO-d6 
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Figure 3.3 
13

C NMR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoic acid) in DMSO-d6 

The acyl azides can be prepared by two methods 1) from acid derivative viz. 

acid chloride or acid hydrazide
37,38

, and 2) from acid using acid activator like ethyl 

chloroformate, phenyldichloroformate, SOCl2-DMF, NCS-triphenylphosphate, 

triphosgene, 3,4,5-trifluorobenzeneboronic acid or cyanuric chloride followed by 

reaction with sodium azide
39–41

. In the present work, diacyl azides were synthesized 

from diacid via the elegant ‘one-pot’ Weinstock modification of the Curtius reaction. 

The diacid was treated with triethyl amine to afford salt. This salt was reacted with 

ethyl chloroformate to obtain mixed carboxylic-carbonic anhydride, which was treated 

with sodium azide to afford diacyl azide. Diacyl azide was characterized by FT-IR, 
1
H 

NMR and 
13

C NMR spectroscopy. FT-IR spectrum of 4,4'-(propane-1,3-

diylbis(oxy))bis(3,5-dimethoxybenzoyl azide) is displayed in Figure 3.4. FT-IR 

spectrum showed absorption band at 2146 cm
-1

 which corresponds to –N3 group. A 

band appeared at 1684 cm
-1 

due to carbonyl group.  



Chapter 3                                                                                  Step Growth Monomers from Lignin…. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   61 
 

4000 3500 3000 2500 2000 1500 1000

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavenumber (cm
-1
)

2146

1684

 

Figure 3.4 FT-IR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoyl azide) 

1
H NMR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzoyl 

azide) is reproduced in Figure 3.5, which shows disappearance of peak at 12.93  ppm 

corresponding to acid protons. The order as well as splitting of protons was similar as 

in the case of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzoic acid) (Figure 

3.2).
 13

C NMR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzoyl 

azide) with assignments is presented in Figure 3.6. 

Diacyl azides were found to be safe to handle in the laboratory. However, it is 

recommended to follow standard safety precautions while handling the diacyl azides. 
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Figure 3.5 
1
H NMR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoyl azide) in CDCl3 

 

Figure 3.6 
13

C NMR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoyl azide) in CDCl3 
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Finally, diacyl azide was converted into diisocyanate by thermal decomposition 

of acyl azide group in toluene at 80 
o
C. The progress of reaction was monitored by FT-

IR spectroscopy. After complete conversation of diacyl azide, toluene was evaporated 

under reduced pressure to afford diisocyanate monomer. All the synthesized 

diisocyanates are solids at room temperature with a melting point in the range 60-136 

o
C. Thus, these diisocyanates should present minimal inhalation hazards. 

Diisocyanates were characterized by FT-IR, 
1
H NMR and 

13
C NMR spectroscopy. A 

representative FT-IR spectrum of 1,3-bis(4-isocyanato-2,6-

dimethoxyphenoxy)propane is reproduced in Figure 3.7. The disappearance of C=O 

and -N3 stretching indicated complete conversation of acyl azide to isocyanato group. 

The characteristic band of the –NCO asymmetric stretching appeared at 2268 cm
-1

.  
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Figure 3.7 FT-IR spectrum of 1,3-bis(4-isocyanato-2,6-dimethoxyphenoxy)propane 

1
H NMR spectrum of 1,3-bis(4-isocyanato-2,6-dimethoxyphenoxy)propane is 

displayed in Figure 3.8 . The aromatic protons appeared in the upfield at 6.31  ppm 

as compared to the same protons which appeared at 7.25  ppm for its acyl azide 

precursor (Figure 3.5). This could be attributed due to electron donating effect of 

isocyanato group. A triplet was observed at 4.16  ppm which corresponds to 

methylene group attached to ether linkage while protons of methoxy group exhibited a 

singlet at 3.79  ppm. The signal of remaining aliphatic protons appeared as a 

multiplet in the range 2.12-2.19 ppm. 
13

C NMR spectrum of 1,3-bis(4-isocyanato-2,6-
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dimethoxyphenoxy)propane along with the assignments of carbon atoms is displayed 

in Figure 3.9 . A signal at 153.8  ppm was observed corresponding to –NCO group. 

 

Figure 3.8 
1
H NMR spectrum of 1,3-bis(4-isocyanato-2,6-dimethoxyphenoxy)propane 

in CDCl3 

 

Figure 3.9 
13

C NMR spectrum of 1,3-bis(4-isocyanato-2,6-

dimethoxyphenoxy)propane in CDCl3 
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 The structure of diisocyanate was further confirmed by single crystal X-ray 

diffraction analysis. Crystal structure data for representative aromatic diisocyanate 

viz.1,3-bis(4-isocyanato-2-methoxyphenoxy)propane was determined using Bruker 

Single Crystal X-ray diffractometer. Good quality single crystals of 1,3-bis(4-

isocyanato-2-methoxyphenoxy)propane were obtained by slow evaporation from 

toluene. The crystals were of the monoclinic type with P21/c space group containing 

one molecule in the asymmetric unit. The ORTEP of 1,3-bis(4-isocyanato-2-

methoxyphenoxy)propane drawn at the 50% ellipsoid probability level is shown in 

Figure 3.10. The H-atoms are drawn with an arbitrary radii. The crystallographic data 

is summarized in Table 3.1. View of molecular packing down the b-axis is shown in 

Figure 3.11. The adjacent molecules along the a-axis are associated centro-

symmetrically through short dipolar C=OC=O contact supported by dimeric C-HO 

contact across the inversion center thereby generating an extended chain. The 

neighboring parallel waves along the c-axis are linked through weak C-HO contact 

to yield 2D packing. 

 

Figure 3.10 ORTEP diagram of 1,3-bis(4-isocyanato-2-methoxyphenoxy)propane 

 

Figure 3.11 Molecular packing viewed the down b-axis showing layered arrangement 

on the ac plane 
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Table 3.1Crystal data and structure refinement parameters for 1,3-bis(4-isocyanato-2-

methoxyphenoxy)propane 

Empirical formula   C19H18N2O6 

Formula weight   370.35 

Temperature   150(2) K 

Wavelength   0.71073 Å 

Crystal system                                                Monoclinic 

Space group   P21/c 

Unit cell dimensions  

   = 101.019(4)° 

   = 90° 

a = 13.1016(7) Å       α = 90° 

b = 9.4677(6) Å        = 101.019(4)° 

c = 14.3180(8) Å        = 90° 

Volume  1743.29(17) Å3 

Z  4 

Density (calculated)  1.411 Mg/m3 

Absorption coefficient  0.106 mm-1 

F(000)  776 

Crystal size  0.47 x 0.31 x 0.27 mm3 

Theta range for data collection  1.58 to 24.99°. 

Index ranges  -15<=h<=15, -11<=k<=11, -16<=l<=17 

Reflections collected  14217 

Independent reflections  3025 [R(int) = 0.1381] 

Completeness to theta = 24.99°   98.4 % 

Absorption correction  Semi-empirical from equivalents 

Max. and min. transmission  0.9718 and 0.9517 

Refinement method  Full-matrix least-squares on F2 

Data / restraints / parameters  3025 / 0 / 246 

Goodness-of-fit on F2  1.246 

Final R indices [I>2sigma(I)]  R1 = 0.0990, wR2 = 0.3002 

R indices (all data)  R1 = 0.2170, wR2 = 0.3893 

Largest diff. peak and hole  0.647 and -0.741 e Å-3 
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3.4.1.2 Synthesis of diisocyanates containing biphenylene linkage 

Scheme 3.2 depicts synthesis of diisocyanates containing biphenylene linkage 

Scheme 3.2 Synthesis of diisocyanates containing biphenylene linkage starting from 

methyl vanillate 

Two new diisocyanates namely, 5,5'-diisocyanato-3,3'-dimethoxy-2,2'-

bis(pentyloxy)-1,1'-biphenyl and 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl 

were synthesized starting from vanillic acid.  

The synthesis of diisocyanates involved six steps. In the first step, vanillic acid 

was reacted with methanol in the presence of sulphuric acid to afford methyl vanillate. 

In the second step, dimer of methyl vanillate was synthesized from methyl vanillate by 

enzyme catalyzed coupling reaction. The reaction was carried out in the presence of 

Laccase from Trametes versicolor and NaOAc buffer in acetone-water mixture at pH 

5.0. The reaction mixture turned yellow, which might be due to radical formation. 

After completion of reaction, solid precipitated out. The precipitate was filtered and 

dried under reduced pressure at 90 
o
C. The filtrate can be reused for next batch. The 

product was characterized by 
1
H NMR and 

13
C NMR spectroscopy. 

1
H NMR and 

13
C 

NMR spectra of dimethyl 6,6'-dihydroxy-5,5'-dimethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylate (DVE) are displayed in Figure  3.12 and 3.13, respectively.  
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Figure 3.12 
1
H NMR spectrum of dimethyl 6,6'-dihydroxy-5,5'-dimethoxy-[1,1'-

biphenyl]-3,3'-dicarboxylate in DMSO-d6 
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Figure 3.13 
13

C NMR spectrum of dimethyl 6,6'-dihydroxy-5,5'-dimethoxy-[1,1'-

biphenyl]-3,3'-dicarboxylate in DMSO-d6 
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The hydroxyl proton appeared as a broad singlet at 9.68  ppm. Aromatic protons 

exhibited a singlet at 7.45  ppm. Methoxy protons appeared as a singlet at 3.89  ppm 

while methyl group protons of methyl ester exhibited a singlet at 3.8  ppm. 

In the third step, alkylation of DVE was carried out using alkyl bromide/iodide 

in the presence of potassium carbonate in DMF to form dimethyl 6,6'-alkoxy-5,5'-

dimethoxy-[1,1'-biphenyl]-3,3'-dicarboxylate (DVME). Iodomethane and 1-

bromopentane were used as alkylating agents. The synthesized diester was purified by 

column chromatography and characterized by FT-IR, 
1
H NMR and 

13
C NMR 

spectroscopy. FT-IR spectrum of dimethyl 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-

biphenyl]-3,3'-dicarboxylate is reproduced in Figure 3.14, which showed complete 

disappearance of hydroxyl peak in the range of 3100-3300 cm
-1
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Figure 3.14 FT-IR spectrum of dimethyl 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylate 

1
H NMR spectrum of dimethyl 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylate is displayed in Figure 3.15. The disappearance of –OH peak at 9.63  

ppm indicated the complete alkylation of phenolic group. Aromatic protons ‘a’ and ‘b’ 

exhibited doublets at 7.58  ppm and 7.63  ppm, respectively. The methoxy protons 

para and meta to the ester group appeared as singlets at 3.89  ppm and 3.72 ppm, 

respectively while methyl group protons of methyl ester exhibited a singlet at 3.96  

ppm.  
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Figure 3.15 
1
H NMR spectrum of dimethyl 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylate in CDCl3 
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Figure 3.16 
13

C NMR spectrum of dimethyl 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-

biphenyl]-3,3'-dicarboxylate in CDCl3 
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13
C NMR spectrum of dimethyl 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylate along with the assignments of carbon atoms is presented in Figure 3.16. 

In the fourth step, diester was hydrolyzed into corresponding diacid using 

sodium hydroxide in methanol:water (50:50 v/v) mixture . The product was 

characterized by FT-IR, 
1
H NMR and 

13
C NMR spectroscopy. FT-IR spectrum of 

5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-dicarboxylic acid is displayed in Figure 

3.17. The broad absorption band was observed in the range 2300-3200 cm
-1

 due to acid 

group. The band at 1671 cm
-1

 was assigned to the carbonyl of acid group. 
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Figure 3.17 FT-IR spectrum of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-dicarboxylic 

acid 

1
H NMR spectrum of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-dicarboxylic 

acid is reproduced in Figure 3.18. A new peak exhibited at 12.95  ppm (labelled as 

‘a’) corresponds to the acid protons. Aromatic protons showed two doublets at 7.57 

ppm and 7.38  ppm whereas two methoxy group protons appeared as two separate 

singlets at 3.91  ppm and 3.61  ppm. 
13

C NMR spectrum of 5,5',6,6'-tetramethoxy-

[1,1'-biphenyl]-3,3'-dicarboxylic acid along with the assignments is shown in Figure 

3.19. 
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Figure 3.18 
1
H NMR spectrum of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylic acid in DMSO-d6 
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Figure 3.19 
13

C NMR spectrum of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-

dicarboxylic acid in DMSO-d6 
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In the fifth step, diacyl azide was obtained by the reaction of diacid with 

triethyl amine, ethyl chloroformate and sodium azide in that succession in 

tetrahydrofuran-water mixture. FT-IR spectrum (Figure 3.20) of 5,5',6,6'-

tetramethoxy-[1,1'-biphenyl]-3,3'-dicarbonyl diazide showed the characteristic 

absorption bands at 2143 cm
-1

 and 1680 cm
1
corresponding to –N3 group and carbonyl 

stretching, respectively.  
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Figure 3.20 FT-IR spectrum of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-dicarbonyl 

diazide 

1
H NMR spectrum of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-dicarbonyl 

diazide showed the absence of proton at 12.95  ppm corresponding to acid group 

(Figure 3.21). Two doublets at 7.61 and 7.56  ppm were observed corresponding to 

aromatic protons labelled as ‘a’ and ‘b’ respectively. Two singlets were observed at 

3.90 and 3.66  ppm corresponding to methoxy group protons. 
13

C NMR spectrum of 

5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-dicarbonyl diazide along with the 

assignments is shown in Figure 3.22.  
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Figure 3.21 
1
H NMR spectrum of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-

dicarbonyl diazide in CDCl3 

 

Figure 3.22 
13

C NMR spectrum of 5,5',6,6'-tetramethoxy-[1,1'-biphenyl]-3,3'-

dicarbonyl diazide in CDCl3 
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In the final step, diacyl azide was converted into diisocyanate by the thermal 

decomposition of acyl azide group in toluene. The reaction was monitored by FT-IR 

spectroscopy. The disappearance of band at 2143 cm
-1

 and 1680 cm
-1

 corresponding to 

azido and carbonyl group indicated the complete conversion of acyl azide into 

isocyanate (Figure 3.23). The strong absorption band was observed at 2268 cm
-1

 due 

to isocyanato group.  
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Figurer 3.23 FT-IR spectrum of 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl 

1
H NMR spectrum of 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl is 

displayed in Figure 3.24. The aromatic protons exhibited two doublets at 6.67  ppm 

and 6.60  ppm corresponding to proton ‘a’ and proton ‘b’, respectively. Methoxy 

group protons para to isocyanato group exhibited a singlet at 3.66  ppm while 

methoxy group protons meta to isocyanato group appeared as a singlet at 3.90  ppm.
 

13
C NMR spectrum of 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl along 

with the assignments is shown in Figure 3.25 
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Figure 3.24 
1
H NMR spectrum of 5,5'-diisocyanato-3,3'-dimethoxy-2,2'-

bis(pentyloxy)-1,1'-biphenyl 

 

Figure 3.25 
13

C NMR spectrum of 5,5'-diisocyanato-3,3'-dimethoxy-2,2'-

bis(pentyloxy)-1,1'-biphenyl 
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 3.4.2 Synthesis and characterization of -hydroxyalkyleneoxy benzoyl azides. 

The synthetic route to A-B type monomers viz. -hydroxyalkyleneoxy benzoyl 

azides is depicted in Scheme 3.3.   

 

 

 

 

 

 

 

 

Scheme 3.3 Synthesis of -hydroxyalkyleneoxy benzoyl azides starting from vanillic 

acid /syringic acid. 

In the first step, the solution of 6-chlorohexanol / 11-bromoundecanol in dry 

DMF was added slowly to a stirred mixture of methyl vanillate / methyl syringate and 

DMF in the presence of potassium carbonate under nitrogen atmosphere. The reaction 

mixture was stirred at 100 
o
C for 12 h and the progress of reaction was monitored by 

TLC. The resulting reaction mixture was added to the ice cold water and filtered. The 

product was purified by column chromatography. The hydroxyl ester was 

characterized by FT-IR, 
1
H NMR and 

13
C NMR spectroscopy. FT-IR spectrum of 

methyl 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoate (Figure 3.26) showed 

characteristic absorption band at 1708 cm
-1

 corresponding to the ester linkage.  

1
H NMR spectrum of methyl 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoate is displayed in Figure 3.27.  



Chapter 3                                                                                  Step Growth Monomers from Lignin…. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   78 
 

4000 3500 3000 2500 2000 1500 1000 500

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumber (cm
-1

)

1708

3412

 

Figure 3.26 FT-IR spectrum of methyl 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoate 

 

Figure 3.27 
1
H NMR spectrum of methyl 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoate in CDCl3 
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A singlet was observed at 7.29  ppm due to aromatic proton. The methylene 

protons attached to ether linkage appeared as a triplet at 4.03  ppm whereas 

methylene protons attached to hydroxyl group exhibited a triplet at 3.64  ppm. 

Methoxy protons and methyl protons of methyl ester group showed separate singlets at 

3.89 and 3.91  ppm, respectively. The remaining alkylene protons appeared as a 

multiplet in the range 1.26-1.75  ppm.  

13
C NMR spectrum of methyl 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoate along with assignments is reproduced in Figure 3.28. 

 

Figure 3.28 
13

C NMR spectrum of methyl 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoate in CDCl3 

In the second step, hydroxyl-esters and sodium hydroxide in methanol-water 

mixture were refluxed for 12 h. The excess methanol was evaporated under reduced 

pressure and acidified with dilute HCl. The precipitate was collected by filtration and 

dried in vacuum oven. The chemical structure of 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoic acid was confirmed by FT-IR, 
1
H NMR and 

13
C NMR 

spectroscopy. FT-IR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoic 

acid is reproduced in Figure 3.29. The strong band appeared at 1691 cm
-1

 corresponds 

to the carbonyl stretching of acid group. 
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Figure 3.29 FT-IR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoic 

acid 

 

Figure 3.30 
1
H NMR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoic 

acid in DMSO-d6 

1
H NMR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoic acid 

(Figure 3.30) showed disappearance of peak at 3.91  ppm corresponding to methyl 
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proton of methyl ester (Figure 3.27). Aromatic proton (labelled as ‘a’) appeared at 

7.22  ppm and methoxy group protons appeared at 3.80  ppm as singlet. 

13
C NMR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoic acid 

along with assignments is displayed in Figure 3.31. 

 

Figure 3.31 
13

C NMR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoic acid in DMSO-d6 

In the last step, -hydroxyalkyleneoxy benzoyl azides were obtained from the 

synthesized hydroxyl-acids using triethyl amine, ethyl chloroformate and sodium azide 

via the elegant `one-pot’ Weinstock modification of the Curtius reaction.  

All the obtained hydroxyl acyl azide monomers, namely, 4-(3-

hydroxypropoxy)-3,5-dimethoxybenzoyl azide, 4-(3-hydroxypropoxy)-3-

methoxybenzoyl azide, 4-((6-hydroxyhexyl)oxy)-3-methoxybenzoyl azide, 4-((6-

hydroxyhexyl)oxy)-3,5-dimethoxybenzoyl azide,4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoyl azide and 4-((11-hydroxyundecyl)oxy)-3-methoxybenzoyl azide 

were characterized by FT-IR, 
1
H NMR, and 

13
C NMR spectroscopy and HRMS.  

A representative FT-IR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoyl azide along with assignments is shown in Figure 3.32  
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Figure 3.32 FT-IR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoyl 

azide 

FT-IR spectrum showed absorption band at 1688 cm
-1

 for carbonyl group 

stretching and at 2155 cm
-1

 for asymmetric stretching vibration of azido group. The 

representative 
1
H and 

13
C NMR spectra of 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoyl azide monomer with assignments are shown in Figure 3.33 and 

3.34, respectively. Aromatic protons of 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoyl azide appeared as a singlet at 7.28  ppm. Two triplets were 

observed at 4.06  ppm and at 3.65  ppm corresponding to methylene protons 

attached to ether linkage and hydroxyl group, respectively. Methoxy protons showed a 

singlet at 3.89  ppm.
 13

C NMR spectrum of 4-((6-hydroxyhexyl)oxy)-3,5-

dimethoxybenzoyl azide showed a peak at 171.8  ppm corresponding to acyl-azide 

carbon.  
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Figure 3.33 
1
H NMR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoyl 

azide in CDCl3 

 

Figure 3.34 
13

C NMR spectrum of 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoyl azide in CDCl3 
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3.4.3 Bisphenols from guaiacol and syringol 

 Bisphenols are versatile monomers which are useful for synthesis of 

thermoplastics such as polycarbonates, polyesters, poly(ether ether ketone)s, 

poly(arylene ether sulfone)s, poly(ether imide)s, etc. Bisphenols are also used in the 

synthesis of thermosets such as epoxy resins, phenoxy resins, cyanate esters, etc
42,43

. 

Bisphenols are usually synthesized by the acid–catalyzed condensation of an aldehyde 

or a ketone with a phenol. A variety of aldehydes/ketones and substituted phenols have 

been utilized for the synthesis of bisphenols.   

 Bisphenol-A (BPA), obtained by condensation of acetone with phenol, is the 

most commonly used and the highest volume bisphenol. Approximately, 5.4 million 

tons of BPA is produced worldwide
44

. However, BPA is currently under scrutiny due 

to its potential health hazards and it has been banned for food packaging 

applications
45,46

. Additionally, BPA is produced from petroleum-derived chemicals 

which are non-renewable. Because of the limited stocks, non-renewability and 

environmental issues associated with petroleum-derived chemicals, it has been 

recognized that sustainable and renewable resources should be used for monomer and 

polymer synthesis in near future
13

.  

 Over the last several years, researchers from academia and industries have 

been searching for new sustainable bisphenols as a replacement for BPA. In this 

context, several renewable bisphenols were reported starting from levulinic acid, 

limonene, cashew nut shell liquid (CNSL) and creosol
20,26,44,47–51

. However, it is 

unclear whether these bisphenols are endocrine disruptor or not. Amongst them Trita 

et al. reported that CNSL-based bisphenol showed estrogenic activity in the same 

range as that of BPA
51

. In contrast, renewable bisphenols derived from eugenol, ferulic 

acid and guaiacol were found to be non-estrogenic
44,51,52

. The presence of ortho 

methoxy group in all these bisphenols may disrupt the hydrogen bonding interaction 

between the phenol and receptor site. Shetty et al. evaluated the effect of substituent of 

bisphenol on estrogenic activity and concluded that presence of ortho alkoxy 

substituents reduces estrogenic activity of bisphenol
52

.  

 In the present work, two classes of bio-based bisphenols viz.1) bisphenols 

containing pendant furyl group, and 2) bisphenol containing oxadiazole group were 

synthesized starting from lignocellulose-based aromatics.  
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 3.4.3.1 Synthesis of furyl containing bisphenols  

Scheme 3.4 outlines route for the synthesis of bisphenols containing pendant 

furyl group from lingocellulose derived chemicals. 

 

Scheme 3.4 Synthesis of bisphenols containing pendant furyl group. 

Bisphenols containing pendant furyl group were readily synthesized in one-

step reaction by condensation of methyl furfural/furfural with guaiacol/syringol in the 

presence of aqueous sodium hydroxide as a base at 100 
o
C. After completion of 

reaction, dark red solid was obtained, which was dissolved in excess water and 

acidified with 2 M HCl. The product was collected by filtration and was purified using 

column chromatography followed by recrystallization from water-ethanol system. 

Bisphenols containing pendant furyl group were characterized by FT-IR, 
1
H NMR, 

13
C 

NMR spectroscopy, and HRMS.   

FT-IR spectrum of 4, 4’-(furan-2-ylmethylene)bis(2,6-dimethoxyphenol) is 

reproduced in Figure 3.35. The absorption band was observed at 3456 cm
-1 

corresponding to phenolic group. The furan ring (C=C) band was observed at 1507 cm
-

1
 whereas furan breathing bands were observed at 1020 and 1070 cm

-1
. 

1
H NMR spectrum of 4, 4’-(furan-2-ylmethylene)bis(2,6-dimethoxyphenol) are 

shown in Figure 3.36. The proton adjacent to oxygen atom of furyl group appeared as 

a singlet at 7.39 δ ppm.
 
A singlet was observed at 6.39 δ ppm for aromatic proton meta 

to phenolic group on both aromatic rings. The remaining furyl protons ‘b’ and ‘c’ 

appeared as a singlet at 6.33 δ ppm and a doublet at 5.94 δ ppm, respectively. Benzylic 

proton displayed a singlet at 5.31  ppm. Methoxy proton attached to aromatic ring 

exhibited a singlet at 3.81  ppm for 12 protons. The remaining protons were in good 

agreement with the proposed structure. 
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Figure 3.35 FT-IR spectrum of 4, 4’-(furan-2-ylmethylene)bis(2,6-dimethoxyphenol) 

Figure 3.36 
1
H NMR spectrum of 4, 4’-(furan-2-ylmethylene)bis(2,6-

dimethoxyphenol) in CDCl3 

13
C NMR spectrum of 4, 4’-(furan-2-ylmethylene)bis(2,6-dimethoxyphenol) 

(Figure 3.37) was in accordance with the structure. 
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Figure 3.37 
13

C NMR spectrum of 4, 4’-(furan-2-ylmethylene)bis(2,6-

dimethoxyphenol) in CDCl3 

3.4.3.2 Synthesis and characterization of oxadiazole containing bisphenol. 

New fully bio-based oxadiazole containing bisphenol namely, 4,4'-(1,3,4-

oxadiazole-2,5-diyl)bis(2-methoxyphenol) was synthesized starting from vanillic acid. 

Scheme 3.5 outlines route for the synthesis of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-

methoxyphenol).

 

Scheme 3.5 Synthesis of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-methoxyphenol) 

In the first step, phenolic group of vanillic acid was protected using excess 

acetic anhydride as an acylating agent and sulphuric acid as the catalyst. The reaction 

mixture was poured into excess ice cold water and product was collected by filtration.  
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In the second step, acid chloride was formed by the reaction of protected acetyl 

vanillic acid with thionyl chloride. After completion of reaction, excess thionyl 

chloride was distilled out and the product was used for next step without any further 

purification. The synthesized acid chloride was treated with hydrazine hydrate in dry 

NMP at room temperature. The reaction mixture was poured into an excess ice cold 

water to afford solid precipitate. The precipitate was collected by filtration and dried 

under vacuum at 100 
o
C. The product was characterized by FT-IR and NMR 

spectroscopy. 

1
H NMR spectrum of (hydrazine-1,2-dicarbonyl)bis(2-methoxy-4,1-phenylene) 

diacetate is reproduced in Figure 3.38.  A signal at downfield shift was observed for -

NH protons as a singlet at 10.59  ppm. The aromatic protons ortho to methoxy group 

appeared as a doublet at 7.64  ppm. Aromatic protons para to methoxy group 

exhibited doublet of doublet at 7.54  ppm while aromatic protons meta to methoxy 

group appeared as a doublet at 7.25  ppm. Methoxy protons showed a singlet at 3.86 

 ppm and acetyl group protons appeared as a singlet at 2.29  ppm. 
13

C NMR 

spectrum of (hydrazine-1,2-dicarbonyl)bis(2-methoxy-4,1-phenylene) diacetate along 

with assignments of carbon atoms is displayed in Figure 3.39 

 

Figure 3.38 
1
H NMR spectrum of (hydrazine-1,2-dicarbonyl)bis(2-methoxy-4,1-

phenylene) diacetate in DMSO-d6 
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Figure 3.39 
13

C NMR spectrum of (hydrazine-1,2-dicarbonyl)bis(2-methoxy-4,1 

phenylene) diacetate in DMSO-d6 

In the next step, (hydrazine-1,2-dicarbonyl)bis(2-methoxy-4,1-phenylene) 

diacetate was cyclized using thionyl chloride as a dehydrating agent. The reaction 

mixture was refluxed for 2 h. After completion of reaction excess thionyl chloride was 

removed by distillation and product was purified by column chromatography. The 

structure of (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-4,1-phenylene) diacetate was 

confirmed by FT-IR and NMR spectroscopy.  

FT-IR spectrum of (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-4,1-phenylene) 

diacetate is reproduced in Figure 3.40. FT-IR spectrum showed absorption band at 

1773 cm
-1

 corresponding to carbonyl stretching of acetyl group. The characteristic 

bands of oxadiazole ring were observed at 1028 cm
-1

 (=C-O-C=) and 1605 cm
-1 

(-

C=N-), confirming the formation of oxadiazole ring. 
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Figure 3.40 FT-IR spectrum of (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-4,1-

phenylene) diacetate
 

1
H NMR and 

13
C NMR spectra of (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-

4,1-phenylene) diacetate are shown in Figure 3.41 and 3.42, respectively. 
1
H NMR 

spectrum confirmed the complete cyclization of (hydrazine-1,2-dicarbonyl)bis(2-

methoxy-4,1-phenylene) diacetate into (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-4,1-

phenylene) diacetate  as the peak of hydrazide protons (-NH-, 10.59 ppm) which was 

present in 
1
H NMR spectrum of (hydrazine-1,2-dicarbonyl)bis(2-methoxy-4,1-

phenylene) (vide Figure 3.38) was absent in 
1
H NMR spectrum of (1,3,4-oxadiazole-

2,5-diyl)bis(2-methoxy-4,1-phenylene). 
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Figure 3.41 
1
H NMR spectrum of (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-4,1-

phenylene) diacetate in DMSO-d6 

 

Figure 3.42 
13

C NMR spectrum of (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-4,1-

phenylene) diacetate in DMSO-d6 
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Finally, bisphenol containing oxadiazole group was obtained by deprotection 

of (1,3,4-oxadiazole-2,5-diyl)bis(2-methoxy-4,1-phenylene) diacetate using sodium 

hydroxide in a mixture of water-methanol (50:50 v/v). The obtained product was 

characterized by FT-IR, 
1
H NMR, 

13
C NMR spectroscopy and HRMS. FT-IR 

spectrum of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-methoxyphenol) is reproduced in 

Figure 3.43, which showed complete disappearance of carbonyl band of acetyl group.   
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Figure 3.43 FT-IR spectrum of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-methoxyphenol) 

  
1
H NMR spectrum of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-methoxyphenol) is 

presented in Figure 3.44. The phenolic hydroxyl proton showed a broad singlet at 9.95 

 ppm. The protons ortho to oxadiazole ring (labelled as ‘b’and ‘c’) are merged 

together and exhibited singlet at 7.56  ppm. The proton meta to oxadiazole ring 

appeared as doublet at 9.97  ppm and methoxy proton showed a singlet at 3.89  ppm.  

13
C NMR and HRMS spectrum of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-

methoxyphenol) are presented in Figure 3.45 and 3.46, respectively 
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Figure 3.44 
1
H NMR spectrum of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-

methoxyphenol) in DMSO-d6 

 

Figure 3.45 
13

C NMR spectrum of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-

methoxyphenol) in DMSO-d6 
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Figure 3.46 HRMS of 4,4'-(1,3,4-oxadiazole-2,5-diyl)bis(2-methoxyphenol)  

3.4.4 Synthesis of diacyl hydrazides containing oxypropylene linkage.  

3.4.4.1 Synthesis of , -diacyl hydrazides containing oxypropylene linkage 

 Scheme 3.6 depicts route followed for synthesis of new fully bio-based 

diacylhydrazide monomers namely, 4,4'-(propane-1,3-diylbis(oxy))bis(3-

methoxybenzohydrazide) (DVHzC-3) and 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzohydrazide) (DSHzC-3).  

 

Scheme 3.6 Synthesis of diacylhydrazide monomers starting from methyl 

vanillate/methyl syringate. 

Diesters were synthesized by Williamson etherification reaction of methyl 

vanillate/methyl syringate with 1,3-dibromopropane in the presence of potassium 
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carbonate in DMF at 100 
o
C. The reaction mixture was cooled to room temperature 

and was precipitated in excess ice cold water. The precipitate was filtered and dried 

under reduced pressure at 100 
o
C for 12 h. The product was purified by column 

chromatography and characterized by FT-IR and NMR spectroscopy.  FT-IR spectrum 

of dimethyl 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzoate) is reproduced 

in Figure 3.47 FT-IR spectrum showed absence of band at 3100-3400 cm
-1 

corresponding to hydroxyl group and appearance of characteristic band corresponding 

to carbonyl group at 1719 cm
-1

. 
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Figure 3.47 FT-IR spectrum of dimethyl 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoate)  

1
H NMR spectrum of dimethyl 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoate) is shown in Figure 3.48. The four aromatic protons ortho to ester 

group exhibited a singlet at 7.27  ppm. A triplet was observed at 4.30  ppm which 

was assigned to methylene protons attached to ether linkage. Methoxy protons 

exhibited a singlet at 3.91 ppm while methyl protons of methyl ester appeared as a 

singlet 3.83 ppm. The remaining methylene protons exhibited a multiplet in the 

range 2.12-2.24  ppm.  

13
C NMR spectrum of dimethyl 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoate) along with the assignments is reproduced in Figure 3.49 
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Figure 3.48 
1
H NMR spectrum of dimethyl 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoate) in CDCl3 

 

Figure 3.49 
13

C NMR spectrum of dimethyl 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzoate)  in CDCl3 

  In the second step, the synthesized diesters were reacted with hydrazine 

hydrate in ethanol at 70 
o
C to afford diacylhydrazide monomers. The formation of 
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diacylhydrazide monomer was confirmed by FT-IR, 
1
H NMR, 

13
C NMR, HRMS and 

single crystal X-ray diffraction. FT-IR  spectrum of 4,4'-(propane-1,3-

diylbis(oxy))bis(3-methoxybenzohydrazide) is shown in Figure 3.50.  
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Figure 3.50 FT-IR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3-

methoxybenzohydrazide) 

FT-IR  spectrum showed absorption band at 3337 cm
-1

 and 1615 cm
-1

 

corresponding to the –NH-/-NH2 and –C=O group, respectively. A representative 
1
H 

NMR spectrum of DSHzC-3 is reproduced in Figure 3.51. The methyl group of 

methyl ester was completely disappeared and two new singlets appeared at 9.71  ppm 

and 4.47  ppm which correspond to -NH and -NH2 protons, respectively. The 

aromatic protons exhibited a singlet at 7.15  ppm. The methylene protons attached to 

ether linkage showed a triplet at 4.09  ppm and methoxy protons attached to aromatic 

ring appeared as a singlet at 3.76  ppm. The remaining methylene protons showed a 

multiplet in the range 1.87-2.0  ppm. 
13

C NMR (Figure 3.52) and HRMS spectral 

data of diacylhydrazide were in good agreement with the proposed structure. 



Chapter 3                                                                                  Step Growth Monomers from Lignin…. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   98 
 

 

Figure 3.51 
1
H NMR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzohydrazide) in DMSO-d6 

 

Figure 3.52 
13

C NMR spectrum of 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzohydrazide) in DMSO-d6 
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The structure of DVHzC-3 was also determined using single crystal X-ray 

diffraction analysis. Good quality single crystals of DVHzC-3 were obtained by slow 

evaporation from ethanol. The crystals were of the body centered orthorhombic type 

having Iba2 space group containing half (1/2) molecule in the asymmetric unit and the 

other half is generated by twofold rotation operation. The ORTEP of DVHzC-3 drawn 

at the 50% ellipsoid probability level is shown in Figure 3.53. The H-atoms are drawn 

with an arbitrary radii. The crystallographic data is summarized in Table 3.2. The 

close inspection of molecular packing revealed that the self-assembly of the molecules 

is driven by strong hydrogen bonding interaction (N-H···O) between hydrazine H-

atom and carbonyl oxygen to generate the wavy structure along the a-axis. The 

association is further supplemented by N-H··· contacts between NH2 H-atom -cloud 

of the phenyl ring. The neighboring parallel waves along the c-axis are linked weakly 

via C-H···O contacts to generate the 2D packing (Figure 3.54).  

 

 

Figure 3.53 ORTEP diagram for 4,4'-(propane-1,3-diylbis(oxy))bis(3-

methoxybenzohydrazide). 

 

 

 

 

 



Chapter 3                                                                                  Step Growth Monomers from Lignin…. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   100 
 

Table 3.2 X-Ray crystal data for 4,4'-(propane-1,3-diylbis(oxy))bis(3-

methoxybenzohydrazide).  

Empirical formula C19H24N4O6 

Formula weight 404.42  

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal System Orthorhombic 

Space group  Iba2 

Unit cell dimensions a = 27.210(4) Å α = 90° 

b = 7.8861(11) Å  = 90° 

c = 9.0700(15) Å  = 90° 

Volume 1946.3(5)  Å3 

Z 4 

Density (calculated) 1.380 Mg/m3 

Absorption coefficient 0.104 mm
-1

 

F(000) 856  

Crystal size 0.43×0.31×0.25 mm
3
 

Theta range for data collection 2.69-24.98
o
 

Absorption correction Semi-empirical from equivalent   

Max. and min. transmittance 0.9744 and 0.9566 

Refinement method Full-matrix least-squares on F
2
 

Data/restrains/parameters 1378/1/141 

Goodness-of-fit on F
2
  1.086 

Final R indices [I>2sigma(I)] R1 = 0.0599, wR2 = 0.1032  

R indices (all data) R1 =0.0761, wR2 = 0.1090  

Largest diff. peak and hole  0.207 and -0.246 e. Å
-3
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Figure 3.54 Molecular packing viewed down b-axis showing association of adjoining 

molecules through N-H···O, N-H··· and C-H···O interactions. 

3.4.4.2 Synthesis of diacyl hydrazide containing biphenylene linkage 

Scheme 3.7 depicts synthesis of diacyl hydrazide containing biphenylene linkage. 

 

Scheme 3.7 Synthesis of diacyl hydrazide containing biphenylene linkage 

Dimethyl 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-dicarboxylate 

was reacted with hydrazine hydrate in ethanol at 70 
o
C. After completion of reaction, 

ethanol was evaporated under reduced pressure to afford biphenylene containing 

diacyl hydrazide, viz. 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-

dicarbohydrazide. The monomer was purified by recrystallization from ethanol and 

was characterized by FT-IR, 
1
H NMR, 

13
C NMR spectroscopy and HRMS. 

FT-IR spectrum of 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-

dicarbohydrazide is shown in Figure 3.55. The absorption band at 3300 cm
-1

 is 

assigned to the -NH and -NH2 group. The absorption band at 1630 cm
-1

 corresponds to 

carbonyl of the acid hydrazide group and disappearance of band for carbonyl of ester 

group confirmed the formation of diacyl hydrazide. 
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Figure 3.55 FT-IR spectrum of 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-

3,3'-dicarbohydrazide 

1
H NMR spectrum of 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-

dicarbohydrazide is reproduced in Figure 3.56.  

 

Figure 3.56 
1
H NMR spectrum of 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-

3,3'-dicarbohydrazide in DMSO-d6 
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A singlet was observed at 9.71  ppm corresponding to the -NH- of acyl 

hydrazide group. The aromatic protons exhibited two doublets at 7.32  ppm and 7.52 

 ppm. A singlet at 4.46  ppm was observed due to -NH2 protons of acid hydrazide 

group whereas methoxy proton exhibited a singlet at 3.86  ppm. The methylene 

protons of alkyl chain attached directly to oxygen atom appeared as a triplet at 3.76  

ppm and methylene protons β to the oxygen atom appeared as a multiplet in the range 

1.28-1.40  ppm. The remaining methylene protons of the alkyl chain exhibited a 

multiplet in the range 0.91-1.08  ppm and the terminal methyl group protons 

exhibited a triplet at 0.70  ppm.   

3.4.5 Synthesis of dialdehyde containing ester linkages 

Scheme 3.8 depicts route for the synthesis of dialdehyde containing ester 

linkage. Fully bio-based aromatic dialdehyde containing ester linkage was synthesized 

by condensation of vanillin with succinyl chloride in the presence of pyridine in 

dichloromethane at room temperature. After completion of reaction, reaction mixture 

was washed with water in order to remove pyridine hydrochloride. Dichloromethane 

was removed by distillation and product was purified by column chromatography. 

Scheme 3.8 Synthesis of dialdehyde/diol containing ester linkages starting from 

vanillin  

The synthesized ester containing dialdehyde was characterized by FT-IR, 
1
H 

NMR, 
13

C NMR and HRMS.  

FT-IR spectrum of bis(4-formyl-2-methoxyphenyl) succinate is shown in 

Figure 3.57. The characteristic absorption was observed at 2723 cm
-1

 due to C-H  
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Figure 3.57 FT-IR spectrum of bis(4-formyl-2-methoxyphenyl) succinate  

stretching of aldehyde group. The strong absorption band at 1758 cm
-1

 could be 

assigned to carbonyl of ester group while the absorption for carbonyl of aldehyde 

group appeared at 1704 cm
-1

. 
1
H NMR spectrum of bis(4-formyl-2-methoxyphenyl) 

succinate is reproduced in Figure 3.58.  

 

Figure 3.58
 1
H NMR spectrum of bis(4-formyl-2-methoxyphenyl) succinate in CDCl3 
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A singlet was observed at 9.94 ppm which corresponds to aldehyde proton. 

The aromatic proton ‘c’ and ‘b’ appeared as a broad peak and a doublet at 7.50  and 

7.46  ppm, respectively, whereas aromatic proton ‘d’ exhibited doublet at 7.23 ppm. 

The signal of methoxy protons was observed a singlet at 3.88  ppm and a singlet was 

observed at 3.08  ppm corresponds to the methylene protons.
 13

C NMR spectrum of 

(bis(4-formyl-2-methoxyphenyl) succinate with individual carbon assignments is 

reproduced in Figure 3.59. 

 

Figure 3.59 
13

C NMR spectrum of bis(4-formyl-2-methoxyphenyl) succinate in CHCl3 

3.4.6 Synthesis of diol containing ester linkages 

Diol containing potentially 100 % renewable carbon, namely, bis(4-

(hydroxymethyl)-3-methoxyphenyl) succinate was obtained by the reduction of bis(4-

formyl-2-methoxyphenyl) succinate (Scheme 3.8). The reduction of bis(4-formyl-2-

methoxyphenyl) succinate was carried out in tetrahydrofuran using sodium 

borohydride as the reducing agent. The structure of bis(4-(hydroxymethyl)-3-

methoxyphenyl) succinate was confirmed by FT-IR, 
1
H NMR and 

13
C NMR 

spectroscopy. 

FT-IR spectrum of (4-(hydroxymethyl)-3-methoxyphenyl) succinate is 

presented in Figure 3.60. The bands at 3533 and 1743 cm
-1

 correspond to hydroxyl 

group and ester carbonyl, respectively. 
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Figure 3.60 FT-IR spectrum of (4-(hydroxymethyl)-3-methoxyphenyl) succinate 

 

Figure 3.61 
1
H NMR spectrum of (4-(hydroxymethyl)-3-methoxyphenyl) succinate in 

CDCl3 
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1
H NMR spectrum of (4-(hydroxymethyl)-3-methoxyphenyl) succinate is 

reproduced in Figure 3.61. 
1
H NMR spectrum showed complete disappearance of 

aldehyde proton which was present in bis(4-formyl-2-methoxyphenyl) succinate (vide 

Figure 3.58). A new singlet was observed at 4.66  ppm due to the benzylic protons. 

Aromatic protons appeared in the range 6.87-7.04  ppm. The methoxy protons 

appeared as a singlet at 3.82 ppm whereas methylene protons exhibited a singlet at 

3.05  ppm. 

3.4.7 Synthesis of aromatic diacids containing ester linkage 

Diacid monomers containing ester linkages namely, 4,4'-((furan-2,5-

dicarbonyl)bis(oxy))bis(3-methoxybenzoic acid) and 4,4'-((furan-2,5-

dicarbonyl)bis(oxy))bis(3,5-dimethoxybenzoic acid) were synthesized by condensation 

of vanillic/syringic acid with 2,5-furan dicarboxylic acid chloride (Scheme 3.9). The 

reaction was carried out in the presence of triethyl amine in chloroform at room 

temperature. The product was characterized by FT-IR, 
1
H NMR, 

13
C NMR 

spectroscopy and HRMS. 

 

Scheme 3.9 Synthesis of diacids containing ester linkages starting from 

vanillic/syringic acid 

FT-IR spectrum of 4,4'-((furan-2,5-dicarbonyl)bis(oxy))bis(3-methoxybenzoic 

acid) is shown in Figure 3.62. The broad absorption band was observed in the range 

2500-3200 cm
-1

 due to the -COOH group. The absorption bands at 1780 cm
-1

 and 1706 

cm
-1

 correspond to the carbonyl stretching of ester and acid group, respectively. 
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Figure 3.62 FT-IR spectrum of 4,4'-((furan-2,5-dicarbonyl)bis(oxy))bis(3-

methoxybenzoic acid) 

1
H NMR spectrum of 4,4'-((furan-2,5-dicarbonyl)bis(oxy))bis(3-

methoxybenzoic acid) is displayed in Figure 3.63. A broad peak was observed at 

13.18  ppm correspond to the acid protons. The furan protons ‘b’ exhibited a singlet 

at 7.81  ppm. The protons of aromatic ring ortho to acid group (proton ‘c’ and ‘d’) 

merged together and appeared in the range 7.67-7.69  ppm, while the protons of the 

aromatic ring meta to acid group exhibited a doublet at 7.44  ppm. The methoxy 

protons appeared as a singlet at 3.86  ppm. 
13

C NMR spectrum of 4,4'-((furan-2,5-

dicarbonyl)bis(oxy))bis(3-methoxybenzoic acid) is shown in Figure 3.64 along with 

the individual carbon assignments.  

 



Chapter 3                                                                                  Step Growth Monomers from Lignin…. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   109 
 

 

Figure 3.63 
1
H NMR spectrum of 4,4'-((furan-2,5-dicarbonyl)bis(oxy))bis(3-

methoxybenzoic acid) in DMSO-d6 

 

 

Figure 3.64 
13

C NMR spectrum of 4,4'-((furan-2,5-dicarbonyl)bis(oxy))bis(3-

methoxybenzoic acid) in DMSO-d6 
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3.5 Conclusions 

 A series of new bio-based oxyalkylene linkage containing aromatic 

diisocyanates were synthesized from vanillic/syringic acids via the Curtius 

rearrangement. 

 Two new biphenylene linkage containing aromatic diisocyanates namely, 

5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl and 5,5'-diisocyanato-

3,3'-dimethoxy-2,2'-bis(pentyloxy)-1,1'-biphenyl were synthesized from 

methyl vanillate.   

 Four new A-B monomers namely, 4-((6-hydroxyhexyl)oxy)-3-

methoxybenzoyl azide, 4-((6 hydroxyhexyl)oxy)-3,5-dimethoxybenzoyl 

azide, 4-((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoyl azide and 4-((11-

hydroxyundecyl)oxy)-3-methoxy benzoyl azide were successfully 

synthesized starting from vanillic/syringic acid. 

 Three new pendant furyl containing bisphenols were synthesized by 

condensation of guaiacol/syringol with furfural/methyl furfural. 

 A new oxadiazole containing bisphenol viz. 4,4'-(1,3,4-oxadiazole-2,5-

diyl)bis(2-methoxyphenol) was synthesized starting from vanillic acid.  

 Two new oxyalkylene linkage containing aromatic diacyl hydrazide 

monomers namely, 4,4'-(propane-1,3-diylbis(oxy))bis(3-

methoxybenzohydrazide) and 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzohydrazide) were synthesized starting from methyl 

vanillate/methyl syringate. 

 A new biphenylene linkages containing aromatic diacyl hydrazide monomer 

namely, 5,5'-dimethoxy-6,6'-bis(pentyloxy)-[1,1'-biphenyl]-3,3'-

dicarbohydrazide was synthesized starting from methyl vanillate. 

 New fully bio-based dialdehyde containing ester linkages viz. bis(4-formyl-

2-methoxyphenyl) succinate was synthesized from vanillin and succinyl 

chloride. 

 New diol containing ester linkage viz. bis(4-(hydroxymethyl)-3-

methoxyphenyl) succinate was synthesized. 

 Two new diacids containing ester linkages were synthesized from 

vanillic/syringic acid and 2,5-furan dicarboxylic acid chloride.  
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 All the monomers and intermediates were characterized by FT-IR and NMR 

spectroscopy and a few of them were further characterized by HRMS and 

single crystal X-ray diffraction analysis.  

 Overall, the lignin-derived aromatics such as guaiacol, syringol, vanillic acid, 

syringic acid and vanillin, possess a great potential to serve as promising 

renewable resources for the synthesis of difunctional monomers viz. 

bisphenols, diols, dialdehyde, diacids, diacylhydrazide, and hydroxyl acyl 

azides. 

 New difunctional monomers are potentially useful for the synthesis of step 

growth polymers. 
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4a.1 Introduction 

Polyurethanes are of great interest due to their multitude of industrial applications 

such as thermoplastic elastomers, foams, fibers, coatings, adhesives, sealants, etc
1–

6
(Figure 4a.1). The properties of polyurethanes could be tailored by appropriate choice of 

the starting materials viz. diols/polyols, di-/poly-isocyanates and chain extenders
7–9

. These 

starting materials are mostly derived from petroleum oil which is a non-renewable 

resource
1
. It has been recognized that the long term dependence on petroleum oil as a 

source of monomers for polymer synthesis is at risk
10–14

. 

 

 

Figure 4a.1 Applications of polyurethanes 

 

The current research efforts in the field of polyurethane preparation are focused on the 

following two themes: a) synthesis of key starting materials viz diols/polyols and 

diisocyanates starting from bio-based chemicals
15-16

 and b) development of non-

isocyanate routes involving polymerization of bis-cyclic carbonates with diamines
17,18

 

polycondensation of bis-carbamates with diols and self-condensation of bis-

hydroxyalkylcarbamates
19,20

(Figure 4a.2).  
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Figure 4a.2 Reported synthetic strategies to polyurethanes via non-isocyanate routes. 

A large number of bio-based polyols based on vegetable oils, sugars, etc 
21–25

 have 

already been developed as potential substitutes for their petroleum-based counterparts.  

Similarly, bio-derived diol chain extenders  such as 1,3-propanediol, 1,6-hexanediol, 

isosorbide and so on have been made use of in synthesis of polyurethanes
21,26,27

.  

A range of aliphatic diisocyanates have been synthesized starting from renewable 

resource-based chemicals such as fatty acids
28

, L-lysine
29,30

 furfural
19

, hydroxymethyl 

furfural
31

 and isosorbide
32

. However, the reports on synthesis of aromatic diisocyanates 

based on bio-derived chemicals are scanty expect for furan derivatives viz. 2,5-

diisocyanatofuran, bis(5-isocyanatofurfuryl)ether and diisocyanates containing 

difurylalkane moieties
31,33

.  

We have reported in Chapter 3 a general synthetic route to bio-based aromatic 

diisocyanates. It was considered of interest to study the utility of these diisocyanates for 

the synthesis of polyurethanes 

In the present work, four new fully bio-based poly(ether urethane)s were synthesized  

by polymerization of newly synthesized aromatic diisocyanates namely 1,3-bis(4-

isocyanato-2-methoxyphenoxy)propane and 1,3-bis(4-isocyanato-2,6-

dimethoxyphenoxy)propane with potentially bio-based aliphatic diols, namely, 1, 10-

decanediol and 1, 12-dodecanediol. Poly(ether urethane)s were characterized by inherent 
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viscosity measurements, solubility tests, FT-IR, 
1
H NMR and 

13
C NMR spectroscopy, X-

ray diffraction, thermogravimetric analysis (TGA) and differential scanning calorimetric 

studies (DSC).  The effects of number of methylene units in the backbone and methoxy 

substituents on aromatic rings on thermal properties of poly(ether urethane)s were 

investigated.  

4a.2 Experimental 

4a.2 .1 Materials 

Dibutyltin dilaurate (DBTDL) was purchased from Sigma–Aldrich and was used as 

received. Toluene, dichloromethane, chloroform, tetrahydrofuran (THF), N,N-

dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), N-methyl-2-pyrrolidone 

(NMP) and dimethyl sulfoxide (DMSO) were received from Thomas Baker Ltd, Mumbai. 

Toluene was dried over calcium hydride and distilled prior to use. 

4a.2 .2 Measurements 

Inherent viscosity of poly(ether urethane)s was determined with 0.5 % (w/v) solution of 

polymer in chloroform at 300.1
o
C using Ubbelhode suspended level viscometer. 

Inherent viscosity was calculated using the equation  

ninh = 
     

 
          

Where, t and t0 are flow times of polymer solution and solvent, respectively and c is the 

concentration of polymer solution 

Molecular weights and dispersity values of poly(ether urethane)s were determined on 

Thermo-Finnigan make gel-permeation chromatography (GPC) using chloroform as an 

eluent at a flow rate of 1 mL min
-1

 at 25 
o
C. Sample concentration was 2 mg mL

-1
 and 

narrow dispersity polystyrenes were used as calibration standards.  

FT-IR spectra were obtained on a Perkin–Elmer Spectrum GX spectrometer using 

polymer film. 

NMR spectra were recorded on a Bruker 200, 400 or 500 MHz spectrometer at resonance 

frequencies of 200, 400 or 500 MHz for 
1
H NMR and 50, 100 or 125 MHz for 

13
C NMR 

measurements using CDCl3 as a solvent. 

Thermogravimetric analysis (TGA) was carried out on Perkin Elmer: STA 6000, at a 

heating rate of 10 
o
C min

-1
 under nitrogen atmosphere. 

 Differential scanning calorimetric (DSC) analysis was performed using DSC Q10 

differential calorimeter from TA Instruments under nitrogen atmosphere (50 mL min
-1

). 
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Analyses were carried out in a temperature range between 30 and 250 ºC using a heating 

rate of 10 ºC min
-1

. 

4a.2 .3 General procedure for synthesis of poly(ether urethane)s 

Into a 100 mL two-necked round bottom flask equipped with a reflux condenser 

and a nitrogen inlet were charged, ,-diisocyanate (4.69 mmol), aliphatic diol (4.69 

mmol), DBTDL (3  10
-3

 mmol) and dry toluene (25 mL). The reaction mixture was 

heated at 80 
o
C for 8 h. The toluene was removed under reduced pressure at 60 

o
C and 

solid polymer was obtained. The polymer was dissolved in chloroform, precipitated in 

methanol, filtered and dried in vacuum oven at 40 
o
C for 12 h.  

Synthesis of poly(ether urethane) (PU-1) based on 1,3-bis(4-isocyanato-2-

methoxyphenoxy)propane and 1,10-decanediol 

IR (KBr): 3328, 1733, 1700 cm
-1

; 
1
H NMR (200 MHz, DMSO-d6, δ/ppm): 1.18-1.30 (m, 

12H), 1.52-1.62 (m, 4 H),  1.9-2.13 (m, 2H), 3.69 (s, 6H), 4.03 (t, 8H), 6.84-6.95 (m, 4H), 

7.17 (d, 2H), 9.37 (s, 2H); 
13

C NMR (50 MHz, DMSO-d6, δ/ppm): 25.3, 28.7, 28.9, 55.4, 

64.0, 65.6, 103.9, 110.2, 114.2, 133.1, 143.3, 149.1, 153.6. 

Synthesis of poly(ether urethane) (PU-2) based on 1,3-bis(4-isocyanato-2-

methoxyphenoxy)propane and 1,12-dodecanediol 

IR (KBr): 3331, 1732, 1709 cm
-1

; 
1
H NMR (200 MHz, DMSO-d6, δ/ppm): 1.20-1.58 (m, 

20H), 2.0-2.10 (m, 2H), 3.68 (s, 6H), 4.02 (t, 8H), 6.84-6.93 (m, 4H), 7.16 (d 2H), 9.37 (s, 

2H); 
13

C NMR (100 MHz, DMSO-d6, δ/ppm): 25.4, 28.7, 29.0, 55.4, 64.0, 65.6, 103.8, 

110.1, 114.2, 133.1, 143.3, 149.1, 153.7. 

Synthesis of poly(ether urethane) (PU-3) based on 1,3-bis(4-isocyanato-2,6-

dimethoxyphenoxy)propane and 1,10-decanediol 

IR (KBr): 3335, 1730, 1705 cm
-1

; 
1
H NMR (500 MHz, DMSO-d6, δ/ppm): 1.25-1.33 (m, 

12H), 1.56-1.61 (m, 4H), 1.86-1.91 (m, 2H), 3.67 (s, 12H), 3.93 (t, 4H), 4.04 (t, 4H), 6.82 

(s, 4H), 9.45 (s, 2H); 
13

C NMR (125 MHz, DMSO-d6, δ/ppm): 25.4, 28.5, 28.7, 28.9, 

30.4, 55.6, 64.1, 69.9, 96.0, 131.8, 135.2, 152.9, 153.6. 

Synthesis of poly(ether urethane) (PU-4) based on 1,3-bis(4-isocyanato-2,6-

dimethoxyphenoxy)propane and 1,12-dodecanediol 

IR (KBr): 3332, 1731, 1705 cm
-1

; 
1
H NMR (400 MHz, DMSO-d6, δ/ppm): 9.44 (s, 2H), 

6.82 (s, 4H), 4.03 (t, 4H), 3.93 (t, 4H), 3.67 (s, 12H), 1.86-1.90 (m, 2H), 1.54-1.60 (m, 
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4H), 1.21-1.29 (m, 18H); 
13

C NMR (100 MHz, DMSO-d6, δ/ppm):25.4, 28.6, 28.7, 29.0, 

30.4, 55.6, 64.1, 69.9, 96.0, 131.7, 135.2, 152.9, 153.6. 

4a.3 Results and discussion 

4a.3.1 Poly(ether urethane) synthesis 

Four new poly(ether urethane)s were synthesized by polymerization of bio-based 

aromatic diisocyanates containing ether linkage viz. 1,3-bis(4-isocyanato-2-

methoxyphenoxy)propane and 1,3-bis(4-isocyanato-2,6-dimethoxyphenoxy)propane with 

bio-based aliphatic diols viz. 1, 10-decanediol and 1, 12-dodecanediol. The 

polymerization reactions were carried out by using stoichiometric quantities of ,-

diisocyanates and aliphatic diols in dry toluene at 80 
o
C in the presence of DBTDL as the 

catalyst (Scheme 4a.1).  

 

Scheme 4a.1 Synthesis of poly(ether urethane)s based on 1,3-bis(4-isocyanato-2-

methoxyphenoxy)propane/1,3-bis(4-isocyanato-2,6-dimethoxyphenoxy)propane and 

aliphatic diols. 

The results of polymerization reactions are given in Table 4a.1. It is worth 

mentioning that the 100 % carbon content in poly(ether urethane)s comes from potentially 

bio-renewable resources. Poly(ether urethane)s exhibited inherent viscosities in the range 

0.58–0.68 dLg
-1

. Number average molecular weights (  
̅̅ ̅̅ ) and dispersity values of 

poly(ether urethane)s, determined by GPC, were in the range 32,100-58,500 g mol
-1

 and 

1.6-1.9, respectively. These data indicated the formation of of reasonably high molecular 

weight polymers.  Transparent and flexible films could be cast from the chloroform 

solutions of poly(ether urethane)s.  
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Table 4a.1 Data on inherent viscosity, and molecular weight of poly(ether urethane)s. 

Poly(ether 

urethane) 

inh 

(dL/g)
a
 

GPC
b
 

  
̅̅ ̅̅    

̅̅ ̅̅ ̅ Dispersity 

PU-1 0.60 36,100 62,500 1.7 

PU-2 0.65 45,500 88,200 1.9 

PU-3 0.58 32,100 51,800 1.6 

PU-4 0.68 58,500 1,00300 1.7 

a; inh was measured with 0.5% (w/v) solution of poly(ether urethane) in chloroform at 30 ± 0.1 °C 

b; measured by GPC in chloroform, polystyrene was used as the calibration standard  

 

4a.3.2 Structural characterization 

The chemical structures of poly(ether urethane)s were confirmed by FT-IR, 
1
H 

NMR and
 13

C NMR spectroscopy. A representative FT-IR spectrum of PU-4 is given in 

Figure 4a.3, which showed complete disappearance of isocyanato band and a new 

absorbance band appeared at 3332 cm
-1

 corresponding to -NH- stretching indicating the 

formation of urethane linkages. The two resolved bands at 1705 cm
-1 

and 1731 cm
-1 

could 

be attributed to hydrogen bonded and non-hydrogen bonded carbonyl stretching of 

urethane group. 

 

Figure 4a.3 FT-IR spectrum of poly(ether urethane)  (PU-4) derived from 1,3-bis(4-

isocyanato-2,6-dimethoxyphenoxy)propane and 1,12-dodecanediol. 

1
H NMR spectrum of PU-4 is displayed in Figure 4a.4. A singlet was observed at 

9.45  ppm for -NH- proton ‘a’ and aromatic proton ‘b’ exhibited a singlet at 6.82  ppm. 

The methylene protons ‘c’ attached to ether linkage appeared as a triplet at 4.04  ppm 
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and methylene protons ‘d’ attached to urethane linkage exhibited a triplet at 3.93  ppm. 

The methoxy group protons ‘e’ displayed a singlet at 3.67  ppm and remaining 

methylene protons appeared as a multiplet in the range 1.20-1.90  ppm. 
13

C NMR 

spectrum of PU-4 along with assignments of carbon atoms is shown in Figure 4a.5. The 

spectral data indicated that aromatic diisocyanates successfully reacted with aliphatic 

diols and formed poly(ether urethane)s. 

 

Figure 4a.4 
1
H NMR spectrum (in DMSO-d6) of poly(ether urethane) (PU-4)  derived 

from 1,3-bis(4-isocyanato-2,6-dimethoxyphenoxy)propane and 1,12-dodecanediol.   

 

Figure 4a.5 
13

C NMR spectrum (in DMSO-d6) of poly(ether urethane) (PU-4) derived 

from 1,3-bis(4-isocyanato-2,6-dimethoxyphenoxy)propane and 1,12-dodecanediol.   
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4a.3.3 Solubility 

The solubility of poly(ether urethane)s was examined in various organic solvents 

at a concentration of  3 % (w/v). Poly(ether urethane)s dissolved readily at room 

temperature in solvents such as chloroform, dichloromethane, THF, DMAc, DMF, NMP 

and DMSO. 

4a.3.4 Thermal properties 

The thermal stability of poly(ether urethane)s was determined by 

thermogravimetric analysis (TGA). TG curves and 10 % decomposition temperature (T10) 

are displayed in Figure 4a.6 and Table 4a.2, respectively. T10 values of poly(ether 

urethane)s were observed in the narrow range 304 
o
C-308 

o
C. T10 values were not 

influenced by the structural changes in the studied diols and diisocyanates indicating that 

thermal stability was governed by stability of urethane linkages in poly(ether urethane)s.  

 

Figure 4a.6 TG curves of poly(ether urethane)s. 

Table 4a.2 Thermal properties of poly(ether urethane)s. 

Poly(ether 

urethane) 
PU-1 PU-2 PU-3 PU-4 

Tg (
oC)c 55 49 74 66 

T10 (
oC)d

 304 304 308 306 

a; Measured by DSC on second heating scan with heating rate at 10 oC min-1 under nitrogen atmosphere   

b; Temperature at which 10% weight loss was observed in TGA under nitrogen atmosphere. 

Tg of poly(ether urethane)s, determined by DSC (Figure 4a.7, Table 4a.2), were 

in the range 49-74 
o
C and the values were found to be dependent on the structure of diols 
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and diisocyanates. The higher Tg values were observed for poly(ether urethane)s PU-1 

and PU-3  prepared from 1,10-decanediol than the corresponding poly(ether urethane)s 

PU-2 and PU-4 prepared from 1, 12-dodecanediol. This was attributed to the higher 

number of methylene units and reduction in the density of aromatic rings which results in 

increase in chain flexibility and consequently decrease in the value of Tg. The increased 

Tg values of poly(ether urethane)s PU-3 and PU-4 than the corresponding poly(ether 

urethane)s PU-1 and PU-2 could be explained on the basis of higher chain rigidity of the 

former due to the presence of higher number of methoxy groups which increase the 

conformational barrier to chain rotation. 

 

Figure 4a.7 DSC curves of poly(ether urethane)s. 

 

Thus, the utility of newly synthesized bio-based aromatic diisocyanates in the 

synthesis of polyurethanes was successfully demonstrated. These diisocyanates could as 

well be used in the synthesis of thermoplastic polyurethanes by polymerization with 

commercially available polyols such as polyether polyols, polyester polyols, 

polycarbonate polyols, etc and appropriate chain extenders. 

4a.4 Conclusions 

1. Four new fully bio-based poly(ether urethane)s were synthesized from newly 

synthesized aromatic diisocyanates containing oxyalkylene linkage and 

commercially available bio-based aliphatic diols. 

2. Inherent viscosities of poly(ether urethane)s were in the range of 0.58-0.68 dLg
-1

 

indicating formation of reasonably high molecular weight polymers. 
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3. Number average molecular weight of poly(ether urethane)s ranged from 32,100-

58,500 g mol
-1

 and could be cast to form tough, clear and flexible films from the 

solutions of poly(ether urethane)s in chloroform. 

4. Poly(ether urethane)s were found to be soluble in organic solvents such as 

chloroform, dichloromethane, THF, DMAc, DMF, NMP and DMSO. 

5. The T10 values for all the poly(ether urethane)s were within a narrow range 

between 304- 308 
o
C.  

6. Tg value of bio-based poly(ether urethane)s were observed in the range 49-74 
o
C 

and these values decreased with increase in the number of methylene units in diols 

and increased with increase in the number of methoxy substituents on aromatic 

rings of diisocyanates. 
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4b.1 Introduction 

Polyurethanes, prepared generally by the step-growth polymerization of di- or 

poly- functional hydroxyl compounds (polyols) and di- or poly- functional isocyanates, 

are versatile polymers whose properties could be tailored to afford elastomers, foams, 

fibers, coatings, adhesives, sealants, biomaterials and so on
1–8

. Most commonly used 

diisocyanates are toluene diisocyanate (TDI), and methylene diphenyl diisocyanate (MDI) 

with demand of 34.1% and, 61.3%, respectively and are obtained from petroleum 

resources
9
. However, di-/poly-isocyanate monomers are reported to be toxic and are 

generally synthesized by phosgenation of diamines using phosgene which is even more 

toxic. The prolonged exposure of isocyanate vapours can result in some health hazards. It 

can be entered in the body by inhalation, skin contact, etc
6,10

.  

In this context, sustainable, isocyanate- and phosgene-free synthetic routes to 

polyurethanes have attracted considerable academic and industrial attention during the 

last decades
1,9,11–14

. Many recent efforts have been focused on the preparation of non-

isocyanate based-polyurethanes
9,13,14

. Polyaddition of bis-cyclic carbonates with diamines 

and transurethanization of biscarbamates with diols are the most studied routes for 

polyurethane synthesis
15–17,14

. Along these methods, polymerization of aziridines with 

carbon dioxide
18–20

 and self-condensation of AB type monomers
15,21,22

 have been reported 

in the literature. Recently, Meier et al
12

. and Cramail et al
13

 have independently reviewed 

sustainable and isocyanate free routes for polyurethane synthesis. Bio-based A-B 

monomers containing hydroxyl and acyl azide or hydroxyl and methyl urethane groups 

have also been prepared starting from vegetable oils
21,22

 and sorbitol
23

 and polymerised to 

form thermoplastic polyurethanes. 

We wish report herein synthesis and characterization of fully bio-based poly(ether 

urethane)s starting from non-edible renewable resources via A-B monomer approach. -

Hydroxyalkyleneoxy benzoyl azides namely, 4-((6-hydroxyhexyl)oxy)-3-

methoxybenzoyl azide, 4-((11-hydroxyundecyl)oxy)-3-methoxybenzoyl azide, 4-((6-

hydroxyhexyl)oxy)-3,5-dimethoxybenzoyl azide, and 4-((11-hydroxyundecyl)oxy)-3,5-

dimethoxybenzoyl azide were self-polycondensed at 80 
o
C in dry toluene in the presence 

of catalytic amount of dibutyltin dilaurate (DBTDL) to afford poly(ether urethane)s. 

Poly(ether urethane)s were characterized by inherent viscosity measurements, solubility 

tests, FT-IR, 
1
H NMR and 

13
C NMR spectroscopy, UV-visible spectroscopy, X-ray 

diffraction, thermogravimetric analysis (TGA) and differential scanning calorimetric 
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studies (DSC). The effect of the chemical structure of poly(ether urethane)s on solubility 

and thermal properties was investigated.    

4b.2 Experimental 

4b.2.1 Materials 

Dibutyltin dilaurate (DBTDL) was purchased from Sigma–Aldrich and was used as 

received. Toluene, dichloromethane, chloroform, tetrahydrofuran (THF), N,N-

dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), N-methyl-2-pyrrolidone 

(NMP) and dimethyl sulfoxide (DMSO) were received from Thomas Baker Ltd., 

Mumbai. Toluene was dried over calcium hydride and distilled prior to use. 

4b.2.2 Measurements  

Inherent viscosity of poly(ether urethane)s was determined with 0.5 % (w/v) solution of 

polymer in chloroform or DMAc at 300.1
o
C using Ubbelhode suspended level 

viscometer. Inherent viscosity was calculated using the equation  

ninh = 
     

 
          

Where, t and t0 are flow times of polymer solution and solvent, respectively and c is the 

concentration of polymer solution 

Molecular weights and dispersity of poly(ether urethane)s were determined from gel-

permeation chromatography (GPC) equipped with spectra series UV 100 and spectra 

system RI 150 detectors using chloroform (Thermo Separation Products) or  DMAc 

(Thermo-Finnigan) as an eluent at a flow rate of 1 mL min
-1

 at 25 
o
C. Sample 

concentration was 2 mg mL
-1

 and narrow dispersity polystyrenes were used as calibration 

standards.  

FT-IR spectra were obtained on a Perkin–Elmer Spectrum GX spectrometer using 

polymer film. 

NMR spectra were recorded on a Bruker 200, 400 or 500 MHz spectrometer at resonance 

frequencies of 200, 400 or 500 MHz for 
1
H NMR and 50, 100 or 125 MHz for 

13
C NMR 

measurements using CDCl3 as a solvent. 

The % transmittance of poly(ether urethane) films (~ 1 mm thickness) was measured at 

800 nm on UV-Visible spectrophotometer (Perkin Elmer Lambda 35). 

Thermogravimetric analysis (TGA) was carried out on Perkin Elmer: STA 6000, at a 

heating rate of 10 
o
C min

-1
 under nitrogen atmosphere. 
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 Differential scanning calorimetric (DSC) analysis was performed using a DSC Q10 

differential calorimeter from TA Instruments under nitrogen atmosphere (50 mL min
-1

). 

Analyses were carried out in a temperature range between 30 and 250 ºC using a heating 

rate of 10 ºC min
-1

. 

4b.2.3 General procedure for synthesis of poly(ether urethane)s  

Into a 100 mL two-necked round bottom flask equipped with a reflux condenser 

and an argon inlet were charged, -hydroxyalkyleneoxy benzoyl azide (6.32 mmol), 

DBTDL ( 3  10
-3

 mmol) and dry toluene (25 mL). The reaction mixture was heated at 80 

o
C for 12 h. The toluene was removed under reduced pressure to afford solid polymer. 

The polymer was dissolved in hot DMAc, precipitated in cold methanol, filtered and 

dried in vacuum oven at 60 
o
C for 12 h.  

Synthesis of poly(ether urethane) (PEU-1) by self-polycondensation of 4-((6-

hydroxyhexyl)oxy)-3-methoxybenzoyl azide 

IR (KBr): 3325, 1725, 1695 cm
-1

; 
1
H NMR (200 MHz, DMSO-d6, δ/ppm): 1.32-1.75 (m, 

8H), 3.69 (s, 3H), 3.86 (t, 2H), 4.04 (t, 2H), 6.80-6.94 (m, 2H), 7.15 (s, 1H), 9.38 (br. s, 

1H); 
13

C NMR (100 MHz, DMSO-d6, δ/ppm): 25.2, 25.2, 28.5, 28.8, 55.4, 63.9, 68.6, 

103.9, 110.1, 113.9, 132.9, 143.5, 149.1, 153.7. 

Synthesis of poly(ether urethane) (PEU-2) by self-polycondensation of 4-((11-

hydroxyundecyl)oxy)-3-methoxybenzoyl azide 

IR (KBr): 3330, 1730, 1695 cm
-1

; 
1
H NMR (400 MHz, CDCl3, δ/ppm): 1.27-1.46 (m, 

14H), 1.62-1.68 (m, 2H), 1.77-1.85 (m, 2H), 3.85 (s, 3H), 3.97 (t, 2H), 4.14 (t, 2H), 6.60 

(br. s., 1H), 6.75 - 6.83 (m, 2H), 7.18 (br. s, 1H); 
13

C NMR (125 MHz, CDCl3, δ/ppm): 

25.8, 25.9, 28.9, 29.2, 29.3, 29.4, 29.5, 55.9, 65.3, 69.6, 104.2, 110.7, 113.7, 131.7, 144.7, 

149.8, 154.0.  

Synthesis of poly(ether urethane) (PEU-3) by self-polycondensation of 4-((6-

hydroxyhexyl)oxy)-3,5-dimethoxybenzoyl azide 

IR (KBr): 3330, 1730, 1700 cm
-1

; 
1
H NMR (400 MHz, DMSO-d6, δ/ppm): 1.33-1.69 (m, 

8H), 3.69 (s, 6H), 3.76 (t, 2H), 4.06 (t, 2H), 6.83 (s, 2H), 9.45 (br. s, 1H); 
13

C NMR (100 

MHz, DMSO-d6, δ/ppm): 25.1, 28.5, 29.5, 55.7, 64.0, 72.3, 96.2, 131.9, 135.1, 152.9, 

153.5.  
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Synthesis of poly(ether urethane) (PEU-4) by self-polycondensation of 4-((11-

hydroxyundecyl)oxy)-3,5-dimethoxybenzoyl azide 

IR (KBr): 3330, 1730, 1700 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 1.27-1.77 (m, 

18H), 3.80 (s, 6H), 3.91 (t, 2H), 4.14 (t, 2H), 6.68 (s, 2H); 
13

C NMR (100 MHz, CDCl3, 

δ/ppm): 25.8, 28.9, 29.2, 29.4, 29.4, 29.5, 29.5, 23.0, 56.0, 65.4, 73.6, 96.5, 133.2, 133.9, 

153.6, 153.8.                                                                                                                                                                                                                                                                                                                                                      

4b.3 Results and discussion  

4b.3.1 Synthesis of poly (ether urethane)s 

In this study, four new fully bio-based poly(ether urethane)s were synthesized by 

self-polycondensation of -hydroxyalkyleneoxy benzoyl azides. -Hydroxyalkyleneoxy 

benzoyl azides and catalytic amount of DBTDL were dissolved in dry toluene and the 

solution was heated slowly up to 80 
o
C. The evolution of nitrogen gas indicated the 

decomposition of aromatic carbonyl azide group. The heating was continued for 12 h to 

ensure the completion of polymerization reaction. During heat treatment, acyl azide 

groups undergo thermal Curtius rearrangement to form isocyanate groups which in situ 

react with the hydroxyl groups present in A-B monomers to afford poly(ether urethane)s 

(Scheme 4b.1). The results of polymerization reactions are summarized in Table 4b.1. 

 

Scheme 4b.1 Synthesis of poly(ether urethane)s starting from -hydroxyalkyleneoxy 

benzoyl azides. 

Inherent viscosities of poly(ether urethane)s were in the range 0.41-0.69 dLg
-1

 

indicating formation of reasonably high molecular weight polymers. Number average 

molecular weights (  
̅̅ ̅̅ ), obtained from gel permeation chromatography (GPC), were in 

the range 20,000-40,400 g mol
-1

 and dispersity values were in the range 1.4-1.9. Tough, 

transparent and flexible films of poly(ether urethane)s could be cast either from 

chloroform or DMAc solution. The % transmittance data at 800 nm measured by UV-

Visible spectrophotometer on poly(ether urethane) films (~1 mm thickness)  is given in 

Table 4b.1. Poly(ether urethane) films exhibited good optical properties and possessed 

light transmittance in the range 80.2 -87.6 %.     
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Table 4b.1 Inherent viscosity, molecular weight and % transmittance of poly(ether 

urethane)s 

Sr 

no 

Poly(ether 

urethane) 
R m 

inh  

(dLg
-1

)
 

  
̅̅ ̅̅    

̅̅ ̅̅ ̅ Dispersity 
Transmittance 

(%) 
e
 

1 PEU-1 H 6 0.69
a 

40,400
c 

56,900
c 

1.4 87.6 

2 PEU-2 H 11 0.54
b 

29,800
d 

57,900
d 

1.9 84.0 

3 PEU-3 OCH3 6 0.41
a 

20,000
c 

30,600
c 

1.5 83.1 

4 PEU-4 OCH3 11 0.53
b 

28,200
d 

48,800
d 

1.7 80.2 

a; inh was measured with 0.5% (w/v) solution of poly(ether urethane) in DMF at 30 ± 0.1 °C 

b; inh was measured with 0.5% (w/v) solution of poly(ether urethane) in chloroform at 30 ± 0.1 °C 

c; measured by GPC in DMF, polystyrene was used as the calibration standard 

d; measured by GPC in chloroform, polystyrene was used as the calibration standard 

e; % transmittance was measured at wavelength of 800 nm 

4b.3.2 Structural characterization 

 The chemical structures of poly(ether urethane)s were confirmed by FT-IR,
 1

H 

NMR and
 13

C NMR spectroscopy. A representative FT-IR spectrum of PEU-3 is shown in 

Figure 4b.1, which indicated complete disappearance of azido and isocyanate absorption 

bands (2155 and 2270 cm
-1

) and an absorbance band appeared at 3330 cm
-1 

attributable to 

–NH stretching indicating the formation of urethane linkages.  Carbonyl stretching band 

was observed at 1730 and 1700 cm
-1

 due to non-hydrogen bonded and hydrogen bonded 

carbonyl group, respectively.    
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Figure 4b.1 FT-IR spectrum of poly(ether urethane) (PEU 3). 
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A representative 
1
H NMR spectrum of PEU-3 is shown in Figure 4b.2. A singlet 

was observed at 9.45  ppm for -NH group and aromatic protons showed a singlet at 6.83 

 ppm. Methylene protons attached to ether linkage appeared as a triplet at 4.06  ppm. 

and methylene protons attached to urethane linkage showed a triplet at 3.76  ppm. 

Methoxy group attached to aromatic ring displayed a singlet at 3.69  ppm. The protons 

attached to carbon   to the ether and urethane linkages displayed a multiplet in the range 

1.57-1.65  ppm and remaining methylene protons appeared as a multiplet in the region 

1.35-1.47  ppm.  

13
C NMR spectrum of PEU-3, along with assignments of the carbon atoms is 

shown in Figure 4b.3. In 
13

C NMR spectrum, a peak was observed at 153.5  ppm 

corresponding to the carbon of urethane carbonyl group. 

 

Figure 4b.2 
1
H NMR spectrum of PEU-3 in DMSO-d6. 
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Figure 4b.3 
13

C NMR spectrum of PEU-3 in DMSO-d6. 

4b.3.3 Solubility 

The solubility of poly(ether urethane)s was examined at room temperature (at 3 wt 

% concentration) in various organic solvents. PEU-1, PEU-3 and PEU-4 were soluble at 

room temperature in dipolar aprotic solvents such as DMAc, DMF, NMP and DMSO. 

Additionally, PEU-4 was also soluble in dichloromethane and chloroform. PEU-2 was not 

soluble in above mentioned dipolar aprotic solvents at room temperature while it 

dissolved in these solvents at ~ 80 
o
C. Interestingly, the cooling of DMF solution of PEU-

2 to room temperature showed spontaneous gelation thus indicating formation of an 

organogel. The formation of organogel in case of PEU-2 and its characterization is 

discussed in Chapter 4c. 

 

4b.3.4 Thermal properties 

Thermal properties of poly(ether urethane)s were determined by 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) at a 

heating rate of 10 
o
C min

-1
 under nitrogen atmosphere. TG and DSC curves are shown in 

Figure 4b.4 and Figure 4b.5, respectively and data is included in Table 4b.2.  
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Table 4b.2 Thermal properties of poly(ether urethane)s 

Sr no Poly(ether urethane)s R m Tg (
°
C)

a
 T10 (

°
C)

b 

1 PEU-1 H 6 65 320 

2 PEU-2 H 11 40 340 

3 PEU-3 OCH3 6 70 340 

4 PEU-4 OCH3 11 50 340 

a; measured by DSC on second heating scan with heating rate at 10 oC min-1 under nitrogen atmosphere   

b; temperature at which 10% weight loss was observed under nitrogen atmospheres 

 

 

 

Figure 4b.4 TG curves of poly(ether urethane)s 



Chapter 4b                                                                         New Poly(ether urethane)s Based on Lignin.... 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   135 
 

 

Figure 4b.5 DSC curves of poly(ether urethane)s 

Poly(ether urethane)s showed temperature for 10 % weight loss in the range 320-

340 
o
C. Tg of poly(ether urethane)s were observed in the range 40-70 

o
C. As expected, 

poly(ether urethane)s PEU-2 and PEU-4 containing 11-carbon alkylene spacer showed 

lower Tg values than corresponding poly(ether urethane)s PEU-1 and PEU-3 possessing 

6-carbon alkylene spacer. The higher number of methylene units in oxyalkylene segment 

reduce the density of aromatic segment and consequently enhance flexibility of polymer 

chains. The number of methoxy substituents on aromatic ring also contributes to Tg of 

poly(ether urethane)s. Syringic acid-based poly(ether urethane)s (PEU-3 and PEU-4) 

containing two methoxy substituents on aromatic ring exhibited higher Tg values than 

corresponding vanillic acid-based poly(ether urethane)s (PEU-1 and PEU-2) containing 

one methoxy substituent. The presence of two methoxy substituents in case of poly(ether 

urethane)s, in which hydrogen bonds already exist, increases conformational barriers and 

consequently increase in Tg was observed. A similar trend was reported by Miller and co-

workers for polyacetal ethers based on lignin-derived aromatics
24

.      

4b.4 Conclusions 

1. Four new fully bio-based poly(ether urethane)s were synthesized by self-

polycondensation of A-B monomers namely, 4-((6-hydroxyhexyl)oxy)-3-

methoxybenzoyl azide, 4-((6-hydroxyhexyl)oxy)-3,5-dimethoxybenzoyl azide, 4-
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((11-hydroxyundecyl)oxy)-3,5-dimethoxybenzoyl azide and 4-((11-

hydroxyundecyl)oxy)-3-methoxybenzoyl azide via Curtius rearrangement. 

2. Inherent viscosities of poly(ether urethane)s were in the range of 0.41-69 dLg
-1

 

indicating formation of reasonably high molecular weight polymers. 

3. Number average molecular weight of poly(ether urethane)s ranged from 20,000-

40,400 g mol
-1

 and could be cast into transparent and flexible films from the 

solution of poly(ether urethane)s in chloroform or DMAc.  

4. Poly(ether urethane) films exhibited good optical properties and possessed light 

transmittance at 800 nm in the range 80.2 -87.6 %. 

5. The T10 values for all the poly(ether urethane)s were in the range of 320-340 
o
C. 

6. Tg value of bio-based poly(ether urethane)s were observed in the range 40-70 
o
C 

which were dictated by the length of  oxyalkylene chain and number of methoxy 

substituents on aromatic ring.  
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Chapter - 4c 

 

Polyurethane-Based Organogels: Preparation, 

Characterization and Application as Electrolyte in 

Dye-Sensitized Solar Cell 
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4c.1 Introduction 

Organogels are of interest as they find potential applications in drug delivery, 

cosmetics, cleaning agents, sensors, tissue engineering, enzyme immobilization matrices, 

phase selective gelation, water purification by dye absorption and as gel electrolyte for 

quasi-dye sensitized solar cells
1–6

. A wide range of organic gelators are known in the 

literature
6–9

. The common forces which are responsible for supramolecular gel formations 

are some specific or non-covalent interactions, such as electrostatic, dipole–dipole, 

hydrogen bonding (H-bonding), – stacking, and van der Waals interactions 
10–14

. In 

addition, hydrophobic or solvophobic effects, as well as the fine balance of the forces 

among gelator molecules and solvent molecules, often play an important role
14

.    

A wide range of organic compounds were shown to form organo gelators viz. fatty 

acid derivatives, steroid derivatives, molecules containing steroidal, amino acid based 

gelator, n-alkanes, etc in organic solvents
15–24

. To design a new gelator molecule; the 

understanding of molecular geometry as well as the various intermolecular forces is an 

essential requirement. However, precise structural requirements for organogelators are 

still poorly understood
13,17,21,22,25–27

. Most organogelators have been discovered by 

serendipity rather than by design.  

Majority of the reported organogels are based on the low molecular weight 

organogelators (LMWOGs)
12–14,25

. However, gels composed of low-molecular-weight 

gelators are metastable and crystallize during prolonged storage. This crystallization 

process may occur within a few hours or within a few years, and the period until 

stabilization (that is, crystallization) occurs varies depending on the gel
13,28

. In industrial 

applications for gelators, crystallization corresponds to a breakdown of gels and is a 

critical disadvantage. Unlike low-molecular-weight compounds, polymers and oligomers 

generally do not get separated out from a solution as crystals because of their molecular 

weight distributions and entanglement of their chains. Examples of polymeric gelators 

include polystyrene
29–31

, poly(methyl methacrylate)
32,33

, poly(3-hydroxybutyrate-co-3-

hydroxyvalerate)
34

, poly(γ-benzyl-L-glutamate)
35

, polypeptide
36

, poly(N,N-

dimethylacrylamide)
37

, poly(2,5-dinonyl-p-phenylene ethynylene)
38

, poly(2-methoxy-5-

(2-ethylhexyloxy)-1,4-phenylenevinylene
39

, poly(9,9-dioctylfluorene-2,7-diyl)
40

, 

poly(pyridinium-1,4-diyliminocarbonyl-1,4-phenylene methylene)
41

 and  polyurethanes
42

.  

In the present study, gelation behaviour of a polyurethane obtained by self-

polycondensation of 4-((11-hydroxyundecyl)oxy)-3-methoxybenzoyl azide was 



Chapter 4c                                                                                             Polyurethane-Based Organogels... 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   140 
 

investigated in various organic solvents. Microscopic property and sol-gel transition 

temperature (Tgel) of polyurethane organogel was characterized by FE-SEM and 

differential scanning calorimetry (DSC), respectively. Rheological studies were 

performed to study thermoreversibility of organogel, sol-gel transition and effect of 

gelator concentration on its strength. An application of prepared polyurethane organogel 

was demonstrated as a gel electrolyte in quasi-solid state dye-sensitized solar cells 

(DSSCs). 

4c.2 Experimental  

4c.2.1 Materials 

Polyurethanes viz.PU-1, PU-2, PU-3 and PU-4 were synthesized as reported in Chapter 

4b. Chloroform, dichloromethane, tetrahydrofuran (THF), N,N-dimethylformamide 

(DMF), N,N-dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP) and dimethyl 

sulfoxide (DMSO), were procured from Thomas Baker Ltd., Mumbai. Lithium chloride 

(LiCl), lithium iodide (LiI), and sulfolane were purchased from Sigma-Aldrich, USA. The 

organometallic dye N-719 (di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2`-

bipyridyl-4, 4`-dicarboxylato)ruthenium(II )) and 1-propyl-2, 3-dimethyl-imidazolium 

iodide were obtained from Solaronix, SA (Switzerland). 

4c.2.2 Preparations and characterization  

Gel preparation: A weighed amount of polyurethane was taken into a vial and dissolved 

in organic solvent by heating. The solution was cooled to room temperature and allowed 

to stand until gel formation which was confirmed by inversion of the vial. 

DSC: The gel-sol transition temperature (Tgel) was analyzed by differential scanning 

calorimetry (TA Q-10 model). Typically, ~10 mg of a gel was massed and added to a 

sealed pan that passed through a heat-cool-heat cycle at 10 
o
C min

-1
 under nitrogen 

atmosphere and temperature in the range of 25-80 
o
C.  

Rheology: Rheological behavior of polyurethane-based organogels was studied using 

strain-controlled rheometer (MCR 301, Anton Paar, Austria). For rheological studies, 

polyurethane organogels with concentrations of 0.5, 1, 2 and 3 wt % were prepared in 

DMF. Cup and bob geometry was used for measuring dilute and moderately viscous 

solutions. Cone and plate geometry with 25 mm diameter was used for highly viscous 

solutions. Amplitude sweep measurements were performed to calculate the linear visco-

elastic regime of the gels. Geometry was covered with in-house lids to prevent 
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evaporation of solvent during the measurements. Temperature ramp measurements with 

alternate heating and cooling cycles were performed to measure the thermo-reversible 

nature of the gels. Thermal cycles were performed at constant strain and frequency which 

was within the linear visco-elastic regime of the gel. Temperature was ramped from 25 
o
C 

to 80 
o
C at 0.25 

o
C min

-1
. Shear modulus (G’) and loss modulus (G”) was recorded as a 

function of temperature and time. Measurements were repeated thrice to ensure 

reproducibility. 

FE-SEM: Field emission scanning electron microscopy images were taken under low 

vacuum condition on FEI QUANTA 200. 

Fabrication of dye-sensitized solar cells: Fluorine doped tin oxide (FTO) coated glass 

substrates were cut into 2 cm x 2 cm dimension and cleaned by washing with soap 

solution, deionized water, and ethanol. A transparent layer of commercially available 

TiO2 paste (18NRT, Dyesol) was coated onto cleaned FTO glass using doctor blade 

method. The FTO glass was heated at 450 
o
C for 45 min and then at 500 °C for 15 

minutes in programmable furnace. After cooling to room temperature, a light harvesting 

layer of 18NR-AO paste (Dyesol) was coated by doctor blade method followed by the 

same heating protocol for transparent layer. The total thickness of 12-14 µm was 

maintained for TiO2 layers. The films were then subjected to TiCl4 treatment in which 

TiO2 films were dipped in 20 mM solution of TiCl4 at 70 °C for 30 minutes. The films 

were taken out from the solution, rinsed with deionized water followed by ethanol and 

then annealed at 450 °C for 30 min. TiO2 films were dipped in 5 mM N-719 (di-

tetrabutylammonium cis-bis(isothiocyanato)bis(2,2`-bipyridyl-4, 4`-

dicarboxylato)ruthenium(II )) dye solution (1:1 v/v acetonitrile: t-butyl alcohol) at room 

temperature for 24 h. The dye loaded films were washed with ethanol to remove excess 

dye on the surface. Platinum (Pt) as counter electrode was prepared by drop casting 20 µL 

of 10 mM hexachloroplatinic acid (H2PtCl6) on clean FTO. It was allowed to dry at room 

temperature and then heated at 450 
o
C for 15 minutes. 

Electrolyte preparation: The liquid electrolyte for DSSCs was composed of 0.6 M 1-

propyl-2, 3-dimethyl-imidazolium iodide, 0.05M LiI, 0.05M I2 and 0.5M 4-

tertbutylpyridine in DMF. The gel electrolyte was prepared by addition of polyurethane 

based gelator into the liquid electrolyte and heating at 100 
o
C for 10 min.  
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4c.3 Results and discussion  

The chemical structures of poly(ether urethane)s selected for the study are shown 

in Figure 4c.1. Initially, the solubility tests of polyurethanes were performed at 3 wt. % 

concentration in various organic solvents. The solubility data of polyurethanes is shown 

in Table 4c.1. 

 

Figure 4c.1 Structures of polyurethanes for gel study 

Table 4c.1 Gelation properties of 3% (w/v) solutions of PU-1, PU-2, PU-3 and PU-4 in 

various solvents 

Polyurethane 

D
M
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M
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PU-1 * * * * * + + - - - 

PU-2 + + + + + + + - - - 

PU-3 + + + + + - - - - - 

PU-4 + + + + + - - - - - 

* gel formation at room temperature; + soluble at room temperature; - insoluble at room 

temperature  
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Some important conclusions were drawn from the results summarized in Table 

4c.1. The increase in the number of methoxy substituents on aromatic ring of 

polyurethane backbone (two methoxy in case of PU-2 and PU-4) results in increase in 

solubility in polar organic solvents at room temperature due to the enhanced polarity of 

polymer. Furthermore, decrease in number of carbons in alkylene chain (6 in case of PU-

2 and PU-4) also showed good solubility in polar organic solvents at room temperature 

because of less hydrophobic effect. Interestingly, polyurethane (PU-1) which contains one 

methoxy substituent on aromatic ring of polymer backbone and 11-carbon containing 

alkylene spacer was soluble in polar organic solvents only at elevated temperature (~60 

o
C), which upon reverting to room temperature exhibited spontaneous gelation. This 

could be due to the proper balance of hydrophobic effect and partial solubility in polar 

organic solvent.  

 In order to study gel formation in detail, a weighed amount (0.5-3 % w/v) of 

polyurethane was dissolved in organic solvents under heating conditions as per the need. 

The solution was cooled to room temperature and allowed to stand until gel formation 

which was confirmed by inversion of vial (Figure 4c.2). Using the same procedure, we 

also attempted to utilize various organic solvents such as chloroform, dichloromethane, 

THF, DMF, DMAc, DMSO, chlorobenzene and toluene for gel formation. It was found 

that only polar organic solvents could gelate polyurethane (Table 4c.2). Thus, the nature 

of solvent plays a key role in the gelation of polyurethane.  

 

Figure 4c.2 Photograph of polyurethane gel 

4c.3.1 Microstructural study 

Xerogel of polyurethane organogel was obtained by drying gel at 30 
o
C for 24 h 

and then under vacuum. The morphology of xerogel was investigated by FE-SEM, SEM 

image showed uniform fibrous network, which can be seen in Figure 4c.3. It can be 

suggested that hydrogen bonding interactions are responsible for the gel formation, as the 
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polymer contains urethane linkages. Such type of hydrogen bonding interactions are 

reported in literature for polyurethane based organogel
42

.  

 

Figure 4c.3 SEM image of polyurethane–based xerogel gel. 

4c.3.2 LiCl addition experiment 

In general, hydrogen bonding is very common in most of the supramolecular 

organogels which can be denatured by addition of LiCl or urea due to their ability to 

vanish hydrogen bonding. When LiCl (10 mol. equivalent) was added to the polyurethane 

based organogel (DMF, 3 wt.%), the gel became weak instead of giving a clear solution 

(Figure 4c.4). This indicates that hydrogen bonding is one of the factors responsible for 

gelation, but hydrophobic interactions should also be taken into account.   

 

Figure 4c.4 LiCl mediated gel-sol transformation of polyurethane–based organogel in 

DMF 

4c.3.3 Thermoreversibility of organogel 

The thermoreversibility of polyurethane gel was examined by measuring gel-sol-

gel transition temperature (Tgel-sol-gel), which was measured by DSC and rheology. 

Initially, thermoreversibility of polyurethane organogel was investigated by inverted vial 

method and further confirmed by rheology. Figure 4c.5 shows DSC thermogram of 

polyurethane organogel with 3 wt. % concentration in DMF. In the first heating cycle, an 
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endothermic process took place in the range of 50-65 
o
C with sharp peak observed at 56 

o
C. However, neither endothermic nor exothermic peak was observed in cooling and 

second heating cycle, which indicated that sol cannot be reconstructed rapidly back in to 

the gel during timescale of DSC experiment.   
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Figure 4c.5 DSC curves of polyurethane (PU-1) organogel. 

In inverted vial method, thermoreversibility of polyurethane gel was determined 

by heating the gel in temperature controlled water bath at 60 
o
C until tube inversion 

showed that gel get converted into solution (~ 5 min) (Figure 4c.2). This solution was 

kept at room temperature for 5 h and the reformation of gel was observed..  

4c.3.4 Rheological studies of polyurethane gel  

4c.3.4.1 Viscoelastic property 

The linear viscoelastic regime of the polyurethane organogel was determined by 

performing amplitude experiments sweep measurements at 25
o
C (Figure 4c.6a). Results 

of the amplitude sweep showed that storage modulus (G') of the gel was independent of 

the applied strain over the range 10
-5

 to 0.1 %. At lower strain (from 10
-5

 to 10
-3 

%), G” 

showed few scattered data points, which may be due to the detection limit of rheometer in 

this range. A frequency sweep measurement (Figure 4c.6b) at constant strain (0.05 %) 

and temperature (25 
o
C) showed that storage modulus (G') of polyurethane gel was 

independent of the frequency in the studied range. These results point towards a 

mechanically stable gel with elastic network
43

. 
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           Figure 4c.6 (a) Amplitude and (b) frequency sweep measurements of polyurethane gel in 

DMF    (3 wt. %) 

4c.3.4.2 Effect of concentration 

Storage modulus (G') of polyurethane gels in DMF was studied in the 

concentration range of 0.5-3.0 wt %. It is worth noting that even at 0.5 wt % 

concentration the formation of gel was observed. The storages modulus as a function of 

concentration is shown in Figure 4c.7. Polyurethane gel with 3.0 wt % concentration 

showed a modulus of the order of 10
5 

Pa. These observations point towards the presence 

of intra-molecular interactions such as hydrogen bonding, hydrophobic interactions, etc 

and inter-molecular interactions between polyurethane chain and solvent molecules exist 

in the system. 

 

 

Figure 4c.7 Plot of the storage modulus (G’) versus concentration of polyurethane gels 

prepared in DMF. 

(a) (b) 
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4c.3.4.3 Thermo-reversibility of gels 

The flow behavior of polyurethane organogels as a function of temperature and 

time was studied by rheological measurements. Figure 4c.8 shows histogram of the 

storage modulus (G') and loss modulus (G'') recorded during heating and cooling cycles 

(from 25 
o
C to 80 

o
C and back) as a function of time. During the heating cycle, the 

temperature was increased at the rate of 0.25 
o
C min

-1
 from 25 to 80 

o
C. 

Elastic nature of gel dominates when G' > G'', whereas the viscous nature is 

dominant in the sol state which is G'' > G'. Generally, gel-to-sol or sol-to-gel transition is 

depicted as G' = G'', where the transition from one domain to the other takes place
43

. 

 

Figure 4c.8 Histogram of the gel-to-sol and sol-to-gel transition of polyurethane 

organogel in DMF (3 wt. %). Storage and loss modulus is plotted as a function of 

temperature and time. 

Initially, before the heating cycle, polyurethane gel exhibited a modulus of the 

order of 10
5
 Pa at 25 

o
C. During heating, storage modulus reduced gradually, and gel 

transitioned to the sol state. The transition from gel to sol occurred at 57 
o
C. This 

transition is calculated from the tangent of G' and G'' during the heating cycle. DSC 

results also supported this transition temperature (56 
o
C) (Section 4c.3.3). At the end of 

the heating cycle, the temperature was kept on hold at 80 
o
C for ten minutes. At this stage, 

the system remained in sol state. This hold time at 80 
o
C is required to ensure the 

complete transition from gel to sol state. At 80 
o
C, interactions between solvent and 
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polymer were minimized. In the cooling cycle, the temperature was reduced from 80 
o
C 

to 25 
o
C at the ramp rate of 0.25 

o
C min

-1
. During the cooling, storage modulus increased 

and sol to gel transition was observed at 30.1 
o
C. Finally, at the end of the cooling cycle, 

the gel was kept on hold at 25 
o
C for ten minutes. 

4c.3.5 Dye-sensitized solar cells (DSSC) 

In the recent past, solar energy has emerged as the most practical and viable 

alternative to conventional fossil- based energy sources. To utilize solar energy for a 

variety of applications it is necessary to convert it into electricity using photovoltaic cells. 

The concept and architecture of dye sensitized solar cell (DSSC) is of significant interest 

and has captured tremendous attention ever since it was discovered by Grätzel et al. in 

1991
44

. DSSCs are considered as potential candidates to substitute the silicon based solar 

cells on account of their rationally facile processing methodology, amenable to scale-up, 

attractive performance to cost ratio, applicability under diffuse light and possibility of 

their effective functioning even on flexible substrates. The four major components present 

in DSSC include: semiconducting electrode, dye sensitizer, redox mediator and counter 

electrode
45,46

 (Figure 4c.9). 

 

Figure 4c.9 Schematic representation of the components of DSSC 

The redox electrolyte is one of the important components of DSSCs and is very 

crucial to the performance and long-term stability of DSSCs. The redox reactions 

involved for commonly used iodide/tri-iodide redox couple are: 



Chapter 4c                                                                                             Polyurethane-Based Organogels... 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017   149 
 

I3
-
 + 2e

-
 ↔ 3I

-
 

I3- ↔ I2 + I
-
 

This redox couple is generally prepared by dissolving iodine and lithium iodide in 

a suitable solvent. The liquid state of the redox electrolyte ensures intimate contact of 

TiO2/dye and electrolyte forming a good interface which facilitates the dye regeneration 

process
47

. Despite the fact that liquid electrolytes formed good interface, DSSCs are 

associated with drawbacks in terms of long term use and practicality. The fabrication and 

sealing procedure of DSSCs involves tedious task of injecting liquid redox electrolyte in 

DSSC assembly followed by sealing the hole from where the liquid electrolyte is injected. 

The liquid nature of redox electrolyte is disadvantageous because of its evaporation and 

leakage issues over the long period in DSSCs
48,49

. To address these issues, efforts have 

made towards replacing liquid electrolyte with solid state electrolytes such as p-type 

semiconductors
50

, hole-conductors
51

, and polymeric materials incorporating the redox 

couple I3
-
/I

-52–55
. However, the power conversion efficiencies for these types of 

electrolytes are still lower even if the long term stability is higher. These lower power 

conversion efficiencies can be primarily attributed to poor TiO2/dye/electrolyte interface 

and lower ionic mobility in gel matrix. 

 To overcome the interface problems, the quasi-solid-state electrolytes based on 

organogels have attracted much attention in recent years
56–58

. These gel electrolytes have 

good ionic conductivity and pore-filling property, which are similar to the liquid 

electrolyte, and the network of the gel can reduce the leakage of the liquid electrolyte 

effectively to improve the long-term stability of DSSCs. A range of low molecular weight 

organogelators such as 12-hydroxystearic acid
59

, cyclohexanecarboxylic acid-[4-(3-

octadecylureido)phenyl]amide
57

, 1-ethyl-3-methylimidazolium thiocyanate
58

, and 

tetradodecylammonium bromide
60

 were used for the fabrication of quasi-solid state dye 

sensitized solar cells. Polymeric gelators such as poly(ethylene oxide)–poly(vinylidene 

fluoride) (PEO– PVDF)
61

, poly(acrylonitrile) (PANI)
62

, poly(methyl acrylate) (PMA)
63

, 

poly(methyl methacrylate) (PMMA)
64

, and poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP)
54

 were also used for the fabrication of quasi-solid 

state DSSCs. Very recently, polyurethane-based organogel was used in DSSC and 

showed the power conversion efficiency 7.68 % with performance cut by only 15 % after 

800 h
65

. Inspired by this report, we undertook the studies dealing with evaluation of 

polyurethane organogelator in quasi-solid state DSSCs.    
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In the present work, polyurethane-based (PU-1) organogel was used as a gel 

electrolyte for DSSC. The thermoreversible nature of gel electrolyte offers an advantage 

in the fabrication and sealing procedure. Because of the reversibility, above Tgel the 

solution form of gel electrolyte can be easily injected in the DSSC forming a good 

TiO2/dye/electrolyte interface. When the gelation occurs in the gel electrolyte holds the 

redox couple efficiently, also maintaining the good interface.          

The photovoltaic performance in terms of photocurrent density-voltage (J-V) 

curve of DSSC based on liquid and gel based electrolyte is shown Figure 4c.10.  
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Figure 4c.10 Current−voltage characteristics of the DSSCs using liquid and 

polyurethane-based gel electrolytes. 

The liquid electrolyte based controlled DSSC showed an efficiency of 4.5% 

whereas the polyurethane organogel-based electrolyte DSSC showed improved 

performance measured under an illumination of simulated AM 1.5 (100 mW cm
-2

). When 

the concentration of polyurethane in DMF was varied, the efficiency was improved from 

4.5% with 0 wt % of polyurethane to 6.2% with 3 wt % of polyurethane. When the 

polyurethane concentration was increased beyond 3 wt %, efficiency dropped down 

possibly due to hampered ionic mobility in a comparatively higher viscous gel matrix. 

The J-V parameters of DSSC are shown in Table 4c.2. The best performance DSSC 
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delivered efficiency of 6.2% with open circuit voltage (Voc) of 0.76 V, short circuit 

current (Jsc) of 10.7 mA/cm
2
 and fill factor (FF) of 74%. 

Table 4c.2 Photovoltaic performance parameters of DSSC based on liquid 

electrolyte and polyurethane-based gel electrolyte with variable gelator concentration. 

Gelator 

concentration 

(wt.%) 

V
oc

 (V) J
sc

 (mA/cm
2

) 
Fill Factor 

(FF) 

Efficiency  

(%) 

0 0.75 7.8 73 4.5 

1 0.74 10.6 70 5.7 

3 0.76 10.7 74 6.2 

4 0.72 9.0 72 5.0 

 

The stability performance of the optimized gelator concentration is shown in 

Figure 4c.11. After 12 days it showed efficiency of 6.1% indicating significant retention 

(98 %) in power conversion efficiency. The J-V parameters for stability data are shown in 

Table 4c.3.             
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Figure 4c.11 Current−voltage characteristics of DSSCs using 3 wt. % polyurethane-

based gel electrolytes. 
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Table 4c.3 Photovoltaic performance parameters of DSSC using 3 wt. % polyurethane-

based gel electrolyte. 

Day V
oc

 (V) J
sc

 (mA/cm
2

) 
Fill Factor 

(FF) 

Efficiency 

(%) 

0 0.76 10.7 74 6.2 

3 0.73 11.5 72 6.3 

12 0.71 11.0 75 6.1 

 

In summary, polyurethane-based organogel was successfully demonstrated as a 

gel electrolyte for quasi-solid state dye-sensitized solar cells. The results indicated that, 

polyurethane-based gel electrolyte showed better efficiency (6.3 %) than the 

corresponding liquid electrolyte (4.5 %). The power conversion efficiency retained over 

98 % of its initial power conversion efficiency after 12 days.     

4c.4 Conclusions 

 New polyurethane-based organogels were prepared in various polar organic 

solvents such as DMF, DMAc, DMSO, NMP and THF. 

  Morphology of dry polyurethane-based organogel was studied by FE-SEM, 

which showed fibrous structure. 

 The polyurethane-based organogel showed thermoreversibility and were 

confirmed by inverted vial method and rheology. 

 Gel-sol-gel phase transition of 3 wt. % organogel in DMF was studied by 

rheology and DSC which showed gel-sol transition temperature of 57 
o
C and 56 

o
C, respectively.  

 Utility of polyurethane-based organogel was demonstrated as a gel electrolyte for 

quasi-solid state dye-sensitized solar cells. The results indicated that, 

polyurethane-based gel electrolyte showed better efficiency (6.3 %) than the 

corresponding liquid electrolyte (4.5 %). The power conversion efficiency was 

retained over 98 % after 12 days.     
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5a.1 Introduction 

 Aromatic polyesters are the polymers containing ester linkages in the backbone. 

The first fully aromatic polyester was reported by Conix et al
1
. in 1957 by the reaction of 

aromatic dicarboxylic acid with bisphenol A. One hundred and forty different types of 

polyarylates were reported before commencement of the commercial  production by 

Unitica in 1974
2
 of the first polyarylate (U-polymer), which is a polyester based on 

bisphenol-A and tere/isophthalates. Aromatic polyesters have wide applications in 

automotive, aviation and electrical industries due to their excellent thermal stability and 

mechanical properties.  

The monomers viz. bisphenols and aromatic diacids used for the synthesis of aromatic 

polyesters are mostly obtained from petroleum resources
3,4

. Due to the dwindling 

petroleum resources and escalation in their cost, development of monomers useful for 

preparation of aromatic polyesters from renewable resources is an active area of 

research
5–7

. A range of fully or partially bio-based diacid/bisphenol monomers for semi-

aromatic/aromatic polyesters have been synthesized from hydroxylmethylfurfural, 

vanillic acid, syringic acid, ferulic acid, limonene, CNSL, etc
5–18

. 

Additionally, aromatic polyesters encounter processing difficulties due to their high 

glass transition temperatures and poor solubility in common organic solvents. There have 

been several attempts that have been reported to obtain processable aromatic polyesters 

via introduction flexibilizing linkages, bulky groups or crank shaft/bent units in polymer 

backbone
7,18–27

. 

Recently, much attention is being paid towards the synthesis of functional polymers 

which can be used for chemical modifications so as to tune polymer properties
28–30

. One 

of the functional groups of great interest is the furyl group which is known to undergo 

facile Diels-Alder reaction with maleimides
30,31

. Aliphatic polyesters containing clickable 

furyl groups have been the subject of intensive research owing to their suitability for 

preparation of self-healable and thermo-reversibly crosslinked polyesters
31–41

. To the best 

our knowledge, aromatic polyesters containing pendant clickable furyl groups have not 

been explored yet. 

The objective of the present work was to synthesize fully aromatic polyesters 

containing pendant furyl groups based on bisphenols derived from lignocellulose-derived 

aromatics. A series of aromatic polyesters were synthesized by phase transfer-catalysed  

interfacial polycondensation of bisphenols containing pendant furyl group viz 4, 4’-

(furan-2-ylmethylene)bis(2,6-dimethoxyphenol) (BPF-1) and 4,4'-(furan-2-
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ylmethylene)bis(2-methoxyphenol) (BPF-2) with three aromatic diacid chlorides viz 2,5-

furan dicarboxylic acid chloride, isophthaloyl chloride and terephthaloyl chloride. 

Polyesters were characterized by inherent viscosity measurements, solubility tests, FT-IR, 

1
H NMR and 

13
C NMR spectroscopy, X-ray diffraction, thermogravimetric analysis 

(TGA), differential scanning calorimetric studies (DSC) and tensile testing. The effects of 

structure aromatic diacid chloride and methoxy substituent on aromatic ring of bisphenols 

on thermal and mechanical properties of polyesters were investigated.  

5a.2 Experimental 

5a.2.1 Materials 

Bisphenols containing pendant furyl group, namely, 4, 4’-(furan-2-

ylmethylene)bis(2,6-dimethoxyphenol) (BPF-1) and 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol) (BPF-2)   were synthesized as described in Chapter 3. Terephthaloyl 

chloride (TPC) and isophthaloyl chloride (IPC) were received from Sigma Aldrich (USA) 

and were purified by distillation under reduced pressure. 2,5-Furandicarboxylic acid 

chloride (FDAC) was synthesized from 2,5-furandicarboxylic acid (Sigma Aldrich, USA) 

using excess thionyl chloride in the presence of N,N-dimethylformamide (DMF) as the 

catalyst and was purified by distillation under reduced pressure. Benzyltriethylammonium 

chloride (BTEAC) was purchased from Sigma Aldrich (USA) and was used as received.  

Thionyl chloride, sodium hydroxide, chloroform, dichloromethane, tetrahydrofuran 

(THF), DMF, N,N-dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP) and 

dimethyl sulfoxide (DMSO) were purchased from Thomas Baker Ltd., Mumbai and were 

purified as per literature procedures
42

. 

5a.2.2 Measurements  

Inherent viscosity of polyesters was determined with 0.5 % (w/v) solution of polymer in 

chloroform at 300.1
o
C using Ubbelhode suspended level viscometer. Inherent viscosity 

was calculated using the equation  

ninh = 
     

 
          

where, t and t0 are flow times of polymer solution and solvent, respectively and c is the 

concentration of polymer solution 

Molecular weights and dispersity values of polyesters were determined on Thermo-

Finnigan make gel-permeation chromatography (GPC) using chloroform as an eluent at a 
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flow rate of 1 mL min
-1

 at 25 
o
C. Sample concentration was 2 mg mL

-1
 and narrow 

dispersity polystyrenes were used as calibration standards.  

FT-IR spectra were obtained on a Perkin–Elmer Spectrum GX spectrometer using 

polymer film. 

NMR spectra were recorded on a Bruker 200, 400 or 500 MHz spectrometer at resonance 

frequencies of 200, 400 or 500 MHz for 
1
H NMR and 50, 100 or 125 MHz for 

13
C NMR 

measurements using CDCl3 as a solvent. 

Thermogravimetric analysis (TGA) was carried out on Perkin Elmer: STA 6000, at a 

heating rate of 10 
o
C min

-1
 under nitrogen atmosphere. 

 Differential scanning calorimetric (DSC) analysis was performed using a DSC Q10 

differential calorimeter from TA Instruments under nitrogen atmosphere (50 mL min
-1

). 

Analyses were carried out in a temperature range between 30 and 250 ºC using a heating 

rate of 10 ºC min
-1

. 

X-Ray diffraction patterns of polyesters were recorded using dried polymer film on a 

Rigaku Dmax 2500 X-ray diffractometer at a tilting rate of 2
o 
min

-1
. 

The tensile properties of the polyester films were measured using Rheometrics Scientifics 

(Model Mark IV) (UK) instrument with a clamp length of 10 mm at room temperature at 

a crosshead speed of 1.5 mm min
−1

. 

5a.2.3 General procedure for the synthesis of polyesters  

Polymerization reaction was carried out in a 100 mL two-necked round bottom 

flask equipped with a mechanical stirrer. BPF-1/BPF-2 (2.59 mmol) was dissolved in 5.5 

mL of 1M aqueous solution of sodium hydroxide. The reaction mixture was stirred at 10 

o
C for 1 h. Next, BTEAC (30 mg) was added to the reaction mixture and stirring was 

continued. After 30 min, the solution of diacid chloride (2.59 mmol) in 15 mL of 

dichloromethane was added to the reaction mixture at 5 
o
C and the mixture was stirred 

vigorously at 2000 rpm for 1 h. The reaction mixture was poured into hot water; the 

precipitated polymer was filtered and washed several times with water. The polymer was 

dissolved in chloroform and precipitated into methanol. The polymer was filtered, washed 

with methanol, and dried under reduced pressure at 50 
o
C for 24 h.  

Synthesis of PE-1 by polycondensation of 4, 4’-(furan-2-ylmethylene)bis(2,6-

dimethoxyphenol) with  isophthaloyl chloride  

IR: 1739 cm
-1

; 
1
H NMR (500 MHz, CDCl3, δ/ppm): 3.74 (s, 12H), 5.45 (s, 1H), 6.07 (s, 

1H), 6.36 (s, 1H), 6.49 (s, 4H), 7.42 (s, 1H), 6.65 (t, 1H), 8.47 (d, 2H), 9.08 (br. s, 1H); 
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13
C NMR (100 MHz, CDCl3 δ/ppm): 51.2, 56.2, 105.7, 108.6, 110.3, 127.5, 130.0, 132.3, 

135.0, 139.8, 142.1, 152.2, 156.0, 163.7. 

Synthesis of PE-2 by polycondensation of 4, 4’-(furan-2-ylmethylene)bis(2,6-

dimethoxyphenol) with  terephthaloyl chloride 

IR: 1739 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 3.76 (s, 12H) 5.47 (s, 1H) 6.08 (d, 

1H) 6.38 (br.s, 1H) 6.51 (s, 4H) 7.44 (d, 1H) 8.36 (s, 4H); 
13

C NMR (100 MHz, CDCl3 

δ/ppm): 51.2, 56.2, 105.7, 108.6, 110.3, 127.5, 130.4, 133.5, 139.9, 142.1, 152.1, 155.8, 

163.7 

Synthesis of PE-3 by polycondensation of 4, 4’-(furan-2-ylmethylene)bis(2,6-

dimethoxyphenol) with  2,5-furandicarboxylic acid chloride  

IR: 1741 cm
-1

; 
1
H NMR (200 MHz, CDCl3, δ/ppm): 3.74 (s, 12H), 5.43 (s, 1H), 6.04 (d, 

1H), 6.36 (t, 1H), 6.45 (s, 4H), 6.42 (d, 1H), 7.47 (s, 1H); 
13

C NMR (100 MHz, CDCl3 

δ/ppm): 51.1, 56.1, 105.6, 108.7, 110.3, 119.9, 126.7, 140.1, 142.2, 146.5, 152.1, 155.5, 

155.7 

Synthesis of PE-4 by polycondensation of 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol) with  isophthaloyl chloride  

IR: 1738 cm
-1

; 
1
H NMR (500 MHz, CDCl3, δ/ppm): 3.76 (s, 6H), 5.50 (s, 1H), 6.03 (d, 

1H), 6.35 (d, 1H), 6.80 (dd, 2H), 6.87 (s, 2H), 7.12 (d, 2H), 7.42 (d, 1H), 7.66 (t, 1H), 

8.46 (d, 2H), 9.04 (t, 1H); 
13

C NMR (100 MHz, CDCl3 δ/ppm): 50.4, 55.9, 108.6, 110.2, 

113.1, 121.0, 122.6, 125.9, 130.0, 135.0, 138.6, 140.5, 142.1, 151.1, 156.0, 163.8 

Synthesis of PE-5 by polycondensation of 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol) with  terephthaloyl chloride 

IR: 1738 cm
-1

; 
1
H NMR (500 MHz, CDCl3, δ/ppm): 3.78 (s, 6H), 5.52 (s, 1H), 6.05 (d, 

1H), 6.37 (t, 1H), 6.83 (dd, 2H), 6.87 (d, 2H), 7.15 (d, 2H), 7.43 (s, 1H), 9.04 (s, 4H) ); 

13
C NMR (125 MHz, CDCl3, δ/ppm): 50.5, 55.9, 108.6, 110.2, 113.2, 121.0, 122.6, 130.3, 

133.7, 138.6, 140.5, 142.2, 151.1, 155.9, 163.9. 

Synthesis of PE-6 by polycondensation of 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol) with 2,5-furandicarboxylic acid chloride 

IR: 1740 cm
-1

; 
1
H NMR (500 MHz, CDCl3, δ/ppm): 3.76 (s, 6H), 5.48 (s, 1H), 6.01 (d, 

1H), 6.35 (s, 1H), 6.78 (dd, 2H), 6.82 (d, 2H), 7.11 (d, 2H), 7.46 (s, 3H); 
13

C NMR (125 
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MHz, CDCl3, δ/ppm): 50.3, 55.9, 108.6, 110.2, 113.2, 119.9, 121.0, 122.5, 137.7, 140.7, 

142.1, 146.5, 150.9, 155.5, 155.7. 

5a.3 Results and discussion 

5a.3.1 Polyester synthesis 

The two most widely studied routes for synthesis of aromatic polyesters are acid 

chloride and transesterification route. In the acid chloride route, diacids are converted into 

diacid chlorides followed by polycondensation with diphenols. Polymerization reactions 

can be performed by three methods 1) interfacial polymerization
43–45

 2) low temperature 

solution polycondensation
43,44

 and 3) high temperature solution polycondensation
46

. 

Transesterification reactions are carried out by three methods 1) reaction of diphenyl ester 

of aromatic dicarboxylic acid with diphenol
47,48

, 2) reaction of aromatic dicarboxylic acid 

with diacetate derivative of diphenol
49,50

, and 3) reaction of dialkylester of dicarboxylic 

acid with diacetate derivative of bisphenol
51

     

In the present work, a series of aromatic polyesters were synthesized from 

bisphenols containing pendant furyl group and aromatic diacid chlorides via interfacial 

polycondensation route (Scheme 5a.1). Polymerization was carried out in a mixture of 

water and dichloromethane as the reaction medium and BTEAC as a phase transfer 

catalyst. 2,5-Furan dicarboxylic acid chloride was selected for the preparation of fully 

bio-based aromatic polyester while petroleum-derived IPC and TPC were used to study 

structure-property relationship. All the polyesters exhibited good solubility in organic 

solvents such as chloroform, dichloromethane, DMSO, DMAc and DMF.  

Scheme 5a.1 Synthesis of aromatic polyesters from 4, 4’-(furan-2-ylmethylene)bis(2,6-

dimethoxyphenol)/ 4,4'-(furan-2-ylmethylene)bis(2-methoxyphenol) and aromatic diacid 

chlorides 

Inherent viscosities of polyesters were measured in chloroform and the values 

were found in the range 0.49-0.78 dLg
-1

. GPC analysis indicated that number average 
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molecular weights (  
̅̅ ̅̅ ) and dispersities of polyesters were in the range 28,000-45,000 g 

mol
-1

 and 1.9-2.8, respectively. GPC and inherent viscosity results showed the formation 

of reasonably high molecular weights of polyesters. Tough, transparent and flexible films 

could be cast from chloroform solutions of aromatic polyesters.  

Table 5a .1 Synthesis of aromatic polyesters from 4, 4’-(furan-2-ylmethylene)bis(2,6-

dimethoxyphenol)/4,4'-(furan-2-ylmethylene)bis(2-methoxyphenol) and aromatic diacid 

chlorides  

Sr. 

No. 
Polyester Bisphenol 

Diacid 

Chloride 

ηinh 

(dLg
-1

)a 

Molecular Weight
b
 

  
̅̅ ̅̅    

̅̅ ̅̅ ̅ Dispersity 

1 PE-1 BPF-1 IPC 0.63 39,700 82,500 2.0 

2 PE-2 BPF-1 TPC 0.49 28,000 77,700 2.7 

3 PE-3 BPF-1 FDAC 0.65 45,000 86,700 1.9 

4 PE-4 BPF-2 IPC 0.78 39,700 97,400 2.4 

5 PE-5 BPF-2 TPC 0.60 30,000 82,300 2.7 

6 PE-6 BPF-2 FDAC 0.62 34,800 97,440 2.8 

a; ηinh was measured with 0.5 % (w/v) solution of polyester in chloroform at 30 ±0.1 oC 

b; measured by GPC in chloroform, polystyrene was used as calibration standard 

 

5a.3.2 Structural characterization 

The chemical structures of polyesters were confirmed by FT-IR and NMR 

spectroscopy. A representative FT-IR spectrum of polyester is reproduced in Figure 5a.1. 

Absorption bands appeared at 1734 cm
-1 

and 1501 cm
-1 

are assigned to carbonyl 

stretching of ester linkages and C=C stretching of furyl group, respectively. A 

representative 
1
H NMR spectrum of polyester derived from BPF-1 and FDAC is shown in 

Figure 5a.2. A singlet at 7.47  ppm was assigned to protons of furan ring present in 

polymer backbone. The protons adjacent to the oxygen atom of furyl group exhibited a 

singlet at 7.42  ppm. The four aromatic protons ‘c’ appeared as a singlet at 6.45  ppm 

which indicates all protons are magnetically equivalent. A doublet at 6.04  ppm was 

assigned to proton ‘e’ of the pendant furyl group. Benzylic proton and methoxy group 

protons appeared as singlet at 5.43  ppm and 3.74  ppm, respectively. 
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Figure 5a.1 FT-IR spectrum of polyester (PE-3) derived from 4,4’-(furan-2-

ylmethylene)bis(2,6-dimethoxyphenol) and 2,5-furan dicarboxylic acid chloride 

Figure 5a.2 
1
H NMR spectrum of polyester (PE-3) derived from 4,4’-(furan-2-

ylmethylene)bis(2,6-dimethoxyphenol) and 2,5-furan dicarboxylic acid chloride in CDCl3 
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13
C NMR spectrum of PE- 6 along with the peak assignments is shown in Figure 

5a.3. The chemical shift of carbonyl carbon ‘a’ of ester group was observed at 155.7  

ppm. 

 

 

Figure 5a.3 
13

C NMR spectrum of polyester (PE-3) derived from 4,4’-(furan-2-

ylmethylene)bis(2,6-dimethoxyphenol) and 2,5-furan dicarboxylic acid chloride in CDCl3 

5a.3.3 X-Ray diffraction studies 

The crystallinity of polyesters results in their insolubility and is dependent on the 

structure of both the starting materials i.e. bisphenol and diacid chloride. It is reported 

that polymers possessing substituents on the backbone and/or pendant groups reduce the 

crystallinity and result into improvement in solubility characteristics
19,55,56

. Wide-angle 

X-ray diffraction (WAXD) patterns of polyesters showed an amorphous halo over 2 

range 5-30
o 
(Figure 5a.4). The amorphous nature of polyesters could be attributed to the 

presence of methoxy substituents and pendant furyl groups which disturb the polymer 

chain packing. 
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 Figure 5a.4 X-Ray diffractograms of aromatic polyesters containing pendant furyl 

groups 

5a.3.4 Thermal properties 

Thermal stability of polyesters was analyzed by thermogravimetric analysis 

(TGA) under nitrogen atmosphere. TG curves of polyesters are shown in Figure 5a.5 and 

data is listed in Table 5a.2. The 10 % weight loss of aromatic polyesters was found in the 

range 378-405 
o
C indicating their good thermal stability. A representative DTG curve of 

polyester PE-3 is reproduced in Figure 5a.6. Differential thermogravimetric analysis of 

polyesters showed a single stage degradation. 
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Table 5a.2 Thermal properties of polyesters derived from 4, 4’-(furan-2-

ylmethylene)bis(2,6-dimethoxyphenol) and 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol) with aromatic diacid chlorides. 

Sr. 

No. 
Polyester 

T10 

(
o
C)

a
 

Char yield 

(%)
b
 

Tg 

(
o
C)

c
 

1 

 

398 40 204 

2 

 

390 33 214 

3 

 

386 38 190 

4 

 

401 42 164 

5 

 

405 45 178 

6 

 

378 35 160 

a; temperature at which 10% weight loss was observed in TGA under nitrogen atmosphere;  

b; weight residue at 800 oC; 

c; measured by DSC on second heating scan with heating rate at 10 oC min-1 under nitrogen 

atmosphere. 
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Figure 5a.5 TG curves of aromatic polyesters containing pendant furyl group 
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Figure 5a.6 DTG curve of aromatic polyester derived from 4, 4’-(furan-2-

ylmethylene)bis(2,6-dimethoxyphenol) and 2, 5- furan dicarboxylic acid chloride 
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Tg values of polyesters were determined using differential scanning calorimetry 

(DSC) from 25-250 
o
C with heating rate 10 

o
C min

-1
. The first heating cycle was 

employed to erase the thermal history and the second heating cycle was recorded for data 

analysis. DSC curves are reproduced in Figure 5a.7 and results are included in Table 

5a.2. It was observed that Tg values obtained for BPF-1 based polyesters with IPC, TPC 

and FDAC were higher than those of the corresponding polyesters based on BPF-2. This 

behavior is attributed to the presence of two methoxy substituents on aromatic ring in 

BPF-1 based polyesters which could increase the rotational barrier of the polymer chain 

leading to higher Tg values
52

. In both the series (BPF-1 and BPF-2 based), the Tg values 

decreased in the order TPC>IPC>FDAC. This trend clearly indicated that catenation in 

diacid chloride affects the Tg. The highest Tg values in both the series of TPC-based 

polyesters could be due to rigidity and linearity of the diacid chloride while the lowest Tg 

of FDAC-based polyesters could be attributed to non-linear character of FDAC. These 

structural features affect the packing of polymer chains and thus have an impact on Tg of 

polyesters. It is reported in the literature that FDAC-based aromatic-aliphatic polyesters 

exhibit higher Tg than corresponding IPC-based polymers
53,54

 On the contrary, an 

opposite trend was observed in the case of aromatic polyesters synthesized in the present 

work. At this point of time, we do not have an explanation for this observation. 
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Figure 5a.7 DSC curves of aromatic polyesters containing pendant furyl groups 
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5a.3.5 Mechanical properties of polyesters 

The mechanical properties of aromatic polyesters were evaluated using polyester 

films that were prepared by casting from their chloroform solutions. The strain-stress 

curves are shown in Figure 5a.8. The average values of three repeated measurements are 

collected in Table 5a.3. The nature of curves indicated the ductile nature of aromatic 

polyesters. Aromatic polyesters exhibited high tensile strength up to 70.8 MPa, Young’s 

modulus up to 2.3 GPa and elongation at break up to 56.2 % which qualify them to be 

useful as structural materials in several applications. In both the series, IPC-derived 

polyesters exhibited higher elongation at break due to introduction of flexibility via meta-

catenation  

Table 5a.3 Mechanical properties of polyesters containing pendant furyl groups 

Polyester 

Code 
Polyester  

Yield 

Point 

(MPa) 

Young's 

Modulus 

(GPa) 

Elongation 

at Break 

(%) 

PE-1 

 

64.6 2.11 34.1 

PE-2 

 

70.8 2.13 15.5 

PE-3 

 

63.3 1.91 19.9 

PE-4 

 

63.1 2.14 56.2 
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PE-5 

 

68.3 2.38 29.8 

PE-6 

 

58.5 1.66 27.9 
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Figure 5a.8 Stress-strain curves of aromatic polyesters containing pendant furyl groups 

The post modification studies of furyl containing polyesters are discussed in Chapter 5c.  

5a.4 Conclusions 

1. A series of aromatic polyesters containing pendant clickable furyl groups were 

synthesized from 4, 4’-(furan-2-ylmethylene)bis(2,6-dimethoxyphenol)/4,4'-

(furan-2-ylmethylene)bis(2-methoxyphenol) and aromatic diacid chlorides viz 2,5-

furan dicarboxylic acid chloride, isophthaloyl chloride and terephthaloyl chloride. 

2. Inherent viscosities of aromatic polyesters were in the range of 0.49-0.78 dLg
-1

 

indicating formation of reasonably high molecular weight polymers. 
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3. Polyesters were found to be soluble in organic solvents such as chloroform, 

dichloromethane, DMSO, DMAc and DMF. This indicates that presence of 

methoxy substituents and pendant furyl groups played a significant role in the 

improvement in solubility of aromatic polyesters. 

4. Tough, transparent and flexible films could be cast from the solutions of 

polyesters in chloroform. 

5. Wide angle X-ray diffraction patterns showed that aromatic polyesters containing 

pendant furyl groups and methoxy substituents on aromatic rings were amorphous 

in nature. 

6.  T10 values of aromatic polyesters were in the range 378-405 
o
C indicating good 

thermal stability of polymers. 

7. DSC analysis indicated that polyesters containing two methoxy substituents on 

aromatic ring showed higher Tg (190-214 
o
C) than the polymers containing one 

methoxy substituents on aromatic ring (160-178 
o
C). 

8. Mechanical properties of aromatic polyesters were studied by tensile testing. 

Yield point and elongation at break were in the range 58.5-70.8 MPa and 15.5-

56.2 % respectively, indicating their potential applications as structural materials. 
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5b.1 Introduction 

Aromatic polycarbonates are polymers containing repeating carbonate groups (-O-

CO-O-) in the polymer backbone. In 1953, Herman Schnell at Bayer, AG and Daniel Fox 

at GE independently reported aromatic polycarbonate based on bisphenol A
1
. 

Polycarbonates exhibit high thermal stability, outstanding toughness, high flame 

retardancy, high dimensional stability,  excellent optical properties, low water uptake and 

easy processability
2,3

. The combination of these properties qualifies polycarbonates as 

suitable replacement for glass, wood, and other polymeric materials. Aromatic 

polycarbonates are useful in several applications such as electrical, optical, construction, 

household and consumer articles, medical devices, packaging, etc
2–5

. 

Bisphenol-A (BPA) is the highest volume building block used for the synthesis of 

aromatic polycarbonates. Approximately, 5.4 million tonnes of BPA was produced 

worldwide in 2015
6
 and is extensively used for the synthesis of polycarbonates as well as 

polyesters, polyether sulfones, polyether ketones, cyanate esters, epoxy resins, etc
7,8

. 

However, BPA is currently under scrutiny due to its potential health hazards and it has 

been banned for food packaging applications
9,10

. Additionally, BPA is produced from 

petroleum-derived chemicals which are non-renewable. Because of the limited stocks, 

non-renewability and environmental issues associated with petroleum-derived chemicals, 

it has been recognized that sustainable and renewable resources should be used for 

polymer synthesis in the near future
11

.  

Over the past several years, researchers from academia and industries have been 

attempting to develop new sustainable bisphenols as a replacement for BPA. In this 

context, bio-based bisphenols starting from levulinic acid, limonene, cashew nut shell 

liquid (CNSL) and creosol have been reported
12–19

. However, it is unclear whether these 

bisphenols are endocrine disruptors or not. Trita et al. reported that CNSL-based 

bisphenol viz. 3,3’-dihydroxy-diphenylethane showed estrogenic activity in the same 

range as that of BPA
18

. In contrast, renewable bisphenols derived from eugenol, ferulic 

acid and guaiacol were found to be non-estrogenic
18–20

. The non-estrogenic activity of 

these bisphenols was attributed to the presence of ortho methoxy group which might 

disrupt the hydrogen bonding interaction between the phenol and receptor site. Shetty et 

al. evaluated the effect of substituents on bisphenol on estrogenic activity and concluded 

that presence of ortho alkoxy substituents could reduce estrogenic activity of bisphenol
20

. 
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The introduction of functional groups into polymers and subsequent post-

modifications provides an efficient methodology to tailor the properties of polymers such 

as mechanical, thermal, crystallinity, hydrophilicity, etc
21–23

. Such functionalized 

polymers broaden the application areas compared to the unfunctionalized precursor. A 

large number of reports are available on functional aliphatic polycarbonates
24,25

. 

However, the reports on synthesis of functional aromatic polycarbonates are scanty 

except allyl
26,27

 and acid
28

 functionalized aromatic polycarbonate  

The present work deals with the synthesis of  functional bio-based polycarbonates 

obtained by polycondensation of ortho methoxy substituted and pendant furyl containing 

bisphenol namely, 4,4'-(furan-2-ylmethylene)bis(2-methoxyphenol) (BPF-2)   with 

triphosgene. Copolycarbonates were also prepared by polycondensation of varying 

compositions of BPF-2 and bisphenol-A with triphosgene. (Co)polycarbonates were 

characterized by inherent viscosity measurements, solubility tests, FT-IR, 
1
H NMR and 

13
C NMR spectroscopy, X-ray diffraction, thermogravimetric analysis (TGA), differential 

scanning calorimetric studies (DSC) and tensile testing. The influence of BPF-2 monomer 

on the properties of copolycarbonates was investigated. 

5b.2 Experimental 

5b.2.1 Materials 

Bisphenol containing pendant furyl group, namely, 4,4'-(furan-2-

ylmethylene)bis(2-methoxyphenol) (BPF-2)   was synthesized as described in Chapter 3. 

Triphosgene and bisphenol-A (BPA) were purchased from Sigma Aldrich (USA). 

Bisphenol A was sublimed before use.  Triethyl amine, hydrochloric acid, chloroform, 

dichloromethane, tetrahydrofuran (THF), N,N-dimethylformamide (DMF), N,N-

dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP) and dimethyl sulfoxide 

(DMSO) were procured from Thomas Baker Ltd., Mumbai. Triethyl amine and 

dichloromethane were dried over calcium hydride and distilled prior to use. 

5b.2.2 Measurements  

Inherent viscosity of polycarbonates was determined with 0.5 % (w/v) solution of 

polymer in chloroform at 300.1
o
C using Ubbelhode suspended level viscometer. 

Inherent viscosity was calculated using the equation  

ninh = 
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where, t and t0 are flow times of polymer solution and solvent, respectively and c is the 

concentration of polymer solution 

Molecular weights and dispersity values of polycarbonates were determined on Thermo-

Finnigan make gel-permeation chromatography (GPC) using chloroform as an eluent at a 

flow rate of 1 mL min
-1

 at 25 
o
C. Sample concentration was 2 mg mL

-1
 and narrow 

dispersity polystyrenes were used as calibration standards.  

FT-IR spectra were obtained on a Perkin–Elmer Spectrum GX spectrometer using 

polymer film. 

NMR spectra were recorded on a Bruker 200, 400 or 500 MHz spectrometer at resonance 

frequencies of 200, 400 or 500 MHz for 
1
H NMR and 50, 100 or 125 MHz for 

13
C NMR 

measurements using CDCl3 as a solvent. 

Thermogravimetric analysis (TGA) was carried out on Perkin Elmer: STA 6000, at a 

heating rate of 10 
o
C min

-1
 under nitrogen atmosphere. 

 Differential scanning calorimetric (DSC) analysis was performed using a DSC Q10 

differential calorimeter from TA Instruments under nitrogen atmosphere (50 mL min
-1

). 

Analyses were carried out in a temperature range between 30 and 250 ºC using a heating 

rate of 10 ºC min
-1

. 

X-Ray diffraction patterns of polycarbonates were recorded using dried polymer films on 

a Rigaku Dmax 2500 X-ray diffractometer at a tilting rate of 2
o 

min
-1

. 

The tensile properties of the polycarbonate films were measured using an Rheometrics 

Scientifics (Model Mark IV) (UK) instrument with a clamp length of 10 mm at room 

temperature at a crosshead speed of 1.5 mm min
−1

. 

5b.2.3 General procedure for the synthesis of (co)polycarbonates 

  Into a 100 mL three necked round bottom flask equipped with a nitrogen balloon, 

an addition funnel, and a magnetic stirrer were charged BPF-2/BPA (3 mmol) and dry 

dichloromethane (6 mL). The reaction mixture was cooled to 0 
o
C and the solution of 

triethyl amine (1.25 mL, 9 mmol) in dry dichloromethane (3 mL) was added dropwise 

over a period of 10 min.  To the reaction mixture, the solution of triphosgene (373.9 mg, 

1.26 mmol) in dichloromethane (3 mL) was added dropwise and stirred for at 0 
o
C 15 

min. The reaction mixture was allowed to warm to 25 
o
C and stirring continued at that 

temperature for 4 h. The reaction mixture was neutralized with aqueous hydrochloric acid 

(2 M) and was extracted with dichloromethane (2 × 100 mL). The dichloromethane 

solution was washed with water (2 × 100 mL), dried over sodium sulfate, filtered and 
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concentrated under reduced pressure at 30 
o
C. The concentrated polymer solution was 

poured into methanol (1000 mL) and the precipitated polymer was filtered and washed 

with methanol. The polymer was dissolved in dichloromethane (10 mL) and 

reprecipitated into methanol (1000 mL), filtered and dried at 100 
o
C under reduced 

pressure for 12 h.    

5b.3 Results and discussion 

5b.3.1 Synthesis of (co)polycarbonates 

Aromatic polycarbonates are generally synthesized by two methods 1) reaction of 

bisphenol with phosgene by interfacial or solution polymerization and 2) reaction of 

bisphenol with diphenyl/dimethyl carbonate by melt polymerization. Phosgene is difficult 

to handle on the laboratory scale due to its high toxicity and gaseous nature. Triphosgene 

is a less hazardous substitute for phosgene with relatively equivalent reactivity and solid 

crystalline nature. Triphosgene is, therefore, preferred as a source of carbonate for the 

laboratory scale synthesis of polycarbonates
29,30

.    

In this study, aromatic (co)polycarbonates were synthesized by polycondensation 

of BPF-2 or a mixture of BPF-2 and BPA with triphosgene (Scheme 5b.1).  

 

Scheme 5b.1 Synthesis of (co)polycarbonates from 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol) and/or bisphenol A with triphosgene. 

Polymerization reactions were carried out in dichloromethane as a solvent (7-11, 

wt. % solid content) in the presence of triethyl amine as described in the experimental 

section (0 
o
C/15 min, 25

 o
C/4 h). No end capping agent was used in the polycarbonate 

synthesis. The molar stoichiometry of bisphenol:triphosgene employed was 1:0.42 which 

was based on the work of Boyles et al. who demonstrated the formation of high molecular 



Chapter 5b                                                                                         Synthesis and Characterization of..... 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire  2017   179 
 

weight polycarbonates under such stoichiometric conditions
30

. At the end of 

polymerization reactions, polycarbonates were isolated by precipitation in methanol and 

were purified by re-precipitation into excess methanol from chloroform solution. As a 

reference material, BPA-based polycarbonate viz. PC-5 was prepared using same reaction 

conditions. Results of synthesis of (co)polycarbonates are summarized in Table 5b.1 

Table 5b.1 Synthesis of (co)polycarbonates from 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol) and/or bisphenol A with triphosgene. 

Polycarbonate 
BPF-2 

(mol%) 

BPA 

(mol%) 

inh 

(dL/g)
a
 

Molecular 

Weight
b
 Dispersity 

  
̅̅ ̅̅    

̅̅ ̅̅ ̅ 

PC-1 100 00 0.50 29,800 59,700 2.0 

PC-2 50 50 0.72 43,800 93,700 2.1 

PC-3 30 70 0.69 34,300 81,300 2.3 

PC-4 10 90 0.59 32,400 84,200 2.6 

PC-5 00 100 0.61 33,700 73,800 2.2 

  a; inh was measured with 0.5 % (w/v) solution of (co)polycarbonates in chloroform at 30 oC±1 oC         

  b; measured by GPC in chloroform, using polystyrenes as calibration standard 

Inherent viscosity and number average molecular weights (   ̅̅ ̅̅ ) of 

(co)polycarbonates were in the range 0.50-0.72 dLg
-1

 and 29,800-43,800 g mol
-1

, 

respectively. The dispersity values for (co)polycarbonates were in the range 2.0-2.6 as 

can be expected for step growth polymerizations, The formation of reasonably high 

molecular weight polymers indicated that the presence of ortho-methoxy substituent does 

not impede the reactivity of BPF-2 in polycarbonate synthesis. All the (co)polycarbonates 

were readily soluble in organic solvents such as chloroform, dichloromethane, THF, 

DMSO, and DMAc and could be cast into transparent, tough and flexible films from their 

chloroform solutions. It is worth mentioning that polycarbonate based on BPF-2 contains 

95 % renewable carbon as estimated from the theoretical amount of bio-based carbon in 

the polymer.  

A representative GPC trace chromatogram of PC-2 is reproduced in Figure 5b.1. 

GPC chromatogram showed a Gaussian peak with a unimodal distribution and did not 

indicate the presence of any low molecular weight species. 
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Figure 5b.1 GPC trace of polycarbonate (PC-2) derived from 4,4'-(furan-2-

ylmethylene)bis(2-methoxyphenol): bisphenol A (50:50 mol. %) with triphosgene 

5b.3.2 Structural characterization 

The molecular structure determination of (co)polycarbonates was performed by 

FT-IR, 
1
H NMR and 

13
C NMR spectroscopy.  

FT-IR spectrum of PC-1 is presented in Figure 5b.2, which showed 

characteristics absorption band at 1773 cm
-1 

corresponding to carbonyl of carbonate 

group. The furan ring (C=C) band was observed at 1500 cm
-1

 whereas furan ring 

breathing band was observed at 1013 cm
-1 31

.  

A representative 
1
H NMR spectrum of PC-1 along with assignments is depicted in 

Figure 5b.3. The proton adjacent to oxygen atom of furyl group appeared as a singlet at 

7.39 δ ppm. The aromatic protons meta and ortho to the methoxy group appeared as 

doublet at 7.16 and 6.80 δ ppm, respectively whereas the proton para to the methoxy 

group exhibited a doublet of doublet at 6.73 δ ppm. The furyl protons ‘e’ and ‘f’ appeared 

as a singlet at 6.32 δ ppm and a doublet at 5.97 δ ppm, respectively. A singlet at 5.44 δ 

ppm was assigned to benzylic proton and methoxy group proton exhibited a singlet at 

3.79 δ ppm. 

 
13

C NMR of PC-1 along with assignments is shown in Figure 5b.4. The carbonyl 

carbon of carbonate linkage appeared at 151.3 δ ppm. 

10 20 30 40 50

-0.0020

-0.0018

-0.0016

-0.0014
M

n
4.38 x 10

4

M
w

9.37 x 10
4

M
w
/M

n
2.1

R
I 

D
e

te
c

to
r 

R
e

s
p

o
n

s
e

 (
m

V
)

Elution Volume (mL)

PC-2



Chapter 5b                                                                                         Synthesis and Characterization of..... 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire  2017   181 
 

4000 3500 3000 2500 2000 1500 1000

 T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavenumber (cm
-1

)

1773

1500

1013

1051

 

Figure 5b.2 FT-IR spectrum of polycarbonate (PC-1) derived from 4,4'-(furan-2-

ylmethylene)bis(2-methoxyphenol) and triphosgene 

 

Figure 5b.3 
1
H NMR spectrum of polycarbonate (PC-1) derived from 4,4'-(furan-2-

ylmethylene)bis(2-methoxyphenol) and triphosgene in CDCl3 
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Figure 5b.4 
13

C NMR spectrum of polycarbonate (PC-1) derived from 4,4'-(furan-2-

ylmethylene)bis(2-methoxyphenol) and triphosgene in CDCl3 

The compositions of co-polycarbonates were determined through 
1
H NMR 

spectroscopy.  
1
H NMR spectrum of co-polycarbonate (PC-2) obtained from a mixture of 

BPF-2 and BPA (50:50 mol.%) with triphosgene along with assignments is shown in 

Figure 5b.5. The integrated intensity of the methoxy protons (‘j’) of BPF-2 was 

compared with that of methyl group protons ‘k’ of BPA. The integrated intensity ratio of 

these peaks was used to determine molar percentage incorporation of BPF-2. The data in 

Table 5b.2, demonstrated that there was an excellent agreement between the observed 

incorporation and amount taken for polymerization.  

 

Table 5b.2 Composition of copolycarbonates determined from 
1
H NMR spectra 

Copolycarbonate Feed BPF-2, 

mol % 

Observed BPF-2, 

mol % 

PC-2 50 49.6 

PC-3 30 29.3 

PC-4 10 9.5 
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Figure 5b.5 

1
H-NMR spectrum of polycarbonate (PC-2) derived from 4,4'-(furan-2-

ylmethylene)bis(2-methoxyphenol): bisphenol A (50:50 mol %) with triphosgene in 

CDCl3 

The microstructure of copolycarbonates derived from copolymerization of BPA 

and BPF-2 with triphosgene was studied by 
13

C NMR spectroscopy. Under the employed 

experimental conditions the copolymerization of BPA and BPF-2 is expected to lead to 

formation of random copolymer with following possibilities of enchainment of the two 

bisphenol moieties wherein three adjacent monomer units are considered (Figure 5b.6). 

13
C NMR spectra of copolycarbonates showed clear evidence not only for the random 

copolycarbonate formation but also about the microstructural details as indicated by the 

multiplicity of the signals.  

The assignments of carbon atoms in 
13

C NMR spectrum of PC-2, as a 

representative example, were confirmed by heteronuclear multiple bond correlation 

spectroscopy (HMBC) and heteronuclear single quantum correlation spectroscopy 

(HSQC). The HMBC spectrum along with assignments is reproduced in Figure 5b.7. 
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Figure 5b.6 Possible arrangements of BPF-2 and BPA units in copolycarbonates 
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Figure 5b.7 HMBC spectrum of PC-2 in CDCl3 

13
C NMR spectrum of PC-2 (50:50 mol % of BPF-2:BPA) along with assignments 

of carbon atoms is presented in Figure 5b.8. For easy comparison, 
13

C NMR spectra of 

homopolycarbonates of BPA (PC-5) and BPF-2 (PC-1) are also included in Figure 5b.8. 

It is interesting to note that the carbonyl carbon of carbonate linkage exhibited three 

distinct peaks at 151.3ppm, 151.6ppm and 152.1 ppm. A comparison of the 

spectrum of PC-2 with that of PC-1 and PC-5 inferred that carbonyl peaks appeared at 

151.3 ppm and 152.1 ppm originated from AAA and BBB arrangement of co-

monomer units, respectively in copolycarbonate sample while a peak at 151.6ppm 

corresponds to BAB/ABA/BBA/AAB arrangement of co-monomer units.  

Some of the other carbons in 
13

C NMR spectrum of PC-2 also exhibited similar 

features as indicated in Figure 5b.8. It is also interesting to note that some of the carbon 

atoms of aromatic ring also showed four signals in copolycarbonate which is likely to be 

due to the loss symmetry upon formation of copolymer comprising of comonomer units 

enchained in the manner as shown in Figure 5b.6 (A-A-B and A-B-B). The exact peak 

assignments of multiple environments originating from arrangement of bisphenols units 

along the polycarbonate backbone needs further investigations using systematic variations 

in monomer compositions.  
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Figure 5b.8 
13

C NMR spectra of PC-1 (top), PC-2 (middle) and PC-5(bottom) in CDCl3 
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5b.3.3 X-Ray diffraction studies 

The crystallinity of (co)polycarbonates was evaluated by wide angle X-ray 

diffraction (WAXD) and X-ray diffractograms are reproduced in Figure 5b.9. All the 

(co)polycarbonates showed broad halo at around 2θ = 10-35 
o
C which indicated that 

(co)polycarbonates are amorphous in nature.  
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Figure 5b.9 X-Ray diffractograms of (co)polycarbonates 

5b.3.4 Thermal properties 

The thermal stability of (co)polycarbonates was determined by TGA at a heating 

rate at 10 % min
-1 

under nitrogen. TG curves are shown in Figure 5b.10. The 10 % 

weight loss temperature and weight residue at 800 
o
C are given in Table 5b.3. 

Differential thermogravimetric analysis (DTG) of (co)polycarbonates showed single stage 

degradation (Figure 5b.11). A comparison of T10 value (380 
o
C) of BPF-2 based 

polycarbonate (PC-1,   ̅̅ ̅̅ , 29,800) with that of T10 value (432 
o
C) of BPA-based 

polycarbonate (PC-5,   ̅̅ ̅̅ , 33,700) indicated that the former showed lower T10 value by 52 

o
C. The lower T10 value of furyl containing polycarbonate could be ascribed to the 

presence of thermally labile methoxy groups and tertiary hydrogen. In any case, 

(co)polycarbonates containing pendant furyl groups exhibited 10 % weight loss in the 

range 380-423 
o
C, which is well above the typical melt processing conditions of 

polycarbonates. In the series of copolycarbonates (PC-2, PC-3 and PC-4) the decrease in 

T10 values was observed with increase in the content of BPF-2.  
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The char yield of (co)polycarbonates at 800 
o
C was found in the range 16-32 %. 

Relatively higher char yield of furyl containing polycarbonate (PC-1) compared to 

reference BPA polycarbonate (PC-5) could be ascribed to the presence of furyl groups 

which possess aromatic character and thus contribute to formation of char residue
32

. The 

data clearly indicated that char yield of copolycarbonates increased with increase in BPF-

2 content. 

Table 5b.3 Thermal properties of (co)polycarbonates 

Polycarbonate Structure of (co)polycarbonate 
T10 

(
o
C)

a
 

Char 

Yield 

(%)
b
 

Tg (
o
C)

c
 

PC-1 

 

380 32 136 

PC-2 

 

386 25 
142 

(141.3)
d
 

PC-3 

 

398 23 
144 

(143.5)
d
 

PC-4 

 

423 18 
146 

(145.8)
d
 

PC-5 

 

432 16 147 

a; 10 % weight loss on TGA thermograms at a heating rate of 10 oC min-1 under nitrogen atmosphere 

b; char yield was measured at 800 oC 

c; measured by DSC on second heating scan with heating rate of 10 oC min-1 under nitrogen atmosphere 

d; Tg values calculated by Fox equation 
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Figure 5b.10 TG curves of (co)polycarbonates  
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Figure 5b.11 DTG curve of PC-2 derived from 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol): bisphenol A (50:50 mol %) with triphosgene 
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Figure 5b.12 DSC curves of (co)polycarbonates 

Glass transition temperature (Tg) of (co)polycarbonates were determined by DSC 

under nitrogen atmosphere and data is presented in Table 5b.3. Thermal history of 

polymer was erased in first heating cycle and data was recorded in second heating cycle. 

Tg values of (co)polycarbonates containing pendant furyl groups were in the range from 

136 
o
C-146 

o
C (Figure 5b.12). Bio-based homo polycarbonate (PC-1) showed lower Tg 

value (136 
o
C) compared to the BPA-based polycarbonate (147 

o
C) by 11 

o
C. In the series 

of copolycarbonates, Tg values decreased as the BPF-2 content was increased. It is 

difficult to identify a single factor affecting on Tg of polymer when comparing different 

chemical structures. Several factors are responsible for affecting Tg such as the intrinsic 

conformational flexibilities of polymer chains, sizes, steric hindrance, flexibility of 

pendant groups and non-covalent interactions between polymer chains (i.e. steric, dipolar, 

hydrogen-bonding, van der Waals, etc)
33–35

. The main probable reason for decreased Tg of 

polycarbonates containing pendant furyl groups compared to BPA based polycarbonate 

could be the presence of methoxy groups in the former. Methoxy substituent on BPF-2 

results into an asymmetric segment, which can result in less efficient packing. The 

pendant furyl groups also results in disordering of the polymer chain packing. 

The experimental Tg values of polycarbonates were compared to the theoretical Tg 

values calculated by Fox equation
36,37

. 
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where, Tgc is the Tg of the copolycarbonates and Tg1 and Tg2 are the Tg of 

homopolycarbonates derived from BPF-2 and BPA, respectively (i.e. Tg1 =136 
o
C, Tg2 

=147 
o
C). W1 and W2 represent weight fractions of BPF-2 and BPA in the 

copolycarbonates. The Tg of (co)polycarbonates were plotted against mol % of BPF-2 and 

the plot is shown in Figure 5b.13. The Tg value obtained from the DSC exhibited a linear 

relationship with the mole % BPF-2. The calculated Tg are summarized in Table 5b.3. 
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Figure 5b.13 Tg as a function of composition of BPF-2 in copolycarbonates derived from 

mixture of BPF-2 and BPA with triphosgene  

5b.3.5 Mechanical properties of (co)polycarbonates 

The mechanical properties of aromatic (co)polycarbonates were evaluated using 

polymer films that were prepared by casting from their chloroform solutions. Stress-

strain- curves are depicted in Figure 5b.14. The average values of yield point, Young’s 

modulus and elongation at break based on three repeated measurements are collected in 

Table 5b.4. The stress-strain curves in uniaxial tension are typical of ductile nature of 

polycarbonates, having an initial Hooekean region followed by shear induced yielding, 

necking and cold drawing before failure. (Co)polycarbonates showed high Young’s 

modulus (1.49 to 1.54 GPa) and yield strength (56 to 57.7 MPa). The yield point and 
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Young’s modulus of (co)polycarbonates revealed no significant variation across the 

compositional range studied. The elongation at break of homopolycarbonate of BPF-2 

was 14.3 % which was significantly lower than that of BPA-based polycarbonate which 

exhibited elongation at break of 106.2 %. A decrease in % elongation at break in 

copolycarbonates was noticed with increase in the mol % of BPF-2. These data point out 

to the fact that ductility of (co)polycarbonates suffered upon incorporation of bisphenol 

containing pendant furyl group. Mechanical structure-property relationship requires 

further studies in order to probe the effect of incorporation of BPF-2 into 

copolycarbonates.  

  

Table 5b.4 Mechanical properties of (co)polycarbonates  

Polycarbonate Structure of (co)polycarbonate 
Yield 

Point 

(MPa) 

Young’s 

Modulus 

(GPa) 

Elongation 

at Break 

(%) 

PC-1 

 

53.9 1.13 14.3 

PC-2 

 

56.0 1.54 28.3 

PC-3 

 

55.4 1.54 64.3 

PC-4 

 

57.7 1.49 100.5 

PC-5 

 

59.7 

(65)
a,38

 

1.50 

(2.3)
38

 

106.2  

(110)
38

 

a: the values of yield strength, Young’s modulus and % elongation at break for BPA 

polycarbonate were taken from reference 38  
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Figure 5b.14 Stress-strain curves of (co)polycarbonates 

 Overall , on the basis of polymerization process, molecular weights and thermal 

properties of resulting polymers, bisphenols containing pendant furyl groups are highly 

promising bio-based building blocks for the synthesis of high performance polymers. The 

distinct advantage is the ability to synthesize high performance polymers containing 

pendant furyl groups which are known to undergo Diels-Alder reactions with maleimides. 

5b.4 Conclusions 

1. A series of (co)polycarbonates containing pendant clickable furyl groups were 

synthesized from 4,4'-(furan-2-ylmethylene)bis(2-methoxyphenol) (BPF-2) and/or 

bisphenol A with triphosgene as carbonyl source via solution polymerization. 

2. Inherent viscosities and number average molecular weights of (co)polycarbonates 

were in the range 0.50-0.72 dLg
-1

 and 29,800-43,800 gmol
-1

, respectively 

indicating formation of reasonably high molecular weight polymers. 

3. (Co)polycarbonates were found to be soluble in organic solvents such as 

chloroform, dichloromethane, DMSO, DMAc and DMF. Tough and transparent 

films of (co)polycarbonates containing pendant clickable furyl groups could be 

cast from chloroform solutions. 

4. By analysing triad sequence distribution using expanded 
13

C NMR spectra, it was 

found that the microstructure for all the copolycarbonates were random.  
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5. The T10 and Tg values of (co)polycarbonates containing pendant furyl groups were 

lower than that of reference polycarbonate based on BPA 

6. Mechanical properties of (co)polycarbonates were studied by tensile testing. 

(Co)polycarbonates showed high Young’s modulus (1.49 to 1.54 GPa) and yield 

strength (56 to 57.7 MPa), indicating good mechanical behaviour of bio-based 

(co)polycarbonates. A significant drop in % elongation at break was observed 

upon incorporation of bisphenol containing furyl group in (co)polycarbonates, 

indicating compromise on the ductility characteristics. 
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5c.1 Introduction 

Crosslinked aromatic polymers such as epoxies, cyanate esters, bismaleimides, 

and polybenzoxazines are useful class of polymeric materials because of their attractive 

properties such as high modulus, high fracture strength, and excellent solvent resistance. 

These crosslinked polymers are useful in a number of applications such as coatings, 

adhesives, electrical insulations, printed circuit boards, etc
1–7

. However, a major 

drawback of these systems is the lack of recyclability. After their intended use is over, 

these ‘‘difficult-to-recycle’’ crosslinked materials create an environmental issue
8,9

. Thus, 

it is highly desirable to design reversibly crosslinked polymers that maintain their 

crosslinked structure under service conditions and undergo disconnection of crosslinking 

at high temperature to fulfil the processability and complete recyclability. 

In general, reversibly crosslinked polymeric networks are obtained from non-

covalent linkages such as hydrogen bonding, ionic bonding, Van der Waals forces, 

interactions, etc
10

.  However, such non-covalent linkages, being weak in nature, 

cannot hold up high strain/temperature- the property which is crucial for crosslinked 

polymers. On the other hand, reversibly crosslinked polymeric materials based on 

covalent linkages are strong with good mechanical performance. Several strategies have 

been demonstrated for covalently bonded reversibly crosslinked polymers which include: 

a) incorporation of cleavable linkages into monomers
11–15

 b) utilization of monomers 

containing functional groups such as paraformaldehyde-diamine
16

, cyclopentadiene
17

, 

anthracene
18

, fulvenes
19

 or furan-maleimide, which can be broken by applying external 

stimuli. Of these, furan and maleimide functional groups have been widely applied to a 

broader range of polymers. Furan-maleimide reaction is an excellent choice for thermally 

reversible crosslinked polymers as it involves coupling of maleimide with furan at 

ambient temperature to form cyclic adduct and decoupling back to maleimide and furan 

in the temperature range 90-150 
o
C

20–22
(Scheme 5c.1).  This reaction is clean, catalyst-

free and can be repeated several times
23

. In the literature, there are number of reports on 

recyclable crosslinked polymeric systems such as polyurethanes
24

, polyamides
25

, 

polyesters
26–28

, epoxy resins
29,30

, etc wherein furan-maleimide Diels-Alder reactions was 

exploited.  
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Scheme 5c.1 Furan-maleimide Diels-Alder/retro Diels-Alder reaction 

To the best of our knowledge, reports on recyclable fully aromatic step-growth 

polymers based on Diels-Alder reaction are scanty except for aromatic polyamides
25,31

. 

Table 5c.1 lists the reported examples of selected crosslinkable polymers containing furyl 

as functional groups.   

Table 5c.1 List of the selected crosslinkable polymers containing furyl as a pendant 

clickable group 

Sr. 

No. 
Polymer Ref. 

1 

 

23
 

2 

 

25,32
 

3 

 

33
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4 

 

26,27
 

5 

 

24
 

6 

 

23
 

7 

 

34
 

8 

 

35,36
 

9 

 

37
 

10 

 

38,39
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11 

 

40
 

12 

 

41
 

13 

 

42
 

14 

 

9
 

15 

 

23
 

 

In the present work, preliminary investigations were carried out on recyclable 

crosslinked aromatic polyester and aromatic polycarbonate. Polyester and polycarbonate 

containing pendant furyl groups were crosslinked with bismaleimides namely, 1,1’-

(methylenedi-1,4-phenylene)bismaleimides (BMI) and 1,8-bis(maleimido)-triethylene 

glycol (TEG) and their thermo-mechanical properties were evaluated. Furthermore, 

polyester/polycarbonate-based gels were also prepared and their thermoreversibility was 

studied. 
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5c.2 Experimental  

5c.2.1 Materials 

Polyester and polycarbonate containing pendant furyl groups were prepared as described 

in Chapter 5a and 5b, respectively. 1,1’-(Methylenedi-1,4-phenylene)bismaleimide 

(BMI) (95%) (Melting point-156
 o

C), 2,2’-(ethylenedioxy)bis(ethylamine) (98%) and 

maleic anhydride (99%) were purchased from Sigma Aldrich. 1,8-Bis(maleimido)-

triethylene glycol (TEG) was prepared as per reported procedure
43

(Melting point-93 
o
C). 

N,N-Dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), dimethyl sulfoxide 

(DMSO), chloroform, dichloromethane, acetone, triethylamine and acetic anhydride were 

purchased from Thomas Baker, Mumbai. 

5c.2.2 Measurments 

Differential scanning calorimetric (DSC) analysis was performed using DSC Q10 

differential calorimeter from TA Instruments under nitrogen atmosphere (50 mL min
-1

). 

Analyses were carried out in the temperature range between 30 and 200 ºC using the 

heating and cooling rate of 10 ºC min
-1

. 

The tensile properties of the polymer films were measured using Rheometrics Scientifics 

(Model Mark IV) (UK) instrument with a clamp length of 10 mm at room temperature at 

a crosshead speed of 1.5 mm min
−1

. 

The viscoelastic behavior of crosslinked gel was studied on MCR-301 (Anton Paar) 

Rheometer using 25 mm parallel plate geometry. 

5c.2.3 Preparations 

Preparation of cross-linked polymer films 

To a solution of polyester or polycarbonate (200 mg) in chloroform (10 ml), a 

stoichiometric amount of bismaleimide (BMI or TEG) (furan/maleimide mol ratio = 1) 

was added. The mixture was stirred at 30 
o
C for 1 h and then the solution was poured into 

glass petri-dish and solvent was allowed to evaporate off. After complete evaporation of 

solvent, film was kept at 60 
o
C in an oven for 36 h. The obtained crosslinked polymer 

film was used for further characterization. 

Recyclability of crosslinked polymer films 

The crosslinked polymer films were heated in chloroform at 120 
o
C for 10 min in a 

pressure tube. The solution of polymer was poured into glass petri-dish and solvent was 

allowed to evaporate off. After complete evaporation of solvent, film was kept at 60 
o
C in 
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an oven for 36 h. Mechanical properties of crosslinked polymers were characterized by 

tensile testing. The same procedure was repeated twice and tensile data were recorded.  

Preparation of thermoreversible cross-linked polymer gel 

Polyester or polycarbonate (100 mg) and a stoichiometric amount of bismaleimide (BMI 

or TEG) (furan/maleimide mol ratio = 1) were dissolved in N,N-dimethylacetamide or 

sulfolane (1 mL) in a vial with a magnetic bar. After complete dissolution, solution was 

stirred at 60 
o
C. The gel point was determined when the magnetic stirring bar stopped 

rotating. The polymeric gel was heated to 120 
o
C for 5 min to effect retro Diels-Alder 

reaction and polymer solution was obtained. The thermal cycle was repeated thrice.   

5c.3 Results and discussion 

5c.3.1 Preparation of crosslinked polymers 

The synthesis of polyesters and polycarbonates containing pendant furyl groups 

has been described in Chapter 5a and 5b, respectively. Of these, homopolyester (PE-6) 

derived from 4,4'-(furan-2-ylmethylene)bis(2-methoxyphenol) (BPF-2) and 2,5-furan 

dicarboxylic acid chloride and co-polycarbonate (PC-2) derived from a mixture (50:50 

mol %) of BPF-2 and BPA were selected for crosslinking studies. Both PE-6 and PC-2 

were crosslinked with BMI and TEG (with furan/maleimide mol ratio =1) via Diels-Alder 

reaction (Scheme 5c.1). Hereafter, crosslinked polyester and polycarbonate sample with 

BMI is referred as PE6-BMI and PC2-BMI, whereas polyester and polycarbonate 

crosslinked with TEG is referred as PE6-TEG and PC2-TEG, respectively. A cast film of 

crosslinked polymer was prepared by dissolution of polymer (PE-6 or PC-2) and 

crosslinker (BMI or PEG) in chloroform. After complete evaporation of solvent, films 

were kept at 60 
o
C for 36 h. Thereafter, crosslinked polymer films were completely 

insoluble in chloroform which indicated that polymers were crosslinked successfully. In 

polyester (PE-6) the backbone furan functionality does not take part in Diels-Alder 

reaction due to the electron-withdrawing effect of the carbonyl groups directly connected 

to the furan group
26,27

.   
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Scheme 5c.2 Preparation of thermally reversible crosslinked polyester and polycarbonate 

from corresponding linear polymers containing pendant furyl groups and bismaleimides 

5c.3.2 Thermal studies of crosslinked polymers 

Retro Diels-Alder reaction of PE6-BMI and PC2-BMI was investigated by DSC at 

a heating and cooling rate of 10 
o
C min

-1
. DSC curves and data are presented in Figure 

5c.1 and Table 5c.2, respectively. 

 

Figure 5c.1 DSC curves of first and second heating cycles of crosslinked 

polyester (PE6-BMI) (A) and polycarbonate (PC2-BMI) (B) 
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Table 5c.2 De-crosslinking temperature and absorbed energy for retro Diels-Alder 

reactions 

Polymer 
1

st
 Heating cycle 2

nd
 Heating cycle 

H (J/g)
a
 TrDA (

o
C)

b
 H (J/g)

a
 TrDA (

o
C)

b
 

PE6-BMI 24 112 6 123 

PC2-BMI 24 101 7 110 

a; absorbed energy for retro Diels-Alder reaction 

b; temperature corresponding to retro Diels-Alder reaction 

 PE6-BMI and PC2-BMI showed broad endothermic transition with maxima at 

112 
o
C and 101 

o
C, respectively in the first heating cycle. The second heating cycle also 

showed endothermic transition at 123 
o
C for polyester and 110 

o
C for polycarbonate. Due 

to the fast heating rate (10 
o
C min

-1
.), complete de-crosslinking did not occur in the time 

scale of first heating cycle and hence the endothermic transition was observed in the 

second heating cycle too. Decrosslinking at slightly higher temperature in case of second 

heating cycle compared to the first cycle could presumably be attributed to retro Diels-

Alder reaction of exo adduct. In general, exo adduct reverts at slightly higher temperature 

compared to endo adduct
44

. In the first cooling cycle no transition was observed 

corresponding to Diels-Alder adduct formation because of its slow rate of formation
23

.   

5c.3.3 Solubility tests of crosslinked polymers 

Solubility tests were performed to study the effect of crosslinking and de-

crosslinking on the solubility properties. After crosslinking with both the bismaleimides 

viz. BMI and TEG, polymers were found to be insoluble in DMAc while their linear 

counterparts as well as de-crosslinked polymers were soluble in DMAc (Figure 5c.2).  

 

Figure 5c.2 Solubility test of crosslinked and de-crosslinked polymers 
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5c.3.4 Mechanical properties of crosslinked polymers 

Tensile tests were performed on linear polyester (PE-6) and polycarbonate (PC-2) 

and the corresponding crosslinked materials. Tensile strength, Young’s modulus and 

elongation at break were analyzed from tensile measurements. Stress-strain curves are 

presented in Figure 5c.3 and stress-strain data is given in Table 5c.3 and Table 5c.4.  

Figure 5c.3 Stress-strain curves of polyester/polycarbonate and the corresponding 

crosslinked materials. 

Table 5c.3 Mechanical properties of polyester and the corresponding crosslinked 

materials 

Polyester 
Tensile strength 

(MPa) 

Young’s modulus 

(GPa) 

Elongation at break 

(%) 

PE-6 58.5 1.66 28 

PE6-BMI 94.8 2.16 5 

PE6-TEG 68.8 0.95 7 

 

Table 5c.4 Mechanical properties of polycarbonate and the corresponding crosslinked 

materials 

Polycarbonate Tensile strength 

(MPa) 

Young’s modulus 

(GPa) 

Elongation at 

break (%) 

PC-2 56.0 1.54 28 

PC2-BMI 116.3 2.60 5 

PC2-TEG 82.0 1.09 9 
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In general, crosslinked polymeric materials exhibit higher tensile strength and 

lower elongation at break compared to their parent linear polymers
9
. Tensile strength and 

Young’s modulus of PE-6 is 58.5 MPa and 1.66 GPa, respectively and it elongates up to 

28 %. After crosslinking with BMI, tensile strength and Young’s modulus increased to 

94.8 MPa and 2.16 GPa whereas elongation at break decreased to the value of 5 %. 

Polycarbonate crosslinked with BMI also showed similar trend. As expected, PE6-TEG 

showed increased tensile strength to 68.8 MPa and decreased elongation to the value of 7 

% compared to PE-6. Conversely, Young’s modulus decreased to 0.95 GPa for PE6-TEG 

and similar trend was observed in case of polycarbonate (1.09 GPa). The possible 

explanation for decreased Young’s modulus of polymers crosslinked with TEG is the 

presence of flexibilizing oxyalkylene segment
26

.       

5c.3.5 Mechanical properties of recycled polymers 

Recyclability of cross-linked polyester and polycarbonate was evaluated by stress-

strain studies conducted on representative cross-linked polymers (PE6-BMI and PC2-

BMI), first recycled (PE6-BMIR1 and PC2-BMIR1) and second recycled (PE6-BMIR2 

and PC2-BMIR2) polyester and polycarbonate. The mechanical properties data of 

polyester and polycarbonate are presented in Table 5c.5 and Table 5c.6, respectively. 

The stress-strain curves are presented in Figure 5c.5.  

Figure 5c.4 Thermoreversibility of crosslinked polymers 
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Figure 5c.5 Stress-strain curves of recycled crosslinked polyester /polycarbonate.  

 

Table 5c.5 Mechanical properties of recycled polyester  

Polyester 
Tensile strength 

(MPa) 

Young’s modulus 

(GPa) 

Elongation at break 

(%) 

PE-6 58.5 1.66 28 

PE6-BMI 94.8 2.16 5 

PE6-BMI-R1 89.2 2.10 5 

PE6-BMI-R2 87.0 1.98 5 

 

Table 5c.6 Mechanical properties of recycled polycarbonate  

Polycarbonate 
Tensile strength 

(MPa) 

Young’s modulus 

(GPa) 

Elongation at break 

(%) 

PC-2 56.0 1.54 28 

PC2-BMI 116.3 2.60 5 

PC2-BMI-R1 114.6 2.51 5 

PC2-BMI-R2 110.6 2.40 5 

 

The results indicated that the mechanical properties of recycled polymers were 

closer to that of original crosslinked polymers. These data confirmed thermal 

reversibility of the Diels-Alder cross-linked polymers. 
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5c.3.6 Thermoreversible gels via Diels-Alder reaction 

Polymer (PE-6 or PC-2) was dissolved in DMAc and treated with stoichiometric 

quantity of bismaleimide as described in experimental section. The solution was heated at 

60 
o
C. A drastic increase in solution viscosity was observed by visual observation (Figure 

5c.6). After 10 h, solution viscosity was so high that the gel did not flow even after 

inversion of vial. This gel was heated at 120 
o
C for 5 min when the gel was transformed 

back into solution due to the de-crosslinking via retro Diels-Alder reaction. In order to 

check reversibility, the experiment was repeated thrice and each time observation was the 

same. 

 

Figure 5c.6 Sol-gel transition of polymeric organogel 

5c.3.7 Rheological behaviour of polyester gel 

Preliminary rheological studies on PE6-BMI-based gel as a function of 

temperature were performed to investigate its thermo-reversible characteristics. Rheology 

can be used to study the visco-elastic characteristics and flow behavior of polymers, 

either in the form of solutions or in their solid-state. Adzima et al have reported the 

rheological analysis of reverse gelation in covalently cross-linked Diels-Alder polymer 

networks
45

. Methodology employed in the present rheological studies was based on a 

previous report on healable network polymers prepared using Diels-Alder reaction
46

. 

PE6-BMI gel was prepared by dissolving 100 mg polyester (PE-6) and 35 mg BMI 

(furan:maleimide mol ratio 1:1) in sulfolane and the solution was kept at 60 
o
C for 10 h. 

To minimize solvent evaporation during rheological experiments at high temperature (120 

o
C), sulfolane (boiling point-185 

o
C) was selected as the solvent. Gels with 25 mm 

diameter and 0.5 mm thickness were prepared for the study. A strain-controlled rheometer 

(Model MCR 301, Aanton Paar, Austria) with cone and plate geometry was used for the 

study. Amplitude sweep measurements were performed to measure the linear visco-

elastic regime of the gels at 60 
o
C. Since the Diels-Alder reaction carried out at 60 

o
C

24,47
, 

this temperature is good enough for the initial starting temperature of the heating cycle in 
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the rheological measurements. Log-log plot of modulus versus strain is given in Figure 

5c.7. The oscillatory shear measurements were performed at constant angular frequency 

(10 rad s
-1

) with increasing strain from 0.01 to 5 %.  

 

Figure 5c.7: Log-log plot of strain dependence versus storage and loss modulus of PE6-

BMI-based gel. 

It was observed that storage and loss modulus was almost constant over the entire 

range of applied strain and hence the values were independent of the applied strain. Gel 

showed a storage modulus (G’) of 1.9×10
4
 Pa at 60 

o
C which is characteristic of soft gels 

with the elastic network
48

. 

The angular frequency dependence of storage and loss modulus were also studied 

by performing the frequency sweep experiment, within the detection limit of the 

rheometer and at constant strain (0.1 %) (Figure 5c.8). The steady increase in G’ was 

observed with increase in frequency; hence it is dependent on frequency in the applied 

range.  
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Figure 5c.8: The angular frequency dependence of storage and loss modulus of PE6-

BMI-based gel. 

The thermo-reversible characteristics of the gel were studied by temperature 

sweep experiments. Elastic nature of gel dominates when G' > G'', whereas the viscous 

nature is dominant in the sol state when G'' > G'. Generally, gel-to-sol or sol-to-gel 

transition is depicted as G' = G'', where the transition from one domain to the other takes 

place
48

. The temperature sweep experiment was performed with varying temperature 

from 40-120 
o
C (heating cycle) and 120- 40 

o
C (cooling cycle). In between the heating 

and cooling cycles, the system was kept on hold at 120 
o
C for 15 min to ensure de-

crosslinking of the gels by retro-Diels Alder reaction which was evident from sudden 

drop in the values of G’ and G”. However, the extent of de-crosslinking at this stage was 

not calculated.  

The three cycles of repeated heating and cooling were performed on the gel. In 

these repeated cycles, the regular reversal of storage (G’) and loss modulus (G”) were 

observed with varying temperature from 40-120 
o
C and 120-40 

o
C at constant angular 

frequency and strain (Figure 5c.9). The initial values of storage (G’) and loss modulus 

(G”) were regained after the completion of each cycle which revealed the thermo-

reversibility of network polymers. The thermo-reversibility of the PE6-BMI-based gel 

was demonstrated up to three repeated cycles which confirmed its thermal-reversibility.  
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Figure 5c.9: Thermo-reversibility of gel with repeated heating and cooling cycles from 

40-120 
o
C and 120-40 

o
C.  

Even though appropriate over-head oven was used during the measurements, 

solvent evaporation during the measurement was evident from the gradual increase in G’ 

and G” values in every cycle. Condensation of solvent vapour was observed in the 

interior walls of the over-head oven after the measurement, which confirmed the 

evaporation of solvent during the measurement. 

Temperature dependent reversibility of these gel networks may be attributed to the 

constant breaking and reforming of cross-link points across the network. These results 

further illustrate the potential of thermally reversible furan-maleimide Diels-Alder 

reaction for the creation of novel materials based on high performance polymers such as 

aromatic polyesters and polycarbonates. 

5c.4 Conclusions 

• Thermally reversible crosslinked polyester and polycarbonate were prepared from 

the corresponding linear polymers containing pendant furyl groups by reactions 

with bismaleimides via Diels-Alder reaction. 
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• The crosslinked polyester and polycarbonate showed improved mechanical 

properties and were recycled two times without significant loss of mechanical 

properties.  

• Additionally, polymeric organogel was prepared from polyester containing 

pendant furyl groups by reaction with bismaleimide via Diels-Alder reaction. 

Thermoreversibility of crosslinked polyester gel was demonstrated by rheological 

experiments up to three repeated cycles 
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6a.1 Introduction 

Aromatic poly(amide imide)s represent an important class of high performance 

polymers due to their excellent thermal and mechanical properties
1–4

. The excellent 

properties poly(amide imide)s are derived from their distinctive chemical structure, which 

combine both the amide and imide functional groups in the polymer backbone. Therefore, 

poly(amide imide)s find applications in several fields such as gas separation, 

nanofiltration, osmotic power generation and so on
5,6

.  

The widespread applications of poly(amide imide)s are somewhat limited due to the 

difficulties encountered in processing due to their high melting/softening temperatures 

and poor solubility in organic solvents
7
. To improve processability and solubility, several 

strategies have been adapted such as the incorporation of flexibilizing groups, bulky 

groups, meta-catenation and so on. All these structural modifications decrease rigidity 

and disturb interchain interactions and consequently improve processability of polymers
8–

11
.  

The purpose of the present work was to synthesize partially bio-based aromatic 

poly(amide imide)s containing flexibilizing propylene linkages in the polymer backbone 

by polycondensation of bio-based diacylhydrazide monomers namely, 4,4'-(propane-1,3-

diylbis(oxy))bis(3-methoxybenzohydrazide) (DSHzC-3) and 4,4'-(propane-1,3-

diylbis(oxy))bis(3,5-dimethoxybenzohydrazide) (DVHzC-3) with commercially available 

aromatic dianhydrides viz. pyromellitic dianhydride (PMDA), 3,3’,4,4’-

biphenyltetracarboxylic dianhydride (BPDA) and 3,3’,4,4’-oxydiphathalic anhydride 

(ODPA). Poly(amide imide)s were characterized by inherent viscosity measurements, 

solubility tests, FT-IR, 
1
H NMR and 

13
C NMR spectroscopy, X-ray diffraction, 

thermogravimetric analysis (TGA), differential scanning calorimetric studies (DSC) and 

dynamic mechanical analysis (DMA). The effect of methoxy substituents on aromatic 

ring on Tg of poly(amide imide)s was investigated. Furthermore, to understand the 

molecular origin of the substituent effect on Tg, molecular dynamics (MD) simulation 

studies were performed. 

6a.2 Experimental 

6a.2.1 Materials 

4,4'-(Propane-1,3-diylbis(oxy))bis(3-methoxybenzohydrazide) (DVHzC-3) and 4,4'-

(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzohydrazide) (DSHzC-3)  were 

synthesized as described in Chapter 3. Pyromellitic dianhydride (PMDA), 3,3’,4,4’-
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biphenyltetracarboxylic dianhydride (BPDA) and 3,3’,4,4’-oxydiphathalic anhydride 

(ODPA) were received from Sigma Aldrich, USA and sublimed before use. N,N-

Dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), dimethyl sulfoxide 

(DMSO), N-methyl-2-pyrrolidone (NMP), dichloromethane, chloroform and pyridine 

were received from Thomas Baker Ltd., Mumbai and were purified as per literature 

procedures
12

. 

6a.2.2 Measurements  

Inherent viscosity of poly(amide imide)s was determined with 0.5 % (w/v) solution of 

polymer in DMAc at 300.1
o
C using Ubbelhode suspended level viscometer. Inherent 

viscosity was calculated using the equation  

ninh = 
     

 
          

Where, t and t0 are flow times of polymer solution and solvent, respectively and c is the 

concentration of polymer solution 

Molecular weights and dispersity values of poly(amide imide)s were determined on 

Thermo-Finnigan make gel-permeation chromatography (GPC) using DMF as an eluent 

at a flow rate of 1 mL min
-1

 at 25 
o
C. Sample concentration was 2 mg mL

-1
 and narrow 

dispersity polystyrenes were used as calibration standards. 

FT-IR spectra were recorded on a Perkin–Elmer Spectrum GX spectrometer using 

polymer film. 

1
H and 

13
C NMR spectra were recorded on a Bruker-AV 200, 400 or 500 MHz 

spectrometer using DMSO-d6 as solvent and TMS as an internal standard.  

Thermogravimetric analysis was performed on Perkin Elmer: STA 6000 instrument at the 

heating rate of 10 
o
C min

-1
 under nitrogen atmosphere. 

Glass transition temperature (Tg) was determined on TA instruments DSC Q-10 with a 

heating rate of 10 
o
C min

-1
 under nitrogen atmosphere. Tg of polymer was recorded on 

second heating cycles. 

X-Ray diffraction patterns of poly(amide imide)s were recorded using dried polymer film 

on a Rigaku Dmax 2500 X-ray diffractometer at a tilting rate of 2
o 

min
-1

.  

Dynamic mechanical analysis (DMA) of poly(amide imide)s as a function of temperature 

was carried out on films cast from DMAc solutions. The sample dimensions were 10  6 

mm (length  width) and thickness was in the range 0.09-0.13 mm. The measurements 

were carried out on Rheometrics Scientifics (Model Mark IV) (UK), using the dynamic 

mode between 50-300 
o
C, at frequency of 1 Hz and heating rate of 5 

o
C min

-1
. 
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Details of molecular dynamics simulation: 

The initial configurations for MD simulations of poly(amide imide)s were obtained using 

geometry optimization of the structures of repeating units of poly(amide imide)s using 

Gaussion 09 code
13

. Sixteen of such repeating units were joined to form a polymer chain. 

24 energy minimized chains for PAI-4 and 20 chains for PAI-1 were added randomly to a 

box to make the bulk polymer systems.  A chain length of 16 mer was taken, since 8 mer 

of similar polyimides have been previously reported to reproduce various conformational 

and thermodynamic properties14.  

All forcefield parameters were taken from OPLS-AA15 force field. All-atomistic model 

was employed except for the benzenoid and connecting carbons, which were treated as 

united atoms
16

. Simulations were performed in isothermal-isobaric ensemble (NPT). 

Berendsen
17

 barostat and V-rescale thermostat18 were used to keep the pressure and 

temperature fixed during simulations. Particle Mesh Ewald (PME) was used to calculate 

the long range electrostatics. A cut-off distance of 1.2 nm was given both for short range 

Coulomb and Lennard Jones interactions. 

6a.2.3 Synthesis of poly(amide imide)s containing oxypropylene linkage. 

General procedure for synthesis of poly(amide imide)s from 4,4'-(propane-1,3-

diylbis(oxy))bis(3-methoxybenzohydrazide) / 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzohydrazide) and aromatic dianhydrides 

Into a 50 mL three necked round bottom flask equipped with a guard tube, a 

nitrogen inlet, and a magnetic stirring bar were charged DVHzC-3/DSHzC-3 (1.20 mmol) 

and DMAc (10 mL). After complete dissolution of diacylhydrazide, aromatic dianhydride 

(1.20 mmol) was added in one portion to the stirred solution of diacylhydrazide. The 

reaction was allowed to proceed for an additional 12 h under nitrogen atmosphere. At the 

end of the reaction time, the viscous solution of poly(hydrazide acid) was obtained. The 

solution of poly(hydrazide acid) was cast onto a glass plate and the solvent was 

evaporated by heating at 80 
o
C with continuous nitrogen flow for 1 h. The semi-dried film 

was heated at 230 
o
C/0.75 mm Hg for 12 h under reduced pressure to effect imidization. 

Synthesis of PAI-1 from 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzohydrazide) 

and PMDA 

FT-IR (cm
-1

): 3237, 1795, 1743, 1680, 1338, 730; 
1
H NMR (500 MHz, DMSO-d6, 

δ/ppm): 1.99-2.04 (m, 2H), 3.85 (s, 12H), 4.19 (t, 4H), 7.36 (s, 4H), 8.55 (s, 2H), 11.51 (s, 
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2H); 
13

C NMR (125 MHz, DMSO-d6, δ/ppm): 30.6, 56.1, 69.9, 105.4, 119.2, 125.2, 

135.4, 140.4, 153.0, 163.8, 164.7. 

Synthesis of PAI-2 from 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzohydrazide) 

and BPDA 

FT-IR (cm
-1

): 3236, 1790, 1742, 1680,  1340,723; 
1
H NMR (400 MHz, DMSO-d6, 

δ/ppm): 2.0-2.07 (m, 2H), 3.85 (s, 12H), 4.19 (t, 4H), 7.35 (s, 4H), 8.16 (dd, 2H), 8.44 (d, 

2H), 8.52 (d, 2H), 11.36 (s, 2H); 
13

C NMR (100 MHz, DMSO-d6, δ/ppm) 30.4, 55.9, 69.7, 

105.1, 122.9, 124.4, 125.3, 129.2, 130.4, 134.3, 140.1, 144.7, 152.8, 164.5, 164.9. 

Synthesis of PAI-3 from 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzohydrazide) 

and ODPA 

FT-IR (cm
-1

): 3240, 1789, 1742, 1680,  1346, 722;
1
H NMR (200 MHz, DMSO-d6, 

δ/ppm): 1.92-2.05 (m, 2H), 3.83 (s, 12H), 4.17 (t, 4H), 7.32 (s, 4H), 7.73 (dd, 2H), 7.79 

(d, 2H), 8.10 (d, 2H), 11.31 (s, 2H); 
13

C NMR (50 MHz, DMSO-d6, δ/ppm) 30.6, 56.1, 

69.9, 105.3, 114.7, 125.2, 125.4, 126.6, 132.4, 140.3, 153.0, 161.1, 164.7, 164.8. 

Synthesis of PAI-4 from 4,4'-(propane-1,3-diylbis(oxy))bis(3-methoxybenzohydrazide)  

and PMDA 

FT-IR (cm
-1

): 3240, 1790, 1741, 1677, 1339, 727; 
1
H NMR (400 MHz, DMSO-d6, 

δ/ppm): 2.25-2.31 (m, 2H), 3.87 (s, 6H), 4.27 (t, 4H), 6.56 (d, 2H), 7.22 (d, 2H), 7.59 (s, 

2H), 7.65 (d, 2H), 8.53 (s, 2H), 11.41 (s, 2H); 
13

C NMR (100 MHz, DMSO-d6, δ/ppm): 

28.5, 55.7, 65.1, 111.0, 112.3, 119.2, 121.7, 122.7, 135.4, 148.7, 151.8, 163.8, 163.9, 

164.8. 

Synthesis of PAI-5 from 4,4'-(propane-1,3-diylbis(oxy))bis(3-methoxybenzohydrazide) 

and BPDA 

FT-IR (cm
-1

): 3239, 1794, 1741, 1678, 1345, 720;
1
H NMR (400 MHz, DMSO-d6, δ/ppm): 

2.20-2.30 (m, 2H), 3.85 (s, 6H), 4.25 (t, 4H), 7.20 (d, 2H), 7.56 (s, 2H), 7.63 (d, 2H), 7.70 

(d, 2H), 7.78 (s, 2H), 8.90 (d, 2H), 11.21 (s, 2H);
13

C NMR (100 MHz, DMSO-d6, δ/ppm): 

28.5, 55.7, 65.1, 111.0, 112.3, 114.6, 121.6, 122.9, 125.1, 125.5, 126.6, 132.4, 148.7, 

151.7, 161.1, 164.8, 164.9. 

Synthesis of PAI-6 from 4,4'-(propane-1,3-diylbis(oxy))bis(3-methoxybenzohydrazide) 

and ODPA 
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FT-IR (cm
-1

): 3237, 1794, 1739, 1678, 1340, 734; 
1
H NMR (400 MHz, DMSO-d6, 

δ/ppm): 2.27 (br. s, 2H), 3.85 (s, 6H), 4.25 (t, 4H), 7.19 (dd, 2H), 7.56 (dd, 2H), 7.60 (d, 

2H), 7.66 (d, 2H), 7.78 (d, 2H), 8.09 (d, 2H), 11.21 (s, 2H); 
13

C NMR (100 MHz, DMSO-

d6, δ/ppm) 28.5, 55.7, 65.1, 111.0, 112.4, 114.7, 121.6, 122.8, 126.6, 132.4, 148.6, 151.7, 

161.1, 164.8, 164.9. 

6a.3 Results and discussion 

6a.3.1 Synthesis of poly(amide imide)s 

 In the present work, a series of new partially bio-based poly(amide imide)s was 

synthesized by polycondensation of diacylhydrazide monomers viz. DVHzC-3 and 

DSHzC-3  with commercially available aromatic dianhydrides viz. PMDA, BPDA and 

ODPA by two-step polycondensation reaction (Scheme 6a.1). 

In the first step, poly(hydrazide acid) was synthesized by the addition of 

stoichiometric quantity of aromatic dianhydride to the solution of diacylhydrazide in 

DMAc at room temperature. The polycondensation reactions proceeded in a homogenous 

solution throughtout the course of reaction. In the second step, cyclization of 

poly(hydrazide acid) was carried out by thermal cyclo-imidization method. The 

poly(hydrazide acid) solution was poured into a glass petri dish and solvent was 

evaporated by heating at 80 
o
C with continuous nitrogen flow. The semi-dried 

poly(hydrazide acid) film was heated at 230 
o
C under reduced pressure for 12 h to form 

poly(amide imide)
8
. 
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Scheme 6a.1 Synthesis of poly(amide imide)s from 4,4'-(propane-1,3-diylbis(oxy))bis(3-

methoxybenzohydrazide)/4,4'-(propane-1,3-diylbis(oxy))bis(3,5-dimethoxybenzo 

hydrazide) and aromatic dianhydrides. 

The results of polymerization reactions are summarized in Table 6a.1. Inherent 

viscosity values of poly(amide imide)s were in the range 0.44-0.56 dLg
-1

. Poly(amide 

imide)s were soluble in DMF and their molecular weights were measured by GPC using 

polystyrenes as calibration standards. Number average molecular weights (  
̅̅ ̅̅ ) and 

dispersity values were in the range 25,500-40,800 g mol
-1

 and 1.7-2.0, respectively. 

Inherent viscosity values and GPC molecular weight data indicated the formation of 

reasonably high molecular weight polymers. Poly(amide imide)s being semi-rigid in 

nature, the   
̅̅ ̅̅  values reported with polystyrene standards are expected to be 

overestimated. Similar observations have been reported in the literature for measurements 

of molecular weight by GPC of polymers which adopt a rod-like conformation in 

solution
19,20

.
 
Poly(amide imide)s could be cast into transparent, flexible, and tough film 

from their DMAc solution. 
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Table 6a.1 Inherent viscosity and molecular weight data of poly(amide imide)s 

Poly(amide 

imide)s 

Diacyl 

hydrazide 

Dianhydride ηinh 

(dLg
-1

)
a
 

GPC
b
 Dispersity 

  
̅̅ ̅̅    

̅̅ ̅̅ ̅ 

PAI-1 DSHC-3 PMDA 0.53 38,400 67,800 1.7 

PAI-2 DSHC-3 BPDA 0.56 40,800 72,600 1.7 

PAI-3 DSHC-3 ODPA 0.47 36,600 63,000 1.7 

PAI-4 DVHC-3 PMDA 0.44 25,500 53,500 2.0 

PAI-5 DVHC-3 BPDA 0.51 37,000 66,600 1.8 

PAI-6 DVHC-3 ODPA 0.45 29,400 56,000 1.9 

a: inh was measured with 0.5% (w/v) solution of poly(amide imide) in DMAc at 30 0.1 oC 

b: measured by GPC in DMF, polystyrene was used as the calibration standard. 

6a.3.2 Structural characterization  

The chemical structures of poly(amide imide)s were confirmed by FT-IR, 
1
H and 

13
C 

NMR spectroscopy. FT-IR spectrum of PAI-1 is reproduced in Figure 6a.1. The 

absorption band at 3237 cm
-1

 corresponds to -NH- of amide linkage. The absorption band 

of the five membered imide carbonyl appeared at 1795 cm
-1 

and 1733 cm
-1 

corresponding 

to asymmetric and symmetric stretching vibration, respectively. A band at 1680 cm
-1

 

appeared due to carbonyl group of amide. The absorption bands at 1338 cm
-1

 and 730 cm
-

1
 were assigned to stretching and bending vibrations, respectively of C-N-C linkage of 

imide ring
8
. 
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Figure 6a.1 FT-IR spectrum of PAI-1 



Chapter 6a                                                                                Synthesis and Characterization of Poly..... 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire 2017  222 
 

1
H NMR spectrum of PAI-1 is reproduced in Figure 6a.2. A multiplet in the range 

1.99-2.04 δ ppm was observed due to methylene protons β to oxygen atom. Methoxy 

protons exhibited a singlet at 3.85 δ ppm while methylene protons attached to oxygen 

atom appeared as a triplet at 4.19 δ ppm. Aromatic protons ortho to amide group 

displayed a singlet at 7.36 δ ppm. The aromatic protons of PMDA moiety appeared as a 

singlet at 8.55 δ ppm. Amide protons (-NH-) exhibited a broad singlet at 11.51 δ ppm. 
13

C 

NMR spectrum of PAI-1 along with assignments of carbon atoms is reproduced in Figure 

6a.3. 

 

 

Figure 6a.2 
1
H NMR spectrum of PAI-1 in DMSO-d6 
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Figure 6a.3 
13

C NMR spectrum of PAI-1 in DMSO-d6 

6a.3.3 Solubility of poly(amide imide)s 

 The solubility of poly(amide imide)s was determined at 3 % concentration (w/v) 

in various organic solvents and data is summarized in Table 6a.2. 

Table 6a.2 Solubility data of poly(amide imide)s  

Poly(amid 

eimide) 
Chloroform Dichloroform DMF DMAc DMSO NMP Pyridine 

PAI-1 -- -- ++ ++ ++ ++ ++ 

PAI -2 -- -- ++ ++ ++ ++ ++ 

PAI -3 -- -- ++ ++ ++ ++ ++ 

PAI -4 -- -- ++ ++ ++ ++ ++ 

PAI -5 -- -- ++ ++ ++ ++ ++ 

PAI -6 -- -- ++ ++ ++ ++ ++ 

--, insoluble; ++, soluble at room temperature; +-, soluble on heating 

 Poly(amide imide)s exhibited good solubility in organic solvents such as DMF, 

DMAc, DMSO, NMP and pyridine were insoluble in chloroform and dichloromethane. 

The improvement in solubility characteristics of poly(amide imide)s could be attributed to 

the combined effect of flexible oxypropylene linkages and polar methoxy substituents. 
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 6a.3.4 X-Ray diffraction studies 

X-Ray diffractograms of poly(amide imide)s are shown in Figure 6a.4. 

Poly(amide imide)s exhibited two broad halos in the range 2θ = 20-30
o
 and 10-15

o
. The 

broad halos in XRD patterns indicated their amorphous nature, which could be mainly 

because of the presence of methoxy substituents which disrupt close packing of polymer 

chains. 

Figure 6a.4.  X-Ray diffractograms of poly(amide imide)s  

 6a.3.5 Thermal properties of poly(amide imide)s 

The thermal properties of poly(amide imide)s were determined by TGA and DSC 

at heating rate 10 
o
C min

-1
 under nitrogen atmosphere. TG and DSC curves are shown in 

Figure 6a.5 and 6a.6, respectively, and the data is summarized in Table 6a.3.
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Figure 6a.5 TG curves of poly(amide imide)s 
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Table 6a.3 Thermo-mechanical properties of poly(amide imide)s 

Polymer Diacyl 

hydrazide 

Dianhydride T10
b

 

(
o
C) 

Char yield 

(%)
c
 

Tg
d
 

(
o
C) 

Tg
e
 

(
o
C) 

E’ (Pa) 

PAI-1 DSHC-3 PMDA 355 25 ND 248 3.5 × 10
9
 

PAI-2 DSHC-3 BPDA 356 29 223 246 2.2 × 10
9
 

PAI-3 DSHC-3 ODPA 352 29 209 238 3.0 × 10
9
 

PAI-4 DVHC-3 PMDA 340 31 218 226 1.6 × 10
9
 

PAI-5 DVHC-3 BPDA 360 35 212 224 0.4 × 10
9
 

PAI-6 DVHC-3 ODPA 364 28 201 214 1.1 × 10
9
 

a: initial decomposition temperature; 

b: temperature at which 10 % weight loss was observed 

c: weight residue at 800 oC  

d: measured by DSC on second heating scan with heating rate at 10 oC min-1 under nitrogen atmospheres  

e: Tg determined by DMA; ND = Not detectated. 

The 10 % weight loss temperature of poly(amide imide)s in nitrogen was in the 

range  340-364 
o
C. The thermal properties of present poly(amide imide)s are inferior 

compared to the conventional fully aromatic poly(amide imide)s
5
. The lowering of 

thermal stability of these poly(amide imide)s could be attributed to the presence of 

thermally labile oxypropylene linkages and methoxy groups. The weight residue of 

poly(amide imide)s at 800 
o
C were in the range 24-34%, which could be attributed to the 

formation of carbonaceous materials due to anaerobic heating of the polymers. Tg values 

of poly(amide imide)s were in the range 201-223 
o
C except for PAI-1 which did not show 

Tg in DSC analysis.  
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Figure 6a.6 DSC curves of poly(amide imide)s 

6a.3.6 Dynamic mechanical analysis 

The thermomechanical properties of poly(amide imide)s were determined by 

DMA. DMA curves of poly(amide imide)s are displayed in Figure 6a.7  and data is 

included in Table 6a.3.  

Figure 6a.7 Dynamic mechanical curves of poly(amide imide)s 

The oxypropylene linkages are responsible for lowering the Tg of poly(amide 

imide)s due to increase in free volume. However, oxypropylene linkages apparently did 

not significantly decrease rigidity of the polymer chains and hence these poly(amide 

imide)s showed high storage moduli (0.4×10
9
-3.5×10

9 
Pa). The storage modulus of 

poly(amide imide)s based on DSHzC-3 and DVHzC-3 were in the range 3.0×10
9
-3.5×10

9 

and 0.4×10
9
–1.6×10

9 
Pa, respectively, indicating that poly(amide imide)s based on 
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DSHzC-3 exhibited higher storage modulus than corresponding poly(amide imide)s based 

on DVHzC-3. The storages modulus of poly(amide imide)s derived from PMDA (PAI-2 

and PAI-5) showed lower than corresponding poly(amide imide)s derived from BPDA 

(PAI-3 and PAI-6). The storage modulus of a polymer is the measure of stiffness of 

chains and is dependent on several factors which include chain rigidity, chain order, 

molecular packing of chains, etc. One of the explanations for the higher storage modulus 

values of PAI-3 and PAI-6 compared to PAI-2 and PAI-5, respectively could be due to 

better molecular packing of the former on account of the presence of flexible ether 

linkage in the dianhydride component which allow better orientation of polymer chains. It 

has been reported in the literature that mean intermolecular distance, which is a parameter 

of molecular packing, is lower (4.6-4.7 A°) for polyimide derived from ODPA and para-

phenylene diamine than that for polyimide derived from BPDA and para-phenylene 

diamine (4.7-4.8 A°)
21

. Further detailed investigations are needed to fully establish the 

influence of structure, chain orientation and molecular packing on storages modulus of 

these poly(amide imide)s differing in their chain rigidity. All the poly(amide imide)s 

showed two transitions above room temperature. The transition appearing at higher 

temperature i.e the α transition, corresponds to Tg. The transition that appeared in the 

temperature range 122-155 
o
C corresponds to the sub-glass transition or β transition

22
. 

The Tg values of poly(amide imide)s were in the range 214-248 
o
C and these values were 

slightly higher compared to corresponding Tg values measured by DSC. The difference in 

Tg values by DMA and DSC may be due to different principles of measurements; DMA 

measures the mechanical response while DSC records the changes in heat flow of 

polymer. 

It was noticed that Tg values of poly(amide imide)s based on both 

diacylhydrazides followed the order: ODPA<BPDA<PMDA. The lowest Tg observed for 

ODPA-based poly(amide imide)s could be explained on the basis of introduction of 

additional ether linkages while the highest Tg values of PMDA-based poly(amide imide)s 

are attributed to rigidity imparted by the rigid dianhydride monomer. The similar trends in 

Tg values have been reported in the literature for polyimides and poly(amide imide)s
11

. 

The effects of methoxy substituents in diacylhydrazide monomers on Tg values of 

corresponding poly(amide imide)s were evaluated. Poly(amide imide)s derived from 

tetramethoxy substituted diacylhydrazide viz. DSHzC-3 showed higher Tg values than 

corresponding poly(amide imide)s  based on dimethoxy substituted diacylhydrazide viz. 
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DVHzC-3. Molecular dynamics (MD) simulation studies were performed on 

representative poly(amide imide)s to analyze the molecular origin of the observed 

substituent effects on Tg. 

6a.3.7 Molecular dynamics simulation studies of representative poly(amide imide)s 

(PAI-1 and PAI-4)  

Two representative poly(amide imide)s, viz. PAI-1 and PAI-4 which differ in the 

number of methoxy substituents on aromatic rings were selected for MD simulation 

studies. All-atomistic models of the repeating units of poly(amide imide)s are shown in 

Figure 6a.8.  

 

Figure 6a.8 Optimized geometries of (A) PAI-4 (B) PAI-1. The dihedral angle (α) 

between phenyl ring and oxypropylene linkage is marked. 

The details of polymer melt preparation, equilibration and simulation procedure 

are given in experimental section. The simulation studies were carried out using 

Gromacs-5.0.5
16

 package and OPLA-AA
15

 force field. Tg values of PAI-1 and PAI-4 were 

calculated from temperature dependence of the density as shown in Figure 6a.9.  

This approach of  Tg calculation has been used previously for polyimides by 

Lyulin et al
14

. The calculated Tg values were higher compared to the corresponding 

experimental values obtained from DMA studies due to the higher cooling rates applied 

(10K ns
-1

) in simulation studies. However, the shift in the experimental Tg value has been 
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Figure 6a.9 Tg of poly(amide imide)s measured by MD simulation. A. Poly(amide imide) 

based on DVHzC-3 (PAI-4)  B. Poly(amide imide) based on DSHzC-3 (PAI-1) 

well reproduced. The calculated Tg of PAI-1 is 18K higher than PAI-4 as compared to an 

increase of 22K observed in DMA studies. It is generally accepted that Tg of an 

amorphous polymer is determined by α relaxation or segmental motion of the chains
23

, 

which in turn is affected by the  free volume
24

 and/or rigidity
25

 of the chains. The 

availability of more free volume and less chain rigidity leads to faster relaxation resulting 

in lower Tg and vice-versa. However, prior studies indicate that these two factors might 

work independently and either of them can be a controlling factor in affecting Tg
26,27

. The 

calculated free volume, densities along with other physical properties of PAI-1 and PAI-4 

are shown in Table 6a.4.  

Table 6a.4 System details and calculated properties for poly(amide imide)s PAI-4 and 

PAI-1. 

Property PAI-4 PAI-1 

Number of chains 24 20 

Total number of atoms 19584 19520 

Density kg/m
3 

(650K) 1354.41 ±  2.4  1337.19 ± 0.1   

Tg 530 K 548 K 

Free volume fraction (FVF) 0.473  ± 0.03 0.486  ± 0.007 

Radius of gyration (nm) 1.44 ± 0.05 1.51 ± 0.05  

 

 Interestingly, despite having higher Tg, PAI-1 showed lower density and higher 

free volume as compared to PAI-4. The density of PAI-1 and PAI-4 would depend on the 
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intra- as well as inter-chain spacing/packing. The higher radius of gyration (Table 6a.4) 

of PAI-1 indicated a slightly expanded conformation that leads to the lower density. The 

radial distribution function (RDF) between the centers of mass of all the chains (Figure 

6a.10A) showed the first peak at a larger distance for PAI-1 depicting higher inter-chain 

spacing. Similarly RDF between the centers of mass of the phenyl rings and all other 

atoms within single chains also showed peak at a larger distance for PAI-1 (Figure 

6a.10B). This points out that the chains expand and span larger volume in the case of 

PAI-1. 

 

Figure 6a.10 (A) RDF between the centres of mass of chains (B) RDF between the 

centres of mass of phenyl rings with other atoms in single chains 

  Thus, more inter- and intra- chain spacing in PAI-1 leads to higher free volume 

and lesser density. Representative snapshots showing inter-chain spacing for PAI-1 and 

PAI-4 are shown in Figure 6a.11.  

Figure 6a.11 Snapshots depicting distance between centre of mass of two chains: green 

and purple-carbon; blue-nitrogen; white-hydrogen; pink spheres: centre of mass of chains. 

Rcom: distance between centre of mass of two chains 

A B

Rcom
Rcom

PAI-4 PAI-1

A B
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 Similar counterintuitive observations of increased Tg accompanied with 

decreased density has been reported by Nair and Basu et al
28

 for polyimide-HFPE-30 and 

Gu et al
29

 for polyimide based on BPDA and 4,4’oxydianiline. In both the studies, density 

of the higher Tg polymer was reported to be lesser than its counterpart. These reports 

attributed the observed increase in Tg with substitution and isomerization to the increased 

rigidity of polymer backbone. Both these studies have demonstrated higher rotational 

barrier associated with groups involving substitution or isomerization. 

 

Figure 6a.12 (A) Torsional angle distributions of PAI-4 and PAI-1 (B) Rotational energy 

barrier from PMF for PAI-4 and PAI-1  

Along the similar lines, effect of the chain rigidity, in particular the rotational 

barrier between the phenyl ring and the oxyprolylene linkage on respective Tg values was 

explored. Torsional angle distribution of α (see Figure 6a.8 A for a structural 

representation) is shown in Figure 6a.12.  

The dramatic increase in the peak intensities in PAI-1 indicated that the rotation 

around phenyl ring is more hindered due to the extra methoxy substituents. In order to 

quantify the increase in the rotational barrier with substitution, potential of mean force 

(PMF), G(α) was calculated from the torsional distributions using the Boltzmann 

inversion relation: 

)(ln)(  PTkG B
 

 

The difference between the minima and maxima of PMF (Figure 6a.12B) corresponds to 

the free energy barrier for torsional rotation. PAI-1 exhibited 1.6 kcal mol
-1

 higher 

rotational barrier than PAI-4. Thus, in PAI-1 rotation around phenyl ring is hindered, 

which restricts the segmental motion and thereby increases the relaxation time. To 

analyze the segmental relaxation, dihedral autocorrelation function
28

 C(t) was calculated  

as follows:  
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tttttC  )]()(cos[)(   

where α(t) and α(t+Δt) denote the torsional angle at time t and time t+Δt, respectively. 

The time-scale of decay of C(t) gives a measure of the rigidity of chains, where a longer 

time-scale would signify increased rigidity
24

. The comparison of C(t) for both PAI-4 and 

PAI-1 is shown in Figure 6a.13. It was observed that the decay in C(t) for PAI-1 is 

substantially slower than PAI-4 indicating the higher rigidity due to hindered backbone 

rotation. Thus, the MD simulation data clearly established that molecular origin of the 

increased Tg in PAI-1 as compared to PAI-4 is the increase in the rotational barrier 

between the substituted aromatic rings. This leads to substantially slower segmental 

relaxation and increased rigidity in the polymer chain.  

 

Figure 6a.13 Comparison of the decay of dihedral autocorrelation function (C(t)) for 

PAI-4 and PAI-1. 

6a.4 Conclusions 

 A new series of  poly(amide imide)s containing oxypropylene linkages in 

backbone was synthesized from DSHC-3, DVHC-3 and aromatic dianhydrides 

using two-step polycondensation route. 

 Inherent viscosities of poly(amide imide)s were in the range 0.44-0.56 dLg
-1

, 

indicating formation of reasonably high molecular weights.  
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 Poly(amide imide)s bearing oxypropylene linkages showed good solubility in 

organic solvents such as DMAc, DMF, DMSO, NMP and pyridine. Tough, 

transperant and flexible film could be cast from their solution in DMAc. 

 Wide angle X-ray diffraction patterns showed that poly(amide imide)s containing 

oxypropylene linkages were amorphous in nature. 

 T10 values of poly(amide imide)s were in the range of 340-364 
o
C, indicating 

satisfactory thermal stability of polymers. 

 Thermo-mechanical analysis showed that with increasing number of methoxy 

substituents, Tg and their mechanical strength also increased. 

 MD simulation studies on representative poly(amide imide)s indicated chain 

rigidity as the molecular origin for the observed increase in the Tg of DSHC-3-

based poly(amide imide)s. 
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6b.1 Introduction 

Aromatic polyimides represent an important class of high performance/high 

temperature polymers due to their excellent thermal, mechanical and chemical 

resistance
1,2

. Polyimides often replace glass and metal and are mainly used in automotive, 

aerospace, gas separation membranes, electronic packaging, adhesives, etc
2–8

. The various 

companies have commercialized polyimides with the trade names such as Kapton 

(DuPont), Apical (Kaneka), UPILEX (UBE), Kaptrex (Professional Plastics) Vespel 

(DuPont), Skybond (Monsanto), Pyre-ML (DuPont), VTEC PI (RBI), and Norton TH 

(Saint-Gobain)
9
.  

Aromatic polyimides possess rigid chains and strong inter-chain interactions 

originating from their intra-/inter-chain charge transfer complex (CTC) formation and 

electronic polarization, which results in their poor solubility in organic solvents, and 

consequently poses difficulties in their processability
6,10–12

. Therefore, significant efforts 

have been made to improve solubility and melt processability of aromatic polyimides by 

structural modifications which include i) incorporation of hinge atoms, alkylene or kinked 

structure in polymer backbone
13–18

 and ii) incorporation of pendant bulky substituents or 

flexible groups
19–29

. The incorporation of ‘kinked’ units in polyimide backbone is of great 

interest because it results in solubility enhancement without much compromise on 

thermal characteristics
30,31

. 

The key starting monomers used for the synthesis of aromatic polyimides are 

diamines/diisocyanates and dianhydrides. Most of these monomers are derived from 

petroleum-derived chemicals
5,32

. However, the use of petroleum resources for the 

synthesis of polymers is insecure because of finite stocks, non-renewability and 

environmental issues
33–36

. Lignin-derived aromatics and CNSL are promising precursors 

for the synthesis of aromatic difunctional monomers and polymers because of their 

abundant availability and non-edible nature. In the last few years, CNSL has been utilized 

for the synthesis of aromatic diamines/diisocyanates and their utility for the preparation of 

aromatic polyimides was demonstrated
13,19–21,37,38

. A range of aromatic difunctional 

monomers suitable for the preparation of high performance polymers such as aromatic 

polycarbonates, semi-aromatic polyesters, aromatic polyesters, polyamides and 

polyacetals  have been synthesized starting from lignin-derived aromatics
39

. To the best 

of our knowledge, no mention was found in the literature of step-growth monomers based 

on lignin-derived aromatics suitable for synthesis of aromatic polyimides.  



Chapter 6b                                                                        Synthesis and Characterization of Polyimides.. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire  2017  236 
 

The synthesis of 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl starting 

from lignin-derived aromatic viz. vanillic acid has been described in Chapter 3. It was 

considered of interest to synthesize new aromatic polyimides containing biphenylene 

linkages by one step polycondensation of 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-

biphenyl with aromatic dianhydrides viz. 4,4’-oxydiphthalic anhydride (ODPA) 3,3’,4,4’-

benzophenonetetracarboxylic dianhydride (BTDA), 

4,4’(hexafluoroisopropylidene)diphthalic anhydride (6-FDA) 4,4’-

biphenyltetracarboxylic dianhydride (BPDA) and pyromellitic dianhydride (PMDA). The 

synthesized polyimides were characterized by FT-IR, 
1
H NMR, 

13
C NMR spectroscopy, 

X-ray diffraction studies, thermogravimetric analysis (TGA), and differential scanning 

calorimetry (DSC).  

6b. 2 Experimental 

6b.2.1 Materials 

5,5'-Diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl (BDI) was synthesized as 

described in Chapter 3. 4,4’-Oxydiphthalic anhydride (ODPA), 3,3’,4,4’-

benzophenonetetracarboxylic dianhydride (BTDA), 4,4’-(hexafluoroisopropylidene) 

diphthalic anhydride (6-FDA), 4,4’-biphenyltetracarboxylic dianhydride (BPDA) and 

pyromellitic dianhydride (PMDA) were received from Sigma Aldrich, USA and were 

sublimed before use. 1,4-Diazabicyclo[2.2.2]octane (DABCO) was recrystallized from n-

hexane. Benzonitrile, N,N-Dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), 

dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), dichloromethane, 

chloroform, n-hexane and pyridine were received from Thomas Baker Ltd., Mumbai and 

were purified as per literature procedures
40

. 

6b.2.2 Measurements  

Inherent viscosity of polyimides was determined with 0.5 % (w/v) solution of polymer in 

DMAc at 300.1
o
C using Ubbelhode suspended level viscometer. Inherent viscosity was 

calculated using the equation  

ninh = 
     

 
          

where, t and t0 are flow times of polymer solution and solvent, respectively and c is the 

concentration of polymer solution. 

Molecular weight and dispersity values of polyimides were determined on Thermo-

Finnigan make gel-permeation chromatography (GPC) using N,N-dimethylformamide as 
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an eluent at a flow rate of 1 mL min
-1

 at 25 
o
C. Sample concentration was 2 mg mL

-1
 and 

narrow dispersity polystyrenes were used as calibration standards.  

FT-IR spectra were obtained on a Perkin–Elmer Spectrum GX spectrometer using 

polymer films. 

NMR spectra were recorded on a Bruker 200, 400 or 500 MHz spectrometer at resonance 

frequencies of 200, 400 or 500 MHz for 
1
H NMR and 50, 100, 125 MHz for 

13
C NMR 

measurements using DMSO-d6 as a solvent. 

Thermogravimetric properties such as temperature at 10 % weight loss and char yield of 

polyimides were measured using Perkin Elmer: STA 6000. Approximately 7-10 mg of 

polymer sample was placed in platinum pan heated up to 800 
o
C at the rate of 10 

o
C min

-1
 

under nitrogen atmosphere with gas flow rate of 10 mL min
-1

 and sample gas flow rate of 

25 mL min
-1

.  

Differential scanning calorimetry (DSC) was performed using DSC Q100 differential 

calorimeter from TA Instruments under nitrogen atmospheres (50 mL min
-1

). Analysis 

was carried out in a temperature range between 30 and 250 
o
C using heating rate of 10 

o
C 

min
-1

.  

X-Ray differection patterns of polyimides were recorded using dried polymer film on a 

Rigaku Dmax 2500 X-ray diffractometer at a tilting rate of 2
o 
min

-1
. 

6b.2.3 Synthesis of polyimides 

A representative procedure for synthesis of polyimides is described below: 

Into a 50 mL two necked round bottom flask equipped with a magnetic stirrer bar, 

a nitrogen inlet and a reflux condenser were taken BDI (1 g, 2.8 mmol), aromatic 

dianhydride (2.8 mmol), DABCO (94 mg, 0.84 mmol) and benzonitrile (10 mL). The 

reaction mixture was heated at 140 
o
C for 10 h under nitrogen atmosphere. The reaction 

mixture was cooled to room temperature and poured into excess methanol and the 

precipitated polymer was filtered, washed with hot methanol and dried at 100 
o
C for 10 h 

under reduced pressure. 

Synthesis of PI-1 starting from 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl and 

ODPA 

FT-IR (cm
-1

): 739, 1375, 1720, 1777; 
1
H NMR (500 MHz, DMSO-d6, δ/ppm):

 
3.75 (s, 

6H), 3.92 (s, 6H), 7.00 (s, 4H), 7.45 (d, 2H), 7.97 (d, 2H); 
13

C NMR (125 MHz, DMSO-
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d6, δ/ppm): 55.9, 60.3, 112.0, 113.6, 121.5, 124.9, 126.1, 127.2, 131.5, 134.5, 145.9, 

152.5, 160.8, 166.1, 166.3. 

Synthesis of PI-2 starting from 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl and 

6-FDA 

FT-IR (cm
-1

): 725, 1378, 1727, 1784; 
1
H NMR (500 MHz, DMSO-d6, δ/ppm): 3.65 (s, 

6H), 3.82 (s, 6H), 6.92 (s, 2H), 7.21 (s, 2H), 7.73 (s, 2H), 7.95 (d, 2H), 8.16 (d, 2H)
 
; 

13
C 

NMR (125 MHz, DMSO-d6, δ/ppm): 55.9, 60.3, 112.1, 121.6, 123.6, 124.4, 126.8, 131.5, 

132.6, 133.0, 135.8, 137.3, 146.1, 152.5, 166.0, 166.2. 

Synthesis of PI-3 starting from 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl and 

BTDA 

FT-IR (cm
-1

): 723, 1378, 1725, 1780; 
1
H NMR (400 MHz, DMSO-d6, δ/ppm): 3.67 (s, 

6H), 3.84 (s, 6H), 6.95 (s, 2H), 7.24 (s, 2H), 8.13 (s, 2H), 8.22 (br. d, 4H); 
13

C NMR (125 

MHz, DMSO-d6, δ/ppm): 56.1, 60.3, 112.0, 121.5, 123.8, 129.5, 131.5, 132.2, 134.8, 

141.6, 146.0, 152.5, 166.3, 193.4 

Synthesis of PI-4 starting from 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl and 

BPDA 

FT-IR (cm
-1

): 739, 1378, 1721, 1775; 
1
H NMR (400 MHz, DMSO-d6, δ/ppm); 3.70 (s, 

6H), 3.87 (s, 6H), 6.97 (s, 2H), 7.23 (s, 2H), 8.03 (s, 2H), 8.3 (br. s, 4H); 
13

C NMR (125 

MHz, DMSO-d6, δ/ppm): 55.1, 59.9, 111.8, 113.3, 121.1, 124.5, 125.9, 127.0, 131.1, 

134.6, 145.8, 152.3, 160.2, 166.0, 165.5 

Synthesis of PI-5 starting from 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl and 

PMDA 

FT-IR (cm
-1

): 736, 1375, 1731, 1771; 
1
H NMR (400 MHz, DMSO-d6, δ/ppm); 3.68 (s, 

6H), 3.85 (s, 6H), 7.0 (s, 2H), 7.27 (s, 2H), 8.35 (s, 2H); 
13

C NMR (125 MHz, DMSO-d6, 

δ/ppm): 56.0, 60.3, 112.0, 117.8, 121.5, 126.7, 131.5, 137.1, 146.1, 152.5, 165.5. 

6b.3 Results and discussion 

6b.3.1 Polyimide synthesis 

New partially bio-based polyimides containing ‘twisted’ structure were synthesized 

by the polycondensation of bio-based aromatic diisocyanate viz. BDI with aromatic 

dianhydrides viz. 4,4’-oxydiphthalic anhydride (ODPA), 3,3’,4,4’-

benzophenonetetracarboxylic dianhydride (BTDA), 
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4,4’(hexafluoroisopropylidene)diphthalic anhydride (6FDA), 4,4’-biphenyltetracarboxylic 

dianhydride (BPDA) and pyromellitic dianhydride (PMDA) using DABCO as the catalyst 

in benzonitrile at 140 
o
C (Scheme 6b.1). In this reaction, BDI and dianhydride react 

together to form seven-membered cyclic intermediate, which thermally decomposed to 

form polyimide with evolution of carbon dioxide. The reaction mixture was homogenous 

throughout the course of polymerization. The results of polymerization reactions are 

summarized in Table 6b.1. Inherent viscosity of polyimides was in the range of 0.30-0.40 

dLg
-1

. Molecular weights of polyimides were measured by GPC using DMF as a solvent 

and polystyrenes as the calibration standards. Number average molecular weights of 

polyimides were in the range 25,100-32,200 gmol
-1

. 

 

Scheme 6b.1 Synthesis of polyimides based on biphenylene containing diisocyanate and 

dianhydrides 



Chapter 6b                                                                        Synthesis and Characterization of Polyimides.. 
 

AcSIR/CSIR-NCL/Sachin S. Kuhire  2017  240 
 

Molecular weight of polyimide derived from BPDA and BDI could not be 

measured due its partial solubility in DMF. GPC molecular weight and inherent viscosity 

values indicated formation of reasonably high molecular weight of polymers. Tough, 

transparent and flexible films of polyimides could be cast from their solution in DMAc. 

Table 6b.1 Synthesis of aromatic polyimides derived from 5,5'-diisocyanato-2,2',3,3'-

tetramethoxy-1,1'-biphenyl and aromatic dianhydrides 

Polyimide Dianhydride 
inh  

(dLg
-1

)
a 

GPC
b
 

Dispersity 
  
̅̅ ̅̅    

̅̅ ̅̅ ̅ 

PI-1 ODPA 0.35 25,100 49,500 2.0 

PI-2 6FDA 0.30 27,700 59,800 2.2 

PI-3 BTDA 0.35 27,400 69,200 2.5 

PI-4 BPDA 0.39 ND 

PI-5 PMDA 0.40 32,200 75,800 2.3 

        
a: inh was measured with 0.5 % (w/v) solution of polyimide in DMAc at 30 oC ± 0.1 oC 

       b: Measured by GPC in DMF, polystyrenes were used as the calibration standard. 

       ND Not characterized due to partial solubility in DMF at room temperature 

6b.3.2 Structural characterization 

The chemical structure of polyimides was confirmed by FT-IR, 
1
H NMR and 

13
C 

NMR spectroscopy. A representative FT-IR spectrum of PI-5 is presented in Figure 6b.1.  
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Figure 6b.1 FT-IR spectrum of polyimide (PI-5) derived from BDI and aromatic 

dianhydride 
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The characteristics absorption bands for imide ring were observed at 1784 cm
-1 

and 1727 cm
-1

 which correspond to asymmetric and symmetric carbonyl stretching, 

respectively. Absorption band at 1378 cm
-1

 corresponds to C-N stretching and absorption 

band at 725 cm
-1

 was ascribed to the imide ring deformation. 

A representative 
1
H NMR spectrum of polyimide derived from BDI and PMDA is 

shown in Figure 6b.2. The aromatic protons of dianhydride moiety showed a singlet at 

8.35 δ ppm. A singlet exhibited at 7.27 δ ppm corresponds to the proton flanked by imide 

nitrogen and biphenylene linkage whereas proton flanked by imide group and methoxy 

group appeared as a singlet at 7.0 δ ppm. Methoxy protons meta and para to imide 

nitrogen showed singlet at 3.85 δ ppm and 3.68 δ ppm, respectively.  

13
C NMR spectrum of polyimide (PI-5) derived from BDI and PMDA shown in 

Figure 6b.3 along with the assignments of carbon atoms. 

 

Figure 6b.2 
1
H NMR spectrum of polyimide derived from BDI and PMDA in DMSO-d6 
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Figure 6b.3 
13

C NMR spectrum of polyimide derived from BDI and PMDA in DMSO-d6. 

6b.3.3 Solubility of polyimides 

The solubility of polyimides was tested at 3 wt % (w/v) concentration in various 

organic solvents and data is summarized in Table 2.  

Table 6b.2 Solubility data of polyimides derived from 5,5'-diisocyanato-2,2',3,3'-

tetramethoxy-1,1'-biphenyl and aromatic dianhydrides. 
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D
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P
y
ri

d
in

e 

PI-1 ODPA ++ ++ ++ ++ ++ ++ ++ 

PI-2 6FDA ++ ++ ++ ++ ++ ++ ++ 

PI-3 BTDA -- -- ++ ++ ++ ++ ++ 

PI-4 BPDA -- -- ++ ++ ++ +- ++ 

PI-5 PMDA -- -- ++ ++ ++ ++ ++ 

++ : soluble at room temperature; +- : insoluble at room temperature; --: insoluble at high 

temperature..  
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All the polyimides were soluble in polar organic solvents such as DMSO, DMAc, 

NMP and pyridine at room temperature. The solubility of biphenylene-containing 

polyimides could be ascribed to the kinked structure and the presence of methoxy groups 

which bring about disordering in the packing of the polymer chains. In addition, 

polyimides derived from 6FDA and ODPA were also soluble in halogenated solvents 

such as chloroform and dichloromethane. In case of 6FDA based polyimide (PI-2), the 

presence of bulky CF3 substituents, which increased the disorder in the chains and 

hindered close packing, thereby decreasing the intermolecular interactions is the cause of 

further enhancement in solubility characteristics
41

. ODPA-derived polyimide showed 

excellent solubility due to the presence of flexible ether linkages in the polymer 

backbone.  

6b.3.4 X-Ray diffraction studies 

X-Ray diffractograms of polyimide films based on BDI and aromatic dianhydrides 

are reproduced in Figure 6b.4 X-Ray diffractograms of polyimides showed a broad halo 

at around 2θ = 10-30
o 

suggesting that all the polymers were amorphous. The amorphous 

nature of polyimides could be attributed to the presence of methoxy substituents situated 

at the meta and para position to the nitrogen of imide group and the ‘kinked’ structure. 

These structural features decrease interchain interactions thus disturbing the chain 

packing 
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Figure 6b.4 X-Ray diffractograms of polyimides  
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6.3.5 Thermal properties of polyimides 

Thermal characterization of polyimides were determined by TGA and DSC at 

heating rate of 10 
o
C min

-1  
under nitrogen atmospheres. TG and DSC curves are showed 

in Figure 6b.5 and Figure 6b.6, respectively and results are summarized in Table 6b.3. 

Polyimides showed 10 % wt. loss and char yield at 800 
o
C in the range 459-473 

o
C and 45-55 %, respectively. Differential thermogravimetric analysis (Figure 6b.5) of 

polyimides displayed two-stage degradation: the first stage degradation was presumably 

due to the decomposition of pendant methoxy groups whereas the second stage 

degradation was observed due to decomposition of polyimide backbone.  

It is interesting to compare the char yields of polyimides. In the series of 

polyimides, polyimide based on 6FDA (PI-2) showed the lowest char yield (45%). This 

could be due to the less thermally stable –C(CF3)2- group, which gets lost in the form of 

.
CF3 radicals

42,43
. Polyimide based on BPDA (PI-4) showed highest char yield (55%) 

which is in line with the highest aromatic character. 
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Figure 6b.5 TG curves of polyimides and DTG curve of PI-2. 

Tg values of polyimides were in the range 262-329 
o
C and the order is 

ODPA<6FDA<BTDA<BPDA<PMDA. Generally, the Tg value increases with increasing 

chain rigidity of the polymer
44

. Therefore, highest Tg value (329 
o
C) was observed for 

polyimide based on PMDA due to highly rigid backbone. On the other hand, lowest Tg 
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value (262 
o
C) was observed for polyimide based on ODPA (PI-1) due to the presence of 

flexibilizing ether linkages
41

.  

Table 6b.3 Thermal properties of polyimides derived from 5,5'-diisocyanato-2,2',3,3'-

tetramethoxy-1,1'-biphenyl and aromatic dianhydrides 

Polymer 
Polyimide T10

a
 

(
o
C) 

Char yield 

(%)
b
 

Tg
c
 

(
o
C) 

PI-1 

 

459 50 262 

PI-2 

 

472 45 278 

PI-3 

 

466 52 277 

PI-4 

 

472 55 300 

PI-5 

 

462 47 329 

    a: temperature at which 10 % weight loss was observed in TGA under nitrogen atmospheres 

    b: weight residue at 800 oC 

     c: measured by DSC on second heating scan with heating rate at 10 oC min-1 under nitrogen atmospheres 

The results of polyimide synthesis and their properties indicated that bio-based 

diisocyanate viz. BDI is an interesting monomer for synthesis of organo-soluble aromatic 

polyimides with satisfactory thermal properties.   
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Figure 6b.6 DSC curves of polyimides 

6b.4 Conclusions 

 A series of new partially bio-based polyimides was synthesized by 

polycondensation of 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl and 

aromatic dianhydrides. 

 Inherent viscosity of polyimides was in the range 0.30-0.40 dLg
-1

 indicating 

formation of reasonably high molecular weight polymers. 

 Polyimides were found to be soluble in DMAc, DMSO, NMP, and pyridine. 

 Wide-angle X-ray diffraction pattern showed that polyimides containing 

biphenylene linkages and methoxy groups were amorphous in nature. 

 T10 values of polyimides were in the range 459-472 
o
C indicating their satisfactory 

thermal stability.  

 Tg values of polyimides were in the range 262-329 
o
C and order was 

ODPA<6FDA<BTDA<BPDA<PMDA. 
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Step-growth polymerization processes are of significant interest for the 

preparation of polymeric materials useful in a vast array of applications. Currently, the 

monomers used for the synthesis of aromatic step-growth polymers are mostly derived 

from fossil resources, which are finite. Along with increasing industrialization, the rate of 

fossil fuel consumption is accelerated in order to meet the increased demands of energy, 

chemicals, polymeric materials, etc. Polymer industry utilizes around 7 % of petroleum 

resources. Keeping in mind their limited stocks, the complete dependence on fossil 

resources for polymer synthesis is insecure. In the recent years, replacing petroleum-

derived materials by renewable materials has gained importance in both industrial and 

academic laboratories. An ample amount of literature is already available on the synthesis 

of bio-based polymers of aliphatic nature from vegetable oils, cellulose or starch. Such 

polymeric materials possess certain limitations such as poor mechanical properties, low 

Tg and poor flame retardancy. Additionally, in certain cases the resources used for 

synthesis of these polymers are edible, which may have adverse impact on food supply 

chain. Therefore, non-edible bio-based resources viz. lignin, hemicelluloses and CNSL 

are preferred options for replacement of petroleum-derived aromatic step-growth 

polymers. 

The present thesis work is centered on  four research themes: 1) utilization of 

lignin-derived phenolic derivatives viz. vanillin, vanillic acid, syringic acid, guaiacol and 

syringol for the synthesis of new difunctional monomers, 2) synthesis of fully/partially 

bio-based step-growth polymers such as poly(ether urethane)s, aromatic polyesters, 

aromatic polycarbonates, aromatic poly(amideimide)s and aromatic polyimides, 3) study 

of effect of methoxy substituents on thermal and mechanical properties of polymers and 

4) preperation of recyclable crosslinked aromatic polyesters and aromatic polycarbonates 

using furan-maleimide Diels-Alder chemistry.  

A total of 23 new difunctional monomers belonging to the following categories 

were synthesized: 

1) Four new A-B monomers viz. ω-hydroxyalkyleneoxy benzoyl azides 

2) A series of new aromatic diisocyanates containing oxyalkylene linkage 

3) Two new aromatic diisocyanates containing biphenylene linkage 

4) Two new bisphenols containing pendant furyl group 

5) A new bisphenol containing oxadiazole ring 

6) Two new , -diacyl hydrazides containing oxyalkylene linkage 
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7) A new 3,3’-diacyl hydrazide containing biphenylene linkage 

8) A new dialdehyde containing ester linkage 

9) A new diols containing ester linkage 

10)  Two new aromatic diacids containing ester linkage 

All these difunctional monomers and intermediates involved in their synthesis were 

characterized by FT-IR, 
1
H NMR, and 

13
C NMR spectroscopy. Some of the monomers 

and intermediates were also characterized by HRMS and single crystal X-ray diffraction 

analysis. 

A series of new poly(ether urethane)s containing potentially 100% renewable 

carbon content were prepared by polymerization of aromatic diisocyanates containing 

oxyalkylene linkage with aliphatic diols viz. 1, 10-decanediol and 1, 12-dodecanediol. 

The chemical structures of poly(ether urethane)s were confirmed by FT-IR, 
1
H NMR and 

13
C NMR spectroscopy. The synthesized poly(ether urethane)s were of reasonably high 

molecular weights and could be cast into transparent and flexible films. Poly(ether 

urethane)s exhibited 10% weight loss in the temperature range 304-308 ∘C. Glass 

transition temperature (Tg) values of poly(ether urethane)s were observed in the range 49-

74 ∘C and Tg values decreased with increasing number of methylene units in diols and 

increased with increasing number of methoxy substituents on aromatic rings of 

diisocyanates. 

A series of new poly(ether urethane)s were synthesized by self-polycondensation 

of bio-derived A-B monomers, namely, 4-((6-hydroxyhexyl)oxy)-3-methoxybenzoyl 

azide, 4-((6-hydroxyhexyl)oxy)-3,5-dimethoxybenzoyl azide, 4-((11-

hydroxyundecyl)oxy)-3,5-dimethoxybenzoyl azide and 4-((11-hydroxyundecyl)oxy)-3-

methoxy benzoyl azide. Reasonably high molecular weight poly(ether urethane)s were 

formed as indicated by their inherent viscosities which were in the range 0.41–0.69 dL g
-

1
. Poly(ether urethane)s were soluble in various organic solvents and could be cast into 

tough, transparent and flexible films from their chloroform or N,N-dimethylacetamide 

(DMAc) solution. Poly(ether urethane) films exhibited good optical properties and 

possessed light transmittance at 800 nm in the range 80.2-87.6%. Poly(ether urethane)s 

showed 10% weight loss in the temperature range 320-340 
o
C. Tg values of poly(ether 

urethane)s were in the range 40-70 
o
C which were dictated by the length of oxyalkylene 

chain and number of methoxy substituents on aromatic ring. 

Thermoreversible organogel was prepared from polyurethane based on 4-((11-

hydroxyundecyl)oxy)-3-methoxy benzoyl azide. The gelation was possible only in polar 
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solvents such as tetrahydrofuran (THF), N,N-dimethylformamide (DMF), DMAc, N-

methyl-2-pyrrolidone (NMP) and dimethyl sulfoxide (DMSO). A fibrous morphology of 

xerogel was observed by FESEM. The gelation behaviour of polyurethane in these 

solvents could be attributed to the combined effect of hydrophobic interactions and N-

H···O hydrogen bonding. Thermoreversibility of organogel was studied by inverted vial 

method and rheological measurements. Gel-sol-gel phase transitions of organogel (3 wt. 

% in DMF), studied by rheology (Tgel-sol = 57 
o
C) and DSC (Tgel-sol = 56 

o
C) were 

correlated. The utility of polyurethane-based organogel as a gel electrolyte was 

demonstrated for quasi-solid state dye-sensitized solar cells. The result indicated that the 

polyurethane-based gel electrolyte showed better efficiency (6.3 %) than the 

corresponding liquid electrolyte (DMF, 4.5 %) and it could retain over 98 % of its initial 

photoelectric conversion efficiency after 12 days.     

A series of aromatic polyesters were synthesized by interfacial polycondensation 

of bisphenols containing pendant furyl group viz. 4, 4’-(furan-2-ylmethylene)bis(2,6-

dimethoxyphenol) (BPF-1) and 4,4'-(furan-2-ylmethylene)bis(2-methoxyphenol) with 

aromatic dicarboxylic acid chlorides viz. isophthaloyl chloride, terephthaloyl chloride and 

2,5-furan dicarboxylic acid chloride. The chemical structures of polyesters were 

ascertained by FT-IR, 
1
H NMR and 

13
C NMR spectroscopy which confirmed that furyl 

group was preserved under the applied reaction condition. Reasonably high molecular 

weight polyesters were formed as indicated by their inherent viscosities (ηinh 0.49-0.78 

dLg
-1

) and GPC molecular weights (  
̅̅ ̅̅

, 28,000-45,000 g mol
-1

). Tg values of polyesters 

were in the range 160-214 
o
C. The 10 % weight loss temperature of polyesters was found 

in the range 378-405 
o
C, indicating their good thermal stability. Mechanical properties of 

aromatic polyesters were studied by tensile testing. Yield point and elongation at break 

were in the range 58.5-70.8 MPa and 15.5-56.2 % respectively, indicating their potential 

applications as structural materials.  

A series of aromatic (co) polycarbonates were prepared by polycondensation of 

bisphenol containing pendant furyl group viz. 4,4'-(furan-2-ylmethylene)bis(2-

methoxyphenol)  (BPF-1) or a mixture of BPF-1 and bisphenol-A with triphosgene. (Co) 

polycarbonates showed inherent viscosity in the range 0.50-0.72 dLg
-1

 and   
̅̅ ̅̅ , values 

obtained from GPC, were in the range 29,800-44,800 g mol
-1

. By analysing triad 

sequence distribution using expanded 
13

C NMR spectra, it was found that the 

microstructure for all the copolycarbonates were random. (Co) polycarbonates showed Tg 
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values in the range 136-147 
o
C. (Co) polycarbonates exhibited 10 % weight loss in the 

temperature range 380-432 
o
C which indicated that polymers are capable of sustaining 

typical melt processing conditions of aromatic polycarbonates. Tensile strength, Young’s 

modulus and elongation at break, obtained from tensile testing of (co)polycarbonates 

containing pendant furyl groups, were in the range 53.9-57.7 MPa, 1.13-1.54 GPa and 

14.3-100.5%, respectively. A significant drop in % elongation at break was observed 

upon incorporation of bisphenol containing furyl group in (co)polycarbonates, indicating 

compromise on the ductility characteristics. 

Recyclable crosslinked aromatic polyesters and aromatic polycarbonates were 

prepared by Diels-Alder reaction of furan functionalized polycarbonate/polyester with 

bismaleimides namely, 1,1’-(methylenedi-1,4-phenylene)bismaleimides (BMI) and 1,8-

bis(maleimido)-triethylene glycol (TEG). The resulting crosslinked polymers were 

characterized by solubility test experiments and tensile testing. The crosslinked polyesters 

and polycarbonates showed improved mechanical properties. Tensile strength of BMI-

based crosslinked polymers increased by 62-107 % compared to parent linear polymers. 

The crosslinked polymers were recycled twice without observing any significant 

deterioration in their mechanical properties.  

A series of new partially bio-based poly(amide imide)s were synthesized by 

polycondensation of bio-based diacylhydrazides viz. 4,4'-(propane-1,3-diylbis(oxy))bis(3-

methoxybenzohydrazide) (DVHzC-3) and 4,4'-(propane-1,3-diylbis(oxy))bis(3,5-

dimethoxybenzohydrazide) (DSHzC-3) with commercially available aromatic 

dianhydrides. Poly(amide imide)s exhibited amorphous nature and good solubility in 

polar organic solvents. Poly(amide imide)s could be cast into transparent, flexible and 

tough films from their DMAc solutions. Poly(amide imide)s showed inherent viscosity 

and   
̅̅ ̅̅

, values in the range 0.44-0.56 dLg-1 and 25,500-40,800 g mol
-1 

respectively. 

Poly(amide imide)s showed 10 % weight loss in the temperature range 340- 364 
o
C 

indicating their satisfactory thermal stability. Thermomechanical properties of poly(amide 

imide)s were studied by DMA which indicated that poly(amide imide)s based on DSHzC-

3 exhibited higher storage modulus than corresponding poly(amide imide)s based on 

DVHzC-3. Both DMA and DSC analysis showed higher Tg values for poly(amide imide)s 

based on DSHzC-3 compared to the corresponding poly(amide imide)s based on DVHzC-

3. Molecular dynamics simulation studies on representative poly(amide imide)s indicated 

that chain rigidity, imposed by additional methoxy substituents on aromatic ring, as the 
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molecular origin for the observed increase in Tg of poly(amide imide)s based on   

DSHzC-3. 

A series of partially biobased aromatic polyimides were synthesized by 

polycondensation of 5,5'-diisocyanato-2,2',3,3'-tetramethoxy-1,1'-biphenyl with 

commercially available aromatic dianhydrides viz 4,4’-biphenyltetracarboxylic 

dianhydride (BPDA), 3,3’,4,4’-benzophenonetetracarboxylic dianhydride (BTDA), 4,4’-

oxydiphthalic anhydride (ODPA) and 4,4’-(hexafluoroisopropylidene) diphthalic 

anhydride (6-FDA). Polyimides exhibited reasonably high molecular weight (  
̅̅ ̅̅ , 25,100-

32,200 g mol
-1

) with good solubility in organic solvents such as DMAc, NMP and 

DMSO. The T10 values of biphenylene containing polyimides were observed in the range 

459-462 
o
C, indicating their good thermal stability. Polyimides exhibited Tg values in the 

range 262-329 
o
C.  

 In summary, lignin-derived phenolic derivatives viz. vanillin, vanillic acid, 

syringic acid, guaiacol and syringol were successfully utilized for the synthesis of new 

difunctional monomers using simple organic transformations. Thus, a total of 23 new 

difunctional monomers were synthesized. These monomers are ‘‘drop-in’’ substitutes for 

currently used petroleum-based difunctional monomers in polymer industries. Six series 

of fully or partially bio-based step-growth polymers were synthesized using newly 

synthesized monomers which include: poly(ether urethane)s, aromatic polyesters, 

aromatic polycarbonates, aromatic poly(amideimide)s, and aromatic polyimides. Overall, 

the results demonstrated that lignin-derived phenolic derivatives serve as promising 

renewable feed stocks for synthesis of step-growth monomers and polymers with 

attractive properties. 

Future Perspectives 

Results and conclusions of the present research work related to design and synthesis 

of new difunctional monomers starting from lignin-derived aromatics, step-growth 

polymers, and furyl functionalized polymers have opened up various new prospects in 

terms of future research. 

 Fully bio-based bisphenols containing pendant furyl group or oxadiazole ring are 

versatile monomers for the synthesis of aromatic step-growth polymers. Aromatic 

polyesters and polycarbonates were synthesized in the present work based on 

bisphenol containing pendant furyl group demonstrating their general usefulness. 
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Further studies need to address extensive characterization in terms of their 

thermo-mechanical properties and other material properties.  

 The estrogenicity assay of the synthesized bisphenols needs to be studied.  

 Bisphenols containing pendant furyl group are interesting starting materials for the 

synthesis of functional thermoplastic polymers such as polyethersulfones and 

polyetherketones and thermosets such as epoxy resins and cyanate ester resins. 

 Oxadiazole containing bisphenol is a rigid bisphenol, which can enhance 

thermomechanical properties of step-growth polymers such as polycarbonates, 

polyesters, polyethersulfones and polyetherketones.  

 Diisocyanates containing biphenylene linkage represent excellent bio-based 

aromatic diisocyanates for the synthesis of polyurethanes. 

 Fully bio-based diols and dialdehyde containing ester linkage are interesting 

precursors for the synthesis of bio-based poly(ester urethane)s and poly(ester 

azomethine)s, respectively. 

 Diacylhydrazides containing biphenylene linkage could be used for the synthesis 

of high performance polymers viz. poly(amide imide)s, poly(1,3,4-oxadiazole)s, 

etc. 
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